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Abstract 

The term reliability is related with the adequacy and security during operation of the 
electric power system, supplying the electricity demand over time and saving the 
possible contingencies because every inhabitant needs to be supplied with electricity in 
their day to day. Operating the system in this way entails spending money. The first part 
of the project is going to be an analysis of the reliability and the economic impact of it.  

During the last decade, electric utilities and companies had been forced to change their 
operations from vertically integrated to open market systems. With the deregulation of 
the electricity industry, the way of operating the system has changed.  During the past 
years the idea was basically to supply the demand required from the costumers, but the 
world ideas are becoming more ecological, where every process is trying to be 
optimized, in this case the emissions are more controlled and the resources are used 
with more efficiency. Nowadays the new wave of ideas is making the costumers 
participants of the electric power systems. This can be done by the participants by 
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reducing their load, or by a reschedule in their activities, being rewarded with 
incentives. Thus, during this research an electric power system is going to be assessed, 
evaluating if it is feasible to include demand response in the electricity market. 

The project includes a simulation with GAMS of an electric power system, and there 
will be six different programs being developed with the same network. Firstly, the three 
problems are going to be developed including reliability, and the second step will be 
when DR is included. The aim of the thesis it is an assessment of the reliability 
economic impact and an analysis of the outcomes when demand response it is included.  
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NOMENCLATURE 

Notations 

Symbol Description 

ti Hour, from 1 to 24.[h] 

n,m Both contain all the buses, in the system there are 30 buses. 

sc Represents the number of scenarios. Each scenario covers one
 possible outage, from a generation unit or from a distribution line. 

Sbase It is used to transfer power units from MW to p.u. [MW]. 

Cmaxn,sc it sets the maximum power production capacity for each generation
 unit [MW]. The value is different for each generator. 

Cminn it sets the minimum power production capacity for each generation
 unit [MW]. 

curtvaluen,ti It determines the cost for each MW not supplied [€/MWh]. This
 cost it is really high comparing with the generation unit due to the
 consequences.[1] 

demandan,ti It determines the demand for bus n on time ti [MW].[2] 

pscsc It contains the probability of each scenario to occur. 

tna It determines the function cost for each generation unit. It is
 composed [€/MWh]. 

clinesc,n,m
 It determines the distribution line capacity between buses n and m

 for scenario sc [MW]. 

admitancesc,n,m It determines for each scenario the distribution line admittance that
 join buses n and m.These values are given by
 MATPOWER.[Siemens]. 

fcn Represents the fuel cost of each generator, for this generators it is
 implicit in f(n,ti,sc) but if needed another generator [€/MW]. 

𝑒𝑒𝑒𝑒1  This parameter is related with DR and means the variation of the
 load for a little variation on the electricity price for the first part of 
the curve       the curve. 

𝑒𝑒𝑒𝑒2 This parameter is related with DR and means the variation of the
 load for a little variation on the electricity price for the second part 
of the of the curve. 

𝑒𝑒𝑒𝑒3 This parameter is related with DR and means the variation of the
 load for a little variation on the electricity price for the third part of  
j                                the curve. 

FO It is the function that GAMS is going to optimize [€]. 

Fn,ti,sc It contains the cost function due to energy generation. [€/MWh]. 
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Ptransn,m,ti,sc Represents the power transmitted between buses n and m [MW]. 

ptrans_pun,m,ti,sc Represents the power transmitted between buses n and m[p.u]. 

thetasc,n,ti It represents the phase angle of bus n [rad]. 

cline2sc,n,m It is the upper-limit for the power transmission between buses n
 and m [MW]. 

demanda2n,ti It represents the demand for each bus on time ti [MW]. 

teensti It represents the total value of EENS for each hour [MW]. 

neensn It represents the total value of EENS for each node [MW]. 

Pn,ti,sc It represents the energy produced by the generating units per node,
 time and scenario [MW]. 

pcurtn,ti,sc It is the expected energy not supplied value per node and time
 [MW]. 

curtmax2n,sc It is the maximum capacity that can be curtailed for problem 3
 [MW]. 

 

𝑝𝑒𝑒𝑒1𝑛,𝑡𝑡 It shows the power given by the participants to the power system. It
 is only referred to the first “generator”. 

𝑐𝑒𝑒𝑒1𝑛,𝑡𝑡 It is the upper-limit value for the parameter 𝑝𝑒𝑒𝑒1𝑛,𝑡𝑡, which is a
 certain rate of the total demand. 

𝑝𝑒𝑒𝑒2𝑛,𝑡𝑡 It shows the power given by the participants to the power system. It
 is only referred to the second “generator”. 

𝑐𝑒𝑒𝑒2𝑛,𝑡𝑡 It is the upper-limit value for the parameter 𝑝𝑒𝑒𝑒2𝑛,𝑡𝑡, which is a
 certain rate of the total demand. 

𝑝𝑒𝑒𝑒3𝑛,𝑡𝑡 It shows the power given by the participants to the power system. It
 is only referred to the third “generator”. 

𝑐𝑒𝑒𝑒3𝑛,𝑡𝑡 It is the upper-limit value for the parameter 𝑝𝑒𝑒𝑒3𝑛,𝑡𝑡, which is a
 certain rate of the total demand. 

 
VOLL Value of  Lost Load . 
λ Average failure rate. 

ε Elasticity. 
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Abbreviations 
LOLP Loss-of-Load Probability 
LOEP Loss-Of-Energy Method 

EENS Expected Energy Not Supplied 

LOEE Loss of Energy Expectation (MWh/year) 

LOLE Loss of Load Expectation 

LOLF Loss of Load Frequency 

LOLD Loss of Load Duration  

HL1 Hierarchical Level 1 

HL2 Hierarchical Level 2 

HL3 Hierarchical Level 3 

EIC Expected Interruption Cost 

CAIDI Customer Average Interruption Frequency Index  

ASAI Average Service Availability Index 

ASUI Average Service Unavailability Index 

SAIDI System Average Interruption Duration Index 

SAIFI System Average Interruption Frequency Index 

OMEI           Operador del Mercado Ibérico de Energía 

OMEL Operadora del Mercado Español de Electricidad  
TSO Transmission system operator 
UC Unit Commitment 

ED Economic Dispatch 

OPF Optimal Power Flow  

LODF Line Outage Distribution Factor 

OTDF Outage Transfer Distribution Factor 

QP Quadratic programming 

NFP Network Flow Programming 

MIP Mixed - Integer Programming 

IP Interior Point 

NLP Non Linear Programming 

ONN Optimization Neural Network 

EAs Evolutionary Algorithms 

TS Tabu search 

PSO Particle Swarm Optimization 
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AHP Analytic Hierarchical Process 

LMP Locational Marginal Price 
ACOPF Alternating Current Optimal Power Flow 
DCOPF Direct Current Optimal Power Flow 
GAMS General Algebraic Modelling System 

DR Demand Response 
IBP Incentive-Based Programs 

PBP Price-Based Programs 

TOU Time Of Use [€/MW] 

CPP Critical peak pricing 

ED-CPP Extreme Day CPP 
EDP Extreme Day Pricing 

RTP Real Time Pricing 
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1 INTRODUCTION 

1.1 Problem description 
Current situation of the electricity market means that there must be a balance between 
generation and demand, because the electric power cannot be stored in large quantities. 
To optimize the balance between generation and demand there are two possibilities: 

The first is to optimize the cost of energy reserves planned for emergencies during the 
operation of the system. 

The second is to try to optimize the consumption. Therefore, in the demand spikes the 
participant will consume the less energy possible, putting off if necessary activities that 
requires much electricity consumption to other periods when the electricity price is 
cheaper. Thus, participants will provide electrical energy to the network in exchange of 
economic benefits. 

An electric network consisting of 30 buses will be simulated in Gams (optimization 
software) to do a reliability cost analysis and an analysis of EENS and energy costs 
when applied DR. 

1.2 Aims and objectives 
The aim of the thesis it is to study whether it is worth to include DR on electric power 
systems and to do a reliability cost analysis. For this it is necessary to execute the 
following objectives: 

• Analysis of reliability costs for an electric power system. 
• Cost analysis for the same power system when DR is applied. 
• Load shedding analysis when reliability it is included 
• Load shedding analysis when DR is included. 
• Sensitivity analysis of the parameters that make up trouble in order to get the 

key parameters, which changes means optimizing the electric power system 
operation. 

1.3  Method 
Three problems are going to be simulated; in the first problem nor reliability nor 
contingencies are going to be included. In the second problem reliability will be 
included in the objective function, and for the third problem reliability will be included 
in the constraints.  
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The second step is to include DR in the problems simulated before, developing the code 
for every problem and repeat the simulations to compare the outcomes. 
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2 FRAME OF REFERENCE 

2.1 Introduction to reliability. 
Referring to electric power systems, reliability covers mainly two aspects: system 
security and adequacy. 

System security is related with how the system answers to any contingencies that 
appears during its operation. These contingencies can be caused by an unexpected 
demand, any generation unit failure or distribution lines outage. The more prepared our 
system is to solve the contingencies the better the service is, but on the other hand it is 
more expensive. It is necessary to do a study among the willingness of the costumers to 
pay to assure a continue service. 

There are some issues that can assure the system is operating in good terms: 

• Generation Capacity must be greater than load.  
• Transmission must not be overloaded. 
• Voltages must be within limits. 
• The system must be able to withstand loss of generator.  
• It must be able to withstand loss of transmission line.  
• It must not lose stability during short-circuit. 

Power system adequacy refers to the facilities within the system to satisfy the 
consumers load demand.  This includes organizing and administrating the electric 
power system in order to be able to have enough energy to supply the demand and to be 
ready to supply if any contingencies appear during the operation. Normally there are 
some generation units working in stand-by in order to operate due to an unexpected load 
or some troubles with other generation units.  

2.1.1 Why is electric reliability important?  
It is important to keep the costumers supplied, because as it has been mentioned before 
the electric power system has to deliver the energy with adequacy and security, but the 
arguments presented before where just part of the costumers side. From the 
organizations point of view it is important to look after the equipment, because any 
replacement is very expensive, therefore it is necessary to try to avoid critical situations.  
That’s why the organizations do huge investments in electric system reliability strategy, 
where they try to improve the quality and effectiveness of the service. 

These studies will analyse the system and discover the weakest parts of the system that 
may lead to equipment failure such as the critical distribution lines. These investigations 
are, inter alia, Load Flow, Power Quality, and Transient Analyses which are able to find 
many of these weaknesses. Once it is clear which the weakest points of the system are, 
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it is important to plan how to react in case of contingencies. It is important to establish 
priorities between the different consequences of the contingencies and to plan how to 
face the most expensive and problematic ones first. If the study is well done the system 
will operate with effective Reliability Management. 

The level of reliability of a power system must be established taking into account the 
loads, needs and characteristics of the process in terms of availability, security, and 
maintenance. [3] 

It is important to bear in mind the sensitivity; if loads are not provided, they can be 
classified into: 

• Vital loads: don´t accept any interruption. 
• Essential loads: must be connected in seconds. 
• Priority loads: lines that can be disconnected for a few minutes. 
• Non-priority loads: lines that can be disconnected for hours. 

Reliability depends directly on the reliability of the equipment and the time and 
difficulty of repairing it, but there are other factors that affect reliability: 

• System design. 
• Installation of the equipment. 
• Number of generation units working as reserves and characteristics of each 

generation unit. 
• Operation environment (weather, pollution, vibration…). 
• Protections used in the system. 
• Power quality: Disturbances in either  voltage and current. 
• Issues with the grounding system or grounding points. 
• Human mistakes. 

2.1.2  What is the market cost of a maintenance activity 
that disconnects a component? 

Maintenance, an activity of restoration where a failed device has its deterioration 
arrested, reduced or eliminated, is one of the main tools of asset management. Its goal is 
to increase the duration of useful component life and postpone failures that would 
require expensive repairs. 

First, the system is defined and critical system components for which failures have the 
largest effect on selected system reliability indices are identified; afterwards, a number 
of component maintenance policies are compared regarding their effects on the 
reliability and operating costs of the critical components; finally, effects of changes in 
critical component reliability indices on system reliability parameters and on total 
operating costs are evaluated. 
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2.1.3  Main reliability indexes 
LOLP: [4] A loss of load will occur whenever the system load exceeds the generating 
capacity in service. The overall probability that the load demand will not be met is 
called the Loss-of-Load Probability or LOLP. 

LOLP can be calculated with the following formula: 

𝑳𝑳𝑳𝑳 =
∑ 𝛇𝐭𝐍𝐍
𝐭=𝟏

𝐍𝐍
 

( 1 ) 

Where:    

t = time. 

NT = Total number of minutes in the study period. 

C(t) = Total generation capacity. 

L(t) =  Total system load. 

𝜁𝑡  = 0 If C(t) – L(t) ≥ 0. 

𝜁𝑡  = 1 If C(t) – L(t) ≤0. 

This term belongs to the adequacy of electric power systems. The higher the LOLP of 
the system is, the higher is the risk of not being able to supply the load required by the 
costumers.  

LOLP can be used to measure the loss-of-load risk hour by hour or just to consider the 
expected peak load during the dispatch period since it has to register the load over-time. 
For long-run and installed capacity evaluation, an accumulative load curve is used. 

LOEP: [5] The loss-of-energy method is a variation of the loss-of-load method. In this 
case the measure of interest is the ratio of the expected non-served energy to the total 
energy demanded over a period of time.  The difference to LOLP is that LOEP just 
considers the expected energy not supplied, not the probability of energy not supplied. 

The Loss-of-energy method is another measure for generation reliability assessment, 
which is also part of the reliability adequacy. The measure of interest in this case is the 
ratio of the expected energy not served (EENS) during some long period of observation 
to the total energy demand during the same period. 

The value obtained will have a unit of MWh/year and is also known as the Loss of 
Energy Expectation (LOEE) since it is an expected value rather than a probability. 
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EENS: [6] Expected Energy Not Supplied  is an energy-index that gives the amount of 
energy not supplied to the costumers. It is possible to calculate EENS with the 
following formula: 

𝐄𝐄𝐍𝐄 =  � �𝐂(𝐭) − 𝐋(𝐭)�𝐱 𝛇𝐭 ∗ 𝐝𝐭 
𝐍𝐍

𝐭=𝟎
 

( 2 ) 

Where:   

 t = time. 

 NT = Total number of minutes in the study period. 

          C(t) = Total generation capacity. 

L(t) =  Total system load. 

𝜁𝑡  =0 If C(t) – L(t) ≥ 0. 

 𝜁𝑡  =1 If C(t) – L(t) ≤ 0. 

LOLE: [7] One of the suitable indices that describe the generation reliability level is 
“Loss of Load Expectation” (LOLE), that is the time in which load is more than the 
available generation capacity. It is a powerful tool to simulate the penalty for 
interruptions. 

LOLF: Loss of load frequency 

𝐋𝐋𝐋𝐋 = �(𝐋𝐢 − 𝐟𝐢)
𝐢∈𝐄

 ( 3 ) 

Where:  

 I = departing system state. 

 Fi = frequency of departing system state. 

 fi = portion of Fi which corresponds to not going through the boundary. 

wall between the loss-of-load state set and the no-loss-of-load state set. 

LOLD: Loss of load duration: 

𝐋𝐋𝐋𝐋 =
𝐋𝐋𝐋𝐄
𝐋𝐋𝐋𝐋

 
( 4 ) 
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2.1.4  How to define and calculate reliability  
Generally, the reliability indices of a system can be evaluated using one of the following 
two basic approaches:  

Analytical techniques: Analytical techniques represent the system by a mathematical 
model and evaluate the reliability indices from this model by use of direct numerical 
solutions. In order to simplify the problem and to get an analytical model of the system, 
assumptions are required. Therefore the results lose some or much of its significance. 

Stochastic simulation: Since power markets and generators’ forced outages have 
stochastic behaviour, Monte Carlo Simulation (MCS), is one of the most powerful 
methods for statistical analysis of stochastic problems. Simulation techniques estimate 
the reliability indices by simulating the actual process and random behaviour of the 
system. So it treats the problem as a series of real experiments and it can take all aspects 
and contingencies, such as outages and repairs into account. 

The most techniques have been analytically based because analytical models and 
techniques have been sufficient to provide the results planners and designers needed to 
make objective decisions. Simulation techniques require large amounts of computing 
time but they give the possibility of modelling the system behaviour more 
comprehensively and of evaluating a more informative set of system reliability indices. 
Therefore the need to consider Monte Carlo simulations increases. [8] 

The reliability planning makes about 50% of the cost of a distribution system, while the 
other 50% is needed to design a “minimal system” purely designed for capacity. [9] But 
the economic impact of outages caused by failures of equipment and the system 
includes the loss of revenue, energy utilization and indirect costs entailed on society and 
environment. To reduce the probability, duration and frequency of these outages and to 
decrease their effect it is necessary to raise the investment in design, planning and 
operating criteria and techniques. So the question arises, how much it is worth to be 
spent on reliability. Power system managers, designers, planners and operators have 
long recognized the problem of satisfying economic, reliability and operational 
constraints. The first techniques and criteria in practical application have been 
deterministic ones including for example percentage reserves in the generation capacity 
planning. But these criteria do not reflect probabilistic or stochastic behavior of 
customer demands or component failures. Probabilistic evaluation of system behavior 
needs reliability databases, computing facilities and enhanced evaluation techniques.  

The easiest approach to relate economics to reliability is to include only the investment 
costs and the increase in reliability of different alternatives is evaluated together with 
the investment cost of each. But this approach is neither related to the likely return on 
investment nor to the real benefit accruing the consumer, utility and society. To do a 
consistent appraisal of economics and reliability it is necessary to compare the adequacy 
cost with the adequacy worth. The adequacy cost is the investment cost needed to reach 
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a specific level of adequacy, the adequacy worth is the benefit derived by consumers, 
utility and society. In order to measure adequacy of a power system there are many 
possible indices that can be used. The most widely used adequacy indices in generation 
(HL1) studies like LOLE, LOEE, LOLF and LOLD have already been mentioned 
before. These adequacy indices can be extended to composite system adequacy 
assessment (HL2 studies), which needs more indices like the CAIDI, ASAI, ASUI etc. 
to reflect composite system features. 

The annual expected interruption cost (EIC) is the basic index to describe reliability 
worth assessment. It is a combination of the unit interruption cost, the demand that has 
not been suppled and the outage frequency and duration. The use of this index makes it 
possible to compare reliability worth with other economic indices like investment or 
operating costs. [10] 

Because it is not possible to analyse a power system as a single entity, the system has to 
be divided into subsystems which can be analysed separately. The most common way is 
to define functional zones, as the generation systems, transmission systems and the 
distribution systems. These zones can be grouped into three hierarchical levels. 

Generation facilities: hierarchical level 1. 

Transmission facilities: hierarchical level 2. 

Distribution facilities: hierarchical level 3. 

The first level is a “generation capacity reliability evaluation” and it compares the total 
system generation with the total system load required. It only concerns the estimation of 
the necessary generating capacity to satisfy the system demand. [11] The system indices 
LOLE and EENS, which have been mentioned before, can be used to evaluate the 
reliability of the system. [12] The second level refers to the composite generation and 
the ability of the transmission system to deliver energy to the bulk supply points.   The 
third level is about the complete system also including distribution and its ability to 
satisfy the capacity and energy demands of individual consumers. [13] 

Many distribution systems have one single circuit main feeder and are defined as radial 
distribution systems. Radial systems are simple to design and have generally low cost. 

 The systems have a set of series components between the substation and the load 
points, which in case of a failure of any of these components causes outage of the load 
points. The outage duration and the number of customers affected can be reduced by the 
use of expensive protection and sectionalizing schemes. The sectionalizing equipment 
provides convenient means of isolating the faulted section. The supply can be restored 
to the working sections, during the so called restoration time, maintaining the load 
points, while the faulted component can be repaired. Sometimes there is a provision of 
an alternative source which supplies the section of the main feeder which becomes 
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disconnected from the main supply after the faulted section has been isolated. This 
alternative supply may not always be available, why the probability associated with the 
alternative supply must be included in the analysis.  

The basic indices which are normally used to predict the reliability of a distribution 
system are the average load point failure rate, the average load point outage duration 
and the average annual load point outage time. The system performance indices (SAIDI, 
SAIFI, CAIDI etc. which will be explained later) can also be calculated directly from 
these three basic indices. 

Conventionally the reliability analysis is concerned only to expected or average values 
of the particular measure of reliability. The mean values are extremely useful and they 
are the primary indices of load point adequacy, but they don’t give information about 
the probability distribution to describe the variation of reliability measures. This could 
for example give information about the probability that the load point will suffer a 
specific number of failures in a year. One approach to determine the probability 
distributions is to preform probabilistic (Monte Carlo) simulations of typical radial 
distribution systems. Load point index distributions are not only dependent of 
combinations of component outages but also oaf system configurations and restoring 
activities. Simulation studies can provide useful information concerning the effects of 
specific system configurations.  

Probabilistic Simulation includes the simulation of the failure distribution, repair, 
sectionalizing, alternative supply and fuse times and the calculation of the costs for each 
interruption. It gives the annual interruption time, the interruption duration, the annual 
interruption frequency and the annual interruption cost for each load point and outputs 
of SAIFI, SAIDI, CAIDI, cost per interruption and annual interruption cost for the 
entire system. [14] 

The reliability of the whole distribution system can be assessed with indices, which are 
generally yearly averages of interruption frequency or duration. These indices attempt to 
capture the magnitude of disturbances by load lost during each interruption. The main 
indices are: [15] 

CAIFI (Customer Average Interruption Frequency Index): It is designed to show trends 
in customers interrupted and helps to show the number of customers affected out of the 
whole customer base. 

𝐂𝐂𝐂𝐋𝐂 =
𝐢𝐢𝐭𝐢𝐢𝐢𝐢𝐢𝐭𝐢𝐢𝐢𝐢/𝐲𝐢

𝐜𝐢𝐢𝐭𝐢𝐜𝐢𝐢𝐢 𝐚𝐟𝐟𝐢𝐜𝐭𝐢𝐝/𝐲𝐢
 

( 5 ) 

SAIDI (System Average Interruption Duration Index) is the average interruption 
duration per customer served. It is determined by dividing the sum of all customer 
interruption durations during a year by the number of customers served. 
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𝐄𝐂𝐂𝐋𝐂 =
𝐢𝐢𝐜 𝐢𝐟 𝐜𝐢𝐢𝐭𝐢𝐜𝐢𝐢 𝐢𝐢𝐭𝐢𝐢𝐢𝐢𝐢𝐭𝐢𝐢𝐢 𝐝𝐢𝐢𝐚𝐭𝐢𝐢𝐢𝐢

𝐭𝐢𝐭𝐚𝐭 𝐢𝐢𝐜𝐧𝐢𝐢 𝐢𝐟 𝐜𝐢𝐢𝐭𝐢𝐜𝐢𝐢𝐢
 

( 6 ) 

CAIDI (Customer Average Interruption Duration Index) is the average interruption 
duration for those customers interrupted during a year. It is determined by dividing the 
sum of all customer interruption durations by the number of customers experiencing one 
or more interruptions over a one-year period. 

𝐂𝐂𝐂𝐋𝐂 =
𝐢𝐢𝐜 𝐢𝐟 𝐜𝐢𝐢𝐭𝐢𝐜𝐢𝐢 𝐢𝐢𝐭𝐢𝐢𝐢𝐢𝐢𝐭𝐢𝐢𝐢 𝐝𝐢𝐢𝐚𝐭𝐢𝐢𝐢
𝐭𝐢𝐭𝐚𝐭 𝐢𝐢𝐜𝐧𝐢𝐢 𝐢𝐟 𝐜𝐢𝐢𝐭𝐢𝐜𝐢𝐢𝐢 𝐢𝐢𝐭𝐢𝐢𝐢𝐢𝐢𝐭𝐢𝐝

 
( 7 ) 

ASAI (Average Service Availability Index) is the ratio of the total number of customers 
hours that service was available during one year to the total customer hours demanded. 

𝐂𝐄𝐂𝐂 =
𝐜𝐢𝐢𝐭𝐢𝐜𝐢𝐢 𝐡𝐢𝐢𝐢𝐢 𝐢𝐟 𝐚𝐚𝐚𝐢𝐭𝐚𝐧𝐭𝐢 𝐢𝐢𝐢𝐚𝐢𝐜𝐢

𝐜𝐢𝐢𝐭𝐢𝐜𝐢𝐢 𝐡𝐢𝐢𝐢𝐢 𝐝𝐢𝐜𝐚𝐢𝐝𝐢𝐝
 

( 8 ) 

ASUI (Average Service Unavailability Index) [16]: 

𝐂𝐄𝐀𝐂 = 𝟏 − 𝐂𝐄𝐂𝐂 ( 9 ) 

2.1.5  Analysis of the network elements 
Reliability Analysis Sets. 

Segment: According to the location, isolation and protection of each component on the 
distribution system, it will have a different possibility of restoring and a greater or lower 
impact on the system operation.  Segments contain components whose entry component 
is a switch or a protective device. 

This particular analysis method speeds up the reliability index calculations due to the 
only need to analyse the key components and no the intermediate components. 

To sum up, depending on which component of the set failed it is possible to restore 
power to the load from the original source, it is possible to restore power to the load 
from an alternative source without breaking system constrains or it is possible that there 
is no chance to restore the power to the point of interest without repairing the element.                 

Pointers: There is another possibility which is based on doing the analysis with 
pointers, the most used ones are: 

• Forward Pointer—forward direction for doubly linked list of circuit components 
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• Backward Pointer— backward direction for doubly linked list of circuit 
components. 

• Feeder Path Pointer — for a radial system, the feeder path pointer of a given 
component is the next component towards the reference substation that feeds the 
given component. 

• Brother Pointer — a given component’s brother pointer points to the first 
component connected in its forward path which is not fed by the given 
component.  

Circuit Traces: Circuit traces represent the priority for the algorithm when analysing the 
components of the system. 

Circuit traces rely on component reliability parameters and the system structure to 
prioritize components. Using system structure and component performance data, the 
reliability of load points or the distribution system can be assessed. The structure 
information is achieved by the circuit traces for which simplified assumptions are 
required for practical analysis of distribution systems. 

2.1.6  How the definition of reliability has changed? 
Until the late 1980s and early 1990s all power systems have been state controlled and 
regulated by the governments or in the control of private companies which were also 
controlled by government policies and regulations. But with the intention of increasing 
competition the trend has been towards the “market forces” concept. Consequently there 
is an increasing amount of energy generated at local distribution levels and an 
increasing number of new types of energy sources, also renewables, being developed. 
This has a large impact on the way the system may be developed and operated and on 
the future reliability levels and standards. [17] 

The electric power industry is very effective now in providing as much power as its 
consumers want, whenever they want, at a reasonable cost and with a high reliability. 
But the administration just has to be responsible for the supply side of the supply-and-
demand law. But with coming smart grid the demand side is getting more relevance and 
new technology is trying to optimize this part of the equation. [18]  

As a large part of the electricity is consumed in buildings (e.g. households, hospitals, 
schools), researchers are trying to have impact on the grid with the load supplied. 
Vehicles are becoming hybrid and some of them are fully electric, which means there is 
a bigger load to supply, but, at the same time, there is the possibility of having load to 
storage and of taking advantage of its use. [19] 

The possibility of on-site generation with photovoltaics, fuel cells and vehicle-to-grid 
power would mean that current may flow in either direction of the distribution system 
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and loads can also use demand response to optimize costs and create a safer network, 
using both sides of the equation. [20]-[21] 

2.2 Electricity market  
Electricity market is defined as a market, where there are buy and sell offers and short-
time operations. All this set of operations and offers will fix the electricity price 
[€/MWh].  

Electricity cannot be store in big quantities, so it is necessary that for each moment that 
the demand and supply amount are the same. In addition to this fact, the power capacity 
should have some reserves due to possible contingencies during the operation. 

Electricity market is a deregulated system, so it works under the supply and demand 
law, where each generating unit can do a sell offer and each costumer can do a buy 
offer. However, the non-qualified costumers have to pay the electricity set by the 
trading agencies. 

Electricity market it is a marginal market, where all the sell offers for each hour by the 
generating units are ranked in ascending order and the price is fixed with the last sell 
offer that covers the demand. All the generators will be paid that last value even if they 
have offered 0€/MWh and the electricity price it is 60 €/MWh. [22]. 
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2.2.1 The electric system sections 

 

Figure 1. Smart Grid Conceptual Model from “Bulk System Reliability Assessment and the Smart Grid”  

Generation: Every generating unit belong to this group, no matter what kind of source 
they use, nuclear energy, coal, wind, water or photovoltaic. This group is in charge of 
producing the electric energy and takes care to bring it every day to the electricity 
market. 

Transmission: Transmission is usually managed by just one company, what means that 
it is a natural monopoly because this part covers all the high-voltage transmission lines, 
and it would be very expensive if there is more than one company to be responsible of 
this part. This company is the owner of all the transmission lines, and carries the 
electricity to the distribution points. 

In Spain the company in charge of Transmission is “Red Electrica”, which is also the 
system operator and their main goals are: 

• Guarantee coordination between the production system and the electricity 
transmission, in order to assure quality and security of electricity supply. 

• It is in charge of managing the electricity exchange between the countries 
surrounding Spain, what increases safety and security for the system. 

• Report the transmission and interconnection capacity, if there are needs of 
connection with other electrical networks it is in charge to announce it as well. 

• Analyse every application of connexion to the electric network, and if there is 
any risk or there is not enough capacity, ban it in order to assure the reliability 
during operation. 
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•  Establish in collaboration with the system agents operation plans due to 
possible contingencies during operation. 

 

Figure 2. T.S.O. duties, by KTH. 

Distribution: Carry the electricity from the distribution points to the costumers, i.e 
householders, companies, factories. For this service, companies are rewarded with 
taxes, regulated by administration.  

Service providers: These companies purchase the electricity demanded by the costumers 
in the electricity market, buying it from the generating units. These companies are in 
charge of collecting distribution taxes and pay them to the distribution part. 

It is important to make a difference between distribution and trading companies because 
distribution assets are the companies’ owners of distribution lines, what does not mean 
that costumers have to hire electricity from them. 

2.2.2 Diary market and intraday market 
In Spain, OMEI it is in charge of the whole sale market, where suppliers and consumers 
can make offers for selling or buying electricity.  

Diary market: [23] Diary market is run by the electric system operator (OMEL), which 
is a private institution responsible of the market management, ensuring  that all the 
recruitments are made in terms of transparency, objectivity and independence. 

In Europe, electricity price is set at 12:00 for the 24 hours of the next day. Price and 
energy volume for a certain hour is established by the supply and demand law. Any 
supplier or costumer can participate in the electricity market, even if they are not from 
the same country. 
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Every supplier has to follow the rules for operation of the electric energy production 
market by subscribing to an adhesion contract. Once the rules are followed, the 
generating units send the offers to the TSO (Red Electrica), which will validate them.   

Customers in electricity market can be divided in three different groups, trading 
companies, direct consumers, and reference traders. Every buyer can make acquisition 
offers whether they follow the market operation rules.  

 Reference traders purchase energy to supply consumers, while trade companies buy 
energy for their direct costumers. Direct consumers can acquire electricity by the 
market, a trade company or setting a contract with a generating unit. 

 Once the results are obtained, it is necessary to send it to the TSO in order to analyse if 
the results are technically feasible. The results have an average of 4.5 % of deviation 
from the original suggestion due to technical restrictions done by the TSO.  

Every generating unit that is not under a contract with a direct consumer has the 
obligation to make an offer. 

Offers are computed with EUPHEMIA algorithm, which is used in 19 countries from 
Europe such as Austria, Belgium, Germany, Sweden, Spain, with an average daily value 
of trades over 150M€. It is an optimization algorithm that maximizes welfare using 
computation of complex economical equilibria within cross-boarders capacity limits. 
This common algorithm gives a transparent determination of day-ahead electricity 
prices across Europe, respecting the specific features of power markets across crunching 
every buy and sell bid submitted to the participating national and regional power 
markets. 

 The main benefits of this algorithm are: [24] 

• Increased liquidity of the market: Collecting all the communication data and the 
network connections between countries every participant has more opportunities 
for trading electricity. 

• Optimal capacity allocation: EUPHEMIA algorithm works optimizing the 
available network capacity, executing the most profitable trades between 
countries. 

• Increased price convergence: If cross-border interconnection capacity endures 
trading among countries, electricity prices converge in both of them, so do 
fluctuations. Prices can be different if the interconnection is saturated. 

• Optimal dispatch: EUPHEMIA is designed to match the cheapest supply with 
the highest-priced demand, if both are within the limits of the network capacity. 

Intraday market: After the diary market, suppliers and buyers can buy or sell electricity, 
in different sessions, just hours ahead from the real time operation. There are six 
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bidding sessions such as the ones described in the diary market, where load and price 
are fixed for each hour by the intersection among supply and demand. 

It is a marginalism market managed by MIBEL, and the most liquid across Europe, 
allowing to all the agents to participate, adjusting their position in the same day of the 
physical delivery. Intraday market offers similar prices than the diary market, what 
makes it very competitive. 

This market allows to all the consumers and suppliers to adjust their commitments up to 
four hours before operation.  

2.2.3 The frequency regulation  
System operation is focused in three actions managed by the system operator: 

Management of technical restrictions: This unit solves the possible contingencies due to 
limitations on the transportation network. These contingencies can be expected one day-
ahead or occur during operation.  

After the generating companies send their selling offers to the diary system and the 
responsible for the economic management of the system (OMEL) created the demand 
and supply curves (ascending rank) , bearing in mind bilateral contracts, the TSO(“Red 
Electrica”) analyses the generation and load feasibility using optimal  power-flow 
simulation algorithms. 

If the results are not feasible (i.e. distribution lines saturated), TSO it is in charge of 
changing the program applying economic and technical criteria, and finally getting a 
new optimal dispatch. 

Management of complementary services: [25] Frequency-power and voltage control 
system for ensuring quality and security of the system. This service helps to increase the 
reliability of the system during operation. 

These services are run also by the TSO, and are offered by the generator companies. 
The complementary services aim is ensuring the supply is delivered in a safety way for 
every moment, even if there are some contingencies. 

There are three main complementary services: 

• Primary regulation: It is an automatic regulation that acts since the mismatch 
occurs to a maximum of 30 seconds. Primary’s regulation aim is the automatic 
correction of frequency imbalances, using speed regulators, generation facilities 
or machines inertia. This is a mandatory service and it has no remuneration. 

• Second regulation: This regulation allows TSO to have a flexible capacity 
reserve, to solve important contingencies or mismatches among supply and 
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demand. It is also an automatic regulation which begins at least after 30 seconds 
form the contingency up to 15 minutes.  Every day, after the diary market, the 
TSO estimates the power reserve needed for a secure and reliable supply. 
Generating companies send selling offers in a voluntary way, where marginal 
cost of the power band fixes the price for each hour. These companies are 
committed to deliver the energy in 30 seconds, so some power plants has to be 
working at the minimum level in order to be able to satisfy the TSO 
requirements. This energy is paid with a price dependent to the substitution price 
of the third regulation. 

• Third regulation: This regulation acts from 15 minutes from contingency to 
hours. It is a manual regulation; than can be activated changing the power of 
generating units or changing the pumping consume depending of the power 
plant. 

• Third regulation aim is covering the reserve used during the secondary 
regulation. This is a mandatory service for those units that can provide the 
energy up to 15 minutes and keep the variation along 2 hours. 

• The third regulation market is done at the end of the previous day from 
dispatching. Generating companies send the offers with the maximum power 
deviation. The price is the marginal cost from this market, but this energy is 
going to be paid just if the service is used by the TSO.  

Deviation management: Solve in real time any imbalance among supply and demand. It 
is the mechanism that TSO uses to identify mismatches hours before dispatch after the 
intraday market. 

Electric generation agents send to TSO the expected deviations, including the wind 
production forecast, and if the deviations are greater than 300MW, a deviation market 
will be settled to manage the situation.  Deviation management it’s a nexus among third 
regulation and intraday markets, that gives to the TSO some flexibility to solve 
mismatches between supply and demand without using secondary or third regulation. 

The overruns is paid by the agents who deviates in the same direction of the system. 
Those ones that deviate in the opposite way have no penalties to face. 

In real time (around 15 minutes before dispatching) TSO has access to some generating 
units to use for extreme situations in order to modify the production level.  
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2.2.4 Electricity mix 
Figure 3 shows the electricity generation average, separated by sources, in Spain during 
2014.   

 

Figure 3.Electricity mix in Spain(2014), by canvuvlimatic.gencat 

The total amount of power generated in Spain during 2014 was 243TWh, while the 
demand was 240TWh, having transport losses of 1.32%.  

From that amount of power, there is a 42.8 % generated by renewable energies, where 
about 84% of it belongs to hydraulic and wind power plants. Non-renewable energies 
carry the great part of the power production, with nuclear and coal power plants, which 
cover 67.31 % of the production. 

Figure 4 reflects Spain power-flow during 2014, where brown tones represent the 
highest values, which goes from 70-80 (the lightest brown) to 120-150 (the darkest 
brown), while green tones represents the lowest power flow. The biggest affluence it’s 
in Galicia, where there are 62 wind power plants and two of the main coal generating 
units. 

 

Figure 4. Spain Power Flow during 2014.Credit: UVa-www.lacasig.com 
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2.2.5 Reliability constraints applied to electricity 
markets  

The electrical power systems aim is to supply energy to the consumers with good levels 
of quality and continuity. Reliability, applied to power systems is referred to the 
capacity of the system to satisfy the load demand with adequacy and continuity. 

Reliability indices of an electric distribution system are component failures, repair and 
restoration times (random values) that can be defined by probabilistic distributions. 

The most relevant indices are: 

•  Average failure rate (λ). 
•  Average outage duration (r). 
•  Annual outage duration (U). 

With these indices it is possible to calculate other reliability indices such as SAIFI, 
SAIDI, CAIDI, ASAI, etc. as it has been mentioned before. 

Having a system of i components connected in series, and each component contains j 
elements, the system reliability estimation will be based on the unavailability of the 
elements.Elements have different availability, capacity and cost. 

When there is a variable demand, the probability of unsatisfied demand is used as a 
measure of system unreliability. [26] 

Reliability requires an index (system availability index) that has to be greater than the 
minimal allowable system availability. This index as it is mentioned before is strongly 
related with the probability of unsatisfied demand.  There is a common index that is 
used to measure the reliability in electric power systems which is the loss of load 
probability (LOLP).  If the operation period is divided in M intervals with duration𝑇𝑗, 
and each interval has a demand level of 𝑊𝑗 it can be defined LOLP as: 

𝐋𝐋𝐋𝐋 =
∑ 𝐋(𝐆𝐢 < 𝐖𝐣 )𝐍𝐣𝐌
𝐣=𝟏

∑ 𝐍𝐣𝐌
𝐣=𝟏

 
( 10 ) 

Where 𝑃(𝐺𝑠 < 𝑊𝑗) is the probability of the capacity lower than the demand level. But 
to get a measure of the reliability E index it is used; 

E=1-LOLP. [27] 

The following equation shows another way to include reliability on the objective 
function.[26] The objective function concerns the cost of generation plus an additional 
variable(𝑤ℎh) that represents the difference between the expected relative loads 
shedding and the arithmetic average of all the expected relative loads shedding in the 
electrical power system.  
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𝑀𝑖𝑖 𝑓(𝑦) = 𝑓�𝑃𝑔� + 𝑤ℎℎ 

To minimize and equalize the relative expected loads shedding among the different sub-
areas, it is necessary to add some additional constraints to the problem formulation. 

An upper-bound constraint on the relative expected loads shedding in sub-area k can be 
expressed by 

𝐄�[𝐑𝐤] ≤ 𝛒 + 𝐡 ( 11 ) 

Where: 

 E�[𝑅𝑘]: Total relative expected load shedding in sub-area k 

 ρ: Arithmetic average of the expected loads shedding 
 

Variable h is given a high cost in the objective function, so that it is minimized and the 
relative expected loads shedding among the different sub-areas are equalized. This 
method it is going to be implemented for problem 3. 

In the reference [29] it is explained another way to include the reliability, adding a 
penalty cost to the objective function for each constraint violation in order to discourage 
the minimum-seeking process from exceeding the relevant limit. 

𝐋 = 𝐟(𝐱𝐢,𝐢) + �𝐰𝐣
𝐤

 

𝐢

𝐤=𝟎

(𝐱𝐤 ,𝐢) 
( 12 ) 

Another example where they use this kind of resolution is in reference [30], where the 
problem is an optimal economical dispatching including steady state security, and in the 
objective function there are two terms, the first one related with the active operation 
costs and the second one refers to the cost of load shedding caused by possible 
contingencies. 

The objection function is defined as: 𝑀𝑖𝑖 𝐹�𝑃𝑔� + 𝑉𝑉𝑉𝑉 ∗ 𝐸𝐸𝐸𝐸 

The first part of the equation represents the cost operation cost and the second one the 
amount of load shedding multiplied per the cost of each MW not supplied. This method 
it is going to be implemented for problem 2. 
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2.2.6 Types of electricity market optimization problems 
Depending what kind of constraints are considered and what is the objective function to 
optimize there are different types of optimization problem in electricity markets. 

Unit commitment: Since generators cannot instantly turn on and produce power, unit 
commitment (UC) must be planned in advance so that enough generation is always 
available to handle system demand with an adequate reserve margin in the event that 
generators or transmission lines go out or load demand increases. Unit commitment 
handles the unit generation schedule in a power system for minimizing operating cost 
and satisfying constraints such as load demand and system reserve requirements over a 
set of time periods.  
 
Multi-area economic dispatch: The aim of real power economic dispatch (ED) is to 
make the generator ’ s fuel consumption or the operating cost of the whole system 
minimal by determining the power output of each generating unit under the constraint 
condition of the system load demands. 
 
OPF Optimal Power Flow: The goal of OPF is to find the optimal settings of a given 
power system network that optimize the system objective functions such as total 
generation cost, system loss, bus voltage deviation, emission of generating units, 
number of control actions, and load shedding while satisfying its power flow equations, 
system security, and equipment operating limits. 
 
Optimal load shedding: When all available controls are unable to maintain the security 
of system operation during a disturbance or contingency, optimal load shedding will be 
used as the last resort to make the loss of blackout minimum. 
In general, load shedding can be defined as the amount of load that must almost 
instantly be removed from a power system to keep the remaining portion of the system 
operational. This load reduction is in response to a system disturbance that results in a 
generation deficiency condition or network overloading situation. Common 
disturbances that can cause these conditions to occur include transmission line or 
transformer faults, loss of generation, switching errors, and lightning strikes. 
 
Uncertainty analysis in the power system: Actual power systems exhibit numerous 
parameters and phenomena that are either nondeterministic or so complex and 
dependent on so many diverse processes that they may readily be regarded as 
nondeterministic or uncertain.  
Generally speaking, there are two kinds of uncertainties in power systems operation and 
planning: 

• Uncertainty in a mathematical sense, which means difference between 
measured, estimated values and true values; includes errors in observation or 
calculation. 
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• Sources of uncertainty, including transmission capacity, generation availability, 
load requirements, unplanned outages, market rules, fuel price, energy price, 
market forces, weather and other interruptions, etc.  
 

Steady - state security regions: Given a set of power injections (generators, loads), the 
power flow equations may be solved to obtain the operation point (voltages, angles).The 
main idea of security regions is to obtain a set of security injections explicitly so that for 
security assessment one need only check whether a given injection vector lies within the 
security region. By doing so, the solution of power flow equations can be avoided. 
 
Reactive power optimization: The objectives of reactive power (VAR) optimization are 
to improve the voltage profile, to minimize system active power losses, and to 
determine optimal VAR compensation placement under various operating conditions. 
To achieve these objectives, power system operators utilize control options such as 
adjusting generator excitation, transformer tap changing, shunt capacitors, and SVC. 
However, the size of power systems and prevailing constraints produce strenuous 
circumstances for system operators to correct voltage problems at any given time. 
 
Optimal reconfiguration of electric distribution network: The distribution networks are 
the most extensive part of the electrical power system. They produce a large number of 
power losses because of the low voltage level of the distribution system. The goal of 
reconfiguration of the distribution network is to find a radial operating structure that 
minimizes the power losses of the distribution system under the normal operation 
conditions. 
 
Security - constrained economic dispatch: This model solves the economic dispatch 
with network security constraints taking into account the interconnected systems and the 
interchange of power and energy. 
 
Power flow analysis: Power flow is well known as “load flow”. This is the name given 
to a network solution that shows currents, voltages, and real and reactive power flows at 
every bus in the system. Since the parameters of the elements such as lines and 
transformers are constant, the power system network is a linear network. However, in 
the power flow problem, the relationship between voltage and current at each bus is 
nonlinear, and the same holds for the relationship between the real and reactive power 
consumption at a bus or the generated real power and scheduled voltage magnitude at a 
generator bus. Thus power flow calculation involves the solution of nonlinear equations. 
It gives us the electrical response of the transmission system to a particular set of loads 
and generator power outputs. 
 
Sensitivity calculation: This are concerns all kind of sensitivity factors such as loss 
sensitivity factor, generator shift factor, pricing node shift factor, constraint shift factor, 
line outage distribution factor (LODF), outage transfer distribution factor (OTDF), 
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response factor for the transfer path, and voltage sensitivity factor. The power operator 
uses these to study and monitor market and system behaviour and detect possible 
problems in the operation. These sensitivity calculations are also used to determine 
whether the online capacity as indicated in the resource plan is located in the right place 
in the network to serve the forecasted demand. 

2.2.7 Methods for solving optimization problems 
It is possible to classify optimization problems by the methods used into three main 
groups. 

• Conventional optimization methods : 
 

- Unconstrained optimization approaches:  Many constrained optimization 
problems can be converted to unconstrained, such as line research, 
Newton Raphson optimization. 
 

- Nonlinear programming: Almost every power system problem is 
nonlinear, so this programming led to accurate outcomes with nonlinear 
constraints and/or objective function. It works choosing the iterate 
direction, which is determined by the reduced gradient, results will 
always converge but the simulation time will vary a lot depending of the 
iterate direction chosen, but it will never be faster than linear 
programming. 
 

- Linear programming: It is used to linearize the optimization problem that 
has nonlinear programming, so the objective function and constraints 
have now linear forms. This type of programming has several advantages 
such as reliability, it is a quick method comparing with the nonlinear 
ones, so it is much faster to find infeasibilities, but on the other hand it is 
inaccurate comparing with a non-linear program. Therefore it would not 
find a precise outcome, but it would fit into the engineering deviation 
limits of error. Linear programming is commonly used for Optimal 
Power Flow (OPF), security - constrained economic dispatch. 
 

- Quadratic programming (QP): This method belongs to nonlinear 
programming, which it’s more accurate than LP, where the objective 
function has a quadratic structure, while constraints are linear. It is 
commonly used for costs optimization due to generators cost function is 
quadratic. 
 



40 

 

- Newton method: it is used for OPF, Classic Economic Dispatch and 
Power Flow Analysis. It requires computation of the second order partial 
derivate of the power flow equations. 
 

- Network flow programming (NFP): It is a special linear programming 
with fast speed calculations; it is efficient for OPF problems such as 
multiarea systems and security-constrained economic dispatch.   
 

- Mixed - integer programming (MIP): It is an useful method to include 
variables such as phase shifter angle, unit on or off status, which are 
integer variables. It needs a decomposition technique that leads in two 
problems, a continuous and an integer problem. IP it is used mainly for 
unit commitments optimization problems, OPF and optimal 
reconfiguration of electric distribution network. 
 

- Interior point (IP) methods: IP it is a fast method originally created to 
solve optimization LP. Nowadays it is used to solve OPF with NLP and 
QP structures. 
 

- Second-Order cone programming: Is a non-linear convex problem which 
has a general form of linear programming with nonlinear constraints that 
have a convex cone shape. 
 

• Intelligence search methods : 
 

- Optimization Neural network (ONN): It is an optimization method 
created to solve linear programming problems, which changes the 
problem outcome to an equilibrium state of nonlinear dynamic systems, 
and solves the optimal with energy function for dynamic systems. 
It is used to solve reactive power optimization problems and multiarea 
systems economic dispatch. 
 

- Evolutionary algorithms (EAs) : This method does not need to separate 
constraints and objective function, converging to the optimal solution. It 
is based on mechanics of natural selection, such as reproduction, 
crossover, etc.  
It is used to solve simplified OPF such as optimal reconfiguration of an 
electric distribution network. 
 

- Tabu search (TS): TS it is mainly used to solve combinatorial 
optimization problems and simplified OPF problems like unit 
commitments or reactive optimization. This program works with an 
iterative algorithm and it has a flexible memory. 
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- Particle swarm optimization (PSO): It is based on emergent behaviour 

arise in society and social dynamics. 
 

•  Application of Fuzzy set theory 
 

- Probabilistic optimization 
 

- Analytic hierarchical process (AHP): It used to solve complex programs, 
which are difficult to analyse quantitatively such as OPF with 
competitive objectives, or uncertain factors. [31] 

2.3 Optimal power flow (OPF) 
Load flow problems are stated having as inputs the active and reactive power loads for 
every node, which are going to be supplied by generating units through the transmission 
system. This transmission lines have their own impedance, what is going to lead in 
power losses. The aim of the system is to determine the complex nodal voltages 
(module and angle) and with it be able to calculate power flows, power losses and the 
optimal dispatch.  

In mathematical terms, the problem can be reduced to a set of nonlinear equations 
where the real and imaginary components of the nodal voltages are the variables. The 
number of equations equals twice the number of nodes. 

The optimal power flow it is a smart load flow which adjust the power system control, 
while gives the optimal dispatch solving the load flows under some conditions, 
normally called constraints. These outcomes are useful for system operation and 
planning, because it provides the most economical power dispatch within constraints, 
what means that satisfying these conditions the system it is operating providing a 
security and quality system. Constraints are related with satisfying the limits that every 
variable has, such as maximum generating power that a generator can produce, or 
maximum power transmission allowed in the transmission line. It provides a valuable 
information, because once, the problem converge to an optimal solution, it is possible to 
recognize which loads are not satisfied, what generators are working in their upper-limit 
capacity, which ones can be used as reserves, and what distribution lines are saturated, 
even working for a little time over capacity. This analysis allows taking advantage of 
the situation and being able to organize an action plan for contingencies during 
operation. Therefore, if a critical point has a contingency, the action plan will be 
executed and the consequences and possible damages will be harmless. [32] 

One of the most important and frequently used analysis and computational procedures 
for the planning, design, and operation of an electric power system is the ac power-flow 
program. ACOPF it is based on ac power flow, but it has two major issues, the first one 
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is that it is too complex and contains a heavy data, requiring a long time to be executed. 
Even though it has a heavy data, it does not assure an optimal solution that converge. 

On the other hand, DCOPF model it is robust, high speed, and simple, but it does not 
include the reactive power and it is less accurate than the ACOPF due to the data it is 
not so wide. It does not take into account distribution line losses, so if they are not 
included in the electricity price calculation; it is a good approach for LPM. [33] 

However, for big networks these losses are not insignificant, and markets are changing 
towards marginal loss pricing, which requires a suitable way to represent these line 
power flow losses, as linear functions of node injections. [34] 

Mathematics become demanding comparing to the original power flow problem, but the 
main objective it is the same, determination of the nodal voltages in the system. 

2.3.1 GAMS  
In order to be able to solve a DCOPF problem, it is going to be used Gams (General 
Algebraic modelling system) as software to solve the optimization problems. [35] 

This program has the advantage of being able to write the code in a mathematical editor, 
and afterwards find the suitable solver depending on what kind of variables or objective 
function has been used, which gives knowledge of the model conditions and the 
consequences of changings on the variable values. 

Gams it is an algebraic modelling system that solves mathematical linear, no linear and 
optimization problems. The program answers very good for systems with a heavy data, 
saving time to the user.  

It is easy to manipulate the variables of the system and obtain new outcomes for the 
values, showing the differences in the system. It is based on a basic language and highly 
simplified, easy to start to use. It has a clear interface, and it provides explicit report 
results, showing the equations and variables in the model and the comparison of results 
with previous ones. 

Gams modelling is divided by sections: 

Sets: Allows the model to be compact and easy read. 

Parameters: Input data of variables which value is known. 

Variables: These are the outputs that GAMS it is going to use to solve the system. 
These variables can be classified in: 

• Demand variables: They include the variables representing constant values. 
Mostly all those variables which could be control variables with the difference 
that the value cannot be changed such as: 

- Active power at load nodes. 
- Reactive power at load nodes. 

• Control variables: Every variable which can be modified to satisfy the load - 
generation balance under consideration of the operational system limits: 

- Active power of a PV node. 
- Tap position of a transformer. 
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- Shunt capacitance or reactance 
- Transformer tap position 

• State variables: This set includes all the variables which can describe any unique 
state of the power system: 

- Real part of complex voltage at all nodes 
- Imaginary part of complex voltage at all nodes 
- Output variables: These variables are expressed as functions of the 

control and state variables 
- Voltage magnitude at PQ and PV node 
- Voltage angle at PQ and PV node 
- Tap magnitude of phase shift transformer 
- Tap angle of phase shift transformer 
- Power flow (MVA, MW, MVAr, A) in the line from one bus to another 
- Reactive generation at PV node 

Equations: Equations needed to define the objective functions, the constraints and the 
power flow. 

The main objective functions are: 

• Minimize system power costs. 
• Maximize system performance. 
• Optimize power exchange with other systems (on-site generation, utilities, 

IPP’s, & power grids) 
• Minimize load shedding.  
• Minimize generator fuel cost.  
• Maximize voltage & flow security indices.  
• Minimize active power losses.  
• Minimize reactive power losses.  
• Minimize or maximize active power transfers.  
• Minimize or maximize reactive generation reserve.  
• Minimize load adjustments. 

The most used constraints are: 

• Equality constraints:  
- Bus real and reactive power balance. 
- Generator voltage set points. 
- Areas MW interchange. 
- Transmission line/transformer/interface flow limits. 

• Inequality constraints: 
- Transmission line/transformer/interface flow limits. 
- Generator MW limits. 
- Generator reactive power capability curves. 
- Bus voltage magnitudes (not yet implemented in Simulator OPF). 

• Available Controls: 
- Generator MW outputs. 
- Load MW demands. 
- Phase shifters. 
- Area Transactions. 
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Solvers: As mentioned before, depending on the variables, objective function and 
equations used there are different solvers that can be used. 

The OPF problem can be formulated as follows: 

Minimize f(x)  
                                         Subject to: 

 h(x) =0  
g(x)<0 

Where: 

x is the vector of state variables. 

f (x) is the objective function to be Optimized. 

h(x) represents the power flow equations. 

g(x) consists of state variable limits and functional operating constraints. 

In general, the aim is to optimize an objective function with the solution satisfying a 
number of equality and inequality constraints. Any solution that satisfies all the 
constraints it is a feasible solution. [36] 

2.4 Demand Response 
Nowadays, electricity it is essential in the society, so it has to be provided securely. The 
TSO has to decrease the chances of having load shedding, being able to supply the 
demand for every circumstances. The new researches are trying to produce electricity in 
an ecological way, trying to damage at less as possible the environment and including as 
much renewable energies as it’s possible, what is leading in uncertainties due to the 
variety of the production of this sources such as wind power or photovoltaic electricity 
inter alia. Therefore, there is an important reserve available in case the system needs 
extra power. As it is mentioned before, this reserve has costs that need to be included in 
the system operation.  

Due to this price increase, new researches are trying to decrease the reserves making the 
costumers participants of the electricity market, modifying their normal consumption in 
order to participate in the system reserve market, what will lead in cheaper operation 
costs, because DR will be applied for spikes, which are the higher values for electricity. 
It can also be an advantage of social welfare if it is possible to reduce the EENS 
decreasing the EENS, and providing as much power as it is possible and saving some 
money from the electricity invoice.   

It is important to know what amount of power can be provided by demand in order to 
estimate the reserves. It is going to depend on the costumers how much do they want to 
participate, because depending on the flexibility of their consumption will contribute in 
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a major or minor way. Participant will be paid in exchange of the load supplied, at least, 
to cover the cost of providing the reserve.  

The reserve payment comprises a payment for the reserve capacity price and for the use 
of the reserve. 

 

Figure 5.Real elasticity curve. By [39] 

Where:  

 VOLL:  denotes the value of lost load. 

 PD:  the market clearing quantity. 

𝜆𝑒 : the market clearing price. 

𝑅𝐷𝑆𝑆𝑆 and 𝑅𝐷𝑆𝑆𝑆  :are the quantities of up-reserve and down-reserve, respectively. 

Figure 5 shows the demand energy benefit function per hour in the electricity market. 
Depending if consumers increase or decrease the demand there will be different 
payments. [37] 

In case of demand increase, the price for the used reserve is based on the consumer´s 
loss because the price it is under the market level. 

2.4.1 Program Classification 
Demand response programs are classified in two main categories:  

• Incentive-Based Programs (IBP): IBP are classified into classical programs and 
market-based programs, where classical IBP is based on the payments that the 
costumers receive due to their participation in the program. These payments are 
usually done as a transfer or as discounts. Market-based (IBP) consist of paying 
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money to the participants depending on the amount of demand reduction made 
during the periods of high electricity price. 

Classical IBP includes: 

o Direct Load Control programs; in this program, utilities are able to control and 
modify the participant devices in order to change the demand with short notice. 
Typical devices are heaters, air condition. Direct load control is interesting for 
households and small costumers. 

o Interruptible/Curtailable Load programs; in this program, the costumers will be 
rewarded with payments due to a load reduction to predefined values. If the 
costumers do not apply this reduction, they can have penalties, which are 
defined in the contract signed previously. This payment can be the same that 
direct load control, receiving the incentives as payments or discounts. 

Market-based IBP includes: 

• Demand Bidding: Demand bidding, as the name said, is based on bid for load 
reductions in the electricity market. The bid will be accepted if the bidding price 
is lower than the electricity price. If the bid is accepted the costumer has to 
decrease his demand or face penalties. 

• Emergency DR Programs: In these programs the costumers will decrease their 
load consumption from their normal pattern due to an emergency and will be 
rewarded with incentives such as money or bill credits. 

• Capacity Market Programs: These programs are offered to customers who can 
provide  a decrease in their demand when there are some contingencies that 
appear. When it is needed the costumers are advised one day ahead. 

• Ancillary services market: These services are based on bids where the costumers 
commit to a load reduction in the spot market. This load reduction appears as a 
reserve. The costumers will receive two payments, the first one for being in 
standby, and the costumers will receive a second payment if the load reduction is 
required. 

• Price-Based Programs (PBP): PBP programs set the prices considering the 
electricity tariffs not flattered, due to changes over time. The main objective of 
these programs is to flatter the demand price curve over time, offering higher 
incentives during the peak periods and lower one during the off-peak hours. 

These programs use dynamic pricing rates, the more important ones are: 

o Time of use (TOU) rates shows the electricity price per unit of demand [€/MW] 
over the time. This rate would be higher during the peak periods. The simplest 
way of using this parameter is dividing the period of time in two blocks, peak 
period and off-peak period. With this distribution, TOU outcome will be the 
average price of electricity in each period. 
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o Critical peak pricing (CPP) is used in period with outages, contingencies or 
hours with a very high price of electricity during a limited time such as certain 
days or certain hours per year. It includes a higher specified price of electricity 
than TOU rates or normal rates. 

o Extreme Day CPP(ED-CPP) CPP is used for peak and off-peak periods during 
extreme days. For the others is used a flat rate. 

o Extreme Day Pricing (EDP) has a higher price of electricity as CPP but has the 
effect during the whole day. 

o Real Time Pricing (RTP) charges the fluctuating prices over time, which allows 
to know the real price of electricity. It can be done hour by hour or day by day. 
This rate is considered the most efficient Demand Response program for 
competitive electricity markets. 

2.4.2 Demand response benefits and costs under 
categories 

The benefits of using demand response are wide so they are going to be classified in 
five groups:[38] 

Costumer or participant: Participants due to the load reduction during the peak hours 
are rewarded saving money from their electricity invoices or receiving incentive 
payments. Even without having a decrease on their demand the participants are able to 
save money if they just reduce the electricity consumption along peak periods. 
Moreover, the costumers will be rewarded if they use IBP with incentive payments. 

Market: The infrastructure is going to be used in a more efficient way so the price of 
electricity will decrease. The most expensive generation units will produce the 
minimum to satisfy the demand. Another benefit is saving capacity of the lines, using 
Market-based (IBP), some activities can be postponed to off-peak periods, so the lines 
can work under the maximum capacity what means decrease the capacity costs and at 
the same time, the electricity price. 

Reliability: Reliability is part of the market-wide but it is interesting to study the 
benefits apart from it due to the importance of it. The main benefit will be decreasing 
risks of outage due to the decrease of the demand in the peak periods. This load 
reduction gives the system operator more flexibility to use the distribution lines to safe 
any outage and to save money. For example, if you have the situation that the cheapest 
generation unit cannot generate more electricity due to  have reached the maximum 
capacity of a line and you need to satisfy more demand , you will need another 
generation unit to satisfy the demand. This new generation unit will be more expensive, 
but if you apply demand response having a load reduction, the generation may produce 
all the electricity, and it will be cheaper. 
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Market performance: All the participants now have the capacity to manage their 
consumption, especially with Market-based (IBP) and affect the electricity market, so 
they will have a bigger control on their expenses. The second benefit it is the decrease 
of volatility in the electricity price due to demand response and the idea of load 
reduction during peak periods. This benefit has the consequence of avoiding the control 
on the market of a few people. It is proved that the price of electricity increase 
exponentially during the peak periods, thus, using DR there would be a decrease in the 
electricity price. 

Environment: The environmental benefits are wide, using better the resources and being 
more efficient. 

After seeing all the benefits, it is time to analyse demand response costs under 
categories: 

Participants or costumers: The initial cost for the participants may be the required 
equipment, such as intelligent thermostats, peak load controls, depending on the type of 
demand response it may need an onsite generation unit or energy management systems. 
The participant should establish a plan of reaction for the different situations he/she may 
face. The owner of the program may offer some help.  

Running costs are connected with the type of demand response that the participant uses. 
It can go from a loss of comfort due to the air condition to the costs of fuel and 
equipment from a generation unit, or a reschedule of the industrial activity due to the 
big amount of electricity it costs. 

Program owner: There is a wide variety of costs depending of what type of Demand 
Response the participant is using. Initial costs include the continuous marketing needed 
to aware people to use demand response. Once you have the participants the program 
owner has to incur on the costumers education and show them the benefits of the 
program and how to use it.  It is necessary also to plan how the program is going to 
operate. Communication between the participants and advanced metering systems to 
measure and distribute are required. 

Running costs include all the assessment and supervision of the programs after and 
during operation. Ii will include a maintenance supervision of the equipment and all the 
administration and management costs, that include to update every credit notes and 
incentive payments. 
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2.4.3  How to include DR on optimization problems 
To assess and compare demand response programs peak demand reduction indicator, 
but to be able to compare every program it is necessary to normalize it, using the peak 
demand reduction percentage as an indicator. [39] 

There is another way to assess DR, studying the demand price elasticity, which analyses 
the sensitivity of the participant demand referred to the price of electricity. This can be 
calculated with equation (13): 

𝐄 =
∆𝐐
∆𝐋

 
( 13 ) 

Where: 

 E= Elasticity. 

∆𝑄= demand rise [MWh]. 

∆𝑃= price rise [€/MWh]. 

 

There are several ways to include DR in electric power systems. The one used for the 
simulations is considering each stretch of the curve from Figure 6 as a generating unit, 
with an upper-limit operation of 5% of the demand and a price of electricity of given 
from equation ( 14 ): 

𝐂𝐢𝐢𝐭 𝐋𝐑 𝐢 =
𝐢𝐩𝐝𝐢𝐢𝐢,𝐭𝐢,𝐢𝐜

𝐢𝐩𝐝𝐢𝐢
 [€] 

( 14 ) 

Where:  

 i = Define which generator it is been used. 

𝑝𝑒𝑒𝑒𝑖𝑛,𝑡𝑡,𝑠𝑠 = power generated by “DR generator i”. 

𝑒𝑒𝑒𝑒𝑖 = Elasticity of DR i. 

Figure 6 shows three different sections of the curve, so for every node, at every time and 
for each scenario there will be three generators that represent DR. The cost is defined in 
the objective function. This cost it is the incentive paid for the participant for the power 
supplied, and it is different depending on how much power it is provided. In reality, the 
price it is not linear, but this is an approximation to be able to simulate the problem as a 
linear problem. 
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DR is included as generators because in the equations it acts like one, as equation ( 14 ) 
shows, for the power flow balance DR it is providing power, which can come from 
household, companies, etc. Each capacity has its own upper-limits and their own price.  

Equation ( 14 ) show how DR cost it is included in the objective function for every 
problemmm. Gams will first include the cheaper one (DR1) and if it needs more power 
will include DR2 and finally DR3 as it is expected. [40] 

 

Figure 6. Curve of elasticity 

To calculate each elasticity value it is just needed to get the value from (14): 
 

𝐢𝐩𝐝𝐢𝐢 =
𝐢𝐩𝐝𝐢𝐢𝐢,𝐭𝐢,𝐢𝐜

𝐂𝐢𝐢𝐭 𝐋𝐑 𝐢
  

(15) 
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3 IMPLEMENTATION 
The way of working since the beginning till the end was adding steps to the simplest 
problem, and when the problem gave the correct outcomes, more elements were 
attached to the code. 

• The first step was solving an optimization problem with three generation units 
without taking into account any net. Generator maximum capacity was upper-
limited and also the cost of generation was included in the FO.  

• After being aware the code and the results obtained were correct, the next step 
was creating the first electric power system, in this case a simple one, just with 
three buses. As Figure 7 shows, for each bus there is a load and just nodes 1 and 
2 have a generation unit to supply the load demand. Every bus is connected with 
each other so the power can be transferred in any direction to any bus. The 
problem is Direct Current, so lines can only distribute energy in one direction. 
Reactive energy it is not included neither.  
Every line has its own admittance; 𝜃limits were considered for each node adding 
constraints to delimitate it.  
 

 

Figure 7.First Optimal Dispatch solved 

• After adding the transmission, and lines capacity constraints such as maximum 
capacity of 𝑙𝑖𝑖𝑒𝑡,𝑗 , reliability was included in the problem.  
First of all it was added in the objective function. It was added the curtailed 
energy parameter in the transmission cost and in the objective function with its 
cost per MW. 

• Once that reliability is included in the system, in this step comes the biggest 
change in the code. This time the system was expanded to a 30-buses electric 
system as Figure 8 shows. It comprises the total amount of 6 generators located 
in buses 1, 2,13,22,23 and 27. Each bus is considered that uses a different 
source, and that is why each generator has its own generation price [41]. This 
system is given by MATPOWER, and includes the admittances of the 
distribution lines, maximum capacity of generators. 
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Figure 8.Network power system by Matpower 

• After installing the 30-bus power system, three problems were developed at the 
same point. The first one, problem 1 does not include any reliability, problem 2 
and problem 3 do include reliability, but in different ways. Problem 2 include it 
in the objective function, taking into account the penalties for each MW not 
supplied. Problem 3 does not include reliability in the objective function but in 
the constraints, not including any penalty for the demand not satisfied. 

• After developing the three problems, time was included.  The aim of the 
problems was studying reliability and DR for all day long, not only for a 
particular moment. After adding 24 hours it was necessary to find the demand 
values, which were taken from “Red eléctrica” website. These values are from 
the Spanish load. Each bus has its own load, and for each load, 24 hours of 
demand data was taken from the website. There is no more than one bus with the 
same demand value. To make it feasible, all the demand was multiplied per a 
rate to decrease its value to make it feasible with the generators capacity added 
in the problems. 

• The last step before adding Demand Response was taking into account that any 
component can fail. It is possible that during operation some contingencies 
happen, so in this step for each problem were added 48 scenarios. In one 
scenario there are no contingencies, in six of them one of the generating units 
fail and the rest of them are for distribution lines outage. 
Each scenario has a probability, because it is more probable that everything 
works than for example the line transmission between 1 and 2 has an outage. It 
is given a 5 % of failure probability for the different distribution lines, and for 
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each generating unit a 10%. It has not been considered than more than one 
element has a failure for one scenario. 

• Finally, Demand Response it is included in the problem. There are several ways 
to include it in the code, but the one chosen it is based on the idea of consider 
DR as a generator. It decreases the demand; it incurs a cost for the objective 
function which depends on the amount of MW given by the participants. As 
Figure 9 shows the curve for DR price-demand is no-linear, so it is consider 
three different generators with the same capacity, but with different costs per 
MW. The first one it is at the level of the generation units price, with 55 €/MWh, 
the second one is for the second part of the curve, with a higher price of 200 
€/MWh and the last participation is paid with 3000€/MWh. This values are 
given due to it is easy to decrease the load just a 5% of the demand, so the 
incentives are really low, but having to decrease 10% or 15% of the demand it 
means a loss of comfort that has to be rewarded.  These payments have to be 
always lower than the curtailment value, because if they are not, it would be 
worth not supplying the demand. 

 

Figure 9. Real elasticity curve. [39] 
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3.1 Gams codes 

3.1.1 Problem 1 
Objective function: 

𝐌𝐢𝐢  ��𝐟𝐜𝐢 ∗ (𝐭𝐢,′𝐜𝟎′ + 𝐭𝐢,′𝐜𝟏′ ∗ 𝐢𝐢,𝐭𝐢)
𝐭𝐢𝐢

 ( 16 ) 

Equations: 

𝐢𝐢,𝐭𝐢 = 𝐝𝐢𝐜𝐚𝐢𝐝𝐢,𝐭𝐢 + �𝐋𝐭𝐢𝐚𝐢𝐢𝐢,𝐜,𝐭𝐢               ∀𝐢, 𝐭𝐢
𝐜

 ( 15 ) 

𝐋𝐭𝐢𝐚𝐢𝐢𝐢,𝐜,𝐭𝐢 ≤ 𝐂𝐭𝐢𝐢𝐢𝐢,𝐜                          ∀𝐢,𝐜, 𝐭𝐢 ( 16 ) 

𝐢𝐢,𝐭𝐢 ≤ 𝐂𝐜𝐚𝐱𝐢,𝐭𝐢                          ∀𝐢, 𝐭𝐢 ( 17 ) 

𝐢𝐢,𝐭𝐢 ≥ 𝐂𝐜𝐢𝐢𝐢,𝐭𝐢                            ∀𝐢, 𝐭𝐢 ( 18 ) 

𝐋𝐭𝐢𝐚𝐢𝐢_𝐢𝐢𝐢,𝐜,𝐭𝐢 =
𝐋𝐭𝐢𝐚𝐢𝐢𝐢,𝐜,𝐭𝐢

𝐄𝐧𝐚𝐢𝐢
                       ∀𝐢,𝐜, 𝐭𝐢 ( 19 ) 

𝐋𝐭𝐢𝐚𝐢𝐢_𝐢𝐢𝐢,𝐜,𝐭𝐢 = 𝐚𝐝𝐜𝐢𝐭𝐚𝐢𝐜𝐢𝐢,𝐜 ∗ � 𝛉𝐢,𝐭𝐢 − 𝛉𝐜,𝐭𝐢�     ∀𝐢,𝐜, 𝐭𝐢 ( 20 ) 

𝛉𝐢,𝐭𝐢 ≤  𝛑                                  ∀𝐢, 𝐭𝐢 ( 21 ) 

𝛉𝐢,𝐭𝐢 ≥ − 𝛑                                  ∀𝐢, 𝐭𝐢 ( 22 ) 

The objective function covers the electricity generation costs, for every hour and 
bus(16). 

According to the power equations these references were taken for help [42]-[43]. 

Equation ( 15 ) is made for each time and each node, where the energy produced in that 
node at that time, is equal to the demand in that node plus the power transmitted to this 
bus or from this bus to another, because power is only transmitted in one direction due 
to DC. 

Equation ( 16 ) is an upper-limit constraint which restricts the maximum power 
transmission between nodes.  

Equations ( 17 ) and ( 18 ) determine the value range of power production for each bus. 
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Equation ( 20 ) sets the angle value for each node, while equations ( 21 ) and ( 22 ) fix 
theta limits.  

3.1.2 Problem 2 
Objective function: 

𝐌𝐢𝐢  ���(
𝐢𝐜

𝐟𝐜𝐢 ∗ �𝐭𝐢, 𝐜 ′ 𝟎′ + 𝐭𝐢, 𝐜 ′ 𝟏′ ∗ 𝐢𝐢,𝐭𝐢,𝐢𝐜� + 𝐢𝐜𝐢𝐢𝐭𝐢,𝐭𝐢,𝐢𝐜
𝐭𝐢𝐢

∗ 𝐜𝐢𝐢𝐭𝐚𝐚𝐭𝐢𝐢𝐢,𝐭𝐢) ∗ 𝐢𝐢𝐜𝐢𝐜 

( 23 ) 

Equations: 

𝐢𝐢,𝐭𝐢,𝐢𝐜 + 𝐢𝐜𝐢𝐢𝐭𝐢,𝐭𝐢,𝐢𝐜 = 𝐝𝐢𝐜𝐚𝐢𝐝𝐢,𝐭𝐢 + �𝐋𝐭𝐢𝐚𝐢𝐢𝐢,𝐜,𝐭𝐢,𝐢𝐜      ∀𝐢, 𝐭𝐢, 𝐢𝐜
𝐜

 ( 24 ) 

𝐋𝐭𝐢𝐚𝐢𝐢𝐢,𝐜,𝐭𝐢,𝐢𝐜 ≤ 𝐂𝐭𝐢𝐢𝐢𝐢,𝐜,𝐢𝐜                  ∀𝐢,𝐜, 𝐭𝐢, 𝐢𝐜 ( 25 ) 

𝐢𝐢,𝐭𝐢,𝐢𝐜 ≤ 𝐂𝐜𝐚𝐱𝐢,𝐢𝐜                                ∀𝐢, 𝐭𝐢, 𝐢𝐜 ( 26 ) 

𝐢𝐢,𝐭𝐢,𝐢𝐜 ≥ 𝐂𝐜𝐢𝐢𝐢                                    ∀𝐢, 𝐭𝐢, 𝐢𝐜 ( 27 ) 

𝐋𝐭𝐢𝐚𝐢𝐢_𝐢𝐢𝐢,𝐜,𝐭𝐢,𝐢𝐜 =
𝐋𝐭𝐢𝐚𝐢𝐢𝐢,𝐜,𝐭𝐢,𝐢𝐜

𝐄𝐧𝐚𝐢𝐢
                                      ∀𝐢,𝐜, 𝐭𝐢, 𝐢𝐜 

( 28 ) 

𝐋𝐭𝐢𝐚𝐢𝐢_𝐢𝐢𝐢,𝐜,𝐭𝐢,𝐢𝐜
= 𝐚𝐝𝐜𝐢𝐭𝐚𝐢𝐜𝐢𝐢,𝐜,𝐢𝐜 ∗ � 𝛉𝐢,𝐭𝐢,𝐢𝐜 − 𝛉𝐜,𝐭𝐢,𝐢𝐜�          ∀𝐢,𝐜, 𝐭𝐢, 𝐢𝐜 

( 29 ) 

𝛉𝐢,𝐭𝐢,𝐢𝐜 ≤  𝛑                                                    ∀𝐢, 𝐭𝐢, 𝐢𝐜 ( 30 ) 

𝛉𝐢,𝐭𝐢,𝐢𝐜 ≥ − 𝛑                                                  ∀𝐢, 𝐭𝐢, 𝐢𝐜 ( 31 ) 

𝐢𝐜𝐢𝐢𝐭𝐢,𝐭𝐢,𝐢𝐜 ≤ 𝐝𝐢𝐜𝐚𝐢𝐝𝐢,𝐭𝐢                                           ∀𝐢, 𝐭𝐢, 𝐢𝐜 ( 32 ) 

For problem 2, the objective function can be divided in two parts; the first one 
represents the cost function of electricity generation and the second one the penalty paid 
for each MW not supplied. Each scenario simulation is multiplied per its probability. 

Regarding the equations, equation ( 23 ) includes the amount of power not supplied for 
each scenario, bus and time with its 𝑝𝑐𝑝𝑒𝑝𝑛,𝑡𝑡,𝑠𝑠 term. 

Equations ( 24 ) - ( 31 ) are the same as ( 15 ) - ( 22 ) with the particularity that the 
scenarios set is included. This also affects to 𝐶𝐶𝐶𝐶𝑛,𝑠𝑠 because for some scenarios there 
is a generating unit failure, so the capacity it is 0. 
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Equation ( 32 ) defines the upper-limit of load shedding. 

3.1.3 Problem 3 
Objective function: 

𝐌𝐢𝐢  ���(
𝐢𝐜

𝐟𝐜𝐢 ∗ �𝐭𝐢, 𝐜 ′ 𝟎′ + 𝐭𝐢, 𝐜 ′ 𝟏′ ∗ 𝐢𝐢,𝐭𝐢,𝐢𝐜�) ∗ 𝐢𝐢𝐜𝐢𝐜
𝐭𝐢𝐢

 ( 33 ) 

Equations: 

𝐌𝐢𝐢  ���(
𝐢𝐜

𝐟𝐜𝐢 ∗ �𝐭𝐢, 𝐜 ′ 𝟎′ + 𝐭𝐢, 𝐜 ′ 𝟏′ ∗ 𝐢𝐢,𝐭𝐢,𝐢𝐜�) ∗ 𝐢𝐢𝐜𝐢𝐜
𝐭𝐢𝐢

 ( 34 ) 

𝐢𝐢,𝐭𝐢,𝐢𝐜 + 𝐢𝐜𝐢𝐢𝐭𝐢,𝐭𝐢,𝐢𝐜 = 𝐝𝐢𝐜𝐚𝐢𝐝𝐢,𝐭𝐢 + �𝐋𝐭𝐢𝐚𝐢𝐢𝐢,𝐜,𝐭𝐢,𝐢𝐜      ∀𝐢, 𝐭𝐢, 𝐢𝐜
𝐜

 ( 35 ) 

𝐋𝐭𝐢𝐚𝐢𝐢𝐢,𝐜,𝐭𝐢,𝐢𝐜 ≤ 𝐂𝐭𝐢𝐢𝐢𝐢,𝐜,𝐢𝐜            ∀𝐢,𝐜, 𝐭𝐢, 𝐢𝐜 ( 36 ) 

𝐢𝐢,𝐭𝐢,𝐢𝐜 ≤ 𝐂𝐜𝐚𝐱𝐢,𝐢𝐜                                 ∀𝐢, 𝐭𝐢, 𝐢𝐜 ( 37 ) 

 𝐢𝐢,𝐭𝐢,𝐢𝐜 ≥ 𝐂𝐜𝐢𝐢𝐢                      ∀𝐢, 𝐭𝐢, 𝐢𝐜 ( 38 ) 

𝐋𝐭𝐢𝐚𝐢𝐢_𝐢𝐢𝐢,𝐜,𝐭𝐢,𝐢𝐜 =
𝐋𝐭𝐢𝐚𝐢𝐢𝐢,𝐜,𝐭𝐢,𝐢𝐜

𝐄𝐧𝐚𝐢𝐢
              ∀𝐢,𝐜, 𝐭𝐢, 𝐢𝐜 

( 39 ) 

𝐋𝐭𝐢𝐚𝐢𝐢_𝐢𝐢𝐢,𝐜,𝐭𝐢,𝐢𝐜
= 𝐚𝐝𝐜𝐢𝐭𝐚𝐢𝐜𝐢𝐢,𝐜,𝐢𝐜 ∗ � 𝛉𝐢,𝐭𝐢,𝐢𝐜 − 𝛉𝐜,𝐭𝐢,𝐢𝐜�          ∀𝐢,𝐜, 𝐭𝐢, 𝐢𝐜 

( 40 ) 

𝛉𝐢,𝐭𝐢,𝐢𝐜 ≤  𝛑                       ∀𝐢, 𝐭𝐢, 𝐢𝐜 ( 41 ) 

𝛉𝐢,𝐭𝐢,𝐢𝐜 ≥ − 𝛑                     ∀𝐢, 𝐭𝐢, 𝐢𝐜 ( 42 ) 

��(𝐢𝐜𝐢𝐢𝐭𝐢,𝐭𝐢,𝐢𝐜 ∗  𝐢𝐢𝐜𝐢𝐜) ≤�𝐜𝐢𝐢𝐭𝐢𝐚𝐭𝐢𝐜 ∗ 𝐝𝐢𝐜𝐚𝐢𝐝𝐢,𝐭𝐢
𝐢

       
𝐢𝐜𝐢

      ∀𝐭𝐢 ( 43 ) 

��(𝐢𝐜𝐢𝐢𝐭𝐢,𝐭𝐢,𝐢𝐜 ∗  𝐢𝐢𝐜𝐢𝐜) ≤��𝐜𝐢𝐢𝐭𝐜𝐚𝐱𝐢,𝐢𝐜
𝐢𝐜𝐢

      
𝐢𝐜𝐢

      ∀𝐭𝐢 ( 44 ) 

In reference to problem 3, the objective function (35) is similar to equation ( 16 ) but 
bearing in mind the scenarios, and its probability. 

Equation ( 34 ) contains the power balance between inputs and outputs of each bus. 
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Equations ( 35 )-( 42 ) are the same as equations ( 24 ) - ( 31 ).  

Equations ( 43 ) and ( 44 ) include reliability on the problem 3 as equations. In equation 
( 43 ) defines the upper-limit of the total curtailed power for each time, which has to be 
lower than a percentage of the demand (0.45%). Equation ( 44 ) adds another restriction 
to the maximum value of curtailed energy. 

3.2 Problem codes including DR 
This codes are an extension of the codes applied for reliability, so just the new 
equations and the changes are going to be explained.  

 

3.2.1 Problem 1 
Objective function: 

𝐌𝐢𝐢  ��𝐟𝐜𝐢 ∗ �𝐭𝐢, 𝐜′ 𝟎′ + 𝐭𝐢, 𝐜′ 𝟏′ ∗ 𝐢𝐢,𝐭𝐢�
𝐭𝐢𝐢

+
𝐢𝐩𝐝𝐢𝟏𝐢,𝐭𝐢

𝐢𝐩𝐝𝐢𝟏
+
𝐢𝐩𝐝𝐢𝐜𝐢,𝐭𝐢

𝐢𝐩𝐝𝐢𝐜  
+
𝐢𝐩𝐝𝐢𝐩𝐢,𝐭𝐢

𝐢𝐩𝐝𝐢𝐩   

 

( 45 ) 

Equations: 

𝐢𝐢,𝐭𝐢 + 𝐢𝐩𝐝𝐢𝟏𝐢,𝐭𝐢 + 𝐢𝐩𝐝𝐢𝐜𝐢,𝐭𝐢 + 𝐢𝐩𝐝𝐢𝐩𝐢,𝐭𝐢
= 𝐝𝐢𝐜𝐚𝐢𝐝𝐢,𝐭𝐢

+ �𝐋𝐭𝐢𝐚𝐢𝐢𝐢,𝐜,𝐭𝐢                                      ∀𝐢, 𝐭𝐢
𝐜

 

( 46 ) 

𝐋𝐭𝐢𝐚𝐢𝐢𝐢,𝐜,𝐭𝐢 ≤ 𝐂𝐭𝐢𝐢𝐢𝐢,𝐜                          ∀𝐢,𝐜, 𝐭𝐢 ( 47 ) 

𝐢𝐢,𝐭𝐢 ≤ 𝐂𝐜𝐚𝐱𝐢,𝐭𝐢                               ∀𝐢, 𝐭𝐢 ( 48 ) 

𝐢𝐢,𝐭𝐢 ≥ 𝐂𝐜𝐢𝐢𝐢,𝐭𝐢                                 ∀𝐢, 𝐭𝐢 ( 49 ) 

𝐋𝐭𝐢𝐚𝐢𝐢_𝐢𝐢𝐢,𝐜,𝐭𝐢 =
𝐋𝐭𝐢𝐚𝐢𝐢𝐢,𝐜,𝐭𝐢

𝐄𝐧𝐚𝐢𝐢
                       ∀𝐢,𝐜, 𝐭𝐢 ( 50 ) 

𝐋𝐭𝐢𝐚𝐢𝐢_𝐢𝐢𝐢,𝐜,𝐭𝐢 = 𝐚𝐝𝐜𝐢𝐭𝐚𝐢𝐜𝐢𝐢,𝐜 ∗ � 𝛉𝐢,𝐭𝐢 − 𝛉𝐜,𝐭𝐢�     ∀𝐢,𝐜, 𝐭𝐢 ( 51 ) 

𝛉𝐢,𝐭𝐢 ≤  𝛑                                  ∀𝐢, 𝐭𝐢 ( 52 ) 
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𝛉𝐢,𝐭𝐢 ≥ − 𝛑                                  ∀𝐢, 𝐭𝐢 ( 53 ) 

𝐜𝐩𝐝𝐢𝟏𝐢,𝐭𝐢 = 𝐝𝐢𝐜𝐚𝐢𝐝𝐢,𝐭𝐢 ∗ 𝐝𝐢𝐢𝐢𝐢𝐚𝐭𝐢                                ∀𝐢, 𝐭𝐢 ( 54 ) 

𝐜𝐩𝐝𝐢𝐜𝐢,𝐭𝐢 = 𝐝𝐢𝐜𝐚𝐢𝐝𝐢,𝐭𝐢 ∗ 𝐝𝐢𝐢𝐢𝐢𝐚𝐭𝐢                                ∀𝐢, 𝐭𝐢 ( 55 ) 

𝐜𝐩𝐝𝐢𝐩𝐢,𝐭𝐢 = 𝐝𝐢𝐜𝐚𝐢𝐝𝐢,𝐭𝐢 ∗ 𝐝𝐢𝐢𝐢𝐢𝐚𝐭𝐢                                ∀𝐢, 𝐭𝐢 ( 56 ) 

𝐢𝐩𝐝𝐢𝟏𝐢,𝐭𝐢 ≤ 𝐜𝐩𝐝𝐢𝟏𝐢,𝐭𝐢                                ∀𝐢, 𝐭𝐢 ( 57 ) 

𝐢𝐩𝐝𝐢𝐜𝐢,𝐭𝐢 ≤ 𝐜𝐩𝐝𝐢𝐜𝐢,𝐭𝐢                                ∀𝐢, 𝐭𝐢 ( 58 ) 

𝐢𝐩𝐝𝐢𝐩𝐢,𝐭𝐢 ≤ 𝐜𝐩𝐝𝐢𝐩𝐢,𝐭𝐢                                ∀𝐢, 𝐭𝐢 ( 59 ) 

The objective function (47) can be divided in two parts, the first one the generation cost, 
and the second one the DR cost, which is based the division between the energy given 
by the participants and the variation of load for a variation of the price. 

Equation ( 46 ) it is a power balance for each node and time, where DR load it is 
consider as a generator which decreases the load. 

Equations ( 54 ) - ( 56 ) defines the amount of load capacity for each part of the DR 
curve. This limit is fixed with a 5% of the demand. 

Equations ( 57 ) - ( 59 ) establish that the value of power given by the participants has to 
be lower than the maximum capacity of each “generator”. 

3.2.2 Problem 2 
Objective function: 

𝐌𝐢𝐢  ���(
𝐢𝐜

𝐢𝐩𝐝𝐢𝟏𝐢,𝐭𝐢,𝐢𝐜

𝐢𝐩𝐝𝐢𝟏
+
𝐢𝐩𝐝𝐢𝐜𝐢,𝐭𝐢,𝐢𝐜

𝐢𝐩𝐝𝐢𝐜  
+
𝐢𝐩𝐝𝐢𝐩𝐢,𝐭𝐢,𝐢𝐜

𝐢𝐩𝐝𝐢𝐩   

+ 𝐟𝐜𝐢
𝐭𝐢𝐢
∗ �𝐭𝐢, 𝐜 ′ 𝟎′ + 𝐭𝐢, 𝐜 ′ 𝟏′ ∗ 𝐢𝐢,𝐭𝐢,𝐢𝐜� + 𝐢𝐜𝐢𝐢𝐭𝐢,𝐭𝐢,𝐢𝐜 ∗ 𝐜𝐢𝐢𝐭𝐚𝐚𝐭𝐢𝐢𝐢,𝐭𝐢)
∗ 𝐢𝐢𝐜𝐢𝐜 

( 60 ) 

Equations: 

𝐢𝐢,𝐭𝐢,𝐢𝐜 + 𝐢𝐜𝐢𝐢𝐭𝐢,𝐭𝐢,𝐢𝐜 + 𝐢𝐩𝐝𝐢𝟏𝐢,𝐭𝐢,𝐢𝐜 + 𝐢𝐩𝐝𝐢𝐜𝐢,𝐭𝐢,𝐢𝐜 + 𝐢𝐩𝐝𝐢𝐩𝐢,𝐭𝐢,𝐢𝐜

= 𝐝𝐢𝐜𝐚𝐢𝐝𝐢,𝐭𝐢 + �𝐋𝐭𝐢𝐚𝐢𝐢𝐢,𝐜,𝐭𝐢,𝐢𝐜           ∀𝐢, 𝐭𝐢, 𝐢𝐜
𝐜

 

( 61 ) 
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𝐋𝐭𝐢𝐚𝐢𝐢𝐢,𝐜,𝐭𝐢,𝐢𝐜 ≤ 𝐂𝐭𝐢𝐢𝐢𝐢,𝐜,𝐢𝐜                                  ∀𝐢,𝐜, 𝐭𝐢, 𝐢𝐜 ( 62 ) 

𝐢𝐢,𝐭𝐢,𝐢𝐜 ≤ 𝐂𝐜𝐚𝐱𝐢,𝐢𝐜                                             ∀𝐢, 𝐭𝐢, 𝐢𝐜 ( 63 ) 

𝐢𝐢,𝐭𝐢,𝐢𝐜 ≥ 𝐂𝐜𝐢𝐢𝐢                                                   ∀𝐢, 𝐭𝐢, 𝐢𝐜 ( 64 ) 

𝐋𝐭𝐢𝐚𝐢𝐢_𝐢𝐢𝐢,𝐜,𝐭𝐢,𝐢𝐜 =
𝐋𝐭𝐢𝐚𝐢𝐢𝐢,𝐜,𝐭𝐢,𝐢𝐜

𝐄𝐧𝐚𝐢𝐢
                        ∀𝐢,𝐜, 𝐭𝐢, 𝐢𝐜 

( 65 ) 

𝐋𝐭𝐢𝐚𝐢𝐢_𝐢𝐢𝐢,𝐜,𝐭𝐢,𝐢𝐜 =
𝐋𝐭𝐢𝐚𝐢𝐢𝐢,𝐜,𝐭𝐢,𝐢𝐜

𝐄𝐧𝐚𝐢𝐢
                         ∀𝐢,𝐜, 𝐭𝐢, 𝐢𝐜 

( 66 ) 

𝐋𝐭𝐢𝐚𝐢𝐢_𝐢𝐢𝐢,𝐜,𝐭𝐢,𝐢𝐜
= 𝐚𝐝𝐜𝐢𝐭𝐚𝐢𝐜𝐢𝐢,𝐜,𝐢𝐜 ∗ � 𝛉𝐢,𝐭𝐢,𝐢𝐜 − 𝛉𝐜,𝐭𝐢,𝐢𝐜�          ∀𝐢,𝐜, 𝐭𝐢, 𝐢𝐜   

( 67 ) 

𝛉𝐢,𝐭𝐢,𝐢𝐜 ≤  𝛑                                                                 ∀𝐢, 𝐭𝐢, 𝐢𝐜 ( 68 ) 

𝛉𝐢,𝐭𝐢,𝐢𝐜 ≥ − 𝛑                                                             ∀𝐢, 𝐭𝐢, 𝐢𝐜 ( 69 ) 

𝐢𝐜𝐢𝐢𝐭𝐢,𝐭𝐢,𝐢𝐜 ≤ 𝐝𝐢𝐜𝐚𝐢𝐝𝐢,𝐭𝐢                                        ∀𝐢, 𝐭𝐢, 𝐢𝐜 ( 70 ) 

𝛉´𝐧𝐢𝐢𝟏´,𝐭𝐢,𝐢𝐜 = 𝟎               ∀𝐭𝐢, 𝐢𝐜 ( 71 ) 

𝐜𝐩𝐝𝐢𝟏𝐢,𝐭𝐢 = 𝐝𝐢𝐜𝐚𝐢𝐝𝐢,𝐭𝐢 ∗ 𝐝𝐢𝐢𝐢𝐢𝐚𝐭𝐢                 ∀𝐢, 𝐭𝐢 ( 72 ) 

𝐜𝐩𝐝𝐢𝐩𝐢,𝐭𝐢 = 𝐝𝐢𝐜𝐚𝐢𝐝𝐢,𝐭𝐢 ∗ 𝐝𝐢𝐢𝐢𝐢𝐚𝐭𝐢                 ∀𝐢, 𝐭𝐢 ( 73 ) 

𝐜𝐩𝐝𝐢𝐩𝐢,𝐭𝐢 = 𝐝𝐢𝐜𝐚𝐢𝐝𝐢,𝐭𝐢 ∗ 𝐝𝐢𝐢𝐢𝐢𝐚𝐭𝐢                ∀𝐢, 𝐭𝐢 ( 74 ) 

𝐢𝐩𝐝𝐢𝟏𝐢,𝐭𝐢,𝐢𝐜 ≤ 𝐜𝐩𝐝𝐢𝟏𝐢,𝐭𝐢                                             ∀𝐢, 𝐭𝐢, 𝐢𝐜 ( 75 ) 

𝐢𝐩𝐝𝐢𝐜𝐢,𝐭𝐢,𝐢𝐜 ≤ 𝐜𝐩𝐝𝐢𝐜𝐢,𝐭𝐢                                             ∀𝐢, 𝐭𝐢, 𝐢𝐜 ( 76 ) 

𝐢𝐩𝐝𝐢𝐩𝐢,𝐭𝐢,𝐢𝐜 ≤ 𝐜𝐩𝐝𝐢𝐩𝐢,𝐭𝐢                                             ∀𝐢, 𝐭𝐢, 𝐢𝐜 ( 77 ) 

Equation ( 61 ) includes a new term for problem 2 in the objective function, which is the 
same than for problem 1, but in this case there is DR power for each scenario that has to 
be considered. 

Equation ( 62 ) it is the power balance equations for each node, scenario and time, 
where DR is included in “pgdr” terms. 

Equation (73) defines bus 1 as slack node. 
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From equation ( 71 )to equation ( 76 ) are the same equations than equations ( 54 ) - ( 59 
) but including scenarios. 

3.2.3 Problem 3 
Objective function: 

𝐌𝐢𝐢  ���(
𝐢𝐩𝐝𝐢𝟏𝐢,𝐭𝐢,𝐢𝐜

𝐢𝐩𝐝𝐢𝟏
+
𝐢𝐩𝐝𝐢𝐜𝐢,𝐭𝐢,𝐢𝐜

𝐢𝐩𝐝𝐢𝐜  
+
𝐢𝐩𝐝𝐢𝐩𝐢,𝐭𝐢,𝐢𝐜

𝐢𝐩𝐝𝐢𝐩  
+

𝐢𝐜

𝐟𝐜𝐢
𝐭𝐢𝐢
∗ �𝐭𝐢, 𝐜 ′ 𝟎′ + 𝐭𝐢, 𝐜 ′ 𝟏′ ∗ 𝐢𝐢,𝐭𝐢,𝐢𝐜�) ∗ 𝐢𝐢𝐜𝐢𝐜 

( 78 ) 

Equations: 

𝐢𝐢,𝐭𝐢,𝐢𝐜 + 𝐢𝐜𝐢𝐢𝐭𝐢,𝐭𝐢,𝐢𝐜 + 𝐢𝐩𝐝𝐢𝟏𝐢,𝐭𝐢,𝐢𝐜 + 𝐢𝐩𝐝𝐢𝐜𝐢,𝐭𝐢,𝐢𝐜 + 𝐢𝐩𝐝𝐢𝐩𝐢,𝐭𝐢,𝐢𝐜

= 𝐝𝐢𝐜𝐚𝐢𝐝𝐢,𝐭𝐢 + �𝐋𝐭𝐢𝐚𝐢𝐢𝐢,𝐜,𝐭𝐢,𝐢𝐜      ∀𝐢, 𝐭𝐢, 𝐢𝐜
𝐜

 

( 79 ) 

𝐋𝐭𝐢𝐚𝐢𝐢𝐢,𝐜,𝐭𝐢,𝐢𝐜 ≤ 𝐂𝐭𝐢𝐢𝐢𝐢,𝐜,𝐢𝐜                                              ∀𝐢,𝐜, 𝐭𝐢, 𝐢𝐜 ( 80 ) 

𝐢𝐢,𝐭𝐢,𝐢𝐜 ≤ 𝐂𝐜𝐚𝐱𝐢,𝐢𝐜                                             ∀𝐢, 𝐭𝐢, 𝐢𝐜 ( 81 ) 

𝐢𝐢,𝐭𝐢,𝐢𝐜 ≥ 𝐂𝐜𝐢𝐢𝐢                                                   ∀𝐢, 𝐭𝐢, 𝐢𝐜 ( 82 ) 

𝐋𝐭𝐢𝐚𝐢𝐢_𝐢𝐢𝐢,𝐜,𝐭𝐢,𝐢𝐜 =
𝐋𝐭𝐢𝐚𝐢𝐢𝐢,𝐜,𝐭𝐢,𝐢𝐜

𝐄𝐧𝐚𝐢𝐢
                                      ∀𝐢,𝐜, 𝐭𝐢, 𝐢𝐜 

( 83 ) 

𝐋𝐭𝐢𝐚𝐢𝐢_𝐢𝐢𝐢,𝐜,𝐭𝐢,𝐢𝐜
= 𝐚𝐝𝐜𝐢𝐭𝐚𝐢𝐜𝐢𝐢,𝐜,𝐢𝐜 ∗ � 𝛉𝐢,𝐭𝐢,𝐢𝐜 − 𝛉𝐜,𝐭𝐢,𝐢𝐜�          ∀𝐢,𝐜, 𝐭𝐢, 𝐢𝐜   

( 84 ) 

𝛉𝐢,𝐭𝐢,𝐢𝐜 ≤  𝛑                                                    ∀𝐢, 𝐭𝐢, 𝐢𝐜 ( 85 ) 

𝛉𝐢,𝐭𝐢,𝐢𝐜 ≥ − 𝛑                                                  ∀𝐢, 𝐭𝐢, 𝐢𝐜 ( 86 ) 

��(𝐢𝐜𝐢𝐢𝐭𝐢,𝐭𝐢,𝐢𝐜 ∗  𝐢𝐢𝐜𝐢𝐜) ≤�𝐜𝐢𝐢𝐭𝐢𝐚𝐭𝐢𝐜 ∗ 𝐝𝐢𝐜𝐚𝐢𝐝𝐢,𝐭𝐢
𝐢

       
𝐢𝐜𝐢

      ∀𝐭𝐢 ( 87 ) 

��(𝐢𝐜𝐢𝐢𝐭𝐢,𝐭𝐢,𝐢𝐜 ∗  𝐢𝐢𝐜𝐢𝐜) ≤��𝐜𝐢𝐢𝐭𝐜𝐚𝐱𝐢,𝐢𝐜
𝐢𝐜𝐢

      
𝐢𝐜𝐢

      ∀𝐭𝐢 ( 88 ) 

𝐜𝐩𝐝𝐢𝟏𝐢,𝐭𝐢 = 𝐝𝐢𝐜𝐚𝐢𝐝𝐢,𝐭𝐢 ∗ 𝐝𝐢𝐢𝐢𝐢𝐚𝐭𝐢                      ∀𝐢, 𝐭𝐢 ( 89 ) 

𝐜𝐩𝐝𝐢𝐜𝐢,𝐭𝐢 = 𝐝𝐢𝐜𝐚𝐢𝐝𝐢,𝐭𝐢 ∗ 𝐝𝐢𝐢𝐢𝐢𝐚𝐭𝐢                      ∀𝐢, 𝐭𝐢 ( 90 ) 
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𝐜𝐩𝐝𝐢𝐩𝐢,𝐭𝐢 = 𝐝𝐢𝐜𝐚𝐢𝐝𝐢,𝐭𝐢 ∗ 𝐝𝐢𝐢𝐢𝐢𝐚𝐭𝐢                      ∀𝐢, 𝐭𝐢 ( 91 ) 

𝐢𝐩𝐝𝐢𝟏𝐢,𝐭𝐢,𝐢𝐜 ≤ 𝐜𝐩𝐝𝐢𝟏𝐢,𝐭𝐢                                ∀𝐢, 𝐭𝐢, 𝐢𝐜 ( 92 ) 

𝐢𝐩𝐝𝐢𝐜𝐢,𝐭𝐢,𝐢𝐜 ≤ 𝐜𝐩𝐝𝐢𝐜𝐢,𝐭𝐢                                ∀𝐢, 𝐭𝐢, 𝐢𝐜 ( 93 ) 

𝐢𝐩𝐝𝐢𝐩𝐢,𝐭𝐢,𝐢𝐜 ≤ 𝐜𝐩𝐝𝐢𝐩𝐢,𝐭𝐢                                ∀𝐢, 𝐭𝐢, 𝐢𝐜 ( 94 ) 
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4 RESULTS 

4.1 Reliability results 
Once the simulations are done, Table 1 contains Total cost and total EENS for each 
problem: 

Table 1. Total costs and EENS for problems 1, 2 and 3 with reliability 

 

 

 

 

 

Problem 2 is the most expensive problem due to the curtailment value is included in the 
objective function with cost penalties. It has a big weight on the price, which stresses 
the importance of satisfying the demand over time because there are big cost penalties 
for a load not supplied. Problem 2 is a 33% more expensive than problem 1 and 
problem 3 due to this penalty, which is only taken into account for problem 2. Thus, 
investments on reliability and demand response are worth whether they are able to 
satisfy the load over-time.  

According to generation costs, the three problems have similar costs, but it is higher for 
problem 2, because it has less EENS than Problem 3, Even though problem 1 and 
problem 3 do not take into account penalties for the load not supplied, there are little 
differences among the costs because problem 3 has to deal with contingencies that 
causes using more expensive generating units, while problem 1 it is operating in optimal 
conditions. 

Regarding EENS there is a big difference again among the three problems. Problem 
1does not take into account reliability, so when it operates in optimal conditions having 
contingencies the results are EENS seven times more than problem 3 and problem 2. 
Problem 2 minimizes the value of EENS due to the strong penalties for each MW not 
supplied while problem 3 sets EENS value with the parameter, which causes for that 
value a higher EENS. Problem 3 will have the value fixed by “curtrate2” whether it 
does not surpass the reliability constraint (equation ( 58 )). Adding cost penalties for 
EENS causes a 31% decrease in its value when curtrate2 has a value of 0.45%. 

In the following figures the cost per hour is represented, which looks alike to the 
demand curve, stressing the influence of the cost generation. The difference among 

 
G.+EENS COST[€] Total Costs [€] EENS[MW] 

P1 289562 289562 196.82 

P2 291191.1 + 97892.6 389083.7 16.37 

P3 290539.2 290539.2 23.72 
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problem 1 and problem 3 over-time it is almost zero, but for problem 2 there is such a 
big difference, depending on the amount of load curtailed. For the first hours of the day 
(from 1-12) , the difference between problem 2 and problems 1 and 3 it is not as big as 
in the end of the day(from 12 to 24), what means the higher curtailment occurs at the 
demand spikes. 

 

Figure 10. Total cost including reliability. 

According to EENS, Figure 11 shows the big difference between taking into account 
reliability or not taking it. The values for problem 2 and problem 3 are quite similar 
over the periods, while in problem 1 the difference is huge along the day. 

 

Figure 11. Total EENS including reliability. 

According to marginal price, price at non-generation buses are the lowest for Problem 1 
and the highest for problem 2 (the problem 3 is in the middle). The reason is that we 
have no outage in calculation of prices in problem 1 and therefore the price spikes are 
prevented. In problem 2, on the other hand, since we have the possibility of load 
curtailment (with a very high penalty of course), the marginal price is much higher. 
Finally, in problem 3, we have a predefined value of load curtailment with no penalty 
which causes similar price with problem1 but higher due to contingencies during 
operation that causes using more expensive generators. Figure 12 and Figure 13 show 
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marginal price for each bus respectively when it can be noticed how the curves follow 
the trend expected. 

 

Figure 12. Marginal price in bus 4 taking into account reliability. 

 

 

Figure 13. Marginal price in bus 18 taking into account reliability. 

The exception to the first conclusion is a generator bus, especially if it includes a cheap 
generator. In problem 2 and 3, having an outage in the system, can cause the cheap 
generator to not producing at the maximum. In such cases, the additional MW of load 
can be supplied through generation of the cheap generator at the considered bus. Also, 
there is no extra loss in the system. Therefore, the marginal price can be lower for 
problem 2 and 3 in compare to marginal price of problem 1 as it happens in hour 21 in 
Figure 14, which represents the marginal price curve for a generating bus. 

Problem 2 and problem 3 operate at similar price along the day, but for hours 21-23 
when there is EENS and problem 2 raises the price. 
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Figure 14. Marginal price in bus 27 taking into account reliability. 

4.2 Reliability Sensitivity analysis 
According to the sensitivity analysis, the values of three parameters have been changed 
in order to see its weight in the outcome.  

4.2.1 Decreasing curtailment value 
The first analysis is based on decreasing the curtailment value a 50% of its original 
value, what means a final value of 2990€. 

For problem1 and problem 3 the outcomes will make no differences among the original 
problem and the sensitivity problem, because there were no penalties in any of these for 
curtailed load. 

But for problem 2 it is worth to analyze outcomes because there are some differences 
decreasing the curtailment value a 50% from its original value. 

Table 2. EENS in problem 2. 

EENS[MW] 

Before 
bus15 bus18 bus19 bus20 bus26 bus29 bus30 Total 

0.04 1.24 3.22 3.49 3.00 2.68 2.68 16.37 

After 
bus15 bus18 bus19 bus20 bus26 bus29 bus30 Total 

0.04 1.24 3.22 3.49 3.00 2.68 2.68 16.37 

There is no difference when the amount of energy not supplied is compared. 
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But when the total costs are compared there is a difference of 48866€ when the 
curtailment value is reduced from 5980€ to 3000€.or what is the same, when the 
curtailment value is reduced a 50%, the total cost decrease a 12,5 as shows Table 3. 

Table 3 shows that operation costs are the same and the different is just coming from  
the EENS costs, that is decreased a 50%. 

Table 3.Problem 2, total costs for sensitivity analysis 1.  

G.+EENS COST[€] 

Before 291191.1 + 97892.6 

After 291191.1+48946.3 

Comparing marginal prices for different buses the outcomes are shown in the following 
figures: 

Bus 18 has load shedding all day long, therefore, the price it will be higher after since 
there is some curtailment. When the curtailment value is decreased 50% the marginal 
price decrease around 33% for most of the hours, but when the curtailment curve 
reaches the spike the marginal price difference it is 50%. 

 

Figure 15. Marginal price in problem 2 sensitivity analysis 1. 

For Bus27 there is only curtailment for two critical hours, along the time there is no 
difference on the marginal price because no curtailment is needed. In the peak when the 
curtailment value is decreased a 50%, the marginal price is decreased 21,27%, due to 
when the demand needs to be increased 1 MW part of it is supplied by the generation 
unit and the remaining load it will be shedding. 
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Figure 16. Marginal price in problem 2 according to sensitivity analysis 1. 

4.2.2 Increasing EENS upper-limit 
The second sensitivity analysis it is based on increasing the curtailment rate allowed for 
problem 3 from 0.45% of the demand to 1% of the demand what means having more 
load unsatisfied if it is among equation ( 58 ) limits. Table 4 show the results obtained: 

Table 4.Problem 3, total costs and EENS for sensitivity analysis 2. 

 

  

 

 

 

 

 The results obtained in Table 4 shows an increase on the expected energy not supplied 
of 122%, what it means that it has been working under equation ( 58 ) limits. In problem 
3, there are no cost penalties for EENS, that’s why the total cost decreases comparing 
with the original one. The demand is reduced due to bigger EENS, and the total cost is 
lower because generators can supply more demand while the expensive generators will 
not produce as much power as before. Costs reduction rate it is 0.75%. 

According to marginal price, for a non-generation unit bus the marginal price will be 
cheaper over-time as it was expected, because the increase of maximum curtailment 
causes a  decrease on the demand, therefore the load can be supplied by a cheaper 
generation unit. 
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 EENS[MW] G.+EENS COST[€] 

Original 23.72 290539.2 

Sensitivity analysis 52.70 288369.6 
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Figure 17. Marginal price in problem 3 according to sensitivity analysis 2. 

But for generating buses such as bus27, which has a cheap generation unit, marginal 
price is greater after modifying the parameter because there is a new optimal dispatch 
after this parameter variation, which causes that most of the non-generating buses 
decreases the marginal price because are supplied by cheaper generating units, but on 
the other hand this bus needs to be supplied by other generator unit more expensive than 
the bus generator, in order to optimize the system. 

 

Figure 18. Marginal price in problem 3 according to sensitivity analysis 2. 
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4.2.3 Increasing distribution lines power transmission 
capacity 

The last sensitivity analysis is made increasing distribution capacity lines a 10% of its 
upper-limit for every problem. 

• The results obtained after the problem 2 simulation are shown in Table 5: 

Table 5.Problem 2, total costs and EENS for sensitivity analysis 3. 

 
EENS[MW] G.+EENS COST[€] 

Before 16.37 291191.1 + 97892.6 

After 13.68 290709.6+81806.4 

With a 10% increase of the capacity line the expected energy not supply decreases more 
than 16%. There are high penalties for each MW not supplied and that is why the total 
cost decreases around 4.25%. 

There a new optimal dispatch. Thus, new generation costs are lower than before and the 
EENS decrease causes a big reduction on the total cost due to the big penalties for load 
shedding.  

According to the marginal cost, in the following figures are the results for two different 
buses; Figure 19 shows marginal price for a non-generator bus (bus18), while Figure 20 
shows marginal price for a generation bus (bus27). 

For a non-generation bus the results are as expected, having a decrease on the marginal 
price due to the new optimal dispatch and the increase of capacity, allowing generators 
to distribute more energy through the lines. 

 

Figure 19. Marginal price in problem 2 for sensitivity analysis 3. 
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On the other hand, Figure 20 shows what happen for a cheap generating bus, which 
generator supplies other buses load, having to increase the marginal price in this bus in 
order to have a cost reduction for the whole problem. 

 

Figure 20. Marginal price in problem 2 for sensitivity analysis 3. 

• For problem 1, Table 6 shows the results obtained after the simulation: 

Table 6. Problem 1, total costs and EENS for sensitivity analysis 3. 

 
G.+EENS COST[€] 

Before 289558.6 

After 289177 

After increasing the capacity line 10% the generation unit production has decreased the 
cost because cheaper generating units have more distribution lines capacity to carry the 
power through the network. Thus, the total cost has been decreased, but not 
significantly because before problem 1 was already operating in optimal conditions. 

According to marginal price, Figure 21 and Figure 22 show the curve along the day.  

For bus 18, the price it is the same after and before because increasing the line does not 
affect if the distribution lines flowing around bus 18 did not reach the limit. For a non-
generating bus which distribution lines were collapsed, will experience a tiny decrease 
on the marginal price. 
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Figure 21. Marginal price in problem 1 for sensitivity analysis 3. 

For generating buses such as bus 27, a more expensive generator has to supply the load 
of this bus in order to have a new optimal dispatch where generating unit from bus 27 
will satisfy the load of other buses and decrease the total operating costs. 

 

Figure 22. Marginal price in problem 1 for sensitivity analysis 3. 

 

• For problem 3 the results after increasing the maximum capacity parameter are 
shown in Table 7: 

Table 7. Problem 3, total costs and EENS for sensitivity analysis 3. 
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EENS[MW] Total Cost[€] 

Before 23.71541 290539 

After 23.71541 290539 
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In reference to the results, there is neither a change on EENS nor on Total costs, these 
results explain that the distribution lines were not distributing at the maximum capacity 
during operation due to the high EENS, what causes no differences in the new optimal 
dispatch and the same results for EENS, total cost and marginal prices, as shown Figure 
23 and Figure 24. 

 

Figure 23. Marginal price in problem 3 sensitivity analysis 3. 

 

 

Figure 24 Marginal price in problem 3 sensitivity analysis 3. 
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4.3 Demand response outcomes 
In this section, an analysis of the outcomes obtained by the simulations it is going to be 
done.  

In Table 8   the Total Cost, generation and EENS costs, EENS, Cost of Demand 
Response and amount of Demand Response are shown for problem 1, 2 and 3. 

Table 8.Total cost, EENS and DR outcomes for problems 1, 2 and 3 with DR included. 

Regarding the total cost, it happen the same than with the results obtained from the 
reliability analysis; Total cost for problem 1 and 3 are quite similar, but for problem 2 
there is a huge difference due to including load shedding cost on the objective function. 
As mentioned before, for problem 1 and 3 do not include penalties for each MW not 
supplied, therefore the costs are lower. Problem 2 has a 22% greater cost than problem 1 
and 3. Problem 3 has a generation greater cost than problem 1 due to it includes 
contingencies, which avoid optimal operation needing more expensive generators to 
supply the demand, while problem 1 has optimal conditions. 

Problem 2 has a bigger operation cost than problem 3 because the EENS is lower than 
in problem 3, therefore it needs a bigger amount of power from this more expensive 
generation units. 

Problem 3 has an EENS more than 100% higher than problem 2, because problem 3 has 
set the load shedding, while problem 2 optimize this value, making it as low as possible. 
Despite having such a low percentage of the demand (0.45%), there is a big difference 
of EENS among these problems.  

The elasticity parameter of the first slope of demand response (figure 6) represents a 
cost of 55 [€/MWh]. This value it is in the order of the others generation units, which 
range goes from 53[€/MWh] to 67.5 [€/MWh]. Each “generator” representing DR has a 
maximum capacity of 5% of the demand for each stretch of the figure. This 5% of the 
demand is a slow percentage easy to assume by the participants, for that reason the cost 
it is similar to the generating units. For a bigger participation ( Demand Response 

 

G.+EENS 
COST[€] 

EENS
[MW] 

DR1 

[MW] 

DR2 

[MW] 

DR3 

[MW] 

Cost  

DR1[€] 
Cost 

DR2[€] 
Cost 

DR3[€] 
Total 

Costs [€] 

P1 275569 89.80 233.86 - - 12862.3 - - 288432.2 

P2 
276812.97 

+61354.8 
10.26 235.51 2.04 1.81 12952.8 407.05 5415.2 356771.3 

P3 276018.11 23.72 236.22 - - 12992.2 - - 28901.3 
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2),which comprises a participation among 5% and 10% of the demand, the elasticity 
fixes a cost of 200[€/MWh], out of the order of the generation units, which gives a big 
incentive for the participants in case of need of supply, rewarding the loss of comfort 
generated by the participation. For the last part of the figure, the third elasticity reflect 
costs of 3000[€/MWh] for a participation between 10% and 15%of the demand.  

Therefore, the second and third section of Figure 6 will be included just for problem 2 if 
the demand cannot be supplied, because EENS represents the biggest cost in the system 
during operation, so any other source of supply will optimize the problem.  For problem 
1 and problem 3 EENS cost does not incur costs in the objective function and that’s 
why the amount of energy for DR2 AND DR3 it is 0MW. For every problem it is 
interesting to include DR1 due to it cost and it has almost the same value. DR2 and DR3 
only represents 2MW, because is only needed for some scenarios which multiplied per 
the probability has an outcome of a low value. 

Figure 25 shows the total cost over-time. The three curves have similar shapes, the cost 
difference between problem 2 and problems 1 and 3 increases over-time what means 
that the EENS is bigger from midday till the end of the day, because of the demand 
spikes, which causes load shedding. 

 

Figure 25. Total costs with DR included. 

Figure 26 shows EENS for the different periods, which shows a big difference among 
problem 1, 2 and 3. It reaches the highest values for problem 1 because it does not 
include EENS , therefore operating at optimal conditions having contingencies causes a 
big amount of EENS. 
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Figure 26. Total EENS with DR included. 

Demand response 1 along different periods it is almost the same for the three problems 
as it is shown in Figure 6 because all of the problems try to minimize the costs and DR1 
is the fourth generation cheapest unit. 

 

Figure 27.Demand Response power supplied over-time. 

According to marginal price, for a non-generating unit bus, such as bus4 the marginal 
price is the same than for problems 2 and 3, what means that the demand response 
causes no EENS in this bus for the different scenarios. Problem 1 has no scenarios that 
cause contingencies and issues during operation, so it is able to have the optimal price 
along the day, getting the lowest marginal price. 
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Figure 28.Marginal price for problems with DR included. 

For bus 18 the marginal price for problem 1 and problem 3 it is almost the same, much 
lower than for problem 2. For every period problem 2 is not enough to satisfy the 
demand, therefore the load has to be supplied with DR1, DR2, DR3 or EENS. On the 
other hand, Problem 1 and Problem 3 will supply this load raising the EENS because it 
has no cost penalties. 

 

Figure 29. Marginal price for problems with DR included. 

Figure 30 shows the marginal price in bus 27 for different hours. Problem 1 does not 
have contingencies that increase the marginal price, therefore the generation units that 
supply the load are the optimal ones. Problem 2 and problem 3 have similar marginal 
prices but for problem 3 the generating unit from bus 27 has to satisfy the demand of 
other buses, what means that the load from bus 27 it is supplied by more expensive 
generators. 
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Figure 30. Marginal price for problems with DR included. 

4.4 Demand response sensitivity analysis: 
In this section a sensitivity study is going to be done for the three problems with DR 
included.  

The analysis is going to be done changing the same parameters than in the reliability 
analysis in order to compare the results. It is also going to include new simulations 
based on just demand response parameters such as new elasticities and new DR 
capacity. 

4.4.1 Decreasing curtailment value 
The first analysis is based on changing the curtailment value. Originally the EENS 
value it was 5980[€/MWh] and now is going to be decreased a 50 %, what means 
having a cheaper cost for EENS than for using DR3. The analysis is focused on problem 
2 because for problem1 and problem 3 it has no effect on the objective function. 

Table 9 shows a smooth decrease on the costs as expected. Total cost is decreased 7.5%, 
while there is no difference in generating costs, but for load shedding costs, which are 
50% of the cost. 

At this moment the curtailment value is lower than DR3 and that’s why EENS + DR3 
from the original problem it is equal to the EENS in this problem. With this analysis it 
is clear that the curtailment value has a direct impact on the costs. 
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Table 9. Problem 2 with DR included, Total cost, EENS and DR outcomes for sensitivity analysis 1. 

 

There are no changes for bus 4 regarding marginal price, which load is covered 
completely with the generation units and DR1 before and after changing the curtailment 
value. 

 

Figure 31. Marginal price in problem 2 with DR included for sensitivity analysis 1. 

On the other hand, for bus 18 there is a clear impact of the curtailment value which is 
reflected along figure 32 over-time with a lower marginal price after. For the first hours 
the EENS than from hour 7 till the end of the day and that’s why the difference is bigger 
at the end than at the beginning. 
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P2 G.+EENS 
COST[€] 

EENS 

[MW] 

DR1 

[MW] 

DR2 

[MW] 

DR3 

[MW] 

Cost 
DR1 

[€] 

Cost  
DR2 

[€] 

Cost 
DR3 

[€] 

Total 
cost[€] 

B. 
276812.97 

+61354.8 
10.26 235.51 2.04 1.81 12952.80 407.05 5415.25 356771.3 

A. 
276812.97 

+36059.4 
12.06 235.51 2.04 - 12952.80 407.05 - 325845.89 
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Figure 32. Marginal price in problem 2 with DR included for sensitivity analysis 1. 

According to bus 27, marginal price makes no differences among the problems over-
time, because as with bus 4 there is no need of load shedding for this bus. 

 

Figure 33. Marginal price in problem 2 with DR included for sensitivity analysis 1. 

4.4.2 Increasing EENS upper-limit 
The second analysis is done changing “curtrate2” parameter, which fixes the amount of 
the curtailed demand for problem 3. This parameter only appears in problem 3, so it has 
no sense doing this analysis for problem 1 and problem 2. The parameter has a new 
value of 1% of the demand while the original value was 0.45%. 

Table 10 includes the results after simulating problem 3 with DR. Problem 3 has no 
penalties for load shedding, therefore increasing the possibility of extending EENS 
value 122%, causes an increase of 122% on the EENS. The generating units are 
producing less power than before. Thus, Problem 3 will operate distributing more power 
through the distribution lines with cheaper generating units, what explains the 
difference between costs. This difference it is a 0.77% of less cost after changing the 
value.  
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Table 10. Problem 3 with DR included, Total cost, EENS and DR outcomes for sensitivity analysis 2. 

Problem 
3 

G.+EENS 
COST[€] EENS[MW] DR1[MW] DR2[MW] DR3[MW] Cost 

DR1[€] 
Total 

cost[€] 

Before 276018.11 23.72 236.22 - - 12992.23 289010.3 

After 273892.90 52.70 237.42 - - 13058.00 286950.9 

For non-generating buses such as buses 4 and 18 the conclusions for marginal price are 
the same. Having  a higher price before, because a lower demand has to be satisfied, so 
the lines are less saturated and it is possible to produce the energy with cheapest 
generating units. 

 

Figure 34. Marginal price in problem 3 with DR included for sensitivity analysis 2. 

 

Figure 35. Marginal price in problem 3 with DR included for sensitivity analysis 2. 

But for generating buses such as bus27 there is a tiny increase of the marginal price 
after increasing the parameter because in the new optimal dispatch the generator from 
bus 27 supplies the load of other buses, leading on a more efficient power system.  
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Figure 36. Marginal price in problem 3 with DR included for sensitivity analysis 2. 

4.4.3 Increasing distribution lines power transmission 
capacity 

The following sensitivity analysis it is done increasing the distribution capacity lines. 
As it has been done before for the reliability analysis, the changes are going to be: 

• Increment a 10% the distribution capacity lines for problem 1 
• Increment a 10% the distribution capacity lines for problem 2 
• Increment a 10% the distribution capacity lines for problem 3 

 
Problem 1: 

As mentioned before, for problem 1 the capacity line it is going to be increased a 10%. 
There is almost no difference among the problems for total and DR1 cost. The problem 
has no contingencies and was operating in optimal conditions since the beginning; 
therefore increasing the distribution capacity lines just allows DR1 to produce more 
power with cheaper generating units, what decreases a little bit the price of electricity 
due to a new optimal dispatch. 

Table 11. Problem 1 with DR included, Total cost, EENS and DR outcomes for sensitivity analysis 3. 
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G.+EENS 
COST[€] DR1[MW] DR2[MW] DR3[MW] Cost 

DR1[€] 
Total 

cost[€] 

Before 275568.97 233.86 - - 12862.30 288431.2 

After 274378.25 247.36 - - 13604.78 287983.03 
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According to the marginal price, for a non-generating bus such as bus 18, price it is the 
same or higher along the day before increasing the capacity because with a higher 
capacity it is possible to produce more power with the cheaper generating units as 
mentioned before. 

 

Figure 37. Marginal price in problem 1 with DR included for sensitivity analysis 3. 

Figure 38 shows the progression of marginal price for a generating bus such as bus 27. 
The new optimal dispatch causes that bus27 generator supplies other buses in order to 
decrease power system operation costs, which means that more expensive generators 
will supply the demand of bus 27, reaching a higher marginal price. 

 

Figure 38. Marginal price in problem 1 with DR included for sensitivity analysis 3. 

 

Problem 2: 

For problem 2 the power capacity of the distribution lines is increased by 10% what 
means that the lines will be less saturated and it is possible to have fewer contingencies 
if any distribution line reached the capacity limit before.  

50

55

60

65

1 2 3 4 5 6 7 8 9 101112131415161718192021222324

M
ar

gi
na

l p
ric

e 
[€

/M
W

h]
 

Hour 

Bus 18 

Before

After

50
52
54
56
58
60
62

1 3 5 7 9 11 13 15 17 19 21 23

M
ar

gi
na

l p
ric

e 
[€

/M
W

h]
 

Hour 

Bus 27 

Before

After



84 

 

Table 12 contains the results given by the simulations. Analyzing the total cost, there is 
a decrease of 3.2% of the cost. These savings come from load shedding, which it is 
17.25% lower. The total cost it is just a 3.2% fewer due to DR2 that has decreased the 
costs and production, decreasing it amount of energy for more than 17% as it is 
reflected in the table. 

This capacity causes a new optimal dispatch, where DR3 amount, which had the highest 
operation cost, has decreased its use 18.75%. Every MW supplied due to the 
distribution extension had decreased EENS and DR3 due to the highest costs. 

Table 12. Problem 2 with DR included, Total cost, EENS and DR outcomes for sensitivity analysis 3. 

According to marginal price, the distribution capacity lines raise causes the decrease of 
EENS, which is reflected in the following figures with a decrease of the marginal price 
over-time. Periods with higher differences between curves shows a greater load not 
supplied and a bigger participation from the costumers. 

Bus 4 does not need the use of DR2, DR3 or EENS, so for these buses the marginal 
price it is almost the same with little differences due to the new optimal dispatch. 

 

Figure 39. Marginal price in problem 2 with DR included for sensitivity analysis 3. 
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G.+EENS 
COST[€] 

EENS 

[MW] 

DR1 

[MW] 

DR2 

[MW] 

DR3 

[MW] 
Cost 

DR1[€] 
Cost  

DR2[€] 
Cost  

DR3[€] 
Total cost 

[€] 

B. 
276812.97 

+61354.8 
10.26 235.51 2.04 1.81 12952.80 407.05 5415.25 356771.3 

A. 
275841.75 

+50770.2 
8.49 238.12 1.68 1.47 13513.3 336.04 4885.92 345347.21 
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For buses with DR2, DR3 and EENS such as bus 18, increasing the capacity of the 
power system allows generating units to produce more energy, decreasing EENS values 
and the marginal price. These periods with higher different prices, such as hours 1, 7, 
10-13 and 19-23, between curves shows a lower load not supplied and a bigger 
participation from the costumers. 

 

Figure 40. Marginal price in problem 2 with DR included for sensitivity analysis 3. 

But for generation buses, such as bus27, which has a low generation unit price, the 
result is the opposite. Before increasing the lines capacity, bus27 generating unit was 
producing the energy almost all the time for the load in this bus and that’s why the price 
is always surrounding 54, but for some periods with this new capacity the optimal 
dispatch will be giving this energy produced by the generator and supply the demand of 
bus27 with a more expensive generating unit. 

 

Figure 41. Marginal price in problem 2 with DR included for sensitivity analysis 3. 
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Problem 3: 

For problem 3 the capacity of the distribution lines is raised by 10%. If the limit for 
cheap generating units had been reached, the Total Cost value will be decreased, and 
DR1 usage will be raised.  

Table 13 contains the simulations outcomes, which shows a decrease of 0.4% from the 
original value and an increase of the use of DR1 by 4.66%.  EENS stays at the same 
level because “curtrate” parameter did not change. 

Table 13. Problem 3 with DR included, Total cost, EENS and DR outcomes for sensitivity analysis 3. 

According to marginal price, bus 4 depending on the contingencies, has used different 
values of DR1 for each period, what means that sometimes the marginal price is higher 
for the original one, and sometimes for the sensitivity problem.  

 

Figure 42. Marginal price in problem 3 with DR included for sensitivity analysis 3. 
For bus 18 the marginal price it is cheaper after increasing the capacity line parameter 
due to it is possible to generate more energy from cheaper generation units. 
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G.+EENS 
COST[€] EENS[MW] DR1[MW] DR2[MW] DR3[MW] Cost 

DR1[€] 
Total 

cost[€] 

Before 276018.11 23.72 236.22 - - 12992.23 289010.3 

After 274847.12 23.72 247.15 - - 13593.35 288440.47 
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Figure 43. Marginal price in problem 3 with DR included for sensitivity analysis 3. 
For generating bus 27, the results are the opposite than for bus 18 for the same reasons 
of problem 2, marginal price before the extension of capacity was surrounding 
54€/MWh , but for the new optimal dispatch the situation has changed, reaching values 
of 61€/MWh because the power generated by the generator of bus 27 is supplying the 
demand of other buses, and the bus 27 load is being supplied with more expensive 
generating units. 

 

Figure 44. Marginal price in problem 3 with DR included for sensitivity analysis 3. 

4.4.4  Increasing DR reserve capacity 
The next sensitivity analysis is done changing demand response capacity. The variation 
is an increase of 1% DR capacity for every stretch of the curve. In the problem solved, 
elasticity for the first part of the curve makes worth for the system to include DR1 
because it is cheaper than other generation units. This increase of capacity will allows 
using a greater quantity of energy from DR, instead of using other expensive generators. 

50

55

60

65

70

1 3 5 7 9 11 13 15 17 19 21 23M
ar

gi
na

l p
ric

e 
[€

/M
W

h]
 

Hour 

Bus 18 

Before

After

50

52

54

56

58

60

62

1 3 5 7 9 11 13 15 17 19 21 23

M
ar

gi
na

l p
ric

e 
[€

/M
W

h]
 

Hour 

Bus 27 

Before

After



88 

 

Originally the capacity of DR was 5% of the demand and for this simulations, it is going 
to take a value of 6%. 

Problem1: 

Table 14. Problem 1 with DR included, Total cost, EENS and DR outcomes for sensitivity analysis 4. 

For problem 1, total cost difference is not as important as in problem 2 because it does 
not take into account EENS penalties. There is a cost reduction as expected due to the 
increment of usage of DR1.  

Total cost just decreases 1% while DR1 usage increases 20% with just 1% of DR 
capacity raise. Therefore, in terms of costs it is not such a big difference but it is for 
power production. 

In reference to marginal price, the expecting result is having an equal or decreased value 
of electricity due to this higher use of DR that allows using cheaper generating units 
over-time. 

For Buses 4 and 18 as Figure 45 and Figure 46 show, the results satisfy the 
expectations. Over the time it has the same value but spikes, where is quite higher in the 
original problem because is not using as much DR1 as the sensitivity problem. 

 

Figure 45. Marginal price in problem 1 with DR included for sensitivity analysis 4. 
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G.+EENS 
COST[€] DR1[MW] DR2[MW] DR3[MW] Cost 

DR1[€] 
Total 

cost[€] 

Before 275568.97 233.86 - - 12862.30 288431.2 

After 272791.50 280.44 - - 15424.42 288215.92 
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Figure 46. Marginal price in problem 1 with DR included for sensitivity analysis 4. 

Regarding the generating bus27, this increase of capacity does not affect the bus27 
marginal price because its own generator is producing all the power at a cheaper value. 
In this bus DR1 is not used because the generating unit cost is 1€/MWh cheaper. 

 

 

Figure 47. Marginal price in problem 1 with DR included for sensitivity analysis 4. 
 

Problem 2: 

Problem 2 has to face EENS penalties, assuming the curtailment cost for each MW not 
supplied, therefore the expected results will be an increase of DR usage for all the 
different levels (DR1, DR2 and DR3). Table 15 shows the results of problem 2 
simulation: 
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Table 15. Problem 2 with DR included, Total cost, EENS and DR outcomes for sensitivity analysis 4. 

According to the results, total cost has been decreased 2.6%, EENS has decreased 9.75 
%, while DR1,DR2 and DR3 usage had increased 20%, 16.67% and 12.7 % 
respectively. Therefore, the assumptions were correct because this decrease of cost was 
caused by the increase of usage of Demand Response, which also reduced the EENS. 

According to the marginal price of electricity, it is expected than the problem 2 has 
decreased it after due to a bigger usage of DR1. For non-generating buses such as bus 4 
and bus 18 the curve over-time shows this tendency. After changing the demand 
response capacity for some hours it was possible to use more DR instead of having 
EENS, this can be appreciated with the peaks of the blue curve along Figure 49. 

 

Figure 48. Marginal price in problem 2 with DR included for sensitivity analysis 4. 
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G.+EENS 
COST[€] 

EENS 

[MW] 

DR1 

[MW] 

DR2 

[MW] 

DR3 

[MW] 
Cost 

DR1[€] 
Cost  

DR2[€] 
Cost  

DR3[€] 
Total 

cost[€] 

B. 276812.97 

+61354.8 

10.26 235.51 2.04 1.81 12952.80 407.05 5415.25 
356771.3 

A. 273997.9 

+55374.8 

9.26 282.48 2.38 2.04 15536.56 475.06 6128.36 
351511.78 
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Figure 49. Marginal price in problem 2 with DR included for sensitivity analysis 4. 
Figure 50 shows bus 27 outcomes, where marginal price it is almost the same over 
periods because this bus did not reach the limits of DR usage before increasing DR 
capacity. 

 

Figure 50. Marginal price in problem 2 with DR included for sensitivity analysis 4. 

 

Problem 3: 

For problem 3 the expecting results are similar than from problem 1, but taking into 
account that EENS is not going to change because it has cost 0 due to is not included in 
the FO. 
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Table 16. Problem 3 with DR included, Total cost, EENS and DR outcomes for sensitivity analysis 4. 

According to the results obtained in Table 16 the Total cost has been reduced 1%, 
EENS experimented no changes and DR1 usage has been increased by 20%. Thus, the 
cost reduction comes from a greater usage of DR rather than from the usage of other 
more expensive generating units. 

In reference to marginal prices, for non-generating buses such as bus 4 and bus 18 there 
are really small changes between the curves due to this greater use of DR1. 

 

Figure 51. Marginal price in problem 3 with DR included for sensitivity analysis 4. 

 

Figure 52. Marginal price in problem 3 with DR included for sensitivity analysis 4. 
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Total 
Cost[€] EENS[MW] DR1[MW] DR2[MW] DR3[MW] Cost 

DR1[€] 
Total 

cost[€] 

Before 276018.11 23.72 236.22 - - 12992.23 289010.3 

After 273134.35 23.72 283.50 - - 15592.24 288726.59 
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For generating buses such as bus 27 price is similar for every period before and after 
changing DR capacity. The price is always inside the range of 54-56 €/MWh. Thus, the 
price is being set by Demand Response and a more expensive generator. 

 

Figure 53. Marginal price in problem 3 with DR included for sensitivity analysis 4. 

4.4.5 Increasing elasticity value 
The last sensitivity analysis is based on increase the elasticity value in order to decrease 
DR1 electricity price to 53 €/MWh, what means DR1 at the same level as the cheapest 
generation unit, therefore it will be used at its maximum capacity for every situation.   

 

Problem 1: 

Table 17. Problem 1 with DR included, Total cost, EENS and DR outcomes for sensitivity analysis 5. 

The results shown in Table 17 represent a 0.172% of total cost reduction caused by the 
12.35% raise of DR1 usage.  

For bus4 and bus 18 the minimum electricity price reach a value higher than 55 €/MWh, 
what it means that for every period there is no difference on the outcomes after the 
change. 
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G.+EENS 
COST[€] DR1[MW] DR2[MW] DR3[MW] Cost 

DR1[€] 
Total 

cost[€] 

Before 275568.97 233.86 - - 12862.30 288431.2 

After 273968.88 263.48 - - 13964.21 287933.09 
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Figure 54. Marginal price in problem 1 with DR included for sensitivity analysis 5. 

 

Figure 55. Marginal price in problem 1 with DR included for sensitivity analysis 5. 
Figure 56, shows that the optimal operation it is satisfying the load with bus27 and use 
the power generated by DR1 to supply other loads. 

 

Figure 56. Marginal price in problem 1 with DR included for sensitivity analysis 5. 
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Problem 2: 

Table 18. Problem 2 with DR included, Total cost, EENS and DR outcomes for sensitivity analysis 5. 

For problem 2 there is also a reduction of the total cost, due to an increase of the 
demand response 1 usage. There is a decrease on the DR2 and DR3 usage due to it is 
supplied by DR1. The EENS value of 10.26 MW cannot be decreased unless there is a 
change on the capacity of the capacity lines.  

It has been tested changing the elasticity price to 1 €/MWh to test if it was possible to 
decrease EENS without changing distribution capacity lines, but the results were 
negative. 

According to the marginal price, and after analysing the results, the expectations are a 
small decrease over-time for the marginal price due to this contribution of DR1.  

The results of marginal price are shown in Figure 57 and Figure 58 for non-generating 
buses and Figure 59 for generating buses. 

For non-generating buses such as bus 4 and bus 18 marginal price it is the same 
decreasing the value of DR or not, because the minimum marginal price it is 56 what is 
higher than 55 and 53, therefore it makes no difference this change 

 

G.+EENS 
COST[€] 

EENS 

[MW] 

DR1 

[MW] 

DR2 

[MW] 

DR3 

[MW] 
Cost 

DR1[€] 
Cost  

DR2[€] 
Cost  

DR3[€] 
Total 

cost[€] 

B. 
276812.97 

+61354.8 
10.26 235.51 2.04 1.81 12952.80 407.05 5415.25 356771.3 

A. 
275284.72 

+61354.8 
10.26 263.83 2.04 1.81 13982.82 392.22 5278.02 356291.74 
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Figure 57. Marginal price in problem 2 with DR included for sensitivity analysis 5. 

 

Figure 58. Marginal price in problem 2 with DR included for sensitivity analysis 5. 
For bus 27 there is a tiny difference among the problems for periods 19-22 because DR 
it no longer affect to the marginal price because it is using the maximum capacity while 
for 55€/MWh it still can use a little bit more of DR. 

 

Figure 59. Marginal price in problem 2 with DR included for sensitivity analysis 5. 
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Problem 3: 

For problem 3 there is no change for the EENS as it was expected because the value of 
curtailment rate did not change. 

The total cost has decreased in a small rate due to the total usage of DR1. 

Table 19. Problem 3 with DR included, Total cost, EENS and DR outcomes for sensitivity analysis 5. 

According to marginal prices it is expected that the marginal prices does not suffer 
changes, as Figure 60 and Figure 61 show because for bus4 and bus 18 the minimum 
electricity price reach a value higher than 55 €/MWh, what it means that for every 
period there is no difference on the outcomes after the change. 

 

Figure 60. Marginal price in problem 3 with DR included for sensitivity analysis 5. 
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G.+EENS 
COST[€] EENS[MW] DR1[MW] DR2[MW] DR3[MW] Cost 

DR1[€] 
Total 

cost[€] 

Before 276018.11 23.72 236.22 - - 12992.23 289010.3 

After 274520.40 23.72 263.98 - - 13990.74 288511.1 
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Figure 61. Marginal price in problem 3 with DR included for sensitivity analysis 5. 
For bus27 the price it is the similar over-time but for periods 19-22 where the load has 
to be also supplied with another generator, not only for the one of the node, while in the 
sensitivity problem that power supplied by the extra generator it is lower because it is 
using completely DR.  

 

Figure 62. Marginal price in problem 3 with DR included for sensitivity analysis 5. 
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5 DISCUSSION AND CONCLUSIONS 

5.1 General results 
In this section all the results will be gathered in order to do a final analysis.  

Table 20 shows the outcome values for each problem. 

Table 20.Problem 1, problem 2 and problem 3 outcomes with and without DR 

 

G.+EENS 
COST[€] 

EENS 

[MW] 

DR1 

[MW] 

DR2 

[MW] 

DR3 

[MW] 

Cost 
DR1 

[€] 

Cost  
DR2 

[€] 

Cost  
DR3 

[€] 

Total  

Cost[€] 

Without 
DR 

P1 289562 196.8 - - - - - - 289562 

P2 291191.1 + 
97892.6 16.3 - - - - - - 389083.7 

P3 290539.2 23.7 - - - - - - 290539.2 

With 
DR 

P1 275569 89.80 233.86 - - 12862.3 - - 288431.2 

P2 
276812.97+ 

61354.8 
10.2 235.50 2.03 1.80 12952.8 407 5415.2 356771.3 

P3 276018.1 23.7 236.22 - - 12992.2 - - 
289010.3 

 

Problem 2 has always the biggest total cost due to curtailment penalties, with and 
without penalties. It has a bigger generating cost than problem 3 because it has less load 
shedding; therefore there is a bigger electricity production. Problem 1 has to face no 
penalties. Thus, problem 1 is operating under optimal conditions using at maximum 
within constraint limits cheaper generating units.   

Penalty cost for problem 2 stresses the importance of using DR, which it reduces more 
than 30000€ the total operation costs and it is able to decrease the EENS by 37.42%. 

Table 20 shows a big difference of costs among problem 1 and problem 2. Problem 1 
represents the system operating without contingencies satisfying all the demand. This 
comparison stresses the importance of reliability investment, because without demand 
response there is a difference of 100000€, and with DR of 60000€. This difference 
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comes from the different contingencies for problem 2, what justifies an investment on 
strategy actions in order to make an action plan for these situations. 

According to EENS, the bigger values are reached by problem 1 which has an 
outstanding value comparing with problems 2 and 3.  Problem 1 shows the results of not 
including reliability on the analysis of the power system, leading on a big amount of 
load not supplied when contingencies appear, what it is unfeasible. 

DR2 and DR3 are only used in problem 2 because it is the only problem which has a 
higher cost in the objective function than DR2 and DR3, what means the usage of these 
generators by the simulator to optimize costs. 

Table 21 determines for problem 1, problem 2 and problem 3, the percentage change of 
total cost and EENS from problem 1, problem 2 and problem 3 without DR to problem 
1, problem 2 and problem 3 with DR. 

Table 21.Total cost and EENS difference among problems with and without DR. 

 

G.+EENS 
COST[€] EENS Total cost 

Problem 1 -4.83% -54.37% -0.39% 

Problem 2 -4.93% -37.32% -37.42% -8.304% 

Problem 3 -5% 0% -0.53% 

The total costs difference among using DR or not is small when load shedding it is not 
including in the objective function. Therefore, for problem 2 represents a 8.3% of 
savings while for problem 1 and problem 3 DR savings are just around 0.5%.   

The more realistic model would be problem 2 because not supplying the electricity has 
penalty costs that had to be taking into account. Therefore, it is worthy to include DR on 
the electric power system because reports a load shedding reduction and a total cost 
reduction during the power system operation. 

There is correlation among DR and reliability, because when DR is included there is 
almost 37.5% of EENS reduction for problem 2 and 54.37% for problem 1 as Table 21 
shows, what improves the adequacy and security of the electric power system.  

Regarding EENS, including DR does not solve that the demand will be supplied, if 
there are some isolated buses which have just one distribution lane that transfers the 
power, the only demand that can be supplied will be the one that the generation units 
from that bus can supply. 
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It is clear that DR will decrease load shedding due to two reasons: the first one is that 
participants decrease the load, so there is less demand to be satisfied. The second one is 
that some participants provide power to the network in order to supply demand of 
different buses. 

Although DR cannot fully supply isolated buses it represents a big amount of savings 
during operation and of total costs for problem 2 as table 21 shows. 

Another constraint for DR is the distribution lines capacity, which can restrict the power 
transferred by one area due to the power transmission reaches limit capacity. 

DR will be used whether the cost is alike to the generating units, because if not DR will 
be only applied in situations where the generators are not able to supply the demand. 
This case reflects what happen with DR2 and DR3, being used in a low percentage 
comparing with DR1 and just employed for problem 2 due to it is the only problem 
which includes load shedding costs.  Therefore, for a major utility and efficiency of DR 
the costs may be alike the generating units.  

For problem 3 EENS it was fixed so it does not suffer any variation, but even if the 
system is working in optimal conditions (problem 1) or has contingencies to face, EENS 
differences when DR is used are outstanding, what highlights the good outcomes of 
including DR in the electric power system. 

Figure 63 represents the total cost over time for every problem analysed. 

 

Figure 63. Total costs outcome for every problem simulated. 
Problem 1 and problem 3 have the same shape, which it is also the same of the demand 
curve, but problem 2 increases the cost differences among problems over-time. At the 
end the difference is bigger than at the beginning due to a bigger impact of the EENS 
costs. 
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Figure 64 shows the different values of EENS for each period, where Problem 1 has 
always the biggest values of EENS along the day. Problem 3 has the same value with 
and without DR due to is fixed. 

 

Figure 64. . Total EENS outcome for every problem simulated. 
Figure 65 and Figure 66 show the marginal price progress over-time for all the 
problems simulated for bus 4 and bus 18 respectively. 

 

 

Figure 65. Marginal price in bus 4 for every problem simulated. 
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Figure 66. Marginal price in bus 18 for every problem simulated. 
Figure 67 represents the marginal price for a generating unit bus, for a cheap generating 
bus it is common that this generating unit will supply another buses while this load will 
be supplied by another more expensive generator in order to have an optimal dispatch of 
the whole system. 

 

Figure 67. Marginal price in bus 4 for every problem simulated. 

 

5.2 Sensitivity conclusions 
In this section the results of the three problems are gathered in two tables. Table 22 
contains the percentage change costs for each parameter, while Table 23 contains the 
percentage change of EENS for the different sensitivity analysis. 
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Table 22. Total cost in sensitivity analysis 

Total Costs 
Curtailment 

Value 

(-50%) 

Curtailment 
capacity 

(+0.55%) 

Lines 
capacity 

(+10%) 

DR 
capacity 

(+1%) 

DR 
elasticity 

(-3.65%) 

Problem 1 - - -0.13% - - 

Problem 2 -12.50% - -4.26% - - 

Problem 3 - -0.75% 0% - - 

Problem 1 
DR - - -0.16% -0.074% -0.172% 

Problem 2 
DR -8.66% - -3.2% -1.47% -0.134% 

Problem 3 
DR - -0.71% -0.2% -0.098% -0.172% 

According to the total costs, the most important parameters are the curtailment value for 
problem 2, because the costs are directly proportional to it, and it is possible to get an 
8.66% cost reduction for a 50% curtailment value reduction. The second parameter 
which minimizes costs in a big rate is DR capacity, because just with an increase of 1%, 
causes a cost reduction of 1.47% for problem 2 and around 0.1% for problem 3. When 
the system operates in optimal conditions (problem 1) the values are not so relevant. 

Giving to the distribution lines a bigger capacity will cause a new optimal dispatch, 
even when the system was operating in optimal conditions. The consequences are 
bigger for problem 2 because it also decreases the EENS with its cost. This extra of 
capacity allows to the cheapest generators to produce more power in order to decrease 
operating costs. 

The most positive thing about improving DR capacity is that it provides a bigger supply 
to the load when isolated buses have an outage on their transmission lines and there is 
no other chance.  
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 Table 23. EENS in sensitivity analysis 

EENS 
Curtailment 

Value 

(-50%) 

Curtailment 
capacity 

(+0.55%) 

Lines 
capacity 

(+10%) 

DR 
capacity 

(+1%) 

DR 
elasticity 

(-3.65%) 

Problem 1 - - - - - 

Problem 2 0% - -16.43% - - 

Problem 3 - 122% 0% - - 

Problem 1 
DR - - - - - 

Problem 2 
DR -17.50% - -17.25% -9.75% 0% 

Problem 3 
DR - 122% 0% 0% 0% 

According to the EENS results, the biggest impact is caused in problem 3 for the 
curtailment capacity, because it allows having as load shedding 1% of the demand 
instead of 0.45%, what also leads on a cost reduction due to the expensive generators 
supply less load. This parameter only affects to problem 3 because is the only problem 
which has a fixed EENS. 

Decreasing the curtailment value a 50% implies that the curtailed cost it is cheaper than 
DR3 cost what it is theoretically unrealistic, but that’s why the amount of power used 
before for DR3 it became load shedding. 

Lines capacity and DR capacity gives the opportunity to the system to distribute more 
power through the network and satisfy more demand, and the consequences are 
reflected in the table 23 with rates reduction of 16.43%, 17.25% and 9.75%. It is the 
best parameter to avoid load shedding as the outcomes show. 

Improving DR capacity with just 1% leads on almost 10% of EENS reduction, what 
highlight again the correlation among these parameters and reflects the positive 
outcomes of this parameter. 

Elasticity costs do not affect to the EENS because it will be always lower than load 
shedding costs. 
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5.3 Ethical aspects. 
An investment on strategy planning, which increases the reliability of the electric power 
system, decreases the value of load shedding representing a better administration of the 
electric power system. A bigger percentage of the population will be supplied due to a 
better management of the network and a better answer against contingencies. Action 
plans will be executed to solve contingencies, therefore, the consequences will be lower 
and a fast reaction will restore the system minimizing losses and costs. 

The better administration of the electric power system will allow the generators to 
produce more because the administrator will have more flexibility to run the system. 
Thus, cheap generators will produce more electricity and the price will be decreased. 
Thus, the consumers will save money in the electricity invoices. 

Including DR will cause for every consumer fewer costs in the electricity invoice 
because there will be a fewer demand to supply with the participation of the consumers. 
The new optimal dispatch will give as reliability flexibility to operate the system 
without reaching line capacity limits. 

DR will decrease the risk of outage, what means social welfare because there are less 
possibility of suffering outages or reaching capacity limits, but it will not avoid outages 
for critic buses as mentioned before, because for isolated buses, DR will not be able to 
supply the demand, just a percentage of it. Although it is not possible to solve the 
isolated buses issue, it is possible to install generators or improve the network 
interconnections in order to boost social welfare, with the profits obtained by cost 
reduction. An efficient power system can make the country earn money with 
international trades, because the network will be working in an optimal condition, and 
the transmission lines may be able to carry electricity to the surrounding countries that 
need it. Thus, it will lead on a more stable international system. 

Including reliability and DR in the electric power system ends on a more efficient 
system where sources are used at the minimum level. Therefore it will cause less impact 
on the environment, obtaining the same results and using fewer resources. All the 
savings caused by DR and reliability can be used to reinvest on technology to create a 
safer and more efficient network.    
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6 RECOMMENDATIONS AND FUTURE WORK 
This thesis has made a wide analysis of the DR and reliability parameters that affect the 
electric power system during operation. Data was turned from nonlinear to linear, in 
order to do faster simulations, e.g. elasticity price. 

Including a more complex generator system, where reserves costs are included. DR can 
include reserved cost and deployed resources cost in order to return the system a 
supply-load balance and be more accurate with the results. Reference [39] shows a more 
detailed DR including when the participant it is supplying up-spinning or down-
spinning reserve. 

The next step would be turning DR to a nonlinear curve as figure 9 shows, and a wide 
variety of patterns for demand reserve, where some participants are able to provide 
more power than others. 

It will be interesting to extend the problem studying when more than one element fails. 
Section 5 showed that it is worth to do big investments on reliability, but one step 
further will be doing an analysis of costs including these elements failure and 
calculating the savings due to a good operation plan. 

Include a cost analysis when distribution capacity lines have broadened. There may be 
some areas where participants are willing to contribute in a major rate, but it is not 
possible due to lines capacity limits. The objective of this study is figuring out what 
amount of power do participants need to put in, in order to make worth an investment 
on capacity lines. 

The outcomes obtained are very promising, but problems have been restricted by the 
simulation of DC- OPF which does not take into account the reactive power and the 
balance of PV and PQ nodes inter alia. Studying ACOPF will allow providing power 
through the distribution lines in both sides when it is necessary and will give more 
accurate outcomes in order to have a better idea how worth it is including DR because 
the system will have constraints that were not analysed along the thesis. 
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