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ABSTRACT 

 

A MIXED INTEGER LINEAR UNIT COMMITMENT AND ECONOMIC 
DISPATCH MODEL FOR THERMO-ELECTRIC AND VARIABLE 

RENEWABLE ENERGY GENERATORS WITH COMPRESSED AIR 
ENERGY STORAGE: VERIFICATION AND APPLICATION USING 

DATA FROM THE IRISH GRID 
 

Thomas Nikolakakis 

 

The objective of this PhD thesis is to create a Unit Commitment and Economic Dispatch 

(UCED) modelling tool that can used to simulate the deterministic performance of a power 

system with thermal and renewable generators and energy storage technologies. The model 

was formulated using mixed integer programing (MIP) on GAMS interface. A robust 

commercial solver by IBM (CPLEX) is used as solver. Emphasis on the development of 

the tool has been given on the following aspects. 

a) Technical impacts of Variable Renewable Energy (VRE) integration. The UCED 

model developed in this thesis is a high resolution short-term dispatch model. It 

captures the variability of VRE power on the intra-hour level. In addition the model 

considers a large number of important real world, system, unit and policy 

constraints. Detailed representation of a power system allows for a realistic 

estimation of maximum penetration levels of VRE and the related technical impacts 

like cycling of generators (part-loading and number of start-ups). 

b) CO2 emissions. High levels of VRE penetration can potentially increase 

consumption of fuel in thermal units per unit of electricity produced due to 



increased thermal cycling. The dispatch of units in the UCED model is based on 

minimizing system wide operational costs the most important of those being fuel, 

start-up costs and the cost of carbon. Fuel consumption is calculated using technical 

data from Input/Output curves of individual generators. The start-up cost is 

calculated based on times the generator units have been off and the energy 

requirement to bring the unit back to hot state. Thus dynamic changes on fuel 

consumption can be captured and reported. 

c) Technical solutions to facilitate VRE integration. VRE penetration can be 

facilitated if appropriate solutions are implemented. Energy storage is an effective 

way to reduce the impact of RE variability. The UCED model includes an 

integrated Mixed Integer Linear (MILP) compressed air energy storage (CAES) 

simulation sub-model. Unlike existing CAES models, the new ñThermo-

Economicò (TE) CAES model developed in this thesis uses technical data from 

major CAES manufacturers to model the dynamic effect of cavern pressure on both 

the compression and expansion sides during CAES operation. More specifically the 

TE model takes into account that a) a compressor discharges at a pressure equal to 

the back-pressure developed in the cavern at each moment, b) the speed of charging 

can be regulated through inlet guide vanes; higher charging speed can take place at 

the expense of additional power consumption, c) the maximum power output during 

expansion can be limited by the levels of cavern pressure; there is a threshold 

pressure level below which the maximum output decreases linearly with pressure.  

Since it uses actual power curves to simulate CAES operation, the TE model can be 

assumed to be more accurate than conventional Fixed Parameter (FP) models that donôt 



model dynamic effects of cavern pressure on CAES operation. The TE model in this thesis 

is compared with conventional FP models using historical market prices from the Irish 

electricity market. The comparison was based on the ability of a CAES unit to arbitrage 

energy for making profit in the Irish electricity market. More specifically a ñBaseò scenario 

was created that included the operation of a 270MW CAES unit with technical 

characteristics obtained from a major CAES manufacturer and assumed discharge time of 

13hr. Various sensitivities on discharge time, natural gas prices and system marginal prices 

(SMPs) were modeled. An additional scenario was created to show the benefit on CAES 

profitability if the unit participated in both the energy and ancillary services markets. All 

scenarios were modeled using both the TE and FP CAES models. 

 

The results showed that the most realistic TE model returns around 15% less profitability 

across more scenarios. The reduction in profitability grows to around 30% when the cavern 

volume (discharge time) is reduced to half (6 hours). The latter is related to the sensitivity 

of the TE model on cavern pressure that is being built faster when the volume is reduced. 

A CAES unit wonôt get a positive net present value (NPV) in Ireland under any scenario 

unless SMPs are greatly increased. Thus, it was shown that that existing FP CAES models 

overestimate CAES profitability. More accurate models need to be used to estimate CAES 

profitability in deregulated markets. Additionally, it might deem necessary to create 

additional markets for energy storage units and increase the possible revenue sources and 

magnitude to facilitate an increase of storage capacity worldwide. 

 



The second step of analysis involved the integration of the CAES and UCED models. The 

UCED model developed in this thesis was validated and applied using data from the Irish 

grid, a power system with more than 50 thermal generators. A vast of existent data was 

used to create a mathematical model of the Irish system. Such data include technical 

specifications and variables of thermal generators, maintenance schedules and historical 

solar, wind and demand data. The validation exercise was deemed successful since the 

UCED model simulated utilization factors of 45 out of 52 generators with an absolute 

difference between modeled and actual results on utilization factors of less than 6% (the 

absolute differences are called Delta in this thesis). In addition the results of validation 

exercise were compared with the results of a similar exercise where PLEXOS was the 

modelling tool and it was found that the results of the two models were similar for the vast 

majority of generators. More specifically, the PLEXOS model results showed higher deltas 

for the coal-fired generators compared to the UCED model. On the other hand the UCED 

model, reported higher delta values for peat-fired generators. The results of the PLEXOS 

model were slightly better for the gas-fired generators while both models reported deltas 

nearly zero for all oil and distillate-fired generators. 

 

Finally the model was applied to study the benefits of energy storage in Ireland in 2020 

when wind penetration is expected to reach 37% of total demand.  The analysis involved 

the development of two groups of 3 scenarios each. In the first group the main scenario 

also called the ñReferenceò was used to simulate the short-term unit (30 min step) 

commitment within the Irish system without storage. The results of the reference scenario 

were compared with two additional scenarios that assumed the existence of one 270MW 



CAES unit in Northern Ireland by 2020 (again the first scenario involved the TE and the 

second the FP CAES model). The results showed ïwhen using the TE model- that the 

inclusion of one 270MW CAES unit in AI can help reduce wind curtailment by 88GWh, 

CO2 emissions by 150,000 tonnes and system costs by ú 6 million per year. If an FP model 

had been used instead the reductions would be: wind curtailment by 108GWh, CO2 

emissions by 270,000 tonnes and annual system costs by ú13 million. Two main 

conclusions can be obtained from the specific set of results. The first conclusion is that 

storage units have a financial benefit over the whole system. Thus, when a CAES unit 

operates to minimize the costs of the whole system can incur substantially more benefits 

compared to if the CAES unit operated to maximize the individual unitôs profits as in the 

case presented earlier. The benefits of storage over the whole system should be accounted 

to make policy decisions and create incentives for investors to increase energy storage 

capacity in national grids. The second important conclusion is that existing CAES FP 

models overestimate the ability of a CAES unit to facilitate VRE penetration. More 

accurate TE models should be used to assess a unitôs capability to increase system 

flexibility.  

 

A second group of scenarios was created to simulate the benefit of CAES at even higher 

VRE penetration levels. In the second group the ñReferenceò scenario again, assumed no 

storage however, wind production was increased by 25%. Again the ñReferenceò was 

compared with two additional scenarios that assumed integration of 3x270MW=810MW 

of storage capacity in AI (one scenario used the TE model and the other the FP). The results 

for the TE model show that each of the 3 CAES units reduces wind curtailment by 



188,000MWh, total system costs by ú29 million and CO2 emissions by 180,000 tonnes. 

The same reductions for the FP model are 217,000MWh of wind curtailment, ú25.6 million 

on total system costs and 180,000 tonnes of CO2. Thus, the results of the second group of 

scenarios show that as the installed capacity of both CAES and wind increases in Ireland 

a) the system-wide benefits of CAES increase and b) the differences on results between the 

TE and FP models become much smaller. 
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Chapter 1 : Introduction 
 

 
Solar and wind technologies have experienced significant cost reductions due to 

technology advances and economies of scale. At the moment 183 countries have RE 

generation targets and the PV and wind contributions in the global energy mix are only 

expected to grow. However, integrating relatively high levels of solar and wind based 

generation is challenging because both power sources introduce into a power system higher 

levels of a) demand variability and b) uncertainty. More specifically very high levels of PV 

and wind power can affect the economics of producing electricity as well as power system 

operations and system security, in the following manner:  

 

1. Can disturb system marginal prices of electricity through a) bringing on line more 

expensive units (usually gas or oil fired) to balance demand variability and b) 

bringing on line units that are not necessarily the most economic just to ensure the 

power flows within the transmission network satisfy system constraints and 

reliability criteria (avoid overloading lines, maintain voltage within acceptable 

limits, deal with uncertainty related to forecasts of outputs from solar and wind). 

2. Can increase system OPEX costs forcing thermal units operate away from their 

optimal generating points. 

3. Can affect system CAPEX costs because additional investments are required for 

increased ancillary services requirements due to increased uncertainty levels. 
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However, there are technical solutions for dealing with VRE variability and uncertainty. 

One way is to reduce net-load variability and uncertainty by dispersing geographically PV 

and wind, taking advantage of PV and wind synergy at specific locations through 

implementing Demand Side Management (DSM) programs, and investing on smart grids. 

Another way to facilitate VRE integration is increasing grid flexibility through investing 

into more flexible generation like gas-fired units and investing on transmission projects to 

interconnect different grids or parts of the same grid to allow for a larger balance zone. 

Finally, there are hybrid solutions like energy storage. The solution choices depend on the 

characteristics of each power system, the time scale of operation of each solution and of 

course, on economics. 

 

In this doctoral thesis a steady-state Unit Commitment and Economic Dispatch (UCED) 

model that simulates half-hourly grid operation and can be used to study the impacts of PV 

and wind integration on a power system is presented. More specifically, the thesis includes 

the development of a Mixed Integer Linear Optimization model on GAMS platform that 

uses the IBM CPLEX algorithm to optimize Unit Commitment of thermoelectric systems 

with renewable energy generation and energy storage solutions. It optimizes system 

operation having as an objective the minimization of the operational cost of the system 

considering a set of constraints like, reserve margin requirement, DC approximation for 

transmission power flows, ramp up/down and minimum up/down constraints, start-up 

costs, carbon pricing and carbon cap schemes. The model also uses a piece-wise linear 

approximation approach to simulate the Input/Output characteristics of thermal generators 

considering the effects of part-load operation on unit efficiency. The modeling approach is 
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very similar to the approach used by major commercial power system planning models like 

PLEXOS and PSR that both use CPLEX as the underlying Mixed Integer Programming 

(MIP solver as well). The UCED model however, is the first that simulates thermo-

economic operation of compressed air energy storage (CAES) units.  It  uses actual power 

curves from a major CAES manufacturer and a MIP approach to simulate the thermal 

characteristics of the compressor and expansion units. Thus it is possible to capture the 

economics or technical inefficiencies related to part-load operation of the compressor or 

due to built-up of significant levels of back-pressure in the cavern. The model optimizes 

CAES operation adjusting inlet guide vane valves to charge or discharge as fast as needed 

so that the whole system costs are minimized. A list of outputs of the model include: Hourly 

or half-hourly System Marginal Prices (SMPs), Power output per unit, fuel consumption, 

and CO2 emissions and operational and start-up costs. Finally, the model is applied using 

data from the Irish grid. The case of Ireland was chosen because of a) the existence of an 

aggressive VRE portfolio, b) the plans for integration of a CAES unit and c) the availability 

of relevant data needed for the validation and application of a UCED model. 

 

This thesis is organized in the following manner: 

¶ In chapter 2, basics of conventional power system operations like demand supply 

balancing and provision of ancillary services are introduced. Additional topics 

include basic characteristics of VRE technologies like variability and uncertainty 

of the output. The discussion focuses on impacts VRE integration introduces into 

power systems as well as most suitable technical solutions. Special focus is being 
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given on CAES as an energy storage technology for mitigating impacts of VRE 

integration. 

¶ In chapter 3, the MIP formulation of a CAES model that simulates operation based 

on power curves from a major CAES manufacturer for both the expansion and 

compression sides in introduced. The CAES model that was named ñThermo-

Economic CAESò is integrated into a steady-state deterministic MIP UCED model 

the mathematical formulation of which is also introduced in the same chapter. 

¶ In Chapter 4 the context of Irish power sector is described together with historical 

and current demand growth and supply options. Additional topics include the 

structure and basic operations of the Single Electricity Market (SEM) of Ireland, 

the high voltage transmission network and most important active policy targets the 

Republic of Ireland (RoI) and North Ireland need to comply with.  

¶ In Chapter 5 I use data published by the Irish Commission for Energy Regulation 

(CER) to reproduce historical commitment of the Irish power fleet in order to 

validate the UCED model. Data used include, technical information of thermal 

generators, historical demand, wind and hydro data, historical generator availability 

data, historical power flows as well as historical system shadow prices all on a per 

half hourly basis.  

¶ In Chapter 6 historical Irish system marginal prices (SMPs) and operational 

reserve payment data are used to research the financial viability of a CAES unit 

performing energy arbitrage and providing reserve capacity in the SEM. The 

Thermo-Economic (TE) CAES model is compared with a conventional ñFixed 

Parameterò model (FP) that ïunlike the TE model- does not consider constraints on 
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CAES operation imposed by the effect of cavern pressure on the turbine and 

compressor operation. 

¶ In Chapter 7 data from the CER and the Irish system operators EIRGRID and 

SONI are used to create a UCED model that represents the Irish power system in 

2020. The model is applied to research the impact of an existing policy target for 

40% wind penetration by 2020 on the power system. The analysis focuses on the 

levels of wind curtailment required for the system to operate safely and research if 

VRE integration impacts can be reduced if one or more CAES units are added into 

the system. 
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Chapter 2 : Impact of VRE on Power Systems 
 
 
 

2.1 Chapter introduction 
 
 

The rapid development of wind- and solar- generating capacity is driven mainly by 1) 

government support of various policy goals such as environmental sustainability and 

energy diversity and 2) cost decline of PV and wind technologies. However, the integration 

of renewables comes with some challenges that need to be overcome. The challenges are 

related to the inherent characteristics of wind and solar resources namely intermittency and 

uncertainty. Such characteristics render power system operations more challenging. 

Thankfully there is a number of technical solutions that can be implemented to successfully 

integrate large amounts of variable sources into power systems. 

 
 

2.2 Main characteristics of VRE sources 
 

Integrating very high-levels of PV and wind is challenging due to the characteristics of 

solar and wind resource. The main characteristics of VRE resources are: 

¶ Resource variability: wind and solar electricity production only occurs when wind 

and solar resources are available.  Solar and wind power outputs at a specific 

location cannot be controlled  at will (non-dispatchable electricity) the same way 

as fossil fueled power which is highly controllable (dispatchable electricity).  

¶ Uncertainty: Both wind and solar short-term resource variations cannot be perfectly 

predicted. There is always uncertainty on the amount of energy to be delivered from 

those sources over the next hour or next day (see figure 2-1).  
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Figure 2-1: The figure above shows how wind and solar output can vary throughout a period of two days. The left picture 

gives emphasis on wind variability while the right on uncertainty of solar power. Wind resource can be indeed forecasted 

with a higher level of certainty. However it should be noted that PV variability can be more extreme when there are 

clouds in the sky( Source [1]) 
 

 

Variability and unpredictability are very low in conventional systems since the output of 

thermal generation is controllable. At the same time power supply in a power system must 

match the demand at all times. This means that aggregated generation (VRE+thermal) must 

be ñtotally controllableò as a whole. For that reason solar and wind variability needs to be 

managed by the thermal generation fleet ïand other resources in the system such as 

transmission and demand response, or storageï which adjusts their output to produce a 

controllable aggregated output. This process is managed by a number of grid operations. 

To explain the impact of VRE in a power system it is important to give some overview of 

basics of power system operations.  

 
 

2.3 Basics of grid operation 
 

Even though, the generation part of conventional grids is controllable there is uncertainty 

related to the load1 that changes with time. There is also uncertainty in the availability of 

other elements in the grids. Generator and transmission lines can fail and systems are 

                                                   
1 ȡ4ÈÅ ÔÅÒÍ ÄÅÍÁÎÄ ÏÒ ȰÌÏÁÄȱ ÄÅÆÉÎÅÓ ÔÈÅ ÁÍÏÕÎÔ ÏÆ ÅÌÅÃÔÒÉÃ ÐÏ×ÅÒ ÄÅÌÉÖÅÒÅÄ ÏÒ ÒÅÑÕÉÒÅÄ ÁÔ ÁÎÙ ÓÐÅÃÉÆÉÅÄ ÐÏÉÎÔ ÏÒ ÐÏÉÎÔs in a 

power system (see figure 3) 
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generally design to deal with these situation. Variability of wind and solar adds to the 

complexity of operating interconnected power systems.  

 

In its simplest form operating an interconnected power system can be reduced to a few 

tasks [2]: 

1. Balance aggregate generation to aggregate load at all times maintaining frequency 

¶ Under normal conditions 

¶ Under contingency2 conditions 

2. Maintain voltages throughout the power system  

¶ Under normal conditions 

¶ Under contingency conditions 

3. Avoid overloading system elements (transmission lines, generators, transformers) 

4. Restart the system if it unavoidably collapses 

 

The above tasks are being implemented through various system functions that can be 

largely grouped into two distinctive types of grid operations namely a) Energy operations 

and b) Ancillary services operations. Both types of operations occur along a multitude of 

time scales from seconds3 to hours or even days. 

 

Energy operations (or unit commitment and economic dispatch) have a role to 

balance energy supply and energy demand at all times. Since load is time dependent, the 

                                                   
2 : A contingency is a sudden, unexpected loss of a generator or transmission element 
3 : It should be noted that names of different types of operations might be different in different power systems. Also, some 

systems might not incorporate all types of operations described in the section below. For example in some systems real-time 
energy operations are used for load following services and both-terms have the same meaning. 
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generating mix of a power system must incorporate flexible units with capabilities to 

fluctuate their output on a controllable way and track the varying part of the load (see 

figure 2-2). 

 
 

The daily prof ile of  the energy demand, also called the load, is 

composed of  a constant and a variable part. The constant part 

def ined by the minimum daily demand is called base-load and is 

met by a set of  generators that run 24/7 at near rated power output. 

Base load generators have high capital and start-up costs and low 

operational costs and are usually, coal, nuclear and hydro  

generators. Another notable characteristic of  base load generators 

is that they are technically constrained in their ability to vary their 

output (inf lexible generators). The variable part of  the demand can 

be split into an intermediate and a peak part. It is met by f lexible 

generators able to track changes in demand (also called load-

following units). Intermediate and peak generators have relatively 

low start-up and capital costs and higher operational costs. Such 

generators are usually gas, oil and hydro generators. 

 

Figure 2-2: Explanation of base, intermediate and peak demand (source: [2]). 

 
  

Given a power system with an existing generation fleet, energy operations schedule a) 

which power units will operate to supply base and variable demand and b) what will be the 

time varying power output of each unit thru the day. The former process is called Unit 

Commitment (UC) while the later Economic Dispatch (ED). Due to time varying nature of 

load, energy scheduling takes place during various time frames to manage uncertainties 

related to load forecasting. The largest portion of the demand that can be predicted with 

high accuracy is scheduled the day before (day-ahead dispatch). In addition to day-ahead 

services, some power systems also operate real-time energy markets to balance 

unanticipated differences (see ancillary services section). In vertically integrated power 

systems, energy dispatch is optimized through the use of sophisticated computing methods 

(see figure 2-3). In deregulated energy market generators bid for a least-cost participation 
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in the energy planning process. 

 

The unit commitment (UC) and economic dispatch 
(ED) algorithm decides the most economic day-

ahead schedule of generators. It takes into account  

operational costs of generators like fuel cost and 

operational variable costs as well as start-up costs  

(transition costs). Additionally, the algorithm 

considers generator constraints-like the ramping 

capabilities, minimum amount of time required to 

start-up and allowable operational range- and 

transmission constraints. As an example, steam 

based coal fired generators require substantial  

amounts of energy to heat water to start from a cold 

state as opposed to SCGT that have higher 

operational but lower start-up costs. Thus the 

algorithm will schedule a coal power plant to supply 

base power while a SCGT for peak generation.  

ὓὭὲ έὴὩὶὥὸὭέὲὥὰ ὧέίὸ ὸὶὥὲίὭὸὭέὲ ὧέίὸ 

ÓÕÂÊÅÃÔ ÔÏ 

ὫὩὲὩὶὥὸὭέὲὨὩάὥὲὨ 

ὸὩὧὬὲὭὧὥὰ ὫὩὲὩὶὥὸέὶ ὥὲὨ ὸὶὥὲίάὭίίὭέὲ ὧέὲὫὩίὸὭέὲ 

ὧέὲίὸὶὥὭὲὸί ὭὲὧὰόὨὩὨ 

×ÈÅÒÅȡ 

Ê ÁÎÄ Ë ÒÅÐÒÅÓÅÎÔ ÔÅÃÈÎÏÌÏÇÙ ÁÎÄ ÔÉÍÅ ÐÅÒÉÏÄ 

Figure 2-3: Explanation of least-cost thermal unit scheduling  

 
 
Ancillary services have a role to provide the system operator with the resources needed to 

balance instantaneous generation and to ensure power system stability. Power system 

stability is the ability of an electric power system to regain a state of operating 

equilibrium -e.g. bring system voltage and frequency fast at acceptable levels- after a 

generator or transmission line fails. 

1. Frequency regulation: Even a small mismatch between the actual and forecasted 

load can disturb the frequency of the grid that has to be maintained nearly constant 

to avoid mechanical damage of generators and transformers. Frequency regulation 

is being performed by a set of very fast responding oil and gas units that increase 

or decrease their output according to central signaling to balance real-time 

mismatch not captured by energy operations.  

2. Load Following: It is an ancillary service used to ensure generation meets the 

varying portion of demand. Like in regulation, balancing occurs through an 

automated generator control (AGC) system. While both frequency regulation and 
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load following deal with forecasting errors, their fundamental differences is the 

time frame of operation. The former responds to rapid load fluctuations in the order 

of one minute or less, while the latter to slower changes in the order of 5 to 30 

minutes (see figure 2-5). Another notable distinction is between load following and 

real-time energy operations. Both services operate at similar time frames. However, 

energy markets balance the difference between actual generation and day-ahead 

scheduled generation while the load following function ensures balancing the 

difference between actual generation and the demand. 

3. Contingency reserves: In case of a contingency such as the loss of a large generator, 

a set of generation units must respond fast and for that reason they are synchronized 

with the grid (spinning) ready for action. The so-called spinning reserves are 

required to respond within a few minutes (usually 10 minutes) after a contingency 

occurs. Another set of fast responding units are unloaded (not synchronized) and 

are to respond within 10 minutes after a contingency and after spinning reserves 

have jumped in. Such units are called non-spinning reserves. Spinning and non-

spinning reserves are also called contingency reserves. It is important to note that 

under normal conditions contingency reserves supply the system with available 

capacity, not with energy.  

4. Other services: Other ancillary services include voltage control and black start.  

System frequency is regulated through real power injection while system voltage 

through reactive power injection. Voltage control equipment provides reactive 

power when necessary- for example after a generator fails. Black start service is 

being provided by generators that can start-up quickly without an external 
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electricity source. Their role is to restart the system fast in case of a major blackout. 

 

Figure 2-4 shows how the energy and ancillary 

operations can be viewed from an energy and a 

capacity viewpoint. The energy example shows how 

the daily varying load is being balanced by the energy 

and load following operations. The day-ahead  

operations supply the largest portion and highly 

predictable energy demand. Load-following units,  

being more flexible supply intermediate demand. To 

avoid confusion it should be noted that base-load and 

peak energy generation is scheduled by energy 

operations. The instant forecasting error is being 

balanced by the units providing frequency regulation . 

The right figure shows the capacity required at a  

snapshot in time (peak hour) in that case. Contingency 

reserve units only provide available capacity and they 

are used only in the case of a contingency.  

 

Figure 2-4: Energy and ancillary services from an energy and a capacity standpoint. 

 
 
 
 

2.4 Impact of VRE integration on power system operations 
 
 The integration of VRE sources in a power system can be visualized as a reduction in the 

load, also called the net-load. Like in a conventional system, the net-load has to be managed 

by grid operations with the only difference that it is more variable and less predictable than 

the actual load (see figure 2-5).  
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Figure 2-5 shows the net-load (net 

load=actual load-VRE production) over 

a two week period using 2005 load data 

and 15GW spatially diverse wind data in 

the ERCOT. After wind penetration, 

system operations have to manage the 

net-load instead of the actual load. Wind 

integration increases a) the ramping 

rate, or the speed at which load 

following units must increase and 

increase their output, b) the ramping 

range, or the difference between  

minimum and maximum demand on 

daily basis and c) forecastin g 

uncertainty. 

 

Figure 2-5: Impact of net-load from increased use of renewable energy (Source: [3]). 

 

 

In general, the increased variability and unpredictability introduced into the system makes 

more challenging the task of the operator to balance supply and demand, maintain system 

reliability and stability. More specifically, large-scale VRE integration can cause: 

 

¶ Increased need for flexible generation to provide operating reserves. This results to 

less efficient short-term dispatch because load-following and regulation units 

operate at part-load conditions potentially displacing more efficient and cheaper to 

operate base-load units. 

¶ Increased need for contingency reserve capacity to deal with increased uncertainty 

and associated risks. 

¶ Continuous cycling of intermediate, peak and in some cases base-load generators. 

Cycling causes wear and tear of mechanical equipment and results to reduced fuel 

efficiency. 
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¶ Frequent start-ups of peak and intermediate units. 

¶ Large-scale concentrated injection of variable power. This can overload transmission 

lines and raise transmission upgrade issues. 

 

The resulting total impact on the grid translates into additional cost to account for greater 

flexibility, ramping capability, operating reserves and transmission upgrades in the system.  

 

This figure shows the impact of solar and wind 

penetration on a small system where the 

variable portion is being supplied by two Oil, 

two SCGT4 and two CCGT5 generators. The top 

figure shows the most economic dispatch  

schedule for one week. The variable section of 

the demand is being supplied mainly by the 

most economic CCGTs and only for a few hours, 

the less efficient gas generators jump in to 

supply peak demand. The bottom picture shows 

the same week where now PV and wind supply 

49% of the variable portion of energy. The UC 

algorithm (see figure 4) now considers the net-

load instead of the actual load. The resulting 

schedule is more expensive and less efficient 

than the no VRE scenario. Now CCGTs supply a 

much smaller portion of the demand due to 

technical/flexibility  constraints. Gas generators 

supply a considerable portion of electrici ty 

while the oil generators- having the highest 

carbon footprint- jump in for a few hours. In 

general, PV and wind variability (black color in 

graph) causes frequent cycling of thermal  

generators and increases the number of start-

ups. 

 

Figure 2-6:  Impact of solar and wind variability on a small grid (Source: [4]). 

 

                                                   
4
 SCGT stands for Single Cycle Gas Turbine. SCGTs are conventional gas turbines. A typical efficiency  of a SCGT is about 34%. 

SCGT are flexible and have low start-up costs.  Thus, they  are well suited for intermediate and peak generators. 
5
 CCGT stands for Combined Cycle Gas Turbine: CCGT utilize the hot gas output to heat water and run a steam turbine. The result is 

increased thermal efficiency . CCGT can reach efficiencies of 60%. They  are more expensive to start-up and less flexible than SCGT 
and thus they  are used as base-load and intermediate generators. 
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2.5 The path towards large scale VRE deployment 
 
 

From the previous discussion it is clear that controlling/minimizing net load variability is 

an effective way to reduce the impact of VRE integration and its associated costs. 

Complementary solutions increase conventional system capabilities to balance the net-load. 

1. Reducing net-load variability : Since net load=actual load-VRE production, one 

way to reduce net-load variability can happen through controlling the profile of the 

actual load through Demand Side Management (DSM). Another way is to reduce 

VRE profile variability. This can be done through geographic dispersion of VRE 

sources, combining solar and wind to take advantage of synergies, implementing 

ramp rate controls for PV and wind systems, implementing smart grids or simply 

by curtailing VRE (a more detailed explanation of all solutions is provided on next 

section).  

2. Increase system capabilities to balance net-load: One way to do this is to 

increase the supply side flexibility of conventional generation (e.g. adding more 

hydro and gas units). Additional solutions include transmission expansion to 

connect neighboring grids and their operations to increase operational resources 

and thus the ability of system operators to dispatch units reliably and  

3. Solutions that fall within:  Energy storage is a very effective, yet still expensive, 

solution that fits both categories mentioned above. Also, smart grids include 

functions that fall in the region within. 
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From the discussion around the impact of VRE on grid operations three facts become 

eminent.  

a)The first is that power systems vary. Every power system has its own capabilities to 

manage VRE integration. As a fact, larger power systems have more available 

options to increase their demand side and supply side flexibilities and thus more 

capable of dealing with high levels of VRE penetration. For example geographic 

dispersion of VRE is not a feasible form of action for a small isolated grid; similarly, 

itôs not possible to add hydro if the resource is not available at the region.  

b)The second fact is actions should be chosen following the most economic path 

according to figure 2-8. Currently, there are few countries with PV and wind 

penetration combined higher than 10%. However, as VRE penetration increases 

and power systems start feeling the impact, the cheapest solutions will be chosen 

first; those include DSM, geographic dispersion of PV and wind, and supply and 

reserve sharing. Such solutions are more proactive and increase a systemôs 

flexibility with minimum additions of new technical equipment. Increasing supply 

side flexibility and energy storage are more expensive solutions more appropriate 

at high levels of VRE integration.   

c)   The third fact is there is no single global solution to deal with VRE variability.  

Power system operations have their own response timeframes and so do solutions. 

Regulation units have to respond within seconds, load following within minutes 

while economic dispatch is scheduled hours before. PV systems are known to 

experience very sharp decreases of their output within seconds when a cloud passes 

over. Thus, large-scale PV integration can potentially impact very short term 
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operations, like frequency regulation. Appropriate solutions would need to be able 

to either minimize very short-term net-load variability or increase system 

capabilities to respond within seconds. On the other hand, the short-term variation 

of wind would most likely impact load following operations. As an example, 

flywheels is a very fast energy storage technology appropriate for frequency 

regulation while pumped hydro is much better suited for load following but the 

opposite is not true.  Thus, a set of solutions should be chosen depending on the 

needs of each system (see figure 2-8).  

 

 
Figure 2-7: Solutions to the problem of VRE variability ranked from cheapest to most expensive 

(Source: [3]). 
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Figure 2-8: Solutions to the problem of VRE variability based on their operation timescale and 
cost of implementation. The green area highlights the time frames of system operations. The blue 

section shows the impacts of VRE integration on different system operations. Finally the orange 

area shows the time-scale of specific solutions while ranking them based on their cost. As an 

example adding pumped hydro power in a system can increase system flexibility and thus improve 
its ability for providing load-following and committing more efficiently its thermal units.  

Increasing system size through transmission expansion some-times can be a cheaper way to share 

supply and reserve assets that operate within the whole time spectrum (Source: Author). 

  
 
An overview of all available solutions is given on the next section. 
 

 
 

2.6 Technical solutions to facilitate VRE integration 
 
 

2.6.1 Smart Grids 
 

There is no global definition for a smart grid. It is a grid that incorporates smart solutions 

to achieve targeted sector goals that are specific to regional needs. Such a need can be VRE 

integration.  A smart grid incorporates many of the solutions mentioned above. In general, 
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it refers to an electricity network that uses digital and other advanced technologies to enable 

central control of various grid components as well as costumer participation. In 

conventional grids, utilities have had to send workers out to read meters, measure voltage 

and gather other types of useful data.  In a smart grid, the components of the grid ïvariable 

and thermal generators, loads, wires, substations, transformers, even consumer appliances- 

have integrated sensors that carry data as well as two-way communication capabilities 

between the device and the utilityôs operations center. That way, the utility can adjust and 

control each device or millions of devices from a central location. Implementation of smart 

grids requires implementation of grid codes/standards to ensure VRE and other parts of 

grid quality and synergistic operation. Smart grids increase the efficiency, flexibility and 

intelligence of a power system and thus can help enable higher levels of VRE within a 

system. Some ways that smart grids can help VRE integration are [5]: 

 

¶ Smart grids require implementation of grid codes/standards to ensure synergistic 

operations among grid components. Such codes promote manufacturing of reliable 

and smart PV and wind equipment that ensure safe and non-disruptive flow to the 

network while supporting system operations. As an example grid codes in Germany 

demand that medium voltage PV systems should be able to provide reactive control 

(voltage control) during a fault as well as reduce their output when the frequency 

is above 50.2 Hz. 

¶  Increase supply side flexibility through promoting greater use controllable 

distributed generation like small-scale distributed PV with smart controls. 

Examples include reducing output or even disconnecting systems or tighter voltage 
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control to ensure reliability. Another example is controlling fast-changing outputs 

of PV systems that can violate ramping limits set by utilities (ramp ïrate control 

systems). 

¶ Increase demand side-flexibility through demand response (DR) programs. DR can 

be achieved through direct load control (DLC) or voluntary load reduction. In the 

latter case costumers can act synergistically with VRE to match supply and demand 

accurately. Another example of DLC enabling VRE is smart increase of the 

thermostat levels of a number of consumers in a cold night with very high wind 

penetration.  In that case the extra wind power will be absorbed by heat loads 

instead of forcing base-load generators operate at non-optimal levels.  

¶ Reduce operational impacts of VRE through incorporating short-term solar and 

wind forecasting. Day ahead and shorter term forecasting is already incorporated 

on large systems with renewables. Smart wind turbines incorporate very short-term 

(millisecond) wind forecasting (also called nowcasting) to optimize power output 

through dynamically adjusting the pitch of turbine blades. Short-term solar 

forecasting includes ground-based sky imaging to measure cloud speed and short-

term output. In general, increasing a gridôs forecasting capabilities can lead to faster 

energy markets and more flexible day-ahead and real-time dispatch [5]. 
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Figure 2-9: Conventional versus Smart Grid. 

 
 
 

2.6.2 Reducing variability by combining different resources (the 
example of PV and wind synergy) 

 
 

In many cases, there is a negative correlation between PV and wind resources: during night 

time and/or when the sky is cloudy, winds tend to be stronger, and solar power peaks in 

the summer while wind tends to peak in the winter. On the other hand, solar power peaks 

during the day, while wind tends to peak in the afternoon and night time. Thus, it is possible 

to combine appropriate capacities of wind and solar so that the combined power output will 

fluctuate around an average that resembles the demand curve. This is natural balancing.  
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Figure 2-10. An example of how the combined output of PV and wind would match 

the load compared to if PV or wind would operate individually during the peak 

demand day of year 2005 in New York state (Source [4]). 

 
 
 

2.6.4 Transmission expansion 

 

  
The richest solar and wind renewable energy sites are often disperse across multiple 

locations that are also far away from consumption centers or existing transmission 

networks. Unlike power sources based on fossil fuels where planners have discretion on 

location, moving renewable plant sites reduces the quality of the resource. Therefore, 

renewable energy sources are very much site-constrained and, for this reason, transmission6 

networks need to be expanded to reach them (add source). In addition, transmission 

infrastructure is required to achieve geographic aggregation of VRE output. Detailed 

studies have shown that geographic dispersion of PV and wind can dramatically reduce the 

costs of their integration because the aggregated output is much less variable [6]. The 

                                                   
6 This includes sub-transmission infrastructure as well. In some cases, like that of Brazil, both transmission and sub-transmission level 
investments are needed to connect renewables to the grid. 
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physical expansion of a grid (or interconnection with neighboring grids) can increase its 

flexibility through increasing its operational resources and capabilities. 

 
 

2.6.5 Adding flexible generation 
 

The speed at which energy can be delivered to the costumer is constrained by the limited 

ability of the mechanical equipment comprising power plants to ramp power -up or -down. 

The flexibility of a power system, that is, its ability to vary its output to meet the demand, 

depends on the mix of its generators. Most types of thermal generators heat water to 

produce steam and run power generating turbines. However natural gas turbines use air as 

the working fluid. Air can be heated faster than water and for that reason gas turbines can 

ramp-up and -down faster than most thermal types of generators. The same is true for hydro 

units that can increase and decrease their output fast through regulating pressure valves. 

Both types of units are appropriate for providing ancillary services or balancing the net-

load and their deployment adds to the flexibility to the grid. 

 
 

2.6.6 Energy storage 
 
 
Energy storage can be used to enhance grid operations due to their very fast response times 

and high part-load efficiencies. Electric-storage technologies are differentiated by various 

attributes, such as rated power and discharge time. In general, there are three major 

categories of large-scale energy storage technologies: Power quality; bridging power; and 

energy management. Each category has specific application on grid operations based on its 

operation timescale as shown in table 1. In addition to enhancing grid operations, energy 
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storage can be used to increase supply side flexibility. As an example Compressed Air 

Energy Storage (CAES) and pumped hydro can be used to store high wind output at night 

time when the demand is low and use it during peak hours to avoid running base-load 

generation at non-optimal levels and reduce need for peak generation. When directly 

coupled with VRE systems can help firm their output to a less variable one or even constant 

output. 

 

Table 2-1: Categories of Electricity Storage Technologies (Sources: [7], [8]). 

 
 
 
 

2.6.6.1 Compressed Air Energy Storage 
 
 
In this thesis, increased focus is being given on modelling of compressed air energy storage 

technologies (CAES). CAES coverts grid electricity to mechanical energy in the form of 

compressed air stored in underground (or surface) reservoirs. The source of input energy 

can excess off-peak electricity, or renewable electricity coming from wind or solar farms. 

To convert stored energy back to electricity, the compressed air is released through a piping 

system into a turbine generator system after having been heated. When compression and 
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expansion are rapid, the processes are near adiabatic; heat is generated during compression, 

and cooling occurs during expansion.  The first is associated with large energy losses as 

compression to 70 atm can produce temperatures of about 1000oC, so necessitating cooling. 

For large CAEES plants, a large storage volume is required and underground reservoirs are 

the most economically viable solution. Such reservoirs can be a salt formation, an aquifer, 

or depleted natural gas field. When the volume confining the air is constant, pressure 

fluctuates throughout the compression cycle. Constant pressure operation in hard rock 

mined caverns is achievable by using a head of water applied by an aboveground reservoir. 

For smaller CAES plants (e.g., <5MW), air can be stored in above-ground metallic tanks 

or large onsite pipes, such as those designated for carrying natural gas under high pressure. 

A typical CAES power plant comprises a compression and a generation train connected 

through a motor/generator device. During the compression mode, electricity runs dynamic 

compressors that compress that compress air at pressures of 70 bars or more. Because of 

the high pressure ratio required, compression takes place in a series of stages separated by 

cooling periods. Cooling the air is necessary to reproduce power consumption and meet 

the cavernôs volume requirements. The higher the number of stages, the greater the 

efficiency attained; however, this increases the cost of the system. During the expansion 

mode, motor operation stops and clutches engage the generation drive. Air is released to 

run the expanders after having first being heated in properly designed combustors. Heating 

the air assures high efficiency and avoids damaging of the turbomachinery due to low 

temperatures resulting from the rapid expansion of air and the Joule-Thompson effect. A 

recuperator sited after the exit from the expanders recovers some of the energy of the heated 

air before it is released to the atmosphere. Even though fuel is needed to run a CAES power 
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plan, the input for a certain power capacity is around 65% less than the amount required to 

run a GT because around two-thirds of the energy produced by a GT is used to run its 

compressor. Thus, when the compressors are fed by renewable electricity, the emissions of 

a CAES power plant are 35% of those produced by a GT of the same capacity. Figure 2-

12 is scheme of a typical CAES power plant. 

Currently, two CAES power plants are operating. The worldôs first facility is the Huntorf 

CAES plant that has operated since 1978 in Bremen, Germany. It is a 290MW facility, 

designed to provide black-start services to nuclear power plants located nearby, along with 

spinning reserves and VAR support as well as cheap off-peak electricity. It stores up to 

1000ps (68atm) in two depleted salt caverns located 2100 and 2600 feet under the ground; 

it offers up to 4h of power generation. The second CAES plant is an 110MW power plant 

operating in McIntosh, Alabama, since 1991. It pressurizes air up to 1100psi (75atm) and 

has electricity generation cycle of up to 26h between full charges. The McIntosh plant also 

has a heat recuperator in the expansion train that reduces fuel consumption by 25% 

compared to Huntorf plant that does not include recuperation. 

Deregulation and the current structure of electricity markets now allow storage 

technologies to participate in the market and profit from their operation. As an example, 

the NYISO includes markets for installed capacity, energy, ancillary services, and 

transmission congestion contracts [9]. Two specific advantages of CAES power pants 

make them suitable for large scale, diurnal, multi-day and seasonal energy storage: a) 

CAES and pumped hydro are the only storage technologies that offer the high capacities 

(>100MW) for long periods and b) CAES has an approximately flat heat rate at part-load 

conditions. 
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Figure 2-11: Mechanical parts of a typical CAES plant. Source: Energy Storage and Power 

LLC, presentation at CAES workshop at Columbia University, 2010. 
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Chapter 3 : Mathematical Formulation of a Deterministic Short-

Term Unit Commitment Model for a Power System with 

Compressed Air Energy Storage (CAES)   

 

This chapter presents the mathematical formulation of a Unit Commitment (UC) model 

with Compressed Air Energy Storage being part of the generation fleet. More specifically 

it describes the following: 

¶ The mathematical formulation and solution strategies of a MIP deterministic unit 

commitment (UC) model for a thermal power system with solar, wind and hydro 

generators. 

¶ Modeling generator flexibility in the UC model, taking into account changes into 

efficiency of generators at part load conditions. 

¶ A ñFixed Parameterò (FP) MIP model of a Compressed Air Energy Storage (CAES) 

unit with constant electrical and thermal efficiencies performing energy arbitrage 

as well as providing ancillary services (reserve capacity). 

¶ A ñThermo-Economicò (TE) MIP model of a CAES unit with variable electrical 

efficiency performing energy arbitrage. Unlike other existing CAES models, the 

model developed in this thesis uses technical information from a major CAES 

manufacturer to describe the effect of cavern pressure on the compression and 

expansion sides of the CAES unit. The TE model also has an objective or maximize 

its profit through energy arbitrage and providing ancillary services. 
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¶  An integration of the UC and ñThermo-Economicò CAES models to produce a 

least-cost short-term dispatch MIP model for a deterministic system with thermal 

units, renewables and ñThermo-Economic CAES. The CAES unit supports the 

system in its operation and the objective of the model is to minimize the total system 

costs. Unlike the arbitrage model the CAES unit does not operate to maximize its 

individual profit taking advantage electricity price differences but rather for the 

economic welfare of the whole system. The operation of CAES supports a) peak 

shaving through storing cheap base-load electricity to replace expensive peak load 

units, b) penetration of renewables through smoothening variability of wind and 

solar electricity and minimizing the need for expensive curtailment and c) system 

reliability through minimizing the risk of existence of unmet demand. 

The verification of the UC-CAES model using data from the Irish system is discussed in 

chapter 5 and case studies are discussed in chapter 7. 

 
 

3.1.  Introduction 
 
Since generators cannot turn-on instantly to produce power their operation needs to be 

scheduled ahead of time. Such scheduling usually takes place in advance of the operating 

day. In modern utilities, the scheduling of generators is calculated with making use of 

optimization software that solves the so called Unit Commitment and Economic Dispatch 

(UCED).   

 

The goal of the UCED problem is to choose a control strategy to minimize economic losses 

or maximize profit subject to a set of system constraints. UCED scheduling is a short-term 
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power system planning/optimization strategy as shown in figure 3.1 below. The algorithms 

presented in this thesis represent steady state operation. The time step changes in the system 

are of the order of 30 minutes and the optimization period one week. The operational times 

have been chosen based on data availability for the model application described in chapters 

5, 6 and 7. Very short-term changes in the system in the order of a few seconds (or less) 

are handled by dynamic and transient systems controls. Dynamic modeling is beyond the 

scope of this PhD thesis. The UCED is a combination of two calculations to be discussed 

below, the Economic Dispatch Calculation (EDC) and the Unit Commitment calculation 

(UC).  

 
 

 
 

Figure 3-1: Types of power systems planning based on optimization cycle length. 
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3.2. The Economic Dispatch (ED) problem  
 
 

The economic dispatch calculation (EDC) is performed to schedule a set of online 

generating units7 . Unlike the UC problem, the EDC calculation is a snapshot in time and 

it assumes the scheduling of the units has already decided. The output of the calculation is 

the amount of power that each unit needs to produce at a specified point in time to balance 

the demand but not which units will operate (assuming a generation fleet). As the electricity 

demand changes with time the EDC calculation is performed multiple times to adjust the 

output of the units for the minimum impact on generation costs. The ECD is a mathematical 

optimization calculation with a specific objective. The objective of the EDC calculation 

depends on the electricity market environment. In a monopolistic environment, the utility 

performs the EDC for the entire area by itself having an objective to minimize operational 

costs subject to operational constraints. In a decentralized market the objective depends on 

the market structure. It might be taking place by a specific GENCO having an objective to 

maximize its profits given the prices, demands and costs. In a power pool the ISO (or other 

central unit) will be performing the EDC calculation to centrally dispatch generation from 

many GENCOs. Depending on market rules the generation costs might be masked and a 

bidding process would decide dispatching. Some of the most important inputs of the EDC 

calculation are listed below [10]: 

 

 

 

                                                   
7
 The key word in the sentence is ñonlineò. The ED calculation only decides scheduling of units that has already decided to be online 

at a specific hour. 
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1. The electricity demand. 

 

The electricity of generated at each moment needs to be equal to the electricity consumed 

plus any transmission losses according to the laws of physics. The instant electricity 

demand is an input for the EDC. In monopolies, utilities have to serve the whole demand 

within their territory. In competitive markets, a generating company (GENCO) can decide 

whether to sign bilateral contracts with specific clients, and/or to supply any additional 

demand through participating into the whole electricity market or to provide ancillary 

services when the opportunity arises. In the former case the output is not a subject to any 

calculation but has been decided already. Outside bilateral contracts the objective of 

economic dispatch can vary (e.g. cost minimization, profit maximization, reliability). 

 

2. Technical limitations 

 

The EDC needs to consider all technical limitations arising from the need for reliable 

operation of power systems as explained in chapter 2. The most technical important 

limitations considered in the EDC are the operational limits of generators and the 

transmission constraints. The first has to do with the inability of a generator to produce 

more electricity that its maximum allowable generation limit and less than the minimum. 

The second is related to transmission constraints. There might be apparent bottlenecks in 

the system that constraint adequate amounts of power reaching a load.  The EDC 

calculation needs to consider the transmission system as well and include power flow 
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equations to dispatch generators without overloading transmission lines and risking line 

failures and overall system reliability. 

 

3. The operational cost of electricity production 

 

The most important OPEX cost of thermal generators is fuel costs. The fuel cost curve of 

thermal generators can be derived from the Input/Output (I/O) curve of thermal generators. 

In the engineering world, I/O represent the power output of thermal generators as a function 

of thermal input and they are derived through actual measurements where fuel consumption 

is measured while increasing power output (figure 3-2). When the thermal input is 

multiplied with cost of fuel the fuel cost curve is derived. Fuel cost curves of generators 

are usually of convex and of quadratic form. In some generators like the one presented in 

figure 3-3 the I/O curve is nearly linear. Convexity, of fuel curves is an important 

mathematical characteristic since existing non-linear optimization models can obtain a 

global optimum if the problem is convex as will be discussed in section 3.3.3. However, 

large multi-valve steam turbines exhibit non-convex, non-quadratic characteristics that 

increase the complexity of the UC problem.   
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Figure 3-2: Input/Output curve for Moss Landing 7 gas fired unit (Source: [11]). 

 
 

3.2.1. Mathematical formulation of the EDC problem  

 
 

The EDC is an optimization problem that can be solved if the objective of the ED problem 

is cost minimization then it can be solved with the method of Lagrange multipliers 

according to the following mathematical formulation: 

 

ὓὭὲὭάὭᾀὩ ὒ Ὂ ‗ϽὈ ὖ                                                   ὩήȢσ ρ   

     

 

Where: 

 

Ὂ ὥϽὖ ὦϽὖ ὧ  8                                                                                              ὩήȢσ ς 

                                                   
8
 If the I/O curve is linear the quadratic coefficient is equal to zero. 
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ὖ ὖ ὖ                                                                                                            ὩήȢσ σ 

 

 

where: 

ὫȡίὩὸ έὪ ὫὩὲὩὶὥὸέὶί έὪ ὸέὸὥὰ ὲόάὦὩὶ ὔὋ  ὓὡ   

ὒȡὒὥὲὫὶὥὲὫὭὥὲ ὧέίὸ ὪόὲὧὸὭέὲ  ὓὡ   

ὖȡὖέύὩὶ έόὸὴόὸ έὪ ὫὩὲὩὶὥὸέὶ Ὣ  ὓὡ    

 

Ὂ ὥϽὖ ὦϽὖ ὧ  is the fuel cost function of generator g [$] 

ȡήόὥὨὶὥὸὭὧ ὧέὩὪὪὭὧὭὩὲὸ 
Α
   

ὦȡὰὭὲὩὥὶ ὧέὩὪὪὭὧὭὩὲὸ 
Α
   

ὧȡὧέὩὪὪὭὧὭὩὲὸ Α 

ὈȡὈὩάὥὲὨ ὓὡ 

‗ ȡὝὬὩ άὥὶὫὭὲὥὰ ὧέίὸ έὪ ὩὰὩὧὸὶὭὧὭὸώ ὴὶέὨόὧὸὭέὲ έὪ όὲὭὸ Ὣ  
Α

ὓὡὬ
  

 

 

3.2.2. Solution algorithms of the EDC problem  

 

 

The analytical solution of optimization problem described by equations 3-1 to 3-3 using 

the Lagrange multipliers method will yield a global minima when all units produce 

electricity at the same marginal cost (e.g.‗ ‗ ‗ Ễ‗ ‗). In that case ‗  is the 

marginal cost of the electricity production for the system. As the number of constraints 

involved (especially when they introduce non-linearities) and the complexity of the EDC 
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grow it becomes necessary to use iterative search techniques. Methods to solve the EDC 

problem are discussed by [12]. ñThe Traditional methods include Newton- Raphson 

method, Lambda Iteration method, Base Point and Participation Factor method, Gradient 

method, etc. However, these classical dispatch algorithms require the incremental cost 

curves to be monotonically increasing. Practically the input to output characteristics of the 

generating units are highly non-linear, non-smooth and discrete in nature owing to 

prohibited operating zones and multi-fuel effects. Thus the resultant ELD becomes a 

challenging non-convex optimization problem, which is difficult to solve using the 

traditional methods. Methods like dynamic programming, genetic algorithm, evolutionary 

programming, artificial intelligence, and particle swarm optimization solve non-convex 

optimization problems efficiently and often achieve a fast and near global optimal solution. 

Although these heuristic methods do not always guarantee the global optimal solution, they 

generally provide a fast and reasonable solution (sub optimal or near global optimal)ò. 

When a system is very large, it might not be efficient to maintain the quadratic form of the 

objective function and/or constraints. In such cases it is more efficient to break the fuel 

cost curves (and/or other constraints) of thermal generators into piece-wise linear segments 

and formulate the problem as a linear program. This method is being applied for the 

formulation of UC problem in this thesis as discussed later in this chapter.  Some well-

known methods to solve LPs are the simplex, the ellipsoid and the interior point. More 

information on EDC solution methods can be found at [13]. 
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3.3. The Unit Commitment (UC) Problem  
 
 
The Unit Commitment (UC) problem is defined as the scheduling of operation of a number 

of units over a specified period of time (usually one day or 1 week)9.  While the EDC 

problem only decides the optimal power production of a set of online units, the UC problem 

decides both the output and the operational status (on/off) of the whole generation fleet 

over the specified optimization period. In that sense the EDC is an inherent part of the UC 

problem and for that reason the UC is also called Unit Commitment and Economic 

Dispatch problem (UCED)10. It should be noted that from now and on in this thesis UC and 

UCED will refer to the same problem for avoidance of any confusion.  

 

The UC is a combinatorial problem meaning the best solution is obtained from a finite set 

of problems each of them having its own solution. Each of those problems involves the 

EDC problem as an inherent part that needs to be solved (see figure 3.3). The UC problem 

grows exponentially with a) the number of generators involved and b) with the number of 

steps comprising and optimization cycle. For a single hour the total number of 

combinations to be checked are 2NG-1 where NG is the total number of generators. If we 

account for the dimension of time the formula becomes (2NG-1)NT. Assuming a 10 generator 

system and an hourly optimization cycle of 1 day (day ahead UC) there are (210-1)24 ḙ 1072 

combinations to be tested. It would take thousands of years even the most advanced super 

computer to come with a solution. For that reason, we use methods that skip solutions that 

                                                   
9 Unlike the EDC problem ïwhich defines the operation of online units at a snapshot in time- the unit commitment problem includes 

the element of time 
10

 Or Security  Constrained Unit Commitment (SCUC) if the EDC part of the UC problem includes power flow equations 
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are far from the optimum one and diverge fast towards the best solution depending the 

solution method used. 

 

 

 
 

Figure 3-3:  Schematics on the way the UCED problem is solved. 

 
 

As explained in section 3-2 the objective of the UC can vary. For a GENCO bidding on a 

competitive market the objective is profit maximization. For a vertical integrated utility the 

objective would be operational cost minimization. While both the EDC and UC 

calculations focus on short-term variable operational costs, the UC also includes 

transitional costs, aka start-up costs being part of the objective function.  

 

In its simplest form the objective function of the UC optimization problem is: 

 

ὓὭὲὭάὭᾀὩ ὅέίὸ  Ὣȟὸ  ὅέίὸ ὫȟὪȟὸ                      ὩήȢσ τ         



39 
 

     

 

Where: 

 

Ôȡ    4ÉÍÅ ÉÎÃÒÅÍÅÎÔÓ ÅȢÇ ÈÁÌÆ ÈÒÓ      ὸ Ô ὸ    

Çȡ  'ÅÎÅÒÁÔÏÒ                                              Ὣ Ç Ὣ       

Æȡ   &ÕÅÌ                                                         Ὢ Æ Ὢ        

 

and 

 

NT: Total number of time steps comprising an optimization cycle 

NG: Total number of generators  

NF: Total number of fuels burned by each generator 

 

#ÏÓÔ  ÇȟÔȡ  3ÔÁÒÔ 5Ð ÃÏÓÔ ÉÎÃÕÒÒÅÄ ÉÆ Á ÇÅÎÅÒÁÔÏÒ ÓÔÁÒÔÅÄ ÕÐ ÁÔ ÔÉÍÅ ÔΑ  

#ÏÓÔ ÇȟÆȟÔȡ  ÖÁÒÉÁÂÌÅ ÃÏÓÔ ÐÅÒ ÇÅÎÅÒÁÔÏÒ ÐÅÒ ÆÕÅÌ ÃÏÎÓÕÍÅÄ ÄÕÒÉÎÇ ÉÎÃÒÅÍÅÎÔ  

       Ô ÉÎÃÌÕÄÅÓ ÆÕÅÌȟ6/- ÁÎÄ ÉÆ ÁÐÐÌÉÃÁÂÌÅ ÃÁÒÂÏÎ ÃÏÓÔÓΑ  

 

 

 

3.3.1. Start-Up cost models for the UC problem 

 
 

The fuel cost functions of thermal generators and their usefulness on calculation of 

operational costs has been discussed in section 3.2.1. The start-up costs of thermal 

generators are not fixed, but rather depend on the time the unit has been off. The effect of 

time a unit being off is much more important for generators running on a steam cycle 

because it requires large amounts of thermal energy to heat cold water.  In literature there 

are three widely used models for estimation of thermal generator start-up costs [14]. The 

first model called also called cooling model, is exponential and is mostly used to calculate 

cold start-up costs. The second model assumes linear connection between time and energy 

requirements to bring the unit to operational temperature. The slope of the linear curves 
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decreases as we pass from hotter to colder regimes. The third model assumes fixed start-

up cost within each of the hot, warm, cold bands (see figure 3-4).  

 

 

 

1. Cooling model 

 

ὅέίὸ ὸ ρ Ὡ   Ͻὅέίὸ ὅ                                                        ὩήȢσ υ 

 

Where: 

 

#Ḋ&ÉØÅÄ ÃÏÓÔ ÏÆ ÉÎÃÌÕÄÅÄ ÃÒÅ× ÃÏÓÔȟÍÁÉÎÔÅÎÁÎÃÅ ÃÏÓÔÓΑ 

#ÏÓÔḊ #ÏÓÔ ÏÆ ÆÕÅÌ 
Α

'*
  

ÔḊÔÉÍÅ ÁÆÔÅÒ ÕÎÉÔ ÓÈÕÔÄÏ×Î ÈÒÓ  
ÁḊÔÈÅÒÍÁÌ ÔÉÍÅ ÃÏÎÓÔÁÎÔ ÓÐÅÃÉÆÉÃ ÆÏÒ ÔÈÅ ÕÎÉÔ ÈÒÓ  

#ÏÓÔ ȡ#ÏÌÄ ÓÔÁÒÔ ÕÐ ÃÏÓÔÓ Α 

 

 

 

2. Piece wise linear model 

 

 

ὅέίὸ ὸ  ÔÁÎ Ͻὸ Ͻὅέίὸ ὅ      ᶅ     π ὸ Ўὸ       ὉήȢ  σ φ 

 

ὅέίὸ ὸ ÔÁÎ Ͻὸ Ўὸ ὅ Ͻὅέίὸ ὅ           

                                                       ᶅ        Ўὸ ὸ  Ўὸ Ўὸ                     ὉήȢ  σ χ 

 

ὅέίὸ ὸ ὅέίὸϽὅ ὅ                ᶅ        Ўὸ Ўὸ ὸ        ὉήȢ  σ ψ 

 

 

Where: 

ЎÔ Ḋ4ÉÍÅ ÂÁÎÄ Á ÕÎÉÔ ÉÓ ÉÎ ÈÏÔ ÓÔÁÔÅ ÈÒÓ   

ЎÔ Ḋ4ÉÍÅ ÂÁÎÄ Á ÕÎÉÔ ÉÓ ÉÎ ×ÁÒÍ ÓÔÁÔÅ ÈÒÓ   

#ȡ (ÅÁÔ ÒÅÑÕÉÒÅÍÅÎÔ ÔÏ ÂÒÉÎÇ ÔÈÅ ÕÎÉÔ ÔÏ ÏÐÅÒÁÔÉÏÎÁÌ ÓÔÁÔÕÓ ×ÈÅÎ Ô ЎÔ  '*  

#ȡ (ÅÁÔ ÒÅÑÕÉÒÅÍÅÎÔ ÔÏ ÂÒÉÎÇ ÔÈÅ ÕÎÉÔ ÔÏ ÃÏÌÄ ÓÔÁÒÔ ÕÐ '*  

ɼ ȡ!ÎÇÌÅ ÏÆ ÔÈÅ ÌÉÎÅÁÒ ÃÕÒÖÅ ×ÉÔÈÉÎ ÔÈÅ ÈÏÔ ÂÁÎÄ ÒÁÄ 
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ɼ ȡ!ÎÇÌÅ ÏÆ ÔÈÅ ÌÉÎÅÁÒ ÃÕÒÖÅ ×ÉÔÈÉÎ ÔÈÅ ×ÁÒÍ ÂÁÎÄ ÒÁÄ 

 

 

 

 

3. Step model 

 

 

ὅέίὸ ὸ   ὅ Ͻὅέίὸ ὅ      ᶅ     π ὸ Ўὸ                            ὉήȢ   σ  ω 

 

ὅέίὸ ὸ ὅ Ͻὅέίὸ ὅ  

                            ᶅ Ўὸ ὸ  Ўὸ Ўὸ                                                   ὉήȢ   σ ρπ 

 

ὅέίὸ ὸ    ὅϽὅέίὸ ὅ         Ўὸ Ўὸ ὸ                    ὉήȢσ ρρ 

 

Where: 

 

ὅȡ  (ÅÁÔ ÒÅÑÕÉÒÅÍÅÎÔ ÔÏ ÂÒÉÎÇ ÔÈÅ ÕÎÉÔ ÔÏ ÏÐÅÒÁÔÉÏÎÁÌ ÌÅÖÅÌ ×ÈÅÎ ÓÔÉÌÌ ÈÏÔ  

ÓÔÅÐ ÍÏÄÅÌ '*  
ὅ ȡ  (ÅÁÔ ÒÅÑÕÉÒÅÍÅÎÔ ÔÏ ÂÒÉÎÇ ÔÈÅ ÕÎÉÔ ÔÏ ÏÐÅÒÁÔÉÏÎÁÌ ÌÅÖÅÌ ×ÈÅÎ ×ÁÒÍ 

 ÓÔÅÐ ÍÏÄÅÌ '*  
 

 
Figure 3-4: Three different models for thermal generator start-up heating requirement. 












































































































































































































































































































































































































































































































































