
VII 

TABLE OF CONTENTS
 

Page 

 
ABSTRACT (THAI) ............................................................................................................................. I 
ABSTRACT (ENGLISH) .................................................................................................................... III 
ACKNOWLEDGEMENT ................................................................................................................... V 
TABLE OF CONTENTS ................................................................................................................. VII 
LIST OF TABLES ........................................................................................................................... XII 
LIST OF FIGURES ......................................................................................................................... XV 
LIST OF ABBREVIATIONS ........................................................................................................... XVII 
CHAPTER 

I  INTRODUCTION ....................................................................................................... 1 
1.1 Background and Significance of the Research Problem ..................... 1 
1.2 Research Objectives ................................................................................... 4 
1.3 Scope and Limitations ............................................................................... 5 
1.4 Research Benefit ......................................................................................... 6 
1.5 Thesis Outline.............................................................................................. 7 

II  THEORY AND LITERATURE REVIEW .................................................................. 10 
2.1 Chapter Overview ..................................................................................... 10 
2.2 Optimal Power Flow ................................................................................ 11 
2.3 Spot Pricing of Electricity ........................................................................ 13 
2.4 Ancillary Service ........................................................................................ 18 
2.5 Carbon Pricing Mechanisms .................................................................... 30 
2.6 Renewable Energy Certificates ............................................................... 36 
2.6 Conclusion ................................................................................................. 46 

III  CO-OPTIMISED FRAMEWORK AND SPOT PRICING FOR COMBINED 
ELECTRICITY MARKET AND EMISSION MECHANISMS .................................. 49 
3.1 Chapter Overview ..................................................................................... 49 



VIII 

TABLE OF CONTENTS (Continued) 
 

Page 
 

3.2 Mathematical Formulation ..................................................................... 50 
3.2.1 Cost of Generation ...................................................................... 52 
3.2.2 Cost of Carbon Emission............................................................ 52 
3.2.3 Demand benefit .......................................................................... 53 
3.2.4 Spot Pricing of Electricity ........................................................... 53 
3.2.5 Social Welfare Formulation ...................................................... 55 

3.3 Objective Function and Study Cases .................................................... 56 
3.3.1 Scheme 1: Single-Side Auction Scheme ................................ 56 
3.3.2 Scheme 2: Double-Side Auction Scheme .............................. 57 

3.4 Methodology ............................................................................................. 59 
3.5 Simulation Results and Discussions ...................................................... 64 
3.6 Conclusion ................................................................................................. 76 

IV  CO-OPTIMISED FRAMEWORK FOR COMBINED ELECTRICITY MARKET  
AND EMISSION MECHANISMS WITH  RENEWABLE ENERGY  
CERTIFICATES ......................................................................................................... 77 
4.1 Chapter Overview ..................................................................................... 77 
4.2 Mathematical Formulation ..................................................................... 78 

4.2.1 Cost of Renewable Energy ........................................................ 78 
4.2.2 Renewable Energy Certificate Revenue .................................. 79 

4.3 Objective Function and Study Cases .................................................... 79 
4.3.1 Scheme 1: Single-Side Auction Scheme ................................ 79 
4.3.2 Scheme 2: Double-Side Auction Scheme .............................. 81 

4.4 Methodology ............................................................................................. 83 
4.5 Simulation Results and Discussions ...................................................... 84 
4.6 Conclusion ................................................................................................. 93 

 

 



IX 

TABLE OF CONTENTS (Continued) 
 

Page 
 

V  CO-OPTIMISED FRAMEWORK FOR COMBINED ELECTRICITY MARKET  
AND EMISSION MECHANISMS WITH COORDINATED DEMAND  
RESPONSE AND ANCILLARY SERVICES ............................................................. 94 
5.1 Chapter Overview ..................................................................................... 94 
5.2 Mathematical Formulation ..................................................................... 95 

5.2.1 Cost of Automatic Generation Control ................................... 96 
5.2.2 Cost of Spinning Reserve ........................................................... 96 
5.2.3 Demand Response Cost ............................................................ 97 

5.3 Objective Function and Study Cases .................................................... 98 
5.3.1 Scheme 1: Combined Electricity-Emission Scheme ............. 99 
5.3.2 Scheme 2: Combined Electricity-Emission with Demand 

Response Scheme .................................................................... 101 
5.4 Methodology ........................................................................................... 103 

5.4.1 Scheme 1: Combined Electricity-Emission Scheme 
Computation .............................................................................. 103 

5.4.2 Scheme 2: Combined Electricity-Emission with Demand 
Response Scheme Computation ........................................... 105 

5.5 Simulation Results and Discussions .................................................... 107 
5.5.1 Sensitivity Analysis on Combined Electricity-Emission 

Scheme ....................................................................................... 113 
5.5.2 Sensitivity Analysis on Combined Electricity-Emission  

with Demand Response Scheme ........................................... 115 
5.6 Conclusion ............................................................................................... 120 

VI  CO-OPTIMISED FRAMEWORK FOR COMBINED ELECTRICITY MARKET  
AND EMISSION MECHANISMS WITH RENEWABLE ENERGY  
CERTIFICATES AND ANCILLARY SERVICES .................................................... 121 
6.1 Chapter Overview ................................................................................... 121 



X 

TABLE OF CONTENTS (Continued) 
 

Page 
 

6.2 Economic and Market Performance Metrics ..................................... 123 
6.2.1 Social Welfare ............................................................................ 123 
6.2.2 Consumer Surplus..................................................................... 124 
6.2.3 Total Revenue ........................................................................... 124 
6.2.4 Producer Surplus ....................................................................... 125 

6.3 Objective Function and Study Cases .................................................. 125 
6.3.1 Case 6.0: Baseline Case............................................................ 125 
6.3.2 Case 6.1: Carbon Pricing Mechanism .................................... 126 
6.3.3 Case 6.2: Renewable Energy Market ..................................... 126 
6.3.4 Case 6.3: Ancillary Services Market ....................................... 127 
6.3.5 Case 6.4: Multi-Dimensional Market Mechanism ................ 128 

6.4 Methodology ........................................................................................... 129 
6.4.1 Quadratic Programming Optimisation ................................... 130 
6.4.2 Hybrid Particle Swarm Optimisation-Quadratic  

Programming .............................................................................. 134 
6.5 Simulation Results and Discussions .................................................... 136 

6.5.1 Simulation Results using QP Optimisation ........................... 138 
6.5.2 Simulation Results using Hybrid PSO-QP Optimisation ..... 149 

6.6 Conclusion ............................................................................................... 152 
VII  CONCLUSION AND RECOMMENDATION ....................................................... 154 

7.1 Conclusion ............................................................................................... 154 
7.1.1 Comparative Analysis of Single-Sided and Double-Sided 

Auctions ...................................................................................... 155 
7.2 Recommendation ................................................................................... 156 

REFERENCE  ................................................................................................................................. 158 
APPENDIX 

A  TEST SYSTEM DATA ............................................................................................ 166 



XI 

TABLE OF CONTENTS (Continued) 
 

Page 
 

A.1 IEEE 30-bus Test System ....................................................................... 166 
A.2 160 bus Equivalent Thai Power System ............................................ 169 

B  ADDITIONAL SIMULATION RESULTS ............................................................... 181 
B.1 Hyperparameter Sensitivity Analyses ................................................. 181 
B.2 Additional Simulation Results .............................................................. 183 

C  PUBLICATION ........................................................................................................ 199 
BIOGRAPHY ................................................................................................................................. 200 

 



XII 

LIST OF TABLES
 
Table  Page 
 
2.1  The summary of selected literature on the spot pricing of electricity. ............ 16 
2.2  Ancillary services offered by ISO/RTO markets in the United States. ................ 21 
2.3  The selected literature on ancillary services in the energy sector .................... 27 
2.4  The selected literature on carbon pricing mechanisms and renewable  

energy certificates ......................................................................................................... 39 
2.5  The summary of selected research .......................................................................... 47 
3.1  The summary of case studies in Chapter 3 ............................................................. 56 
3.2  The best optimal hyperparameters. ......................................................................... 65 
3.3  Comparing the best results in different optimisation algorithms of SSA  

scheme ............................................................................................................................ 70 
3.4  Comparing the best results in different optimisation algorithms of DSA 

scheme ............................................................................................................................ 72 
3.5  Statistical comparison of case studies in different optimisation algorithms .... 75 
4.1  The simulation results of the single-side auction scheme .................................. 87 
4.2  The best, worst, average, median and standard deviation of TC from 30  

trial solutions of Case 4.1c .......................................................................................... 88 
4.3  The simulation results of the double-side auction scheme ................................ 89 
4.4  The best, worst, average, median and standard deviation of TC from 30  

trial solutions of Case 4.2c .......................................................................................... 92 
5.1  Summary of market-clearing models........................................................................ 99 
5.2  Comparison of combined electricity-emission scheme for IEEE 30-bus  

system ........................................................................................................................... 109 
5.3  Comparison of combined electricity-emission with demand response  

scheme for IEEE 30-bus system ............................................................................... 111 



XIII 

LIST OF TABLES (Continued) 
 

Table  Page 
 
5.4  Sensitivity of carbon tax rates under the combined electricity-emission 

scheme for IEEE 30-bus system ............................................................................... 117 
5.5  Sensitivity of carbon tax and DR incentives under the combined electricity-

emission with demand response scheme for IEEE 30-bus system ................... 118 
6.2  Market study cases under double-side auction framework ............................... 129 
6.3  The 160-bus equivalent Thai power system data ............................................... 137 
6.4  Simulation results from QP method ....................................................................... 140 
6.5  Sensitivity analysis of carbon tax rate .................................................................... 145 
6.6  Sensitivity analysis of REC price ............................................................................... 147 
6.7  Simulation results from hybrid PSO-QP method ................................................. 151 
6.8  The best, worst, average, median and standard deviation of post-transfer  

social welfare and average computation times from 30 trial solutions  
of Case 6.4 .................................................................................................................... 152 

A.1  Bus load and injection data of IEEE 30-bus test system .................................... 166 
A.2  Line parameter of IEEE 30-bus test system ........................................................... 167 
A.3  Generation cost parameters, emission coefficients, and capacity limits for 

generating units in the IEEE 30-bus test system ................................................... 168 
A.4  AGC and SR offered prices and quantities of IEEE 30-bus test system ........... 169 
A.5  Bus load and injection data of the 160-bus equivalent Thai power  

system ........................................................................................................................... 170 
A.6  Line parameter of the 160-bus equivalent Thai power system ........................ 172 
A.7  Modified generation cost and emission coefficients for generating units in  

the 160-bus equivalent Thai power system .......................................................... 178 
A.8  AGC and SR offered prices and quantities of 160-bus equivalent Thai  

power system .............................................................................................................. 180 
B.1  Optimised control variable results obtained using QP method for the  

multi-dimensional market framework .................................................................... 184 



XIV 

LIST OF TABLES (Continued) 
 

Table  Page 
 
B.2  Optimised control variable results obtained using the hybrid PSO-QP  

method for the multi-dimensional market framework ....................................... 190 
 
 



XV 

LIST OF FIGURES
 
Figure  Page 
 
1.1  The coupling mechanism of the co-optimised market mechanism .................... 3 
1.2  Outline of Thesis ............................................................................................................. 9 
2.1  Schematic diagram of the RECs trading process .................................................... 37 
2.2  Schematic diagram of RECs trading process in the power system ..................... 37 
3.1  Schematic diagram of carbon-accounted optimal power dispatch and spot 

pricing .............................................................................................................................. 50 
3.2  The proposed carbon-accounted optimal power dispatch and spot pricing 

flowchart ......................................................................................................................... 59 
3.3  Aggregated bid curve and electricity demand ........................................................ 63 
3.4  The convergence plot of the proposed method across different case  

studies ............................................................................................................................. 65 
3.5  Comparison of spot prices across different case studies ..................................... 66 
3.6  Electricity prices in different market mechanisms ................................................. 66 
3.7  Statistical comparison of case studies in different optimisation algorithms .... 67 
3.8  The average computation times of case studies with different optimisation 

algorithms ....................................................................................................................... 69 
4.1  The coupling mechanism of the electricity-carbon-REC market ........................ 78 
4.2  Summary of the case study schematic diagram .................................................... 83 
4.3  Schematic of the modified IEEE 30-bus system. .................................................... 85 
4.4  The concept of aggregated demand and supply curve. ...................................... 85 
4.5  The convergence plot of the proposed method for Case 4.1c .......................... 88 
4.6  The solution with 30 trials of the proposed method run for Case 4.1c ........... 88 
4.7  The convergence plot of the proposed method for Case 4.2c .......................... 92 
4.8  The solution with 30 trials of the proposed method run for Case 4.2c ........... 92



XVI 

LIST OF FIGURES (Continued) 
 

Figure  Page 
 
5.1  Schematic diagram of carbon-accounted optimal power dispatch and spot 

pricing .............................................................................................................................. 95 
5.2  Incentive-based demand response with stepwise pricing .................................... 97 
5.3  Demand response program on the electricity market pricing. ............................ 98 
5.4  Comparison of cost across different scenarios under varying power  

generation capacity for IEEE 30-bus system .......................................................... 113 
5.5  Impact of carbon tax on market-clearing costs in combined electricity-

emission scheme ......................................................................................................... 114 
5.6  Combined impact of carbon tax and DR incentives on cost composition for 

combined electricity-emission with demand response scheme ...................... 116 
6.1  Framework of multi-dimensional markets ............................................................. 122 
6.2  Decomposition of post-transfer social welfare ..................................................... 141 
6.3  Incremental decomposition of post-transfer social welfare across market  

cases .............................................................................................................................. 142 
6.4  Producer surplus across market cases.................................................................... 142 
6.5  Consumer surplus across market cases ................................................................. 142 
6.6  Government revenue. ................................................................................................ 144 
6.7  Total revenue across market cases. ........................................................................ 144 
6.8  Market share of social welfare across cases. ......................................................... 144 
6.9  Sensitivity of carbon tax rate compared with power generation and power 

demand ......................................................................................................................... 146 
6.10  Sensitivity of carbon tax rate compared with post-transfer social welfare and 

emissions ...................................................................................................................... 146 
6.11  Sensitivity of REC price compared with quantity ................................................. 148 
6.12  Sensitivity of the REC rate compared with post-transfer social welfare ......... 148 
6.13  The solution with 30 trials of the hybrid PSO-QP method run for Case 6.4 .. 152 
B.1  Hyperparameter sensitivity analysis in different optimisation algorithms ....... 183 



XVII 

LIST OF ABBREVIATIONS

 
Abbreviation 
 
AGC  = automatic generation control 
AS = ancillary service 
ASM = ancillary services market  
BWO = black widow optimisation  
CAGC = cost of automatic generation control 
CCE  = cost of carbon emission 
CDR = cost of demand response 
CE  = carbon emissions 
CECPS = competitive electricity-carbon prices scheme  
CECRPS = competitive electricity-carbon-REC prices scheme  
CEPS = competitive electricity price scheme  
CG  = cost of generation  
CM  = carbon pricing mechanism  
CMC = co-optimised market clearing  
CMC-DR = co-optimised market clearing with demand response 
CRE  = cost of renewable energy  
CS = consumer surplus 
CSR = cost of spinning reserve 
DISCOs = distribution companies  
DR = demand response 
DSA = double-sided auction 
EM  = electricity market 
ETS = emission trading scheme 
GENCOs = generation companies 



XVIII 

LIST OF ABBREVIATIONS (Continued) 
 
GHG = global greenhouse gas  
GWO  = grey wolf optimisation 
ISO = independent system operator 
KKT = Karush-Kuhn-Tucker  
LMP = locational marginal price 
LP = linear programming 
MBECPS = market-based electricity-carbon prices scheme  
MBECRPS = market-based electricity-carbon-REC prices scheme  
MBEPS = market-based electricity price scheme 
OPF = optimal power flow  
PS = producer surplus  
PSO = particle swarm optimisation 
QP = quadratic programming  
REC  = renewable energy certificate 
RECR  = renewable energy certificate revenue 
REM = renewable energy market 
RES   = renewable energy source  
SMC = sequential market clearing  
SMC-DR = sequential market clearing with demand response 
SR  = spinning reserve 
SSA = single-sided auction 
SW  = social welfare 
TC = total cost  
TCC = total cost to consumer (from spot price) 
WOA  = whale optimisation algorithm 
  



XIX 

LIST OF ABBREVIATIONS (Continued) 
 

Symbol 
 

ia , ib  and ic  = the coefficients that depend on the GENCOs’ willingness to sell 
behaviours 

lia  = the line l sensitivity factor to the active injection power at bus i 

iAGC  = the activated automatic generation control capacity at bus i (MW) 

iAGCP  = the automatic generator control price ($ or THB/MWh) 

ijB  = the susceptance of the entry in the bus admittance matrix (Y bus) 

,( )j D jB P  = the consumers willing to buy at the price of the load bus j 

1c  and 2c  = the acceleration constants of PSO 

,( )i G iC P  = the suppliers willing to sell at the price of the generator bus i. 

taxC  = the carbon tax rate ($ or THB/tonCO2) 

,( )G iCAGC P  = the cost of automatic generation control at bus i ($ or THB/h) 

,( )G iCCE P  = the cost of carbon emission at bus i ($ or THB/h) 

,( )i jCDR   = the cost of demand response for step i by demand response 
participant j ($ or THB/h) 

,( )G iCE P  = the carbon emission at bus i (ton/h) 

,( )G iCG P  = the cost of generation at bus i ($ or THB/h) 

,( )RE rCRE P  = the cost of renewable energy at bus r ($ or THB/h) 

,( )G iCSR P  = the cost of spinning reserve at bus i ($ or THB/h) 

jd , je  and jk  = the non-negative coefficients of the benefit function for the load at 
bus j from consumer bidding behaviour 

w

iEC  = the electricity cost with carbon emission cost spot pricing ($/h) 
wo

iEC  = the electricity cost without carbon emission cost spot pricing ($/h) 

if , ig , and ih  = the coefficients that determine the shape of RE the quadratic curve 
( , )g x u  = the equality constraint 

ijG  = the conductance of the entry in the bus admittance matrix (Y bus) 
( , )h x u  = the inequality constraint 

iITL  = the incremental transmission loss 



XX 

LIST OF ABBREVIATIONS (Continued) 
 

nl  = the number of transmission lines 
NB  = the total number of buses in the power system 
NC  = the total number of shunt reactors or capacitors 
ND  = the total number of loads in the power system 
NDR  = the total number of pricing steps in the demand response program 
NG  = the total number of generating units in the power system 
NP  = the number of particles in the population 
NRE  = the number of renewable energy sources 
NT  = the total number of transformers with controllable taps 

,D jP  = the active power demand at bus j 

,G iP  = the active power output of the generator at bus i (MW) 
min

,G iP  and max

,G iP = the minimum and maximum active power output limit for the 
generator bus i, respectively (MW) 

lossP  = the total active power loss in the transmission network (MW) 

,L jP  = the active power demand at bus j (MW) 

,RE rP  = the active renewable energy power output RE at bus r (MW) 
max

,C iQ  = the minimum and maximum reactive power compensation limits for 
the shunt device, respectively (MVar) 

,G iQ  = the reactive power generation at bus i (MVar) 
min

,G iQ  and max

,G iQ = the minimum and maximum reactive power output limits for the 
generator bus i, min

,C iQ respectively (MVar) 

,L jQ  = the reactive power load at bus j (MVar) 

1r  and 2r  = the random values of PSO 

totalR  = the total revenue ($ or THB/h) 

,i jR  = the price per unit of electricity reduction for step i by demand 
response participant j ($/MWh) 

RECP  = the renewable energy certificate price ($ or THB/MWh) 

,( )RE rRECR P  = the renewable energy certificate revenue ($ or THB/h) 

iS  = the complex power at bus i 



XXI 

LIST OF ABBREVIATIONS (Continued) 
 

iSR  = the spinning reserve utilisation at bus i (MW) 

iSRP  = the spinning reserve price ($ or THB/MWh) 
SW  = the social welfare ($ or THB/h) 

ecoSW  = the economic social welfare ($ or THB/h) 

postSW  = the post-transfer social welfare ($ or THB/h) 

iT  = the tap setting limits for the transformer i (p.u.) 
min

iT  and max

iT = the minimum and maximum tap setting limits for the transformer, 
respectively (p.u.) 

TC  = the total cost ($ or THB/h) 
TCC  = the total cost to consumer ($ or THB/h) 
u  = the dependent variable 

,G iV   = the voltage magnitude for the generator bus i 
min

,G iV  and max

,G iV = the minimum and maximum voltage magnitude limits for the 
generator bus i, respectively 

w  = the inertia weight factor of PSO 
x  = the control variable 

,C iX  = the reactance control setting of the shunt reactor i 

ijX  = the reactance of the transmission line between buses i and j 

i , i  and i  = the coefficients of carbon emission at bus i 

,i j  = the amount of load reduction achieved within step i by demand 
response participant j (MW) 

max

,i j  = the maximum allowable reduction in step i by demand response 
participant j (MW) 

,L i  = the marginal transmission loss at bus i ($/MWh) 

,QS i  = the network quality of supply at bus i ($/MWh) 
  = the system marginal price ($/MWh) 

AGC  = the automatic generation control marginal price ($/MWh) 

CG  = the energy marginal price ($/MWh) 

CCE  = the carbon emission marginal price ($/MWh) 



XXII 

LIST OF ABBREVIATIONS (Continued) 
 

SR  = the spinning reserve marginal price ($/MWh) 
  = the penalty factor 

l  = the reduction in supply cost that results from an incremental 
relaxation of constraint l ($/MWh) 

i  and j  = the phase angles at buses i and j, respectively 

i  = the spot price at bus i ($/MWh) 
w

i  = the spot price with carbon emission cost at bus i ($/MWh) 
wo

i  = the spot price without carbon emission cost at bus i ($/MWh) 
% iAGCR  = the percentage of automatic generator control requirement 
% iSRR  = the percentage of spinning reserve requirement 


