Electric Power Systems Research 123 (2015) 192-204

Electric Power Systems Research

journal homepage: www.elsevier.com/locate/epsr

Contents lists available at ScienceDirect

£ ELECTRIC POWER
B8 SYSTEMS RESEARCH

Evaluating the effectiveness of normal boundary intersection method
for short-term environmental/economic hydrothermal

self-scheduling

@ CrossMark

Abdollah Ahmadi?, Amirabbas Kaymanesh?®, Pierluigi Siano“*,
Mohammadreza Janghorbani?, Ali Esmaeel Nezhad ¢, Debora Sarno¢

3 School of Electrical Engineering and Telecommunications, The University of New South Wales, Sydney, Australia
b Electrical Engineering Department, South Tehran Branch, Islamic Azad University, Tehran, Iran

¢ Department of Industrial Engineering, University of Salerno, Fisciano, Italy

d Young Researchers and Elite Club, Central Tehran Branch, Islamic Azad University, Tehran, Iran

¢ Department of Electrical Engineering, Marvdasht Branch, Islamic Azad University, Marvdasht, Iran

ARTICLE INFO

Article history:

Received 20 September 2014

Received in revised form 12 January 2015
Accepted 14 February 2015

Available online 9 March 2015

Keywords:

Short-term hydrothermal self-scheduling
Normal boundary intersection method
Fuzzy decision maker

Precise modelling

Emission

Multi-Objective Optimization

ABSTRACT

The problem of the optimal scheduling of available hydro and thermal generating units considering a
short scheduling period (one day-one week) in order to maximize the total profit is denoted as short-term
hydro thermal self-scheduling (SHTSS). Mixed-integer linear programming (MILP) method is proposed
to model the SHTSS problem in the day-ahead energy and reserve markets. MILP formulation allows
for considering a precise model for the prohibited working zones, dynamic ramp rate constraints and
operating services of thermal generating units, as well as the characteristics of multi-head power dis-
charge for hydro generating units and reservoirs’ spillage. This problem is modelled as a multi-objective
(MO) optimization one, having two objectives, i.e. maximization of the profit of Generation Company’s
(GENCO'’s) and minimization of emissions from thermal units. In order to solve the problem and generate
the non-inferior solutions, normal boundary intersection (NBI) method is applied. The main advantage is
the provision of set of uniformly distributed non-dominated solutions regardless of the scales of objective
functions values. Then, a fuzzy based decision maker is employed in order to select a non-inferior solu-
tion. In order to demonstrate the effectiveness of the presented method, several numerical simulations
are presented. Furthermore, the obtained results are compared with those obtained considering different
methods for obtaining non-inferior solutions, such as weighted sum method, evolutionary programming-
based interactive fuzzy satisfying method, differential evolution, particle swarm optimization and hybrid
multi-objective cultural algorithm.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

In this regard, the application of the mixed-integer linear pro-
gramming (MILP) method for solving SHTSS problems in day-ahead

Determining the optimal schedule of available generating units
(hydro and thermal generators) over a scheduling period (one
day-one week) that minimizes the total operating costs is defined
as short-term hydro thermal scheduling (SHTS) [1,2]. On the con-
trary, in short-term hydro thermal self-scheduling (SHTSS), hydro
and thermal generating units are used so that the total profitis max-
imized [3,4]. Different optimization methods for the SHTS problem
have been presented in literature.
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market has been proposed in [3,4] in which a deterministic opti-
mization framework is used to model the problem and the expected
profit is maximized employing 0/1 MILP technique. In order to pre-
cisely model hydro units, the characteristics of multi-head power
discharge relating to hydro generating units have been presented in
[4,5] while MILP method has been utilized to maximize the profit.
Mandal and Chakraborty [6] has studied the control parameters for
optimal hydro thermal scheduling based on differential evolution.
The SHTS problem has been solved in [7] using teaching-learning
based optimization method while nonlinearities of hydro units’
reservoirs have been considered. In addition, Liao et al. [8] has
solved the SHTS problem employing adaptive bee colony method
and chaotic exploration to efficiently avoid a local optimum. A
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thermal generating units index
hydro generating unit index
time interval (hour) index

bilateral contract price at time t ($/MWh)

market price of non-spinning reserve ($/MWh)
market price for energy at time t ($/MWh)

market price of spinning reserve at time t ($/MWh)
conversion factor which is 3.6*10~3 (Hm3 s/m3 h)
number of time steps of the scheduling period
lower bound of water discharge pertaining to the
hydro generating unit j at time t (m?3/s)

upper bound of water discharge pertaining to the
hydro generating unit j at time t (m3/s)

time interval among reservoir of hydro generating
unit i and hydro generating unit j (h)

cost of shut down pertaining to the thermal gener-
ating unit i ($)

cost of start-up pertaining to the hydro generating
unit j ($)

nth block’s slope pertaining to the cost curve of the
thermal generating unit i ($/MWh)

slope of the block n pertaining to the reservoir of the
hydro generating unit j (m3/s/Hm3)

nth block’s slope relating to the performance curve
k of hydro generating unit j (MW/m3/s)

nth segment’s slope relating to the emission curve
of the thermal generating unit i (Ib/MWh)
objective function of the NBI method

minimum emission generated by thermal generat-
ing unit i (Ib)

emission group including SO, and NOx

emission generation relating to the n— 1th supe-
rior limit in emission curve belonging to the thermal
generating unit i (Ib)

generation cost relating to the n — 1th superior limit
in cost curve belonging to the thermal generating
uniti($/h)

the predicted value for the natural water inflow
relating to the reservoir of the hydro generating unit

j at time t (Hm3/h)

NL

Dt

Dmin,i

Pmax,i

cost relating to the discrete interval A of the start-
up cost pertaining to the thermal generating unit i
($/h)

ith thermal generating unit’s initial status (0/1)
number of variable heads

number of not-allowed operating zones

number of blocks relating to the piecewise lin-
earized hydro generating unit’s performance curve
number of bilateral contracts

number of blocks relating to the piecewise lin-
earized thermal generating unit’s emission curve
number of blocks relating to the piecewise lin-
earized variable cost function

power capacity relating to the bilateral contract at
time t (MW)

minimum power relating to the ith thermal gener-
ating unit (MW)

maximum power relating to the ith thermal gener-
ating unit (MW)

Pyj minimum power relating to the jth hydro generat-
ing unit for the nth performance curve (MW)

pj jth hydro generating unit’s capacity (MW)

pgj lower bound of the prohibited operating zone n per-
taining to the ith thermal generating unit (MW)

ph_; i upper bound of the prohibited operating zone n — 1

pertaining to the ith thermal generating unit (MW)

minimum water discharge relating to the jth hydro

generating unit, provided that it is on (m3/s)

Qnj maximum water discharge relating to the nth block
of the jth hydro generating unit (m3/s)

RDL,;  ramp down limit relating to the nth block (MW)

RUL,;  ramp up limit relating to the nth block (MW)

s0; number of time periods during which the ith ther-
mal generating unit was shut down at the start of
the planning horizon (h)

5 maximum spillage relating to the jth hydro gener-
ating unit (m3/s)

Smax.i maximum hours that the ith thermal generating
unit can be off (h)

SUE; emission generation of the ith thermal generating
unit when started-up (Ib)

SDE; emission generation of the ith thermal generating
unit when shut down (Ib)

SD; limit of shut down ramp rate relating to the ith ther-
mal generating unit (MW/h)

Sy; limit of start-up ramp rate relating to the ith thermal
generating unit (MW/h)

UT; minimum up time relating to the ith thermal gener-
ating unit (h)

UY; periods during which the ith thermal generating
unit has been on-line at the start of the scheduling
period (h)

Vg, minimum storage volume of the reservoir pertain-

ing to the jth hydro generating unit (Hm3)

vj‘.’ reservoir at the beginning of the scheduling period
(Hm?)

vj@ reservoir at the conclusion of the scheduling period
(Hm?)

Un j maximum storage volume of the jth reservoir per-
taining to the variable head n (Hm3)

Variables

B weighting factor in NBI method

Brit binary variable which is equal to 1 when the nth

block of cost curve pertaining to the ith thermal
generating unit at time t is chosen

Bnijit binary variable which is equal to 1, provided that
variable head n+1 of the jth hydro generating unit
at time t is chosen

Onir generation of the nth block relating to the cost curve
of the ith thermal generating unit at time t (MW)

) payoff table

ur aggregate membership function of the rth Pareto
optimal solution

uwh individual membership function for the function n

in the Pareto best solution r

Ynje the volume of the nth block of the reservoir per-
taining to the jth hydro generating unit at time t
(Hm?)

Q feasible region
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