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a b s t r a c t

In this paper a new approach on hybrid generation and transmission expansion planning in power
systems is introduced. The proposed approach presents a multi-objective planning method which
simultaneously minimizes total cost of planning (including non-uniform fuel cost and investment cost
of new generation units and transmission lines), total NOx and SO2 emission and a security index called
ELNS (Expected Load Not Served). The DC power flow is used to model the transmission flow constraint.
Furthermore, fuel supply limitation has been included for thermal units. More than one candidate line
with different reactances and capacities in each corridor has been used which makes the model more
practical in transmission expansion sector. This work is an effort to implement the augmented epsi-
lon-constraint method for generating the Pareto optimal solutions in the hybrid expansion problem. In
order to select the best solution among Pareto solutions, Analytic Hierarchy Process (AHP) method has
been used. To prove the efficiency of the proposed method, numerical simulation results on the modified
Garver’s 6-bus system and 24-bus IEEE reliability test system are presented. The results show good per-
formance of the proposed method.

� 2014 Elsevier Ltd. All rights reserved.

Introduction

The demand for electricity is growing rapidly. Fig. 1 [1] is an
electricity demand forecast between 1990 and 2030 for various re-
gions all over the world. It shows rapid growth in demand, so it is
essential for a power system to expand in response to growing
load. Another reason for system expansion is unit retirement. As
time goes by, useful life of some existing generating units comes
to an end so their retirement should be compensated by installing
new generation units on the system. As the investment cost for an
expansion plan in power systems is very high, even a slight reduc-
tion in the investment cost in terms of percent, means saving a
considerable amount of money. Hence, it is very important for a
system planner to find the most economical possible plan.

A good expansion plan should select the units which must be
built, specify their type and capacity, and determine where and
when to build them [2]. A comprehensive model should investigate
all of the mentioned issues. There are a lot of approaches available
for solving planning problems in scientific literature, but just a few
of them have considered all of the above issues. For example,
WASP-IV [3] is a powerful tool which uses a dynamic programming

approach to find generation unit capacities needed to be installed
on the system considering a security index, such as LOLP (Loss of
Load Probability) but this software does not indicate where to
build new generation units. In WASP-IV, fuel cost is assumed to
be uniform all over the system which is an incorrect assumption
in most cases, since fuel cost is proportional to the distance be-
tween fuel sources and generation units. Another invalid assump-
tion in WASP-IV is that the entire load is assumed to be in one
node. That is, the geographical distribution of the load is not con-
sidered which is obviously an invalid assumption. When the
amount of generation capacity needed to be built is known, but
the location of new units is unknown, the problem of designing
he least cost plan becomes very complicated, particularly when
considering the fuel cost to be non-uniform [4].

Generally, the expansion problem is considered to be a nonlin-
ear, non-convex optimization problem [5]. There has been much
effort on solving it using meta-heuristic algorithms such as genetic
algorithm, simulated annealing, and Tabu search, which are usu-
ally intended to solve GEP (Generation Expansion Planning) and
TEP (Transmission Expansion Planning) problems, separately.

In Refs. [4, 6] security constrained models of transmission sys-
tem planning are presented. When solving TEP problems, some
parameters, such as the topology of the network in the base year,
generation and demand for the specified planning horizon and can-
didate circuits are considered to be known by the planner.
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For a long time, researchers have considered GEP and TEP sep-
arately to reduce the complexity of the problem [7]. The main rea-
son justifying this decomposition is that, most of the expansion
cost relates to GEP; therefore, one can first solve the GEP problem.
After solving the GEP problem, the generation units needed to be
built are selected. Then, the new system including new generation
units can be considered as the primary system for solving the TEP
problem. It is proven that with this decomposition, there will not
be a big diversion from the optimal point [2]. It should be noted
that the power system constraints, such as line flow limits, load de-
mands, and security requirements are still responsible for a corre-
lation between the two planning problems [8].

In Ref. [7] TEP problem is solved based on the meta-heuristic
Ant Colony Optimization (ACO). LOLC (Loss of Load Cost) is used

Nomenclature

f index for fuel sources
i index for buses
s index for scenarios
M index for technologies
cap index for capacity of each line
type index for reactance of each type
q index for capacity of each generating unit
k index for credible contingencies
CGEP (i, m, s) the investment cost to build new generation unit in

bus i with technology m, in scenario s
CTEP (i, j, cap, type, s) the investment cost to build new transmis-

sion line between bus i and j with specified capacity and
type in scenario s

TF (f, i, s) the amount of transported fuel between fuel source f
and generation unit in bus i in scenario s

PF (f) the fixed price of the fuel in the fuel source
TP (f, i) the price of transporting fuel from fuel source f to the

generation center in bus i per kilometer
d (f, i) the distance between fuel source f and generating unit

located at bus i
p (s) the probability of scenario s
Pavailable

m;q table that shows for technology m, what generation
capacities are available

Pavailable
cap table that shows for capacity cap, what transmission

capacities are available
PG (i, m, s) generated power at bus i from technology m in sce-

nario s
PD (i, s) load at bus i in scenario s
B (i, j) susceptance between bus i and j
h (i, s) voltage angle at bus i in scenario s
PGfinal post-expansion generated power
PGstart pre-expansion generated power
Bfinal network susceptance matrix in post-expansion condi-

tion
Bstart network susceptance matrix in pre-expansion condition
PDfinal load demand in post-expansion condition
PDstart load demand in pre-expansion condition
hfinal voltage angles array in post-expansion condition
hstart voltage angles array in pre-expansion condition
DPG the amount of added power generation capacity during

the planning horizon
DPD the amount of increase in electrical power demand dur-

ing the planning horizon
DB changes in transmission line susceptance matrix
Dh (i, s) change in voltage angles of bus i in scenario s
V (i, m, q, s) binary decision variable that equals 1 when a new

generation unit of type m is planned to be built at bus
i with capacity q in scenario s by the optimization prob-
lem

W (i, j, cap, type, s) binary decision variable that equals 1 when a
new transmission line between bus i and bus j with
capacity cap and reactance type is planned to be built
by the optimization problem in scenario s

Z (i, j, s) extra variable used to eliminate the nonlinearity in the
model

Y a large enough scalar
Bavailable

cap;type table that shows the construction cost of each line with
specific capacity and type

DPT (i, j, s) change in transmission capacity between bus i and
bus j in scenario s

Pmax (i, j) maximum allowed power flow between bus i and bus j
g (m) contribution factor of generation technology m
hour (m) shows the maximum operation hours of technology m
E (i, m, s) energy generated at bus i by technology m in scenario

s
CF (s) total consumed fuel in the planning period in scenario s
a (m) fuel consumption coefficient for technology m
FL maximum fuel available in that period
heat (f) heat rate of each type of fuel
MT (f, i) maximum fuel transportation capacity between fuel

source f and bus i
b (m) SO2 production multiplier for technology m in ton per

MW h
c (m) NOx production multiplier for technology m in ton per

MW h
ESO2 (s) total SO2 produced in scenario s in ton
ENOx (s) total NOx produced in scenario s in ton
prob (k) probability of each contingency
Pshed (i, k, s) the amount of load shedding at bus i for contingency

k in scenario s
dir (i) is equal to 1, the ith objective function is maximized and

is �1, when the ith objective function is minimized
si surplus variable for the constraints in the ith objective

function
ri range of the ith objective function
qi weighting factor for the ith objective function
CI consistency index
CR consistency ratio
RI consistency index dependent on number of items being

compared
kmax principal eigenvalue of comparison matrix
n number of competing Pareto solutions in AHP method

Fig. 1. Global energy demand.
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