
Computers and Chemical Engineering 34 (2010) 177–195

Contents lists available at ScienceDirect

Computers and Chemical Engineering

journa l homepage: www.e lsev ier .com/ locate /compchemeng

Optimization model for re-circulating cooling water systems

José María Ponce-Ortega a,b, Medardo Serna-González a, Arturo Jiménez-Gutiérrez b,∗

a Facultad de Ingeniería Química, Universidad Michoacana de San Nicolás de Hidalgo, Morelia, Mich. 58060, Mexico
b Departamento de Ingeniería Química, Instituto Tecnológico de Celaya, Celaya, Gto. 38010, Mexico

a r t i c l e i n f o

Article history:
Received 16 December 2008
Received in revised form 8 July 2009
Accepted 14 July 2009
Available online 22 July 2009

Keywords:
Cooling water system
Cooling tower
Cooler network
MINLP
Optimization
Pressure drops

a b s t r a c t

This paper presents an optimization model for the simultaneous synthesis and detailed design of
re-circulating cooling water systems. A cooler network superstructure that embeds all network con-
figurations of practical interest is used as part of the integrated model. Pressure drops in each cooler are
treated as optimization variables, and design guidelines and constraints are included in order to provide
practical and feasible units. The model is based on a generalized disjunctive programming formulation,
which gives rise to a mixed-integer nonlinear programming problem. The objective is to find cooling water
systems that minimize the total annual cost. Solution of this mathematical formulation provides the opti-
mal system configuration as well as the optimal operating conditions and design parameters required for
each cooler unit in the network and in the cooling tower. Three example problems are presented to show
the application of the proposed approach.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Re-circulating cooling water systems are widely used to remove
waste heat in chemical and petrochemical processes, electric power
generating stations, refrigeration and air conditioning plants, pulp
and paper mills, and steel mills. As shown in Fig. 1, typical re-
circulating cooling water systems are composed of three major
components: a cooling water network, a mechanical draft wet-
cooling tower, and a pumping system. A cooling water network is an
arrangement of heat exchangers that transfer the waste heat from
a set of hot process streams to a cooling water utility.

The economic optimization of re-circulating cooling water sys-
tems includes the simultaneous selection of the optimal design
variables of the cooling tower and each heat exchanger in the
cooling network, as well as the optimal structure of the cooling
water network. These interactions have not been properly consid-
ered. Earlier work on cooling water systems has concentrated on
the optimization of stand-alone components. Some of them have
dealt with the problem of designing minimum-cost cooling tow-
ers for a given heat load that must be dissipated, while others have
given special attention on the individual heat exchangers of the
cooling water network. On the work related to the cooling towers,
Söylemez (2001, 2004) derived simple algebraic equations for esti-
mating iteratively the optimum heat and mass transfer area, as well
as the optimum performance point for forced-draft counter-flow
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cooling towers. Since several major parameters need to be defined
when using this approach, only a limited set of design variables
is left for optimization. Recently, Serna-González, Ponce-Ortega,
and Jiménez-Gutiérrez (submitted for publication) developed a
mixed-integer nonlinear programming (MINLP) formulation for
minimizing the total annual cost of counter-flow cooling towers,
including geometric and velocity constraints that must be met in
order to find the most economical and practical solution for a given
cooling requirement.

As far as the heat exchanger units are concerned, the economic
optimization of shell-and-tube heat exchangers has received a sig-
nificant deal of attention because this type of exchanger is the most
widely used in the process industry (Smith, 2005). Muralikrishna
and Shenoy (2000) and Serna-González, Ponce-Ortega, Castro-
Montoya, and Jiménez-Gutiérrez (2007) have reported graphical
feasibility studies for given sets of geometric and operational con-
straints; their analysis was based on the Kern (Muralikrishna &
Shenoy, 2000) and Bell-Delaware (Serna-González et al., 2007)
methods. Serna and Jiménez (2005) formulated two compact
expressions that relate the pressure drop for each side of the
exchanger with the film heat transfer coefficient and the exchanger
area. The combination of the compact relationships with the
basic exchanger design equation gave rise to simple design and
optimization algorithms for segmentally baffled shell-and-tube
heat exchangers. The shell-side compact expression was based on
the Bell-Delaware correlations to calculate the film heat trans-
fer coefficient and pressure drop of the fluid. Agarwal and Gupta
(2008), Ponce-Ortega, Serna-González, and Jiménez-Gutiérrez
(2009), Selbas, Kizilkan, and Reppich (2006), and Wildi-Tremblay
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Nomenclature

Ai,k heat transfer area
ACT cross-sectional area for the cooling tower

alayout constants for the layout of the tubes
aDt

it
constant for the outer tube diameter

aDti
it

constant for the inner tube diameter

aLpt
it

constant for the tube pitch

ap
n constants for Merkel’s number for the fill type

bp
q parameters for the loss coefficient for the cooling

tower for a fill type
cn exponents for Merkel’s correlation
CAT constant for the tubes layout
CCT

o installation cost coefficient for the cooling tower
CCT

G mass cost coefficient for the cooling tower
CCT

V volume cost coefficient for the cooling tower
Cexc area cost coefficient for exchangers
Cpump pressure cost coefficient for pumps
CFexc fixed charge for exchangers
CFpump fixed charge for pumps
Cp heat capacity
Cpcw heat capacity for the cold water
Cpow electricity cost
Cwater unit cost for makeup water
CU cold utility
De equivalent diameter
dq disaggregated variables for the loss coefficient for

the cooling tower
Ds shell diameter
dtcoldi,k temperature difference for the cold side in match i,k
dthoti,k temperature difference for the hot side in match i,k
Dti inner tube diameter
Dt outer tube diameter
Fh

i
flow for the cold stream i

Fcwi,k
flow for the cold water in match i,k

FCPi heat capacity flow rate for hot process stream i
FFk fresh flow of cooling water to stage k
FOk deviation flow of the cold water in stage k
FT correction factor for the LMTD
G mass flow rate of air inlet to the cooling tower
h fouling film heat transfer coefficient
ha enthalpy of air in the cooling tower
has enthalpy of saturated air at the local bulk water tem-

perature in the cooling tower
hc clean heat transfer coefficient
HPS {i|i is a hot process stream}
HY yearly operating time
Intm integrands for Me number
k thermal conductivity
K constant for the pressure drop relationship
Ka constant for Merkel’s number
Kfi loss coefficient for the cooling tower
Lbc baffle spacing
LMTD logarithmic mean temperatures difference
Lpt tube pitch
LTT total tube length
Lcw mean mass flow rate of water in the cooling tower
Lwi inlet mass flow rate of water to the cooling tower
Lfi fill height for the cooling tower
Lwo outlet mass flow rate of water from the cooling

tower
Levap

w mass flow rate evaporated in the cooling tower
Lmakeup

w mass flow rate of makeup water

M mass flow velocity
Mproperty parameters for the Big-M formulations
mav mass flow rate of wet air
Me Merkel’s number
ncycles number of cycles for the cooling water in the circuit
NH total number of hot process streams
NOK total number of stages
Ns number of shells in series
NTT number of tubes
Ntp number of tubes passes
P thermal effectiveness for multipass exchangers
PCT power consumption in the cooling tower
Pda

o vapor pressure of air in outlet of the cooling tower
PCT

TOT ambient pressure
P12 thermal effectiveness for multipass exchangers of

type one shell–two tube passes
�P pressure drop
�PCT pressure drop for the cooling tower

�PSTAGE
cwk

pressure drop for cooling water in stage k

�PTOT
i

total pressure drop for hot stream i
�Pfi pressure drop for air in the fill of the cooling tower
�Pmisc miscellaneous pressure drop for air in the cooling

tower
Pvap vapor pressure for air in the cooling tower
qi,k heat exchanged between hot process stream i and

cooling water in stage k
QCT cooling tower heat load
R thermal capacity ratio for multipass exchangers
Rbs ratio baffle spacing to shell diameter
Rd fouling factor
ST {k|k is a stage in the superstructure, k = 1, . . ., NOK}
Tao outlet temperature of air from the cooling tower
Tcink inlet temperature of cooling water in stage k
Tcouti,k outlet temperature of cooling water after match

with stream i in stage k
Tcoutupper upper limit for the outlet temperature of cooling

water
TCHm temperature for the Chebyshev points
TCUIN inlet temperature of cooling water into the cooling

network
Thi,k temperature of hot stream i in stage k
THINi inlet temperature for hot process stream i
THOUTi outlet temperature for hot process stream i
Tlm water temperature in interval m for the cooling

tower
�TMIN minimum approach temperature difference
TOk outlet temperature for cooling water when devia-

tion occurs in stage k
Twa temperature for makeup water
Twi inlet temperature of cooling water to the cooling

tower
Two outlet temperature of cooling water from the cooling

tower
U overall heat transfer coefficient
v velocity
Vda specific volume for air in the cooling tower
w mass fraction humidity for air in the cooling tower
Vda

o specific volume of air at the exit from the cooling
tower

ymfd
CT binary variable used to denote the mechanical

forced-draft in the cooling tower
ymid

CT binary variable used to denote the mechanical
induced-draft in the cooling tower
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