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This paper addresses the optimization of a single effect absorption refrigeration system

operating with lithium bromide-water solution. A non-linear programming mathematical

model is developed to determine the operating conditions and the distribution of the total

heat transfer area (sizes) along the involved process units to optimize the following two

objective functions: (i) maximization of the coefficient of performance for a given amount

of the total heat transfer area, and (ii) minimization of the total heat transfer area of the

system for a given cooling capacity. The proposed model can either be used for simulation

or optimization purposes. Simulated or optimized values of temperature, pressure,

composition and flow rate of all streams and sizing of each process unit are predicted. In

addition, because of the non linear nature of the resulting model, a systematic solution

procedure is proposed in order to guarantee the model convergence. A detailed discussion

of the optimization results are presented through different case studies.

ª 2013 Elsevier Ltd and IIR. All rights reserved.
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Nomenclature

A Heat transfer area (m2)

AMPL A mathematical programming language

ARSs Absorption refrigeration systems

COP Coefficient of performance

F Flow rate (kg s�1)

GAMS General algebraic modeling system

gPROMS general PROcess Modeling System

H Enthalpy (kJ kg�1)

LCA Life cycle assessment

LMTD Logarithmic mean temperature difference (�C)
LP Linear programming

MVCRSs Mechanical vapor compression refrigeration

systems

OP1 Optimization problem 1

OP2 Optimization problem 2

MILP Mixed integer linear

MINLP Mixed integer non linear programming

NLP Non linear programming

P_THTA Parameter related to the total heat transfer area

P Pressure (kPa)

Q Heat (kJ s�1)

T Temperature (�C)

THTA Total heat transfer area (m2)

U Heat transfer coefficient (kW m�2 �C�1)

X Composition (%)

DT Temperature difference (�C)

Subscripts and superscripts.

ABS Absorber

CW Cooling water

COND Condenser

EV1 Expansion valve 1

EV2 Expansion valve 2

EVAP Evaporator

GEN Generator

hw Hot water

in Inlet

out Outlet

R Refrigerant

SHE Solution heat exchanger

Sat_V Saturated vapor

Sat_L Saturated liquid water

SS Strong solution

WS Weak solution

1.11 Numbering system used to denote state point in

Fig. 1.
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1. Introduction

In recent years, special attention has been paid to the absorp-

tion refrigeration systems (ARSs) because of their environ-

mentally friendlyoperationandlowtotal cost. Incomparison to

the conventional mechanical vapor compression refrigeration

systems (MVCRSs), ARSs require lower energy level, therefore

renewable energy sources or heat wasted by industrial pro-

cesses can be used to operate such systems and lead to cut

global CO2 emissions and reduce the global warming problem.

Several system-specific computer models have been

developed that have proved to be very valuable tools for both

research and development and design optimization

(Grossman et al., 1979, Grossman 1982, 1998, Grossman and

Childs 1983, McLinden and Klein 1985, Perez-Blanco and Pat-

terson 1986, Vliet et al., 1982). Details on how each process

unit of single and double-effect LiBr-water chillers are

modeled and implemented in ABSIM, a user-oriented com-

puter code designed for the simulation of absorption systems

at steady state, can be found in Grossman (1998).

Different methodologies have been proposed and applied

to accomplish the challenge of improving ARSs. Certainly,

many works dealing with the study of ARSs based on energy

analysis (pinch analysis), exergy analysis, thermoeconomics,

and mathematical programming have been published. The

major advantages of the pinch analysis is that themain trade-

offs existing among energy (quality and quantity), driving

forces, and required heat transfer areas can be represented in

simple diagrams (e.g. grand composite curves GCC); thus, heat

loads and shaftwork targets for the system under consider-

ation can be readily estimated prior to design (Feng and Zhu,

1997). Exergy analysis is widely applied in a systematic way
to evaluate the thermal efficiency level of a system, and to

identify the most inefficient system components. Special

attention should then be focused on such a component to

minimize its irreversible losses. Exergy analysis is being

applied to the analysis of different chemical plants, such as

steel production, pulp and paper, oil processes, heat pumps,

vapor recompression systems, residual gases treatment sys-

tems, biological processes, steam turbine systems, combus-

tion processes, and thermal processes design. In some cases,

the exergy analysis can better and more accurately assess the

location of inefficiencies than the energy analysis. Kaynakli

and Yamankaradeniz (2007) studied the performance of

LiBreH2O ARSs evaluating the entropy generation of the in-

dividual components and the whole system by varying some

design parameters through a computational model. Sencan

et al. (2005) and Arora and Kaushik (2009) developed a simu-

lation program to determine the operating conditions that

increase both the coefficient of performance (COP) and the

total exergetic efficiency of a single effect LiBreH2O system.

Morosuk and Tsatsaronis (2008) performed an exergy analysis

in amore advancedway, which consists of splitting the exergy

destruction into the ARSs components, and then identifying

the potential for improvement in each one. Thermoeconomics

has provided an alternative and useful tool for the improve-

ments of thermal systems. Indeed, several authors studied the

application of thermoeconomic theory to the economic opti-

mization of LiBreH2O ARSs and conventional refrigeration

plants, aimed at minimizing their operating costs and in-

vestments (Kodal et al., 2000; Kodal et al., 2002; Kodal et al.,

2003; Misra et al., 2003, 2005, 2006; Sahin and Kodal, 2002;

Palacios Bereche et al., 2009; Varani et al., 2003; Sahoo et al.,

2005; Al-Otaibi et al., 2004; Kızılkan et al., 2007).
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Fig. 1 e Diagram of a single effect LiBreH2O absorption

refrigeration system.
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Exergoeconomics is another widely used thermoeconomic

approach, which combines exergetic and economic analyses.

It determines intermediate product costs, heat transfer areas

with the highest economic losses, and identifies the design

and operation parameters to be analyzed and modified to

achieve more efficient systems. Exergoeconomic analysis

helps designers to improve the performance of a system in a

cost effective way (Godarzi et al., 2013).

Systematic methods based onmathematical programming

techniques have also been applied to the optimization of

processes. Certainly, there has been a renewed interest in

recent years for standard techniques such as linear (LP), non

linear (NLP), mixed integer linear (MILP) and mixed integer

non linear programming (MINLP) problems, especially when

the optimization problem is combinatorial in nature (discrete

decisions), of large size (number of equations and variables),

and highly non linear. In fact, the performance of solvers

handling non linear constraints was largely improved. In

addition, disjunctive models as well as simulated annealing

and genetic algorithm approaches are also efficiently used for

optimization problems involving discrete and continuous

variables. Mathematical programming environments such as

GAMS (Brooke et al., 1996), gPROMS (Barton and Pantelides,

1993), and AMPL (Fourer et al., 1990) have proven to be

powerful software tools, especially for optimization of

combinatorial and highly non linear large scale systems.

A detailed review on synthesis and design problems solved

by using mathematical programming-based approaches in

diverse research areas can be found in Grossmann (2002) and

Biegler et al. (1997). In contrast to the previous methods, the
main advantages of the mathematical programming tech-

nique is that it allows to simultaneously optimize all the

trade-offs existing among the process variables. However,

only few publications deal with mathematical programming

approaches applied to the optimization of energy conversion

systems [24e31] (Chávez-Islas and Heard, 2009, Chávez-Islas

et al., 2009; Gebreslassie et al., 2009a, 2009b; Sayyaadi and

Nejatolahi, 2011; Marcos et al., 2011; Gebreslassie et al., 2010;

Castro et al., 2008) and even fewer ones to environmentally

benign refrigeration systems.

Chávez-Islas et al. (2009) applied MINLP techniques for the

optimization of a NH3eH2O absorption refrigeration system.

They developed a model that includes discontinuous func-

tions for capital costs of the main system components. The

simultaneous optimization of six decision variables (the reflux

ratio, the temperature approaches in the absorber, condenser,

subcooler, reboiler, and the economizer effectiveness) was

performed in order to minimize the total annualized cost. The

proposed model was applied to two types of heat rejection

media: cooling water and air. The obtained results indicated

that the selection of the cooling medium is dependent on the

required refrigeration level. In addition, the influence of the

design variables on the objective function depends strongly on

the heat rejection medium type (air or water) and the process

requirements (refrigeration level).

Recently, Gebreslassie et al. (2009a) presented a quantita-

tive decision-support tool for the optimal design of environ-

mentally conscious absorption cycles. A multi-objective NLP

formulation that simultaneously accounts for the minimiza-

tion of cost and environmental impact at the design stage was

developed. The latter criterion was quantified by the Eco-

indicator 99 methodology (Goedkoop and Spriensma, 2000),

which follows the principles of the life cycle assessment (LCA)

methodology (Pieragostini et al., 2012). The design task is

formulated as a bicriteria NLP problem, whose solution is

defined by a set of Pareto points that represent the optimal

trade-off between the considered economic and environ-

mental concerns. Thus, the decision-maker can choose the

best Pareto solution point according to given preferences and

the applicable legislation.

In this work an equation-oriented optimization mathe-

matical model of single effect absorption refrigeration system

operating with lithium bromide-water solution is presented.

The proposed model enables the user to simultaneously

optimize both the operating conditions and the sizes of the

involved process units. The major contribution of this work is

that the trade-offs that exist among the operating conditions

(concentrations, flow-rates, pressures, temperatures) and the

sizing of each process unit (heat transfer areas) are simulta-

neously optimized. The resulting predictive and deterministic

model is based on mass and energy balances and design

constraints. Given an objective function to be optimized [co-

efficient of performance (max.) or total heat transfer area

(min.)] and design specifications, the model is able to simul-

taneously predict the optimal temperature, flow rate and

composition values for each process stream and the distri-

bution of the total heat transfer area (size) of each process

unit. One of the optimization problems consists of deter-

mining the operating conditions and how a given amount of

heat transfer area should be optimally distributed along the

http://dx.doi.org/10.1016/j.ijrefrig.2013.10.012
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system in order to maximize COP. In addition, for a fixed

refrigeration capacity, the model is also solved to determine

the optimal operating conditions and size of each process unit

in order to minimize the total heat transfer area.

Because of the presence of non linear model constraints,

an efficient and simple solution strategy is also proposed to

avoid convergence problems.

The software tool General Algebraic Modeling System

GAMS (Brooke et al., 1996), which is a high-level algebraic

modeling system for large scale optimization, is used for

implementing and solving the resulting mathematical model.

As it will be discussed later, the obtained results show that the

proposed mathematical model and the solution strategy have

proven to be useful for both simulation and optimization

purposes.

The paper is outlined as follows. Section 2 briefly describes

a single effect LiBreH2O absorption refrigeration system.

Section 3 summarizes the main model assumptions and in-

cludes the mathematical models of the involved process

units. Section 4 is devoted to the statement and formulation of

the optimization problem. Section 5 presents and discusses

the results obtained for the analyzed case studies. Finally,

conclusions and future works are pointed out in Section 6.
2. Single effect LiBreH2O absorption
refrigeration system: process description

A scheme of the studied LiBreH2O absorption refrigeration

system is depicted in Fig. 1, where LiBr are H2O are the

absorbent and the refrigerant fluids, respectively. It consists of

a generator [GEN], an absorber [ABS], a condenser [COND], an

evaporator [EVAP], a pump [PUMP], expansion valves for the

refrigerant [EV1] and the solution [EV2] and a solution heat

exchanger [SHE].

In the GEN, the LiBreH2O solution is heated for vaporizing

and separating the refrigerant fluid (H2O) from the solution.

The refrigerant vaporflows to theCOND,whereheat is rejected

to cooling water as the refrigerant condenses. Then, the

condensed liquid flows through EV1 to the EVAP, where

refrigerant is evaporated to produce cooling effect. The refrig-

erant vapor is afterward directed to the ABS, where it is

absorbedby thehighconcentration solution coming fromGEN,

and rejects heat to the cooling water. Finally, the low concen-

tration solution is pumped through SHE to the GEN. The low

and high concentration solutions exchange heat in SHE.

Two different working fluid mixtures are mainly used in

the absorption systems: LiBreH2O or NH3eH2O. The LiBreH2O

working fluid is well suitable for cooling applications above

0 �C, and shows in general a higher coefficient of performance

(COP) than NH3eH2O. The latter can work at lower tempera-

tures than 0 �C, and the heat dissipation temperature is not

limited by crystallization.
3. Mathematical model and assumptions

The process model comprises basically mass and energy bal-

ances and design equations for each process unit, and corre-

lations to estimate process streams enthalpy. The complete
model including physical relations and model implementa-

tion details (inequality constraints) is presented as

Supplementary material.

The following key assumptions are made to derive the

mathematical model:

- Steady state operation.

- Negligible pressure drop and heat loss in process units.

- The pump work is neglected in the total energy balance

since it only consumes a relatively small amount of energy

compared to the total heat transferred in the process.

- The expansion valves are adiabatic.

- The refrigerant states leaving thecondenserandevaporator

are assumed to be saturated liquid and gas, respectively.

- The refrigerant vapor leaving the generator is assumed to

be superheated.

- The weak solution leaves the absorber at saturated liquid

at equilibrium.

- The strong solution leaving the generator is in equilibrium

at its respective temperature and pressure.

- Dependence of thermodynamic properties of the LiBreH2O

solution on temperature and composition, and of water

and steam on temperature and pressure.
4. Optimization problems statement

Given the single effect refrigeration system shown in Fig. 1

and its mathematical model presented in Supplementary

material, the following two optimization problems (hereafter

called OP1 and OP2) have been proposed.

a) Problem OP1. To determine the optimal distribution of a

given amount of total heat transfer area (THTA) and

operating conditions aiming at maximizing the coefficient

of performance (COP). OP1 can be mathematically

expressed as follows:

Maximize COP
s:t: :8
<
:

hsðxÞ ¼ 0;cs
gtðxÞ � 0;ct
THTA ¼ P THTA

where x is the model variables vector, hs(x) refers to equality

constraints (mass and energy balances, correlations for

computing physico-chemical properties and size of each

process unit). As mentioned earlier, the main equality con-

straints are presented in the Supplementary material [eq.

(SM.1)e(SM.97)]. Inequality constraints are denoted by gt(x)

and they are used, for instance, to avoid temperature cross

situations and impose lower and upper bounds on some

critical operating variables. The main inequality constraints

are presented in Appendix B. THTA refers to the total heat

transfer area and is computed by the sum of the heat transfer

area of all process units. P_THTA is a model parameter which

is related to THTA and it is varied in a wide range.

The problem consists of determining the optimal alloca-

tion of THTA in the system components, pressures, temper-

atures, flow-rates and compositions of streams in order to

maximize the COP. Thus, for each values of P_THTA the COP is

http://dx.doi.org/10.1016/j.ijrefrig.2013.10.012
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Fig. 2 e Coefficient performance vs. total heat transfer area.

Table 1 e Process data used for problems OP1 and OP2.

Parameter Value

Temperature [oC]

Inlet temperature of the cooling water

in the condenser½Tin;cw
COND�

27

Inlet temperature of the cooling water

in the absorber ½Tin;cw
ABS �

30

Inlet temperature of the chilled water

in the evaporator ½Tin;chilled water
EVAP �

13

Inlet temperature of the hot water

in the generator ½Tin;hw
GEN �

92

Heat transfer coefficient [kW m�2 oC�1]

Evaporator [UEVAP] 1.5a

Absorber [UABS] 0.7a

Condenser [UCOND] 2.5a

Generator [UGEN] 1.5a

Solution heat exchanger [USHE] 1.0a

a Data taken from Gebreslassie et al. (2012).
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maximized. The advantage of the model implementation and

the advanced modeling tool used to solve the problem is that

all decision variables are optimized simultaneously.

b) Problem OP2. To determine the optimal operating condi-

tions aiming at minimizing the THTA for a given cooling

capacity (QEVAP). OP2 can be formulated as follows:

Minimize THTA
s:t: :8<
:

hsðxÞ ¼ 0;cs
gtðxÞ � 0;ct
Cooling capacityðQEVAPÞ ¼ 50 kW

For both problems, OP1 and OP2, hs(x) and gt(x) are the

same. Note that in OP1, QEVAP is a decision variable i.e. a

free variable whose value results from optimization

whereas THTA is set by the user. Precisely, the parameter

P_THTA is varied from 1 to 55 m2. In problem OP2, THTA is

a decision variable whereas QEVAP is a model parameter

(50 kW).

The parameters used for optimization are listed in Table 1.

The main decision variables considered for optimization

are the temperature, pressure, composition and flow-rate of

all streams. Lower and upper bounds of the main process

variables set by the user are listed in Table 2. The lower and

upper bounds for the temperatures of the refrigerant and LiBr

solutions along the system components depend on the values

of parameters listed in Table 1 and are imposed through the

inequality constraints gt(x) presented in Appendix B. For

instance, the lower bound used for the temperature of

refrigerant leaving the condenser [T8] is expressed in terms of

the inlet temperature of the cooling water ½Tin;cw
COND�, as shown in

eq. (B1).
Table 2 e Lower and upper bounds used for optimization.

Variable Lower bound Upper bound

LiBr concentration [%] 40 70

Pressure [kPa] 0.1 15

Mass flow-rate of refrigerant

and LiBr solutions [kg s�1]

0 100
5. Results and discussion

The correctness of the implementation and coding of the

process mathematical model was first verified by comparing

the obtained output results with those reported by Florides

et al. (2003). A complete comparison of results is presented

in Appendix C. Once the model was successfully verified, it

was used to solve the two optimization problems stated in the

previous section.
5.1. Maximization of COP for fixed total heat transfer
areas (optimization problem OP1)

This section discusses the optimal solutions obtained for the

problem OP1. The optimal values of the COP, operating vari-

ables, distribution of the THTA, heat loads and log mean

temperature differences (LMTDs) related to the heat transfers

are shown in terms of the THTA in separate figures, from Figs.

2 to 9. Each one of the values illustrated in these figures
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Total heat transfer area [THTA, m2]

Fig. 3 e Heat load vs. total heat transfer area.
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Table 3 e Optimal values for cooling capacity [ 50 kW.

F (kg s�1) T (�C) P (kPa) X (%)

1 165.39$10�4 37.7 1.004 55.88

2 165.39$10�4 37.7 4.984 55.88

3 165.39$10�4 54.7 4.984 55.88

4 144.38$10�4 84.8 4.984 64.02

5 144.38$10�4 62.8 4.984 64.02

6 144.38$10�4

4 ¼ 0.007

53.9 1.004 64.02

7 21.01$10�4 84.8 4.984 0

8 21.01$10�4 32.1 4.984 0

9 21.01$10�4

4 ¼ 0.043

7.0 1.004 0

10 21.01$10�4 7.0 1.004 0

11 0a 7.0 1.004 0

4 ¼ steam quality.
a It is zero because the stream leaving the evaporator is saturated

vapor.

Table 4 e Optimal distribution of the total heat transfer
area and heat loads.

Unit Heat load Heat transfer area [m2]

Evaporator 50.00a 4.61

Absorber 63.73 8.12

Generator 66.18 6.95

Condenser 52.45 3.14

Solution heat exchanger 5.77 1.04

a Fixed value.
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Fig. 10 e Coefficient performance vs. total heat transfer

area (cooling capacity of 50 kW).
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corresponds to optimal values. Therefore, the complete

optimal solution for a given value of THTA can be directly

derived from these figures.

Fig. 2 shows a significant increase of COP at lower values of

THTA (from THTA ¼ 1 to THTA ¼ 15 m2) because QGEN in-

creases faster thanQEVAP (Fig. 3). Then, fromTHTA¼ 15m2 the

COP increases slowly. This behavior can be explained taking

into account the different trade-offs existing between the

LMTDs and heat loads in each heat exchanger which play an

important role in the distribution of the total heat transfer

area. The heat loads in all pieces of equipment can increase by

increasing the heat transfer area and/or by increasing the

LMTD for the heat transfer. It should be mentioned that

despite the THTA is fixed, its distribution along the heat

transfer units and temperatures and thereby LMTDs are the

main decision variables of the problem.

Specifically, Figs. 3e5 show that, in the generator, QGEN

increases by the increase of both AGEN and LMTDGEN,

whereas in the evaporator, QEVAP increases only by the in-

crease of AGEN because LMTDGEN decreases as THTA in-

creases. Optimal solutions reveal that the THTA is

distributed more in the EVAP and ABS than in the GEN,

COND and SHE (Fig. 5). Thus, the main differences between

EVAP and GEN are in the trends of their driving forces and

magnitudes. The higher THTA, the higher LMTDGEN and the

lower LMTDEVAP, resulting in a better distribution of THTA in

order to maximize the COP. The corresponding optimal

values of pressure, temperature, flow-rate and composition

of all streams (weak and strong solutions and refrigerant)

that lead to the maximum values of COP are shown from

Figs. 6 to 9.

As shown in Fig. 8, the lower THTA the higher concentra-

tion differences. Fig. 9 shows how the flow-rate of refrigerant

and LiBr solutions increase with the increase of THTA.

5.2. Minimization of THTA for a fixed cooling capacity
(50 kW)

For samemodel parameters listed in Tables 1 and 2, themodel

was also used to solve the problem OP2, that is, the minimi-

zation of the total heat transfer area for a given cooling ca-

pacity (50 kW). Once again, it is important to mention that the

optimal trade-offs among the distribution of THTA, heat

loads, LMTDs, flow-rates and compositions are optimized

simultaneously.

Tables 3 and 4 list the optimal values obtained.

As shown in Table 4 the minimum THTA required by the

whole process is 23.86 m2 and the corresponding value of COP

is 75.54.

Finally, the model was solved in order to show how the

optimal solutions vary when the THTA is increased from the

minimum value (23.86 m2) for the same cooling capacity

(50 kW). Thus, the only difference compared to the optimi-

zation problem solved in Section 5.1, is that QEVAP is now fixed

(50 kW). Thus, the optimal distribution of THTA along the

system component and operating conditions are determined

in order to maximize COP. It should be noted that, because

QEVAP is fixed, the maximization of COP is equivalent to

minimize QGEN. The obtained results are presented from Figs.

10 to 14.
As expected, Fig. 10 shows that COP increases as THTA

increases.

From Fig. 12 it can be seen that the trends of the LMTD in

each one of the system units and thereby temperatures are

similar to those obtained previously (Fig. 4). However, the

trends of heat loads, heat transfer areas and flow-rates

observed in Figs. 11, 13 and 14 (OP2) differ from those pre-

sented in Figs. 3, 5 and 9 (OP1). Certainly, for a fixedQEVAP, both

QGEN andAGEN decreasewith the increase of THTA. This can be

explained as follows. As mentioned earlier, the maximization

http://dx.doi.org/10.1016/j.ijrefrig.2013.10.012
http://dx.doi.org/10.1016/j.ijrefrig.2013.10.012
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of COP implies the minimization of QGEN for which it is

necessary to decrease AGEN. Therefore, less amount of AGEN is

distributed in the generator with the increase of THTA as

shown in Fig. 13.

It is interesting to observe the trade-offs among THTA,

QABS, AABS and LMTDABS. Results in Figs. 11e13 show that

AABS increases as THTA increases but QABS. however, de-

creases as THTA increases. This is caused by the decreasing

of LMTDABS.

Finally, it should be mentioned that the optimal trends

of LiBr concentrations and pressures of refrigerant, weak

and strong solution streams are similar to those obtained in

the previous optimization study but with different nu-

merical values (results not presented in this work). How-

ever, the refrigerant flow rate decreases with the increase

of THTA (Fig. 14), in contrast to what was observed for OP1

(Fig. 9).
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6. Computational implementation aspects
and solution strategy

The resulting NLP model involves about 150 equality and 150

inequality constraints. It was implemented in General Alge-

braic Modeling System GAMS (Brooke et al., 1996), which is an

oriented-to-equations modeling environment and is flexible

enough to allow users to define different models and imple-

ment the solution strategy. A local NLP solver code CONOPT

2.041 was used (Drud, 1992), which is based on the generalized

reduced gradient algorithm. As such, global optimal solutions

cannot be guaranteed.

As mentioned earlier, the model involves non linear and

non convex constraints arising mainly from logarithms

and bilinear terms (multiplication of two or more vari-

ables), which can lead to local optimal solutions and/or

convergence problems. Therefore, an efficient strategy for

variables initialization is then essential for the model

convergence. Different initialization and solution strate-

gies can be used in order to address non convex NLP

problems (Biegler et al., 1997; Ryoo and Sahinidis, 1995;
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Floudas, 2000). A simple and efficient methodology was

here applied, which is schematized in Fig. 15. The meth-

odology consists on starting the optimization of the com-

plete model from a feasible solution in order to get

convergence in a few iterations. For doing so, two different

models involving different complexity or detail degree are

solved, which are referred as the simplified model and the

complete model (Fig. 15).

First, the simplified model, which considers only the mass

and energy balances, is solved via simulation (constraints

used to compute LMTD and heat transfer areas are not

considered). This first solution provides composition, tem-

perature and flow rate values for all process streams, which

are, in fact, a feasible solution for the complete model. Then,

the complete model, which includes the simplified model

along with design constraints (constraints used to compute

LMTD and heat transfer areas) is solved using the solution

obtained from the simplified model as initial values. After

that, for a given amount of total heat transfer area (THTA), the

complete model is solved to maximize COP. Then, THTA is

increased and the model is solved using the previous solution

as starting point. This procedure is systematically repeated to

cover the range of interest for THTA. The proposed initiali-

zation method guarantees the convergence of the model. The

successive optimization problems, i.e. the steps of the solu-

tion strategy illustrated in Fig. 15, can be executed automati-

cally with only one “optimize” command execution. Some

variables and equations have been properly scaled in order to

improve the convergence of the model.

Using the proposed solution strategy, the complete math-

ematical model converges in a few number of iterations and

few seconds of CPU time. Certainly, each optimization prob-

lem requires approx. 95 iterations and 0.1 s.

Finally, model initialization based on random values has

also been tried. It was observed that the convergence of the

model strongly depends on the used initial values. For some

random initial values sets, when themodel has converged, the

same optimal that is computed by using the strategy proposed

in Fig. 15 was found, but for other random initial values sets

convergence problems were observed. Then, it is easy to

conclude that the solution strategy proposed in Fig. 15 is more

effective than the use of initial random values.
7. Conclusions

This paper focused on developing a mathematical model

of a single effect LiBreH2O refrigeration system to
optimize the operating conditions and size of each system

components in order to maximize COP. The model can be

used for both simulation and optimization purposes. The

coding of the proposed model in the GAMS environment

has been successfully verified with data reported in the

literature.

Then, the proposed model is solved to determine the

optimal operating conditions and how a given total heat

transfer area should be distributed along the system compo-

nents in order to maximize COP.

The optimization problems only considered the

following model parameters: inlet temperature of the

cooling water in the condenser and absorber, inlet tem-

perature of the chilled water and hot water in the evapo-

rator and generator, and heat transfer coefficient in each

system component. On the other hand, the pressure, tem-

perature and flow-rate of each stream in each process

component were the optimization variables. Thus, the

trade-offs among heat loads, heat transfer areas and

driving forces were optimized simultaneously. One of the

obtained results reveal that the driving force in the gener-

ator increases as the total heat transfer area increases in

contrast to that happen in the evaporator. These trends

contribute to a better distribution of the total heat transfer

area and heat loads along the process units to maximize

the coefficient of performance. The optimal values of all

process variables for a wide range of total heat transfer

area were presented and discussed. Then, the optimization

model was solved to find the minimum THTA for a fixed

cooling capacity (50 kW).

A simple but efficient strategy to solve the proposed

NLP model was presented and its features discussed.

The solution methodology guarantees the model

convergence when the model parameters (input data) are

varied.

The proposed mathematical model will be further refined

and extended to represent a double effect absorption refrig-

eration system. A hybrid methodology that combines the ad-

vantages of the mathematical programming approach and

exergoeconomic analysis will be developed and applied to

similar case studies.
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Appendix B

The following inequalities are included in order to avoid

temperature crossovers. The subscripts “in” and “out” refer,

respectively, the inlet and outlet while “cw” and “hw” refer to

the cooling water and hot water.

T8 � Tin;cw
COND þ 0:1 �C (B1)

T7 � Tout;cw
COND þ 0:1 �C (B2)

Tout;cw
COND � Tin;cw

COND þ 0:1 �C (B3)

T1 � Tout;cw
ABS þ 0:1 �C (B4)

Tout;cw
ABS � Tin;cw

ABS þ 0:1 �C (B5)

T6 � Tout;cw
ABS þ 0:1 �C (B6)

T10 � Tout;chilledwater
EVAP þ 0:2 �C (B7)

T9 � Tout;chilledwater
EVAP þ 0:2 �C (B8)

Tin;chilledwater
EVAP � Tout;chilledwater

EVAP þ 0:2 �C (B9)

T4 � Tin;hw
GEN � 0:1 �C (B10)

T3 � Tout;hw
GEN � 0:1 �C (B11)

Appendix C
Table C1 e Main model parameter values used for
comparison (Florides et al., 2003).

Parameter Symbol Value

Evaporator capacity QEVAP 10

Evaporator temperature [�C] Tout
R;EVAP 6

Outlet temperature of the solution

at the generator [�C]
Tout
SS;GEN 90

Weak solution mass

fraction [% LiBr]

Xout
WS;ABS 55

Strong solution mass fraction [% LiBr] Xout
SS;GEN 60

Outlet temperature of the solution

at the heat exchanger [�C]
Tout
WS;SHE 65

p FoutR;EVAP 0:025,FoutR;EVAP
Verification of model

As mentioned in Section 5, the proposed model verified by

comparing the obtained output results with those reported by

Florides et al. (2003). Only for comparison purpose, the model

was used as a “simulator” rather than an “optimizer”. For

doing so, it was necessary to fix several optimization variables

(i.e. degree of freedom) at the same values as reported by

Florides et al. (2003). Table C1 lists the input data corre-

sponding to the main model parameter values used for veri-

fication. Table C2 compares the predicted values of the

thermodynamic properties and flow rates of all process

streams, while Table C3 compares the heat loads in each piece

of equipment involved in the cycle, and the overall cycle

performance.
The comparisons of results listed in Tables C2 and C3

reveal a good agreement between the predicted and reported

values.

Also, the verification of the model included the sensitivity

analysis presented in Florides et al. (2003). More precisely, the

authors studied influence of the absorber inlet LiBr concen-

tration on the coefficient of performance, pump mass flow

rate and absorber exit temperature. The absorber inlet LiBr

concentration was varied from 45.0 to 57.5% and parameter

values listed in Table C4 were assumed.

From the obtained simulation output results shown in

Fig. C1, it can be clearly observed that the COP decreases as the

absorber inlet LiBr concentration increases. Since the cooling

capacity is kept constant at 10.0 kW, the higher absorber inlet

LiBr concentrations, the lower heat requirements in the

evaporator, and consequently, the lower COP values. In

addition, the higher absorber inlet LiBr concentrations, the

higher absorber exit temperatures and pumpmass flow rates.

Finally, Fig. C2 shows the influence of the generator outlet

temperature on the coefficient of performance, pump mass

flow rate and absorber exit temperature. Table C5 lists the

assumed design parameter values for this case. The outlet

temperature of the solution at the generator ½Tout
RV;GEN� has been

varied from 65.0 to 115.0 �C. Fig. C2 plots the obtained simu-

lation output results.

The obtained results show that by keeping constant QEVAP,

T3, T10, T1, P1 and the absorber inlet LiBr concentration X6

(Table C5), it can be observed from Fig. C2 that if the generator

temperature (T4 and T7) increases, the generator pressure also

increases, resulting in an enthalpy increase of the refrigerant

and the solution leaving the generator, which thereby in-

creases the generator load (QGEN). In addition, the heat

removed in the condenser also increases. Thus, the value of

COP (QEVAP/QGEN) decreases as the generator temperature

increases.

In addition it should be mentioned that the simulated re-

sults also reveal that the pump mass flow is not significantly

influenced by the generator outlet temperature. In addition it

should be mentioned that the simulated results also reveal

that the pumpmass flow is not significantly influenced by the

generator outlet temperature. Indeed, the pump mass flow

varies slightly over the range of input generator outlet tem-

perature values; it decreases from 0.04 kg s�1 at 65 �C to

0.037 kg s�1 at 115 �C (6.5%).
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Table C2 e Comparison of thermodynamic properties and mass flow rate estimates for process streams.

Stream h (kJ kg�1) F (kg s�1) P (kPa) T (�C)

Florides et al. This work Florides et al. This work Florides et al. This work Florides et al. This work

1 83.000 83.070 0.053 0.053 0.934 0.934 34.9 34.8

2 83.000 83.070 0.053 0.053 9.660 9.615 34.9 34.8

3 145.410 145.460 0.053 0.053 9.660 9.615 65.0 65

4 212.210 212.170 0.0486 0.0490 9.660 9.615 90.0 89.9

5 144.210 144.110 0.0486 0.0490 9.660 9.615 54.8 54.6

6 144.210 144.110 0.0486 0.0490 0.934 0.934 44.5 44.8

7 2628.052 2627.88 0.0044 0.0040 9.660 9.615 85.0 84.9

8 185.301 186.998 0.0044 0.0040 9.660 9.615 44.3 44.6

9 185.301 183.998 0.0044 0.0040 0.934 0.934 6.0 6.0

10 2511.802 2511.798 0.0043 0.0040 0.934 0.934 6.0 6.0

11 23.500 25.214 1.10$10�4 1.07$10�4 0.934 0.934 6.0 6.0

Table C3 e Energy flows involved in the main process
components.

Symbol This
work

Florides
et al.

Evaporator capacity (kW) QEVAP 10.00 10.00

Heat rejected from absorber

to environment (kW)

QABS 13.45 13.42

Heat input to the

regenerator (kW)

QGEN 14.21 14.20

Heat rejected from

condenser to environment (kW)

QCOND 10.76 10.78

Coefficient of performance COP 0.704 0.704

Effectiveness of SHE EL 0.523 0.524

Table C4 e Design parameter values assumed for
verification of the model (Fig. B1).

Parameter Value

Outlet temperature of the solution

at the heat exchanger [�C]
55.0

Outlet temperature of the solution

at the generator [�C]
75.0

Condenser temperature [�C] 70.0

Evaporator capacity 10.0

Evaporator temperature [�C] 6.0

Outlet LiBr percentage ratio

at the absorber [%]

60.0

Generator and condenser pressure [kPa] 4.82

Absorber and evaporator pressure [kPa] 0.934

Absorber inlet LiBr concentration [%] Varied from 45.0 to 57.5

Table C5 e Design parameters values assumed for
verification of the model (Fig. B2).

Parameter Value

Outlet temperature of the solution at the

heat exchanger [�C]
55.0

Evaporator capacity 10.0

Evaporator temperature [�C] 6.0

Absorber inlet LiBr concentration [%] 52.5

Outlet temperature of theweak solution at

the absorber [�C]
30.4

Absorber and evaporator pressure [kPa] 0.934

Generator exit temperature [�C] Varied from 65 to 115
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