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Abstract 

The optimization of a multi-generation system which represents the integrated dual-purpose 

desalination plant and a low-scale absorption refrigeration system is addressed. A nonlinear 

mathematical programming optimization model that integrates a natural gas combined-cycle, a multi-

effect distillation desalination plant, a series flow double-effect water-lithium bromide absorption 

refrigeration system, and a water heater, is developed based on first-principle models. The model is 

implemented in General Algebraic Modelling System and a generalized gradient-based optimization 

algorithm is used. 

Given design specifications for electricity generation (around 37 MW), freshwater production 

(100 kg/s), refrigeration capacity (2 MW), and thermal load for heating (around 0.7 MW of hot 

water), the integrated system is optimized by minimizing two objective functions by single-objective 

optimization: total heat transfer area and total annual cost. As a result, minimum total heat transfer 

area values of 39148 m2, 36002 m2, and 35161 m2 are obtained when 4, 5, and 6 distillation effects 

were considered in the multi-effect distillation system, respectively. Also, a minimum annual cost of 

around 24 MM$/yr. is obtained for 5 distillation effects.  

The influence of the number of effects in the multi-effect distillation subsystem on the optimal 

solutions is analyzed. Cost-effective optimal solutions are developed for the studied multi-generation 

system. 

 

Keywords: Multi-generation; dual-purpose desalination; absorption refrigeration system; 

optimization; nonlinear programming NLP; GAMS  

 

Nomenclature 

Variable symbols 

A  heat transfer area of a process unit (m2) 

annCAPEX  annualized capital expenditures (MM$/yr.) 

iB


   ith-effect brine mass flow rate (kg/s) 

CR  compression ratio (dimensionless) 
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CRF  capital recovery factor (1/yr.) 

D


   total distillate mass flow rate (kg/s) 

DF  driving force (K) 

F


   total feed mass flow rate (kg/s) 

iF


  ith-effect feed mass flow rate (kg/s) 

hi  ith-effect specific enthalpy (kJ/kg) 

HTA  heat transfer area (m2) 

iL


   ith-effect distillate mass flow rate (kg/s) 

CWM


  cooling water mass flow rate (kg/s)    

am


  air mass flow rate (kg/s) 

fm


  fuel mass flow rate (kg/s) 

gm


  combustion gas mass flow rate (kg/s) 

stm


   total mass flow rate in HRSG (kg/s) 

NE  number of distillation effects 

OPEX   operation expenditures (MM$/yr.) 

p  pressure (kPa) 

Q


   heat/refrigeration capacity (kW) 

Ra  ejector entrainment ratio (dimensionless) 

S


   ejector discharge mixture flow rate (kg/s)  

SW


   seawater feed mass flow rate (kg/s) 

t  total operating time (6500 h/yr.) 

T  temperature (K, °C) 

TAC  total annual cost (MM$/yr.) 

THTA  total heat transfer area (m2) 

U  global heat transfer coefficient (kJ/m2/K) 

iV


   ith-effect vapor mass flow rate (kg/s) 

xi   ith-effect brine composition (kg/kg) 

Zk  investment cost of component k ($) 

Greek symbols 

α  exponential factor (dimensionless) 

ΔTML   logarithm mean temperature difference (K) 

λ  vaporization latent heat (kJ/kg) 

η  isentropic efficiency (dimensionless) 

ε  effectiveness (dimensionless) 

 

Abbreviations 

ABS  absorber 

APH  air preheater  

ARS  absorption refrigeration system  

BPE  boiling point elevation  

CC  combustion chamber  

COMP  compressor  

COND  condenser  

DPDP  dual-purpose desalination plant  
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Ei  distillation effect i 

ECON  economizer  

EVAP  evaporator 

GA  genetic algorithm  

GAMS  General Algebraic Modelling System  

GRG  generalized reduced gradient  

GT  gas turbine  

HP  high pressure  

HRSG  heat recovery steam generator  

HTA  heat transfer area 

HTG  high-temperature generator  

HTSHE high-temperature solution heat exchanger 

LP  low pressure  

LTC  low-temperature condenser  

LTG  low-temperature generator  

LTSHE low-temperature solution heat exchanger  

MED  multi-effect distillation 

MGS  multi-generation system  

MSF  multiple stage flash  

NGCC  natural gas combined-cycle  

NLP  nonlinear programming  

OF  objective function  

PG  power generation  

PreHi  preheater i 

ST  steam turbine  

WH  water heater 

 

1 Introduction 

Tri-generation is the simultaneous production of electricity, heating, and refrigeration from 

renewable or non-renewable energy sources by integration of a power cycle with a refrigeration 

cycle and a heat recovery system [1]. In multi-generation systems, part of the electricity or 

refrigeration or heating is used to produce one or more additional products/outputs/services such as 

hydrogen or drying or hot water [2], or hot water and hydrogen [3, 4], or hydrogen and potable water 

[5, 6]. These systems constitute alternatives that help the community to satisfy global energy needs 

while lowering environmental impacts and costs. Reductions in fuel use, emissions of CO2 and 

wastes, and improved efficiencies are potential benefits of multi-generation over single-generation 

[2]. 

In view of the variety of individual processes being integrated, scale of the integrated processes, 

energy prime movers, among other key aspects, tri- and multi-generation systems should be designed 

taking into consideration whether the extra investment for producing outputs – in addition to power – 

is justified in terms of revenue, payback period, levelized electricity cost, or environmental impact 

[1]. Thereby, different criteria should be defined to assess and compare the benefits of multi-
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generation systems from multiple perspectives. Different computational, methodological, and 

solution approaches and tools, such as multi-objective optimization (MOO) and multivariable or 

simultaneous optimization techniques as well as advanced process simulation software are definitely 

needed. Under this perspective, two main conclusions can be drawn from a literature survey on 

multi-generation systems: a) although there are many works on multi-generation systems, most of 

them do not include a seawater desalination system in the tri- or multi-generation system [3,4,7–16], 

b) most of the optimization algorithms used for multi-generation systems – either with or without 

desalination – are of meta-heuristic type, ranging from genetic algorithms (GAs) to artificial neural 

networks (ANNs), as it is described next. 

Applications of GAs in multi-generation systems that do not include desalination systems can be 

found in [17, 18] and that include distillation-based desalination systems can be found in [19–24]. A 

micro multi-generation system to produce power, refrigeration, heating, and freshwater has been 

studies in [22]. The system included a solid oxide fuel cell (SOFC), a micro gas turbine (MGT), a 

multi-effect distillation (MED) desalination unit, an organic steam ejector refrigerator (OSER), and a 

heat exchanger. The authors performed energy, exergy, economic, and environmental analyses for a 

reference case. Also, two MOO problems were conducted using the non-dominated sorting genetic 

algorithm II (NSGA-II) method, and the obtained results were compared with the reference case. The 

first MOO problem considered the overall energy efficiency, exergy efficiency, and total cost as 

objectives, while the second one considered the overall energy efficiency, freshwater production, and 

net power output. A result showed that the freshwater production increased by 0.1267 kg/s with 

respect to the reference case, while the system’s overall energy efficiency decreased by 8.6%. An 

innovative multi-generation system using a geothermal heat source, a Kalina cycle, an absorption 

refrigeration system (ARS), a humidification-dehumidification (HDH) desalination system, and a 

domestic water heater system has been investigated in [24]. The authors employed exergoeconomic 

optimization and used GA. They first solved single-objective optimization (SOO) problems 

considering the thermal efficiency, exergy efficiency, and total cost as objective functions, and then, 

MOO problems considering these three objectives with different weighting coefficients. 

Applications of GAs for the study of multi-generation systems based on reverse osmosis (RO) 

can be found in [25–27] and on MED/RO hybrid systems in [28]. The authors of [28] have evaluated 

a multi-generation system composed by a MED desalination unit with thermal vapor compression 

(TVC) and a RO desalination unit, a gas turbine (GT) unit, an absorption chiller, and parabolic 

trough solar collectors (PTSC) to produce power, heating, and freshwater. The authors studied the 

system by applying exergy, exergoeconomic, and exergoenvironmental analyses. MOO was 

performed to maximize the exergetic efficiency and to minimize costs and environmental impacts. 

To this end, multi-objective genetic algorithm (MOGA) and multi-objective water cycle algorithm 
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(MOWCA) were applied and compared, obtaining practically the same solutions. 

Also, multi-generation systems including seawater desalination have been studied by combining 

GA and ANN [29, 30]. In [29] a new solar and biomass-based multi-generation system comprising a 

steam Rankine cycle, a double-effect ARS, a proton exchange membrane (PEM) electrolyzer, a 

MED desalination unit, and a PTSC has been investigated. Exergy, exergoeconomic, and 

exergoenvironmental analyses have been carried out to calculate the inefficiencies occurring in the 

components. Then, multi-criteria optimization approach based on a GA was applied to determine the 

optimum design of the system considering thermodynamic (exergy efficiency) and thermoeconomic 

(product cost) criteria. To this end, the authors used ANN to learn the relationships between inputs 

and outputs – black box model – from training data taken from solutions obtained by using the 

Engineering Equation Solver (EES). Then, the trained model was imported into the GA toolbox of 

MATLAB software to perform MOO aiming at the maximization of the exergy efficiency and 

minimization of the product cost.  

The derivative-free optimization algorithms mentioned above have received considerable 

attention within the optimization community during the last time. They are probabilistic methods that 

do not need the analytical knowledge of the function. Therefore, a solution obtained from any 

evolutionary algorithm is better only when it is compared to other(s) solution(s), and no test is 

performed to check whether the “better” solution is optimal. Then, these algorithms never “know” 

when to stop, apart from the length of time, or the number of iterations or candidate solutions that the 

user wants to allow it to explore. Metaheuristic algorithms are best used on cases where it is difficult 

or impossible to test for optimality. However, in optimization problems where the search space has 

structures that can be exploited by special-purpose search techniques, GAs generally show poor 

efficiencies from a computational point of view. In such cases, mathematical programming 

techniques employing deterministic optimization algorithms are strongly suggested. 

There are several articles addressing the study of multi-generation systems including 

desalination processes by applying exergoeconomic analysis [31–35]. Unlike other methods, exergy-

based analyses provide relevant information about the exergy destruction (inefficiencies) associated 

to all system components through the avoidable endogenous and avoidable exogenous values and, 

therefore, they can be employed to design more efficient energy conversion systems [36]. However, 

these methods need a large number of calculations to obtain the avoidable endogenous and avoidable 

exogenous values and require to define both the ideal process and the so-called hybrid process, 

which is a subjective task having a strong influence on the obtained results. 

Also, multi-generation systems including desalination have been studied by using simulation 

models implemented in MATLAB [37], combining HYSYS with MATLAB [38, 39], using EES 
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[40–42], and combining EES with TRNSYS [43, 44]. In these works, several parametric studies were 

conducted. In [37] was reported detailed simulations of a tri-generation system combining 

concentrated solar power (CSP), a steam Rankine cycle (SRC), a MED desalination unit, and an 

ARS to satisfy demands for 1000 residential houses. MATLAB software was used to perform the 

energy, exergy, and economic analyses. In [38] has been proposed an integrated system by 

considering an upgrading bio-LNG system, a MED desalination unit, an organic Rankine cycle 

(ORC), a photovoltaic system (PV), and a geothermal source, which was studied by energy and 

exergy analyses. HYSYS was used for simulating the LNG process and the ORC, 

HYSYS/MATLAB for the MED system, and PVSYST for the solar PV system. The authors showed 

that the integrated system can produce 5.295 kg/s of bio-LNG, 2.773 kg/s of freshwater, and 840 kW 

of power, with overall system’s energy and exergy efficiencies of 73.2% and 76.8%, respectively. A 

multi-generation system to produce electricity, freshwater, hydrogen, and refrigeration by using solar 

and geothermal energy has been investigated in [40]. The system comprises a solar integrated 

ammonia fuel cell system, a RO desalination system, a PEM-based hydrogen production unit, and an 

ARS. One of the four used turbines works with geothermal fluid. Energy and exergy analyses were 

performed by using EES. The influence of the geothermal fluid and ambient temperatures, flashing 

pressure, and turbine efficiency on the system performance was studied parametrically. Overall 

energy and exergy efficiencies of 42.3% and 21.3% were obtained, respectively. In [41] the results of 

thermodynamic assessment of a multi-generation system to produce electrical power, refrigeration, 

potable and sanitary water, and hydrogen has been reported. The following subsystems were 

included: a SOFC unit, a GT, a biomass combustor, an ORC integrated with an ejector refrigeration 

system (ERS), a HDH desalination unit, and a PEM electrolyzer. A simulation model was 

implemented in EES to see the effect of the current density, fuel utilization factor, and SOFC inlet 

temperature on the generated net electrical power, refrigeration capacity, and overall energy and 

exergy efficiencies. The authors reported an output electrical power of 4392 kW, a refrigeration load 

of 164.2 kW, potable and sanitary water production rates of 41.6 m3/d and 41.0 m3/d, respectively, 

and hydrogen production rate of 67.02 kg/d, at overall energy and exergy efficiencies of 77.6% and 

47.1%, respectively. Also, dynamic simulation models of multi-generation systems have been 

implemented in TRNSYS software package [43, 44]. 

Parametric-based studies using simulation models are useful to assess the performance of the 

examined system and to find acceptable design parameters without satisfying mathematical optimum 

criteria. In general, in parametric studies based on simulations, a given model parameter is varied 

while the other ones are kept fixed. Therefore, this approach cannot provide the optimal design 

parameter values of the system since the trade-offs established between all the process variables are 

not elucidated simultaneously. Thus, in process models where the objective function being evaluated 
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is influenced by several design parameters, the optimization task of such processes is not 

straightforward. Unlike this, the application of mathematical programming techniques performing 

simultaneous optimization is more convenient than the use of parametric studies based on 

simulations for searching for “optimal” design parameters. 

Although mathematical programming is not new and it has been successfully applied to many 

energy conversion systems [45–52], only few articles applying simultaneous optimization of the 

process variables with deterministic optimization algorithms can be found in the literature, to 

optimize multi-generation systems including desalination processes [53–56]. For example, in [53] 

was developed a mixed-integer linear programming (MILP) model to study a multi-generation 

system to produce electrical power, refrigeration, heating, HCl, CO2-absorbing brine, and freshwater 

by RO. The authors proposed a multi-period formulation to include the variations in demands of 

products as well as the electricity price. The resulting MILP model is a simplification of the original 

model since all the nonlinear constraints were linearized. The model was implemented in GAMS and 

solved with LINGO. HCl and CO2-absorbing treated brine are produced in an electrolysis unit from 

the brine stream leaving the RO unit. Two single-objective functions based on profit and carbon 

footprint were formulated. A mixed-integer nonlinear programming (MINLP) model for a micro-

multigeneration system capable of producing power, refrigeration, and freshwater to satisfy demands 

of touristic hotels in Spain was proposed in [55]. An internal combustion engine as prime mover 

device, a single-effect H2O-LiBr ARS, plate heat exchangers, a small scale MED and/or RO 

desalination units were considered. Given the hotel location and demand specifications, the model 

determines the best desalination technology and the optimal capacities of the system components. 

The MINLP model was implemented in GAMS and solved using DICOPT. 

In this paper, a nonlinear programming (NLP) model of a multi-generation energy system to 

produce electrical power, refrigeration, freshwater by seawater MED thermal desalination, and hot 

water for heating is developed and an optimization algorithm based on the generalized reduced 

gradient (GRG) method is used to determine the optimal number of distillation effects, sizes of the 

system components, and operating conditions. The studied integrated system is optimized by single-

objective optimization considering two different objective functions: the total heat transfer area 

(THTA) and the total annual cost (TAC). Unlike published articles, the number of distillation effects 

in the MED process is optimized for given product specifications. To this end, and to avoid 

introducing discrete decisions, the optimal number of effects is determined parametrically but 

solving simultaneously all the trade-offs between process-unit sizes and operating conditions at the 

same time. Here it is worth distinguishing between parameterization of discrete decisions and 

parameterization of continuous decisions. In this work, the optimization problem involves only one 
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discrete decision – the total number of distillation effects in the MED desalination system –. If 

parameterization is performed on continuous decisions, then several simulations have to be executed 

due to the large number of combinations that should be explored, with the risk of not finding the set 

of optimal values for all the variables. To avoid this risk, it is proposed to optimize the continuous 

decisions simultaneously and vary parametrically the number of distillation effects in the MED 

desalination system only. It should be mentioned that the number of distillation effects can be 

modelled by using integer or binary variables, but this would imply a MINLP formulation type, 

which is more difficult to solve than a NLP formulation type. If the proposed optimization problem 

had involved more than one discrete decision, a MINLP formulation would have been chosen to 

simultaneously optimize the discrete and continuous decisions. 

2 Process description 

Figure 1 shows the considered multi-generation energy system for producing electrical power, 

freshwater, refrigeration, and heating (hot water) by integration of a power generation (PG) system, a 

multi-effect distillation (MED) desalination system, a series flow double-effect H2O-LiBr absorption 

refrigeration system (ARS), and a water heater (WH). As shown, the PG, MED, and ARS 

subsystems are directly coupled through the heat recovery steam generator (HRSG), which operates 

at two pressure levels. The PG system basically consists of a compressor (COMP), an air preheater 

(APH), a combustion chamber (CC), and a gas turbine (GT). The combustion gases are expanded in 

the GT to generate power. A fraction of the generated power is used to run the COMP to compress 

the air required for combustion and the rest is provided as output electrical power. After expanded, 

the exhaust gases are conducted to the HRSG to produce saturated steam at two pressure levels. Each 

pressure level includes an economizer (ECON) and an evaporator (EVAP). The saturated high-

pressure (HP) steam (S1) is sent to the first distillation effect of the MED system after passing 

through an ejector, where it is mixed with a fraction of the vapour generated in the last distillation 

effect of the MED system. After transferring its latent heat of condensation in the first effect, it is 

then returned back to the HP zone of the HRSG. The saturated low-pressure (LP) steam (S2) is used 

to power the ARS by transferring latent heat of condensation in the high-temperature generator 

(HTG) to vaporize the refrigerant (H2O) from the weak LiBr solution. The condensate (saturated 

liquid) is passed through the water heater (WH) to provide hot water as heating output, and then, it is 

returned back to LP zone of the HRSG. In the ARS, the refrigerant vaporized in the HTG goes 

through the low-temperature generator (LTG), where it condenses transferring latent heat of 

condensation to the strong LiBr solution – coming from the high-temperature solution heat 

exchanger (HTSHE) through an expansion valve – for vaporizing an additional amount of 
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refrigerant. Both fractions of refrigerant are mixed and passed through the low-temperature 

condenser (LTC) and an expansion value to the evaporator (EVAP), where the refrigeration output is 

provided. The freshwater is obtained by the MED system that basically consists of in-series 

evaporation effects (Ei) with the corresponding preheaters (PreHi), a condenser (COND), and an 

ejector. Freshwater (distillate) is produced by recovering the vapour of the boiling brine in the 

effects, which are operated at decreasing pressure levels. Since the water boiling point elevation 

(BPE) decreases with decreasing pressure levels, the vapour produced in one effect is used to heat 

the next one, except for the first (hottest) effect, which is heated by the HP steam (S1) produced in 

the HRSG after passing through the ejector, as mentioned.  

 

Figure 1. Multi-generation system for producing electricity, refrigeration, freshwater, and heating. 

 

The integrated process presents several trade-offs that result from the combinations of the trade-

offs associated with each subsystem. These trade-offs involve, for instance, the fuel consumption and 

air supply rates, flow rate, pressure, temperature, and composition values of all process streams 

(seawater, freshwater, strong and weak LiBr solutions, steam, cooling water), and the heat loads in 

the system components with their corresponding heat transfer areas and driving forces. 
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3 Mathematical model 

 A comprehensive first-principle-based mathematical model of the integrated system was derived 

and implemented using mathematical models of subsystems that have already been verified and 

validated in previous works and mathematical models developed, verified, and validated for this 

work. The model corresponding to the gas turbine and boiler (GT/HRSG) cycle is that used in [57] 

and reported elsewhere [58–60]. The model corresponding to the series flow double-effect H2O-LiBr 

ARS system is that reported in [61]. Since the model of the MED system has not been previously 

reported, only the main model equations of this subsystem are presented. The cost model considered 

for the TAC minimization is also presented. The resulting mathematical model involves 583 

constraints (equalities and inequalities constraints) and 570 variables. Inequalities constraints are 

included, for instance, to avoid temperature crosses in the heat exchangers. 

3.1 Multi-effect distillation desalination system model 

 In a MED system, evaporation occurs in a film of seawater that is in contact with the heat 

transfer area. Differently, in a multiple stage flash (MSF) desalination plant, only convective heating 

of seawater takes place inside the tubes and the evaporation phenomenon occurs from a brine stream 

that flashes in each stage. Figure 2 shows a schematic of the MED system to derive the mathematical 

model presented next. 

 

Figure 2. Schematic of the multi-effect distillation (MED) desalination system  
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Mass and energy balances of the distillation effect Ei: 

E

i i iF V B
 

   i = 1 (1)
 

B

i SW i iF x B x
 

    i = 1 (2)
 

F B E E

i i S i i i V ,iF h S B h V h
  

        i = 1 (3)
 

i 1i i iF B V B
   

    i = 2, ..., N−1 (4)
 

B B

i SW i 1 i 1 i iF x B x B x
  

       i = 2, ..., N−1 (5)
 

F F E f B E E

i i i 1 i 1 i 1 i 1 i 1 i i i V ,iF h B h (V V ) B h V h
    

               i = 2, ..., N−1 (6)
 

Mass and energy balances in the distillate flashing chambers DPi: 

E f f
i 1i 1 i 1 i iV V L V L

   

      i = 2, ..., N−1 (7)
 

E f f f f f

i 1 i 1 i 1 L,i 1 i V ,i i L,i(V V L ) h V h L h
   

           i = 2, ..., N−1 (8)
 

Energy balances of the pre-heater PreHi and condenser COND: 

E E E Pr eH ,out Pr eH ,in

i V ,i V ,sat ,i i i i

i' i

V ( h h ) F ( h h )
 



      i = 1,..., N (9) 

E f PreH ,in SW

i i i i(V V ) SW ( h h )
  

      i = 1,..., N (10) 

CWSW F M
  

    (11)
 

Heat transfer areas: 

B

S E ,i E ,i S iS U A (T T )


      i = 1 (12)
 

E f D B

i 1 i 1 i 1 E,i E ,i i 1 i(V V ) U A (T T )
 

          i = 2,..., N (13)
 

E E E

i V ,i V ,sat ,i PreH ,i PreH ,i PreH ,iV ( h h ) U A DF


      i = 1,..., N (14)
 

E f

i i i COND COND COND(V V ) U A DF
 

      i = N (15)
 

where DFPreH,i and DFCOND refer to the driving forces in the preheater PreHi and condenser COND, 

respectively, which are calculated by the approximation in [62]; UE,i, UPreH,i, and UCOND are the 

overall heat transfer coefficients, which are calculated by correlations reported in [63].  

Finally, the model includes the constraints associated to the steam ejector [63]: 
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     
            EV

0.015
1.19

S M

1.04

EV

P P PCF
Ra 0.296

P P TCF
  (16)

 

     7 2

M MPFC 3 10 P 0.0009 P 1.6101   (17)
 

     8 2

EV EVTCF 2 10 T 0.0006 T 1.0047   (18)
 

Ra is the entrainment ratio; PM, PS, and PEV are the pressures of the motive steam (equal to 

Psat,HP EVAP of HRSG), discharge mixture, and entrained vapor (equal to PN of the MED last effect N), 

respectively. 

The total MED heat transfer area (HTAMED) is expressed as:  

 

   
E EN N

MED E,i Pr eH ,i COND

i 1 i 1

HTA A A A   (19)
 

3.2 Cost model 

The total annual cost (TAC) used as the objective function (OF) is calculated taken into 

account the (annualized) capital expenditure (annCAPEX) and the operation expenditure (OPEX) is 

expressed as:  

 TAC annCAPEX OPEX  (20) 

where annCAPEX is calculated by Eq. (21) in terms of the capital recovery factor (CRF = 0.1/yr.) 

and the purchased cost Zk of each system component k, which is calculated by Eq. (22):  

  k

k

annCAPEX CRF Z  (21) 

Cost equations reported in [64] are used to calculate the purchased cost Zk for the heat 

exchangers of the ARS and MED subsystems. The factor ZR,k in Eq. (22) refers to the bare module 

factor of the component k, which is listed in Table 1 

 
  

 

k

k
k R,k

R,k

HTA
Z Z

HTA



 
(22) 

The factor HTAR,k refers to the reference size of any heat exchanger k – in terms of heat transfer 

area –. While αk is the respective exponential factor for a component k. In this case, HTAR,k is 100 m2 

and αk is 0.6 for the ARS components. For the MED system components, HTAR,k is 1 m2 and αk is 

0.78. The cost equation to calculate the investment of the heat transfer area is taken from [65]. A cost 

associated with the construction/assembly of a distillation effect of the MED subsystem is also 

considered, which is calculated in terms of the total heat transfer area, and it is expressed as follows: 

 
  

 

k

MED
k ,E R,k ,E

E

HTA
Z Z

N



 
(23) 
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Table 1. Bare module factors ZR,k used in Eq. (22) 

ARS system [64] Value (103 $) 

      Generator 17.5 

      Condenser 8.0 

      Evaporator/Condenser 16.0 

      Absorber 16.5 

      Solution heat exchanger 12.0 

MED system  12.0 

       Evaporation area [65] 9.0 

       Construction/assembly of an effect 12.5 

APH (air pre-heater in PG system) 2.6 

WH (water heating system) 8.0 

 

The purchased costs of the components of the HRSG and PG subsystems are calculated by 

Eqs. (24)–(27), which are taken from [60]. 

0.8

HRSG , j 1.2

HRSG HRSG , j st st g g

j HRSG , j

Q
Z Z C m C m

TLM



 
  
            

  (24) 

where ZHRSG,j = 3650 $·(kW/K)0.8, Cst = 11820 $/(kg·s), and Cg = 658 $/(kg·s). 

11 a 2 2
COMP

12 COMP 1 1

C m P P
Z ln

C P P

           
      

 (25) 

where C11 = 39.5 $/(kg·s) and C12 = 0.9. 

 23 4 24C T C21 a
CC

4
22

5

C m
Z 1 e

P
C

P



 

 
 
   
  
 

 (26) 

where C21 = 25.6 $/(kg·s), C22 = 0.995, C23 = 0.018/K, C24 = 26.4. 

 33 4 3431 g C T C4
GT

32 GT 5

C m P
Z ln 1 e

C P



 

 
           

 

 (27) 

where C31 = 266.3 $/(kg·s), C32 = 0.92, C33 = 0.036/K, and C34 = 54.4.
 

The OPEX accounts for the cost associated to the fuel demand and it is calculated as follows:  

S fOPEX C m 3600 t


   
 

(28) 

where CS and t refer to the unitary cost of steam (0.006 $/MJ) and the total operating time (6500 

h/yr.), respectively. 
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4 Problem statement and solution strategy 

4.1 Problem statement 

Given the required levels of electrical power generation, freshwater production, refrigeration, 

and heating, the problem is to simultaneously determine the optimal operating conditions and sizes of 

all subsystem components that minimize (a) the total heat transfer area of the integrated multi-

generation system (THTAMGS), and (b) the total annual cost of the integrated multi-generation system 

(TAC). The two proposed single-objective optimization problems are formally expressed as follows 

(Eq. (29)):  

E

                      Min ( )

subject to:

( ) 0

( ) 0

Process design specifications

Process data 

Cost data

N












f x

g x

h x

 

(29) 

where x is the vector of the model optimization variables; f(x) is the objective function being 

minimized in each case, i.e. f(x) refers to THTAMGS or TAC, as appropriate; g(x) refers to the set of 

the equality constraints i.e. mass and energy balances, design and sizing equations, equations to 

calculate the physicochemical and thermodynamic properties, cost equations, among others; h(x) 

refers to the set of the inequality constraints, which are included, for instance, for avoiding 

temperature crosses between process streams in a heat exchanger. The “process design 

specifications” represent the model parameters associated with the required multi-generation system 

outputs i.e. net electrical power generation, freshwater production, and refrigeration and heating 

capacities. The “process data” represent the set of all type of data necessary to describe the 

subsystems. The symbol NE indicates the number of distillation effects in the MED system, which is 

a model parameter that is parametrically varied from 4 to 6. 

4.2 Optimization strategy 

The optimization models and the solution strategy were implemented in the GAMS modeling 

environment [66]. Figure 3 shows the flowchart of the strategy proposed in this work for solving the 

optimization problems in GAMS environment with the generalized reduced gradient (GRG) 

algorithm-based CONOPT solver [67]. A pre-processing phase to initialize the model variables was 

included in the solution strategy to obtain an initial and feasible solution to be used in the 

optimization phase. As it is shown, the pre-processing phase systematically solves a sequence of 

simulation models of larger sizes. The strategy starts by solving ‘MODEL 1’, which includes the 
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mass and energy balances; it is solved in simulation mode as no objective function is considered. The 

benefit of solving this model is to obtain a feasible solution at a low computational cost; that is, to 

obtain values of pressures, temperatures, compositions, and flow rates that satisfy the mass and 

energy balances. In order to solve this simulation model, the degrees of freedom are accordingly 

fixed by assigning values to some model variables. For instance, some of the fixed variables are the 

pressure ratio in the GT and the operating pressures in the HRSG. The solution obtained for this 

problem is afterward used as a starting point – the initialization point – to solve ‘MODEL 2’, which 

adds to MODEL 1 the design equations to calculate the heat transfer area of all system components. 

In MODEL 2, the added variables associated to all driving forces and heat transfer areas are 

automatically initialized using the values of temperatures, enthalpies, and flow rates obtained from 

MODEL 1. The MODEL 2 is also a simulation model because it is solved by keeping fixed the same 

degrees of freedom considered in MODEL 1 and no new ones are added. Then, the solution obtained 

for MODEL 2 is used as the initialization point to solve ‘MODEL 3’, which adds to MODEL 2 the 

cost model equations. In MODEL 3, the added variables of the cost model are automatically 

initialized using the values of flow rates and sizes of the system components obtained from MODEL 

2. MODEL 3 is solved keeping fixed the same degrees of freedom as in the previous models. Then, 

the simulation solution obtained from MODEL 3 is used to start the GRG method to optimize 

MODEL 3 but now including the objective function and realising the degrees of freedom i.e. 

previously fixed variables are now free variables. The convergence of the GRG optimization method 

is facilitated by the pre-processing phase since MODEL 3 – the most complex model – is optimized 

using an initial point that already satisfies the mass and energy balances, sizing, and cost equations. 

The optimal number of distillation effect NE is obtained parametrically i.e. by applying the solution 

strategy – simultaneous optimization of the operating conditions, sizes, and costs of process units – 

for each NE value and comparing the corresponding objective function values. Finally, it should be 

mentioned that the solution strategy is valid for any objective function specified by the user such as 

maximization of efficiencies, minimization of fuel consumption, minimization of total heat transfer 

area, and minimization of total cost. 
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Figure 3. Flowchart of the strategy used for solving the optimization problems in GAMS with the 

GRG-based CONOPT code. 

5 Results 

Table 2 lists the considered design specifications and process data. The optimization problems 

formulated in Eq. (29) are solved for these values by varying parametrically the number of 

distillation effects (NE) in the MED system from 4 to 6 effects. Minimization of the total heat transfer 

area is addressed in section 5.1 and minimization of the total annual cost in section 5.2. The main 

variable values obtained for the three numbers of distillation effects are presented and compared in 
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Tables 3–10 and Figures 4–9. 

 

Table 2. Process design specifications and data 

Process design specifications Value 

      Net electrical power generation (kW) 36971  

      Freshwater production (kg/s) 100  

      Refrigeration capacity (kW) 2000  

      Evaporator temperature (ºC) 6.0  

      Heating water (kW) 745  

Process data  

      Seawater temperature (ºC) 25.0 

      Seawater salinity (ppm) 30000 

      Fuel temperature (ºC) 25.0  

      Fuel lower heating value (kJ/kg) 50000 

      Air composition (mole fraction) 79% N2, 21% O2 

      Cooling water temperature (ºC)  25.0 

5.1 Minimization of the total heat transfer area of the integrated system 

The results in Table 3 indicate that the minimum total area of the multi-generation system 

(THTAMGS) required for 4 effects is 39148 m2, of which 26283 m2 correspond to the MED subsystem 

and 11319.8 m2 to the PG/HRSG subsystem. The ARS and WH subsystems require only 1543.5 m2 

and 2.140 m2, respectively. 

 

Table 3. Minimal THTAMGS and optimal areas for different NE values 

  Area, HTA (m2) 

Systems  4 effects 5 effects 6 effects 

Integrated system (THTAMGS)   39148 36002 35161 

Subsystems     

MED  26283 24103 23874 

PG  1431.5 1431.5 1431.5 

HRSG  9888.3 8922.3 8310.3 

ARS   1543.5 1543.5 1543.5 

WH  2.140 2.140 2.140 
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Figure 4. Optimal solution obtained for the PG, ARS, and WH subsystems by THTAMGS minimization  

 

It can be seen in Table 3 that the addition of a fifth distillation effect reduces the THTAMGS 

value by around 8.0% with respect to a four-effect MED system (36002 m2 vs. 39148 m2) as a 

consequence of a reduction in the HTAMED by 8.3% (24103 m2 vs. 26283 m2) and in the HTAHRSG by 

9.8% (8922.3 m2 vs. 9888.3 m2). No variation in the HTAPG, HTAARS, and HTAWH values is observed. 

The optimal values of all the decision variables corresponding to the PG, ARS, and WH systems are 

shown in Figure 4, which are the same for the three analyzed cases (NE = 4, 5, 6). Figure 5 and Table 

4 report the optimal area, heat load, and driving force values in the MED desalination effects, 

preheaters, and condenser for different NE values. 
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(a)                                                                            (b)

 

(c) 

Figure 5. THTAMGS minimization. (a) Optimal area, (b) heat load, and (c) driving force values for 

different NE values 

 

According to Table 5, compared to a four-effect MED system, one main advantage of adding 

a fifth effect is that the last one operates at a lower temperature (47.2 ºC vs. 54.4 ºC) leading to a 

more convenient profile of temperature between the first and last distillation effects, resulting in a 

lower heating steam demand in the first effect (23.429 kg/s vs. 27.897 kg/s) and, consequently, a 

lower associated area (3627.6 m2 vs. 5279.7 m2, Fig. 5). 

 

Table 4. Optimal area, heat load, and driving force values in MED preheaters and condenser for 

different NE values (see individual effects Ei in Fig. 5) 

  NE 

MED components  4 5 6 

– Preheaters     

Total heat load, QT,PreH (kW)  3658.9 3857.3 4009.0 

Total area, THTAPreH (m2)   19.83 16.59 14.30 

– Condenser     

Heat load, QCOND (kW)  35931 33440 34039 

Area, HTACOND (m2)  3379.9 3154.2 3411.3 

Driving force, DFCOND (K)   9.5 8.5 7.4 
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Table 5. Optimal values of mass flow rate, pressure, and temperature of main streams and total heat 

recovered in HRSG for different NE values 

  NE 

Systems  4 5 6 

– HRSG     

Total recovered heat (kW)  44407 43590 43121 

Gas inlet temperature (ºC)  473.6 473.6 473.6 

Gas outlet temperature (ºC)  182.2 187.6 190.6 

– ARS     

LP-level steam to HTG 

    Mass flow rate (kg/s) 

    Pressure (kPa) 

  

1.379 

800.0 

 

1.379 

800.0 

 

1.379 

800.0 

– Steam ejector     

Ejector CR   2.625 3.937 5.881 

Motive steam (from HRSG) 

    Mass flow rate (kg/s) 

    Pressure (kPa) 

  

16.500 

1340.4 

 

16.217 

1248.5 

 

16.096 

1080.2 

Entrained steam (from MED last effect) 

    Mass flow rate (kg/s) 

    Pressure (kPa) 

  

11.397 

14.64 

 

7.212 

10.21 

 

4.525 

7.18 

– MED system     

Feed flow rate to each effect (kg/s)  69.903 51.247 40.499 

Steam entering first effect (from ejector)  

    Mass flow rate (kg/s) 

    Pressure (kPa) 

    Temperature (ºC) 

  

27.897 

38.43 

74.9 

 

23.429 

40.22 

76.0 

 

20.621 

42.23 

77.2 

Brine temperature (ºC)      

    First effect (E1)   70.0 70.0 70.0 

    Last effect  54.4 47.2 40.5 

 

This lower heating steam requirement can be achieved in several ways, in which the ejector 

plays a key role. One possibility is to extract less amount of steam from the HRSG without 

significantly varying its pressure maintaining the amount of entrained vapor in the ejector. Another 

possibility is to maintain a similar heating steam flow rate and extraction pressure in the HRSG and 

extract less amount of vapor from the last effect. In this case, the best possibility is one that allows 

reducing the HTAHRSG value. According to Table 5, the heating steam extracted from the HRSG for 5 

effects is slightly lesser than that extracted for 4 effects (16.217 kg/s vs. 16.500 kg/s) but at a lower 

pressure (1248.5 kPa vs. 1340.4 kPa), while the entrained vapor flow rate entering the ejector 

decreases from 11.397 kg/s to 7.212 kg/s and the vapor compression ratio increases from 2.625 to 

3.937. According to Fig. 6, these reductions not only allow the heat loads in the HP-EVAP and HP-

ECON to decrease with respect to 4 effects (32163 kW vs. 32532 kW in HP-EVAP, and 7843.6 kW 

vs. 8290.8 kW in HP-ECON) but also to increase the driving forces (154.5 °C vs. 148.6 °C in HP-

EVAP, and 100.8 °C vs. 95.5 °C in HP-ECON), both variations positively affecting the reduction in 

the areas of both components (4624.8 m2 vs. 4865.3 m2 in HP-EVAP, and 1946.1 m2 vs. 2171.3 m2 

in HP-ECON). Since the heat load required in the first effect of the 5-effect system is lesser than that 
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required in the 4-effect system, the heat to be recovered in the HRSG is lesser (43590 kW vs. 44407 

kW) and the temperature of the gases leaving the HRSG is 5.3 ºC higher (187.6 ºC vs. 182.2 ºC) due 

to the conditions at the GT exit are the same for all cases. As mentioned above, the optimal variable 

values obtained for the PG, ARS, and WH subsystems are the same for the three NE values (Figure 

4). Regarding the PG subsystem, the generation of 36971 kW for any number of MED effects NE 

requires 128.088 kg/s and 2.150 kg/s of air and fuel, respectively, and 1431.5 m2 in the air preheater 

APH to transfer 16268 kW with a driving force of 113.6 ºC. For all NE values, the heat available in 

the HRSG is the same since the hot gas flow rate and temperature entering the HRSG are the same 

(130.238 kg/s and 473.6 ºC, respectively) but the heat recovered depends on the heating steam 

requirement in the MED first effect, which in turn depends on the number of effects. The greater the 

number of effects, the less amount of heat and area requirements in the MED system, resulting in less 

heat recovered in the HRSG and, consequently, less HRSG area. Despite the fact that the objective 

function consists in minimizing the THTAMGS, the solution allocates 1431.5 m2 in the APH of the PG 

system to achieve the optimal flow rate and temperature values of the hot gases entering the HRSG 

to produce the steam required in the other subsystems. However, these optimal values depend only 

on the power generation (results not shown) but not on the number of MED effects since the greatest 

reduction in the area is achieved in the HRSG – by modifying the temperature of the gases and the 

conditions of the generated steam – as well as in the MED subsystem itself – by modifying the flow 

rate, pressure, and temperature of the seawater, distillate, and brine streams –. Regarding the ARS, its 

behaviour is similar to that observed for the PG subsystem in that the optimal variable values of this 

subsystem (heat loads, areas, and driving forces) are the same for all numbers of distillation effects 

(Figure 4). 

 

Figure 6. Area, heat load, and driving force values in the HRSG system for different NE values  
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According to Figure 4, in the ARS, the HTG heat load is 2822.0 kW, which is satisfied by the 

steam generated in the LP-EVAP in the HRSG coldest zone (Figure 1). The LP-steam closed circuit 

connected to the ARS is physically independent of the HP-steam closed circuit connected to the 

MED system. However, the temperature of the gases that heat the LP closed circuit depend on the 

temperature of the gases that heat the HP closed circuit, which vary with the number of MED effects. 

For this reason, although the heat loads in the LP-EVAP and LP-ECON are the same for any number 

of effects, the areas are different due to the variation of the driving forces, which depend on the gas 

temperature. For example, according to Fig. 6, the heat load in the LP-EVAP is 2822.0 kW in all 

cases, while the LP-EVAP area required for 4 effects is by around 22.4% larger than that for 5 

effects and the LP-EVAP driving force is by around 18.1% lower. Interestingly, the optimal ARS 

configuration includes the HTSHE but eliminates the LTSHE, as shown in Figure 4 (in gray color). 

From the energy integration point of view, it would not be convenient, a priori, to eliminate the 

LTSHE since it would require increasing the heating utility demand in the HTG. Since the THTAMGS 

minimization is considered in this first case study, the optimal trade-off between the required energy 

and the associated areas indicates that, in order to reduce the objective function value, it is preferable 

to eliminate the LTSHE (at the cost of an increase in the HTG area as a consequence of a slight 

increase in the HTG heat load) and maintain the HTSHE with an area of 6.713 m2 – to exchange 

496.48 kW with an associated driving force of 73.9 K –. In case that the HTSHE is also eliminated 

(by forcing to zero its effectiveness εHTSHE), the increase in the HTG area would directly increase the 

THTAMGS value.  

Analyzing the values in Tables 3–5 and Figs.4–6, it can be concluded that the variable 

behaviours obtained by adding a sixth distillation effect to a 5-effect MED system are qualitatively 

the same but with an impact on the area values significantly smaller than those obtained by adding a 

fifth effect to a 4-effect system. The presented results show that the addition of a distillation effect 

does not imply an increase in the THTAMGS but, on the contrary, it implies a decrease in it, since the 

heat loads, areas, and driving forces are distributed more conveniently throughout the effects. This 

can be clearly seen when comparing the distributions of these variables for the three values of 

number of effects studied. This tendency can be confirmed if a seventh effect is added to a 6-effect 

system i.e. the THTAMGS is reduced but the percentage decrease is not significant (results not shown). 

In that case, the pressure level of the steam generated in the HRSG to power the MED system 

decreases, tending to the pressure level of the steam generated for the ARS. Then, the HRSG heat 

exchanger configuration may change and even lead to the unification of the two steam circuits – the 

two pressure levels – thus requiring only one economizer-evaporator pair. 
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5.2 Minimization of the total annual cost of the integrated system 

Maintaining the same design specifications as in the previous case, it is proposed to 

simultaneously determine the optimal process-unit dimensions and operating conditions that 

minimize the total annual cost (TAC) of the integrated system by varying parametrically the number 

of distillation effects (NE). 

 

   

 

 

 

 

 

 

 

 

           (a)                                                                                                   (b) 

(c) 

Figure 7. TAC minimization. a) Minimal TAC, b) optimal OPEX, c) optimal annCAPEX. 

 

Figure 7 compares the minimum TAC values and the corresponding optimal OPEX and 

annCAPEX values obtained for 4, 5, and 6 effects. Tables 6–10 compare the cost distribution, 

operating conditions of the main process streams, and areas, heat loads and driving forces of the 

main process units. 
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Table 6. TAC minimization. TAC, OPEX, and annCAPEX values, and contributions of the process 

units to the total investment. 

 NE 

 4  5 6 

TAC (MM$/yr.) (a) 24.060 23.985 24.030 

OPEX (MM$/yr.) 14.805 14.680 14.656 

annCAPEX (MM$/yr.) 9.255      9.305      9.374 

ZTOTAL (MM$) 92.547 93.054 93.741 

    ZMED (MM$) 87.485 87.967 88.645 

      Cost for area of pre-heaters, effects and condenser (b) 43.925 43.088 42.532 

      Construction/assembly cost of effects (c) 43.560 44.879 46.113 

    ZPG (M$) 3773.29 3597.4 3606.6 

           ZGT 1705.6  1480.5 1480.6 

           ZCOMP 1171.5  839.10 838.98 

           ZAPH        767.21  1154.9 1164.0 

           ZCC    128.98  122.90 122.95 

    ZHRSG (M$) (d) 1152.7  1347.8 1347.6 

           ZHP-EVAP 245.98 275.81 276.81 

           ZHP-ECON 136.00 144.69 143.70 

           ZLP-EVAP 316.97 447.32 447.32 

           ZLP-ECON 47.68 61.84 61.84 

     ZARS ($) 136090 140820 140820 

           ZHTG          7445 7691 7691 

           ZABS          55680 55062 55062 

           ZLTG         44135 49209 49209 

           ZHTSHE     2373 2373 2373 

           ZEVAP         22382 22382 22382 

           ZCOND         3998 4027 4027 

           ZLTSHE       76 78 78 

      ZWH ($) 786 796 796 
(a) 1 M$ refers to 1×103 $; 1 MM$ refers to 1×106 $. 

(b) Cost associated to the total heat transfer area required by pre-heaters, effects, and condenser. 

(c) Cost associated with the construction/assembly of the distillation effects. 

(d) ZHRSG includes the 5th and 6th terms present in Eq. (24).   

 

According to Fig. 7a and Table 6, it is observed that the obtained minimum TAC value is 

23.985 MM$/yr. and that it corresponds to a MED system having 5 distillation effects. The TAC 

values are similar as the difference between the values corresponding to 5 and 4 effects is only 

−0.075 MM$/yr. (23.985 MM$/yr. vs. 24.060 MM$/yr.) and those corresponding to 6 and 5 effects is 

+0.045 MM$/yr. (24.030 MM$/yr. vs. 23.985 MM$/yr.). This is due to the equilibrium point 

between OPEX and annCAPEX. Table 6 and Figs. 7b and 7c show that an increase in the number of 

distillation effects produces a decrease in OPEX (Fig. 7b), which is practically of the same 

magnitude as the increase in annCAPEX (Fig. 5c), thus resulting in no significant variations in TAC. 

However, the relative variations between the reduction in OPEX and the increase in annCAPEX for 

increasing NE values determine a minimum TAC value and, consequently, an optimal NE value. 

When NE increases from 4 to 5 distillation effects, OPEX decreases 0.125 MM$/yr. while 
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annCAPEX increases 0.050 MM$/yr., thus resulting in a reduction in TAC of 0.075 MM$/yr., as 

mentioned. When NE increases from 5 to 6 distillation effects, OPEX decreases only by 0.024 

MM$/yr. due to a decrease in fuel consumption of 0.018 kg/s (Table 7) while the annCAPEX 

increases by 0.069 MM$/yr., thus resulting in an increase in TAC of 0.045 MM$/yr., as mentioned. 

In other words, when NE increases from 4 to 5 effects the decrease in OPEX is more important than 

the increase in annCAPEX, contrary to what happens when NE increases from 5 to 6 effects. 

 

Table 7. TAC minimization. Optimal mass flow rate, pressure, and temperature values of main 

streams and total heat recovered in HRSG for different NE values. 
  NE 

Systems  4 5 6 

– PG 

Compressor CR 

  

6.558 

 

5.125 

 

5.124 

Fuel (kg/s)  2.109 2.091 2.088 

Air (kg/s)  115.222 125.259 125.263 

Inlet temperature at the combustor chamber (K)  783.9 846.6 848.0 

– HRSG     

Gases exhaust (kg/s)  117.331 127.350 127.350 

Gas inlet temperature (K)  781.6 737.7 736.5 

Gas outlet temperature (K)  439.8 437.2 437.2 

– ARS     

LP-level steam to HTG 

    Mass flow rate (kg/s) 

    Pressure (kPa) 

  

1.348 

800.0 

 

1.374 

755.0 

 

1.374 

755.0 

– Steam ejector     

Ejector CR   2.932 4.261 6.665 

Motive steam (from HRSG) 

    Mass flow rate (kg/s) 

    Pressure (kPa) 

  

17.549 

1446.5 

 

16.686 

1433.2 

 

16.667 

1410.6 

Entrained steam (from MED last effect) 

    Mass flow rate (kg/s) 

    Pressure (kPa) 

  

10.822 

13.50 

 

6.924 

9.65 

 

4.291 

6.59 

– MED system     

Feed flow rate to each effect (kg/s)  71.333 50.354 40.119 

Steam entering first effect (from ejector)  

    Mass flow rate (kg/s) 

    Pressure (kPa) 

    Temperature (ºC) 

  

28.371 

39.57 

75.6 

 

23.792 

41.13  

76.5 

 

20.958 

43.95 

78.1 

Brine temperature (ºC)      

    First effect (E1)   70.0 70.0 70.0 

    Last effect  52.7 46.1 38.9 

 

Regarding the influence of the PG subsystem on the annCAPEX value, it can be observed that 

when NE increases from 4 to 5 distillation effects, the fuel consumption decreases (Table 7) due to an 

increase in the area of the air preheater (HTAPG) of 951.8 m2 (from 1539.6 m2 to 2491.4 m2, Table 8), 

consequently increasing the cost ZAPH associated with this area (from 0.767 MM$ to 1.155 MM$, 

Table 6). This increase in the APH heat transfer area (HTAPG) determines an increase in the air 
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temperature at the combustor inlet of 62.7 K (from 783.9 K to 846.6 K, Table 7), and it also allows 

the compressor COMP to operate at a lower compression ratio CR (5.125 vs. 6.558, Table 7), 

reducing its investment cost ZCOMP from 1.171 MM$ to 0.839 MM$ (Table 6). The decrease in the 

fuel flow rate is accompanied by a decrease in the air flow rate, which implies a reduction in the 

investment required for the combustor ZCC from 0.129 MM$ to 0.123 MM$. Thus, it is observed that 

it is convenient to increase the HTAPG since it allows to consume less fuel (and consequently to 

reduce the OPEX value) and to reduce the investment required for the compressor and combustor. 

Regarding the influence of the MED system on the annCAPEX value, it can be observed in 

Table 6 that the investment required by this subsystem ZMED increases with increasing NE values 

despite the fact that its total area decreases (Table 8). As observed in Table 6, the part of the 

investment cost that is directly associated with the area decreases with increasing NE values but the 

part of the investment cost associated with the construction/assembly of the effects – calculated 

based on the area (Eq. 23) – increases with increasing NE values. Consequently, the convenience of 

including or not an additional distillation effect depends on the relative variations of the decrease and 

increase of both components of the investment cost ZMED. In this case, the 5-effect system is the one 

that determines the optimal cost variations that lead to the minimum TAC value of the integrated 

system.    

Table 8. TAC minimization. Optimal area distribution for different NE values 

 

Systems 

 Area, HTA (m2) 

 4 effects 5 effects 6 effects 

Integrated system (THTAMGS)  43016 46982 46630 

Subsystems     

MED   23512 22947 22568 

PG  1539.6 2491.4 2516.9 

HRSG  16499 19997 19999 

ARS   1463.3 1544.4 1544.4 

WH  2.092 2.136 2.136 

 

Regarding the influence of the HRSG subsystem on the annCAPEX value, the investment 

ZHRSG increases when NE increases from 4 to 5 effects due to the increase in the total area required by 

the four heat exchangers (Figure 9) and gas flow rate. When NE increases from 5 to 6 effects the 

investment ZHRSG remains practically constant (Table 6) due to mainly the variations of the HTA of 

the HP-EVAP – which increases 26.4 m2 – and of the HP-ECON – which decreases 24.5 m2 – 

resulting in a net increase of only 1.9 m2 (Figure 9). Slight variations in the gas and steam flow rates 

are observed in Table 7, mainly between the 4-effect system and the rest. 
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(a)                                                                            (b) 

 

 

(c) 

Figure 8. TAC minimization. (a) Optimal area, (b) heat load, and (c) driving force values in the MED 

system for different NE values. 

 

 

 

Figure 9. TAC minimization. Optimal area, heat load, and driving force values in the HRSG system 

for different NE values 
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The influence of the ARS subsystem on the annCAPEX value is similar for the three NE 

values. It is one order of magnitude lesser than those of the PG and HRSG subsystems and 2 orders 

of magnitude lesser than that of the MED subsystem (Table 6). 

The distribution of the minimal THTAMGS is shown in Table 8, where it is observed that the 

increase in HTAHRSG and HTAPG of the 5-effect system with respect to the 4-effect one is more 

important than the decrease in HTAMED, resulting in an increase in THTAMGS of 3966 m2 (46982 m2 

vs. 43016 m2). On the contrary, the decrease in HTAMED of the 6-effect system with respect to the 5-

effect one is more important than the increase in HTAHRSG and HTAPG, resulting in a decrease in 

THTAMGS of 352 m2 (46630 m2 vs. 46982 m2). The decrease in HTAMED is also influenced by the 

optimal conditions obtained for the steam entering the first effect (flow rate and pressure), which 

depend in turn on the HRSG and ejector operation conditions. It is observed in Table 7 that the steam 

flow rate required in the first effect decreases with increasing NE values, but the pressure increases 

slightly. The decrease in the steam flow rate entering the first effect is due to the optimal operating 

conditions of the ejector, preferring to extract less amount of steam from the last effect and generate 

practically the same amount of steam in the HRSG but at lower pressure values, which causes an 

increase in the HTAHRSG due to mainly the increase in the HTALP-EVAP (from 8109.9 m2 to 10571.3 

m2, Figure 9). The compression ratio CR in the ejector increases with increasing NE values because 

the entrained steam is at lower temperatures. For instance, for NE = 4 the CR value is 2.932 and the 

entrained steam temperature is 52.7 °C, while for NE = 6 the CR value is 6.665 and the entrained 

steam temperature is 38.9 °C (Table 7). 

Table 9 reports the optimal area, heat load, and driving force values in the preheaters and 

condenser of the MED desalination system for different NE values. 

 

Table 9: TAC minimization. Optimal area, heat load, and driving force values in MED preheaters 

and condenser for different NE values 

  NE 

MED components  4 5 6 

– Preheaters     

Total heat load, QT,PreH (kW)  3574 3913 4047 

Total area, THTAPreH (m2)   16.54 15.73 13.12 

– Condenser     

Heat load, QCOND (kW)  37705 34184 34644 

Area, HTACOND, (m2)  3307.2 3134.16 3377.97 

Driving force, DFCOND (K)   9.9 8.6 7.5 
 

Table 10 presents the optimal values obtained for the ARS. It can be observed that this 

subsystem does not show significant variations in the operating conditions and areas of its 

components, except for the LTG. The HTAARS increases slightly from 1463.3 m2 to 1544.4 m2 when 

NE increases from 4 to 5. This behavior is associated with the behavior of the LP steam generated by 
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the LP-EVAP and LP-ECON in the HRSG. No variations are observed when NE increases from 5 to 

6 because the pinch temperature values are reached in most heat exchangers of the ARS. The LTSHE 

area value obtained for the three NE values (0.022 m2) is comparatively negligible with respect to 

those obtained for the other components since its effectiveness εLTSHE reaches the imposed lower 

bound (0.1%), thus indicating that the inclusion of LTSHE is not beneficial in this case.   

Table 10. TAC minimization. Optimal area, heat load, and driving force values obtained for 

ARS for different NE values  

 Area 

(m2) 

Heat load 

(kW) 

Driving force 

(K) 

NE 4 5 6 4 5 6 4 5 6 

HTG 24.046 25.406 25.406 2759.5 2822.0 2822.0 76.5 74.0 74.0 

LTG 466.64 560.20 560.20 884.60 868.30 868.30 1.223 1.000 1.000 

LTSHE 0.022 0.022 0.022* 1.197 1.243 1.243 55.520 55.223 55.223 

HTSHE 6.713 6.713 6.713 493.84 496.48 496.48 73.563 73.956 73.956 

COND 31.469 31.860 31.860 1278.3 1294.2 1294.2 16.249 16.249 16.249 

ABS 759.44 745.22 745.22 3481.1 3527.8 3527.8 6.548 6.763 6.763 

EVAP 174.98 174.98 174.98 2000.0 2000.0 2000.0 7.620 7.620 7.620 

Total 1463.3 1544.4 1544.4       
(*) Value reached the lower bound. 

6 Conclusions 

This paper focused on the optimization of a multi-generation system by integrating a dual-

purpose desalination plant (DPDP) and a low-scale absorption refrigeration system (ARS). The 

DPDP consisted of a gas turbine (GT) cycle to produce electricity, a heat recovery steam generator 

(HRSG) operating with two closed steam cycles coupled with a multi-effect distillation (MED) 

desalination plant – to produce freshwater – and a double-effect series flow H2O-LiBr ARS – for 

refrigeration –. Also, a water heater (WH) for recovering energy from the ARS heating stream was 

included for heating purpose.  

For this study, a nonlinear mathematical programming (NLP) optimization model was derived. 

Mass and energy balances and equations for design and sizing of the system components as well as a 

cost model were included. Given process design specifications (36971 kW of electrical power 

generation, 100 kg/s of freshwater production, 2000 kW of refrigeration capacity, and 761.9 kW of 

thermal load for heating supplied by hot water), the integrated system was optimized for different 

numbers of distillation effects in the MED system (4–6 effects) by minimizing two objective 

functions by single-objective optimization: the total heat transfer area (THTAMGS) and the total 

annual cost (TAC).   

For four distillation effects, the minimum THTAMGS required was 39148 m2, of which 67.1% 
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corresponded to the MED subsystem and 28.9% to the PG and HRSG subsystems together. For five 

effects, the minimal THTAMGS value was significantly reduced by 8.0% with respect to the obtained 

for the 4-effect MED system, maintaining similar percentage distribution among the subsystems. For 

six distillation effects, the THTAMGS value was reduced by 2.3% with respect to the 5-effect system. 

For the examined numbers of distillation effects, the obtained area values of the electricity generation 

system HTAPG (more precisely, of the air pre-heater HTAAPH) and those of all ARS components were 

the same. In addition, it was observed that, in all cases, the optimal solution did not include the low-

temperature solution heat exchanger (LTSHE) of the ARS but selected the solution heat exchanger 

operating at the high-temperature zone (HTSHE).  

However, interestingly, an optimal number of distillation effects in the MED system was 

found when TAC was minimized. Maintaining the same process design specifications as in the 

previous case, the obtained minimum TAC value is 23.985 MM$/yr. The optimization results show 

that when NE increases from 4 to 5 distillation effects the decrease in OPEX is more important than 

the increase in annCAPEX, contrary to what happens when NE increases from 5 to 6 distillation 

effects, thus leading to an optimal value of the number of effects in the desalination system. The 

relative variations between the reduction in OPEX and the increase in annCAPEX for increasing NE 

values determine a minimum TAC value and, consequently, an optimal NE value. When NE increases 

from 4 to 5 distillation effects, OPEX decreases 0.125 MM$/yr. while annCAPEX increases 0.050 

MM$/yr., thus resulting in a reduction in TAC of 0.075 MM$/yr., as mentioned. When NE increases 

from 5 to 6 distillation effects, OPEX decreases only by 0.024 MM$/yr. due to a decrease in fuel 

consumption of 0.018 kg/s while the annCAPEX increases by 0.069 MM$/yr., thus resulting in an 

increase in TAC of 0.045 MM$/yr., as mentioned.  

From the Process System Engineering perspective, this work contributes with a mathematical 

optimization model for the optimal design and operation of multi-generation energy systems of 

similar nature to the investigated in this study. The model is able to optimize any desired design 

specifications as well as different objective functions such as the minimization of the total annual 

cost, total heat transfer area, or fuel consumption. 
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Highlights 

A multi-generation system is integrated for power, freshwater, cooling, and heating 

NLP model for simultaneous optimization is proposed and gradient-based method is used 

The total heat transfer area (THTA) of the entire process is minimized 

The total annual cost (TAC) of the entire process is minimized 

A minimum TAC of 23.9 MM$/yr. is found when five-effect MED desalination unit is used 
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