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Abstract

Optimal revamping, sizing, and operation of an existing gas-turbine combined-cycle dual-purpose
power/desalination plant — simultaneous electricity and freshwater generation — which operates with a
heat recovery steam generation with one-pressure level (1P-HRSG) and a multi-stage flash
desalination process, is addressed. The sizes and configurations of the gas turbine and desalination unit
are kept the same as in the existing plant through the study. However, the 1P-HRSG is conveniently
extended to two- or three-pressure levels with different exchanger arrangements, including steam
reheating. To this end, a superstructure-based representation of the HRSG simultaneously embedding
several candidate structures was proposed and a mixed-integer nonlinear programming model was
derived from it.

One revamping case consisted in maximizing the ratio between the freshwater production rate and the
heat transfer area of HRSG, keeping unchanged the electricity generation rate (around 73 MW). It was
found that the inclusion of a 3P-HRSG resulted in an increase of 13.782 kg-s! in the freshwater
production, requiring 22753 m? of heat transfer area less in the HRSG. Another revamping case
consisted in maximizing the profit, contemplating the possibility to sell extra amounts of electricity
and freshwater. Sale prices, for which producing extra electricity and freshwater is beneficial, were

determined.

1 Introduction

The demands of energy and water have considerably increased over the last decades as a consequence
of mainly the growth of population and limitations in fuel and freshwater resources. The cogeneration

of water and power by integrating combined gas/steam power generation cycles with thermal seawater



desalination (TSD) plants turns into an auspicious alternative for a cleaner production of both
electricity and freshwater. As the heat recovery steam generator (HRSG) produces steam using the
exhaust gases leaving the gas turbine (GT), they play a key role in the combined-cycle heat and power
(CCHP) plants because its configuration, design, and operating mode considerably affect the overall
efficiency of the integrated process. (In this paper, the terms “configuration” and “structure” are used
as synonymous).

There are several papers addressing the study of coupled CCHP plants and thermal desalination
systems — dual-purpose power/desalination plants (DPDP) — considering different types of cycles
including organic Rankine cycles (ORC) [1,2], CO- cycles [3,4], and water Rankine cycles [5-11]. The
case studies differ in the considered process structures, optimization methodologies, and optimization
criteria.

Baccioli et al. [1] compared two fixed-structure waste heat recovery systems integrating an oil and
ORC circuits with a multi-effect distillation (MED) desalination plant for simultaneous electricity
generation and freshwater (distillate) production. The former consisted of a cascade configuration
where the heat load required in the MED system is supplied by the condensation heat from the ORC.
The second one consisted of a hybrid serial cascade where the condensation heat of the ORC is used to
preheat the feed of the MED system and the heat condensation of the oil circuit is used in the MED
first effect for seawater evaporation. The authors modeled each fixed configurations in Aspen HYSYSS.
For same input data, the simulation results showed that the highest profitability index is obtained with
the serial-cascade configuration.

Recently, Alharbi et al. [3] presented an exergoeconomic analysis and optimization of a fixed-structure
integrated system of a supercritical CO, Brayton cycle with a MED system. By using a genetic
algorithm (GA) supported in Engineering Equation Solver (EES) software, single-objective
optimization runs were performed to find the optimal design considering three objective functions:
energy utilization factor, exergy efficiency, and total product unit cost. Also, multi-objective
optimizations were performed by considering the three mentioned criteria. The authors highlighted the
preference of multi-objective optimal designs instead of single-objective designs.

By using Aspen PLUS, Luo et al. [5] analyzed and compared a dual-purpose system consisting of a
chemically recuperated gas-turbine (CRGT) cycle and a TSD plant. They simulated and compared five
fixed-structure processes: the mentioned CRGT/MED system, a boiler/steam turbine (ST)/MED
system, a boiler/ST/multi-stage flash (MSF) desalination system, a combined cycle (CC)/MED
system, and a CC/MSF. The CRGT/MED configuration resulted in the lowest values of costs of
electricity and freshwater.

Gadhamshetty et al. [6] proposed a fixed-structure integrated system consisting of a combined-cycle
power plant (CCPP) that includes an air-cooled condenser (ACC), a thermal energy storage (TES)
tank, an absorption refrigeration system (ARS), and a MED plant. The heating requirements in the

ARS and MED systems are supplied by the waste heat from CCPP while the cooling requirements in



the ACC and MED systems are satisfied by the TES chilled water. The EES software was used to
model the CCPP and ARS systems and MATLAB to model the TES system. The authors highlighted
the advantage of using the TES system to improve the ACC performance, mainly at high ambient
temperatures.

Rensonnet et al. [8] focused on simulation and thermoeconomic analysis of different configurations
considering GT and reverse osmosis (RO), CC and RO, CC and MED. Also, hybrid systems by
combining CC/MED/RO in different ways were investigated. To study each configuration, the authors
used the Structural Theory of Thermoeconomics [12], which is based on the Theory of Exergetic Cost
[13].

Ahmadi et al. [9] performed energy, exergy, and exergoeconomic analyses of a fixed-structure DPDP
consisting of a 40 MW GT power plant and a MED desalination system with thermal vapor
compression (TVC). By using a GA, the authors performed multi-objective optimizations considering
the total exergy destruction rate, unit electricity price, total cost rate, gain output ratio, distilled water
cost, and total exergy efficiency.

Wu et al. [10] proposed a mixed-integer nonlinear programming (MINLP) model to optimize the
integration of a MSF desalination system, or a RO system, or a MSF/RO hybrid process with a boiler
with a condensation-extraction ST or a back-pressure ST. Integer variables were used to model the
number of stages in the MSF system and Boolean variables to select the ST type (condensing-
extraction or back-pressure ST) and the desalination system (MSF, RO, or hybrid MSF/RO systems).
The mass flowrates, pressures, and concentrations of streams and heat transfer areas were considered
as real (continuous) variables. They used a new mixed-coded GA by using different crossover and
mutation operators for each type of variable. For different freshwater demands, the total annual cost
that satisfies desired electricity and freshwater demands was minimized. For water demands lower
than 8000 m®-h!, the MSF unit with condensing-extraction ST is preferred while the hybrid MSF/RO
system with the back pressure ST is preferred for higher demands.

Shakib et al. [11] simulated and optimized a MED system coupled to a GT plant through a one-
pressure-level (1P) HRSG by applying two heuristic methods. They solved single and multi-objective
optimization problems using GA and particle swarm optimization (PSO). By comparing the
performances of both optimization methods, the authors concluded about the preference of PSO over
GA.

Compared to deterministic methods, GA methods are not influenced by the guess values, they use the
objective function itself rather than derivative information on the objective function and constraints,
and they use probabilistic transition rules rather than deterministic rules [14]. However, these GA
characteristics do not allow to assure that global optimal solutions are found [14]. GAs converts the
original problem into an unconstrained problem with bounded search domain by including a penalty
term in the objective function for the equality and inequality constraints. Then, it is extremely difficult

for the solution to fulfill the equality constraints, since GA is a stochastic search approach, contrary to



what happens with the use of deterministic approaches. In addition, GAs are in general
computationally expensive to solve optimization problems with nonlinear equality and inequality
constraints [14] — as happens in problems of thermal engineering — and even more so in optimization
problems with many discrete decisions such as the one addressed in this study. Only the usage of
global optimization methods can guarantee the globality of the solutions.

Although there are many studies on DPDPs using HRSG considering different assumptions and using
different computational tools as mentioned, most of them deal with parametric optimization assuming
that the configuration of the system is fixed, obtaining the optimal operating conditions and process-
unit dimensions that maximize or minimize a certain objective function (OF). Then, the best system
configuration is obtained by comparing the performance of all the examined configurations. The
finding of a new configuration by means of this methodology depends heavily on the subjectivity and
creativity of the process designer, with the risk that one or more appropriate solutions — e.g. cost-
effective configurations — will not be considered. This risk can be reduced if simultaneous
optimization approaches are used, as proposed in this work. By applying Mathematical Programming
approach, it is possible to embed the candidate configurations in a single model and propose
hybridizations between them, with the aim to optimize simultaneously all the trade-offs present in all
the configurations, including the hybridized ones. This approach allowed finding novel configurations
for MSF desalination systems [15], ARS systems [16], and membrane-based CO, capture processes
[17]. In this sense, only a few publications applying the simultaneous optimization approach of such
DPDPs considering the structure of the HRSG as an optimization variable, together with the process-
unit sizes and operating conditions of the entire process, can be found in literature [18-20]; however, a
very fewer candidate configurations in HRSG were considered in these studies, consequently
involving few opportunities for improvement.

In accordance with Martelli et al. [21], the design optimization problem of complex networks of
combined heat and power units, such as DPDPs, including the process configuration as an
optimization variable, is still an open challenge. In this sense, this work is motivated by the need and
challenge of developing a design tool to optimize simultaneously the synthesis and design of DPDPs
considering the integration of GT, HRSG, STs, and MSF system.

In this paper, a MINLP optimization model of a DPDP, derived from a superstructure-based
representation of the process, which embeds a large number of candidate structures of HRSG, is used.
Series, parallel, and combined series-parallel arrangements of heat exchangers are simultaneously
considered. Several revamping case studies for the existing Shuaiba North DPDP, located in Kuwait,
are investigated considering different optimization criteria. A revamping case consists in determining
the optimal number of heat exchangers in the HRSG, the way that these exchangers should be
interconnected, and the optimal operating conditions, in order to maximize the ratio between the
freshwater production rate and the total HRSG heat transfer area, while satisfying a fixed, specified

electrical power generation level, employing the same GT and MSF system as in the Shuaiba North



plant. A second optimal revamping case for the Shuaiba North plant consisting in the maximization of
profit (objective function) is performed, including the possibility to sell extra amounts of electricity
and/or freshwater. To this end, a cost model is included into the model used in the previous case. The
sale prices of electricity and freshwater are introduced as model parameters, which are varied in the
ranges 0-0.5 $-kWh™ and 0-1.5 $-m~3, respectively.

2 Process description

Dual-purpose power/desalination plants (DPDPs) are an economically attractive option for
desalination because the cost is allocated to two products (water and electricity). A MSF desalination
plant is powered mainly by low or medium-pressure steam. Figure 1 shows a schematic of a DPDP,
which integrates a CCHP plant and a MSF system. The CCHP plant consists of a GT and a HRSG that
recoveries heat from the exhaust gases to produce steam for both generating electricity in the STs and
producing freshwater in the MSF process. The CCHP and MSF plants are coupled through the main
heater (MH).
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Figure 1. Dual-purpose power/desalination plant.

The optimal design of a DPDP mainly depends on the ratio between the generated power and
the produced freshwater. Thus, two extreme design situations are possible: at high ratio values — when
the electricity generation level is high but the water demand level is low — and at low ratio values —

when the electricity generation level is low but the water demand level is high —; there are many



intermediate situations between these two extremes. The HRSG design can involve 1, 2, or 3 pressure
levels with different heat exchanger configurations and include a steam-reheat stage. In turn, the
HRSG produces the steam required by STs for electricity generation. In this sense, it should be
mentioned that there are different ST types: back-pressure, extraction-condensation, and condensation
turbines. The ST types (or the combination of turbines) to use depend on the ratio value.

To optimize the system, all the trade-offs that exist between the total area of the HRSG, heat
loads and the corresponding driving forces in the different heat exchangers, the power that must be
generated in GT and STs, the operation conditions (flowrate, pressure, and temperature) of the steam
that must be produced to power the STs and the MSF system, should be simultaneously elucidated. In
addition, the design of DPDP depends on the used optimization criterion; for instance, maximization
of the overall system efficiency, minimization of costs, and maximization of profit considering the
production of extra amounts of electricity and/or freshwater (if beneficial), as is proposed in a
revamping case studied in section 5.2. This is why it is very useful to have a mathematical model that
considers all the mentioned trade-offs at the same time and that can systematically determine the
optimal design for power-to-freshwater ratio values and optimization criteria established by the user.

3 Mathematical model

The full mathematical model is presented in the Supplementary Material attached to this
article. In this section, key aspects about the modeling of the CCPP and MSF systems are only
presented. Details about modeling assumptions, numerical values of model parameters are also

included in the Supplementary Material.

3.1 Heat recovery steam generator (HRSG)

The model of a HRSG with two pressure levels (2P-HRSG) presented in Manassaldi et al. [22] was
properly extended to one with three pressure levels (3P-HRSG), thus increasing the number of
candidate structures in the optimization problem. Figure 2 shows a schematic of the proposed
superstructure model for the considered DPDP, which integrates the 3P-HRSG model and a MSF
system model. The splitter SP1 allows embedding different alternative ways of feeding the working
fluid to the 3P-HRSG. All the heat exchangers, including the evaporators, can be selected/removed
from the HRSG superstructure model.
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Figure 2. Superstructure representation of the studied DPDP.

As shown in Figure 3a, the HRSG is divided into 12 sections according to the temperature level, with
the index i ranging from 1 to 12, and into 4 zones according to the pressure level, with the index j
indicating high (HP), medium (MP), and low (LP) pressure levels. The index i=1 refers to the section
with the highest temperature of the working fluids. Each heat exchanger of the superstructure can be
referred to by the pair (i,j) as is illustrated in Figure 3a. Then, in order to model the selection/removing
of a heat exchanger (i,j), a binary variables xi; is proposed for each exchanger. Thus, for instance, the
evaporator working at the LP level is identified by the binary variable xi1.p (Figure 3b). Then, to
facilitate the model implementation, a set of elements is defined to relate the heat exchangers with the
respective streams of the working fluid of the Rankine cycle (water and saturated and superheated
steam) entering/leaving a heat exchanger, and thus, to obtain the set of all exchangers present in the
HRSG by linking their section, pressure level, and associated Rankine cycle streams. To this end, the
index k is used to refer to a stream of the working fluid of the Rankine cycle that allows to define the
set HE(i j,K).
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Figure 3. Location of a heat exchanger in the superstructure representation: (a) candidate heat
exchangers in the thermal section i=9; (b) fixed evaporator (11,LP) in the thermal section i=11 at the
pressure level j=LP.

Based on the defined indexes, the energy balance in each heat exchanger and its associated heat

transfer area are expressed as follows:

2 Q=m®(h-h{,) vi @
jeHE(i,])
Qi,j:mk(hkﬂ—hk) Vi, j € HE(I, j,k) @
Qi,j = Ui,j 'Ai,j 'ATi,j i,j € HE(, j,k) (€))

where AT is the logarithmic mean temperature difference, which is calculated by the Chen

approximation (Eq. (4)):

(TiG — Tk+1) ) (T|G _Tk+1)

> 1, ],k € HE(4, j,k) (4)

ATi,j = #(Tie _Tk+1)'(TiG _Tk+1)'

- Constraints used to select/remove heat exchangers from the superstructure:
To select/remove heat exchangers from the superstructure, constraints (5) and (6) are proposed, which

relate the selection of a heat exchanger through the variable x;; (discrete decision) with its



corresponding heat load Qi,j (continuous decision).

Qi <X,;Qi; i, j e HE(i, j,k)

2 Qs Q.. (5)
> QxR i, j e HE(, j, k) ()

jeHE(i,j)

If xij=1, then the heat exchanger (i,j) is selected and Q, ;#0, with |Q, ;ower < Q; ;< |Q; ; lupper-

Otherwise, if x;=0, then the heat exchanger is removed and Qi,j =0.

The model involves the following constraints that are necessary for embedding the candidate
configurations, whose mathematical formulations are included in the Supplementary Material (SM).
- Constraints used to avoid equivalent solutions: Egs. (SM7-SM11).
- Constraints used to select the steam inlet location for reheating: Egs. (SM12-SM14).
- Constraints for limiting the number of parallel heat exchangers: Eq. (SM15).
- Constraints for allowing repetition of heat exchangers in each pressure level: Egs. (SM16-
SM19).

3.2 Multiple stage flash (MSF) desalination system

Figure 4a and 4b show schematics of the MSF system and a generic flashing stage indicating the
optimization variables considered in the model, respectively. The mass and energy balances, design
equations used to calculate the dimensions of a flashing chamber (height, length, and width) can be
found in the Supplementary Material (Egs. (SM20-SM41)). The number of stages is a continuous

optimization variable. All stages have the same dimensions.
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Figure 4. Schematics of (a) MSF system, (b) generic flashing stage.

3.3 Physicochemical property estimation

Extrinsic functions executed outside the General Algebraic Modeling System optimization
software (GAMS) from dynamic-link libraries (DLL) — coded in the programming language C — are
used to estimate the thermodynamic properties of both circulating fluids (flue gas and water) at
different conditions. The DLL libraries have been developed by the authors and successfully applied
in different optimization problems. Details about the implementation of DLLs are available in
Manassaldi et al. [23].
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Figure 5. Linking of GAMS to DLL libraries

3.4 Economic model

A complete economic model is considered to calculate the total annual cost (TAC),
revenue for selling electricity and freshwater, and profit, which is fully presented in the
Supplementary Material (Egs. (SM46-SM53)). Equations to calculate acquisition costs are
those reported in Abu-Zahra et al. [24] and Rao and Rubin [25].

4  Problem statement

Given the superstructure shown in Figure 2, the following two optimization problems for the

revamping of the existing Shuaiba North DPDP are proposed:



Optimal revamping problem OR1

D

Max. ———
THTA s

subject to:
-Mass balances
-Energy balances
-Design equations (sizing)
-Physicochemical property estimation equations
-Thermodynamic property estimation equations
-Economic model equations
Process design specifications:
-Fixed net electrical power generation:

Wieror + Wier 57 = 288.068 MW

-Minimum freshwater production: 789.0 kg-s™
Process data

-Seawater temperature: 298 K

-Seawater salinity: 45000 ppm

Optimal revamping problem OR2

MaX' PS,POW (WNET,GT + WNET,ST ) + PS,WAT D - TAC

subject to:
-Mass balances
-Energy balances
-Design equations (sizing)
-Physicochemical property estimation equations
-Thermodynamic property estimation equations
- Economic model equations
Process design specifications:
-Minimum net electrical power generation:

Wieror + Wier s = 288.068 MW

-Minimum freshwater production: 789.0 kg-s™
Process data

-Seawater temperature: 298 K

-Seawater salinity: 45000 ppm

where D and THTAwrsc refer to the freshwater (distillate) flowrate and total HRSG heat transfer area,

respectively; Pspow and Pswar are model parameters referring to the selling prices for the electrical

power and freshwater; TAC is the total annual cost; Wi, o and W o refer to the total net

electrical power generated by the gas and steam turbines, respectively.
As a result, the optimal values of the following decision variables are obtained:
= Discrete decisions, which are modelled by using integer variables (0-1):
= Optimal structure (layout) of heat exchangers. This implies to select the number of the heat
exchangers and their locations inside the HRSG, indicating how they should be interconnected

(in series, series-parallel, or parallel arrangements).



Optimal number of pressure levels. The results indicate if the HRSG should be operated with
three, two, or one pressure levels. For instance, if the HP level is removed, then the associated
economizer, evaporator, and superheater must be also removed.

= Optimal location of the reheating stream.

= Continuous decisions:

= Maximal values of the objective functions: D/ THTA .. ratio and profit.

= Optimal values of all cost items and revenue (for selling electricity and freshwater).

= Optimal values of operating conditions (mass flowrate, pressure, temperature, and
composition) of all streams and heat loads, and distributions of the total heat transfer areas in
HRSG and MSF systems.

=  Optimal geometric dimensions of MSF system components (tube length and diameter;

flashing chamber height, length, and width).

5 Discussion of results

Firstly, the developed model is verified by comparison of the model outputs with a reference
case reported in the literature [26] (existing Shuaiba North DPDP). It consists of 3 GT GE912FA of
215.5 MW each, 3 HRSG, 1 back-pressure ST of 215.7 MW (operated with the steam generated in the
three HRSG), and 3 MSF desalination systems of 15 MIGD each. Then, the optimization results
obtained by solving the revamping problems formulated in section 4 are discussed in section 5.2.

5.1  Model verification

Figure 6 illustrates the simulated solution obtained considering the input data reported in [26],
which is referred to as solution “1P-SimSol”. In order to verify the model results, it is necessary to set
the same configuration and fix the same values of certain operation variables as in [26], so that the
model is solved in simulation mode instead of optimization mode. Verification is performed by
comparing the values of the remaining variables. That is, the mathematical model is solved with zero

degrees of freedom. Pressure and temperature values of two gas streams are fixed: stream #1a entering

HRSG and stream #13 leaving HRSG. Also, the heat load required in the MSF system (Q,,-) and the

freshwater production rate (D) are fixed during the validation step, whose corresponding values are

taken from [26]. The flowrate and temperature of streams #1, #37, and #57 and the electrical power
generated in ST are some of the variables used for comparison. It can be concluded that the model
outputs are in good agreement with the data reported in [26]. For instance, for stream #1, the flowrate
D differs only by 0.6 kg-s™' (100.7 vs. 101.3 kg-s™!) and the temperature by 2.5 K (388.9 vs. 386.4

K). Similar differences are observed for streams #37 and #57, while the total net electrical power

generated by the steam cycle WNET,ST_ the difference between the power generated by ST and the



power required by pumps — is slightly higher than that reported in [26] (72.6 vs. 71.7 MW).
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Figure 6. Simulated solution 1P-SimSol obtained for the reference case (Shuaiba North DPDP) [26].

Regarding the MSF system, Q,,- and D values are fixed at 215.14 MW and 15 MIGD,

respectively, as in [26]. The obtained results indicate that the total area required by the MSF system
(THTAwmsF) is 348299.2 m?, of which 271682.0 m? corresponds to the total area of preheaters, 74770.5

m? to the area associated with the flashing stage construction, and 1848.7 m? to the area of the main

heater. The optimal value of the total number of stages reached the upper bound value (25). Figure 7

shows the calculated dimensions of the flashing stages.

Figure 7. Dimensions of the flashing stages.



5.2 Optimization results

5.2.1 Optimal revamping case OR1
Once verified, the model is used to its maximum potential to solve the optimal revamping

problem ORL1 proposed in section 4. By maintaining the same characteristics of the gas turbine GT —

i.e. operating conditions and total net electrical power generation (WNET,GT: 215.500 MW) —, the

same total net electrical power generated by the steam turbine ST (\/'VN =72.568 MW), and the

ET,ST
same components of the MSF system (THTAwmsr = 348299.2 m?), the aim is to see how much the

D/THTA, s ratio can be increased if the (original) 1P-HRSG is replaced with another one that can

operate at 2 or 3 pressure levels with/without steam reheating. To this end, the superstructure-based
model presented in the section 3 is solved without imposing any constraints on the structure
(configuration) and number of pressure levels of the HRSG.

Figure 8 shows the obtained optimal solution, which is referred to as the solution “3P-OptR1”.
As can be observed, it selects a HRSG structure consisting of 10 heat exchangers, includes all the 3
pressure levels, and includes steam reheat optimally located. It is worth noting that 2 of the 10 selected
heat exchangers operate in parallel. They are the superheater (6,LP), which is located in the section
i=6 at the low-pressure level j=LP, and the economizer (6,HP), which is located in the same section at
the high-pressure level j=HP. In this section, the gas stream temperature decreases from 595.2 to 533.0
K to transfer 41.416 MW in total (1.626 MW exchanged in the superheater requiring a HTA of 721
m?, and 39.79 MW exchanged in the economizer requiring a HTA of 19910 m?). Additionally, the
solution 3P-OptR1 proposes first to reheat the steam formed by mixing the steam leaving the turbine
ST1 (stream #46) with the steam leaving the first superheater (5,MP), located in the section i=5 at the
medium-pressure level j=MP, and then to reheat it in a second superheater (2,MP), located in the
section i=2 at the medium-pressure level j=MP, before entering the turbine ST2 (stream #28).

Compared with the simulated solution 1P-SimSol obtained for 1P-HRSG (Figure 6), the
optimal solution 3P-OptR1 allows increasing D by 14 kg-s™' (803 vs. 789 kg-s™), requiring, in turn,
22753 m? less of THT Anrse (95499 vs. 118252 m?). Regarding electrical power generation, it can be
seen in Figure 8 that that ST3 is the turbine with the highest contribution to W, ¢, followed by ST1

(ST3, ST1, and ST2 contributes with 35.48, 23.26, and 14.82 MW, respectively).
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Figure 8. Optimal solution 3P-OptR1 obtained by the MINLP model.

Considering the same GT (i.e. flowrate and temperature of the flue gas entering the HRSG)
and the same MSF system (i.e. the same heat transfer areas required by the main heater and preheaters
and dimensions of the flashing chambers) as in the 3P-OptR1 solution, the same optimization model is
solved but now restricting the number of pressure levels in the HRSG to 2. The solution obtained for
this case is shown in Figure 9, which is referred to as solution 2P-OptR1 The fact of allowing only 2
pressure levels reduces the degrees of freedom of the previous optimization problem (with 3 pressure
levels), so the solution obtained for this case is a sub-optimal solution with respect to 3P-OptR1. Then,
with this new optimization problem, it is proposed to investigate how much better a HRSG operating
with 2 pressure levels performs with respect to a HRSG operating with 1 pressure level (1P-SimSol)
and how much worse it performs with respect to one operating with 3 pressure levels (optimal solution
3P-OptR1). Table 1 compares the objective function and main process variable values obtained in 1P-
SimSol, 2P-OptR1, and 3P-OptR1.

According to Figure 9, the optimal structure obtained in 2P-OptR1 involves 6 heat exchangers
i.e. 3 less than in 3P-OptR1 due to the elimination of a pressure level from the problem formulation,
and consequently, the economizer, evaporator, and superheater associated to it.

According to Table 1, if the 3P-HRSG is replaced with a 2P-HRSG while maintaining
unchanged the variables related to the GT and MSF systems, D increases by 10.675 kg-s™' (813.457
vs. 802.782 kg-s!). However, THTAnrsc increases by 9956 m? (105455 vs. 95499 m?), thus resulting

in a lower value of the objective function — D/THTA . ratio — decreasing from 8.406x107 to

7.714x1073 kg-s~!-m~2. The total HTA required in economizers and evaporators increase by 10687 m?



and 3625 m?, respectively, with respect to those in 3P-OptOR1 (46817 vs. 36130 m? and 46374 vs.

42749 m?) while the total HTA required in superheaters is reduced by 4355 m? (12264 vs. 16619 m?).
If the 1P-HRSG (Shuaiba North) GTCC plant is replaced with a 2P-HRSG while maintaining

the same GT and MSF systems, the D/ THTA, s ratio increases from 6.672 to 7.714 kg-s™'-m2 due

to the increase in D by 24.457 kg-s™' (813.457 vs. 789.0 kg-s™') and the decrease in THTAnrsc by
12797 m? (105455 vs. 118252 m?). The total HTA required in economizers and evaporators decrease
by 11493 m? and 1537 m?, respectively, with respect to 1P-SimSol (46817 vs. 58310 m? and 46374 vs.
47911 m?) while the total HTA required by superheaters increases by 233 m? (12264 vs. 12031 m?).
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Figure 9. Optimal solution 2P-OptR1 obtained by limiting the number of pressure levels to 2.

Regarding the behavior of the steam turbines, it can be seen in Figure 9 that the power

generation rates of ST1 and ST2 increase by around twice to meet the specified WNET,ST (72.568 MW)

with respect to 3P-OptR1 (42.98 vs. 23.36 MW in ST1 and 30.72 vs. 14.82 MW in ST2).

Table 1. Comparison of the 1P-SimSol, 2P-OptR1, and 3P-OptR1 solutions (WNET,GT =215.5 MW)

1P-SimSol 2P-OptR1  3P-OptR1
Obj. function, D/ THTA, . ratio (kg-s'-m2) 6.672x107° 7.714x10 8.406x1073

Freshwater production rate, D (kg-s™') 789.0 813.457  802.782
Total area in HRSG, THTAursc (M?) 118252 105455 95499
— Economizers 58310 46817 36130
— Evaporators 47911 46374 42749
— Superheaters 12031 12264 16619
Total heat load in HRSG, Qs (MW) 301.609 307.081 302.627

Total flowrate of working fluid, m, (kg-s™) 100.70 104.901 102.701




Total net electric power by STs, Wiy o 79568%  72568% 72568 *

(MW)

—HP ST (ST1) 73.638 42.976 23.362
—MP ST (ST2) - 30.716 14.819
—LP ST (ST3) — — 35.487
# Fixed value.

5.2.2 Optimal revamping case OR2
This section presents the results obtained when solving the optimal revamping problem OR2,

which differs from the problem OR1 in that WNET,ST is now a free variable — unlike in OR1, where it

was a (fixed) model parameter — and the objective function is to maximize the profit — the difference
between the revenue for selling electricity and freshwater and the total cost —. Regarding the system
components, it is considered that the characteristics (sizes) of the GT and MSF systems are the same
as in the previous case (Shuaiba North DPDP), while the configuration (structure), sizes, and operation
conditions of the HRSG, and the operation conditions of the MSF system are considered as
optimization variables. The sale prices of electricity (Pspow) and freshwater (Pswar) are parametrically
varied between 0 and 0.5 $-kWh! and between 0 and 1.5 $-m~3, respectively. It is emphasized that the
objective is not to determine the sale prices of electricity and freshwater but to investigate how the

optimal design of the HRSG and the optimal operating conditions of the MSF system vary with

different pairs (Pspow, Pswar), and to determine the corresponding optimal W, ¢; and D values.

The production rates required in ORL (W, ¢; =72.568 MW and D =789.0 kg-s™') are set as lower

bound values in this optimization problem.

Table 2 shows the maximum objective function (profit) values and optimal values of Wi, ¢,

D, TAC, Qe » and THTArrsc for each pair (Pspow, Pswart). A first conclusion to highlight from the
process configuration point of view is that, for all cases, the optimal system configuration is the same
as in the previous case; that is, the model selects 3 pressure levels in the HRSG with a total of 10 heat
exchangers (3 economizers, 3 evaporators, and 4 superheaters). In addition, stream #46 is also selected
for reheat. As illustration, Figure 10 presents the optimal solution obtained for Pspow=0.25 $-kWh!
and Pswar =0.7 $:m™3, implying an optimal W, ¢, of 76.908 MW and optimal D of 828.29 kg-s .
Table 2 indicates that for Pspow=0 and Pswat=0, profit maximization is equivalent to TAC

minimization; therefore, Wy, s, and D reached the lower bounds on these variables (72.568 MW

and 789.0 kg-s™'), as expected. For Pspow=0 and Pswar#0, D increases with increasing Pswar values

until Pswar=1.4 $:-m3, for which D reaches its highest value, thus indicating that a greater D value is
not economically convenient since the investment cost required by the HRSG would grow faster than
the associated revenue; therefore, the profit would be negatively affected. If Pswar is increased from

1.4 to 1.5 $-:m~3, the profit increases 2.408x107° $-yr.”" and is only due to the increase in Pswar since



D, TAC, and THTArse remain constant in 835.857 kg-s™!, 141.427x107¢ $-yr.”!, and 108612 m?,
respectively. For Pspow=0 and Pswat ranging between 0 and 1.5 $:m3, it is observed that the sign of

the objective function (profit) is negative, indicating that TAC dominates the revenue for selling water.

For Pspow=0.05 $-KWh™!, it is not convenient to generate more W, ¢ than the required level

(72.568 MW) due to the increased investment requirement — as a consequence of larger steam turbines
and/or THTAnrsc — is greater than the obtained revenue. Similarly to the previous case, when Pswar is

increased, D increases until reaching the maximum value of 835.857 kg-s™', what happens for
Pswat=1.4 $-m. It can also be observed that the increase in Pswar from 1.0 to 1.1 $-m~3 inverts the
sign of the profit from negative to positive, thus indicating that the revenue for selling both products
begins to be greater than the associated total cost. Table 2 also indicates that, regardless Pswar, it is
always economically convenient to generate extra electricity if Pspow is equal or higher than 0.1 $-
kWh™! since the revenue for selling electricity exceeds the increase in the required investment cost.
For instance, compared to the pair (0.05 $:-kWh™!, 0 $:m~), when Pspow=0.1 $-kWhand Pswar=0
$-m~3, an additional amount of 0.469 MW of power is generated, resulting in an increase in the profit
by 115.238x10°° $-yr.™!, at the cost of increasing the THT Anrsc by 4484 m2. Compared to Pspow=0.1
$-kWh ! and Pswar=0 $-m3, an additional amount of 13.318 kg-s! of water and 90.50 kW of power

are produced when Pswar=0.1 $-m, resulting in an increase in profit by 2.295x10°¢ $-yr.”".

Table 2. Main 3P-OptR2 optimal values obtained for different selling prices (\/'VNET'GT =215.5 MW).

Ps.pow Ps.waT Profit TAC WNET,ST D THTAuRsG QMSF
(Skwh)  (3/m°)  (x10°8lyr) (x10°$ir)  qaw)  (kgh) (m?) (MW)
0.0 0.0 —140.634 140.634 72.568 789.000 94988 218.325
0.1 —138.345 140.645 72.568 798.577 95161 218.981
0.2 —136.042 140.657 72.568 801.210 95334 220.041
1.3 -110.129 141.343 72.568 833.699 107119 233.333
1.4 -107.725 141.427 72.568 835.857 108612 234.223
1.5 -105.317 141.427 72.568 835.857 108612 234.229
0.05 0.0 —25.407 140.634 72.568 789.000 94988 218.325
0.2 -20.815 140.657 72.568 801.210 95334 220.041
1.0 -2.073 141.090 72.568 826.046 102681 230.169
1.1 0.310 141.172 72.568 828.764 104115 231.290
1.2 2.700 141.257 72.568 831.317 105601 232.346
1.4 7.502 141.427 72.568 835.857 108612 234.229
15 9.718 141.618 72.568 835.857 112103 234.229
0.1 0 89.831 140.998 73.037 789.000 99473 219.719
0.1 92.126 141.087 73.127 802.317 100655 220.488
0.2 94.441 141.221 73.279 805.414 102414 221.740
0.9 110.865 141.895 73.777 823.252 112420 229.018
1 113.239 141.954 73.783 825.235 113468 229.834
1.1 115.618 142.007 73.775 827.165 114445 230.630
1.2 118.003 142.052 73.754 829.052 115350 231.409

13 120.394 142.090 73.718 830.907 116186 232.176



1.4 122.789 142121 73.667 832.741 116952 232.936

1.5 125.190 142.144 73.602 834.565 117648 233.692
0.15 0.0 205.773 143.200 75.311 789.000 130808 226.136
0.1 208.075 143.218 75.286 816.204 131277 226.129
0.2 210.428 143.293 75.343 817.482 132475 226.652
13 236.531 143.898 75.640 829.615 143107 231.642
14 238.921 143.935 75.643 830.461 143821 231.991
1.5 241.314 143.969 75.642 831.290 144503 232.335
0.25 0.0 439.183 145.598 76.890 789.000 173101 230.283
0.1 441.455 145.598 76.890 789.000 173101 230.283
0.2 443.820 145.615 76.839 826.032 173732 230.163
0.7 455.732 145.782 76.907 828.291 177022 231.095
0.8 458.118 145.799 76.912 828.663 177371 231.248
0.9 460.505 145.792 76.906 828.923 177258 231.356
1.5 474.843 145.737 76.851 830.521 176282 232.016
0.5 0.0 1024.422 146.135 77.139 789.000 183742 230.719
0.1 1026.694 146.135 77.139 789.000 183742 230.719
0.2 1028.967 146.135 77.139 789.000 183742 230.719
0.3 1031.305 146.120 77.070 826.714 183739 230.444
0.4 1033.686 146.119 77.070 826.803 183722 230.480
05 1036.068 146.118 77.070 826.891 183705 230.517
14 1057.511 146.107 77.061 827.698 183505 230.850
1.5 1059.895 146.106 77.060 827.789 183479 230.887

For Pspow=0.1 $-kWh™' and increasing Pswar values, Wig s, increases until Pswar=1.0

$-m3, reaching the value of 73.783 MW, which implies of D value of 825.235 kg-s'. However, for
increasing Pswar values greater than 1.0 $:m=, W, ., decreases slightly since the revenue for

selling water is higher than the revenue that can be obtained by generating more electricity.
On the other hand, it is also important to note that, for any fixed Pswar value, for instance 1.5

$-m>3, the electricity generation for Pspow = 0.10 $-kWh™! increases by 1.034 MW with respect to

Pspow=0.05 $:-kWh!, and prevents water production from reaching the maximum D value for 0.05
$-kWh! (835.857 kg-s'). In other words, the generation of extra electricity tends to decrease the
maximum attainable production of extra freshwater. This behavior maintains with increased Pspow
values, as shown in Table 2. For instance, the electricity generation for Pspow = 0.5 $-kWh™! increases
by 0.210 MW with respect to Pspow=0.25 $-kWh!, at the cost of decreasing the water production rate
from 830.521 kg-s~! to 827.789 kg-s .

The comparison of Figures 8 and 10 allow to observe how the flowrates, pressures, and

temperatures of the circulating fluid within the HRSG differ between 3P-OptR1 (max. of
D/THTA, s ratio) and 3P-OptR2 (max. of profit for Pspow=0.25 $-kWh ' and Pswar=0.7 $:m™3).
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Figure 10. Optimal solution 3P-OptR2 (Pspow=0.25 $-kWh* and Pswar=0.7 $-m3).

Regarding electricity generation, the comparison of Figures 8 and 10 shows that the 3P-OptR2
solution produces 76.908 MW, that is, 4.340 MW more power than 3P-OptR1, and that ST3 and ST2
generate the largest and smallest amounts, respectively, in both solutions. The power increase in 3P-
OptR2 is due to the increase in the circulating fluid flowrate in HRSG and the steam conditions at the
turbines inlet, mainly in ST3, which is the largest contributor. According to Figure 10, the pressure
and temperature of stream #49 leaving the mixer MIX1, which mixes stream #12 (LP steam) and
stream #29 (steam leaving ST2), play an important role to reach the ST3 inlet conditions and, thus,
increase its generation level. In 3P-OptR2, the mixer MIX1 operates at 0.97 bar higher than in 3P-
OptR1 (14.57 vs. 13.60 bar), which allows increasing the temperature of stream #49 by 21.3 K with
respect to that in 3P-OptR1 (696.8 vs. 675.5 K), thus increasing the steam quality at the ST3 inlet.
Since the ST3 flowrate in 3P-OptR2 is 5.310 kg-s™! higher than in 3P-OptR1 and the steam expands to
the same pressure in ST3 (2.8 bar) in both solutions, the power generated in 3P-OptR2 is 4.100 MW
higher. The operating mode of ST3 in 3P-OptR2 implies small variations in the input and output
conditions of ST1 and ST2, but generating practically the same power levels as in 3P-OptR1. It is
important to mention that changes in the turbine operating conditions (mainly pressure) cause —
through the resulting driving forces — increases in the heat transfer areas of the HRSG components
and, consequently, in their associated investment requirements. However, the increased investment is
lesser than the revenue for selling the extra amount of electricity generated, thus resulting in a higher

profit.



Regarding the freshwater production, it is observed that, for the considered sale prices, the

maximum profit is obtained with an optimal D of 828.290 kg-s™', i.e. by producing 25.510 kg-s™'
more than 3P-OptR1. To achieve this production, the MSF main heater requires increasing the heat
load by 10.41 MW with respect to 3P-OptR1 (231.09 vs. 220.68 MW), which is satisfied by increasing
the steam requirement in the MSF main heater by 5.220 kg-s~! (105.380 vs. 100.160 kg-s ).

5.2.3 Sub-optimal revamping case. Profit maximization of the 1P-HRSG configuration.

The same optimization problem (profit maximization) was solved for the configuration of the
existing Shuaiba North GTCC DPDP (1P-SimSol). To this end, the binary variables were
appropriately set to 0/1 in order to fix this configuration in the superstructure model. Therefore, this
optimization problem involves far fewer degrees of freedom with respect to the previous ones because
many candidate configurations embedded in the model are no longer considered. It is then expected
that the optimal solutions are worse with respect to the previous ones. The profit was maximized by
parametrically varying Pspow between 0 and 0.5 $-kWh™! and Pswar between 0 and 1.5 $-m=. All
obtained results are reported in the Supplementary Material. Table 3 lists some selected results for
discussion. The new set of “sub-optimal” solutions is useful as it allows having a hew sub-optimized
revamping case for comparison purposes.

Similarly to the previous case (Table 2 and Figure 10), an illustrative optimal solution
corresponding to the same sale prices of electricity (Pspow=0.25 $-kWh™) and freshwater (Pswar=0.7

$-m~3) is presented in Table 3 and Figure 11. By comparing the solutions in Tables 2 and 3, similar

behaviors of profit, TAC, V'VNET’ST, and D values are observed between 3P-OptR2 and 1P-OptR2 but

showing different numerical values. For instance, the convenience of generating extra electricity
begins at Pspow=0.15 $-kWh™! instead of 0.10 $-kWh™!, as happens in 3P-OptR2. While the
convenience of producing extra freshwater begins at Pswar=0.1 $-m~3, similar as in 3P-OptR2. The
amounts of electricity and freshwater obtained in 1P-OptR2 are lower than in 3P-OptR2 and,
consequently, the corresponding profits. Because the GT capacity is kept fixed at the same value, extra
productions of both electricity and freshwater in 1P-OptR2 are strongly limited because there are not
enough degrees of freedom to conveniently modify the operation conditions in the HRSG to achieve

improved profit values.

Table 3. Main 1P-OptR2 optimal values obtained for different selling prices (W oy =215.5 MW).

Pspow  Pswar Profit TAC Wiersr D THTAwrss  Quer
($/kWh)  ($/m3)  (x107° $fyr) (x107° $fyr) (MW) (kg/s) (m?) (MW)
0.0 00  -141.831 141.831 72568 789.000 116473  215.709
01  —139.557 141.834 72568 790.407 116521  215.704

14 —109.964 141.834 72568 790.407 116521  215.704

15  -107.688 141.834 72568  790.407 116521  215.704

0.05 0.0 —26.604 141.831 72.568 789.000 116473 215.709



0.1 —24.330 141.834 72.568  790.407 116521 215.704

11 1567 141834 72568 790407 116521  215.704

1.2 0.710 141834 72568 790407 116521  215.704
15 7.539 141834  72.568 790407 116521  215.704
01 00 88.623 141831 72568 789.000 116473  215.709
0.1 90.897 141834 72568 790407 116521  215.704
0.2 93.173 141834 72568 790407 116521  215.704

15 122.766 141834  72.568 790407 116521  215.704
015 00 _ 203.850 141831 72568 789.000 116473  215.709
01 206124 141834 72568 790407 116521  215.704

1.4 235.768 142.440 73.013  793.466 126106 216.928
1.5 238.054 142.489 73.046  793.694 126911 217.020
0.25 0.0 434.650 142.588 73.119  789.000 128508 217.236
0.1 436.922 142.588 73.119  789.000 128508 217.236
0.2 439.208 142.586 73.110 794.133 128509 217.195

15 468.940 142.586 73.110  794.133 128509 217.195
0.5 0.0 1011.888 142.588 73.119  789.000 128508 217.236
0.1 1014.160 142.588 73.119  789.000 128508 217.236
0.2 1016.432 142.588 73.119  789.000 128508 217.236
0.3 1018.715 142.586 73.110 794.133 128509 217.195
0.4 1021.002 142.586 73.110 794.133 128509 217.195

15 1046160  142.586 73110 794133 128509  217.195

Table 4. Comparison of values between 1P-OptR2 and 3P-OptR2 solutions (WNET,GT =215.5 MW).

Ps,POW Ps,WAT Profit TAC WNET ST D THTAHRsG Q MSE

@$/kwh)  ($Im®)  (x10°$iyr) (x10°° $iyr.) (MW) (kgls) (m?) (MW)
1P 0.0 0.0 ~141.831 141.831% 72568  789.000 116473  215.709
3P ~140.634 140.634 72.568  789.000 94988 218.325
1P 05 15 1046.160" 142.586 73110 794133 128509  217.195
3P 1059.895 146.106 77.060 827789 183479  230.887
1P 0.25 0.0 434.650 142.588 73119  789.000 128508  217.236
3P 439.183 145.598 76.890  789.000 173101  230.283
1P 0.25 0.2 439.208 142.586 73110 794.133% 128509  217.195
3P 443.820 145.615 76.839  826.033 173732 230.163

* Maximum value by maximizing profit
** Minumun value by maximizing profit
# Highest value obtained by maximizing profit.

Table 4 compares the main process variables based on 1P-OptR2. First, the solution values
obtained for Pspow=0 and Ps,war=0 are reported, for which maximizing profit is equivalent to
minimizing TAC, as is observed. In this case, no extra amounts of electricity and freshwater are
produced with respect to the desired minimum requirements (72.568 MW and 789.0 kg-s/,
respectively). The minimum TAC value obtained in 1P-OptR2 is 1.197x10 ¢ $-yr.”! higher than in 3P-
OptOR2 due to the increase in THTAnrsc by 21485 m? (from 94988 to 116473 m?). Second, the
solution values obtained for Pspow=0.5 $-kWh™! and Ps,wat=1.5 $-m~ are reported. This pair of sale

prices lead to the maximum attainable profit computed by 1P-OptR2, which is compared with the



maximum profit obtained by 3P-OptR2 for this pair of sale prices. Third, the solution values obtained
for Pspow=0.25 $-kWh™! and Ps,wat=0 are reported. This pair of sale prices leads to the highest value

of W, o Obtained by 1P-OptR2 (73.119 MW) when the profit is maximized, and it is compared

with the obtained by 3P-OptR2 (76.890 MW) for the same sale prices. These W, ¢, Vvalues are

respectively 0.551 MW and 4.322 MW higher than the minimum desired power generation (72.658
MW). Forth, the solution values obtained for Pspow=0.25 $-kWh™! and Ps,war=0.2 $-m™ are reported.
This pair of sale prices leads to the highest value of D obtained by 1P-OptR2 (794.133 kg-s '), and it
is compared with the obtained by 3P-OptR2 (826.033 kg-s ) for the same sale prices. These D values
are respectively 5.133 kg-s' and 37.033 kg-s'! higher than the minimum desired freshwater
production (789.0 kg-s!), which is imposed as a lower bound. It is important to emphasize that the

values of D and Wier sr in Table 4 were obtained by maximizing profit in all cases (not maximizing
D or V.VNET,ST)'

As expected, the maximum profit values obtained in 1P-OptR2 and 3P-OptR2 are achieved at
the highest sale prices considered (Pspow=0.5 $-kWh! and Pswar=1.5 $-m™3). The differences in profit
values between 1P-OptR2 and 3P-OptR2 increase with the increase of both prices. These differences
range between 1.991x10°¢ $-yr.”! (computed for Pspow=0.05 $-kWh™' and Pswar=1.2 $-kWh™') and
13.735x107°$-yr.”' (computed for 0.5 $-kWh'and 1.5 $-m™).
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Figure 11. Optimal solution 1P-OptSol obtained by maximizing the profit for Pspow=0.25 $-kWh™!
and Ps,WAT=0-7 $-m*3.



6  Conclusions

This work addressed the optimization of dual-purpose desalination plants (DPDP) —
simultaneous production of electricity and freshwater — by integrating a combined-cycle heat and
power (CCHP) plant with a multiple stage flash (MSF) desalination process.

Mathematical programming techniques and a generalized gradient-based optimization
algorithm were used. A superstructure-based representation of the heat recovery steam generator
(HRSG) of the CCHP was proposed and a mixed-integer nonlinear programming (MINLP) model was
derived from it. The superstructure and the model embedded simultaneously several attractive
candidate structures, from single-pressure (1P) to triple-pressure (3P) HRSG configurations. Series,
parallel and series-parallel heat exchanger arrangements as well as steam reheating were allowed.

The existing Shuaiba North DPDP (1P-HRSG), located in Kuwait, was used as a reference
case for model validation and investigate optimized revamping cases.

In a first optimal revamping problem, the freshwater production rate per unit of total heat

transfer area required in the HRSG (D/THTA, . ratio) was maximized, keeping the same MSF

desalination system (heat transfer areas and dimensions of the flashing stages) and gas turbine (flue-
gas flowrate and temperature entering the HRSG) as in the reference case. Interestingly, an extra
amount of 13.782 kg/s of freshwater was produced when the 1P-HRSG in the Shuaiba North plant was
replaced with a 3P-HRSG with a significant reduction in the THT Anrsc 0f 19.2%.

A second optimal revamping problem considered the possibility to sell electricity and
freshwater. In this case, the profit — defined as the difference between the revenue for selling
electricity and freshwater and the total cost of the integrated system — was maximized. The sale prices
for which it is economically convenient to generate extra electricity and freshwater were determined.
When a 3P-HRSG replaced the original 1P-HRSG in the Shuaiba North plant, higher profit values
were achieved. The differences in profit increased with increasing sale prices, ranging between
1.991x10°° $-yr.”! for sale prices of electricity and freshwater of 0.05 $-kWh™' and Pswar=1.2
$-kwh!, respectively, and 13.735x10°° $-yr.”! for sale prices of 0.5 $:-kWh™! and 1.5 $-m3,

respectively.
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