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Maximization of the Profit of a
Complex Combined-Cycle
Cogeneration Plant Using a
Professional Process Simulator
The high cost of energy resources has driven a strong and continued quest for their
optimal utilization. In this context, modern thermoeconomic optimization techniques have
been developed to analyze and design improved energy systems, leading to a better
compromise between energetic efficiency and cost. Thermoeconomic optimization can be
parametric (plant configuration is fixed), applicable both at the design phase or opera-
tion phase of a system, or structural (plant configuration may vary). In practice, math-
ematical thermoeconomic optimization may be accomplished in two ways: (i) the con-
ventional way, which manipulates all pertinent equations simultaneously or (ii)
integrated with a professional process simulator, such that the equations are manipulated
separately. In the latter case, the simulator deals with the thermodynamic property and
balance equations, while an external optimization routine, linked to the simulator, deals
with the economic equations and objective function. In this work, a previous implemen-
tation of an integrated approach for parametric mathematical thermoeconomic optimi-
zation of complex thermal systems is applied to an actual combined-cycle cogeneration
plant located in the outskirts of the city of Rio de Janeiro in Brazil. The plant contains
more than 60 thermal components, including two gas turbines, one steam turbine, and
two heat recovery steam generators. Several hundred variables are required to simulate
the plant at one operational steady-state. The plant produces 380 MW of power nomi-
nally, and exports a mass flow rate between 200 tons/h and 400 tons/h of superheated
process steam, at 45 bars and 404°C, to a neighboring refinery. The simulator is the
THERMOFLEX software, which interfaces with the Microsoft Excel program. The optimiza-
tion routine is written in the Visual Basic for Applications language and is based on
Powell’s method. The cogeneration plant operates subjected to time-changing economic
scenarios, because of varying fuel, electricity, and steam prices. Thus, to manage the
plant, it is necessary to vary the operational state appropriately as the economic param-
eters change. For a prescribed economic scenario, previous work determined the mini-
mum operational cost, when a fixed contracted hourly-rate of process steam was to be
exported, while a variable amount of electrical power was produced. In this paper, a
broader optimization problem is formulated and solved, for which the objective is to
maximize the plant profit under different economic scenarios. It is shown that the optimal
operating conditions depend on the economic parameters, and do not necessarily imply
maximum efficiency. The integrated optimization approach proves effective, robust, and
helpful for optimal plant management. �DOI: 10.1115/1.3204506�
Introduction
Effective utilization of costly nonrenewable energy resources

y power plants is one critical task for sustainable growth and has
ushed the development of thermoeconomics. In particular, in
razil, thermal power generation is becoming increasingly strate-
ic, because irregular rainfall has been recently threatening do-
estic power supply by the traditional hydroelectric plants. Natu-

al gas, due to its abundance in South America, has been the fuel
f choice to run the majority of Brazilian thermal power plants.

Thermoeconomics started in the 1960s �1�, when association of
hermodynamic and economic concepts in order to improve effi-
iency and reduce environmental impacts of thermal systems for-
ally began. In the 1980s and 1990s a more systematic approach
as embraced, which established general definitions, principles,

nd techniques �2,3�, and led to the development of new method-
logies �1,4–7� and the conception of the benchmark problem
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CGAM �3,8�. In the past 10 years, the effort to perfect thermal
systems and to reduce their environmental impacts has vigorously
persisted, with modern developments and improvements of meth-
odologies �9–19�, applications �20–27�, and benchmark problems
�TADEUS �28� and MPCP �29��; critiques of presently available
methods and their limitations are found in literature �18,19,30�.
Today, thermoeconomic and exergoeconomic concepts and for-
malisms �2,3,31,32� can be used together with optimization tech-
niques �33–35� to perform analysis and design of energy systems,
leading to a better compromise between energetic efficiency and
environmental impact on one hand, and cost on the other. To date,
with a few recent exceptions �23,24�, the optimization applica-
tions have considered relatively simple systems only.

The objective of this work is to apply a previous implementa-
tion of an integrated approach for parametric mathematical ther-
moeconomic optimization of complex thermal systems �23� to an
actual combined-cycle cogeneration plant located in the outskirts
of the city of Rio de Janeiro in Brazil �36,37�. In the parametric
optimization exercises reported here, the plant configuration

is fixed �number and interconnections of components are un-
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hanged�, and, furthermore, the sizes of the components are also
xed; therefore, only their operational settings are altered in the
ptimization exercises. As in Ref. �36�, due to the complexity of
he energy system analyzed, the optimization algorithm is inte-
rated with a professional process simulator—here, the THERMOF-

EX program �38�. Robust system simulation is an essential ele-
ent for the success of the optimization task �24,35�. The current

lant is well simulated in both design and off-design conditions.
ntegration is realized through a routine written in the Visual Ba-
ic for Applications �VBA� language, since a Microsoft Excel
upplement does the communication between the optimization al-
orithm and the simulator. The optimization routine is based on
owell’s direct search method �33,39,40�. Search methods are
idely employed in optimization of thermal systems �35�. Pow-

ll’s method does not require the calculation of derivatives of the
bjective function, and, starting from an initial point, it locates the
xtremum of a multivariable unconstrained function by successive
nidimensional searches along a set of conjugate directions gen-
rated by the algorithm. When constraints are imposed, one may
ouple the algorithm to a penalty function method. Validations of
he integrated approach with other simulators �15,23� and with the
resent one �41� have already been performed.

The cogeneration plant operates subjected to time-changing
conomic scenarios, because of varying fuel purchase prices, and
lectricity and steam sale prices. Thus, to manage the plant com-
etently, it is necessary to vary the operational state optimally as
he economic factors change. For a prescribed economic scenario,
revious work �36� determined the minimum operational cost,
hen a fixed contracted hourly-rate of process steam was to be

xported, while a variable amount of electrical power was pro-
uced. In this paper, a broader optimization problem is formulated
nd solved, for which the objective is to maximize the profit of the
lant under different economic scenarios. It is now shown that the
ptimal operating conditions depend �nontrivially� on the eco-
omic parameters, and do not necessarily imply maximum effi-
iency. It should be noted, however, that in the present work the
mbient temperature fluctuation effects on the gas turbines and
ombined-cycle performances have not been considered. Thus, the
urrent procedure is static, adequate to a general optimization fac-
ng variable prices and steam export parameters. To effect real-
ime dynamic optimization, the ambient temperature must be fed
t regular intervals to the models of the gas turbines and all other
omponents influenced by the ambient state. The results of opti-
ization exercises to maximize the plant profit under various

conomic scenarios establish that the integrated optimization
pproach is effective, robust, and helpful for optimal plant man-
gement.

The Combined-Cycle Plant
The combined-cycle cogeneration plant of this study �36,37� is

art of the largest natural-gas-fired thermoelectric complex in Bra-
il, located in the outskirts of the city of Rio de Janeiro. Main
lant information has been provided by plant personnel �37� and is
ummarized in Table 1. Superheated process steam is exported to
neighboring refinery at 45 bars absolute pressure and 404°C

emperature, with a mass flow rate between 200 tons/h �55.6 kg/s�
nd 400 tons/h �111.1 kg/s�. The natural gas burned in the plant
as the composition and properties presented in Table 2. An offi-
ial performance test at design conditions indicated 382.1 MW net
ower, 5897 kJ/kWh cogeneration heat rate, and 201.4 tons/h pro-
ess steam flow rate. At design conditions, the reference opera-
ional characteristics of the plant �37� are shown in Table 3. The
asic components of the plant are briefly described next, and a
chematic flow diagram is shown in Fig. 1.

Two gas turbines �GTs� operate in parallel with two supplemen-
al duct burners �DBs� and two single-pressure heat recovery
team generators �HRSGs�. The duct burners can nearly double
team production, and their operational settings depend on the

mount of exported steam. In each HRSG, hot combustion gases
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flow outside the water-tubes of two superheaters, one evaporator,
and two economizers, exiting through the chimney.

To make up for the exported mass flow rate of steam to the
refinery �RE�, demineralized water tanks feed the water/steam cir-
cuit of the plant. Water is preheated in the feedwater heater
�FWH�, follows to the deaerator �DE�, and then enters the high
pressure pumps �HPP�. The water exiting from the pumps flows
through the tube side of each HRSG and first gains energy in the
economizers. Saturated steam is then formed in the evaporator and
follows to the first superheater. To better control steam exit con-
ditions, the steam undergoes attemperation before entering the

Table 1 Main combined-cycle plant information

Plant quantity Value

Maximum net electrical power 383.2 MW
Auxiliary equipment power consumption 10 MW
Power of a gas turbine at full load 107.2 MW
Temperature of gases at inlet to HRSG after
supplemental firing 795°C
HRSG design conditions for steam production 124.1 bars, 568°C
Exit temperature of gases from HRSG 112°C
Volume flow rate of combustion gases in HRSG 2,107,682 m3 /h
Hot gases total pressure loss in HRSG 27 mbars
Steam turbine power at full load �200 tons/h
process steam� 179.3 MW
Steam conditions after first stage �200 tons/h
process steam� 45.2 bars, 417°C

Table 2 Chemical composition and properties of the plant fuel
„natural gas…

Chemical component Molar fraction

Methane 87.9589%
Ethane 9.1950%
Propane 1.4882%
Butane 0.1667%
Pentane 0.016%
Hexane 0.0018%
Nitrogen 0.7064%
Carbon dioxide 0.4671%
Hydrogen 0
Hydrogen sulfide 0
Total 100%
Density �absolute� 0.7520 kg /m3

Mean molecular weight 18.05
Lower heating value �LHV� 48,366 kJ/kg
Higher heating value �HHV� 53,522 kJ/kg

Table 3 Reference operational characteristics of the plant at
design conditions: 200 tons/h exported steam and 100% GT
load

Flow
P

�bar�
T

�°C�
h

�kJ/kg�
ṁ

�kg/s�

Water entering HRSGs 156.4 82.1 356.2 95.1
Superheated steam exiting HRSGs 124.1 567.4 3519.8 95.1
Combustion gases exiting GTs 1.03 540.3 591.1 385.6
Combustion gases exiting DBs 1.01 795.0 907.0 388.1
Combustion gases exiting HRSGs 1.01 112.3 119.1 388.1
Steam entering first stage of ST 120.0 565.0 3517.7 190.2
Steam exiting last stage of ST 0.08 41.0 2239.1 122.0
Water exiting condenser 0.08 41.0 171.8 122.0
Water exiting low-pressure pump 6.0 41.1 172.5 122.0
Water entering DE 0.47 41.2 172.5 122.0
Process steam after attemperation 45.2 404.3 3217.0 55.6
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econd superheater. The total amount of superheated steam pro-
uced in the HRSGs follows to the first stage of the steam turbine
ST� in normal operating conditions.

The condensation steam turbine is designed for sliding pressure
peration. After expansion in the first stage, some amount of
team is extracted to serve the process line �after undergoing at-
emperation�. In turn, after expansion in the second stage, more
team is extracted to serve the deaerator. Finally, after expansion
n the third twin-stage, steam follows to the water-cooled con-
enser. The condenser receives cooling water at 25°C from a
umid forced-convection cooling tower �CT�, and the water
eaves at 37.1°C. A low-pressure pump directs the condensate to
he deaerator. The hot stream of the feedwater heater is steam,
hich had been deviated from the first and third stages of the

team turbine. Several valves �blockage and control�, mixers, and
plitters are used throughout the system to direct, join, and sepa-
ate the various mass flows.

The Thermoflex Simulator
Process simulators are useful modern engineering tools for the

esign, analysis, and optimization of thermal systems �23,24,42�.
s alluded to before, the concerted effort to attain robust plant

imulation, though time consuming, is indispensable for the suc-
ess of the optimization task �24,35�. The THERMOFLEX process
imulator is the fully-flexible program of Thermoflow, Inc �38�. In
his work, version 16.0.1 has been used.

Along an optimization process �e.g., operation cost minimiza-
ion or profit maximization� of an energy system modeled in a
imulator, it is necessary to simulate the system in conditions
way from those, for which it had been designed. For this pur-
ose, the system must then be modeled in off-design mode of the
rogram. However, to build the off-design model, it is first neces-
ary to build the design model in design mode. The components
nd their interconnections are exactly the same for both models;
ig. 2 shows the flow diagram for the off-design model. The am-
ient parameters have been set to Tamb=22°C, Pamb
1.0132 bars, and 75% relative humidity �36�. In both design and
ff-design models of the plant, the account of pressure losses in
he pipelines has not been considered relevant for the present op-
imization problem �37�.

3.1 The Design Model. In order to contemplate all the main
pecifications and features of the combined-cycle plant, the fol-
owing THERMOFLEX components have been selected to build the
esign model �36�: four fuel sources, two gas turbines �GTPRO�,
ve gas/air sources, three gas/air sinks, four economizers �PCE�,

wo evaporators �PCE�, four superheaters �PCE�, two stacks, two
esuperheaters �attemperators�, two supplemental duct burners,
hree steam turbines to play the role of the three expansion stages
f the actual turbine, one water-cooled condenser, one wet cooling
ower �PCE�, one deaerator, one feed water heater with pump, one

DB

GT

HRSG

DB

GT

HRSG

Fig. 1 Schematic flow diagram of t
uxiliary water pump, two high-pressure water pumps, two
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makeup water sources makeup/blowdown, necessary to satisfy the
mass balances for the closed water circuits, eleven flow splitters,
six flow mixers, one element process with return, seventeen
valves for flow blockage and control, one water/steam sink, and
one water/steam source. Additionally, several simulator features
�e.g., “fix a flow” and “fix a pressure” settings in various dialog
boxes� have had to be used to impose all the plant constraints �see
Sec. 6.1�.

Clearly, the plant is complex. There are a total of 79 simulator
components, with many interconnections. The flow paths for the
fluid circuits are shown with solid �water/steam�, dotted �fuel�,
and dashed �gases� lines. All the options for steam bypass and
extraction to supply the process line, the deaerator, and the water
heat exchanger are considered in the model; in this work, how-
ever, the exported process steam is always expanded in the first
stage of the steam turbine. To calculate the exergies of the various
system flows, the same reference flows defined in Ref. �36� are
used. The main input data for the design model to simulate the
plant in design conditions, with the exported process steam mass
flow rate of 200 tons/h and 100% load in the gas turbines, are
shown in Table 4.

3.1.1 Validation of the Design Model. Simulating the design
model described in Sec. 3.1 with the input data specified for de-
sign conditions in Table 4, with the exported steam mass flow rate
of 200 tons/h and 100% load in the GTs, the results obtained are
within a maximum of 2.8% of the reference operational values of
Table 3; gross plant power and heat rate are predicted to within
0.8% and 1.2%, respectively �37�. The magnitudes of these rela-
tive deviations are compatible with normally verified simulations
deviations �1–5%� in other recent studies in literature �22,43,44�,
and are thus considered acceptable for the present purposes.

3.2 The Off-Design Model. In the off-design model, all the
components present in the design model are switched from design
mode to off-design mode, except for the cooling tower �for which
the off-design model is not available in the simulator version used
�38��. As shown in the flow diagram of Fig. 2, there are a total of
102 mass flow rates and 79 simulator components; however, only
62 are actual thermal components of the system to be subjected to
analysis and optimization �17 are sources/sinks�. Some component
and stream options in the off-design model have to be changed
relative to those in the design model, so as to permit proper simu-
lation of the plant exporting different amounts of process steam.
Finally, the input data for the off-design model are not identical to
those for the design model.

In the simulator model, the off design mode regards the gas
turbines, the HRSGs, and the steam turbine. The gas turbines may
operate at partial loads from 60% to 100%. The HRSGs produce
variable amounts of steam as the GT loads change. The steam
turbine model incorporates sliding pressure operation and variable
mass flow rate of steam through the expansion stages. It is impor-

CTCOND

ST

RE

DEHPP

FWH

combined-cycle cogeneration plant
tant to note that the model accounts for the decrease in the isen-
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ropic efficiency of a stage as the mass flow rate of steam through
t increases. In fact, the efficiency of the low-pressure stage is 0.86
t the minimum of 13 kg/s of steam, while it is 0.81 at 150 kg/s;
oughly, this 6% drop occurs linearly. In turn, the low-pressure
tage power production varies linearly with the isentropic effi-
iency, and it represents about 15% of the total plant power pro-
uction. Therefore, the effect of the variation in the stage isentro-
ic efficiency on the total power production is not major, but still
ccounted for in the simulations along the optimization processes.
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Table 4 Main input d

Design model quantity

Pressure and temperature of process steam
Steam pressure at the inlet to the first stage
Temperature of gases at the exit from the supplement
Steam temperature and pressure loss at the exit from
Steam temperature and pressure loss at the exit from
Steam temperature and pressure loss at the exit from
Steam temperature and pressure loss at the exit from
Steam mass flow rate through the evaporators
Pressure loss of gases in the economizers and superh
Pressure loss of gases in the evaporators
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3.2.1 Validation of the Off-Design Model. First, simulating the
off-design model for design conditions �200 tons/h�, the results
obtained are within 0.5% of those generated with the design
model �36�. More importantly, results of plant simulations at off-
design operational conditions �100 tons/h and 400 tons/h� have
been validated by plant personnel in the light of real operational
data for global quantities and thermodynamic flow variables �37�.
As a matter of fact, Table 5 shows key global simulation results of
the off-design model for exported process steam flow rates of 100
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ons/h, 200 tons/h, and 400 tons/h, and 100% GT load. The results
n Table 5 translate with fidelity the global behavior of the plant;
hermodynamic variables of the plant flows are further verified in
ef. �37�. It is observed that, as the exported steam increases, the
lectrical power production and the associated efficiency decrease,
ut the cogeneration energy efficiency increases.

The simulations results presented in Secs. 3.1 and 3.2 indicate
hat both the design and off-design models constructed in the
imulator reproduce with engineering accuracy the most relevant
ogeneration plant operational quantities. This is crucial to para-
etrically optimize an objective function for a power plant, as the

ptimization process leads to operational adjustments both of
acroparameters �such as load and fuel input� and model-internal

ariables �such as flow rates and thermodynamical properties�. It
s thus expected that the off-design model developed will be ap-
ropriate for the optimization purposes of this work.

The Economic Model
In general, the costs of a thermal system include the capital

nvestment, supplied resources �fuel, electricity, and streams�, and
peration and maintenance costs �3�. In this work, it has not been
udged of interest to consider the investment and operation and

aintenance costs of the actual cogeneration plant �36,37�. Thus,

he total cost of the plant on a rate basis, ĊT, is formed by the
onsumption costs of natural gas and other resources only, or

ĊT = Ċf + Ċother = cfṁfLHV + Ċother �1�

here cf, ṁf, and LHV are, respectively, the cost per unit exergy,
he mass flow rate, and the lower heating value �assumed equal to

he chemical exergy� of the fuel, and Ċother is the cost rate of the
ther resources.

Market fluctuations force the cogeneration plant to operate sub-
ected to time-changing economic scenarios, because of varying
uel, electricity, and steam prices. The plant buys natural gas and
ells electricity to the distribution network at the price commonly
eferred to as the difference marketable price in Brazil, hence-
orth, abbreviated as DMP. Also, the plant sells superheated steam
o a neighboring refinery at variable prices per unit mass. In this
ork, an effort is made to reflect reality by considering six �dis-

rete� economic scenarios. The different combinations of values
f the DMP, and fuel and steam prices for the investigated sce-
arios are indicated in Table 6. The prices in Table 6 have been
udiciously established by plant personnel after an economic study
37� and represent limiting values, which are possible to occur in
he Brazilian energy market.

In the flow diagram of Fig. 2, there are a total of 12 external
ows entering the plant, of which fuel gas and power only are
ssumed to imply some costs; electricity consumed internally, at

Table 5 Global simulation results of the off-
flow rates of 100 tons/h, 200 tons/h, and 400 t

Off-design s

Global result

Gross power of GTs �kW�
Gross power of ST �kW�
Gross power of the plant �kW�
Fuel consumption based on LHV �kW�
Electrical efficiency based on LHV �%�
Auxiliary consumption �kW�
Net power of the plant �kW�
Net electrical efficiency based on LHV �%�
Net heat rate based on LHV �kJ/kWh�
Energy extraction for process �kW�
Energy efficiency of cogeneration based on LHV �%�
n estimated price of 60.00 US $/MWh, and natural gas to the gas

ournal of Engineering for Gas Turbines and Power
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turbines and duct burners, priced at the values shown in Table 6.
Note that the plant is part of a single-company industrial complex,
and it is not charged for the demineralized water.

5 Exergoeconomic Analysis of the Plant
An exergoeconomic analysis can be performed, integrated with

the simulator program, at an operational point X of the cogenera-
tion plant �36,37�. Here, a point of operation X refers to the
steady-state operation of the plant corresponding to one particular
set of values assigned to the decision variables of the optimization
problem �see Sec. 6�. To effect optimization of a thermal system,
it is necessary to select an initial set of estimates for the decision
variables, which will correspond to the initial point X0. At the end
of the optimization process, a final point X f is obtained. There-
fore, by comparing the exergoeconomic analyses for the initial
and final points, the modifications realized on the system by the
optimization process can be readily appreciated.

The calculations involved in an exergoeconomic analysis are
presented in Refs. �1,3,7,15,18,23�, and they have been outlined in
Refs. �36,37� for the current plant. Because THERMOFLEX �version
16.0.1� does not supply the flow exergy of a stream directly, it has
been calculated in an external routine, using the values of the
other thermodynamic properties, and taking the ambient condi-
tions as reference. Detailed quantitative results of exergoeconomic
analyses of the plant are reported in Ref. �37�; an excerpt of the
results is provided in Ref. �36�.

6 Maximization of the Plant Profit
In the parametric thermoeconomic optimization of the plant ef-

fected here, structural changes in the design are not allowed, so
that the configuration is fixed, shown in Figs. 1 and 2, and the
component sizes are also fixed. Both of the gas turbines, the re-
spective HRSGs, and the steam turbine are assumed to always
operate. Only the operational settings of the plant equipment can
be changed during the optimization procedure.

ign model for exported process steam mass
/h, and 100% GT load

lator model

100 tons/h 200 tons/h 400 tons/h

214,432 214,432 214,432
202,401 174,398 118,422
416,833 388,830 332,854
907,855 907,855 907,855

45.9 42.8 36.7
11,387 11,312 11,165

405,446 377,518 321,689
44.7 41.6 35.4

8,061 8,657 10,160
85,228 170,455 340,910

54.1 60.4 73.0

Table 6 Economic scenarios for the combined-cycle cogen-
eration plant of this work

Economic
scenario

DMP
�US $/MWh�

Fuel
Steam

�US $/ton��US $/MBTU� �US $/MWh�

1 8.80 5.15 17.57 20.35
2 75.00 5.15 17.57 20.35
3 75.00 11.00 37.53 20.35
4 8.80 11.00 37.53 20.35
5 8.80 11.00 37.53 10.00
6 75.00 5.15 17.57 32.50
des
ons
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An optimization exercise consists of the application of the in-
egrated iterative optimization approach to the off-design simula-
ion model starting at an initial point of operation, with ensuing
xecution of the algorithm until a stopping criterion is satisfied, so
hat a final point of operation is obtained. The initial point is
enerically denoted by X0, and possesses an associated value of
he objective function, OF0. The point obtained at the end of the
terations, X f, contains the final values of the decision variables,
nd is associated with the final value OFf; of course, OFf is im-
roved relative to OF0. Indeed, one expects that X f is close to, if
ot coincident with, the system global optimum point X�, associ-
ted with OF�. In this work, two initial points are considered,
enoted by X0,1 and X0,2, and they correspond, respectively, to
ull load and partial load operation of the gas turbines. By testing
ith different initial points, first, the likelihood of reaching the
lobal minimum is increased �11�, and second, the robustness of
he integrated optimization approach may be verified.

6.1 Problem Formulation. In the literature �1,3,8,23�, a typi-
al optimization problem is to minimize the sum of the plant
nvestment, operation and maintenance, and fuel costs. For the
resent cogeneration plant, however, the economic model equates
he total cost rate of the system, ĊT, to the cost rate associated
ith the consumption of natural gas and other resources only,

˙
f + Ċother �36,37�. In this work, it has been found that Ċother �here,

he cost rate of the electricity consumed internally, priced at 60.00
S $/MWh� has a negligible effect on the plant expenditures.
herefore, only Ċf is considered in the optimization problem

ormulation.
The objective function to be maximized in the optimization

roblem is the plant profit, or the difference between the total
lant revenue and the total cost of natural gas. The plant revenue
s yielded by the electricity and steam sales, such that the objec-
ive function OF� �US $/h� can be mathematically expressed by

OF� = ṖeDMP + ṁps�ps − cfṁfLHV �2�

here Ṗe, ṁps, and �ps represent, respectively, the net electrical
ower generated, the exported steam mass flow rate, and the

team sale price in US $/ton. Note that Ṗe considers the electricity
onsumed internally. In this work, maximization of OF� is ob-
ained equivalently through minimization of OF=−OF�, such that
ositive and negative values of OF correspond to plant loss and
lant profit, respectively. Solution of the optimization problem is
btained for three exported steam mass flow rates, namely, 100
ons/h, 200 tons/h, and 400 tons/h.

It is remarked that the objective function OF is not equivalent
o the specific cost of consumed resources for the plant. The latter
as an inverse correlation with plant efficiency and has been mini-
ized in Ref. �36�. The imparity between these objective func-

ions arises, because the total plant revenue changes even for a

xed exported steam mass flow rate; note that Ṗe depends on the
perational settings of the plant equipment. Therefore, depending
n the economic scenario, the operational settings for maximum
lant profit may not coincide with the ones for maximum plant
fficiency �or, equivalently, minimum specific cost of resources�.

6.1.1 Decision Variables. The set of decision variables has
een selected after several preliminary tests �36,37� and consists
f the following seven variables: loads of the gas turbines, �GT2
nd �GT38; fuel mass flow rates in the duct burners, ṁDB28 and
˙ DB32; steam flow pressures in the evaporators, PEvap,10 and

Evap,46; and steam mass flow rate to the deaerator, ṁDE,92. While
t is desired mathematically that the decision variables may be
ltered over a wide range of values, physical operational restric-
ions on the plant apparatuses must nevertheless be contemplated.

he following upper and lower limits have been established

41801-6 / Vol. 132, APRIL 2010
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to the decision variables �36,37�: 60%��GT2, �GT38�100%,
0� ṁDB28, ṁDB32�3.0 kg /s, 100 bars� PEvap,10, PEvap,46
�150 bars, and 0� ṁDE,92�60 kg /s.

The steam mass flow rate in each HRSG is a strong function of
the load of the respective GT. Thus, in addition to the GT loads,
the pressure in the evaporator is the appropriate HRSG-related
variable to be selected as a decision variable. In the simulator
program �38�, to make a pressure or a mass flow work as a deci-
sion variable, it is mandatory to use an option, which fixes the
selected variable in an individual simulation. The sliding pressure
mode of the steam turbine model accommodates the evaporator
pressure variations from simulation to simulation along the itera-
tions of one optimization exercise. The steam bypass to the de-
aerator serves as a useful check for the robustness of the optimi-
zation process, in that ṁDE,92 should converge to the minimum
value possible.

6.1.2 Constraints. The mass and energy balances for the plant
are equality constraints of the optimization problem, imposed by
the thermodynamic calculations of the simulator. In addition, the
fixed mass flow rate value of the exported process steam is also an
equality constraint.

The inequality constraints of the optimization problem are pre-
sented in Tables 7 and 8 �36,37�. Some constraints are due to
specific operational characteristics of the plant apparatuses, such

Table 7 Inequality constraints of the optimization problem

Description
of constraint Value

Lower limit for the power of each gas turbine 64.5 MW
Minimum steam mass flow rate through the
low-pressure stage of the steam turbine 13 kg/s
Maximum temperature at the exit of the deaerator 81°C
Minimum gas flow rate through the duct burners 2100 m3 /h
Maximum exit temperature of gases from the duct
burners 795°C
Minimum and maximum
energy fluxes in the duct burners

24.9 MW,
124.3 MW

Minimum and maximum exit temperatures
of gases from the HRSGs 100°C, 200°C
Maximum exit temperature of steam
from the HRSGs 567°C
Maximum pressure at the entrance
to the HRSGs 229 bars
Minimum pressure in the high pressure pumps 161 bars
Minimum and maximum steam pressure
at the entrance to the steam turbine 64 bars, 121 bars
Maximum condenser pressure 1.7 bars
Minimum and maximum process steam pressure 41.5 bars, 48 bars

Table 8 Upper limit for the steam temperature at the entrance
to the steam turbine, as a function of the steam mass flow rate

Mass flow
�kg/s�

Temperature
�°C�

0 460
90 460

100 465
110 470
120 490
130 505
140 520
150 530
160 540
170 550
180 560
185 565
200 565
Transactions of the ASME
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s the pressure in the high pressure pumps and the exit tempera-
ure of gases from the duct burners. Other constraints originate
rom established engineering practices, such as the exit tempera-
ures of gases from the HRSGs. Minimum values equal to zero,
hat would represent structural changes of the system, have been
voided; such is the case for the mass flow rate in the duct burners
nd in the turbines.

As commonly employed in direct search optimization algo-
ithms �23,33,35�, the inequality constraints are incorporated
hrough penalties applied to the objective function. Here, a pen-
lty increases the objective function OF by a very large amount,
hich is proportional to the magnitude of the difference between

he current �not admissible� value of the constrained variable and
he respective limiting value.

6.2 Method of Solution. The formulated thermoeconomic
ptimization problem is solved by integrating a direct search op-
imization algorithm with the process simulator �36�. Integration
equires a two-way communication interface, provided by the Mi-
rosoft Excel supplement ELINK �38�. The optimization routine is
ritten in the VBA language, runs without user intervention, and
erforms the following tasks: �i� send plant data to the THERMOF-

EX process simulator, �ii� issue the command to run a simulation
“call MnuCompute”�, �iii� receive new plant data from the simu-
ator, �iv� effect calculations of the algorithm, and �v� return to
ask �i�, while the stopping criterion is not met. The associated
omputer code has been described in Refs. �36,37�; the enthalpy
nd entropy of the fuel are calculated using an external .xla rou-
ine from the supplement FLUIDPROP �45�.

In Ref. �23�, Nelder and Mead’s method �33� had been imple-
ented and integrated with the IPSEPRO simulator �46�. However,

eparate tests conducted with the Nelder and Mead method ap-
lied to the cogeneration plant modeled in the current program
evealed that the method demanded a very long computational
ime to realize one optimization exercise �36,37�. In view of this
xperience, it has been decided to replace Nelder and Mead’s
ethod by the method of Powell �33,39�, as implemented in Ref.

40�.
In Ref. �40�, Powell’s method is implemented in VBA, inte-

rated with the IPSEPRO simulator. In multidimensional optimiza-
ion, the method requires a one-dimensional search for the func-
ion extremum in each coordinate direction. To perform this
earch efficiently, the combined DSC-Powell algorithm �33� has
een used. Validation of the implementation is obtained through
tandard functions and against the results of Ref. �23� for the same

able 9 Results for the first set of optimization exercises: ex
ons/h, economic scenario 1

Exported steam Point
�GT2
�%�

�GT38
�%�

ṁDB28
�kg/s�

100 tons/h X0,1 100 100 2.54
X f ,1 60 60 1.16

200 tons/h X0,1 100 100 2.54
X f ,1 60 60 1.16

400 tons/h X0,1 100 100 2.54
X f ,1 60 60 1.24

100 tons/h X0,2 75 75 1.50
X f ,2 60 60 1.08

200 tons/h X0,2 75 75 1.50
X f ,2 60 60 1.10

400 tons/h X0,2 75 75 1.50
X f ,2 62 63 1.15
nergy system and operating conditions. In this work, the imple-
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mentation of Ref. �40� is modified, so as to integrate it with THER-

MOFLEX. It is then observed �36,37� that the performance of Pow-
ell’s method is about five times faster than that of the method by
Nelder and Mead. Here, successive reinitializations of the algo-
rithm are effected until the objective function ceases to reduce,
according to the stopping criterion

�OFiter+1 − OFiter� � � �3�

where iter+1 and iter represent consecutive iterations, and �
=10−2 is a prescribed tolerance suited for monetary quantities. No
limit on the number of iterations has been imposed.

7 Results and Discussion
In this section, the results of the exercises to optimize the co-

generation plant profit are presented and analyzed. Note that, in
accordance with the problem formulation, the results are pre-
sented in terms of the objective function OF �operation losses�,
not OF� �operation profit�. Two sets of optimization exercises
have been carried out. The first set has been performed for three
values of the exported steam mass flow rate, 100 tons/h, 200
tons/h, and 400 tons/h, and for the economic scenario 1 only �see
Table 6�. Two initial points have been selected, X0,1 and X0,2,
corresponding to full load and partial load operation of the gas
turbines, respectively. The second set has been executed for the
six economic scenarios indicated in Table 6; all exercises start
from the point X0,1 and 200 tons/h is the exported steam mass
flow rate.

7.1 Results for Several Exported Steam Mass Flow Rates.
The results for the first set of optimization exercises are shown in
Table 9 and Fig. 3. The number of calls to the simulator along the
iterations of one optimization exercise is denoted by NC, which is
equal to the number of evaluations of the objective function. Evi-
dently, larger values of NC correspond to larger computational
times; on a Pentium IV processor, NC=150 amounts roughly to 1
h.

From the results in Table 9 and Fig. 3 for the economic scenario
1, it is observed, first, that the algorithm is effective and robust: �i�
plant losses at the final points are significantly reduced relative to
those at the respective initial points and �ii� for each exported
steam mass flow rate, the final value of OF is �acceptably� inde-
pendent of the initial point. Second, the higher the amount of
exported steam is, the lower is the loss. Third, both GTs must
operate at the minimum load of 60%, regardless of the exported

ted steam mass flow rates of 100 tons/h, 200 tons/h, and 400

32
s�

PEvap,10
�bar�

PEvap,46
�bar�

ṁDE,92
�kg/s�

OF
�US $/h� NC

4 129.5 129.5 5.56 10,374.10 1
3 117.0 119.5 0.0087 6,343.75 291

4 129.5 129.5 5.56 8,585.16 1
7 117.0 117.0 0.0087 4,585.18 252

4 129.5 129.5 5.56 5,006.93 1
5 150.0 148.9 0.0087 1,104.70 579

0 129.5 129.5 5.00 7,665.62 1
0 121.7 120.8 0.050 6,284.17 301

0 129.5 129.5 5.00 5,878.28 1
0 121.6 120.8 0.050 4,504.15 187

0 129.5 129.5 5.00 2,292.42 1
8 135.4 149.8 0.53 1,191.45 546
por

ṁDB
�kg/

2.5
1.1

2.5
1.1

2.5
1.2

1.5
1.1

1.5
1.1

1.5
1.2
steam mass flow rate. This is a combined effect of cheap fuel and
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ow DMP value; to minimize plant losses, it is better to minimize
lectricity production in the GTs and to keep some duct firing to
uarantee steam export. Fourth, for all amounts of exported steam,
he fuel mass flow rates in the duct burners must be reduced to
alues within the range from 1.1 kg/s to 1.3 kg/s. The reductions
n the GT loads and in the amounts of fuel through the duct
urners contribute to lower the temperature of the combustion
ases. Fifth, the final values of the steam pressure in the evapora-
ors are lower than the corresponding initial values, except for 400
ons/h. In this case, the pressure must be increased to reduce the
emanded thermal energy to generate the amount of exported
team in the HRSGs. Sixth, at all the final points, the bypass
team mass flow rate to the deaerator is markedly reduced. Fi-
ally, concerning the number of simulator calls, the more the sys-
em deviates from design conditions �200 tons/h�, the higher is the
alue of NC.
Table 10 summarizes, for the first set of optimization exercises,

he global plant data at the final point X f ,1 for each exported steam
ass flow rate. It is observed from Table 10, that both the first-law

nd second-law electrical efficiencies decrease as the amount of
xported steam is increased. The former is slightly higher than the
atter, because the fuel energy flux �based on the LHV� has a
ower numerical value than the exergy flux of all plant incoming
treams �fuel, water and air�. However, because the exergy flux
alue for the process steam is much lower than the energy flux,
he first-law cogeneration efficiency is significantly higher than
he second-law cogeneration efficiency. Also, as the amount of
xported steam increases from 100 tons/h to 400 tons/h, the rate of
ncrease in the first-law cogeneration efficiency �from 54.0% to
2.7%� is much higher than that of the second-law efficiency
from 44.6% to 48.2% only�. The attenuated variation in the
econd-law efficiency indicates that the thermodynamic quality
reversible work potential� associated with a much increased ex-

ig. 3 Optimization results, OF versus NC, for the first set of
xercises

Table 10 Global plant data at the final poin

Plant data

Gross electrical power �kW�
Net electrical power �kW�
Fuel consumption based on LHV �kW�
Process steam energy rate �kW�
First-law gross electrical efficiency �%�
First-law net electrical efficiency �%�
First-law cogeneration efficiency �%�
Total exergy flow rate of resources �kW�
Total exergy flow rate of process steam �kW�
Second-law net electrical efficiency �%�
Second-law cogeneration efficiency �%�
41801-8 / Vol. 132, APRIL 2010
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ported steam mass flow rate is not so larger than the electric
power losses due to extraction. Thus, higher amounts of exported
steam do not lead to a much more rational utilization of the natu-
ral gas. Finally, comparing the efficiencies shown in Table 10 with
the ones obtained for the optimization problem in Ref. �36�, one
verifies that the operational condition for maximum plant profit
does not coincide with that for maximum plant efficiency. Indeed,
e.g., for 200 tons/h, the first-law net electrical efficiency and the
second-law cogeneration efficiency decrease from 41.8% and
48.4% �at maximum plant efficiency�, respectively, to 35.0% and
45.7% �at maximum plant profit� �37�.

7.2 Results for Several Economic Scenarios. The results for
the second set of optimization exercises are shown in Table 11 and
Fig. 4. As expected, scenario 5 is the worst �lowest DMP and
steam sale price, and highest fuel price�; conversely, scenario 6 is
the best �highest DMP and steam sale price, and lowest fuel
price�. The plant makes profit operating under scenarios 2 and 6
only �highest DMP and lowest fuel price�. For scenarios 1, 3, 4,
and 5, the larger losses are associated with expensive fuel �pur-
chased at 11.00 US $/MBTU�, while the lower losses are associ-
ated with either expensive electricity �sold at 75.00 US $/MWh�
or cheap fuel �purchased at 5.15 US $/MBTU�.

In the economic scenarios 2 and 6 �DMP=75.00 US $ /MWh
and fuel at 5.15 US $/MBTU�, irrespective of the steam price, the
gas turbines and duct burners must operate at full load to generate
maximum electrical power and increase the plant revenue. Of
course, the fuel cost also increases, nevertheless, not at as high a
rate as the revenue. To minimize the plant loss in the economic
scenario 3 �DMP=75.00 US $ /MWh, fuel at 11.00 US
$/MBTU�, on the other hand, while the gas turbines must also
operate at full load, the fuel mass flow rates through the duct
burners must be reduced relative to the values for scenario 6.
Finally, to minimize the plant losses in the economic scenarios 4
and 5 �lowest DMP and expensive fuel�, the gas turbines must
operate at the minimum load of 60%. Also, the fuel mass flow
rates through the duct burners should be reduced to the minimum
necessary to permit production of the exported steam. Referring to
Fig. 4, one observes clearly that the DMP and the fuel price are
the quantities, which affect more significantly the final value of
the objective function. Finally, again, the more the system devi-
ates from design conditions �i.e., gas turbines operate at the mini-
mum load�, the higher is the value of NC.

Table 12 summarizes, for the second set of optimization exer-
cises, the global plant data at the final point X f ,1 for each of the
economic scenarios 1, 2, and 3. It is observed from Table 12 that
both the gross and net electrical powers are the largest for the
economic scenario 2, which forces the gas turbines and duct burn-
ers to operate at full load. Consequently, both the first-law and
second-law net electrical efficiencies are the largest for scenario 2.
It is also verified, that optimal plant operation for maximum profit

f,1 for each exported steam mass flow rate

Economic scenario 1

100 tons/h 200 tons/h 400 tons/h

243,052 215,970 167,404
235,688 208,527 159,798
593,936 596,119 605,290

85,241 170,483 340,845
40.9 36.2 27.7
39.7 35.0 26.4
54.0 63.6 82.7

605,876 608,187 617,659
34,658 69,345 137,634

38.9 34.3 25.9
44.6 45.7 48.2
t X
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or minimum loss� leads to similar values of the first-law cogen-
ration efficiencies for all three scenarios; the same is true for the
econd-law cogeneration efficiencies. The lowest value of the
econd-law cogeneration efficiency occurs when the gas turbines
perate at partial load, under scenario 1. Notwithstanding, for this
cenario, the first-law cogeneration efficiency is the highest.

able 11 Results for the second set of optimization exercises:
ons/h

Economic scenario Point
�GT2
�%�

�GT38
�%�

ṁDB28
�kg/s�

1 X0,1 100 100 2.54
X f ,1 60 60 1.16

2 X0,1 100 100 2.54
X f ,1 100 100 2.53

3 X0,1 100 100 2.54
X f ,1 100 100 2.08

4 X0,1 100 100 2.54
X f ,1 60 60 1.16

5 X0,1 100 100 2.54
X f ,1 60 60 1.16

6 X0,1 100 100 2.54
X f ,1 100 100 2.53

ig. 4 Optimization results, OF versus NC, for the second set
f exercises

Table 12 Global plant data at the final point X
3

Plant information

Gross electrical power �kW�
Net electrical power �kW�
Fuel consumption based on LHV �kW�
Process steam energy rate �kW�
First-law gross electrical efficiency �%�
First-law net electrical efficiency �%�
First-law cogeneration efficiency �%�
Total exergy flow rate of resources �kW�
Total exergy flow rate of process steam �kW�
Second-law net electrical efficiency �%�
Second-law cogeneration efficiency �%�
ournal of Engineering for Gas Turbines and Power
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8 Conclusions

To conclude, this paper reports the successful integrated ther-
moeconomic optimization of the profit of a complex combined-
cycle cogeneration plant operating subject to several different eco-
nomic scenarios, using the THERMOFLEX professional process
simulator. The efficient direct search optimization algorithm is
based on the method of Powell. Optimization exercises with seven
decision variables have been carried out for three exported steam
mass flow rates �100 tons/h, 200 tons/h, and 400 tons/h� and they
lead to a progressive improvement of the objective function. The
integrated approach has proven effective, robust, and helpful for
optimal plant management. Truly, in a dynamic economic setting,
the approach can provide quantitative decision-making informa-
tion that cannot be reliably anticipated.

Specifically, the results of the exercises show that the optimal
plant operating conditions depend nontrivially on the economic
parameters. Furthermore, the results conduct to some relevant
conclusions: �i� maximization of the plant profit does not neces-
sarily lead to the operating conditions of maximum plant effi-
ciency �ii� as the exported steam mass flow rate is increased in an
economic scenario with low DMP, the plant loss decreases; �iii� in
an economic scenario with high DMP, maximization of the plant
profit demands that the gas turbines operate at full load, while the
load of the duct burners will depend on the fuel price; and �iv� in

nomic scenarios 1–6 and exported steam mass flow rate of 200

B32
/s�

PEvap,10
�bar�

PEvap,46
�bar�

ṁDE,92
�kg/s�

OF
�US $/h� NC

4 129.5 129.5 5.56 8,585.16 1
7 117.0 117.0 0.0087 4,585.18 252

4 129.5 129.5 5.56 �17,158.07 1
4 128.0 128.7 3.29 �17,315.29 194

4 129.5 129.5 5.56 1,101.48 1
6 115.8 115.8 3.31 875.46 132

4 129.5 129.5 5.56 26,844.70 1
7 117.0 117.0 0.0087 16,574.83 290

4 129.5 129.5 5.56 28,914.87 1
7 117.0 117.0 0.0087 18,644.99 290

4 129.5 129.5 5.56 �19,588.26 1
4 128.0 128.7 3.29 �19,745.48 195

for each of the economic scenarios 1, 2, and

Exported steam flow rate: 200 tons/h

Scenario 1 Scenario 2 Scenario 3

215,970 390,781 366,098
208,527 382,277 357,853
596,119 907,261 856,824
170,483 170,455 170,454

36.2 43.1 42.7
35.0 42.1 41.8
63.6 60.9 61.7

608,187 922,766 871,686
69,345 68,793 68,895

34.3 41.4 41.1
45.7 48.9 49.0
eco

ṁD
�kg

2.5
1.1

2.5
2.5

2.5
1.9

2.5
1.1

2.5
1.1

2.5
2.5
f,1
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n economic scenario with low DMP, minimization of the plant
oss demands that the gas turbines and duct burners operate at the

inimum load possible.
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omenclature
ĊT � total cost rate of the plant �US $/s or US $/h�
cf � cost per unit exergy of the fuel �US $/kJ�
h � enthalpy �kJ/kg�
ṁ � mass flow rate �kg/s�

ṁps � exported process steam mass flow rate �kg/s or
ton/h�

ṁf � fuel mass flow rate �kg/s or kg/h�
NC � number of calls to the simulator
OF � objective function �US $/h�

P � pressure �bar�
Ṗe � net electrical power generated by the plant

�MW�
PEvap � steam pressure in evaporator �bar�

T � temperature �°C�
X � steady-state operation point of the plant, vector

of decision variables
�ps � process steam sale price �U S $/ton�

� � gas turbine load
� � prescribed tolerance for optimization algorithm
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