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Lifecycleoriented design of aGT + 1PSH HRSG type CCGT power plant
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Abstract:

In the present work, a life cycle oriented approaahsed for designing power plants in a way they
can satisfy the desired demand along the whole hiorizon, while selected economic indicators of
the project are optimized. As case study, optimalgtesharacteristics as well as optimal values of
long term operation parameters of a EIPSH HRSG Type CCGT power pla@T gas turbine,
1PSH 1 pressure with superheatBlfSRG heat recovery steam generat@CGT. combined cycle
gas turbine) are obtained by means of a multipaniathematical model, seeing that the net present
value of the facility is maximized. In addition, adtages of the life cycle oriented approach are
discussed when compared with a power plant design obtained by traditional methods.

Keywords: power plant, lifeycle, economic optimization

1. INTRODUCTION

A life cycle oriented approach, wdih makes decisions based on ecuiwindicators that refer to
the whole CCGT power plant lifeycle, is critical under togss business conditions due to
increased competition and market uncertainties, arotreys. Usually, a plant life cycle consists of
several phases such as synthesis and design, waiitstr operation, and eventually disposal (Ishii
et al., 1997). From the economic poaftview, decisions made duririge early stages of synthesis
and design largely determine the economic performance of the plant acerggétdife cycle. So,

it becomes necessary to considet only the capital investmemné annual operative costs but also,
for example, costs associated with the camsion phase, start-up and shut-down periods,
maintenance operations, etc.

Then, a multiperiod framework has to be usednike decisions considering dynamic changes of
external conditionghrough time, as risks assated to unforeseeabletusmtions will became
reduced by considering future scenarios within the model. The aim of the present work is to
determine characteristics of the equipment tinbtalled (design power @fas and steam turbines,
exchange area of HRSG, etcand the operating conditions ¢ifie whole system (pressures,
temperatures, flows, etc.) which represent the raffsttive way of meeting the expected demands
over the entire life agle of the facility.
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2. MULTIPERIOD MATHEMATICAL MODEL OF A POWER PLANT
2.1. Core Model of the Power Plant

The mathematical model of the power planimglemented in GAMS through a series of modules,
as presented in Figure 1 (for further detasise Godoy et al., 2009), which comprise the main
characteristics of such systemesggor example: Valdés and Rapun, 2006).

Core Model of the Power Plant
Definitions
Sets Variables Input Data
Equality Constraints Inequality Constraints
Properties Equipment Technical Const.
Ratios Global Balances Logical Const.

Figure 1: Modules that form the Core Model of the Power Plant

2.2. Multiperiod Modelling Framework
Time Periods

The multiperiod modelling framework is defined as a set of petiod&ich comprises the main
stages of the plant life cycle (pre-operative ghaghen all the constrtion tasks are carried out;
operative phase, when the plant is operatdmha¢ and peak load; post-operative phase, when the
plant is dismantled) and account tbe number of years thiée cycle of the planis intended to last.

In addition, each year is divided into four seasonal sub-pegtdsvhich allow modelling the
variations some variables incurdagise of the seasons shift (Aguilar et al., 2088 an example,
Eq. (1) models the time-dependent trend of the paleenand, as the real world variability of such
variable is assimilated to vany a discrete way (it is assumdétht the mean annual power demand
Woincreases a fixed percenta§pG each year, while seasonal variatideeare also introduced).

Waq, =Wq,, -(1+ ADG)'(1+WO§H) (1)

Similarly, variability of the parameters thatfile the multiperiod modelling framework is also
considered, including for example seasonalngea of the ambient temperature, annualized
increments of electricity pres and fuel costs, and so on.

As the life cycle of the facility is intended to lagi to 30 years, and since each year is divided into
4 seasons, the multiperiod modelling framework includes 120 different scenarios which need to be
optimized in order to obin the optimal value of the objectifienction over the whole time horizon.
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Coupling Constraints

A set of equality constraints @efined to couple the valued the design vaables through the
multiple scenarios included within the time horizon.

Transfer areas of the HRS@csions (ECO: economizer; EVA: aporator; SH: superheater) get
coupled in a way optimal values of these surfaseselected, enabling to operate the combined
cycle at its optimal performance.

Gas and steam turbines are dimensioned inyathey can deliver theesired amount of power
while operating within feasible technical limits. Alsan upper limit to the design power of gas and
steam turbines is in placAlthough in practice discrete sets of gas and steam turbines are available,
in the present model it is allowed that eaatbine adopts any size below such upper bound.

2.3. Optimization Formulatiofor Life Cycle Costing

The mathematical statement oétbconomic problem linked to theadwation of the profitability of
investment options, that allowslseting the project which yieldsptimal values of the financial
indicators, here evaluatdéldrough its net present valbdPV, is given by Eq. (2) trough Eq. (4).

(Salest SVFC+ Dep), o, — (Cop + IFC + IWC+ NIT) o .
maxNPV =" ’ y L1 . Objective Function (2)
X ti sti (l-l— ADR)
St. f()g‘ﬂzti , xDes): 0 : Equality Constraints (3)
g(xt(i),gti , xDes)s 0 : Inequality Constraints (4)
X%, X°eR , ti=y 1,2 ,3,--,29, 30 . , sti={Au,Wi,Sp,Sul

Pre-Operative  Operative Post-Operative

NPV of the project is the summatiarf discounted cash flows; i.e.ig the summation of net cash
flows discounted to present value aaing to the annual discount ra&@®R desired by the investor.
The net cash flow of thith year of the project life cycle isdidifference between financial inputs
and outputs that occur during such pdriincluding sales of electricitgales operative cost€op,
investment on fix capitalFC, investment on working capitdWC, salvage value of fix capital
SVFC depreciation®ep and taxedNIT.

3. OPTIMIZATION OF A POWERPLANT: RESULTS AND DISCUSSION

Design and operation of a GT + 1PSH HR3g@e CCGT power planare here optimized
considering the life cycle approach bsing the multiperiod optimization model.

One of the main obstacles in any optimization problem is finding a first feasible initialization point
(lyer and Grossmann, 1997). For a multiperiod o@ation model, it is nessary to find a feasible
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initialization point also for the coupled periodsparticular for the coupledesign variables. Thus,
an optimization procedure is here applied, \Wwhatlows obtaining optimal multiperiod solutions for
the system, through a threeptsequential strategy:

» Step | — Finding a feasible initializan point with de-coupled periods simple Linear Model
(Godoy et al., 2009), constituted by mathematicalatations of single period optimal values of
decision variables is used to compute feasualeies of design and operative variables for each
scenario included within ghpower plant life cycle.

» Step Il — Finding a feasible initiabtion point with coupled periodshe de-coupled solution
found in Step | constitutes a fedsilinitialization point for easilgolving the multiperiod problem,
when the design variables get coupled (i.e. thduesget linked by technical constraints) over the
whole time horizon.

* Step Il — Economic optimization of the CCGT power plaptaddressing the net present value as
objective function, a solution which yields optimalues of the project fingcial indicators (in each
scenario that the plant faces alatsggwhole life cycle) is found ith no effort by using the coupled
solution found in Step Il agasible initialization point.

Economic optimization is performed via the safte GAMS, using CONOPT as NLP solver, in a
personal computer with an AMD AthlG# 64 Dual Core 4000+ 2.11 GHz processor and 1 GB
DDR2 RAM memory. It can be obsed that all the steps ofdhoptimization procedure feature
acceptable values of the resolution time (iotad) around 850 seconds to pass through all three
steps) and the iteration count (Steps I, Il and 1l of the optimizatioreduve required 438, 378 and
704 iterations, respectively), iniggpof the complexity of the nlaematical problem, as the number
of variables and equations exceeds 15000 iceaks and many constraints are highly non-linear.

Table 1: Optimal Values of the Decision Variables

Variable Life Cycle Approach Traditional Approach
GT Design Power (MW) 250.9 196.9
ST Design Power (MW) 76.2 130.2
Power Plant Design Power (MW) 327.1 327.1
Economizer Area (f) 12241 22185
Evaporator Area (f) 36489 45702
Superheater Area @n 3870 5444
HRSG Exchange Area @n 52600 73331
Area Distribution ECO : EVA : SH 0.233:0.694 : 0.073 0.303:0.623 :0.074
Average Thermal Efficiency (%) 52.04 46.70
Net Present Value (M$) 142.0 113.9

Optimal values of design variables associated to the multiperiod economic optima are reported in
Table 1, including the power prodian distribution and the HRSGea distribution. These values

are pared with the ones corresponding to the traditional approach, evidencing this way the
improvements for the design and operation of pquieents obtained with life cycle approach.

Traditionally, power plants are designed for theximum value of the expected demand, or even
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over-dimensioned with respect to such value, tryimgwhay to secure they will be able to fulfil the
power production requirement at any feasible séen@hen, values of obtaed results by means of
the traditional approach are also presented inleTd, in order to identify improvements for the
design and operation of power plants offered leyttere proposed multiperiod optimization model.

The design power ratio varies frahibl in the traditional solutioim 3.29 in the economic optima,
although the total power produaticcapacity remains the same in both solutions. The HRSG
exchange area associated to the economic apsnm®28.3 % lower than the one obtained for a
traditional based plant design. Then, a design based on a power ratio of 3.29 with gas and steam
turbines of 250.9 MW and 76.2MW, spectively, and a HRSG of 526002 nwith an
economizer:evaporator:superheater area ratid0.883:0.694:0.073, secure the best economic

performance will be accomplished along the whtime horizon while maintaining the capital
investment at the lowest feasible amount.
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Figure 2: Cash Flows

When the economic multiperiod optimization oktpower plant is performed, an optimal net
present value of 142.0 M$ is obtained, as carsdrn in Table 1. Since the value of the NPV

corresponding to a tradithal approach is 19.8 %wer, extra 28.1 M$ argained when designing
and operating the CCGT on its hiperiod economic optima.
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Figure 3: Gas and Steam Turbines Annual Mean Operative Loads

Cash flows within each yearaag the plant life cycle are presed in Figure 2. During the pre-
operative phase, negative cash flows occur becausgeadtment on fix capital as the plant is built.
Across the operative phase, increasing positive tlag/s are obtained whilsatisfying the power
demand; optimal economic result$ $ate that the cash flow irmases about 2.4 % on yearly basis
in the first operative years, Atiugh such percentage decreases UpaA@&s in the last ones. Finally,

in the last year of the plant life cycle, the salvaglue of the fixed capitanvestment originates a
positive cash flow as the plant is dismantled.
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The optimal economic solution &so constituted by optimal vada of the operative variables,
including pressures, temperatures, flow rates,sandn. As example, iRigure 3, optimal profiles

of (annual mean) operative loads for the gas aednstturbines is prest, which assure an
optimal performance from an economic aim is acldeweeach scenario thétte plant faces along
its whole life cycle while satisfying theredicted increase on the energy demand.

4. CONCLUSIONS

The design and operation of a GT + 1PSH HRB@e CCGT power plant is here optimized to
meet the expected demands over the entire difele of the facility applying a long term
multiperiod optimization model. This procedure canstis a flexible tool that provides insight of
the multiperiod power plant design from an ecoimopoint of view along the whole time horizon.
Comparison with optimal results obtained by trelitional approach (optimization for a nominal
condition) shows improvements for the design of @oplants offered by the here proposed life
cycle oriented approach.

In addition, a short term operative model fotedlmining optimal operative conditions according to
dynamic changes of market conditions Wil also pursued in future works.
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