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The system taken into consideration consists of the Corex unit, combined cycle power plant and air sep-
aration unit (ASU). The Corex process (trademark of Siemens-VAI) is one of technologies for cokeless hot
metal production. Coal is gasified by oxygen in the hot metal environment. The excess gas can be used out
of installation. It has been assumed that the Corex export gas is fired in combined cycle. The gas turbine
(GT) structure was assumed as a fixed simple cycle while the heat recovery steam generator (HRSG) and
steam turbine arrangements are free for optimization. The examples of independent variables selected
for optimization are number of HRSG pressure levels, GT pressure ratio, minimal temperature differences
in HRSG, flow rate of compressed air form GT compressor to ASU. Finally, 16 independent variables have
been qualified for optimization. The synthesis optimization is based on the superstructure method. The
economic net present value (NPV) has been chosen as the objective function. All power plant facilities
have been modeled on the GateCycle software. The off-design models include, among others, the GT
blade cooling and HRSG heat transfer coefficient analyses. Two optimization methods – genetic algorithm
and Powells conjugate directions have been coupled in one hybrid procedure. The whole optimization
analysis has been repeated several times for different price scenarios on the coal, iron and electricity
markets.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The worldwide consumption of coal for hot metal and steel pro-
duction represents a significant part of the total coal demand. On
the other hand, the well-known opportunities for integration be-
tween hot metal and power generation provide a big potential
for increasing of the efficiency of fuel utilization and decreasing
environment pollution.

The subject of this paper is therefore the thermo-economic
analysis of integrated steel-and-power plant, fed with coal. The
system taken into consideration consists of the Corex island, com-
bined cycle CHP plant and air separation unit (ASU), as shown in
Fig. 1.

The Corex process (trademark of Siemens-VAI) [8,18] is one of
technologies for cokeless hot metal production belonging to the
smelting reduction family. Coal is gasified by oxygen in the hot me-
tal environment, while the produced gas is used as reducing agent
(for iron ore reduction) in separate shaft reactor. From the power
generation point of view the most interesting feature of this tech-
ll rights reserved.
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nology is simultaneous production of hot metal and medium-calo-
rific export gas which can be fired in a gas turbine (GT) combustor.
Both, process and system analyzes proved that the energy effec-
tiveness of the Corex installation is higher than that of the blast-
furnace plant [27].

The overall system (Corex, combined cycle CHP, ASU) can be
thus perceived as some kind of multi-product IGCC. The case study
presented here deals with location of such an integrated IGCC in
southern Poland, nearby the existing steel mill and medium sized
city. The demands for district heat and process steam (0.6 MPa,
270 �C) are given for this location as yearly duration curves.

As it was marked in Fig. 1, the combined cycle (CC) provides
ASU with compressed air (air is extracted form GT compressor)
and ASU provides combined cycle with nitrogen, which is injected
into gas turbine combustor. Such an integration has been already
analyzed and partially applied in practice [25,10], however the dis-
cussion on its optimum scope and benefits is still alive.

Main goal of the study presented here is to determine optimum
structure and parameters of the combined cycle CHP working as a
part of presented integrated system. Some preliminary studies re-
lated to this problem have been published in [20] and [21].

It was assumed that the Corex process operates with fixed
capacity and parameters, however the ASU can by provided with
compressed air by both the GT extraction and electric motor-dri-
ven compressors.
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Fig. 1. Analyzed integrated system (IS).

Table 1
Parameters of Corex unit C-1000 [19,14]

Hot metal production, Mg/h 45

Raw material consumption
Iron ore, Mg/h 66.6
Fixed carbon, Mg/h 25.6

Technological gas consumption
Oxygen, Mg/h 35.4
Nitrogen, Mg/h 3.9

Electricity consumption, MW 2.9
Export gas production, kg/s 25

Table 2
Corex export gas data [15,13]

Parameter Unit Value

Composition (molar basis)
CO % 42.5
H2 % 18
CO2 % 35
CH4 % 1
N2 % 2
H2O % 1.5
H2S ppm <70

Dust content (STP) mg/m3 <5

LHV (STP) kJ/m3 7500
kJ/kg 6000

Pressure kPa 200
Temperature �C 50
Density (STP) kg/m3 1.28
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The most relevant parameters of the Corex unit and the Corex
export gas are given in Tables 1 and 2.

2. Formulation of the optimization problem

2.1. Combined cycle superstructure

The optimization of structure and parameters of combined cycle
has been done simultaneously by defining the superstructure and
eliminating of some of its elements. This elimination process is
however not binary. It is based on conclusions derived from opti-
mized values of some combined cycle parameters. For instance, if
the optimal values of steam pressures in a double pressure heat
recovery steam generator (HRSG) are equal to each other the con-
clusion is the optimal HRSG structure is a single pressure one.

The combined cycle superstructure, assumed for optimization is
presented in Fig. 2.

Its main components are single shaft GT, two pressure level
HRSG with reheater and deaerating vaporizer, dual pressure, tap-
condensing steam turbine (ST) and wet, mechanical draft cooling
tower.

The Corex gas is compressed in a fuel compressor, mixed with
natural gas and nitrogen and then this mixture is fired in the GT
combustor. The air extracted from GT air compressor is cooled
down by nitrogen, which allows for waste heat regeneration (air
must be delivered to ASU at lowest possible temperature). Some
part of the Corex gas stream can be fired in a duct burner at the
HRSG inlet. Steam produced in HRSG at two pressure levels is sup-
plied to the ST, where some part of it is extracted for technological
and heating purposes. The demand for process steam is basically
covered by the first ST extraction. The admixture of live to process
steam takes place to maintain its required temperature. District
heat is generated in three heat exchangers: the low temperature
economizer (LTE) in HRSG (the last one on the flue gas track) and
two heat exchangers fed with extracted steam. The maximum dis-
trict heat demand is equal to 50 MW (for the ambient temperature
of �20 �C). The current heat demand is determined by the ambient
temperature duration curve and heating network characteristic.
This network is controlled by changing the water temperature –
the water mass flow being constant. The maximum temperature
of inlet/outlet district water is 70/130 �C.

2.2. Objective function

The economic net present value (NPV) [7] has been chosen as an
objective function of optimization. It has been calculated on the
boundary of a whole integrated system (IS, see Fig. 1):

NPVIS ¼
Xn

t¼0

NCFISt

ð1þ rÞt
)max;USD ð1Þ

while for t P 1:

NCFISt ¼ Ghmchm þ Eel IScel þ Qdhcdh þ Q pscps � Giocio � Gccc

� Gaddcadd � Ech ngcng � Gwcw � Knat �W IS � btIIS0

� TaxIS;USD=year ð2Þ
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Fig. 2. Combined cycle superstructure.
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where Eel IS is the yearly electricity production (net int the inte-
grated system), MWh/year, Qdh; Qps is the yearly district heat and
process steam production, GJ/year, Ghm; Gc; Gio; Gw; Gadd is the
yearly hot metal production, yearly consumption of coal, iron ore,
process water, and Corex process additives Mg/year, Ech ng is the
yearly consumption of chemical energy of natural gas, GJ/year,
chm; cel; cdh; cps ; cng; cc; cio; cw; cadd is the prices of: hot metal
USD/Mg, electricity USD/MWh, district heat USD/GJ, process steam
USD/GJ, natural gas USD/GJ, coal USD/Mg, iron ore USD/Mg, process
water USD/Mg, Corex process additives USD/Mg, Knat is the yearly
cost of pollutants emission, USD/year, W IS is the yearly cost of hu-
man work, USD/year, bt is the rate of operating and maintenance
costs, IIS is the investment cost, USD, TaxIS is the income tax, USD/
year.
2.3. Independent variables

Selection of independent variables for optimization is deter-
mined by technical configuration of the analyzed system and
accessibility of investment cost data as a functions of these vari-
ables. Investment cost functions have been found in literature
and, where possible obtained directly from equipment producers.
Finally, 16 variables have been selected as shown in Table 3 and
Fig. 2. These values are supplied to the CC model as design point
data.

The admixture ratio of natural to Corex gas (Table 3, no. 1), de-
fined as the ratio of chemical energy fluxes at design conditions is
responsible for scaling of the whole analyzed system:

/ ¼
_Ech ng

_Ech cx

 !
design

ð3Þ

The flow rate of compressed air extracted from GT (Table 3, no. 2)
determines the intensity of integration between CC and ASU.
Effectiveness of heat exchanger compressed air–nitrogen (Table
3, no. 5) and effectiveness of steam reheater (Table 3, no. 16) de-
fined in accordance with Eq. (5) decide on introduction or elimina-
tion of these elements to/from analyzed system.

Maximum temperatures of district water in appropriate heat
exchangers (Table 3, nos. 13 and 14) provide information on the
division of district heat duty between HRSG and ST extractions.
The maximum temperature at the extraction fed heater (EH) outlet
(Table 3, no. 14) can be additionally limited by the saturation con-
ditions, i.e. steam pressure in the second ST extraction (Table 3, no.
12). The temperature rise in the duct burner (Table 3, no. 15) indi-
cates how much of the total Corex gas stream is fired in the duct
burner.

The rest of variables presented in Table 3 represents typical GT
and HRSG features. These variables impact among others on GT
specific work and efficiency as well as number of pressure levels
in HRSG.

2.4. Optimization constraints

Besides of the constraints of independent variables, visible in
Table 3, which determine the hyper-area of potentially allowable
solutions, some other CC parameters should be limited to their
technically acceptable values, which is also related to the off-de-
sign operation. The limits for parameters which should be consid-
ered in both design and off-design modes of operation are collected
in Table 4.

The constraint no. 1 determines the control procedures for GT
working in varying ambient conditions – constant firing tempera-
ture, variable air flow rate, variable natural gas admixture. Other
constraints are responsible for avoiding or reduction of air com-
pressor surge, ST inlet section overheating, ST exit section erosion,
HRSG exit section low temperature corrosion, ST exit section
overheating.



Table 3
Independent variables for optimization

No. Variable name and notation (see Fig. 2) Unit Lower value Upper value

1 Natural gas admixture ratio, / – 0.3 2.5
2 Flow rate of compressed air extracted from GT, _Gca kg/s 0.1 41
3 GT air compressor pressure ratio, pC – 10 35
4 GT combustor exit temperature, TCOMB �C 1000 1450
5 Effectiveness of heat exchange between compressed air and nitrogen, eAN – 0.05 0.95
6 Live steam temperature, THP �C 400 550
7 Temperature approach (pinch) at HP vaporizer, DTHP K 3 150
8 Hot end temperature approach at LP superheater, DTLP K 3 40
9 LP (HRSG) mass flow rate, _GLP kg/s 0.1 20
10 Steam pressure at LP HRSG part, pLP kPa 1000 5950
11 Steam pressure at HP HRSG part, pHP kPa 6000 15,000
12 Steam pressure in the second ST extraction, pEXT kPa 100 500
13 Maximal water temperature at LTE outlet, TLTE �C 71 130
14 Maximal water temperature at EH outlet, TEH �C 72 130
15 Duct burner temperature rise (flue gas), DTDB K 0 150
16 Effectiveness of steam reheater, eRH – 0.05 0.95

Table 4
Constraints of optimization (design and off-design modes)

No. Parameter Unit Constraint

1 Combustor exit temperature �C =TCOMB

2 GT air compressor map variable, CMV [2] – 6 0:95
3 Live steam temperature �C 6 THP

4 ST exit steam quality – P 0:86
5 Flue gas temperature at LTE outlet �C P Tdew point

6 ST exit steam flow rate kg/s P 0:1 _Gdesign

Fig. 3. General idea for optimization.
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3. Strategy for problem solution

The choice of the optimization method for any particular prob-
lem depends on several conditions like the form and explicity of
the objective function, existence of derivatives, computational ef-
fort, required accuracy, resistance to the local extremum. Most of
the well-known methods start from one initial point and proceed
in the iterative procedure to the final one by means of gradients
or conjugate directions [24]. The problem is that there is some
probability of finding local instead of the global extremum; how-
ever its indicated location is very accurate. On the other hand there
are direct search or probabilistic methods (e.g. Monte Carlo) which
find the area of global extremum inherently better, but the accu-
racy and computational effort in case of multidimensional prob-
lems might be a serious problem.

To the specific group of methods belong genetic algorithms,
which apply the probabilistic rules in a way as they work in nature
during the growth and decay of the population of living organisms
[11]. A great advantage of genetic algorithms is that they provide
not one but several points as a solution and the final choice can
be made taking not quantified aspects (e.g. social ones) into
consideration.

In the analysis presented here the hybrid method has been
tried: the preliminary optimization is done by means of a genetic
algorithm and then one or more of the resulting points serve as
an initial point to the Powell method [24], which bases on the con-
jugate direction theory. This approach seems to ensure the maxi-
mum to be global and accurate.

The computer optimization codes have been taken from [9] (ge-
netic algorithm) and [24] (Powell method). The general idea of
computation is presented in Fig. 3.

In the current iteration the optimizing algorithm (genetic or
Powell) generates a set of parameters (16 independent variables)
which are input data to the CC design model. The design results
are exported to the off-design models which are run many times
assuming different ambient temperature. Values of ambient tem-
perature are taken from duration curve, proper for site conditions.
Obtained in such a way energy and substance fluxes are then col-
lected as functions of time and integrated to calculate the yearly
values of fuel consumption (e.g. Ech ng) and production of useful en-
ergy carriers (e.g. Eel IS, Q dh, Q ps – see Eq. (2)). The economic objec-
tive function (NPV) is finally calculated and supplied to the
optimizing algorithm which starts the next iteration.

4. Economic background – computational scenarios

For economic optimization it is necessary to know values of sev-
eral economic parameters, among others prices of purchased and
sold goods as well as discount rate. These parameters (especially
prices) depends usually on time and their changes could by very
rapid. An example can be here the coal market. The coal price
was changing rapidly several times in the past. As it was shown
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in Fig. 4 the price of coal increased in year 2004 by a factor of about
100% comparing to year 2003.

Because of unstable economic environment the analyzed opti-
mization problem has been solved for more than one economic
scenario. The analysis of historical data like this from Fig. 4 lead
to definition of eight economic scenarios, as presented in Table 5.
For each of them the independent optimization analysis has been
done.

5. Combined cycle model

The CC model has been carried out basically on the GateCycle
software [2]. Some advanced features like plant control strategies
or modeling of some operational constraints have been included
in dedicated Visual Basic scripts. The main assumptions and meth-
ods concerning modeling of crucial devices are briefly outlined
below.

5.1. Gas turbine

Gas turbine design point calculation is based on the required
pressure ratio, polytropic efficiencies of compressor and expander
as well as combustor exit temperature. The blade film cooling
model has been applied in accordance with theory presented in
[12]. It was assumed that the maximum blade temperature is equal
to 850 �C and the maximum number of cooled blade rows is 4 (2
expander stages). The cooling air is extracted from the compressor
exhaust (for 1st stage cooling) and from lower pressure bleeding
(2nd stage cooling).

For the off-design GT run the expander effective (throat) nozzle
area has been fixed to the value calculated in design and the ex-
pander inlet pressure has been calculated from Eq. (4) [2,6]:
Table 5
Economic background scenarios – sets of input data for separate optimization runs

No. Parameter, notation Unit Scenario no.

1 2

1 Price of iron ore, cio USD/Mg 40 40
2 Price of coal, cc USD/Mg 40 40
3 Price of hot metal, chm USD/Mg 165 16
4 Price of electricity, cel USD/MWh 30 30
5 Price of natural gas, cng USD/GJ 4 6

6 Price of district heat, cdh USD/GJ 6.3
7 Price of process steam, cps USD/GJ 12.2
8 Discount rate, r – 0.039
9 Yearly time of operation, sY h/year 8000
Anozz ¼ _G
ffiffiffiffiffiffiffiffi
RT0
p

wp0
ð4Þ

where Anozz is the nozzle effective area, _G is the mass flow rate at the
expander inlet, T0; p0 is the stagnation temperature and stagnation
pressure at expander inlet, R is the gas constant, w is the flow num-
ber (function of flue gas composition and pressure ratio).

The normalized compressor map [2] has been used to set the
off-design points of air compressor operation.

5.2. Heat recovery steam generator

Heat transfer surface areas for every heat exchanger belonging
to the HRSG have been calculated in design and fixed in off-design
HRSG model. The e�NTU method [17] has been used in both mod-
eling cases, which can be in general expressed by the following
formulas:

e ¼
_Q

_Q max

¼
_Q

_WminðDTmaxÞ
ð5Þ

NTU ¼ kA
_Wmin

ð6Þ

e ¼ eðNTU; _Wmin= _Wmax; flow geometryÞ ð7Þ

where e is the heat exchanger effectiveness, _Q , _Qmax is the actual
and maximum obtainable heat transfer rate in the exchanger,
_Wmin, _Wmax is the lower and higher heat flux capacity in the exchan-

ger, k is the overall heat transfer coefficient, A is the heat transfer
surface area, DTmax is the temperature difference between inlet
streams.

The flue gas bypasses and water to steam injections have been
modeled to control steam temperatures and avoid steaming in
economizers. The overall heat transfer coefficient at each HRSG
surface varies in off-design as a function of the flue gas mass flow
rate in accordance with Eq. (8):

k
kdesign

¼
_G

_Gdesign

 !0:8

ð8Þ
5.3. Steam turbine, condenser, cooling tower

The design ST model bases on adiabatic expansion theory. The
steam mass flow rates are defined by external components. In
off-design the Stodola equation for internal ST pressures and Spen-
cer Cotton Cannon model [2] for efficiency simulation have been
used.

Condenser has been modeled similarly like HRSG sections by
the e� NTU method. In off-design the overall heat transfer coeffi-
cient has been calculated in accordance with HEI method (Heat Ex-
change Institute) [16,2] – Eq. (9)
3 4 5 6 7 8

40 40 60 60 60 60
40 40 80 80 80 80

5 170 170 335 335 340 340
40 40 30 30 40 40
4 6 4 6 4 6
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k ¼ a1a2a3
ffiffiffiffi
w
p

ð9Þ

where a1 is the coefficient dependent on outer condenser tube
diameter, a2 is the coefficient dependent on cooling water temper-
ature, a3 is the coefficient dependent on condenser tube material, w
is the cooling water velocity.

Model of wet, mechanical draft cooling tower has been based on
widely known Merkel theory and semi-empirical formula describ-
ing film-type fill characteristic:

Me ¼ 1:9k0:6 ð10Þ

where Me is the Merkel number, k is the ratio of air to water mass
flow rates.

5.4. Selected results of thermodynamic simulation

The exemplary results obtained from thermodynamic CC model
are presented in Figs. 5–8. All of them deals with the optimization
results for scenario no. 4 (see Table 6).

5.5. Estimation of investment costs

Investment costs of analyzed equipment have been evaluated
on literature [4,5,3] basis. Some of the cost functions have been
tuned according to market prices published in [3]. All investment
cost functions have been updated to the same moment (2004) by
the CEPCI indexes (Chemical Engineering Plant Cost Index [26]).

Exemplary investment cost functions for GT components, HRSG
and ST are presented below. They represent purchase cost of
appropriate equipment:
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while

c1 ¼ 21; c2 ¼ 1:207 ð14Þ

IHRSG ¼ 21200
X

n

_Q
DT log

 !0:6

n

þ
X

m

_Q
DT log

 !0:79
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where IC; ICOMB; IE; IHRSG; IST; ICOND is the investment cost for air
compressor, combustor, expander, HRSG, ST and condenser, USD,
_Ga is the air mass flow rate at compressor inlet, kg/s, _Gfg is the flue
gas mass flow rate at expander inlet, kg/s, TCOMB is the combustor
exit temperature, K, pC is the air compressor pressure ratio, pE is
the expander pressure ratio, _Q is the heat transfer rate in analyzed
boiler section, kW, DT log is the mean logarithmic temperature dif-
ference between flue gas and steam/water in analyzed boiler sec-
tion, K, n applies to superheaters, vaporizers, and economizers
excluding those where condensation on flue gas site takes place,
m applies to boiler sections where condensation on flue gas site
takes place, AST is the ST exit section area, m2, NST is the ST shaft
power, MW, ACOND is the condenser heat transfer surface area, m2.

Investment cost for the Corex process and ASU has been as-
sumed as a fixed value.

Additional investment costs related to assembly, insurance,
control systems, etc. have been evaluated as 15% of purchase cost
of equipment.

6. Optimization results and sensitivity analysis

Optimized values of independent variables and other results are
presented in Table 6. They are discussed in detail in Section 7.

Before drawing final conclusions it is important to know how
much is the objective function sensitive to changes of independent
Table 6
Optimization results

No. Variable (see Table 3) Unit Scenario no.

1 2

1 / – 2.44 0.94
2 _Gca kg/s 21.43 20.42
3 pC – 14.4 14.5
4 TCOMB �C 1449 1450
5 eAN – 0.95 0.93
6 THP �C 550 550
7 DTHP K 29 95
8 DTLP K 26 6
9 _GLP kg/s 1.67 13.71
10 pLP kPa 1746 3329
11 pHP kPa 14,944 14,63
12 pEXT kPa 114 100
13 TLTE �C 95 73
14 TEH �C 126 111
15 DTDB K 0 0
16 eRH – 0.95 0.95

Combined cycle size
17 GT shaft power MW 195.8 109.4
18 ST shaft power; (extractions closed) MW 93.9 56.2

Objective function
19 NPVIS 106 USD 232.4 159.0
variables and parameters within the neighborhood of optimal
point. This knowledge can be useful when it is not possible to de-
sign the system precisely at calculated optimum. The proper tool to
solve these problems is sensitivity analysis.

The sensitivity analysis, carried out within the confines of pre-
sented study is based on the following sensitivity factors:

� with respect to the independent variables:

kISi ¼
DNPVIS

NPVIS opt

����
����
i

; i ¼ 1 . . . 16 ð18Þ

The increase DNPVIS is calculated within given i for deviation of
independent variable xi from its value in optimal point xi opt

according to equation:

xi � xi opt

�xi
¼ 0:05 ð19Þ

and under condition: xj ¼ xj opt for j–i
� with respect to the parameters:

lIS i ¼
DNPVIS

NPVIS opt

����
����

k

; k ¼ 1 . . . 8 ð20Þ

The increase DNPVIS is calculated within given k for deviation of
parameter ak from its basic value ak bas according to equation:

ak � ak bas

�ak
¼ 0:1 ð21Þ

and under condition: al ¼ al bas for l–k

Moreover

�xi ¼
1
8

X8

u¼1

xiu ð22Þ

�ak ¼
1
8

X8

u¼1

aku ð23Þ

Subscripts in Eq. (18)–(23) have following meaning:
i index of independent variable,
u index of economic environment scenario,
k index of objective function parameter,
opt value at optimal point,
3 4 5 6 7 8

2.41 0.90 2.42 0.90 2.50 0.85
22.67 19.12 19.07 0.37 22.93 0.52
16.2 16.3 15.6 14.9 14.5 16.6
1450 1448 1447 1450 1448 1449
0.95 0.94 0.94 0.93 0.95 0.95
550 550 550 550 550 550
5 88 36 73 17 140
26 10 27 8 8 4
4.48 9.49 11.98 7.27 8.69 11.02
2457 2554 2232 2350 2830 3014

3 14,996 14,852 14,954 14,925 14,988 14,901
100 100 101 105 100 100
77 89 77 83 72 90
115 112 111 109 109 126
0 1 0 0 0 48
0.95 0.95 0.95 0.95 0.95 0.92

199.2 110.9 198.6 112.9 198.7 107.1
97.7 48.6 96.1 50.7 106.1 48.4

462.1 279.8 585.3 510.9 816.3 617.1
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Fig. 9. Sensitivity factor of the objective function NPVIS on values of independent
variables.
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bas basic value of parameter assigned to economic environ-
ment scenario in Table 5.

Calculated sensitivity factors are presented in Figs. 9 and 10.
The investment cost multiplier – one of parameters included in
sensitivity analysis (Fig. 10) is defined as ratio of additional CC
investment costs to purchase cost of CC equipment. Basic value
of this parameter has been assumed to 0.15 as described in Section
5.5.

7. Conclusions

(1) Optimized values of some independent variables do not
depend on economic environment scenario. Moreover, they
are close to lower or upper limits defined in Table 3. This
conclusion concerns following variables (see Table 6):
TCOMB, eAN, THP, pHP, pEXT, DTDB, eRH.

(2) GT combustor exit temperature (TCOMB), live steam temper-
ature (THP), and steam pressure at HP HRSG part (pHP)
should be as high as possible (within their analyzed
range).

(3) Steam pressure in the second ST extraction (pEXT) should be
as low as possible.

(4) The combined cycle structure should include steam reheater
(eRH !max) and heat exchanger air–nitrogen (eAN !max).
This conclusion is valid for each economic scenario.

(5) Supplementary firing of the Corex gas in HRSG is not pre-
ferred form economic point of view (DTDB !min), expecting
scenario no. 8, where some increase of flue gas temperature
in duct burner is desired.

(6) Values of remaining independent variables are diverse
depending on the economic environment scenario. For
scenarios characterized by high price of natural gas the
natural gas admixture ratio (/) aims at its minimal value,
determined by demands for district heat and process steam.
For low natural gas prices contrary conclusion can be drawn
– natural gas admixture is close to assumed higher
constraint.

(7) In case of low prices of coal, iron ore and hot metal (scenario
nos. 1–4) the extraction of compressed air from GT to ASU is
preferred ( _Gca � 0). For scenarios 5–8 this conclusion is
equivocal. If price of natural gas is high such an GT-ASU inte-
gration should not occur. The reason is that the extracted air
flow rate impacts yearly natural gas consumption. On the
other hand sensitivity factor related to this variable is close
to zero (Fig. 9) which makes this whole conclusion low
relevant.

(8) Optimized values of variables: DTHP, DTLP and _GLP provide an
information on preferred HRSG structure. The HRSG should
by of single pressure design for scenario nos. 1 and 3 and
of double pressure design for other analyzed economic
cases. The exemplary HRSG temperature profiles justifying
such a conclusion are presented in Fig. 11.

(9) The objective function (NPV IS) is clearly sensitive to GT com-
bustor exit temperature (TCOMB) and natural gas admixture
ratio (/) – Fig. 9.

(10) Sensitivity factors related to some independent variables are
very low or close to zero. Besides already mentioned ( _Gca),
this conclusion concerns following variables: DTLP, pLP, pEXT,
TLTE, TEH, DTDB. Summing up, there is some freedom in final
selection of these parameters (in analyzed neighborhood of
the optimal point).

(11) Parameters of the objective function which have major
impact on its value are price of hot metal, price of electricity
and price of natural gas. The relevance of investment cost
multiplier is by order of magnitude lower – Fig. 10.

(12) The analyzed integrated system is characterized by promis-
ing economic features. The discounted pay back
(DPBIS;

PDPB
t¼0

NCFt
ð1þrÞt ¼ 0) depending on the economic environ-

ment scenario varies from 3 to 7 years.

Final remarks

(1) The optimization study like this one presented here supports
the designer at the stage of preliminary studies and during
the negotiations with equipment providers.

(2) The final selection of combined cycle equipment should be
done with respect to results of sensitivity analysis; the inde-
pendent variables with higher sensitivity factors should be
kept constant primarily.



Fig. 11. Exemplary HRSG temperature profiles (design mode of operation).
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(3) The sensitivity of economic objective function to its
parameters can be significantly higher than sensitivity to
independent variables. Therefore, accurate estimation of
prices of sold energy carriers and bought fuels is of major
importance.
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