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Electricity Cogeneration using
an Open Gas Turbine

Anita Kovac Kralj
University of Maribor (Faculty of Chemistry and Chemical engineering)
Slovenia

1. Introduction

A gas turbine is a rotary engine that extracts energy from a flow of combustion gas. Gas
turbines operate on the principle that fuel and air will burn in a combustion chamber. The
outlet gas serves as a working fluid (Fig.1).
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Fig. 1. Gas turbine

2. Important

Our main purpose is to use existing gases during chemical processes, in order to drive a
turbine. Processes, which operate under high pressures, followed the cleaning at low
pressures, can be exploited for electricity cogeneration. The high operating pressure at a
reactor’s outlet can be exploited to produce electricity using the open gas turbine system

(Fig. 2).
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Fig. 2. Open gas turbine system
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3. Open gas turbine system

The gas turbine has rendered increasing service within the petrochemical industry. Open-
cycle gas turbine power plants are widely applied throughout industry. A conventional
power plant uses fuel energy to produce work.

Usually, a gas turbine operates by internal combustion. Air and fuel pass through a
compressor into a combustion chamber. The combustion products are then expanded in a
turbine, which drives an electric generator.

Many chemicals are produced under high pressure and at high temperatures. The reactor
acts as the combustion chamber of the gas turbine plant. Then, separation at lower pressure
and temperature follows and this pressure change can be used to drive a turbine, coupled to
an electricity generator.

Our main purpose is to use existing gases from within the chemical processes to drive the
turbine by using an open gas turbine system. An open gas turbine system includes the
following process units, in order (Fig. 3):

e reactor (R)

e gas turbine (T) with electric generator

e heat exchanger (H)

e separator (S), where the liquid product separates off and

e compressor (C).
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Electricity Cogeneration using an Open Gas Turbine 111

The high operating pressure at the reactor’s outlet can be exploited to produce electricity
using an open gas turbine. The open gas turbine is a basic gas turbine unit. This turbine uses
processed gas as a working fluid. The working fluid comes from the reactor and circulates
through the following units (Fig. 3):

e gas turbine (T)

heat exchanger (H)

separator (S), where the liquid product separates off and

compressor (C).
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Fig. 3. Open circuit gas turbine system

The power cycle of the open gas turbine system is described as the “Brayton cycle”. The
working fluid undergoes the following process steps, as shown in a simplified T/s
(temperature/mass entropy) diagram (Fig. 4):

e 1-2 adiabatic compression

e 2-3reaction

e 3—4 adiabatic expansion of reaction outlet stream in a turbine

e 4-5cooling or/and available heat flow for heat integration

e 5 separation.

The individual processes” units in the open gas turbine system have their own importance,
and will be presented individually.
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Fig. 4. The simplified temperature/mass entropy (T/s) diagram

3.1 Reactor (R)

The reactor processing unit for the production of various products, in our case concentrating
in particular, on those that operate and produce under high pressures. The high pressure
reactor model is presented with all components s (s = 1,..S), which react at different
reactions r (r = 1,..R). The amount flow rate from the reactor affects the power of the
turbine. The thermodynamic and kinetic properties of the chemical reactions (r =1, ..., R)
provide a good prediction about flow rate and the compositions of the raw material, its
conversion to a product, and parameter conditions. The amount flow rate (F) for any
component (s = 1, ..., S) depends on the equilibrium constant (Kc). For the hypothetical
reversible chemical reaction:

vAA +vgB S vcC +vpD

the equilibrium constant is defined as:

CAVA . CBVB /
where v are stoichiometric coefficients, and cs concentrations of components s.

The equilibrium constant determines the extent of a chemical reaction at equilibrium. It can
be calculated if the equilibrium concentration of each reactant and product in a reaction at
equilibrium is known.

The conversion rate of reaction r (ax) can be calculated from the differential change of the

reaction extent (d &), after time #:

w=d¢&, /dt r=1,...,R 1)

Any differential change in the reaction extent (d¢;) can be calculated from the
differential change in its amount (d#ns), and its stoichiometric coefficient (v):

dé& =dns / ver s=1,..,5 r=1,...,R (2)
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The extent of a reaction characterizes how far the advancement of the reaction has taken
place. Equation 2 has to integrate from an initial & = 0 and 75 = 1, to outlet & and 71 oue:

sout S
nJ. dn, = vs/rjd@ s=1,..,5 r=1,..,R 3)
i 0

and the outlet amount for component s for reaction r is:

E, out =Mgin + Er: v, & s=1,..,Sr=1.,R (4)
The amount flow rate F is defined as:
Fs= dns/dt s=1,...,S )
and outlet amount flow rate for component s is:
E out =Fin + ? v, s=1,..,5Sr=1.,R (6)
The total outlet amount flow rate (F) is:
F=§S: Fow s=1..,5 (7)

The equilibrium constant (K;) of reaction r (Smith & Ness, 1987) can be calculated by the
minimization of Gibbs (free) energy (AG):

K, = e("AGr/RT) r=1,...,R 8)

High reactant flow rate favours reactions with higher conversion and optimization of raw
material composition and can increase production.

The changing amount flow rate for reactant (AF) affects the heat flow rate of the outlet
reaction stream (@), which can enlarge electricity cogeneration and heat integration during a
process (Fig. 5). This simultaneous approach can optimize the trade-off between heat and
electricity cogenerations. Cogeneration is constrained by the lowest possible outlet
temperature of the gas turbine. Cogeneration chooses the lowest temperature limit, thus
cogeneration is usually more profitable than heat integration.

3.2 Turbine (T)

The power of the gas turbine depends on the primary variables: inlet temperature,
compressed pressure ratio and mass flow. The inlet temperature is restricted by the
metallurgical limit of the turbine’s blades to about 800 °C.

The medium pressure of the designed turbine can be varied. Its power (Pw.) is a function of
the outlet temperature (Ttur, out), molar heat capacity (Cn) and the amount flow rate (F; see
Equation 9):

Piyr = Cn - (Ttur, in — Ttur, out) -F (9)

Gas turbine power (Py) is a function of:
e outlet temperature (Tiur,out)
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Fig. 5. The simplified temperature/heat flow rate (T/ @) diagram before and after changing
the flow rate (AF) of the raw material: performing heat integration (HI), and cogeneration
before and after AF.

e molar heat capacity (Cn)

e amount flow rate (F)

The inlet temperature (Tiur,in) is kept constant. The thermodynamic efficiency of the medium
pressure turbine (7,r) and the mechanical efficiency of the generator (7en) is supposed to be
85 % for each.

The annual depreciation of the medium pressure turbine (Cqwr in EUR/a) is a function of
the power (Py; Biegler et al., 1997):

Ca,tur = (22946 + 135 - Pyy) - 4 (10)

The published cost equations for the equipment are not usually adjusted to the real, higher
industrial costs, therefore, the costs are multiplied by a factor (4), determined by experience.

3.3 Heat exchanger (H)
The residual heat in the heat exchanger (H) can usefully be applied to the heat integration.

The heat flow (@) can be calculated with known inlet (Tiny) and outlet temperatures (Touty),
by using equation 11:

(Tingg — Toutyy) - CFyy= @y (11)

where CFy is the heat capacity flow rate of the stream in heat exchanger.
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3.4 Separator (S)

The separator has the task of separating liquid from the vapour phase. The product is in
liquid phase. Vapour flow is compressed in the compressor (C). The balanced amounts of
the separation for all the components (s = 1...S) are:

Fin — Fout,v + Fout,l (12)
Fin . xins = Fout,v . xout,vs + Fout,l . xout,ls g = 1, = S (13)
S t
Lx =1 (14)
2 t1
%x‘m =1 (15)
Ks=ds+cs- T+ bs- (T s=1,...,S (16)

where d;, csand bs are equilibrium constants during separation

xoutvy= Kg youtl, s=1,...,S (17)

The inlet amount flow rate for separation (Fin) is the sum of the outlet amounts flow rates of
the vapour (Feutv) and liquid phases (Fout! ; see Equation 12). Equation 13 includes the
amount flow fractions. x is the amount fraction in vapour (v) or liquid phase (I). The
equilibrium constant (K) of the sth component during separation is a function of temperature
(see Equation 16).

3.5 Compressor (C)

Vapour flow from the separator is compressed within the compressor (C). The temperatures
at the outlets of the compressor (Teut; depend on the inlet temperatures (Tin.), and can be
calculated by the equation:

Toutc ¥ ac + bc * TinC (18)

where a. and b, are the temperature constants for polytropic compression.
Once we know, the whole model of the open gas turbine system can be optimized, using
different methods.

4. Case study

The suggested open gas turbine system was tested in an existing complex, low-pressure
Lurgi methanol plant producing crude methanol by using nonlinear programming (NLP;
Biegler et al., 1997). The parameters in the model of an open gas turbine were
simultaneously optimized using the GAMS/MINOS (Brooke at al.; 1992). This NLP can be
solved using a large-scale reduced gradient method (e. g. MINOS). The model is non-
convey, it does not guarantee a global optimization solution but it quickly gives good results
for non-trivial, complex processes. The NLP model contains variables of all those process’
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parameters: molar heat capacities, material flow rates, heat flow rates, and temperatures,
which are limited by real constraints.

4.1 Results

The simultaneous NLP of heat and power integration, and the optimization selected for
electricity generation using a gas turbine pressure drop from 49.7 bar to 35 bar with an
outlet temperature of Tty out = 110 °C (Fig. 6). This structure enables the generation of 12.7
MW of electricity. The steam exchanger (HEST) needs 16.5 MW of heat flow rate. The
integrated process streams in HEPR, exchange 3.6 MW of heat flow rate. The power of the
first and the second compressors are 2.0 MW and 2.8 MW, respectively. The HEW1
exchanges 2.0 MW. Within the heat exchangers, HEW and HEA 7.1 MW and 4.7 MW of
heat flow rate are exchanged with the existing areas, respectively, when cooling. The
additional annual of methanol production is 0.75 mol/s, purge gas outlet flow rate is
decreased from 210 mol/s to 190 mol/s.

3.6 MW of heat exchange
HEPR
51 bar
7Y >(\
new two-stage {
compressor new heat exchanger
[1 COMP2 ;\ HEST 16.5 MW of high
2.8 MW < U/ pressure steam
C) HEW1
41 bar
COMP1
2 MW REA
35 bar
«
49.5 bar
purge
decreasing TUR
purge gas 12.7 MW of electricity
flow rate SEP cogeneration
to 190 mol/s 35 bar
110 °C

crude methanol

0.75 mol/s of aditional methanol production

Fig. 6. Optimised flow sheet for crude methanol production, using a open gas turbine

system
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The additional annual depreciation of the gas turbine, new heat exchangers (HEST, HEW1,
having areas of 527 m? and 324 m?), and the new two-stage compressor, is 2 040 kKEUR/a
(Table 1). The cost of the high pressure steam used in HEST is 1 750 kEUR/a. In the
depreciation account for retrofit, we included additional costs to the new units only: 30
KEUR/a for the instrumentation cost (which is estimated to be 15 % of the additional direct
plant cost), 10 kKEUR/a for the contingency (estimated at 5 % of the additional direct plant
cost), 4 kKEUR/a for the maintenance cost (estimated as 2 % of the additional direct plant
cost), and 15 KEUR/a for the turbine down time (estimated as 5 % of the additional plant
direct cost). The additional annual income of the electricity produced is 5 530 KEUR/a. The
additional annual income of the methanol produced is 79 kKEUR/a. The additional profit
from process and power integration is estimated to be 1 760 kEUR/a for the modified
process.

Installed cost of heat exchanger”/EUR: (8 600 + 670 A083) . 3.5 -2 #

Installed cost of compressor, Ceom®/EUR: 2 605 - P082

Installed cost of gas turbine, Cer%/(EUR/a): (22946 +13.5 Pyy) -4 #
Price of methanol (Cm) */(EUR/t): 115.0
Price of electricity (Ce))”/ (EUR/ (kKW - a)): 435.4

Cost of 37 bar steam (Cs7)™/(EUR/ (kW - a)): 106.3

Cost of cooling water (Ccw)™/(EUR/ (KW - a)): 6.2

* Tjoe and Linnhoff, 1986; A = area in m?2
**  Swaney, 1989
& Biegleretal, 1997, P =powerin kW
+ ten years average
# published cost equations for the equipment are adjusted to the real,
higher industrial costs using multipliers (2 or 4).

Table 1. Cost items for example process

7. Conclusion

The inclusion of open gas turbine can increase the operating efficiency of the process. The
gas turbine with its pressure and temperature drop can be included in the process cycle. The
working fluid comes from the reactor and circulates through the process units: gas turbine,
heat exchanger, separator (where the liquid product separates), and the compressor.
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