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ABSTRACT

Cogeneration represents one of the main ways for increasing the efficiency of
primary energy use. This paper deals with a theoretical analysis of cogeneration
plants equipped with various back-pressure turbines type R. These plants are studied
during their operation with conventional method (water injection) and the suggested
method (sliding live steam temperature) to regulate steam temperature supplied to the
industrial consumers. A computer program had been written to work under MathCad
software to simulate cogeneration plant with each back-pressure turbine under design
and off design conditions. The performance of the different schemes is analysed in
view of the first and second laws. In this analysis entropy method (second law) in
addition to more conventional energy analysis (first law), are employed to evaluate
overall and component efficiencies, fuel consumption and to identify the
thermodynamic losses. The results show that, using the suggested method leads to
increase the overall efficiency of the cogeneration plant for all types of back-pressure
turbine and can reduce the fuel consumption. Finally, the results show that increasing
back-pressure leads to improve the performance of cogeneration plant regardless of
the method used.

Keywords: Cogeneration; Combined heat and power plant; Back pressure turbine;
Live steam temperature.
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NOMENCLATURE
symbol Description unit
C.V. Fuel calorific value kd/kg
H Total heat drop kd/kg
h Specific enthalpy kd/kg
m Mass flow rate kg/s
p Pressure bar
P Power MW
PHR Power to heat ratio kWe/kWh
Q Rate of Heat Energy MW
S Specific entropy kJ/kg K
v Specific volume m®/kg
w Work kJ/kg
Greek symbols
symbol Description unit
) Irreversibility kJ/kg
Q Irreversibility coefficient -
n Efficiency %
u Relative cross section area of valve -
A Difference -
a Relative steam consumption in the regenerative extraction -
Subscripts
symbol Description
cw Cooling water
f Saturated liquid
g Saturated vapour
I 2" Jaw of thermodynamic
j Number of feed water heater
0 Design condition
p Heat process
pro. Proposal method
conv. conventional method
\W water
e Electric
h Heat
d Design, developed
Abbreviations
symbol Description
CHP Combined Heat and Power
HRSG Heat Recovery Steam Generation
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INTRODUCTION
Cogeneration is the simultaneously production of electrical energy and useful
thermal energy from the same energy source. In conventional electricity
generation, only a small portion of fuel energy is converted into electricity and
the remaining is lost as waste heat. Cogeneration reduces this loss by recovering part
of this. Principal applications of cogeneration include industrial sites, district heating
and buildings [1]. The two types of cogeneration plant most widely used are the back-
pressure and the extraction-condensing types. The choice between back-pressure
turbine and extraction-condensing turbine depends mainly on the quantities of power
and heat, quality of heat, and economic factors. The extraction points of steam from
the turbine could be more than one, depending on the temperature levels of heat
required by the processes [2]. For back-pressure steam turbine cogeneration plant,
only the pressure of steam extracted from back-pressure turbine to industrial purposes
is regulating and its temperature varies greatly with heat demand. So, the
superheating rate of the supplied steam reaches 150-200°C, at the same time some
chemical plants required also saturated steam. To regulate this temperature,
desuperheated is located behind the turbine in which injection water is used [3].

Some researchers investigated the sliding live steam temperature method
(changing the inlet steam temperature at turbine inlet) to control electric load covered
by cogeneration plant [3].

Analysis of power generation systems are of scientific interest and also essential
for the efficient utilization of energy resources. The most commonly-used method for
analysis of an energy-conversion process is the first law of thermodynamics.
However, there is increasing interest in the combined utilization of the first and
second laws of thermodynamics [5]. According to the second law of thermodynamic
different criteria are defined for analysis the performance of power plants based on
the concept of exergy (availability). If all of these criteria are used, they must all give
the same results. Although availability pinpointed the real losses of a steam power
plant, it is difficult, complex and cannot give direct relationship between component
losses and overall efficiency of plant. Thus, the criteria for selecting the best
procedure to evaluate thermodynamic analysis should be best ease of use, best degree
of correspondence with the viewpoint and background of intended users and greatest
breadth of application. On these basis, the entropy method (lost work) approach was
believed to be superior to other approaches in common use [6]. This paper objective
is sliding live steam temperature to regulate the steam temperature at exit of back-
pressure turbines. The present study is aimed at quantification of the influence of the
suggested method on the first and second law parameters and irreversibility losses in
different components of cogeneration plant and compares the results with those for
conventional method (water injection). Based on the mathematical model simulation
of cogeneration plants with four types of back-pressure turbine was developed. It
admitted the analysis of different operating regimes (design and off design) for these
plants.

DESCRIPTION OF CASE STUDIES
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Schematic diagrams of the four back-pressure turbines, considered for the present
study are shown in Figures (1, 2, 3&4). Figure(1). Represents the flow diagram of
back-pressure turbine type (R-12/90-18) which is a single-cylinder of 12MW
capacity. The steam pressure and temperature at inlet are p,=90bar, t,=535°C
respectively and the back pressure is limited between 15 and 21bar.This type has
single-row control stage (regulating stage) followed by 5 pressure stages. One
extraction point is provided for the regenerative feed water heating system. Figure (2)
illustrates the flow diagram of back-pressure turbine type (R-40/127-31) which is a
single-cylinder of 40MW capacity .For this type, the live steam pressure and
temperature are p,=127bar, t,=565° respectively and the back-pressure is limited
between 29 and 31bar.This turbine has two-row control stage followed by 5 pressure
stages. Two extraction points are provided for the regenerative feed water heating
system. Figure (3) shows the flow diagram of back-pressure turbine type (R-50/130-
13) which is a single-cylinder of 50MW capacity. The live steam pressure and
temperature are p,=130bar, t,=565°C respectively and the back-pressure is limited
between 7 to 21bar. The turbine has single-row control stage followed by 16 pressure
stages and three extraction points provided for the regenerative feed water heating
system. Fig.4 shows the flow diagram of back-pressure turbine type (R-100/130-15)
which is a single-cylinder of 100MW capacity .Also, this turbine has single-row
control stage followed by 12 pressure stages and three extraction points provided for
the regenerative feed water heating system. All case studies used closed cascaded
backward heater type. The three case studies R-12, R-40 and R-100 have nozzle
control governing, steam being supplied to the control stage through four regulating
valves. The first two valves are opened simultaneously, while the others are opened in
succession while the case study R-50 contains additional valve which opens
simultaneously with the fourth valve.

>

»> (1] >

Figure (1) Flow diagram for Back-pressure turbine type (R12-90-18).
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Figure (2) Flow diagram for Back-pressure turbine type (R40-127-31).
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Figure(3) Flow diagram for Back-pressure turbine
type (R50-130-13).

——
» 1 » »
S
"
| frbin?  —)
| | -
<,
< —
— v . Heat
R o
—— 4t ]

(e o wper ey

Ll o > L

Figure (4) Flow diagram for Back-pressure turbine
type (R100-130-15).

MATHEMATICAL MODEL AND THERMODYNAMICS PARAMETERS

Mathematical model
Simulation model of cogeneration plant is built to allow system simulation over a

rather wide range of operation (non-linear model) and this based on the representation
of plant components and of their inter connections. This model is referred to as
dynamic, that is, it is able to predict transient response, even for large process
variations [7]. The model deals with many types of back pressure turbine depend on
constructive and functional characteristic of cogeneration steam turbine stages. For
the purpose of power plant simulation, turbines are general modeled as lumped

parameters. When accurate modeling is required, it is usual to split a turbine into

number of cascaded sections. A section being in turn composed of number of

cascaded stages [7]. The turbine stages belong to two categories.

1. Control stage
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2. Pressure stage
Actual enthalpy drop in the control stage for any mass flow rate can be found by
using [3]

1.25
Ah = —316.98 - (%g) +273 e

Where p, is the governing stage pressure and p is the steam pressure behind any
valve. While the isentropic efficiency of pressure stages is defined by [3].

N, =[0915- 22 [1 4 228 0,03 Q)

mgv

Where m,the mass flow rate of steam through the group of stages is v is the
specific volume at inlet of group of stages and Ah;, isentropic enthalpy drop through
the group.

An important step into the method is pressure distribution calculus. As a basis for
steam turbines pressure calculus is design and off design flow distribution. With the
assumption that medium temperature variation is ignorable, pressure through turbine
stages can be calculated by using Stodola equation [8].

mo_ (_Plz-r’zz ) ..

Mo p102_p202

Where p, , p, are steam pressures before the first or any other stage at design
load and at the load under consideration respectively, p, , p, are steam pressures after
the first or any other stage at design load and at the load under consideration
respectively.

For the feed water heaters the model equations are derived from the mass and energy
balances to each type [3].

haj; m] hin'mw

my mg +m;
hq

Figure (5) flow diagram for closed feed water heater.
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m; = My j(Rout—hin)—X md'(hd_hj) (4)
haj—h;
Where m; is the mass flow rate of the extracted steam, m,,; is the mass flow rate
of the water entering the heater, h;, and h,,; are the enthalpies of feed water that

enters and leaves the heater, hy; is the enthalpy of extracted steam, mg is the mass
flow rate of condensing steam and h; is the enthalpy of condensing steam where j is

the number of extraction point.

Based on the mathematical model, computer program has been written to work
under MathCad software. The program allows analyzing cogeneration plants with
different types of back-pressure turbine under design and off design conditions and
different control programs of exit steam temperature. According to the first and
second laws of thermodynamics the following parameters are studied:

Thermodynamics parameters
1- lrreversibility coefficient
According to the second law of thermodynamics, irreversibility coefficient
(Q) for each component of the plant is given by [6]:

D
i = v, . (5
Where, @; = T, * [X7' (M * s our — 21 (M * ) in] ... (6)
And the overall irreversibility coefficient of plant is,
Yt @i
Deotar = mf# (1)
‘Qtotal — Ql + QZ LY +~Qn — ?zlﬂi (8)
Then the thermal efficiency is defined as,
i =1-Xi21 9 - (9)
2- Rate of heat process
The rate of process heat (industrial heat demand) is,
Qp = mp * (hexit — Neona.) ... (10)

Where: ni,, is the steam mass flow rate supplied to heat consumer, h,,;; is the
enthalpy of exit steam turbine and h.,,,4 is the enthalpy of condensated water from
process system.

3- Power developed

The power developed of steam turbine is given by:

Py=H,—Yhaj-(H, — Hy,j) ... (11)
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Where: H,: is the total heat drop of turbine, a;: is the relative steam consumption
in the regenerative extraction and H,;: is the total heat drop from extraction point.
4- Power to heat ratio
It is defined as the ratio of electricity to rate thermal energy (heat demand)

PHR =4 ... (12)
Qp
5- Injection water flow rate
The cooling water requirement to desuperheater (injection water flow rate)
can be determined as [4],

el

ms(hsi—hso)

7 I — (hcwo_hcwi)
r - l ... (13)

“h \ ’ b

Mey =

h'SO’ mS

Figure (6) flow diagram for desuperheater.

Where hgand hg are the enthalpies of steam that enters and leaves the

desuperheater, h,,. and h,, are the enthalpies of cooling water that enters and
leaves the desuperheater

6- Heat added to cogeneration plant

At the same power output and rate of heat process for the conventional and the
suggested methods, the heat added to the cogeneration plant can be calculated
according to the first law of thermodynamic as in following;

(&) Conventional method

Qqdaa = power output + rate of process heat +
(power output)sy g —(Power output)cony.

Nc

If (power output)s,y >

(power output) conv.
n.: Efficiency of condensing plant =~ 0.41
Quaa = power output + rate of process heat
If (power output) ony. > (power output) g,y
(b) Suggested method

Qqaqa = power output + rate of process heat +
(power output) cony.—(power output)sug_ If

Ne
(power output) ony. > (Power output)g,g.

Yol
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Quaa = power output + rate of process heat
If (power output)s,g. > (power output)cony.

7- Fuel saving
Then the percentage of fuel saving (at the same boiler efficiency and fuel) is
simply calculated by the following equation,

Qadd)sug. —Qadd)conw.

Amy = * 100% ... (14)

Qadd)conv.
RESULTS AND DISCUSSION
Steam temperature at exit turbine

To satisfy the process heat demand steam flow rate through the turbine has
changed. According to any flow rate (regime), the control valve position has changed,
so the exit steam temperature also changed. Figure (7) shows the variation of steam
temperature behind the turbines respective to the heat process demand (for third and
fourth case studies). From Figures, it was shown that the temperature increases when
the valve is partially opened (low heat demand) due to throttling losses, which causes
the expansion to move to the right side on the h-s diagram (superheated region).
While the process behaves completely in an opposite way when the valves are fully
opened.

Since the back-pressure turbine operates according to heat demand it was
expected that the steam has supplied to industrial consumers with variable
temperature. For this reason, nowadays, back-pressure turbine operates with
desuperheater (injection water) to keep constant steam temperature regardless of the
heat demand.

Figure (8) represents the relation between mass flow rate of injected water and
the relative heat process demand at several back pressures for four case studies. For a
certain back-pressure, the variation of mass flow rate of injected water to keep
constant steam temperature after turbine is not uniform, it depends on the temperature
difference between the exit turbine temperature (before desuperheater) and the steam
temperature required by the heat consumer (after desuperheater). Generally as the
relative heat demand increases, the mass flow rate of injecting water in the
desuperheater will decrease until reaching zero whereas the relative heat demand
equal to 1.

Also, increasing the exit back-pressure leads to decrease the rate of injecting
water at the same relative heat process demand. This can explained as the difference
between exit temperatures when all the control valves are opened and any another
regime decreases as the back-pressure increases especially at low relative heat
demand. The figure also shows that this effect diminishes with increasing turbine
capacity.

Figure (9) shows the relation between sliding live steam temperature (steam
temperature at the outlet of the boiler at design conditions minus steam temperature at
the outlet of the boiler required to keep constant temperature behind the back-
pressure turbine) and the relative heat process demand for first and second case
studies. From figures, it is clear that as the relative heat process demand increases (for
a fixed back pressure), the sliding live steam temperature decreases. This is because
increasing heat demand leads to an increase in the steam flow rate through turbines
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and consequently the throttling losses through control valves decrease and as a result
the exit steam temperature decreases. When all the valves are fully opened (relative
heat demand=1), these losses disappear and the sliding live steam temperature
becomes equal to zero.

As well as, the increasing of exit back-pressure of the turbine leads to a decrease
in the sliding live steam temperature
Power to heat ratio

To satisfy the process heat demand, steam flow rate through the turbine must be
changed and consequently, the power developed also varies. From Fig(10), it is
shown that the power to heat ratio is increasing with an increase in the relative heat
demand, for first case study. This figure also shows that power to heat ratio increases
with decreasing back pressure. This is because decreasing back pressure leads to a
decrease in the thermal energy supplied to the consumer and at the same time the
power developed increases due to an extend expansion through the turbine. Complete
results obtained in the present study have shown that similar behaviors were also
observed for other case studies.

Figure (11) shows a comparison of power to heat ratio between the conventional
method and the suggested method. At low relative heat demand the power to heat
ratio for the suggested method is greater than that for the injecting water although this
effect is less pronounced when Qu/Qpd >0.5. Power to heat ratio for the conventional
method decreases because steam flow rate through turbine decreases as a result of
injected water to keep constant heat supplied to the consumer. Although the
suggested method leads to a decrease in the power due to decreasing live steam
temperature but its effect is less than that for the conventional method and as a result,
the power to heat ratio for the sliding live steam temperature is greater.

Saving of fuel

According to the first law of thermodynamics, the percentage of fuel saving was
determined. The fuel consumption for sliding live steam temperature and water the
injection methods is calculated at the same power and heat demand. It was shown
from Figure (12),it is clear that, the fuel consumption of suggested method is less
than that for the conventional method. The value of percentage of fuel saving varies
with heat demand and increases as the heat demand decreases. Increasing fuel
consumption of the conventional method can be explained as decreasing the power
developed from the turbine. To substitute this defect of power, another condensing
power plant with efficiency = 41% was used. It is known as power plant with back-
pressure turbine has the highest efficiency compared with all types of thermal plants
(there is no rejected heat) and as a result the fuel consumption for water injection
method increases. From these figures, it was shown that the effects of variation of the
back pressures and the turbine capacity on the percentage of fuel consumption are
nearly diminished.

Efficiencies and irreversibilities of combined heat and power plant

Figures (13, 14, 15 and 16) represent the comparison of the second law plant
efficiency of each case study, between conventional and suggested method with
various relative heat process demand. These figures show that the suggested method
is more efficient than the conventional method and the improvement value of the
efficiency for the cogeneration plant operates with turbine type (R-12/90-18) is about
(0-0.54%) and this improvement is about (0-0.33%), (0-0.52%) and (0-0.78%) for
cogeneration plants operate with turbine (R-40/127-18), (R-50/130-13) and (R-
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100/130-15) respectively depending on heat demand. This is because sliding
temperature method rearranges the irreversibility losses through the plant
components. Although this method increases boiler losses due to a decrease in steam
temperature (increase heat transfer losses) at the same time it leads to the removal of
the desuperheater component and lifts its additional losses.

Figures (17, 18,19 and 20) illustrate the simplified process diagrams of exergy for
the cogeneration power plants operate with the back pressure turbine (R-12/90-
18),(R-40/127-31), (R-50/130-13) and (R-100/130-15) respectively with the
conventional method (water injection). The performance of the plant was estimated
according to the results of entropy analysis method. The exergy of the heat released
upon combustion of fuel in the boiler furnace is assumed to be 100%; the diagrams
show how the fraction of the exergy flow is spent as the loss of availability in each
particular element of these cogeneration power plants. These diagrams indicate that
the boiler is the major source of irreversibilities, where the exergy destruction
occurred in the boiler was about 60.7%, 58.5%, 58.3% and 58.3% of fuel exergy
input respectively. The second source of irreversibilities is the turbine about 2.6%,
2.6%, 2.9% and 2.7% of the fuel exergy input respectively. This agrees well with the
analysis given by ref. [5] and ref. [10] .The exergy (entropy) efficiencies of the plants
are 34.8%, 36.11%, 36.087% and 35% respectively.

The sliding live steam temperature method is the key aspect in improving the
exergy efficiency of the system, where the element (desuperheater) is removed.
Figure (21, 22, 23 and 24) represent the simplified process diagram of exergy for
cogeneration power plant with the suggested method) with back-pressure turbine (R-
12/90-18), (R-40/127-31), (R-50/130-13) and (R-100/130-15) respectively. A
comparison between the suggested method and the conventional method show that
the exergy losses for each component, approximately, are equal except the losses that
occur in the desuperheater in conventional method (about 0.136%,0.155%, 0.053%
and 0.227% of the fuel exergy input for CHP with back pressure turbine (R-12/90-
18),(R-40/127-31), (R-50/130-13) and (R-100/130-15) respectively).Also, these
Figures specify that the exergy efficiencies are about 35%, 36.27%, 36.135% and
36.63% respectively, so the suggested method is more efficient than the conventional
method.

Mathematic model verification

In order to verify the mathematical model, the design data was used as the source
of information of modelling. Validation versus design data is a based step towards
certification [12]. A comparison between the developed powers obtained from
simulation for R-40/127-31 and for R-50/130-13 with reference [11] is shown in Fig.
25 and Fig. 26 where maximum deviation is around 2%. For designing regime, the
power developed for the turbine (R-12/90-18),(R-40/127-31), (R-50/130-13) and (R-
100/130-15) obtained from the simulation have maximum deviation from design
capacities equal to 1.5%, 2%, 0.6%, 1% respectively.

CONCLUSIONS
The following conclusions are drawn from the present work:
1. The good agreement of the calculated results with the design parameters
confirms the correctness of the developed mathematical model
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2. According to the operation regime (heat demand), the steam temperature
behind the back-pressure turbine changes and its value becomes the highest
when the control valves are partially opened.

3. Inorder to keep constant heat supplied to consumer, the conventional method
can be used to decrease the steam flow rate through the turbine, so the power
to heat ratio decreases.

4. Although the suggestion method leads to a decrease in the power developed,
its effect is less than the conventional method and as a result the power to
heat ratio for this method is greater.

5. Sliding live steam temperature doesn't cause any extra cost and can be used
without any additional arrangement.

6. The suggested method causes fuel saving in comparison with conventional
method. Depending on heat demand, the percentage of fuel saving was about
(0-15%), (0-18%), (0-21%) and (0-24%) for back-pressure turbine (R-12/90-
18), (R-40/127-31), (R-50/130-13) and (R-100/130-15) respectively.

7. According to the second law analysis, cogeneration plant with the suggested
method is more efficient.

8. The capacity variation of back-pressure turbine doesn’t cause any change of
the character of control methods.
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Figure (7) Variation of steam exit temperature with heat process
Demand at third and fourth case studies.
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Figure(8) Variation of injection water with relative heat process demand to keep
constant steam temperature at various back pressures.
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Figure (9) Reduction of live steam temperature versus relative industrial heat
demand to keep constant steam temperature at first and second case studies.
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Figure (10) Power to heat ratio versus relative heat process demand for various

back pressures for first case studieswith conventional control method
(b) With suggested control method.
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Figure (11) Comparison of Power to heat ratio versus relative heat
Demand for conventional and suggested control method
for first case study at back pressure 15bar .
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Figure (12) Fuel saving due to use suggested method at various
Relative heat demands and various back pressures at third
and second case studies.



AL R LeI g FURY o] RES N SV VRN O SAPl0iBYd Modeling and Simulation of the Cogeneration
Plant Equipped with Back-Pressure Turbine
Operates at Various Control Programs of
Exit Steam Temperature

36% B Conventional method

| B Proposal method
3% |5 :

M

32%

30%

Q\b-'LQQ‘Q‘\Q:QQJQQ,hb

D~ T AT OY (O A7 ADY AT AQ7 B B D7 &

0 00 I S g G S NG T o N
Qp/Qpd

Figure (13) Second law efficiency with various relative heat process
Demands for first case study.
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Figure (14) Second law efficiency with various relative heat processes
Demands for second case study.
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Figure (15) Second law efficiency with various relative heat processes
Demands for third case study.
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Figure (16) Second law efficiency with various relative heat processes
Demands for fourth case study.
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Figure (17) Exergy (Entropy) simplified flow diagram of CHP with
R-12/90-18 turbine (Conventional method).
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Figure (18) Exergy (Entropy) simplified flow diagram of CHP with
R-40/127-31 turbine (Conventional method).
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Figure (19) Exergy (Entropy) simplified flow diagram of CHP with
R-50/130-13 turbine (Conventional method).
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Figure (20) Exergy (Entropy) simplified flow diagram of CHP with
R-100/130-15 turbine (Conventional method).
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Figure (21) Exergy (Entropy) simplified flow diagram of CHP with
R-12/90-18 turbine (suggested method).
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Figure (22) Exergy (Entropy) simplified flow diagram of CHP with
R-40/127-31 turbine (suggested method).
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Figure (23) Exergy (Entropy) simplified flow diagram of CHP with
R-50/130-13 turbine (suggested method).
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Figure (24) Exergy (Entropy) simplified flow diagram of CHP with
R-100/130-15 turbine (suggested method).
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Figure (25) Comparison the variation of power developed with
Steam mass flow rate between the result of simulation
and reference [11] for turbine (R-50/130-13).
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Figure (26) Comparison the variation of power developed with
Steam mass flow rat between the results of simulation
and reference [11] for turbine (R-40/127-31).



