
Eng. &Tech. Journal, Vol.31, Part (A), No.16, 2013    

 

3007 
https://doi.org/10.30684/etj.31.16A.2        

2412-0758/University of Technology-Iraq, Baghdad, Iraq 
This is an open access article under the CC BY 4.0 license http://creativecommons.org/licenses/by/4.0 

 

Modeling and Simulation of the Cogeneration Plant Equipped 

with Back-Pressure Turbine Operates at Various Control 

Programs of Exit Steam Temperature 
 

 

Dr. Moayed Razoki Hasan 

Machine and Equipment Engineering Department, University of Technology/Baghdad 

Mohammed Jasim Salih 
Engineering College, University of Al-Kofa/Al-Najaf  
Email: mjasim75@yahoo.com  

 

 
Received on: 18/7/2012      &        Accepted on: 10/1/2013 

 
 

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. 

 
نمذجة ومحاكاة لمحطة مشتركة مزودة بتوربين ذو ضغط خلفي تعمل على برامج 

 التوربيندرجة حرارة البخار الخارج من لمختلفة سيطرة 
 

 الخلاصة
ءتنررلم   محتلقررة  إةررتاطم تعتبررا محطاتررلم محطةررتادة مماررطر طررس محترراز مدةلةررءة  ح ءررلطر د ررل ر 

  تطرم Rمحباث طامةة نظاءة حطاتلم طةتادة ط مطه بتمابءنلم ذمم ضغت ال ر  طاتل رة طرس نرم  
طامةرة ذرذه محطاترلم طررس ارل  تةرغلءرل بلحتاءلررة محتللءطءرة  تاءلرة الررس محطرل ق ممحتاءلرة محطلتااررة 
 تغءءا طاجة اامار محبارلا محرطما  حلترمابءسق حلةرءتار دلرة طاجرة ارامار محبارلا محطر مط حلطةرترل  

تمابءنرلم محصنلد   مت  مصف نطمذج طالدلر حطاتلم تمحءط طةتادة تعط  دلرة ضرم  طممصر لم مح
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 الوياضة  المودية  خةل  مة ( التصةميمي  وغيةو التصةميمي ) عملهةا ظةوو  ودراسة اختيارها محت  ت  

 للقةةانو  وفقةةا   المشةةتو   المحطةةا  تحليةة  تةة  (.MathCad software) علةة  يعمةة  ببونةةام  المكتةةو 

( Entropy method) الثةان  القةانو  الة  اسةتنادا   و ةلل ( Energy balance) للثوموداينمة  الأو 

وبينة  النتةا   بةإ  خسةت دا   .المقتوحة  والطويقة  التقليدية  بالطويقة  تعم  عندما محط     أداء لمقارن 

الطويق  المقتوح  يؤدي خل  زيةاد  الكاةاء  الكلية  للمحطة  المشةتو   ولاميةع انةواب التوربينةا  التة  تة  

دراستها و لل  يؤدي خل  تقلي  معد  أستهلك الوقود ف  المحط . وأخيوا  بين  النتا   بإ  زياد  مقدار 

داء المحط  المشتو   بغض النظو عة  الطويقة  المسةت دم  الضغط ال لا  للتوربي  يسبب تحسي  ف  أ

 للسيطو  عل  درج  حوار  الب ار المزود للمستهل  الصناع .
 NOMENCLATURE 

symbol Description unit 

C.V. Fuel calorific value kJ/kg 

H Total heat drop kJ/kg 

h Specific enthalpy kJ/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 m3/kg 

w Work kJ/kg 

Greek symbols 
symbol Description unit 

 Irreversibility kJ/kg 

Ω Irreversibility coefficient - 

 Efficiency % 

μ Relative cross section area of valve - 

Δ Difference - 

α Relative steam consumption in the regenerative extraction - 

Subscripts 
symbol Description 

cw Cooling water 

f Saturated liquid 

g Saturated vapour 

II 2nd law of thermodynamic 

j Number of feed water heater 

o 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 

ogeneration 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 

C 
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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 po=90bar, to=535oc 

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 po=127bar, to=565oc 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 po=130bar, to=565oc 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. 

 

 

 

 

 

 

 

 

 

 

 

 

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). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure(3) Flow diagram for Back-pressure turbine 

 type (R50-130-13). 

 

 

 

 

 

 

 

 

 

 

 

 

 

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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ℎ𝑜𝑢𝑡 

2. Pressure stage 

Actual enthalpy drop in the control stage for any mass flow rate can be found by 

using [3] 

∆h = −316.98 ∙ (
pg

p
)

1.25

+ 273            … (1) 

 
Where  pg is the governing stage pressure and  is the steam pressure behind any 

valve. While the isentropic efficiency of pressure stages is defined by [3]. 

 

𝜂𝑠 = [0.915 ∙
0.3

𝑚𝑠∙𝑣
] ∙ [1 +

∆ℎ𝑖𝑠+1200

25000
] − 0.03              … (2) 

 

Where 𝑚𝑠the mass flow rate of steam through the group of stages is 𝑣 is the 

specific volume at inlet of group of stages and ∆ℎ𝑖𝑠 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]. 

  

𝑚

𝑚𝑜
= √(

𝑝1
2−𝑝2

2

𝑝1𝑜
2−𝑝2𝑜

2)                                  … (3) 

 

Where 𝑝10
, 𝑝1 are steam pressures before the first or any other stage at design 

load and at the load under consideration respectively, 𝑝20
, 𝑝2 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]. 

 

 

 

 

 

 

 

 

 

                                        

 

 

 

 

 

Figure (5) flow diagram for closed feed water heater. 
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𝑚𝑗 =
𝑚𝑤𝑗∙(ℎ𝑜𝑢𝑡−ℎ𝑖𝑛)−∑ 𝑚𝑑∙(ℎ𝑑−ℎ𝑗)

ℎ𝑎𝑗−ℎ𝑗
                  … (4) 

Where mj is the mass flow rate of the extracted steam, mwj is the mass flow rate 

of the water entering the heater, hin and hout are the enthalpies of feed water that 

enters and leaves the heater, haj is the enthalpy of extracted steam, md is the mass 

flow rate of condensing steam and hj is the enthalpy of condensing steam where  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- Irreversibility coefficient 

  According to the second law of thermodynamics, irreversibility coefficient 

(Ω) for each component of the plant is given by [6]: 

 

𝛺𝑖 =
𝛷𝑖

𝑚𝑓.𝐶.𝑉.
                                                    …  (5) 

 

Where, 𝛷𝑖 = 𝑇𝑜 ∙ [∑ (𝑚𝑖 ∙ 𝑠𝑖)𝑜𝑢𝑡
𝑛
𝑖 − ∑ (𝑚𝑖 ∙ 𝑠𝑖)𝑖𝑛

𝑛
𝑖 ]       … (6) 

 
And the overall irreversibility coefficient of plant is, 

 

𝛺𝑡𝑜𝑡𝑎𝑙 =
∑ 𝛷𝑖

𝑛
𝑖=1

𝑚𝑓.𝐶.𝑉.
                                                … (7) 

 

𝛺𝑡𝑜𝑡𝑎𝑙 = 𝛺1 + 𝛺2 +∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ +𝛺𝑛 = ∑ 𝛺𝑖
𝑛
𝑖=1                     … (8) 

Then the thermal efficiency is defined as, 

 

𝜂𝐼𝐼 = 1 − ∑ 𝛺𝑖
𝑛
𝑖=1                                            … (9) 

2- Rate of heat process 

The rate of process heat (industrial heat demand) is, 

 

𝑄𝑝 = 𝑚𝑝̇ ∙ (ℎ𝑒𝑥𝑖𝑡 − ℎ𝑐𝑜𝑛𝑑.)                              … (10) 

 
Where: 𝑚𝑝̇  is the steam mass flow rate supplied to heat consumer, ℎ𝑒𝑥𝑖𝑡 is the 

enthalpy of exit steam turbine and ℎ𝑐𝑜𝑛𝑑. is the enthalpy of condensated water from 

process system. 

3- Power developed 

The power developed of steam turbine is given by: 

 

𝑃𝑑 = 𝐻𝑜 − ∑ 𝛼𝑗 ∙ (𝐻𝑜 − 𝐻𝑜𝑗)
𝑗
0                    … (11) 
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Where: 𝐻𝑜: is the total heat drop of turbine, 𝛼𝑗: is the relative steam consumption 

in the regenerative extraction and 𝐻𝑜𝑗: 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 =
𝑃𝑑

𝑄𝑝
                                           … (12) 

5- Injection water flow rate 

The cooling water requirement to desuperheater (injection water flow rate) 

can be determined as [4], 

 

�̇�𝑠(ℎ𝑠𝑖
−ℎ𝑠𝑜)

(ℎ𝑐𝑤𝑜−ℎ𝑐𝑤𝑖
)
                 𝑚𝑐𝑤̇ =

                       … (13) 

 

 

 

 

 

 

 

 

 

Figure (6) flow diagram for desuperheater. 

 

 

Where hsi
and hso

 are the enthalpies of steam that enters and leaves the 

desuperheater, hcwi
 and hcwo

 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; 

(a) Conventional method 

𝑄𝑎𝑑𝑑 = 𝑝𝑜𝑤𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡 + 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑝𝑟𝑜𝑐𝑒𝑠𝑠 ℎ𝑒𝑎𝑡 +
(𝑝𝑜𝑤𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡)𝑠𝑢𝑔.−(𝑝𝑜𝑤𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡)𝑐𝑜𝑛𝑣.

𝜂𝑐
   If   (𝑝𝑜𝑤𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡)𝑠𝑢𝑔. >

(𝑝𝑜𝑤𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡)𝑐𝑜𝑛𝑣. 
ηc: Efficiency of condensing plant ≈ 0.41 

𝑄𝑎𝑑𝑑 = 𝑝𝑜𝑤𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡 + 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑝𝑟𝑜𝑐𝑒𝑠𝑠 ℎ𝑒𝑎𝑡  

If   (𝑝𝑜𝑤𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡)𝑐𝑜𝑛𝑣. > (𝑝𝑜𝑤𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡)𝑠𝑢𝑔. 

(b) Suggested method 

𝑄𝑎𝑑𝑑 = 𝑝𝑜𝑤𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡 + 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑝𝑟𝑜𝑐𝑒𝑠𝑠 ℎ𝑒𝑎𝑡 +
(𝑝𝑜𝑤𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡)𝑐𝑜𝑛𝑣.−(𝑝𝑜𝑤𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡)𝑠𝑢𝑔.

𝜂𝑐
  If   

(𝑝𝑜𝑤𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡)𝑐𝑜𝑛𝑣. > (𝑝𝑜𝑤𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡)𝑠𝑢𝑔. 

ℎ𝑠𝑜, 𝑚𝑠 
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𝑄𝑎𝑑𝑑 = 𝑝𝑜𝑤𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡 + 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑝𝑟𝑜𝑐𝑒𝑠𝑠 ℎ𝑒𝑎𝑡  

If   (𝑝𝑜𝑤𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡)𝑠𝑢𝑔. > (𝑝𝑜𝑤𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡)𝑐𝑜𝑛𝑣. 

7- Fuel saving 

Then the percentage of fuel saving (at the same boiler efficiency and fuel) is 

simply calculated by the following equation, 

 

∆�̇�𝑓 =
𝑄𝑎𝑑𝑑)𝑠𝑢𝑔.−𝑄𝑎𝑑𝑑)𝑐𝑜𝑛𝑣.

𝑄𝑎𝑑𝑑)𝑐𝑜𝑛𝑣.

∗ 100%                        … (14) 

 

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 Qp/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. In order 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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                              (a)        (b) 

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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 . 



Eng. &Tech. Journal, Vol. 31, Part (A), No.16, 2013   Modeling and Simulation of the Cogeneration    

                                                                                          Plant Equipped with Back-Pressure Turbine    

                                                                                         Operates at Various Control Programs of      

                                                                                      Exit Steam Temperature 

 

3023 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (12) Fuel saving due to use suggested method at various 

 Relative heat demands and various back pressures at third 

 and second case studies. 
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Figure (15) Second law efficiency with various relative heat processes  

Demands for third case study. 
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Figure (14) Second law efficiency with various relative heat processes  

Demands for second case study. 

Figure (13) Second law efficiency with various relative heat process  

Demands for first case study. 
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Figure (16) Second law efficiency with various relative heat processes 

 Demands for fourth case study. 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 



Eng. &Tech. Journal, Vol. 31, Part (A), No.16, 2013   Modeling and Simulation of the Cogeneration    

                                                                                          Plant Equipped with Back-Pressure Turbine    

                                                                                         Operates at Various Control Programs of      

                                                                                      Exit Steam Temperature 

 

3026 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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). 

 
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). 
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