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Abstract 
Gas turbine driven pipeline compressor stations employed in existing pipelines and 
also in those that shall be built due to increasing demand for natural gas present 
significant potential for production of additional electricity and useful heat by utilizing 
the waste heat from the gas turbine process. For utilizing the waste heat existing 
systems are usually upgraded with a heat recovery steam generator, steam turbine 
and balance of plant equipment, which are used to produce electricity via combined 
gas and steam cycle process. The thesis analyzes and compares several HRSG 
configurations both in the terms of thermodynamic and thermoeconomic criteria. In 
order to find an optimal configuration of a new system an exergo-economic HRSG 
optimization is conducted for finding the compromise between the exergy losses and 
investment costs of HRSG surfaces. Initial optimization results show insensibility of 
the objective function on the cost of surfaces by resulting in zero pinch point. Such 
result demonstrates low surface costs compared to the cost of exergy losses for 
given parameters of available flue gases and assumed factors of the objective 
function. Incorporation of exergy of inlet feed water and outlet gas (which are 
neglected by author of the selected optimization method) result in max. pinch point 
and high values of pressure close to critical one. Such result of pressure value is 
however not feasible for design of the industrial steam turbine. Furthermore tendency 
of reaching upper limit of pinch point shows inadequacy of this approach. So as to 
obtain positive but realistic pinch point values a surface exponent is introduced into 
equation for calculating the HRSG surface cost. Idea is to find the value of the 
surface exponent obtaining minimal feasible pinch point provided by the heat 
recovery steam generator manufacturer. Referent minimal feasible pinch point is 
selected for unfired case. Proper value of the surface exponent is determined on the 
basic single pressure configuration. Upon defining optimization criteria this value is 
further used for optimization of other configurations. Predefined single pressure, dual 
pressure and triple pressure system configurations are further examined in operating 
regimes of the pipeline compressor station. Thereby are cost of electricity, cash flow 
and internal rate of return calculated. Comparison of configurations is based on 
diagram presenting dependency of electricity cost on net system efficiency. Pareto 
front with respect to both criteria; maximal system efficiency and minimal cost of 
electricity is constructed. Thereof 2P3 and 3P3 configurations are the closest to the 
Pareto front whereby the first is characterized by the lowest cost of electricity and the 
latter by the highest system efficiency. Finally sensitivity analysis has been performed 
in order to estimate system viability in case of varying fuel prices and CO2 emission 
certificates. The results of the performed investigation are based on realistic 
compressor station data and could be used as a guideline for further research and 
development in this field. 
 
 
 
 
 
 
 
 
 
Keywords: pipeline compressor station, booster station, waste heat utilization, 
combined cycle, HRSG, exergo-economic optimization 
 



Symbols   
   
Data Unit Description 
A m2 surface area 
B kg/s fuel consumption 
c kJ/kgK specific heat capacity 
ceco $/m2 specific surface cost economizer 
ceva $/m2 specific surface cost evaporator 
csh $/m2 specific surface cost superheater 
Ceco $ surface cost economizer 
Ceva $ surface cost evaporator 
Csh $ surface cost superheater 
∆tm °C mean logarithmic temp. difference 
dt1 °C greater temperature difference 
dt2  °C smaller temperature difference 
exp  surface exponent 
Egas,in  kW exergy of gas at HRSG inlet 
Egas,out kW exergy of gas at  HRSG outlet 

EQ kW exergy losses due to heat exchange with 
environment 

Ew,in kW feed water exergy at HRSG inlet 
Ew,out kW superheated steam exergy at HRSG outlet 
fc  system complexity factor (2P, 3P HRSG) 

go  heat loss due to heat transfer from HRSG 
surfaces to environment   

gk  heat loss due to incomplete combustion 
caused by chemical reasons 

gm  heat loss due to incomplete combustion 
caused by mechanical reasons 

gout  heat loss of flue gases sensitive heat   
gslag  heat loss due to exiting physical heat of slag
h kJ/kg specific enthalpy 
hg kJ/kg specific enthalpy of flue gas 
hs kJ/kg specific enthalpy of steam 
hL kJ/m3 air specific enthalpy 
hL0 kJ/m3 air specific enthalpy at ambient conditions 
H kJ enthalpy 
Hd,Hlow (LHV) kJ/kg lower heating value 
i % discount rate 
IRR % internal rate of return 
k kW/m2K overall heat transfer coefficient 
k i $/kWh specific cost of exergy losses 
Ki $ cost of exergy losses 
KHRSG $ HRSG surface cost 
Ktotal $ total annualized HRSG cost 
•

m  kg/s mass flow 

GTTotalm
•

 kg/s total flue gas mass flow at GT exit  

HPm
•

 kg/s steam mass flow  

sfm
•

 kg/s supplementary firing fuel mass flow 
n  number of years 



p bar pressure 
ps bar water (steam) pressure  
P kW(MW) power 
•

Q  kW exchanged heat (duty) 
R kJ/kgK gas constant 
s kJ/kgK specific entropy 
t °C temperature 
tg °C flue gas temperature  
tS °C water (steam) temperature  
VL m3/s air volume flow 
ηCC % combined cycle efficiency 
ηGT % gas turbine cycle efficiency  
ηHR % heat recovery efficiency  
ηSC % steam turbine cycle efficiency 
ηST % steam turbine isentropic efficiency 
ηsf % duct burner efficiency 
ηr % radiation heat transfer efficiency 

GTQ
•

 kW heat induced into gas turbine cycle 

EXHQ
•

 KW heat released from gas turbine cycle 

SFQ
•

 kW heat induced via supplementary firing    
λ  excess air factor 
x % relative water content 
WGT kW(MW) work generated in the gas turbine cycle 
WST kW(MW) work generated in the steam turbine cycle 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Abbreviations  
AP approach point 
CC combined cycle 
CNG compressed natural gas 
CONDHT condensate heater 
CNDPUMP condensate pump 
EM electromotor 
EPC engineering, procurement and construction cost 
FW feed water 
FG flue gases 
GT gas turbine 
HRSG heat recovery steam generator 
HTC heat transfer coefficient 
HP high pressure 
HPAP high pressure approach point 
HPECO  high pressure economizer 
HPEVA high pressure evaporator 
HPPP high pressure pinch point 
HPPUMP high pressure pump 
HPSH high pressure superheater 
IPECO  intermediate pressure economizer 
IPEVA intermediate pressure evaporator 
IPPUMP intermediate pressure pump 
IPSH intermediate pressure superheater 
ICE internal combustion engine 
LNG liquefied natural gas 
LPG liquid petroleum gas 
LDC                 load duration curve 
LP low pressure 
LPAP low pressure approach point 
LPECO low pressure economizer 
LPEVA low pressure evaporator 
LPPP low pressure pinch point 
LPPUMP low pressure pump  
LPSH low pressure superheater 
MDCC mechanical drive combined cycle 
NG natural gas 
PP pinch point 
dp pressure drop 
SC steam cycle 
ST steam turbine 
SF supplementary firing 
TMIX temperature mixer 
1P single pressure 
2P double pressure 
3P triple pressure 
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1. Introduction 
Major share in global production of electricity and heat nowadays belongs to 
technologies based on firing the fossil fuels i.e. coal, oil and natural gas. Despite its 
greatest reserves among other fossil fuels usage of coal has a falling trend since its 
firing causes high CO2 and NOx emissions wherefore is its usage in thermal power 
plants in some countries forbidden. Necessity of application of complex and costly 
flue gas cleaning facilities puts it in unfavorable position in comparison with oil or gas 
applications. Limited crude oil reserves and its increased demand followed by global 
energy and political conditions cause unpredictable oscillations of crude oil prices 
making oil less and less competitive for electrical power generation. In such 
circumstances natural gas obtrudes since its reserves are larger than oil and its firing 
produces smaller amount of green house gases than other fossil fuels. Last but not 
least natural gas prices are so far more acceptable than those of oil despite their 
interdependency. From this reasons natural gas demand has a rising trend since 
beginning of last decade. [1] In transport and supply of natural gas an important role 
belongs to gas pipelines where are compressor stations used for maintaining the 
operating pressure.  
 
Generally centrifugal compressors in these stations are driven by gas turbine (GT), 
steam turbine (ST), electromotor (EM) or internal combustion engine (ICE).[2] In US 
and Canada ICE are represented with ca. 70% and are followed by gas turbines 
whose share is ca. 25%. The rest belongs to steam turbines and electromotors 
whose share is minor. In Europe is the share of gas turbines somewhat higher. [3][4] 
 
Since up to now replacement for fossil fuels has not been found it is an imperative to 
evaluate utilization of waste energy from any kind of energy process so as to 
increase process efficiency respectively decrease fuel consumption and emissions. 
This suggests investigation of waste heat utilization possibilities from gas turbine 
driven pipeline compressor stations which depend mainly on the following criteria: 
 site location 
 demand (mechanical power, electricity or heat) and its distribution 
 availability of electrical grid  
 gas turbine type (flue gas mass flow and temperature) 

 
Thereof one of the possible technologies can be considered: 
 electricity production 
 electricity and heat production 
 electricity, heat and cooling production 
 additional natural gas compressing 
 hydrogen production 
 direct waste heat utilization for natural gas inlet or outlet cooling in appropriate 

chillers  
 
Best available and most acceptable technology for electricity production nowadays 
with respect to above aspects is combined gas and steam turbine process[5][6] or 
commonly combined cycle (CC). 
 
Compared with separate gas or steam plants their main advantages are: 
 thermodynamic efficiency 
 flexibility 
 lower cooling water equipment cost 
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 acceptable influence on environment 
 high reliability and relative short delivery time 
 possibility of application of broad fuel spectrum 

 
However there are also at least two disadvantages which can mainly be emphasized 

into: 
 lower thermodynamic parameters of a steam process  

Gas turbine exhaust gas has lower temperature than typical firing temperature in a 
classic steam boiler. However flue gases temperature at boiler inlet can be increased 
by means of supplementary firing what brings to efficiency increase only in certain 
cases described in 5.2.2.  
 inability of a fast startup 

Combined cycle plants have longer startup time than gas turbine only plants. 
 
Aiming to deepen former investigations this work focuses on analysis of waste heat 
utilization possibilities for electricity production via combined gas and steam turbine 
process. Since the topping cycle already exists and the main function of the plant is 
compression of natural gas such processes are called mechanical drive combined 
cycle (MDCC). Natural gas as such is burned either in a gas turbine process or in a 
combined gas and steam process. Since last decade popularity of the latter 
increased significantly thanks to its high efficiencies which in case of electricity power 
production exceed 60% nowadays [7]. In case of simultaneous production of 
electricity power and heat (cogeneration) overall process efficiency can reach up to 
90% [8]. Unlike conventional gas and steam processes with or without cogeneration 
where the main function of the plant is electricity production for meeting the base load 
or peak load, main function of considered pipeline compressor stations is mechanical 
power production for pumping the natural gas. Therefore attention has to be paid to 
configuration of an upgraded system in the terms of proper selection of operative 
parameters as also operational behavior in particular at the part load. In this work 
different single pressure (1P), double pressure (2P) and triple pressure (3P) CC 
system configurations are developed with respect to parameters of available flue 
gases followed by site conditions and demand characteristic from one realistic 
project. 
 
Heat balance calculation of each configuration at design point and in operating 
regimes is done by means of GateCycle.[9] Exergo-economic HRSG optimization of 
each configuration is done in order to find an optimum between exergy losses and 
HRSG heat exchanger surface costs. After optimizing the operative parameters for 
each configuration a preferable 1P, 2P and 3P configuration is selected. Viability of 
selected configurations is examined in demand scenario in order to evaluate viability 
of investment and operation with respect to assumed fuel cost, electricity sellback 
price and CO2 emission certificate prices.  
 
Chapter 2 describes global energy and environmental situation followed by aspects 
of production, transport and consume of natural gas. Chapter 3 describes pipeline 
compressor stations; requirements on them, their technical features generally and 
potential for utilization of waste heat. Chapter 4 describes technical features of 
analyzed pipeline compressor station. Chapter 5 deals with conditions and 
characteristics of waste heat recovery via gas and steam combined cycle. Chapter 6 
describes mathematical model of a system part to be calculated namely: bottoming 
cycle comprising HRSG and steam turbine, HRSG optimization model and off-design 
performance algorithm. Chapter 7 presents results of HRSG optimization for different 
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configurations. Chapter 8 presents results of operation of selected configurations in 
demand scenario. Chapter 9 describes economic evaluation of selected 
configurations in demand scenario. Chapter 10 provides economic sensitivity 
analysis. Chapter 11 provides final considerations based on obtained results outlining 
guidelines for efficient waste heat utilization and suggesting possibilities for further 
research and development of MDCC systems used for utilization of waste heat from 
pipeline compressor stations. Chapter 12 contains list of references used in the text. 
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2. Global energy and environmental situation 

2.1 Sustainable development 
Aspects of energy resources exploitation evolute during centuries, decades and 
years following development of human civilization. While aiming to fulfill human 
needs social and industrial development influences planetary balance. First 
significant environmental problem known as the Ozone gap was identified in the 
second half of the last century. Despite relative fast reaction of global politic resulting 
in ratification of Montreal Protocol (1987) it took 20 years to eliminate majority of 
chlorofluorocarbons for preventing attenuation of ozone layer. However ca. 60 years 
more shall be required for protection from ultraviolet rays. Further environmental 
problem known as the global warming alarmed publicity due to unusual hot summer 
announcing possible climate changes. After 10 years of negotiations agreement 
known as Kyoto Protocol (1997) was reached. Despite setting emission limits 
primarily for industrialized countries followed by the fact that it has been ratified by 
183 states up to January 2009 it cannot decrease an exponential trend of CO2 
emissions as shown in Figure 2.1. 

 

Figure 2.1: Annual carbon emissions by region [13] 

 
Global energy scenarios [10] predict the world CO2 emissions to reach the level of 
1990 increased by 40-45%. That necessitates much drastic interventions into energy 
production and consume in the following decades also respecting the fact that global 
warming has a rising trend manifesting in phenomena of tripling the annual melting of 
icebergs on Greenland in couple of years only. 
 
In the terms of electricity and heat production up to first oil crisis 1973. preference 
belonged to large systems whereby there was not much attention paid on tradeoff 
between economic aspects of plant and generated unit power. After the crisis and in 
particular during the last decade of former century the trend has changed. Focus, 
particularly in developed countries, was on efforts in research and development of 
energy efficiency issues striving to energy savings. Thereby highly efficient systems 
with possibilities of utilizing the waste heat became more important in circumstance 
of rising primary energy prices oscillations in security of supply and in particular due 
to ever more environmental requirements. 
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Priorities and instruments of energy policy in 70s and 80s of the last century 
accentuated security of supply as the main target. However main targets of European 
Commission energy policy emphasized in the White Paper from 1995 are: 
 Overall competitiveness 
 Security of supply 
 Environmental protection 

 
Thereof it may be concluded that the control of energy resources and energy trade is 
considered as too important to be left to the principles of the free market. Such 
approach brought to development of new technologies that were recently considered 
as economically and technically unjustifiable. 
 
So further development of human civilization has to ensure a balance between 
fulfilling the energy needs and thereof resulting environmental impact. Such 
development is named sustainable development and may be described as 
phenomena which limit further development of our civilization based on existing 
technologies. The concept sustainable development came into general usage 
following publication of the 1987 report of the Brundtland Commission which defines 
the concept of sustainable development as a progress that meets the needs of today 
without compromising the ability of future generations to meet their own needs. [11] 
2.1.1 Fossil fuel reserves 
Existing technologies for power production are mainly based on firing the fossil fuels: 
coal, oil and natural gas whose reserve estimation is shown in Figure 2.2 

 
Figure 2.2: Reserves to production ratio of fossil fuels for various regions[12] 

 
It is apparent that on a world scale oil and natural gas reserves are limited on 50 
years or less. Firing coal causes high CO2 and NOx emissions wherefore is its usage 
in thermal power plants in some countries forbidden. 
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2.1.2 Environmental impact of firing the fossil fuels 
Firing of fossil fuels in any kind of thermal power plant has an impact on environment 
which has to be kept as low as possible. Since stringent environmental requirements 
generally increase the cost of the system, it should be attained a reasonable 
relationship between the cost and the obtained results.  
 
Following emissions from a power station generally affect the environment:  
 products of combustion (exhausts and ash) 
 waste heat 
 noise 

 
The exhausts can include the following components: NO, NO2, CO2, CO, CnHn 
(unburned hydrocarbons), SO2, SO3, dust, fly ash, heavy metals, chlorides and 
others. [6] 
The largest part of the flue gas from most fossil fuel combustion processes is 
uncombusted nitrogen, which is contained in the air with about 79 volume %. The 
next largest part of the flue gas is carbon dioxide (CO2) with 10 to 15 volume % or 
more of the flue gas.  This is closely followed in volume by water vapor (H2O) created 
by the combustion of the hydrogen in the fuel with atmospheric oxygen. Flue gases 
constituent which can be seen pouring from flue gas stacks is actually the water 
vapor forming a cloud as it contacts cool air.  
 
A typical flue gas from the combustion of fossil fuels will also contain some very small 
amounts of nitrogen oxides (NOx), sulfur dioxide (SO2) and particulate matter. The 
nitrogen oxides are derived from the nitrogen in the ambient air as well as from any 
nitrogen-containing compounds in the fossil fuel. The sulfur dioxide is derived from 
any sulfur-containing compounds in the fuels. The particulate matter is composed of 
very small particles of solid materials and very small liquid droplets which give flue 
gases their smoky appearance. [13] 
 
H2O, N2 and O2 are not harmful for environment, whilst other constituents can have 
negative impact. Their concentration in the exhaust gas depends upon the 
composition of the fuel and the type of installation. 
 
CC plant is a popular technology nowadays thanks to its high thermodynamic 
efficiency and high excess air coefficients in GT which enable complete combustion 
respectively a very low concentration of unburned elements such as CO or unburned 
hydrocarbons. Further advantage of large air flow is strong dilution of pollutants.  
 
In case of burning the natural gas, the only toxic emissions contained in the exhaust 
gas are NO and NO2. The NOx (NO and NO2) level is the most important 
environmental problem with gas turbines because NOx generates nitric acid (H2NO3) 
in the atmosphere which is together with sulphuric acid (H2SO4) one of the factors 
responsible for acid rain. [6]Furthermore if mixture of nitrogen oxides and evaporable 
organic compounds is exposed to solar radiation it leads to formation of 
photochemical smog.[13] 
 
With permanent development of gas turbines which are main source of NOx 
emissions within a GT based CC, these emissions are constantly being decreased as 
shown in Figure 2.3. [14] 
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Figure 2.3: Evolution of NOx emission from gas turbines (2002) [14]  

Water injection into the combustor reduces NOx emissions by lowering the 
temperature peaks in the combustor primary zone and hence the tendency for 
atmospheric nitrogen to dissociate. Side effects include increased power, but often 
increased emissions of carbon monoxide (CO) due to lower temperatures, especially 
for low pressure ratios and short residence times. Furthermore specific fuel 
consumption is worse due to the significant amount of heat required to evaporate the 
water. Thereof steam injection superseded water injection for installations where 
steam plant could be used as it overcame the disadvantages associated with the 
chilling effect of liquid water. However further development of GT combustion 
systems was focused on dry low emission technologies where no water or steam is 
injected into the combustor to lower flame temperature and hence NOx. From Figure 
2.3 it is apparent that latest dry low NOx combustors provide NOx emissions around 
10ppm (parts per million) what is ca. 25 times less than in the case of conventional 
combustor. Even lower values are obtainable in case of catalytic combustion. Therein 
the fuel and oxygen react on the surface of a catalyst leading to complete oxidation 
of compound. As the process takes place without a flame and at much lower 
temperatures (than in case of conventional combustion) it produces quite lower NOx 
emissions than conventional combustion. 
2.2 Natural gas 

2.2.1 Chemical composition and energy content 
Natural gas is a gaseous fossil fuel found mostly in oil fields and natural gas fields 
like also in coal beds (as coal bed methane). [13]  

Table 2-1: Typical natural gas chemical composition 

Component weight (% ) 
Methane (CH4) 70-90 
Ethane (C2H6) 5-15 

Propane (C3H8) and Butane (C4H10) < 5 
CO2, N2, H2S, etc. balance 

 
As shown in Table 2-1, it consists primarily of methane but includes significant 
quantities of ethane, butane, propane and helium [1] followed by inorganic 
compounds such as nitrogen, carbon dioxide, and hydrogen sulfide which are not 
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desirable because some of them are not  combustible and cause corrosion and other 
problems in gas production and processing systems. [15] Natural gas is often 
informally named simply gas, especially when compared to other energy sources 
such as electricity. The gross heat of combustion of one normal cubic meter of 
commercial quality natural gas is around 39 mega joules (≈10.8 kWh), but this can 
vary by several percentages. [16] 
2.2.2 Natural gas demand 
Global demand for natural gas is mainly driven by the following factors: [16] 
 Weather  
 Demographics  
 Economic Growth  
 Fuel Competition  
 Storage  
 Exports 

 
Weather 
Natural gas demand usually peaks during the colder months of the year (November-
March) and decreases during the warmer months. During the warmest summer 
months, the demand increases due to electricity generated by gas fired power plants. 
Any unfavorable weather conditions will increase the demand for natural gas. The 
colder the weather is during the winter, the more shall be pronounced the winter 
peak. On the other hand, a warmer winter usually results in a less noticeable winter 
peak. The opposite applies for the summer. If the summer season is extremely hot, it 
can result in greater cooling demands, which in turn may result in increased summer 
demand for natural gas.  
 
Demographics 
Changing demographics also affects the demand for natural gas, especially for core 
residential customers. As electricity currently supplies most of the cooling energy 
requirements, and natural gas supplies most of the energy used for heating, 
population movement influences the natural gas demand depending on the 
respective climate. 
 
Economic Growth 
The state of the economy can have a considerable effect on the demand for natural 
gas in the short term. This is particularly true for industrial and to a lesser extent the 
commercial customers. When the economy is booming, output from the industrial 
sectors generally increases. On the other hand, when the economy is experiencing a 
recession output from industrial sectors drops. These fluctuations in industrial output 
accompanying the economy affect the amount of natural gas needed by these 
industrial users.  
 
Fuel Competition 
Basically, supply and demand dynamics in the marketplace determine the short-term 
price for natural gas. However, this can work in reverse as well. The price of natural 
gas can, for certain consumers, affect its demand. This is particularly true for those 
consumers who have the ability to switch the fuel which they consume. In general the 
core customers (residential and commercial) do not have this ability, however, a 
number of industrial and electric generation consumers have the capacity to switch 
between fuels. For instance, when natural gas prices are extremely high, electric 
generators may switch from using natural gas to using cheaper coal or fuel oil. This 
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fuel switching then leads to a decrease for the demand of natural gas, which usually 
tends to drop its price.  
 
Storage 
Natural gas storage levels have a significant impact on the commodity’s price. When 
the storage levels are low, a signal is being sent to the market indicating that there is 
a smaller supply cushion and prices will be rising. On the other hand, when storage 
levels are high, this sends a signal to the market that there is greater supply flexibility 
and prices will tend to drop.  
 
Exports 
Exports are another source of demand and are driven by economic and political 
factors. In Eurasian largest exporter is Russia. 
2.2.3 Natural gas supply 
The supply for Natural Gas is mainly driven by the following factors:  
 Pipeline Capacity  
 Storage  
 Gas Drilling Rates  
 Natural Phenomena  
 Technical Issues  
 Imports 

 
Pipeline Capacity 
The ability to transport natural gas from the well heads of the producing regions to 
the consuming regions affects the availability of supply in the marketplace. The 
interstate and intrastate pipeline infrastructure has limited capacity and can only 
transport so much natural gas at any one time. This has the effect of limiting the 
maximum amount of natural gas that can reach the market. Natural gas pipeline 
companies continue to expand the pipeline infrastructure in order to meet growing 
future demand.  
 
Storage 
As natural gas injections (positive) represent additional demand, withdrawals 
(negative) represent an additional source of supply, which can be accessed quickly.  
 
Gas Drilling Rates 
The amount of natural gas produced both from associated and non-associated 
sources can be controlled to some extent by the producers. The drilling rates and gas 
prices form a feedback loop. When supply is low, demand and thus prices are high; 
this gives a market signal to the producer to increase the number of rigs being drilled 
for natural gas. The increased supply will then lead to decrease the pricing.  
 
Natural Phenomena 
Natural phenomena can have a significant impact on natural gas production and thus 
supply. Hurricanes, for example, can have an impact on the offshore production and 
exploitation of natural gas. This is because safety requirements may mandate the 
temporary shut down of offshore production platforms. Tornadoes can have a similar 
effect on onshore production facilities.  
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Technical Issues 
Equipment malfunction, although not frequent, could temporarily disrupt the flow 
across a given pipeline at an important market center. This would ultimately decrease 
the supply available in that market. On the other hand, technical developments in 
engineering methods can lead to more abundant supply.  
 
Imports 
Imports are a source of supply. In Europe gas is imported from different countries; 
mainly form Russia but also in the form of LNG from countries such as Trinidad, 
Algeria and Nigeria. 
 
Trends in natural gas prices 
Figure 2.4 shows a 75-year history of annual United States natural gas production 
and average wellhead prices from 1930 through 2005. Prices paid by consumers 
were increased above those levels by processing and distribution costs. Production is 
shown in billions of cubic meters per year, and average wellhead pricing is shown in 
US dollars per thousand cubic meters adjusted to spring, 2006. 

 

Figure 2.4: Natural gas production and price trend comparison in the U.S.[16] 

Trend of natural gas prices for EU25 and its several countries is given in Figure 2.5. 
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Figure 2.5: Natural gas prices for industry in EU25 [17] 
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Apparently the highest prices are met in Germany whilst the lowest prices are met in 
Czechoslovakia and Poland. 
2.2.4 Storage and transport 
The major difficulty in the use of natural gas is transportation and storage because of 
its low density.  
2.2.4.1 Storage 
Natural gas is often stored in underground caverns formed inside depleted gas 
reservoirs from previous gas wells, salt domes, or in tanks as liquefied natural gas. 
The gas is injected during periods of low demand and extracted during periods of 
higher demand. Storage near the ultimate end-users helps to best meet volatile 
demands, but this may not always be practicable. In the past, the natural gas which 
was recovered in the course of recovering petroleum could not be profitably sold, and 
was simply burned at the oil field (known as flaring). This wasteful practice is now 
illegal in many countries. Additionally, companies now recognize that value for the 
gas may be achieved with LNG, CNG, or other transportation methods to end-users 
in the future. The gas is now re-injected back into the formation for later recovery. 
This also assists oil pumping by keeping underground pressures higher. In Saudi 
Arabia, in the late 1970s, a "Master Gas System" was created, ending the need for 
flaring. The natural gas is used to generate electricity and heat for desalinization. 
Similarly, some landfills that also discharge methane gases have been set up to 
capture the methane and generate electricity.  
2.2.4.2 Gas pipelines 

 
Figure 2.6: Eurasian gas transportation system [18] 



2. Global energy and environmental situation                                                                                                                               26 

Natural gas pipelines are economical, but are impractical across oceans. However in 
Eurasian they present essential form of gas transport to consumers. Figure 2.6 
presents Eurasian gas transportation system with gas pipelines, gas fields, storage 
facilities, refineries and LNG terminals. Gas pipelines are used for supplying the 
natural gas from the reserves owing countries to the consuming industrial and 
residential centers.  
2.2.4.3 Liquefied natural gas (LNG) 
When natural gas is cooled to a temperature of approximately −160 °C at 
atmospheric pressure it condenses to a liquid called liquefied natural gas (LNG). One 
volume of this liquid takes up about 1/600th the volume of natural gas at a stove 
burner tip. LNG is only about 45% the density of water. LNG is odourless, colourless, 
non-corrosive, and non-toxic. When vaporized it burns only in concentrations of 5% 
to 15% when mixed with air. Neither LNG, nor its vapour, can explode in an 
unconfined environment.  The process can also be designed to purify the LNG to 
almost 100% methane. Generally, LNG carriers are used to transport LNG across 
oceans. LNG has far more mass than oil to transport and most gas is transported by 
pipelines. LNG is in its gaseous state rather bulky. Gas travels much faster than oil 
though a high-pressure pipeline can transmit only about a fifth of the amount of 
energy per day. As well as pipelines, LNG is transported using both road/rail truck 
and ship. LNG will be sometimes taken to cryogenic temperatures to reduce the 
mass.  
2.2.4.4 Compressed natural gas (CNG) 
Compressed natural gas (CNG) is natural gas pressurized and stored in welding 
bottle-like tanks at pressures up to 25 MPa. Typically it is same composition of the 
local "pipeline" gas, with some of the water removed. CNG and LNG are both 
delivered to gas engines as low pressure vapor (up to 2.1 MPa). CNG is often 
misrepresented as the only form natural gas can be used as vehicle fuel. LNG can be 
used to make CNG. This process requires much less capital intensive equipment and 
about 15% of the operating and maintenance costs.  
 
Tank trucks are usually used to carry liquefied or compressed natural gas (CNG) 
over shorter distances. They may transport natural gas directly to end-users, or to 
distribution points such as pipelines for further transport. These may have a higher 
cost, requiring additional facilities for liquefaction or compression at the production 
point, and then gasification or decompression at end-use facilities or into a pipeline.  
2.2.4.5 Liquid petroleum gas (LPG) 
Liquid petroleum gas (LPG, and sometimes called propane) is often confused with 
LNG and vice versa. They are not the same and the differences are significant. 
Varieties of LPG bought and sold include mixes that are primarily propane, mixes that 
are primarily butane, and mixes including propane, propylene, n-butane, butylene 
and iso-butane. Depending on the season—in winter more propane, in summer more 
butane. Vapour pressures, at 30 °C, are for commercial propane in the range 10-12 
barg (1 to 1.2 MPa), for commercial butane, 2-4 barg (0.2 to 0.4 MPa). In some 
countries LPG is composed primarily of propane (upwards to 95%) and smaller 
quantities of butane. The vapour pressure of commercial butane is generally too low 
to release it from the top vapour space. Pumps and (hot water, steam, electricity or 
direct-fired) vaporizers are frequently used. An alternative to using neat butane 
vapour which overcomes the need for pipework heating is to use a gas-air mixture 
(well outside flammability limits). Air depresses the vapour dew-point temperature. 
Another advantage is that the mixture can be made to "simulate" natural gas or town 
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gas to produce the same heat release through a burner under equal supply 
pressures, characterized by a term known as Wobbe number or Wobbe index.  
 
LPG compared to natural gas has a significantly higher heating value and requires a 
different air-to-gas mixture (propane: 24:1, butane: 30:1) for good combustion. LPG 
can be stored as a liquid in tanks by applying pressure alone. While the distribution of 
LNG requires heavy infrastructure investments (pipelines, etc.), LPG is portable. This 
fact makes LPG very interesting for developing countries and rural areas. LPG 
(sometimes called autogas) has also been used as fuel in light duty vehicles for many 
years. An increasing number of petrol stations around the world offer LPG pumps as 
well. A final example that should not be forgotten is that the "bottled gas" can often 
be found under barbecue grills. 
2.2.5 Use 
Natural gas, because of its clean burning nature, has become a very popular fuel for 
the generation of electricity. In the 1970's and 80's, the choices for most electric utility 
generators were large coal or nuclear powered plants; but due to economic, 
environmental, and technological changes, natural gas has become the fuel of choice 
for new power plants. Furthermore it is widely used in residential and commercial 
sector as also for transport and industry. As shown in Figure 2.7, natural gas demand 
is expected to increase significantly over the next 10 years. [1][19] 

 
Figure 2.7: Gas demand in OECD countries [19] 

There are many reasons for increased reliance on natural gas in electricity 
production. While coal is the cheapest fossil fuel for generating electricity, it is also 
the dirtiest, releasing the highest levels of pollutants into the air. [1] 
 
CC power generation using natural gas is the cleanest available source of power 
based on fossil fuels and this technology is widely used wherever gas can be 
obtained at a reasonable cost. Fuel cell technology may eventually provide cleaner 
options for converting natural gas into electricity, but at the time being it is not price-
competitive. Also, the natural gas supply is expected to peak around the year 2030, 
20 years after the peak of oil. It is also projected that the world's supply of natural gas 
could be exhausted around the year 2085. [16] Cost of electricity generation from CC 
compared with other technologies is shown in Figure 2.8. for the year 1998 [12].  
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Figure 2.8: Cost of electricity ($cents/kWh) (1998) [12] 

Figure 2.9 shows cost of electricity generation in 2005 indicating slight increase for 
natural gas fired CC. [20]  
 
 

 
Figure 2.9: Cost of electricity ($/MWh) (2005) [20] 

 
However natural gas fired CC plant, which is studied out in this work, still presents 
quite attractive technology for electricity production. 
 
Among mentioned natural gas can also be used for production of hydrogen, for use 
in fertilizer production, like also in the manufacture of fabrics, glass, steel, plastics, 
paint and other products. 
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3. Pipeline compressor stations 

3.1 Requirements on pipeline compressor stations 
Because of the pressure loss which occurs during gas transmission through pipelines 
due to friction and gas off-take, the gas pressure has to be boosted every 150km in 
order to maintain operating pressure in the pipeline at approximately 80bar. That is 
done by means of compressor station comprising several compressor units. [4] 
These compressor units may be connected in series or parallel. Large pressure ratios 
require a number of compressors to operate in series whereas high natural gas 
volume flows at low pressure ratios necessitate that the compressor be arranged in 
parallel. [22] 
 
Since the supply pressure to the pipeline station can fluctuate significantly (due to 
variations in mass flow) the pressure ratio generated in the compressor has to vary 
accordingly.  Because of economic reasons, operation at optimum efficiency is 
constantly required also under such variable conditions, wherefore compressor must 
be capable to operate over as wide a speed range as possible. It is important to 
provide a compressor operation control so that on reduction of the compressor load it 
is possible to approach the performance map limits. With respect to the curves 
shown in Figure 3.1 compressor speed regulation has to provide operation at highest 
possible polytrophic efficiency aiming to minimize the energy input respectively fuel 
consumption.  [22] 

 

Figure 3.1: Pipeline compressor characteristic [22] 

Except in gas pipelines, compressor stations may me employed in underground 
storage facilities in order to raise the gas pressure being injected into storage, or to 
compress the natural gas as it leaves storage to be fed into the pipeline. [4] Pipeline 
compressors are also used in gas collection and gas processing plants as export 
compressors. [23] 
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3.2 Technical features of pipeline compressor stations 

 
Figure 3.2: Pipeline compressor station [1] 

Gas turbines driving the pipeline compressors gain their energy by using up a small 
proportion of the natural gas that they compress. The turbine itself serves to operate 
a centrifugal compressor, which contains a fan that compresses and pumps the 
natural gas through the pipeline. Some compressor stations are operated by using an 
electric motor to turn the same type of centrifugal compressor. This type of 
compression does not require the use of natural gas from the pipe; however it does 
require a reliable source of electricity nearby. Reciprocating natural gas engines are 
also used to power some compressor stations. These engines resemble a very large 
automobile engine, and are powered by natural gas from the pipeline. The expansion 
of combusted gas powers pistons on the outside of the engine, which serves to 
compress the natural gas. 
In addition to compressing natural gas, compressor stations also usually contain 
some type of liquid separator, much like the ones used to dehydrate natural gas 
during its processing. Usually, these separators consist of scrubbers and filters that 
capture any liquids or other undesirable particles from the natural gas in the pipeline. 
Although natural gas in pipelines is considered 'dry' gas, it is not uncommon for a 
certain amount of water and hydrocarbons to condense out of the gas stream while in 
transit. The liquid separators at compressor stations ensure that the natural gas in 
the pipeline is as pure as possible, and usually filters the gas prior to compression. 
[1] 
 
Figure 3.3 shows configuration of a natural gas pipeline system, in which gas is 
pumped from a well head to industrial and domestic consumers. Pipelines have 
diameters of typically 915-1420 mm and are usually underground. A notable 
exception is in permafrost areas where they must be raised to avoid melting the 
permafrost. These systems may extend over thousands of kilometers, with 
compression stations approximately every 150-200 km. [24] 
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Figure 3.3: Natural gas pipeline system [24] 

In order to maximize reliability of compressor stations particular attention is paid to 
the arrangement and selection of machine sets. Common pipeline compressor 
station consists of a gas turbine as prime mover and a pipeline compressor as a 
driven engine, which are described in following paragraphs 3.2.1 and 3.2.2. 
3.2.1 Gas turbines as prime movers for pipeline compressor stations 
Gas turbine is favourable prime mover for pipeline compressors in compressor 
stations thanks to its ability to be fired by various fuels including oil and natural gas. 
Another advantage is ability of a variable speed depending on varying mass flows of 
supplied medium. In most of these cases, fuel fired in the gas turbine is the same as 
the one being transported by means of driven compressor, what is also the case in 
the system analyzed in this work. [25] The major power blocks required for running 
pipeline compressors are around 6–10MW, 15MW and 25–30MW. These power 
levels generally exceed the practical size for a high-speed diesel engine given the 
requirements outlined below, and hence are gas turbines used almost exclusively. In 
order of importance these requirements are sorted by: 
 
 low weight, as the engines often have to be transported to remote locations, 

where it also may be difficult and costly to build substantial foundations 
 good base load thermal efficiency, since utilization is as near 100% as possible 
 reasonable part power torque, to respond to load changes on the gas 

compressor. However a fast start time is not essential, and a loading rate of 2 
minutes from idle to full power is typical 

For offshore well heads the turbine must be located on a platform, hence the 
importance of low weight is amplified and low volume essential. While the gas or oil 
may have a high pressure as it comes out of the ground it invariably needs further 
pressurization to pipe it back onshore. [24] 
 
Generally, multi-shaft gas turbines are more suitable for driving pipeline compressors 
and comprise gas generator and a freewheeling power turbine. Example of such GT 
design is shown in Figure 3.4. 
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Figure 3.4: Sectional drawing of a 25MW GT for driving pipeline compressors [23] 

 
Gas turbine types used in compressor stations may also be referred to as medium-
range gas turbines. [14] Their efficiency is achieved by letting the compressor section 
operate at maximum efficiency while the power turbine operates over a great range 
of speeds. It is interesting to note that 35% of produced industrial gas turbines (power 
up to 50 MW) are delivered to the oil & gas sector. [26] 
3.2.2 Pipeline compressors 
Generally, centrifugal compressors use a vaned rotating disk or impeller in a shaped 
housing to force the gas to the rim of the impeller, increasing the velocity of the gas. 
A diffuser (divergent duct) section converts the velocity energy to pressure energy. 
They are primarily used for continuous, stationary service in industries such as oil 
refineries, chemical and petrochemical plants and natural gas processing plants. With 
multiple staging, they can achieve extremely high output pressures greater than 690 
bar. [13] Example of one as-built pipeline compressor is shown in Figure 3.5. [23] 

 
Figure 3.5: Pipeline compressor [23] 

Technical features of such pipeline compressor station using gas turbine as prime 
mover are given in Table 3-1. [23] 

Table 3-1: Technical data of pipeline compressor [23] 

Data/Characteristic Unit Value 
Casing  Vertically split external casing 

Discharge pressure [bar] up to 130 
Suction volume flow, eff. [m³/h] from 2000 to 85000 

Gas flow transported [Nm³/h] from 100000 to 3000000 
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Centrifugal type pipeline compressors shown in Figure 3.5 are designed with a 
vertically split casing with connecting nozzles fitted horizontally on opposite sides of 
the casing. They are used for discharge pressures of up to 130 bar and power inputs 
of up to 35 MW. The effective intake flow is between approx. 3000m³/hr and approx. 
60,000m³/h. Depending on the level of inlet pressure in the pipeline, gas flows of 
approx. 100,000 Nm³/hr to approx. 3,000,000 Nm³/hr can be transported through the 
pipeline. The connecting nozzles are normally fitted horizontally on opposite sides of 
the casing as shown in Figure 3.5. This design, together with the compact installation 
on the base frame enables absorption of the greater forces that arise from the 
connected piping in this application. The vertical design of the casing with the 
laterally fitted flanges enables the inspection and replacement of al internals without 
separating the connections to the gas line. If required, the operating characteristics 
can be very quickly adopted to e.g. differences in seasonal demand or longer-term 
capacity increases by replacing the inner bundle as a whole.  
3.3 Pipeline compressor station example 
An example of a pipeline compressor station, using THM1304 gas turbine as prime 
mover, is project used as terminal station for the Rio Grande pipeline in Bolivia. 
THM1304 is a newer version of THM1203.[23] 

  
Figure 3.6: THM1304-11 gas turbine for pipeline compressor station in Bolivia [23] 

 

 
Figure 3.7: Centrifugal compressor for pipeline compressor station in Bolivia [23] 
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Upstream of this compressor station is a natural gas processing plant, where the gas 
obtained from reserves in the region of Santa Cruz is processed by removing the 
heavy hydrocarbons and cleaning it. The type THM 1304-11 gas turbine shown in 
Figure 3.6 drives a centrifugal pipeline compressor type RV063/04 shown in Figure 
3.7. The industrial design of this gas turbine enables maintenance of machines in 
situ. [23] Technical data of this pipeline compressor station are given in Table 3-2. 

Table 3-2: Technical data natural gas compressor unit for pipeline in Bolivia [23] 

Gas turbine Type THM1304-11 
ISO output [kW] 11200 

Compressor Type RV050 / 04 
Volumetric flow [m³/h] 8000 

Speed [rpm] 9000 
Inlet pressure [bar] 60 

Outlet pressure [bar] 100 

3.4 Potential for utilization of waste heat 
Currently, heat embraced in the flue gases leaving the gas turbine of pipeline 
compressor stations explained in 3.1 and 3.2, is not utilized at all or is only partially 
recovered. Potential of this heat in the pipeline compressor stations which are part of 
gas mains of Russia and member-countries of the Commonwealth of Independent 
States (CIS) is estimated at 1260 million GJ/year. By utilizing this heat, up to 39400 
GWh of electricity can be produced. [27] 
 
Most compressors in pipeline compressor stations are driven by gas turbines of 6 to 
25MW capacity. [27] Typically, exhaust gas temperatures are from 450-550°C and 
present valuable clean energy in the form of exhaust heat, which may be recovered. 
According to assessment done in [27] waste heat utilization can be done either by 
means of 1P or 2P HRSG, wherein the latter gives ca. 4% higher thermal efficiency.  
 
Physical properties of water (steam) and necessity of non-zero value of pinch point 
(PP) limit the waste heat recovery of 1P HRSG. Therefore it is expected that 
employment of additional pressure levels leads to certain efficiency increase. Since 
more pressure levels make the system more complicated and more expensive 
system selection is based on compromise using exergo-economic criteria 
respectively economic evaluation with assumed hourly demand of the plant. 
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3.4.1 Waste heat utilization application examples 
Figure 3.8 presents a waste heat recovery plant at the site of the Weitendorf gas 
compressor station in Austria. The project is being developed by OMV Gas & Power 
and is actually one of the frontrunners of this technology in Europe.  
 

 

Figure 3.8: Planned waste heat recovery plant at Weitendorf gas compressor station [28] 

The plant is characterized by a compressor power of 40 MW and an installed 
electrical power of 16 MW producing 100 GWhe able to satisfy the annual demand of 
approximately 28,500 households. Through the recovery of waste-heat ca. 90000 t/a 
CO2 can be substituted compared to conventional electrical power generation using 
coal. Furthermore it is possible to equip the waste-heat recovery plant with low 
temperature heat extraction and thus raise the overall efficiency even further if 
demand for district heating by the municipality or commercial operators emerges.[28] 
Figure 3.9 presents the waste heat recovery units at the compressor station Ruswil 
belonging to Transitgas AG.  

 

Figure 3.9: Waste heat recovery unit at the compressor station Ruswil [29] 

From the waste heat of the gas turbines two employed waste heat recovery units 
produced 21.74 GWh of electrical energy in 2008. This energy was fed into the mains 
of the local electricity distributor. Besides producing electricity, the waste heat 
recovery units generate hot water for the internal use of the station and for a nearby 
greenhouse. It is interesting to note that the laws of the canton of Lucerne mandatory 
require the use of waste heat.[29] 
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4. Technical features of analyzed pipeline compressor station 

4.1 Function 
Considered pipeline compressor station Pico Truncado belongs to TGS gas pipeline 
company whose transportation system connects Argentine’s southern and western 
gas reserves to the main consumption centers. It has a contracted capacity of 75,9 
mil. m3/d transporting 62% of the gas consumed in Argentine. The pipeline system 
consists of three pipelines: Neuba I, Neuba II and San Martin as shown in Figure 4.1. 
Considered compressor station is part of the pipeline San Martin. 

 

Figure 4.1: TGS pipelines [30] 

 
Complete TGS pipeline system has a total length of 7471km and comprises 30 
compressor stations. The pipeline San Martin is 3756km long, has a nominal pipe 
size of 30” and is equipped with 16 compressor stations with a total power of ca. 
486MW. [30] 
4.2 Configuration 
Concerned pipeline compressor station, as shown in Figure 4.2 consists of 4 pipeline 
compressors each being driven by THM1203 gas turbine, whereby 2 or 3 gas 
turbines are in operation whilst 1 is used for backup for the case that any of GT would 
be out of operation. Load duration curve given per Figure 4.4 presents the load of the 
pipeline compressors that has to be covered by the gas turbines. 
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Figure 4.2: Compressor station schematic [23] 

4.3 Demand analysis 
Annual demand at pipeline compressor shafts on hourly basis is given in Figure 4.3. 
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Figure 4.3: Annual demand at pipeline compressor shafts [23] 

 
From this demand pattern a load duration curve is constructed and is shown in Figure 
4.4. For simplification of calculations this annual system characteristic is divided into 
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10 operating regimes whose power demand is obtained as an average power over 
each time period as shown in Figure 4.4.  
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Figure 4.4: Load duration curve [23] 

 
Each operating regime is characterized by the number of gas turbines in operation 
and their part load fraction. That defines the mass flow and temperature of flue gases 
at GT outlet as shown in Table 4-1. 

Table 4-1: Compressor station operating data  

Regime 1 2 3 4 5 6 7 8 9 10 
Pmech(MW) GT Total 12.1 10.9 9.9 8.8 6.8 6.8 4.5 3 2.3 1.9

No. of GT 3 3 3 3 3 2 2 2 2 2 
Pmech (MW) per 1 GT 4.03 3.63 3.3 2.93 2.27 3.4 2.25 1.5 1.15 0.95

ηGT (%) 20.4 19.4 18.5 17.4 15.9 19.2 15.6 13 11.4 10 
•

m flue gases (kg/s) 31.8 31 30 29 27.4 31.5 28 24.5 22 21 
Tflue gases (°C) 468 460 455 450 414.7 427 415 382 381 381

GT part load (%) 76% 68% 62% 55% 43% 64% 42% 28% 22% 18%
 
 
It is interesting to note that the natural gas demand scenario shows dependency on 
ambient temperature at location whose annual profile for 2005 is given in Figure 4.5. 
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Figure 4.5: Ambient temperature annual profile (2005) [31] 

4.4 Gas Turbine output data 
Gas turbines running pipeline compressors in different operating regimes have an 
output power of 12.1 MW down to 1.9 MW. Each of 10 operating regimes 
characterizes different flue gas parameters, gas turbine power, efficiency and 
ambient temperature, as shown in Table 4-1 [23]. Flue gases mass flow and 
temperature as a function of gas turbine load are shown graphically in Figure 4.6 and 
Figure 4.7. These parameters are the boundary conditions for further heat balance 
calculations of the HRSG. Dependence of GT el. efficiency of GT load is given in 
Figure 4.8 
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Figure 4.6: Flue gases mass flow vs. part load fraction [23] 
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Figure 4.7: Flue gases temperature vs. part load fraction [23] 
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Figure 4.8: GT efficiency vs. part load fraction [23] 
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Composition of exhaust gas at the GT outlet is given in Table 4-2.[23] 
 

Table 4-2: Exhaust gas Composition 

Gas vol. %
Nitrogen 75 
Oxygen 15,3 

Carbon Dioxide 2,4 
Argon 0,9 
Water 6,3 

 
Composition of natural gas burned in gas turbines is given in Table 4-3 [23] and has 
LHV of 48000 kJ/kg. 

Table 4-3: Natural gas Composition 

Gas vol. %
CH4              96,5 
C2H6 1,0 
C3H8           0,4     
N2               1,8  
O2 0,3 

 
 
Design point data valid for THM1203 gas turbines employed at TGS Pico Truncado 
pipeline compressor station are given in Table 4-4 [23]. 
 

 Table 4-4: Design data gas turbines 

 Data Value
Pmech(MW) GT Total 15.6

No. of GT 3 
Pmech (MW) per 1 GT 5.3 

ηGT (%) 22.4
•

m flue gases (kg/s) 34.8
Tflue gases (°C) 496 
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5. Waste heat recovery via gas and steam combined cycle 
In this chapter thermodynamic aspects of a combined cycle are discussed focusing 
on application of this cycle for utilizing the waste heat from pipeline compressor 
stations.   
5.1 CC thermodynamic principles 
Conventional CC power plant consists of the combination of Brayton and Rankine 
cycle forming one of the most efficient cycles used for power generation today. 
Therein the Brayton Cycle is the gas turbine cycle, also called the topping cycle and 
the Rankine Cycle is the steam turbine cycle also described as bottoming cycle. 
Thermal efficiency of the CC plants given in Figure 5.1 is today somewhat higher and 
exceeds 60% [7]. Higher efficiency can be gained with CC plants employing 
advanced gas turbine cycles as: compressed air energy storage cycle, intercooled 
simple cycle, reheat cycle, intercooled regenerative reheat cycle, steam injection 
cycle or evaporative regenerative cycle.[14] Even higher efficiency is gained with 
hybrid power plants coupling e.g. solar thermal technology with combined cycle. [13] 

 
Figure 5.1: Efficiencies of various types of plants (2002) [14]  

In the typical combination, the gas turbine produces about 60% of the power and the 
steam turbine about 40%. Individual unit thermal efficiencies of the gas turbine and 
the steam turbine are between 30% and 40%. The steam turbine utilizes the energy 
of the gas turbine exhaust gas as its input energy. The energy transferred from the 
gas turbine to the HRSG is usually equivalent to about the rated output of the gas 
turbine at design conditions. At gas turbine off-design conditions, the inlet guide 
vanes (IGV) are used to regulate the air flow so as to maintain high temperatures at 
GT outlet respectively at HRSG inlet. [14] 
 
Simplified schematic of CC process is given in Figure 5.2 followed by process T-s 
diagram given in Figure 5.3  



5. Waste heat recovery via gas and steam combined cycle                                                                                                          43 

 

Figure 5.2: Simplified flow scheme of CC plant 

 

 a)      b) 

Figure 5.3: T-s diagram of CC process without (a) and with supplementary firing (b) 

The gas turbine cycle in its ideal form consists of two isobaric processes and two 
isentropic processes. The two isobaric processes consist of the combustion system 
of the gas turbine and the gas side of the HRSG. The two isentropic processes 
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represent the compression which is done in compressor (gas generator [23]) and the 
expansion process which is done in the turbine expander (power turbine [23]). 
 
In a steam turbine cycle water enters the feed water pump and is pumped 
isentropically into the HRSG. Heat released from the gas turbine (QEXH) is used for 
heating up the compressed water until saturation temperature, its evaporation and 
superheating. The steam leaving the HRSG expands isentropically in the steam 
turbine and passes to the condenser. Cooling water condenses the steam to a 
saturated liquid from which state the cycle repeats itself. 
 
 
Heat induced into the gas turbine cycle (QGT) is actually a surface under the curve 
g1-g2-g3-g4 in the Figure 5.2. Heat released from the gas turbine cycle (QEXH) is 
actually a surface under the curve g1-g4. This amount of heat is induced into the 
steam turbine cycle and is also represented as a surface under the curve s2-s5. In 
case of using the supplementary firing amount of heat induced into the steam cycle is 
the sum of heat QEXH and QSF. QSF refers to the amount of heat induced through 
burning additional fuel in the duct burner and is actually a surface under the curve 
g4-g5. 
 
Work obtained in the gas turbine cycle (WGT) is presented as a surface within the 
curve g1-g2-g3-g4 whilst the work obtained in the steam turbine cycle (WST) is 
presented as a surface within the curve s1-s2-s3-s4-s5-s6. Q0 refers to the amount of 
heat transferred from the cooling water to the condensing steam in condenser. 
 
Thermal efficiency of gas respectively steam cycle can be expressed per (5.1-1) and 
(5.1-2): 
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Thereby equation (5.1-2a) refers to the cycle without supplementary firing and (5.1-
2b) to the cycle with supplementary firing. By combining these two equations, thermal 
efficiency of CC can be expressed per (5.1-3): 
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In slightly different form, CC thermal efficiency can be expressed per (5.1-4): 
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Analogically equations (5.1-3a) and (5.1-4a) refer to the cycle without supplementary 
firing whilst equations (5.1-3b) and (5.1-4b) refer to the cycle with supplementary 
firing. Since the last term in expressions (5.1-4a) and (5.1-4b) can not be negative, it 
means that the total efficiency of the combined cycle must exceed the efficiency of 
the steam turbine cycle. 
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5.2 Heat recovery steam generator 
Heat recovery steam generator (HRSG) may be defined as a heat exchanger that 
recovers heat from a hot gas stream. It produces steam that can be used in a 
process or used to drive a steam turbine. A common application for a HRSG is in a 
CC power station, where hot exhaust from a gas turbine is fed to HRSG to generate 
steam which in turn drives a steam turbine. This combination produces electricity 
more efficiently than either the gas turbine or steam turbine alone. Example of GT 
and HRSG layout is given in Figure 5.4. 
 

 

HRSG

HRSG Exhaust Stack

Gas turbine

Inlet Air 
Cooling 
Systems

Exhaust Bypass Stack

HRSG
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Cooling 
Systems

Exhaust Bypass Stack

 
Figure 5.4: GT and HRSG layout [11] 

Some HRSG include supplemental, or duct firing. These additional burners provide 
additional energy to the HRSG, which produces more steam and hence increases the 
output of the steam turbine. Generally, duct firing provides electrical output at lower 
capital cost but at lower efficiency compared with combined cycle generation, as 
further explained in 5.2.2. Emissions controls may also be located in the HRSG. 
Some may contain a Selective Catalytic Reduction system to reduce nitrogen oxides 
(a large contributor to the formation of smog and acid rain) and/or a catalyst to 
remove carbon monoxide. [13] 
There are many different configurations of the HRSG units. Most HRSG units are 
divided into the same amount of sections as the steam turbine. In most cases, each 
section of the HRSG has air pre-heater, an economizer, evaporator, and 
superheater. The steam entering the steam turbine is superheated. 
 
In the past, the HRSG was viewed as a separate item of CC system. This view is 
being changed with the realization that good performance, both thermodynamically 
and in terms of reliability, grows out of designing the heat recovery system as an 
integral part of the overall system. The concept that the CC power plant is always 
base loaded has also been changed and with that, some of the design philosophy 
behind the HRSG.  
 
Depending on the steam requirements, HRSG can have one of the three forms: 
- Unfired 
- Supplementary-fired 
- Exhaust-fired 
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In unfired HRSG, the energy from the exhaust is used as such, while in 
supplementary-fired and exhaust-fired HRSG, additional fuel is inputted to the 
exhaust gas to increase the steam production. [14] 
 
Unfired and supplementary-fired HRSGs are similar in appearance and construction, 
both being convective designs. Roughly 2/3 of the HRSGs purchased today are 
unfired since their investment costs are lower than in the case of fired HRSGs. [32] 
 
A supplementary-fired HRSG, shown in Figure 5.5, has a duct burner located 
upstream. A duct burner typically has a rectangular cross-section and fits into the 
ductwork carrying the exhaust gases. It consists of vertical or horizontal grids with 
holes that provide combustion of injected fuel (such as natural gas or distillate oil) in 
the exhaust gas stream. Generally, no additional air is used, except when the 
exhaust gas is injected with large quantities of steam, which reduces the amount of 
oxygen available for combustion. [32] 

 
Figure 5.5: Supplementary-fired HRSG [32] 

In the exhaust-fired HRSG shown in Figure 5.6 the firing temperature ranges from 
900°C to 1600°C and it uses a completely water-cooled furnace to contain the flame, 
since the temperature could approach the adiabatic combustion temperature. The 
burner used is typically a register burner with a windbox, although a duct burner may 
be used up to 1300°C. The gas turbine exhaust is used as hot air for combustion. In 
certain plants, even solid fuels such as coal have been fired in these HRSGs using 
register burners. 
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The gas pressure drop across the register burner is high (about 10-15 mbar). The 
HRSG is typically a 1P unit in these systems, as the exit gas temperature can be 
brought down to ca. 150°C, unlike in an unfired or supplementary-fired HRSG, which 
has a high exit gas temperature if a 1P system is used. 
 
Due to the high gas temperature entering the HRSG, the design is likely to consist of 
more bare tubes than finned tubes. A radiant furnace is required to cool the gases 
before they enter the superheater or convective sections. [32] 
 

 

 
Figure 5.6: Exhaust-fired HRSG [32] 

 
HRSG’s are key components in combined cycle plants. On one side, they have to be 
designed for the quick start characteristics of the gas turbine and, on the other; they 
have to maintain selected respectively required steam parameters. In CC processes 
used for waste heat utilization mostly HRSG’s with maximum possible supplementary 
firing are used. Figure 5.7 shows the construction of a steam generator of this type, 
whose pressure part can be freely suspended expanding downwards underneath and 
which was based on the 1½ pass design. The high adiabatic combustion 
temperatures require water-cooled membrane walls which are designed as a natural 
circulation evaporator. Two injection coolers are arranged between the superheaters 
to control the superheated steam temperature. The convection heating surfaces 
consist of a convection evaporator and the economizer in addition to the three-stage 
superheater.  [33] 
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Figure 5.7: Steam generator with higher level of supplementary firing [22] 

 
5.2.1 Single pressure and double pressure systems 
Heat recovery with single-pressure HRSG becomes limited at higher pressures due 
to higher saturation temperatures. In some cases, multiple-pressure HRSG may be 
used to serve process loads or gas turbine steam injection requirements, improving 
overall efficiency. One to four separate pressure sections may be used, each with 
superheater, evaporator, and economizer sections. Multiple-pressure operation is 
also effective for increasing CC system efficiency where admission steam turbines 
include high pressure and low pressure inlets.[34]  
 
In [27][22] application of 1P and 2P HRSGs for waste heat utilization from pipeline 
compressor stations is considered. In both cases supplementary firing plays 
important role at GT part-load operation for maintaining the required steam 
parameters. In consideration of various systems configurations in chapter 7, 3P 
configuration is also considered. 
 
Flow schemes of typical single pressure and double pressure heat recovery plants 
are given in Figure 5.8 respectively Figure 5.9. [27] 
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Figure 5.8: Single pressure waste heat recovery plant [4] 

 
Figure 5.9: Double pressure waste heat recovery plant [4] 

If these two layouts using ST of 20MW power are compared in the terms of thermal 
efficiency, it is apparent from [27] that double-pressure system offers 4% higher 
thermal efficiency. On the other hand weight of HRSG in such system is 20-25% 
greater and the control circuits are much more complicated what makes 
manufacturing and installation time of such unit longer and also requires more effort 
to service under the conditions at the gas compressor station. 
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5.2.2 Influence of supplementary firing on CC efficiency 
Generally, supplementary firing is the use of a burner in the flue gas path upstream of 
the HRSG to raise the temperature of the entering gas stream. This is most 
commonly applied in gas turbine applications where the oxygen-rich (15 to 18%) 
exhaust can provide an efficient combustion.  The typical exhaust temperature from a 
turbine is in the range of 470 to 616°C [34] [35]. By means of supplementary firing it 
is possible to compensate the lower flue gas enthalpy appearing at GT part-load 
respectively it enables maintaining the steam parameters constant independently of 
gas turbine exhaust. One example of a duct burner arrangement is shown in Figure 
5.10. 

 

 
Figure 5.10: In-line duct burner for supplementary firing of GT exhaust [34] 

The increased temperature difference across the HRSG results in more heat 
recovered per kg of exhaust gas. With duct firing, the exhaust gas entering the HRSG 
can be elevated to 830°C [23], given the typical operating limits of the ducting 
materials. Increased gas stream temperatures ranging up to nearly 1,650°C can be 
achieved by adding a radiant heat section to the system in the form of conventional 
burner system. This section transfer radiant energy from the burner flame to water 
contained in a membrane on the outer wall of the gas duct. Elevated steam 
temperatures increase the efficiency of the steam cycle. However, steam 
temperatures exceeding 540 to 590°C may require an upgrade in material quality, 
which will increase the cost of the equipment considerably. [34] 
 
Upon introducing time as variable equations from 5.1 can be expressed as:  
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Substituting equations (5.2-3) and (5.2-4) into (5.2-1) gives: 
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Additional firing in the HRSG improves the CC efficiency whenever:  
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Differentiation of equation (5.2-6) produces the inequality: 
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That gives: 
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Since the second term of the inequality is equal to ηCC per (5.2-5), the inequality 
reduces to: 
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The term  is actually the heat induced into the steam cycle, resulting 

in: 
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Equation (5.2-10) means that increasing the additional firing improves the CC 
efficiency only if it improves the efficiency of the steam process. The greater the 
difference is between the efficiencies of the CC and ST process, and the lower the 
temperature is of the heat input to the ST process, the more effective that 
improvement will be.  
 
In practical considerations, supplementary firing brings to CC efficiency increase only 
in the case of relative older generation of gas turbines characterized by combustion 
temperatures below 1000°C as shown in Figure 5.11. Should the combustion 
temperatures be higher the additional firing in HRSG does not increase the CC 
efficiency. 
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Figure 5.11: Efficiency of large scale CC plants as a function of the flue gas temperature 

after SF and gas turbine inlet temperature [6] 

Figure 5.12 shows the efficiency curves of CC plants compared with conventional GT 
and ST plants in industrial sector. Obviously, efficiency of fired CC plants with firing 
temperatures above 950°C gets lower than efficiency of unfired CC plant. 

 
Figure 5.12:  Efficiency of small scale CC plants compared with GT and ST plants [33] 
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Figure 5.13 depicts dependence of combined cycle efficiency in case of industrial gas 
turbine for different firing temperatures. Apparently efficiency increase is obtained 
only for exhaust gas temperatures below 490°C. Change in gradient of all CC 
efficiency curves at temperature of ca. 750°C is notable. 

 
Figure 5.13: Calculated efficiency of waste heat recovery system based on THM1203 for 

34.8 kg/s flue gas mass flow and steam parameters of 30 bar and 390°C 

So as to determine the thermodynamic reasons for such shape of the CC efficiency 
curves T-Q diagrams for the same application are constructed and are depicted in 
Figure 5.14. 

 
Figure 5.14: T-Q diagrams of waste heat recovery system based on THM1203 for 34.8 kg/s 

flue gas mass flow and steam parameters of 30 bar and 390°C 

It is notable that up to firing temperatures of ca. 700-750°C approach point at 
evaporator inlet remains the same. At higher firing temperatures inclination of the flue 
gas temperature line gets higher than the inclination of the feed water temperature 
line at economizer. Furthermore the approach point at evaporator inlet increases. 
Thereof it is interesting to examine behavior of generated steam quantity in 
dependence on firing temperature what is shown in Figure 5.15. 
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Figure 5.15: Steam quantity and AP of waste heat recovery system based on THM1203 for 

34.8 kg/s flue gas mass flow and steam parameters of 30 bar and 390°C 

From Figure 5.15 it is obvious that with increase of firing temperature approach point 
remains constant up to temperature of ca. 750°C whereupon the approach point 
rises. This phenomenon can be explained based on the second law of 
thermodynamics and equation for heat exchanger mean logarithmic temperature 
difference given in (5.2-11).  

2

1

21
m

dt
dtln

dtdtdt −
=           (5.2-11) 

As the flue gas temperature at HRSG exit reaches the feed water inlet temperature 
the smaller temperature difference dt2 tends to zero. If the firing temperature 
increases further the amount of heat contained in flue gases increases as well. 
However more heat can be transferred to the feed water in economizer only if the 
greater temperature difference dt1 increases. Increase of dt1 leads to lower feed 
water temperature at economizer exit. Heat required for heating up the feed water to 
the saturation temperature has to be transferred at evaporator wherefore the steam 
production decreases as shown in Figure 5.15. 
 
Furthermore it is interesting to examine influence of supplementary firing on double 
pressure HRSG and compare it with influence on single pressure HRSG. From 
Figure 5.16 it is apparent that supplementary firing temperatures up to ca. 750°C 
increase the CC efficiency only in the case of 1P system whilst in case of 2P system 
increase of SF leads to decrease of CC efficiency.  
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Figure 5.16: Effect of the temperature after SF on CC efficiency for 1P and 2P system             

(large scale plants), referent plant without supplementary firing tGT,exh=525°C  [6] 

Figure 5.17 depicts CC efficiency (same flue gas parameters as in case of 1P 
configuration) for various GT exhaust temperatures and firing temperatures. 
Decrease of CC efficiency for all temperatures is notable.  
 

 
Figure 5.17: Calculated efficiency of waste heat recovery system based on THM1203 for 

34.8 kg/s flue gas mass flow and steam parameters of 30bar/390°C and 5bar/182°C 

 
Because of cited reasons, supplementary firing is in development terms of CC power 
plants becoming less and less interesting because it is generally better to burn the 
fuel in a modern gas turbine since the heat is thereby supplied to the process at a 
higher temperature level resulting in higher temperature difference. [6] 
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Thereof it is important to analyze the waste potential for each particular case with 
respect to available GT inlet respectively outlet temperatures and influence of 
supplementary firing on CC efficiency.  
5.3 Parameters affecting dimensioning of HRSG 
The two variables directly affecting steam production and the gas and steam 
temperature profiles are the pinch (PP) and the approach (AP) point. They have to be 
selected for the design case (typically no or minimal supplementary firing [32]) in 
order to size the HRSG surfaces. Furthermore HRSG performance has to be 
examined in other cases of different ambient conditions and GT part load. Target is 
finding the optimum between the sizes of the surface areas respectively their cost 
and obtained CC efficiency. 
5.3.1 Pinch point 
Pinch point is defined as difference between the exhaust gas temperature leaving the 
evaporator section and the saturation temperature of the steam. [14]  
 
In case of lower pinch point more heat is recovered but that result in larger heat 
transfer surfaces and higher capital cost. Typical pinch point differentials range from 
8 to 33°C. Generally, an HRSG with a pinch point in the range of 8 to 14°C will have 
about 50% more surface in the evaporating section than a unit with a pinch point in 
the range of 22 to 28°C. [34] 
 
Also, excessively low pinch points can mean inadequate steam production if the 
exhaust gas is low in energy i.e. low mass flow or low exhaust gas temperature. [14] 
Final choice of pinch point is based on exergo-economic considerations. 
5.3.2 Approach point 
Approach temperature is defined as the difference between the saturation 
temperatures of the steam and the inlet temperature of the water into the drum. 
Lowering the approach temperature can result in increased steam production. On the 
other hand high approach temperatures ensure that no steam generation takes place 
in the economizer. Typically, approach temperatures are in the 11°C to 27°C range.  
 
Typical temperature profile showing the pinch and approach point (AP) is shown in 
Figure 5.18. 

 

Figure 5.18: T-Q diagram showing pinch and approach points  
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During the initial design stages, these two factors may be selected. In unfired units, 
the pinch point and approach point lie in the range of 16°C to 27°C. Low values of 
pinch and approach point mean that the mean logarithmic temperature differential 
(defined in 6.2 per equation (6.2-8)) in the evaporator and economizer are reduced, 
thereby increasing the surface area requirements, and adding to the gas pressure 
drop and cost of the HRSG. However, the exit gas temperature for the HRSG can be 
lower, leading to more steam production. An optimum combination of HRSG surface 
(reflecting the initial cost), gas pressure drop and steam production (reflecting the 
operating cost and savings) can be determined using exergo-economic 
considerations. 
 
Once the temperature profile is selected in the unfired mode, the HRSG design is 
nearly fixed. Its performance at other operating conditions, namely different ambient 
temperatures and firing modes is calculated following the off-design algorithm. [14] 
5.3.3 Flue gases acid dew point and water dew point 
So as to prevent low temperature corrosion in HRSG tubes (in particular in the last 
economizer in the flue gas path) inlet feed water temperature must not drop below 
the flue gases water dew point (if the fuel is sulphur-free) or the acid dew point (if it 
contains sulphur). 
 
The acid dew point is defined as the temperature at which acids in the exhaust gas 
will begin to condense and is a function of the amount of sulphur in the fuel and 
subsequently water content in the exhaust gas. Exhaust streams from natural gas 
firing have a lower dew point than exhaust from fuels containing sulphur, allowing 
improved heat recovery efficiency.  
 
Similarly is the water dew point defined as the temperature at which water vapour 
contained in exhaust gas will begin to condense. Although existence of water is not 
so aggressive for the economizer tubes as sulphuric acid (H2SO4) it is still 
undesirable still its permanent contact with steel tubes would lead to corrosion. For 
the fuel content defined per Table 4-3 the water dew point equals ca. 50°C wherefore 
feed water temperature at last economizer inlet has to be in the range of 50-60°C. [6] 
 
Final HRSG design has to be such that it does not induce a gas side pressure drop 
higher than 25 mbar. [6][36] Main influence on gas side pressure drop belongs to: 
 Positioning and dimensioning of heat exchangers [36] 
 Shape and pitch of the tube finning, followed by employment of different 

materials[36] 
 Design and position of distribution grids within HRSG  [37] 

Distribution grids are used by some manufacturers for controlling the undesirable 
velocities, temperatures, spin angles and pulsations generated by certain gas 
turbines 
 Usage of guide vanes in HRSG [37] 

 
Excess pressure drop in HRSG can impose a high backpressure on prime mover 
systems, resulting in loss of power and efficiency, as well as overheating. In relation 
to gas turbines, back-pressure reduces the pressure ratio across the turbine section 
and, therefore, the power output of the turbine. The turbine can lose about 0.1% of 
power per mbar of back pressure. [34] 
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Exhaust gas temperature and resulting heat recovery efficiency are function of 
selected steam parameters, number of pressure levels as also pinch and approach 
point. 
5.4 Factors affecting CC plant performance 
CC power plant provides certain power output and efficiency valid at full load and at 
design ambient conditions. However this performance changes with change of 
following parameters: 
 GT load 
 ST load 
 Air temperature 
 Air pressure 
 Relative humidity 
 Cooling water temperature and quantity 

  
As indicated in Figure 4.8 efficiency of GT changes significantly depending on 
induced load. In the terms of heat recovery this results also in reduced mass flow and 
temperature of flue gases leaving the GT as shown in Figure 4.6 and Figure 4.7. 
Decrease of ST load leads to lower steam cycle efficiency due to decrease of internal 
(isentropic) ST efficiency as it will be shown in Figure 6.4. Lower isentropic efficiency 
leads to lower enthalpy drop in the ST resulting in lower ST power. On the other hand 
in case of fix pressure mode there is further efficiency decrease due to throttling 
losses appearing in steam control valves. Throttling losses decrease the steam 
turbine inlet pressure resulting in lower ST power.  So as to minimize these losses 
there are commonly several control valves installed. If there is no additional air 
supply into HRSG what is the case in most CC plants, air temperature, pressure and 
relative humidity influence only GT performance which is described by correction 
curves provided by GT manufacturer. If air is supplied also to HRSG than state of the 
air also influences heat exchange between flue gases and water (steam). Changes in 
cooling water temperature and quantity affect steam cycle efficiency.   
5.5 Operation and control 
Aim of this paragraph is consideration of MDCC system operation with respect to 
operating regimes of pipeline compressor station, defined per 4.3 and assumed ST 
load demand.  
 
Steam turbine together with an AC generator forms a turbo-generator whose purpose 
is electricity supply to consumers. This supply is done via public grid in which the 
generator is connected in parallel with other utility power plants (hydro, thermal, wind 
and other). Likewise private, industrial and public consumers buy the electricity power 
from the grid according conditions at electricity market. 
 
For understanding the difference in operation and control of MDCC system proposed 
in this work from CC systems applied in thermal power plants, firstly aspects of 
operation and control of the latter shall be discussed briefly. 
5.5.1 CC operation and control 
Generally, CC system includes single-shaft and multi-shaft configurations. The 
single-shaft system consists of one gas turbine, one steam turbine, one generator 
and one HRSG, with the gas turbine and steam turbine coupled to the single 
generator in a tandem arrangement on a single shaft. Multi-shaft systems have one 
or more gas turbine-generators and HRSGs that supply steam through a common 
header to a separate single steam turbine-generator. In terms of overall investment a 
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multi-shaft system is about 5% higher in costs. [38] Despite that, most CC systems 
applied in thermal power plants comprise several gas turbines, one HRSG and one 
steam turbine driving the AC generator.  
 
Generator in such CC systems is connected to an electrical grid and has to cover the 
demand given by the grid operator. Therefore is each CC plant equipped with a 
control system whose function is to regulate the plant power output. Furthermore it 
has to ensure safe start-up and shutdown of the plant as also its proper dynamic 
behaviour.  
 
In CC power plants mostly closed loop control systems are used.[6] Such a system 
receives one or more measured process variables and then uses it to move the 
manipulated variable to control a certain device. 
 
CC power plant closed loop control system comprises three control loops:  

 Main control loop, which controls the gas and steam turbines 
 Secondary control loop, which controls the important process parameters such as 

the gas turbine firing temperature, the steam turbine inlet temperature, pressure 
and flow. 

 Auxiliary control loops, which maintain the fuel injection pressure, the lubrication 
oil pressure and temperature followed by feed water and condensate pumps. 

 
Automation of these control loops is done on hierarchic levels as shown in Figure 
5.19. 

 
Figure 5.19: Hierarchic levels of automation [14] 

The optimization system at the plant level receives the load and sends a signal to the 
Distributed Control System (DC-S) which sends the signal to the gas turbine and 
steam turbine so as to achieve the best settings of the steam and gas turbine to meet 
the load. Condition monitoring system receives all its inputs from the DC-s system 
and from the steam and gas turbine controllers. The gas and steam turbine control 
loops are the most important in a CC power plant. [14] In case of CC plants without 
supplementary firing it is only the power output of gas turbines adjusted because 
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varying the steam turbine load produces only a temporary effect. If supplementary 
firing is provided, the steam turbine is usually equipped with a load control whereof 
outputs of steam and gas turbines are adjusted. 
Essential closed control loops in a CC power plant are: [6] 

 Drum level control 
 Live steam pressure control 
 Feed water temperature 
 Live steam pressure 
 Level in feed water tank and hot well 

5.5.2 MDCC operation and control 
MDCC system that is to be proposed in this work comprises four gas turbines each 
driving one pipeline compressor whereof, depending on the induced load, 
simultaneously are only two or three gas turbines in operation. Furthermore its 
upgraded part comprises one HRSG and one steam turbine driving the AC generator.  
 
Main difference to the CC thermal power plant systems is that only ST is driving the 
generator whilst gas turbines have a function of meeting the pipeline compressor 
load. Since the generator is connected to the grid it has to be capable of responding 
to the load induced by the grid operator. However for simplification of consideration 
ST load is assumed constant in all operating regimes of the pipeline compressor 
station. 
 
In the terms of design and sizing the MDCC system that suggest to size the ST for 
the base load of gas turbines.  
5.6 Economics of waste heat recovery  
Economic analysis techniques used for analyzing investment potential for waste-
heat-recovery systems are not different than those used for the analysis of any other 
industrial capital project. Therein the capital cost is proportional to system size and 
complexity. Except on capital cost, capital recovery depends also on fuel cost, 
revision cost as also on operation and maintenance cost. Furthermore level of 
discount rate has also an influence on the capital recovery. 
 
Thereby the capital recovery refers to amount which plant has to gain annually for 
paying of mentioned costs. Income that the heat recovery plant gains depends on the 
plant layout. Basically, as it is further elaborated in next paragraph, the steam turbine 
can either be used for compressing additional amount of natural gas or it can be 
used for running a generator respectively production of electricity. In the former case 
the plant income depends on compressed natural gas volume and contracted rate 
typically defined in $/m3 or by some operators in $/m3/100km. In the latter case the 
plant income depends on the amount of electricity produced annually as also on the 
electricity rate available on the free market. Furthermore it depends on the fact 
whether the utility company treats the plant operator as a privileged electricity 
producer in which case utility company guarantees sellback of all produced electricity 
into the grid. In opposite case only amount of electricity required by utility company is 
sold back into the grid. 
 
Exact values can hardly be determined as they depend on a number of factors, such 
as the time distribution of waste heat source availability, the time distribution of heat 
load availability (in case of cogeneration), the availability of waste heat recovery 
equipment that can perform at the specified thermal conditions, and the current and 
future utility rates and prices of fuel. The inability to accurately predict these factors 
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can make the normal investment decision-making process ineffectual. There is 
another important distinction to be made about waste-heat recovery investment. 
When capital projects involve production-related equipment, the rate of capital 
recovery can be adjusted by manipulating product-selling prices. When dealing with 
waste-heat recovery systems, this is generally not an option. The rate of capital 
recovery is heavily influenced by utility rates and fuel prices, which are beyond the 
influence of the investor. That points out the importance of gathering solid data, and 
using the best available predictions in preparing analyses for the investment decision 
process.  
 
The load factor is defined as the ratio of average annual load to rated capacity and 
the use factor as the fractional part of a year that the equipment is in use. It is clear 
that the capital recovery rate is directly proportional to these factors. [39] 
 
For illustration of change in various parameters on power generation cost on example 
of 50MW plant is given in Figure 5.20 and Figure 5.21. [6] 

0

5

10

15

0 5 10 15 20 25 30 35
Price of fuel  [$/MWh]

Po
w

er
 g

en
er

at
io

n 
co

st
  [

$¢
/k

W
h]

GT plant Non-reheat ST plant CC plant

 
Figure 5.20: Power generation costs vs. fuel price (1997), discount rate=11% [6] 
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Figure 5.21: Power generation costs vs. equivalent utilization time (1997),                        

discount rate=11%, fuel price=10$/MWh [6] 

5.7 Criteria for configuring the new MDCC system 
There are many possible configurations that might be used for utilizing the waste 
heat from pipeline compressor stations. Intention of this paragraph is determination of 
boundary conditions required for setting up the various configurations which shall be 
examined and compared by means of thermo-economic evaluation. 
 
Furthermore it is necessary to conduct economic evaluation with respect to annual 
characteristic of natural gas demand taking into account site conditions, fuel price 
and electricity sellback price.   
 
Before setting up the flow schemes of various configurations to be examined, it 
makes sense to investigate present considerations outlined in [4]. 
5.7.1 Possible application of ST power produced via waste heat utilization 
Independent from GT flue gas parameters and quantity which are depending on 
project and pipeline compressor operating regime on one side and different HRSG 
configuration on the other side it is clear (from previous paragraphs in this chapter) 
that each waste heat utilization configuration is set up in a way that produced steam 
in HRSG is producing rotational energy in ST. This energy can further be transferred 
into different forms of energy depending on economical and technical conditions valid 
for the certain project in consideration. 
5.7.1.1 Electricity power production 
In case of electricity demand, steam turbine is used for running the AC generator, 
which is connected in parallel with national grid. Thereby the steam cycle has to be 
configured in a way to ensure ability of electrical load following independently of a 
gas turbine operating regime. Electricity produced at generator is sold on the free 
market under conditions, which may vary significantly depending on various 
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parameters as: shortage or excess of power in the grid. CC systems employing the 
HRSG for waste heat utilization from GT and ST for running the AC generator can be 
quite different employing one or more HRSGs and one or more steam turbines. 
Furthermore HRSG can be single-, double-, or triple pressure followed by balance of 
plant equipment which can be with or without condensate preheaters. Here are only 
two possible systems briefly described.  
 
In the system shown in Figure 5.22 waste heat from GT is passed through a HRSG, 
one for each GT and the steam generated is used to produce rotational energy in a 
ST which drives an AC generator. 

 
Figure 5.22: Simplified diagram of a MDCC and power generation plant [4] 

 
Generally ST can be supplied with the steam produced from two or more waste heat 
recovery units (parallel powered) or there might be one ST per waste heat recovery 
unit (single powered). Greatest advantage of parallel powered MDCC lies in its 
versatility in respect to design, capital costs and operation.[4] 
Furthermore, HRSG can be single loaded from each GT as shown in Figure 5.22 or 
parallel loaded from several GT as shown in Figure 5.23.  
 
System shown in Figure 5.23 implements single parallel loaded triple pressure 
HRSG. The hot exhaust gases from all GTs are fed into single HRSG through a 
collecting line equipped with a fan. Although in such configurations it has to be 
counted with pressure and temperature losses in the flue gas supply pipes, they offer 
efficiency increase for several percentages if compared with the former configuration 
shown in Figure 5.22. [4] 
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Figure 5.23: Simplified diagram of MDCC and power generation plant with 3P HRSG [4] 

 
During compression of natural gas in the pipeline compressor stations its 
temperature increases. Since temperature within the gas pipelines has to be 
maintained within allowable limits for protecting the piping and its coating it makes 
sense to incorporate a natural gas cooler for preheating the condensate. That 
provides better heat utilization and minimizes pressure losses appearing during gas 
transport in pipeline. Both systems shown in Figure 5.22 and in Figure 5.23 are 
equipped with such natural gas cooler. Its influence on ST efficiency for the boundary 
conditions is considered in 5.7.2. 
5.7.1.2 Natural gas compressing by means of additional compressor 
In this case the steam turbine is directly coupled to the pipeline compressor. Thereof 
it enables the pipeline compressor station to pump higher gas quantity than it has 
been designed for. Such configuration is used in the case of unavailability of electric 
grid followed by increased demand of natural gas. Disadvantage of such 
configuration in comparison with gas turbine driven stations is longer startup time of 
steam turbine and slower respond to load oscillations. Some steam turbine 
manufacturers have developed for this purpose special system of load following via 
injection of variable quantities of feed water into superheated steam. Through 
injection of feed water the fresh steam temperature decreases resulting in decrease 
of inlet enthalpy of steam. Thus available enthalpy drop decreases resulting in lower 
ST power. Should the power be increased the procedure goes in opposite direction. 
Since portion of injected water into superheated steam can in such processes be 
higher than in conventional steam cycle or combined gas and steam cycle particular 
attention has to be paid to allowable water content in the last ST stages.   
5.7.1.3 Natural gas compressing by means of electromotor 
In this configuration produced electricity by AC generator is used for running the 
electromotor which drives the pipeline compressor. Such configuration is used in the 
case of unavailability of electrical grid. Further argument for this configuration might 
be the fact that considered electromotor has preferable characteristic of part load 
following than a steam turbine system in previous case. Disadvantage of this system 
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is increased cost due to the fact that there it comprises four components: steam 
turbine, generator, electromotor and pipeline compressor.  
5.7.1.4 Electricity production via ORC (organic rankin cycle) 
LDC of compressor station shown in Figure 4.4 shows that during certain periods its 
part load is quite low i.e. 12% and less. However flue gas temperatures at the lowest 
considered operating regime is 380°C. Compressor stations in which the part load is 
quite low and appears over a longer time period exhaust gas temperatures can be 
below 300°C. If that is followed by the fact that the gas turbine efficiency at part load 
decreases significantly exhaust gas temperatures below 250°C can be met. In such 
cases it makes sense to consider installation of ORC (organic Rankin cycle) which is 
using Ammonia (or isopentane or silicon oil) as a working medium instead of water. 
Ammonia has lower evaporating temperature than water making this cycle favorable 
in the case of lower temperatures in a topping cycle. Practical applications have 
shown that usage of ORC cycle in waste heat utilization from pipeline compressor 
stations is viable if the exhaust gas temperatures are between 200-250°C. Should 
the temperatures be higher the preference belongs to a Rankin cycle.[23] 
5.7.2 Viability of using the natural gas cooler for condensate preheating 
Due to the fact that operating temperature in gas pipeline is ca. 50°C[23] and 
condensate temperature is ca. 45°C it is not viable to install a natural gas cooler to 
preheat the condensate for the assumed condensing pressure (0.1 bar) respectively 
environmental conditions for the cooling water. Furthermore, a bypass piping with 
control valve should be installed in this case so as to avoid pressure drop occurring in 
a gas pipeline over installed heat exchanger thus making the natural gas cooler 
utilization in case of considered work inadequate. In case of colder sites providing 
lower condensing pressure and thus temperature it can be examined if the 
installation of natural gas cooler is viable. Also in this case a bypass piping with 
control valve is required.  
5.7.3 Superheated steam temperature control 
Although superheated steam temperature control belongs to secondary control loop 
of a CC plant, way how it shall be performed has to be selected prior designing 
system flow scheme so as to enable proper calculation of system mass and heat 
balance. 
Generally, there are several ways of controlling the superheated steam temperature 
as shown in Table 5-1. [25] 

Table 5-1: Ways of superheated steam temperature control 

Location of injection Equipment used Injection media 
by means of feed water injection 

cooler  upstream the SH 
by means of surface heat exchanger  

by means of feed water injection 
cooler  

with feed water downstream the SH 
by means of surface heat exchanger with boiler 

water 
by means of feed water injection 

cooler  

with feed water between two SH 
stages by means of surface heat exchanger with boiler 

water 
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During steam plant operation in various modes such as startup, normal operation and 
shutdown as also during steam turbine operation at various loads the steam flow 
changes. With increase of the steam flow, the temperature of the steam in the banks 
of tubes that are directly influenced by the radiant heat of combustion starts to 
decrease as the increasing flow of fluid takes away more of the heat that falls on the 
metal. On the other hand, the temperature of the steam in the banks of tubes in the 
convection passes tends to increase because of the higher heat transfer brought 
about by the increased flow of gases. No matter how successfully the HRSG is 
designed and operated it cannot achieve an absolutely flat temperature/flow 
characteristic. Without any additional control, the temperature of the steam leaving 
the final superheater of HRSG would vary with the rate of steam flow what is known 
as the 'natural characteristic' of the HRSG.  
 
Theoretical approach suggests arranging the HRSG natural characteristic so as to 
attain the correct steam temperature when the rate of steam flow is that at which the 
HRSG will normally operate. If this is possible, it means that spray water is used only 
during startup and at off-design conditions. However in practice that is not possible 
because the HRSG natural characteristic changes with time due to factors such as 
fouling of the metal surfaces, which affects the heat transfer. Therefore it is common 
to operate with continuous spraying, which has the advantage of allowing the steam 
temperature to be adjusted both upwards and downwards. Component used for 
spraying feed water into the superheated steam is referred to as desuperheater 
although it may also be described as attemperator.  
 
If HRSG is not equipped with supplementary firing no control of the live steam 
temperature is necessary because of the low flue gas temperatures. If it is though 
installed it serves more as a limiter than as an actual control and is used in case of 
extreme operating conditions. However in case of supplementary fired HRSGs flue 
gas temperatures can reach 830°C, as mentioned in 5.2.2., wherefore it is necessary 
to maintain the superheated steam temperature within safe limits so as to protect the 
superheater tubes, steam piping and turbine blades from overheating. In these cases 
the superheater is divided into two or three sections with water injected between 
them.[6] 

 
Figure 5.24: Injection cooler between two superheater stages [25] 

Concept of such steam temperature control is shown in Figure 5.24. It has an 
advantage of low inertia respectively possibility of fast load change followed simplicity 
and lower cost than in the case of other options. [25]  
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5.7.4 Boundary conditions for new MDCC system 
Conclusions made previously regarding configuration features and boundary 
conditions for certain operating parameters are summarized in the Table 5-2. 

Table 5-2: Boundary conditions for setting up the new MDCC system configurations 

Parameter or 
Data 

Value Unit Reference Comment 

Number of ST 1  [4]  
Number of HRSG 1  [4]  
Min. feed water 

temperature 
60 °C 5.3.3  

Min. exit gas temperature 70 °C 5.3.3 Water dew 
point+10°C 

Natural gas cooler n/a 5.7.2  
Feed water preheating Extracted steam from ST [6] and [5]  

Superheated steam 
temperature regulation 

Injection cooler between 
two superheater stages 

[25]  
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6. Mathematical model 
System is described by mathematical equations used for thermodynamic calculation 
at the design point and at off-design regimes. Mathematical model is based on 
algorithms given per [11] and contains equation systems of HRSG, supplementary 
firing system, steam turbine, balance of plant equipment comprising deaerator, 
condenser and pumps. 
 
Equations are based on: 
Law of mass balance 
Law of energy balance 
 
In addition to that, equations for calculating properties of water (steam) and flue 
gases, followed by other thermodynamic calculations are also used. 
6.1 Assumptions 
Assumptions used in calculation are given in Table 6-1. 

Table 6-1: Values of assumed input data 

Data Designation Value Unit Reference
Pressure drop HP Economizer dp HPECO 7.5 % [5][9] 
Pressure drop HP Evaporator dp HPEVA 2.5 % [5][9] 

Pressure drop HP Superheater 1 dp HPSH1 5 % [5][9] 
Pressure drop HP Superheater 2 dp HPSH2 5 % [5][9] 

Condenser pump isentropic efficiency ηi, CNDPUMP 80 % [9]  
HP/IP/LP pump isentropic efficiency ηi, PUMP 80 % [9]  
Pressure drop steam control valve dp CVLV 2 % [9] 

Minimal pinch point HP PP 5 °C [51] 
Minimal approach point HP AP 5 °C [51] 

Overall HTC HPSH2 kHPSH2 58 W/m2K [23] 
Overall HTC HPSH1 kHPSH1 58 W/m2K [23] 
Overall HTC HPEVA kHPEVA 27 W/m2K [23] 
Overall HTC HPECO kHPECO 27 W/m2K [23] 

Overall HTC condenser kCOND 3000 W/m2K [23] 
Radiation heat transfer efficiency ηr 0,99  [11] 

6.2 Design point model 
Typical calculating algorithm used for thermodynamic calculation shall be explained 
on example of 1P configuration whose flow scheme is given in Figure 7.1. Algorithm 
for each other configuration type is analogical.  
  
Since flue gas condition at GT outlet is predefined per Table 4-2, calculation begins 
with supplementary firing. 

THMGTTotal m3m
••

=         (6.2-1) 
gdsfGTTotal mmm

•••

=+         (6.2-2) 

sflowsf ηBHQ =
•

         (6.2-3) 

g2gdsfGTTotalGTTotal hmQhm ⋅=+⋅
••

      (6.2-4) 
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Calculation of each heat exchanger within HRSG (in American literature described as 
coil) shall be explained on example of the first heat exchanger in the flue gas path 
namely superheater 2 (SH2).  
Superheater 2: 

)h(hmηQ g3g2gdrSH2 −=
••

••

        (6.2-5) 

( s2s1HPSH2 hhmQ −=
•

)        (6.2-6) 

mHPSH2HPSH2SH2 dtAkQ =         (6.2-7) 

 
Figure 6.1: Schematic of SH2 

 
 

dt2 

 

Ts1 

Tg2 

Tg3 

dt1 

Ts2 

A 0 

Figure 6.2: HPSH2 temperature profile 

 



6. Mathematical model                                                                                                                                                                  70 

System of equations (6.2-5)-(6.2-7) is valid for each heat exchanger in HRSG. It 
comprises equation of the enthalpy drop of the flue gases (6.2-5), equation of the 
enthalpy rise of water (steam) (6.2-6) followed by a common heat exchanger 
equation (6.2-7). Equation (6.2-5) and (6.2-6) is composed of the product of mass 
flow and specific enthalpy difference. Equation (6.2-7) is composed of product of 
overall heat transfer coefficient, mean logarithmic temperature difference and heat 
exchanger surface area. 
 
Thereby is the mean logarithmic temperature difference calculated from (6.2-8). 

2

1

21
m

dt
dtln

dtdtdt −
= ; dt1 = Tg2 – Ts1; dt2 = Tg3 – Ts2    (6.2-8) 

 
Water (steam) enthalpy is calculated from pressure in the saturated region and from 
pressure and temperature in the liquid respectively superheated region.  
 
Steam pressure at superheater inlet is calculated from the fresh stem pressure and 
pressure drop per Table 6-1 according (6.2-9). 

s1s2 pdpHPSH2)(1p ⋅+=        (6.2-9) 
 
Analogical algorithm is used for other heat exchangers. Output values from the 
design point calculation are the surfaces and both temperature profiles for gas and 
water (steam). These values are further used for off-design calculations further 
explained in 6.4. Continuation of the calculating routine at the design point is given in 
Enclosure 1. 
 
Generally steam generator efficiency is calculated from: 

)gggg(g100η slagomkoutSG ++++−=      (6.2-10) 
Wherein gout means loss of flue gases sensitive heat as their temperature is above 
environmental. This is the greatest steam generator heat loss [11]. go means loss 
due to heat transfer from boiler surfaces to environment. gk means heat loss due to 
incomplete combustion caused by chemical reasons and gm means heat loss due to 
incomplete combustion caused by mechanical reasons. gslag means heat loss due to 
exiting physical heat of slag.   
 
In case of gaseous fuel equation (6.2-10) becomes: 

)g(g100η ooutSG +−=         (6.2-11) 
 
Values for go are typically taken from diagrams since its accurate calculation would be 
too complex whilst gout is calculated from the term (6.2-12). 

( )L0LLd

amb gas,out-SG gas,
out hhVH

HH
g

−+

−
=        (6.2-12) 

 
Therein numerator refers to difference between enthalpy of exit flue gases and their 
enthalpy at ambient conditions. The first member in denominator refers to fuel lower 
heating value and the second to the enthalpy difference due to preheating the air   
prior to its inlet into the steam generator.  
 
The term (6.2-12) is valid for classic steam generators with furnace whilst in case of 
HRSG the term in denominator substitutes the flues gas enthalpy at HRSG inlet.  
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inlet HRSG, gas,

amb gas,out-HRSG gas,
out H

HH
g

−
=       (6.2-13) 

 
From the terms (6.2-11) and (6.2-13) it is apparent that for the available flue gases at 

T outlet  HRSG efficiency depends only on the flue gas temperature at HRSG outlet 

much attention paid on HRSG and its efficiency 
ind of a steam boiler. [36]  

st fuel consumption it 

 efficiency improvement can be done by optimizing the HRSG operating 
arameters so as to maximize the work obtained in the steam cycle. With pre-

nt methods which can be used for HRSG optimization. In selection 
f proper method following criteria have been observed: 

r sections of HRSG in the 

 known as the “pinch point method” is 
ased on optimizing the min. temperature difference between the two streams 

his parameter affects the 
erformance of the gas turbine and the size of the heat recovery unit. Method used 

xergy 
ansfer respectively on second law analysis of HRSG. Therein [43] introduces a 

inimum irreversibility is described in 
4]. It suggests a thermodynamic optimum based on estimation of non-dimensional 

G
meaning that the steam generator providing lower exit gas temperature obtains 
higher efficiency. 
6.3 HRSG optimization model 
In the recent history there was not 
since it was understood as another k
Since at the present time CC power plants, due to the reasons cited in 2.1.2 and 
2.2.5, enable meeting the growing energy demand with the lea
is of great interest to get greater performances and efficiencies from them. From this 
reason world manufacturers involved in this sector are working on improving the GT 
inlet temperatures, what directly increases the CC efficiency as explained in 5.1 and 
5.2.2.  
 
Further
p
selected number of pressure levels the operating parameters to be optimized are the 
pressures and temperature differences between flue gas and water (steam) knows as 
the pinch point.  
 
There are differe
o

 Practical and reliable for computations with many iterative runs 
 Considering economizer, evaporator and superheate

terms of heat transfer and in the terms of cost 
 Considering economic aspects of the plant 

 
A general heat exchanger optimization method
b
without taking into account any economic aspects. [40] [41] 
 
Another approach is based on the gas side pressure drop. T
p
for such optimization [42] necessitates detail designing or knowing the detailed 
HRSG design respectively tube size, arrangement, length and type of finning.  
 
There are number of HRSG optimization methods based on maximization of e
tr
general equation for entropy generation number. 
 
Method for design and operation of HRSG with m
[4
saturation temperature with a proper evaluation of the number of evaporator transfer 
units. Method disadvantage is not taking into account the superheater. Furthermore it 
does not take into account neither surface cost nor economic aspects of the plant 
(e.g. electricity sellback price). 
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pproach based on exergetic HRSG optimization striving to maximize the exergy 

 general method for the optimum design of HRSG is explained in [46]. Thereby 

roader combined cycle optimization interconnecting a conceptual design, 

ethodology used in this work is based on minimizing the objective function 

enerally, exergy is defined as a maximal work that can be done from internal 

(6.3-1) 

The term  is negligible since the inlet temperature of water is similar to 

gas, out 

pproach of neglecting the term

A
transfer from flue gases to water (steam) circuit is explained in [45]. Method 
drawback is assumption that the total heat transfer area of HRSG is constant. 
Thereby it does not consider separately surface costs of economizer, evaporator and 
superheater respectively their influence on overall cost and efficiency.  
 
A
optimization is organized at two levels: first one obtains the main HRSG operating 
parameters, while the second involves the detailed design of the component 
concerning the geometric variables of the heat transfer sections. The second level of 
the optimization is split in two different steps. The first step aims to minimize the 
pressure drop for a given heat flow. The second step leads to a reduction of the 
overall dimensions, maintaining the imposed performance of the HRSG in terms of 
heat flow and pressure drop. Method seems to be complex for computations with 
many iterative runs.  
 
B
performance, cost and financial analysis is given in [47]. Methodology is taking into 
account several input variables; gas turbine type, fuel type (cost), efficiency, capital 
cost, return on investment, electricity sellback price followed by emission limits. 
Method limitation is not taking into account detailed HRSG optimization. Furthermore 
it is applicable for projects where complete CC plant including gas turbine is to be 
proposed. 
 
M
comprising both the thermodynamic and thermoeconomic component.[48][49] 
Thereby the thermodynamic component tends to minimize the exergy losses and 
thermoeconomic component tends to  minimize the total HRSG cost by introducing 
the reduction to a common monetary base of the costs of exergy losses and of 
HRSG surface costs. Final solution expresses compromise between the two criteria. 
 
G
energy of a substance with regard to the state of environment. By considering HRSG 
as an open system, its exergy flow balance can be expressed per (6.3-1). 

∑ ∑ +++=+in gas, IEEEEE      
in out

Qoutw,outgas,inw,

∑
in

inw,E

environmental. The term E is negligible since the exhaust gas leaves the HRSG 
and is not more used. Furthermore the exergy losses EQ related to the heat 
exchange with the environment are considered negligible. 
 

s∑
in

inw,EA , Egas, out and EQ is overtaken from [48][49]. 

Upon rearranging equation (6.3-1) the exergy loss can be expressed per (6.3-2). 
 

Wherein Egas,in means exergy of the flue gases at HRSG inlet and means  

xergy of inlet gas respectively outlet steam is calculated per (6.3-3). 

∑−= out w,ingas, EEI          (6.3-2)
out

∑
out

out w,E

exergy of outlet steam generated in HRSG.  
 
E

)S(STHHE
111 22 −−−=         (6.3-3) 
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Wherein H2 and S2 mean enthalpy and entropy of inlet gas respectively outlet steam 
and H1, T1 and S1 mean the enthalpy, temperature and entropy at the state of 
environment. Thereby is the entropy difference of the outlet steam obtained from 
GateCycle [9] whilst entropy difference of the flue gases is calculated per (6.3-4) 
assuming flue gases as an ideal gas. 

1

22
p12

pRlnTlncs-s −=    
1 pT

     (6.3-4) 

Since equation (6.3-4) 

;         (6.3-5) 
Cost of exer  losses is ex

     (6.3-6) 
In equatio

 the sum of the costs of various sections; 

 
herein is the cost of each section calculated from: 

   (6.3-8) 
 

 equation (6.3-8) exp means a surface exponent used for assigning proper 

defines specific entropy difference, entropy is calculated from 
(6.3-5). 

mS =
•

1gas1 s⋅ 2gas2 smS ⋅=
•

gy pressed per: 
IHkK II ⋅⋅=      

n (6.3-6) kI represents the specific cost of exergy losses, which is 
considered equal to an average value of the selling price of the electrical energy, and 
H is the functioning duration of the plant. 
 

RSG surface cost can be expressed asH
economizers, evaporators and superheaters multiplied by system complexity factor 
which accounts for additional equipment costs in systems with more pressure levels. 

f⋅⎟⎞⎜
⎛

++= ∑∑∑ CCCK      (6.3-7) c⎠⎝ sh
sh

eva
eva

eco
ecoHRSG

T
exp

ecoecoeco AcC = ; 
exp

evaevaeva AcC = ; shsh AcC =
exp

sh

In
weighting factor to the exergetic component of the objective function. 
 

otal annualized cost of the HRSG to be minimized is expressed per (6.3-9). T

f c
sh

sh
eva

eva
eco

ecoIHRSGItotal CCC1IHkKKK ⋅⎟
⎞

⎜
⎛

+++⋅⋅=+= ∑∑∑  (6.3-9) 
D ⎠⎝

 
here D means the economic life of the plant. Input data used in calculation are W

given in Table 6-2. [48][49] 
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Table 6-2: Input data for exergo-economic HRSG calculation 

Variable Value Unit Reference 
D 20 years [48] 
H 7884 hours [23] 
kI 0.03 $/kWh [50] 

chpsh 382.5 $/m2 [51] 
chpeva 66 $/m2 [51] 
chpeco 39 $/m2 [51] 
cipsh 75 $/m2 [51] 
cipeva 69 $/m2 [51] 
cipeco 39 $/m2 [51] 
clpsh 75 $/m2 [51] 
clpeva 69 $/m2 [51] 
clpeco 39 $/m2 [51] 

fc (1P system) 1 - - 
fc (2P system) 1.1 - - 
fc (3P system) 1.2 - - 

 
The objective function given in (6.3-9) is to be minimized by means of Nelder-Mead 
method. [13] The method is also known as downhill simplex method or amoeba 
method and is a numerical method for minimizing an objective function in a many-
dimensional space. It uses the concept of a simplex, which is a polytope of N+1 
vertices in N dimensions. Examples of simplexes include a line segment on a line, a 
triangle on a plane, a tetrahedron in three-dimensional space and so on. The method 
approximately finds a locally optimal solution to a problem with N variables when the 
objective function varies smoothly. 
 
For proper convergence and determination of independent variables by means of 
Nelder-Mead method it is desirable to approximately define a local minimum. Actually 
that means that order of magnitude of parameters being optimized; pressure and 
pinch point has to be compared with relevant literature so as to verify results. Better 
possibility is to verify the results with another program respectively routine. 
 
In this work optimization is conducted by means of Nelder-Mead optimization method 
using Matlab whereupon are the optimization results verified by means of GateCycle 
respectively its subprogram CycleLink. 
6.4 Off-design modeling 
Intention of the off-design calculations is predicting the behavior of MDCC system, 
when GT output power decreases due to decreased power demand on GT shaft. 
Thereby the flue gases mass flow and temperature respectively their enthalpy 
decrease.   
 
For HRSG that means that it is designed for a set of gas and steam conditions but 
has to operate under different parameters due to plant constraints, steam demand 
and different ambient conditions, such as ambient and cooling water temperature. 
Because of that, gas and steam temperature profiles in the HRSG and steam 
production differ from the design conditions, affecting the entire plant performance 
and economics. [52] 
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Off-design calculations for different operating regimes are performed by means of 
GateCycle which conducts iteration loops on different levels until reaching 
convergence of the whole MDCC system. For off-design calculation of the each 
operating regime the temperature profiles on gas and water (steam) side followed by 
surface areas calculated in 6.2 are used as input data. 
 
The HTC in off-design changes as the flue gas velocity and temperature change 
influencing the rate of heat transfer from the flue gases to water or steam. This 
change of heat transfer rate is mathematically expressed by off-design performance 
calculations for HTC and pressure drop. 
 
Off-design correction of the overall HTC is calculated from (6.4-1) [9] with exponents 
given in Table 6-3. [23] 
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Table 6-3: Exponents for off design performance calculations of HTC 

 finned tubes (superheater) finned tubes (economizer, evaporator) 
x 0,6 0,625 
y 0,505 0,4425 
z 0 0 

 
On the water/ steam side off-design pressure drop is corrected according (6.4-2) [9] 
using values for exponents given in Table 6-4 [23] whereby exponent x accounts for 
change in velocity whilst exponent y accounts for change in temperature. 
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Table 6-4: Exponents for off design performance calculations of dp 

 Steam side
x 1,98 
y 0,2 
z 0 

Changes in pressure drop on the flue gas side are minor and therefore can be 
neglected so it is assumed that the gas side pressure through the HRSG is mostly 
constant.  
 
Algorithm for off-design modeling used in this work is based on assumptions for HTC 
and dp at the design point given per Table 6-1 and calculated heat exchanger 
surfaces. Analog as in design-point calculation, for making the heat balance of each 
heat exchanger section in off-design there is an equation system with three 
equations available namely enthalpy drop of the flue gases, enthalpy rise of the water 
or steam and common heat exchanger equation. System off-design algorithm is 
depicted in Figure 6.3. 
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i<10

DesignPoint HRSG Calculation
Output: Surface Areas, pressure profile on the water (steam) side 

Temperature profile both on flue gas and water (steam)  side

Input performance exponents for off-design 
calculation

GT flue gases mass flow and 
temperature for operating regime i=1 to 

10

HPSH2+TMIX1
Calculate: Tsod1, wod, Tgod3, QHPSH2od

HPSH1
Calculate: Tsod4, Tgod4, QHPSH1od

HPEVA
Calculate: Tsod5, Tgod5, QHPEVAod

HPECON
Calculate: Tsod6, Tgod6, QHPECOod

Assume: 
mHPod, wod, Ts2od

If Tsod1>450-->increase wod

Calculate steam quantity based on input 
pinch temperature difference

If mHPod #assumed

Calculate steam quantity
for complete HRSG

m=ΣQ/(hsteam,out-hwater,in)

If mHPod #previous 

If Tsod6#60°C

CONDENSER
Calculate: pCONDod, hod12, hod11, xod11

Plot data

END

GateCycle

STEAM TURBINE
Calculate: hdea, Tdea, hexit, xexit, PSTOD

DEAERATOR
Calculate: mLPdea, hsod7, Tsod7

HP PUMP
Calculate: hsod6, Tsod6

Exergo-economic HRSG optimization
Output: Optimal fresh steam pressure and pinch point Matlab

 
Figure 6.3: System off-design algorithm 

Thereof it is apparent that the design point HRSG calculation and exergo-economic 
HRSG optimization are conducted by means of Matlab whilst off-design CC 
calculation is conducted by means of GateCycle. 
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ST power in off-design regimes is calculated as in the design point calculation as 
product of steam mass flow and real enthalpy drop of steam. Thereby it is important 
to take into account variable ST isentropic efficiency, which depends on ST part load 
fraction. Dependency of isentropic efficiency at off-design and part load fraction for 
the chosen ST is given in Figure 6.4. 
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Figure 6.4: Steam turbine off-design isentropic efficiency vs. part load fraction [23] 

6.5 CO2 emissions reduction potential 
Main target of Kyoto protocol [53][54] and its belonging mechanisms is reduction of a 
greenhouse gas emissions. Among different emissions for the power plant area most 
important are CO2 emissions. Different technologies for electrical power production 
emit different CO2 quantities depending on its efficiency and the fuel employed, as 
shown in Figure 6.5. 

 
Figure 6.5: CO2 emissions as a function of electrical efficiency and fuel [22] 
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So as to limit and monitor CO2 emissions from any power plant or industry each 
country gets an annual emission limit which may not be exceeded. This emission limit 
is divided between the sectors as e.g. thermal power plants, pipeline compressor 
stations and other industrial sectors. Thereof each individual plant or factory receives 
its annual emission limit in tons of CO2 what is defined by the local regulation of each 
respective country. In case that the annual emitted CO2 quantity of an individual plant 
or factory is above its emission limit, there are two possibilities. Either the emission 
certificates for the excess CO2 quantity are purchased on the market or CO2 taxes 
are paid for the excess CO2 quantity. In case that the annual emitted CO2 quantity is 
below its emission limit, individual plant or factory can sell the difference in emission 
certificates on the market. Pipeline compressor station considered in this work emits 
certain amount of CO2 annually which is either below or above its annual emission 
limit. Exact data of emission limit for the considered plant is not relevant for this work 
since much important information is whether the system upgrade shall increase or 
decrease the CO2 emissions. If the CO2 emissions are decreased in comparison with 
the actual CO2 emissions then this is revenue for the owner independently on how 
the current CO2 emissions are treated. So actually for evaluating the impact of 
system upgrade on CO2 emission quantity it is necessary to calculate the difference 
between the CO2 quantities emitted from the upgraded MDCC system and from the 
existing system. Thereby is the CO2 quantity emitted from an exiting system given per 
(6.5-1). CO2 quantity emitted from MDCC system is given per (6.5-2) with the 
difference in emitted CO2 quantity given per (6.5-3).  
 
 

⎥⎦
⎤

⎢⎣
⎡=

•

•

kWh
g

P
mr

m
GT

GTfluegas,CO
GT,CO

2
2      (6.5-1) 

⎥⎦
⎤

⎢⎣
⎡

+
=

•

•

kWh
g

PP
mr

m
STGT

HRSGfluegas,CO
MDCC,CO

2
2     (6.5-2) 

⎥⎦
⎤

⎢⎣
⎡−=

•••

kWh
gmmm∆ GT,COMDCC,COCO 222    (6.5-3) 

Obviously, if the result of term (6.5-3) is positive emissions are reduced. 
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7. HRSG optimization of various system configurations 
Optimal CC configuration in the terms of the lowest total annualized HRSG cost is 
determined. So as to simplify the optimization procedure number of pressure levels 
and arrangement of heat exchangers in HRSG are predefined. Thereof seven 
configurations are proposed with main features listed in Table 7-1 followed by flow 
schemes given in Figure 7.1 to Figure 7.7. 

Table 7-1: Configuration features 

Configuration Main features 
1P single pressure 

2P1 double pressure, HPECO arranged after LPECO 
2P2 double pressure, HPECO arranged after HPEVA 
2P3 double pressure, HPECO1 arranged after HPEVA,  

HPECO2 arranged after LPECO 
3P1 triple pressure, one HPECO arranged after HPEVA 
3P2 triple pressure, one HPECO arranged after LPECO 
3P3 triple pressure, three HP economizers 

 
All configurations are characterized by following common features: 
 condensate degassing with extracted LP steam from the steam turbine 
 two high pressure superheaters (HPSH) and one intermediate injection cooler 
 natural circulation drum 

 
Each configuration is optimized by means of exergo-economic algorithm explained in 
6.3 and compared with respect to total annualized HRSG cost. Within exergo-
economic optimization the fresh steam pressures and pinch points obtaining the 
lowest total annualized HRSG cost are calculated. Reference values for each 
operative parameter are obtained from [6][14]. 
 
 
 
 
 
 
 
 
 
 
 
 
 



7. HRSG optimization of various system configurations                                                                                                              80 
 

DEAER

CONDEN

HPST

CNDPMP

HPPUMP

HPSH1

HPEVA

HPECO

FGMIX

HPSH2

HPSPL

TMX1
GT1

GT2

GT3

DB1

S1

G01

G02

G03

S5

S6

S7

S8

S11

CW2

CW1

G3

G4

G5

G6
L8

W1

S4

L11
S17

S18

S9
G7

S10

 
Figure 7.1: Flow scheme 1P configuration 
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Figure 7.2: Flow scheme 2P1 configuration 
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Figure 7.3:  Flow scheme 2P2 configuration 
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Figure 7.4: Flow scheme 2P3 configuration 
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Figure 7.5: Flow scheme 3P1 configuration 
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Figure 7.6: Flow scheme 3P2 configuration 
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Figure 7.7: Flow scheme 3P3 configuration 
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In following paragraphs, technical features of each configuration are described. 
Thereby is the functional description of complete system explained on configuration 
1P and other configurations are described with respect to difference in HRSG 
configuration and its impact on system behavior. Furthermore profile of a heat 
recovery is given in a T-Q diagram for each configuration. 
7.1 1P Configuration 
Basic configuration 1P is equipped with a single pressure HRSG and uses common 
way of degassing the feed water by means of extracted low quality steam from the 
steam turbine. Configuration 1P flow scheme is given in Figure 7.1. Flue gases 
leaving the gas turbines mix together and enter the HRSG. Type of HRSG 
arrangement is vertical. HRSG comprises two HPSH, HPEVA and HPECO. Fresh 
steam with 30.6bar and 470°C is entering the ST governing stage via shutoff valve. 
7.1.1 Objective function 
Upon introduction of assumed values for surface costs into optimization algorithm per 
6.3 objective function in Figure 7.8 is obtained. 

 
Figure 7.8: Objective function for initial assumptions 

 
Apparently objective function reaches its minimum at fresh steam pressure value 
around 30 bar and pinch point of 0°C. However it is not possible to design a steam 
generator with zero pinch point as that would necessitate infinite large surfaces. 
Furthermore according to the second law of thermodynamics for heat transfer 
between two media existence of finite temperature difference is essential. Therefore 
is surface exponent according equation (6.3-8) introduced. Idea is to find the value of 
exp providing positive value of pinch point. To define the criteria for optimization of all 
configurations minimal feasible pinch point with a value of 5°C for unfired HRSG is 
obtained [51]. Optimization procedure for 1P configuration is repeated until pinch 
point of 5°C is reached whereby surface exponent attains value of 1.18. With this 
value of surface exponent objective function gets the shape as shown in Figure 7.9. 
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Figure 7.9: Objective function for realistic assumptions 

Apparently objective function comprising surface exponent with a value of 1.18 
reaches its minimum at fresh steam pressure value of 30.6 bar and pinch point of 
4.98°C. Obtained surface exponent value of 1.18 is further used for optimization of 
other configurations. 
7.1.2 Exergo-economic optimization progress 
Figure 7.10 presents dependence of overall objective function and its components on 
fresh steam pressure and pinch point temperature difference. 

 
Figure 7.10: Optimization progress of objective function and its components 
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Apparently increase of both the fresh steam pressure and pinch point lead to 
increase of thermodynamic and decrease of thermoeconomic component of the 
objective function. Furthermore it can be noted that the thermodynamic component 
has an order of magnitude of 106 whilst thermoeconomic component has an order of 
magnitude of 105. Thereof it may be concluded that the cost of exergy losses has 
greater influence on optimization results than the cost of HRSG surfaces. For other 
configurations optimization progress of thermodynamic and thermoeconomic 
component of the objective function are not shown but only optimization progress of 
the overall objective function. 

 
The lowest value of total annualized HRSG cost is obtained for the operative 
parameters given in Table 7-2. 

Table 7-2: 1P configuration operative parameters 

Parameter Abbreviation Unit Value 
Total annualized HRSG cost Ktotal, min $ 2066746 

Fresh steam pressure pHP bar 30.6 
HP pinch HP PP °C  5.0 

Steam quantity mHP kg/s 12.0 
Heat recovery efficiency ηHR % 71.4 
Steam cycle efficiency ηSC % 19.2 
Net cycle CC efficiency ηCC % 37.6 
Steam turbine el. power PST,el kW 10989 

7.1.3 System description 
Selected ST operating mode is fix pressure. From equation for ST power results that 
in this case regulation of power is done by regulation of steam quantity. Steam is 
expanding in the ST to the condenser pressure of 0.1bar. ST is equipped with one 
unregulated extraction for condensate deaeration. Since considered fuel is natural 
gas containing no or very small amount of sulphur selected feed water temperature at 
HRSG inlet is 60°C. Saturation pressure at this temperature appearing in deaerator is 
0.2bar. Since this pressure is below atmospheric the deaerator has to be designed as 
vacuum deaerator. At the same pressure of 0.2bar the steam is extracted from the 
ST via unregulated extraction. 
 
Extracted steam leaves the ST and is entering condenser at condensing pressure of 
0.1bar. Condenser is water cooled by means of river water with an assumed cooling 
water inlet temperature of 20°C and pressure of 6bar. Chosen cooling water 
temperature rise is 20°C.[23] Condensate pump is used for increasing the 
condensate pressure to the deaerator operating pressure of 0.2bar. Condensate is 
entering the deaerator where the condensate droplets fall over the tubes through 
which flows the steam extracted from the ST. Condensate is thereby completely 
degassed and is entering the HP pump used for pressurizing the HRSG feed water to 
the chosen fresh steam pressure increased by sum of pressure drops through the 
water-steam side of HRSG. HP splitter is used for dividing small amount of HP feed 
water flow to the injection cooler TMX1. HP economizer is used for preheating the 
feed water up to the saturation temperature diminished by an approach temperature 
of 5°C. Steam evaporation appears in HP evaporator. Since obtained fresh steam 
pressure in all configurations is not above 100 bar natural circulation drum is 
assumed. 
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As to design of evaporators and economizers, finned tubes are used in order to 
improve the heat transfer from the flue gases to water respectively steam. Main 
reason for that is in poor HTC on the flue gas side. So as to improve the heat transfer 
intention is to increase the surface area of the heat exchanger keeping thereby the 
volume of tube package nearly the same. That is done by adding the additional layer 
called finning (or extended surfaces) what typically reduces the HRSG size [36][23]. 
Finning materials need to have high conductivity. Fin shape and pitch have to be 
selected properly to prevent excessive pressure drops in HRSG, respectively too 
high gas side backpressure to the gas turbine. [36] 
 
Two superheaters HPSH1 and HPSH2 with an intermediate injection cooler TMX1 
have a function of superheating the steam to a temperature of 470°C. Thereby is 
each superheater sized in a way to provide approximately half of the temperature rise 
from the saturation temperature to the selected fresh steam temperature of 470°C. 
SH tubes are also equipped with finning which is of different material than in 
economizer and evaporator due to higher temperatures. Furthermore finning layer at 
superheater tubes is thinner so as to avoid oxidation of the fining [23][51]. In the 
terms of flow direction all heat exchangers are designed as counter flow heat 
exchangers. Since the gas turbines operate over a quite wide load range, it is the 
function of supplementary firing to maintain a constant pressure of fresh steam 
independently on enthalpy of flue gases from the gas turbines. 
7.1.4 Design point results 
HRSG temperature profile on the gas respectively steam and water side is shown in 
a T-Q diagram given in Figure 7.11.  
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Figure 7.11: T-Q diagram configuration 1P 

  
It is apparent from Figure 7.11 that flue gases enter the HRSG with the state 
according Table 4-4 respectively that there is no additional firing used. Surfaces of 
HRSG sections calculated at the design point following procedure given in 6.2 are 
shown in Table 7-3. 
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Table 7-3: 1P configuration heat exchanger surface areas 

Component Abbreviation Unit Value 
HP Superheater 2 AHPSH2 m2 716 
HP Superheater 1  AHPSH1 m2 786 

HP Evaporator AHPEVA m2 15631 
HP Economizer AHPECO m2 8951 

  
Size of condenser and required cooling water mass flow are given in Table 7-4. 

Table 7-4: Condenser size and cooling water requirement 

Condenser surface area ACONDEN m2 661 
Cooling water mass flow mcw kg/s 319 

7.2 2P1 Configuration 
2P1 configuration is shown in Figure 7.2. In direction of flue gas path it comprises two 
HPSH, HPEVA followed by LP loop consisting of LPSH, LPEVA and LPECO. 
HPECO is arranged after the LP loop at the end of the flue gas path. 
 
Feed water is entering both LPECO and HPECO with the same temperature as in the 
case of 1P configuration with a value of 60°C. HPECO is sized in a way to provide 
temperature difference between the inlet gas and feed water outlet temperature of 
5°C. LPECO is sized in a way to provide approach temperature at LPEVA inlet of 
5°C. Low pressure pinch point (LPPP), high pressure pinch point (HPPP) and fresh 
steam pressures are being optimized. LP fresh steam temperature is not controlled 
since its temperature rise in operating regimes does not exceed 5°C and therefore 
does not jeopardize the ST operation. The ST is equipped with one admission for LP 
steam and one uncontrolled extraction for deaerator steam. Analogically as in the 
case of 1P configuration extraction pressure is 0.2bar what is also the operating 
pressure of the deaerator. 
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7.2.1 Exergo-economic optimization results 
Optimization progress of the objective function as a function of independent variables 
is shown graphically in Figure 7.12 whereby are the optimization results given in 
Table 7-5. 

 
Figure 7.12: Optimization progress of the objective function for configuration 2P1 

 
Table 7-5: 2P1 configuration operative parameters 

Parameter Abbreviation Unit Value 
Total annualized HRSG cost Ktotal, min $ 1802987 

Fresh steam pressure pHP bar 61.7 
Fresh steam pressure pLP bar 6.0 

HP pinch HP PP °C  5.0 
LP pinch LP PP °C 15.2 

Steam quantity mHP kg/s 8.8 
Steam quantity mLP kg/s 5.3 

Heat recovery efficiency ηHR % 79.6 
Steam cycle efficiency ηSC % 20.7 
Net cycle CC efficiency ηCC % 38.8 
Steam turbine el. Power PST,el kW 11820 
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7.2.2 Design point results 
HRSG temperature profile on the gas respectively steam and water side is shown in 
a T-Q diagram given in Figure 7.13. 
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Figure 7.13: T-Q diagram configuration 2P1 

Quite lower stack temperature than in the case of1P configuration is notable. 
Surfaces of HRSG sections calculated at the design point are shown in Table 7-6. 

Table 7-6: Heat exchanger surface areas 2P1 configuration 

Component Abbreviation Unit Value 
HP superheater 2 AHPSH2 m2 584 
HP superheater 1  AHPSH1 m2 630 

HP evaporator AHPEVA m2 15126 
HP economizer AHPECO m2 5659 
LP superheater ALPSH m2 1276 
LP evaporator ALPEVA m2 8443 
LP economizer ALPECO m2 1675 

 
Size of condenser and required cooling water mass flow is given in Table 7-7. 

  Table 7-7: Condenser size and cooling water requirement 2P1 configuration 

Condenser surface area ACONDEN m2 743 
Cooling water mass flow mcw kg/s 360 
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7.3 2P2 Configuration 
2P2 configuration shown in Figure 7.3 is similar to configuration 2P1 with HPECO 
arranged after the HPEVA in the flue gas path so as to provide lower approach  point 
at HPEVA inlet. Thereof preheating of feed water to a saturation temperature is done 
via economizer unlike configuration 2P1 where great portion of heat required for 
preheating the feed water is transferred by means of evaporator.  
7.3.1 Exergo-economic optimization results 
The lowest value of total annualized HRSG cost is obtained for the operative 
parameters given in Table 7-8. 

Table 7-8: 2P2 configuration operative parameters 

Parameter Abbreviation Unit Value 
Total annualized HRSG cost Ktotal, min $ 1899096 

Fresh steam pressure pHP bar 110.2 
Fresh steam pressure pLP bar 4.0 

HP pinch HP PP °C  15.8 
LP pinch LP PP °C 7.2 

Steam quantity mHP kg/s 9.9 
Steam quantity mLP kg/s 3.9 

Heat recovery efficiency ηHR % 76.6 
Steam cycle efficiency ηSC % 21.1 
Net cycle CC efficiency ηCC % 39.0 
Steam turbine el. Power PST,el kW 12077 

7.3.2 Design point results 
Temperature profile of flue gases respectively water and steam is given in Figure 
7.14. 
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Figure 7.14: T-Q diagram configuration 2P2 

From Table 7-8 and Figure 7.14 it is apparent that configuration 2P2 provides higher 
net cycle efficiency but with higher stack temperature resulting in lower heat recovery 



7.HRSG optimization of various system configurations                                                                                                                95 

efficiency. Thereof it makes sense to split the HPECO in two parts ant install the 
second one at the end of the flue gas path. 
Surfaces of HRSG sections calculated at the design point are shown in Table 7-9. 

Table 7-9: Heat exchanger surface areas 2P2 configuration 

Component Abbreviation Unit Value 
HP superheater 2 AHPSH2 m2 884 
HP superheater 1  AHPSH1 m2 1031 

HP evaporator AHPEVA m2 8744 
HP economizer AHPECO m2 6298 
LP superheater ALPSH m2 769 
LP evaporator ALPEVA m2 10099 
LP economizer ALPECO m2 1457 

 
Size of condenser and required cooling water mass flow is given in Table 7-10. 
  Table 7-10: Condenser size and cooling water requirement 2P2 configuration 

Condenser surface area ACONDEN m2 698 
Cooling water mass flow mcw kg/s 337 

 
7.4 2P3 Configuration 
Configuration 2P3 is similar to 2P2 configuration with addition of second HP 
economizer installed after the LPECO in the flue gas path. Intention is further 
increase of heat recovery efficiency through closing the water-steam temperature 
profile to the temperature profile of the flue gases. 
7.4.1 Exergo-economic optimization results 
The lowest value of total annualized HRSG cost is obtained for the operative 
parameters given in Table 7-11. 

Table 7-11: 2P3 configuration operative parameters 

Parameter Abbreviation Unit Value 
Total annualized HRSG cost Ktotal, min $ 1740566 

Fresh steam pressure pHP bar 105.2 
Fresh steam pressure pLP bar 4.7 

HP pinch HP PP °C  15.7 
LP pinch LP PP °C 13.1 

Steam quantity mHP kg/s 9.9 
Steam quantity mLP kg/s 4.5 

Heat recovery efficiency ηHR % 80.4 
Steam cycle efficiency ηSC % 21.9 
Net cycle CC efficiency ηCC % 39.6 
Steam turbine el. Power PST,el kW 12514 
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7.4.2 Design point results 
Temperature profile of flue gases respectively water and steam is given in Figure 
7.15. 
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Figure 7.15: T-Q diagram configuration 2P3 

In comparison with former 2P1 and 2P2 configurations here is lower stack 
temperature obtained resulting in higher heat recovery efficiency followed by also 
higher net cycle CC efficiency. 
 
Surfaces of HRSG sections calculated at the design point are given in Table 7-12. 

Table 7-12: Heat exchanger surface areas 2P3 configuration 

Component Abbreviation Unit Value 
HP superheater 2 AHPSH2 m2 861 
HP superheater 1  AHPSH1 m2 991 

HP evaporator AHPEVA m2 8899 
HP economizer 1 AHPECO1 m2 3479 
HP economizer 2 AHPECO2 m2 5334 
LP superheater ALPSH m2 996 
LP evaporator ALPEVA m2 8450 
LP economizer ALPECO m2 1412 

 
Size of condenser and required cooling water mass flow is given in Table 7-13. 
  Table 7-13: Condenser size and cooling water requirement 2P3 configuration 

Condenser surface area ACONDEN m2 736 
Cooling water mass flow mcw kg/s 355 
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7.5 3P1 Configuration 
Additional to 2P1 configuration here is an IP loop installed between the LP and HP 
loop comprising IP economizer, IP evaporator and IP superheater. Feed water is 
entering LPECO, IPECO and HPECO with the same temperature of 60°C as in the 
case of 2P1 configuration. Selected approach temperatures at LPEVA, IPEVA and 
HPEVA inlet are 5°C. HP/IP/LP fresh stem pressures and pinch points are being 
optimized with results given in Table 7-14. LP and IP fresh steam temperatures are 
not controlled since a temperature rise in operating regimes does not exceed 5°C 
and therefore does not jeopardize the ST operation. The ST is of single casing 
design and is equipped with two admissions; one for IP steam comprising one stop 
valve and two control valves and one for LP steam comprising one stop valve and 
two control valves. Furthermore the ST is equipped with one uncontrolled extraction 
for deaerator steam. Analogically as in the case of 2P1 configuration extraction 
pressure is 0.2bar what is also the operating pressure of the deaerator. 
7.5.1 Exergo-economic optimization results 
Optimization progress of the objective function as a function of independent variables 
is shown graphically in Figure 7.16 with optimization results given in Table 7-14. 

 
Figure 7.16: Optimization progress of the objective function for configuration 3P1 
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Table 7-14: 3P1 configuration operative parameters 

Parameter Abbreviation Unit Value 
Total annualized HRSG cost Ktotal, min $ 1869441 

Fresh steam pressure pHP bar 105.5 
Fresh steam pressure pIP bar 7.0 
Fresh steam pressure pLP bar 2.0 

HP pinch HP PP °C  18.3 
IP pinch IP PP °C  26.5 
LP pinch LP PP °C 9.3 

Steam quantity mHP kg/s 9.7 
Steam quantity mIP kg/s 2.3 
Steam quantity mLP kg/s 2.5 

Heat recovery efficiency ηHR % 79.7 
Steam cycle efficiency ηSC % 21.4 
Net cycle CC efficiency ηCC % 39.3 
Steam turbine el. Power PST,el kW 12253 

7.5.2 Design point results 
Temperature profile of flue gases respectively water and steam is given in Figure 
7.17. 
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Figure 7.17:T-Q diagram configuration 3P1 

Apparently configuration 3P1 provides slightly lower heat recovery efficiency and CC 
net efficiency than the most efficient 2P configuration. Furthermore high amount of 
heat transferred to HPECO is notable. This suggests splitting the HPECO in more 
parts. 
 
Surfaces of HRSG sections calculated at the design point following procedure given 
in 6.2 are shown in Table 7-15. 
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Table 7-15: Heat exchanger surface areas for 3P1 configuration 

Component Abbreviation Unit Value 
HP superheater 2 AHPSH2 m2 840 
HP superheater 1  AHPSH1 m2 970 

HP evaporator AHPEVA m2 8269 
HP economizer AHPECO m2 5538 
IP superheater AIPSH m2 421 
IP evaporator AIPEVA m2 3960 
IP economizer AIPECO m2 542 
LP superheater ALPSH m2 383 
LP evaporator ALPEVA m2 7642 
LP economizer ALPECO m2 674 

  
Size of condenser and required cooling water mass flow is given in Table 7-16. 
  Table 7-16: Condenser size and cooling water requirement 3P1 configuration 

Condenser surface area ACONDEN m2 733 
Cooling water mass flow mcw kg/s 354 

 
7.6 3P2 Configuration 
Configuration 3P2 is similar to 3P1 configuration with addition of the second HP 
economizer installed after LPECO in the flue gas path. Intention is further increase of 
heat recovery efficiency through closing the water-steam temperature profile to the 
temperature profile of the flue gases. 
7.6.1 Exergo-economic optimization results 
The lowest value of total annualized HRSG cost is obtained for the operative 
parameters given in Table 7-17. 

Table 7-17: 3P2 configuration operative parameters 

Parameter Abbreviation Unit Value 
Total annualized HRSG cost Ktotal, min $ 1746602 

Fresh steam pressure pHP bar 106.5 
Fresh steam pressure pIP bar 7.0 
Fresh steam pressure pLP bar 2.0 

HP pinch HP PP °C  18.5 
IP pinch IP PP °C  25.1 
LP pinch LP PP °C 18.0 

Steam quantity mHP kg/s 9.7 
Steam quantity mIP kg/s 3.5 
Steam quantity mLP kg/s 1.8 

Heat recovery efficiency ηHR % 82.9 
Steam cycle efficiency ηSC % 22.3 
Net cycle CC efficiency ηCC % 39.9 
Steam turbine el. Power PST,el kW 12726 
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7.6.2 Design point results 
Temperature profile of flue gases respectively water and steam is given in Figure 
7.18. 
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Figure 7.18: T-Q diagram configuration 3P2 

Minor increase of heat recovery efficiency and net CC efficiency compared to former 
3P1 configuration is notable. Surfaces of HRSG sections calculated at the design 
point are shown in Table 7-18. 

Table 7-18: Heat exchanger surface areas for 3P2 configuration 

Component Abbreviation Unit Value 
HP superheater 2 AHPSH2 m2 842 
HP superheater 1  AHPSH1 m2 974 

HP evaporator AHPEVA m2 8199 
HP economizer 1 AHPECO1 m2 4944 
HP economizer 2 AHPECO2 m2 5711 
IP superheater AIPSH m2 767 
IP evaporator AIPEVA m2 5385 
IP economizer AIPECO m2 898 
LP superheater ALPSH m2 258 
LP evaporator ALPEVA m2 4547 
LP economizer ALPECO m2 367 

  
Size of condenser and required cooling water mass flow is given in Table 7-19. 
  Table 7-19: Condenser size and cooling water requirement 3P2 configuration 

Condenser surface area ACONDEN m2 764 
Cooling water mass flow mcw kg/s 368 
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7.7 3P3 Configuration 
Configuration 3P3 is similar to 3P2 configuration with addition of the third HP 
economizer installed between IPECO and LPSH in the flue gas path. Intention is 
further increase of heat recovery efficiency through closing the water-steam 
temperature profile to the temperature profile of the flue gases. 
7.7.1 Exergo-economic optimization results 
The lowest value of total annualized HRSG cost is obtained for the operative 
parameters given in Table 7-20. 

Table 7-20: 3P3 configuration operative parameters 

Parameter Abbreviation Unit Value 
Total annualized HRSG cost Ktotal, min $ 1763105 

Fresh steam pressure pHP bar 107.8 
Fresh steam pressure pIP bar 6.9 
Fresh steam pressure pLP bar 2.0 

HP pinch HP PP °C  20.7 
IP pinch IP PP °C  27.3 
LP pinch LP PP °C 14.4 

Steam quantity mHP kg/s 9.6 
Steam quantity mIP kg/s 4.3 
Steam quantity mLP kg/s 1.2 

Heat recovery efficiency ηHR % 83.3 
Steam cycle efficiency ηSC % 22.5 
Net cycle CC efficiency ηCC % 40.0 
Steam turbine el. Power PST,el kW 12844 

7.7.2 Design point results 
Temperature profile of flue gases respectively water and steam is given in Figure 
7.19. 
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Figure 7.19: T-Q diagram configuration 3P3 
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Surfaces of HRSG sections calculated at the design point are shown in Table 7-21. 
Table 7-21: Heat exchanger surface areas for 3P3 configuration 

Component Abbreviation Unit Value 
HP superheater 2 AHPSH2 m2 837 
HP superheater 1  AHPSH1 m2 965 

HP evaporator AHPEVA m2 7730 
HP economizer 1 AHPECO1 m2 4272 
HP economizer 2 AHPECO2 m2 4662 
HP economizer 3 AHPECO3 m2 5528 
IP superheater AIPSH m2 997 
IP evaporator AIPEVA m2 5711 
IP economizer AIPECO m2 1057 
LP superheater ALPSH m2 135 
LP evaporator ALPEVA m2 4023 
LP economizer ALPECO m2 264 

  
Size of condenser and required cooling water mass flow is given in Table 7-22. 
  Table 7-22: Condenser size and cooling water requirement 3P3 configuration 

Condenser surface area ACONDEN m2 765 
Cooling water mass flow mcw kg/s 370 

 
7.8 Comparison and selection 
Comparison of minimal values of objective function and its components for all 
configurations is given in Figure 7.20. 
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Figure 7.20: Value of optimal objective function and its components 

Falling trend of thermodynamic component and rising trend of thermoeconomic 
component is notable. It is also apparent that the objective function provides minimal 
value in case of configuration 2P3. 
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Table 7-23: Comparison of 1P, 2P and 3P configurations 

Configuration 1P 2P1 2P2 2P3 
Steam turbine power [kW]  10989 11820 12077 12514 

Net CC efficiency [%] 37.6 38.8 39.0 39.6 
Steam cycle efficiency [%] 19.2 20.7 21.1 21.9 

Heat recovery efficiency [%] 71.4 79.6 76.6 80.4 
HRSG surface cost [$] 1955398 2427076 2366647 2352113 

Ktotal, min [$] 2066746 1802987 1899096 1740566 
 

Configuration 3P1 3P2 3P3 
Steam turbine power [kW]  12253 12726 12844 

Net CC efficiency [%] 39.3 39.9 40.0 
Steam cycle efficiency [%] 21.4 22.3 22.5 

Heat recovery efficiency [%] 79.7 82.9 83.3 
HRSG surface cost [$] 2362172 2463025 2571792 

Ktotal, min [$] 1869441 1746602 1763105 
 
From Table 7-23 it is apparent that the configuration 3P3 offers the highest CC 
efficiency, steam cycle efficiency and heat recovery efficiency due to the lowest stack 
temperature. Configuration 2P3 provides the lowest total annualized HRSG cost.  
Calculation results prove that configuration with the lowest total annualized HRSG 
cost does not obtain the highest thermodynamic efficiency (with respect to optimized 
pressure and pinch point values).  
 
Comparison of net CC efficiency, steam cycle efficiency and heat recovery efficiency 
is given in Figure 7.21. Apparently each configuration provides further increase of net 
CC efficiency and steam cycle efficiency with exception of 3P1 compared with 2P3 
configuration. Furthermore heat recovery efficiency has different values due to the 
fact that it mostly depends on the flue gas temperature obtained at HRSG exit. 
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Figure 7.21: CC, SC and HRSG efficiency 
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Figure 7.22: ST power, HRSG surface cost 

Figure 7.22 shows comparison of steam turbine power and HRSG cost. It is 
apparent that steam turbine power series follows the shape of the series of
net CC efficiency. HRSG cost has a maximal value for the 3P3 configuration. 
At 2P configurations HRSG cost slightly decreases due to surface size resulting
from optimization procedure. In the terms of costs steam turbine cost is proportional
to the steam turbine power. As the steam turbine and HRSG form majority of the 
complete heat recovery system cost it is apparent that the 3P3 configuration is 
the most expensive. 
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Figure 7.23 Cost of electricity as a function of CC net efficiency 

Figure 7.23 shows dependency of cost of electricity on net CC efficiency for all 
configurations. So as to compare configurations based on criteria of maximal 
efficiency and the lowest cost of electricity Pareto front is used. It is constructed by 
approximation of polynomial which is passing through the points with maximal 
efficiency and minimal cost of electricity. Furthermore the polynomial is extended in 
both x and y directions so as to illustrate vicinity of other configurations to the Pareto 
front. [13][55] Apparently 2P3 and 3P3 configurations are the closest to the Pareto 
front whereby the first is characterized by the lowest cost of electricity and the latter 
by the highest system efficiency. 
 
7.9 Optimization sensitivity analysis 

7.9.1 Influence of different exhaust gas parameters on optimization results 
So as to examine behavior of objective function on a wide range of exhaust gas 
mass flow and temperature, optimal fresh steam pressure and pinch point are 
calculated. Thereby are exhaust gas temperatures varied from 480 to 540°C and 
exhaust gas mass flow from 30 to 80 kg/s. The values are usual for industrial gas 
turbines in the range of 5-25MW [23]. 

 
Figure 7.24 Objective function and its components vs. exhaust gas 

 mass flow and temperature 
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Figure 7.24 shows the shape of the objective function and its components over the 
given range of exhaust gas parameters. Bottom surface presents the 
thermoeconomic component of the objective function and the middle surface 
presents the thermodynamic component of the objective function. The top surface 
presents the objective function and is actually the sum of the bottom and the middle 
surface. Sensitivity of both components and objective function itself on the gas mass 
flow is notable. Objective function reaches its minimal values at the lowest gas mass 
flows. On the other hand influence of exhaust gas temperature on objective function 
is negligible. It is apparent that objective function and its components are continuous 
on the given range of exhaust gas parameters. 

 
Figure 7.25 Optimal fresh steam pressure vs. exhaust gas mass flow and temperature 

 
Figure 7.26 Optimal fresh steam pressure vs. exhaust gas mass flow and temperature 

 
It is interesting to note that relatively low temperature of considered GT results in a 
quite low pressure (ca. 30bar) as shown in Figure 7.25. Higher values of optimal 
pressure are achieved at higher exhaust gas temperatures what corresponds to 
reality. Minor influence of gas mass flow is notable. However lower gas mass flows 
(for the same temperature) result in slightly higher fresh steam pressure. 
 
Figure 7.26 shows dependence of PP on exhaust gas parameters. Apparently 
optimal PP reaches its minimum at ca. 540°C. For lower exhaust gas temperatures 
optimal pinch point increases. 
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In the context of GT performance both graphs have to be understood qualitatively as 
arbitrary combinations of temperatures and gas mass flows in reality are not possible 
because thermodynamic features of GT process depend on the compression ratio, 
the ratio of fuel and air, turbine geometry and other factors. 
 
7.9.2 Influence of HRSG heat exchanger surface cost on optimization results 
It is interesting to examine influence of increased HRSG surface cost on optimization 
results. Sensitivity analysis is conducted for configuration 1P for the reference cost 
given in Table 6-2 followed by 2 and 4 times increased surface cost valid for 
economizer, evaporator and superheater. 

 
Figure 7.27: T-Q diagram for different HRSG surface cost (1P) 

 
Figure 7.28: Optimal operative parameters for different HRSG surface cost (1P) 

 
From Figure 7.27 and Figure 7.28 it is apparent that increased HRSG surface cost 
(for the available flue gas conditions) leads to: 
 less heat transfer from flue gases to water 
 lower pressure respectively higher pinch difference at evaporator inlet 
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Reason for such phenomena is in the fact that in the case of more expensive HRSG 
surfaces it is not any more viable to have small temperature difference between the 
flue gases and water (steam). Since this temperature difference (for constant flue gas 
conditions) is dictated by steam pressure and pinch difference thereof increased 
surface cost leads to lower steam pressure and higher pinch difference. Dependence 
of economizer, evaporator and superheater surface size on increased surface cost is 
shown in Figure 7.29. 

 
Figure 7.29: HRSG surfaces as a function of surface cost (1P) 

Apparently selection of more expensive surface for the respective heat exchanger 
results in its smaller surface size. Thereby it is notable that influence of increased 
surface cost on the size of economizer and evaporator is slightly higher than in the 
case of superheater. Figure 7.30 to Figure 7.32 show dependence of objective 
function on pressure and pinch point in case of inducing the surface cost factor.  

 
Figure 7.30: Objective function for reference surface cost 
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Figure 7.31: Objective function for 2x reference surface cost 

 
Figure 7.32: Objective function for 4x reference surface cost 

It is apparent that pinch point value of 5°C obtained for the reference cost increases 
as the surfaces get more expensive. Thus for the 2x reference cost pinch point of 
13°C is obtained with slight decrease of optimal pressure to a value of 30 bar. For the 
case of 4x reference cost pinch point of 31°C is obtained followed by optimal 
pressure of 30bar. Thereof it is obvious that more expensive HRSG surfaces lead to 
higher pinch point and lower fresh steam pressure.   
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7.9.3 Influence of system complexity factor on optimization results 
Origin optimization methodology [48][49] takes into account only HRSG surfaces 
respectively their cost. However inducing of two or three pressure level HRSG 
necessitates installation of additional piping, instrumentation, fittings, supports and 
insulation which increase the HRSG cost. This equipment is in some literature 
referred to as passive part of HRSG. Unlike HRSG surfaces, HRSG passive part 
does not depend on heat and mass balance however it depends mainly on number of 
pressure levels and type of circulation. So as to incorporate the system complexity 
factor into mathematic model for optimization, values of 1.1 for 2P and 1.2 for 3P 
configurations are introduced as given in the Table 6-2. 
 
Figure 7.33 and Figure 7.34 show dependence of HRSG cost and net CC efficiency 
on different values of system complexity factor fc resulting from optimization 
procedure. Apparently higher values of fc result in more expensive HRSG and in 
lower net CC efficiency. 
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Figure 7.33: HRSG cost vs. system complexity factor 
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Figure 7.34: Net CC efficiency vs. system complexity factor 

7.9.4 Influence of supplementary firing on optimization results 
It is interesting to examine influence of supplementary firing on exergo-economic 
optimization results. Following algorithm explained in 6.3 beside steam pressures 
and pinch points there is also flue gas temperature after the supplementary firing 
being optimized so as to find minimal total annualized HRSG cost.  

Table 7-24: HRSG operative parameters for fired HRSG 

Configuration 1P 2P1 3P1 
Ktot min [$] 3002444 2618357 1930520 
ηCC [%] 40.31 38.4 40.0 
Tg2 [°C] 700 510 515 
pHP [bar] 120 70 110 
pIP [bar]    6 
pLP [bar]  4 1.5 

HP pinch [°C] 10 10 10 
IP pinch [°C]    10 
LP pinch [°C]  10 10 

In comparison with optimization results for unfired case, from Table 7-24 it is 
apparent that in the case of fired HRSG all configurations except 3P1 offer lower total 
annualized HRSG cost. On the other hand 1P and 3P configurations provide slightly 
higher CC efficiency in case of fired HRSG. However both 2P configurations provide 
slightly higher CC efficiency in case of unfired HRSG. 
 
It is interesting to note that optimal flue gas temperature after the supplementary 
firing in case of fired HRSG for the single pressure configuration equals 700°C due to 
the reasons explained in 5.2.2. Furthermore one should note higher steam pressures 
in case of fired HRSG.  
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Obviously it is not possible to select the preferable configuration based only on 
exergo-economic criteria wherefore additional indexes have to be obtained by means 
of economic evaluation.  
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8. System off-design behavior 
This chapter deals with aspects of system design and operation in pipeline 
compressor station regimes wherefore are several strategies considered. In order to 
be able to offer on the free market a constant generator output power in all operating 
regimes of pipeline compressor station it is interesting to examine sizing of the 
system in a way to provide constant ST power. With respect to quite low enthalpy of 
available flue gases in operating regimes with two gas turbines wherein is regime 10 
characterized by three times lower enthalpy than the regime 1 it makes sense to 
consider sizing of the system in a way to run the ST only in regimes 1-5. So as to 
obtain electricity sellback in all operating regimes but with inducing lower rates of 
supplementary firing it is interesting to examine the strategy of maintaining the 
constant flue gas temperature at HRSG inlet. For the chosen strategy CC efficiency, 
ST power, SF fuel consumption and quantity of CO2 emissions are calculated. Finally 
off-design sensitivity analysis is conducted.  
8.1 System design and operating strategy at GT part load 
So as to determine appropriate system design and operating strategy at GT part load 
appearing in operating regimes of compressor station enthalpy of flue gases is 
calculated according (8.1-1) with values given in Figure 8.1. 
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Figure 8.1: Flue gas enthalpy at GT outlet in compressor station operating regimes 

 
fgfgGT hmnH =           (8.1-1) 

Therein nGT means number of gas turbines in operation and mfg means flue gas mass 
flow overtaken from Table 4-1. hfg means specific enthalpy of flue gases calculated 
for the respective temperature from the h-t polynomial (8.1-2) which is constructed 
from exhaust gas composition given in Table 4-2 and specific enthalpies of 
constituent gases. Flue gas temperatures are obtained from Table 4-1. 
 
h=1.05E-13t5-3.54E-10t4+4.03E-07t3-6.09E-05t2+1.05E+00t -1.3217E-02 (8.1-2) 
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Upon consideration of available flue gas enthalpies per Figure 8.1 and 
thermodynamic principles of CC system outlined in chapter 5 following main design 
and operating strategies obtrude: 
 
 Constant ST power in all regimes 
 Constant ST power in regimes 1-5, ST out of operation in regimes 6-10 
 Maintaining constant flue gas temperature 

8.1.1 Constant ST power in all regimes 
In this case ST is sized for available flue gas enthalpy at design point. As GT load in 
operating regimes decreases and as a result of that flue gas enthalpy, supplementary 
firing is used for maintaining design ST power constant. However calculation of mass 
and energy balance [9] for such prediction shows that steam production at operating 
regimes with two gas turbines would not be possible due to too small temperature 
differences in economizer. Second restriction is quite high firing temperatures 
reaching 900°C necessitating employment of water cooled enclosure making the 
system more expensive. Third restriction is high fresh steam temperature which can 
not be held within the limits despite employment of three HPSH and two injection 
coolers.  
8.1.2 Constant ST power in regimes 1-5, ST out of operation in regimes 6-10 
So as to overcome drawbacks of strategy explained in 8.1.1 it may be considered to 
install a flue gas bypass upstream the HRSG. Its function would be to vent flue gases 
into atmosphere as soon as their enthalpy falls beneath 35000kW. Knowing that 
compressor station demand is quite stochastic such prediction would place high 
requirements on control systems. So as to avoid jeopardizing of steam production in 
the steam drum and overheating of tubes it may be considered to install a steam 
bypass upstream the steam turbine. In this case steam would be produced in all 
operating regimes however in case of flue gas enthalpies below 35000kW steam 
would be vented into atmosphere or eventually utilized for district heating or space 
heating system. 
8.1.3 Maintaining constant flue gas temperature 
With respect to drawbacks of strategies explained in 8.1.2 and 8.1.3 it makes sense 
to design and operate the system so that the flue gas temperature is kept constant at 
500°C in all operating regimes. That means that the supplementary firing shall be 
used only for maintaining the flue gas temperature constant at 500°C. 
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8.2 Off-design results for constant flue gas temperature of 500°C 

8.2.1 CC net efficiency 
CC net efficiencies given in Table 7-23 are valid at the design point. However system 
CC efficiency in operating strategy explained per 8.1.3  is shown in Figure 8.2.  
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Figure 8.2: Net CC efficiency in operating regimes 

Apparently 2P3 configuration has the highest CC efficiency in operating regimes with 
2 gas turbines whilst the highest CC efficiency in operating regimes with 3 gas 
turbines has the 3P3 configuration. 1P configuration is characterized by the lowest 
CC efficiency. 
8.2.2 Fuel consumption 
Fuel consumption by means of supplementary firing in operating regimes is given in 
Figure 8.3. 
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Figure 8.3: Fuel consumed by supplementary firing in operating regimes 

Apparently SF fuel consumption of all configurations is the same as it is used for 
attaining constant flue gas temperature of 496°C and is not depending on HRSG 
configuration. 
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8.2.3 ST generator output power 
Comparison of output power at ST generator in operating regimes is given in Figure 
8.4. 
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Figure 8.4: ST generator output power in operating regimes 

Apparently 2P3 configuration has the highest output power in operating regimes with 
2 gas turbines whilst the highest output power in operating regimes with 3 gas 
turbines has the 3P3 configuration what is consistent with result for the net CC 
efficiency. 
8.2.4 Reduced CO2 emissions 
Reduced CO2 emissions in operating regimes are given in Figure 8.5. 
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Figure 8.5: Reduced CO2 emissions in operating regimes  

Apparently system configuration has minor influence on the values of decreased CO2 
emissions. 
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8.3 Off-design sensitivity analysis 

8.3.1 Influence of ST operation mode on CC efficiency 
As it is foreseen in 7.1.3 steam turbine operating mode is fix pressure. That means 
that there is constant pressure of fresh steam maintained in all ST operating regimes 
whilst power regulation is done by means of regulation of steam quantity. Since there 
is not a specific load at ST respectively at generator shaft predefined assumption is 
that all the steam produced in HRSG is fed into the ST. However it is interesting to 
examine steam turbine behavior in operating regimes of pipeline compressor station 
given in Table 4-1 if the turbine would operate in sliding pressure mode. Thereby are 
two sliding pressure modes considered; one without supplementary firing and the 
other with supplementary firing for attaining flue gas temperature of 500°C (as in the 
case of fix pressure). Influence of steam turbine operation in all three modes on CC 
efficiency is presented in Figure 8.6. 
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 Figure 8.6: Influence of fix and sliding pressure mode on CC efficiency (1P) 

 
Apparently sliding pressure operation is favorable only for the first two regimes 
providing minor difference in the order of magnitude of 0.1%. For other regimes 
preference belongs to fix pressure operating mode. Therefore fix pressure mode shall 
also be applied to other considered configurations. Steam inlet pressures valid for 
considered operation modes are given in Figure 8.7. It is interesting to note that the 
sliding pressure operation without supplementary firing causes 4-5 bars lower inlet 
pressures compared to the sliding pressure operation with flue gas temperature of 
500°C. 
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Figure 8.7: Steam inlet pressures in fix and sliding pressure mode (1P) 

8.3.2 Influence of change in cooling water parameters on overall heat rate 
Important information for process with employed condensing steam turbine is 
influence of the variations in cooling water temperature and quantity on the overall 
net heat rate, which is calculated from (8.5-1)[56]. 
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   (8.3-1) 

 
Influence of cooling water inlet temperature change for the 1P configuration is shown 
in Figure 8.8 and Figure 8.9 shows influence of change in cooling water quantity. 
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Figure 8.8: Influence of cooling water temperature change on CC and ST heat rate (1P) 
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Figure 8.9: Influence of cooling water quantity change on CC and ST heat rate (1P) 
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9. Economic evaluation  

9.1 Economic considerations of energy projects 

9.1.1 General characteristics of capital investments 
Capital investment may be defined as strategic cash expenditure for certain object 
with long term effect. Decisions for such investments are usually made at higher 
levels within certain organizational hierarchy. [57] 
 
There are three characteristics of capital investments to be concerned when 
performing life cycle cost analysis. First, capital investments usually require a 
relatively large initial cost. The initial cost may occur as a single expenditure such as 
purchasing a new heating system or occur over a period of several years such as 
designing and constructing a new building. It is not uncommon that the funds 
available for capital investment projects are limited. In other words, the sum of the 
initial costs of all the viable and attractive projects exceeds the total available funds. 
This creates a situation known as capital rationing which imposes special 
requirements on the investment analysis.  
 
The second important characteristic of a capital investment is that the benefits 
(revenues or savings) resulting from the initial cost occur in the future, normally over 
a period of years. The period between the initial cost and the last future cash flow is 
the life cycle or life of the investment. Because of the fact that cash flows occur over 
the investment’s life it is required to introduce time value of money concept border to 
properly evaluate investments. In the case of energy project respectively, power plant 
regular costs appearing each year are usually named operation and maintenance 
costs (O&M) and include all costs related to service and maintenance of equipment 
as also paying the personal. 
 
The last important characteristic of capital investments is that they are relatively 
irreversible. Frequently, after the initial investment has been made, terminating or 
significantly altering the nature of a capital investment has substantial cost 
consequences; being usually negative. This is one of the reasons that capital 
investment decisions are usually evaluated at higher levels of the organizational 
hierarchy than operating expense decisions. [57] 
 
In almost every case, the costs, which occur over the life of a capital investment, can 
be classified into one of the following categories: 

 Initial Cost  
 Annual Expenses and Revenues – O&M costs, fuel costs and periodic 

replacement and maintenance 
 Salvage Value 

 
Typical initial costs for various types of plants are given in Figure 9.1.  
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Figure 9.1: Typical first cost of various types of plants [14] 

Typical costs for various fuels are given in Figure 9.2 whilst Figure 9.3 gives share of 
different costs in total life cycle cost of a thermal power plant. 

 
Figure 9.2: Prices comparison for various fuels [14] 
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Figure 9.3: Share of various costs in total plant life cycle cost [14] 

 
To simplify assumption, the cash flows, which occur during a year, are generally 
summed and regarded as a single end-of-year cash flow. While this approach does 
introduce some inaccuracy in the evaluation, it is generally not regarded as 
significant relative to the level of estimation associated with projecting future cash 
flows. Initial costs include all costs associated with preparing the investment for 
service. This includes purchase cost as well as installation and preparation costs. 
Initial costs are usually nonrecurring during the life of an investment. Annual 
expenses and revenues are the recurring costs and benefits generated throughout 
the life of the investment. Periodic replacement and maintenance costs are similar to 
annual expenses and revenues except that they do not (or are not expected to) occur 
annually. The salvage (or residual) value of an investment is the revenue (or 
expense) attributed to disposing of the investment at the end of its useful life. 
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9.1.2 Time value of money concepts 
The time value of money is the premise that an investor prefers to receive a payment 
of a fixed amount of money today, rather than an equal amount in the future, all else 
being equal. [13] 
 
In other words, the present value of a certain amount of money is greater than the 
present value of the right to receive the same amount of money at certain time in the 
future. This is because the amount a could be deposited in an interest-bearing bank 
account (or otherwise invested) from now to certain time in future in order to yield 
interest.  
 
All of the standard calculations are based on the most basic formula, the present 
value of a future sum, "discounted" to a present value. For example, a sum of future 
value (FV) to be received in one year is discounted (at the appropriate rate of r) to 
give a sum of present value (PV) at present. 
 
So, as to convert cash from one time into another, any one of the following seven 
standard interest factors can be used [12] 

 Single Payment Compound Amount (SPCA) 
 Single Payment Present Worth (SPPW) 
 Uniform Series Compound Amount (USCA) 
 Sinking Fund Payment (SFP) 
 Uniform Series Present Worth (USPW) 
 Capital Recovery (CR) 
 Gradient Present Worth (GPW) 

9.1.3 Cash flow 
Convenient way to display the benefits and costs associated with an investment is a 
cash flow diagram. By using it, the timing of the cash flows is more apparent and the 
chances of properly applying time value of money concepts are increased. [57] 
 
[12] In evaluating energy investment opportunities, the timing of cash receipts and 
expenditures is essential. One of the following approaches can be used. 
9.1.3.1 End-of-period convention 
All cash flows, which occur during any time interval, are assumed to occur at the end 
of the interval. This procedure simplifies computations and will not ordinarily 
introduce major errors in the results. Figure 9.4 illustrates this over a three-year 
period. [12] 
 

 
Figure 9.4: Cash flow diagram based on end-of-period convention [12] 

 
9.1.3.2 Mid-period convention 
Cash flows can be assumed to occur at mid-period, as shown in the Figure 9.5 over a 
three-year period. [12] 
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Figure 9.5: Cash flow diagram based on mid-period convention [12] 

9.1.3.3 Continuous flow convention 
Cash flows for any period are received at a continuous rate. Figure 9.6 shows this for 
eight cash flows per year, again over a three-year period. [12] 
 

 
Figure 9.6: Cash flow diagram based on continuous flow convention [12] 

9.1.4 Evaluation of proposals 
Upon calculation or estimation of investment costs and benefits, attractiveness of 
various investment proposals under consideration can be evaluated. It is presumed 
that the risk or quality of all investment proposals under consideration does not differ 
from the risk of existing investment projects of the factory and that the acceptance of 
any one or a group of investment proposals does not change the relative business 
risk of the factory. The investment decision will be either to accept or to reject the 
proposal. [12] 
9.1.4.1 Payback method 
This method is based on a profitability criterion, represented by the time at the end of 
which the total revenue connected with the operation of an installation, after 
deduction of all outgoings including taxes, is equal to the amount of investment 
required for the purchase, construction and commissioning of the installation. It is the 
ratio of the initial investment over the annual cash inflows for the recovery period, i.e.: 
 

[ ] years 
savings annual

investment initialperiod payback =  

 
The advantage of this method is that it is quite simple; if the payback period 
calculated is less than the maximum period acceptable by the company, the proposal 
is accepted; if not, it is rejected. The drawback is that it does not consider cash flows 
after the payback period; it ignores the magnitude or timing of cash flows during the 
payback period. 
9.1.4.2 Average rate of return method 
The average rate of return is an accounting method that represents the ratio of the 
average annual profits after taxes to the average investment in the project, i.e. 
 

[ ] % 
investment average

taxes after profits annualreturn of rate  average =
 

 
Sometimes original investment is used rather than average investment. 
 
The advantages of this method are that it is simple to use; it makes use of readily 
available accounting information; calculated figures can be compared readily with a 
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required or cut-off rate of return; and the proposal is acceptable if its average rate of 
return is higher than the cut-off rate. The drawbacks are that the method is based 
upon accounting income rather than upon cash inflows and outflows and the time 
value of money is ignored. 
9.1.4.3 Internal rate of return method (IRR) 
This method takes account of both the magnitude and timing of expected cash flows 
in each period of a project life. The IRR for an investment proposal is the discount 
rate that equates the present value of the expected cash outflows with the present 
value of the expected inflows. 
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If IRR is greater than the cut-off or hurdle rate, respectively discount rate, the 
proposal is accepted; if not, the proposal is rejected. 
9.1.4.4 Net present value method 
All cash flows are discounted to present value using the required rate of return.  
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If the sum of these discounted cash flows is equal to or greater than zero, the 
proposal is accepted; if not, it is rejected. 
 
9.1.4.5 Profitability index 
The profitability index or benefit/cost ratio of the project is the present value of future 
net cash flows divided by the initial cash outlay. 
 

 
outlay cash initial

indexity profitabil flows cash net of value present
=  

 
As long as the profitability index is equal to or greater than 1.00, the investment 
proposal is acceptable. 
9.2 Economic evaluation of selected configurations in demand scenario 
Exergo-economic optimization of HRSG and its operative parameters enables finding 
preferable configuration for maximizing flue gases heat recovery from certain size of 
HRSG respectively its surface areas. So in the terms of costs of new CC system it 
only provides information about HRSG surface cost. 
 
Total CC investment cost comprises costs of ST with generator and gear, balance of 
plant equipment and HRSG which except heat exchanger surface costs also includes 
cost of components such as duct burner, framework, ducting, fans, riser and 
downcomer tubes, circulating pumps and fans. It is therefore crucial to calculate 
economic viability of investment into a new system for given pipeline compressor 
station demand using the investment cost given in  
Table 9-1 and economic assumptions given in Table 9-2.  
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Table 9-1: Structure of the investment cost 

 
Table 9-2: Reference values for economic calculation 

Data Value Unit Reference 
Project lifetime (n) 20 Years  

Load factor 90 %  
Revision cost (% of investment cost) 5 %  

Revision frequency 10 Years  
O&M cost (% of investment cost) 1 %  

Fuel price 228 $/t [58] 
Discount rate (i) 10 %  

Electricity sellback price 5 $¢/kWh [50] 
CO2 emission certificate 30 $/tCO2 [23] 

 
So as to compare the proposed configurations in the terms of economic viability 
according algorithm explained in paragraph 9.1 with assumptions given in  
Table 9-1 and Table 9-2 cost of electricity, internal rate of return and payback period 
shall be calculated for demand scenario defined in 4.3. 
9.2.1 Cost of electricity 
Cost of electricity is calculated from (9.2-1). 

T
CRE =                 (9.2-1) 

Wherein CR means capital recovery and T means number of operating hours per 
year. Thereby is CR calculated from the term (9.2-2). 

1i)(1
i)i(1*cost)) PV(fuel  cost) M&PV(O  cost) PV(rev.  cost) PV(inv.(CR

n

n

−+
+

+++=  (9.2-2) 

Wherein PV means present value, n is number of years and i means the discount 
rate. Complete algorithm used for calculating the cost of electricity is given in 
Enclosure 2. 

Table 9-3: Cost of electricity  

Configuration 1P 2P1 2P2 2P3 3P1 3P2 3P3 
El. production cost [$¢/kWh] 4.91 4.87 4.77 4.64 4.87 4.74 4.72 

CO2 reduction[$¢/kWh] 2.15 2.01 1.97 1.90 2.00 1.94 1.93 
Net electricity cost [$¢/kWh] 2.76 2.86 2.79 2.74 2.87 2.80 2.79 

 
As it is apparent form Table 9-3 configuration 2P3 offers the cheapest electricity.  
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9.2.2 Internal rate of return 
As it is apparent from Table 9-4 all configurations under assumed values are viable 
since IRR values are greatest than assumed discount rate of 10%. Most viable is 
configuration 2P3 as it provides the highest IRR. Furthermore it is interesting to note 
that viability limit is at the natural gas price of 387$/t. 

Table 9-4: Internal rates of return 

Configuration 1P 2P1 2P2 2P3 3P1 3P2 3P3 
IRR [%] 12.45 12.20 12.50 12.96 11.49 11.74 11.74 

9.2.3 Payback period 
As it is apparent from Table 9-5 configuration 2P3 also offers the shortest payback 
period. 

Table 9-5: Payback period 

Configuration 1P 2P1 2P2 2P3 3P1 3P2 3P3 
Payback period [years] 7.12 7.23 7.10 6.91 7.55 7.43 7.43 

9.2.4 Comparison and selection 
Apparently configuration 2P3 is preferable since it provides the cheapest electricity, 
the lowest IRR and the shortest payback period. Its cash flow diagram is given in 
Figure 9.7 
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Figure 9.7: Cumulative cash flow configuration 1P  

 
The cash flow show in Figure 9.7 is certainly unfavorable offering relative long 
payback of 6.91 years. Change of the curve inclination between 9 and 10 years and 
between 19 and 20 years refers to the revision cost. Causes and guidelines for more 
effective and more viable waste heat utilization are outlined in conclusion. 
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10. Economic sensitivity analysis 
In order to simplify the economic evaluation carried out in this work, certain 
parameters such as inflation, taxes and depreciation are not taken into account. 
Among assumptions given per Table 9-2, some of them are certainly exposed to 
variations either due to global politic and economic situation or because of local 
contracting conditions between the client and corresponding institution (bank, 
Electricity Company etc.).  
 
One of the parameter that is subject to global and regional political and economic 
situation is definitely natural gas price, which is already today very much varying 
between different regions and countries, as shown in Figure 10.1. [21] Its future price 
can only roughly be estimated since it is a matter of security of supply, global market 
trends and outstanding natural gas reserves, which are shown in Figure 10.2. [21] 
 

  

 
Figure 10.1: Natural gas prices in Europe (2007) [21] 

 
  

 
Figure 10.2: World reserves of natural gas (2006) [21] 
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10.1 Influence of variable fuel and CO2 emission certificate prices 
Assuming that the total investment cost, followed by revision cost and O&M cost 
which are linked to it, shall not vary significantly it is interesting to examine the 
dependency of net electricity production cost on various fuel prices and various 
prices of CO2 emission certificates. Such a diagram is shown for the basic 
configuration 1P in Figure 10.3. 

0

1

2

3

4

5

6

7

8

200 250 300 350 400 450 500 550 600 650 700 750 800

Fuel consumption price ($/ton)

Ne
t E

l. 
pr

od
uc

tio
n 

pr
ic

e 
($

¢/
kW

h)

0$/tCO2 30$/tCO2 60$/tCO2

loss

profit

 
Figure 10.3: Electricity production cost vs. natural gas price with CO2 price as parameter  

 
Figure 10.3 outlines dependence of electricity production cost on fuel price and CO2 
emission certificate price. Graph has to be understood qualitatively since real viability 
index is IRR shown in Table 9-4. However it is apparent that the investment in waste 
heat recovery projects is viable even under increased fuel prices if the emission 
certificate price would increase. 
 
Furthermore it is interesting to examine influence of fuel annual escalation rate on 
project viability what is examined for fuel annual escalation rates from 0-10%. 
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Figure 10.4: Influence of fuel escalation rate on project viability 

As it is apparent from Figure 10.4 under annual fuel escalation rates higher than 
7.2% considered waste heat recovery project is not any more viable. 
10.2 Influence of supplementary firing on project viability 

10.2.1 Cost of electricity 
Cost of electricity is calculated according algorithm given in Enclosure 2. 

Table 10-1: Cost of electricity for fired HRSG 

Configuration 1P 2P1 3P1 
Electricity production cost [$¢/kWh] 4.9 5.6 5.7 

Compensation for CO2 reduction[$¢/kWh] 0.9 1.8 1.8 
Net electricity cost [$¢/kWh] 4.0 3.8 3.9 

 
As it is apparent from Table 10-1 configuration 2P1 provides the cheapest electricity 
what is consistent with the result for the unfired mode where the 2P3 configuration 
provides the cheapest electricity. Reason is in a large system whereby the revenues 
can not payoff investment and other costs in a viable way. 
10.2.2 Internal rate of return 
As it is apparent from Table 10-2 none of considered configurations are viable since 
IRR values are quite below the assumed discount rate of 10%. 

Table 10-2: Internal rates of return for fired HRSG 

Configuration 1P 2P1 3P1 
IRR [%] 5 8 7 
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10.2.3 Payback period 
As it is apparent from Table 10-3 configuration 2P1 offers the shortest payback 
period which is however too long to be considered for a potential investor as are also 
the payback periods for the other two configurations. 

Table 10-3: Payback period for fired HRSG 

Configuration 1P 2P1 3P1 
Payback period [years] 12.5 10.2 10.5 
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11. Conclusion 
Shortage in reserves of most important fossil fuels of present; oil and natural gas 
followed by environmental concerns caused by excessive firing of these fuels bring to 
stronger requirements on energy efficiency issues in all kinds of power production 
and consume. 
 
Pipeline compressor stations present only one part of turbomachinery whose 
efficiency might be increased by utilizing the waste heat from the gas turbines that 
are used as prime movers. There was not much effort made in investigation and 
assessment of such possibilities in the recent history. Firstly it can be attributed to the 
fact that due to sufficient reserves and acceptable prices of natural gas it was not an 
imperative to invest time and money in such attempts. On the other hand, modern 
methods for CC plant optimization and development of computer programs used for 
CC plant calculation and optimization took part in a larger extent in the last 10 years. 
 
In closer history thermodynamic calculations of CC power plants have been 
conducted at base load (also called the design point) for the e.g. summer regime 
followed by calculation at only one additional operating point (e.g. winter regime) 
using empiric correction factors for taking into account different ambient conditions 
and rate of heat transfer in HRSG. Today’s higher requirements on efficient CC 
operation followed by respect to economic aspects make the calculation of the CC 
system in all operating regimes more complex wherefore is the calculation per hand 
not any more reliable. Development of computer programs used for heat and mass 
balance calculations enabled more reliable prediction of system behavior at various 
part load and ambient conditions. By that it is possible to make more accurate 
estimations of consumed fuel, produced power and optimally required HRSG surface 
areas followed by optimal HRSG operative parameters. Usage of such computer 
programs enables determination of best configuration for certain application and also 
provides the possibility to test the newly developed equipment for the certain 
application.  
 
In this work an exergo-economic HRSG optimization based on minimization of the 
objective function comprising the HRSG cost of exergy losses and HRSG surface 
cost is conducted. By means of this method several 1P, 2P and 3P configurations are 
optimized for finding HRSG operative parameters providing the lowest total 
annualized HRSG cost. Employed optimization method [48][49] and obtained results 
manifest meaning of the thermoeconomic optimization whereby more expensive 
HRSG surfaces cause less heat transfer from flue gases to water(steam) respectively 
increase of pinch point and decrease of fresh steam pressure resulting in a smaller 
surface size. However initial optimization results show insensibility of the objective 
function on the cost of surfaces providing zero pinch point. Such result demonstrates 
low surface costs compared to the cost of exergy losses for given parameters of 
available flue gases and assumed factors of the objective function. Incorporation of 
exergy of inlet feed water and outlet gas (which are neglected by authors of the 
selected optimization method) result in max. pinch point and pressure values striving 
to reach the critical state. Such result of pressure value is however not feasible for 
design of the industrial steam turbine. Furthermore tendency of reaching upper limit 
of pinch point shows inadequacy of this approach. Sensitivity analysis of extended 
objective function shows decrease of pinch point at lower values of exp however the 
fresh steam pressure remains unchanged wherefore is application of extended 
objective function not adequate for analyzed waste heat recovery system. 
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So as to obtain positive but realistic pinch point values surface exponent exp is 
introduced into optimization based on reduced objective function as proposed by 
authors of [48][49]. So as to take into account higher cost of 2P and 3P HRSG due to 
more complex HRSG passive part, a system complexity factor fc is introduced. Idea is 
to find the value of the surface exponent obtaining minimal feasible pinch point 
provided by the heat recovery steam generator manufacturer. Referent minimal 
feasible pinch point is selected for unfired case. Proper value of the surface exponent 
is determined on the basic single pressure configuration. Upon defining optimization 
criteria this value is further used for optimization of other configurations.  
 
Existence of thermoeconomic criteria means that optimal configuration shall not 
provide maximal thermodynamic efficiency. Calculation results show that the 
configuration 3P3 offers the highest CC efficiency whilst the configuration 2P3 offers 
the lowest total annualized HRSG cost. Predefined single pressure, dual pressure 
and triple pressure system configurations are further examined in operating regimes 
of the pipeline compressor station. Thereby are cost of electricity, cash flow and 
internal rate of return calculated. Comparison of configurations is based on diagram 
presenting electricity cost and net system efficiency. Pareto front with respect to both 
criteria; maximal system efficiency and minimal cost of electricity is constructed. 
Thereof 2P3 and 3P3 configurations are the closest to the Pareto front whereby the 
first is characterized by the lowest cost of electricity and the latter by the highest 
system efficiency.  
 
Economic evaluation considers annual respectively lifetime operation of a new heat 
recovery system in operating regimes of pipeline compressor station so as to 
examine if the configuration costs can be paid off with obtainable revenues and in 
which payback period. Economic results show that all configurations are viable 
whereby the preference in the terms of viability belongs to configuration 2P3. 
 
There are three major reasons influencing the relative low efficiency of the heat 
recovery system followed by unfavorable payoff conditions.  
 
Firstly, gas turbines have relative low efficiency in particular at the part load. 
THM1203 gas turbines employed in a considered pipeline compressor station are ca. 
15 years old and do not offer very high efficiency. New gas turbine of the same 
turbine family, which was developed recently, has ca. 8% higher efficiency at the 
base load. It is characterized by slightly smaller exhaust gas temperature but has ca. 
40% higher exhaust gas flow at base load. [23] 
 
Secondly, demanded mechanical power at pipeline compressor shafts is quite 
oscillating. LDC for the actual demand scenario shows that during ca. 4000h pipeline 
compressor shaft is operating at a load below 50% of nominal. Furthermore, mode of 
operation in which there are always at least two gas turbines in operation 
necessitates operation of gas turbines at quite low loads. However such an operating 
mode is selected for security reasons, respectively to enable one turbine to overtake 
the demand if the other is out of operation due to any reason. From Table 4-1 and 
Figure 4.8 results that such demand and operating strategy cause the gas turbines to 
operate between 18-88% of the nominal power where the gas turbine efficiency 
reaches values even 45% below nominal in some regimes. 
 
Thirdly, investment cost is quite high for plants of this size.  Although we are dealing 
with a CC system respectively its particular kind MDCC system in the terms of 
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upgraded equipment it is actually a ST plant with a HRSG instead a conventional 
fossil boiler.  
 
Last but not least, it is not very viable to produce only electricity from such an 
upgraded system. However for gaining higher efficiencies a significant heating and/or 
cooling load should be present at location whereby heating or cooling energy could 
be produced simultaneously with production of electricity. [59][10][61] Reason for that 
lies in the fact that the condensing steam turbine employed in proposed 
configurations characterizes quite high heat loss resulting from heat transfer of 
condensing steam to the cooling water equaling ca. 45% [59][60]. In case of 
cogeneration cycle exhaust steam from the ST is supplied to consumers where it is 
fully utilized. This is accomplished by employing a backpressure steam turbine (or 
alternatively extraction condensing steam turbine) providing overall thermal 
efficiencies up to 90%.[8] Furthermore, in case of a cooling demand a trigeneration 
system is applied. It typically comprises a cogeneration system equipped with an 
absorption chiller (or other equipment) producing the cooling energy from the LP 
steam which is used for process or space cooling. 
  
Based on result presented in this work guidelines for efficient waste heat utilization 
from pipeline compressor stations might be emphasized into: 
 

 Focus should be on compressor stations providing considerable enthalpy of 
available flue gases 

 Annual demand and operating mode should be such that gas turbines in 
operation do not run below 50% load 

 Preference should be given to the sites where exists a significant demand for 
process heating, district heating or district cooling 

 
Further efforts for research of waste heat utilization from pipeline compressor stations 
should also be directed in feasibility and viability examination of other technologies 
for waste heat utilization. Predictable rising demand for natural gas suggests 
incorporation of a gas pipeline model aiming to assess influence of variations in 
natural gas supply on optimal gas turbine operation. Prediction and modeling of 
available heating or cooling demand at location would make the results even more 
reliable.  
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Figure 1: HPSH1 temperature profile 
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HP Evaporator: 
 

 

Figure 2: HPEVA temperature profile 
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Figure 3: Schematic of HP drum and evaporator 
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Wherein m/D is described as O and is known as the circulation ratio. It depends on a drum 
arrangement and drum type which can be natural or forced circulation. 
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Figure 5: h-s diagram of ST expansion 

 
Expansion process in the steam turbine is determined by following predefined parameters: 
Enthalpy at the HP steam turbine inlet is calculated from inlet pressure and temperature. 
hHPinlet=f(p,T) 
 
Extraction point (for deaeration) lies on the expansion line drawn between the two above points, 
and its enthalpy is calculated from extraction pressure. 
hLPinlet=f(p, T) 
 
Enthalpy at the steam turbine outlet calculated from condensing pressure: 
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Real enthalpy drop is calculated from ideal enthalpy drop and ST isentropic efficiency: 
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Project lifetime  = 20 years 
Hours/year   = 8760 h/year 
  
Load factor   = 90% 
Production per kW per year = Hours/year x Load factor 
    = 8760 h/year x 0.9 
    = 7884 kWh/kW/year 
 
Revision cost [%]  = 5% 
Revision frequency  = 10 years 
Revision cost   = Revision cost x Investment costs  
 
O&M costs [%]  = 1% 
O&M costs   = O&M cost x Investment costs  
 
Fuel price   = 228$/t 
Fuel cost   = Annual fuel consumption x Fuel price 
 
In order to obtain present value of all costs, present value (PV) of each cost is calculated. 
 
Discount rate   = 10 % 
 
PV revision   = Revision cost x SPPW (i,n) 

= Revision cost x 
ni)(1

1SPPW
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PV O&M cost   = O&M cost x USPW (i,n) 
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PV fuel cost    = Fuel cost per kW x USPW (i,n) 

= Fuel cost per kW x 
n

n

i)i(1
1i)(1USPW

+
−+

=  

 
PV total costs   = Investment cost + PV revision + PV O&M + PV fuel 
 
By knowing the present value of costs it is possible to calculate the capital recovery, 
respectively the annual income which is required for paying off the costs. 
 
Capital recovery  = PV total costs x CR (i, n)    

    = PV total costs x 
1i)(1

i)i(1CR
n

n

−+
+

=  

 
Electricity cost   = CR/ Production per kW per year 
 
 
Revenue for electricity sellback to the grid 
 
El. sellback price  = 5 $¢/kWh = 0,05 $/kWh 
El. sellback annual income = EGEN x electricity sellback price 
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Revenue for CO2 reduction 
 
Annual revenue  
for CO2 reduction   = CO2 reduced x emission certificate price 
    = [tCO2/year] x 30 [$/tCO2] 
  
Revenue for CO2  

reduction per kWh  = 
GEN ST,E

 reduction CO2 for revenue Annual
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