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Abstract 
The liberalization of electricity markets and a growing penetration of renewables has led many countries to 

feel changes in the operation of their grids. The boundary conditions for the operation of conventional 

power plants are changing and, as such, an improved understanding of the varying loads and prices on the 

electricity grid is required to assess the performance of emerging combined cycle gas turbine (CCGT) 

concepts and to further optimize their design for these new markets in the pursuit of increasing their 

profitability, especially when considering co-generation of heat and power. A clear consequence of such 

renewable integration is the need for these plants to be more flexible in terms of tamping-up periods and 

higher part-load efficiencies. In the pursue of greater power plant dispatch flexibility, new ideas and 

technologies are being analyzed and tested in new and in already existing installations. Power plant 

simulations in modeling tools offer the possibility to have first estimates of how profitable it is to implement 

a new technology, operation scheme or dispatch strategy without having to invest in building the systems 

or applying any change to the operation of a real power plant. DYESOPT is one of the modeling tools used 

by researchers and consultants at KTH for simulating and doing techno-economic analyses of thermal 

energy systems. It has proven to be an accurate and customizable tool for the task. In that sense, the work 

in this thesis project is to enhance this modeling tool by incorporating a new power plant layout, which will 

be used in future works for increasing dispatch flexibility of a pilot combined heat and power plant. The 

power plant modeled consists on a topping Brayton cycle coupled to a bottoming Rankine cycle with three 

pressure levels, reheat features, and two extractions to feed a district heating system (one extraction from 

the low-pressure section of the steam turbine, and other from the economizer section of the heat recovery 

steam generator). The model was built considering the novel ideas to be tested on it and was then validated 

by comparing its performance against operational data provided by a real power plant during steady state 

conditions and part load transients. The results show that the validated model is of high relevance for further 

investigations regarding flexibility increase of CCGT-CHP power plants. 
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Nomenclature  

Abbreviations 

 

CAPEX Capital Expenditure 

CCGT Combined Cycle Gas Turbine 

CHP Combined Heat and Power 

Cond Condenser 

CSP Concentrated Solar Power 

DH District Heating 

DSG Direct Steam Generation 

DYESOPT Dynamic Energy System Optimizer 

ECO Economizer 

EEG Electrical Energy Generation 

EES Electrical Energy Storage 

EVA Evaporator 

GT Gas Turbine 

HES Heat Energy Source 

HP High Pressure 

HPT High Pressure Turbine 

HRSG Heat Recovery Steam Generator 

HX Heat Exchanger 

IP Intermediate Pressure 

IPT Intermediate Pressure Turbine 

KTH Kungliga Tekniska Högskolan 

kW Kilowatt 

kWh Kilowatt Hour 

LCOE Levelized Cost of Electricity 

LHV Low Heating Value 

LP Low Pressure 

LPT Low Pressure Turbine 

MATLAB Matrix Laboratory 

MW Megawatt 

MWh Megawatt Hour 

MWth Megawatt Thermal 

NTU Number of Transfer Units 

OM Operation Mode 

OPEX Operational Expenditure 

OPGT Open Cycle Gas Turbine 

PB Power Block 

PV Photovoltaic 

RH Re-heater 

SH Super-heater 

ST Steam Turbine 

STPP Solar Tower Power Plant 

TES Thermal Energy Storage 
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Symbols and Greek Letters 

 

𝐴𝐸 
 

Absolute Error 

𝜂𝑠𝑐 Compressor Isentropic Efficiency 
𝜂𝑝𝑐 Compressor Polytropic Efficiency 

�̇�𝑐 Compressor Power (shaft) 

𝑃𝑅𝑐 Compressor Pressure Ratio 

𝜀 Effectiveness 

∆ℎ Enthalpy Difference 

�̇�𝑓𝑢𝑒𝑙 Fuel Mass Flow 
𝑚𝑓𝑢𝑒𝑙 Fuel-to-air Mass Flow Ratio 

�̇�𝑡 Gas Turbine Power (shaft) 

ℎ𝑖𝑛 Inlet Enthalpy 

𝑚𝑖𝑛 Inlet Mass Flow 

𝑃𝑖𝑛 Inlet Pressure 

𝑃𝐻𝑅𝑆𝐺 Inlet to HRSG Pressure 

�̇�𝑚𝑎𝑖𝑛 Main Air Mass Flow 

𝜂𝑚𝑒𝑐 Mechanical Efficiency 

ℎ𝑜𝑢𝑡 Outlet Enthalpy 

ℎ𝑜𝑢𝑡_𝑠 Outlet Isentropic efficiency 

𝑃𝑜𝑢𝑡 Outlet Pressure 

%𝑅𝑉 Percentage of Real Value 

𝑃𝑣 Predicted Value 

∆𝑃 Pressure Difference 
𝐸𝑝𝑢𝑚𝑝 Pump Power 

𝑅𝐸 Relative Error 

𝑓𝑑𝑃 Relative Pressure Drop Factor 
𝐶𝑝 Specific Heat Capacity 

𝑥 Steam Quality 

�̇�𝑡 Steam Turbine Power (shaft) 

∆𝑇 Temperature Difference 

�̇�𝑒𝑙𝑒𝑐  Total CCGT Electric Power Output 

𝑇𝑣 True Value 

𝜂𝑠𝑡 Turbine Isentropic Efficiency 
𝜂𝑝𝑐 Turbine Polytropic Efficiency 

𝑃𝑅𝑡 Turbine Pressure Ratio 

𝑉𝑖 Volumetric Flow Rate 
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1 Introduction 

The liberalization of electricity markets and a growing penetration of renewables has led many countries to 

feel changes in the operation of their grids. The boundary conditions for the operation of conventional 

power plants are changing and, as such, an improved understanding of the varying loads and prices on the 

electricity grid is required to assess the performance of emerging combined cycle gas turbine (CCGT) 

concepts and to further optimize their design for these new markets in the pursuit of increasing their 

profitability, especially when considering co-generation of heat and power. A clear consequence of such 

renewable integration is the need for these plants to be more flexible in terms of tamping-up periods and 

higher part-load efficiencies. Flexibility becomes an even clearer need for combined heat and power (CHP) 

plants to be more competitive, especially when simultaneously understanding the complexity of market 

hourly price dynamics and varying demands for both the heat and the electricity markets. In order to cope 

with such dynamic grid behavior and, in the frame of the European Union’s Horizon 2020 research and 

innovation programme, a consortium formed by the Royal Institute of Technology (KTH) and other 

academic institutes and private stakeholders,  is working on a project to increase the flexibility of CCGT-

CHP plants by implementing and optimizing energy accumulation technologies. Within the initial stages of 

the project, it is necessary to make a techno-economic analysis of a particular CCGT-CHP plant coupled 

with a district heating (DH) system when different thermal energy storage solutions are incorporated. To 

assist with decision making, a techno-economic simulation tool (DYESOPT) developed in KTH has been 

proposed. DYESOPT is capable of performing power plant design, performance evaluation and equipment 

costing as well and multi-objective optimization based on the performance indicators calculated by the 

techno-economic models. The tool has a variety of models for designing and simulating tecno-economic 

performance of large-scale power plants, especially solar power plants. It has also been used for research 

projects on the field of CHP combined with DH systems [1] [2], however, DYESOPT does not have a 

detailed and flexible model that can be directly applied to the aforementioned project for increasing CCGT-

CHP flexibility. It is therefore necessary to develop and implement a new model of a CCGT-CHP coupled 

with a DH system into the optimization tool. 

Thesis Objectives 

The main objective of this thesis is to enhance the techno-economic modeling tool by developing, validating 

and integrating a CCGT-CHP model for application in further analyses in the pursue of increasing CCGT-

CHP power plant’s flexibility. 

Specific objectives can be divided into: 

• Theoretical literature review on CCGT-CHP technologies, in particular, those combined with DH 

systems 

• Acquaintance with existing technical and economic performance models in the tool 

• Identification of key technical aspects needed in the new model to properly capture the influence 

of novel technologies in the CCGT-CHP plant 
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• Development and implementation of a new CCGT-CHP model coupled with a DH system. 

• Validation of the implemented model by comparing against real data when considering the same 

boundary conditions 

• Documentation of the new model, including technical assumptions and limitations 

Previous Work 

The tool was first developed by J. Spelling during his PhD work [3] for the evaluation of the hybrid solar 

power plants and has been used in a variety of research projects ever since. It started having a model of a 

hybrid solar power plant in which there was a solar field with heliostats, a Brayton cycle combined with a 

Rankine bottoming cycle as well as thermal energy storage. Because it was proven to be such a useful and 

flexible tool, more research projects started using it and more models have been implemented since. Major 

contributors to the tool have been Rafael Guedez and Monika Topel, whose doctoral theses, [4] [5], and 

several other research projects have involved the use and development of the modeling tool. More closely 

related to the topic, the work of Camilla Racioppa and Srinivasan Santhakumar [1] [2], have dealt with similar 

CHP and CCGT layouts in the modeling tool. 

1.1.1 CHP model developed by Camilla Racioppa 

This model consists of a combined heat and power plant in which wood chips are burned in a load bubbling 

fluidized bed. This boiler would provide steam at 540 °C and 140 bar to the steam turbines, producing 35 

MW of electric power. Then, the heat remaining in the steam would be rejected in two condensers and 

transferred to the district heating system. This model was used to make a comparison between operation 

strategies based on electricity prices against conventional heat demand driven strategies for a CHP plant 

connected to the DH system in the Swedish energy network. This model has some similarities to the model 

being developed in this work. However, the main difference is that the heat delivered to the Rankine cycle 

is provided by a boiler instead of by a gas turbine exhaust. Also, the Rankine cycle layout used (steam 

extractions, pre-heaters, deaerators, condensers, etc.) would not allow for certain thermodynamic 

restrictions, inherent to the power plant modelled, to be set. Therefore, certain specific constrains in terms 

of temperature levels in specific parts of the cycle, would not have been possible to model. 

1.1.2 CHP model developed by Srinivasan Santhakumar 

This model consists of a 300 MW gas turbine cycle, coupled to a heat recovery steam generator for a Rankine 

cycle which provides both, electricity for the grid (150 MW) and heat for the district heating network (up to 

250 MW). It also features a hot water tank for thermal storage (500MWh). The model was used to make a 

techno-economic analysis when integrating the thermal energy storage system under three different modes 

of operation: heat driven mode, electricity driven mode and market driven mode. Because it has the same 

general components, Brayton and Rankine cycles, together with DH integration, this model was review but 

found not to be suitable for the analysis required for this project since it does not have the design flexibility, 
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nor the layout required. Nevertheless, it provided with useful ideas and modelling techniques applied 

through this work.  

Thesis Structure 

The work done in this thesis can be divided in the following stages: 

Chapter 1: Introduction. 

This chapter provides with an introduction about the work, mentioning previous work related to the matter, 

as well as the theses structure and its objectives. 

Chapter 2: Literature review. 

Many aspects are reviewed and studied in this stage of the thesis. First, CCGT-CHP plants, together with 

DH systems. Then, various simulation tools and modeling approaches. Finally, a review of the technologies 

involved in the solutions proposed in the project. 

Chapter 3: Acquaintance with the modeling tool. 

Previous models developed in DYESOPT are studied, especially those using CCGT and DH. Having 

understood the features and limitations of those models, it is possible to define a base line from which the 

new model would be created. 

Chapter 4: Model description. 

The model of the CCGT-CHP plant is developed and implemented in DYESOPT. The steps for 

dimensioning the power plant and evaluating its performance are described in this section, as well as key 

assumptions and component’s specifications.  

Chapter 5: Model validation, methodology and results. 

The model is validated by comparing the results against real plant data, both for the steady state performance 

under different operation conditions and for the dynamic performance. The methodology used for the 

validation is described in this section. Finally, the results are presented and discussed. 

Chapter 6: Conclusions. 

The model’s features, limitations and applicability are discussed.  

Chapter 7: Future work. 

Potential improvement opportunities are identified and addressed for future work. 
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2 Theorical Framework 

Brayton Cycle 

The modern Brayton Cycle, or Gas Turbine Cycle, has revolutionized the use of natural gas for the power 

generation industry. In present days, Gas Turbines in simple open cycles can reach efficiencies of up to 46% 

[6] and play a massive role in the power generation sector because of their profitability, relatively low 

emissions, fast response capabilities and reliability.  

The Brayton Cycle in its open configuration is composed by three main components, the compressor, the 

combustion chamber and the turbine, using air as working fluid, see Figure 1. In normal operation, air at 

ambient conditions is drawn through a series of filters to the axial compressor, where is compressed 14 to 

30 times the ambient pressure [7]. Then, the air goes to the combustion chamber where fuel is constantly 

injected, releasing heat and raising the air’s temperature and pressure. Finally, the air is expanded in the 

turbine and released to the ambient. The axial compressor and the turbine are coupled to the same shaft, 

which also drives the electric generator that produces the electricity. 

 

  
Figure 1. Brayton Cycle 

 

Rankine Cycle 

A Rankine cycle, also referred to as steam cycle, is composed by four main components: the steam generator 

or boiler, the steam turbines, the condenser and the feedwater pumps. 

The steam generator is where water is raised into steam using a series of heat exchangers. The heat used for 

this purpose can be a byproduct from a previous process, e.g. exhaust gas from a gas turbine cycle. The heat 

can also come from a combustion reaction, e.g. burning coal, natural gas or residual fuels, or from other 
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processes such as nuclear reactions. The design of the steam generator varies depending on the source of 

heat being used and whether they are subcritical or supercritical. The difference between subcritical and 

supercritical cycles is the range of pressures and temperatures of the steam in the cycle. Subcritical steam 

cycles, the ones used in this work, operate with maximum steam temperatures of 540°C and pressures of 

170 bars, whereas supercritical cycles can reach steam temperatures up to 600°C and pressures up to 300 

bars. Supercritical cycles are more efficient and, because distinction between liquid and gaseous states ceases 

to exist, there is no need for having steam drums in the system (for allowing the water to boil), however, 

the design and manufacturing can be more complex and expensive because of the materials used to cope 

with these extreme temperatures and pressures. Regardless of the heat source, steam generators used in 

Rankine cycles can be divided in three or four main sections: economizer, evaporator, superheater and 

occasionally, a re-heater. In those sections the water is heated to saturation conditions, vaporized, 

superheated to the maximum steam temperature and reheated respectively. If present, the reheat section is 

fed with steam from a high-pressure steam turbine and provides with steam at the maximum temperature 

level to the intermediate pressure steam turbine, making the cycle more efficient in the process. 

After the boiler or steam generator, the steam is passed through the steam turbines, which job is to convert 

the heat energy contained in the steam into mechanical energy. Both, steam temperature and pressure fall 

in the process as energy is extracted from the steam through the turbine, therefore, in order to get as much 

energy as possible, the turbines are divided in stages, each with different blade designs and geometries, 

optimized for particular steam conditions. Usually, high-pressure and intermediate pressure stages are 

mounted in the same shaft, whereas the low-pressure unit is a separated unit, mechanically connected or 

not, but spinning at lower speeds. In any case, these shafts then drive a electric generator for electricity 

production. In general, the greater the temperature drop and the greater the pressure drop available, the 

more energy can potentially be captured from the steam. Consequently, the most efficient power plants 

condense the steam back to water at the end of the turbine [8]. 

To extract the maximum amount of energy from the steam, a condenser is installed after the last stage of 

the low-pressure steam turbine. The condenser can be either a wet condenser, like the one used in this work, 

in which the steam is condensed back to water using other stream of cool water e.g. from a river, or a dry 

condenser, in which with help of a secondary loop, the steam is condensed rejecting the heat to a stream of 

air. Once the steam is condensed into water, it is pumped back to the boiler to close the cycle. A modern 

subcritical Rankine cycle can reach thermal efficiencies of up to 40%, measured as the ratio of heat required 

over electricity produced. 
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Figure 2. Rankine Cycle 

 

Combine Cycle Gas Turbines (CCGT) 

Typical gas turbine cycles have exhaust gases exiting at high temperatures, usually from 400°C to 500° C 

[9]. When considered together with the mass flow of air used, it is evident that there is a significant amount 

of energy being wasted, dissipated to the ambient. The combined cycle gas turbine is a concept implemented 

to make use of this hot stream of air, or exhaust gas, and further transform this heat into useful electricity 

[10]. The most efficient way to do so, is by adding a bottoming Rankine cycle, improving the overall 

efficiency of the power plant from 45% to 60% [6]. In this configuration, the hot exhaust gas leaving the 

gas turbine is passed through a heat recovery generation unit (HRSG), where its heat is used to generate 

steam, which is then used in the Rankine cycle. A simple diagram of a CCGT is shown in Figure 3, showing 

the Brayton and Rankine cycles connected through the HRSG. In theory, any bottoming Rankine cycle can 

be coupled to any Brayton cycle as long as there is enough heat in the HRSG to generate the required mass 

flow of steam. In typical configurations, the share of electric power produced by the topping and the 

bottoming cycle is around 67% and 33% respectively. Modern, very efficient gas turbines can reach exhaust 

gas temperatures as low as 400°C, however, when used in combine cycle configurations, this temperature is 

usually closer to 600°C to achieve higher Rankine cycle efficiencies, and higher overall CCGT efficiencies. 

The last generations of CCGTs usually feature a Rankine cycles with two or three pressure levels and reheat 

capacity, with maximum steam temperatures of 540°C and high-pressure levels in the realm of 170 bars [8]. 

One key component when studying CCGTs is the HRSG, which role is to convert as much of the heat as 

possible from exhaust gas of the gas turbine to steam for the steam turbines. From the Rankine cycle 

perspective, the first section of the HRSG is the economizer, where low grade heat is used for heating the 
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feedwater up to saturated conditions. Then, the hot water is fed into the evaporator, where it is converted 

to saturated steam. Finally, the steam is further heated from its saturated point to the maximum design 

temperature in the superheater section of the HRSG. After the superheater the steam is fed into the steam 

turbines and the cycle continues. An additional module of the HRSG is the re-heater, which reheats steam 

from a high-pressure steam turbine before it is fed to an intermediate pressure steam turbine. 

 

 
Figure 3. Combine Cycle Gas Turbine 

 

Combined Heat and Power Plants 

Modern combined cycles can reach efficiencies of up to 60% when generating electricity from burning fossil 

fuels, however, not every power plant is as efficient. Even using the most efficient systems there is still a lot 

of potential energy to be recovered. It is estimated that between 40% and more than 80% of all the energy 
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released during combustion in power plants is wasted [8]. This has led other solutions to be developed, one 

of which is the concept of combined heat and power plants (CHP). The idea behind this concept is to 

generate electricity and useful heat simultaneously. The heat provided by the cycle can be used in other 

industrial processes or to supply a district heating network with hot water. 

There are many configurations in which a power plant would be able to provide with both heat and power. 

The one used in this work, consist on a CCGT with steam extractions for heating water for the district 

heating system. Extracting steam from the Rankine cycle would yield lower electricity production, however, 

when the heat supplied is also accounted for, the total power plant efficiency can go from less than 60% to 

almost 90% [8].  

 

 

Figure 4. Combined Heat and Power Plant 

 

One interesting component in CHP plants are the steam turbines. In general, these can be either condensing 

turbines or back-pressure turbines. A condensing turbine discharges vacuum pressure steam to the 

condenser. These turbines work under greater pressure difference and can extract more mechanical power 

than the rest but cannot be used in CHP plants since there is no usable heat left after the expansion. A back-

pressure turbine, however, allows for steam to be extracted at a desired pressure and temperature. In that 

way a fraction of steam can be extracted for heating supply purposes while the rest of the steam is further 

expanded in the turbine for electricity generation. 
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CHP plants like this one can shift their production from full electric mode, where only electricity is 

generated, to full cogeneration mode, where the plant provides with as much heat as it can produce whilst 

still generating a fraction of electricity. The electric-to-thermal power output ratio for CHP plants is referred 

to as the alpha value, and in this configuration, CCGT-CHP for DH systems, its value is typically around 

1.3. 

District Heating Systems 

District heating systems are considered to be one of the most efficient ways to provide with heat for space 

heating in buildings and/or other processes in the commercial or industrial sector. The concept consists on 

providing with steam or hot water to a network, i.e. a whole city or a small community. The heat from that 

hot water is then extracted by means of heat exchangers in every building. The hot water in this secondary 

circuit, is then circulated around the building to supply radiators for space heating or other domestic use. 

The main advantage of such systems is that it replaces single heating units (boilers, heat pumps, electric 

heaters) with cheaper centralized heat that, in most cases, would otherwise be wasted. These systems also 

offer great flexibility in terms of heat source. After the network is installed, the heat source can be any other 

system able to provide with enough heat at the proper temperature levels. 

Large scale DH systems can supply entire cities or municipalities and they get heat from thermal power 

stations like waste-to-energy plants and CCGT CHP plants. To maximize efficiency, there may be multiple 

steam extraction points at different temperatures with the DH water heated by heat exchangers in series. 

Modern power plants include the use of economizers to capture the low-grade heat from the flue gases in 

such installations. For small scale DH systems, for smaller communities, the heat source may be a small-

scale CHP plant, a biomass-fired boiler or waste heat from a local industry [11]. 

 

 

Figure 5. DH system 

In every DH system, there is the supply line and the return line, see Figure 5. The first, carries the hot water, 

usually in a range of 70-120 °C, from the heat source to the buildings. The latter brings back the cold water 

once the heat has been extracted. Temperatures in the return line can be as low as 25 °C, depending on the 

system configuration and the conditions [12]. Both lines form part of a network of insulated underground 
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pipes that covers the whole served city, which makes these systems to require substantial initial investments. 

However, the network and connections can remain for decades with basic routine maintenance, i.e. the 

operational costs are low. 

These supply and return temperatures represent a great opportunity for CCGT CHP plants since they 

usually run on Rankine cycles that can easily and efficiently be coupled to these systems, meaning that 

thermal power plants can factor in DH integration and gain overall efficiency. Also, from a system 

perspective, there is lots of energy to be saved by integrating thermal power plants with district heating 

systems. It is estimated that CHP can save between 30-40% of fuel energy compared to power and heat 

production in individual condensed and heat-only plants [13], see Figure 6. 

 

 

Figure 6. CHP - DH integration Energy Flows [13] 

 

Solutions to be tested in the model 

The model developed and validated in this work is to be used in further studies for analyzing the effect of 

different solutions or technologies when implemented in the power plant layout. Therefore, the technologies 

to be tested, as well as their implementation, are reviewed and understood to develop the model such that 

it can properly capture their influence. The most relevant concepts are described in the following sections: 

2.1.1  Inlet conditioning for existing power oriented combined cycle 

The first solution to be investigated consists on varying the gas turbine inlet temperature by means of an 

arrangement of heat pumps and cold storage, see Figure 7. The goal is to gain flexibility in the electric 
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dispatch [14]. To do so, the strategy consists on rising the air temperature of the gas turbine inlet during 

off-peak hours (in terms of electricity demand) and cool it down during peak hours. The effect of heating 

up the air is twofold. First, it has a slight positive effect on the efficiency of the combined cycle since the 

increased temperature in the gas turbine exhaust enhances the efficiency of the bottoming cycle more than 

what it reduces the efficiency of the gas turbine unit [9]. Second, it reduces the overall power output, which 

can be a desired condition for low electricity price periods. Conversely, the effect of cooling down this 

stream of air can account for a net power increase of 10%, which during high electricity prices, can be very 

profitable. 

To achieve such heating and cooling of the air, it has been proposed and arrangement of heat exchangers, 

heat pumps and cold storage [15] that is out of the scope of this work, however, it is worth mentioning that 

these are to modify the gas turbine inlet temperature by 10 °C in temperature levels in the range of 0 to 35 

°C, therefore, the model should be precise enough to capture the effect of such change in the conditions. 

 

 

Figure 7. Proposed Solution No.1 

 

2.1.2 Heat recovery from HRSG feed water 

A second solution proposed consists on extracting heat from the feed water going to the HRSG unit, then, 

increase its temperature with a heat pump if needed, store it in water tanks and finally discharge the thermal 

storage when required (peak demand hours)  to boost the heat delivered by the system, see Figure 8. 

Depending on the boundary conditions and the operation mode, i.e. fully electric or full cogeneration mode, 

the temperature of this stream of water in a combined cycle like the one studied in this work, can be 26°C 

or 73°C respectively. This means that, during certain periods of operation, it is still possible to further extract 

useful heat. However, there are limitations on how low this temperature can go, i.e. how much heat can be 
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extracted. These limitations are related to the water inlet temperature of the economizer, which is kept to 

no lower than 55°C by a recirculation system (pumps with valve), in order to prevent corrosion caused by 

the formation of acid (condensation of sulfur present in the fuel) from the HRSG exhaust gas. Considering 

such limitation, the potential heat to be extracted with this configuration is about 14 MW and the 

temperature difference in the feed water because of the implementation of this solution is only 15°C, 

meaning that it is important that the model estimates properly the temperatures and mass flows in this 

particular section of the CCGT power plant. 

 

 

Figure 8. Proposed Solution No.2 

 

2.1.3 Heat recovery from Flue Gas Condenser  

Another idea to be tested is the implementation of a flue gas condenser to extract the latent heat from the 

exhaust gases which, for this case study, are at 100°C. The two main limitations when considering this 

system are the formation of sulfuric acids (corrosion) because of exhaust gases condensation and lower than 

allowed exhaust gases temperatures in terms of chimney effect: the exhaust gases need to be hotter, therefore 

with lower density than the surrounding air to ensure a proper dispersion to the atmosphere, otherwise, the 

exhaust gases would fall and remain on the ground. 

The idea of a flue gas condenser is not a novelty in itself, in fact, it is commonly used to provide with heat 

for district heating networks (in the pre-heating stages). What is really being investigated in this solution is 

the implementation of high temperatures heat pumps and storage in the system. High temperatures heat 

pumps could take heat at a temperature levels of 100°C or lower, and store it at 120°C, ready to be 

dispatched to the district heating system. It is estimated that a typical flue gas condenser installation could 
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improve the heat recovery by up to 15%, whilst an installation including heat pumps, has the potential of 

increasing the energy recovery up to 20%. 

 

 

Figure 9. Proposed Solution No.3 

 

Simulation Tools 

Simulation tools or software are based on the process of modelling real phenomenon with a set of 

mathematical equations and formulas that best describe their behavior. It is then possible to characterize 

the behavior of a simple thermal process, e.g. heat transfer. When more processes are considered together, 

it is possible to describe the behavior of a whole component, e.g. a heat exchanger. If more components 

like this are analyzed together and their relation is properly linked, making sure all relevant effects on each 

other are considered, it is possible to have a model of a bigger energy system, in this case a thermal power 

plant. Having a model of a complete system like this is extremely useful as it allows to understand the 

behavior of the whole system when parameters of one or more of its sub-components is modified. It is then 

possible to test many experiments and analyze the results considering certain level of uncertainty. The level 

of uncertainty can be determined by undergoing a validation process which, depending on the application, 

can include a direct comparison of the model against data collected from real life experiments or operation. 

These models are becoming more relevant as they represent a simpler, much most cost effective way for 

devising new system operation strategies and decision making when compared to real life experimentation 

[16]. 
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The simulation tool used in this work is called DYESOPT and is described thoroughly in Chapter 3. It is 

based on TRNSYS, a flexible graphically based software environment used to simulate the behavior of 

transient systems [17], and MATLAB, a programing platform. 

Validation of similar models in other simulation tools 

Several works regarding development of simulation models and their respective validation processes were 

reviewed. The following five studies were considered and used as a base for the methodology described in 

Chapter 5 (Model Validation).  

2.1.4 Development and validation of a dynamic simulation model for a 

large coal-fired power plant - Ralf Starkloff [18] 

In this work, they developed a dynamic model of a large-scale coal-fired power plant, down to a 

component level, to investigate the power plant’s operation flexibility. The simulation software used is 

called APROS and it considers varying boundary conditions such as ambient and cooling water 

temperatures, pressures, etc. For validating the model developed, they carried out different steady state 

simulations. First, with a load of 100% (design point), simulation that also served as reference for tuning 

and calibration purposes. Then, they compared the model results against operational data at 80% and 

60% power plant load. These steady state comparisons were useful for describing the model quality 

regarding heat and mass balances, and dimensioning of required components. However, for a flexibility 

study, a fully dynamic analysis was required. The latter consisted on comparing data from real power 

plant operation against the model simulation when the load followed a specific and systematic variation 

i.e. the data used was extracted when the power plant load was deliberately changed to certain values 

during known periods of time. For this work, the comparison was rather qualitative, since the results 

were presented via graphs, showing relevant parameters of certain components (pressures, 

temperatures, etc.) over a time span, in this case of 200 minutes. 

2.1.5 Model Validation and Testing: The Methodological Foundation of 

ASHRAE Standard 140 - R. Judkoff [19] 

This paper describes a methodology to evaluate the accuracy of simulation models applied to 

building energy analyses. Even though the methodology does not directly apply to simulation of 

power plants, it provides with a useful insight about validation methodologies and sources of errors 

in simulation tools. In their methodology they introduce three different validation techniques, 

highlighting its principles, advantages and limitations. First, the empirical validation, in which 

calculated results from a model are compared to monitored data from a real system or experiment. 

Ideally, the empirical experiment should have all its possible inputs perfectly defined to have an 

ultimate validation truth standard. The second validation technique is the analytical verification, in 

which the results from the simulation tool are compared to results from a known analytical solution 

or another generally accepted numerical method. Finally, the third validation technique is the 
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comparative testing, in which a program is compared to itself under different conditions or to other 

similar programs. An important concept mentioned in this work is the error associated to the 

empirical validations and how it impacts the level of accuracy of the validation. There are external 

errors and internal errors. The first, include differences between real weather parameters and data 

used as input to the program, between control strategies and between physical properties as 

materials used. Internal errors refer to differences between thermal transfer mechanisms in the real 

system versus the simplified model used for the simulation, errors in the mathematical solutions of 

the models and coding errors in general. Finally, they mention that it is preferred by the industry to 

use simple empirical validations in which the system’s long-term energy used is compared. 

However, depending on the application, offsetting and cancelling errors could yield non-definitive 

conclusions about the model’s accuracy. 

2.1.6 Validation of buildings and thermal energy models – Q T Ahmad [20] 

This is a literature review about validation of thermal and energy models. Just like in the previous 

study, they refer to the three validation techniques: analytical verification (comparing predictions to 

exact solutions to specific design problems), inter-model comparison (comparing results of two 

different software) and, empirical validation (comparing simulations outputs to data from 

experiments or real operation), being the latter considered the ultimate measure of accuracy of a 

simulation model. 

2.1.7 Validation of the FLAGSOL Parabolic Trough Solar Power Plant 

Performance Model – Henry W. Price [21] 

This paper describes the validation process and results of the model FLAGSOL, for simulating the 

performance of parabolic trough solar power plants. For validating this model, the authors 

compared the model predictions to actual plant operating data under different conditions, including 

instantaneous, daily (summer, winter and fall days), and annual total solar thermal electric output, 

gross solar electric generation and parasitic electric consumption. The results of instantaneous 

comparisons were shown on graphs, presenting both real data and simulated results. The result of 

the daily comparisons was presented on a table showing the percentage of the actual value, i.e. for 

a particular day, the cumulative energy expected to be produced by the power plant (simulation) 

was 113% of that actually produced by the real power plant considering the same boundary 

conditions. For that particular day, the model was overestimating the power plant’s production. In 

a similar way, annual results were presented as percentage of actual values, i.e. the annual energy 

delivered by the power plant modeled was, for example, 105% of the energy actually delivered by 

the power plant throughout the year. 
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2.1.8 Dynamic modelling, validation and analysis of coal-fired subcritical 

power plant – Eni Oko [22] 

Similarly, this study presents the development and validation of a dynamic model for a large-scale 

coal-fired power plant using a simulation software called gPROMS. Even though the model is 

intended to predict or simulate power plant’s dynamic performance, the validation only took place 

on a steady state level because of the lack of real operation data in open literature. Similarly to 

aforementioned studies, the steady state comparison was performed at different load levels, in this 

case, at 100%, 95%, 80% and 70%, always monitoring relevant parameters such as power output, 

pressures, temperatures and mass flows. The results of the comparisons were presented as absolute 

values and relative errors. 
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3 The Modeling Tool. DYESOPT (DYnamic Energy System 

Optimizer) 

DYESOPT is an integrated tool capable of performing power plant design, performance evaluation, 

equipment costing, and financial modeling that has been developed at the Energy Department of KTH 

Royal Institute of Technology. The tool also features a multi-objective optimizer for handling trade-offs 

between different key performance indicators (KPI) such as LCOE against CO2 emissions. When used for 

a comprehensive study case, the result is a power plant design optimized according to the proposed KPI’s, 

the location-specific inputs (such as economic indicators, hourly meteorological conditions and electricity 

prices) and operational strategies. 

The basic logic flow in DYESOPT goes as described in Figure 10. First, a specific model is chosen, and its 

design parameters are set by the user. These, include selecting the technologies to be used (e.g. boilers or 

concentrating solar power as heat energy source, a Rankine cycle or a photovoltaic system for electricity 

generation, etc.); the location (relevant for meteorological data and economic parameters); the power plant 

capacity (e.g. electricity to be generated at design conditions, heat to be supplied for district heating); 

economic parameters (e.g. debt interest rate, currency); and other technology-specific parameters (e.g. fuel 

type, photovoltaic cell type, etc.) 

Then, the first calculation process takes place. It is the power plant steady-state design. It is further divided 

in four blocks, namely heat energy source (HES), thermal energy storage (TES), electrical energy generation 

(EEG) and electrical energy storage (EES). The software used for these two steps, design parameters and 

steady state design, is MATLAB, through a structured and organized series of scripts and functions. 

Once the power plant has been designed and all its components have been dimensioned, the information is 

sent to a secondary software, TRNSYS, for the dynamic simulation. In this stage, an annual simulation takes 

place, usually considering a time-step of one hour or less depending on the application and the 

meteorological data available. The result is a set of files with an hourly-based (or other timestep chosen) 

energy generation/consumption of the components of interest (e.g. electricity generated by a steam turbine 

and electricity consumed by the water pumps). 

Finally, the results from the dynamic simulation are sent back to MATLAB, where they are processed and 

summarized. Then, the economic calculations take place. Capital and operational expenditures (CAPEX 

and OPEX) are calculated, as well as other economic and ecological indicators such as levelized cost of 

electricity (LCOE), internal rate of return (IIR), carbon dioxide emissions (CO2), etc.  
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Figure 10. Logic Flow in DYESOPT [23] 

 

Models within DYESOPT: 

This modelling tool is used for designing and analyzing the performance of, mostly, solar power plants, 

involving either CSP or PV technologies, or both. However, because of its versatility, it has also been 

reviewed and adapted for its use in other types of power plants such as conventional CCGTs and CHP 

plants with DH systems. 

The models included in the simulation tool can be grouped in four categories based on the technology 

driving the main process in the power plant. These groups are: “ResFuels”, “CSP”, “PV” and “CCGT”. 

3.1.1 Residual Fuels models 

The models in this category are for simulating CHP plants. These are Rankine cycles in which steam is 

produced in boilers which source of heat is any type of fuel, from liquified natural gas, to wood pellets and 

wood chips. They also feature heat supply to an external district heating network, simulated with hourly 

mass flow and temperature demands. The difference between the models lies in the steam cycle layout, 

particularly, in the low pressure section, where the condensers and deaerators are arranged differently to 

best simulate the power plant behavior to be studied. One of these models is referenced as previous work 

in section 1.1.1 (CHP model developed by Camilla Racioppa) since it shares certain similarities with the 

model developed in this work. 

3.1.2 Concentrated Solar Power (CSP) models 

In this category there are models covering the most popular technologies used in CSP plants. These include 

solar towers (handling air, steam or molten salts), parabolic throughs (steam or thermal oil) and dish Stirling. 

The models also feature different types of thermal storage, including tanks of molten salts and thermocline 

solutions. These models are the most mature in the simulation tool since were developed and used 
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extensively in the research projects of James Spelling, Rafael Guedez and Monika Topel ( [3], [4] and [5] 

respectively). Since then, these models have been added more features and combined options. For example, 

in terms of dispatch strategies, the dispatch control has been refined. It went from considering only baseload 

options to consider peak loads as well. Then, the control system was enhanced to prepare the dispatch based 

on real time energy stored in the system, [24] (instead of being estimated based only on DNI levels). Other 

interesting feature that has been added and exploited in detail in some of these models is the analysis of 

start-up and shut-downs of solar power plants [25]. 

In this category, there are also combined models. These combine different solar technologies such as CSP 

and photovoltaic panels (PV) and have been developed in previous master thesis projects in the Division of 

Heat and Power Technology of KTH. Two case studies that are worth mentioning are the ones from Luis 

Castillo and Kevin Larchet, where they studied hybrid PV-CSP plants and their integration in the grid, in 

South Africa and Chile respectively ( [26] and [27]), the latter including also electric battery storage systems. 

3.1.3 Photovoltaic models 

In this category there are models for simulating PV solar power plants. They go from the most basic 

configurations (only PV panels, dispatching intermittent electricity from the arrays), passing through 

combinations with batteries for storing electricity, to combined options with diesel generators for providing 

with steady electric outputs. 

3.1.4 Combined Cycle Gas Turbine models 

Finally, there is the category that includes the model developed in this study. The only CCGT model 

integrated in DYESOPT is the one developed initially by J. Spelling in [3]. It consists on a typical CCGT 

power plant which only output is electricity. Since then, the model has been used in other case studies. For 

example, Osama Zaalouk used it for benchmarking PV-CCGT plants with PV and PV-CSP plants in the 

MENA region, [28]. Other CCGT model, though not fully integrated in DYESOPT, is the one referenced 

as previous work in section 1.1.2 (CCGT-CHP model developed by Srinivasan Santhakumar). 

  



-29- 

4 Model Description 

The modelling takes place in two stages. First, the steady state design of the power plant for sizing 

components and determining nominal operation conditions and thermodynamic states according to default 

parameters set by the user. The second stage is where the dynamic performance is evaluated. For this 

simulation, the information from the steady state design is sent to the transient simulation software and the 

off-design behavior of the power plant is evaluated during the annual performance simulation. 

Steady State Model 

This first step of the modeling is for calculating the thermodynamic states (pressure, temperature, enthalpy, 

mass flow, etc.), before and after key sub-components such as turbines, compressors, pumps, and heat 

exchangers. The layout of the whole power plant, where main sub-components are identified, is presented 

in Figure 11, followed by a description of the cycle. The assumptions and equations used for the calculations 

of each sub-component have been presented and explained in detail in the work of [3], however, a brief 

description is provided in the following sections. 

 

 

Figure 11. Combined Cycle Gas Turbine Layout 

 

On the left-hand side of the diagram there is the air compressor “Comp”, the combustion chamber feed 

with natural gas, and the gas turbine “GT”. The exhaust from the GT passes through the HRSG and 

produces the steam required by the Rankine cycle. The steam cycle has three pressure levels. The high 
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pressure is represented with red lines. In this stream there are two economizers, one evaporator and one 

super heater. In the intermediate-pressure level, blue lines, there is one economizer, one evaporator, one 

super heater and one reheater. In the low-pressure level, green lines, there are two economizers, one 

evaporator, one super heater and one recirculation system. “HP-ST”, “IP-ST”, and “LP-ST” stand for high, 

intermediate and low-pressure steam turbines respectively, the latter having two stages, S1 and S2. 

The water / steam flow goes as follows. Starting in “Pump 1”, the water is pumped up to the low-pressure 

level and goes to the “Mix” where a stream coming from the DH condensers joins as well. After the mixer, 

the water goes in the HRSG, entering the LP economizer 1, after which, a fraction of water (“Ext 1”) is 

extracted for the DH system, whilst the remaining water goes through the second LP economizer until it 

reaches saturation conditions. After the second LP economizer a fraction of saturated liquid goes through 

the recirculation system, “Recirc” in the diagram, and joins the water coming from “Mix”, with the purpose 

of rising the inlet temperature to the HRSG, which should always be higher than 55 °C to avoid corrosion 

due to condensation of exhaust gases. The other fraction of LP saturated liquid is then divided. One part is 

further evaporated and super-heated before leaving the HRSG towards the “LP-ST”. The other part goes 

through “Pump 3”, which brings the pressure from LP, up to IP and HP. The HP stream is then sent to 

the economizers, evaporator and super heater, after which, enters the “HP-ST” and expands to the IP level. 

The IP steam, after “Pump 3”, goes through the economizer, evaporator and super heater before mixing 

with the steam expanded in the “HP-ST”. Once these two streams are mixed, the steam goes to the reheater 

and then is expanded in the “IP-ST”, after which is mixed with the super-heated LP steam and sent to the 

“LP-ST”. All this LP steam goes through the first stage of the turbine, then, a fraction is extracted for the 

DH system (“Ext 2”), whilst the remaining is further extracted in the second stage. Finally, the steam goes 

through the condenser, “Main Cond”, and back to the “Pump 1”. 

4.1.1 Air Compressor 

The compressor is modeled as a multi-stage axial compressor. The most important outputs from the 

calculations of this component are the power required to compress a certain mass flow of air from pressure 

Pin to pressure Pout, and the thermodynamic state of the air at the outlet of the compressor. The inputs 

required by this component are: inlet air mass flow, inlet air temperature, pressure ratio, mechanical 

efficiency, and polytropic efficiency (based on the firing temperature). 

Key assumptions are: 

• It is an adiabatic compressor, therefore, there is no heat exchange with the environment 

• Variation of kinetic and potential energy of the air are insignificant compared to the enthalpy change 

• The degradation of energy in the compressor is represented by an isentropic efficiency 

• There is a pressure loss associated to the air filter 

The power required by the compressor, �̇�𝑐 , is calculated using the Equation (4.1), where �̇�𝑖𝑛 is the inlet air 

mass flow, ℎ𝑖𝑛 is the inlet enthalpy, ℎ𝑜𝑢𝑡 is the outlet enthalpy, and 𝜂𝑚𝑒𝑐 is the mechanical efficiency. 
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�̇�𝑐 =
�̇�𝑖𝑛(ℎ𝑜𝑢𝑡 − ℎ𝑖𝑛)

𝜂𝑚𝑒𝑐
                                                                                                  (4.1) 

 

The outlet enthalpy ℎ𝑜𝑢𝑡 can be calculated from the inlet enthalpy, ℎ𝑖𝑛, the outlet isentropic enthalpy, ℎ𝑜𝑢𝑡𝑠
, 

and the isentropic efficiency, 𝜂𝑠𝑐 , using the Equation (4.2) 

 

ℎ𝑜𝑢𝑡 = ℎ𝑖𝑛 +
(ℎ𝑜𝑢𝑡𝑠

− ℎ𝑖𝑛)

𝜂𝑠𝑐
                                                                                        (4.2) 

 

The isentropic efficiency, 𝜂𝑠𝑐 , is calculated from the polytropic efficiency [29], 𝜂𝑝𝑐 , the desired pressure 

ratio, 𝑃𝑅𝑐 , the gas constant, 𝑟, and the isobaric specific heat capacity of the air, 𝐶𝑝, using the Equation (4.3) 

 

𝜂𝑠𝑐 =
𝑃𝑅𝑐

𝑟
𝐶𝑝 − 1

𝑃𝑅𝑐

𝑟
𝐶𝑝 𝜂𝑝𝑐 − 1

                                                                                                     (4.3) 

 

4.1.2 Combustion Chamber 

The combustor is modelled as an ideally adiabatic chamber in which complete combustion occurs when air 

and fuel mass flows are mixed. The most important output after the calculations of this component are the 

fuel mass flow, the ratio of fuel-to-main mass flow, and the combustor outlet gases composition. The first, 

is calculated with an energy balance so that all the air and fuel entering the chamber are heated up from their 

initial inlet temperature to the desired combustor outlet temperature. The fuel-to-main mass flow ratio, 

𝑚𝑓𝑢𝑒𝑙, is calculated using the Equation (4.4), where �̇�𝑓𝑢𝑒𝑙 is the fuel mass flow, �̇�𝑚𝑎𝑖𝑛 is the air mass flow 

(from the compressor), Δℎ𝑎 is the air enthalpy change through the combustor chamber, Δℎ𝑓 is the fuel 

enthalpy change and 𝐿𝐻𝑉𝑓 is the low heating value of the fuel. 

 

𝑚𝑓𝑢𝑒𝑙 =  
�̇�𝑓𝑢𝑒𝑙

�̇�𝑚𝑎𝑖𝑛

=  
Δℎ𝑎

LHVf − Δℎ𝑓
                                                                                (4.4) 

 

The outlet gases composition is later used to calculate the thermodynamic properties of the air entering the 

gas turbine. Such gas composition is calculated considering an air composition of 75.6% nitrogen, 23.32% 

oxygen and 1.2% argon (by mass) and natural gas as fuel (with no sulfur nor nitrogen content). Further 
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details on these calculations, as well as reference values for pressure-drop through the combustor chamber, 

can be found in the work of [3]. 

4.1.3 Gas Turbine 

This component is modelled as a multi-stage axial turbine. The desired output from the calculations of this 

component are the power that can be extracted from the working flow when expanded considering the 

desired pressure ratio and the thermodynamic properties of the air leaving the gas turbine (entering the heat 

recovery steam generator) 

Key assumptions are similar to those for the compressor: 

• It is an adiabatic turbine, therefore, there is no heat exchange with the environment 

• Variation of kinetic and potential energy of the air are insignificant compared to the enthalpy change 

• The degradation of energy in the turbine is represented by an isentropic efficiency 

• There is a pressure loss associated to the exhaust dissipation 

The effective pressure ratio through the turbine, 𝑃𝑅𝑡, is calculated considering the pressure losses through 

the exhaust (silencer and ducting) using Equation (4.5), where 𝑃𝑜𝑢𝑡 is the air pressure at the turbine outlet 

(before ducting and silencer), 𝑃𝐻𝑅𝑆𝐺 is the air pressure at the HRSG inlet, 𝑓𝑑𝑃
𝑒𝑥ℎ is the relative pressure drop 

factor through the exhaust system, and 𝑃𝑖𝑛 is the air pressure at the turbine inlet. 

 

𝑃𝑅𝑡 =
𝑃𝐻𝑅𝑆𝐺

(1 − 𝑓𝑑𝑃
𝑒𝑥ℎ). 𝑃𝑖𝑛 

=
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
                                                                                  (4.5) 

 

The power available in the shaft, �̇�𝑡, is calculated using the Equation (4.6), where �̇�𝑖𝑛 is the inlet air mass 

flow, ℎ𝑖𝑛 is the inlet enthalpy, ℎ𝑜𝑢𝑡 is the outlet enthalpy, and 𝜂𝑚𝑒𝑐 is the mechanical efficiency. 

 

�̇�𝑡 = 𝜂𝑚𝑒𝑐 . �̇�𝑖𝑛. (ℎ𝑖𝑛 − ℎ𝑜𝑢𝑡)                                                                                      (4.6) 

 

The outlet enthalpy ℎ𝑜𝑢𝑡 can be calculated from the inlet enthalpy, ℎ𝑖𝑛, the outlet isentropic enthalpy, ℎ𝑜𝑢𝑡𝑠
, 

and the isentropic efficiency, 𝜂𝑠𝑡, using the Equation (4.7). The inlet enthalpy, ℎ𝑖𝑛, is determined with the 

inlet temperature to the turbine, which is obtained by mixing the cooling mass flow and the air coming from 

the combustor according to the ISO standard for gas turbine performance [30]. 

 

ℎ𝑜𝑢𝑡 = ℎ𝑖𝑛 − 𝜂𝑠𝑡  . (ℎ𝑖𝑛 − ℎ𝑜𝑢𝑡𝑠
)                                                                                (4.7) 
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The isentropic efficiency, 𝜂𝑠𝑡, is calculated from the polytropic efficiency [29], 𝜂𝑝𝑡, the calculated pressure 

ratio, 𝑃𝑅𝑡, the gas constant, 𝑟, and the isobaric specific heat capacity of the air, 𝐶𝑝, using the Equation (4.8) 

 

𝜂𝑠𝑡 =
𝑃𝑅𝑡

𝜂𝑝𝑡.
𝑟

𝐶𝑝 − 1

𝑃𝑅𝑡

𝑟
𝐶𝑝 − 1

                                                                                                      (4.8) 

 

4.1.4 Electrical Generator 

The final electric power output of the CCGT, �̇�𝑒𝑙𝑒𝑐 , is the result of the calculations performed in this section 

using the Equation (4.9). In this case, the mechanical efficiency, 𝜂𝑚𝑒𝑐, accounts for losses related to friction 

in the bearings and power required by cooling fans for the generation unit. The electrical efficiency, 𝜂𝑒𝑙𝑒𝑐, 

accounts for the losses from the internal heating of the windings of the rotor and the stator. The powers 

�̇�𝑡, �̇�𝑐 , and �̇�𝑠ℎ𝑎𝑓𝑡 are the power generated by the turbine, the power required by the compressor and the 

net gas turbine shaft power respectively. 

 

�̇�𝑒𝑙𝑒𝑐 =  𝜂𝑚𝑒𝑐 . 𝜂𝑒𝑙𝑒𝑐 . (�̇�𝑡 − �̇�𝑐) =  𝜂𝑚𝑒𝑐 . 𝜂𝑒𝑙𝑒𝑐 . �̇�𝑠ℎ𝑎𝑓𝑡                                            (4.9) 

 

4.1.5 Heat Recovery Steam Generator (HRSG) 

In this sub-component of the power plant, the mass flow of high pressure, intermediate pressure and low-

pressure steam are calculated using the pinch-point analysis and assuming that the HRSG is adiabatic, and 

that there is no mixing of the hot and cold streams. Then, using the effectiveness-NTU method, the heat 

exchange areas are calculated. 

The steam mass flow through each section of the HRSG is calculated using heat and mass balances on 

groups of heat exchangers, considering their respective enthalpy change. The water/steam flow through the 

HRSG is shown in Figure 12, and a heat-enthalpy diagram is presented in Figure 13. First, the feed water 

goes through the first LP economizer. In it, the water temperature goes from the minimum temperature 

acceptable into the HRSG, up to the temperature of the first extraction to the DH system. After the first 

LP economizer, a fraction of water is sent to the DH, whilst the remaining, goes to the second LP 

economizer, where it is heated up to the LP evaporation temperature. Then, a fraction of water is sent to 

the LP evaporator and later to the LP superheater before leaving the HRSG. Another fraction of water is 

pumped up to IP and sent to the IP economizer, the IP evaporator and finally to the IP superheater before 

leaving the HRSG. The remaining fraction of water is pumped up to HP and sent to the two HP 

economizers, the HP evaporator and the HP superheater before leaving the HRSG. There is also a “reheat” 
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stream going in and out of the unit. It consists of a mix of the steam that left the HP steam turbine and the 

IP superheated steam. 

 

 

Figure 12. Heat Recovery Steam Generator Diagram 

 

 

Figure 13. Pinch-point Diagram of the HRSG 

 

The enthalpy variations used in the heat balances have been calculated based on the inlet and outlet 

temperatures of the different streams, the evaporation pressure levels and the approach temperatures of the 

heat exchangers. It has been set that the water temperature entering the “Evaporator LP”, the “Economizer 

HP1”, the “Economizer IP” and the “Superheater LP” is the same as the temperature of the water leaving 

the “Economizer LP2” (LP evaporation temperature). Then, the water/steam leaves these last three heat 

exchangers at temperature equal to the IP evaporation temperature. In the “Economizer HP2” and the 

“Superheater IP” the steam is heated up to the HP evaporation temperature. Finally, in the “Superheater 

HP” and in the “Reheater”, the steam is heated up to the designed temperature inlet of the HP steam 

turbine. It is worth mentioning that an iterative calculation process takes place for calculating all the steam 
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mass flows since the enthalpy variation in the “Reheater” depends on its inlet temperature, determined by 

the mass flows being calculated. 

The evaporation pressure levels are inputs to the model (defined by the user). For this model, three pressure 

levels have been considered: low, intermediate and high pressure. The reheat section is in the intermediate 

pressure level. Finally, pressure losses have been considered through the heat exchangers of the HRSG unit 

and the piping system, based on real data provided by the power plant owners. 

The approach temperatures were selected from values provided in [31], also used in previous work with the 

modeling tool DYESOPT. 

Each heat exchanger is characterized by its overall heat transfer coefficient and its surface area (UA-value). 

For calculating such parameter, the Equation (4.10), derived from the effectiveness-NTU technique, is used. 

This procedure, [32], accounts for the convective heat transfer of both streams and the conduction 

resistance of the heat exchanger’s surface. The UA-value can then be calculated as a function of the number 

of transfer units (𝑁𝑇𝑈) and the minimum heat capacity rate 𝐶𝑚𝑖𝑛. The 𝑁𝑇𝑈 of each heat exchanger can be 

determined with the Equations (4.11) and (4.12), where 𝐶𝑟 is the ratio of minimum to maximum capacity 

rates, and 𝜀 is the effectiveness of the heat exchanger. Equation (4.11) is used for modeling a cross-flow 

heat exchanger in which both streams, air and steam, suffer a temperature change (economizers, 

superheaters and reheaters). Equation (4.12) is used for the heat exchangers in which the steam temperature 

remains constant throughout (evaporators). 

 

𝑈𝐴 = 𝑁𝑇𝑈. 𝐶𝑚𝑖𝑛                                                                                                               (4.10) 

𝑁𝑇𝑈 =  −𝑙𝑛 [1 +
1

𝐶𝑟
. 𝑙𝑛(1 − 𝜀. 𝐶𝑟)]                                                                           (4.11) 

𝑁𝑇𝑈 =  − 𝑙𝑛(1 − 𝜀)                                                                                                       (4.12) 

 

The effectiveness, 𝜀, is calculated with the Equation (4.13), based on the minimum approach temperature, 

∆𝑇𝑚𝑖𝑛, and the total temperature difference between the two inlet temperatures, Δ𝑇𝑡𝑜𝑡. 

 

𝜀 =  1 −
𝛥𝑇𝑚𝑖𝑛

𝛥𝑇𝑡𝑜𝑡
                                                                                                                  (4.13) 

4.1.6 Steam Turbines 

The steam turbines are modeled as multi-stage axial turbines. The most important outputs from the 

calculations of this component are the power extracted from the expansion of the steam streams given 

certain mass flows and pressure differences, and the thermodynamic state of the working fluid at the outlet 

of the turbines. The inputs required by this component are: inlet steam mass flow, inlet steam enthalpy, 

pressure ratio, mechanical efficiency. The first two inputs, mass flow and enthalpy are determined through 
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heat and mass balances depending on the stream. The HP stream goes directly from the HRSG into the HP 

steam turbine. The IP turbine receives the reheated steam, which is a mix of steam from the HP turbine 

outlet and the superheated IP stream in the HRSG. Finally, the LP steam turbine takes a mix of steam from 

the IP turbine outlet and superheated steam from the LP section of the HRSG. The LP steam turbine has 

been divided into two stages. In the first stage, all the mass flow is expanded and then a fraction of steam is 

extracted for the district heating system. The remaining steam, not extracted, is further expanded to the 

saturation pressure at condenser temperature. 

Key assumptions for this component are: 

• It is an adiabatic turbine, therefore, there is no heat exchange with the environment 

• Variation of kinetic and potential energy of the air are insignificant compared to the enthalpy change 

• The degradation of energy in the turbine is represented by an isentropic efficiency 

The power extracted from the steam, �̇�𝑠𝑡 , is calculated using the Equation (4.14), where �̇�𝑖𝑛 is the inlet 

steam mass flow, ℎ𝑖𝑛 is the inlet enthalpy, ℎ𝑜𝑢𝑡 is the outlet enthalpy, and 𝜂𝑚𝑒𝑐 is the mechanical efficiency. 

 

�̇�𝑠𝑡 = 𝜂𝑚𝑒𝑐 . 𝑚𝑖𝑛(ℎ𝑖𝑛 − ℎ𝑜𝑢𝑡)                                                                                          (4.14) 

 

The outlet enthalpy ℎ𝑜𝑢𝑡 can be calculated from the inlet enthalpy, ℎ𝑖𝑛, the outlet isentropic enthalpy, ℎ𝑜𝑢𝑡𝑠
, 

and the isentropic efficiency, 𝜂𝑠𝑡, using the Equation (4.15). 

 

ℎ𝑜𝑢𝑡 = ℎ𝑖𝑛 − 𝜂𝑠𝑡(ℎ𝑖𝑛 − ℎ𝑜𝑢𝑡𝑠
)                                                          (4.15) 

 

The isentropic efficiency, 𝜂𝑠𝑡, is calculated using the Equations (4.16), (4.17) and (4.18), where 𝜂𝑙𝑜𝑠𝑠
𝑤𝑒𝑡  is 

associated to the formation of droplets at the exhaust section, 𝜂𝑠𝑒𝑐
𝑖  is the efficiency calculated in each section 

(inlet, middle, and outlet), �̇�𝑖 is the respective volumetric flow rate, and 𝑥𝑜𝑢𝑡 is the steam quality at the 

turbine outlet. This, is an iterative method that assumes the overall efficiency to be equal to the average of 

all the sections, also accounting for the formation of droplets [33]. 

 

𝜂𝑠𝑡 =  
𝜂𝑠𝑒𝑐

𝑖𝑛 + 𝜂𝑠𝑒𝑐
𝑚𝑖𝑑 + 𝜂𝑠𝑒𝑐

𝑖𝑛

3
− 𝜂𝑙𝑜𝑠𝑠

𝑤𝑒𝑡                                                                                 (4.16) 

𝜂𝑠𝑒𝑐
𝑖 = 0.835 + 0.02 ln(�̇�𝑖)                                                                                          (4.17) 

𝜂𝑙𝑜𝑠𝑠
𝑤𝑒𝑡 = 4.536(1 − 𝑥𝑜𝑢𝑡)2  +  0.0367(1 − 𝑥𝑜𝑢𝑡)                                                      (4.18) 
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4.1.7 Feed Water Pumps 

As with the compressor component, the main output calculated for this component is the power required 

to raise the pressure of the water streams within the Rankine cycle. Similarly, the internal dissipation of 

energy in the units is characterized by a hydraulic efficiency. It is also considered that the pumps are adiabatic 

and that the variations of kinetic and potential energy are negligible. Assuming a hydraulic efficiency, 𝜂ℎ, 

knowing the water density, 𝜌, and the pressure difference across the pump, Δ𝑃; the power required by the 

pump, 𝐸𝑝𝑢𝑚𝑝, can be calculated using the Equation (4.19), where 𝑚𝑤 is the water mass flow. 

 

𝐸𝑝  =  
𝑚𝑤 . Δ𝑃

𝜌. 𝜂ℎ
                                                                                                                   (4.19) 

 

For this mode, four water pumps have been used, see Figure 11. Pump 1 raises the pressure from the main 

condenser outlet, to the LP level (HRSG feed water inlet). Pump 2, not shown in the diagram, raises the 

pressure from the DH condensers outlet, to the LP level. Pump 3 raises the pressure from the LP level to 

the IP level in a first stage, and then, a fraction of the mass flow is pumped up to HP in a second stage. 

Finally, Pump 4, not shown in the diagram, is used for pumping the cooling water through the condenser. 

4.1.8 Condensers – DH system 

The calculations in the condenser section are for determining the required heat exchanges areas. As for the 

heat exchangers in the HRSG, the effectiveness-NTU method, together with a pinch-point analysis, was 

applied. Thus, Equation (4.13) was used for calculating the effectiveness of the units, and then, equations 

(4.11) and (4.12) were used for calculating the number of transfer units. Finally, the heat exchanges areas 

were determined with Equation (4.10). 

The DH system consists of two condensers, one for each extraction. For these condensers, the 

thermodynamic states of the DH stream, or cold side (temperature and enthalpy, in and out the condensers) 

are known, based on the DH system requirements. For the hot side, the inlet steam thermodynamic states 

are also known since those are extractions from the LP economizer and LP steam turbine calculated 

previously. The outlet temperatures are calculated based on the DH required temperature and a pinch-point 

analysis. Finally, the extractions mass flows are calculated so that the heat released in the condensers meet 

the DH system demand, Equation (4.20). The ratio 𝑄𝐶𝑜𝑛𝑑
1 /𝑄𝐶𝑜𝑛𝑑

2  is also known from real power plant data 

provided. 

 

𝑄𝐷𝐻 = 𝑄𝐶𝑜𝑛𝑑
1 + 𝑄𝐶𝑜𝑛𝑑

2 =  𝑚𝑒𝑥𝑡
1 (ℎ𝑖𝑛

1 − ℎ𝑜𝑢𝑡
1 ) + 𝑚𝑒𝑥𝑡

2 (ℎ𝑖𝑛
2 − ℎ𝑜𝑢𝑡

2 )                     (4.20) 

 

For the main condenser (receiving steam form the last steam turbine), the hot side thermodynamic state 

and mass flow is known, calculated previously in the LP steam turbine, whereas the cooling side mass flow 



-38- 

required to fully condensate the hot stream is calculated is calculated using the Equation (4.21). In it, ℎ𝑖𝑛, 

ℎ𝑜𝑢𝑡, and 𝑚𝑠𝑡𝑒𝑎𝑚 are hot side inlet enthalpy, outlet enthalpy and mass flow respectively, 𝐶𝑝 is the specific 

heat capacity of the cooling water and Δ𝑇𝑐𝑜𝑜𝑙 is the known temperature rise in the cooling stream. 

 

𝑚𝑐𝑜𝑜𝑙 =
𝑚𝑠𝑡𝑒𝑎𝑚(ℎ𝑖𝑛 − ℎ𝑜𝑢𝑡)

𝐶𝑝. Δ𝑇𝑐𝑜𝑜𝑙
                                                                                       (4.21) 

 

Dynamic Performance Model 

Once the power plant steady state is defined and nominal conditions for all the components have been 

calculated, the dynamic performance is evaluated in a transient model. This transient model is developed in 

the simulation environment TRNSYS, which relies on two main concepts. First, there is the “Types”, which 

is how all the elements or components are named in TRNSYS. Each Type represents a component, e.g. a 

steam turbine, or a heat exchanger unit. They are treated as black-boxes, containing a set of equations (either 

algebraic or differential) that describe their behavior given certain parameters (inherent to the component 

design, e.g. nominal mass flow for a steam turbine or heat exchange area for a heat exchanger unit) and 

certain inputs (related to the process, e.g. instant inlet steam temperature or mass flow). Types are connected 

and their inputs and outputs are linked and passed in each timestep, closing a cycle and simulating the power 

plant. The other concept used in the transient simulation software is the Kernel engine that processes the 

input file containing all the model information (what Types and other input data is used, how they are linked, 

etc.). When the simulation is run, each Type is solved in a particular order (provided by the user or assign 

automatically by TRNSYS). For the first Type, a guess is used, but for the next Types to be solved, the initial 

guess is replaced by the outputs of the previous linked Type if applicable. All the Types are solved until the 

solution converges (once the variation from the outputs is less than a fixed tolerance). When convergence 

is achieved, the simulation moves on to the next timestep and continues the process. 

4.1.9 The CCGT-CHP model in TRNSYS 

The TRNSYS model was built upon previous models already developed in DYESOPT. The main model 

used was one for a combined cycle featuring a steam cycle with two pressure levels. This model was edited 

by adding a third pressure level and all its respective extra heat exchangers in the heat recovery steam 

generation unit as well as reconfiguring the steam cycle layout and adding steam extractions, pumps, control 

systems and heat exchangers for the district heating system. 

Most of the Types or components used for the model are found in the Solar Thermal Electric Components 

(STEC) library [34]. The main components are: 

In the Brayton cycle, Type 424 was used for the air compressor, Type 426 for the combustor, Type 427 for 

the gas turbine and Type 429 for air filters (or pressure drop loss components). Together they model the 

first block accounting for off-design conditions depending on the inputs i.e. efficiencies and power output 
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will vary depending on inlet temperatures and mass flows. The electricity generator is modeled afterwards 

in MATLAB, using correlations to calculate the electric efficiency based on the gross power generated 

compared to its nominal power 

In the Rankine cycle, Type 318 was used for the steam turbines (off-design performance following the 

Stodola ellipse law [35]), Type 315 for the steam economizers, re-heaters and superheaters, Type 316 for 

the steam evaporators, Type 383 for the condenser and Type 390 for the water pumps whilst the district 

heating heat exchangers and control were done in “equation boxes” or calculators. Together they the second 

block of the transient model and they also account for off-design conditions based on their inputs. As for 

the Brayton cycle, the electric generator is modeled in MATLAB based on the gross output calculated in 

TRNSYS. 

One important factor to be controlled in the dynamic model is the interaction between the two DH heat 

exchangers. For the steady state points, heat rates, temperatures and mass flows were known. Based on that, 

it was determined that 40% of the heat provided to the DH system would come from Condenser 1 (using 

hot water extracted from the economizer section of the HRSG), whilst the remaining 60% of the heat, 

would be provided by Condenser 2 (using steam extracted from the low-pressure steam turbine) 

4.1.10 Dynamic model input data 

The dynamic model requires different types of inputs. The first set of data comes in a file containing all the 

nominal parameters of the power plant equipment. This file, called “caseData”, is generated in MATLAB 

after the steady state design stage and contains parameters such as UA values for the heat exchangers, 

nominal capacities of steam and gas turbines, etc. A second set of data is the meteorological data. It is a file 

containing 15-min based ambient temperature and pressure of the location studied, needed for determining 

inlet conditions of the air compressor. Finally, a third set of data is used, providing with 15-min based 

information about the electricity and heat dispatched, required for the control system explained in the 

following section. 

4.1.11 Power plant control system 

The power plant modeled can produce electricity and heat with the gas turbine operating in the range of 

45% to 100% of installed capacity and a variable electricity-heat ratio. Considering that, three operation 

modes (OM) have been implemented in the model. If OM1 is selected, the gas turbine and the district 

heating system will operate at their highest capacity (full cogeneration mode). If OM2 is chosen, the gas 

turbine will operate at its maximum capacity, but the heat production will be zero (full electric mode). In 

this first two operation modes, the dynamic variations will come as a result of variable boundary conditions 

such as ambient temperature and pressure. The third OM is far more dynamic as both heat and electricity 

production are constantly varying. When OM3 is selected, the model replicates the behavior of a real power 

plant based on real data provided. This data includes 15-min based gas turbine and steam turbine electricity 

generated as well as heat provided to the district heating network. To replicate such behavior, the first 

variable controlled is the gas turbine power output, which is matched to that in the data supplied by 
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regulating the air mass flow. The next variable controlled is the heat supply. In this case, the steam 

extractions are regulated so that the heat delivered in the model corresponds to that in the data provided. 
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5 Model Validation 

The level of validation depends on the degree of control over possible sources of error in a simulation. 

These can be either external errors such as data errors, control strategies and inaccurate inputs; or internal 

errors such as differences between thermal transfer mechanisms in power plant sub-components versus the 

simplified model, energy loss assumptions, coding errors, etc. The simplest level of empirical validation, 

used in this work, compares the real value of a specific variable (data) against the value calculated or 

predicted by the model. The difference between the values can be measured in several ways. For this study, 

three indicators are used, these are: 

Absolute error: which is defined as the difference between the true value and the predicted value, and it is 

calculated using the Equation (5.1), where 𝐴𝐸 stands for absolute error and it has the same units as the 

values used, i.e. if electric power in [MWe] is being compared, the absolute error will also be in [MWe]. The 

terms 𝑃𝑣 and 𝑇𝑣 are the predicted value (simulated) and the true value (data) respectively. 

 

𝐴𝐸 = 𝑎𝑏𝑠(𝑇𝑣 − 𝑃𝑣)                                                                                                     (5.1) 

 

Calculating the absolute error provides with useful information since it will show by how many bars, degrees 

or MW (or the unit that applies), the variable controlled is away from its true value. However, depending 

on the application and on the order of magnitude, an absolute error of, for example, 1 MW can be 

considered as a great result or as a poor result, hence the need of other indicators to put this absolute error 

in context. 

Percentage of real value: this indicator shows how big or small the predicted value is in relation to the 

true value. It is calculated with the Equation (5.2), where %𝑅𝑉 stands for percentage of real value. 

 

%𝑅𝑉 =
𝑃𝑣

𝑇𝑣
∗ 100                                                                                                           (5.2) 

 

Relative error: which gives an indication of big the absolute error is in relation to the true value. It is 

calculated with the Equation (5.3), where 𝑅𝐸 stands for relative error. 

 

𝑅𝐸 =
𝑎𝑏𝑠(𝑃𝑣 − 𝑇𝑣)

𝑇𝑣
∗ 100                                                                                         (5.3) 

 

The variable to which these indicators are applied depends on the specific needs of the study. For this case, 

the model is intended to be used in techno-economic analyses and feasibility studies. These rely on their 
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own key performance indicators such as levelized cost of electricity or heat, net present value, etc. which 

are calculated with investment and operation costs but also with the electricity or heat produced over a 

period of interest. Therefore, the variable used for validating this model is the power output from the key 

components, namely electric power output from the gas turbine and the steam turbine, and the heat power 

output supplied to the district heating network by the condensers and heat exchangers. In addition to the 

power outputs, two more variables are controlled as well, these are the feedwater mass flow and the 

feedwater temperature, being the feedwater, the stream of water going from the condensers into the coldest 

section of the heat recovery steam generator. These variables are of special interest since they show if the 

model can properly capture the effect of new technologies and solutions to be implemented in the 

aforementioned section of the cycle. 

For this work, two types of comparisons are performed. First, a comparison of steady state performance at 

design conditions and at three other well-defined operation points with different loads (which also serve as 

tuning process). These steady state simulations can describe the model quality regarding heat balances, mass 

balances and correct dimensioning of sub-components such as heat exchangers, turbines, etc. Second, a 

comparison of cumulative energy produced over a week period which considers the dynamic behavior since 

includes varying loads and boundary conditions. This last comparison is performed for a summer week and 

a winter week, since the ambient conditions and electricity and heat patterns are different. 

Steady State Performance Validation 

The model’s power output is compared against real data at four different operation points (OPs), namely: 

• OP1. 100% GT load, full cogeneration mode (design point) 

• OP2. 100% GT load, full electric mode 

• OP3. 45% GT load, full cogeneration mode 

• OP4. 45% GT load, full electric mode 

The parameters compared are: 

• GT Net Electric Power Output [MWe] 

• ST Net Electric Power Output [MWe] 

• Thermal Power Output to DH [MWth] 

• Feed Water Mass Flow [kg/s] 

• Feed Water Temperature [°C] 

Time-Dependent Generation Validation 

The total energy produced over a week is compared. The analysis is carried out for a week in summer and 

a week in winter to ensure that the model replicates the power plant’s performance under different boundary 

conditions such as ambient temperature and loads. The comparison is made against real data collected from 

a reference power plant. Ideally, a scenario in which loads are varied independently and systematically should 
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be used for the comparison. However, the data to be compared against, comes from real operation which, 

in this case, is much more dynamic since different criteria such as electricity and heat price and demand are 

considered simultaneously. Therefore, the control strategy for the model is not a fixed, predetermined power 

output. Instead, it is designed to replicate real power plant operation as close as possible within its physical 

limits, as described in section 4.1.11, OM3. The first and key driving parameter to be followed by the model 

was the GT load (between 45% and 100%), then the heat delivered to the district heating network, leaving 

the steam turbine power output as the final result. The parameters compared are: 

• GT net electric power [MWe] and energy produced [MWe-h] 

• ST net electric power [MWe] and energy produced [MWe-h] 

• Thermal power [MWth] and energy delivered to DH [MWth-h] 

Source of Data for Validation 

The data used for doing the comparisons for the validation process, was provided by a CCGT-CHP plant 

already built and under regular operation [36]. For the steady state comparison, the power plant provided 

with four flowsheets showing thermodynamic states (pressures, temperatures, enthalpies, etc.) and quantities 

(mass flows, power outputs, etc.) along the Brayton and Rankine cycles, under the four different operations 

points described in section 0, corresponding to different GT and DH loads. The main parameters of the 

power plant modeled are presented in Table 1 and Table 2. For the dynamic performance comparison, the 

data consists on a file with 15-min based power output form the gas turbine, the steam turbine and heat 

delivered to the DH system, as well as ambient temperature and pressure data. 

 

 

Table 1. Design Parameters for Brayton Cycle 

Design Parameter Value 

Net GT power output [MWe] 268 

Compression Ratio [-] 18 

Combustor outlet temperature [°C] 1480 

Fuel type [-] Natural Gas 

Compressor polytropic efficiency [-] 0.91 

Turbine polytropic efficiency [-] 0.89 
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Table 2. Design Parameters for Rankine Cycle 

Design Parameter Value 

Net ST power output [MWe] 130 

HPT inlet pressure [bar] 86 

HPT inlet temperature [°C] 536 

IPT inlet pressure [bar] 24.4 

IPT inlet temperature [°C] 536 

LPT inlet pressure [bar] 3.54 

LPT inlet temperature [°C] 222 

DH supply temperature [°C] 120 

DH return temperature [°C] 70 

DH capacity [MWth] 260 

Cooling water temperature [°C] 12 

DH extraction from economizer [°C] 136 

Ambient temperature [°C] 15 

Ambient pressure [bar] 0.99 

 

Validation Results 

5.1.1 Steady state validation 

The results of the steady state comparison are summarized in Table 3, with the deviation shown as absolute 

error, Equation (5.1), and as percentage of real value, Equation (5.2). The values on the gray background 

are the model’s outputs or calculations, whereas the values on the green background refer to the real power 

plant data.  

When looking at the total electric power generated, there are deviations ranging from 88% and up to 104% 

of the real, expected, value. These deviations are found at the extreme ends of the operation range, i.e. full 

GT load with full electric mode, and minimum GT load with minimum DH demand. The major contributor 

to these deviations is the power generated in the steam cycle, with values ranging from 70% and up 118% 

of the respective real value. The deviations present in the heat supply are consistent with the results from 

the electric power output: in Table 3 it is possible to see that in OP1 and OP3, there is a lack of heat supply 

when the power output of the steam turbine is overestimated. For these cases, the heat output (DH power) 

is 99% and 93% of their respective real values. It is worth mentioning that for all parameters studied and 

compared, the highest deviations are present on the extreme ends of the operation range and, as shown in 

the dynamic performance section, these operation points are not very often found in real life operation since 

the power plant is always adapting to varying loads and demands.  
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Table 3. Steady State Comparison Result 

  Real Plant Model OP1 OP2 OP3 OP4 

GT Load % 100% 45% 

DH % 100% 0% 100.0% 0% 
M

as
s 

Fl
o

w
 [

K
g/

s]
 

Feed Water to HRSG 
187.55 98.01 151.30 62.26 

194.05 103.09 147.64 56.61 

Abs error 6.50 5.08 3.66 5.65 

% of real value 103.47 105.18 97.58 90.92 

P
o

w
e

r 
[M

W
] 

GT Power 
268.50 268.50 120.80 120.80 

268.39 268.39 121.88 121.88 

Abs error 0.11 0.11 1.08 1.08 

% of real value 99.96 99.96 100.89 100.89 

ST Power 
76.80 129.40 45.80 82.00 

90.70 107.50 51.58 57.27 

Abs error 13.90 21.90 5.78 24.73 

% of real value 118.10 83.08 112.62 69.84 

Total Electric Power 
345.30 397.90 166.60 202.80 

359.09 375.89 173.46 179.15 

Abs error 13.79 22.01 6.86 23.65 

% of real value 103.99 94.47 104.12 88.34 

DH heat 
261.00 0.00 166.00 0.00 

258.00 0.00 153.90 0.00 

Abs error 3.00 0.00 12.10 0.00 

% of real value 98.85 - 92.71 - 

Te
m

p
 [

°C
] 

Feed Water to HRSG 
73.00 30.00 81.00 24.00 

76.78 24.00 77.78 24.00 

Abs error 3.78 6.00 3.22 0.00 

% of real value 105.18 80.00 96.02 100.00 
 

5.1.2 Dynamic performance validation 

The results for the dynamic validations are presented in graphs, to appreciate the overall real data and 

predicted values behavior over a week, but also, they are totalized and presented in Table 4 in the form of 

absolute values and relative errors, the latter calculated with Equation (5.3). 

Figure 14 and Figure 15 show comparisons of the model output against real data for the weeks studied in 

terms of electrical and thermal power, as well as the DH load. In this case, the overall behavior of the power 

plant is reproduced by the model. For both weeks analyzed, the model tends to overestimate the power 

output from the gas turbine and the steam turbines.  

For the steam turbines, the difference between the predicted output and the real data becomes more 

apparent as the heat delivered to the district heating network increases. In a CCGT-CHP it is expected to 

see a decrease of electric power output as the heat delivered to the DH system increases. This is because a 
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higher fraction of steam and hot water is being cooled down in external condensers and heat exchangers; 

that, is steam that would have been otherwise expanded in the steam turbines, generating more electric 

power. That behavior is shown in the results, both in the data and the model. However, the steam turbine 

power output estimated by the model is less affected by these variations in the DH system. 

During the winter week, the DH demand is higher, up to almost 250 MWth. It is during those periods (high 

DH demand) that the model is less accurate, and the power output is overestimated.  

 

 

Figure 14. Model Output and Real Data - Winter Week 

 

Figure 15. Model Output and Real Data - Summer Week 
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The deviation of each week’s cumulated energy is presented in Table 4. The total electric power output 

relative error is in the order of 5.5% for the winter week and 5.7% for the summer week, being the steam 

turbine power the greatest contributor to such deviation. Being consistent with the steady state performance 

comparison, the steam turbine power output calculated by the model presents the biggest relative error at 

6.7% for the winter week and up to 8.3% for the summer week. 

 

Table 4. Dynamic Comparison (relative error) - Cumulative Results 

  Winter Week Summer Week 
  Data Model Relative Error Data Model Relative Error 
  [GWhe] [GWhe] [%] [GWhe] [GWhe] [%] 

Tot Elec Output 57.55 60.70 5.48 46.95 49.62 5.70 

GT Elec Output 44.35 45.25 2.04 35.54 36.14 1.70 

ST Elec Output 13.21 14.09 6.72 11.41 12.36 8.30 

DH Th Output 28.63 29.47 2.95 30.68 29.41 4.12 

 

Discussion of Results 

5.1.3 Errors in the steady state design results 

For the design point, 100% gas turbine load and 100% district heating supply, the model is able to reproduce 

the power plant total power output with a relative error of 4%, which comes in great measure from the 

steam turbine power output. The error reported is greater when other operating points, away from the 

design point, are also considered. In general, the highest error appears when the extractions to the DH 

system are completely close. In such case, the steam turbines are not able to produce as much power as it 

was expected when operating at full capacity. In fact, for OP2 and OP4 (0% DH supply), the power output 

from the steam turbines is always sub-estimated (these values being 83% and 70% of their true values). The 

reason for this lack of electric power produced comes as a consequence of operating at off-design points. 

For OP2 and OP4, the feedwater mass flow, both in the data and in the model, is two times greater than 

the nominal mass flow. At the same time, the feed water temperature inlet is half of that for the design 

point. Under these conditions, the heat exchangers modeled for the heat recovery steam generation do not 

generate the same steam output since they operate with different effectiveness. A solution for these errors 

is to properly characterize the off-design behavior of the heat exchangers modeled in future work. For OP1 

and OP3 however, the model tends to overestimate the power produced by the power plant, again, being 

the steam cycle the main contributor to the difference. The reason for such behavior comes to the design 

of the condensers used for the DH system. Doing a more detailed analysis in the model, it was found that 

these condensers (in the model) needed lower mass flows for generating the same heat output to the DH 

system, meaning that there is more steam available for the steam turbines to generate more electricity. 

Assumptions regarding the design of these components would have to be revise for more accurate results. 
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5.1.4 Errors in the dynamic performance results 

The results in the dynamic performance section show the power output for the gas turbine, the steam 

turbines and the DH system.  

The error or deviation in the gas turbine power output comes mostly as a result of the control system 

employed. As mentioned in section 4.1.11, the first parameter to be controlled in the model is the gas turbine 

power output. Since the gas turbine in the model is capable of producing the same power as the one in the 

data, the difference or deviation comes from the control system, which can be enhanced in future work. 

The power produced by the steam turbines is consistently overestimated, presenting greater errors or 

deviations for the winter week reported. For the winter week, the DH system power required is higher than 

for the summer week, therefore, the error discussed in the previous section, associated to OP1 and OP3, 

has more influence on the results. 

Doing a more detailed analysis on mass flows and other conditions around the steam and hot water 

extractions to the DH system, it was found that the model required lower extraction mass flows to meet the 

DH demand when compared to the real power plant, which implies that certain assumptions made about 

the condensers (adiabatic, pinch point temperatures) need to be revised for better results. Also, the mass 

flow and power distribution, or interaction between these two DH condensers (Cond 1 and Cond 2, see 

Figure 11) was determined for the steady state design or design point (section 4.1.8), and it was assumed 

constant for off-design points. 

Sources of errors in the modeling process have been presented, however there is another factor that worsens 

the results of the steam turbine power output when compared to the other parameters evaluated (GT and 

DH system). It is the approach adopted to control the model. As explained in section 4.1.11, the first systems 

to be controlled are the Brayton cycle and the DH, both controlled so that they meet their respective 

demands according to the data provided, leaving all the error in terms of energy used to the ST calculations. 

In other words, the Rankine cycle is producing electricity with whatever thermal power is left from the other 

systems. 
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5.1.5 Results in perspective 

To put the results in context, it is useful to compare them to other energy systems. As an example, one of 

the proposals in this analysis is to further extract between 10 to 14 MWth from the feed water stream to the 

heat recovery steam generator. When using this model and propagating the errors, always considering the 

worst-case scenario, it would yield results within +/- 2.7 MWth. As such, this model can be used in early 

stages of the project for pre-feasibility studies, see Figure 16, providing with useful trends and power plant 

behaviors. It also shows great potential for achieving more accurate results if more complex control 

strategies are implemented and if the design of the DH condensers and HRSG is refined revising the 

assumptions originally made. In that case, the model could be used in more advanced stages of the project 

such as feasibility studies. 

 

 

Figure 16. Uncertainty levels during project development 
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6 Conclusion 

In this study, a power plant modeling tool has been enhanced by incorporating a new power plant layout, 

which will be used in future works for increasing dispatch flexibility of a pilot combined heat and power 

plant. 

The model implemented consists of a combined cycle: a topping gas turbine with a bottoming steam cycle, 

featuring heat supply for a district heating network. In the gas turbine cycle, ambient air is compressed in 

an axial machine, natural gas is burned in the combustion chamber and then the working fluid is expanded 

in the turbine, which drives an electric generator. The exhaust gases are then used as the heat source for the 

bottoming cycle. In the steam cycle, steam is generated in the heat recovery steam generator and is sent to 

the steam turbines or to the district heating heat exchangers depending on the operation scheme. This cycle 

features three pressure levels (sub-critical) and a re-heat system. The district heating system is fed with two 

steam extractions, one from the low-pressure steam turbine and the other from the economizer section of 

the heat recovery steam generator. 

The methodology followed included a review of existing models within the tool; a study of the specific 

power plant to be modeled; getting acquaintance with the thermal systems proposed to be implemented in 

the future; the development of the model itself (steady state and dynamic model); and finally, the validation 

of the model using real power plant operation data. The modeling process included the power plant design 

and the power plant performance. For both, it was possible to recycle some of the functions already coded 

in the modeling software, whilst the rest were tailor-made for this particular model. 

The model was developed and implemented following the same structure as for previous models. Then, it 

was validated using real power plant operation data, following similar approaches and methodologies found 

in similar model validation studies. 

The validation took place in two stages, first, four operation points were compared in steady state 

conditions, and then, a week of operation during summer and a week of operation during winter were 

compared to the data. The results of the validation showed that this model can be used for providing with 

power plant output predictions for a wide range of operation conditions. The range studied comprises gas 

turbine loads from 45% to 100%, and electric-to-thermal power output ratios from fully electric to 1.3 (full 

cogeneration mode). The level of uncertainty in the total electric power output, measured as de difference 

between the model output and the real value (data), is not higher than 5.7% of the real value for the 

cumulative dynamic simulations (relative error). However, for the steady state comparison, the model tends 

to overestimate the total electric production at design point (full GT load and full cogeneration mode) by 

3.8% (measured in the same way as before) and sub estimates it by 13% when in lowest GT load and no 

cogeneration at all. 

A thorough analysis, looking not only at the total electric power output but also at key steam mass flows 

and temperatures, especially around the heat recovery steam generation unit, showed that the main source 

of error is associated to the steam generation and distribution towards the different pressure levels and the 

off-design performance of the heat exchangers in the HRSG. This steam distribution in the model comes 
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as a result of the heat exchangers design (heat transfer coefficient and their surface area). Therefore, it is 

assumed that a more detailed heat recovery steam generator design would yield better results. Another 

relevant source of deviations is the design of the condensers used for the DH system. In the model, they 

tend to require less steam and hot water to meet the DH power requirements when compared to the real 

data, leaving more steam to be converted into electricity by the steam turbines. 
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7 Suggestions for future work 

Due to time constrains of the thesis, some simplifications were made, addressing them would yield in a 

more accurate model: 

• Off-design operation of HRSG: due to the wide range of operation conditions the power plant 

must put up with, it is required a more detailed design of HRSG, paying special attention to the 

off-design operating points. 

• Design of DH condensers: the design of the DH condensers was carried out making assumptions 

from limited data. For more accurate results, it is recommended to revise these based on more data 

supplied by the power plant operator. 

• Control strategy: the control strategy used for the dynamic performance can be enhanced. It is 

known that the first element in the model to be controlled (the gas turbine) is able to generate the 

same power output than the real power plant under any conditions, however, in the graphs (Figure 

14 and Figure 15) there is a relevant difference between the real value and the calculated value. 

Adjusting or tuning the variables around the GT control will yield more accurate results. 

• Cost model: one final aspect that should be added to model is the economic analysis. For such 

task, already built economic functions need to be adapted to this model and cost references should 

be updated and added if needed. 
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Appendix 

A.1. Power Plant Flowsheet 
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A.2. TRNSYS Dynamic Model 

 


