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Abstract 

Electricity generation is an important sector for today’s society and economy. With vast 

amounts of water spent in electricity production processes and water scarcity predicted to 

significantly rise in the near future, the necessity to evaluate water use in power plants 

arises. 

Steam cooling processes in thermoelectric power plants are the main source of water use 

in electricity production. Even if other fluids, such as air, can be used for cooling 

purposes, water is associated with less costs and higher efficiencies. 

This study evaluates the performance of two types of power plants: a natural gas 

combined cycle power plant and a integrated solar combined cycle power plant. Special 

focus is made on the cooling system used in the plants and its characteristics, such as 

water use, related costs and plant fuel requirements. Three different cooling systems are 

studied for each of the power plants: wet, dry and hybrid cooling. Wet cooling uses water 

as the cooling fluid and dry cooling uses air circulated by a fan to condense the steam. 

Hybrid cooling is a combination of the previous two methods based on the ambient 

conditions, considering the efficiency loss experienced by dry cooling systems in dry, 

warm weather. 

To carry out this project the power plants are simulated using the software 

EbsilonProfessional and the plants are evaluated using exergy-based methods, i.e., 

exergetic, economic and exergoeconomic analyses. The results are used to compare the 

three different cooling options, as well as the water and fuel requirements of the different 

types of power plants. 

 

Key words 

Water conservation, natural gas, cooling system, combined cycle power plant, 

concentrating solar power, exergy, exergoeconomic analysis. 
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1. INTRODUCTION 

 

1.1. Motivation 

Water accessibility is necessary to ensure economic development. People living in 

poverty circumstances have trouble to get access to drinking water, experiencing 

problems also with personal hygiene and sanitation. This results in a lot of health issues, 

most of them related to consuming non-drinkable water, which can cause up to 2.18 

million deaths annually, most of them of children under 5 years old [1]. Furthermore, 

agriculture and animal breeding are associated with the highest water expenditure among 

all activities, so water scarcity creates a food shortage problem and the consumption of 

food of bad condition (animals can carry illness due to the consumption of dirty water, 

while vegetables watered with dirty water can cause health issues) [2]. Water scarcity 

does not necessarily imply physical water scarcity, but it can be related to factors like 

politics, policies and socioeconomic relations (social water scarcity) [3]. In addition to 

the sectors mentioned, water plays a very important role in energy generation.  

The use of water is a crucial element in the production of electric power in all different 

kinds of power plants, particularly in thermoelectric generation, i.e., fossil fuels, nuclear, 

solar thermal, geothermal. In thermoelectric power plants steam is obtained by heating 

water with a specific energy source (fossil fuel, solar energy, nuclear fission, heat from 

underground water reservoirs). That steam is used to make power plant turbines spin and 

generate electricity. After the steam is used, there is a necessity to condense it and convert 

it to water. To realize the condensation of the steam large amounts of a cooling agent are 

required. This cooling agent is in most cases water [4]. 

The high reliability of the energy sector on water availability and the more and more 

frequent water shortages globally, reveals the importance of the study of water use in 

power plants.  

 

1.2. Aim of the study 

This study aims to give visibility to water use in electricity production, as well as to 

propose different alternative cooling systems with which water use in thermal power 

plants can be reduced significantly. The power plants presented and evaluated are natural 

gas and hybrid solar-natural gas plants.  

The steps followed in order to realize this Bachelor Thesis were the following: 

▪ Literature survey on the use of water in electricity production and steam cooling 

methods. 

▪ The simulation of a natural gas combined cycle (NGCC) and a concentrated solar 

power (CSP) integrated combined cycle power plant using the software 

EbsilonProfessional. 

▪ Operational modifications of the plants using three different cooling systems: wet 

recirculating cooling, dry-cooled and hybrid cooling. 
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▪ Realization of exergetic and exergoeconomic analyses of the power plants and the 

different cooling methods using MATLAB. 

▪ Realization of a detailed economic analysis of the power plants. 

▪ Sensitivity analyses of the variation of the cost of electricity with the costs of 

water and fuel. 

▪ The comparison between the NGCC and CSP integrated combined cycle plants 

based on water requirements, costs and fuel needs has also been realized. 
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2. LITERATURE SURVEY 

 

In order to understand the water use in the electricity production process the difference 

between withdrawal and consumption has to be established [5]. Withdrawal refers to the 

amount of water that a power plant takes from a water source (river, lake, ocean, 

underground reservoirs, etc). Within the amount of water withdrawn, some of it will be 

poured again into the given source where it was taken from, and some of it will be 

evaporated in the cooling process or incorporated into by products and will not make it 

back. That amount of water that is lost through the process is called consumption [6]. 

With thermoelectric power plants having a total withdrawal share even higher than that 

of agriculture in countries such as the United States (US) [7], the energy-water nexus has 

become an important topic within the world energy production. The main factors 

influencing this water dependence of energy can be classified in three categories: 

geography and climate, technology used and location and community [8]. A problem 

arises in areas with scarce water resources, like the north part of China, where the water 

available is not enough to meet all power needs, especially considering the big amount of 

coal reservoirs in that same part of the country. [9] In addition to this, it is necessary to 

take into account the fact that energy demand is going to continue in a rising tendency as 

economy also grows, and that some years from now water shortage will be even more 

severe, affecting more than half of the world’s population. This is due to the effect of 

climate change in temperatures, precipitations and rising sea level, which will result in 

the contamination of freshwater sources [10][11].  

Even though some power plants might use the same cooling technology, the water 

consumption varies depending on the energy source. If we establish a comparison 

between natural gas and coal power plants, for example, it can be observed that natural 

gas power plants use less volume of water per unit of electricity produced. This is due to 

lignite extraction being more water-consuming than that of natural gas, as mines have to 

be dewatered. Also, the higher efficiency of natural gas when compared to coal must be 

considered, given that less energy is required to get electricity out of it. This has lead 

people to think that a possible solution to save water from energy production might be 

using natural gas instead of coal in the already existing power plants, but that would as 

well imply the necessity of changing power plants technologies, which is time-consuming 

and expensive [12].  

 

2.1. Cooling technologies in power plants 

Among the most commonly used cooling technologies in thermoelectric power plants are: 

once-through cooling, recirculating wet cooling, dry cooling and hybrid cooling. 
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2.1.1. Once-through cooling 

This open loop system takes a vast amount of water from a close source and circulates 

through some pipes to be used in the steam cooling process. After the water is used, most 

of it is poured back into the source it was taken from. This method requires power plants 

to be located near large natural water reservoirs, which limits siting options and makes 

power plants using this method very sensitive to drought [13]. Even though the water 

consumption is very low, it has a big environmental impact due to the large amounts of 

water withdrawn (around 20,000-60,000 gallons per MWh of electricity produced), the 

intake structures and the big amounts of warmer water discharged, which can raise 

considerably the average temperature of the mentioned body of water, causing important 

damage to the aquatic species [14]. This cooling method is now only used in older power 

plants, having been replaced by recirculating wet cooling due to environmental 

restrictions. 

 

 

Figure 1. Once-through cooling scheme [15] 

  

2.1.2. Recirculating wet cooling 

In contrast to the previous cooling method, recirculating wet cooling involves a closed 

loop system, with the water flowing from the condenser of the plant to a cooling tower. 

Part of the cooling water is evaporated, some of it is recirculated and reused in the next 

cooling cycle and a small part is discharged back to the water source. The cooling water 

is first used to condense the steam exiting the steam turbine of the power plant, then it is 

brought into contact with ambient air to drop its temperature back to its initial one, and it 

is then sent back to the condenser. As there are some evaporation losses, there is a need 

of makeup water in the cooling tower, that is about 2-3% of the total recirculating water 

and is the main cause of withdrawals in wet cooling. When compared to once-through 

systems, recirculating systems consume a relatively higher part of the water withdrawn, 

mostly due to high evaporation losses (around 75%). Despite the higher consumption, 

this method requires a much lower amount of water withdrawn from the water source and 

avoids high temperature water discharges, causing less damage to the aquatic species, 

which is why it is used instead of once-through cooling since the 1970s. Reported capital 

costs of this technology are around 60-80 €/kW [16]. 
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Figure 2. Recirculating wet cooling scheme [15] 

 

2.1.3. Dry cooling 

It works similarly to the recirculating system, but its main characteristic is the use of air 

instead of water as a cooling fluid. In this way both withdrawal and consumption of water 

are avoided, but imposes higher costs (infrastructural investment; electricity to power 

fans; capital costs around 150€/kW; and a cost of electricity around 3€/MWh higher than 

that of wet cooling [16]) and lower efficiencies, requiring more fuel per electricity unit. 

The higher mass flow of fuel required is due to the power input needed to work the air-

cooled condenser fan. These lower efficiencies imply a loss of output of 2-3% per year 

on average but can get to a 20-30% when demand is at its peak, usually in summer, when 

its efficiency is lowered due to hot and dry weather. The fact that the efficiency is lower 

in dry weather is highly inconvenient given that it is the kind of weather where dry cooling 

is more necessary [17]. It works using heat exchangers: water flows through the heat 

exchanger tubes while air goes through it.  Its use might be especially suitable for solar 

thermal power plants, that show a higher efficiency in places with high direct normal 

irradiation, which usually means water scarcity and higher temperatures, but the low 

efficiency of the cooling system at high temperatures can be balanced by the high 

efficiency of the concentrators in such conditions [18]. 

 

Figure 3. Dry cooling scheme [15] 
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2.1.4. Hybrid cooling 

Hybrid cooling is considered a closed loop system which uses a combination of air-cooled 

condensers, condensers and cooling towers either operating together or in separate ways 

to decrease the water use. This cooling method can eliminate up to 80% of the water used. 

It consists of a wet and a dry section: the wet section includes a cooling tower while the 

dry section consists of an air-cooled condenser. Both sections can be in parallel or series 

[19]. 

• Parallel hybrid cooling: Steam coming from the turbine is cooled by the cooling 

water. After that, part of that water, now warmer, goes to the cooling tower 

directly, and the other part is diverted through the dry cooling system, lowering 

its temperature and entering the cooling tower’s pond where it mixes with the rest 

of the cooling water and makeup water. The water coming out of the cooling 

tower, now cold, cools the steam coming from the turbine again. Another option 

is splitting the total mass flow of steam into two parallel flows: one going through 

dry cooling and the other one going through wet cooling. 

• Series hybrid cooling: In this system, once the cooling water has a higher 

temperature after cooling the steam, it is directed to the cooling tower, but again 

part of it is diverted through a dry cooling system. The difference in this case is 

that dry cooled water is then mixed with the hot one before entering the cooling 

tower, making the overall temperature of the water to be cooled lower [20].  

 

2.2. Environmental and economic issues of water use in power plants 

There is a high risk to aquatic species living in freshwater sources that are used for cooling 

purposes. Intake structures for water withdrawals are an example of a threat to 

biodiversity, causing species death when accidentally going through them. Also, the 

withdrawal itself means that a lot of water is taken from its original place, disrupting 

water sources natural course and structure and highly affecting flora and fauna. One of 

the main concerns, though, is the high temperature of the effluents that are poured back 

into the source where they were withdrawn from in once-through cooling systems, where 

these are especially abundant. The temperature rise of these effluents varies from 8 to 

15ºC more than the temperature of the water initially withdrawn. This rise in water 

temperature affects in different ways each of the species, as some are able to stand higher 

temperatures than others due to a higher critical thermal maximum. The critical thermal 

maximum is the temperature above which species are not able to survive for an extended 

time [21]. Some of the drawbacks of higher temperatures in natural water sources include 

decreased oxygen solubility and increased respiration rates, which implies reduced 

oxygen in water. A higher temperature in water may as well reduce biological processes 

(including growth) a 10% per 1ºC increase, and make chemicals toxicity and species 

vulnerability to those increase [14]. The fact that depending on the location of the power 

plant there is existence of different organism and fishes, each of them having a different 

critical thermal maximum, makes it difficult to establish a higher bound to the 

temperature of effluents discharged from a power plant. There has been US states, though, 
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that have set a maximum water surface temperature of 32ºC, while the European Union 

has established that temperatures downstream from discharge point should not be above 

21.5ºC for salmonid waters, and 28ºC for cyprinid waters [22]. 

Furthermore, water saving methods in thermoelectric power plants would mean not only 

an environmental advantage and a way to sort out the issue of electric power generation 

in locations with water scarcity. It would also be an economic measure, allowing power 

plants to depend less on nearby water sources in a way that they can supply electricity in 

a more continuous way even in times of drought. There is also a marginal of the gallons 

of water that would not be withdrawn if water saving retrofits where applied to cooling 

systems. However, cooling systems using water are nowadays the most cost-effective 

ones, so the answer to the economic problem of water use in electricity production would 

not be as simple as using dry cooling [23].  

On the other hand, the energy-water nexus plays an important role in the economic growth 

of a nation, as it implies higher demand of energy (which implies, at the same time, water) 

and water for personal consume by the population [24]. 

 

Table 1.  Comparison of cooling technologies [15] 

 

Cooling technology 

 

 

Consumption 

 

Withdrawal 

 

Costs 

 

Environmental 

impact 

Once-through 

cooling 

 

Low consumption 

compared to 

withdrawal 

 

20,000-60,000 

gal/MWh 

 

Lowest installation 

and operational 

costs of all cooling 

technologies 

High temperature 

water discharges 

and big amounts of 

water withdrawn, 

causing damage to 

aquatic species 

Wet recirculating 

cooling 

400-1,000 

gal/MWh 

500-1,200 gal/MWh Higher costs than 

once-through 

cooling 

technologies 

(operating costs 

around 4-10 €/kW)  

More water 

consumed than in 

any other cooling 

technology 

Dry cooling 

 

Negligible Negligible Highest installation 

and operational 

costs (around 80-

200 €/kW) of all 

cooling 

technologies  

No significant 

environmental 

impact due to dry 

cooling 

Hybrid cooling 

 

30-80% less than 

wet cooling 

Variable depending 

on air and water 

percentages 

 

    Variable 

Variable depending 

on air and water 

amounts used 

 

 

2.3. Water use in thermoelectric power plants 

As it has already been mentioned, cooling technologies are the main responsible for water 

withdrawal and consumption in power plants. However, there are also some secondary 

water losses that may vary from one type of power plant to another. 
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2.3.1. Solar thermal power plants 

Solar thermal power plants perform better thermodynamically in climates with high solar 

radiation. The main issue with this is that those climates very often happen to experience 

water scarcity, with little amount of water sources available. It would make sense then, 

to use dry cooling in this type of power plants, but it also has been mentioned that dry 

cooling presents lower efficiency in dry climates, so it would be necessary to analyse this 

possibility [25]. Apart from cooling, solar thermal power plants use water with other 

purposes which include: boiler make-up water; eliminating dust during plant 

construction; water for disassembling; operational requirements; and cleaning of mirrors 

(around 0.08-0.15 m3/MWh), which has to be done even more often to avoid efficiency 

losses in locations with dry weather and presence of dust [26]. 

 

2.3.2. Coal power plants 

Besides the water destined for cooling, coal power plants use a smaller, but still relevant, 

amount of water for coal extraction (around 617,000 gal of water per ton of coal) and 

transportation (9,000 gal of water per ton of coal transported). Also there are some water 

losses related to coal cleaning (around 17,000 gal/MWh [27]), boiler make-up water, ash 

handling and flue gas desulfurization [28] [29]. Reported water footprint of coal power 

plants is around 0.16 m3/GJ [8]. 

 

2.3.3. Natural gas power plants 

Natural gas power plants water use that is not related to cooling processes include: fuel 

extraction, with water use in the case of shale gas extraction (hydraulic fracturing) ranging 

from 300,000 to 9,000,000 gallons per well, higher than that of natural gas; and 

processing to get pipeline quality (4-5 gal/MWh in natural gas and 16-17 gal/MWh in 

shale gas) [27][30]. Natural gas water demand is 0.025 m3/MWh [8]. 

 

2.3.4. Oil power plants 

Water demand for oil oscillates between 0.1008 and 0.2592 m3/MWh. This can be divided 

into production (conventional crude oil production, oil sands production and oil shale 

production) and refining [8]. 

 

2.3.5. Nuclear power plants 

Nuclear power plants use water for mining and processing (milling, conversion, 

enrichment, fuel fabrication and reprocessing) [30], and they have the particularity of 

being the type of power plants that uses more water quantity, as cooling requires more of 

it. This is because steam operates at lower temperatures and pressures, which results in 

lower efficiencies, so the quantity of steam must be higher. This translates in bigger 



21 
 

amounts of cooling water to produce a certain amount of electricity compared to other 

thermoelectric power plants [31]. 

 

2.4. Water use in other types of power plants  

Although most of the water used in the electricity production sector has cooling purposes, 

there is also a big water footprint in those power plants that use a non-thermoelectric 

technology (hydroelectric, wind, solar photovoltaic). 

 

2.4.1. Hydroelectric power plants 

Even though hydroelectric power generation rely entirely on the water source where the 

dam is built, little amount of water consumption is observed when using this source, being 

most of it due to evaporation and seepage in reservoirs surface. There is a problem for the 

aquatic environment though, given that the construction of a dam alters highly the habitat 

of many species, causing the destruction of flora and fauna [32]. 

 

2.4.2. Wind power plants 

Wind power uses negligible amounts of water compared to other sources, being that use 

limited to cleaning purposes. Wind power plants, though, rely on other thermoelectric 

power plants (fossil fuels, nuclear) in moments when wind is no sufficient to generate 

enough electric power [33]. 

 

2.4.3. Solar photovoltaic plants 

Although nowadays water in solar photovoltaic power plants does not have an important 

role, limited to cleaning panels, there is some research being made about increasing the 

panels efficiency by using cooling systems. This relation is done due to the panel 

efficiency loss when it reaches high temperatures. Using a cooling fluid (water, air, 

hybrid) would improve the efficiency of the panel and at the same time, the heat extracted 

could be used as thermal power, combining in this way solar thermal and photovoltaic 

power. This area, though, is still going through research [34]. 
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3. PLANT DESCRIPTION 

 

This study starts with the simulation of a NGCC power plant and a CSP integrated 

combined cycle power plant in EbsilonProfessional. For each power plant there are three 

simulations, each of them with a different cooling system: wet recirculating, dry and 

hybrid cooling. To correctly analyse the performance of each of them, three analyses are 

carried out: exergetic, economic and exergoeconomic analyses.  

 

3.1. Simulation of the NGCC  

A combined cycle uses both a gas turbine (Brayton cycle) and a steam turbine (Rankine 

cycle) to produce electricity, increasing in this way the power output and efficiency 

compared to a single power generation cycle.  

A gas turbine (GT) cycle is composed of compressor, combustion chamber and expander. 

Air enters the compressor at ambient conditions and is compressed and led to the 

combustion chamber. Fuel is injected to the combustion chamber to realize the 

combustion once in contact with air. High temperature flue gas coming from the 

combustion chamber goes to the turbine or expander and make it spin getting a power 

output from it. A steam turbine (ST) cycle boils water to produce steam to make the steam 

turbine spin and get in this way a power output. This steam is later condensed back to 

liquid water and compressed by means of a pump to go through the boiler again and form 

a closed cycle. In a combined cycle power plant, a heat recovery steam generator (HRSG) 

uses the exhaust gases from the gas turbine cycle to produce steam for the steam turbine 

cycle, substituting in this way the boiler and getting extra power from it. This exhaust 

gases would otherwise be discarded in a simple GT cycle [35]. 

The NGCC simulated here uses natural gas, assumed to be 100% CH4, and has a three-

pressure level steam turbine with a reheating stage between the high pressure (HP) and 

intermediate pressure (IP). The plant has a power output of 427 MW kept constant 

throughout the study. The thermal energy after the gas turbine is transferred to water in a 

three-pressure level HRSG and further used in the steam turbine. In this simulation, the 

gas turbine and steam turbine power outputs are 285 MW and 143 MW, respectively and 

the efficiency of the combined cycle is 58.2 % when using a wet cooling system (base 

case). The simulation ambient temperature is 15°C, assuming this will change throughout 

the year. 

The heavy-duty gas turbine of Siemens SGT5-4000F (50 Hz) is used as a model to 

simulate the gas turbine. To accurately simulate the gas turbine in the simulation software 

EbsilonProfessional, specific variables are considered. The objective here is to achieve 

the design of a gas turbine as similar as possible to the real one, using various operational 

parameters and minimizing the difference between the real gas turbine and the one 

designed for this project. 

The gas turbine library in Ebsilon provides the data of the gas turbine SGT5-4000F model. 

The simulation assumes three separate components for the design of the gas turbine: a 
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compressor, a combustion chamber and an expander. Parameters like power output, 

efficiency, inlet and exhaust temperature and fuel mass flow are compared, obtaining the 

results shown in Table 1. 

 

Table 2. Comparison between theoretical and simulated gas turbine 

Parameter Data for SGT5-4000F 

from Ebsilon gas 

turbine library 

Actual value in 

simulation 

Error (%) 

Power output (kW) 285,000 285,017 6.3 × 10-3  

Exhaust mass flow (kg/s) 685  693.7 1.27  

Exhaust temperature (°C) 580 582.9 0.5 

Inlet temperature (°C) 15 15 - 

Inlet pressure (bar) 1.013 1.013 - 

Fuel inlet mass flow (kg/s) 14.653 14.66 0.05 

Air inlet mass flow (kg/s) 676.585 679.09 0.37  

Gas turbine efficiency (%) 38.92 38.87 0.13 

 

Given the small errors calculated, the gas turbine modelled in the simulation is considered 

equivalent to SGT5-4000F.  

 

   

Figure 4. NGCC power plant with wet cooling system 

 

Air enters the compressor (stream 1) and, after its pressure is increased, it is led to the 

combustion chamber. Natural gas is injected to the combustion chamber with a mass flow 

of 14.66 kg/s (stream 51) to realize the combustion, achieving the maximum temperature 
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of the whole cycle at the outlet of the component (stream 3 with 1239.86 °C). The 

combustion products with 693.66 kg/s and a pressure of 1.058 bar pass through the 

expander of the gas turbine system to then enter the HRSG of the plant. The HRSG 

generates steam for the steam turbine comprised of three pressure levels, each of them 

counting with a superheater, an evaporator and an economizer. High-pressure steam at 

563°C and 125 bars (stream 19) is expanded to 25 bars (stream 20), to then go through 

the HRSG again to be reheated back to 563°C (stream 22). Reheated steam returns back 

to the steam turbine at the intermediate pressure (IP) level, and it is expanded to 5 bars 

(stream 23). Low-pressure steam is expanded from 5 bar (stream 24) to 0.05 bar (stream 

25) in the low-pressure steam turbine (LP ST). The maximum pressure of the cycle is 

137.06 bar at the inlet of the high-pressure economizer (HP ECON) (stream 43). The 

simulation reaches its minimum pressure in stream 25 coming out of the steam turbine. 

The generated steam is then condensed into liquid water to enter the LP ECON to increase 

its temperature, so it can go through the deaerator and this way form a closed cycle. To 

realize that, steam has to go through the cooling system, which is different for each 

simulation. Three power plants with the same characteristics are simulated only varying 

the cooling system among them. The water from condensing the steam then goes through 

a pump to increase its pressure and send it to the HRSG to be used again. 

 

3.1.1. The NGCC power plant using wet cooling 

This simulation includes the already described NGCC and uses wet cooling as a cooling 

system. 

The wet cooling system consists of a closed system composed of a condenser and a 

cooling tower. Steam with a mass flow of 103.59 kg/s (stream 25) goes through the 

condenser and it is condensed by means of cooling water at a rate of 9736.49 kg/s (stream 

45). Cooling water exits the cooling tower, goes through the condenser and goes back to 

the cooling tower. There, this higher temperature water comes into contact with ambient 

air at a rate of 4868.20 kg/s (stream 49) to decrease the temperature of the cooling water, 

so that it can be reused. Some part of the water is evaporated in the process and, therefore, 

lost, so there is a stream of make-up water going into the cooling tower with a mass flow 

of 102.82 kg/s (stream 48). 

 

3.1.2. The NGCC power plant using dry cooling 

The simulation using dry cooling only differs from the one already described in the 

cooling system, which alters slightly the characteristics of some streams. 

For the dry cooling system, an air-cooled condenser is used. In this case steam is 

condensed using air as the cooling fluid circulated with a fan. A mass flow of air of 

302073.16 kg/s (stream 45) is used to condense 105.34 kg/s of steam (stream 25). No 

water is used in this cooling system, but there is an efficiency loss due to the power input 

of 7.2 MW to work the fan, which also implies a rise in costs. This efficiency loss is even 

higher during warm months. Due to this power input needed for the fan, the fuel mass 
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flow needed is slightly higher than the one already mentioned for the power plant using 

wet cooling: 14.91 kg/s (stream 47). This has also an effect on the combustion products 

mass flow, that this time is of 705.46 kg/s (stream 3). 

 

  

Figure 5. NGCC power plant with dry cooling system 

 

3.1.3.  The NGCC power plant using hybrid cooling 

The hybrid cooling system splits the mass flow of steam coming out of the steam turbine 

into two parallel flows: one goes through wet cooling, and the other stream goes through 

an air-cooled condenser (dry cooling), so any distribution of the total mass flow of steam 

can be chosen to go through wet and dry cooling. In this study, two design cases are 

considered. Due to the mentioned efficiency loss of the air-cooled condenser during warm 

and dry months, the power plant uses wet cooling during these months of the year, with 

no mass flow of steam going through dry cooling to be condensed. Alternatively, all the 

mass flow of steam coming out of the steam turbine goes through the dry cooling system 

during colder months. For simplicity reasons the hybrid cooling system is considered to 

work in dry cooling mode and wet cooling mode both for six months a year. 
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Figure 6. NGCC power plant with hybrid cooling system 

 

3.2. Simulation of the CSP integrated combined cycle  

The integrated solar combined cycle simulation is composed of a concentrated solar 

power (CSP) field and a natural gas combined cycle. This combination of technologies 

presents advantages such as the reduction of fossil fuel consumption (lower mass flow 

entering the combustion chamber needed) and reduction of CSP costs compared to a 

single CSP power plant. However, it implies a considerably high rise in investment costs 

when compared to a simple combined cycle [36].  

CSP technology is characterized by the use of mirrors or lenses to concentrate the sun 

rays to heat a thermal fluid that is used for the production of steam [37]. This steam 

usually spins a steam turbine and a power output is obtained in this way. Two types of 

CSP technologies can be found: line-focusing systems, when the irradiance is 

concentrated along a line (parabolic trough, linear Fresnel); and point-focusing systems, 

concentrating the irradiation on a single focal point (solar tower, solar dish) [38].  

The concept of integrated solar combined cycle uses the CSP heat either to produce 

additional steam for the steam turbine, that is integrated in the HRSG of the combined 

cycle, for what line focusing systems are ideal (parabolic trough or linear Fresnel); or to 

heat the compressed air before entering the combustion chamber [36].  

In the simulated power plant, the CSP technology used is parabolic trough. Parabolic 

trough technology consists of long arrays of mirrors (solar collectors) with parabolic 

shape that concentrates the solar irradiance to heat a pipe containing thermal fluid [39]. 

This thermal fluid in the case of the power plant of the study is led to a HRSG to generate 

additional steam to integrate to the steam turbine of a combined cycle power plant through 
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the 3-pressure level HRSG and, in this way, reduce the fuel mass flow necessary to get 

the desired power output. The parabolic trough solar field consists of 7500 collectors of 

10 m length located in Sevilla (37.39° north, 5.96° west). 

In order to consider every possible working condition for the CSP power plant, both a 

design and an off-design model have been simulated, so that later real data over time can 

be applied to the off-design model to get a dynamic simulation. 

In the design simulation, the date and time chosen for the ambient conditions is the 21st 

of June (summer solstice) of 2017 at 12:00. The direct normal irradiance (DNI) is 

assumed to be 950 W/m2, and the ambient temperature is 33.4°C. The ambient 

temperature is obtained by taking real hourly ambient temperatures in Sevilla during the 

years 2005-2009 (both included) and getting a mean temperature for each hour for a 

whole year. This mean hourly temperatures will be used as an input for the off-design 

dynamic simulations. 

In this case the gas turbine model used is SGT5-4000F. It is the same gas turbine model 

as the one chosen for the NGCC simulation, but this time, as the power output is set to 

427 MW, the fuel mass flow is variable depending on the date and time and how much 

power is achieved from the sun. When adding a CSP field to the combined cycle, the 

amount of natural gas injected to the combustion chamber is lower during those hours of 

the day when there is sun activity. During night hours, or even cloudy days, the power 

plant works as a normal combined cycle. 

The solar field is connected to a two pressure levels HRSG (HRSG 1), using a three-pin 

controller to determine the mass flow (corrected value) of oil running through the field 

from the value of the enthalpy. There is a pump to compress the oil at the inlet of the solar 

field.  

The steam produced in the HRSG 1 is integrated in the HRSG of the combined cycle 

(HRSG 2) with three pressure levels (high, intermediate and low) to increase the steam 

production. To do this, liquid water inlet streams of the HRSG 1 HP and IP economizers 

are an extraction from the inlet streams of the HRSG 2 HP and IP economizers. At the 

same time, the HRSG 1 HP and IP superheaters outlet steam streams are injected to the 

outlet of the HP and IP HRSG 2 evaporators, increasing in this way the steam production. 

This will make the power output of the 3-pressure level steam turbine higher, which will 

allow a lower mass flow of fuel entering the combustion chamber and a higher combined 

cycle efficiency. 

Again, three different simulations have been made of this power plant model, each of 

them using a different cooling system: wet, dry and hybrid cooling. The differences 

between each of them resides only in the refrigeration system used. The hybrid cooling 

power plant is going to work either fully dry or fully wet cooling at a time, depending on 

the time of the year considered, so the results obtained in both wet and dry cooling 

simulations can be applied to the hybrid cooling power plant as well. 

To calculate the total electric power output of the CSP parabolic trough technology in the 

static simulation conditions, an identical power plant has been simulated, only lacking the 
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CSP technology, so it is possible to see the contribution of the solar field to the electrical 

power obtained from the steam turbine. In such power plant we observe a ST power 

output of 145 MWe, while the reported ST electric power output adding CSP technology 

is 224 MWe. This makes the electric power output of the CSP power plant integrated of 

79 MWe. Considering that the CSP technology counts with an effective heat of 258 MW, 

this would make the capacity factor of the power plant of 30.65% for the design date and 

time. 

 

3.2.1. The CSP integrated combined cycle power plant using wet cooling 

Two different parts are observed in this simulation: the CSP power plant and the NGCC 

power plant. The CSP power plant consists of a parabolic trough solar field composed of 

7500 collectors. During daytime, whenever there are no clouds, the direct normal 

irradiance from the sun hits the collectors’ surface and generates a heat that is used to heat 

thermal oil with a mass flow of 1047.71 kg/s in the design simulation. This oil, once 

heated from 294.31°C (stream 22) to 395°C (stream 14), is led to a two-pressure level 

HRSG (HRSG 1), with superheater, evaporator and economizer in each pressure level. 

HRSG 1 extracts liquid water from the combined cycle three-pressure level HRSG 

(HRSG 2) and heats it to produce steam. The steam produced is injected back in HRSG 

2. After passing through the HRSG 1, the thermal oil, now at a lower temperature of 

293.32°C (stream 21), needs to be compressed from 35 to 50 bar by means of a pump, so 

that it can be heated again by the solar field (stream 22).  

In the combined cycle part, the air at ambient conditions (stream 1) is compressed to 15 

bars (stream 2) by the compressor and is then led to the combustion chamber. The fuel 

mass flow injected in the combustion chamber is variable in this type of power plant. 

However, considering in this case the static simulation with DNI of 950 W/m2 and 

ambient temperature of 33.4°C, the mass flow of natural gas needed to meet the power 

output requirements (426.92 MW) is 11.365 kg/s (stream 72) for wet cooling. The cycle 

reaches its maximum temperature at the outlet of the combustion chamber, with 

1231.88°C (stream 3). Combustion products at 544.75 kg/s pass through the gas turbine, 

and then enter the HRSG 2, with three pressure levels, that generates the steam for the 

steam turbine. HRSG 2 high and intermediate pressure levels are composed of 

superheater, evaporator and economizer, while the low-pressure level is formed by 

evaporator, economizer and preheater. High-pressure steam at 532.00°C (stream 34) is 

expanded from 129.65 to 39.75 bar (stream 35) and is then mixed with intermediate-

pressure steam coming from the HRSG 2 at 320.68°C and 39.75 bar (stream 59), to be 

expanded to 4.8 bar (stream 37). This steam is again mixed with the low-pressure steam 

at 151.84°C and 5 bar (stream 50) and is expanded to 0.05 bar (stream 40). Highest 

pressure of the whole cycle is found at the inlet of the high-pressure economizer of both 

HRSG (both the one of the CSP plant and the combined cycle), which is 130 bars (streams 

61, 62 and 27). Lowest pressure of the cycle is found right after the steam turbine (stream 

40): 0.05 bar (for the static simulation). Steam coming out of the steam turbine is then 
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condensed into liquid water to enter the preheater. To realize that, steam passes through 

the cooling system, which in this simulation consists of a condenser and a cooling tower. 

The mass flow of steam to be condensed is 189.79 kg/s and has a pressure of 0.05 bar 

(stream 40). Cooling water coming from the cooling tower at a rate of 16207.28 kg/s 

(stream 66), goes through the condenser and is then led back to the cooling tower (stream 

67), where an air mass flow of 8103.56 kg/s (stream 70) cools down these higher 

temperature water in order to be used again as cooling water. Evaporation losses are 

compensated by a make-up water stream of 140.04 kg/s (stream 69). After steam is 

condensed it is led to the preheater (stream 42), where liquid water temperature is 

increased, so it can go through the deaerator and form a closed cycle. 

 

 

Figure 7. CSP integrated combined cycle with wet cooling system 

 

3.2.2. The CSP integrated combined cycle power plant using dry cooling 

The simulation using a dry cooling system has the same characteristics as the one 

previously described but including some differences. The cooling system consists of an 

air-cooled condenser that needs a power input to work the fan that circulates the air to 

condense the steam. This power input makes the mass flow of fuel (stream 68) needed to 

meet the power requirements (427 MW) be higher, with 12.22 kg/s for the static 

simulation. Because of this rise in fuel consumption, combustion products have a mass 

flow of 585.91 kg/s and a temperature of 1251.71°C this time (stream 3). 

The next difference found in this simulation is the pressure of the steam coming out of 

the steam turbine, that is 0.12 bar (stream 40). This is due to the high temperature of the 
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air (33.4°C) in the air-cooled condenser, which leads to a higher steam pressure so that it 

can be condensed easier with less efficiency losses. The temperature of the air is that of 

the environment. 

Regarding the cooling system, steam with mass flow of 195 kg/s (stream 40) is condensed 

by air at a rate of 41567.61 kg/s (stream 66) circulated by a fan. The power input to work 

the fan is 10.5 MW, this time higher than it was in the NGCC power plant mainly due to 

the higher mass flow of steam to be condensed, as there is additional steam provided by 

the solar field. 

 

 

Figure 8. CSP integrated combined cycle power plant with dry cooling system 

 

3.2.3. The CSP integrated combined cycle power plant using hybrid cooling 

The power plant including a hybrid cooling system includes both a wet cooling system 

and an air-cooled condenser in two parallel streams. The flow of steam is split into these 

two streams, so the power plant can work using wet, dry or both cooling systems at a 

time. As has been mentioned for the NGCC case, the hybrid cooling simulation has two 

design cases. Due to the efficiency loss of the air-cooled condenser in warm and dry 

conditions, during those months of the year when the ambient temperature is too high to 

let the dry cooling system work efficiently, only wet cooling will be used to condense the 

steam. This is done by circulating the 100% of the steam mass flow through the stream 

going through wet cooling. Alternatively, the totality of the steam mass flow will go 

through the air-cooled condenser in colder months. This means that the description of the 

power plant using hybrid cooling will be the same as the descriptions of the power plants 

using wet and dry cooling depending on the time of the year and the cooling system 

chosen. 
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Figure 9. CSP integrated combined cycle power plant with hybrid cooling system 

 

3.2.4. The CSP integrated combined cycle dynamic simulation 

A dynamic simulation has been made in a way that the power plant can be analysed 

through a whole year of operation. Hourly temperatures and DNI data in Sevilla from 

2005 to 2009, both years included, have been used to calculate the hourly mean of a whole 

year. The data used as input for the sun is not real 2017 data, but a mean computed from 

real data of five whole years. After the time series have been simulated, it is possible to 

get graphs of different power plant characteristics throughout the year, such as total power 

output, efficiency or effective heat from the CSP field. 

The diagrams obtained from the time series simulation present a constantly changing 

pattern, which is due to the 0 W/m2 DNI during night hours. When the DNI is equal to 0, 

the power output contribution of the solar field is 0 as well, which results in a lower steam 

turbine power output. As the total Pout has been set, the gas turbine output power must be 

necessarily higher for this night hours in order to meet the requirements. This has as a 

result higher mass flow of fuel (in the combustion chamber inlet) and zero mass flow of 

oil in stream 22, which is the stream of thermal oil going into the CSP field. 

When it comes to the weather conditions, now putting aside the night hours effect, the 

analysis of the diagrams is done looking at how maximum and minimum values of the 

different parameters vary over a year. Looking at the ambient temperature variation 

during the year, warmest months are observed to be July, august and September. Also, it 

can be appreciated how the DNI reaches its highest values during warm months (summer 

season: June, July, August, September…), even if it does not show significant variations 

during the year.  
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Solar heat of the solar field reaches highest points in warm months, when the DNI is also 

higher (June, July, August…). This is also related with a higher mass flow in stream 22 

during these months, as well as higher optical, thermal and overall solar field efficiency. 

The solar field contributes to make the steam turbine power output higher, so in warmer 

and sunnier months, steam turbine power output also reaches its highest values. 

Due to the higher power output of the solar field during summer months, the output of 

the gas turbine is lower these months. This is explained because, in order to get to the 

desired total output power of the plant, when there is more contribution of the solar field, 

the power needed from the gas turbine would be lower as well. Consequently, there is a 

lower mass flow of fuel in the combustion chamber inlet, which leads to a higher 

combined cycle efficiency. 

Fuel mass flow has a constant maximum throughout the year, as it is reached during night 

time every day.  In this case what makes sense is looking at its minimum values, reached, 

as was stated before, during warm sunny months. In summer months, the CSP field is 

working at its maximum capacity during day time, injecting steam into the HRSG of the 

combined cycle. Due to this additional steam production, the steam turbine is going to 

have a higher output power, thus requiring less power output from the gas turbine and 

needing less fuel mass flow injected to the combustion chamber. 
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4. RESULTS 

 

4.1. EXERGETIC ANALYSIS 

 

An exergetic analysis relies on the concept of ‘exergy’, which is defined as the total work 

potential or maximum useful work available of a given system in a determined 

environment. Exergy can be destroyed and is a characteristic of both system and 

environment but can be seen as an extensive property of the system alone once the 

environment has been properly defined. The information this analysis gives is how much 

of that work potential or exergy has been consumed by a process, usually referred as 

exergy destroyed. The exergy destroyed is also called irreversibility and is inversely 

proportional to a process efficiency, so the exergy analysis is giving information about a 

process overall performance [40]. When applied to each of a power plant’s component, 

this analysis is highly useful to determine the exergy destroyed related costs (later 

analysed in an exergoeconomic analysis), an locate the causes of this inefficiencies, that 

can be either avoidable (eliminated by technical improvements) or unavoidable (due to 

the plant structure and how its components interact together) [41][42].  

In this work, a matlab script is used to perform the exergetic analysis of each plant. Exergy 

balances are written at the component level. 

In the exergetic analysis the exergy of fuel (𝐸𝐹), exergy of product (𝐸𝑃) and exergy 

destruction (𝐸𝐷) of each component of the power plant are calculated. The fuel represents 

the expense of resources to get a certain product, while the product is the desired outcome 

of the thermodynamic process [41]. The exergetic efficiency is the ratio between exergy 

of product and fuel and it is defined both at the component and at the plant level. In order 

to estimate the EF and EP of each component, the total exergy of each stream is needed. 

The total exergy is obtained from the sum of physical and chemical exergy of each stream, 

computed from the stream values in Ebsilon. 

 

4.1.1.  The NGCC power plant 

 

Table 3. Results of the exergetic analysis for the NGCC simulation 

 

 

Exergetic analysis results show higher exergetic efficiency for the simulation using wet 

cooling (57.3%) than for the one using an air-cooled condenser (56.4%). The reason to 

have a lower efficiency when using dry cooling is the power input needed to work the 

 Wet cooling simulation Dry cooling simulation 

ℇtot (%) 57.33 56.40 

𝑬̇𝑭 𝒕𝒐𝒕 (MW) 762.72 775.59 

𝑬̇𝑷 𝒕𝒐𝒕 (MW) 437.27 437.45 

𝑬̇𝑫 𝒕𝒐𝒕 (MW) 313.95 317.36 

𝒚𝑫 𝒕𝒐𝒕(%) 41.16 40.92 
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fan, which implies a higher fuel consumption in order to get to the desired power output. 

Total 𝐸̇𝐹 is higher for dry cooling again because of this power input in the fan, while 𝐸̇𝑃 

is practically the same for both simulations, given that they have the same power output, 

fixed throughout the whole study. The higher 𝐸̇𝐹 of the dry cooling simulation and the 

equal 𝐸̇𝑃 of both make the 𝐸̇𝐷 of this simulation higher. 

When looking at the component-level results, the combustion chamber is identified as the 

biggest source of thermodynamic inefficiencies in the plant. 29.3% of the total EF is 

destroyed in the combustion chamber, which implies a contribution to the total exergy 

destruction of 71.2 and 71.6% for wet and dry cooling respectively. The exergy destroyed 

in the combustion chamber is mainly due to the combustion reaction. As the total power 

output is fixed for all simulations, the simulations including an air-cooled condenser and 

needing a power input for the fan, will need a higher mass flow of fuel in the combustion 

chamber. In this way a slightly higher gas turbine output is achieved, and the total power 

output requirement is met. This explains why exergy destruction in the combustion 

chamber is slightly higher for the simulations using dry cooling (227.2 MW) than for the 

one using wet cooling (223.4 MW). The next component in exergy destruction 

contribution is the expander of the gas turbine system, with 3.2% of the total 𝐸̇𝐹  destroyed 

(7.7% of the total exergy destruction) for both simulations. Exergy destruction within the 

gas turbine is mostly due to friction. A higher mass flow of flue gases going through the 

gas turbine increases the effect of friction in exergy destruction. This makes exergy 

destruction within the expander slightly higher in the dry cooling simulation, due to a 

higher mass flow of fuel at the combustion chamber inlet. In the dry cooling simulation, 

the exergy destruction within the air-cooled condenser is considerably high compared to 

other components, explained by the fan power input, increasing in this way the 𝐸̇𝐹 that 

would otherwise be zero. Among the rest of the components, HRSG is next in exergy 

destroyed, this time mainly related to heat transfer, followed by the compressor. 

The least efficient components from an exergetic point of view are the combustion 

chamber (70.7 %) and some components within the HRSG, especially the intermediate-

pressure superheater (35.5%), the intermediate-pressure economizer (68.3%), the low-

pressure superheater (68.3%) and the low-pressure economizer (65.4%).  

The simulation using hybrid cooling is not considered separately in this part. During 

warmer months, when the hybrid cooling system is working as wet cooling, the power 

plant shows the exact same exergetic analysis as the one for the wet cooling simulation. 

Same happens for colder weather, when the hybrid cooling system works in dry mode, 

the power plant exergetic analysis will have the same results as those of the dry cooling 

simulation. 
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4.1.2.  The CSP integrated combined cycle power plant 

 

Table 4. Results of the exergetic analysis for the CSP integrated combined cycle simulation 

 

 

 

 

 

 

 

 

 

The exergetic efficiency of the CSP integrated combined cycle using wet cooling is 

51.02%, higher than that of the simulation using dry cooling (48.55%), again because of 

the higher mass flow of fuel needed to compensate the power input to work the air-cooled 

condenser fan. However, if to calculate the total fuel exergy of the plant, the 𝐸̇𝐹 of the 

solar field is dismissed (263.99 MW), the exergetic efficiency of the combined cycle is 

obtained, with values 73.79 and 68.68% for wet and dry cooling, respectively. This higher 

value compared to the NGCC power plant is due to the lower fuel mass flow needed to 

achieve the required power output, as the CSP field is contributing to achieve such output 

in this case (design simulation assuming solar DNI of 950 W/m2). There is a bigger 

difference between the exergetic efficiencies of the power plants using wet and dry 

cooling than there was in the NGCC power plants. This is mainly due to the lower 

efficiency of the air-cooled condenser because of the hot weather in the static simulation 

(33.4°C), as well as the higher mass flow of steam to be condensed, needing a 

considerably higher power input to work the fan. The total 𝐸̇𝐹 of the plant is lower if the 

𝐸̇𝐹 of the solar field is dismissed because of the lower mass flow of fuel used. Again total 

𝐸̇𝐹 is higher for the simulation using dry cooling due to the air-cooled condenser fan 

power input. Total 𝐸̇𝑃 show similar values in both NGCC and CSP integrated combined 

cycle simulations, and for both wet and dry cooling simulations because of the same 

power output required for all the simulations. Total 𝐸̇𝐷 is higher for the dry cooling 

simulation due to the higher 𝐸̇𝐹 and almost equal 𝐸̇𝑃. 

At the component level, the combustion chamber shows the highest exergy destroyed 

(same as in the NGCC simulation) with 28.94 and 28.36% of the total 𝐸̇𝐹 destroyed in 

this component for wet and dry cooling respectively. The 𝐸̇𝐷 within the combustion 

chamber is higher when using dry cooling, again due to the higher fuel mass flow. If the 

solar field is taken into account, it is next in exergy destruction due to its high 𝐸̇𝐹, but in 

this case this 𝐸̇𝐷 does not show an important inefficiency compared to other components, 

as the fuel used is the sun and it is not associated with any cost. Next components in 

exergy destruction are the GT expander and the cooling system components (condenser 

and cooling tower in wet cooling, and air-cooled condenser in dry cooling). In both 

HRSGs the exergy destroyed in the HP level is higher than that of the IP and LP levels, 

 Wet cooling simulation Dry cooling simulation 

Combined 

cycle 

Combined 

cycle + CSP 

field 

Combined 

cycle 

Combined 

cycle + CSP 

field 

ℇtot (%) 73.79 51.02 68.68 48.55 
𝑬̇𝑭 𝒕𝒐𝒕 (MW) 591.52 855.51 636.44 900.42 

𝑬̇𝑷 𝒕𝒐𝒕 (MW) 436.50 436.50 437.12 437.12 

𝑬̇𝑫 𝒕𝒐𝒕 (MW) 155.37 419.36 156.99 420.98 

𝒚𝑫 𝒕𝒐𝒕(%) 26.27 49.02 24.67 46.75 
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mainly because of the higher temperatures in the hot side of the heat exchanger, which 

increases the heat transfer. 

The simulation with hybrid cooling system works alternating wet and dry cooling mode. 

Therefore, the exergy analysis would be the same as those for wet and dry cooling 

simulations, depending on the time of the year and the weather conditions (dry cooling 

for colder months and wet cooling for warmer, drier months). 

 

4.2. ECONOMIC ANALYSIS 

 

Costs are calculated for the year 2017, considering it as the actual year. The year of 

construction start is 2019, while 2021 is considered as the first year of commercial 

operation of the power plant. The power plant lifetime is considered as 20 years. 

 

4.2.1.  The NGCC power plant  

Looking at the investment costs of the simulated power plants, wet cooling makes the 

most economical refrigeration system, as expected. Estimated fixed capital investment 

(FCI) for NGCC power plant using wet cooling is 204 M€. When substituting the 

condenser and cooling tower by a dry cooling system, FCI rises to 214 M€. This 

increment in costs is due entirely to the change in cooling technology and can be even 

higher if the air-cooled condenser has to work in warmer and drier months. Hybrid 

cooling implies the highest costs, as it is thought to work either as a wet cooling system 

or as a dry cooling system depending on the weather conditions, so all components 

involved in the cooling system need to work at full capacity. Estimated FCI for this 

simulation is 218 M€. As the power output of the three power plants in set to the same 

value and considering that dry cooling technology requires a power input for the fan of 

the air-cooled condenser, the amount of fuel needed to meet the requirements is higher. 

This makes the cost of fuel higher for the power plant using dry cooling than that of wet 

cooling. Cost of fuel for the plant using dry cooling is estimated to be 85,3 M€ for mid-

2021 (being 2021 assumed to be the first year of commercial operation), while for wet 

cooling, cost of fuel makes 83,9 M€. Cost of fuel for the power plant using hybrid cooling 

is variable throughout the year, due to the higher fuel consumption when the power plant 

is working at dry mode. 

At the component level, the highest impact on the total costs of the plant is made by those 

components involved in the gas turbine system: the expander of the gas turbine, the 

compressor and the combustion chamber, with a FCI of 32.66 M€, 28.58 M€ and 20.41 

M€, respectively. The HRSG also has a high investment cost of 31.21 and 31.75 M€ for 

wet and dry cooling respectively. The highest contribution to rising costs among the 

components of the HRSG come from the HPSH, the HPEVAP and the LPEVAP. The 

steam turbine has a FCI of 22.87 M€, with the highest contribution to costs coming from 

the LPST (10.07 M€).  
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The cooling system chosen makes the biggest difference among the costs of the 

simulations. The FCI of the wet cooling system is 4.18 M€, with condenser and cooling 

tower costs of 2.02 M€ and 2.16 M€, respectively. The air-cooled condenser has a FCI of 

13.63 M€. The hybrid cooling system, therefore, implies a cost that is the sum of both 

cooling systems: 17.81 M€. 

The investment cost rates (𝑍̇𝑘) in cent/s for the exergoeconomic analysis are computed 

from the investment costs of the plant components using the following equation: 

𝑍̇𝑘 =
(𝑐𝑎𝑟𝑟𝑦𝑖𝑛𝑔 𝑐ℎ𝑎𝑟𝑔𝑒𝑠+𝑂&𝑀)

(𝑃𝐸𝐶𝑡𝑜𝑡×𝜏)
× 𝑃𝐸𝐶𝑘                                     (4.1.) 

Where PEC is the purchase equipment cost, 𝜏 is the annual operating hours (7446 h in 

this case) and O&M are the operating and maintenance costs. Carrying charges result 

from the subtraction of O&M and fuel costs to the TRR (total rate of return).  

 

4.2.2.  The CSP integrated combined cycle power plant  

CSP integrated combined cycle power plants show considerably higher costs than those 

of a simple combined cycle due to the presence of more power plant components, among 

which the parabolic trough field implies a quite high rise in costs (160.88 M€), being the 

component with the highest impact in the plant total costs. CSP technology, despite being 

quite costly, presents the advantage of saving fuel whenever the ambient conditions make 

it possible. The Static simulation is made for a summer day, thus making the difference 

between wet and dry cooling costs even higher than in the NGCC power plant due to the 

efficiency loss of the air-cooled condenser under these conditions. Estimated FCI for dry 

and wet cooling power plants are 411 M€ and 385 M€ respectively. Hybrid cooling 

simulation is designed to be working alternating wet and dry cooling depending on the 

time of the year and the weather conditions, so costs have been calculated for a system 

working at full capacity either wet or dry cooling is chosen, making an FCI of 417 M€. 

The cooling systems present high differences in costs. The wet cooling system shows a 

FCI of 6.06 M€ (with condenser and cooling tower FCI of 3.12 M€ and 2.93 M€, 

respectively), while FCI for the air-cooled condenser is 26.38 M€. This higher cost for 

the cooling system when compared to the NGCC simulation is due to a higher mass flow 

of steam to condense, as well as, in the case of the air-cooled condenser, the high cooling 

air temperature (ambient temperature) in the simulation. Both systems are present in 

hybrid cooling, so that rises the cooling technology FCI for this simulation to 32.44 M€. 

Looking at these costs it is easy to draw the conclusion that the overall FCI differences 

of these power plants are due almost entirely to the cooling system chosen. 

At the component level the parabolic trough field implies the highest contribution to total 

costs, followed by the gas turbine (compressor, combustion chamber and expander), with 

FCIs of 59.90 and 66.37 M€ for wet and dry cooling respectively. This difference in the 

gas turbine cost is due to the higher mass flow of fuel needed for the dry cooling 

simulation. HRSG 1 and 2 make a great impact in the total costs, with FCIs of 21.88 M€ 
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and 34.31/33.55 (wet/dry) M€, respectively. Especially high costs within the HRSGs are 

found for the HP1EVAP (12.23 M€) and HP2SH (13.26 M€). 

  

Table 5. Investment cost references for the power plant components 

Component Reference 

Compressor [43] 

CC [43] 

GT [43] 

SH [44] 

RH [44] 

Evap [44] 

Econ [44] 

Preheater [44] 

ST [45] 

Pumps [44] 

Solar field [46] 

Cond [44] 

Cooling Tower [45] 

AC cond [46] 

Deaerator [44] 

 

 

4.3. EXERGOECONOMIC ANALYSIS 

 

The exergoeconomic analysis couples the exergetic analysis with costs. The total costs 

for each component are calculated by summing up the exergy destruction cost rate (𝐶̇𝐷,𝑘) 

and the investment cost rate (𝑍̇𝑘). The higher the total cost of a certain component, the 

bigger its impact on the plant. Components with high total costs are likely to require a 

separate study of their inefficiencies in order to carry out any improvement. 

The exergoeconomic factor (𝑓𝑘) and relative cost difference (𝑟𝑘) of each component are 

calculated using the following equations. 

𝑓𝑘 =
𝑍̇𝑘

𝐶̇𝐷+𝑍̇𝑘
                                                      (4.2.)          

𝑟𝑘 =
𝑐𝑝,𝑘−𝑐𝑓,𝑘

𝑐𝑓,𝑘
                                                    (4.3.) 

 𝑓𝑘 is an indicator of the contribution of 𝐶̇𝐷,𝑘 and 𝑍̇𝑘 to the total cost of each component 

(𝐶̇𝐷,𝑘 + 𝑍̇𝑘). High values of 𝑓𝑘 indicate a high 𝑍̇𝑘, implying that reducing investment costs 

within a particular component should be considered. A low 𝑓𝑘 value implies a high 𝐶̇𝐷,𝑘, 

so a reduction in exergy destruction within that component is what must be considered in 

this case. 𝑓𝑘 is considered separately for each power plant component type, as a 𝑓𝑘 that is 
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high for a heat exchanger might be normal for a pump. 𝑟𝑘 is an indicator of the difference 

between specific cost of product (𝑐𝑝,𝑘) and specific cost of fuel (𝑐𝑓,𝑘) [44]. 

 

4.3.1.  The NGCC power plant  

The total 𝐶̇𝐷 of the power plant is found to be higher for the simulation using dry cooling, 

with 240.7 cent/s, while the wet cooling simulation has a total 𝐶̇𝐷 of 238.1 cent/s. This is 

mainly due to the exergy destruction within the air-cooled condenser, making total exergy 

destruction higher and, therefore, increasing the 𝐶̇𝐷. Total investment cost rate is also 

higher for the power plant using dry cooling than that of the wet cooling simulation, with 

169.5 and 162.3 cent/s respectively. The reason to this difference is mainly found in the 

high investment cost of the air-cooled condenser compared to that of the condenser and 

cooling tower system. 

When looking at the component-level results, the highest 𝐶̇𝐷,𝑘 is found in the wet cooling 

simulation dissipative components: condenser and cooling tower. Both simulations show 

a high combustion chamber 𝐶̇𝐷,𝑘, being the highest one for the dry cooling simulation. 

This can be explained by the high exergy destruction within this component. The 

combustion chamber shows one of the highest 𝑍̇𝑘 of the plant in both simulations, but it 

is low compared to its 𝐶̇𝐷,𝑘. The expander of the GT system, the compressor and the LPST 

are next in 𝐶̇𝐷,𝑘 and total cost, in that order, with investment cost rates higher for the 

compressor and the GT than for the LPST. Within the HRSG, there is a higher 𝐶̇𝐷,𝑘 in the 

high-pressure level, which can be explained by the fact that the exergy destruction in that 

same pressure-level is higher too. Besides that, the investment costs rates for the 

HPHRSG are also higher, increasing the total costs as well, and therefore highlighting the 

importance of this component. 

𝑓𝑘 is higher than usual in the HPSH and IPEVAP within the HRSG, which means a 

reduction in investment costs should be considered for these components. The 

combustion chamber 𝑓𝑘 is low due to the high 𝐶̇𝐷,𝑘 compared to the 𝑍̇𝑘, caused by the 

high exergy destruction in this component. Regarding the cooling system, the air-cooled 

condenser in the dry cooling simulation has a high 𝑓𝑘 due to its high investment cost, so 

a reduction in it may be considered. The condenser and cooling tower of the wet cooling 

system show a low 𝑓𝑘 due to its high 𝐶̇𝐷,𝑘 compared to its 𝑍̇𝑘. 

𝑟𝑘 shows higher values for pumps, where a power input is necessary to get the desired 

product, thus raising the cost of product. Negative values of 𝑟𝑘 are observed in the cooling 

system dissipative components (cooling tower, condenser and air-cooled condenser), as 

their cost of product is zero. 

For the hybrid cooling simulation, in this case, the exergoeconomic analysis will show 

different results than that of the other two simulations, as it includes costs for both wet 

and dry cooling systems. Total 𝐶̇𝐷 and 𝑍̇ for this simulation are therefore higher than that 

of the other two, with 242.2 and 172.5 cent/s, respectively. 
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The cost of electricity (COE) is 6.10, 6.24 and 6.23 cent/kWh for wet, dry and hybrid 

cooling simulations respectively. This COE is related with both the investment and the 

fuel use of each power plant. Calculations show 77% of the total COE comes from the 

fuel consumption, while only 23% is due to the investment. Even though the total 𝑍̇ is 

higher for the hybrid cooling power plant, the fuel consumption is reduced, as dry cooling 

is only used 6 months a year, so the power input in the fan has been reduced to the half 

of that of dry cooling. However, this fuel reduction does not imply a significant cost of 

fuel variation, as it only involves the cooling system, which makes the COE of the power 

plant using hybrid cooling slightly lower than that of the power plant using dry cooling.  

 

4.3.2.  The CSP integrated combined cycle power plant 

The total 𝐶̇𝐷 is higher for the simulation using dry cooling (118.97 cent/s) than that of the 

one with the wet cooling system (117.75 cent/s) due to the higher exergy destruction 

implied by the air-cooled condenser fan power input. However, total 𝐶̇𝐷 is much lower 

than that of the NGCC power plant, for both wet and dry cooling, mainly because of the 

lower 𝐸̇𝐷. This is due to a lower mass flow of fuel used in this simulation as a result of 

the contribution of the solar field to the total power output. A lower mass flow of fuel 

implies lower 𝐸̇𝐹 and, considering there is no variation in 𝐸̇𝑃, lower 𝐸̇𝐷. Total 𝑍̇ shows a 

higher value for dry cooling (304.82 cent/s) than for wet cooling (286.92 cent/s), as the 

cooling system implies a considerably higher investment cost. Total 𝑍̇ is higher in this 

power plant than it was in the NGCC plant, with a big influence of the solar field, with 

the highest 𝑍̇𝑘 of the whole plant (132.50 and 130.81 cent/s for wet and dry cooling 

respectively). Also, the number of components when adding the CSP plant is higher, thus 

increasing the investment costs. 

At the component level, highest 𝐶̇𝐷,𝑘 is shown by the wet cooling system (condenser and 

cooling tower), higher than that of the air-cooled condenser. The combustion chamber is 

next in 𝐶̇𝐷,𝑘 in the wet cooling plant, while it has the highest 𝐶̇𝐷,𝑘 in the dry cooling plant, 

as it is also the component with the highest 𝐸̇𝐷. High 𝐶̇𝐷,𝑘 is shown in the GT expander, 

followed by the LPST and compressor. 𝐶̇𝐷,𝑘 for these components in the simulation using 

dry cooling is higher due to the higher mass flow of fuel used, increasing the mass flow 

of air and flue gas and making the 𝐸̇𝐷 higher owing to the effect of friction. Both 𝐶̇𝐷,𝑘 and 

𝑍̇𝑘 are higher for the HP level than for IP and LP in both HRSG1 and HRSG2.  

𝑓𝑘 is lower than usual in the power plant pumps, suggesting the convenience of reducing 

these components’ exergy destruction. A low value of 𝑓𝑘 is observed within the 

combustion chamber, as its 𝐶̇𝐷,𝑘 highly exceeds its 𝑍̇𝑘. Investment cost reductions should 

be considered for components of both HRSG1 and HRSG2. 

The COE is found to be higher for dry cooling at 6.48 cent/kWh, while the COE for the 

plant using wet cooling is 6.06 cent/kWh. The reason why the dry cooling simulation has 

a higher COE than the plant with a wet-recirculating system is related to the air-cooled 

condenser power input, which implies in this case a bigger difference than in the NGCC 
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due to the additional steam provided by the solar field, which increases the total steam to 

be condensed. At the same time, the efficiency of the air-cooled condenser is reduced as 

well due to the high ambient temperature of the design simulation. This time the COE for 

the hybrid cooling simulation is found to be 6.39 cent/kWh. There is a considerably higher 

difference between the COE of the plant using dry cooling and the one using hybrid 

cooling for the CSP integrated combined than there was for the NGCC. The reason for 

this is again the higher steam mass flow coming from the steam turbine, requiring a higher 

power input to the air-cooled condenser and, therefore, a higher mass flow of fuel. For 

the simulation with the hybrid cooling, the fuel used is reduced by half when compared 

to the simulation with dry cooling, as it only works with the dry cooling technology half 

of the year. This reduction in fuel mass flow is in this case higher than it was for the 

NGCC when switching form dry to hybrid cooling and implies a higher difference in the 

cost of fuel, that lowers the COE of the plant. 

 

4.4. SENSITIVITY ANALYSES 

 

4.4.1.  Sensitivity analysis of the cost of water 

A sensitivity analysis has been carried out for the NGCC plant and the CSP integrated 

combined cycle to determine the cost of water in €/m3 with which the COE of the power 

plant using wet cooling becomes higher than that of the plants using dry and hybrid 

cooling. The make-up water of the cooling tower is considered as the only water 

consumption within the wet cooling system. For the hybrid cooling, the water 

consumption throughout the power plant lifetime is considered as half the consumption 

of the wet cooling system, as it is designed to be working with the wet cooling system for 

half the year.  

 

The NGCC power plant 

As has been stated before, the COE for the NGCC plant using wet cooling considering a 

cost of water of 0 €/m3 is 6.10 cent/kWh, while the COE for the plant using dry cooling 

is 6.24€/kWh. Considering that the dry cooling system presents zero water consumption, 

the COE for this power plant is constant with cost of water variations. Looking at the 

results shown in Figure 10, a cost of water higher than 1.70 €/kWh would imply a rise in 

the COE of the NGCC power plant using wet cooling above that of the one using dry 

cooling. This means that for such water costs, wet cooling is no longer the most 

economical cooling technology. This happens because the water consumption in the wet 

cooling technology is high, making the power plant COE highly sensitive to this cost of 

water variation, while the power plant using dry cooling presents a constant COE. For 

costs of water above 3.2 €/m3, the COE for the power plant with wet cooling system is 

higher than that of the plant using hybrid cooling. 
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Figure 10. Variation of the COE with the cost of water for the NGCC power plant using different cooling technologies 

 

The CSP integrated combined cycle power plant 

The variation of the COE for the CSP integrated combined cycle using wet, dry and 

hybrid cooling for a cost of water of 0 €/m3 is 6.06, 6.48 and 6.39 cent/kWh, respectively, 

as shown in Figure 11. Looking at the results, a cost of water above 2.15 €/m3 implies a 

higher COE for the simulation using wet cooling than that with a dry cooling system.  The 

COE shows a bigger sensitivity to cost of water variations than for the NGCC simulation 

(Figures 12 and 13), mainly due to a higher mass flow of make-up water going into the 

cooling tower because of the higher mass flow of steam to be condensed. The reason to 

this higher mass flow of steam is the additional steam produced by the solar field, which 

is integrated to the steam turbine. 

The COE of both power plants using wet cooling and hybrid cooling is affected by cost 

of water variations. A cost of water higher than 3.4 €/m3 makes the COE of the simulation 

with the wet cooling system higher than that of the hybrid cooling one.  

 

 

Figure 11. Variation of the COE with the cost of water for the CSP integrated combined cycle using different cooling 
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4.4.2.  Sensitivity analysis of the cost of fuel 

Cost of fuel variations from -40% to +40% of the base cost (0.76 cent/MJ) have been 

made to see the influence of this cost in the COE of the overall power plants. For the 

plants with hybrid cooling, the fuel consumption is considered as the mean between wet 

and dry cooling simulations fuel consumption. 

 

The NGCC power plant 

For a cost of fuel of -40% of the base cost, both hybrid and dry cooling simulations show 

the same COE because even if hybrid cooling presents higher investment costs, the cost 

of fuel for dry cooling is higher. While this cost of fuel increases, it can be appreciated 

how the dry cooling simulation is slightly more sensitive to these variations due to a 

higher mass flow of fuel used. Regarding wet cooling, its slope shows also a lower 

sensitivity to cost of fuel variation than dry and hybrid cooling, as it does not require a 

power input. Results are shown in Figure 14. 
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Figure 12. Variation of the COE with the cost of water for 

the NGCC and the CSP integrated combined cycle using 
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Figure 13. Variation of the COE with the cost of water for 

the NGCC and the CSP integrated combined cycle using 

hybrid cooling 
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Figure 14. Variation of the COE with the cost of fuel for the NGCC using different cooling technologies 

 

The CSP integrated combined cycle power plant 

COE variations with the cost of fuel cause in this plant higher differences among the 

simulations with different cooling systems. This is because this time the air-cooled 

condenser needs a higher power input, partly due to its efficiency loss due to warmer 

weather and partly due to a higher mass flow of steam passing through. The higher the 

air-cooled condenser power input, the higher the fuel consumption. Variations in the COE 

with the cost of fuel are directly proportional to the fuel needed to get the desired power 

output, so the simulation using dry cooling shows higher sensitivity, followed by hybrid 

cooling. Results are shown in Figure 15. 

 

 

Figure 15. Variation of the COE with the cost of fuel for the CSP integrated combined cycle using different cooling 
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Figure 18. Variation of the COE with the cost of fuel for the 

NGCC and the CSP integrated combined cycle using hybrid 

cooling. 
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Figure 16. Variation of the COE with the cost of fuel for the 

NGCC and the CSP integrated combined cycle using wet 

cooling 

 

Figure 17. Variation of the COE with the cost of fuel for the 

NGCC and the CSP integrated combined cycle using dry 

cooling 
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5. CONCLUSION 

 

In this work, the performance of two types of power plants (natural gas combined cycle 

and concentrated solar power integrated combined cycle) using three different cooling 

systems (wet, dry and hybrid cooling) has been evaluated.  

For an equal power output of the power plants simulated, results show that the 

concentrated solar power integrated combined cycle requires higher water consumption 

when using wet cooling than the natural gas combined cycle. This is since this power 

plant relies more on its steam turbine to get the desired output, as the solar field generates 

additional steam that implies a higher mass flow of cooling water. When using a dry 

cooling method, the power input needed to work the fan of the air-cooled condenser is 

also higher in the simulation including the solar field, again because of the higher steam 

mass flow. In this case the weather conditions under which the concentrated solar power 

integrated combined cycle has been simulated also influence this higher power input, as 

the ambient temperature in the summer solstice is high, and this lowers considerably the 

efficiency of the air-cooled condenser. 

The plant including the solar field uses lower amount of fuel than the natural gas 

combined cycle. The higher portion of the total power output coming from the steam 

turbine due to the additional steam integrated by the solar field is the reason for this fuel 

reduction. This lower use of fuel is only accountable during times when there is sun 

activity, so the power plant needs to work as a simple combined cycle during night time 

and cloudy days. However, the fuel saved in the power plant implies an important cost 

reduction in time. This lower fuel mass flow involves a higher combined cycle efficiency 

for the power plant with the solar field. 

When using dry cooling, the water consumption is avoided, but there is an additional need 

of a power input to work the fan to circulate the air and condense steam. Therefore, there 

is a need for a higher fuel mass to the combustion chamber. This implies an overall 

efficiency reduction. The costs implied by the use of the air-cooled condenser are also 

higher than those of the wet cooling system (condenser and cooling tower). 

From an economic point of view, the concentrated solar power integrated combined cycle 

has a considerably higher fixed capital investment than the natural gas combined cycle. 

The solar field is the main cause to this investment increase. However, considering the 

fuel savings of the power plant with the solar field, the cost of electricity for both plants 

using wet cooling is very similar, with that of the natural gas combined cycle power plant 

somewhat higher (6.10 cent/kWh and 6.06 cent/kWh for natural gas combined cycle and 

concentrated solar power integrated combined cycle, respectively). When using dry 

cooling, however, the plant including the solar field shows a higher cost of electricity 

(6.48 cent/kWh) than the single natural gas combined cycle (6.24 cent/kWh).  

The hybrid cooling technology of this study includes both a wet and a dry cooling system 

in parallel. The power plant with this technology works differently depending on the 

weather conditions. In this way, in warm and dry weather, when the air-cooled condenser 
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efficiency is low, the steam to be condensed is fully diverted to the wet cooling system. 

In colder months, however, the steam is condensed using the air-cooled condenser. It is 

assumed that the hybrid cooling system uses each of the cooling methods for six months 

a year. 

Hybrid cooling implies in both power plants a cost of electricity higher than the case with 

wet cooling but still a cost slightly lower than the case with dry cooling (6.23 cent/kWh 

for natural gas combined cycle and 6.39 cent/kWh concentrated solar power integrated 

combined cycle). This small difference between the hybrid and dry systems is the result 

of a higher investment cost in the hybrid case, as it involves both wet and dry cooling 

technologies. However, since a lower amount of fuel is used in the plant with the hybrid 

cooling system, compared to the plant with the air-cooled condenser, its overall cost of 

electricity is somewhat lower. 

Variations in the cost of fuel affect the cost of electricity of the natural gas combined 

cycle power plant more than the concentrated solar power integrated combined cycle. 

This is because of the higher mass flow used in the natural gas combined cycle. Also, 

when comparing cooling technologies, the cost of electricity of the power plant using dry 

cooling presents a higher sensitivity to fuel cost variations than that using wet cooling. 

This happens because the first involves a higher fuel mass flow to make up for the power 

input required in the air-cooled condenser. 

Variations in the cost of water affect the cost of electricity of the concentrated solar power 

integrated combined cycle more when using wet or hybrid cooling when compared to the 

natural gas combined cycle power plant, as there is more steam to be cooled, and 

therefore, more cooling water. With costs of water above 1.7 €/m3 for the natural gas 

combined cycle power plant and 2.15 €/m3 for the concentrated solar integrated combined 

cycle, the wet cooling method is no longer an economically viable option against the dry 

cooling method. Hybrid cooling is considered to use half the annual amount of water than 

that used in the wet cooling system, so the variation of the power plant cost of electricity 

using this method is less pronounced than using wet cooling. The sensitivity analysis of 

the cost of water is giving the information that for high costs of water, dry cooling is the 

most economical cooling system because of the approximately zero-water consumption 

in this case, thus considering the convenience of an air-cooled condenser for such costs. 

From the results of the above-mentioned analyses, hybrid cooling presents an option that 

allows higher power plant efficiencies than dry cooling, but with a lower water use than 

wet cooling. It also presents a lower cost of electricity than dry cooling when low costs 

of water are considered due to the relatively less fuel needed. It thus arises as a viable 

future option to consider when designing a cooling system.  

Nowadays most power plants use closed wet-recirculating cooling systems with a 

condenser and cooling tower as their cooling technology. This is mainly because of the 

relatively higher efficiencies and lower costs of the technology, when compared to dry 

cooling, and the lower environmental impact when compared to an open-loop system 

(once-through cooling). However, with rising global water scarcity due to environmental 



48 
 

reasons, as well as increasing water consumption, there is a need to consider different 

cooling options that allow lower water use.  

The intention of this work was to serve as an academic text on the role of water and 

cooling systems in electricity production and reveal the importance of studying and 

evaluating different cooling options in the future.  
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ANNEX A. DYNAMIC SIMULATION RESULTS 

 

Ambient data 

 

 

Figure 19. Sun DNI variation throughout the year 

 

 

Figure 20. Ambient temperature variation throughout the year 
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CSP field data 

 

 

Figure 21. Solar field heat variation throughout the year for the CSP integrated combined cycle power plant 

 

 

Figure 22.Solar field effective heat variation throughout the year for the CSP integrated combined cycle power plant 
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Figure 23. Solar field optical efficiency variation throughout the year for the CSP integrated combined cycle power plant 

 

 

Figure 24.Solar field thermal efficiency variation throughout the year for the CSP integrated combined cycle power plant 
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Figure 25. Solar field overall efficiency variation throughout the year for the CSP integrated combined cycle power plant 

 

 

 

Figure 26. Molten salts mass flow variation throughout the year for the CSP integrated combined cycle power plant 
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CSP integrated combined cycle simulation using wet cooling 

 

 

Figure 27. GT power output variation throughout the year for the CSP integrated combined cycle using wet cooling 

 

 

 

Figure 28. ST power output variation throughout the year for the CSP integrated combined cycle using wet cooling 
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Figure 29. Combined cycle efficiency variation throughout the year for the CSP integrated combined cycle using wet cooling 

 

 

 

Figure 30. Fuel mass flow variation throughout the year for the CSP integrated combined cycle using wet cooling 
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CSP integrated combined cycle simulation using dry cooling 

 

 

Figure 31. AC condenser power input variation throughout the year for the CSP integrated combined cycle using dry cooling 

 

 

 

Figure 32. GT power output variation throughout the year for the CSP integrated combined cycle using dry cooling 
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Figure 33. ST power output variation throughout the year for the CSP integrated combined cycle using dry cooling 

 

 

 

Figure 34. Combined cycle efficiency variation throughout the year for the CSP integrated combined cycle using dry cooling 
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Figure 35. Fuel mass flow variation throughout the year for the CSP integrated combined cycle using dry cooling 
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ANNEX B. RESULTS AT THE STREAM LEVEL 

 

Table 6. NGCC power plant with wet cooling system results at the stream level 

Nr. 

   

   𝐸̇𝑃𝐻 

     [MW] 

     𝐸̇𝐶𝐻    

     [MW]  

   𝐸̇𝑇𝑂𝑇  

      [MW]   

      c 

 [Cent/MJ] 

       𝐶̇ 

 [Cent/s] 

𝑚̇   

 [kg/s] 

𝑇   

 [°C] 

𝑝       

[bar] 

1 0 1.06 1.06 0 0 679.09 15.00 1.01 

2 258.13 1.06 259.19 1.60 414.15 679.09 398.97             17.00    

3 792.08 5.4 797.47 1.28 1017.96 693.75 1239.86 16.50 

4 204.13 5.4 209.53 1.28 267.46 693.75 582.98 1.06 

5 85.33 2.26 87.59 1.28 111.80 290.00 582.98 1.06 

6 46.64 2.26 48.90 1.28 62.42 290.00 397.16 1.05 

7 118.8 3.14 121.94 1.28 155.66 403.75 582.98 1.06 

8 89.52 3.14 92.66 1.28 118.28 403.75 486.71 1.05 

9 135.73 5.40 141.13 1.28 180.70 693.75 449.51 1.05 

10 87.46 5.40 92.86 1.28 118.89 693.75 341.49 1.05 

11 55.05 5.40 60.45 1.28 77.40 693.75 256.63 1.04 

12 54.53 5.40 59.92 1.28 76.72 693.75 255.92 1.04 

13 47.80 5.40 53.19 1.28 68.11 693.75 236.74 1.03 

14 46.32 5.40 51.72 1.28 66.22 693.75 233.07 1.03 

15 44.74 5.40 50.13 1.28 64.19 693.75 229.04 1.02 

16 25.27 5.40 30.66 1.28 39.26 693.75 162.21 1.02 

17 11.88 5.40 17.27 1.28 22.12 693.75 100.15 1.01 

18 80.54 0.18 80.73 1.62 131.14 73.31 330.98 130.21 

19 116.51 0.18 116.69 1.61 187.74 73.31 562.98 125.00 

20 82.37 0.18 82.56 1.61 132.82 73.31 322.63 25.00 

21 90.40 0.20 90.61 1.64 148.76 81.15 314.77 25.00 

22 117.16 0.20 117.37 1.61 189.10 81.15 562.98 25.00 

23 76.99 0.20 77.19 1.61 124.37 81.15 330.82 5.00 

24 95.46 0.26 95.72 1.68 160.97 103.59 305.20 5.00 

25 13.57 0.26 13.83 1.68 23.26 103.59 32.87 0.05 

26 0.22 0.26 0.48 1.68 0.81 103.59 32.87 0.05 

27 0.26 0.26 0.52 1.94 1.01 103.59 32.89 4.00 

28 9.02 0.26 9.28 2.24 20.74 103.59 138.00 3.80 

29 9.60 0.26 9.86 2.31 22.79 104.37 141.77 3.80 

30 7.46 0.20 7.66 2.31 17.72 81.15 141.77 3.80 

31 6.74 0.18 6.92 2.31 16.01 73.31 141.77 3.80 

32 2.13 0.06 2.19 2.31 5.07 23.21 141.77 3.80 

33 2.14 0.06 2.20 2.37 5.20 23.21 141.79 5.05 

34 18.24 0.06 18.30 1.92 35.20 23.21 152.21 5.05 

35 0.61 0.00 0.61 1.92 1.18 0.78 152.21 5.05 

36 17.63 0.06 17.69 1.92 34.02 22.44 152.21 5.05 

37 18.71 0.06 18.77 1.95 36.60 22.44 213.07 5.00 

38 0.72 0.02 0.74 2.31 1.71 7.83 141.77 3.80 

39 0.74 0.02 0.76 2.53 1.92 7.83 142.05 26.36 

40 1.75 0.02 1.77 2.26 3.99 7.83 221.70 26.31 

41 7.89 0.02 7.91 1.90 15.05 7.83 226.70 26.31 

42 8.08 0.02 8.10 1.97 15.94 7.83 246.63 25.00 

43 7.82 0.18 8.01 2.43 19.46 73.31 143.41 137.06 

44 35.87 0.18 36.05 1.77 63.76 73.31 325.98 130.21 

45 0.36 24.32 24.68 6.18 152.47 9736.49 17.26 1.01 

46 4.31 24.32 28.63 6.18 176.85 9736.49 22.87 1.01 

47 0.00 0.06 0.06 6.18 0.40 25.61 17.26 1.01 

48 0.00 0.26 0.26 0.00 0.00 102.82 15.00 1.01 

49 0.00 13.8 13.80 0.00 0.00 4868.20 15.00 1.01 

50 1.06 7.15 8.21 3.20 26.29 4945.41 21.46 1.01 

51 6.18 755.48 761.66 0.76 578.48 14.66             25.00 17.00 
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Table 7. NGCC power plant with dry cooling system results at the stream level 

Nr. 
   

   𝐸̇𝑃𝐻 

     [MW] 

     𝐸̇𝐶𝐻    

     [MW]  

   𝐸̇𝑇𝑂𝑇  

      [MW]   
      c 

 [Cent/MJ] 

       𝐶̇ 

 [Cent/s] 

𝑚̇   

 [kg/s] 

𝑇   

 [°C] 

𝑝       

[bar] 

1 0 1.07 1.07 0 0 690.55 15.00 1.01 

2 262.49 1.07 263.56 1.59 418.28 690.55 398.97             17.00    

3 805.44 5.49 810.93 1.27 1031.54 705.46 1239.86 16.50 

4 207.58 5.49 213.06 1.27 271.03 705.46 582.98 1.06 

5 85.33 2.26 87.59 1.27 111.41 290.00 582.98 1.06 

6 46.05 2.26 48.30 1.27 61.44 290.00 393.95 1.05 

7 122.25 3.23 125.48 1.27 159.61 415.46 582.98 1.06 

8 92.46 3.23 95.69 1.27 121.72 415.46 487.86 1.05 

9 138.02 5.49 143.51 1.28 183.16 705.46 449.51 1.05 

10 88.94 5.49 94.42 1.28 120.51 705.46 341.49 1.05 

11 55.98 5.49 61.47 1.28 78.45 705.46 256.63 1.04 

12 55.45 5.49 60.93 1.28 77.77 705.46 255.92 1.04 

13 48.6 5.49 54.09 1.28 69.04 705.46 236.74 1.03 

14 47.10 5.49 52.59 1.28 67.12 705.46 233.07 1.03 

15 45.49 5.49 50.98 1.28 65.06 705.46 229.04 1.02 

16 25.69 5.49 31.18 1.28 39.80 705.46 162.21 1.02 

17 12.08 5.49 17.56 1.28 22.42 705.46 100.15 1.01 

18 81.90 0.19 82.09 1.62 132.77 74.55 330.98 130.21 

19 118.48 0.19 118.66 1.60 189.86 74.55 562.98 125.00 

20 83.76 0.19 83.95 1.60 134.32 74.55 322.63 25.00 

21 91.93 0.21 92.13 1.63 150.44 82.52 314.77 25.00 

22 119.14 0.21 119.35 1.60 191.49 82.52 562.98 25.00 

23 78.29 0.21 78.49 1.60 125.94 82.52 330.82 5.00 

24 97.07 0.26 97.33 1.67 162.96 105.33 305.20 5.00 

25 13.80 0.26 14.07 1.67 23.55 105.33 32.87 0.05 

26 0.22 0.26 0.49 1.67 0.82 105.33 32.87 0.05 

27 0.27 0.26 0.53 1.93 1.02 105.33 32.89 4.00 

28 9.17 0.26 9.43 2.23 21.00 105.33 138.00 3.80 

29 9.76 0.27 10.02 2.30 23.05 106.13 141.77 3.80 

30 7.59 0.21 7.79 2.30 17.92 82.52 141.77 3.80 

31 6.86 0.19 7.04 2.30 16.19 74.55 141.77 3.80 

32 2.17 0.06 2.23 2.30 5.13 23.61 141.77 3.80 

33 2.17 0.06 2.23 2.35 5.25 23.61 141.79 5.05 

34 18.55 0.06 18.61 1.91 35.61 23.61 152.21 5.05 

35 0.62 0 0.62 1.91 1.19 0.79 152.21 5.05 

36 17.93 0.06 17.98 1.91 34.42 22.81 152.21 5.05 

37 19.03 0.06 19.08 1.94 37.02 22.81 213.07 5.00 

38 0.73 0.02 0.75 2.30 1.73 7.97 141.77 3.80 

39 0.75 0.02 0.77 2.51 1.94 7.97 142.05 26.36 

40 1.78 0.02 1.80 2.24 4.04 7.97 221.70 26.31 

41 8.02 0.02 8.04 1.89 15.22 7.97 226.70 26.31 

42 8.21 0.02 8.23 1.96 16.12 7.97 246.63 25.00 

43 7.95 0.19 8.14 2.42 19.67 74.55 143.41 137.06 

44 36.47 0.19 36.66 1.76 64.53 74.55 325.98 130.21 

45 0.00 85.8 85.80 0.00 0.00 30273.16 15.00 1.01 

46 3.21 85.8 89.01 0.53 46.94 30273.16 22.87 1.01 

47 6.28 768.23 774.51 0.76 588.24 14.91 25.00 17.00 
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Table 8. CSP integrated combined cycle power plant with wet cooling system results at the stream level 

Nr. 

   

   𝐸̇𝑃𝐻 

     [MW] 

     𝐸̇𝐶𝐻    

     [MW]  

   𝐸̇𝑇𝑂𝑇  

      [MW]   

      c 

 [Cent/MJ] 

       𝐶̇ 

 [Cent/s] 

𝑚̇   

 [kg/s] 

𝑇   

 [°C] 

𝑝       

[bar] 

1 0.51 0.77 1.29 0.00 0.00 533.39 33.40 1.01 

2 203.88 0.77 204.65 1.52 312.04 533.39 412.78 15.00 

3 619.52 4.19 623.71 1.24 776.47 544.75 1231.88 14.50 

4 171.57 4.19 175.76 1.24 218.80 544.75 604.99 1.03 

5 103.97 4.19 108.17 1.24 134.66 544.75 439.19 1.02 

6 69.50 4.19 73.70 1.24 91.75 544.75 340.68 1.02 

7 67.69 4.19 71.88 1.24 89.49 544.75 335.35 1.02 

8 52.31 4.19 56.50 1.24 70.34 544.75 285.61 1.02 

9 45.04 4.19 49.23 1.24 61.29 544.75 260.06 1.02 

10 35.80 4.19 39.99 1.24 49.78 544.75 225.39 1.02 

11 21.03 4.19 25.23 1.24 31.41 544.75 159.84 1.02 

12 20.39 4.19 24.58 1.24 30.60 544.75 157.01 1.02 

13 5.48 4.19 9.67 1.24 12.04 544.75 46.10 1.01 

14 344.44 3.88 344.44 0.96 330.35 1047.71 395.00 35.00 

15 344.44 3.88 344.44 0.96 330.35 1047.71 395.00 35.00 

16 329.20 3.88 329.20 0.96 315.74 1047.71 385.48 35.00 

17 262.47 3.88 262.47 0.96 251.73 1047.71 340.83 35.00 

18 226.05 3.88 226.05 0.96 216.80 1047.71 314.10 35.00 

19 224.37 3.88 224.37 0.96 215.19 1047.71 312.82 34.99 

20 204.43 3.88 204.43 0.96 196.07 1047.71 297.28 34.99 

21 199.48 3.88 199.48 0.96 191.32 1047.71 293.32 34.99 

22 201.64 3.88 201.64 0.98 197.85 1047.71 294.31 50.00 

23 2.34 0.05 2.40 2.17 5.20 21.87 150.44 40.00 

24 6.05 0.05 6.10 1.67 10.19 21.87 247.28 39.95 

25 23.04 0.05 23.10 1.35 31.11 21.87 250.28 39.95 

26 24.52 0.05 24.58 1.35 33.18 21.87 294.10 39.90 

27 15.80 0.24 16.04 2.11 33.83 97.45 181.89 130.00 

28 45.96 0.24 46.21 1.53 70.84 97.45 320.83 129.95 

29 107.07 0.24 107.31 1.35 144.92 97.45 330.83 129.95 

30 120.98 0.24 121.22 1.34 162.92 97.45 375.00 129.90 

31 49.74 0.11 49.85 1.58 78.65 45.26 330.68 129.70 

32 170.56 0.36 170.92 1.41 241.57 142.71 357.15 129.70 

33 234.79 0.36 235.15 1.43 336.65 142.71 594.99 129.65 

34 236.51 0.38 236.89 1.45 344.45 153.79 532.00 129.65 

35 185.79 0.38 186.17 1.45 270.70 153.79 358.10 39.75 

36 219.83 0.46 220.29 1.45 320.03 183.23 351.21 39.75 

37 139.92 0.46 140.38 1.45 203.95 183.23 150.30 4.80 

38 145.04 0.47 145.51 1.47 213.38 189.79 150.30 4.80 

39 96.77 0.47 97.24 1.47 142.59 189.79 99.60 1.00 

40 22.42 0.47 22.90 1.47 33.58 189.79 32.87 0.05 

41 0.40 0.47 0.88 1.47 1.29 189.79 32.87 0.05 

42 0.49 0.47 0.97 1.65 1.60 189.79 32.91 4.55 

43 11.77 0.47 12.25 2.07 25.33 189.79 117.01 4.50 

44 20.20 0.50 20.70 2.11 43.73 201.58 147.91 4.50 

45 20.21 0.50 20.72 2.12 43.86 201.58 147.92 5.05 

46 20.74 0.50 21.24 2.12 45.11 201.58 149.84 5.00 

47 18.85 0.46 19.31 2.12 41.00 183.23 149.84 5.00 

48 1.89 0.05 1.93 2.12 4.11 18.35 149.84 5.00 

49 14.39 0.05 14.44 1.83 26.37 18.35 151.84 5.00 

50 5.15 0.02 5.16 1.83 9.43 6.56 151.84 5.00 

51 9.25 0.03 9.27 1.83 16.94 11.79 151.84 5.00 

52 - - - - - 11.79 149.90 4.50 

53 19.61 0.46 20.06 2.17 43.54 183.23 150.44 40.00 

54 17.27 0.40 17.67 2.17 38.35 161.35 150.44 40.00 

55 24.37 0.40 24.78 2.03 50.39 161.35 180.06 39.80 

56 1.14 0.02 1.16 2.03 2.36 7.56 180.06 39.80 

57 7.97 0.02 7.98 1.68 13.40 7.56 250.06 39.80 

58 32.46 0.07 32.54 1.43 46.58 29.44 281.44 39.8 

59 34.08 0.07 34.15 1.44 49.34 29.44 320.68 39.75 

60 23.23 0.38 23.62 2.03 48.03 153.79 180.06 39.80 

61 24.93 0.38 25.31 2.11 53.39 153.79 181.89 130.00 

62 9.13 0.14 9.27 2.11 19.56 56.34 181.89 130.00 

63 22.34 0.14 22.48 1.76 39.66 56.34 295.35 129.70 

64 17.95 0.11 18.06 1.76 31.86 45.26 295.35 129.70 

65 4.39 0.03 4.42 1.76 7.80 11.08 295.35 129.70 

66 6.19 40.48 46.67 2.75 128.42 16207.28 22.31 1.01 
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67 18.86 40.48 59.34 2.75 163.28 16207.28 27.87 0.96 

68 0.02 0.15 0.17 2.75 0.46 58.24 22.31 1.01 

69 0.55 0.58 1.13 0.00 0.00 233.62 33.40 1.01 

70 4.59 22.97 27.56 0.00 0.00 8103.56 33.40 1.01 

71 6.48 12.02 18.49 2.01 37.14 8278.93 26.49 1.01 

72 4.58 585.66 590.23 0.76 448.28 11.36 25.00 15.00 

         

 

 

Table 9. CSP integrated combined cycle power plant with dry cooling system results at the stream level 

Nr. 

   

   𝐸̇𝑃𝐻 

     [MW] 

     𝐸̇𝐶𝐻    

     [MW]  

   𝐸̇𝑇𝑂𝑇  

      [MW]   

      c 

 [Cent/MJ] 

       𝐶̇ 

 [Cent/s] 

𝑚̇   

 [kg/s] 

𝑇   

 [°C] 

𝑝       

[bar] 

1 0.55 0.83 1.38 0.00 0.00 437.14 33.40 1.01 

2 234.27 0.83 235.10 1.51 355.34 437.14 437.15 17.00 

3 685.16 4.51 689.66 1.24 855.32 585.91 1251.70 16.50 

4 179.67 4.51 184.18 1.24 228.42 585.91 594.64 1.03 

5 112.35 4.51 116.86 1.24 144.93 585.91 440.50 1.02 

6 74.75 4.51 79.26 1.24 98.30 585.91 340.68 1.02 

7 72.82 4.51 77.33 1.24 95.90 585.91 335.39 1.02 

8 56.71 4.51 61.21 1.24 75.92 585.91 287.04 1.02 

9 48.44 4.51 52.95 1.24 65.67 585.91 260.06 1.02 

10 38.97 4.51 43.48 1.24 53.92 585.91 227.12 1.02 

11 22.62 4.51 27.13 1.24 33.65 585.91 159.84 1.02 

12 21.96 4.51 26.47 1.24 32.82 585.91 157.13 1.02 

13 7.79 4.51 12.30 1.24 15.25 585.91 67.07 1.01 

14 344.44 3.88 344.44 0.95 326.08 1047.71 395.00 35.00 

15 344.44 3.88 344.44 0.95 326.08 1047.71 395.00 35.00 

16 329.20 3.88 329.20 0.95 311.66 1047.71 385.48 35.00 

17 262.47 3.88 262.47 0.95 248.48 1047.71 340.83 35.00 

18 226.05 3.88 226.05 0.95 214.00 1047.71 314.10 35.00 

19 224.37 3.88 224.37 0.95 212.41 1047.71 312.82 34.99 

20 204.43 3.88 204.43 0.95 193.54 1047.71 297.28 34.99 

21 199.48 3.88 199.48 0.95 188.85 1047.71 293.32 34.99 

22 201.64 3.88 201.64 0.97 195.27 1047.71 294.31 50.00 

23 2.34 0.05 2.40 2.09 5.00 21.87 150.44 40.00 

24 6.05 0.05 6.10 1.63 9.92 21.87 247.28 39.95 

25 23.04 0.05 23.10 1.32 30.57 21.87 250.28 39.95 

26 24.52 0.05 24.58 1.33 32.61 21.87 294.10 39.90 

27 15.80 0.24 16.04 2.05 32.86 97.45 181.89 130.00 

28 45.96 0.24 46.21 1.50 69.39 97.45 320.83 129.95 

29 107.07 0.24 107.31 1.33 142.52 97.45 330.83 129.95 

30 120.98 0.24 121.22 1.32 160.29 97.45 375.00 129.90 

31 54.22 0.12 54.34 1.56 84.91 49.34 330.68 129.70 

32 175.04 0.37 175.40 1.40 245.20 146.79 356.20 129.70 

33 238.91 0.37 239.27 1.42 339.30 146.79 584.64 129.65 

34 240.43 0.39 240.82 1.44 345.92 156.34 532.00 129.65 

35 188.87 0.39 189.26 1.44 271.85 156.34 358.10 39.75 

36 224.10 0.47 224.57 1.44 322.39 186.81 351.82 39.75 

37 142.65 0.47 143.11 1.44 205.45 186.81 150.30 4.80 

38 149.03 0.49 149.52 1.45 217.09 195.00 150.30 4.80 

39 99.43 0.49 99.92 1.45 145.07 195.00 99.60 1.00 

40 43.32 0.49 43.80 1.45 63.60 195.00 49.42 0.12 

41 1.42 0.49 1.90 1.45 2.77 195.00 48.04 0.11 

42 1.51 0.49 1.99 1.54 3.06 195.00 48.08 4.55 

43 12.12 0.49 12.61 1.94 24.48 195.00 117.13 4.50 

44 20.75 0.52 21.27 2.03 43.09 207.06 147.91 4.50 

45 20.76 0.52 21.28 2.03 43.22 207.06 147.92 5.05 

46 21.30 0.52 21.82 2.04 44.50 207.06 149.84 5.00 

47 19.22 0.47 19.69 2.04 40.14 186.81 149.84 5.00 

48 2.08 0.05 2.13 2.04 4.35 20.26 149.84 5.00 

49 15.89 0.05 15.94 1.80 28.76 20.26 151.84 5.00 

50 6.43 0.02 6.45 1.80 11.64 8.20 151.84 5.00 

51 9.46 0.03 9.49 1.80 17.12 12.06 151.84 5.00 

52 - - - - - 12.06 149.90 4.50 

53 19.99 0.47 20.46 2.09 42.69 186.81 150.44 40.00 

54 17.65 0.41 18.06 2.09 37.69 164.93 150.44 40.00 

55 24.91 0.41 25.33 1.97 49.98 164.93 180.06 39.80 
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56 1.30 0.02 1.32 1.97 2.60 8.59 180.06 39.80 

57 9.05 0.02 9.07 1.65 15.00 8.59 250.06 39.80 

58 33.54 0.08 33.62 1.42 47.62 30.46 280.26 39.8 

59 35.27 0.08 35.34 1.43 50.54 30.46 320.68 39.75 

60 23.62 0.39 24.01 1.97 47.37 156.34 180.06 39.80 

61 25.34 0.39 25.73 2.05 52.72 156.34 181.89 130.00 

62 9.55 0.15 9.69 2.05 19.86 58.89 181.89 130.00 

63 23.36 0.15 23.51 1.74 40.81 58.89 295.39 129.70 

64 19.57 0.12 19.69 1.74 34.19 49.34 295.39 129.70 

65 3.79 0.02 3.81 1.74 6.62 9.55 295.39 129.70 

66 23.54 117.81 141.35 0.00 0.00 41567.60 33.40 1.01 

67 53.56 117.81 171.37 0.57 98.52 41567.60 43.04 1.01 

68 5.15 629.90 635.05 0.76 482.32 12.22 25.00 17.00 
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ANNEX C. RESULTS AT THE COMPONENT LEVEL 

 

Table 10. NGCC power plant with wet cooling results at the component level 

Component 

 
𝐸̇𝐹,𝑘 

[MW] 

𝐸̇𝑃,𝑘 

[MW] 

𝐸̇𝐷,𝑘 

[MW] 

𝑦𝐷,𝑘 

[%] 

𝑦𝐷,𝑘 ∗ 

[%] 

ℇ𝑘 

[%] 

𝑐𝐹,𝑘  

[Cent/MJ] 

𝑐𝑃,𝑘 

[Cent/MJ] 
𝐶̇𝐷,𝑘 

[Cent/s] 
𝑍𝐾  

[Cent/s] 
𝑓𝐾 

[%] 

𝑟𝐾 
[%] 

Compressor 269.93 258.13 11.8 1.55 3.76 95.63 1.4 1.6 16.55 35.45 68.17 14.29 

CC 761.66 538.28 223.38 29.29 71.15 70.67 0.76 1.12 169.66 25.32 12.99 47.37 

GT 587.95 563.85 24.09 3.16 7.67 95.9 1.28 1.4 30.75 40.51 56.85 9.38 

HPSH 38.69 35.97 2.72 0.36 0.87 93.03 1.28 1.57 3.47 7.2 67.48 22.66 

RH 29.28 26.76 2.52 0.33 0.8 91.38 1.28 1.51 3.22 2.97 47.98 17.97 

HPEvap 48.27 44.68 3.59 0.47 1.15 92.55 1.28 1.51 4.6 5.58 54.81 17.97 

HPEcon 32.41 28.04 4.36 0.57 1.39 86.53 1.28 1.58 5.59 2.79 33.29 23.44 

IPSH 0.53 0.19 0.34 0.04 0.11 35.48 1.28 4.78 0.44 0.22 33.33 273.44 

IPEvap 6.73 6.14 0.59 0.08 0.19 91.29 1.28 1.8 0.75 2.44 76.49 40.63 

IPEcon 1.48 1.01 0.47 0.06 0.15 68.31 1.28 2.05 0.6 0.18 23.08 60.16 

LPSH 1.58 1.08 0.5 0.07 0.16 68.27 1.28 2.38 0.64 0.55 46.22 85.94 

LPEvap 19.47 16.1 3.36 0.44 1.07 82.72 1.28 1.86 4.31 5.08 54.10 45.31 

LPEcon 13.39 8.76 4.63 0.61 1.48 65.4 1.28 2.25 5.93 2.59 30.40 75.78 

HPST 34.14 32.25 1.89 0.25 0.6 94.47 1.61 1.91 3.04 6.55 68.30 18.63 

MPST 40.18 37.97 2.2 0.29 0.7 94.51 1.61 1.89 3.55 7.22 67.04 17.39 

LPST 81.89 74.55 7.33 0.96 2.34 91.05 1.68 1.99 12.33 10.82 46.74 18.45 

P1 0 0 0 0 0 80.27 1.58 39.21 0 0.12 100.00 2381.65 

P2 0.02 0.02 0 0 0 80.28 1.58 10.63 0.01 0.17 94.44 572.78 

P3 1.35 1.08 0.27 0.03 0.08 80.29 1.58 3.19 0.42 1.32 75.86 101.90 

P4 0.05 0.04 0.01 0 0 78.35 1.58 4.92 0.02 0.12 85.71 211.39 

Cond - - 9.41 1.23 3 - 22.46 - 211.24 1.92 0.90 - 

Cooling 

Tower - - 9.72 1.27 3.1 - 24.38 - 237.02 2.32 0.97 - 

Deaerator 0.54 0.51 0.03 0 0.01 93.77 1.92 3.77 0.06 0.87 93.55 96.35 

mixer 1 2.2 1.96 0.24 0.03 0.08 89.19 1.61 1.81 0.38 - - 12.42 

mixer 2 0.7 0.65 0.05 0.01 0.02 93.18 1.61 1.73 0.08 - - 7.45 

mixer 3 10.53 10.1 0.43 0.06 0.14 95.8 1.28 1.33 0.55 - - 3.91 

TOTAL 762.72 437.27 313.95 41.16 100 57.33 0.76 1.69 238.12 162.30 - - 

 

 

Table 11. NGCC power plant with dry cooling results at the component level 

Component 

 
𝐸̇𝐹,𝑘 

[MW] 

𝐸̇𝑃,𝑘 

[MW] 

𝐸̇𝐷,𝑘 

[MW] 

𝑦𝐷,𝑘 

[%] 

𝑦𝐷,𝑘 ∗ 

[%] 

ℇ𝑘 

[%] 

𝑐𝐹,𝑘  

[Cent/MJ] 

𝑐𝑃,𝑘 

[Cent/MJ] 
𝐶̇𝐷,𝑘 

[Cent/s] 
𝑍𝐾  

[Cent/s] 
𝑓𝐾 

[%] 

𝑟𝐾 
[%] 

Compressor 274.49 262.49 12 1.55 3.78 95.63 1.4 1.59 16.75 35.02 67.65 13.57 

CC 774.51 547.36 227.15 29.29 71.57 70.67 0.76 1.12 172.52 25.01 12.66 47.37 

GT 597.86 573.37 24.5 3.16 7.72 95.9 1.27 1.4 31.16 40.02 56.22 10.24 

HPSH 39.29 36.58 2.71 0.35 0.85 93.1 1.27 1.56 3.45 7.12 67.36 22.83 

RH 29.79 27.21 2.58 0.33 0.81 91.35 1.27 1.51 3.28 3.16 49.07 18.90 

HPEvap 49.09 45.43 3.66 0.47 1.15 92.55 1.28 1.5 4.67 5.59 54.48 17.19 

HPEcon 32.95 28.52 4.44 0.57 1.4 86.53 1.28 1.57 5.66 2.8 33.10 22.66 

IPSH 0.54 0.19 0.35 0.04 0.11 35.48 1.28 4.75 0.44 0.22 33.33 271.09 

IPEvap 6.84 6.25 0.6 0.08 0.19 91.29 1.28 1.79 0.76 2.45 76.32 39.84 

IPEcon 1.5 1.03 0.48 0.06 0.15 68.31 1.28 2.04 0.61 0.18 22.78 59.38 

LPSH 1.61 1.1 0.51 0.07 0.16 68.27 1.28 2.37 0.65 0.55 45.83 85.16 

LPEvap 19.8 16.38 3.42 0.44 1.08 82.72 1.28 1.85 4.37 5.09 53.81 44.53 

LPEcon 13.62 8.9 4.71 0.61 1.48 65.4 1.28 2.24 6.01 2.59 30.12 75.00 

HPST 34.71 32.8 1.92 0.25 0.6 94.47 1.6 1.89 3.07 6.47 67.82 18.13 

MPST 40.86 38.61 2.24 0.29 0.71 94.51 1.6 1.88 3.6 7.13 66.45 17.50 

LPST 83.27 75.81 7.46 0.96 2.35 91.05 1.67 1.98 12.48 10.69 46.14 18.56 

P1 0 0 0 0 0 80.26 1.57 38.58 0 0.12 100.00 2357.32 

P2 0.02 0.02 0 0 0 80.28 1.57 10.48 0.01 0.17 94.44 567.52 

P3 1.37 1.1 0.27 0.03 0.09 80.29 1.57 3.16 0.42 1.32 75.86 101.27 

P4 0.05 0.04 0.01 0 0 78.36 1.57 4.86 0.02 0.12 85.71 209.55 

AC cond 107.06 - 17.57 2.26 5.53 - 0.32 - 5.59 12.86 69.70 -100.00 

Deaerator 0.55 0.51 0.03 0 0.01 93.77 1.91 3.71 0.07 0.86 92.47 94.24 

mixer 1 2.24 2 0.24 0.03 0.08 89.19 1.6 1.8 0.39 - - 12.50 

mixer 2 0.71 0.66 0.05 0.01 0.02 93.18 1.6 1.72 0.08 - - 7.50 

mixer 3 11.17 10.69 0.48 0.06 0.15 95.69 1.27 1.33 0.61 - - 4.72 

TOTAL 775.59 437.45 317.36 40.92 100 56.4 0.76 1.73 240.7 169.53 - - 
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Table 12. CSP integrated combined cycle power plant with wet cooling results at the component level 

Component 

 
𝐸̇𝐹,𝑘 

[MW] 

𝐸̇𝑃,𝑘 

[MW] 

𝐸̇𝐷,𝑘 

[MW] 

𝑦𝐷,𝑘 

[%] 

𝑦𝐷,𝑘 ∗ 

[%] 

ℇ𝑘 

[%] 

𝑐𝐹,𝑘  

[Cent/MJ] 

𝑐𝑃,𝑘 

[Cent/MJ] 
𝐶̇𝐷,𝑘 

[Cent/s] 
𝑍𝐾  

[Cent/s] 
𝑓𝐾 

[%] 

𝑟𝐾 
[%] 

Compressor 212.46 203.36 9.09 1.54 5.85 95.72 1.36 1.53 12.39 22.61 64.60 12.50 

CC 590.23 419.06 171.17 28.94 110.17 71.00 0.76 1.11 130.01 16.15 11.05 46.05 

GT 447.95 428.33 19.62 3.32 12.63 95.62 1.24 1.36 24.43 25.84 51.40 9.68 

HP2 SH 67.59 64.23 3.36 0.57 2.17 95.02 1.24 1.48 4.19 10.94 72.31 19.35 

HP2 Evap 34.47 31.79 2.68 0.45 1.73 92.22 1.24 1.47 3.34 3.87 53.68 18.55 

IP2 SH 1.81 1.62 0.19 0.03 0.13 89.24 1.24 1.70 0.24 0.50 67.57 37.10 

HP2 Econ 15.39 13.21 2.18 0.37 1.40 85.85 1.24 1.52 2.71 0.95 25.96 22.58 

IP2 Evap 7.27 6.82 0.44 0.08 0.29 93.89 1.24 1.62 0.55 1.99 78.35 30.65 

IP2 Econ 9.24 7.11 2.13 0.36 1.37 76.90 1.24 1.69 2.66 0.54 16.88 36.29 

LP2 Evap 14.76 12.50 2.26 0.38 1.45 84.70 1.24 1.78 2.81 3.89 58.06 43.55 

LP2 Econ 0.64 0.53 0.12 0.02 0.08 81.88 1.24 2.37 0.15 0.45 75.00 91.13 

Preheater 14.91 11.28 3.63 0.61 2.33 75.67 1.24 2.10 4.52 5.17 53.35 69.35 

HP1 SH 15.24 13.91 1.33 0.22 0.85 91.29 0.96 1.29 1.27 3.39 72.75 34.38 

HP1 Evap 66.73 61.11 5.63 0.95 3.62 91.57 0.96 1.21 5.40 10.08 65.12 26.04 

HP1 Econ 36.42 30.17 6.25 1.06 4.02 82.83 0.96 1.23 6.00 2.08 25.74 28.13 

IP1 SH 1.69 1.48 0.20 0.03 0.13 87.85 0.96 1.40 0.20 0.46 69.70 45.83 

IP1 Evap 19.93 16.99 2.94 0.50 1.89 85.25 0.96 1.23 2.82 1.80 38.96 28.13 

IP1 Econ 4.95 3.71 1.25 0.21 0.80 74.85 0.96 1.35 1.19 0.24 16.78 40.63 

P1 2.84 2.15 0.69 0.12 0.44 75.87 1.57 3.03 1.08 2.07 65.71 92.99 

Solar field 263.99 142.81 121.18 - - 54.10 - 0.93 - 132.50 - - 

ST1 50.72 47.00 3.73 0.63 2.40 92.65 1.45 1.72 5.42 7.13 56.81 18.62 

ST2 79.91 72.02 7.88 1.33 5.07 90.14 1.45 1.74 11.45 9.22 44.61 20.00 

ST3 48.27 43.01 5.26 0.89 3.38 89.11 1.47 1.80 7.71 6.76 46.72 22.45 

ST4 74.34 64.89 9.45 1.60 6.08 87.29 1.47 1.81 13.85 8.60 38.31 23.13 

P2 0.02 0.01 0 0 0 73.36 1.57 9.82 0.01 0.10 90.91 525.48 

P3 1.03 0.75 0.27 0.05 0.18 73.43 1.57 3.37 0.43 0.93 68.38 114.65 

P4 2.29 1.70 0.59 0.10 0.38 74.23 1.57 3.15 0.93 1.76 65.43 100.64 

P5 0.13 0.09 0.04 0.01 0.03 68.99 1.57 3.54 0.06 0.11 64.71 125.48 

Cond - - 9.35 1.58 6.02 - 32.29 - 301.89 2.57 0.84 -100 

Cooling 

Tower - - 22.7 3.84 14.61 - 34.86 - 791.16 2.74 0.35 -100 

Deaerator 8.06 7.25 0.82 0.14 0.53 89.86 1.83 2.23 1.49 1.46 49.49 21.86 

mixer 1 0.40 0.38 0.02 0 0.02 94.00 1.35 1.44 0.03 - - 6.67 

mixer 2 4.51 4.36 0.15 0.03 0.10 96.58 1.34 1.39 0.21 - - 3.73 

mixer 3 15.32 12.65 2.67 0.45 1.72 82.55 1.43 1.73 3.83 - - 20.98 

mixer 4 1.27 1.24 0.03 0.01 0.02 97.36 1.45 1.49 0.05 - - 2.76 

mixer 5 0.13 0.10 0.03 0.01 0.02 74.15 1.83 2.46 0.06 - - 34.43 

TOTAL 591.52 436.50 155.37 26.27 100 73.79 0.76 1.68 117.75 286.92 - - 
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Table 13. CSP integrated combined cycle power plant with dry cooling results at the component level 

Component 

 
𝐸̇𝐹,𝑘 

[MW] 

𝐸̇𝑃,𝑘 

[MW] 

𝐸̇𝐷,𝑘 

[MW] 

𝑦𝐷,𝑘 

[%] 

𝑦𝐷,𝑘 ∗ 

[%] 

ℇ𝑘 

[%] 

𝑐𝐹,𝑘  

[Cent/MJ] 

𝑐𝑃,𝑘 

[Cent/MJ] 
𝐶̇𝐷,𝑘 

[Cent/s] 
𝑍𝐾  

[Cent/s] 
𝑓𝐾 

[%] 

𝑟𝐾 
[%] 

Compressor 243.80 233.72 10.09 1.58 6.42 95.86 1.36 1.52 13.68 24.73 64.38 11.76 

CC 635.05 454.56 180.49 28.36 114.97 71.58 0.76 1.10 137.08 17.66 11.41 44.74 

GT 505.49 483.14 22.35 3.51 14.24 95.58 1.24 1.36 27.72 28.26 50.48 9.68 

HP2 SH 67.32 63.87 3.45 0.54 2.19 94.88 1.24 1.47 4.27 10.62 71.32 18.55 

HP2 Evap 37.60 34.65 2.95 0.46 1.88 92.15 1.24 1.46 3.66 4.09 52.77 17.74 

IP2 SH 1.94 1.73 0.21 0.03 0.13 89.12 1.24 1.69 0.26 0.52 66.67 36.29 

HP2 Econ 16.11 13.81 2.30 0.36 1.46 85.74 1.24 1.52 2.85 0.97 25.39 22.58 

IP2 Evap 8.26 7.75 0.52 0.08 0.33 93.76 1.24 1.60 0.64 2.15 77.06 29.03 

IP2 Econ 9.47 7.27 2.21 0.35 1.41 76.70 1.24 1.69 2.74 0.54 16.46 36.29 

LP2 Evap 16.35 13.81 2.54 0.40 1.62 84.46 1.24 1.77 3.15 4.13 56.73 42.74 

LP2 Econ 0.67 0.54 0.12 0.02 0.08 81.32 1.24 2.36 0.15 0.45 75.00 90.32 

Preheater 14.17 10.62 3.55 0.56 2.26 74.94 1.24 2.02 4.40 3.85 46.67 62.90 

HP1 SH 15.24 13.91 1.33 0.21 0.85 91.29 0.95 1.28 1.26 3.34 72.61 34.74 

HP1 Evap 66.73 61.11 5.63 0.88 3.58 91.57 0.95 1.20 5.33 9.96 65.14 26.32 

HP1 Econ 36.42 30.17 6.25 0.98 3.98 82.83 0.95 1.21 5.92 2.05 25.72 27.37 

IP1 SH 1.69 1.48 0.20 0.03 0.13 87.85 0.95 1.38 0.19 0.45 70.31 45.26 

IP1 Evap 19.93 16.99 2.94 0.46 1.87 85.25 0.95 1.22 2.78 1.78 39.04 28.42 

IP1 Econ 4.95 3.71 1.25 0.20 0.79 74.85 0.95 1.33 1.18 0.23 16.31 40.00 

P1 2.84 2.15 0.69 0.11 0.44 75.87 1.54 2.98 1.06 2.05 65.92 93.51 

Solar field 263.99 142.81 121.18 - - 54.10 - 0.92 - 130.81 - - 

ST1 51.57 47.78 3.79 0.60 2.41 92.65 1.44 1.70 5.44 7.11 56.65 18.06 

ST2 81.45 73.42 8.03 1.26 5.12 90.14 1.44 1.72 11.53 9.20 44.38 19.44 

ST3 49.60 44.20 5.40 0.85 3.44 89.11 1.45 1.78 7.84 6.79 46.41 22.76 

ST4 56.12 49.27 6.84 1.08 4.36 87.80 1.45 1.80 9.94 7.20 42.01 24.14 

P2 0.02 0.01 0.00 0.00 0.00 73.36 1.54 9.58 0.01 0.10 90.91 522.08 

P3 1.05 0.77 0.28 0.04 0.18 73.43 1.54 3.31 0.43 0.93 68.38 114.94 

P4 2.33 1.73 0.60 0.09 0.38 74.23 1.54 3.09 0.92 1.76 65.67 100.65 

P5 0.13 0.09 0.04 0.01 0.02 69.75 1.54 3.32 0.06 0.10 62.50 115.58 

AC Cond 52.42 - 22.40 3.52 14.27 1.91 1.47 - 32.91 21.48 39.49 - 

Deaerator 8.25 7.42 0.83 0.13 0.53 89.89 1.80 2.21 1.50 1.49 49.83 22.78 

mixer 1 0.44 0.41 0.03 0.00 0.02 94.13 1.33 1.41 0.03 - - 6.02 

mixer 2 4.78 4.62 0.16 0.03 0.10 96.61 1.32 1.37 0.21 - - 3.79 

mixer 3 13.17 10.90 2.26 0.36 1.44 82.81 1.42 1.71 3.21 - - 20.42 

mixer 4 1.31 1.28 0.03 0.01 0.02 97.36 1.44 1.48 0.05 - - 2.78 

mixer 5 0.16 0.12 0.04 0.01 0.03 74.11 1.80 2.43 0.08 - - 35.00 

TOTAL 636.44 437.12 156.99 24.67 100 68.68 0.76 1.80 118.97 304.82 - - 

 

 

 

 

 

 

 

 

 

 

 

 


