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Introduction: 

Amongst the plethora of alternatives available for the sustainable generation of electrical energy, solar 
thermal power emerges as one of the most promising options. Capable of being deployed in utility-size multi-
megawatt plants, solar thermal power can benefit from economy of scale effects and, especially when 
installed in high-insolation areas, generate electricity at the lowest levelised costs of all solar technologies.  

It is this search for high-insolation areas that has led to plans for the installation of solar thermal power plants 
in desert areas, which benefit from strong direct solar irradiation as well as the availability of the large areas 
of land required for such power plants. However, desert locations suffer from a severe scarcity of water 
resources which will place a significant limit on the number sites found suitable for deployment of this 
technology.  

The current generation of solar thermal power plants, based on conventional steam-cycles, require water for a 
number of purposes:  

• Firstly, large volumes of water are required for the cooling of the condenser, especially for 
evaporative cooling.  

• Secondly, water is needed to replace that lost from the cycle during steam drum blowdown.  
• Thirdly, in order to maintain a high efficiency of the solar field, the mirrors need to be kept clean to 

ensure a high reflectivity.  

In order to facilitate the increased deployment of solar thermal power in water-scarce areas, it is proposed to 
study a number of new power plant concepts that could be used to reduce the water consumption of the next 
generation of solar thermal power plants. It has been suggested that the development of high temperature 
solar receivers will allow the use of gas-turbines in solar thermal power plants. Certain advantages of such 
plants are clear: the use of air as a working fluid, reduction in water consumption, reduction in start-up times 
and increased flexibility through hybridisation. However, the open cycle efficiency of a gas-turbine is 
relatively low, and in order to make maximum use of the investment in solar collector equipment, the heat 
delivered to the cycle should be used with the highest efficiency possible. The conventional approach would 
be to install a steam-turbine-based bottoming cycle to harness the waste heat at the exhaust of the gas turbine, 
producing additional power.  

Unfortunately, in the case of a gas-turbine solar power plant, this contradicts with the desire to minimise 
water consumption and alternative solutions must be evaluated. Once such solution is the air-based 
bottoming-cycle, which uses a low-temperature intercooled-recuperated gas-turbine system to harness the 
waste heat in the place of the more traditional steam cycle. 
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Description: 

In order to evaluate the performance of the air-bottoming cycle, a dynamic simulation model will be 
established using the STEC (Solar Thermal Electricity Component) library within the TRNSYS simulation 
software. The cycle to be modelled is shown in Figure 1 below. The modelling work can draw upon 
experience from existing modelling efforts at KTH-EGI. 

 

Fig. 1. Hybrid Solar Gas-Turbine Cycle with Air-Based Bottoming-Cycle 

The simulation model developed in TRNSYS will then be coupled with the MATLAB environment for post-
processing. The thermodynamic performance of the power plant can be analysed, alongside environmental 
criteria such as CO2 emissions and water consumption. Using cost-functions from a variety of sources the 
cost and economic performance of the plant can also be analysed, with the levelised cost of electricity (LEC) 
being a key performance indicator. 

Finally, the model will be coupled to a MATLAB-based multi-objective optimisation tool to enable 
thermoeconomic optimisation of the power plant performance and costs. The results can be compared to 
competing solar technologies and optimum plant configurations suggested.  

WP1.1: Literature search for solar gas-turbine power plant technologies and specifications  

WP1.2: Elaboration of dynamic models for solar gas-turbine power plant components in TRNSYS  

WP1.3: Elaboration of post-processing routines for cost calculation  
WP1.3.1: Integration of TRNSYS routines with MATLAB cost calculation functions 
  
WP1.4: Thermo-economic analysis and optimisation of power plant configurations  
WP1.4.1: Evaluation of investment costs/levelised costs and additional performance data  
WP1.4.2: Identification of promising/“optimal” configurations 
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ABSTRACT 
The growing worldwide energy demand and the impacts of climate change due to 
anthropogenic greenhouse gases emissions are among the major issues facing humanity. The 
global energy system, responsible for most of the greenhouse gases emissions, is therefore at 
the heart of global concerns. In particular, the search for a reliable, sustainable and 
environmentally friendly means of generating electricity is a crucial matter, with growing 
worries about the scarcity of fossil resources, air pollution and water acidification. For these 
reasons, alternatives for the sustainable production of electricity are to be found. 

Among the plethora of alternatives available, concentrated solar power (CSP) appears as one 
of the most favourable options. The stability and dispatchability of production achievable by 
the integration of storage and fuel-solar hybridisation are amidst the major advantages of this 
technology. Nevertheless, conventional CSP plants are based on stream-turbine cycles which 
consume large amounts of water. In addition to the low thermodynamic efficiency of this 
type of cycle, the installation of such plants in water-scarce areas is complicated by their 
reliance on water resources. Thus, the study of new concepts that overcome these drawbacks 
is necessary for the future of this technology. The availability of high temperature solar 
receivers for solar tower systems opens the way for the use of gas-turbines in hybrid solar-
natural gas configurations. In order to increase the efficiency of the cycle while keeping the 
water consumption as low as possible, a promising alternative to the recovery of the waste 
heat in steam-turbines is to use a low-temperature intercooled-recuperated gas-turbine cycle.  

This work focuses on the analysis and optimisation of the performance of an innovative 
hybrid solar gas-turbine power plant with an air-based bottoming cycle (ABHSGT). The 
evaluation considers thermodynamic performance, economic viability and environmental 
impact as interrelated concerns. With this in mind, detailed steady-state and dynamic models 
of the power plant have been developed and validated by comparison with existing 
components. A second model without bottoming cycle has been built for comparison. A 
multi-objective optimisation using an evolutionary algorithm has then been performed, 
optimising both capital cost and specific CO2 emissions and resulting in a Pareto-optimal set 
of possible designs. 

The analysis of the trade-off curves resulting from the optimisation reveals promising 
outcomes. The global minimum for the levelised cost of electricity, found at relatively high 
solar shares, proves the economic potential of the technology. The integration of the 
bottoming cycle decreases significantly the levelised cost of electricity and the CO2 emissions 
of the system compared to the reference plant, and higher efficiencies are achieved. 

The optimal design selected for an in-depth thermoeconomic and environmental analysis 
exhibits a levelised cost of electricity of 109 [USD/MWhe] for a solar share of 20% and an 
overall exergetic efficiency 38.5%. The specific CO2 emissions are reduced by 33% 
compared to simple gas-fired power plant. The water consumption is kept at very low levels 
compared to other CSP plants, making the system suitable for the deployment in water-
scarce areas. In addition, the environmental impact induced by the land use requirements is 
considerably lower than that of other renewable energy technologies. The sensitivity analysis 
performed to assess the consequence of changes in varying financial conditions on the 
levelised cost of electricity and the net present value reveals that the system studied 
represents a profitable investment in the presence of feed-in tariffs.  

In the light of the performance obtained in the three aspects considered (thermodynamic, 
economic and environmental), it can be concluded that the ABHSGT represents a promising 
alternative to other renewable energy technologies, especially in water-scarce areas.  
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1 INTRODUCTION 
1.1 CONTEXT 

Access to energy is now more than ever at the heart of critical economic, environmental and 
social issues facing the world. On the one hand, world population growth and the need for 
developing countries to expand their access to energy services in order to move towards 
prosperity induce an inevitable growth of the energy demand. On the other hand, 61 percent 
of total greenhouse gases emissions stem from energy-related activities, making the energy 
sector the largest contributor to climate change [1]. Furthermore, the growing worries about 
scarcity of fossil fuels, urban air pollution and water and land acidification due to energy 
production processes represent major issues. Hence, the search for a reliable, sustainable and 
environmentally friendly supply of energy represents one of the most critical challenges 
issued to humanity. 

Within this context, the development of alternative solutions for the sustainable production 
of electrical energy is of primary importance. Solar power generation is one of the most 
promising options for numerous countries with sufficient insolation, and different 
technologies aimed at converting solar radiation into electricity are emerging. Among them, 
concentrated solar power (CSP) is seen as one of the most favourable options, despite the 
recent rapid falls in the cost of photovoltaics (PV). Notwithstanding the current competition 
between the two technologies, it is likely that they will contribute together to the future 
global energy mix [2]. 

The major advantage of CSP lies in the stability and dispatchability of power production, 
made possible by the integration of storage and/or fuel-solar hybridisation. Hybridisation is 
not a long-term objective but it can be beneficial in the short term, by reducing the risks 
associated with the unpredictability of the solar resource and thereby stimulating the 
development of the technology. CSP demonstrates a low environmental impact compared to 
other renewable energy technologies, especially concerning construction materials and land 
and water use [3]. Ultimately, low costs of electricity generation can be achieved, especially 
when installed in high-insolation areas [2]. 

Desert areas represent vast available areas benefiting from the highest insolation. 
Nevertheless, they are also arid regions affected by severe water scarcity, restraining the 
possibility to install conventional CSP plants based on steam-turbine cycles and requiring 
water for numerous purposes (cooling of the condenser, replacement of cycle water losses 
and cleaning of mirrored surfaces). Therefore, new concepts must be studied in order to 
overcome the dependency on water resource for future CSP plants.  

The development of high temperature solar receivers for central receiver systems paves the 
way for the use of gas-turbines in hybrid solar-natural gas configurations, with clear benefits: 
the use of air as working fluid, the reduction in water consumption or the flexibility offered 
by hybridisation. However, due to the high cost of solar equipment and the use of natural 
gas for back-up, the heat supplied to the gas-turbine cycle should be converted with the 
highest efficiency possible. The conventional combined cycle configuration with steam-
turbines recovering the waste heat from the main cycle should be avoided to minimise the 
water consumption. For this reason, alternative solutions are to be found. One promising 
possibility is to use a low-temperature intercooled-recuperated gas-turbine cycle to recover 
the waste heat, and the performance of these ‘air-bottoming’ cycles has been demonstrated 
in this work. 
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1.2 OBJECTIVES 

The focus of this Master Thesis is placed on the analysis and optimisation of the 
performance of the innovative hybrid solar gas-turbine power plant with air-based 
bottoming cycle. Thermodynamic performance, economic viability and environmental 
impact are closely related. Hence, all of these aspects are considered. 

1.3 METHODOLOGY 

Initially, a detailed steady-state thermodynamic model of the power plant has been developed 
using MATLAB to evaluate its nominal performance. From the results and conclusions 
obtained, a detailed dynamic model has been built with the simulation tool TRNSYS in order 
to account for transient operation over the year. Then, this dynamic model has been linked 
with post-processing routines elaborated in MATLAB for cost and performance calculation. 

The thermodynamic performance, economic viability and environmental impact can then be 
appraised based on the models built. Among the three classes of performance indicators 
studied, the following are some of the most important: 

• Thermodynamics: the power plant exergetic efficiency 
• Environmental: specific CO2 emissions, specific water consumption and land use  
• Economics: the levelised cost of electricity generation and the net present value 

In order to identify the design parameters that optimise the power plant performance, a 
multi-objective optimisation is performed using an evolutionary algorithm. A specific design 
is then selected among the Pareto-optimal set, and its characteristics are analysed. These are 
compared to those of a similar optimal plant without the bottoming cycle in order to 
evaluate the potential improvement resulting from its integration. Finally, a sensitivity 
analysis is performed in order to evaluate the economic performance of the model under 
varying financial conditions. 

1.4 REPORT STRUCTURE 

This report is structured in Chapters (X.), with Sections (X.X.) and Subsections (X.X.X.). 

The current Chapter described the context of this work, the objectives and the methodology. 

Chapter 2 introduces the fundamental knowledge required to understand the context and the 
configuration of the power plant. The plant’s components are also described. 

Chapter 3 presents in detail the steady-state models built. An intermediate analysis of the 
power plant nominal performance is proposed. 

Chapter 4 presents briefly the simulation tool used and details the dynamic model built. The 
performances in transient operations are evaluated. 

Chapter 5 describes the cost functions assumed for the calculation of the capital cost and 
operation and maintenance costs. 

Chapter 6 details the optimisation method and setup, along with the performance indicators. 

Chapter 7 presents the thermoeconomic and environmental analysis of the optimisation 
results and the sensitivity analysis. 

Chapter 8 concludes the project and gives recommendations for future work. 
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2 FUNDAMENTAL KNOWLEDGE 
Before presenting the work undertaken during the project, it is essential to explore its 
surrounding context in order to understand the underlying issues and stakes involved. The 
goal of this chapter is to put in its context the innovative concept of hybrid solar gas-turbine 
power plant with an air-based bottoming cycle (ABHSGT).  

First, some fundamentals of solar radiation are given (2.1). Then, the different CSP 
technologies are briefly described (2.2). Finally, central receiver components and 
configurations are presented in detail, with a particular attention given to the description of 
the ABHSGT (2.3). 

2.1 ENERGY FROM THE SUN 

In this section, the importance of the Sun as energy resource is explained (2.1.1) and the 
theoretical principles of solar radiation are exposed (2.1.2 and 2.1.3). Finally, criteria for the 
selection of appropriate locations for CSP are given, together with a map of suitable 
locations (2.1.4). 

2.1.1 SOLAR ENERGY RESOURCE 

The energy available on Earth is fed from various sources. More than 99.9% of this energy 
comes from the Sun. As shown in Figure 2.1, the mean solar flux reaching the Earth´s 
atmosphere is approximately 170’000 TW, whereas only 10 TW derive from geothermal 
energy (decay of radioactive isotopes and primordial Earth’s energy) and around 3 TW are 
supplied by gravitational energy.  

Only 47% of the mean solar flux is available at Earth´s surface (80’000 TW), the remainder 
being reflected or absorbed by the atmosphere.  

 

Figure 2.1: Power Exchanged in the Earth's Natural Energy Systems (TW)  

Source: the Open University website, learning space 

In 2007, the world Total Primary Energy Supply (TPES) was 12’029 MToe [2], equivalent to 
a continuous power consumption of 16.0 TW. Therefore, the mean solar power available at 
Earth’s surface exceeds by 5’000 times our primary energy needs. Even though it indicates 
the abundance of solar energy, this information must be considered cautiously as energy 
supply and energy demand are time-dependent and their matching remains a challenge. 
Especially, solar radiation is an intermittent source of energy and its conversion into 
electrical power can only be done under restricted conditions.  
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2.1.2 SOLAR RADIATION 

Solar radiation is the radiant flux emitted by the Sun, supplied by internal fusion reactions. 
The Sun is a sphere of hot gaseous matter (mainly hydrogen and helium) with a diameter 𝑑𝑠 
and an average distance from Earth 𝐿𝑓𝑠  [4]: 

 𝑑𝑠  =  1.39 × 109 [𝑚]   ,   𝐿𝑓𝑠  =  1.495 × 1011 [𝑚] = 1 [𝑈𝐴] (2.1) 

The Sun’s structure is not homogeneous. The core is the hottest and densest region. The 
photosphere, considered as the solar surface, has a temperature varying from 6’600 K 
(bottom) to 4’400 K (top). Its effective blackbody temperature is 𝑇𝑠  =  5778 [𝐾]  (the 
temperature of a blackbody that would radiate the same amount of energy as the Sun does) 
[4]. The photosphere is the source of most of the solar radiation. 

The intensity of solar radiation is defined as the energy from the Sun per unit of time 
received on a unit area perpendicular to the direction of solar beam. Its value decreases with 
the square of the distance travelled (losses not considered). At a distance of 1 UA from the 
Sun (top rim of the atmosphere), it is also known as the solar constant 𝐺𝑠𝑐 , obtained by [6]: 

 𝐺𝑠𝑐  =  
𝐼�̅� .𝜋 .𝑑𝑠2

𝜋 . (2. 𝐿𝑓𝑠)2 = 1367 [𝑊/𝑚2] (2.2) 

with the mean radiant flux of the Sun  �̅�𝑠 = 63.5 ∗ 106 [𝑊 𝑚2⁄ ] calculated from the 
Boltzmann’s law for Sun effective blackbody temperature 𝑇𝑠. 

Because the Earth’s orbit is slightly eccentric, the Sun-Earth distance varies by 1.7% 
throughout the year. This leads to a variation of exoatmospheric radiation  𝐺𝑜𝑛 (radiation 
incident on a plane normal to the radiation outside the atmosphere) in the range of ±3.3%. 
An approximate expression for 𝐺𝑜𝑛 is given by [4]: 

 𝐺𝑜𝑚  =  𝐺𝑠𝑐 . (1 + 0.33. cos (
360.𝑛

365
) (2.3) 

with the day of the year 𝑛. 

The variation of 𝐺𝑜𝑚 throughout the year is shown in Figure 2.2. It has a minimum in July 
and a maximum in January. 

 

Figure 2.2: Variation of Exoatmospheric Radiation with Time of Year [6] 
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It is also of interest to know the spectral distribution of exoatmospheric radiation. Figure 2.3 
compares this spectral distribution with the wavelength distribution of the radiation emitted 
by a blackbody at 𝑇𝑠  =  5900 [𝐾], obtained from Planck’s law [4]: 

 𝐸𝜆𝑐  =  
𝐶1

𝜆5. (exp � 𝐶2𝜆.𝑇� − 1)
 (2.4) 

with the constants 𝐶1 = 3.7405 ∗ 108 [𝑊 ∗ 𝜇𝑚4 𝑚2⁄ ] and 𝐶2 = 14’487.8 ∗ 108 [𝑊 ∗ 𝜇𝑚]. 

The similarity between both curves is noticeable. The effect of atmospheric attenuation is 
also displayed but it will be discussed in the next section (2.1.3). 

 

Figure 2.3: Spectral Distribution of Solar Radiation  

Source: Thekeakara (1974) 

The fraction of total energy in the ultraviolet (UV), visible and infrared (IR) portions of the 
spectrum is displayed in Table 2.1. It is interesting to notice that 48% of the total energy are 
concentrated in the visible portion (0.38<λ<0.78). 

Table 2.1: Fraction of Total Energy in the Different Portions of the Spectrum 

Wavelength range [nm] 0 - 380 (UV) 380 - 780 (visible) 780 - ∞ (IR) 0 - ∞ 
Fraction in range [-] 0.064 0.480 0.456 1 

Energy in range [W/m2] 88 656 623 1367 
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2.1.3 AVAILABLE SOLAR RADIATION 

Solar radiation reaches the Earth’s surface in an attenuated form, as mentioned in 2.1.1. This 
is due to two major mechanisms known as atmospheric scattering and atmospheric 
absorption. An example of this effect can be seen in Figure 2.3. Absorption chiefly occurs 
because of the presence of O3 (ozone) and H2O (water vapour) in the atmosphere and is 
marginally due to other gaseous substances (CO2, NO2, CO, O2, CH4) [4]. The concentration 
of ozone, water vapour and other species vary in time and location. In the upper 
atmosphere, ozone absorbs almost completely the radiation for wavelengths below 290 nm.  
There is also a peak in ozone absorption around 600 nm. Water vapour absorbs mainly in 
bands in the infrared range, centred at 1100, 1400 and 1900 nm and in thin bands below 
1000 nm. Beyond 2500 nm, water and carbon dioxide absorb almost all the radiation.  

Scattering is due to the interaction between radiation and air molecules, water vapour and 
dust [4]. The intensity of scattering depends on the quantity of particles encountered by the 
radiation and the ratio of particles size to wavelength of the radiation. The number of 
particles through which radiation passes depends on the optical path length of the radiation 
and the concentration of dust and moisture in the atmosphere. 

The path length of the radiation is described by the concept of air mass 𝑚, which is the path 
length relative to that at the zenith at sea level. For zenith angles between 0 and 70°, a close 
approximation for 𝑚 is given by [4]: 

 𝑚 =  
1

𝑐𝑜𝑠 (𝜃𝑧)
 (2.5) 

with the zenith angle 𝜃𝑧 (angle of incidence of beam radiation on a horizontal surface).  

Therefore,  𝑚 = 1  at zenith and see level. For  𝜃𝑧 = 60° , 𝑚 = 2 . By definition, the 
exoatmospheric region is defined by = 0 . The air mass can be lower than one for altitudes 
above the sea level. 

The concentration of dust and moisture in the atmosphere, related to clouds and air 
pollution, is a time- and location-dependent quantity. 

The scattered radiation is diffused in all directions, some of it reaching the Earth’s surface 
and the rest going back into space. Hence, the total solar radiation must be differentiated 
between this diffuse fraction and the fraction reaching directly the surface. The beam 
radiation, or direct radiation, refers to the solar radiation received from the Sun without 
having been scattered by the atmosphere, whereas the diffuse radiation, or sky radiation, 
defines the radiation received after atmosphere scattering has changed its direction. The sum 
of these two components is called total solar radiation. This distinction is of particular 
importance for CSP systems because they can only harness the direct radiation. 

An essential indicator is the Direct Normal Irradiance (DNI), which measures the normal 
component of the direct radiation reaching the Earth’s surface: 

 𝐷𝑁𝐼 =  𝐺𝑜𝑚 . cos (𝜃𝑧). 𝜏𝑠. 𝜏𝑝𝑚𝑧 . 𝜏𝑜𝑧𝑜𝑚𝑓 . 𝜏𝑡𝑣 . 𝜏𝑚𝑓 . 𝜏𝑐𝑓  (2.6) 

 with the transmission coefficients for attenuation by scattering 𝜏𝑠, by absorption of equally 
distributed gases (mainly O2 and CO2) 𝜏𝑝𝑚𝑧, by absorption of ozone 𝜏𝑜𝑧𝑜𝑚𝑓 and water vapour 
𝜏𝑡𝑣 by extinction of aerosol 𝜏𝑚𝑓  , and by extinction of clouds 𝜏𝑐𝑓 . 

 

http://en.wikipedia.org/wiki/Zenith
http://en.wikipedia.org/wiki/Sea_level
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An example of daily variation of DNI and the role of each transmission coefficient is shown 
in Figure 2.4. Although the clear-sky coefficients (free clouds) are set constants, the effect of 
air mass due to variation of zenith angle increases their influence in the morning and 
evening. Moreover, the drastic reduction of DNI by clouds is remarkable (less than 100 
W/m2 at noon). The exoatmospheric DNI (extraterrestrial on the figure) is constant from 
dawn until twilight assuming that the irradiated surface (for instance heliostat) tracks the Sun 
position and is kept perpendicular to the solar beam. 

 

Figure 2.4: Example of Daily Variation of DNI [7] 
 

2.1.4 SUITABLE LOCATIONS FOR CONCENTRATING SOLAR POWER  

The suitability of sites for the production of solar energy can be estimated by averaging 
historical data. A good indicator to locate the best sites for solar power generation is the 
Direct Normal Irradiance (DNI) integrated over a year, or yearly direct insolation, which 
indicates the amount of energy accumulated by direct normal radiation in one year. 

A map of the world DNI integrated over a year is shown on Figure 2.5. It has been shown 
that a minimum of 2’000 [kWh/m2.y] is required for the installation of CSP plants, 2’500 
[kWh/m2.y] being more likely to favour competitiveness [5]. The areas in bright yellow have 
therefore the biggest potential for the installation of CSP plants. These regions include 
North and South Africa, Middle East, South Western USA, Mexico, some parts of South 
America, central Asian countries, and Australia. 

 

Figure 2.5: World Annual Direct Normal Irradiation [7] 
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Land factors must also be taken into account when selecting appropriate locations for CSP 
plants [7]. This is done by excluding all areas that are unsuitable due to ground structure, 
water bodies, slope, shifting sand, protected or restricted areas, forests, agriculture, etc. The 
global exclusion map presented in Figure 2.6 shows that the available areas remain large, 
especially in developing countries. 

 

Figure 2.6: Available Sites for Erection of CSP Plants [7] 

It is impossible to predict data for instantaneous future beam radiation, which would be the 
best way to assess the performance of a CSP system. For this reason, data based on historical 
records are very useful tools. A good example is the typical meteorological year (TMY) set of 
data. It is an assembly of historical meteorological data for a specific location for multiple 
years. The method used consists in selecting, for each month of the year separately, the most 
average month among the set of months available. The result is a dataset of hour-by-hour 
DNI reflecting the typical meteorological variations and the average DNI integrated over a 
year.  
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2.2 CONCENTRATING SOLAR POWER TECHNOLOGY 

In this section, a description of general and distinctive features of CSP technologies is given, 
together with a comparison with other solar technologies (2.2.1), followed by a presentation 
of the different CSP technologies available (2.2.2). 

2.2.1 DISTINCTIVE FEATURES 

Today, different technologies are available to convert solar radiation into electrical power. 
They can be classified into two categories: solar thermal power technologies and 
photovoltaics (PV). While the latter transforms solar radiation into direct current electricity 
based on semiconductors exhibiting the photovoltaic effect, solar thermal power 
technologies first convert solar radiation into heat. This thermal energy is subsequently 
transformed into mechanical energy by a thermal engine, and then converted into electricity 
using a generator. In recent years, both technologies have developed rapidly and a lot of 
efforts are put towards cost reductions. Even though the competition between them appears 
clearly, it is most likely that both technologies will be widespread in the future in order to 
contribute to reduce our dependence on fossil fuels and our CO2 emissions [2]. 

Solar Thermal Power Technology is characterised by a whole series of different concepts. 
They are subdivided into non-concentrating and concentrating systems (CSP). The formers, 
referring essentially to solar updraft tower and solar pond plants, are still on demonstration 
stage. The latters are more mature systems. Basically, the process of electricity generation by 
CSP systems follows these major steps: 

• concentration of direct solar radiation by a concentrator subsystem; 
• increase of radiation flux density by concentration on an absorbing surface 

(receiver); 
• absorption of the radiation, converted into thermal energy into the receiver; 
• transfer of thermal energy to an energy conversion unit (thermal engine); 
• conversion of thermal energy to mechanical energy by the thermal engine; 
• transformation of mechanical energy into electricity using a generator. 

The reason for concentrating solar radiation is to reach high energy density on the receiver, 
thus obtaining high operating temperatures necessary to reach high thermal efficiencies of 
the power generation cycle. These high temperatures can be obtained because the area, from 
which heat losses occur, is proportionally reduced, compared to that of a flat plate collector, 
by interposing an optical device (concentrator) between source of radiation and receiver. The 
concentration ratio (ratio of concentrator aperture area to receiver area) represents a good 
approximation of the factor by which radiation flux is increased on the receiver.  It is defined 
by [4]: 

 𝐶 =  
𝐴𝑚
𝐴𝑎𝑓𝑐

 (2.7) 

with the concentrator aperture area 𝐴𝑎 and the receiver area 𝐴𝑎𝑓𝑐. 

The power cycles can be steam/gas turbine or Stirling cycle depending on the type of 
concentrator and receiver. The need for high energy density restrains suitable locations for 
CSP to the ones mentioned in 2.1.4. Moreover, the fact that CSP plants run on conventional 
power cycles makes them dispatchable, either by storing thermal energy produced to convert 
it during peak load, or by backing-up solar power input by burning combustible fuels 
(hybridisation).  
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2.2.2 CONCENTRATING SOLAR POWER CONFIGURATIONS 

CSP systems are usually distinguished by type of concentrator. Currently, there are four 
major types of CSP technologies [8], as displayed in Figure 2.7: 

a. Parabolic trough collector (parabolic trough) is a continuous parabolic reflector 
focusing beam solar radiation on a linear receiver 

b. Linear Fresnel reflector (linear Fresnel reflector) is a set of segmented flat reflectors 
focusing beam solar radiation on a linear receiver 

c. Central receiver system with distributed reflectors (solar tower/central receiver system) is 
an array of heliostats focusing beam solar radiation on a central receiver mounted on 
top of a tower 

d. Central receiver system with dish collector (dish/Stirling) is a circular concave 
reflector focusing beam solar radiation on a central receiver 

 

Figure 2.7: The Four Types of CSP Configurations [8] 

The scope of this project is limited to solar thermal central receiver power plants (also 
referred to as solar power towers). For this reason, a detailed description of all technologies 
would be irrelevant. Nevertheless, an important difference between respectively parabolic 
troughs/Fresnel reflectors and towers/dishes allows a better understanding of central 
receiver systems. This difference lies in the way they concentrate solar radiation. On the one 
hand, parabolic troughs and Fresnel reflectors concentrate solar beams on a linear receiver 
(tubes) and can be rotated about a single axis of rotation: they are two-dimensional.  On the 
other hand, towers and dishes focus solar beam on a central receiver and must be able to 
move about two axes: they are three-dimensional. 

Maximum concentration ratios for two-dimensional concentrators 𝐶𝑖𝑏𝑓𝑚𝑓,2𝐷  

(parabolic/Fresnel) and three-dimensional concentrators 𝐶𝑖𝑏𝑓𝑚𝑓,3𝐷  (tower/dishes) can be 
obtained, based on the second law of thermodynamics and assuming that the receiver 
temperature 𝑇𝑎𝑓𝑐 is equal to the Sun blackbody temperature 𝑇𝑠  [4]: 

 𝐶𝑖𝑏𝑓𝑚𝑓,2𝐷 =  
1

𝑠𝑖𝑛 (𝜃𝑠)
 (2.8) 

and: 

 𝐶𝑖𝑏𝑓𝑚𝑓,3𝐷 =  
1

𝑠𝑖𝑛2(𝜃𝑠)
 (2.9) 

with the half angle subtended by the Sun 𝜃𝑠 = 0.027°. 

Thus, the maximum concentration ratio for parabolic troughs and Fresnel reflectors 
is 𝐶𝑖𝑏𝑓𝑚𝑓,2𝐷 = 212, whereas the one for towers and dishes is 𝐶𝑖𝑑𝑒𝑎𝑙,3𝐷 = 45000.  
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In practice the acceptance angle of the concentrator must be increased leading to actual 
achievable concentration ratios considerably reduced. Nevertheless, as shown in Table 2.2, 
typical ranges of concentration ratio for dishes and towers remain much greater than for 
parabolic troughs and Fresnel reflectors.  

These higher concentration ratios allow higher operating temperatures, and therefore more 
efficient power cycles. In order to achieve high concentration ratios, the collectors must be 
oriented to track the Sun so that the direct radiation is reflected onto the receiver surface, 
requiring sun-seeking systems or programmed systems. As mentioned before, linear optical 
collectors require single-axis systems, while revolution concentrators require two-axis 
tracking systems. 

Table 2.2: Performance Comparison of the Four CSP Technologies [6], [9] 

CSP Type Parabolic trough Fresnel reflector Solar tower Dish 
Concentration ratio [-] 50-90 25-50 600-2’000 up to 3’000 

Operating temperature [°C] 400-5001 450 500-1000 600-800 
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2.3 CENTRAL RECEIVER SYSTEMS 

In this section, an overall description of central receiver systems is given (2.3.1) and the 
major components are described in detail, focusing on relevant technologies  for the 
configuration studied in this project (2.3.2 to 2.3.6). The section 2.3.4 presents the different 
power cycles suitable for the conversion of heat into electricity and particularly the 
ABHSGT. 

2.3.1 OVERALL DESCRIPTION 

This project focuses on a particular configuration of central receiver (or solar tower) power 
plant. In order to understand the distinction between this new concept and others, an overall 
description of the receiver power plants is undertaken, followed by a more detailed 
presentation of the different composing a plant. 

A central receiver power plant (shown in Figure 2.8) employs a large quantity of sun-tracking 
mirrors, called heliostats, to reflect direct solar radiation on an absorbing surface, referred to 
as receiver, mounted on top of a tower. It absorbs the high-density solar flux and transfers it 
to a heat transport fluid [10]. The latter delivers thermal energy from the receiver to the 
electrical power generation unit. According to the type of power cycle used, different types 
of heat transport fluids (and receivers) are available. It can be water/steam, molten nitrate 
salt, liquid sodium, oil or gas (air, helium) [10]. Finally, the power generation unit is based 
either on Rankine or Brayton cycle, and their variants (e.g. combined cycles). 

 

Figure 2.8: Central Receiver Power Plant Configurations  

As already mentioned in 2.2.1, a solar-only tower power plant, (Solar only (1) in Figure 2.8) 
produces electrical power during clear sky daytime only. This production can be dispatched 
as solar towers run on conventional power cycles. It is either possible to store thermal energy 
(Solar+Storage (1)+(2)), or to hybridise (back up) the system with an auxiliary fuel supply 
(Solar Hybrid (1)+(3)). Hybrid solar and storage unit can obviously be combined (Solar 
Hybrid+Storage (1)+(2)+(3)). 

Some major considerations influence the design of solar towers [10]. They should: 

• provide continuous operation during periods of variable insolation; 
• extend operation during non-insulated periods; 
• avoid strong transients effects due to abrupt insolation changes; 
• assure the availability of electricity supply during periods of bad weather; 
• optimise the dispatch of energy to grid demand. 
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The use of storage and back-up depends on the system’s requirements. For some 
applications, it may be adequate to have an intermittent, CO2 neutral, energy source. In this 
case, the plant could run only on solar energy. If the idea is to build a thermal power plant 
that produces electricity only during daytime, when the demand is high, then a system 
combining solar tower and storage might be sufficient. If the main goal is to design a power 
plant that provides continuous electricity supply, like a conventional gas power station, then 
the solar system becomes itself an auxiliary system of the gas station that replaces fuel by 
cost free solar thermal energy when available. 

When designing a solar tower power plant, another important parameter has to be taken into 
account: the so-called solar multiple SM. It defines the ratio of solar energy collected at 
design point to solar energy required to generate the nominal turbine gross power [7]. In 
other words, a solar tower power plant with a solar multiple of 1 has a surface of heliostat 
field designed to provide exactly the thermal flow rate required by the power cycle to run at 
nominal power output at design point irradiation conditions (typically 800 W/m2 [7]). 
Typically, for systems with solar multiple greater than 1 and thermal storage available, the 
energy produced at high irradiation conditions is stored and redistributed when solar 
irradiation is not sufficient to run the power cycle at nominal conditions. The solar multiple 
should always be equal or greater than one and its optimal value can be found by 
thermoeconomic optimisation. On the one hand, an increase of SM means an extension of 
the heliostat field, receiver and thermal storage size, leading to a raise in the cost of the 
system. On the other hand, an increase of SM leads to higher annual full load operating 
hours FLH, and consequently higher power production. An example illustrating the relation 
between SM and FLH is shown in Figure 2.9 for varying DNI. For DNI=2’600 
[kWh/m2/y], FLH are double, from 2255 [h/y] for SM1 to 4512 [h/y] for SM2. These data 
are corroborated by two existing solar tower systems (Andasol 1 and Nevada solar 1). 

 

Figure 2.9: Annual FLH of a CSP Plant (h/y) as Function of Annual DNI and SM [7] 

Another important design parameter is the capacity factor, which defines the ratio of actual 
energy output of a plant over a time period to potential energy output if it had operated at 
full load the entire time [8]. In order to increase the capacity factor, one can either increase 
the solar multiple or use hybridisation and/or storage.  
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2.3.2 HELIOSTAT FIELD 

The collector of a solar tower reflects and concentrates direct solar radiation onto a central 
receiver mounted on top of a tower. This collector consists of a large heliostat field, which 
occupies most of the land space covered by a solar tower power plant, as depicted in Figure 
2.10, showing PS10 and PS20 plants located in the region of Seville. The heliostat field is 
also the most expensive subsystem of a solar tower.  

 

Figure 2.10: PS10 and PS20, 11MW and 20MW Central Receiver Power Plants in Seville 

Source: Abengoa website, 2011 

A single heliostat consists of a reflective surface (mirror, facet mirror, and membrane), a 
mechanically driven two-axis tracking system, a support structure, a pedestal, and control 
electronics [6]. The heliostat’s orientation is individually calculated from the instantaneous 
Sun’s position, the heliostat location in the field and the target point location. The two-axis 
tracking system ensures that incident sunlight is reflected towards the desired target (point 
on the receiver surface). For economic concerns, the tendency is to design fewer heliostats 
with larger areas (100 to 200m2). Another strategy consists in accounting for mass-
production effect by manufacturing a large amount of smaller heliostats. Adequate cost 
functions must be used to optimise their cost as they represent a large share of the plant 
capital cost. 

Several concepts of reflective surfaces for heliostats exist. The first typical design is the 
faceted glass/metal heliostat (left in Figure 2.11). It is composed of several panels (usually 2 
to 4m2 each), instead of a single large one, in order to reduce manufacturing costs. A thin 
glass with low iron content minimises absorption losses. Each facet is individually canted 
towards the receiver. The result is a field of slightly concave mirrors with varying focal 
lengths, depending on the distance between receiver and heliostats. Another design is the 
membrane heliostat (right in Figure 2.11). The reflected surface is a stressed metal membrane 
covered with thin glass mirrors attached to the front side of a metal ring. A second metal 
membrane non-mirrored is attached to the backside and a slight vacuum is created inside the 
“drum”, giving a concave shape to the membrane. 
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Figure 2.11: Faceted Heliostat (left) and Metal Membrane Heliostat (right) [12] 

The number of heliostats in the field directly influences the aperture of the receiver and 
therefore the concentration ratio. Increasing the amount of heliostats will increase the value 
of the heat flux reaching the receiver. An optimal value has to be found as the receiver has a 
peak solar flux limit. Depending on the latitude of the site, the power level of the plant and 
the desired thermal performance of the heliostat field, heliostats are arranged either all north 
of the tower (north field) in north hemisphere, or around the tower (surrounding field). For 
example, for a large plant, the performance can be improved by placing heliostats to west, 
east and even south of the tower, because additional cosine losses (see next paragraph) in the 
south field become smaller than attenuation losses for most distant heliostats in the north 
field. The heliostat field layout is determined by a trade-off between two contradictory 
objectives: the distance between heliostats must be kept long enough to minimise blocking 
and shadowing, but in the same time land usage and atmospheric attenuation increase with 
the size of the heliostat field. The heliostat field layout used in the current project is shown 
in 4.1.5. 

The height of the tower is also the result of a trade-off: higher towers lead to bigger and 
denser heliostat field with lower shading losses, but they also require higher tracking 
precision, and imply higher tower and piping costs as well as pumping and heat losses. 

The heliostat field performance can be described by successive energy losses between direct 
solar radiation and incident flux reaching the receiver’s surface. These losses, depicted in 
Figure 2.12 and Figure 2.13, are [10]: 

• Shadowing: one heliostat casts a shadow on the mirror of a second heliostat, 
reducing the reflected area. 

• Cosine effect: the angle formed by the heliostat with the perpendicular to the DNI 
direction is always greater than zero. Hence, the area of solar flux reflected is 
reduced by the cosine of this angle. 

• Reflexivity: The mirror is never perfectly reflective because of glass and slivering 
absorption and dirt. Heliostats reflective surfaces need to be cleaned up regularly. 

• Blocking: The light reflected by a heliostat is partially intercepted by the backside 
of another one. 

• Attenuation: Atmosphere absorbs and scatters part of the reflected radiation. 
• Spillage: Some of the energy reflected by the heliostat field does not reach the heat 

transfer area of the receiver. 
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Figure 2.12: Heliostat Field Losses: Cosine Effect [11] 

 

 

Figure 2.13: Heliostat Field Losses: Attenuation, Blocking, Reflectivity and Shadowing [12] 

Losses due to cosine effect are from far the most important. This effect usually reduces by 
more than 20% the available solar energy. The overall efficiency of a typical north heliostat 
field is around 70% (see 7.2.3). Losses calculation is described in 4.1.5. 
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2.3.3 RECEIVER 

The receiver, situated on top of a tower, intercepts and absorbs the concentrated solar 
radiation reflected by the heliostat field and transfers it to a heat transport fluid. The primary 
engineering limitation when designing a receiver is the amount of heat transferrable through 
a surface without damage. It depends on the heat transfer coefficient, mechanical strength, 
fluid mass flow rate, and temperature differences. There are several types of receiver design 
concepts depending on the type of heat transfer fluid selected (e.g. water/steam, air, molten 
salt) and geometry (e.g. even, cavity, cylindrical or cone-shaped receivers). 

One of the major goals of solar tower technology research is the improvement of actual 
receivers and the design of new concepts. Today, most of solar tower power plants in 
operation generate electricity with Rankine cycles, using molten salt or steam as heat transfer 
fluid. In this configuration, a tube receiver absorbs the concentrated solar radiation. This 
technology has been initially preferred to air-based solar tower, partly because of the very 
high temperature levels required by Brayton cycles. Since the early 1990s, the strong focus on 
a new type of receiver that can achieve high air outlet temperature, namely air volumetric 
receiver, makes air-based solar tower again considered viable. Even though challenges such 
as absorber durability or specific cost remain, using this type of receiver has many 
advantages such as fluid availability, better cycle thermodynamic efficiency, more flexibility 
or higher solar flux allowed.  

A volumetric receiver consists of a porous material absorbing concentrated solar radiation 
inside the volume of a structure (Figure 2.14). The concentrated radiation is not uniform on 
the receiver. A typical Gaussian distribution is usually assumed, as shown in Figure 2.14. The 
fluid, entering by the irradiated side of the receiver, passes through this porous matrix and is 
heated up by forced convection. In ideal operation, the absorber material temperature is 
lower on the irradiated side than the outlet temperature because the air entering the receiver 
keeps it cool. This reduces significantly the radiation losses compared to a tubular receiver.  
Typical peak intensity of absorbed radiant flux of 800 kW/m2 can be achieved by volumetric 
receivers [13]. 

 

Figure 2.14: Volumetric Receiver Principle [14] 

There are two types of plant configuration using volumetric receivers: open-loop or closed-
loop configurations. The former uses the volumetric receiver to heat up the air at 
atmospheric pressure, which is then used to produce steam in a heat recovery steam 
generator. The steam is then used in a Rankine power cycle. The latter uses the volumetric 
receiver for solar preheating of the compressor outlet air before it enters the combustion 
chamber in a conventional Brayton cycle. The main difference between the receivers of both 
systems is that the closed-loop receiver needs to be pressurised. 
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The current project focuses on air-based hybrid solar gas-turbine power cycle, another 
denomination for closed-loop system. Hence, it requires a pressurised volumetric receiver. 
Such receiver is equipped with a glass window separating the receiver volume from the 
ambient and allowing operation at high pressure. Ideally, the receiver outlet air temperature 
should meet the design turbine inlet temperature (TIT). Typically, the gas-turbine air inlet 
temperature is about 1425°C for a Siemens SGT-800 running at full load. However, air 
temperature at receiver outlet is limited by materials constraints, especially from window and 
absorber [13]. 

Several concepts of pressurised air receiver have been developed [13], based on different 
absorber materials (metal, ceramic). One of the most promising one is the SOLGATE 
receiver [15], which can reach outlet temperatures up to 960°C. This type of receiver is 
depicted in Figure 2.15 (left). The concentrated solar radiation enters a hexagonal pre-
concentrator, allowing a honeycomb-like arrangement to cover the entire focal spot (Figure 
2.15 right). A quartz glass window, cooled at outer side by a blower, closes the receiver 
aperture. The high temperature absorber is made of ceramic foam of SiC with 20 ppi 
porosity coated with a silica layer and tempered to increase its absorptivity. It is installed on a 
ceramic mounting structure. The cold inlet air enters the receiver from the sides in order to 
reduce radiation losses due to high surface temperatures. 

              

Figure 2.15: SOLGATE Pressurised Air Receiver [15] 

The overall thermal efficiency of the SOLGATE receiver is 70% ± 10% for air outlet 
temperature of 960°C [15]. The receiver performance derives from design trade-offs among 
different loss mechanisms. These are displayed in Figure 2.16 [10]: 

• Reflection: the energy reflected by the receiver surface instead of being absorbed. 
• Convection: the thermal energy lost by convection with surrounding air, which is a 

combination of free and forced convection. 
• Radiation: the thermal energy lost by infrared and visible radiation due to the high 

temperature of the receiver. 
• Conduction: the energy lost through insulating surface and structural bonds. These 

are usually very low (<1%) [10]. 

 

Figure 2.16: Receiver Optical and Thermal Losses [10] 
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2.3.4 POWER GENERATION CYCLES 

After the conversion from solar to thermal energy in the receiver, heat has to be used in a 
power generation cycle. As mentioned previously, depending on the type of heat transfer 
fluid, it can be either Brayton cycle or Rankine cycle, and variants (combined cycle, air-
bottoming cycle). 

As the solar collector represents a large share of the plant capital cost, it has first been 
suggested to generate electricity with high efficiency cycles such as Brayton or Stirling gas 
cycles with inlet air temperature between 800°C to 1000°C. But there were several 
drawbacks, such as low gas heat transfer coefficient, need of recuperators, practical 
constrains on receiver design (i.e. use of cavity receiver) imposed by high temperatures. On 
the opposite, Rankine cycle requires lower operation temperatures (500-550°C) and heat 
transfer coefficients in the steam generator are high, reducing the size of the receiver. The 
possibility to generate steam from intermediate heat transfer fluid (molten slat, liquid metal), 
conveying heat from receiver to boiler, was the only system readily compatible with storage. 
For these reasons, different solar tower projects based on Rankine cycle were built in the 
past decades. Three of them, based on different technologies, are presented hereafter. 

Rankine-based solar concepts 

The first concept is a solar tower power plant provided with an open-loop volumetric air 
receiver presented in a study in 1985 [8]. In 1986, an international consortium formed by 
German, Swiss, Spanish and American companies, named PHOEBIUS, studied the 
feasibility of a 30 MW plant based on this concept but did not acquire the grants and 
supports to build the project.  Key components of the PHOEBIUS concept have been 
developed by TSA (Technology Program Solar Air Receiver), and in 1991, a volumetric 
receiver was assembled on top of a tower in the Solar Platform of Almeria (PSA). The plant 
experienced several successful runs. The volumetric receiver was first made of metallic 
absorber and then upgraded to ceramic absorber for increased lifetime. The process flow 
diagram of the PHOEBIUS concept is shown in Figure 2.17. Air is blown through the 
atmospheric volumetric receiver and heated up to 680°C. Then, it is either stored in a 
ceramic checker storage system for further use or blown through a steam generator. The 
steam generated at 460°C and 65 bar is expanded and condensed in a conventional Rankine 
cycle to produce electrical power. 

 

Figure 2.17: Process Flow Diagram of a PHOEBIUS Type Solar Tower System [8] 
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The second concept is Solar Tres/Gemasolar, a 19.9 MW plant situated in Andalucía and 
inaugurated in 2011. It is an extension of the previous Solar Two plant. Molten salts (a 
mixture of 60% sodium nitrate and 40% potassium nitrate) replace water as heat transfer and 
heat storage fluid, because of their high energy storage capacity (500–700 kWh/m3) and 
good thermal conduction properties, which makes them excellent candidates for solar tower 
power plant with high capacity factor. The process flow diagram of the plant is shown in 
Figure 2.18. Molten salt are pumped from a cold tank (290°C) to a tube receiver and then a 
hot tank (565°C). The stored heat is then used to generate steam used in a conventional 
Rankine cycle, similarly to the previous concept. 

 

Figure 2.18: Process Flow Diagram of Solar Tres/Gemasolar Plant [8] 

The third concept, and also the simplest one, is the concept applied for the PS20, 20MW 
plant started in 2009. This plant uses a similar technology as a previous one, PS10, whose 
process flow diagram is shown in Figure 2.19. Saturated steam at 250°C and 40 bar is 
generated by evaporation of water in the receiver. Then, this steam is either stored or 
expanded in a turbine, and ultimately condensed. Low temperature levels lead to low cycle 
efficiencies, but highly efficient and relatively low-cost receivers are available. 

 

Figure 2.19: Process Flow Diagram of PS10 with Saturated Steam as Thermal Fluid [8] 
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Brayton-based solar concepts 

Even though solar tower projects based on Rankine cycles were first dominating, 
developments of pressurised volumetric receivers in the past decades make solar tower 
systems based on Brayton cycles a promising and highly-efficient technology for future CSP 
plants. 

As already mentioned, it is of interest to achieve high cycle efficiencies, as the share of solar 
component in total plant cost is high. Thus, the waste heat at turbine outlet of a Brayton 
cycle can be reused to evaporate the steam used in a bottoming Rankine cycle. This 
combination is commonly called combined cycle (CC). The Process flow diagram of a CC 
for hybrid power plant is shown in Figure 2.20. It cannot be run in solar-only configurations 
as contemporary turbine inlet temperatures exceed 1350°C and receiver outlet temperature 
are limited to 960°C. Therefore, the air pressurised in the compressor is preheated by the 
receiver and the remaining temperature increment is achieved in a combustion chamber. It is 
then expanded in a gas-turbine. The exhaust air evaporates water in a steam generator and 
steam is used in a conventional Rankine cycle. 

 

Figure 2.20: Process Flow Diagram of a Combined Cycle for Central Receiver [7] 

It has been shown in 2.1.4 that the most suitable locations for CSP implementation are 
situated in desert areas, suffering from severe water scarcity [16]. But the four systems 
presented previously integrate at different stage Rankine cycles, requiring water for a number 
of purposes: 

• Cooling of the condenser, especially for evaporative cooling; 
• Replacement of water lost during steam drum blowdown; 
• Cleaning of heliostat mirrored surfaces in order to maintain high reflectivity. 

In this context a number of new solar tower power plant concepts are studied in order to 
avoid this dependency on water resource. A first concept for solar-only application has been 
proposed, using a low-temperature intercooled-recuperated gas-turbine cycle [17]. A process 
flow diagram of this cycle is shown in Figure 2.21. This concept is becoming feasible because 
of the appearance on the market of efficient and MW-scale intercooled-recuperated gas-
turbines, whose development was limited for a long time by complications encountered in 
the design of high-temperature gas-gas heat exchangers. The dry intercooling system uses an 
air-to-air heat exchanger. Consequently, the whole system water requirements are limited to 
mirrors cleaning and compressor washing. 
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Figure 2.21: Process Flow Diagram of the Intercooled-Recuperated Solar GT [17] 

 

The scope of the current project is the study of the performance of another configuration of 
solar tower power plant with low water use. This concept, conceived for hybrid-solar 
applications, integrates an air-based bottoming cycle. A process flow diagram of this cycle is 
shown in Figure 2.22. The solar system and the “top” Brayton cycle are similar to that of 
hybrid solar gas-turbine power plant with combined cycle (Figure 2.20). Nonetheless, the 
bottoming Rankine cycle is replaced by a low-temperature intercooled-recuperated gas-
turbine cycle similar to the one described in Figure 2.21. For this reason, the concept is 
called air-based bottoming cycle for hybrid solar gas-turbine power plant (ABHSGT). In the 
top cycle, the air is successively compressed, preheated by the pressurised volumetric 
receiver, combusted in the combustion chamber and finally expanded in the turbine. The 
heat available in the exhaust air is recovered in the waste heat recovery unit. In the 
bottoming cycle, the inlet air is first pressurised in a low pressure compressor. It is then 
intercooled and enters the high pressure compressor. Afterwards, it is heated up successively 
by heat exchanged with exhaust air from the bottoming turbine and the top turbine. It is 
finally expanded in the turbine and cooled down in the recuperator. 

 

Figure 2.22: Process Flow Diagram of the ABHSGT 
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2.3.5 GAS-TURBINES 

The ABHSGT includes two gas-turbines. For the top cycle, the characteristics are based on 
those of the Siemens SGT-800 (Appendix 1). Its main technical specifications are described 
in Table 2.3.  

Table 2.3: SGT-800 Main Technical Specifications 

 

 

 

 

The SGT-800 was chosen for its medium power output, its relatively high electrical 
efficiency, but chiefly because of its high turbine outlet temperature which makes it suitable 
for the integration of a bottoming cycle. Indeed, the theoretical thermodynamic efficiency of 
the bottoming cycle is limited by the Carnot factor Θ: 

 Θ = 1 −  
𝑇𝑎
𝑇ℎ

 (2.10) 

with the temperature of the heat entering the turbine 𝑇ℎ and the temperature of the ambient 
air in which the exhaust air is released 𝑇𝑎. 

For the bottoming cycle, the hot temperature equals at best the top cycle exhaust gases 
temperature, in case of a waste heat recovery heat exchanger with infinite heat exchange 
surface area.  

Nevertheless, the SGT-800 could not be used in practise as it is not equipped with an 
external combustion chamber, required to include solar air preheating between compressor 
and turbine. The SGT-750 is equipped with an external combustion chamber, but its turbine 
outlet temperature is significantly lower and it would not be adapted for an efficient 
bottoming cycle. At this stage of development, it is judged more important to valorise 
theoretical performance rather than direct feasibility, as a gas-turbine combining external 
combustion and suitable performance could be developed. 

Regarding the low-temperature intercooled-recuperated gas-turbine of the bottoming cycle, 
the characteristics could not be chosen from an existing gas-turbine. For a long time, this 
type of cycle has been avoided for large-size applications because of the problems in the 
design of high temperature gas-gas recuperators. However, this difficulty is on the verge to 
be overcome [17], and some low temperature intercooled-recuperated gas-turbine become 
available such as the 1.4 MW intercooled-recuperated Heron H1 or the 100 MW air-
intercooled GE’s LMS 100 [19]. 

As there is no existing turbine approaching the required design, the bottoming compressor 
pressure ratio will be first assumed to be 2.5:1 for each compressor in the initial model. 
Then, it will be a decision variable during the optimisation in order to determine its optimal 
value. 

 The ABHSGT could therefore be an interesting alternative to conventional CC hybrid solar 
power plants, because of its potentially high efficiency and its low water requirements 
suitable for regions suffering from water scarcity. 

Power generation (ISO) 50.5 [MWe] 
Electrical efficiency 38.3 [-] 
Heat rate 9’407 [kJ/kWh] 
Compressor pressure ratio 21.1:1 [-] 
Exhaust gas flow 134.2 [kg/s] 
Exhaust temperature 553 [°C] 
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2.3.6 GAS-GAS HEAT EXCHANGERS 

The ABHSGT includes three gas-gas heat exchangers: an intercooler (IC) and a recuperator 
(RC) in the bottoming cycle and a waste heat recovery unit (HR) between the top and the 
bottoming cycles. While the intercooler is required to reject heat from a hot stream to 
ambient air, the recuperator and the waste heat recovery unit are needed to exchange heat 
between two working flows. This difference implies different design requirements. The main 
technologies available for both types are presented hereafter. 

Intercooler 

The dry intercooler system proposed by GE for the intercooled gas-turbine LMS 100 [18] is 
shown in Figure 2.23. It consists of a finned tube heat exchanger coupled with a moisture 
separator, expansion joints, and variable bleeding valves (VBV). This concept is similar to 
the widespread air-coolers, in which electrically driven fans direct cooling air towards a heat 
transfer surface cooled down by forced convection. The difference with conventional air-
cooler is mounting the finned tube panels in a more compact A-frame configuration.  

 

Figure 2.23: LMS 100TM dry intercooler system with air-air heat exchanger [19] 

 

Recuperator and waste heat recovery unit 

The design of gas-gas heat exchangers is more challenging than the one of air-cooler. 
Satisfying high effectiveness and low pressure drop in the case of gas-gas heat exchanger is 
complicated by the low heat transfer coefficient and the low density of both streams. 
Moreover, other requirements such as high mass flows, pressure difference and medium to 
high temperatures make the design even more challenging. Several promising concepts could 
fulfil these requirements. Two of them are presented hereafter: printed circuits heat 
exchangers and plate-fin heat exchangers. 

Printed circuit heat exchangers (PCHE) are made of flat plates with gas flow channels 
photo-chemically etched into them using the same technique used for printed circuit boards 
[20]. The plates are stacked together by diffusion bonding (interdiffusion of atoms across the 
interface), and blocks can be welded together to meet thermal load requirements. A core of 
PCHE is shown in Figure 2.24. Its main advantages are high thermal effectiveness, low 
approach temperature, large heat transfer surface area per unit volume and true counter-flow 
configuration.  PCHE are already widely used in different domains such as cryogenic 
industry, but they have not been applied to gas-turbine recuperators yet. However, a 
modeling work has been carried out to simulate its application to recuperator for recuperated 
gas-turbine cycles.  
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It demonstrated good effectiveness (92%) and pressure drops (air-side: 0.11%, gas-side: 
4.44%), with reference data close to the current project’s operating conditions[20]. 

 

Figure 2.24: Printed circuit heat exchanger core for counter current application [20] 

Plate-fin heat exchangers (PFHE) consist of a stack of alternating layers of flat plates (or 
parting sheets) and corrugated fins [20]. A schematic view of PFHE layers is shown in Figure 
2.25. The corrugated fins are brazed to the plates, locking the structure. They provide an 
additional heat transfer area as well as mechanical support against the pressure difference 
between both flows. PFHE possess the same advantages as PCHE. However, they both 
share important limitations such as high capital cost and complex manufacturing. 
Nonetheless, PFHE have already been proposed for different gas-turbine applications. A 
modeling work carried out under the same reference data as the one for PCHE demonstrates 
91.6% thermal effectiveness and respectively 3.66% and 5.36% for air-side and gas-side 
pressure drops [20]. 

 

Figure 2.25: Plate-Fin Heat Exchanger [20] 
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3 ABHSGT STEADY-STATE MODEL AND OPERATION 
In order to perform a thermoeconomic evaluation and an optimisation of the ABHSGT, it is 
first necessary to build a thermodynamic model of the plant. A first step consists in creating 
a steady-state model on MATLAB in order to have an initial idea of the nominal 
performance of the power plant. Different nominal characteristics will also be required for 
building a further transient model on TRNSYS. In the first section of this chapter, 
mathematical models and equations describing exergy losses in each components are 
presented (3.1). In the second section, the characteristics obtained for nominal specifications 
are described and analysed (3.2). 

3.1 COMPONENTS STEADY-STATE MODELS 

The main objective of the steady-state model of the plant is to calculate the thermodynamic 
states and mass flows in each part of the plant and calculate performance indicators such as 
net power output, energetic efficiency, exergetic efficiency or solar share at nominal 
conditions. Another objective is to determine nominal values of different parameters that 
will be required to run the further transient model. 

The system to be modelled has been described in 2.3.4 and its process flow diagram is 
available in Figure 2.22. The components to be modelled are the compressors (top and 
bottoming LP and HP) (3.1.1), the tower (3.1.2), the receiver (3.1.3), the combustion 
chamber (3.1.4), the turbines (top and bottoming) (3.1.5), , the electrical generators (3.1.6) 
and the gas-gas heat exchangers (3.1.7). Nominal conditions are achieved when the amount 
of heat provided by the receiver to the cycle is sufficient to reach the maximum receiver 
temperature. With this definition, it is not required to model the heliostat field to evaluate 
the nominal performance of the power cycle. A constant concentrated solar flux 
corresponding to the nominal flux of the receiver was assumed instead. However, a model of 
heliostat field will be further required to determine the transient behaviour of the plant. 

In order to obtain accurate results, REFPROP was used to model air, fuel, combustion gases 
and other mixtures. Once two state variables are specified, they defined the thermodynamic 
state of the fluid, and the other properties can be determined (for a single substance). 

3.1.1 COMPRESSOR 

Mathematical model 

The first components to be modelled are the compressors, which are used to pressurized 
ambient air in both top and bottoming cycles. The same model is used for the three 
compressors, with different pressure ratios Π𝑐 and polytropic efficiencies 𝜂𝐶𝜎.  

The following hypotheses are formulated [21]: 

• negligible leaks in the sealing system; 
• negligible variation of gravitational potential energy; 
• negligible variation of kinetic energy; 
• one-dimensional flow; 
• steady-state operation. 
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The compressor is characterised by its polytropic efficiency 𝜂𝐶𝜎 and its pressure ratio Π𝑐. The 
isentropic efficiency 𝜂𝐶𝑠 can be derived from these two parameters: 

 𝜂𝐶𝑠 =  
Π𝑐Γ − 1 

Π𝑐
Γ
𝜂𝐶𝜎 − 1

 (3.1) 

with the calorific factor Γ = 𝛾−1
𝛾

. 

Knowing the inlet pressure 𝑃𝑖𝑚  and temperature 𝑇𝑖𝑛 , it is possible to determine the inlet 
specific enthalpy ℎ𝑖𝑚 and entropy 𝑠𝑖𝑚 per with REFPROP. 

The outlet specific enthalpy can be calculated thanks to the isentropic efficiency: 

 ℎ𝑜𝑓𝑡 = ℎ𝑖𝑚 +  
(ℎ𝑜𝑓𝑡𝑠 − ℎ𝑖𝑚) 

𝜂𝐶𝑠
 (3.2) 

Then the theoretical mechanical power required to drive the compressor can be defined by: 

 �̇�𝐶
+ =  �̇�𝑚 ∗ (ℎ𝑜𝑓𝑡 − ℎ𝑖𝑚) (3.3) 

with the compressor air mass flow rate �̇�𝑚. 

Finally, the inlet pressure loss caused by the air filter and silencer of the top cycle and 
bottoming cycle LP compressor can be characterised by: 

 𝑃𝑖𝑚 =  𝑃𝑚𝑡𝑐 ∗ (1 − 𝑓Δ𝑃𝑖𝑛 ) (3.4) 

with the atmospheric pressure 𝑃𝑚𝑡𝑐 and the inlet specific pressure drop 𝑓Δ𝑃𝑖𝑛 . 

Exergy losses 

The exergy losses within a compressor �̇�𝐶  result from irreversibilities such as dissipation. 
They represent the difference between the mechanical power input required to run the 
compressor and the available exergy added by the compressor: 

 �̇�𝐶 =  �̇�𝐶
+ − �̇�𝑦𝐶

+ = �̇�𝐶
+ − �̇�𝑚 ∗ (𝑘𝑜𝑓𝑡 − 𝑘𝑖𝑚) (3.5) 

With the transformation exergy received in the compressor �̇�𝑦𝐶
+

. 

The coenthalpy per unit of mass 𝑘 is defined by [21]: 

 𝑘 = ℎ − 𝑇𝑚𝑡𝑐 ∗ 𝑠 (3.6) 

Applying the definition of the coenthalpy per unit of mass, the following expression for �̇�𝐶 
can be derived: 

 �̇�𝐶 =  �̇�𝑚 ∗ 𝑇𝑚𝑡𝑐 ∗ (𝑠𝑜𝑓𝑡 − 𝑠𝑖𝑚) (3.7) 
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3.1.2 TOWER 

Mathematical model 

The receiver is placed on top of a tower, whereas the power cycle is situated on the ground. 
This configuration implies that the air must be piped up and down the tower. It is proposed 
to use a concentric piping arrangement in order to minimise the heat losses from the piping 
to the atmosphere.  

The cold compressor discharge passes through an external annulus and the hot air from the 
receiver passes through an internal pipe. A stationary air-gap separates the two channels in 
order to reduce the heat transfer. This air gap replaces expensive high temperature insulation 
and allows the configuration to better resist to thermal dilatation. The outer surface of the 
external annulus is covered by an insulation layer.  

The whole arrangement is comparable to a counter-flow heat exchanger with heat exchange 
occurring between both pipes but neglected with the surrounding. The heat capacity rate of a 
heat exchanger  𝑈𝐴  is the product of the overall heat transfer coefficient 𝑈  and the heat 
exchange surface area 𝐴. Its value must be provided to the further transient model. The heat 
exchange surface area 𝐴 can be calculated, knowing the radius of the inner pipe 𝑟𝑖𝑚𝑡 and the 
tower height ℎ𝑇: 

 𝐴 = 2𝜋 ∗ 𝑟𝑖𝑚𝑡 ∗ ℎ𝑇  (3.8) 

The definition of the overall heat transfer coefficient 𝑈 related to the inner pipe is: 

 1
𝑈

=
1
ℎℎ

+
𝑟𝑖𝑚𝑡
𝑟𝑓𝑒𝑡

∗
1
ℎ𝑐

+ �
𝑟𝑖𝑚𝑡
𝑘𝑚

𝑁𝑙𝑎𝑦𝑒𝑟

𝑚=1

∗ 𝑙𝑛
𝑟𝑚
𝑟𝑚−1

 (3.9) 

with the convective heat transfer coefficients of hot and cold streams ℎℎ  and ℎ𝑐 , the number 
of insulating layers 𝑁𝑓𝑚𝑦𝑓𝑎  , thermal conductivity and radius of the nth layer 𝑘𝑚  and 𝑟𝑚 , and 
internal and external radii of the internal pipe 𝑟𝑖𝑚𝑡  and 𝑟𝑓𝑒𝑡 . 

The convective heat transfer coefficients of hot and cold streams ℎℎ  and ℎ𝑠 can be calculated 
using the Petukhov correlation for Nusselt number in turbulent pipe flow [23], which has an 
accuracy of 6% within the range  0.5 < 𝑃𝑟 < 200 and 104 < 𝑅𝑒𝐷 < 5 ∗ 106: 

 𝑁𝑢𝐷 =
�𝑓8� ∗ 𝑅𝑒𝐷 ∗ 𝑃𝑟

1.07 + 12.7 ∗ �𝑓8 ∗ (𝑃𝑟2 3� − 1)
 (3.10) 

with the friction factor 𝑓 defined in Equation 3.14, and 𝑁𝑢𝐷, 𝑃𝑟, and 𝑅𝑒𝐷 are respectively the 
Nusselt, Prandtl and Reynolds numbers, defined by the following equations:  

 𝑁𝑢𝐷 =
ℎ ∗ 𝐷
𝑘

 (3.11) 

  𝑃𝑟 =
𝜇 ∗ 𝑐𝑝
𝑘

 (3.12) 

  𝑅𝑒𝐷 =
𝜌 ∗ 𝑢 ∗ 𝐷

𝜇
 (3.13) 

with the convection heat transfer coefficient ℎ, the pipe diameter 𝐷, the fluid bulk dynamic 
viscosity 𝜇 and the fluid thermal conductivity 𝑘.  
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The pipe diameter is replaced by the hydraulic diameter 𝐷ℎ = 𝐷𝑜𝑓𝑡 − 𝐷𝑖𝑚  for the external 
annulus. A flow velocity of 𝑢 = 10[𝑚 𝑠⁄ ] is assumed. 

The friction factor 𝑓 represents the frictional resistance to flow in a pipe. For smooth pipes, 
it is approximated by [23]: 

 𝑓 =
1

(1.82 ∗ log(𝑅𝑒𝐷) − 1.64)2 (3.14) 

The specific pressure drop in both pipes 𝑓Δ𝑃𝑝𝑖𝑝𝑒  is obtained by: 

 𝑓Δ𝑃𝑝𝑖𝑝𝑒 =
∆𝑃𝑝𝑖𝑝𝑓
𝑃𝑝𝑖𝑝𝑓

= 𝑓 ∗
ℎ𝑡𝑜𝑡
𝐷

∗  
𝑢2

2 ∗ 𝑟 ∗ 𝑇𝑐
 (3.15) 

with the tower height ℎ𝑡𝑜𝑡. 

Finally, the total pressure loss the in the tower piping can be expressed by: 

 𝑃𝑡𝑜𝑡𝑜𝑢𝑡 =  𝑃𝑡𝑜𝑡𝑖𝑛 ∗ �1 − 𝑓Δ𝑃𝑝𝑖𝑝𝑒𝑐 � ∗ �1 − 𝑓Δ𝑃𝑝𝑖𝑝𝑒ℎ � (3.16) 

With the specific pressure drops in cold and hot pipes 𝑓Δ𝑃𝑝𝑖𝑝𝑒𝑐  and 𝑓Δ𝑃𝑝𝑖𝑝𝑒ℎ 
. 

Exergy losses 

The exergy losses in the tower are due to dissipation and heat transfer between both pipes 
with a temperature drop. They can be seen as the difference between the heat exergy rate �̇�𝑞ℎ

+
 

received from the hot fluid and the heat exergy rate  �̇�𝑞𝑐
−

 given to the cold fluid [21]: 

 �̇�𝑞ℎ
+ =  �̇�𝑐𝑚𝑖𝑚 ∗ �𝑘ℎ𝑖𝑚 − 𝑘ℎ𝑜𝑓𝑡� (3.17) 

  �̇�𝑞𝑐
− =  �̇�𝑚𝑎𝑖𝑛 ∗ �𝑘𝑐𝑖𝑛 − 𝑘𝑐𝑜𝑢𝑡� (3.18) 

 �̇�𝑡𝑜𝑡 =  �̇�𝑞ℎ+ −  �̇�𝑞𝑐+  (3.19) 

with the mass flow of working air through the tower �̇�𝑐𝑚𝑖𝑚 . 

3.1.3 RECEIVER 

Mathematical model 

A mathematical model for the pressurised air receiver is required to calculate the pressure 
drop and the thermal efficiency. 

The same simple blackbody radiation model as the one proposed in the TRNSYS STEC 
library [22] was assumed to calculate the thermal performance of the pressurised air receiver. 
The overall receiver efficiency is calculated by: 

 𝜂𝑎𝑓𝑐 =  𝜂𝑜𝑝𝑡 − 𝑓𝑎𝑚𝑏 = 𝜂𝑜𝑝𝑡 − 𝜀 ∗ 𝜎 ∗
1
𝐼𝑎𝑓𝑐

∗ 𝑇�𝑎𝑓𝑐4  (3.20) 

with the optical efficiency  𝜂𝑜𝑝𝑡  and the radiation losses factor  𝑓𝑎𝑚𝑏 , emittance  𝜀 , Stefan-

Boltzmann constant 𝜎 = 5.674 ∗ 10−8 [𝑊 𝑚2.𝐾4⁄ ], solar heat flux reaching the receiver 𝐼𝑎𝑓𝑐 
and mean absolute temperature 𝑇�𝑟𝑒𝑐. 
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The receiver mean absolute temperature is estimated by: 

 𝑇�𝑎𝑓𝑐 =  0.5 ∗ �𝑇𝑎𝑓𝑐𝑖𝑚 + 𝑇𝑎𝑓𝑐𝑜𝑓𝑡� (3.21) 

with the inlet and outlet air temperatures 𝑇𝑎𝑓𝑐𝑖𝑚 and 𝑇𝑎𝑓𝑐𝑜𝑓𝑡. 

The receiver optical efficiency 𝜂𝑜𝑝𝑡  is assumed constant. It value is derived from an 
interpolation of the thermal efficiencies of the SOLGATE project:  

 𝜂𝑜𝑝𝑡 =  0.90 (3.22) 

The simple blackbody radiation model is a simplified representation of the reality. The real 
thermal behaviour of the receiver is more complex, as described in 2.3.3. This model results 
in typical receiver thermal efficiencies of 80% for 950°C outlet temperature, whereas the 
SOLGATE receiver has a thermal efficiency comprised between 60% and 80% [15]. This is 
mainly due to the mean radiation temperature assumed, and because conduction and 
convection losses are neglected. However, this model was kept for two reasons. Firstly, it is 
important to obtain similar results as the transient model because nominal values for the 
receiver are sent to the transient model. Secondly, the only consequence of overestimating 
the receiver performance is an underestimation of its size. And underestimating the size by 
5-10% can be acceptable, especially if it is mentioned. 

The pressure drop in the receiver can be expressed by: 

 ∆𝑃 ~ 𝜌 ∗ 𝑢2 (3.23) 

with the air density 𝜌 = 𝑃 𝑟𝑇⁄  and the flow velocity 𝑢 = �̇� 𝜌𝐴⁄ .  

The specific pressure drop of the receiver can be written as: 

 𝑓Δ𝑃𝑟𝑒𝑐 =
∆𝑃
𝑃

 ~ 
�̇�2 ∗ 𝑇
𝐴2 ∗ 𝑃2

 (3.24) 

with the mass flow rate �̇�, the outlet temperature 𝑇 and the aperture area 𝐴. 

Based on reference values for 𝑓Δ𝑃𝑟𝑒𝑐0 , �̇�0, 𝑇0, 𝐴0 and 𝑃0, the receiver specific pressure drop 
can be expressed by: 

 𝑓Δ𝑃𝑟𝑒𝑐 = 𝑓Δ𝑃𝑟𝑒𝑐0 ∗ �
�̇�
𝑀0̇
�
2

∗
𝑇
𝑇0
∗ �
𝑃0
𝑃
�
2

∗ �
𝐴0
𝐴
�
2

 (3.25) 

with �̇� = �̇�𝑐𝑚𝑖𝑚, 𝑇 = 𝑇𝑎𝑓𝑐 , 𝑃 = 𝑃𝑎𝑓𝑐  and 𝐴 = 𝐴𝑎𝑓𝑐. 

Exergy losses 

The exergy losses in the receiver are composed of optical losses, radiation losses and 
absorption losses: 

 �̇�𝑎𝑓𝑐 = �̇�𝑜𝑝𝑡 + �̇�𝑎𝑚𝑏 + �̇�𝑚𝑐𝑠 (3.26) 

The optical losses are taken into account as they stand, by definition of the optical efficiency: 

  �̇�𝑜𝑝𝑡 =  𝜂𝑜𝑝𝑡 ∗ �̇�𝑞𝑟𝑒𝑐
+  (3.27) 

with the heat exergy reaching the receiver �̇�𝑞𝑟𝑒𝑐
+ . 
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The exergy losses due to radiation are equal to the heat exergy radiated:  

 �̇�𝑎𝑚𝑏 = �̇�𝑞𝑟𝑎𝑑
− = �̇�𝑎𝑚𝑏− ∗ Θ =  𝑓𝑎𝑚𝑏 ∗ 𝐴𝑎𝑓𝑐 ∗ 𝐼𝑎𝑓𝑐 ∗ �1 −

𝑇𝑚𝑡𝑐
𝑇�𝑎𝑓𝑐

� (3.28) 

with the Carnot factor Θ [21]. 

The absorption losses are mostly due to the low absorption temperature of ceramic foam 
and air compared to the temperature of the solar radiation, similar to a heat transfer with 
temperature drop. The dissipation in the foam creates some additional losses. The 
absorption losses can be calculated as the difference between the net exergy available from 
the receiver �̇�𝑞𝑟𝑒𝑐,𝑛𝑒𝑡

+   after optical and radiation losses and the exergy eventually available in 

the cycle �̇�𝑘𝑐𝑦𝑐𝑙𝑒
− : 

  �̇�𝑞𝑟𝑒𝑐,𝑛𝑒𝑡

+ = �̇�𝑞𝑟𝑒𝑐
+ − �̇�𝑜𝑝𝑡 − �̇�𝑟𝑎𝑑 (3.29) 

  �̇�𝑘𝑟𝑒𝑐,𝑐𝑦𝑐𝑙𝑒

− = �̇�𝑚𝑎𝑖𝑛 ∗ �𝑘𝑟𝑒𝑐𝑜𝑢𝑡 − 𝑘𝑟𝑒𝑐𝑖𝑛� (3.30) 

 �̇�𝑚𝑐𝑠 = �̇�𝑞𝑟𝑒𝑐,𝑛𝑒𝑡
+ − �̇�𝑘𝑐𝑦𝑐𝑙𝑒

−  (3.31) 

3.1.4 COMBUSTION CHAMBER 

Mathematical model 

The combustor must be modelled in order to estimate the fuel mass flow rate and the 
composition of the combustion products. A process flow diagram of the combustor is 
displayed in Figure 3.1, with the fuel, air and combustion gases enthalpies  ℎ𝑓𝑢𝑒𝑙 , 

ℎ𝑡𝑜𝑡  and ℎ𝑐𝑜𝑐𝑐 , mass flows �̇�𝑓𝑓𝑓𝑓 , �̇�𝑐𝑚𝑖𝑚  and �̇�𝑐𝑜𝑐𝑐  and compositions 𝑐𝑋
𝑓𝑢𝑒𝑙 , 𝑐𝑋𝑚𝑖𝑎  and  𝑐𝑋𝑐𝑜𝑐𝑐  

and the fuel lower heating value 𝛥ℎ𝑖𝑜𝑓𝑓𝑓𝑓 . The combustor is assumed to have an adiabatic 
envelop so that no heat is transferred to the atmosphere by convection or radiation. 

 

Figure 3.1: Combustor Process Flow Diagram 

The mass balance between combustor inlet and outlet can be expressed by [21]: 

 �̇�𝑐𝑜𝑐𝑐 =  �̇�𝑓𝑓𝑓𝑓 + �̇�𝑐𝑚𝑖𝑚  (3.32) 

The fuel is supposed to be natural gas with the following composition: 

 𝑐𝐶𝐻4
𝑓𝑓𝑓𝑓 = 0.85 �

𝑘𝑔𝐶𝐻4
𝑘𝑔𝑓𝑓𝑓𝑓  

�  𝑐𝐶2𝐻6
𝑓𝑓𝑓𝑓 = 0.1 �

𝑘𝑔𝐶2𝐻6
𝑘𝑔𝑓𝑓𝑓𝑓  

� 𝑐𝐶3𝐻8
𝑓𝑓𝑓𝑓 = 0.05 �

𝑘𝑔𝐶3𝐻8
𝑘𝑔𝑓𝑓𝑓𝑓  

� (3.33) 

Or in molar fraction: 

                 �̃�𝐶𝐻4
𝑓𝑓𝑓𝑓 = 0.92 �𝑘𝑐𝑜𝑓𝐶𝐻4

𝑘𝑐𝑜𝑓𝑓𝑢𝑒𝑙 
�  �̃�𝐶2𝐻6

𝑓𝑓𝑓𝑓 = 0.06 �
𝑘𝑐𝑜𝑓𝐶2𝐻6
𝑘𝑐𝑜𝑓𝑓𝑢𝑒𝑙 

� �̃�𝐶3𝐻8
𝑓𝑓𝑓𝑓 = 0.02 �

𝑘𝑐𝑜𝑓𝐶3𝐻8
𝑘𝑐𝑜𝑓𝑓𝑢𝑒𝑙 

� (3.34) 

�̇�𝑓𝑓𝑓𝑓  ℎ𝑓𝑓𝑓𝑓   𝑐𝑋
𝑓𝑓𝑓𝑓  𝛥ℎ𝑖𝑜𝑓𝑓𝑓𝑓  

�̇�𝑐𝑜𝑐𝑐   ℎ𝑐𝑜𝑐𝑐  𝑐𝑋𝑐𝑜𝑐𝑐   �̇�𝑐𝑚𝑖𝑚  ℎ𝑡𝑜𝑡  𝑐𝑋𝑚𝑖𝑎   
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The fuel specific lower heating value can be calculated [21]: 

 𝛥ℎ𝑖𝑜𝑓𝑓𝑓𝑓 =  𝑐𝐶𝐻4
𝑓𝑓𝑓𝑓 ∗ 𝛥ℎ𝑖𝑜𝐶𝐻4 + 𝑐𝐶2𝐻6

𝑓𝑓𝑓𝑓 ∗ 𝛥ℎ𝑖𝑜𝐶2𝐻6 + 𝑐𝐶3𝐻8
𝑓𝑓𝑓𝑓 ∗ 𝛥ℎ𝑖𝑜𝐶3𝐻8 (3.35) 

The molar mass of carbon and hydrogen in the fuel are defined by: 

 𝑚𝐶𝑓𝑓𝑓𝑓 =  12 ∗ ��̃�𝐶𝐻4
𝑓𝑓𝑓𝑓 + 2 ∗ �̃�𝐶2𝐻6

𝑓𝑓𝑓𝑓 + 3 ∗ �̃�𝐶3𝐻8
𝑓𝑓𝑓𝑓�  �

𝑘𝑔𝐶
𝑘𝑚𝑜𝑙𝑓𝑓𝑓𝑓  

� (3.36) 

 𝑚𝐻𝑓𝑓𝑓𝑓 = 4 ∗ �̃�𝐶𝐻4
𝑓𝑓𝑓𝑓 + 6 ∗ �̃�𝐶2𝐻6

𝑓𝑓𝑓𝑓 + 8 ∗ �̃�𝐶3𝐻8
𝑓𝑓𝑓𝑓  �

𝑘𝑔𝐻
𝑘𝑚𝑜𝑙𝑓𝑓𝑓𝑓  

� (3.37) 

And the carbon and hydrogen mass fractions are calculated by: 

  𝑐𝐶𝑓𝑓𝑓𝑓 =  
𝑚𝐶𝑓𝑓𝑓𝑓

𝑚𝐶𝑓𝑓𝑓𝑓 + 𝑚𝐻𝑓𝑓𝑓𝑓
 �

𝑘𝑔𝐶
𝑘𝑔𝑓𝑓𝑓𝑓  

� (3.38) 

 𝑐𝐻𝑓𝑓𝑓𝑓 =  1 −𝑚𝐶𝑓𝑓𝑓𝑓  �
𝑘𝑔𝐻
𝑘𝑔𝑓𝑓𝑓𝑓  

� (3.39) 

The fuel mass flow rate cannot be determined explicitly. It can be found by guessing an 
initial value, following the procedure described and iterating until convergence: 

1) Guess an initial value for the fraction of fuel 

  �̇�𝑓𝑓𝑓𝑓 =  �̇�𝑓𝑓𝑓𝑓0
 (3.40) 

2) Calculate the composition of the combustion gases 

The following hypotheses are done [21]: 

• The combustion is complete, meaning that the oxidizable components of the fuel 
are completely oxidised in the combustion gases. 

• Nitrogen and argon are neutral, they do not oxidise hydrocarbons. 
• The air is dry and it has the following composition: 

 𝑐𝑁2
𝑚𝑖𝑎 = 0.756 �

𝑘𝑔𝑁2 

𝑘𝑔𝑚𝑖𝑎  
� 𝑐𝑂2

𝑚𝑖𝑎 = 0.231 �
𝑘𝑔𝑂2 

𝑘𝑔𝑚𝑖𝑎  
� 𝑐𝐴𝑎𝑚𝑖𝑎 = 0.013 �

𝑘𝑔𝐴𝑎
𝑘𝑔𝑚𝑖𝑎  

� (3.41) 

The composition of the combustion gases can be calculated by: 

 𝑐𝑁2
𝑐𝑜𝑐𝑐 = ��̇�𝑐𝑚𝑖𝑚 ∗ 𝑐𝑁2

𝑚𝑖𝑎�/�̇�𝑐𝑜𝑐𝑐  (3.42) 

 𝑐𝐴𝑎𝑐𝑜𝑐𝑐 = ��̇�𝑐𝑚𝑖𝑚 ∗ 𝑐𝐴𝑎𝑚𝑖𝑎�/�̇�𝑐𝑜𝑐𝑐  (3.43) 

 𝑐𝑂2
𝑐𝑜𝑐𝑐 = ��̇�𝑐𝑚𝑖𝑚 ∗ 𝑐𝑂2

𝑚𝑖𝑎 − �̇�𝑓𝑓𝑓𝑓 ∗ �
32
12

𝑐𝐶𝑓𝑓𝑓𝑓 +
32
4
𝑐𝐻𝑓𝑓𝑓𝑓�� /�̇�𝑐𝑜𝑐𝑐  (3.44) 

 𝑐𝐶𝑂2
𝑐𝑜𝑐𝑐 = ��̇�𝑐𝑚𝑖𝑚 ∗ 𝑐𝐶𝑂2

𝑚𝑖𝑎 − �̇�𝑓𝑓𝑓𝑓 ∗
44
12

∗ 𝑐𝐶𝑓𝑓𝑓𝑓� /�̇�𝑐𝑜𝑐𝑐  (3.45) 

 𝑐𝐻2𝑂
𝑐𝑜𝑐𝑐 = ��̇�𝑐𝑚𝑖𝑚 ∗ 𝑐𝐻2𝑂

𝑚𝑖𝑎 − �̇�𝑓𝑓𝑓𝑓 ∗
36
4
∗ 𝑐𝐻𝑓𝑓𝑓𝑓� /�̇�𝑐𝑜𝑐𝑐  (3.46) 
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3) Calculate the surenthalpies of air, fuel and combustion gases 

The surenthalpies can be calculated with REFPROP, for different mixtures. The reference 
temperature is set to 0°C. 

 ℎ�𝑡𝑜𝑡 = ℎ𝑡𝑜𝑡 − ℎ𝑡𝑜𝑡0  (3.47) 

 ℎ�𝑓𝑓𝑓𝑓 = ℎ𝑓𝑓𝑓𝑓 − ℎ𝑓𝑓𝑓𝑓0  (3.48) 

 ℎ�𝑐𝑜𝑐𝑐 = ℎ𝑐𝑜𝑐𝑐 − ℎ𝑐𝑜𝑐𝑐0  (3.49) 

4) Calculate the new fuel mass flow rate 

The energy balance takes the following form (no water condensed): 

 �̇�𝑓𝑓𝑓𝑓𝑛𝑒𝑤 ∗ �ℎ�𝑓𝑓𝑓𝑓 + 𝛥ℎ𝑖𝑜𝑓𝑓𝑓𝑓 ∗ 𝜂𝑐𝑜𝑐𝑐� + �̇�𝑐𝑚𝑖𝑚 ∗ ℎ�𝑡𝑜𝑡 − �̇�𝑐𝑜𝑐𝑐 ∗ ℎ�𝑐𝑜𝑐𝑐 = 0   (3.50) 

with the combustion efficiency 𝜂𝑐𝑜𝑐𝑐 . 

The new fuel mass flow rate can be calculated by: 

 �̇�𝑓𝑓𝑓𝑓𝑛𝑒𝑤 = �̇�𝑐𝑚𝑖𝑚 ∗
ℎ�𝑐𝑜𝑐𝑐 − ℎ�𝑡𝑜𝑡

ℎ�𝑓𝑓𝑓𝑓 + 𝛥ℎ𝑖𝑜𝑓𝑓𝑓𝑓 ∗ 𝜂𝑐𝑜𝑐𝑐 − ℎ�𝑐𝑜𝑐𝑐
   (3.51) 

5) Check the convergence 

 
If   ��̇�𝑓𝑓𝑓𝑓𝑛𝑒𝑤 − �̇�𝑓𝑓𝑓𝑓� �̇�𝑓𝑓𝑓𝑓� < 𝜀, the algorithm has convergence. 

Else,�̇�𝑓𝑓𝑓𝑓 = �̇�𝑓𝑓𝑓𝑓𝑛𝑒𝑤 , restart the procedure. 
  (3.52) 

The heat flux supplied to the combustor is defined by: 

 �̇�𝑐𝑜𝑐𝑐
+ =  �̇�𝑓𝑓𝑓𝑓 ∗ 𝛥ℎ𝑖𝑜𝑓𝑓𝑓𝑓  (3.53) 

The combustor pressure loss is characterised by: 

 𝑃𝑐𝑜𝑐𝑐 =  𝑃𝑡𝑜𝑡 ∗ (1 − 𝑓Δ𝑃𝑐𝑜𝑚𝑏 ) (3.54) 

with the pressure of combustion products 𝑃𝑐𝑜𝑐𝑐 , the pressure at tower outlet 𝑃𝑡𝑜𝑡 and the 
combustor specific pressure drop 𝑓Δ𝑃𝑐𝑜𝑚𝑏 . 

Exergy losses 

The combustion exergy losses are mostly due to chemical reaction, as oxidant and fuel react 
spontaneously according to unrestricted reactions, far from the thermodynamic equilibrium. 
Heat transfer, dissipation and mixing are other sources of irreversibility. The combustion 
exergy losses can be seen as the difference between the exergy from the fuel �̇�𝑞𝑓𝑢𝑒𝑙

+  and the 

net exergy given to the cycle air �̇�𝑘𝑐𝑦𝑐𝑙𝑒
− : 

  �̇�𝑐𝑜𝑚𝑏 = �̇�𝑞𝑓𝑢𝑒𝑙
+ − �̇�𝑘𝑐𝑦𝑐𝑙𝑒

−
 (3.55) 
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The exergy from the fuel is obtained by: 

  �̇�𝑞𝑓𝑢𝑒𝑙
+ = �̇�𝑓𝑢𝑒𝑙 ∗ ∆𝑘𝑓𝑢𝑒𝑙

0  (3.56) 

with the fuel specific exergy value ∆𝑘𝑓𝑓𝑓𝑓0 . 

The fuel specific exergy can be calculated by [21]: 

   ∆𝑘𝑓𝑢𝑒𝑙0 = �𝑐�𝑖
𝑓𝑢𝑒𝑙 ∗  ∆𝑘�𝑖

0
3

𝑖=1

+ 𝒓� ∗ 𝑇𝑎𝑡𝑚 ∗�𝑐�𝑖
𝑓𝑢𝑒𝑙 ∗ ln 𝑐�𝑖

𝑓𝑢𝑒𝑙
3

𝑖=1

 (3.57) 

The exergy given to the cycle is obtained by: 

  �̇�𝑘𝑐𝑦𝑐𝑙𝑒
− = �̇�𝑐𝑜𝑚𝑏 ∗ 𝑘�𝑐𝑜𝑚𝑏 − �̇�𝑓𝑢𝑒𝑙 ∗ 𝑘�𝑓𝑢𝑒𝑙 − �̇�𝑚𝑎𝑖𝑛 ∗ 𝑘�𝑡𝑜𝑤 (3.58) 

with the surcoenthalpies per unit of mass 𝑘�𝑖 . 

3.1.5 TURBINE 

Mathematical model 

Under the same hypotheses as for the compressor model, the turbines of both cycles can be 
characterised by their polytropic efficiency  𝜂𝑇𝜎 and pressure ratio  Π𝑇 . The isentropic 
efficiency 𝜂𝑇𝑖𝑠 can be derived from these two parameters: 

 𝜂𝑇𝑠 =  
1 − Π𝑇

(𝜂𝑇𝜎∗Γ) 
1 − Π𝑐−Γ

 (3.59) 

Knowing the inlet pressure 𝑃𝑖𝑚  and temperature 𝑇𝑖𝑛 , it is possible to determine the inlet 
specific enthalpy ℎ𝑖𝑚 and entropy 𝑠𝑖𝑚 with REFPROP. 

Then, the outlet specific enthalpy can be calculated thanks to the isentropic efficiency: 

 ℎ𝑜𝑓𝑡 = ℎ𝑖𝑚 −  �ℎ𝑖𝑚 − ℎ𝑜𝑓𝑡𝑠� ∗  𝜂𝑇𝑠 (3.60) 

with  ℎ𝑜𝑓𝑡𝑠 = ℎ(𝑠𝑖𝑚 ,𝑃𝑜𝑓𝑡). 

In the top cycle, the turbine mass flow rate is different from the compressor air mass flow 
rate because a fraction of the compressor mass flow rate �̇�𝑚 is used for purging and sealing 
of the gas-turbine. Moreover, some additional air is required for blade cooling as the 
combustor outlet temperature (𝑇𝑐𝑜𝑐𝑐 ) would damage the turbine blades. Finally, the fuel 
mass flow rate is mixed with the air in the combustion chamber. 

The fraction of purging mass flow 𝑓𝑝𝑓𝑎𝑝𝑓 is relatively constant, around 3% [30]: 

 𝑓𝑝𝑓𝑎𝑝𝑓 =  0.03 (3.61) 

The fraction of blade cooling mass flow 𝑓𝑐𝑓𝑚𝑏𝑓  increases with temperature and becomes 
necessary for 𝑇𝑐𝑜𝑐𝑐 above 880°C. It can be calculated by [30]: 

 𝑓𝑐𝑓𝑚𝑏𝑓 =  
𝑇𝑐𝑜𝑐𝑐 − 880

71.43
+ �

𝑇𝑐𝑜𝑐𝑐 − 880
154.3

�
2

,𝑇𝑐𝑜𝑐𝑐 > 880°C (3.62) 

The relationships between the different mass flow rates are given by Equations 3.63 to 3.67 
and summarized in Figure 3.2. 
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�̇�𝑐𝑓𝑚𝑏𝑓 , �̇�𝑝𝑢𝑟𝑔𝑒, �̇�𝑐𝑚𝑖𝑚 ,  �̇�𝑓𝑓𝑓𝑓 , �̇�𝑐𝑜𝑐𝑐  and �̇�𝑒𝑥ℎ are the blade cooling , purge, working air at 
compressor outlet, fuel, combustion gases and turbine exhaust  mass flows. 

 �̇�𝑐𝑓𝑚𝑏𝑓 = 𝑚𝑐𝑓𝑚𝑏𝑓 ∗  �̇�𝑚 (3.63) 

 �̇�𝑝𝑓𝑎𝑝𝑓 = 𝑚𝑝𝑓𝑎𝑝𝑓 ∗  �̇�𝑚 (3.64) 

 �̇�𝑚 = �̇�𝑝𝑓𝑎𝑝𝑓 + �̇�𝑐𝑓𝑚𝑏𝑓 + �̇�𝑐𝑚𝑖𝑚  (3.65) 

 �̇�𝑐𝑜𝑐𝑐 =  �̇�𝑐𝑚𝑖𝑚 + �̇�𝑓𝑓𝑓𝑓  (3.66) 

 �̇�𝑓𝑒ℎ =  �̇�𝑐𝑜𝑐𝑐 +  �̇�𝑓𝑓𝑓𝑓 + �̇�𝑐𝑓𝑚𝑏𝑓  (3.67) 

 

Figure 3.2: Mass Flows within the Top Cycle 

It is assumed that the blade cooling air is mixed with the combustion gases before turbine 
inlet. In reality, the blade cooling air is blown in the first blade rows. 

In order to find the thermodynamic state of the gas at turbine inlet, it is necessary to 
determine the composition of the mixture of combustion gases and cooling air, defined by: 

 𝑐𝑁2
𝑐𝑖𝑒 = ��̇�𝑐𝑜𝑐𝑐 ∗ 𝑐𝑁2

𝑐𝑜𝑐𝑐 + �̇�𝑐𝑓𝑚𝑏𝑓 ∗ 𝑐𝑁2
𝑚𝑖𝑎�/��̇�𝑐𝑜𝑐𝑐 + �̇�𝑐𝑓𝑚𝑏𝑓� (3.68) 

 𝑐𝑂2
𝑐𝑖𝑒 = ��̇�𝑐𝑜𝑐𝑐 ∗ 𝑐𝑂2

𝑐𝑜𝑐𝑐 + �̇�𝑐𝑓𝑚𝑏𝑓 ∗ 𝑐𝑂2
𝑚𝑖𝑎�/��̇�𝑐𝑜𝑐𝑐 + �̇�𝑐𝑓𝑚𝑏𝑓� (3.69) 

 𝑐𝐴𝑎𝑐𝑖𝑒 = ��̇�𝑐𝑜𝑐𝑐 ∗ 𝑐𝐴𝑎𝑐𝑜𝑐𝑐 + �̇�𝑐𝑓𝑚𝑏𝑓 ∗ 𝑐𝐴𝑎𝑚𝑖𝑎�/��̇�𝑐𝑜𝑐𝑐 + �̇�𝑐𝑓𝑚𝑏𝑓� (3.70) 

 𝑐𝐶𝑂2
𝑐𝑖𝑒 = ��̇�𝑐𝑜𝑐𝑐 ∗ 𝑐𝐶𝑂2

𝑚𝑖𝑎 �/��̇�𝑐𝑜𝑐𝑐 + �̇�𝑐𝑓𝑚𝑏𝑓� (3.71) 

 𝑐𝐻2𝑂
𝑐𝑖𝑒 = ��̇�𝑐𝑜𝑐𝑐 ∗ 𝑐𝐻2𝑂

𝑚𝑖𝑎 �/��̇�𝑐𝑜𝑐𝑐 + �̇�𝑐𝑓𝑚𝑏𝑓� (3.72) 

with the mass concentration of combustion products 𝑐𝑋𝑐𝑜𝑐𝑐  and air 𝑐𝑋𝑚𝑖𝑎 . 

Then, the turbine inlet temperature (TIT) can be calculated by successive iteration of the 
following procedure until convergence: 

 

𝑇𝐼𝑇 = 𝑇𝐼𝑇0 

 ∆ℎ𝑐𝑓𝑚𝑏𝑓 = ℎ(𝑇𝐼𝑇,𝑃𝑐𝑜𝑐𝑐) − ℎ(𝑇𝑐𝑓𝑚𝑏𝑓 ,𝑃𝑐𝑜𝑐𝑐) 

ℎ𝑇𝐼𝑇 = ℎ(𝑇𝑐𝑜𝑐𝑐 ,𝑃𝑐𝑜𝑐𝑐) − ∆ℎ𝑐𝑓𝑚𝑏𝑓 ∗
�̇�𝑐𝑓𝑚𝑏𝑓

�̇�𝑐𝑜𝑐𝑐
 

𝑇𝐼𝑇𝑚𝑓𝑡 = 𝑇(ℎ𝑇𝐼𝑇 ,𝑃𝑐𝑜𝑐𝑐) 

(3.73) 

�̇�𝑚  

�̇�𝑝𝑓𝑎𝑝𝑓 

�̇�𝑐𝑓𝑚𝑏𝑓 

�̇�𝑐𝑚𝑖𝑚 
�̇�𝑓𝑓𝑓𝑓  

�̇�𝑓𝑒ℎ �̇�𝑐𝑜𝑐𝑐 
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The enthalpy and entropy at turbine inlet can be calculated with REFPROP, using the 
composition of the mixture calculated previously. 

The mechanical power output from the turbine can be defined by: 

 �̇�𝑇
− =  �̇�𝑓𝑒ℎ ∗ (ℎ𝑖𝑚 − ℎ𝑜𝑓𝑡) (3.74) 

Finally, the outlet pressure loss caused by the gas-turbine exhaust silencers of the top and 
bottoming cycles can be characterised by: 

 𝑃𝑓𝑒ℎ =  𝑃𝑜𝑓𝑡 ∗ (1 − 𝑓Δ𝑃𝑜𝑢𝑡 ) (3.75) 

with the exhaust pressure 𝑃𝑓𝑒ℎ and the outlet specific pressure drop 𝑓Δ𝑃𝑜𝑢𝑡. 

Exergy losses 

The exergy losses within a turbine �̇�𝑇 result from irreversibilities such as dissipation. They 
represent the difference between the exergy extracted from the cycle by the turbine �̇�𝑦𝐶

− and 
the available mechanical power produced �̇�𝑇

− . Similarly to the compressor exergy losses, 
they can be written in the simpler form: 

 �̇�𝑇 = �̇�𝑓𝑒ℎ ∗ 𝑇𝑚𝑡𝑐 ∗ (𝑠𝑜𝑓𝑡 − 𝑠𝑖𝑚) (3.76) 

3.1.6 ELECTRICAL GENERATOR 

The steady-state model of the electrical generator needs to account for two kinds of losses: 

• Mechanical losses are the result of friction losses at bearings and air-friction of the 
rotating armature. 

• Electrical losses include copper loss, which is heat dissipation from current flow in 
the winding of the generator, and magnetic loss, which is heat dissipation by 
continuous movement of magnetic particles of the armature core and eddy currents. 

The net mechanical power output �̇�𝑐𝑓𝑐
−

 can be calculated by: 

 �̇�𝑐𝑓𝑐
−  = �̇�𝑇

− ∗ 𝜂𝑐𝑓𝑐 − �̇�𝐶
+/𝜂𝑐𝑓𝑐  (3.77) 

with the mechanical efficiency 𝜂𝑐𝑓𝑐 . 

The net electrical power output �̇�𝑓𝑓𝑓𝑐
−

 is calculated from the net mechanical power output: 

 �̇�𝑓𝑓𝑓𝑐
− = 𝜂𝑓𝑓𝑓𝑐 ∗  �̇�𝑐𝑓𝑐

+
 (3.78) 

with the electrical efficiency 𝜂𝑓𝑓𝑓𝑐 . 

Exergy losses 

The exergy losses in the generator are calculated similarly to energy losses because the power 
at generator inlet is purely mechanical power. 
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3.1.7 HEAT EXCHANGER 

The intercooler, recuperator and waste heat recovery unit are modelled using the effectiveness-
NTU method [23] in order to evaluate their thermal performance, as outlet temperatures are 
unknown a priori. The calculation of parameters such as nominal 𝑈𝐴 values is also necessary 
for dynamic model. 

The first step of the effectiveness-NTU method consists in selecting a heat exchanger 
effectiveness 𝜀, defined by: 

 𝜀 =
𝑎𝑐𝑡𝑢𝑎𝑙 ℎ𝑒𝑎𝑡 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟𝑟𝑒𝑑

𝑚𝑎𝑥𝑖𝑚𝑢𝑚 ℎ𝑒𝑎𝑡 𝑡ℎ𝑎𝑡 𝑐𝑜𝑢𝑙𝑑 𝑏𝑒 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟𝑟𝑒𝑑 
𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 ℎ𝑜𝑡 𝑡𝑜 𝑡ℎ𝑒 𝑐𝑜𝑙𝑑 𝑠𝑡𝑟𝑒𝑎𝑚

 (3.79) 

The known and unknown variables related to the effectiveness-NTU method are shown in  
Figure 3.3. 𝑇ℎ𝑖𝑛 , 𝑇ℎ𝑜𝑢𝑡 , 𝑇𝑐𝑖𝑛  and 𝑇𝑐𝑜𝑢𝑡  are the inlet and outlet temperatures of hot and cold 
sides respectively, while 𝐶ℎ = 𝑐𝑝ℎ ∗ 𝑀ℎ̇  and 𝐶𝑐 = 𝑐𝑝𝑐 ∗ 𝑀𝑐̇  are the heat capacity rates of hot 
and cold sides. 

 

Figure 3.3: Heat Exchanger Variables Design Problem [23] 

In mathematical terms, the heat exchanger effectiveness 𝜀 can be defined by: 

 𝜀 =
𝐶ℎ ∗ (𝑇ℎ𝑖𝑛 − 𝑇ℎ𝑜𝑢𝑡)
𝐶𝑐𝑖𝑚 ∗ (𝑇ℎ𝑖𝑛 − 𝑇𝑐𝑖𝑛)

=
𝐶𝑐 ∗ (𝑇𝑐𝑜𝑢𝑡 − 𝑇𝑐𝑖𝑛)
𝐶𝑐𝑖𝑚 ∗ (𝑇ℎ𝑖𝑛 − 𝑇𝑐𝑖𝑛)

 (3.80) 

with 𝐶𝑐𝑖𝑚 = 𝑚𝑖𝑛 (𝐶ℎ,𝐶𝑐). 

Therefore, as soon as  𝜀  is selected, outlet temperatures of hot and cold sides can be 
calculated from the previous equation. 

In this project, an equivalent approach was followed to assume the performance of heat 
exchangers. The minimum approach temperature ∆𝑇𝑐𝑖𝑚  was assumed, instead of 𝜀.  ∆𝑇𝑐𝑖𝑚 is 
defined as the smallest temperature difference between the hot and cold streams of the heat 
exchanger [24]. The point at which this smallest temperature difference occurs is called the 
pinch point. 

In order to maximise the heat transfer in the heat exchangers while minimizing the exergy 
losses induced, the temperature difference between hot and cold streams must be kept 
constant and equal to  ∆𝑇𝑐𝑖𝑚  by adjusting the mass flow rates. This is only possible because 
gas-gas heat exchangers are studied. 
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Applied to the waste heat recovery unit, this rule allows the calculation of the bottoming 
cycle air mass flow rate �̇�𝑎𝑏 : 

 �̇�𝑚𝑏 =  �̇�𝑓𝑒ℎ ∗  
𝑐�̅�𝑒𝑥ℎ
𝑐�̅�𝑎

 (3.81) 

Applied to the intercooler, this rule allows the calculation of the cooling air mass flow rate: 

 �̇�𝑚𝐼𝐶 =  �̇�𝑚𝑏 ∗  
𝑐𝑝𝑎
𝑐𝑝𝑎

= �̇�𝑚𝑏  (3.82) 

It also means that for each of the three heat exchangers, the heat capacity rates are balanced:  

 𝐶𝑐𝑖𝑚 = 𝐶𝑐𝑚𝑒 = 𝐶𝑐 = 𝐶ℎ. (3.83) 

so that the ratio of 𝐶𝑐𝑖𝑚 to 𝐶𝑐𝑚𝑒 is: 

 𝐶𝑎 =
𝐶𝑐𝑖𝑚
𝐶𝑐𝑚𝑒

= 1 (3.84) 

Another consequence is that the minimum approach temperature follows: 

  ∆𝑇𝑐𝑖𝑚  = �𝑇ℎ𝑖𝑛 − 𝑇𝑐𝑜𝑢𝑡� = (𝑇ℎ𝑜𝑢𝑡 − 𝑇𝑐𝑖𝑛) (3.85) 

By combination of Equations 3.80 and 3.85, the equivalence of assuming 𝜀  and ∆𝑇𝑐𝑖𝑚 is 
revealed by the following relationship between them, for 𝐶𝑎 = 1: 

  𝜀 = 1 −
 ∆𝑇𝑐𝑖𝑚

(𝑇ℎ𝑖𝑛 − 𝑇𝑐𝑖𝑛)
 (3.86) 

A last definition made by E.K.W. Nusselt is required to solve the effectiveness-NTU problem. 
The number of transfer units (NTU) can be seen as the ratio of the heat capacity rate of the heat 
exchanger to the heat capacity rate of the flow. The NTU is defined by: 

 𝑁𝑇𝑈 =
𝑈𝐴
𝐶𝑐𝑖𝑚

 (3.87) 

With this definition, and for 𝐶𝑎 = 1 , the following relation between NTU and 𝜀  can be 
obtained [23]: 

 𝑁𝑇𝑈 =
1

1 − 𝜀
 (3.88) 

As 𝜀 is selected a priori, NTU and therefore 𝑈𝐴 can be calculated for each heat exchanger. 
The 𝑈𝐴  value of each heat exchanger corresponding to the nominal mass flow rate is 
required by the transient model.  

For the cost calculation of the heat exchangers (see 5.3.1), it is also required to estimate the 
heat exchange surface area 𝐴. As 𝑈𝐴  is known, 𝐴 can be calculated by assuming 𝑈 . The 
general expression for 𝑈 is given by [24]: 

 
1
𝑈

=  
1
ℎ𝑐

+
𝑒
𝑘

+
1
ℎℎ

+ 𝑅𝑓 (3.89) 

with the film heat transfer coefficients of the hot and cold side ℎ𝑐  and ℎℎ, the thickness of 
the interface 𝑒, the thermal conductivity of the interface 𝑘 and the fouling resistance 𝑅𝑓. 



40                     Air-Based Bottoming Cycles for Water-Free Hybrid Solar Gas-Turbine Power Plants  

 
 

If conduction and fouling resistances are neglected,  𝑈  can be calculated by using the 
estimations of film heat transfer coefficients given in Table 3.1, taken from Staine [25]: 

Table 3.1: Film Heat Transfer Coefficients 

 

 

The ∆𝑇𝑐𝑖𝑚  is selected a priori without knowing its optimal value. This is actually the strength 
of the method because ∆𝑇𝑐𝑖𝑚 represents the energy-capital trade-off between energy savings 
obtained by heat exchange and capital cost for heat exchanger. With a small ∆𝑇𝑐𝑖𝑚 , exergy 
losses are reduced, but  𝐴  rises together with the cost of the heat exchanger. With a 
bigger ∆𝑇𝑐𝑖𝑚 , exergy losses rise, but 𝐴 drops together with the cost of the heat exchanger 
[24]. 

The pressure loss in the heat exchangers can be characterised by: 

 𝑃𝑜𝑓𝑡 =  𝑃𝑖𝑚 ∗ (1 − 𝑓Δ𝑃ℎ𝑒) (3.90) 

with the heat exchanger specific pressure drop 𝑓Δ𝑃ℎ𝑒 . 

The intercooler requires an electric fan to blow the atmospheric air. The fan electricity 
consumption can be expressed by: 

 �̇�𝑓𝑚𝑚
+ =

�̇�𝑓𝑚𝑚 ∗ 𝑓Δ𝑃𝐼𝐶 ∗ 𝑃𝑚𝑡𝑐
𝜂𝑓𝑚𝑚 ∗ 𝜂𝑓𝑓𝑓𝑐

 (3.91) 

with the fan volumetric flow rate �̇�𝑓𝑚𝑚 =
�̇�𝑎𝑐𝑜𝑜𝑙𝑖𝑛𝑔

𝜌𝑎
, the intercooler specific pressure drop 

𝑓Δ𝑃𝐼𝐶 , the fan and electrical efficiencies 𝜂𝑓𝑚𝑚 and 𝜂𝑓𝑓𝑓𝑐 . 

Exergy losses 

The exergy losses in the heat exchangers are due to dissipation and heat transfer with 
temperature drop. They can be seen as the difference between the heat exergy rate �̇�𝑞ℎ

+
 

received from the hot fluid and the heat exergy rate  �̇�𝑞𝑐
−

 given to the cold fluid: 

 �̇�𝑞ℎ
+ =  �̇� ∗ �𝑘ℎ𝑖𝑚 − 𝑘ℎ𝑜𝑓𝑡� (3.92) 

  �̇�𝑞𝑐
− =  �̇� ∗ �𝑘𝑐𝑖𝑛 − 𝑘𝑐𝑜𝑢𝑡� (3.93) 

 �̇�ℎ𝑓 =  �̇�𝑞ℎ+ −  �̇�𝑞𝑐+  (3.94) 

with the mass flow of working air through the heat exchanger �̇�. 

 

 

 

 

 

Pressurised air 70 [W/m2K] 
Air in forced convection 30 [W/m2K] 
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3.2 STEADY-STATE OPERATION 

An initial idea of the performance of the plant can be obtained from the model detailed 
previously. First, a selection of the key parameters is detailed (3.2.1). Then, the results of the 
simulation are exposed (3.2.2), the power plant performance and the validation of the model 
are discussed (3.2.3) and initial conclusions are drawn (3.2.4). The breakdown of energy and 
exergy losses is not done in this section because they would not account for the losses in the 
heliostat field, and because they are more relevant in the analysis of the optimal 
configuration of the plant. They can be found in 7.2.3 and 7.2.4. 

3.2.1 PARAMETERS SELECTION 

The sizing of the power plant is based on the characteristics of the Siemens SGT-800 (see 
Appendix 1). The design parameters related to the gas-turbine are presented in Table 3.2. 
The turbomachinery polytropic efficiencies were adapted from hypotheses used by Bhargava 
[26] to fit with SGT-800 nominal characteristics. The maximum receiver outlet temperature 
is chosen based on the SOLGATE receiver described in 2.3.3. The heat exchangers’ relative 
pressure drop was adapted from Bhargava [26]. The value for the bottoming compressors 
pressure ratio is an initial assumption. It will be defined as decision variable during the 
optimisation. The heat exchangers’ minimum approach temperature is also an initial guess 
based on Staine [25]. Each  ∆𝑇𝑐𝑖𝑚   will be defined as an independent decision variable during 
the optimisation. Other specifications are available in Appendix 2. 

Table 3.2: Power Plant Nominal Design Parameters [26] 

 

3.2.2 SIMULATION RESULTS 

A major result given by the simulation is the performance of both top and bottoming cycles. 
The thermodynamic states of each point of the cycles are described in term of pressure and 
temperature in Table 3.3. A temperature/corrected-entropy diagram of both cycles is shown 
in Figure 3.4. 

 

 

 

 

Top turbine nominal exhaust mass flow rate 134.2 [kg/s] 
Top compressor pressure ratio 21.1:1 [-] 
Firing temperature 1425 [°C] 
Top compressor polytropic efficiency 0.92 [-] 
Top turbine polytropic efficiency 0.86 [-] 
Combustor pressure drop 0.04 [-] 
Bottoming LP and HP compressor pressure ratio 2.5:1 [-] 
Bottoming compressor polytropic efficiency 0.92 [-] 
Bottoming turbine polytropic efficiency 0.87 [-] 
Heat exchangers’ relative pressure drop 0.03 [-] 
Heat exchangers’ minimum approach temperature 30 [°C] 
Nominal receiver outlet temperature 950 [°C] 
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Table 3.3: Thermodynamic States of Top and Bottoming Cycles 

 

 

Figure 3.4: T-s* Diagram of Top and Bottoming Cycles 

The air entering the top compressor is pressurized (1-2). It goes up the tower and it is 
preheated by the hot flow leaving the tower (2-3). Then, it flows through the receiver and it 
is heat up until 950°C (3-4). Then it goes down tower (4-5). In the combustion chamber, the 
flow properties change and the combustion gases leave the combustion chamber at 1425°C 
(COT) (5-6). They are mixed with cooling air (2+6=7) and the mixture has a temperature of 
1241°C (TIT). Then the mixture is expanded in the turbine (7-8) and the exhaust gases are 
cooled down in the waste heat recovery unit (8-9). 

The air entering the bottoming compressor is pressurized in 2 stages (1b-2 b and 3 b-4 b) and 
intercooled in between (2 b-3 b). Then it is heated up successively by the exhaust air of the 
bottoming turbine in the recuperator (4 b-5 b) and the exhaust gases of the top turbine in the 
waste heat recovery unit (5 b-6 b). Then, it is expanded in the bottoming turbine (6 b-7 b) and 
cooled down in the recuperator (7 b-8 b).  

 

 

 

 Brayton (Top) Cycle  ICR  (Bottoming) cycle 
Point n° P [bar] T [°C] Point  n° P [bar] T [°C] 

Ambient 1 1.01 15.0 Ambient 1b 1.01 15.0 
Comp. out 2 21.27 454.8 Comp1b. out 2b 2.53 109.7 

Rec. in 3 21.25 482.9 IC. out 3b 2.46 45 
Rec. out 4 21.1 950 Comp2b. out 4b 6.14 149.3 

Tow. out 5 21.10 921.8 Recup. c out 5b 5.96 225.2 
Comb. out 6 20.26 1450 HR. out 6b 5.78 515.4 

Turb. in 7 20.26 1241.1 Turb b. out 7b 1.05 255.2 
Turb. out 8 1.05 545.4 Recup. h out 8b 1.01 179.2 

HR. out 9 1.01 255.2     

1 

2 3 

4 
5 

6 COT 

1 b 
2 b 

3 b 

4 b 
5 b 

6b 

7b 

 
8b 

Top cycle 
Bottoming cycle 

7 TIT 
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The main results and specifications for the simulation of the Brayton (top) cycle and the 
bottoming cycle are summarized in Table 3.4 and Table 3.5. A comparison with the data 
provided by Siemens for the SGT-800 will be done in the next section. 

Table 3.4: Brayton (top) Cycle Specifications 

 

 

 

 

 

Table 3.5: Bottoming Cycle Specifications 

 

 

 

3.2.3 STEADY-STATE PERFORMANCE AND MODEL VALIDATION 

In order to validate the model, the top (Brayton) cycle specifications obtained from the 
simulation are compared with nominal data for the SGT-800 (see Appendix 1) in Table 3.6. 
This was done by running a simulation of a model without bottoming cycle and solar 
components. 

Table 3.6: Comparison Between Simulation and SGT-800 Data 

 

The electrical efficiency is calculated by the relation: 

 𝜀𝑓𝑓𝑓𝑐 =
�̇�𝑚𝑓𝑡𝑡

−

�̇�𝑐𝑜𝑐𝑐
+ (3.95) 

The relative error between simulation results and SGT-800 specifications is lower than 1% 
for all the characteristics compared. This shows an excellent accuracy of the model. These 
results are achieved particularly because real gas models were used. In a previous model the 
ideal gas assumption provided less accurate results. The results obtained from the simulation 
for the Brayton cycle are accurate enough to validate the consistency of the model.  

The bottoming cycle performance cannot be compared with supplier data. Nevertheless, as 
the method used is similar to the top cycle model, a good accuracy can be expected.  

Net power output 47.1 [MW] 
Fuel mass flow rate 1.46 [kg/s] 
Exhaust mass flow rate 134.2 [kg/s] 
Firing temperature 1425 [°C] 
Exhaust turbine temperature 545.4 [°C] 
Compressor pressure ratio 21.1:1 [-] 
Turbine pressure ratio 19.3:1 [-] 

Net power output 9.2 [MW] 
Mass flow rate 137.9 [kg/s] 
Compressor pressure ratio 2.5*2.5 [-] 
Turbine pressure ratio 5.5:1 [-] 

Specification Simulation SGT-800 Unit Rel. error 

Net power output 50.27 50.5 [MWe] -0.46% 
Energy efficiency 38.3 38.3 [%] +0.03% 
Fuel mass flow rate (without receiver) 2.65 2.67 [kg/s] -0.75% 
Exhaust mass flow rate 134.2 134.2 [kg/s] - 
Turbine exhaust temperature 551.3 553 [°C ] -0.32% 
Compressor pressure ratio 21.1:1 21.1:1 [-] - 
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The overall nominal characteristics of the ABHSGT are summarized and compared with the 
performance of a HSGT configuration in Table 3.7. HSGT stands for Hybrid Solar Gas-
Turbine. It represents the same plant without bottoming cycle. 

Table 3.7: Overall Nominal Power Plant Characteristics 

 

The cycles’ energy and exergy efficiencies are calculated by Equations 3.96 and 3.97: 

 𝜀𝑝𝑓𝑚𝑚𝑡 =
�̇�𝑚𝑓𝑡

−

�̇�𝑐𝑜𝑐𝑐
+ + �̇�𝑠𝑜𝑓𝑚𝑎

+ (3.96) 

with the heat provided by the receiver to the air stream �̇�𝑠𝑜𝑓𝑚𝑎
+ = �̇�𝑐𝑚𝑖𝑚 ∗ (ℎ4 − ℎ3). 

 𝜂𝑝𝑓𝑚𝑚𝑡 =
�̇�𝑚𝑓𝑡

−

�̇�𝑞𝑓𝑢𝑒𝑙
+ + �̇�𝑘𝑟𝑒𝑐,𝑐𝑦𝑐𝑙𝑒

−  (3.97) 

The nominal heat rate 𝐻𝑎 represents the amount of fuel energy (in kJ) required to produce 
one kWh of electricity: 

 𝐻𝑎 =
 �̇�𝑓𝑓𝑓𝑓 ∗ 𝛥ℎ𝑖𝑜𝑓𝑓𝑓𝑓

�̇�𝑚𝑓𝑡
−  (3.98) 

The specific CO2 emissions quantify the amount of CO2 rejected per unit of electricity 
produced: 

 𝑓𝐶𝑂2 =
44
12

∗
 𝑐𝐶𝑓𝑓𝑓𝑓�̇�𝑓𝑓𝑓𝑓

�̇�𝑚𝑓𝑡
−   (3.99) 

with the carbon content of the fuel 𝑐𝐶𝑓𝑓𝑓𝑓 . 

The solar share quantifies the amount of solar heat compared to the total amount of heat 
provided to the cycle: 

 𝑓𝑠𝑜𝑓 =
�̇�𝑠𝑜𝑓𝑚𝑎

+

 �̇�𝑐𝑜𝑐𝑐
+ + �̇�𝑠𝑜𝑓𝑚𝑎

+ (3.100) 

Regarding the overall nominal cycle performance, it can be seen in Table 3.7 that both net 
power output and cycle efficiency are increased by 17.5% with the additional bottoming 
cycle, whereas heat rate and CO2 emissions are decreased by almost 15%. These 
improvements suggest a very interesting potential for the ABHSGT. The cycle exergy 
efficiency is higher than the energy efficiency in both configurations because the heat 
available from the receiver has a lower exergy content than the equivalent energy content, 
due to exergy losses in the receiver.  

Specification ABHSGT HSGT Unit Variation 

Net power output 56.3 47.9 [MW] +17.5% 
Cycle energy efficiency 44.0 37.4 [%] +17.5% 
Cycle exergy efficiency 49.2 41.9 [%] +17.5% 
Heat rate 4624 5429 [kJ/kWhe] -14.8% 
Specific CO2 emissions 256.4 301.1 [kg/MWhe] -14.8% 
Solar share 43.5 43.5 [%] - 
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Detailed energy and exergy analyses will be performed for the optimal configuration in 7.2. 
At this stage of modeling, quantitative values should not be looked at too closely, as they 
only represent a nominal view of the performance which does not give any indication of the 
real plant performance in transient conditions. 

By comparing the data of Table 3.4 and Table 3.6, it can be seen that the performance of the 
top gas-turbine cycle of the ABHSGT are not as good as the ones of the gas-turbine without 
solar preheating. The power output is 3 [MW] lower for the ABHSGT, whereas the turbine 
outlet temperature is 6 [°C] lower. Several reasons can explain this phenomenon: 

• The additional pressure losses in the solar components reduce the turbine pressure 
ratio. 

• The energy content of the mixture entering the turbine is lower for the ABHSGT 
due to a lower fuel mass flow rate and a subsequent lower specific heat at constant 
pressure. 

• The waste heat recovery unit at turbine outlet impose an exhaust turbine pressure 
higher than the atmospheric pressure, which reduces the turbine pressure ratio. 

3.2.4 PRELIMINARY CONCLUSIONS 

The steady-state thermodynamic modeling of the power plant components allowed the 
calculation of nominal performance indicators. 

In the previous paragraph, the model has been validated by comparison with the 
performance of the SGT-800. The model in “gas-turbine only” configuration shows 
excellent accuracy compared to the real SGT-800. 

The preliminary results obtained with the steady-state model show an interesting potential 
for the ABHSGT compared to the equivalent plant without bottoming cycle (HSGT). This 
result must be confirmed after transient simulation and optimisation. 

The steady-state model is also mandatory because nominal values of numerous parameters 
are required by the transient simulation tool to run the dynamic model. In the next chapter, 
this dynamic model will be described, and the performance in transient operation will be 
exposed, analysed and compared with steady-state results. 

A more detail energy and exergy analysis will be done in Chapter 7, in order to identify the 
source of losses in the optimal system and the possible technical improvements. 
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4 ABHSGT DYNAMIC MODEL FOR TRANSIENT OPERATION 

In order to account for the variations in solar radiation reaching the heliostat field and the 
subsequent variations in heat supplied to the power cycle, it is necessary to build a dynamic 
model capable of operating in off-design conditions. The simulation is run over a typical 
meteorological year (TMY, see 2.1.4). This dynamic mathematical model has been elaborated 
using TRNSYS coupled with MATLAB for design and performance mapping of the 
heliostat field, post-processing routines and cost calculation. This chapter describes briefly 
the software used for the simulation, presents the dynamic model of the power plant (4.1) 
and describes the thermodynamic performance in transient operation (4.2). 

4.1 POWER PLANT DYNAMIC MODEL 

The goal of the following section is to present the dynamic model of the power plant. Firstly, 
the software used for the simulation -TRNSYS- is briefly described (4.1.1), including the 
numerical methods used. Secondly, the dynamic model of the power plant is explained 
(4.1.2) based on the TRNSYS flow sheet. External MATLAB-based improvements of the 
model are presented (4.1.3, 4.1.4) and the model for the heliostat field is detailed (4.1.5). 

4.1.1 TRNSYS: TRANSIENT SYSTEM SIMULATION TOOL 

TRNSYS is a flexible simulation environment used for the transient simulation of systems 
and developed by the Solar Energy Department of the University of Wisconsin-Madison 
[27]. It was initially developed to perform dynamic simulations of solar hot water systems for 
varying meteorological conditions, but it has been expanded to thermal and electrical energy 
systems in general. 

TRNSYS is based on two major features. The first is an extensive library of components. 
Each component, or Type, models the behaviour of a single element of the whole system, 
such as a turbine, a heat exchanger or a weather data processor. The Types are built so that 
users can write their own. The TRNSYS STEC library [22] contains additional Solar Thermal 
Electric Components. Each Type can be seen as a black box containing the equations 
governing the component behaviour, relating Outputs to provided inputs. The inputs can 
either be time-dependent (Inputs) or constant (Parameters). For example, the Type 424, which 
models a compressor, takes parameters such as “compression ratio” or “mechanical 
efficiency” and inputs such as “inlet air temperature”, “inlet pressure” or “cooling air mass 
ratio”. The Types are connected to each other by links representing physical pipes or wires. 
Inputs fields can be specified, read from an external file or replaced by the output of another 
Type through a link. The steady-state model built on MATLAB creates a file containing data 
that can be read in TRNSYS. 

The second part is the simulation engine (Kernel). It successively reads and processes a 
TRNSYS input file containing information on the simulation (which components are used 
and how they are connected), opens additional input files (e.g. weather files), iteratively 
solves the system at each time step, evaluates convergence, plots the results and creates 
output files [27].  

The equations transforming Inputs and Parameters into Output within a Type are algebraic 
and/or first-order ordinary differential equations. Therefore, Outputs can either be physical 
quantities or first-order derivatives of physical quantities.  
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Three numerical methods are built into TRNSYS for solving differential equations at each 
time step: 

• Modified-Euler method 
• Non-self-starting Heun method 
• 4th-order Adams method 

An initial value problem can be written as: 

 𝑢′(𝑡) =  𝑓�𝑡,𝑢(𝑡)� , 𝑡 > 𝑡0     𝑢(𝑡0) = 𝑢0 (4.1) 

Euler’s method consists in substituting the above expression of 𝑢′(𝑡) into the Taylor series 
of 𝑢(𝑡 + ℎ) (h being the time step): 

 𝑢(𝑡 + ℎ) = 𝑢(𝑡) + ℎ ∗  𝑓�𝑡,𝑢(𝑡)�  + 𝒪(ℎ2)     (4.2) 

with higher order terms 𝒪(ℎ2). 

A grid of points 𝑡 = 𝑡𝑛 is introduced: 

 𝑡𝑚 = 𝑡0 + 𝑛 ∗ ℎ  ,     𝑛 = 1 ∶ 𝑁     (4.3) 

By neglecting 𝒪(ℎ2)  terms and substituting  𝑡 = 𝑡𝑛 ,  𝑡 + ℎ = 𝑡𝑚+1 , 𝑢𝑚 = 𝑢(𝑡) and                
𝑓𝑚 = 𝑓(𝑡𝑚,𝑢𝑚) , Euler’s Method is obtained: 

 𝑢𝑚+1∗ = 𝑢𝑚 + ℎ ∗ 𝑓𝑚 ,     𝑛 = 0, 1, 2, …     (4.4) 

The Crank-Nicolson method consists in taking the average of 𝑓 at the beginning and the end 
of the time step [28]: 

 𝑢𝑚+1 = 𝑢𝑚 +
ℎ
2
∗ (𝑓𝑚 + 𝑓𝑚+1)     (4.5) 

The modified Euler method can be obtained from the Crank-Nicolson method and Euler’s 
Method by replacing 𝑓𝑚+1 by 𝑓𝑚+1∗ in Equation 4.5 [28]: 

 𝑓𝑚+1
∗ = 𝑓(𝑡𝑚+1,𝑢𝑚+1∗) (4.6) 

 𝑢𝑚+1 = 𝑢𝑚 + 
ℎ
2

(𝑓𝑚 + 𝑓𝑚+1
∗) (4.7) 

Euler’s method is called “predictor” and the Crank-Nicolson method “corrector”. The 
predictor and the corrector have local truncation errors of 𝒪(ℎ2)and 𝒪(ℎ3), respectively. The 
modified Euler method has a truncation error of 𝒪(ℎ3), which is improved compared to the 
Euler method 𝒪(ℎ2), while keeping it implicit. 

The non-self-starting Heun method is defined by the following predictor and corrector [28]: 

 𝑢𝑚+1∗ = 𝑢𝑚−1 + 2ℎ ∗ 𝑓𝑚 (4.8) 

 𝑢𝑚+1 = 𝑢𝑚 + 
ℎ
2

(𝑓𝑚 + 𝑓𝑚+1
∗)    (4.9) 

The predictor and the corrector have local truncation errors of 𝒪(ℎ3). However, it is not 
self-starting as it involves a previous value of the dependent variable 𝑢𝑛−1. 
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The 4th-order Adams method is defined by the following predictor and corrector [28]: 

 𝑢𝑚+1∗ = 𝑢𝑚 +
ℎ

24
∗ (55 ∗ 𝑓𝑚 − 59 ∗ 𝑓𝑚−1 + 37 ∗ 𝑓𝑚−2 − 9 ∗ 𝑓𝑚−3)   (4.10) 

 𝑢𝑚+1 = 𝑢𝑚 +
ℎ

24
∗ (9 ∗ 𝑓𝑚+1

∗ + 19 ∗ 𝑓𝑚 − 5 ∗ 𝑓𝑚−1 + 𝑓𝑚−2)   (4.11) 

The predictor and the corrector have local truncation errors of 𝒪�ℎ5�. 

Although the 4th-order Adams method could appear to be the most accurate and the fastest in 
term of computation time because of its higher order, it is not usually true in TRNSYS 
simulations because differential and algebraic equations need to be solved simultaneously. 
The non-self-starting Heun method is usually the most efficient, even though the modified Euler 
method is more consistent with the analytical method of solving differential equations used in 
many components [27]. 

The methods previously described combined with methods for solving algebraic equations 
allow the resolution of equations governing the performance of a Type. As a Type is defined 
by a system of equations, iterative algorithms such as successive substitution or simultaneous 
equations resolution methods are alternatively used. 

In order to solve for each time step the entire model composed of numerous Types, the 
Kernel can adopt two strategies: a sequential modular approach or a simultaneous approach, 
the prior being used mostly. 

While the resolution of a single Type requires iterative algorithms because of the need to 
solve systems of equations, the overall process is composed of modules (Types) and a 
simplified sequential modular resolution can be applied. It consists in substituting the output 
of a given Type for the input of the next Type in the system [27]. However, the sequence of 
Types also integrates recycling and control loops, so that simply substituting the output of a 
given Type for the input of the next Type is not sufficient. The sequential modular approach 
for the resolution of a typical process is shown in Figure 4.1.  

 

Figure 4.1: Overall Process Structure and Sequential Modular Approach 

In order to solve the problem caused by the presence of loops, the successive substitution method 
can be applied. A simple cyclical loop containing k Types is presented in Figure 4.2. 

 

Figure 4.2: Simple Cyclical Loop with k Types  
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The first step of the method consists in assigning a number to each Type. The output vector 
𝑓�𝑥𝑖𝑘� of Type k is related to the input vector  𝑥𝑖1 of Type 1. The successive substitution 
method consists in applying: 

 𝑥𝑖+11 = 𝑓(𝑥𝑖𝑘) (4.12) 

The convergence is obtained when the following condition is fulfilled: 

 �𝑓(𝑥𝑖𝑘) − 𝑥𝑖1� < 𝜀 (4.13) 

with the algebraic tolerance error 𝜀, specified by the user. 

Then, the resolution for the next time step is started. 

If sets of highly non-linear equations without differential equations are to be solved, which is 
often the case for storage-free systems, this method is not efficient and may not be able to 
reach convergence. Additional methods are then used such as the secant method or 
relaxation.  

The secant method consists in using the values of  𝑥𝑖1 ,  𝑥𝑖−11 , �𝑓(𝑥𝑖𝑘) − 𝑥𝑖1� and           
(𝑓(𝑥𝑖−1

𝑘 ) − 𝑥𝑖−1
1 ) to estimate a straight line solution for 𝑥𝑖+11 .  

Relaxation consists in adding some damping to the outputs to restrict their change: 

 𝑓�𝑥𝑖+1
𝑗 � = 𝑓�𝑥𝑖

𝑗� + 𝑅𝐹 ∗ �𝑓�𝑥𝑖+1
𝑗 � − 𝑓�𝑥𝑖

𝑗�� (4.14) 

with the relaxation factor 𝑅𝐹. 

Typical evolution of iterations for the successive substitution method and the secant method 
are shown in Figure 4.3 (left and right). The initial guess 𝑥1for the input vector of the first 
component leads to an output 𝑓(𝑥1), successively assigned to 𝑥2. It can be clearly seen that 
the secant method is more efficient.  

 

Figure 4.3: Iterations For Successive Substitution (left) and Secant (right) Method [27] 

As already mentioned, TRNSYS also integrate a simultaneous solver which treats 
simultaneously all the variables and equations. The Powell’s method was developed because of 
the need for backsolving and oscillations resulting from discrete controller outputs [27]. 
However, the method is rarely used. A detailed description can be found in [29]. 
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4.1.2 TRNSYS SIMULATION MODEL 

The TRNSYS flow sheet of the ABHSGT dynamic model is shown in Figure 4.4.  The 
power control is not represented for the sake of clarity (the complete flow sheet is available 
in Appendix 3). 

 

Figure 4.4: ABHSGT TRNSYS Flow Sheet 

The models of solar and power components were selected in the STEC library [22]. 
Compressors, turbines, combustor, heat exchangers and pressure drops are modelled by 
Types 424, 426, 427, 425 and 429 respectively, from the DLR/Brayton sub-library. Receiver 
and heliostat field are modelled by Types 422 and 394 from the STEC/CRS sub-library. The 
tower is modelled by a regular counter-flow heat exchanger (Type 425). 

 

 

Heliostat field 

 

  

Tower &Receiver 

  

Bottoming cycle 

Top cycle 
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The TRNSYS model is characterised by the following features: 

• The compressor model takes into account off-design operations by adjusting inlet 
mass flow and isentropic efficiency according to inlet flow conditions. Similarly, the 
pressure drop model adjusts the relative pressure loss according to inlet flow 
conditions compared to nominal conditions.  
 

• When the tower outlet temperature is lower than the tower inlet temperature, a 
bypass control equals the tower outlet conditions to the tower inlet conditions, 
meaning that the air does not enter the tower. This is the case when the Sun is down 
or when the sky is cloudy. 
 

• The concentrated solar radiation flux reflected and concentrated by the heliostat 
field onto the receiver is also controlled. It is defocused if the flux reaching the 
receiver is higher than the maximum design flux of the receiver, or if the receiver 
temperature is higher than the maximum receiver temperature of 950°C. 
 

• The combustor model is set such that the fuel flow rate is adjusted to provide the 
required outlet temperature for varying inlet air temperature and mass flow rate. The 
pressure losses in the combustor are also adapted for off-design operations.  
 

• As the power plant is run so that the top gas-turbine works at full load at any time, 
the turbine model does not need to account for off-design efficiency. However, a 
control strategy for the top gas-turbine needs to be adopted in order to ensure a 
stable power output (see 4.1.3). 
 

• Unlike the top turbine, the bottoming turbine will have a variable load and the 
model needs to account for off-design efficiency (see 4.1.4). The power output of 
the bottoming turbine is supposed to be always lower than the nominal power 
output because the turbine inlet temperature is supposed to be lower than the design 
turbine inlet temperature. For this reason, there is no need to control the mass flow 
rate of the bottoming gas-turbine. 
 

• The mass flow rate of cooling air in the intercooler is set equal to the first 
compressor mass flow rate. 
 

• Blade cooling and purge flow rates, UA values for the heat exchangers, 
turbomachinery nominal efficiencies and other data are calculated by the steady-state 
model and imported in TRNSYS by an external input file. The field efficiency 
matrix required by the heliostat field model is also built externally in MATLAB and 
imported in TRNSYS by an external input file.  

The following subsections detail the gas-turbine control strategy, the bottoming gas-turbine 
off-design efficiency and the external heliostat field model needed to calculate the field 
efficiency matrix. 
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4.1.3 GAS-TURBINE CONTROL 

As mentioned in the previous section, the top gas-turbine power output needs to be stable. 
Nonetheless, variations in ambient conditions induce variations of power output. In order to 
ensure a stable power output, the angle of inlet guide vanes is controlled in order to vary the 
volumetric flow rate and keep the power output at nominal level. 

The control of the mass flow rate by variation of inlet guide vanes angle is bounded by two 
limits: the upper limit is given by fully opened inlet guide vanes or maximum volume flow 
rate. Thus, the volumetric flow rate at operating conditions is equal to the one at nominal 
conditions, and the maximum mass flow rate �̇�𝑐𝑚𝑒  can be expressed relatively to the ISO 
conditions (15°C, 1 bar and 60% relative humidity) [30]: 

 �̇�𝑐𝑚𝑒 =  �̇�𝐼𝑆𝑂 ∗
𝑇𝐼𝑆𝑂
𝑇𝑚

∗
𝑃𝑚
𝑃𝐼𝑆𝑂

    (4.15) 

with the mass flow rate, temperature and pressure at ISO conditions �̇�𝐼𝑆𝑂 , 𝑇𝐼𝑆𝑂 and 𝑃𝐼𝑆𝑂 , and 
the current ambient conditions 𝑃𝑚  and 𝑇𝑎. 

Consequently, for increasing ambient temperature, the maximum mass flow rate decreases 
and becomes lower than that required for producing the nominal power output. 

The lower limit is set in order to prevent rotational stall of compressor aerofoils. In order to 
avoid loading the compressor above its lifting capacities, the maximum angle of inlet guide 
vanes is limited. The minimum volumetric flow rate is equal to half the nominal volumetric 
flow rate [30]. Hence, the minimum mass flow rate is given by: 

 �̇�𝑐𝑖𝑚 =  0.5 ∗ �̇�𝐼𝑆𝑂 ∗
𝑇𝐼𝑆𝑂
𝑇𝑚

∗
𝑃𝑚
𝑃𝐼𝑆𝑂

    (4.16) 

However, the lower limit is almost never reached as the ambient temperature in suitable 
regions rarely falls under nominal design conditions. 

4.1.4 BOTTOMING GAS-TURBINE OFF-DESIGN EFFICIENCY 

As mentioned previously, the bottoming turbine model needs to account for off-design 
efficiency. The variation of the turbine isentropic efficiency with the temperature is 
expressed by [30]: 

 𝜂𝑠 =  𝜂𝑠0 − 2 ∗ ��
𝑇𝑖𝑚
𝑇𝑖𝑚0

− 1�

2

   (4.17) 

with the nominal isentropic efficiency 𝜂𝑠0 and inlet temperature 𝑇𝑖𝑚0. 
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4.1.5 HELIOSTAT FIELD MODEL 

The heliostat field is modelled by the Type 394 from the STEC/CRS sub-library. It works 
with an externally-supplied efficiency matrix 𝛹 which determines the overall heliostat field 
efficiency for a limited number of Sun’s position (azimuth γs and elevation θs). The power 
output of the field �̇�𝑓𝑖𝑓𝑓𝑏   is then simply calculated by: 

 �̇�𝑓𝑖𝑓𝑓𝑏 =  𝐷𝑁𝐼 ∗ 𝐴𝐻 ∗ 𝑁𝐻 ∗ 𝛹(γs, θs)    (4.18) 

with the direct normal insulation 𝐷𝑁𝐼 (cf. 2.1.3), the individual heliostat area 𝐴𝐻 and the 
number of heliostats 𝑁𝐻. 

The model for the calculation of the field efficiency matrix was developed by Spelling [30], 
based on the cell-wise method used by Kistler [31]. 

Solar position and Field geometry 

In order to calculate the field efficiency matrix, it is necessary to know the position of the 
Sun in the sky at any time. This position can be described by two angles, the solar elevation 
angle θs between the solar beam and the horizontal and the solar azimuth angle γs between 
the solar beam and the longitudinal meridian. The complement to the solar elevation is the 
solar zenith angle θz.  

The elevation and the azimuth can be described as a function of other angles, namely the 
declination angle δ between the incoming solar radiation and the equatorial plane, the solar 
hour angle ω and the latitude φ. 

The derivation of these angles can be found in [4]. A summary is given here: 

 𝛿 =  𝑎𝑟𝑐𝑠𝑖𝑛 �0.39795 ∗ 𝑐𝑜𝑠 �2𝜋
𝑛 − 173

365
��    (4.19) 

 𝜔 =  
𝜋

12
∗ (ℎ𝑓𝑜𝑐 − 12) + (𝛹𝑓𝑜𝑐 − 𝛹𝑧𝑜𝑚𝑓) + 𝛥𝜔 (4.20) 

with the day of the year  𝑛, the local time in hours ℎ𝑓𝑜𝑐 , the local longitude  Ψlocand the 
longitude of the standard meridian of the local time zone 𝛹𝑧𝑜𝑛𝑒 and the equation of time Δω 
(correction term). 

Then, the zenith and solar elevation angles can be derived from the above angles: 

 𝜃𝑧 =  𝑎𝑟𝑐𝑐𝑜𝑠 �𝑐𝑜𝑠(𝜑) ∗ 𝑐𝑜𝑠(𝛿) ∗ 𝑐𝑜𝑠(𝜔) + 𝑠𝑖𝑛(𝜑) ∗ 𝑠𝑖𝑛 (𝛿)�    (4.21) 

 𝜃𝑠 =  
𝜋
2
− 𝜃𝑧 (4.22) 

Finally the solar azimuth angle can be calculated by: 

 𝛾𝑠 =  𝑠𝑔𝑛(𝜔) ∗ �𝑎𝑟𝑐𝑐𝑜𝑠 �
𝑐𝑜𝑠(𝜃𝑧) ∗ 𝑠𝑖𝑛(𝜑) − 𝑠𝑖𝑛 (𝛿)

𝑠𝑖𝑛 (𝜃𝑧) ∗ 𝑐𝑜𝑠(𝜑) ��  (4.23) 
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The geometric parameters used for the heliostat field model are presented in Figure 4.5. 

 

Figure 4.5: Geometric Parameters for the Heliostat Field Model [30] 

The position of the pivot of the representative heliostat is given in cylindrical 
coordinates (𝑟𝐻 ,𝜃𝐻 , ℎ𝐻). In the same coordinate system, the position of the receiver is given 
by (0,0, ℎ𝑇𝑜𝑤𝑒𝑟). The tower elevation angle 𝜃𝑡𝑜𝑡  can be calculated by the relation: 

 𝜃𝑡𝑜𝑡 = 𝑎𝑟𝑐𝑡𝑎𝑛 � 
ℎ𝑡𝑜𝑡 − ℎ𝐻

𝑟𝐻
� (4.24) 

The direction of the Sun’s beam 𝒗𝒔 is calculated from the azimuth and zenith angles given by 
Equations 4.25 and 4.26: 

 𝒗𝒔 = �
− 𝑠𝑖𝑛(𝜃𝑧) ∗ 𝑐𝑜𝑠(𝛾𝑠)
−𝑠𝑖𝑛(𝜃𝑧) ∗ 𝑠𝑖𝑛(𝛾𝑠)

𝑐𝑜𝑠(𝜃𝑧)
� (4.25) 

The tower direction vector 𝒗𝒕𝒐𝒘 can be determined by: 

 𝒗𝒕𝒐𝒘 = �
𝑠𝑖𝑛(𝜃𝐻) ∗ 𝑐𝑜𝑠(𝛾𝑡𝑜𝑡)
−𝑠𝑖𝑛(𝜃𝐻) ∗ 𝑠𝑖𝑛(𝛾𝑡𝑜𝑡)

𝑐𝑜𝑠(𝜃𝑡𝑜𝑡)
� (4.26) 

The mirror’s orientation 𝒏𝑯 required in order to reflect the Sun’s beams onto the receiver is 
given by the expression: 

 𝒏𝑯 =
𝒗𝒔 + 𝒗𝒕𝒐𝒘
‖𝒗𝒔 + 𝒗𝒕𝒐𝒘‖

 (4.27) 

Individual heliostat performance 

The instantaneous power delivered to the receiver from a single heliostat is a function of 
the  𝐷𝑁𝐼 , the heliostat area  𝐴𝐻 and a number of efficiencies and loss factors already 
mentioned in 2.3.2. 

 �̇�𝐻 = 𝐴𝐻 ∗ 𝐷𝑁𝐼 ∗ 𝜀𝑐𝑜𝑠 ∗ 𝜀𝑠 ∗ (1 − 𝑓𝑠𝑐) ∗  (1 − 𝑓𝑚𝑡𝑡) ∗ (1 − 𝑓𝑠𝑝𝑖𝑓𝑓) (4.28) 

with the cosine efficiency  𝜀𝑐𝑜𝑠 , surface efficiency  𝜀𝑠 , shadowing and blocking losses  𝑓𝑠𝑐 , 
attenuation 𝑓𝑚𝑡𝑡 and spillage losses 𝑓𝑠𝑝𝑖𝑓𝑓 . 
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The cosine efficiency  𝜀𝑐𝑜𝑠  can be expressed by the cosine of the angle  𝜃𝑀 between the 
mirror’s orientation 𝒏𝑯 and the tower direction vector 𝒗𝒕𝒐𝒘 

 𝜀𝑐𝑜𝑠 = 𝑐𝑜𝑠(𝜃𝑀) = 𝒗𝒕𝒐𝒘 ∙ 𝒏𝑯 (4.29) 

The surface efficiency is given by the following relation: 

 𝜀𝑠 = 𝜌𝑀 ∗ 𝑓𝑐𝑓𝑓𝑚𝑚 (4.30) 

with the mirror reflectivity 𝜌𝑀 and the cleanliness factor 𝑓𝑐𝑓𝑓𝑚𝑚 . 

The blocking and shadowing factor 𝑓𝑠𝑐 is assumed constant and equal to 5% [30]. 

Attenuation losses  𝑓𝑚𝑡𝑡  due to atmosphere absorption and scattering are function of the 
distance 𝑑𝑟𝑒𝑐 between the receiver and the centre of the heliostat: 

 𝑑𝑅 = �𝑟𝐻2 + (ℎ𝑡𝑜𝑡 − ℎ𝐻)2 (4.31) 

  𝑓𝑚𝑡𝑡 = 𝑎0 + 𝑎1 ∗
𝑑𝑎𝑓𝑐

1000
+ 𝑎2 ∗ �

𝑑𝑎𝑓𝑐
1000

�
2

+ 𝑎3 ∗ �
𝑑𝑎𝑓𝑐

1000
�
3

 (4.32) 

For a clear day (visibility =23 km), the coefficients can be approximated by 𝑎0 = 0.674, 
 𝑎1 = 10.46,  𝑎2 = −1.70 and 𝑎3 = 0.2845 according to Kistler [31]. 

Finally, spillage losses appear if the area of the light spot reflected by the heliostat to the 
receiver is larger than the receiver area itself. The distribution of the light intensity on the 
receiver is approximated by a normal distribution. By integration of the density function over 
the receiver aperture area, the spillage factor 𝑓𝑠𝑝𝑖𝑓𝑓 can be calculated [30]. 

Heliostat field performance 

A cell-wise approach developed by Kistler [31] was adopted by Spelling [30] in order to 
reduce the simulation duration. This approach consists in dividing the land around the tower 
into a number of “cells”, and taking identical efficiencies for all the heliostats within each 
cell.  

The number of heliostats within a cell is determined from the local heliostat field 
density 𝜌𝑓𝑖𝑓𝑓𝑏𝑖 which, for a standard 100m2 heliostat, can be calculated by [30]: 

 𝜌𝑓𝑖𝑓𝑓𝑏𝑖 = 0.721 ∗ 𝑒𝑥𝑝 �−0.29 ∗
𝑟𝐻
ℎ𝑡𝑜𝑡

�  +0.03 (4.33) 

with the radial position of the centre of the cell 𝑟𝐻 and the height of the tower ℎ𝑡𝑜𝑤𝑒𝑟. 

Therefore the number of heliostat within a cell is: 

 𝑛𝐻𝑓𝑓𝐶𝑓𝑓𝑓𝑖 = 𝑓𝑙𝑜𝑜𝑟 �𝜌𝑓𝑖𝑓𝑓𝑏𝑖 ∗
𝐴𝑐𝑓𝑓𝑓𝑖
𝐴𝐻

� (4.34) 

with the land area covered by a given cell  𝐴𝑐𝑓𝑓𝑓𝑖. The 𝑓𝑙𝑜𝑜𝑟 function rounds towards minus 
infinity. 
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The total power output delivered to the receiver can be obtained by summing the 
contribution of each cell: 

 �̇�𝑓𝑖𝑓𝑓𝑏 =  � 𝑁𝐻𝑓𝑓𝐶𝑓𝑓𝑓𝑖
𝑖=1:𝑁𝑐𝑒𝑙𝑙

∗ �̇�𝐻𝑖 (4.35) 

with the number of heliostat in a given cell  𝑁𝐻𝑓𝑓𝐶𝑓𝑓𝑓𝑖  and the power output of the 
representative heliostat located at the centre of the cell �̇�𝐻𝑖  . 

Exergy losses 

Similarly to optical losses in the receiver, the exergy losses in the heliostat field �̇�𝑓𝑖𝑒𝑙𝑑 are 
taken into account as they stand, by definition of the field efficiency matrix: 

 �̇�𝑓𝑖𝑓𝑓𝑏 =  �̇�𝑞𝑠
+ ∗ 𝐴𝐻 ∗ 𝑁𝐻 ∗ 𝛹(γs, θs)    (4.36) 

with the maximum exergetic content of incident solar radiation reaching the Earth’s 
surface �̇�𝑞𝑠

+
 in [W/m2]. 

The maximum exergetic content of incident solar radiation reaching the Earth’s surface 
could be simply seen as the product of the incident solar radiation reaching the Earth’s 
surface multiplied by the Carnot factor, by straight application of the heat exergy. However, 
this definition does not account for the fact that there is a maximum collector temperature 
lower than the Sun’s blackbody temperature. A better definition of the available exergy 
taking into account this maximum collector temperature can be derived [32]: 

 �̇�𝑞𝑠
+ =  𝐷𝑁𝐼 ∗ �1 −

𝑇𝑚𝑡𝑐
𝑇𝑠

∗
𝐺𝑠𝑐
𝐷𝑁𝐼

�    (4.37) 

with the Sun’s blackbody temperature 𝑇𝑠 and the solar constant 𝐺𝑠𝑐 defined in 2.1.2. 

Its value can be compared to the value that would be obtained from the simple exergy 
definition (DNI of 800 [W/m2]): 

 
�1 − 𝑇𝑚𝑡𝑐

𝑇𝑠
∗ 𝐺𝑠𝑐
𝐷𝑁𝐼�  

�1 − 𝑇𝑚𝑡𝑐
𝑇𝑠

�
= 0.963 (4.38) 

The ratio is lower than one, meaning that the exergy content of the solar radiation reaching 
the Earth’s surface is lower than the exergy content of the DNI at Sun’s blackbody 
temperature. 

Heliostat field design algorithm 

From the previous description, it is possible to calculate the power output of any cell within 
the field, from the calculation of the power output of a representative heliostat within this 
field. The last step is to determine which cells are the most cost-efficient for power 
generation. The selection algorithm proposed by Spelling [30] is shown in Figure 4.6. 

Starting from the tower, rows of cells are generated step by step. The total annual power 
output of each cell is calculated. When the number of cells generated exceeds the total 
number of cells allowed, the last cells added are added to the pool of cells and the best cells 
among all the cells are selected. The process stops when all new generated cells generate less 
power than already existing cells. 
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Figure 4.6: Heliostat Field Design Algorithm [30] 

Once the optimal field is designed, the field efficiency matrix can be built, with a predefined 
size. The total number of heliostats can also be calculated. Therefore, the power output of 
the field can be calculated by TRNSYS using Equation 4.18. 

Design Heliostat field 

The characteristics of the heliostat field calculated for the dynamic model are presented in 
Figure 4.7. The heliostat field is a “north field” as suggested by its geometry. It has 
approximately the shape of a circle of 2km diameter. It is composed of 300 cells containing 2 
to 4 heliostats depending on the local heliostat field density. The efficiency of the cell varies 
from 64.3% to 89.7% depending on the position of the cell in the field. The reduction in 
efficiency with the distance from the tower appears clearly. Furthermore, one can see that 
the central region close to the tower concentrates high heliostat field density and high 
efficiency. 

 

Figure 4.7: Nominal Heliostat Field Layout 
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4.2 TRANSIENT OPERATION 

From the model described previously, it is possible to simulate the dynamic behaviour of the 
plant. In this section, the parameters selected for the simulation are described (4.2.1). Then, 
several graphs reflecting the dynamic performance of the ABHSGT are shown and 
commented. This section does not intend to provide a detailed analysis of the performance 
of the plant, which will be done in Chapter 7, because it is worth analysing the 
thermodynamic performance together with economic and environmental indicators for an 
optimal plant configuration. 

4.2.1 PARAMETERS SELECTION 

The parameters chosen in 3.2.1 for the steady-state operation (Table 3.2) were kept identical 
for the transient operation in order to compare them precisely.  

The location chosen for the simulation is Seville (Spain, 37°23′ N, 5°59′ W), as it is one of 
the most insulated regions in Europe. The effect of changing the plant location is studied in 
Chapter 7. The weather file provided to TRNSYS represents a typical meteorological year 
(TMY, see in 2.1.4) and contains hourly variations of required meteorological data. The one-
hour time step represents a good trade-off between simulation time and model accuracy. A 
smaller time step would increase the simulation time for an accuracy only slightly increased. 
The evolution of the DNI is shown in Figure 4.8. The simulation begins on January 1st at 
00:00. By integration over the year, it is possible to determine the yearly direct normal 
irradiance (DNI), equal to 1830 [kWh/m2.yr]. This value is slightly lower than expected 
(around 2000 [kWh/m2.yr] [9]) but accurate enough to run the simulation. 

 

Figure 4.8: Evolution of Beam Radiation on Horizontal 

The parameters used for the design of heliostat field and receiver are presented in Table 4.1. 

Table 4.1: Characteristic of heliostat field and receiver for transient simulation 

 

In this simulation, fulltime operation is assumed, and the ABHSGT is kept running at full 
load all the time. The effect of changing the operating mode is studied in Chapter 7. 

Number of cells in the Heliostat field 1738 [-] 
Tower height 100 [m] 
Individual heliostat area 148 [m2] 
Maximum radiant flux 750 [kW/m2] 
Receiver aperture 112 [m2] 
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4.2.2 SIMULATION RESULTS  

Given the parameters presented previously, the simulation can be run. First, the MATLAB 
steady-state model is run and the nominal characteristics are recorded. Then, the field 
efficiency matrix is calculated. Finally the TRNSYS model is launched, taking the results of 
steady-state and heliostat field simulations as input data. During the simulation, TRNSYS 
plot the desired plant characteristics. 

In this part, the transient simulation results are presented, first over a one-year period, then 
over a single day.  

Seasonal Variation 

The variation in net mechanical power for top and bottoming cycles is shown in Figure 4.9. 
During the “cold” months, the net mechanical power produced by the top gas-turbine (red 
curve) is almost constant. This is due to the gas-turbine control strategy adopted. The mass 
flow rate is adapted by varying the compressor inlet guide vanes angle to assure a stable 
power output. However, during summer days, the net power output is lower than the 
nominal power output. This confirms what was expected in 4.1.3: the inlet guide vanes are 
fully opened and the maximum control mass flow rate is lower than that required for 
producing the nominal power output.  

The net mechanical power produced by the bottoming turbine (blue curve) is subject to 
small variations all year long because the bottoming mass flow rate is not controlled. The 
volumetric flow rate is constant, so that the mass flow rate varies with ambient conditions. 
When ambient conditions are similar to ISO conditions, the mass flow rate is equal to the 
nominal mass flow rate. When the ambient temperature increases, the mass flow decreases, 
and the bottoming net power output decreases as well. 

 

Figure 4.9: Variation in Net Mechanical Power (Top Cycle: Red, bottoming cycle: Blue) 
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The variation in mass flow rates is shown in Figure 4.10. During summer, the reduction of 
the maximum control mass flow rate for the top gas-turbine is reflected by a flattening of the 
“Main” curve (dark blue, compressor working air) and the “Air” curve (red, compressor 
inlet). The reduction of the bottoming mass flow rate (light blue) appears clearly. 

 

Figure 4.10: Variation in Mass Flow Rates 

The variation in top cycle temperatures is shown in Figure 4.11. The variation in compressor 
outlet temperature (dark blue) follows the variation in ambient temperature (red). Moreover, 
the tower outlet temperature (green) reaches more often its maximal level (925°C) during 
summer, meaning that the solar share is higher. The turbine outlet temperature varies slightly 
between 530°C and 540°C. 

 

Figure 4.11: Variation in Top Cycle Temperatures 

 

 



62                     Air-Based Bottoming Cycles for Water-Free Hybrid Solar Gas-Turbine Power Plants  

 
 

The variation in bottoming cycle temperatures is shown in Figure 4.12. All the temperatures 
increase during summer, because the ambient temperature is increased. It can be noticed that 
the temperature at the outlet of the cold side of the heat recovery unit (“Hr_co”) is limited 
during the summer by the top turbine outlet temperature. 

 

Figure 4.12: Annual Variation in Bottoming Cycle Temperatures 

Hourly Variation 

The seasonal variation of the plant characteristics does not provide much information on 
hourly transient behaviour because the time period is too long. In this subsection, the 
transient characteristics of the plant are observed during a typical day, April 6th. It was 
chosen because it fulfils two criteria: the maximum receiver temperature is achieved and the 
top gas-turbine mass-flow rate reaches the maximum mass-flow rate, so that the effect of the 
control strategy can be observed. 

The hourly variation of the combustor inlet temperature shown in Figure 4.13 reveals the 
effect of tower bypass control. It can be seen that the combustor inlet temperature equals 
the compressor outlet temperature during the night because the Sun does not provide heat 
and the air does not flow through the tower. At 07:00, the combustor inlet temperature starts 
to increase and reaches a maximum of 925°C between 10:00 and 18:00 (maximum receiver 
outlet temperature minus temperature drop in the tower). 

 

Figure 4.13: Hourly Variation in Combustor Inlet Temperature 
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The hourly variation of the turbines exhaust mass flow rates and fuel flow rate is shown in 
Figure 4.14. The fuel mass flow rate drops during the day because the receiver preheats the 
air before the combustion. When the ambient temperature increases (between 6:00 and 
16:00), the air mass flow rate of the bottoming gas-turbine decreases, because it works at 
constant volumetric flow. During the day, the air mass flow rate in the top gas-turbine 
increases, because the solar share increases. As the solar share increases, exhaust gases have a 
lower cp (less fuel burned) and the turbine specific power drops. Therefore, the air mass flow 
rate is increased to keep the net power output constant. Nevertheless, the air mass flow rate 
has an upper limit due to the gas-turbine control strategy explained in 4.1.3. When the 
ambient air temperature is above ISO conditions, the mass flow rate cannot reach the 
nominal mass flow rate. This phenomenon is visible between 10:00 and 19:00 in Figure 4.14. 

 

Figure 4.14: Hourly Variation in Mass Flow Rates (Exhaust and Fuel) 

The hourly variations of the heat power provided by combustor and solar tower are shown 
in Figure 4.15 (left). The hourly variations of top and bottoming net power outputs are 
shown in Figure 4.15 (right). The fuel heat is directly proportional to the fuel mass flow rate 
displayed in the previous graph and follows the same evolution. The solar heat is the heat 
provided by the receiver to the air stream. It compensates the decrease in fuel heat rate, 
resulting in a fairly constant total heat rate. For this reason the total net power output is fairly 
constant. The slight decrease of power output during the day is due to the decrease in mass 
flow due to the gas-turbine control strategy. 

 

Figure 4.15: Hourly Variation in Heat Rates (left) and Net Power Output (right) 

Figure 4.16 shows four curves: the total solar power reaching the heliostat field (“Beam 
Radiation”), the power concentrated by the heliostat field (“Heliostat”), the power reaching 
the receiver after defocusing (“Receiver”) and the heat provided by the receiver to the cycle 
(“Cycle”). It can be seen that the maximum beam radiation occurs at 12:00, According to the 
bell shape of the curve, this maximum should theoretically occur at 13:00 but clouds prevent 
this.  
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Only 65% of the Sun’s power is reflected by the heliostat field, and even less when 
defocusing is necessary (35% at peak radiation). Finally, the heat available for the cycle after 
the receiver and the tower is only 27% of the Sun’s power (at 12:00). This performance 
could be improved by optimising the size of the heliostat field, which appears overestimated 
in the current configuration. This will be done during the optimisation. A better performance 
could also be achieved by improving the heliostat field efficiency (cleaning, mirror 
reflectivity) or increasing the peak heat flux and the receiver maximum temperature.  

 
Figure 4.16: Hourly Variation in Heat Losses from Sun to Cycle 

The consequence of the previous observation is even clearer in Figure 4.17, which shows the 
variation of overall energy and exergy efficiencies. 

The overall energy efficiency indicates the ratio of net power output to total primary energy 
input. Primary energy refers to natural gas and beam solar radiation. It is defined by: 

 𝜀𝑜𝑣𝑓𝑎𝑚𝑓𝑓 =
∑ �̇�𝑂𝑓𝑡𝑝𝑓𝑡
∑ �̇�𝐼𝑚𝑝𝑓𝑡

=
�̇�𝑡𝑜𝑡,𝑚𝑓𝑡

−

�̇�𝑓𝑓𝑓𝑓
+ + �̇�𝑠

+ (4.39) 

with the solar power available �̇�𝑠
+. 

Similarly, the overall exergy efficiency indicates the ratio of net power output to total exergy 
input: 

 𝜂𝑜𝑣𝑓𝑎𝑚𝑓𝑓 =
�̇�𝑡𝑜𝑡,𝑚𝑓𝑡

−

�̇�𝑞𝑓𝑢𝑒𝑙
+ + �̇�𝑞𝑠+

 (4.40) 

with fuel and Sun heat power exergy �̇�𝑞𝑓𝑢𝑒𝑙
+  and �̇�𝑞𝑠

+ . 

 

Figure 4.17: Hourly Variation in Overall Energy and Exergy Efficiencies 
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Both efficiencies are high at night because the power plant only relies on fuel. The overall 
efficiencies are in that case equal to the cycle efficiencies because of the absence of solar 
losses. Nevertheless, as soon as solar preheating is available, overall efficiencies drop because 
of the solar losses observed in Figure 4.16. As the solar share reaches 43% during the day 
(see Figure 4.18), it means that the fuel still provides 57% of the total heat. Therefore, the 
overall efficiency is not as low as in a pure solar configuration. Once again, the values 
presented here are not optimal. They will be compared to the optimal values presented in 
7.2. 

Overall, the exergy efficiency is lower than the energy efficiency at night, but it is higher 
during the day. It is lower at night because for the same electricity output, the exergy content 
of the fuel is higher than its energy content. It is higher during the day because the exergy 
content of the direct normal radiation is lower than its energy content. 

Finally, the variation of the solar share is shown in Figure 4.18. The solar share is zero during 
the night. It increases from 7:00 to 10:00 and remains at a stable maximal level around 43% 
until 18:00. It finally drops until zero at 19:00. The peak solar share is limited by the 
maximum receiver temperature. 

 

Figure 4.18: Hourly Variation in Solar share 

4.2.3 DYNAMIC PERFORMANCE AND MODEL VALIDATION 

In the previous section, the transient results were presented for seasonal and typical hourly 
variation. A qualitative analysis of the performance was performed. However, a quantitative 
analysis should not be expected at this stage, because the plant configuration is not 
optimised yet. Therefore, the detailed analysis of the performance will be done when the 
optimal plant configuration will be found (Chapter 7). 

Nevertheless, the qualitative results exposed tend to validate the accuracy of the model, as 
the theory explains the transient behaviours obtained. In addition, even though numerical 
values were not analysed in detail, they seem to agree with what should be expected. In 
conclusion, the consistency of the model can be validated in the light of the results exposed. 
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5 ECONOMIC MODEL 

In the previous chapter, the transient thermodynamic performance of the ABHSGT has 
been determined. In order to perform a thermoeconomic analysis of the plant, an economic 
model needs to be built. 

The goal of this chapter is to describe the different cost functions used to calculate 
accurately the capital cost as well as operation and maintenance costs. The cost functions for 
the gas-turbine components (5.1), solar components (5.2) and other plant components (5.3) 
are first exposed. Then, the total capital cost is calculated (5.4). Finally, operation and 
maintenance cost functions are determined (5.5). 

The cost functions used for the calculation of equipment costs are taken from different 
references. The effect of inflation on equipment cost is computed using the Marshall & Swift 
Equipment cost index (𝐼𝑀&𝑆). The numerical values for the indexes can be found in the 
Chemical Engineering magazine. The inflation factor 𝑓𝑀&𝑆 is then calculated as: 

 𝑓𝑀&𝑆 =  
𝐼𝑀&𝑆
2011

𝐼𝑀&𝑆
𝑎𝑓𝑓  (5.1) 

with the current Marshall & Swift Equipment Cost Index 𝐼𝑀&𝑆
2011 = 1536.5 and the reference 

Marshall & Swift Equipment Cost Index 𝐼𝑀&𝑆
𝑎𝑓𝑓  . 

5.1 GAS-TURBINE COMPONENTS 

The cost functions for the gas-turbine components are adapted from Pelster [34]. They are 
suitable for the different components of both top and bottoming cycles. The components 
taken into account are the turbines (5.1.1), compressors (5.1.2), combustor (5.1.3), electrical 
generators and auxiliaries (5.1.4). Finally, the total gas-turbine cost is calculated (5.1.5). 

5.1.1 TURBINE 

The cost function for the turbine can be expressed by (reference year 1995): 

 𝐶𝑇 = 186.4 ∗ �̇�𝑓𝑒ℎ
𝑎𝑓𝑓 ∗ ln(Π𝑇) ∗ �

�̇�𝑓𝑒ℎ

�̇�𝑓𝑒ℎ
𝑎𝑓𝑓�

0.7

∗ 𝑓𝑇 ∗ 𝑓𝜂 ∗ 𝑓𝑀&𝑆 (5.2) 

with, the reference exhaust mass flow rate �̇�𝑓𝑒ℎ
𝑎𝑓𝑓 = 460 [𝑘𝑔 𝑠⁄ ] and the temperature and 

efficiency factors 𝑓𝑇 and 𝑓𝜂. 

The temperature factor reflects the exponential growth in cost for high firing temperatures 
because of the increasing gas-turbine cooling requirements: 

  𝑓𝑇 = 1 + 𝑒𝑥𝑝 (0.025 ∗ (𝑇𝑐𝑜𝑐𝑐 − 1400)) (5.3) 

with the combustor outlet temperature 𝑇𝑐𝑜𝑐𝑐  [ºC].  

The efficiency factor reflects the exponential growth in cost for highly efficient turbines: 

 𝑓𝜂 =
1

0.94 − 𝜂𝑇𝜎
 (5.4) 
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5.1.2 COMPRESSOR 

The cost function for the compressors can be expressed by an equation similar to that of the 
turbine (reference year 1995): 

 𝐶𝐶 = 414.4 ∗ �̇�𝑎
𝑎𝑓𝑓 ∗ ln(Π𝐶) ∗ �

�̇�𝑚

�̇�𝑎
𝑎𝑓𝑓�

0.7

∗ 𝑓𝜂 ∗ 𝑓𝑀&𝑆  (5.5) 

with the reference air mass flow rate �̇�𝑚
𝑎𝑓𝑓 = 515 [𝑘𝑔 𝑠⁄ ] and the efficiency factor 𝑓𝜂. 

The efficiency factor reflects the exponential growth in cost for highly efficient turbines: 

 𝑓𝜂 =
1

0.96 − 𝜂𝐶𝜎
 (5.6) 

5.1.3 COMBUSTOR 

The cost function for the combustor can be expressed by (reference year 1995): 

 𝐶𝑐𝑜𝑐𝑐 = 17.9 ∗ �̇�𝑎
𝑎𝑓𝑓 ∗ �

�̇�𝑚

�̇�𝑎
𝑎𝑓𝑓�

0.7

∗ 𝑓𝑇 ∗ 𝑓𝑏𝑝 ∗ 𝑓𝑀&𝑆  (5.7) 

with the reference air mass flow rate �̇�𝑚
𝑎𝑓𝑓 = 460 [𝑘𝑔 𝑠⁄ ] and the temperature and drop 

pressure factors 𝑓𝑇 and 𝑓𝑏𝑝. 

The temperature factor is the same as the one for the turbine. The drop pressure factor is: 

 𝑓𝑏𝑝 =
1

𝑓Δ𝑃𝑐𝑜𝑚𝑏 − 0.005
 (5.8) 

5.1.4 ELECTRICAL GENERATOR AND AUXILIARIES 

The cost functions for the electrical generators and auxiliary equipment (fuel pumps, 
lubrication systems) are defined by (reference year 1996): 

 𝐶𝑝𝑓𝑚 = 6 ∗ 106 ∗ �
�̇�𝑚𝑓𝑡
�̇�𝑛𝑒𝑡
𝑎𝑓𝑓�

0.7

∗ 𝑓𝑀&𝑆 (5.9) 

 𝐶𝑚𝑓𝑒 = 4 ∗ 106 ∗ �
�̇�𝑚𝑓𝑡
�̇�𝑚𝑓𝑡
𝑎𝑓𝑓�

0.7

∗ 𝑓𝑀&𝑆 (5.10) 

with the reference nominal power output �̇�𝑛𝑒𝑡
𝑎𝑓𝑓 = 160 [𝑀𝑊]. 

5.1.5 OVERALL GAS-TURBINE 

The total cost of the gas-turbine can be found by sum over all the components. For top and 
bottoming cycles, it results in: 

 𝐶𝐺𝑇 = 𝐶𝐶 + 𝐶𝑐𝑜𝑐𝑐 + 𝐶𝑇 + 𝐶𝑝𝑓𝑚 + 𝐶𝑚𝑓𝑒 (5.11) 

 𝐶𝐺𝑇𝑏 = 2 ∗ 𝐶𝐶𝑏 + 𝐶𝑇𝑏 + 𝐶𝑝𝑓𝑚𝑏 + 𝐶𝑚𝑓𝑒𝑏  (5.12) 

 



Air-Based Bottoming Cycles for Water-Free Hybrid Solar Gas-Turbine Power Plants 69 

 

5.2 SOLAR COMPONENTS 

The cost functions for the solar components are adapted from Kistler [31], Schwarzbözl [9] 
and Spelling [30]. The components taken into account are the heliostat field (5.2.1), the 
receiver (5.2.2) and the tower (5.2.3). Finally, the total solar equipment cost is calculated 
(5.2.4). 

5.2.1 HELIOSTAT FIELD 

The cost of the heliostat field can be seen as the sum of three major contributions: the 
heliostats themselves, the land and the wires [31]. It represents a large share of the total 
capital cost and must be evaluated as accurately as possible. However, it is also a component 
specific to central receiver systems, so that experienced-based cost estimations are difficult to 
establish. A study by Sandia National Laboratories [33] evaluates the specific cost of heliostat 
to 126 USD/m2 for 148 m2 heliostats. This value includes the sun-tracking system. The cost 
is expected to be reduced to 90 USD/m2 over a decade by R&D. For this reason, the 
specific cost of the mirrors is first set to the original evaluation (126 USD/m2), and a 
sensitivity study will be conducted to account for the effect of heliostat cost reduction. 

The cost function for the heliostats is defined by (reference year 2007): 

 𝐶𝐻 = (𝑐𝑐𝑖𝑎𝑜𝑎 ∗ 𝐴𝐻 ∗ 𝑁𝐻) (5.13) 

with the specific cost of the mirrors 𝑐𝑐𝑖𝑎𝑜𝑎 = 126 [𝑈𝑆𝐷 𝑚2⁄ ] . 

The land cost is defined by (reference year 1986): 

 𝐶𝑓𝑚𝑚𝑏 = 𝑐𝑓𝑚𝑚𝑏 ∗ (𝐴𝑓𝑚𝑚𝑏 ∗ 1.3 + 1.8 ∗ 105) ∗ 𝑓𝑀&𝑆  (5.14) 

with the land specific cost  𝑐𝑓𝑚𝑚𝑏 = 0.62 [𝑈𝑆𝐷 𝑚2⁄ ]. The additional 30% account for roads 
and additional land around the field, the fixed portion is attributed to the core area of the 
plant. 

The wiring cost is defined by (reference year 1986): 

 𝐶𝑡𝑖𝑎𝑓 = � �𝑁𝐻𝑓𝑓𝐶𝑓𝑓𝑓𝑖 ∗ �𝑐1 ∗ 𝑟𝐻𝑖 + 𝑐2 ∗ �
𝐴𝐻
𝜌𝐹𝑖

�� 
𝑁𝑐𝑒𝑙𝑙

𝑖=1

∗ 𝑓𝑀&𝑆 (5.15) 

with  𝑐1 = 0.031 [𝑈𝑆𝐷 𝑚⁄ ] and  𝑐2 = 24 [𝑈𝑆𝐷/𝑚]. 

The cells situated far from the tower require more primary cables (first term) and the large 
cells require longer secondary cables to reach the heliostats (second term). 

5.2.2 RECEIVER 

The cost function for the receiver is defined as (reference year 1996) [30]: 

 𝐶𝑎𝑓𝑐 = (𝑐1 ∗ 𝑇𝑎𝑓𝑐 − 𝑐2) ∗ 𝐴𝑎𝑓𝑐 ∗ 𝑓𝑀&𝑆 (5.16) 

with  𝑐1 = 79 [𝑈𝑆𝐷 𝐾.𝑚2⁄ ]  and  𝑐2 = 42′000 [𝑈𝑆𝐷/𝑚2] , obtained from a linear fit of 
Schwarzbözl [9] data and the receiver temperature 𝑇𝑎𝑓𝑐   [ºC]. 
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5.2.3 TOWER AND PIPING 

The cost function for the tower is defined by (reference year 1986) [31]: 

 𝐶𝑡𝑜𝑡 = 𝑐1 ∗ 𝑒𝑥𝑝 (𝑐2 ∗ ℎ𝑡𝑜𝑡) ∗ 𝑓𝑀&𝑆 (5.17) 

The values of the constants depend on the height of the tower, assuming that towers shorter 
than 120 m are steel towers and higher towers are concrete towers: 

 𝑐1 = 1.09025 ∗ 106, 𝑐2 = 0.00879 𝑖𝑓 ℎ𝑡𝑜𝑡 < 120 (5.18) 

 𝑐1 = 0.78232 ∗ 106, 𝑐2 = 0.01130 𝑖𝑓 ℎ𝑡𝑜𝑡 < 120 (5.19) 

The cost function for the tower piping configuration exposed in 3.1.2 is defined by 
(reference year 2010) [30]: 

 𝐶𝑝𝑖𝑝𝑓 = �𝑐1 ∗ �
𝑟𝑜

1.31
� + 𝑐2 ∗ �

𝑟𝑖
0.87

�� ∗ ℎ𝑡𝑜𝑡 + 𝑐3 ∗ �
𝑟𝑖

0.87
� ∗ 𝑓𝑀&𝑆 (5.20) 

with the inner and outer tube external radii  𝑟𝑖 and  𝑟𝑜  , and  𝑐1 = 3′600[𝑈𝑆𝐷 𝑚⁄ ]  ,              
 𝑐2 = 420 [𝑈𝑆𝐷 𝑚⁄ ]  and 𝑐3 = 9 ∗ 105[𝑈𝑆𝐷]. 

5.2.4 OVERALL SOLAR EQUIPMENT 

The total solar equipment cost is the sum of the different solar components costs: 

 𝐶𝑠𝑜𝑓𝑚𝑎 = 𝐶𝐻 + 𝐶𝑓𝑚𝑚𝑏 + 𝐶𝑡𝑖𝑎𝑓 + 𝐶𝑎𝑓𝑐 + 𝐶𝑡𝑜𝑡 + 𝐶𝑝𝑖𝑝𝑓  (5.21) 
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5.3 ADDITIONAL PLANT COMPONENTS 

Additional plant costs must be taken into account. The cost functions for the heat 
exchangers (5.3.1), civil engineering (5.3.2), gas supply pipeline (5.3.3), intercooler fan (5.3.4) 
and miscellaneous equipment (5.3.5) are presented.  

5.3.1 HEAT EXCHANGER 

The cost function for the heat exchangers is taken from Turton [35]. It is defined by 
(reference year 1998): 

 𝐶ℎ𝑓 = 𝑓𝐵𝑀 ∗ 10𝐾1+𝐾2𝑓𝑜𝑝𝐴+𝐾3(𝑓𝑜𝑝𝐴)2 ∗ 𝑓𝑀&𝑆 (5.22) 

with the bare module factor 𝑓𝐵𝑀 accounting for the installation of equipment, the area of the 
heat exchanger 𝐴 and constants depending on the type of heat exchanger 𝐾𝑖. 

The bare module factor is defined by: 

 𝑓𝐵𝑀 = 𝐵1 + 𝐵2 ∗ 𝑓𝑐 ∗ 𝑓𝑝 (5.23) 

with the material factor 𝑓𝑐 describing the effect of material change, the pressure factor 𝑓𝑝 
describing the effect of operating pressure change and constants depending on the type of 
heat exchanger 𝐵𝑖. 

The pressure factor is defined by: 

 𝑓𝑝 = 10𝐶1+𝐶2log (𝑃−𝑃𝑎)+𝐶3(log (𝑃−𝑃𝑎))2 (5.24) 

with the maximum pressure in the heat exchanger 𝑃 and parameters 𝐶𝑖. 

The material factor is determined according to the formula [30], adapted from Turton [35]: 

 𝑓𝑐 = �
𝑇ℎ𝑖𝑛
623

�
2.4

 (5.25) 

with the hot side inlet temperature 𝑇ℎ𝑖𝑛 . 

The parameters 𝐾𝑖 , 𝐵𝑖 and 𝐶𝑖 for the intercooler are assimilated to those of an air cooler. The 
parameters for the recuperator and the waste heat recovery unit are assimilated to those of a 
flat plate heat exchanger.  The values are presented in Table 5.1. 

Table 5.1: Correlation coefficients for heat exchangers [35] 

Exchanger Type  𝑲𝟏  𝑲𝟐  𝑲𝟑 𝑪𝟏 𝑪𝟐 𝑪𝟑 𝑩𝟏 𝑩𝟐 
Air Cooler 3.6418 0.4053 0 -0.06154 0.0473 0 1.53 1.27 
Flat Plate 3.8528 0.4242 0 0 0 0 1.53 1.27 
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5.3.2 CIVIL ENGINEERING 

The cost function for civil engineering is defined by (reference year 1995) [34]: 

 𝐶𝑐𝑖𝑣𝑖𝑓 = 7.6 ∗ 106 ∗ �
�̇�𝑚𝑓𝑡
�̇�𝑛𝑒𝑡
𝑎𝑓𝑓�

0.8

∗ 𝑓𝑀&𝑆 (5.26) 

with the reference nominal power output �̇�𝑛𝑒𝑡
𝑎𝑓𝑓 = 52.8 [𝑀𝑊]. 

5.3.3 GAS NETWORK BRANCHING 

In order to connect the power plant to the existing pressurised natural-gas network, a high 
pressure pipeline branch is required. On the plant side, the pipeline is connected to a 
pressure reduction station. The cost for this station can be expressed by [34]: 

 𝐶𝑐𝑎𝑚𝑚𝑐ℎ = 1.3 ∗ 106 ∗ �
�̇�𝑓𝑓𝑓𝑓

�̇�𝑓𝑢𝑒𝑙
𝑎𝑓𝑓 �

0.8

∗ 𝑓𝑀&𝑆 (5.27) 

with the reference maximum fuel mass flow rate �̇�𝑓𝑢𝑒𝑙
𝑎𝑓𝑓 = 14.4[𝑘𝑔 𝑠⁄ ]. 

5.3.4 INTERCOOLER FAN 

The cost of the fan equipping the intercooler is taken from Turton [35]. The equation 
defining the cost function is similar to Equation 5.22 (reference year 1998) with the fan 
volumetric flow rate replacing the heat exchanger area. The bare module factor is defined by: 

 𝑓𝐵𝑀 = 𝑓𝑐 ∗ 𝑓𝑝 (5.28) 

The fan is assimilated to an axial vane fan. The coefficients 𝐾𝑖 and the pressure and material 
factors for this type of fan are presented in Table 5.2. The pressure loss is assumed to be 4 
kPa and the material carbon steel (CS). 

Table 5.2: Correlation Coefficients for Axial Vane Fan [35] 

Fan Type  𝑲𝟏  𝑲𝟐  𝑲𝟑 𝒇𝒑 𝒇𝒎 
Axial vane  2.9471 0.3302 0.1969 1.3 2.2 

5.3.5 MISCELLANEOUS EQUIPMENT 

Miscellaneous equipment includes transformers, auxiliary power equipment, as well as 
control systems. The cost function is defined by (reference year 1997) [34]: 

 𝐶𝑐𝑖𝑠𝑐 = 7.6 ∗ 106 ∗ �
�̇�𝑚𝑓𝑡
�̇�𝑛𝑒𝑡
𝑎𝑓𝑓�

0.7

∗ 𝑓𝑀&𝑆  (5.29) 

with the reference nominal power output �̇�𝑛𝑒𝑡
𝑎𝑓𝑓 = 120 [𝑀𝑊]. 

5.3.6 TOTAL ADDITIONAL COSTS 

Total additional costs 𝐶𝑚𝑏𝑏  are the sum of the different additional components costs: 

 𝐶𝑚𝑏𝑏 = 𝐶ℎ𝑓 + 𝐶𝑓𝑚𝑚 + 𝐶𝑐𝑖𝑣𝑖𝑓 + 𝐶𝑐𝑎𝑚𝑚𝑐ℎ + 𝐶𝑐𝑖𝑠𝑐  (5.30) 
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5.4 TOTAL CAPITAL COST 

The total capital cost is calculated based on the different equipment costs defined in the 
previous sections. Additional costs for contingencies and decommissioning must be 
accounted for. 

5.4.1  CONTINGENCIES 

Due to unforeseen events occurring during the construction of the plant (e.g. technical or 
regulatory difficulties), additional “contingencies” proportional to the total capital cost must 
be accounted for. The IEA [38] gives 5% for all power generation technologies except for 
nuclear (outside France, Japan, Korea and USA), offshore wind and CC(S)* (15%) because 
they are first-of-a-kind and “risky” technologies. The contingencies are assumed to lie 
between these two values. CSP is a new technology, but its implementation is not likely to 
encounter as high difficulties as the mentioned “risk technologies”: 

 𝑓𝑐𝑜𝑚𝑡 = 0.10 (5.31) 

5.4.2 TOTAL CAPITAL COST 

The total capital cost 𝐶0 is the sum of the gas-turbines, solar and additional costs, multiplied 
by the contingency factor:  

 𝐶0 = �𝐶𝐺𝑇 + 𝐶𝐺𝑇𝑏 + 𝐶𝑠𝑜𝑓𝑚𝑎 + 𝐶𝑚𝑏𝑏� ∗ (1 + 𝑓𝑐𝑜𝑚𝑡) (5.32) 

5.4.3 DECOMMISSIONING 

At the end of the plant’s lifetime, the questions of dismantling, replacement and site 
restoration are key issues in the concern of sustainable development. For a central receiver 
system, the scrap value of the heliostats is not negligible and is assumed to amount 20% of 
their initial cost [38]. The cost of decommissioning is assumed to amount 5% of the total 
capital cost. Therefore, the net cost of decommissioning is: 

 𝐶𝑏𝑓𝑐 = 0.05 ∗ 𝐶0 − 0.2 ∗ 𝐶𝐻 (5.33) 

  

                                                      
* CC(S): carbon capture and storage 
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5.5 OPERATION AND MAINTENANCE COSTS 

In addition to the capital cost, it is necessary to calculate operation and maintenance costs. 
They are composed of fuel and water consumption (5.5.1), spare parts and repairs (5.5.2), 
labour and services contracts (5.5.3). 

5.5.1 FUEL AND WATER CONSUMPTION 

The annual fuel cost  𝐶𝑓𝑢𝑒𝑙 is calculated by: 

 𝐶𝑓𝑓𝑓𝑓 = 𝑐𝑓𝑓𝑓𝑓 ∗ 𝛥ℎ𝑖𝑜𝑓𝑓𝑓𝑓 ∗ �̇�𝑓𝑓𝑓𝑓  (5.34) 

with the specific fuel price 𝑐𝑓𝑓𝑓𝑓 . 

The water consumption arises from two sources: mirror washing and compressor washing. 
Mirror washing is proportional to the total mirror area [30]: 

 𝑉𝑡𝑚𝑡𝑓𝑎𝑐𝑖𝑎 = 𝑣𝑐𝑖𝑎𝑎𝑜𝑎 ∗ 𝑁𝐻 ∗ 𝐴𝐻 (5.35) 

with the specific water consumption 𝑣𝑐𝑖𝑎𝑎𝑜𝑎 = 50 [𝑙𝑡𝑟 (𝑚2.𝑦)⁄ ]. 

Compressor washing is a function of the compressor air mass flow rate and the washing 
frequency 𝑓𝑤𝑎𝑠ℎ, which is assumed to be daily (𝑓𝑡𝑚𝑠ℎ = 365 [𝑑𝑎𝑦/𝑦𝑟]) [30]:  

 𝑉𝑡𝑚𝑡𝑓𝑎𝐶 = (90 + 0.5 ∗ �̇�𝑚) ∗ 𝑓𝑡𝑚𝑠ℎ  (5.36) 

The annual water cost 𝐶𝑡𝑚𝑡𝑓𝑎  is calculated by the formula: 

 𝐶𝑡𝑚𝑡𝑓𝑎 = 𝑐𝑡𝑚𝑡𝑓𝑎 ∗ (𝑉𝑡𝑚𝑡𝑓𝑎𝑐𝑖𝑎 + 𝑉𝑡𝑚𝑡𝑓𝑎𝐶 + 2 ∗ 𝑉𝑡𝑚𝑡𝑓𝑎
𝐶𝑏 ) (5.37) 

with the specific water price 𝑐𝑡𝑚𝑡𝑓𝑎 . 

5.5.2 SPARE PARTS AND REPAIRS 

The annual cost for spare parts and repairs for a specific component is assumed to be 
proportional to its initial capital cost. The percentage of capital cost can be adjusted 
according to the type of component [30]. 

Civil engineering and building (civil, tower, gas network) require the lowest maintenance and 
a percentage of 1% of the initial capital cost is assumed.  

Turbomachinery components are also highly reliable components and a percentage of 2% of 
the initial capital cost is assumed. 

The heliostat field is mainly composed of metal and mirror parts but the reliability is 
expected to be lower because the technology is at intermediate development stage. A 
percentage of 3% of the capital cost is assumed. 

Finally, receiver and tower piping are innovative components and work at high temperature. 
Hence, a percentage of 4% of capital cost is assumed. 
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5.5.3 LABOUR AND SERVICE CONTRACTS 

The salaries of the employees and managers of the plants must also be accounted for. The 
burdened labour rates and the plant labour requirements are presented in Table 5.3 [30]. 

Table 5.3: Burdened Labour Rates and Plant Labour Requirements 

 

The number of solar technicians and control room operators is assumed to depend on the 
surface of heliostats installed. Three solar technicians and two control room operators are 
required for 100’000 m2 of heliostats [30]: 

 𝑁𝑠𝑜𝑓𝑡𝑓𝑐ℎ =
3

100′000
∗ 𝐴𝐻 ∗ 𝑁𝐻 (5.38) 

 𝑁𝑐𝑜𝑚𝑡𝑎𝑜𝑝 =
2

100′000
∗ 𝐴𝐻 ∗ 𝑁𝐻 (5.39) 

In addition to the regular employees, external services are contracted for control system, 
ground keeping and mirror washing.  

The control system cost is fixed to 100’000 USD/year. The cost functions for ground 
keeping is [30]: 

 𝐶𝑝𝑎𝑜𝑓𝑚𝑏 = 100′000 ∗ �
𝐴𝐻 ∗ 𝑁𝐻
854000

�
0.5

 (5.40) 

The cost function for mirror washing is given by [33]: 

 𝐶𝑡𝑚𝑠ℎ𝑖𝑚𝑝 = 0.5 ∗ 𝐴𝐻 ∗ 𝑁𝐻 (5.41) 

 

  

Labour type Burdened Labour Rate 
[USD/yr] 

Nb of employees 
[#] 

Plant Manager 142’500 0.25 
Plant Engineer 138’000 1 
Operations Manager 126’000 1 
Maintenance supervisor 72’000 1 
Gas-turbine Technician 60’000 1 
Solar Field Technician 60’000 𝑁𝑠𝑜𝑓𝑡𝑓𝑐ℎ 
Control Room Operator 60’000 𝑁𝑐𝑜𝑚𝑡𝑎𝑜𝑝 
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6 MODEL OPTIMISATION 

The mathematical models describing the ABHSGT have been presented in the previous 
chapters. It is therefore possible to estimate the economic, environmental and 
thermodynamic performance of every possible plant configuration. However, an optimal 
configuration can only be determined by adopting an optimisation technique. In this chapter, 
the optimisation technique selected is first described (6.1), then the performance indicators 
characterising the system performance are presented (6.2). Finally, the optimisation setup is 
exposed (6.3). The results of the optimisation are presented in Chapter 7. 

6.1 BACKGROUND ON OPTIMISATION 

In order to select the optimisation technique the most adapted to the optimisation of the 
ABHSGT, a background on optimisation is given. First, the relation between energy systems 
and optimisation techniques is explained (6.1.1). Then, evolutionary algorithms and more 
specifically multi-objective evolutionary algorithms are presented (6.1.2 and 6.1.3). Finally the 
optimiser chosen and its implementation in the computational environment are described 
(6.1.4 and 6.1.5). 

6.1.1 ENERGY SYSTEMS AND OPTIMISATION 

An optimisation problem consists in finding the set of parameters (independent decision 
variables) that optimise a given quantity (objective function), under specified constraints [36]. 
It can be formally defined by: 

 
             𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒         𝑓(𝒙) 

             𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜        𝑔𝑖(𝒙) ≤ 0, 𝑖 = 1, … 𝑝 
(6.1) 

Given a search space  𝑆 ∈ ℝ𝑛 and an objective space  ℱ ∈ ℝ , the optimisation problem 
consists in finding the vector of decision variables 𝒙 = 𝑥1, … ,𝑥𝑚  minimizing the objective 
function 𝑓:𝑆 → ℱ subject to 𝑝 constraints. 

In the case of power plants, typical objective functions to minimise would be the levelised 
cost of electricity (LCOE), capital cost, CO2 emissions or water consumption. The decision 
variables depend on the type of system. For the ABHSGT, typical decision variables can be 
the number of cells in the heliostat field, the tower height, the receiver area or the bottoming 
compressor pressure ratio. 

Optimisation problems can be classified in different categories according to their complexity. 
Energy systems are highly non-linear, and are characterised by a mix of integer and real 
variables. For example, the number of cells of the heliostat field is an integer parameter, but 
the bottoming compressor pressure ratio is a real parameter. Consequently, the model 
becomes discontinuous and difficult to optimise with conventional optimisation techniques. 
Thus, optimisation problems related to energy systems belong to the most complex class of 
problem, so-called Mixed Integer Non-Linear Problems (MINLP), and require adapted 
optimisation algorithms.  

Moreover, from the viewpoint of optimisation algorithms, models of energy systems must be 
treated as “black boxes” which return a set of output in ℱ for a given set of input in 𝑆. The 
functions that transform input in output are not easily accessible by the optimiser. This is the 
case for the model of the ABHSGT as it is mostly programmed in the TRNSYS 
environment. 
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Furthermore, many optimisation problems related to energy systems have multiple 
conflicting objectives to fulfil simultaneously. In the case of the ABHSGT, minimising the 
CO2 emissions requires investments in highly efficient power components and larger 
heliostat field, leading to increased capital cost and LCOE, even though they should be 
minimised. Thus, there is no single optimal configuration, but a range of optimal plants that 
illustrate the trade-off between conflicting objectives. This kind of problem is referred to as 
multi-objective optimisation problems (MOP) [36]. 

The specific features found in energy systems make them difficult to solve with conventional 
optimisation algorithms (direct and indirect methods). Heuristic methods (opposed to 
mathematical methods) can meet these requirements. Particularly, evolutionary algorithms 
(EA) are robust optimisers that do not require any derivative calculation or explicit 
knowledge of the objective function unlike other algorithms, so that they can treat the 
system as a “black box”.  

Moreover, instead of providing a single solution to the problem, they give a population of 
potential solutions, which make them suitable for multi-objective optimisation. 

These benefits are counter-balanced by the fact that EAs are demanding in term of 
computing power. For this reason, conventional approaches should be preferred if the class 
of problem is adapted. Nevertheless, with constant increase in processor power and decrease 
in computer cost, the interest for EAs is growing. 

6.1.2 OPTIMISATION BY EVOLUTIONARY ALGORITHM 

An evolutionary algorithm (EA) is a subset of a generic class of heuristic algorithms called 
population-based algorithms (PBA). PBAs are made of the following steps [36]: 

1. An initial set of possible solutions is created; 
2. New solutions are generated and added to the current set; 
3. Some solutions are removed from the current set; 
4. Steps 2 and 3 are repeated until convergence. 

A set of solutions is also referred to as a population of individuals. PBAs represent a generic class 
of algorithms because the steps described are underspecified. There is no indication on how 
to generate the initial population, create, remove or characterise individuals and deal with the 
size of a population. 

However, two key aspects are already included in the definition of PBAs. Firstly, the concept 
of population is particularly adapted to the multi-objective nature of energy systems 
problems because each individual of the converged population can be seen as a unique 
design. Secondly, there is no need to specify explicitly the objective function, which is 
interesting in the perspective of solving MINLP problems. 

In EAs, the optimisation steps are more specified. Particularly, the population of individuals 
evolves by mean of two processes: operators generate new individuals; other individuals are 
removed from the population. The optimisation ends when convergence is reached. 

The operators used to generate new individuals can be divided into two categories that 
mimic the principles of natural reproduction. Crossover consists in creating a new individual 
(child) based on the mixed characteristics of two existing individuals (parents). Mutation 
consists in creating a new individual by changing a few characteristics of an existing 
individual.  
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Usually, new individuals are generated by crossover, whereas mutation occurs with a defined, 
often low, probability. The parent selection is a key aspect of EAs. In order to reflect natural 
selection and quickly push the population towards an optimum, the fittest individuals 
regarding the value of the objective function should be selected (“survival of the fittest”). 
However, this strategy could lead to a lack of diversity in the population, with a concentration 
of the population in a local, but non-global, optimum. In order to ensure that the individuals’ 
space is searched thoroughly, either the fitness function incorporates a dimension of 
diversity, or a stochastic selection of individuals is performed. Nevertheless, diversity and 
convergence are two conflicting objectives that diversity preservation techniques must try to 
balance. 

In order to remove an individual from the population, different strategies can be applied. In 
generational EAs, a children population with the same size as the current population is created. 
It defines a new generation which replaces entirely the current population. The convergence is 
guaranteed by selecting “good” parents among the current population. In elitist EAs, some of 
the fittest individuals of the current population are selected and added to the new generation, 
implying a faster convergence. In steady-states EAs, the generational structure is not retained. 
Individuals are added and removed from the population regardless the size of the 
population. Elitism must be applied to remove individuals for guaranteed convergence, 
meaning that the worst individuals should be removed, while keeping the best. 

As already mentioned, EAs are demanding in computation time. This time can be reduced 
by spreading the computations over different processors, using parallelism. EAs are 
particularly suited to parallelism because most of the time is spent in evaluating individuals. 
This operation can be easily spread over different processors working simultaneously, 
reducing the overall computation time. 

6.1.3 MULTI-OBJECTIVE EVOLUTIONARY ALGORITHM 

As mentioned in 6.1.1, the optimisation of energy systems is often a multi-objective 
optimisation problem (MOP). Several conflicting objectives have to be satisfied 
simultaneously. Nevertheless, the formulation proposed in Equation 6.1 does not allow the 
optimisation of multiple objectives. A MOP can be defined in a similar way by replacing the 
objective function defined in Equation 6.1 by a  ℝ𝑚 → ℝ𝑐 function [36]: 

 𝒇(𝒙) = �𝑓1(𝒙), 𝑓2(𝒙), … , 𝑓𝑐(𝒙)� (6.2) 

A basic approach to solve this kind of problem is the environomics approach. Its goal is to 
convert a MOP into a single–objective problem by assigning weight coefficients to the 
different objectives to create a unified objective [34]. These coefficients reflect the relative 
importance between the objectives. It is called environomics because, especially applied to 
power generation systems, it attempts to account for the cost of emissions of pollutants 
when evaluating the cost of a plant. The unified objective function is the total cost of the 
plant, including operation and maintenance costs, capital cost and taxes due to emissions of 
pollutants. 

However, this formulation of the initial problem counts three major drawbacks [36]. Firstly, 
the values of the weight coefficients are obtained empirically which lowers considerably the 
method accuracy. Secondly, it gives only one solution to the optimisation problem for each 
run, resulting in extensive computational time if the entire search space needs to be 
examined. Thirdly, this formulation does not give any clear indication of the trade-off 
between plant cost and emissions of pollutant. 
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Pareto-optimality 

The ideal result of a MOP would be an optimal “trade-off curve” between the different 
objectives in the objective space. This result was actually given by Pareto in 1896 [37]. 
According to Pareto’s definition, a point is optimal in the objective space if there is no other 
point better in all objectives. Moving from a Pareto-optimal point in the objective space will 
make at least one of the objectives worse. Mathematically, a Pareto-optimal vector in the 
objective space is defined by [36]: 

Given an objective space ℱ , the vector 𝒖 is Pareto-optimal in ℱ if  ∄𝒗 ∈ ℱ such that 𝑣𝑘 ≤ 𝑢𝑘 ∀  𝑘  and 
𝑣𝑘 < 𝑢𝑘  for at least one k. 

Similarly, for a vector in the search space, the Pareto-optimality is defined by [36]: 

Given a search space 𝑆, an objective space  ℱ and an objective function 𝒇(𝒙), the vector 𝒙 is Pareto-optimal in 
𝑆 if ∄𝒚 ∈ 𝑆 such that 𝑓𝑘(𝒚)   ≤ 𝑓𝑘(𝒙)  ∀  𝑘 and 𝑓𝑘(𝒚) < 𝑓𝑘(𝒙)  for at least one k. 

The set of all Pareto-optimal vectors in the objective space is called “Pareto-optimal front” 
(POF). It represents the optimal trade-off curve between the different objectives. 

Pareto-optimality also leads to the definition of domination [36]:  

A vector  𝒖𝟏 dominate a vector  𝒖𝟐 if and only if  𝑢1𝑘 ≤ 𝑢2𝑘  ∀  𝑘 and 𝑢1𝑘 < 𝑢2𝑘  for at least one k. 

Similarly, for a vector in the search space, the definition of domination is: 

Given two vectors of the search space  𝒙𝟏 and  𝒙𝟐 , and the value of their corresponding objective 
function 𝒖𝟏 and 𝒖𝟐,  𝒙𝟏 dominates 𝒙𝟐 if  𝒖𝟏 dominates 𝒖𝟐. It is written 𝒙𝟏 ≺ 𝒙𝟐 

On the contrary, the definition of a non-dominated vector is [36]: 

A vector  𝒙∗ is non-dominated in a population of I individuals if and only if 𝑥𝑖 ⊀ 𝑥∗  ∀  𝑖 ∈ 𝐼. 

Therefore, in a given population of individuals, the set of non-dominated vectors is an 
approximation of the POF. It is termed non-dominated set (NDS). 

The previous definitions are illustrated in Figure 6.1. The multi-objective function  𝒇 
transforms a vector from the search space  𝑆 ∈ ℝ2  to the objective space  ℱ ∈ ℝ2 . The 
vector 𝒖 and its equivalent in the search space, 𝒙, are Pareto-optimal as 𝒖 lies on the POF. 
The domination of 𝒙𝟏 over 𝒙𝟐 is explained by the fact that both objective values of 𝒖𝟏are 
lower than the objective values of 𝒖𝟐 . Among the current population of point, 𝒙∗  is not 
dominated and lies on the NDS, formed by the best individuals of the population found so 
far.  
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Figure 6.1: Pareto-Optimality: Search Space (left), Objective Space (right). 

 

Multi-objective evolutionary algorithm 

The concept of Pareto-optimality forms a criterion for the selection of the fittest individuals 
among a population. This is the basis of multi-objective evolutionary algorithms (MOEAs). 
In MOEAs, the selection of the fittest individuals among a population for elitism and 
parents’ selection can be done using the definition of Pareto-optimality and dominance. 
During the optimisation process, the NDS of the population converges towards the POF 
which represents the ideal solution of the optimisation problem. 

The best individuals within a population are situated on the NDS. Nonetheless, the NDS 
does not indicate anything about the dominance between two individuals which do not lie on 
it. As EAs may compare any pair of individuals, an appropriate ranking of individuals based 
on their fitness must be done. There are several methods to rank the individuals, all based on 
the principle of dominance. Basically, an element of the NDS will have a better rank than an 
element which is not on the NDS. In addition, an individual dominated by a lot of 
individuals will have a weaker rank than an individual dominated by only a few individuals. 
The influence of the ranking method chosen has a limited influence, as the population 
evolves quickly towards a non-dominated set. 

In MOEAs, the NDS found so far is usually stored, forming a population of elites. In order 
to limit the size of this population, thinning methods are used to discriminate between points 
of the same rank. For example, criteria for a good distribution of the NDS over the all 
search space are adopted. 
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6.1.4 QUEUEING MULTI-OBJECTIVE OPTIMISER 

The optimiser used for this project is a MOEA developed at LENI, called queueing multi-
objective optimiser (QMOO). Its goals are the following (see [36] pp.69): 

• “QMOO should be a multi-objective optimiser, to avoid the complications associated with 
environomics;” 

• “QMOO should attempt to find, as well as the global optimum, as many local optima as possible, 
in order to give the design engineer as much information about the problem as possible;” 

• “QMOO should have as few critical control parameters as possible…;” 
• “QMOO should converge rapidly (in terms of number of function evaluations required) to as many 

local optima as possible;” 
• “Given that the objective functions of many energy system models take a long time to evaluate, 

QMOO should lend itself easily to parallelism.” 

The main features of QMOO are [36]: 

• Steady-state: (definition in 6.1.2). 
• Elitism: QMOO is very elitist because of its steady-state nature. It has a single 

population which contains only the best individuals found so far. On the one hand, 
the convergence is faster. But on the other hand, it leads to difficulties in diversity 
preservation, which is assured by other methods such as tail preservation. Parental 
selection is also adopted. 

• Clustering: QMOO preserves diversity by creating clusters of population using 
statistical analysis. However, clustering the population increases computational time 
and is beneficial only if the NDS is disjoint. For this reason, clustering was not used 
in this project. 

• Multi-objective optimisation:  QMOO uses the Pareto-based MOO (see 6.1.2). It 
uses non-dominating ranking, in which the individuals lying on the NDS have a rank 
(good). The individuals are ranked only from time to time, in order to reduce the 
computational time. 

• Queueing: QMOO can be run in parallel on several computers if required. In this 
project, it was not necessary. 

• Evolutionary Operator Choice: QMOO chooses the mutation and combination 
operators itself among a pool of operators. If an operator created good children, it 
should continue to be used for these children. Otherwise, another operator should 
be tried.  
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6.1.5 IMPLEMENTATION OF QMOO 

The queueing multi-objective optimiser must be coupled with the models developed. This is 
done through the MATLAB platform OSMOSE, developed at LENI, which aims at linking 
the optimiser with the model. Several connections have to be created in order to link the 
different components together. A data flow diagram of the different program/files used is 
shown in Figure 6.2.  

 

Figure 6.2: Data Flow Diagram of the Optimisation  

The definition of the optimisation problem is defined in the “frontend” file, containing the 
optimisation specifications, the objective functions, the decision variables and the model 
constants. These data are sent to OSMOSE (1), which processes and sends them to QMOO 
(2i). QMOO chooses a value for the decision variables, according to the optimisation 
strategy described previously, and sends them (3i) to “osmose_interface” which links OSMOSE 
to the model. It prepares the input data and launches the model interface “Airbottoming” (4i). 
This function successively declares the input data, launches the steady state model 
“Thermo_Model” and the field efficiency model “Matrix_efficiency” (5i), collects the results (6i), 
creates an input file for TRNSYS and launches TRNSYS (7i). Then, the transient simulation 
is run, and TNRSYS returns a result file (8i). The model interface reads the result file and 
launches the performance calculation model “performance” (9i). The latter calculates the costs 
and the performance indicators and returns them to the model interface (10i). Finally the 
results are sent to “osmose_interface” (11i). The result file is update after each simulation run 
(12i bis). Finally, the decision variables and objective values associated are sent back to 
OSMOSE. The simulation is stopped after a predefined number of iterations. 
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6.2 PERFORMANCE INDICATORS 

In this section, the performance indicators are described. They are classified in three 
categories: thermodynamic indicators (6.2.1), economic indicators (6.2.2) and environmental 
indicators (6.2.3). 

6.2.1 THERMODYNAMIC INDICATORS 

Overall Efficiencies 

The overall energy efficiency of the plant 𝜀𝑜𝑣𝑓𝑎𝑚𝑓𝑓  defined in Equation 6.3 has already been 
mentioned in 4.2.2. It indicates the ratio of total useful energy output to total primary energy 
input. For the ABHSGT, it is more convenient to express it in power units. The total useful 
power output is the net electrical power output �̇�𝑡𝑜𝑡,𝑚𝑓𝑡

− . The total primary power input 
refers to natural gas heat flow �̇�𝑓𝑢𝑒𝑙

+ and beam solar radiation �̇�𝑠
+: 

 𝜀𝑜𝑣𝑓𝑎𝑚𝑓𝑓 =
∑ �̇�𝑜𝑓𝑡
∑ �̇�𝑖𝑚

=
�̇�𝑡𝑜𝑡,𝑚𝑓𝑡

−

�̇�𝑓𝑓𝑓𝑓
+ + �̇�𝑠

+ (6.3) 

The overall exergy efficiency of the plant  𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 defined in Equation 6.4 has also been 
mentioned in 4.2.2. It accounts for all the losses in every components of the plant, from 
heliostats to generators. It indicates the ratio of net electrical power output �̇�𝑡𝑜𝑡,𝑚𝑓𝑡

− to total 

primary exergy input ��̇�𝑞𝑓𝑢𝑒𝑙
+ + �̇�𝑞𝑠

+ �: 

 𝜂𝑜𝑣𝑓𝑎𝑚𝑓𝑓 =
�̇�𝑡𝑜𝑡,𝑚𝑓𝑡

−

�̇�𝑞𝑓𝑢𝑒𝑙
+ + �̇�𝑞𝑠+

 (6.4) 

Solar Share 

Another interesting technical indicator, which evaluates the degree of solar utilisation, is the 
solar share 𝑓𝑠𝑜𝑓 . It is expressed as the ratio of solar heat input to the total heat provided to 
the cycle. It is commonly defined by the annualised value: 

 𝑓�̅�𝑜𝑓 =
𝑄𝑠𝑜𝑓𝑚𝑎+

𝑄𝑐𝑜𝑐𝑐+ + 𝑄𝑠𝑜𝑓𝑚𝑎+
 (6.5) 

with the annual cycle heat input 𝑄𝑠𝑜𝑓𝑚𝑎+ from receiver and the annual fuel heat input 𝑄𝑐𝑜𝑐𝑐+, 
both expressed in energy units. 

Solar Multiple 

The solar multiple  𝑆𝑀  characterises the size of the heliostat field. It has already been 
discussed in 2.3.1. It defines the ratio of solar energy collected by the heliostat field at design 
point to solar energy required to generate the nominal turbine gross power [7]: 

 𝑆𝑀 =
�̇�𝑓𝑖𝑓𝑓𝑏𝑚𝑜𝑐

�̇�𝑠𝑜𝑓𝑚𝑎𝑚𝑜𝑐  (6.6) 

A solar multiple of 1 means that the field is designed to provide exactly the thermal flow rate 
required to run the power cycle at design point for design irradiation conditions (typically 
800 W/m2) [7]. The solar multiple should always be equal or greater than one. For the 
ABHSGT, a solar multiple bigger than 1 can be interesting because it increases the number 
of full-load hours, reducing the fuel consumption.   
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Capacity Factor 

The availability of the plant to generate electricity is measured by its capacity factor, which 
defines the ratio of actual energy output of the plant over a time period to the potential 
energy output if it had operated at full load the entire time [8]: 

 𝐶𝐹 =
∫ �̇�𝑚𝑓𝑡 .𝑑𝑡𝑡∗

�̇�𝑚𝑓𝑡𝑚𝑜𝑐 ∗ 𝑡∗
 (6.7) 

If the ABHSGT were run in fulltime operation, the capacity factor would be equivalent to 
close to one, as the net power output is kept stable by turbine control strategy. 

6.2.2 ECONOMIC INDICATORS 

Levelised Cost of Electricity 

The levelised cost of electricity (LCOE) is the most commonly used measure of generating 
costs. It is defined as the sale price of electricity produced that would equalise the present 
value of the sum of the discounted revenues and the present value of the sum of the 
discounted costs. It also means that if the electricity produced were sold at a price higher 
than the LCOE, the plant would be profitable, in the absence of technology or market risks. 
However, the electricity market is a competitive market and is subject to variable prices. 
Moreover, the production costs depend on the price of natural gas and are also subject to 
variations. Consequently, there is always a gap between LCOE and true financial costs. Two 
major assumptions are made in the definition of the LCOE: 

• The interest rate “𝑟” is assumed stable during the lifetime of the plant. 
• The price of electricity produced is constant over the whole lifetime of the plant. 

Each unit of electricity produced is sold at that price. 

The levelised cost of electricity can be calculated by Equation 6.8, where 𝐶0  is the total 
capital cost including contingencies, 𝐶𝑏𝑓𝑐 is the cost for decommissioning,  𝐶𝑓𝑓𝑓𝑓  is the annual 
fuel cost, 𝐶𝑂&𝑀  are the annual operation and maintenance costs and 𝐸𝑚𝑓𝑡  is the net annual 
electricity production.  

 𝐿𝐶𝑂𝐸 =
𝐶0 ∗ 𝛼 + 𝐶𝑑𝑒𝑐 ∗ 𝛽 + 𝐶𝑓𝑢𝑒𝑙 + 𝐶𝑂&𝑀

𝐸𝑛𝑒𝑡
 (6.8) 

The term 𝛼 is the capital recovery factor. It is used to transform the capital cost into constant 
annual payments over the lifetime of the plant 𝑛. It is defined by: 

 𝛼 =
𝑟 ∗ (1 + 𝑟)𝑚

(1 + 𝑟)𝑚 − 1
+ 𝑟𝑖𝑚𝑠 (6.9) 

The term 𝑟𝑖𝑚𝑠 is the annual insurance rate. It is artificially added to 𝛼 in order to account for 
the market risks mentioned previously. It reduces the “gap” between LCOE and true 
financial costs. It results in an artificial fixed cost proportional to the capital cost. 

The term 𝛽 is used to transform the fixed cost of decommissioning that is paid in the end of 
the project into constant annual payments over the lifetime of the plant. It is defined by: 

 𝛽 =
𝑟

(1 + 𝑟)𝑚+1 − (1 + 𝑟)
 (6.10) 
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Net Present Value 

The net present value (NPV) is commonly used to quantify the value of an investment and 
decide if it is worth undertaking. It is defined by the discounted sum of all the cash flows 
over the lifetime of the plant, including initial cash flows (fixed investment). It can be 
calculated by: 

 𝑁𝑃𝑉 = −𝐶0 ∗ �1 +
𝑟𝑖𝑛𝑠

𝛼 − 𝑟𝑖𝑛𝑠
� −

𝐶𝑑𝑒𝑐
(1 + 𝑟)𝑛+1 + �

𝑅− 𝐶𝑂&𝑀 − 𝐶𝑓𝑢𝑒𝑙
(1 + 𝑟)𝑛

𝑛

𝑡=1

 (6.11) 

with the annual revenue resulting from the sale of electricity 𝑅. 

The insurance term is added to the NPV formula in order to account for the insurance cost 
implied by additional annual insurance rate. 

The investment is worthwhile only if the NPV is greater than zero. If the NPV is equal to 
zero, it means that the investor precisely break even on the project. 

Internal Rate of Return 

The internal rate of return (IRR) is used to determine the profitability of an investment. It 
corresponds to the interest rate that makes the NPV equal to zero. The higher the IRR, the 
more profitable the project. Different criteria can determine if the profitability of the 
investment is acceptable: 

• The IRR is greater than the cost-of-capital (minimum return that equity investors 
should expect from the company). 

• The IRR is greater than IRRs of other competing projects within the society. 
• The IRR is greater than IRRs of other projects based on a similar technology. 

6.2.3 ENVIRONMENTAL INDICATORS 

Specific Carbone Dioxide Emissions 

Reducing worldwide CO2 emissions is one of the essences of designing sustainable electricity 
generation systems. The lower the CO2 emissions, the lower the reliance on fossil fuel and 
the impact on climate change. Specific CO2 emissions 𝑓𝐶𝑂2

 are a key indicator to measure the 
performance of plant. They quantify the amount of CO2 rejected in the atmosphere per unit 
of electricity produced and are proportional to the mass of fuel burned: 

 𝑓𝐶𝑂2 =
44
12

∗
 𝑐𝐶𝑓𝑓𝑓𝑓𝑀𝑓𝑓𝑓𝑓

𝐸𝑚𝑓𝑡−
  (6.12) 

with the carbon content of the fuel 𝑐𝐶𝑓𝑓𝑓𝑓 . 

Specific Water Consumption 

One of the major motivations leading to study the ABHSGT is to reduce considerably the 
water consumption of the next generation of CSP plants and allow their deployment in 
water-scarce areas. The specific water consumption quantifies the volume of water used per 
unit of electricity produced: 

 𝑓𝐻2𝑂 =
 𝑉𝐻2𝑜
𝐸𝑚𝑓𝑡−

  (6.13) 
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6.3 OPTIMISATION SETUP 

In this section, the definition of the optimisation problem is presented: objectives (6.3.1), 
decision variables (6.3.2) and scenario parameters (6.3.3) are successively detailed. 

6.3.1 OBJECTIVES 

The two conflicting objectives selected for the optimisation are the minimisation of the total 
capital cost of the plant (𝐶0) and the minimisation of the specific CO2 emissions (𝑓𝐶𝑂2 ). 
Minimising  𝐶0 tends to minimise the cost of the solar components by reducing their size. 
But minimising 𝑓𝐶𝑂2  is equivalent to minimising the fuel consumption by increasing the solar 
share and thus the size of solar components, while making the system as efficient as possible. 

6.3.2 DECISION VARIABLES 

The decision variables are the data that will be varied during the optimisation problem. The 
parameters of the top gas-turbine are taken from the ones already presented in Table 3.2. 

However, the bottoming gas-turbine optimal characteristics have to be optimised, especially 
the compressors pressure ratio. The minimum approach temperatures of the intercooler 
(IC), recuperator (RC) and waste heat recovery unit (HR) have to be optimised, in order to 
find the optimal energy-capital trade-off. Finally, the sizing of the solar components (tower, 
receiver, and heliostat field) has to be optimised. The decision variables and their specific 
validation ranges are presented in Table 6.1. The theoretical maximum bottoming 
compressor pressure ratio is limited to 3:1 because of the integration of intercooler and 
recuperator. 

Table 6.1: Decision Variables for the Optimisation Problem 

 

 

 

 

 

 

6.3.3 SCENARIO PARAMETERS 

Location 

The reference location chosen for the simulation is Seville. The description of the 
meteorological data is available in 4.2.1.  

Plant configuration 

The configuration of the ABHSGT has been described in detail in the previous chapters. In 
order to determine whether integrating a bottoming cycle is worthwhile or not, the 
ABHSGT is compared with a reference case without bottoming cycle. For this purpose, a 
second model of a similar plant without bottoming cycle has been built for comparison. The 
second configuration is referred to as HSGT (for Hybrid Solar Gas-Turbine) in the rest of 
the report. 

Decision Variables Range Units 
Number of cells in the heliostat field [1, 550] [#] 
Tower height   [10 300] [m] 
Receiver area [20 200] [m] 
Tower flow speed [4 32] [m2/s] 
Bottoming compressor pressure ratio [1.1 3] [-] 
IC Minimum approach temperature [4 40] [°C] 
Rec. Minimum approach temperature [4 40] [°C] 
HR  Minimum approach temperature [4 40] [°C] 
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The optimisation of the HSGT is done using the same objective functions as ABHSGT. The 
problem requires only the first four decisions variables presented in Table 6.1. Other 
simulation parameters are chosen identical to those of the ABHSGT simulation for 
comparison. 

Operating mode 

Because of its hybrid nature, the ABHSGT is very flexible in term of operating mode. 
Running the plant during a limited period of time (during day-time) increases the solar share 
and reduces the specific CO2 emissions, compared to fulltime operation. Simultaneously, the 
LCOE will increase. But during the night, the electricity demand is low, as shown in Figure 
6.3 (typical day). Therefore, running the plant when the demand is the highest allows a better 
match between production and demand curves. Moreover, in the absence of feed-in tariffs, 
the price of electricity sold is higher when the demand is high, so the NPV of the project 
might even be better in partial operation than in fulltime operation. 

 

Figure 6.3: Electricity Demand in Spain on March 6th, 2012 

Source: RED Electrica di Espagna 

For the reasons exposed, simulations are run in “day-mode” operation; the gas-turbines are 
turned off from 22:00 to 7:00 and the plant produces electricity only between 7:00 and 22:00.  

Economic Data 

The economic parameters used for the optimisation and shown in Table 6.2 are based on 
IEA figures [38]. They largely influence the financing conditions, but their values are difficult 
to predict and they can vary substantially. Consequently, different scenarios will be analysed 
in the sensitivity analysis. 

Table 6.2: Economic Parameters Used for the Simulation [38] 

1Average price for industry in Spain, 2010: AEAS “Tarifas y Precios del Agua en España” 

The selling price of electricity is based on Spanish tariffs for the year 2008 * . Hourly 
variations of the price are considered, in order to reflect the variations throughout the day. 

                                                      
* found on: www.omie.es [accessed 03.08.12] 

Economic parameter Value Units 
Interest rate 7 [%] 
Annual insurance rate 1   [%] 
Plant lifetime 25 [years] 
Natural gas price 35.14 [USD/MWh] 
Water price1 2.2 [USD/m3] 

http://www.omie.es/
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7 THERMOECONOMIC AND ENVIRONMENTAL ANALYSIS 
This chapter presents the analysis of the results obtained from the optimisation. By 
definition, the multi-objective optimisation done results in optimised configurations, but the 
performance indicators are still conflicting. This chapter attempts to unify thermodynamic, 
economic and environmental aspects, by closely looking at their interconnections. In the first 
section the optimisation results are exposed and an optimised configuration is chosen among 
the different configurations lying on the Pareto optimal front by defining a new performance 
indicator unifying the three aspects of the problem (7.1). Then, a detailed performance 
analysis of this optimal configuration is performed (7.2). Finally, a sensitivity analysis 
highlights the consequence of changes in keys parameters (7.3). 

7.1 OPTIMISATION RESULTS 

This section aims at presenting the results of the optimisation. First, the convergence of the 
algorithm is presented (7.1.1). Then, the Pareto optimal front and other trade-off curves are 
shown and commented (7.1.2). Finally, an optimal design is selected (7.1.3). 

7.1.1 CONVERGENCE 

In order to assure the convergence of the algorithm and the diversity of the designs, the 
simulation was run for 3000 iterations in the case of ABHSGT and for 2000 iterations in the 
case of HSGT. Fewer iterations are necessary for HSGT as the problem counts fewer 
decision variables. The choice of the initial population size is also important because it 
influences diversity and convergence speed. Initial population sizes of 32 individuals for 
ABHSGT and 16 for HSGT were selected, according to the empirical rule: 

 𝑁𝑖𝑚𝑖.𝑝𝑜𝑝 = 2 ∗ 𝑁𝑜𝑐𝑗𝑓𝑐𝑡𝑖𝑣𝑓𝑠 ∗ 𝑁𝑏𝑓𝑐𝑖𝑠𝑖𝑜𝑚 𝑣𝑚𝑎𝑖𝑚𝑐𝑓𝑓𝑠   (7.1) 

The algorithm’s convergence is shown in Figure 7.1 for both configurations, together with 
the iteration number corresponding to each individual. The first individual was created at 
iteration number 1. For increasing iteration numbers, individuals are evolving towards an 
optimal curve, representing the optimal trade-off between both objectives (𝐶0  and  𝑓𝐶𝑂2 ). 
This optimal curve is by definition the Pareto optimal front (POF) defined previously. Even 
though there is no defined convergence criterion for QMOO, the concentration on the POF 
of the last individuals created provides a reasonable confidence regarding the optimality of 
the designs generated. Each individual lying on the POF defines a single optimal design, 
meaning that it is not possible to obtain a lower capital cost for a given 𝑓𝐶𝑂2 . 

 

Figure 7.1: Algorithm Convergence for ABSGHT (left) and HSGT (right) 

 



90                     Air-Based Bottoming Cycles for Water-Free Hybrid Solar Gas-Turbine Power Plants  

 
 

As shown in Figure 7.2, the shape of the POF evolves between 1000 and 2000 iterations, 
meaning that more optimal designs are found after 2000 iterations in the whole range of the 
POF. Even though the shape of the POF does not change significantly between 2000 and 
3000 iterations, the tails of the POF are more populated after 3000 iterations. The density of 
population in the tails is important for the diversity of designs available. In this perspective, 
the performance of QMOO can be criticised as, even after 3000 iterations, a lack of density 
in the tails remains. Nevertheless, the pursuit of the simulation is not justified, as the POF is 
very smooth and the most interesting designs are situated around the elbow of the curve. 

 

Figure 7.2: Evolution of the POF of ABHSGT with Iteration Number 

7.1.2 PARETO-OPTIMAL FRONTS 

Now that the convergence of the optimisation has been justified, it is possible to analyse 
different trade-off curves. Except the trade-off curve between total capital cost and CO2 
emissions, which are the two objective functions of the problem, the curves shown in the 
current section are not strictly speaking POFs as they do not show trade-offs between 
objective functions, but between optimisation results. For this reason, the term POF is only 
used to qualify the trade-off curve between total capital cost and CO2 emissions. 

Pareto Optimal Front 

The first result presented is the Pareto optimal front of the optimisation, which is the trade-
off curve between both objectives (total capital cost  𝐶0 and specific CO2 emissions 𝑓𝐶𝑂2). A 
comparison between ABHSGT and HSGT is proposed in Figure 7.3.  

 

Figure 7.3: POF Between the Two Objective Functions 
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In both configurations, the capital cost increases linearly for lowered CO2 emissions because 
the solar equipment cost increases. Beyond a certain limit,   𝐶0 rises exponentially for reduced 
specific CO2 emissions. This implies a theoretical lower limit for  𝑓𝐶𝑂2  (around 314 
[kgCO2/MWhe] for ABHSGT and 400 [kgCO2/MWhe] for HSGT). The reasons for this 
theoretical limit are the same as the ones explaining the upper theoretical limit for the solar 
share. They are exposed in the next subsection. 

In general, it can be seen that for a given capital cost, ABHSGT shows lower specific CO2 
emissions than HSGT. Above 150 [milUSD], the difference is almost constant and equal to 
75 [kgCO2/MWhe]. This is due to the incremental power production of the bottoming cycle 
for a given amount of fuel consumed.  

It must be mentioned that lower capital costs are achievable with HSGT, for high specific 
CO2 emissions. This is because in this configuration, the solar equipment cost is almost zero, 
and a higher capital cost is required for the installation of the bottoming cycle. 

Economic Performance 

The economic performance of the ABHSGT is examined by looking at economic indicators 
defined in 6.2, namely capital cost (𝐶0) and levelised cost of electricity (LCOE). The capital 
cost is normalised by the mean annual power output. The economic performance of the 
HSGT is also computed. Specific capital cost (𝑐0) and levelised cost of electricity are plotted 
as functions of the annual solar share in Figure 7.4. 

 

Figure 7.4: Specific Capital Cost and LCOE Against Annual Solar Share 

In both configurations, the specific capital cost increases linearly with increasing solar shares 
because the solar equipment cost increases. Beyond a certain limit, 𝑐0 rises exponentially for 
increasing solar shares. This implies an upper theoretical limit for 𝑓�̅�𝑜𝑓 (around 27% for both 
systems). It means that even with an infinitely large heliostat field, the solar share would not 
change. It can be seen in Figure 7.5 that even for extremely high values of heliostat field 
aperture (80 hectares correspond to a solar multiple of 8), the solar share is limited. 
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Figure 7.5: Heliostat Field Aperture of ABHSGT Optimal Designs 

The solar share is bounded by an upper theoretical limit for two major reasons: 

• Between 7:00 and 22:00, the sun is not always providing heat to the cycle, because 
the plant generates electricity by night several hours a day. Overclouding also limits 
the achievable solar share. 

• The turbine inlet temperature is never reached by the air leaving the receiver, so 
that the nominal solar share is below 50% (see 4.2.2). 

The variation in LCOE (right on Figure 7.4) is remarkable. It appears that the LCOE 
decreases slightly in both configurations for moderate solar shares (until 18%). This suggests 
that the savings in fuel cost exceed the increase in capital cost and operation and 
maintenance costs. This result is of great importance because it implies that the electricity 
sold from ABHSGT reaches a minimum (108.1 [USD/MWhe] for 17.6% of solar share). 
However, it does not mean that the LCOE is lower than for a simple gas-fired configuration. 
The LCOE shown on the graph for 0% solar share is different from an equivalent non-solar 
system. Indeed, a residual solar equipment cost remains and the nominal characteristics sent 
to the transient model have a slight influence on the performance for designs far from what 
should be expected. In fact, for a reference plant without solar, the LCOE is 103 
[USD/MWhe] for ABHSGT (-9% compared to the graph value) and 117.1 [USD/MWhe] 
for HSGT (-3%). 

In general, the specific capital cost is lower for HSGT than for ABHSGT for low solar 
shares because of the additional equipment cost required for the bottoming gas-turbine. 
However, the slope of HSGT’s specific capital cost is steeper, so that both curves tend to 
overlap for increasing solar share. This is due to the normalisation of 𝐶0  by the nominal 
power output, higher for ABHSGT than for HSGT. 

Looking at the levelised cost of electricity, the superiority of ABHSGT over HSGT appears 
clearly. For any given solar share, the electricity is always cheaper to produce with ABHSGT 
than with HSGT, with a difference comprised between 9 and 12 [USD/MWhe]. 
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Another interesting economic performance indicator is the net present value (NPV) of the 
optimal designs obtained. It is shown in Figure 7.6 as a function of the annual solar share.  

 

Figure 7.6: NPV Against Annual Solar Share 

In both configurations, the NPV is always lower than zero, meaning that the investment is 
never worthwhile. However, the value of the NPV increases slightly with the solar share and 
reaches a maximum around 18% for both configurations (-54 [MilUSD] for HSGT and -32 
[MilUSD] for ABHSGT). For higher solar shares, the NPV drops dramatically. 

Overall, the NPV is always higher in ABHSGT configuration and the difference is almost 
constant and equal to almost 20 [MilUSD]. This gives another quantitative measure of the 
improvement brought by the additional bottoming cycle. 

As the net present value is lower than zero, it means that the price of electricity sold is not 
high enough to balance the negative cash flows of the plant. Therefore, the ABHSGT 
requires feed-in tariffs in order to be profitable. Different scenarios will be studied in the 
next sections in order to account for government subsidies.   

It is remarkable that the most optimal configuration regarding the NPV has a solar share 
relatively high (17%), which means that the investment in solar hybridisation is worthwhile. 
Depending on subsidies policies, the project can even be profitable (see 7.3.6). 

Environmental performance 

The environmental performance of the ABHSGT is appraised using two environmental 
indicators defined in the previous chapter, namely specific CO2 emissions (𝑓𝐶𝑂2) and specific 
water consumption (𝑓𝐻2𝑂). The relationship between levelised cost of electricity and specific 
CO2 emissions for the optimal configurations obtained is shown in Figure 7.7. 

In both configurations, specific CO2 emissions first decrease for decreasing LCOE until a 
certain limit and then decrease for increasing LCOE. Beyond this limit (110 [USD/MWhe] 
for ABHSGT and 118 [USD/MWhe] for HSGT), increasing the LCOE does not reduce 
significantly the CO2 emissions. This means that it is not worth paying more for reducing 
emissions beyond this limit. This graph reveals the tendency observed previously: the design 
generating electricity at the cheapest price demonstrates also low specific CO2 emissions. 
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Figure 7.7: Specific CO2 Emissions Against LCOE 

Overall, the specific CO2 emissions are considerably lower for ABHSGT than for HSGT 
(around 75 [kg/MWhe]) for a given LCOE. Once again, this quantifies the interest of the 
additional bottoming cycle. As a typical gas-fired power plant would emit 530 
[kgCO2/MWhe] for an electricity cost of 103 [USD/MWhe], ABHSGT could emit 350 
[kgCO2/MWhe] for an electricity cost of 107 [USD/MWhe] (reduction of 33% of 𝑓𝐶𝑂2). 

Specific CO2 emissions and specific water consumption of optimal designs are varying with 
the solar share, as shown in Figure 7.8. 

 

Figure 7.8: Specific CO2 Emissions and Water Consumption Against Annual Solar Share 

 

In both configurations, specific CO2 emissions are decreasing linearly for increasing solar 
shares (left). Overall, specific CO2 emissions are lower for ABHSGT than for HSGT 
(around 75 [kgCO2/MWhe] lower) at constant solar share, because ABHSGT cycle power 
output is increased by the bottoming cycle, without emitting more carbon dioxide. HSGT 
needs 15% more solar share than ABHSGT to achieve similar levels of specific CO2 
emissions. 

In both cases, the specific water consumption is increasing for larger solar shares (right). 
This growth gets exponential beyond a certain limit because the fraction of water 
consumption proportional to the heliostat field aperture is increasing exponentially at high 
solar shares (cf. Figure 7.5). Quantitatively speaking, the specific water consumption is 
slightly lower for the ABHSGT compared to HSGT, because the water consumption is 
normalised by the electricity produced, which is higher for ABHSGT than HSGT at fixed 
solar share.  
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Thermodynamic performance 

It is also interesting to look at thermodynamic efficiencies of the optimal designs determined 
by the optimisation. They help comparing the thermodynamic performance from one 
configuration to another. Annual overall energy and exergy efficiencies are plotted as 
functions of the annual solar share, as shown in Figure 7.9. 

 

Figure 7.9: Overall Annual Energy and Exergy efficiencies Against Annual Solar Share 

In both configurations, annual overall energy and exergy efficiencies are decreasing for 
systems with increasing solar shares. The diminution is linear for moderate solar shares, but 
it gets steeper after a certain limit (approximately 20% solar share in both configurations).  

The overall exergy efficiency is always lower than the overall energy efficiency in both 
systems. At 0% solar share, this difference is about 1.5% (points), but it decreases for 
increasing solar shares and it is almost zero beyond 20% solar share. The difference is due to 
the fact that the plant runs mostly on natural gas for low solar share, and natural gas has a 
higher exergy content (specific exergy value) than energy content (lower heating value). 
Therefore, for the same amount of electricity generated the exergy efficiency is lower than 
the energy efficiency. Nevertheless, this fact is counterbalanced for increasing solar shares 
because the exergy content of solar radiation is lower than its energy content. Therefore, the 
exergy efficiency of a solar only plant is higher than its energy efficiency. It must be 
mentioned that in both configurations, the solar share at which the exergy efficiency gets 
higher than the energy efficiency is never reached. 

Overall, both annual energy and exergy efficiencies are higher for ABHSGT than for HSGT. 
The difference is chiefly constant and equal to 7% (points). This shows the incremental 
efficiency added by the bottoming cycle to the system. This increase is significant, and the 
benefits in term of economic and environmental performance have been shown in the 
previous graphs. 
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7.1.3 OPTIMAL DESIGN SELECTION 

By nature, the results obtained from the simulation and presented in the previous subsection 
reveal a variety of optimal designs. Different indicators have been observed, each of them 
defining a different criterion for choosing an optimal design for the ABHSGT. One could 
argue that the optimal configuration is the one minimising the LCOE, maximising the NPV, 
minimising the CO2 Emissions or maximising the overall efficiency. In order to select a 
single optimal design, a new indicator is introduced, namely the cost penalty for CO2 
emissions avoidance [30]. It is defined by the ratio between increase in LCOE and decrease 
in specific CO2 emissions, compared to a reference plant without solar. It is measured in 
[USD/tonne CO2]: 

  𝑐𝐶𝑂2 =
𝐿𝐶𝑂𝐸 − 𝐿𝐶𝑂𝐸𝑎𝑓𝑓

 𝑓𝐶𝑂2
𝑎𝑓𝑓 −  𝑓𝐶𝑂2

  (7.2) 

With 𝐿𝐶𝑂𝐸𝑟𝑒𝑓 and 𝑓𝐶𝑂2
𝑎𝑓𝑓 referring to the reference plant. 

The interest of this indicator lies in the fact that it takes into account environmental and 
economic aspects, without introducing an arbitrary factor, while keeping a physical 
significance. The cost penalty for CO2 emissions avoidance is plotted against the annual solar 
share for both HSGT and ABHSGT (Figure 7.10).  

 

Figure 7.10: Cost of CO2 avoidance Against Annual Solar Share 

A minimum for  𝑐𝐶𝑂2  appears for both configurations. For ABHSGT, this minimum is 
reached at 20.0% solar share (86.5 [USD/tonCO2]), while for HSGT, it is reached at 17.9% 
solar share (31.2 [USD/tonCO2]).  

The minimum for each curve defines the optimal design which will be studied in the next 
section. 

The cost penalty for CO2 emissions avoidance is much lower for HSGT than for ABHSGT. 
This is due to the fact that the LCOE of the HSGT without solar is close to the one at 
17.9% solar share, whereas the one for ABHSGT remains significantly lower at 0% solar 
share than at 20% solar share. 
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7.2 DETAILED PERFORMANCE ANALYSIS 

This section contains a detailed analysis of the performance of the optimal configurations 
found in the previous section, including design analysis (7.2.1 and 7.2.2), energy and exergy 
losses analysis (7.2.3 and 7.2.4), capital cost and levelised cost of electricity breakdowns 
(7.2.5, 7.2.6), financial analysis (7.2.7) and environmental analysis (7.2.8) 

7.2.1 OPTIMAL DESIGN CHARACTERISTICS 

The characteristics of the optimal designs selected for ABHSGT and HSGT are shown in 
Table 7.1. 

Table 7.1: Optimal Design Characteristics for ABHSGT and HSGT 

 

 

 

 

 

 

 

 

 
 

Between both configurations, the different design characteristics obtained are mainly similar. 
The design parameters were chosen identical to facilitate the comparison between both 
systems. The decision variables vary slightly from ABHSGT to HSGT. The receiver and the 
heliostat field aperture are respectively 9% and 22% bigger for ABHSGT compared to 
HSGT. This is explained by the fact that the optimal design chosen for ABHSGT has a 
higher solar share compared to the one of HSGT. The underlying reason is that it is worth 
paying more for higher solar share for a plant with higher power output and better 
efficiency. The central tower is 4% higher for ABHSGT than for HSGT, due to the higher 
field aperture. The solar multiple is also 19% higher for the ABHSGT than for HSGT. 

Concerning the decision variables specific to ABHSGT, the optimal bottoming compressor 
pressure ratio is 2.7:1, which is close to the value guessed for the non-optimal model (2.5:1). 
This value is similar for all the designs lying on the POF. 

The heat exchangers’ minimum approach temperatures are also shown. While the intercooler 
has a minimum approach temperature of 6.3°C, recuperator and waste heat recovery unit 
have minimum approach temperatures of 23.6°C and 19.8°C respectively. The difference 
between the two types of values is due to the different cost functions used for both types of 
heat exchanger. Indeed, the cost of an intercooler is lower than the cost of a gas-gas heat 
exchanger for a given heat exchange area. Moreover, the intercooler is used at low 
temperature and pressure compared to the two others, allowing higher heat exchange area 
and lower minimum approach temperature for an equivalent cost.  

Design Characteristics ABHSGT HSGT Unit 
Exhaust Mass Flow Top. 134.2 134.2 [kg/s] 
Compressor pressure ratio (top) 21.1:1 21.1:1 [-] 
Compressor pressure ratio (bot.) 2.7:1 -   [-] 
Firing Temperature 1425 1425 [°C] 
Nominal Receiver Outlet Temperature 950 950 [°C] 
Receiver Aperture 88.1 80.9 [m2] 
Heliostat Field Aperture 150’664 123’136 [m2] 
Solar Multiple 1.43 1.20 [-] 
Tower Height 125.9 120.8 [m] 
Tower Flow Speed 13.4 11.6 [m/s] 
HR  Minimum Approach Temperature 19.8 - [°C] 
IC  Minimum Approach Temperature 6.3 - [°C] 
RC  Minimum Approach Temperature 23.6 - [°C] 
Operating hours 5475 5475 [hr] 
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7.2.2 OPTIMAL DESIGN OVERALL PERFORMANCE 

The overall performance of the optimal designs selected for ABHSGT and HSGT are 
shown in Table 7.2. 

Table 7.2: Optimal Design Overall Performance for ABHSGT and HSGT 

 

The increment in power output due to the bottoming cycle is approximately 10 [MWe], 
which is slightly higher than the value obtained in steady-state results. As explained in 7.1.2, 
the annual overall energy efficiency is higher than the annual overall exergy efficiency, in 
both configurations. The result is the same for cycle efficiencies, for similar reasons. 

The levelised cost of electricity is lower in the ABHSGT configuration, even though the 
capital cost is much higher as explained in 7.1.2. It has a value of 109 [USD/MWhe], which 
is close to the lowest value among all the optimal designs obtained after optimisation. Both 
net present values are lower than zero but they are also close to the maximal values among 
all the optimal designs obtained by optimisation. The specific CO2 emissions are more than 
20% lower in the ABHSGT optimal configuration. This is of major importance in the 
context of global warming. Moreover, with the Emission Trading System (EU ETS) 
organised in the European Union, emitting CO2 has a non-neglecting cost. Therefore, 
reducing specific CO2 emissions is also an economic concern. The cost of CO2 emissions 
will be discussed in the sensitivity analysis (7.3). 

The net water consumption is higher for the ABHSGT, due to larger heliostat field and 
additional compressors. Nevertheless, normalised by the annual electricity output, specific 
water consumptions are similar in both configurations. 

The land use requirement indicates the surface of land required per GWh of life-cycle 
electricity produced. The values are similar for both configurations, as the larger land 
required for the ABHSGT is compensated by its greater electricity output. 

Performance Characteristics ABHSGT HSGT Unit 
Nominal Power Output 57.9 47.8 [MWe] 
Annual Electricity Output 306.1 248.5 [GWhe/yr] 
Capacity Factor 60.3 59.4 [%] 
Bottoming Cycle Electrical Share 20.4 - [%] 
Annual Overall Energy Efficiency 38.8 32.5 [%] 
Annual Cycle Energy Efficiency 45.7 37.1 [%] 
Annual Overall Exergy Efficiency 38.5 32.1 [%] 
Annual Cycle Exergy Efficiency 44.6 36.1 [%] 
Levelised Cost of Electricity 109.0 118.1 [USD/MWhe] 
Net Present Value -36.1 -55.7 [milUSD] 
Total Capital Cost 119.8 80.4 [milUSD] 
Specific CO2 Emissions 349.9 442.8 [kgCO2/MWhe] 
Cost penalty for CO2 Avoidance 86.5 31.2 [USD/tonCO2] 
Specific Water Consumption 25.2 25.1 [ltrH2O/MWhe] 
Land Use Requirement 81.7 77.4 [m2/ GWhe] 
Annual Solar Share 20.0 17.9 [%] 
Nominal Solar Share 42.9 43.0 [%] 
Full-Load Hours 1497 1254 [hr] 
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As mentioned several times, the annual solar share minimising the cost penalty for CO2 
avoidance is higher for the ABHSGT than for HSGT. However, the nominal solar share is 
equivalent in both systems. 

The number of full-load hours corresponds to the number of hours during which the 
receiver outlet temperature is 950°C. It is higher in the case of ABHSGT because of the 
larger heliostat field and receiver aperture. 

7.2.3 ENERGY ANALYSIS 

In order to better qualify the energetic performance of the ABHSGT, a breakdown of the 
energy losses within the plant can be performed.  

Due to the transient natural of the plant’s operation, the energy balance is performed at 
nominal conditions (DNI of 800 W/m2). Studying the annual average energy losses would 
not have a physical significance, as there are very different operating modes due to the 
hybrid nature of the ABHSGT.  

The models for ABHSGT and HSGT are similar, the only difference being the bottoming 
cycle. Therefore, the losses at nominal conditions are similar in both configurations, except 
the losses induced by the bottoming cycle. Consequently, it is not relevant to present an 
energy balance for the HSGT. The comparison of the annual overall efficiency is self-
sufficient. 

The global energy balance at nominal conditions is presented in Table 7.3.  

Table 7.3: ABHSGT Nominal Energy Balance 

 

 

 

 

 

 

 

 

 

 

 
 

It shows that the plant has a nominal overall energy efficiency (28.8%) significantly lower 
than the annual overall energy efficiency (38.8%), due to the large amount of energy lost in 
the solar components. The heliostat field efficiency (73.4%) could be improved slightly by 
increasing the reflectivity and cleanliness of the heliostats, but the theoretical maximum 
efficiency is limited (see 2.3.2). The losses due to defocusing are high, due to the solar 
multiple of 1.43, but they are a direct consequence of the design chosen.  

 [MW] [%] [%] 
Sun Power Input  128.1 100  
Field Losses 34.1 26.6  
Defocused Power 28.3 22.1  
Receiver Input 65.6 51.3 100 
Optical Losses 6.6 5.1 10.0 
Radiation Losses 4.1 3.3 6.2 
Receiver Output 54.9 42.9 83.8 
Combustor Input 73.2 - - 
Cycle Input 128.1 63.7 100 
Combustion Losses 0.4 0.2 0.3 
Top Cycle Waste 31.0 15.4 24.2 
Purge Losses  1.9 0.9 1.5 
Intercooler Waste 13.4 6.7 10.5 
Intercooler Fan 0.5 0.2 0.4 
Bottoming Cycle Waste 18.8 9.3 14.7 
Generator Losses 4.2 2.1 3.3 
Electrical Output 57.9 28.8 45.2 
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The receiver overall efficiency (83.8%) is slightly overestimated, as expected in 5.2.2, 
compared to the experimental values measure for the SOLGATE receiver (70% ± 10%, see 
2.3.3). Nevertheless, it might be improved slightly by increasing the transmittance of the 
quartz glass window or reducing the radiation losses. 

The cycle nominal efficiency (45.2%) is slightly lower than the annual cycle efficiency 
(45.7%) because the exhaust gases in the top turbine have a higher specific heat without solar 
preheating (higher fuel flow rate, higher specific heat at constant pressure).  

A Sankey diagram representing the energy losses in the system at nominal conditions is 
shown in Figure 7.11. It can be seen that the cycle losses are mostly due to waste heat 
released in the atmosphere at medium temperature (111°C, 150°C and 242°C for IC, RC and 
HR respectively). A possible way to increase the cycle energy efficiency is to convert this 
waste heat into electricity, by integrating thermodynamic cycles for low temperature heat 
conversion to electricity, such as Organic Rankine Cycles (ORC). Such cycles have energy 
efficiencies typically lower than 10% [40]. However, they would require large amounts of 
refrigerants, going against the idea of designing an air-based solar power plant for water-
scarce areas. 

 

Figure 7.11:  ABHSGT Nominal Energy Balance and Losses 
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7.2.4 EXERGY ANALYSIS 

Although the energy balance is useful to quantify the energy flows within the system, it is not 
particularly adequate to reveal the real nature of losses within the system. Instead, an exergy 
analysis is performed, and the results are presented in Table 7.4 . 

For the same reasons exposed in the energy analysis, the exergy balance is performed at 
nominal conditions (DNI of 800 W/m2). Moreover, the exergy balance of the HSGT is not 
presented as it would be redundant. 

Table 7.4: ABHSGT Nominal Exergy Balance 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

As with the energy balance, the field losses due to defocusing are high. In addition to optical 
and radiation losses, absorption losses are a new and significant source of losses in the 
receiver, revealed by the exergy analysis. They are mainly due to the low absorption 
temperature of ceramic foam and air, compared to the temperature of the solar radiation, 
leading to a heat exchange with a large temperature drop (see 3.1.3). These losses can only be 
reduced by increasing the receiver maximum temperature, limited by physical limits. In the 
same time, this would increase radiation losses. 

 [MW] [%] [%]  
Sun Exergy Input  117.8 100   
Field Losses 31.4 26.6   
Defocused Power 26.0 22.1   
Receiver Input 60.4 51.3 100  
Optical Losses 6.0 5.1 10.0  
Radiation Losses 2.9 2.5 4.8  
Absorption Losses 12.5 10.6 20.7  
Receiver Output 38.9 33.0 64.5  
Combustor Input 75.9 - -  
Top Cycle Exergy Input 114.8 59.3 100  
Top Compressor Losses 3.0 1.6 2.6  
Tower Losses 0.8 0.4 0.8  
Combustion Losses 18.7 9.6 16.3  
Turbine Blades Cooling 2.3 1.2 2.0  
Top Turbine Losses 4.7 2.4 4.1  
Purge Waste Heat 1.8 1.0 1.6  
Heat Recovery Unit Losses 1.4 0.7 1.1  
Top Cycle Waste Heat  7.6 3.9 6.7  
Top Generator Losses 3.2 1.6 2.8  
Top Net Electricity 47.0 24.3 40.9 [%] 
Bot. Cycle Exergy Input 24.1 12.4 21.0 100 
Bot. Compressor Losses 2.0 1.0 1.7 8.3 
Intercooler Losses 1.0 0.5 0.9 4.1 
Intercooler Fan 0.5 0.3 0.4 2.1 
Intercooler Waste Heat 1.6 0.8 1.4 6.6 
Recuperator Losses 1.2 0.6 1.0 5.0 
Bot. Turbine Losses 2.7 1.4 2.3 11.2 
Bot. Cycle Waste Heat 3.1 1.6 2.7 12.9 
Bot. Generator Losses 1.1 0.6 1.0 4.6 
Bot. Net Electricity 10.9 5.6 9.6 45.2 
Total Net Electricity 57.9 29.9 50.5 - 
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The exergy analysis reveals more sources of losses than the previous energy analysis. The 
exergy lost during the combustion is a new and major source of exergy losses, as shown in 
Figure 7.12. It is mainly due to spontaneous chemical reactions far from the thermodynamic 
equilibrium, but dissipation, heat transfer and mixing of reactants are other sources of 
irreversibility. As complete reaction and no heat transfer with the atmosphere were assumed, 
it is difficult to obtain better combustion efficiency. The inlet air entering the combustor is 
preheated, already reducing these losses significantly.  

 

Figure 7.12: ABHSGT Nominal Exergy Balance and Losses 

The other sources of irreversibility are dissipation and heat transfer with temperature drop in 
the different heat exchangers (tower, IC, HR, RC), dissipation in turbines and compressors 
and the exergy lost by mixing of working air and cooling air in the first stages of the turbine. 
The losses due to heat transfer with temperature drop in the heat exchanger could be 
reduced by increasing the heat exchanger surface, but it would increase the cost. The current 
configuration results from an energy-capital trade-off (see 3.1.7) and it should not be 
changed. The reduction of these losses would come from a reduction of the cost of the heat 
exchangers allowing for higher surface areas and lower approach temperatures. The share of 
losses due to unrecovered exergy contained in the waste heat released to the atmosphere is 
reduced compared to the energy balance, especially for bottoming cycle waste heat and 
intercooler waste heat, because they are released at relatively low temperature. 
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7.2.5 CAPITAL COST BREAKDOWN 

A breakdown of the different contributions to the capital cost of ABHSGT and HSGT is 
presented in Table 7.5. It is also shown graphically in pie charts (Figure 7.13). 

Table 7.5: Capital Cost Breakdown for ABHSGT and HSGT 

 

In both configurations, the equipment cost contributes to 75%, while additional costs such 
as land purchasing, civil engineering and contingencies contribute to the rest.  

 

Figure 7.13: Capital Cost Breakdown for ABHSGT and HSGT 

The large contribution of solar components to the total capital cost appears for both 
configurations (28% for ABHSGT and 35% for HSGT), even though it is lower for 
ABHSGT due to the additional bottoming cycle. The contribution of the top gas-turbine is 
also important, especially because of the high firing temperature of the SGT-800. 

Cost Breakdown ABHSGT HSGT 
 [MilUSD] [%] [MilUSD] [%] 

Heliostats+Wiring 20.5 17.1 17.0 21.1 
Tower, Piping 6.6 5.5 6.3 7.8 
Receiver 5.7 4.8 5.2 6.5 
Gas-Turbine 17.4 14.6 17.4 21.6 
Bottoming Gas-Turbine 8.6 7.2 - - 
Generators 5.1 4.2 3.8 4.7 
Electronics 9.1 7.6 8.0 9.9 
Intercooler+Fan 2.7 2.2 - - 
Recuperator 2.4 2 - - 
Waste Heat Recovery Unit 12.5 10.4 - - 
Total Equipment Cost 90.6 75.6 57.7 71.8 
Land 5.5 4.6 4.5 5.6 
Civil Engineering, Gas-Supply Facilities 12.6 10.8 10.9 13.5 
Total Plant Cost 108.9 90.9 73.1 90.9 
Contingencies 10.9 9.1 7.3 9.1 
Total Capital Cost 119.8 100 80.4 100 
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For the ABHSGT, it appears that the bottoming cycle contributes to 26% of the total capital 
cost, the most expensive component being the waste heat recovery unit. This high cost at 
relatively high minimum approach temperature (19.8°C) is explained by the large heat load 
requiring large heat exchange area. In comparison, the intercooler in much cheaper despite a 
low minimum approach temperature (6.3°C). 

7.2.6 LEVELISED COST OF ELECTRICITY BREAKDOWN 

A breakdown of the contribution to the levelised cost of electricity (LCOE) is presented in 
Table 7.6. It is also shown graphically in pie charts (Figure 7.14). 

Table 7.6: Levelised Cost of Electricity Breakdown for ABHSGT and HSGT 

 

In both configurations, the two main contributions are shared by annualised capital cost (26-
34%) and fuel cost (57-66%). The rest is shared by water cost, operation and maintenance 
costs and decommissioning.  

 

Figure 7.14: Levelised Cost of Electricity Breakdown for ABHSGT and HSGT 

The higher annualised capital cost of the ABHSGT optimal configuration compared to 
HSGT (+6.5 [USD/MWhe]) is overcompensated by the reduction in fuel cost induced by 
the bottoming cycle (-16.4 [USD/MWhe]), explaining the lower LCOE for ABHSGT. 

The water cost is almost negligible in both configurations, due to the very low water 
consumption and the low resources’ price. The cost of decommissioning is also very low 
because of the discounting effect. 

LCOE Breakdown ABHSGT HSGT 
 [USD/MWhe] [%] [USD/MWhe] [%] 

Annualised Capital Cost 37.5 34.4 31.0 26.2 
Fuel 61.6 56.5 78.0 66.0 
Water 0.1 0.1 0.1 0.1 
Maintenance and Repairs 7.2 6.8 6.0 5.1 
Labour 1.8 1.5 2.2 1.9 
Services 0.7 0.7 0.8 0.7 
Total Operation and Maintenance 9.7 8.9 9.0 7.7 
Annualised Decommissioning 0.1 0.1 0.0 0.0 
Total LCOE 109.0 100 118.1 100 
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7.2.7 NET PRESENT VALUE BREAKDOWN 

A breakdown of the contributions to the net present value (NPV) for the ABHSGT is 
presented in Figure 7.15. 

 

Figure 7.15: Net Present Value Breakdown 

It can be seen that the total NPV is lower than zero (-36.1 [milUSD]), meaning that the sum 
of the discounted expenses is higher than the sum of the discounted revenues (electricity 
sold). Therefore, the project is not worthwhile under the current financial assumptions. 

According to the definition of the net present value (Equation 6.11), the additional insurance 
rate added to the capital recovery factor generates an additional insurance cost. This 
additional cost - market risk insurance cost - is separated from the capital cost. It generates 14 
[milUSD] of expenses in addition to the 118.9 [milUSD] of capital cost.  

Fuel expenses and electricity revenues are the largest contributors to the NPV. Nonetheless, 
they are highly sensitive to market prices. Therefore, the value obtained for the NPV has to 
be interpreted cautiously. In the next sensitivity analysis, LCOE and NPV will be computed 
for different fuel prices. In addition, the effect of feed-in tariffs will also be measured. 

In the current definition of LCOE and NPV, the cost of CO2 emitted is not taken into 
account. The effect of additional cost for CO2 emissions will also be studied in the sensitivity 
analysis. 

The internal rate of return (IRR) corresponding to this NPV is 3.36%, which is considerably 
lower than the interest rate assumed for the project. 
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7.2.8 ENVIRONMENTAL ANALYSIS 

A comparison between the environmental indicators of HSGT and ABHSGT has been done 
in 7.2.2. It showed that the specific CO2 emissions are more than 20% lower for the 
ABHSGT optimal configuration (349.9 against 442.8 [kgCO2/MWhe]), whereas water 
consumption and land use are almost identical. 

In the case of the ABHSGT, the specific CO2 emissions are 33% lower compared to a 
simple gas-fired power plant (349.9 against 530 [kgCO2/MWhe], see Figure 7.7). As the 
reduction of the CO2 emissions is one of the major motivations for this project, the result is 
both important and positive, even though the emissions are still significant because of the 
hybrid nature of the ABHSGT. The only efficient way to further reduce the CO2 emissions 
would be to increase the solar share, either by developing higher temperature receivers, or by 
additional storage. 

The specific water consumption of the ABHSGT can be compared with other thermal solar 
technologies (Table 7.7). 

Table 7.7: Specific Water Consumption by CSP Technology [39] 

 

 

 

 

 

 

ABHSGT specific water consumption is equal to 25 [ltr/MWhe], which is lower than other 
CSP technologies. It is more than 100 times lower than solar tower plants with evaporative 
cooling. In this perspective, the interest of the water-free concept is clearly demonstrated. 
However, it must be mentioned that the figures from Table 7.7 correspond to solar-only 
configurations. If the water consumption of the ABHSGT were normalised only by the solar 
electricity produced, its value would be 125 [ltr/MWhe]. This is slightly more than 
dish/engine but still lower than other technologies. 

The land use of ABHSGT, indicating the surface of land required per GWh of life-cycle 
electricity produced, can be compared with other renewable energy technologies (Table 7.8). 

Table 7.8: Land Use of Different Renewable Energy Technologies [3] 

 

 

 

The land use of ABHSGT is equal to 81.7[m2/GWh], which is lower than other renewable 
energy technologies. This is a very positive result, in term of environmental impact. 
However, similarly to the specific water consumption, this result is biased by the fact that 
ABHSGT has a solar share of 20%. The land use in solar only configuration would be 410 
[m2/GWh], equivalent to the value given for solar CSP in Table 7.8. 

Technology Cooling fH2O [ltr/MWhe] 
 Evaporative 1900-2850 

Central Receiver Hybrid 340-950 
 Dry 340 
 Evaporative 3030   

Parabolic Trough Hybrid 378-1700 
 Dry 300 

Dish/Engine - 80 
Linear Fresnel Evaporative 3780 

Technology Land use [ m2/GWh] 
Wind onshore 1000-2500 

Solar PV 150-550 
Solar CSP 

Geothermal 
400-550 

750   
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7.3 SENSITIVITY ANALYSIS 

In the previous sections, the results of the optimisation have been commented and the 
optimal plant characteristics have been detailed. This final section aims at describing the 
economic viability of the ABHSGT under changing economic environment. As mentioned 
in 6.3.3 and 7.2, the financing conditions and the market are subject to variability and they 
are therefore sources of uncertainty. By doing a sensitivity analysis, one can observe the 
consequences of changes in economic parameters on the ABHSGT economic performance. 
First, a general overview of the sensitivity of the model to different parameters is given 
(7.3.1). Then, the consequences of changes in natural gas price (7.3.2), financing conditions 
(7.3.3), solar equipment cost (7.3.4), cost of CO2 emissions (7.3.5) and feed-in tariffs (7.3.6) 
are assessed. Finally, a conclusion-like summary scenario is proposed (7.3.7). 

7.3.1 GENERAL OVERVIEW 

Before studying in detail the changes in particular parameters, it is interesting to evaluate the 
consequence of a uniform change in the main economic parameters on the value of the 
LCOE and the NPV. This can help comparing the relative importance of the parameters. 

A Tornado diagram representing the impact on the LCOE of a uniform ±30% change in 
solar equipment cost, natural gas price, plant lifetime* and interest rate is shown in Figure 
7.16. The reference case represented by the central grey line is the LCOE obtained with the 
reference parameters (109 [USD/MWhe]). The changes are expressed in percentage of the 
reference LCOE.   

 

Figure 7.16: Impact on the LCOE of a Uniform ±30% Change in Economic Parameters 

It can be seen that the natural gas price is by far the most important parameter influencing 
the LCOE. A ±30% change results in a ±18.8% change in the LCOE. In comparison, a 
similar change in solar equipment cost only results in a ±4.9% change in the LCOE. This is 
due to the high dependency of the ABHSGT on natural gas, even though the solar share is 
20%. This high variability on fuel price is a key aspect. The financial risk of an increase in 
natural gas price is one of the reasons explaining the necessity of the additional market risk 
insurance cost mentioned in 6.3.3. 

Interestingly, the influence of a ±30% change in the plant lifetime is asymmetric (-2.8% and 
+6%). This observation is a consequence of the discounting effect and will be evoked in 
more details in 7.3.3. 

                                                      
* Lifetime and LCOE are inversely proportional, unlike other parameters. 
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Another tornado diagram representing the impact on the NPV of a uniform ±30% change 
in solar equipment cost, natural gas price, plant lifetime* and interest rate is shown in Figure 
7.17. Unlike in the previous diagram, the values are not normalized for the sake of clarity, as 
the reference NPV is lower than zero.  

 

Figure 7.17: Impact on the NPV of a Uniform ±30% Change in Economic Parameters 

The tendency observed is unsurprisingly similar to the one presented in the previous 
diagram. The fuel price has the largest impact on the net present value, while solar 
equipment, interest rate and plant lifetime have comparable influences. The asymmetric 
influence of the plant lifetime is also verified for the NPV. 

It is noticeable that except a 30% decrease in natural gas price, none of the changes in other 
parameters are sufficient to make the NPV greater than zero. 

7.3.2 NATURAL GAS PRICE 

The influence of changes in fuel price on the LCOE, share of fuel cost over total LCOE and 
NPV is shown in Figure 7.18. The reference case is represented by grey dots. The fuel price 
that marks the boundary between positive and negative NPV is materialized by a red dot. 

 

Figure 7.18: Influence of Fuel Price on LCOE, Share of Fuel Cost over LCOE and NPV 

 

                                                      
* Lifetime and NPV are proportional, unlike other parameters. 
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To the left of Figure 7.18, it can be seen that the LCOE increases linearly for increasing fuel 
prices. A slight change in fuel price changes significantly the value of the LCOE due to the 
high dependency of ABHSGT on natural gas, as mentioned in the previous subsection. 
However, this dependency is attenuated compared to a simple gas-fired power plant, due to 
20% solar share. Therefore, the solar share might be seen as a way to decrease the financial 
risk induced by fuel price variability. However, this problem may be less crucial than it 
appears, as the current trends show a relatively stable price of natural gas for the next 20 
years, close to the value assumed in the reference case [38]. 

The share of fuel cost over total LCOE increases, with a reduced slope for increasing fuel 
prices. This result is due to the constant contributions in the LCOE formula. This curve can 
also be seen as an indicator of the exposure of the ABHSGT to fuel price risk. 

To the right of Figure 7.18, it can be seen that the NPV decreases linearly for increasing fuel 
price. At the current fuel price (0.351 [USD/kWh]), the NPV is negative (-36.1 [milUSD]). 

It is very interesting to notice that with a decrease in fuel price of less than 15% (to 0.3 
[USD/kWh]), the NPV becomes positive, making the project worthwhile. This must be seen 
as an indicator of the high sensitivity of the model to changes in fuel price. It is absolutely 
unrealistic to rely on a conjectural decrease in fuel price to declare that an investment could 
be worthwhile. However, it is interesting as fuel prices in some suitable regions for CSP are 
lower than this value (esp. North Africa, Middle East, USA). 

7.3.3 FINANCING CONDITIONS 

As shown in the overview presented in 7.3.1, changes in financing conditions can have a 
significant impact on the LCOE and the NPV. 

The influence of changes in interest rate on LCOE, share of capital cost over the total 
LCOE and NPV is shown in Figure 7.19. 

 

Figure 7.19: Influence of Interest Rate on LCOE, Share of Capital Cost and NPV 

To the left of Figure 7.19, it can clearly be seen that the LCOE is reduced with reduced 
interest rates. A variation of -0.01 point of the interest rate implies a reduction in the LCOE 
of almost 3 [USD/MWhe]. 

The interest rate defined here is a real interest rate, meaning that it does not take into account 
the risk of the specific technology. The risk is only captured in the additional insurance rate 
defined in 6.2.2. In order to better account for the market risks, the interest rate is usually 
replaced by the weighted average cost of capital (WACC), which is the average rate that the 
project undertaker is going to pay to its security holders (equity and debt).  
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In the case of the ABHSGT, the risk associated is expected to be high risk because the 
technology is not largely deployed. Therefore, the share of equity is usually higher than the 
debt, so that the WACC is higher. A possibility to lower the risk and therefore reduce the 
WACC is to set public incentives to underwrite the loan. This will reduce the risk associated 
to the technology and therefore reduce the interest rate. 

To the right of Figure 7.19, it can be seen that the NPV increases rapidly for decreasing 
interest rates. It can be seen that the interest rate at which the investment is worthwhile 
(IRR) is equal to 3.36% as mentioned in 7.2.7. 

The influence of changes in plant lifetime on LCOE, share of capital cost over the total 
LCOE and NPV is shown in Figure 7.20. 

 

Figure 7.20: Influence of Interest Rate on LCOE, Share of Capital Cost and NPV 

To the left of Figure 7.20, it can be seen that increasing the plant lifetime above 25 years has 
only a limited impact on the levelised cost of electricity. Increasing the plant lifetime from 25 
to 60 years implies a reduction in the LCOE of only 5 [USD/MWhe]. As a comparison, a 
decrease of the fuel cost by 8% has a similar effect. This is due to the discount effect. 
Therefore, increasing the lifetime of the plant beyond 25 years should not be a priority to 
reduce the LCOE. On the contrary, a reduction in plant lifetime can result in a significant 
increase in LCOE. 

To the right of Figure 7.20, it is shown that the NPV increases with the lifetime of the plant. 
However, the slop of the curve decreases and it is capped by an asymptotical limit (-17.6 
[milUSD]). 

7.3.4 SOLAR EQUIPMENT COST REDUCTION 

Another interesting parameter that can influence the economic performance of the 
ABSHGT is the possible cost reduction of solar equipment, especially heliostats. Such a cost 
reduction is expectable for two reasons: technology improvements and manufacturing 
/installation productivity development, as mentioned in 5.2.1. 

The influence of a reduction in the solar equipment cost on LCOE and NPV is shown in 
Figure 7.21.  
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Figure 7.21: Influence of a Reduction in Solar Equipment Cost on LCOE and NPV 

To the left of Figure 7.21, it can be seen that the LCOE decreases linearly with the reduction 
in solar equipment cost. In the scenario of a reduction by 30% of this cost in a decade [33] 
represented by red dots, the LCOE would reach 104.2 [USD/MWhe]. 

To the right of Figure 7.21, it is shown that the NPV increases linearly with the reduction in 
solar equipment cost. In the scenario of a reduction by 30% of this cost, the NPV would 
reach -18.6 [USD/MWhe]. 

7.3.5 COST OF CO2 EMISSIONS 

In the context of global warming largely due to increasing greenhouse gases emissions, 
climate policies are to be taken by governments in order to mitigate greenhouse gases 
emissions. The power sector is producing 41% of the total global CO2 emissions in 2009 
[41]. It is therefore a major lever of governments for decarbonisation. In Europe, the 
European Union’s Emission Trading Scheme (EU - ETS) has been set up in 2005 in order to 
improve efficiency and reduce CO2 emissions in the power and industry sector by 21% in 
2020 (compared to 2005 level) [2]. The trading scheme induces a price for each ton of CO2 

emitted by a plant. Whereas companies were offered initial allowance for CO2 emissions 
during the first two phases of the project, the percentage of allowances auctioned will 
increase during phase III (as of 2013). It means that newcomers in the energy market will 
probably have to buy a part or the totality of their allowance for CO2 emissions at a price 
fixed by the market. The prices have been highly varying since 2005, but they are expected to 
rise regularly until 2020 with the coming into force of phase III. It should reach a level of 30 
to 50 [USD/tonCO2] [42]. 

In this context, the performance of ABHSGT should be evaluated, taking into account an 
additional cost for CO2 emissions, fixed by the price of CO2 emissions 𝑐𝐶𝑂2  in [USD/ton], 
and defined by: 

 𝐶𝐶𝑂2 = 𝑐𝐶𝑂2 ∗ 𝑓𝐶𝑂2  (7.3) 

The formula of LCOE and NPV taken from 6.2 are updated as follows: 

 𝐿𝐶𝑂𝐸 =
𝐶0 ∗ 𝛼 + 𝐶𝑑𝑒𝑐 ∗ 𝛽 + 𝐶𝑓𝑢𝑒𝑙 + 𝐶𝑂&𝑀 + 𝑪𝑪𝑶𝟐

𝐸𝑛𝑒𝑡
 (7.4) 

 𝑁𝑃𝑉 = −𝐶0 ∗ �1 +
𝑟𝑖𝑛𝑠

𝛼 − 𝑟𝑖𝑛𝑠
� −

𝐶𝑑𝑒𝑐
(1 + 𝑟)𝑛+1 + �

𝑅− 𝐶𝑂&𝑀 − 𝐶𝑓𝑢𝑒𝑙 − 𝑪𝑪𝑶𝟐
(1 + 𝑟)𝑛

𝑛

𝑡=1

 (7.5) 
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With these definitions, the influence of the cost of CO2 emissions on LCOE and NPV can 
be assessed, as shown in Figure 7.22.  

 

Figure 7.22: Influence of the Cost of CO2 Emissions on LCOE and NPV 
 

To the left of Figure 7.22, it can be seen that the LCOE increases linearly with the cost of 
CO2 emissions. At the level of 30 [USD/ton] mentioned above, the LCOE rises to 119.5 
[USD/MWhe] (+9.5 points compared to the reference case). 

To the right of Figure 7.22, it can be seen that the NPV decreases linearly with the cost of 
CO2 emissions. At the level of 30 [USD/ton], the NPV drops to -73.4 [milUSD] (-37 
[milUSD] compared to the reference case). 

Therefore, an additional cost for CO2 emissions makes the ABHSGT significantly less 
attractive economically than the reference case. In order to avoid this counter-productive 
effect of the ETS, free allowance could be provided to energy-efficient technologies. This 
measure is actually part of the revised Directive for 2013 [43] (300 million allowances reserve 
for newcomers with innovative renewable energy technologies). 
 

7.3.6 FEED-IN TARIFFS 

With or without additional cost for CO2 emissions, the NPV is negative, which means that it 
is not worthwhile investing in the ABHSGT, in its current state. In order to face this 
problem, common to most projects involving renewable energy technologies, governments 
can undertake incentives to promote their deployment. This type of incentive usually comes 
in the form of energy subsidies. The mechanism described in the previous subsection, aiming 
at exempting innovative renewable energy technologies projects from paying CO2 emissions 
allowance, is a kind of energy subsidy. 

Feed-in tariffs are the most extensively used incentives for stimulating the development of 
renewable energy technologies [44]. They consist in giving long-term purchase agreements to 
projects undertakers, based on the type of technology, the project lifetime, the resource 
quality or the location.  

Different mechanisms of feed-in tariffs exist. The purchase price can be fixed, at a higher 
level than the market price. Alternatively, the subsidy can take the form of a premium, which 
is a fixed bonus added to the varying market price. 

 



Air-Based Bottoming Cycles for Water-Free Hybrid Solar Gas-Turbine Power Plants 113 

 

In Spain, the government recently closed the feed-in tariffs program for CSP to new 
applicants, due to the economic crisis.  

In order to study the impact of feed-in tariffs on the financial performance of ABHSGT, the 
feed-in tariff mechanism available today in Italy for CSP is applied [45]. The incentive tariff 
is a premium tariff to be added to the selling price of electricity produced exclusively from 
solar energy. The electricity produced attributable to solar energy is defined by: 

 𝐸𝑠𝑜𝑓𝑚𝑎 = � �̇�𝑚𝑓𝑡(𝑡) ∗ 𝑓𝑠𝑜𝑓(𝑡).𝑑𝑡
𝑡∗

= 𝐸𝑚𝑓𝑡 ∗ 𝑓�̅�𝑜𝑓 (7.6) 

with the average annual solar share 𝑓�𝑠𝑜𝑙. 

The level of premium tariff depends on the average fraction of fossil fuel used for the 
production of electricity (𝑓�̅�𝑓𝑓𝑓 = 1 − 𝑓�̅�𝑜𝑓), as shown in Table 7.9. 

Table 7.9: Premium Tariff in Italy [45] 

*converted from €/kWhe, (exchange rate: 1€ = 1.3USD) 

For the ABGHST, the fraction of natural gas used for the production of electricity is 0.8. 
Therefore, the premium tariff applied is 0.29 [USD/kWhe]. 

The influence of the premium tariff on the NPV can be assessed, as shown in Figure 7.23.  

 

Figure 7.23: Influence of the Premium Tariff on NPV 
 

As can be seen the NPV rises linearly for increasing premium tariffs, and the influence of the 
premium tariff is significant. The NPV becomes positive for 50 [USD/MWhe] (0.05 
[USD/kWhe]). The premium tariff applied in Italy leads to a NPV of 173.1 [milUSD]. It 
means that the optimal configuration of ABHSGT represents a profitable investment in the 
presence of this premium tariff. 

 

 

 

 

Fraction of fossil fuel [-] Up to 0.15 0.15 to 0.5 Above 0.5 
Premium Tariff* [USD/kWhe] 0.36 0.32 0.29 
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7.3.7 SUMMARY SCENARIO 

To conclude this sensitivity analysis, a final scenario is proposed to summarise the different 
conclusions reached. The values assumed for the parameters are presented in Table 7.10.  

Table 7.10: Selected Parameters for the Summary Scenario 

 

  

 

 
 

*same values as reference case 

The degree of uncertainty on the assumptions made is the essential reason explaining the 
need for a sensitivity analysis. Therefore, this summary scenario does not intend to be an 
accurate prediction of the future. The choice of the parameters can be justified by the 
previous subsections, with an inevitable degree of author’s subjectivity. 

The LCOE obtained is 119.5 [USD/MWhe]. A breakdown of the LCOE is not necessary, as 
it is similar to the one presented in Figure 7.14, to which are added 9.5 [USD/MWhe] due to 
the additional cost of CO2 emissions. The NPV obtained is 133.6 [milUSD], which is far 
above zero. A breakdown of the NPV is shown in Figure 7.24. 

 

Figure 7.24: Net Present Value Breakdown for the Summary Scenario 

It can be seen that six out of eight contributions to the NPV are rigorously identical to the 
ones presented in Figure 7.15. Two new contributions are added: the cost of CO2 (-37 
[milUSD]) and the premium tariff revenues (+207 [milUSD]). The latter is approximately 
equal to two-third of the revenues from electricity sold. 

The ABHSGT represents a profitable investment in the scenario proposed as the NPV is 
133.6 [milUSD]. The corresponding internal rate of return (IRR) is equal to 17.8%, which is 
a typically acceptable value for this kind of project [46]. It must be mentioned that taxes on 
electricity sold were not accounted for in the project. These taxes would reduce the NPV 
and IRR. 

Parameter Value Unit 
Solar Equipment Cost Reduction*  0 [%] 
Natural Gas Cost* 0.351 [USD/kWh] 
Interest Rate* 0.07 [-] 
Plant Lifetime* 25 [yr] 
Cost of CO2 Emissions 30 [USD/ton] 
Premium tariff  0.29 [USD/kWhe] 



Air-Based Bottoming Cycles for Water-Free Hybrid Solar Gas-Turbine Power Plants 115 

 

8 CONCLUSION 

8.1 SUMMARY OF RESULTS 

In this work, a detailed model of a hybrid solar gas-turbine power plant with an air-based 
bottoming cycle (ABHSGT) has been built and validated by comparison with existing 
components. The dynamic model allowed the simulation of transient - hourly - operation 
over a year. The plant was assumed to operate at full load between 7:00 and 22:00 in order to 
benefit from the Sun’s power while producing electricity when the demand is the highest. In 
order to assess the benefit of integrating the bottoming cycle, a second model without 
bottoming cycle has been built for comparison. 

A multi-objective optimisation of both configurations has been performed, with the goal of 
minimising both the capital cost and specific CO2 emissions. Analysis of the trade-off curves 
obtained reveals a global minimum for the levelised cost of electricity generated at relatively 
high solar shares (20% and 18% for the cases with and without bottoming cycle 
respectively), meaning that the solar preheating of the gas-turbine cycle is economically 
attractive. In particular, the bottoming cycle reduces the cost of electricity produced by 
between 9 and 12 [USD/MWhe] depending on the solar share. It also significantly reduces 
the specific CO2 emissions by increasing the overall efficiency of the system, due to the 
incremental power produced for the same amount of heat supplied. 

An optimal design has been selected for more detailed thermoeconomic and environmental 
analysis, based on the lowest cost of CO2 avoidance achieved. For a solar share of 20%, the 
power plant with bottoming cycle shows an overall exergetic efficiency of 38.5%. The 
specific CO2 emissions are 33% lower than those of a simple gas-fired power plant. Very low 
levels of water consumption (25 [ltr/MWhe]) are achieved compared to other CSP 
technologies, making the design attractive for deployment in water-scarce areas. Moreover, 
the land use requirements are lower than that of other renewable energy technologies, which 
is beneficial in term of environmental impact. 

The sensitivity analysis reveals a lower sensitivity of the economic performance to changes in 
fuel price compared to a similar plant without solar preheating, reducing the financial risk 
induced by uncertainty in fuel price. The analysis of the net present value shows that the 
project is not economically viable in a purely competitive market, however, when subsidies 
are considered, the ABHSGT represents a profitable investment. 

Overall, this work demonstrates the good performance achieved by the ABHSGT in the 
three aspects considered (thermodynamic, economic and environmental). It proves to be a 
promising alternative to other existing CSP technologies, especially in water-scarce areas. 

8.2 OUTLOOK 

In future studies, it would be interesting to develop other models of CSP plants, especially a 
model of hybrid solar gas-turbine with a steam-based bottoming cycle; this would allow 
comparison of the different technologies using identical assumptions. Additionally, by 
comparing the performances in different locations, it could be possible to determine the best 
configurations according to the location.  

It might also be of interest to study the integration of a storage system and assess the 
profitability of the resulting system. 
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More generally, the research and development of key components should be further 
pursued. Particularly, the design of large and efficient gas-gas heat exchangers remains 
challenging, while increasing the maximum temperature achievable by the receivers is 
necessary to increase the share of solar preheating. 

Finally, a life-cycle assessment of the power plant examined would give a more accurate view 
of its environmental impact associated with all the stages of the plant’s life.  
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APPENDIXES 

APPENDIX 1 

SGT-800 Specifications, obtained from Siemens energy website: 

http://www.energy.siemens.com/hq/en/power-generation/gas-turbines/sgt-
800.htm#content=Technical%20Data 

 

Figure A.1: SGT-800 Characteristics 

 

  

http://www.energy.siemens.com/hq/en/power-generation/gas-turbines/sgt-800.htm#content=Technical%20Data
http://www.energy.siemens.com/hq/en/power-generation/gas-turbines/sgt-800.htm#content=Technical%20Data
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APPENDIX 2 

Steady-state simulation specifications 

%%----------------------------------------------------------%% 
%Specifications% 
%%----------------------------------------------------------%% 
  
%%----------------------------------------------------------%% 
%Combustor properties 
o.data.Cfuel = 0.3514; %[USD/kWh NG] energy.eu 
o.data.cCH4=0.85; 
o.data.cC2H6=0.10; 
o.data.cC3H8=0.05; 
  
o.data.T_fuel = 5 ; % fuel temperature [Celsius] % SGT brochure 
o.data.eta_comb = 0.995 ; % efficiency of combustion 
o.data.DP_cc = 0.04 ; % pressure drop in combustion chamber [-]  
o.data.T_fire = 1425 ; % Temperature at turbine inlet [C]   
  
%%----------------------------------------------------------%% 
%Compressor Properties 
o.data.DP_in = 0.005 ; % pressure drop at compressor inlet [-]  
o.data.PR_c = 21.1 ; % pressure ratio [-] % SGT brochure 
o.data.eta_c_p = 0.92 ; % comp polytropic efficiency [-]  
o.data.eta_c_m = 0.99 ; % Comp mech. loss and aux efficiency 
  
%%----------------------------------------------------------%% 
%Turbine Properties 
o.data.m_exh = 134.2 ; % mass flow rate at turbine outlet [kg/s]  
o.data.DP_out = 0.005 ; % pressure drop at turbine outlet [-]  
o.data.eta_t_p = 0.86 ; % turbine polytropic efficiency [-]  
o.data.eta_t_m = 0.99 ; % Turb mech. loss and aux efficiency  
o.data.f_purge = 0.03 ; % Fraction of purge mass flow  
o.data.f_blade = ( ( o.data.T_fire - 880 ) / 71.43 +... 
                 ( ( o.data.T_fire - 880 ) / 154.3 )^2 ) / 100 ; 
  
%%----------------------------------------------------------%% 
% Bottoming Compressors Properties 
o.data.DP_in_b = 0.005 ; % pressure drop at compressor inlet [-]  
o.data.PR_c_b = 2.5 ; % pressure ratio bottoming cycle [-]  
o.data.eta_c_p_b = 0.92 ; % comp polytropic efficiency [-]  
o.data.eta_c_m_b = 0.99 ; % Comp mech. loss and aux efficiency 
  
%%----------------------------------------------------------%% 
%Bottoming Turbine Properties 
o.data.DP_out_b = 0.005 ; % pressure drop at turbine outlet [-]  
o.data.eta_t_p_b = 0.87 ; % turbine polytropic efficiency [-] 
o.data.eta_t_m_b = 0.99 ; % Turb mech. loss and aux efficiency  
  
%%----------------------------------------------------------%% 
%Intercooler Properties 
o.data.DP_ic = 0.03 ; % pressure drop in intercooler [-]  
o.data.DTmin_ic = 30 ; % intercooler efficiency  
o.data.eta_fan = 0.7 ; 
  
%%----------------------------------------------------------%% 
%Recuperator Properties 
o.data.DP_rc = 0.03 ; % pressure drop in regenerator [-]  
o.data.DTmin_rc = 30 ; % regenerator efficiency  
  
%%----------------------------------------------------------%% 
%Heat Recovery Heat Exchanger Properties 
o.data.DP_hr = 0.03 ; % pressure drop in heat recovery [-]  
o.data.DTmin_hr = 30 ; % heat recovery efficiency  
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%%----------------------------------------------------------%% 
%Generator Properties 
o.data.eta_el = 0.98; 
  
%%----------------------------------------------------------%% 
%Receiver Properties 
o.rec.Tnom = 950;  %receiver design temperature [°C]  
o.rec.G = 1.2;  %receiver mass flux [kg/m2s]  
o.rec.A = o.data.m_exh / o.rec.G; 
o.rec.ems = 0.85;  %receiver surface emissivity [-]  
o.rec.fluxLim = 750;  %receiver flux limit [kW/m2]  
  
%%----------------------------------------------------------%% 
%Tower Properties 
o.tower.hT     = 100;  %central tower height [m]  
o.tower.vFlow = 10;  %central tower air flow velocity [m/s]  
o.tower.kPipe = 20;  %central tower pipe conductivity [W/mK] 
  
%%----------------------------------------------------------%% 
%Heliostat Field Properties 
o.field.type = 'north';  %heliostat field type                      
o.field.nCell = 300;  %number of heliostat field cells [#]  
o.field.Ahelio = 141;  %heliostat mirror surface area [m2]  
o.field.refl = 0.90;  %heliostat mirror reflectivity [-]  
  
%%----------------------------------------------------------%% 
%Marshall and Swift index 2011 
o.data.year_I_ms = 1536.5 ; 
  
%%----------------------------------------------------------%% 
%Simulation duration 
o.data.hrSim = 8760 ; 
o.data.opMode = 1; 
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APPENDIX 3 

Complete TRNSYS Flow Sheet for ABHSGT 

 

Figure A.2: Complete TRNSYS Flow Sheet for ABHSGT 
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