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ABSTRACT 

The negative environmental impacts of fossil-fuel electricity production emphasize on using more 
renewable energy sources in power generation. Electricity production using solar energy is well known 
as one of the promising solutions for ever-growing problems of global warming and limited supply of 
fossil fuels. 

It is well known that dish-engine systems demonstrate the highest solar-to-electric efficiencies, 
compared to other solar technologies [1, 2]. High efficiency, hybridization potential, modularity and 
low cost potential make them excellent candidates for small-scale decentralized power generation [1, 2]. 
A number of units can be grouped together to form a dish-engine farm and produces the desired 
electrical output [1] 

In most contemporary dish-engine systems, Stirling engines [3] have been used as the power 
conversion unit; however, small-scale externally-fired, recuperated gas turbines (EFGT) would appear 
to have considerable potential to be used in solar-fossil fuel hybrid dish systems. An EFGT integrated 
with a solar receiver is known as a dish-Brayton. They show a number of advantages when compared 
with Stirling engine systems, chief amongst them a significant reduction in O&M costs and simplified 
hybridization schemes. Recent developments in the fields of high-temperature recuperators will allow 
EFGT systems to compete directly with Stirling engines in terms of efficiency. 

The hybrid solar gas turbine can be configured in several different fashions, with the key difference 
being the relative positions of the solar receiver and combustor as well as the operation mode of the 
combustor.  

The aim of this thesis is to study, model and analysis the hybrid solar dish-Brayton cycle. Models are 
based on a 5 kW Micro gas turbine that belongs to Compower company [4] which is available at KTH 
energy department.  A thermodynamic model implemented in Engineering Equation Solver (EES) is 
developed for various configurations. The performance of different possible integrated layouts are 
studied and compared. 
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1 BACKGROUND 

Heat and power production with lower emission, lower fossil fuel consumption and higher efficiency is 
one of the most important issues in the energy industry. Electricity generation using renewable energy 
sources especially solar energy is getting more popular. On the other hand, using small-scale energy 
system in decentralized electric power generation is gaining significance in electric power industries. 

It is well known that dish-engine systems demonstrate the highest solar-to-electric efficiencies, 
compared to other solar technologies [1, 2]. High efficiency, hybridization potential, modularity and 
low cost potential make them excellent candidates for small-scale decentralized power generation [1,2]. 
A number of units can be grouped together to form a dish-engine farm and produce the desired 
electrical output [1]. 

Dish-engine uses a collector which technically is a mirror to concentrate direct normal sun radiation 
onto a receiver. In most contemporary dish-engine systems, Stirling engines [3] have been used as the 
power conversion unit; however, externally fired micro gas turbines (EFGT) are under development to 
be operated in such a system as power conversion unit. Using a highly effective heat exchanger called 
recuperator in the cycle results in higher cycle efficiency and lower level of purity requirement for the 
gas supplied to the combustor. Integrating this system with a solar receiver can decrease fossil fuel 
consumption and related environmental emissions. In a geographical location with enough solar 
irradiation, solar energy can be used as a heat source when it is available and biogas can be used as the 
second fuel in the system. 

In this project the receiver operates in parallel or series with the combustor in a conventional micro gas 
turbine and increases temperature of the air in order to drive the turbine and compressor with the 
maximum possible efficiency.  Since dish-engine systems have demonstrated the highest solar – electric 
efficiency amongst all solar technologies (29.4%) [4].Considering above mentioned issues, further 
investigation in this area is necessary. 
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2 OBJECTIVES 

The hybrid solar gas turbine can be configured in several different fashions, with the key difference 
being the relative positions of the solar receiver and combustor as well as the operation mode of the 
combustor.  

The main objective of this thesis is to study the performance of various configurations. This goal is 
achieved by modeling and simulation of different possible configurations. Both steady-state and 
transient models are implemented in Engineering Equation Solver (EES) and the results are analyzed 
in detail. 

 

3 SCOPE OF THE PROJECT 

This project covers both real system and lab demonstration. For lab demonstration the solar flux is 
simulated by several lamps. As the first step the available micro gas turbine is modeled as the basic 
model called layout 1. Verification and validation of this model have been done by comparing with the 
real test data. This model is a steady-state model based on thermodynamic equations for each 
component. Since this MGT model is the base model for further modeling, it is important to do 
enough analysis and investigations in this part.  

Layout 2 and 3 are based on the pure solar gas turbine without combustor. Layout 4 and 5 are full 
hybrid configurations in which an atmospheric and a pressurized receiver are located after and before 
the turbine respectively. Steady-state model for all layouts are done and compared with each other. 

In second part, a transient model for layout 4 and 5 are developed based on the solar irradiation for 
two different geographical locations; one with high and the other one with low solar irradiation. The 
purpose of the transient model is to study system performance during one-year operation.  
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4 SYSTEM DESCRIPTION 

4.1 Compower Micro Gas Turbine[4] 

Micro Gas Turbine (MGT) is a small, highly efficient turbine which can produce electricity by using 
natural gas or biogas. MGT can generate heat and electricity by the concept of Polygeneration. Heat 
and electricity produced by MGT can be used in different application ranging from residential 
buildings to factories. According to the different applications of MGT it could be very useful in 
disaster situation like earthquake or flood as a standalone system for producing “Electricity - Heat- 
Drinking Water” simultaneously.  

In the MGT the turbine wheel drives a compressor and a generator which are mounted on the same 
shaft. At the beginning, the unit is fed by the grid network connection at 3x400 V, 50 Hz and 32 A 
fuses. Generated electricity is transferred to the network by the same cables and the same characters. 

The air intake fan feeds the air to the combustion chamber for continuous combustion process. The 
compressor air is heated in the heat exchanger downstream of the combustion chamber. The thermal 
energy of hot gas is converted into mechanical energy in the turbine and drives the shaft, causing the 
generator to produce electricity. 

After expanding in the turbine, the air passes through the recuperator for recovering some of the 
exhaust heat to the compressed air coming from the compressor. The remaining heat in the flue gas 
can be used for heating, cooling or clean water production. In the lab set up the rejected heat is 
delivered to a heat exchanger for heating of water. A control box including different control systems is 
used to protect the electrical and mechanical installation as well as the automatic operation of the unit. 

Main parts of MGT are as follows: 

4.1.1 Turbogenerator 

The turbogenerator is composed of Turbine, Compressor and Generator which are mounted on the 
same shaft, as shown in Figure 4-1. As it can be seen they are tiny components which rotate at high 
speed. 

 

Figure 4-1 Compower turbogenerator 

4.1.2 Turbine and compressor  

The turbine in this MGT is a radial turbine which is derived from an automotive turbocharger and 
drives compressor and generator in a speed range between 110000 and 160000 rpm. One of the most 
important issues in this turbine is cooling the shaft bearings. A pneumatic lubrication system is used 
for this purpose .The temperature of the front and rear bearings should not be more than 80 degrees 
centigrade. If this limit is exceeded, the control system will stop the machine automatically. The 
Compressor is a radial compressor with pressure ratio around three that is derived from an automotive 
turbocharger (Figure 4-1). 
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4.1.3 Electrical generator 

The electric power is generated by a permanent magnet rotating at high speed. The generator rotor is 
suspended by two bearings, one on each side of a permanent magnet. Furthermore, the generator acts 
as an electric starter. The generator, shaft and compressor are mounted on the same shaft so there is 
just one speed for all of them. The electric power is generated by a permanent magnet rotor operating 
at high and variable speed. The delivered AC power is converted to regular 50/60Hz AC power by a 
power electronic converter.  

4.1.4 Combustion chamber 

The atmospheric combustion air mixes with the natural gas and ignites in the combustion chamber. 
The combustor is Bentone BG 100 with operational characters shown in Table 4-1. 

Table 4-1 Compower combustor specification 

Item Value 

Combustor Power (kW) 40 

Calorific Value (kWh/Nm3) 11 

Density  ( k g/Nm3) 0.82 

Min Natural Gas Flow Rate  40% Max 

Max Natural Gas Flow Rate (g/s) 0.83 

Approximate Gas Pressure (mbar)  50 

 

Note: A biogas combustor is derived from the natural gas combustor with minor modifications. 

4.1.5 Recuperator 

A recuperator is a heat exchanger for recovering heat from hot combustion exhaust flue gases and 
transferring it to the compressed air fed to the turbine, as shown in Figure 4-2. 

 

Figure 4-2 Compower recuperator 3D model 
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4.1.6 System Specification 

In this section some data based on turbine test carried out on September 25 2008 are illustrated in 
Table 4-2. This data can be useful for system operation prediction in future works.  

 

Table 4-2 MGT test data implemented on Nov 25, 2008 

Test Data Date Unit 9/25/2008 9/25/2008 

Generator Speed rpm 130000 150030 

Ambient 

Pressure Bar 1.028 1.028 

Temperature ºC 16 16 

C
o

m
p

re
ss

o
r 

eta_is % 71 69 

P_ratio - 2.36 3.04 

Pin  Bar 1.029 1.028 

Pout  Bar 2.43 3.12 

Tin  ºC 18 18 

Tout  ºC 132 176 

Tin  K 291 291 

Tout  K 405 449 

M'air  kg/s 0.09 0.11 

T
u
rb

in
e 

eta_is % 81 79 

P_ratio - 2.23 2.83 

Pin  Bar 2.38 3.07 

Pout  Bar 1.07 1.08 

Tin  ºC 547 606 

Tout  ºC 424 446 
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Tin  K 820 879 

Tout  K 697 719 

M'air  kg/s 0.09 0.11 

R
ec

u
p

er
at

o
r 

Tin  ºC 637 693 

Tout  ºC 152 200 

Tin  K 910 966 

Tout  K 425 473 

D_P_Gas Side % 2.34 3.47 

D_P_Air Side % 1.95 1.7 

C
o

m
b

u
st

o
r 

D_pressure % 0.9 1.2 

M'air _B* kg/s 0.01 0.012 

M'_fuel* kg/s 0.0014 0.0017 

*Data is based on the model not the experiment. 
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4.2 Test Result Overview  

The turbine was operating around two hours and was working self-sustained during the test. Turbine 
speed and generated power during the test are shown in Figure 4-3. The speed is increasing during the 
test and mostly between 60000 and 140000 rpm. Generated power is generally increasing and it never 
remains constant during the test. The amount of generated electricity does not go higher than 2 kW 
while it is designed for 5 kWe electricity generation. It can be because of some mismatch between the 
turbine and compressor or some other issues in their design. This problem will be solved by turbo 
compressor modification in near future.  

 

Figure 4-3 Generated power and shaft speed during the test  

Turbine inlet temperature fluctuations are illustrated in Figure 4-4. The temperature never goes higher 
than 900 K and is mostly between 800 K and 900 K during the test. By considering turbine and 
compressor isentropic efficiency and operating temperature derived from test data, theoretically more 
than 3 kWe electric power cannot be generated. 

 

Figure 4-4 Turbine inlet temperature and shaft speed during the test  

Mass flow and compressor pressure ratio fluctuation are shown in Figure 4-5. By increasing the shaft 
speed, mass flow rate and compressor pressure ratio increase. Mass flow rate varies between 80 and 
120 g/s during the test and pressure ratio increases slightly higher than 3. 
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Figure 4-5 Mass flow and compressor pressure ratio fluctuations during the test  

As it is illustrated in Figure 4-6, the compressor isentropic efficiency is mostly constant and its value is 
roughly 70%. Turbine isentropic efficiency fluctuation is higher than in the compressor; it varies 
between 0.76 and 0.85 and mostly remains approximately 0.77. Recuperator effectiveness is not 
constant during the test but varies between 0.8 and 0.85. 

 

Figure 4-6 Turbine and compressor isentropic efficiency, recuperator effectiveness during the test  

Pressure drops versus compressor pressure ratio and air mass flow rate for different components are 
shown in Figure 4-7. Recuperator gas side has higher pressure drop compared to its air side. The gas 
side pressure drop increases by an increase in pressure ratio and mass flow rate, while the air side 
pressure drop does not change dramatically. 

 

Figure 4-7 Pressure drops VS compressor pressure ratio and air mass flow rate 
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Turbine and compressor pressure ratio versus shaft speed are shown in Figure 4-8. As it can be seen 
pressure ratio increases as shaft speed accelerates. 

 

Figure 4-8 Turbine and compressor prature ratio VS shaft speed 

Turbine efficiency versus blade speed ratio (BSR) is shown in Figure 4-9. By increasing the blade speed 
ratio turbine efficiency increases gradually and remains almost constant when BSR reaches 0.7. When 
the blade speed ratio is low, turbine operates in off-design mode results in lower efficiency.  

 

Figure 4-9 Turbine isentropic efficiency VS blade speed ratio  
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4.3 Solar Hybrid system  

The Micro Gas Turbine can be integrated into the solar receiver in different layouts mainly based on 
the receiver location. The hybrid system consists of a micro gas turbine as the power conversion unit, a 
parabolic dish concentrator and a receiver. 

4.3.1 Parabolic Dish Concentrator 

A solar dish is a concentrating solar collector which reflects solar irradiation to a small point called the 
focus and is normally equipped with two-axis sun tracking system to be more effective. The size of the 
parabola depends on the MGT size and direct normal solar irradiation which is usually assumed about 
1000 W/m2. Usually the dish diameter is less than 10m due to radiation accuracy and wind sensitivity 
[1]. 

Concentrator reflectiveness is related to surface material such as aluminum or silver. Silver or glass 
mirrors are the most common material for reflective surface. Mirror reflectance values are usually in 
the range of 90% to 94% in a silvered coated solar mirror [1]. 

Concentration ratio is an important parameter and can be calculated by the average solar flux through 
the aperture divided by direct normal solar irradiation and is usually over 2000. Intercept fraction is 
another parameter which determines to what extent solar flux can passes through the receiver aperture 
[1].  

To be more effective a two-axis sun tracking system is required. It can be done with one of the 
following mechanisms: 

 Azimuth-elevation tracking (az-el system ) 

 Polar tracking 

The azimuth-elevation tracking is based on horizontal coordinate system which also called the az/el 
coordinate system [6].  

The horizontal coordinates are shown in Figure 4-10 and described as follows: 

 Altitude (Alt) also referred to as elevation, is the angle between the object and is the local 
horizon of the observer. The angle is between 0 degrees and 90 degrees [7]. 

 Azimuth (Az) is the angle along the horizon, usually measured from the north (zero degree) 
increasing clockwise towards the east (90 degrees) [7]. 

 Zenith distance is the distance from directly overhead and also the complement of altitude 
[6]. 

http://en.wikipedia.org/wiki/Elevation_%28disambiguation%29
http://en.wikipedia.org/wiki/Azimuth
http://en.wikipedia.org/wiki/Complementary_angles
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Figure 4-10 Azimuth, Zenith and Altitude in solar system observation, horizontal coordinates [8] 

In azimuth- elevation tracking, the dish aperture rotates in a plane parallel to the earth (azimuth) and in 
another plane perpendicular to the ground [7, 8]. This method is more common in most of the larger 
dish system. 

In the polar or equatorial tracking system, dish aperture rotates about an axis parallel to the earth’s 
rotational pole. The collector rotates with a constant value equal to the earth’s rotational speed. The 
other tracking angle is about an axis perpendicular to the polar axis called the declination axis. Rotation 
about this axis is slow and varies by +/- 231/2 º over a year. This method is more common in most of 
the smaller dish system. 

Collector diameter size is dependent on the engine rating, the average solar irradiation and the 
efficiency of the engine. Direct normal solar irradiation is usually assumed 1 kW/m2 in theoretical 
calculation [1]. 

 

 

Figure 4-11Typical parabolic dish concentrator [9] 
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4.3.2 Solar Receiver 

The receiver is an important part of the system. It absorbs solar energy reflected by the dish 
concentrator, converts it to heat and transfers it to the working air in the cycle. Since the working air to 
for driving the turbine should be relatively hot a high temperature receiver should be used. The main 
losses in this unit are thermal emission and convection through the aperture. There are several 
parameters which influence the amount of useful energy in the receiver as follows: 

 Surface absorptivity and emissivity 

 Optical concentration ratio  

 Optical efficiency  

 Surface temperature  

In this model, solar receiver and parabolic dish are simplified by multiplying incoming solar energy by a 
general efficiency factor. This factor is the combination of concentrator reflectance value, intercept 
factor, receiver efficiency as follows: 

 Concentrator reflectance value=0.95 

 Intercept factor=0.95 

 Receiver efficiency =70%  

General factor=.94*.95*.75≈ .67 

Useful heat flux in receiver = 0.67 * Radiation Heat Flux  

Note: Modeling solar receiver is not in the scope of this master thesis. 
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5 SYSTEM LAYOUTS 

The hybrid solar gas turbine can be configured in different fashions, with the key difference being the 
relative positions of the solar receiver and combustor as well as the operation mode of the combustor. 
Five different main configurations have been considered in this project.  

 The first layout is a biogas-fired micro turbine without a solar receiver, which serves as a 
reference point, as shown in Figure 5-1. 

 The second and the third layouts are pure-solar configurations (with atmospheric and 
pressurized receivers respectively) without a combustor in the system, as shown in Figure 5-1. 

 In layout four, the receiver is atmospheric, positioned downstream of the turbine .It consists 
of three sub-layouts with minor differences mainly based on combustor location and 
operation. The combustor is positioned alternatively after the receiver using atmospheric air 
(4A), hot air from the receiver (4B) or before the turbine operating on hot recuperator air (4C) 
as shown in Figure 5-2. 

 In layout five, the receiver is pressurized, positioned downstream of the recuperator. It 
consists of three sub-layouts with minor differences mainly based on combustor location and 
operation. The combustor is placed alternatively after the turbine using atmospheric air (5A), 
hot turbine exhaust air (5B) or before the turbine operating on receiver exit air (5C), as shown 
in Figure 5-3. 
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Layout 1, 2, 3 

Layout Description Schematic Configuration 

1 
A biogas-fired micro turbine 
without a solar receiver.  

 

2 

Pure-solar configuration with 
atmospheric receiver located 
downstream of the turbine. 
There is no combustor in the 
system. 

 

3 

Pure-solar configuration with 
pressurized receiver located 
upstream of the turbine. There 
is no combustor in the system. 

 

Figure 5-1 Layout 1, 2 and 3 schematic configuration 
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Layout 4A, 4B, 4C 

Layout Description Schematic Configuration 

4A 

The receiver is atmospheric, 
positioned downstream of the 
turbine. The combustor is 
positioned after the receiver 
using atmospheric air. 

 

4B 

The receiver is atmospheric, 
positioned downstream of the 
turbine. The combustor is 
positioned after the receiver 
using hot air from the receiver 
outlet. 

 

4C 

The receiver is atmospheric, 
positioned downstream of the 
turbine. The combustor is 
positioned before the turbine 
operating on hot recuperator 
air. 

 

Figure 5-2 Layout 4A, 4B and 4C schematic configuration 
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Layout 5A,5B,5C 

Layout Description Schematic Configuration 

5A 

The receiver is pressurized, 
positioned upstream of the 
turbine. The combustor is 
positioned after the turbine 
using atmospheric air. 

 

5B 

The receiver is pressurized, 
positioned upstream of the 
turbine. The combustor is 
positioned after the turbine 
using hot turbine exhaust air. 

 

5C 

The receiver is pressurized, 
positioned upstream of the 
turbine. The combustor is 
positioned before the turbine 
operating on receiver exit air 

 

Figure 5-3 Layout 5A, 5B and 5C schematic configuration 
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6 SYSTEM MODEL 

6.1 General Overview 

The first step in the modeling procedure is to determine the model configuration. Basic assumptions 
and boundaries should be clearly determined in each model. For each layout thermodynamic equations 
should be written.  

The following basic assumptions are used in all models:  

 The isentropic efficiency of the compressor and the turbine are 75% and 86% respectively and 
assumed constant for all models. 

 Pressure ratio is assumed constant in layout 4 and 5.  

 Pressure ratio is variable in Layout 2 and 3 as the heat input and consequently generated power 
changes. The turbine expansion is assumed adiabatic and the area is assumed constant at a 
particular mass flow (A=1.1). This constant value is used for calculating turbine expansion ratio in 
layout 2 and layout 3. 

 Turbine mechanical efficiency for transferring energy to compressor is 99%.  

 Generator efficiency is assumed 93%. 

 Fuel is biogas with the 65% CH4 and 35% CO2 in volume percentage. 

 Fuel LHV = 21000 kJ/kg 

 Air ambient properties T=15 °C , p=1.013 bar 

 Electric Power ( Target )= 5 kWe  

 Air flow rate = 0.1 kg/s 

 Temperature limitation  

o Maximum recuperator inlet temperature = 800 °C   

o Maximum turbine inlet temperature = 1000 °C 

o Maximum receiver temperature = 800 °C 

 Pressure drops for different components are based on test  data and are assumed constant  as 
follows : 

o Recuperator air side = 1.5% 

o Recuperator gas side = 2% 

o Combustor pressure drop =0.9% 

o Receiver pressure drop =1% 

 In this model solar receiver and parabolic dish is simplified by multiplying incoming solar energy 

by a general efficiency factor called s .This factor is a combination of concentrator reflectance 

value, intercept factor and receiver efficiency, s = 0.67. 

 In layout 2 and layout 3 in which the solar heat flux is simulated by several lamps, another 
efficiency factor is assumed for electrical losses. This efficiency factor is assumed 90%.  
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6.2 Model Theory  

The externally fired gas turbine working principle is similar to that of the simple gas turbine. In such a 
gas turbine the compressed air is passing through the heat exchanger called recuperator and the hot gas 
expands in the turbine. The recuperator has a crucial role in the cycle. Combustion flue gas is mixed 
with the hot turbine exhaust gas and passes through the recuperator gas side. Some of the heat in the 
recuperator gas side is transferred to the compressed air and heats it up.  

Using a recuperator has three important advantages:  

 A recuperated gas turbine has higher efficiency compared to the normal cycle. 

 Since the turbine air is heated up indirectly, it is possible to burn various fuels in the combustor 
including fuels that produce residuals like ashes. 

 Any other external heat source with enough energy (like solar energy) can be used in the cycle [10] 

In this section all thermodynamic equations and parameters which are used in all different layouts, 
including single fuel based and solar hybrid cycle, are described.  

 

Figure 6-1 Externally Fired Gas Turbine (EFGT) schematic 

Each component is modeled based on the thermodynamic equation as follows: 

 Compressor and turbine calculation based on isentropic efficiency 
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Where cis,  and tis,  are compressor and turbine isentropic efficiency respectively. 
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 Power and efficiency calculation  

).( 12 hhmP aircomp  
    Equation 6-3 

).( 43 hhmP airturb  

    Equation 6-4 

GTcompmturbelGT PPP  )..(,     Equation 6-5 

Where P is the power and h is the enthalpy value in different points. 

Electrical efficiency based on the generated power is calculated as follows: 
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 Solar Share (SS)(%) and Specific Fuel Consumption (SFC) (gr/kW) are calculated as 
follows: 
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 Solar receiver calculation is based on heat balance as follows: 

scinsolar SRAQ .., 
    Equation 6-10 

).( ,,, receiverinreceiveroutairinsolar hhmQ  
   Equation 6-11 

Where cA
 
is the solar concentrator area, s  is the solar system efficiency including the concentrator 

and the receiver efficiency and SR is the solar radiation kW/m2. 

 Recuperator calculation is based on heat exchanger effectiveness as follows: 
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 Combustion calculation is based on the following equations:  
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x
EA

1
      Equation 6-16 

 Adiabatic expansion in turbine  

If the air expansion in the turbine is assumed adiabatic, the area for a particular mass flow is minimum 
at chock condition in which the Mach number is unity. At this critical condition pressure ratio is 
around 0.5 [11]. 

This principle can be used in the model as follows:  

P

RTm
A

.
     Equation 6-17 

This equation is derived from the flow through an orifice which is close to the choke and slightly 
simplified as follows: 
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    Equation 6-19 

With a pressure ratio close to 0.5 at the critical situation this equation will simplified to Equation 6-17. 

 Blade Speed Ratio Parameter  

One of the important parameters commonly used for classifying the turbine working condition is the 

Blade Speed Ratio (BSR or U/Cs). Where U is the real blade tip speed and Cs is the gas velocity if the 

gas was expanded isentropically over an ideal nozzle [12].  

It is because of the fact that the engine maximum power and the efficiency are limited to the maximum 
pressure ratio in the turbine and the compressor which can be determined by the blade tip speed. It is 
obvious that the larger the engine the lower the shaft rotation rate. 
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Where Tinlet is the turbine inlet temperature, Pexit and Pinlet are the turbine outlet and inlet pressure 
respectively, rpm is the shaft rotational speed and Dt is the turbine diameter. 
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7 MODEL RESULTS AND ANALYSIS  

7.1 Layout 1 - MGT standalone system 

This layout is based on Compower gas turbine configuration. Main components of the gas turbine 
shown in Figure 7-1 are as follows: 

 Compressor 

 Turbine 

 Recuperator  

 Combustor  

One of the objectives of modeling this layout is to determine the gas turbine specification and to 
compare the model result with the test data .Some of the results will be used as input for other models. 
Another objective is to determine the effects of solar receiver integration on system performance. This 
layout is a biogas-fired micro turbine-without a solar receiver- which serves as a reference point. In this 
layout the combustor operates on atmospheric air with standard air specification. 

 

Figure 7-1 Layout 1, schematic 

7.1.1 Test and model comparison  

The model of the first configuration serves as a reference point for further modeling. Since there are 
some data available from the test, it is possible to compare the model result with the experimental test 
result. Six different points with different generator speeds from 100000 to 160000 rpm are considered, 
as it is shown in Figure 7-2. Each parameter is average value extracted from the experimental test. 

Point Number 
Shaft Speed 

[rpm] 

 

1 100000 

2 120000 

3 130000 

4 130000 

5 140000 

6 150000 

Figure 7-2 Six different points with different speeds (rpm)  

Compressor outlet temperature from the experimental test and from the model is shown in Figure 7-3. 
As it can be seen when the turbine is starting and shutting down (Point 1 and Point 6) the model does 
not fit the test result adequately but between these two point, it fits well. 
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Figure 7-3 The compressor outlet temperature for six different points-test and model result 

Recuperator inlet temperature from test and from the model is shown in Figure 7-4. The turbine inlet 
(TIT) temperature is dependent on the recuperator inlet temperature. By increasing the recuperator 
inlet temperature, TIT and consequently the shaft power increases. 

 

Figure 7-4 Recuperator inlet temperature for six different points-test data and model result 

The turbine and the compressor pressure ratio from the experimental test and from the model are 
shown in Figure 7-5 and Figure 7-6 respectively. As it can be seen when the turbine is starting and 
shutting down (Point 1 and Point 6) the model does not fit the data adequately but between these two 
speeds it fits well. 
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Figure 7-5 Turbine pressure ratio for six different points-test data and model result 

 

Figure 7-6 Compressor pressure ratio for six different points-test data and model result 

The air mass flow rate from the test data and from the model is shown in Figure 7-7. As it can be seen 
when the turbine is starting and shutting down (Point 1 and Point 6) the model does not fit test data 
adequately but between these two speeds it fits well. 

 

Figure 7-7 Air mass flow for six different points-test data and model result 

The generated electricity from experimental test and from the model is shown in Figure 7-8. There is a 
big difference between model result and test data at low shaft speed when turbine starts to generate 
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electricity. The reason might be that the shaft speed is noticeably lower than design point. When the 
shaft speed is higher than 130000 rpm the model fits experimental test data well. 

 

Figure 7-8 Generated electricity for six different points-test data and model result 

Combustor air flow rate and fuel flow rate as functions of shaft speed and turbine inlet temeprature are 
shown in Figure 7-9 and Figure 7-10 respectivyely.  It should be mentioned that these data are 
calculated by model . There is no acuurate data from the turbine test for different speeds but the 
results are quiet close to the average rough values mentioned in the gas turbine operation 
specifications. 

 

Figure 7-9 Combustor air flow rate and fuel flow rate based on the model  
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Figure 7-10 Combustor air flow rate and fuel flow rate based on the model 

System performance for ideal situation, defined in model assumptions is shown in Table 7-1. 

Table 7-1 Layout 1, model result, ideal situation 

Model 1 

Electric Power (kWe) 5 

Efficiency 14.2 

Fuel Consumption (kg/s) 0.0017 

Fuel Energy (kW) 35 

Recuperator Inlet Temperature (K) 952 

Turbine Inlet Temperature (K) 893 

7.2 Layout 2, pure-solar gas turbine with the atmospheric 
receiver 

The schematic of layout 2 is shown in Figure 7-11. In this layout the atmospheric receiver is located 
after the turbine. There is no combustor in the system and input energy is supplied by solar irradiation 
which is simulated by several lamps. This model can be helpful to test the solar receiver and to study 
its operation in the integrated unit. 

 

Figure 7-11 Layout 2 schematic configuration  

The recuperator inlet temperature, the turbine inlet temperature, the generated electricity and the 
efficiency as functions of lamp power are illustrated in Figure 7-12. Two horizontal lines shown in this 
figure are related to the recuperator temperature limitation. The lower line is temperature limitation for 
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the old recuperator previously installed on the gas turbine. The maximum allowable temperature was 
around 650 °C. 

The upper line shows temperature limitation of the new recuperator which is recently installed on the 
gas turbine. The maximum allowable temperature is around 800 °C. It is very clear that to what extent 
the recuperator temperature limit can influence the performance of the unit. The maximum power is 
limited by this temperature limitation. 

It should be mentioned that the higher the recuperator temperature the higher the heat exchanger price 
and there should be always a compromise between economical investment and technical performance. 

 

Figure 7-12 Layout 2, recuperator inlet temperature, turbine inlet temperature, efficiency and power as 
functions of lamp power for the old and the new recuperators   

In this layout, the recuperator temperature should be higher than the turbine inlet temperature. Since 
the recuperator temperature limitation is always lower than the turbine temperature limitation the 
efficiency is restricted by the maximum recuperator temperature and can be increased by increasing the 
limit. 

7.3 Layout 3, pure-solar gas turbine with the pressurized 
receiver 

Layout 3 is shown in Figure 7-13. In this layout the pressurized receiver is located before the turbine. 
There is no combustor in the system and the input energy is supplied by the solar irradiation which is 
simulated by several lamps. This model can be helpful to test the solar receiver and to study its 
operation in the integrated unit. 

 

Figure 7-13 Layout 3 schematic configuration 



 

37 

The recuperator inlet temperature, the turbine inlet temperature, the generated electricity and the 
efficiency as functions of lamp power are shown in Figure 7-14 .Three  horizontal lines are shown in 
the figure which are related to the recuperator and the turbine temperature limitations. The lower line 
is the temperature limitation for the old recuperator which was previously installed on the gas turbine. 
The maximum allowable temperature was approximately 650 °C. 

The upper horizontal line shows the turbine temperature limitation. As it is shown in the range of 
current system operation it never reaches the limitation. 

The middle horizontal line shows the temperature limitation for the new recuperator which is recently 
installed on the gas turbine. The maximum allowable temperature is roughly 800 °C.  

It is obvious that in what extent the recuperator temperature limitation can influence the performance 
of the unit. The maximum power is limited by this temperature limitation. It is worth mentioning again 
that the higher the recuperator temperature the higher the heat exchanger price. Therefore while 
designing any arrangement there should be a justifiable tradeoff between economical investment and 
technical performance. 

In layout 3, recuperator inlet temperature should be lower than the turbine inlet temperature. The 
efficiency is limited by both the turbine inlet temperature and the recuperator temperature limitation.  

 

Figure 7-14 Layout 3, recuperator inlet temperature, turbine inlet temperature and power as functions 
of number of lamps  
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7.4 Layout 2 and 3 Comparison 

The objective of modeling layout 2 and 3 is to study their performance and compare them with each 
other. As it was mentioned before, there is no combustor in the system. The only heat source is solar 
energy which is simulated by lamps in the lab. 

Layout 2 Layout 3 

  

Figure 7-15 Layout 2 and layout 3 schematic configuration 

In this chapter the performance of these two layouts are compared with each other in terms of the 
following parameters: 

 Efficiency 

 Power  

 Recuperator and turbine inlet temperature   

 Receiver inlet and outlet temperature  

Generated power and turbine efficiency as a function of input energy is shown in Figure 7-16. As it is 
shown, the efficiency and the generated power in layout 3 is higher than layout 2 

 

Figure 7-16 Layout 2 and layout 3, efficiency and generated electricity VS lamp power 

 

The turbine inlet temperature as a function of input energy is illustrated in Figure 7-17. As it is shown, 
with the same amount of input energy, the turbine inlet temperature in layout 3 is higher than that of 
layout 2 which results in more power production in layout 3. 
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Figure 7-17 Layout 2 and layout 3, Turbine Inlet Temperature comparison 

The receiver inlet and outlet temperature as functions of generated power are illustrated in Figure 7-18. 
As it can be seen for the equal amount of electricity the receiver inlet and outlet temperature in layout 
2 is higher than layout 3. Since higher temperature in the receiver design is an important issue, this is 
an advantage for layout 3. Needless to say that the higher the receiver temperature, the higher the price 
and technical complexity. As a result there should always be a compromise between economical 
investment and technical performance. 

 

Figure 7-18 Layout 2 and layout 3, receiver inlet and outlet as functions of generated electricity 
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The recuperator inlet temperature as a function of lamp power and generated electricity is shown in 
Figure 7-19 and Figure 7-20 respectively. As it is illustrated, the recuperator inlet temperature in layout 
3 is lower than layout 2 which is an advantage in layout 3. 

 

Figure 7-19 Layout 2 and layout 3, the recuperator inlet temperature as a function of lamp power 

 

Figure 7-20 Layout 2 and layout 3, the recuperator inlet temperature as a function of generated power 
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At the end of this section a short comparison between layout 1, 2 and 3 is shown in Table 7-2.  

Table 7-2 Layout 2 and 3 specification 

Model 
Electric 
Power 

Efficiency 
Input 
Heat 

Temperature 
Limitation 

Turbine 
Inlet 

Temperature 

Recuperator 
Inlet 

Temperature 

Receiver 
Temperature 

unit kW % kW K K K K 

Layout 1 5 14.24 35.11 Receiver =1173 

 

TIT =1273 

 

Recuperator =1073 

893 952 _ 

Layout 2 5 13.29 37.61 898 957 
Inlet =730 
Outlet=957 

Layout 3 5 15 33.32 897 728 
Inlet =694 
Outlet=897 

In general, layout 3 shows higher performance compared to layout 2. This is due to the fact that the 
receiver is located before the turbine. In this case heat is supplied directly to the turbine instead of 
being supplied via the recuperator thus eliminating the temperature penalty of heat-transfer. 
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7.5 Layout 4A, full hybrid configuration with the atmospheric 
receiver  

In layout 4, the receiver is located after the turbine. In sub-layout 4A the combustor is located after the 
receiver and the combustion air is taken from ambient, as it is shown in Figure 7-21. Since combustion 
air is not preheated the efficiency of the system is low and the specific fuel consumption is higher than 
that of other layouts. 

 
Figure 7-21 Layout 4A schematic configuration 

 Efficiency and Specific Fuel Consumption 

System efficiency and fuel consumption are very dependent on solar irradiation. Therefore system 
efficiency and fuel consumption are different in various geographical locations. These two parameters 
as functions of solar irradiation are shown in Figure 7-22.  

When solar irradiation is not available, layout 4A behaves exactly similar to layout 1 with an efficiency 
of 14.24%. On the other hand when the system operates purely based on solar energy, layout 4A 
behaves similar to layout 2 with an efficiency of 13.29%. 

  
Figure 7-22 Specific Fuel Consumption and efficiency as a function of solar irradiation  

 Heat Input  

Heat input and solar share as functions of solar irradiation are shown in Figure 7-23. When solar 
irradiation is higher than 2250 kJ/hr.m2, the system can work based on pure solar energy. 
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Figure 7-23 Heat input and solar share as functions of solar irradiation 

 

7.6 Layout 4B, Full hybrid configuration with the atmospheric 

receiver  

In layout 4 the receiver is located after turbine. In sub-layout 4B the combustor is positioned after the 
receiver and the combustion air is taken from the receiver outlet, as it is shown in Figure 7-24. Since 
combustion air has high temperature, system efficiency is higher and specific fuel consumption is 
lower than that of layout 4A. 

 
Figure 7-24 Layout 4B schematic configuration 

 Efficiency and Specific Fuel Consumption 

Efficiency and specific fuel consumption as functions of solar irradiation are shown in Figure 7-25. As 
it can be seen when more solar energy and less fossil fuel are used in the system efficiency decreases. 

When there is no solar irradiation system efficiency is 18.9 % and in pure-solar mode, layout 4B 
behaves similar to layout 2 with an efficiency of 13.29%. 
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Figure 7-25 Specific Fuel Consumption and efficiency as functions of solar irradiation 

 Heat Input 

Heat input and solar share, as functions of solar irradiation are shown in Figure 7-26. When solar 
irradiation is higher than 2250 kJ/hr.m2 the system can work only based on solar energy. 

 
Figure 7-26 Heat input and solar share as functions of solar irradiation 
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7.7 Layout 4C- Full hybrid configuration with the atmospheric 
receiver  

In layout 4, the receiver is located after the turbine. In sub-layout 4C, the combustor is positioned 
before turbine and combustion air is taken from the recuperator outlet.  

 
Figure 7-27 Layout 4C schematic configuration 

 Efficiency and Specific Fuel Consumption 

Efficiency and specific fuel consumption as functions of solar irradiation are shown in Figure 7-28. 
When there is no solar irradiation system efficiency is 21.52 % and in pure-solar mode layout 4C 
behaves similar to layout 2 with efficiency of 13.29%. 

 
Figure 7-28 Specific Fuel Consumption and efficiency as a function of solar irradiation 

 Heat input and solar share  

Heat input and solar share as functions of solar irradiation are shown in Figure 7-29. When solar 
irradiation is higher than 2250 kJ/hr.m2, the system can operate on pure solar energy. 
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Figure 7-29 Heat input and solar share as functions of solar irradiation 

 

7.8 Layout 4A,4B,4C comparison 

In the previous sections different possible configurations in which that receiver is located after turbine 
is described.  In this part these three different sub-layouts which are shown in Figure 7-30 are 
compared with each other. 

Figure 7-30 Layout 4A, layout 4B and layout 4C, schematic configuration 

 Efficiency  

In Figure 7-31 system efficiency for three layouts 4A, 4B and 4C is shown. As it can be seen, the 
efficiency of layout 4A is much lower compared to other layouts. The reason is that the combustion air 
is taken directly from ambient and it is relatively cold. Layout 4C in which the combustor is located 
before the turbine has a higher efficiency compared to other layouts. 

4A 4B 4C 
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Figure 7-31 Layout 4A, 4B and 4C, efficiency as a function of solar irradiation 

 Specific Fuel Consumption 

Specific fuel consumption (SFC) for these three layouts as a function of solar irradiation is illustrated in 
Figure 7-32. Layout 4A has the highest and layout 4C has the lowest SFC value.  

 

Figure 7-32 Layout 4A, 4B and 4C, Specific Fuel Consumption as a function of solar irradiation 

 Solar Share  

Solar share as a function of solar irradiation is shown in Figure 7-33. As it can be seen layout 4C has 
the highest and layout 4A has the lowest solar share value but there is not a significant difference 
between solar shares in these three layouts. 
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Figure 7-33 Layout 4A, 4B and 4C solar share as a function of solar irradiation 

 

7.9 Layout 5A- Full hybrid configuration with pressurized 

receiver  

In layout 5, the receiver is located before turbine. The only difference between Layouts 5A, 5B and 5C 
is combustor arrangement. In layout 5A, the combustor is located after the turbine and the 
combustion air is taken from ambient.  

 

 Figure 7-34 Layout 5A schematic configuration 

 Efficiency and Specific Fuel Consumption 

System efficiency and fuel consumption are dependent on the solar irradiation. Therefore system 
efficiency and fuel consumption are very different in different geographical locations.  

Efficiency and specific fuel consumption as functions of solar irradiation are shown in Figure 7-35. As 
it can be seen by using more solar energy and less fossil fuel the efficiency increases. Since combustion 
air is not preheated, efficiency of the system is lower and specific fuel consumption is higher than the 
other layouts. 

When there is no solar irradiation, layout 5A behaves similar to layout 1 with efficiency of 14.24% and 
in pure solar mode it behaves similar to layout 3 with efficiency of 15%. This explains why efficiency 
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increases by solar irradiation increase. Since the receiver is located at the high pressure side, the 
pressure drop is higher than that of layout 4 and efficiency is slightly lower. 

 

Figure 7-35 Specific Fuel Consumption and efficiency as functions of solar irradiation 

 Heat input and solar share  

Heat input and solar share as functions of solar irradiation are shown in Figure 7-36. When solar 
irradiation is higher than 2000 kJ/hr.m2 the system can work only based on solar energy. 

 

Figure 7-36 Heat input and solar share functions of solar irradiation 
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7.10 Layout 5B- Full hybrid configuration with the pressurized 
receiver  

As explained previously in layout 5, the receiver is located before the turbine. The only difference 
between Layouts 5A, 5B and 5C is combustor arrangement. In layout 5B, the combustor is located 
after the turbine and the combustion air is taken from the turbine exit.   

 

Figure 7-37 Layout 5B schematic configuration 

 Efficiency and Specific Fuel Consumption 

Efficiency and specific fuel consumption as functions of solar irradiation are shown in Figure 7-38. As 
it can be seen by using more solar energy and less fossil fuel the efficiency decreases.  

When there is no solar irradiation system efficiency is 18.81% and when the system operates in pure 
solar mode, layout 4B behaves similar to layout 3 with efficiency of 15 %. This explains why efficiency 
decreases by solar irradiation increase. 

 

Figure 7-38 Specific Fuel Consumption and efficiency as functions in solar irradiation 

 Heat input and solar share  

Heat input and solar share as functions of solar irradiation is shown in Figure 7-39. When solar 
irradiation is higher than 2000 kJ/hr.m2, the system can work only based on solar energy. 
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Figure 7-39 Heat input and solar share as functions of solar irradiation 

 

7.11 Layout 5C- Full hybrid configuration with the pressurized 
receiver  

In layout 5, receiver is located before turbine. In sub-layout 5C the combustor is located before the 
turbine and combustion air is taken from the receiver outlet.   

 

 

Figure 7-40 Layout 5C schematic configuration  

 Efficiency and Specific Fuel Consumption 

Efficiency and specific fuel consumption as functions of solar irradiation are shown in Figure 7-41. 
When there is no solar irradiation, system efficiency is 21.14% and when the system operates in pure 
solar mode, layout 5C behaves similar to layout 3 with efficiency of 15% .This explains why efficiency 
decreases by solar irradiation increase. 
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Figure 7-41 Specific Fuel Consumption and efficiency as functions of solar irradiation 

 Heat input and solar share  

Heat input and solar share as functions of solar irradiation are shown in Figure 7-42. When solar 
irradiation is higher than 2000 kJ/hr.m2, the system can work only based on solar energy. 

 

Figure 7-42 Heat input and solar share as functions of solar irradiation 
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7.12 Layout 5A,5B,5C comparison 

In previous sections different possible configurations in which the receiver is located before turbine 
are described.  In this part these tree different sub-layouts are compared with each other. 

5A 5B 5C 

  

 

Figure 7-43 Layout 5A, layout 5B and layout 5C, schematic configuration 

 Efficiency  

In Figure 7-44 system efficiency for three layouts 5A, 5B and 5C is shown. As it can be seen efficiency 
of layout 5A is much lower compared to the other layouts since the combustion air is taken directly 
from ambient and it is relatively cold. Layout 5C, in which combustor is located before the turbine, has 
a higher efficiency compared to other layouts. 

 

Figure 7-44 Layout 5A, 5B and 5C, efficiency as a function of solar irradiation 

 Specific Fuel Consumption 

Specific fuel consumption (SFC) for these three layouts as a function of solar irradiation is illustrated in 
Figure 7-45. Layout 5A has the highest and layout 5C has the lowest SFC value. 
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Figure 7-45 Layout 5A, 5B and 5C, Specific Fuel Consumption as a function of solar irradiation 

 Solar Share 

Solar share as a function of solar irradiation is shown in Figure 7-46. As it can be seen layout 5C has 
the highest and layout 5A has the lowest solar share value but there is not a significant difference 
between solar shares in these three layouts. 

 

Figure 7-46 Layout 5A, 5B and 5C, solar share as a function of solar irradiation 
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7.13 Layout 4 and 5 comparison 

In previous sections different possible configurations in which the receiver is located after and before 
turbine are described.  In this part all different sub-layouts are compared with each other in terms of 
efficiency, specific fuel consumption and solar share value. 

 Efficiency  

In Figure 7-47 system efficiency for all layouts are shown. As it can be seen layout 5 has a higher 
efficiency in general. It indicates that layouts in which pressurized receiver is located upstream of the 
turbine show higher efficiency compared to those in which the atmospheric receiver is located 
downstream of the turbine. 

 

Figure 7-47 Layout 4 and 5, efficiency as a function of solar irradiation 

 Specific Fuel Consumption 

Specific fuel consumption (SFC) for all layouts as a function of solar irradiation is illustrated in Figure 
7-48. Layout 4 has higher values of SFC.  

 

Figure 7-48 Layout 4 and 5, Specific Fuel Consumption as a function of solar irradiation 
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 Solar Share  

Solar share as a function of solar irradiation is shown in Figure 7-49. It is clearly seen that layout 5C 
has the highest and layout 4A has the lowest solar share value. However there is not a significant 
difference between solar shares in different layouts. 

 

Figure 7-49 Layout 4 and 5, solar share as function of solar irradiation 

In Table 7-3 the efficiency of all layouts is shown for both pure solar mode and pure fossil-fuel based 
operation. When the system operates only based on fossil fuel, the efficiency of layout 4 is slightly 
higher than layout 5 for the similar sub-layout configuration. The reason is that solar receiver in layout 
5 is located in the high pressure side resulting in higher pressure drop and consequently lower 
efficiency. 

Table 7-3 Efficiency of different layouts  

Layout Efficiency – Only Fossil Fuel Efficiency – Only Solar Energy 

1 14.24 _ 

2 _ 13.29 

3 _ 15 

4A 14.1 13.29 

4B 18.9 13.29 

4C 21.52 13.29 

5A 14.05 15 

5B 18.81 15 

5C 21.41 15 
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7.14 Layout 4C and 5C comparison 

Considering all previous explanations, layouts 4C and 5C are the most favorable configurations in 
terms of efficiency, fuel consumption and solar share. In this part these two different layouts are 
compared with each other. Since small particles in combustion flue gas can damage the turbine and 
compressor blade especially during high speed operation, a filter should be allocated to the process. 

Efficiency, Specific Fuel Consumption (SFC) and Solar Share for these two layouts are illustrated in 
Figure 7-50, Figure 7-51 and Figure 7-52 respectively. These figures show that layout 5C has higher 
performance compared to layout 4C and therefore is the most appropriate layout. However in case of 
an atmospheric receiver layout 4C and in case of pressurized receiver layout 5C are considered as the 
best choice. 

 

Figure 7-50 Layout 4C and 5C, efficiency as a function of solar irradiation 

 

Figure 7-51 Layout 4C and 5C, Specific Fuel Consumption as a function of solar irradiation 
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Figure 7-52 Layout 4C and 5C, solar share as a function of solar irradiation 
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8 TRANSIENT MODEL RESULT 

8.1 Case Study Description 

For transient model two cities with different solar fluxes are studied. Hourly solar irradiation during a 
year extracted from TRNSYS database is used for model implementation during a year. These two 
cities are located in different geographical locations. Yechang located in China with low solar 
irradiation and the other one, Bechar located in Algeria with high solar irradiation are selected as case 
studies. Hourly solar radiations for the two cities are shown in Figure 8-1 and Figure 8-2. 

City Direct Normal Radiation [kWh/m2.yr] 

Bechar - Algeria 2417 

Yechang-China 815.4 

 

Figure 8-1 Yechang, China, hourly solar irradiation during a year 

 

Figure 8-2 Bechar, Algeria, hourly solar irradiation during a year 
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8.2 Methodology 

The transient model is based on the average solar irradiation for two cities in two different 
geographical locations which have been described in section 8.1. 

The target is to generate 5 kWe electricity 24 hours per day during one year. In case of low solar heat 
flux system operates as a hybrid solar-fossil fuel and when the solar energy is not available, system 
operates in pure fossil-fuel mode. For generating 5 kWe electricity, the total input energy to the system 
should be limited to a certain value for each layout.  

8.3 Transient Model Result 

The transient model results are shown in Table 8-1 and Figures 8-3 to 8-7.The flowing parameters for 
the two case studies are calculated: 

 Average specific fuel consumption (mg/J) 

 Integrated system fuel consumption (kg/yr ) 

 Fuel consumption non-hybrid system (kg/yr) 

 Fuel consumption reduction (% /yr) 

 Average efficiency during one year  

 Average solar share during one year  

The most important parameters which can be used for comparison between different layouts are the 
fuel consumption reduction and the average efficiency during one year operation.  

Fuel consumption reduction for layout 4 is around 15 % in Yechang and 38.5 % in Bechar. Fuel 
consumption reduction for layout 5 is about 16% in Yechang and 39 % in Bechar. As it is expected the 
fuel consumption reduction in layout 5 is more than layout 4 since the efficiency of layout 5 is higher. 
The fuel consumption reduction in Bechar is more than Yechang since the solar irradiation in Bechar 
is higher. 

Average efficiency in layout 4A, 4B and 4C are respectively 14%, 18% and 20.1% in Yechang.  
Average efficiency in layout 4A, 4B and 4C are respectively 13.8%, 16.7% and 18.2% in Bechar.  
Average efficiency in layout 5A, 5B and 5C are respectively 14.3 %, 18.2% and 20.3% in Yechang.  
Average efficiency in layout 5A, 5B and 5C are respectively 14.5%, 17.3% and 18.8% in Bechar. 

Comparison between different sub-layouts shows that the average efficiency for almost all layouts in 
Yechang is slightly higher than the same layout in Bechar. The reason is that hybrid system in Yechang 
operates mostly based on combustor which has higher efficiency compared to solar system. This 
results in a higher average efficiency in Yechang. 

The only layout that shows slightly higher efficiency in Bechar is Layout 5A. The reason is that the 
combustor efficiency in all layouts except layout 5A is higher than solar system efficiency. As it is 
shown in Table 7-3 the efficiency of the solar system including the pressurized solar receiver located 
before turbine (layout 5A) is higher than the efficiency of the system operating based on the 
combustor using ambient air ( layout 1).  
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Table 8-1 Transient model result, layout 4A, 4B, 4C, 5A and 5B 

Layout 

Direct Normal 
Radiation 

kWh/m2.yr 

Average Specific Fuel 
Consumption mg/J 

Fuel Consumption 
(kg/yr) 

Fuel 
Consumption -

No Solar 
Energy (kg/yr) 

Fuel Consumption 
Reduction - Yearly 

(%) 
Efficiency (Avg) 

Average Solar Share 
% 

Yechang Bechar Yechang Bechar Yechang Bechar _ Yechang Bechar Yechang   Bechar Yechang  Bechar 

4A 

815.4 2417 

0.29 0.21 45290 32770 5326 15 38.5 14 13.8 15.2 38.7 

4B 0.21 0.16 33790 24460 3974 15 38.5 18 16.7 16.50 39.7 

4C 0.19 0.14 29660 21465 3489 15 38.5 20.1 18.2 17.10 40.10 

5A 0.28 0.20 44510 31980 5346 16.7 40.2 14.3 14.5 16.2 39.80 

5B 0.21 0.15 33420 24015 39915 16.3 39.80 18.2 17.3 17.2 40.5 

5C 0.19 0.13 29400 21120 35080 16.3 39.8 20.3 18.8 17.7 40.80 
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Figure 8-3 Average solar share during a year 

 

Figure 8-4 Average Efficiency during a year 

 

Figure 8-5 Average Specific Fuel Consumption during a year  
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Figure 8-6 Total fuel consumption during a year 

 

Figure 8-7 Average fuel consumption reduction during a year 
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8.4 Daily Profile  

To achieve better understanding of the system operation, the daily profile for the most appropriate layouts 
(4C and 5C) in Yechang and Bechar during a specific time period is figured out. The time period is 7:00 to 
20:00 on March 21 which corresponds to hour 1951 to 1964 in yearly timing. The results are shown in Figure 
8-8 and Figure 8-9 for Bechar and Yechang respectively. These two figures give an illustrative prediction of 
the system operation during one day. 

The target is to produce 5 kWe during the time period. When the solar energy is not enough the combustor 
operates to provide supplementary heat to the system. 

Fluctuations of the following parameters during one day operation are shown in figures: 

 Total heat  

 Fuel heat  

 Solar heat 

 Solar fraction 

 Specific fuel consumption 

 Efficiency  

In Bechar in which the solar radiation is relatively high, system operates mostly based on solar heat flux. 
From 9:00 to 18:00 solar fraction is 100% and combustor working hours is 3 hours during one day (13 hours) 
operation. On the other hand, since in Yechang solar radiation is relatively low and solar fraction is mostly 
lower than 50%, the system operates mostly based on the combustor rather than on the solar receiver. 

Although the average efficiency of the system in Yechang is higher than Bechar but specific fuel consumption 
is higher. Therefore hybrid solar system operation in a geographical location such as Yechang with low solar 
insolation may not be reasonable. 
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Daily Profile– Algeria - Bechar 

 

Layout 4C Layout 5C 

  

  

Figure 8-8 Daily profile on 21 March, integrated unit overall performance, Bechar 
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Figure 8-9 Daily profile on 21 March, integrated unit overall performance, Yechang 

 

Daily Profile - China - Yechang 

 

Layout 4C Layout 5C 
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9 CONCLUSION AND FUTURE WORKS 

In this project, an externally fired gas turbine with a highly efficient recuperator is integrated with a solar 
receiver. The system works as a hybrid unit and burns fossil fuel when the solar energy is not enough or 
available. Different possible configurations are described and modeled. A transient model for two different 
cities, one with high solar irradiation and the other one with low solar irradiation, has been developed. 

Differences between layouts are mainly based on receiver and combustor location and operation. A transient 
model in which the receiver is located before the turbine (pressurized receiver) shows higher performance 
compare to the one in which the receiver is located after the turbine (atmospheric receiver). 

Layouts 5C in which a pressurized solar receiver is located before the turbine and the combustor is located 
after the turbine shows higher performance and is considered as the most desired layout. By locating the 
combustor before the turbine system efficiency is higher but there is a risk of turbine and compressor damage 
due to small particles in combustion flue gas and there is a need to position a filter before the turbine 
entrance.  

Electricity availability increases by using a hybrid system operating on both solar energy and fossil-fuel.  

Hybrid Brayton dish-engine is not commercially available and is at research and development stage. Its 
operational characteristics are strongly dependent on solar heat flux which fluctuates during the day. Solar 
input flux fluctuations result in rapid changes in the following parameters during operation: 

 Temperature in different points  

 Combustor air flow rate  

 Combustor fuel flow rate 

 Process air mass flow rate  

 Engine operation 

Solar heat flux fluctuation emphasizes on developing an advance control strategy in hybrid system to absorb 
required solar energy. Solar heat flux into the system should be limited when it is higher than system 
requirement otherwise it can be harmful for the system particularly for the receiver.  

Considering above mentioned issues a comprehensive well defined control algorithm is a vital issue in order 
to control engine operation, solar input heat flux and sun tracking system. It can be considered as a future 
work for hybrid dish-eng8ine system development. 
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10 SOLAR LAB TEST RIG 

10.1 Solar Lab Demonstration 

A solar lab demonstration is under construction at KTH energy department. System configuration is shown 
in Figure 10-1. This chapter is allocated to a preliminary design of heat dump system for this unit. 

 

Figure 10-1 Solar lab demonstration  

10.1.1 Heat Dump System Design 

When the receiver is under test there is a need to reject the exit heat. This exhaust heat can be used for 
preheating the receiver inlet air. In this section a preliminary design and calculation based on turbine 
requirement is done. Receiver inlet and outlet air specification should be similar to the situation when it is 
working with the gas turbine. Recuperator temperature is limited to 800 °C (1073 K). Therefore maximum 
receiver outlet temperature should be 800 °C. With this maximum temperature, the turbine outlet 
temperature is around 560 °C (833 K).This simple approximation can be used for preliminary design of the 
heat dump and preheating system. 

 Receiver inlet temperature =560° C = 833 K 

 Receiver outlet temperature =800 °C = 1073 K  

Heat dump system is composed of a heat exchanger, two fans and a mixer pipe as it is shown in Figure 10-2. 
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Figure 10-2 Heat dump system configuration  

The heat exchanger is a counter cross flow heat exchanger with effectiveness around 0.7. First fan supplied 
receiver inlet air with the same turbine air mass flow which is 0.1 kg/s. If the exit temperature from heat 
dump system is assumed 50 °C the second fan size can be estimated. Based on this calculation the second fan 
size is around 0.9 kg/s (0.8 m3/s). 

The calculation results based on rough estimations are shown in Table 10-1. A simple drawing for the heat 
pump mixer pipe is shown in Figure 10-3 and Figure 10-4. 
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Figure 10-3 Heat dump mixer pipe 3D view 

 

 

Figure 10-4 Heat dump mixer pipe drawing 
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Table 10-1 Heat dump mixer pipe drawing 

 

e 
Air mass 
flow rate 

m_dot[5] T[1] T[2] T[3] T[4] T[5] T[6] 
Air volume 

flow rate 
Air volume 
flow rate 

Q_receiver D[5] D[6] 
Number 
of holes 

V[5] V[6] 

- [kg/s] [kg/s] [C] [C] [C] [C] [C] [C] [m3/s] [ft3/min] [kW] [m] [m] - [m/s] [m/s] 

0.69 0.1 0.9654 25 563 800 288 25 50 0.8156 1728 26.83 0.05 0.34 12 34.61 0.896 

0.69 0.1 0.84 25 563 800 288 25 53.3 0.7096 1504 26.83 0.05 0.34 12 30.12 0.798 

0.69 0.1 0.741 25 563 800 288 25 56.7 0.626 1326 26.83 0.05 0.34 12 26.57 0.722 

0.69 0.1 0.6608 25 563 800 288 25 60 0.5583 1183 26.83 0.05 0.34 12 23.69 0.659 
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APPENDIX 

Appendix A:  EES Code, Layout 5C 

All models are similar to each other in principle and implemented in EES. In this section EES Code 
for layout 5C is described in details.  

 
"Constant values in the system"  
"Inlet Air Specification" 
 
T [1] =T_amb+2 
T_amb=15+273.15                   " Temperature increases by passing the generator" 
P [1] =1.013                                "pressure"  
m_dot_air=.1                            "kg/s" 
 
"Fuel Specification" 
 
g=.65                                      "Ch4 mole fraction" 
z=.35                                      "Co2 Mole Fraction" 
LHV=21000                            "Low Heating value kJ/kg" 
Y_stoic=6.19                          " Stoic for .65 CH4 and .35 Co2"  
"Y_stoic=9.524"                     "Stoic for 1 CH4 and 0 Co2" 
 
 
 
"Turbocharger design" 
 
eta_is_c=.75 
eta_is_T=.86 
 
eta_GT=0.93                        " generator efficiency" 
eta_m=0.99                          "mechanical efficiency" 
 
"Pressure drop" 
 
dp1=1.5                                  " Recuperator pressure drop - air side" 
dp2=.9                                    " Combustor pressure drop" 
dp3=2                                     " Recup pressure drop - gas side" 
dp4=1                                     " Receiver pressure ratio" 
 
 
P[31]=P[2]*(1-dp1/100) 
P[32]=P[31]*(1-dp4/100) 
P[3]=P[32]*(1-dp2/100) 
P[5]=P[4]*(1-dp3/100) 
 
 
P_r_c=2.756 
P_r_t=2.634 
 
 
"Heat Exchanger Design" 
 
 e=0.89 
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"Compressor" 
T[2]-T[1]=T[1]*(((P[2]/P[1])^((K_c-1)/K_c))-1)/eta_is_c 
K_c=Cp(Air,T=((T[1]+T[2])/2)/Cv(Air,T==((T[1]+T[2])/2) 
P[2]=P_r_c*P[1] 
 
h[1]=Enthalpy(Air_ha, T=T[1],P=P[1]) 
h[2]=Enthalpy(Air_ha, T=T[2],P=P[2])  
 
 
"Turbine" 
 
T[3]-T[4]=T[3]*eta_is_t*(1-1/((P[3]/P[4])^((K_t-1)/K_t)))     
K_t=Cp(Air, T=((T[3]+T[4])/2))/Cv(Air,((T=T[3]+T[4])/2) 
 
P[3]=P_r_t*P[4] 
 
h[3]=Enthalpy(Air_ha,T=T[3],P=P[3]) 
h[4]=Enthalpy(Air_ha,T=T[4],P=P[4]) 
 
 
"Power Consumption" 
 
P_com=M_dot_air*(h [2]-h [1]) 
P_Turb=M_dot_air*(h [3]-h [4]) 
 
 
P_GT_el=(P_Turb*eta_m-P_com)*eta_GT 
GT_eff=P_GT_el*100/(Q_dot_fuel+Q_dot_solar) 
SFC=M_dot_fuel*1000/P_gt_el                                      "Specific Fuel Consumption, gram/kW" 
SS=Q_dot_solar*100/(Q_dot_total)                                " Solare Share " 
Q_dot_total=Q_dot_solar+Q_dot_fuel 
extra_Solar_energy=(Q_dot_solar_sun-Q_dot_solar_in) 
 
 "If solar radiation is more than system requirement it should be banned .By controlling the income radiation it is 
possible to control the sun heat flux - for example a sun protection system can be used for solving this problem" 
 
Q_dot_solar_sun=A_c*SR_KW*eta_s 
 
"Recuperator "  
 
delta_T=T[4]-T[31] 
 
e=(T[31]-T[2])/(T[4]-T[2])   "HX effectiveness " 
 
h[31]=Enthalpy(Air_ha, T=T[31],P=P[31]) 
 
 m_dot_air*(h[31]-h[2])=m_dot_4*(h[4]-h[5]) 
 
 
 
"Solar Receiver" 
Q_dot_solar_in=M_dot_air*(h[32]-h[31])    
h[32]=Enthalpy(Air_ha, T=T[32],P=P[32]) 
 
Q_dot_Solar=(A_c*SR_KW) "solar Irradiation KW "  
Q_dot_solar_in=(A_c*SR_KW)*eta_s "solar Irradiation KW "  
 
 
SR_KW=SR/3600                    "kW/m2" 
A_c=Pi*D_C^2/4 



 

76 

 

D_c=9 
eta_s=.67 
 
 
"Combustor Heat Balance” 
 
 
Q_dot_fuel=M_dot_fuel*LHV     "Heat supplied on the combustion chamber"  
Beta=M_dot_fuel/M_dot_air_b   "Specific fuel consumption and m_dot_air_b is combustor air flow rate" 
 
M_dot_b=m_dot_air_b+m_dot_fuel "M_dot_b is combustion production mass flow rate before adding dilution 
air" 
 
M_dot_air=m_dot_air_b+m_dot_d 
M_dot_3=M_dot_d+m_dot_b 
m_dot_4=m_dot_3 
 
 
m_dot_air_b*h [32] + Q_dot_fuel=m_dot_b*h_b “heat balance on the combustion chamber”    
m_dot_b*h_b+m_dot_d*h[32]=M_dot_3*h[3] 
 
 
x=(1+AF)*Beta/(1+beta)       "gas content and AF is the stoichiometric air to fuel ratio ( kg air/kg fuel ) " 
                                                                            
EA=1/x                                                   "Air excess factor" 
ex_air=EA-1 
AF_r=Y_stoic*EA*(.79*28+ .21*32)/ (g*16+z*44)      "Real Air-Fuel ratio" 
AF=Y_stoic*(.79*28+ .21*32)/ (g*16+z*44)                       "Stoichiometric Air-Fuel ratio” 
ex_air=0.03 
 
"Combustion equilibrium" 
 
"Fuel and air input   ,x=Ch4 Percentage ,Z=Co2 Percentage ,Y=stoichiometric air fuel ration ,air=0 
.79N2+.21*o2 ,EA=excess_air_factor , Products : a=co2 Percentage ,b=h20 
Percentage=O2_Percentage,d=N2_percentage " 
 
a=g+z  " carbon"                                         
4*g=2*b "hydrogen" 
2*z+(Y_stoic*EA)*.21*2=2*a+b+2*c "Oxygen" 
(Y_stoic*EA)*.79=d "Nitrogen" 
 
 
"(gCH4+zCO2) + (Y_stoic*EA)*(.79N2 + .21O2) = a CO2 + b H2O + c O2 +d N2”  
 
 
HR=g*enthalpy(CH4,T=298)*MolarMass(Methane)+z*enthalpy(CO2,T=298)*MolarMass(CarbonDioxide)+(Y_
stoic*EA)*.21*enthalpy(O2,T=298)*MolarMass(Oxygen)+(Y_stoic*EA)*.79*enthalpy(N2,T=298)*MolarMass(
Nitrogen) 
HP=a*enthalpy(CO2,T=T_adb)*MolarMass(CarbonDioxide)+b*enthalpy(H2O,T=t_adb)*MolarMass(Water)+d
*enthalpy(N2,T=t_adb)*MolarMass(Nitrogen)+c*enthalpy(O2,T=t_adb)*MolarMass(Oxygen) 
HP=HR 
 
“Combustion Product Specific Heat and temperature Calculation” 
 
Cp_co2_b=Cp (CO2, T=T_b) 
cp_O2_b=Cp (O2, T=T_b) 
cp_N2_b=Cp (N2, T=T_b) 
cp_Water_b=Cp(Water,T=T_b,P=P[1]) 
 
m_co2=a/MolarMass(co2) 
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m_water=b/MolarMass(water) 
m_O2=c/MolarMass(Oxygen) 
m_n2=d/MolarMass(Nitrogen) 
 
Tm=a+b+c+d                                                   “Product Mole amount” 
M_t=m_co2+m_water+m_o2+m_n2       “Product Mass amount" 
 
 
“Product Specific Heat” 
CP_P_b= (cp_co2_b*m_co2+cp_water_b*m_water+cp_O2_b*m_o2+cp_N2_b*m_n2)/m_t   
T_b=h_b/cp_p_b                                                                                 
“Product Temperature” 
"T_b=T_adb" 
 
"Flue Gas Specific Heat Point 6, 7" 
 
Cp_co2 [4] =Cp (CarbonDioxide,T=T[4],P=P[4]) 
cp_O2 [4] =Cp (O2, T=T [4]) 
cp_N2 [4] =Cp (Nitrogen,T=T[4],P=P[4]) 
cp_Water[4]=Cp(Water,T=T[4],P=P[4]) 
 cp_air[4]=Cp(Air_ha,T=T[4],P=P[4]) 
 
CP_P [4]=(cp_co2[4]*m_co2+cp_water[4]*m_water+cp_O2[4]*m_o2+cp_N2[4]*m_n2)/m_t 
"cp[4]=(cp_air[4]*m_dot_d+CP_P[4]*m_dot_b)/(m_dot_4)" 
"h[4]=cp[4]*T[4]" 
 
"h[4]=Enthalpy(Air;T=T[4]) " 
 
Cp_co2[5]=Cp(CarbonDioxide,T=T[5],P=P[5]) 
 
 
cp_O2 [5] =Cp (O2,T=T[5]) 
cp_N2 [5] =Cp (Nitrogen,T=T[5],P=P[5]) 
cp_Water[5]=Cp(Water,T=T[5],P=P[5]) 
 cp_air[5]=Cp(Air_ha,T=T[5],P=P[5]) 
 
CP_P [5] = (cp_co2 [5]*m_co2+cp_water [5]*m_water+cp_O2 [5]*m_o2+cp_N2 [5]*m_n2)/m_t 
"Cp [5] = (cp_air[5]*m_dot_d+CP_P[5]*m_dot_b)/(m_dot_4)" 
"h [5]=cp[5]*T[5]" 
 
h [5]=Enthalpy(Air_ha,T=T[5],P=P[5]) 

M_dot_fuel_h=M_dot_fuel*3600                  "kg/h - fuel consumption per hour” 
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Appendix B:  Flame Temperature Consideration 

Two important parameters which are considered in models are flame temperature and excess air. NOx 
formation and temperature limitation of combustor material are the main reason of this consideration. 
The following figures illustrate the relation between these two parameters and the amount of NOx 
emission. Normally NOx emission form significantly when the temperature is higher than 1537 °C and 
it is important to keep the flame temperature under this limitation by adding excess air. The amount of 
excess air influences NOx formation and should be kept in a special range. Low excess air results in 
lack of oxygen in combustion reaction and higher excess air results in low flame temperature. [13]  

 

Flame temperature and excess air effects on NOx formation [13] 


