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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

In this work, the dynamic performance of a mass flow regulation system, in a concentrating solar tower plant, with unfired closed 
micro gas turbine, during clouds transient will be presented. The adjustment system operates with the heliostats field control system, 
in order to control the temperature inlet turbine. To choose the best configuration, the performance of three heliostats sizes, for four 
Solar Multiple, has been evaluated. The design of the solar field was carried out by means of Solar Pilot, while the numerical 
models have been developed in Matlab/Simulink. The results show that a particular configuration is suitable for this purpose. 
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1. Main text  

Nowadays, the use of renewable sources plays a fundamental role in the energetic systems research as well as their 
effects on the National Grid performance once integrated [1]. The solar source is the most exploitable one and can be 
used to generate energy in different ways or to produce fuels as a storage option [2]. One of these ways is the 
concentrating solar technology, which is able to increase the temperature of a heat transfer fluid in a thermodynamic 
cycle in order to produce electric energy. In the last years, many projects and researches have demonstrated the 
effectiveness of the solar gas turbine systems [3,4] together with the integration of district and regional energy systems 
to enhance the sustainability levels of industry and buildings’ consumption [5]. Solar energy systems can indeed play 
the role of a viable alternative to the well-established gas-based systems for energy supply [6]. In past works the use 
of air as heat transfer fluid (HTF) in solarized gas turbine was explored [7,8].  In this work, the dynamic performance 
of the regulations systems, during thermal load transient due to the clouds transfer, sunrise and sunset will be 
presented. 
Nomenclature 

SM Solar Multiple 
TIT  Temperature Inlet Turbine [°C] 
DNI Direct Normal Irradiance [W/m2] 
HTF Heat Transfer Fluid 
CSP Concentrating Solar Power 
µGT Micro Gas Turbine 
𝑚̇𝑚𝑚𝑚𝑚𝑚𝑚𝑚 Minimum mass flow rate under ambient pressure [kg/s] 
𝑚̇𝑚𝑚𝑚ax Maximum value of mass flow rate under pressurized condition [kg/s] 
𝑄𝑄𝑡𝑡ℎ Required thermal power [kW] 
𝛷𝛷𝑎𝑎𝑎𝑎𝑎𝑎 Average flux incident [kW/m2] 
𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎  Air density [kg/m3] 
𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖  Incident thermal radiation [kW] 
𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 Thermal loss [kW] 
𝑄𝑄𝑤𝑤𝑤𝑤 Thermal power transfer to the HTF [kW] 
𝑚𝑚 Absorber air mass [kg] 
𝑐𝑐𝑝𝑝 Specific heat [kJ/kg °C] 
𝜌𝜌 Density of the material [kg/m3] 
𝑝𝑝 Porosity of the material 
𝜂𝜂𝑆𝑆𝑆𝑆 Efficiency of the heliostat field [-] 
𝐴𝐴𝑆𝑆𝑆𝑆 Effective area of the heliostats field [m2] 
𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒 Heliostat effective area focused on the receiver [m2] 
𝜙𝜙(𝑡𝑡) Instantaneous incident flux f (DNI, η, SF) [kW/m2] 
Δ𝑇𝑇 Instantaneous temperature variation [°C] 
Δ𝑇𝑇𝑙𝑙𝑙𝑙𝑙𝑙 Limit difference of temperature [°C] 
𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖  Incident power related to heliostats area 𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒′  [kW] 
𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒′  Discretized heliostats area [m2] 
𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎  Ambient temperature [°C] 
𝜀𝜀 Emission coefficient (0.96)  
α Absorption coefficient 
𝑠𝑠 Thickness of the thermal insulator, 0.1 m (stone wool) 
𝐾𝐾 Thermal conductibility of the insulator (stone wool) (0.1134 W/mK) 
ṁair Air mass flow crossing the receiver [kg/s] 
hout Air enthalpy outlet from the receiver [kJ/kg] 
hin Air enthalpy inlet in the receiver [kJ/kg] 
ϕmin Minimum flux incident (144.5 kW/m2) 
ṁ(t) Instantaneous mass flow rate [kg/s] 
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𝜂𝜂𝑒𝑒𝑒𝑒 Electric efficiency (0.97) [-] 
𝜂𝜂𝑚𝑚𝑚𝑚𝑚𝑚  Mechanical efficiency (0.94) [-] 
ℎ𝑖𝑖𝑖𝑖,𝑡𝑡 Air enthalpy inlet turbine [kJ/kg] 
ℎ𝑜𝑜𝑜𝑜𝑜𝑜,𝑡𝑡 Air enthalpy outlet turbine [kJ/kg] 
ℎ𝑖𝑖𝑖𝑖,𝑐𝑐 Air enthalpy inlet compressor [kJ/kg] 
ℎ𝑜𝑜𝑜𝑜𝑜𝑜,𝑐𝑐 Air enthalpy outlet compressor [kJ/kg] 

1.1. Plant description  

In previous works, the authors analyzed the use of the temperature inlet turbine (TIT) control system, performed 
by the mass flow adjustment, for an unfired micro gas turbine in a solar tower plant [17]. The plant, as shown in figure, 
1 is composed by a regenerated micro gas turbine (µGT), a solar tower, receiver, heliostats field, mass flow regulation 
system (bleed valve, auxiliary compressor) and cooling system. The control system performs, varying the mass flow 
rate by a base pressure variation; this variation is acted by the auxiliary compressor and a bleed valve, depending on 
the Direct Normal Irradiance (DNI) in order to control the TIT around the value of 800°C [9]. 

Fig. 1. Power plant scheme: 1. Auxiliary compressor; 2. Low temperature heat exchanger; 3. Compressor; 4. Receiver; 5. Heliostats field; 6. 
Regenerator; 7. Turbine; 8. Bleed valve; 9. Cooling tower; 10. Electric generator. 

The mass flow regulation system operates together with the heliostats field control system, in order to adjust the 
flux, around the average value of 400 kW/m2 [10] on the receiver, influencing also the TIT. In table 1 there are the 
main data of the solar power plant.  

Table 1. Main data of power plant 

Location  Seville  

Nominal power [kW] 500 

Pressure ratio µGT 4.5 

Pressure ratio auxiliary compressor 5 

Minimum inlet compressor pressure [bar] 1.013 

Minimum outlet compressor pressure [bar] 

Minimum turbine inlet pressure [bar] 

4.559 

4.314 

Maximum inlet compressor pressure [bar] 5.065 

Maximum outlet compressor pressure [bar] 22.795 

Maximum turbine inlet pressure [bar] 21.570 

Minimum mass flow rate [kg/s] 0.9165 

Maximum flow rate [kg/s] 4.5564 

4 Author name / Energy Procedia 00 (2018) 000–000 

2. Methodology  

In this part, numerical modelling of the entire power plant will be depicted. Simulink® / MATLAB® was the tool 
used to simulate and analyze the dynamic behavior. Therefore, the control system has been modelled by varying the 
mass flow rate in order to compensate the DNI variations and to maintain almost constant the TIT.  

Since gas turbines operate in optimal conditions only for a particular ratio between the rotation speed and the 
working fluid speed, this ratio must be kept constant. The rotation speed does not change as well as the velocity 
triangles and the volumetric flow rate. With a variable density working fluid, the system can therefore operates at 
variable mass flow rate, maintaining the optimal operating conditions. The mass flow variations in the cycle, for the 
adjustment of the TIT due to the variation of the thermal load (intercept by the CSP system), are caused by the air 
density variation. This effect is obtained through the air pressure variation at the inlet section of the µGT compressor. 
The relation between these two variables could be expressed by the Ideal Gas Law. 

In table 2 the main data of the tree heliostats type analyzed in this work [11] are reported, while in table 3 there are 
the thermal power and number of heliostats for each SM. The efficiency matrix and solar field design were performed 
employing SolarPilot, and the results were used in the numerical model to evaluate the solar field performance [12]. 

Table 2. Heliostats dimension data 

 
Type 1 Type 2 Type 3 

Area [m2] 115.56 43.33 16.69 

Height [m] 9 6.42 3.21 

Length [m] 12.84 6.75 5.2 

Number of panel X direction [-] 4 3 2 

Number of panel Y direction [-] 4 2 1 

Table 3. Heliostats filed main data 

SM Qfield #Heliostats type 1 #Heliostats type 2 #Heliostats type 3 

1 1.7 31 76 206 

1.1 1.87 33 82 223 

1.2 2.04 36 88 241 

1.3 2.2 39 94 257 

2.1. Receiver 

As the system works under pressurized conditions, an employing of volumetric pressurized receiver have been 
supposed. Another important device is the quartz window on the receiver aperture. The main reason of this choice is 
the requirement of reducing thermal radiative losses. The volumetric effect of this kind of receivers allows obtaining 
losses reductions, despite the high temperature inside the material. The absorber is made of Silicon Carbide (SiC), 
ceramic material with excellent radiative and thermal properties, able to withstand temperatures of 1400 ° C [13]. 

The aperture of the receiver, which depends on the solar energy intercepting, and the thermal losses values are 
expressed as: 

𝐴𝐴𝑎𝑎𝑎𝑎 =
𝑄𝑄𝑡𝑡ℎ
Φ𝑎𝑎𝑎𝑎𝑎𝑎

   (1) 

2.2. Heat balance equation 

The equation on which is based the model, is the balance of the absorber inlet and outlet thermal power: 
 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 = 𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 − 𝑄𝑄𝑤𝑤𝑤𝑤  (2) 
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In previous works, the authors analyzed the use of the temperature inlet turbine (TIT) control system, performed 
by the mass flow adjustment, for an unfired micro gas turbine in a solar tower plant [17]. The plant, as shown in figure, 
1 is composed by a regenerated micro gas turbine (µGT), a solar tower, receiver, heliostats field, mass flow regulation 
system (bleed valve, auxiliary compressor) and cooling system. The control system performs, varying the mass flow 
rate by a base pressure variation; this variation is acted by the auxiliary compressor and a bleed valve, depending on 
the Direct Normal Irradiance (DNI) in order to control the TIT around the value of 800°C [9]. 

Fig. 1. Power plant scheme: 1. Auxiliary compressor; 2. Low temperature heat exchanger; 3. Compressor; 4. Receiver; 5. Heliostats field; 6. 
Regenerator; 7. Turbine; 8. Bleed valve; 9. Cooling tower; 10. Electric generator. 

The mass flow regulation system operates together with the heliostats field control system, in order to adjust the 
flux, around the average value of 400 kW/m2 [10] on the receiver, influencing also the TIT. In table 1 there are the 
main data of the solar power plant.  

Table 1. Main data of power plant 

Location  Seville  

Nominal power [kW] 500 

Pressure ratio µGT 4.5 

Pressure ratio auxiliary compressor 5 

Minimum inlet compressor pressure [bar] 1.013 

Minimum outlet compressor pressure [bar] 

Minimum turbine inlet pressure [bar] 

4.559 

4.314 

Maximum inlet compressor pressure [bar] 5.065 

Maximum outlet compressor pressure [bar] 22.795 

Maximum turbine inlet pressure [bar] 21.570 

Minimum mass flow rate [kg/s] 0.9165 

Maximum flow rate [kg/s] 4.5564 

4 Author name / Energy Procedia 00 (2018) 000–000 

2. Methodology  

In this part, numerical modelling of the entire power plant will be depicted. Simulink® / MATLAB® was the tool 
used to simulate and analyze the dynamic behavior. Therefore, the control system has been modelled by varying the 
mass flow rate in order to compensate the DNI variations and to maintain almost constant the TIT.  

Since gas turbines operate in optimal conditions only for a particular ratio between the rotation speed and the 
working fluid speed, this ratio must be kept constant. The rotation speed does not change as well as the velocity 
triangles and the volumetric flow rate. With a variable density working fluid, the system can therefore operates at 
variable mass flow rate, maintaining the optimal operating conditions. The mass flow variations in the cycle, for the 
adjustment of the TIT due to the variation of the thermal load (intercept by the CSP system), are caused by the air 
density variation. This effect is obtained through the air pressure variation at the inlet section of the µGT compressor. 
The relation between these two variables could be expressed by the Ideal Gas Law. 

In table 2 the main data of the tree heliostats type analyzed in this work [11] are reported, while in table 3 there are 
the thermal power and number of heliostats for each SM. The efficiency matrix and solar field design were performed 
employing SolarPilot, and the results were used in the numerical model to evaluate the solar field performance [12]. 

Table 2. Heliostats dimension data 

 
Type 1 Type 2 Type 3 

Area [m2] 115.56 43.33 16.69 

Height [m] 9 6.42 3.21 

Length [m] 12.84 6.75 5.2 

Number of panel X direction [-] 4 3 2 

Number of panel Y direction [-] 4 2 1 

Table 3. Heliostats filed main data 

SM Qfield #Heliostats type 1 #Heliostats type 2 #Heliostats type 3 

1 1.7 31 76 206 

1.1 1.87 33 82 223 

1.2 2.04 36 88 241 

1.3 2.2 39 94 257 

2.1. Receiver 

As the system works under pressurized conditions, an employing of volumetric pressurized receiver have been 
supposed. Another important device is the quartz window on the receiver aperture. The main reason of this choice is 
the requirement of reducing thermal radiative losses. The volumetric effect of this kind of receivers allows obtaining 
losses reductions, despite the high temperature inside the material. The absorber is made of Silicon Carbide (SiC), 
ceramic material with excellent radiative and thermal properties, able to withstand temperatures of 1400 ° C [13]. 

The aperture of the receiver, which depends on the solar energy intercepting, and the thermal losses values are 
expressed as: 

𝐴𝐴𝑎𝑎𝑎𝑎 =
𝑄𝑄𝑡𝑡ℎ
Φ𝑎𝑎𝑎𝑎𝑎𝑎

   (1) 

2.2. Heat balance equation 

The equation on which is based the model, is the balance of the absorber inlet and outlet thermal power: 
 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 = 𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 − 𝑄𝑄𝑤𝑤𝑤𝑤  (2) 
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Introducing the thermal capacity, the internal energy variation (3) will be expressed as function of the 

temperature variation: 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 = 𝑚𝑚 𝑐𝑐𝑝𝑝

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑   (3) 

 
It was assumed to employ a flat plate-shaped absorber, with a porous honeycomb structure. This is characterized 

by a frontal area equal to the aperture of the receiver and a thickness of 9.5 cm.  
Assuming a porosity of 49.51% [14], and considering that the density of silicon carbide is 3.21 g/cm3, the mass 

of the absorber is: 
𝑚𝑚 = 𝜌𝜌𝜌𝜌(1 − 𝑝𝑝)  (4) 

 
The heat capacity (𝐶𝐶) has been evaluated as the product between 𝑐𝑐𝑝𝑝 (1.2 kJ/kg °C) [15] and the mass (𝑚𝑚): 

 
𝐶𝐶 = 𝑐𝑐𝑝𝑝𝜌𝜌𝜌𝜌(1 − 𝑝𝑝)  (5) 

 
While the superficial average temperature of the absorber is: 

 
𝑇̅𝑇𝑎𝑎𝑎𝑎𝑎𝑎 = ∫ 1

𝐶𝐶
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑    (6) 

 
This temperature has been assumed equal to that of the air leaving the receiver. 

2.3. Incident power  

The power incident is mainly function of direct normal radiation (DNI), heliostats field efficiency and reflective 
heliostats total area. DNI and field efficiency depends on the azimuth and zenith, which, in this model, are the input 
data with a one-minute step. The incident power in the model was evaluated as follows: 

 
𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖,𝑡𝑡 = 𝜂𝜂𝑆𝑆𝑆𝑆 𝐷𝐷𝐷𝐷𝐷𝐷 𝐴𝐴𝑆𝑆𝑆𝑆   (7) 

2.4. Heliostat field  

Using the power of the heliostats field, the code calculates the average flux that theoretically affects the absorber. 
In the case where this value is higher than the average flux set , the air coming out from the receiver exceeds the fixed 
value of 800 ° C. At this point, the maximum mass flow is flowing and therefore, it is not possible to remove excess 
heat from the receiver. To keep the constant air temperature, a part of the heliostats is then defocused; this is an 
operation that maintains the average incident flux on the receiver at the set values. The percentage of heliostats focused 
i.e. the focusing factor 𝐹𝐹ϕ, have been evaluated as: 

 
𝐹𝐹ϕ = 𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒

𝐴𝐴𝑆𝑆𝑆𝑆
=  𝜙𝜙𝑎𝑎𝑎𝑎𝑎𝑎

𝜙𝜙 (𝑡𝑡)  (8) 
 
From equation 8 it can be noticed that the relation between the area of the heliostats that must be focused on the 

receiver and the nominal area of the field is also expressed as a ratio between the fluxes. The absorber incident flux is 
equal to the ratio between the instantaneous incident power and the aperture receiver area Aar: 

 
𝜙𝜙(𝑡𝑡) = 𝜂𝜂𝑆𝑆𝑆𝑆 𝐷𝐷𝐷𝐷𝐷𝐷 𝐴𝐴

Aar
  (9) 

 
Therefore, the flux 𝜙𝜙(𝑡𝑡)  is associated to the nominal area, while the average flux ϕ𝑎𝑎𝑎𝑎𝑎𝑎, is associate to the 
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instantaneous surface, necessary to prevent to exceed this limit value. By the ratio between the fluxes, it is obtained 
the effective area of the heliostats field. 

There is also a second defocusing type, based on the temperature derivative, which is carried out to prevent the 
overshoot of the TIT, due to rapid increases of solar radiation, in flux conditions lower than the design average value. 
This second focusing factor (FT) is expressed as: 

 
𝐹𝐹𝑇𝑇 = 2 − Δ𝑇𝑇

Δ𝑇𝑇𝑙𝑙𝑙𝑙𝑙𝑙
  (10) 

Additionally, as the heliostats are defocused due to the rapid increase in temperature, in the next step not all are 
focused on the receiver, but only a percentage. The reason why is to avoid temperature fluctuations that could arise a 
sudden refocus of a large amount of heliostats. Only 5 % of the heliostats defocused then will be active. 

In each calculation loop, the code compares the two focusing factors, by choosing the lower value, in order to 
evaluate the heliostats area. The area value, evaluated from this comparison, requires a discretization, because is not 
a discrete number but only a percentage of defocusing area. 

𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖,𝑡𝑡  𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒
′

𝐴𝐴𝑆𝑆𝑆𝑆
  (11) 

2.5. Thermal losses 

There are radiative and conductive losses in the receiver, but convective losses, due to the quartz window, installed 
in the receiver aperture, are neglected [11]. The thermal losses could be expressed as: 

 
𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟 + 𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝜀𝜀𝜀𝜀𝐴𝐴𝑎𝑎𝑎𝑎(𝑇̅𝑇𝑎𝑎𝑎𝑎𝑎𝑎

4 − 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎
4 ) + 𝐾𝐾 𝐴𝐴

𝑠𝑠 (𝑇̅𝑇𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎)   (12) 
 

In the case of conductive losses, it is assumed that these occur through the case of the receiver cavity. It was 
supposed that the receiver had a performance of a grey body (𝜀𝜀=α). 

2.6. Power to heat transfer fluid  

The power absorbed by the air, during the passage of the porous matrix, is the function of the mass flow rate that 
flows in the cycle and of the enthalpy difference of the air incoming and out coming from the receiver: 

 
Qwf = ṁair (hout − hin)     (13) 

2.7. Mass flow air 

The air flow rate flowing in the cycle, has been modelled in order to vary both as a function of the incident flux on 
the receiver, to maintain a constant TIT, both in function of the temperature of the receiver, to simulate the transient 
start-up and shutdown of the plant. 

The flow rate in the two conditions were evaluated as the product of the volumetric flow rate V, constant during 
all the different operating conditions, and the density of air. 

 
𝑚𝑚̇𝑎𝑎𝑎𝑎𝑎𝑎 = 𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎(𝑝𝑝, 𝑡𝑡)𝑉𝑉̇  (14) 

 
Once the minimum flow rate has been reached, the flux adjustment is carried out. This allows to keep constant the 

TIT value, regulating the thermal power absorbed by the fluid, by a mass flow rate variation. As the control strategy, 
has been established that, the mass flow rate varies linearly with the incident flux on the absorber, according to the 
following equation: 

ṁ(t)−ṁmin
ṁmax−ṁmin

= ϕ(t)−ϕmin
ϕavg−ϕmin

  (15) 
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Introducing the thermal capacity, the internal energy variation (3) will be expressed as function of the 

temperature variation: 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 = 𝑚𝑚 𝑐𝑐𝑝𝑝

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑   (3) 

 
It was assumed to employ a flat plate-shaped absorber, with a porous honeycomb structure. This is characterized 

by a frontal area equal to the aperture of the receiver and a thickness of 9.5 cm.  
Assuming a porosity of 49.51% [14], and considering that the density of silicon carbide is 3.21 g/cm3, the mass 

of the absorber is: 
𝑚𝑚 = 𝜌𝜌𝜌𝜌(1 − 𝑝𝑝)  (4) 

 
The heat capacity (𝐶𝐶) has been evaluated as the product between 𝑐𝑐𝑝𝑝 (1.2 kJ/kg °C) [15] and the mass (𝑚𝑚): 

 
𝐶𝐶 = 𝑐𝑐𝑝𝑝𝜌𝜌𝜌𝜌(1 − 𝑝𝑝)  (5) 

 
While the superficial average temperature of the absorber is: 

 
𝑇̅𝑇𝑎𝑎𝑎𝑎𝑎𝑎 = ∫ 1

𝐶𝐶
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑    (6) 

 
This temperature has been assumed equal to that of the air leaving the receiver. 

2.3. Incident power  

The power incident is mainly function of direct normal radiation (DNI), heliostats field efficiency and reflective 
heliostats total area. DNI and field efficiency depends on the azimuth and zenith, which, in this model, are the input 
data with a one-minute step. The incident power in the model was evaluated as follows: 

 
𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖,𝑡𝑡 = 𝜂𝜂𝑆𝑆𝑆𝑆 𝐷𝐷𝐷𝐷𝐷𝐷 𝐴𝐴𝑆𝑆𝑆𝑆   (7) 

2.4. Heliostat field  

Using the power of the heliostats field, the code calculates the average flux that theoretically affects the absorber. 
In the case where this value is higher than the average flux set , the air coming out from the receiver exceeds the fixed 
value of 800 ° C. At this point, the maximum mass flow is flowing and therefore, it is not possible to remove excess 
heat from the receiver. To keep the constant air temperature, a part of the heliostats is then defocused; this is an 
operation that maintains the average incident flux on the receiver at the set values. The percentage of heliostats focused 
i.e. the focusing factor 𝐹𝐹ϕ, have been evaluated as: 

 
𝐹𝐹ϕ = 𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒

𝐴𝐴𝑆𝑆𝑆𝑆
=  𝜙𝜙𝑎𝑎𝑎𝑎𝑎𝑎

𝜙𝜙 (𝑡𝑡)  (8) 
 
From equation 8 it can be noticed that the relation between the area of the heliostats that must be focused on the 

receiver and the nominal area of the field is also expressed as a ratio between the fluxes. The absorber incident flux is 
equal to the ratio between the instantaneous incident power and the aperture receiver area Aar: 

 
𝜙𝜙(𝑡𝑡) = 𝜂𝜂𝑆𝑆𝑆𝑆 𝐷𝐷𝐷𝐷𝐷𝐷 𝐴𝐴

Aar
  (9) 

 
Therefore, the flux 𝜙𝜙(𝑡𝑡)  is associated to the nominal area, while the average flux ϕ𝑎𝑎𝑎𝑎𝑎𝑎, is associate to the 
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instantaneous surface, necessary to prevent to exceed this limit value. By the ratio between the fluxes, it is obtained 
the effective area of the heliostats field. 

There is also a second defocusing type, based on the temperature derivative, which is carried out to prevent the 
overshoot of the TIT, due to rapid increases of solar radiation, in flux conditions lower than the design average value. 
This second focusing factor (FT) is expressed as: 

 
𝐹𝐹𝑇𝑇 = 2 − Δ𝑇𝑇

Δ𝑇𝑇𝑙𝑙𝑙𝑙𝑙𝑙
  (10) 

Additionally, as the heliostats are defocused due to the rapid increase in temperature, in the next step not all are 
focused on the receiver, but only a percentage. The reason why is to avoid temperature fluctuations that could arise a 
sudden refocus of a large amount of heliostats. Only 5 % of the heliostats defocused then will be active. 

In each calculation loop, the code compares the two focusing factors, by choosing the lower value, in order to 
evaluate the heliostats area. The area value, evaluated from this comparison, requires a discretization, because is not 
a discrete number but only a percentage of defocusing area. 

𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖,𝑡𝑡  𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒
′

𝐴𝐴𝑆𝑆𝑆𝑆
  (11) 

2.5. Thermal losses 

There are radiative and conductive losses in the receiver, but convective losses, due to the quartz window, installed 
in the receiver aperture, are neglected [11]. The thermal losses could be expressed as: 

 
𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟 + 𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝜀𝜀𝜀𝜀𝐴𝐴𝑎𝑎𝑎𝑎(𝑇̅𝑇𝑎𝑎𝑎𝑎𝑎𝑎

4 − 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎
4 ) + 𝐾𝐾 𝐴𝐴

𝑠𝑠 (𝑇̅𝑇𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎)   (12) 
 

In the case of conductive losses, it is assumed that these occur through the case of the receiver cavity. It was 
supposed that the receiver had a performance of a grey body (𝜀𝜀=α). 

2.6. Power to heat transfer fluid  

The power absorbed by the air, during the passage of the porous matrix, is the function of the mass flow rate that 
flows in the cycle and of the enthalpy difference of the air incoming and out coming from the receiver: 

 
Qwf = ṁair (hout − hin)     (13) 

2.7. Mass flow air 

The air flow rate flowing in the cycle, has been modelled in order to vary both as a function of the incident flux on 
the receiver, to maintain a constant TIT, both in function of the temperature of the receiver, to simulate the transient 
start-up and shutdown of the plant. 

The flow rate in the two conditions were evaluated as the product of the volumetric flow rate V, constant during 
all the different operating conditions, and the density of air. 

 
𝑚𝑚𝑎̇𝑎𝑎𝑎𝑎𝑎 = 𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎(𝑝𝑝, 𝑡𝑡)𝑉𝑉̇  (14) 

 
Once the minimum flow rate has been reached, the flux adjustment is carried out. This allows to keep constant the 

TIT value, regulating the thermal power absorbed by the fluid, by a mass flow rate variation. As the control strategy, 
has been established that, the mass flow rate varies linearly with the incident flux on the absorber, according to the 
following equation: 

ṁ(t)−mṁin
ṁmax−ṁmin

= ϕ(t)−ϕmin
ϕavg−ϕmin

  (15) 
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2.8. Power production 

The net electric power Pnet generated by the power unit is calculated as the difference between the power produced 
by the turbine and the power absorbed by the compressor. Both powers are functions of the air enthalpy at inlet and 
outlet of the components: 

 

𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 = 𝜂𝜂𝑒𝑒𝑒𝑒 𝑚̇𝑚𝑎𝑎𝑎𝑎𝑎𝑎 [𝜂𝜂𝑚𝑚𝑚𝑚𝑚𝑚 (ℎ𝑖𝑖𝑖𝑖,𝑡𝑡 − ℎ𝑜𝑜𝑜𝑜𝑜𝑜,𝑡𝑡) − 1
𝜂𝜂𝑚𝑚𝑚𝑚𝑚𝑚

(ℎ𝑖𝑖𝑖𝑖,𝑐𝑐 − ℎ𝑜𝑜𝑜𝑜𝑜𝑜,𝑐𝑐) ]  (16) 

 
The enthalpy values of the equation 15 from Matlab library have been used. 

3. Results 

In this section will be shown the model results to illustrate as the two controls system perform together, in order to 
control the TIT and the power produced. The data are referred to the 21st of June of TMY3 data of Seville [16].  

Fig. 2. (a) TIT trend for heliostats type 3; (b) TIT trend for SM 1 configuration. 

Fig. 3. (a) Power production trend for heliostats type 3; (b) Power production trend for SM 1.3 configuration. 

As it is possible to notice from figure 2a, the mass flow regulation system performs during sunrise, sunset or during 
clouds transient (around17:00 PM in the considered day), while from 6 AM to 16.30 PM the TIT control is acted by 
the defocusing heliostats field control system. Particularly SM 1.3 configuration, allows to keep constant for more 
time the TIT.  In addition, as shown in figure 2b, smaller heliostats (type 3) are the more able to control the TIT; they 
manage to warm up more quickly the receiver and loosen the cooling. 

a b 

a b 
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As it can be possible to observe in figure 3a, the SM 1.3 configuration allows to increase the energy production 
and simultaneously control the power, while, as shown in figure 3b, the best power control is acted by heliostats type 
3 (smaller).  

4. Conclusions 

In this work, a dynamic model of the solar power plant with an unfired closed micro gas turbine, employing the 
mass flow regulation system has been analyzed. A numerical model in Matlab/Simulink has been developed in order 
to estimate the behavior of the plant under transient conditions. In the model, the heliostats regulation system have 
been implemented, in order to control the average incident flux on the receiver, which performs with the mass flow 
control system. The results show as the best configuration has SM 1.3 with smaller size heliostats (type 3); this 
configuration allows producing 1.08 MWh/year, with an efficiency almost constant to 30% and a utilization factor of 
25% without use of fuel or employing of thermal storage. 
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2.8. Power production 

The net electric power Pnet generated by the power unit is calculated as the difference between the power produced 
by the turbine and the power absorbed by the compressor. Both powers are functions of the air enthalpy at inlet and 
outlet of the components: 

 

𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 = 𝜂𝜂𝑒𝑒𝑒𝑒 𝑚̇𝑚𝑎𝑎𝑎𝑎𝑎𝑎 [𝜂𝜂𝑚𝑚𝑚𝑚𝑚𝑚 (ℎ𝑖𝑖𝑖𝑖,𝑡𝑡 − ℎ𝑜𝑜𝑜𝑜𝑜𝑜,𝑡𝑡) − 1
𝜂𝜂𝑚𝑚𝑚𝑚𝑚𝑚

(ℎ𝑖𝑖𝑖𝑖,𝑐𝑐 − ℎ𝑜𝑜𝑜𝑜𝑜𝑜,𝑐𝑐) ]  (16) 

 
The enthalpy values of the equation 15 from Matlab library have been used. 

3. Results 

In this section will be shown the model results to illustrate as the two controls system perform together, in order to 
control the TIT and the power produced. The data are referred to the 21st of June of TMY3 data of Seville [16].  

Fig. 2. (a) TIT trend for heliostats type 3; (b) TIT trend for SM 1 configuration. 

Fig. 3. (a) Power production trend for heliostats type 3; (b) Power production trend for SM 1.3 configuration. 

As it is possible to notice from figure 2a, the mass flow regulation system performs during sunrise, sunset or during 
clouds transient (around17:00 PM in the considered day), while from 6 AM to 16.30 PM the TIT control is acted by 
the defocusing heliostats field control system. Particularly SM 1.3 configuration, allows to keep constant for more 
time the TIT.  In addition, as shown in figure 2b, smaller heliostats (type 3) are the more able to control the TIT; they 
manage to warm up more quickly the receiver and loosen the cooling. 

a b 

a b 
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As it can be possible to observe in figure 3a, the SM 1.3 configuration allows to increase the energy production 
and simultaneously control the power, while, as shown in figure 3b, the best power control is acted by heliostats type 
3 (smaller).  

4. Conclusions 

In this work, a dynamic model of the solar power plant with an unfired closed micro gas turbine, employing the 
mass flow regulation system has been analyzed. A numerical model in Matlab/Simulink has been developed in order 
to estimate the behavior of the plant under transient conditions. In the model, the heliostats regulation system have 
been implemented, in order to control the average incident flux on the receiver, which performs with the mass flow 
control system. The results show as the best configuration has SM 1.3 with smaller size heliostats (type 3); this 
configuration allows producing 1.08 MWh/year, with an efficiency almost constant to 30% and a utilization factor of 
25% without use of fuel or employing of thermal storage. 
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