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ABSTRACT: The 2014-2019 period was the hottest five years in history since the measurement 

began, and the amount of carbon dioxide released into the atmosphere from 2015 to 2019 was 20 

percent higher than the five-year period before that. The fossil fuel consumption alarmingly contributes 

to global warming, and if it continues to do so, according to recent estimates by the World 

Meteorological Organization, temperatures will rise by 3 to 5 degrees Celsius by the end of the century, 

well above 1.5 degrees, a goal set by the UN the Intergovernmental Panel on Climate Change (IPCC). 

Even in the case of the European Union, which often stands out as the main engine in the fight against 

climate change, some of the data is extremely devastating.  Namely, EU countries increased their fossil 

fuel subsidies by almost two and a half times between 2010 and 2017. The United States has formally 

informed the UN that it is withdrawing from the Paris Climate Agreement. As one of the top three 

polluters in the world (alongside China and the European Union), the agreement remains virtually a 

dead letter on paper after such a decision. However, there is still a possibility that renewable energy 

can replace conventional energy sources. The main rationale of this is the growth rate of renewables 

and the pace of global energy demand. In this regard, solutions should be considered and offered to 

reduce global warming and CO2 emissions. This paper is a Study case of analysis of decommissioning 

old conventional electricity sources and the possibilities of replacement with several different 

Renewable Energy Sources (RES) at one of the power generation sites owned and operated by the 

Croatian Electric Power Utility Company (HEP). 

Keywords: Global warming, decommissioning conventional sources, integration of renewable energy sources, 

reduction of CO2 emissions, Concentrated solar power, Integrated Solar Combine Cycle, Solar thermal energy 

performance 

1. Introduction 

This paper analyses the possibilities of replacement old conventional electricity sources of the largest 

Thermal Power Plant (TPP) in Republic of Croatia, TPP Sisak, owned and operated by HEP. These 

are two old TPP units (2x210 MWe, 50 years old each), which don’t operate since 2011. Those TPPs 

take place, occupy uselessly area, spending many for cold maintenance, and realistic there are reasons 

to do something due to avoid unnecessary costs. After decommissioning old units it would be created 

free area for construction one of the best solution by integration of RES. In the next will be short 

explanation and reasons for eliminate some technologies and the main reason to chose technology 

which integrated Solar energy in existing Combine Cycle with Gas Turbine Unit (CCGT) to produce 

additional electricity and increased overall efficiency [1]. All other options (Gas engines, Waste to 

Energy plant, Biomass power plant, nuclear) can be rejected for the reason that there is no significant 

heat consumption and can not incorporated in Heat Load diagram, and environment aspects. Solar 

energy is clean, environmentally friendly and freely available over the planet earth, as well as it can 

be used for producing thermal and electrical energy [2],[3].  Near to old conventional Units is almost 

new CCGT which putted in commercial production 2015. Unit consist of one Gas turbine (GT) gross 

electrical load of 160 MW, and one Steam turbine (ST) gross electrical load 80 MW, so it is 240 MW 

total gross electrical load for ISO ambient conditions. The combination of solar field with a combined 

cycle results in the so called Integrated Solar Combined Cycle (ISCC). This concept has attracted much 

more interest during the last decade. In this study, a Concentrated solar thermal power plant (CSP) 

with parabolic trough collectors (PTC) integrated into a reference double-pressure CCGT power plant,  



 
            

 Nomenclature    DNI  Direct Normal Irradiance   

      D  Deaerator    

 CSP  Concentrated solar power  G  Generator    

 CCGT Combine Cycle with Gas Turbine  GHC  Gas preheater-condensate   

 ISCC  Integrated solar combined cycle  D  Drum     

 PTCs  Parabolic trough collector system CC  Combustion chamber   

 HTF  Heat transfer fluid   Qsolar  Solar thermal heat input   

 SSG  Solar steam generator  Qabsorbed  Total solar energy absorbed by PTC 

 GT  Gas turbine   Qloss Heat losses    

 ST  Steam turbine   mst steam mass flow rate   

 HRSG  heat recovery steam generator  SRf  ossil fuel saving ratio   

 HPT  High-pressure turbine stage  Psolar  Solar thermal electricity   

 LPT  Low-pressure stage   PCCGT The net power output of the  CCGT 

 E  Economizer   PISCC  The net power output of the  ISCC  

 SH  Superheater   ηCCGT  the thermal efficiency of CCGT  

 EV  Evaporator   ηISCC  the thermal efficiency of ISCC   
            

 

as an ISCC [4]. ISCC may become an interesting choice for power generation because they are exhibit 

several advantages, including (1) higher conservation efficiency of solar energy to electric energy; (2) 

hybridization can provide an efficient reduction in fuel consumption and CO2 emissions as compared 

to CCGT power plants; (3) integration arrangements has lower investment costs when compared to 

solar only and conventional power plants [5], [6]. Therefore, the objective of this study is the 

comparison in terms of specific days in the year electricity production and solar to electric conservation 

efficiency of two different hybrid schemes of CCGT using PTC solar field. A detailed new 

thermodynamic model of the two ISCC plants has been built in the Microsoft Excel to investigate the 

thermodynamic impact of solar heat integration into a double-pressure CCGT plant at higher and lower 

pressure sections (see Apendix 1) [7]. The model allows the designers to change the input data 

according to the different design and operating conditions.  

 

2. Configuration and operation of the ISCC system 

The flowsheets of the considered configurations of ISCC plants are given in Fig. 1 and 2. The system 

is composed of a double-pressure CCGT plant coupled with a parabolic trough collector system (PTC) 

solar field and a solar steam generator (SSG) modeled in the Microsoft Excel and numerical results 

obtained from Refs. [1], [5], [8], [9], [10]. Saturated/Superheated steam lower pressure (model ISCC-

1) and Saturated/Superheated steam higher pressure (model ISCC-2) through a heat exchanger can be 

produced by the hot synthetic thermal oil passing through superheated exchangers (lower or higher 

pressure) in heat recovery steam generator (HRSG) and feed to steam turbine for electricity generation 

[8]. The CCGT plant is composed by a gas turbine unit (GT) type GTE-160 (LMZ-license Siemens 

V94.2) and a bottoming steam Rankine cycle. The bottoming steam cycle consists of a steam turbine 

(ST) unit type K-80/65-7,0 (LMZ) divided into two stages: the high-pressure turbine stage (HPT) and 

the low-pressure turbine stage (LPT). The steam turbine connected to a double-pressure heat recovery 

steam generator (HRSG). The output power of the CCGT is 231,37 MWe with a net thermal efficiency 

of 50,5 % at nominal ISO conditions. All technical and design parameters for the CCGT and HRSG 

of the steam cycle shown in Table 1. The solar energy collected by the solar field is used to generate 

an additional amount of steam through the SSG to supplement the steam being generated in the HRSG. 



The steam generated in SSG fed into the HRSG of the CCGT plant allowing for two different 

integration strategies modes [11], [12]:  

 power boosting, and  

 fuel saving mode  

 

The former is considered when the additional solar steam increasing the CCGT power output while 

maintaining constant fuel input, the later when solar steam is used to reducing natural gas consumption 

while keeping power output constant [13]. In the present study power boosting mode is considered for 

two cases of integration between PTC solar field and CCGT power plant at LPT stage (ISCC-1 Fig. 1) 

and HPT stage (ISSC-2, Fig. 2). During periods of solar activity, a part the saturated feed water from 

the HRSG is sent to SSG, in which water is heated and transferred into saturated/superheated steam. 

The resulting steam is returned to HRSG, where it overheats to the parameters required for supply to 

the steam turbine cycle, see Figs. 1 and 2. These configuration circuits provide an increase in the flow 

rate of the generated steam, and, as a consequence, the increase in power realized in the CCGT power 

plant [14]. During periods of relatively low solar activity due to cloudiness and at night, the ISCC unit 

operates as a conventional combined-cycle plant. According to the flow diagram of ISCC-1 shown in 

Fig. 1, the PTC solar field heats thermal oil “Therminol VP-1” to a temperature limited to a level of 

about 240 °C, which is then sent through a series of shell-and-tube heat exchangers (SSG) [15]. The 

SSG receives part of the feed water at 170 °C from the feed water pumps and returns superheated 

steam at 235 °C, which is mixed with the LP steam coming out of the LP superheater (LPSH) circuit. 

Total flow of LP steam feed to LPT stage inlet of ST to generate additional electricity. The flow 

diagram of ISCC-2 shown in Fig. 2 represents the integration of solar steam in the HP circuit of HRSG, 

in this case a fraction of the generated saturated water in the HP economizer (HPE) is sent to SSG for 

superheating to approximately 350 °C outside the HRSG, while the maintaining part is evaporated in 

the HRSG, superheated in high pressure superheater 1 (HPSH1) at 350 °C. The superheated steam 

from SSG returns back to the HRSG, where it is mixed with HP steam coming out of the HPSH1. The 

mixture of two streams is then farther superheated in the HP superheater 2 (HPSH2) to approximately 

508 °C before entering in the HPT stage turbine, see Fig. 2.   

 

 
 



Fig. 1. ISCC-1 schematic diagram  

 
Fig. 2. ISCC-2 schematic diagram  

 

 

Table 1  

Technical data of the CCGT and solar field at nominal ISO conditions  
GT cycle 

Pressure (bar)  1,013 CCGT Gross output power (MW) 231,37 

 Inlet temperature (oC)  960  Gross Efficiency (%) 50,5 

 Outlet temperature (oC)  550    

 Air pressure ratio  11,4 Solar field PTC system (LS-3)  

 Natural gas LHV (MJ/kg)  48,999  Location Sisak/Croatia 

 Net efficiency (%) 33.9   Latitude location (deg.) 45 

 Power output (MW) 155,37  Longitude (deg.) 16 

    Altitude (m) 95 

ST cycle HPT steam inlet pressure (bar)  76  Solar field area (m2) 210816 

 HPT steam inlet temperature (oC)  505  Solar field land area (m2) 619272 

 LPT steam inlet pressure (bar)  7,6    

 LPT steam inlet temperature (oC)  230 Soalr HTF Inlet temperature ISCC-1 (oC) 180 

 Power output (MW) 76  Outlet temperature ISCC-1 (oC) 240 

    Inlet temperature ISCC-2 (oC) 290 

HRSG Feed water pressure (bar)  82  Outlet temperature ISCC-2 (oC) 360 

 Feed water temperature (oC) 170    

 HP steam outlet pressure (bar)  80 SSG Feed w. inlet temperature ISCC-1 (oC) 170 

 HP steam outlet temperature (oC)  508  Steam outlet temperature ISCC-1 (oC) 235 

 LP steam outlet pressure (bar)  10  Feed w. inlet temperature ISCC-2 (oC) 280 

 LP steam outlet temperature (oC)  235  Steam outlet temperature ISCC-2 (oC) 350 
      

 



3. Solar field selection and calculation of solar irradiation 

Croatia has satisfactory solar radiation intensity. It has between 2200 and 2800 h of sunshine annually. 

Related to https://ec.europa.eu/jrc/en/PVGIS Direct Normal Irradiance (DNI) Sisak city (Latitude 

45,461; Longitude 16,413; elevation 95 m) has minimum average monthly between 20-35 

kWh/m2/month, medium between 90-110 kWh/m2/month and maximum between 150-175 

kWh/m2/month, see Fig. 3. 

 

      
Fig. 3. Direct Normal Irradiation  

 

 
 

Fig. 4. Monthly average ambient temperature 

 

Monthly average DNI can be seen and read on basis of 95 kWh/m2/month. The Average ambient 

temperature can be seen and read on basis, see Fig. 4. Monthly average ambient temperature in range 

of the 1,5 °C minimum, around 12 °C medium, and of 23,5 °C maximum. Those data are important to 

define parameters in mathematical model. On the Fig.5 shown the TPP Sisak and floor plan layout, 

also free land area for solar field. Additionally, available solar field land area is 619272 m2 near to 

CCGT Unit which is the land area required for the solar collectors including the space between the 

https://ec.europa.eu/jrc/en/PVGIS


collectors. This area including 50000 m2 free space, after decommissioning old units. The software 

model has been developed in Microsoft Excel program using the equations, correlations, loss models 

and typical values of certain parameters available in the open literature [21], [22], and according 

Appendix 1. The solar field considered in this model is a PTC type of LS-3 with Therminol VP-1 such 

as Heat Transfer fluid (HTF) [16], [17]. Various design parameters of these collectors are given in 

Table 2.  

 

 
 

Fig. 5. TPP Sisak – floor plan layout 

 

In this study, numerical results are based on site design conditions with an ambient temperature 

depending of the standard time and period in the year, wind speed of 2 m/s used for all period. The 

analysis is carried out on an hourly basis on 21st March, 21st June and 21st December for both variants 

ISCC-1 and ISCC-2. 

 
Table 2  

Geometrical and optical parameters for PTCs 

 
Solar collector characteristics    

 
Parameters  Symbol Value Units 

      

 Collector aperture  a 5,76 m 

 Collector length (one loop) L 600 m 

 Collector focal length f 1,71 m 

 Concentration factor Cr 80,57  

 Aperture Area  (one loop) Aap 3388 m2 

 Collector reflectance  ρc 0,94  

 Receiver absorbance  αr 0,9  

 Intercept factor  γ 1  

 Number of loops N 61  

 Absorber diameter outside dabs,o 0,07 m 

 Absorber diameter inside dabs,i 0,066 m 

 Glass diameter outside dgl,o 0,12 m 

 Glass diameter inside dgl,i 0,114 m 
      

 



4. ISCC results 

Two configurations of ISCC systems with PTC solar field have been analyzed. The same solar field 

collector area of about 210816 m2 was assumed for all investigated cases. First, the modeling results 

of ISCC-1 and ISCC-2 are presented by focusing on three representative days (a sunny day of March, 

June and December). Then annual plant performance is compared with each other to evaluate the 

influence of solar technology integration on solar-to-electric conversion efficiency. Calculations for 

both models have been developed in detail in Microsoft Excel based on the thermodynamic laws, 

relation, heat balance [1, 3, 5, 8, 9, 18, 19, 21, 22, 23, 24]. The models include input data, solar 

radiation, solar field modeling, and modeling of power cycles. All variation of solar energy absorbed 

by solar field implies for both variants to maintain a constant HTH temperature (inlet and outlet), 

ISCC-1 at 180 °C and 240 °C, and ISCC-2 at 290 °C and 360 °C. The variation of absorbed solar 

energy, consequently and solar energy which collected HTF keeping inlet and outlet temperature of 

HTH constant during operation, have to changing HTF mass flow. The results for three selected days 

21st March, 21st June and 21st December, on hourly basis shown in Fig. 6, 7, 8. From the figures, we 

can conclude that the solar energy collected by the solar field might reach up to 47 MW for model 

ISCC-1 and 39 MW for model ISCC-2 in summer. Differences are because model ISCC-1 has less 

heat losses than ISCC-2 (ISSC-1 model has less temperature of HTF, consequently less heat losses). 

Collected solar energy can be lower than 8,5 MW for model ISCC-1, and 5,5 for ISCC-2 in winter. 

This due to the higher the solar radiation results in an increase in the thermal energy gain by the solar 

field in summer compared to lower solar radiation in winter. On the winter period ISCC-1 will put in 

operation at 08:30, while transfer to ISCC-2 will be possible after 10:00 in reasons that is heat losses 

of model ISCC-2 in this time higher than solar collected heat (e.q. at 09:00: Qcollected = 3 MW < Qloss=3,2 

MW). The solar energy gained can be reached to more than 35 MW in spring for ISCC-1, and more 

than 33 MW for ISCC-2. Also, it is obvious that the higher solar energy the higher is the HTF mass 

flow rate [11], [14]. Where it might reach to 375 kg/s on 21st June for model ISCC-1 and to 262 kg/s 

for ISCC-2, on 21st March to 302 kg/s for ISCC-1, and to 205 kg/s for model ISCC-2.  

 

 
 

Fig. 6. Variations of HTF mass flow rate and solar heat collected on 21st March 
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Fig. 7. Variations of HTF mass flow rate and solar heat collected on 21st June 

 

 
 

Fig. 8. Variations of HTF mass flow rate and solar heat collected on 21st June 
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On winter 21st December HTF mass flow rate might reach to 67 kg/s for model ISCC-1 and to 32 kg/s 

for ISCC-2. 

The solar field efficiency, see Fig. 9. gained can be reached to more than 60 % in summer for ISCC-

1, and more than 58 % for ISCC-2, more than 57 % in spring for ISCC-1 and more than 50 % for 

ISCC-2. On winter 21st December solar field efficiency might reach to 25 % for cycle ISCC-1 and to 

16 % for ISCC-2.  

 

 
 

Fig. 9. Variations of Solar field efficiency on typical three days of a year 

 

Fig. 10 shows effects of the solar heat input to SSG on the steam mass flow for both cycles. For low 

solar heat generation on 21st December, the steam flow rate generated relatively low for both cycles 

reach up to 3,93 kg/s for ISSC-1, and reach up to 3,25 kg/s for ISCC-2. On the 21st March steam mass 

flow might reach up to 17,17 kg/s for cycle ISCC-1 and it less than steam mass flow of cycle ISCC-2 

which might reach up to 20,16 kg/s. Reason for that is division collected solar energy by a larger 

difference of enthalpies on superheated steam outlet and saturated feed water at the inlet to the SSG, 

see Fig. 1 and 3. The same explanation is on the 21st June where steam mass flow might reach up to 

21,93 kg/s for cycle ISCC-1 and reach up to 26,24 kg/s for cycle ISCC-2. Differences of enthalpies 

(hst,outl – hf.w.inl) on SSG is 2128 kJ/kg for ISCC-1, and 1666 kJ/kg for ISCC-2 and dividing the collected 

solar energy by each of the enthalpy differences to obtain the mass flow, it is concluded that the mass 

flow is lower in cycle ISCC-1. However, on the winter period regardless of differences of enthalpies 

less on cycle ISCC-2, the steam mass flow is less than in cycle ISCC-1, because collected solar energy 

twice higher on cycle ISCC-1 than in cycle ISCC-2. Obtained electrical power from collected solar 

energy and addition steam mass flow is might reach up to 2,799 MW for cycle ISCC-2 and this is 

higher than 1,399 MW the power obtained in the cycle ISCC-1, on 21st December, see Fig. 11. 

Regardless of the higher collected solar energy and consequently the higher mass flow of steam 

obtained for the ISCC-1 cycle, the solar electric power output is higher for the ISCC-2 cycle at all 

nominated days, Fig 11. Reason for that is what steam mass flow makes grater mechanical work in 

steam turbine for cycle ISCC-2 than in cycle ISCC-1 [20]. 
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Fig. 10. Variations of steam mass flow on typical three days of a year 

 

 

 
 

Fig. 11. Variations of addition solar power on the steam turbine on typical three days of a year 
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From the Fig. 11, we can conclude that the gain solar electric power on the steam turbine might reach 

up to 22,62 MW for model ISCC-2 and 7,81 MW for model ISCC-1 in summer. On 21st March solar 

electric power is 17,38 MW for ISCC-2, and 6,11 MW for cycle ISCC-1. On the winter period should 

be take care in which cycle to be priority to operate. As said earlier recommendation is to operate with 

cycle ISCC-1 starting at sunrise hour (07:43) and switch automatically to cycle ISCC-2 when collected 

solar energy overgrow heat losses, or when HTF outlet temperature achieve set point of cycle ISCC-

2. 

The overall performance of the two ISCC during a year has been analyzed, the total power output 

produced at the three selected days shown in Fig. 12. CCGT cycle has the highest load on the winter 

250,86 MWe at minimum ambient temperature, because GT has the highest power and in this 

conditions HRSG produces most steam, consequently ST has highest electrical power . Solar radiation 

intensity on the winter is small and output power can reach to the peak value of 248,512 MWe with an 

increase of 2,792 MWe from CCGT for cycle ISCC-2. The output power varies during a day with solar 

radiation intensity, it can reach to the peak value of 251,512 MWe with an increase of 16,785 MWe 

from CCGT for ISCC-2, on 21st March. On the summer it can reach to the peak value of 239,296 MWe 

with an increase of 20,770 MWe from CCGT for ISCC-2. The effect of solar energy injected on the 

net thermal efficiency of the ISCC-2 plants shown in Fig. 13. It is obvious that the overall plant 

efficiency is a strong function of the solar heat input [10]. It can reach the limit of 55,18 % in case of 

high-pressure integration (ISCC-2) in summer days, 54,27 % on spring and this limit decrees to 51,61 

% in winter days. On the 21st June, Fig. 13, solar field with parabolic trough collectors exhibit high 

efficiency, as it can collect most amount of the total incident solar radiation especially, in the central 

hours of the day, when the Sun is approaching the zenith [3], [21]. 

 

 

Fig. 12. Variations of total power electric output of two cycles on three typical days of a year 
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Fig. 13. Variations of overall efficiency of two cycles on three typical days of a year 

 

 

4.1. Annual performance results 

 

The solar thermal power collected is more than 46,26 MWth. The result is increase in electricity 

production of steam cycle due to the increase in solar steam generation. The net generated power 

reaches 227,24 MWe, an increase of 7,74 MWe by solar, an efficiency of 52,32 % (50,60 % for CCGT) 

in cycle ISCC-1, and net generated power reaches 227,24 MWe, an increase of 22,41 MWe by solar, 

an efficiency of 55,59 % in cycle ISCC-2, at the central hours of the day on the summer. The annual 

net solar collected energy can be reaches 146,289 GWhth, and electricity produced from it 24,473 

GWhe, an annual efficiency of 51,76 % (50,64 % for CCGT) for cycle ISCC-1, and annual net solar 

collected energy can be reaches 133,274 GWhth, and electricity produced from it 68,957 GWhe, an 

annual efficiency of 53,76 % for cycle ISCC-2. 

To assess the annual performance of the investigated ISCC plants, simulations over a period of one-

year have been carried out [4]. Monthly average collected solar thermal energy (Qcollected), the solar 

generation electricity by ISCC-1 and ISCC-2 are reported in Fig. 14 (on average monthly basis). Solar 

field is able to intercept a very high fraction of the DNI in the summer months, due to higher solar 

efficiency [22]. Moderate variations during the year for the collected solar thermal heat, which can be 

higher than 21 (GWh/month) in the summer period of the year and decrease dramatically in winter. 

The result is highest solar power generation with a peak of about 10,419 (GWh/month) is achieved by 

the ISCC-2 and 3,599 (GWh/month) by ISCC-1 in summer months, due to higher thermal to electric 

conversion efficiency of the power cycle and reaches to 1,00 (GWh/day) in winter.  
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Fig. 14. Variations of annual performance of two cycles  

 

5. Conclusion 

 The integration process into the HP stage (ISCC-2) provides more generation of steam flow 

rate in HRSG, than integration into LP stage (ISCC-1), hence more net electric power for ISCC-

1 than ISCC-2. 

 For ISCC-2, the net power output can be reached as high as 237,58 MWe in summer compared 

to 222,76 MWe for ISCC-1, which is higher than that in the reference CCGT plant by about 

22,62 and 7,81 MWe respectively. Also, the overall efficiency increased from 49,93 % to 55,18 

% for cycle ISCC-2 and from 49,93 % to 51,74 % for cycle ISCC-1.  

 Only on the winter period ISCC-1 will be in operation at 08:30 to about 10:00, while transfer 

to ISCC-2 will be possible when outlet temperature of HTF achieved min. 340 oC (collected 

solar energy have to overgrow heat losses, or when HTF outlet temperature achieve set point 

of cycle ISCC-2) 

 An annual reduction of CO2 of 25417 (t/yr) could be achived by ISCC-2, and 9495 (tons/yr) of 

CO2 reduced by ISCC-1. The minimum reduction in CO2 emissions in December is 7,39 

tons/day, and the maximum reduction of CO2 emissions in June is 126,17 tons/day  

In this research, a Excel simulation model was developed to easy and quickly estimate the PTC solar 

field performance and size a given location for CSP plants. The model allows the designers to change 

the input data according to the different design and operating conditions. The model has limitation due 

to basing only on the one type of CSP technologies. Next research and investigation should be analyses 

thermal storage systems to improvements this line of research and in general ISCC plant. 
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Appendix 1 (Solar Radiation) 

In a concentrating collector, solar radiation is incident on the collector surface, called aperture area 

 𝐴𝑎𝑝 and this radiation reflected or redirected into a smaller receiver area 𝐴𝑟. The concentration factor 

𝐶𝑟 is then defined as [21]: 

 

𝐶𝑟 =
 𝐴𝑎𝑝

𝐴𝑟
 (1) 

 

To estimate the direct component of solar irradiation (DNI) and the amount of solar energy collected 

by PTCs based on the selected site and available climate data. The following equations are used: 

DNI in (W/m2) can be calculated by defining extraterrestrial radiation (Iso) as [21]: 

𝐼𝑠𝑜 = 𝐼𝑠𝑐 (1 + 0.333 cos
360

365
𝑛)   (2) 

Where Isc is the solar constant (Isc=1367 W/m2). Thus, DNI is given by Ref. [21]:   

𝐷𝑁𝐼 = 𝐼𝑏 = 𝐼𝑠𝑜𝜏𝑏 𝑐𝑜𝑠 𝜃𝑧                                 (3)  

The declination δ can be found from the approximate equation of Cooper (1969) [21],                              

  (4)                                                  

  

𝛿 - Declination, the angular position of the sun at solar noon (i.e., when the sun is on the local 

meridian) with respect to the plane of the equator, north positive; -23,45o ≤ 𝛿 ≤ 23,45o  

 

𝜃 - Angle of incidence, the angle between the beam radiation on a surface and the normal to that 

surface. 

 

cos 𝜃 = √cos 𝜃𝑧
2 + (cos2 𝛿 sin2 𝜔)                                                                (5) 

 

θz -  Zenith angle, the angle between the vertical and the line to the sun, that is, the angle 

of incidence of beam radiation on a horizontal surface. 

ω -  Hour angle, the angular displacement of the sun east or west of the local meridian 

due to rotation of the earth on its axis at 15◦ per hour; morning negative, afternoon 

positive. 

𝜔 = (𝐻𝑜𝑢𝑟 − 12) ∙ 15°                                                           (6) 

cos 𝜃𝑧 = cos 𝜙 cos 𝛿 cos 𝜔 + sin 𝜙 sin 𝛿                                                                                        (7) 

 

ϕ - Latitude, the angular location north or south of the equator, north positive; −90◦ ≤ ϕ ≤ 90◦. 

 

The atmospheric transmittance for beam radiation is given in the form [21] 

 

𝜏𝑏 = 𝑎0 + 𝑎1𝑒𝑥𝑝 (
−𝑘

cos 𝜃𝑧
)   (8) 

             
The constants 𝑎0, 𝑎1  and k  for the standard atmosphere with 23 km visibility are found from  

𝑎0
∗ , 𝑎1

∗  and k*, which are given for altitudes A less than 2,5 km by  

       

𝑎0
∗ = 0,4237 − 0,00821(6 − 𝐴)2        

𝛿 = 23.45 sin (360
284 + 𝑛

365
) 



𝑎1
∗ = 0,5055 − 0,00595(6,5 − 𝐴)2         

𝑘∗ = 0,2711 + 0,01858(2,5 − 𝐴)2    

                                 

Appendix 2 (PTCs calculation) 

Dudley [23] at all and more recently Forristall [24] present parabolic trough collector and  Heat 

collector elements (HCE) models validated by experimental data. Both are one-dimensional, steady-

state, neglect the non-uniform nature of the flux incident on the absorber tube, and rely on user-entered 

optical characteristics (e.g. optical efficiency, incidence-angle modifier) instead of ray-tracing to 

determine the radiation incident on the HCE absorber. 
Fig. 15 presents Forristall’s 1D (one dimension) HCE model simplified for heat loss in evacuated HCEs. 

This model includes a collector with a specified aperture. Both collector and HCE are assumed to be 1 

meter long perpendicular to the page. 

 

 
 

Fig. 15. 1D HCE heat loss model  

 

 

The diameter of the receiver absorber tube is given in the form 

 

𝐷𝑎𝑏𝑠,𝑜 = 2𝑟𝑟 sin 0,267 =
𝑎 sin 0,267

sin 𝜑𝑟
      (8) 

 

The rim angle 𝜑𝑟 of the parabolic mirror radius  𝑟𝑟 is given in the form 

 

𝜑𝑟 = tan−1 [
8(

𝑓

𝑎
)

16(
𝑓

𝑎
)2−1

] = sin−1(
𝑎

2𝑟𝑟
)             (9) 

 

where are  

 

𝑓 − focal length (m) 

𝑎 = 𝐴𝑝 − collector aperture with (m) 

Quantities in Fig. 15 are described below. The sources for the equations is Forristall [22, 24]. 



 

Tabs,i, Tabs,o  – The inner and outer average absorber surface temperatures, °C.  

Tgl,i, Tgl,o  – The inner and outer average glass surface temperatures, °C.  

THTF  – The heat transfer fluid (HTF) temperature, °C. Therminol VP1 is the HTF assumed in this 

section. VP1 thermophysical properties are described in [24].  

Tamb  – Ambient temperature, °C.  

Tsky   – The sky temperature for radiation heat transfer, °C. 

 
rabs,i, rabs,o, rgl,i , rgl,o – PTR70 radii: the inner absorber surface, outer absorber surface, inner glass envelope 

surface and outer glass envelope surface  

 

Qsol,abs – The concentrated solar radiation absorbed by the absorber tube (W/m)   

 

𝑄𝑠𝑜𝑙,𝑎𝑏𝑠 = 𝐷𝑁𝐼 ∙ 𝑐𝑜𝑠 𝜃 ∙ 𝐴𝑝 ∙ 𝑘(𝜃) ∙ 𝜂𝑜𝑝          (10) 

 

Optical efficiency is given in the form 

 
𝜂𝑜𝑝 = 𝜌𝑐𝛼𝑟𝜏𝑟𝛾     (11) 

𝜌𝑐 − collector reflectance,  𝛼𝑟 −receiver absorbance,  𝛾 − intercept factor, 𝜏𝑟 − transmissivity 

𝑘(𝜃) − the incidence angle modifier is a function of incidence angle and the optical quality of the 

collector   

 

𝑘(𝜃) = 1 − 6,74 ∙ 10−5𝜃2 + 1,64 ∙ 10−6𝜃3 − 2,51 ∙ 10−8𝜃4            (12)  

  

 

Qconv,HTF  – The heat transferred to the HTF from the inner absorber surface through convection  (W/m). 

𝑄𝑐𝑜𝑛𝑣,𝐻𝑇𝐻 = ℎ𝑎𝑏𝑠,𝐻𝑇𝐹 ∙ 2𝜋 ∙ 𝑟𝑎𝑏𝑠,𝑖 ∙ (𝑇𝑎𝑏𝑠,𝑖 − 𝑇𝐻𝑇𝐹)         (13) 

where  

habs,HTF  (W/(m2
ˑ
oC) is the convective heat transfer coefficient. It depends on the thermophysical 

properties of the HTF, the diameter of the tube, the flow rate, and the temperatures of the HTF and 

inner absorber surface. Forristall [22, 24] fully describes its calculation. 

ℎ𝑎𝑏𝑠,𝐻𝑇𝐹 = 522 + 478 ∙ �̇�       (14) 

When sufficient solar radiation exists, Qconv,HTF is positive (heat is transferred to the HTF). When the 

collector is off-sun, Qconv,HTF  is negative. 

Qcond,abs – The heat transferred through the absorber from the outer absorber surface to the inner 

absorber surface by conduction (W/m). 

 𝑄𝑐𝑜𝑛𝑑,𝑎𝑏𝑠 =
2𝜋∙𝑘𝑎𝑏𝑠∙(𝑇𝑎𝑏𝑠,𝑜−𝑇𝑎𝑏𝑠,𝑖) 

ln (
𝑟𝑎𝑏𝑠,𝑜
𝑟𝑎𝑏𝑠,𝑖

)
     (15) 

 

where  

 

kabs  (W/(mˑ
oC)  is the thermal conductivity of the stainless steel absorber. Forristall [24] uses    

𝑘𝑎𝑏𝑠 = 14,8 + 0,0153 ∙ 𝑇𝑎𝑏𝑠       



Tabs is the average of Tabs,i  and Tabs,out, and is in °C. 

Similar to Qconv,HTF, Qcond,abs is positive when there is net heat transfer to the HTF. 

Qrad,ann – The heat transferred across the evacuated annulus from the outer absorber surface to the inner 

glass surface through radiation (W/m). 

𝑄𝑟𝑎𝑑,𝑎𝑛𝑛 =
𝜎∙2𝜋∙𝑟𝑎𝑏𝑠,𝑜∙(𝑇𝑎𝑏𝑠,𝑜,𝐾𝑒𝑙𝑣𝑖𝑛

4 −𝑇𝑔𝑙,𝑖,𝐾𝑒𝑙𝑣𝑖𝑛
4 ) 

1

𝜀𝑎𝑏𝑠
+

1−𝜀𝑔𝑙

𝜀𝑔𝑙
(

𝑟𝑎𝑏𝑠,𝑜
𝑟𝑔𝑙,𝑖

)
                                                                                        (16) 

where  

 

Tabs,o,Kelvin  is the outer absorber surface temperature in Kelvin  

Tgl,i,Kelvin  is the inner glass surface temperature in Kelvin.  

εabs is the emittance of the outer absorber surface. This value is determined by the heat loss testing of 

this report. The emittance of the 2008 PTR70 is 

휀𝑎𝑏𝑠 = 0,062 + (2,00𝐸 − 7)𝑇𝑎𝑏𝑠
2   

where Tabs is in °C.  

εgl is the emittance of the borosilicate glass surface, 0.89 [21].  

σ is the Stefan-Boltzmann constant, 5.670e-8 W/(m2∙K4). 

Qcond,gl – The heat transferred through the glass envelope from the inner glass surface to the outer glass 

surface by conduction (W/m). 

𝑄𝑐𝑜𝑛𝑑,𝑔𝑙 =
2𝜋∙𝑘𝑔𝑙∙(𝑇𝑔𝑙,𝑖−𝑇𝑔𝑙,𝑜) 

ln(
𝑟𝑔𝑙,𝑜

𝑟𝑔𝑙,𝑖
)

 (17) 

where  

kgl is the thermal conductivity of the glass, 1.1 W/(m∙°C) [21]. 

Qrad,sky – The heat transferred from the glass envelope to the sky through radiation (W/m). Forristall 

[24] shows that the effects of the view factor to the reflector and temperature of the reflector in the 

calculation of this value are minor. 

𝑄𝑟𝑎𝑑,𝑠𝑘𝑦 = 𝜎 ∙ 휀𝑔𝑙 ∙ 2𝜋 ∙ 𝑟𝑔𝑙,𝑜 ∙ (𝑇𝑔𝑙,𝑜,𝐾𝑒𝑙𝑣𝑖𝑛
4 − 𝑇𝑠𝑘𝑦,𝐾𝑒𝑙𝑣𝑖𝑛

4 )   (18) 

where  

Tgl,o,Kelvin is the outer glass envelope surface temperature in Kelvin  

Tsky,Kelvin is the sky temperature in Kelvin. Forristall [21] finds the sky temperature (°C) from ambient 

temperature (°C) using 

𝑇𝑠𝑘𝑦 = 𝑇𝑎𝑚𝑏 − 8   

Qconv,amb – The heat transferred to ambient from the outer glass surface through convection (W/m). 

𝑄𝑐𝑜𝑛𝑣,𝑎𝑚𝑏 = ℎ𝑎𝑚𝑏 ∙ 2𝜋 ∙ 𝑟𝑔𝑙,𝑜 ∙ (𝑇𝑔𝑙,𝑜 − 𝑇𝑎𝑚𝑏)  (19) 

where  

hamb is the convective heat transfer coefficient to ambient. It is strongly a function of wind speed. 

Forristall [22, 24] presents the detailed calculation, but for the PTR70 geometry and expected ambient 

temperatures the convection coefficient can be estimated from 



ℎ𝑎𝑚𝑏 = 4,9 + 4,9 ∙ 𝑣𝑤 − 0,18 ∙ 𝑣𝑤
2  

vw is the wind speed in m/s. The units of hamb are W/(m2∙°C). 

An additional thermal input not shown in Fig. 15 is the absorption of a small amount of insolation by 

the glass envelope. This increases the glass envelope temperature. Forristall [24] describes this 

calculation in detail, but his method is simplified here: 

𝑄𝑆𝑜𝑙𝑎𝑟𝐴𝑏𝑠𝑏𝑦𝐺𝑙𝑎𝑠𝑠 = 𝐷𝑁𝐼 ∙ cos 𝜃 ∙ 𝐴𝑝 ∙
𝜂𝑜𝑝𝑡

𝜏𝑔𝑙∙𝛼𝑎𝑏𝑠
𝑘(𝜃) ∙ 𝛼𝑔𝑙𝑎𝑠𝑠   (20) 

where  

 

τgl is the glass envelope transmittance, [21] 

αabs is the absorber absorptance, [21] 

αglass is the glass’s absorptance (Forristall [21]uses 0.02). 

At steady-state the following quantities are equal: 

𝑄𝑐𝑜𝑛𝑣,𝐻𝑇𝐹 = 𝑄𝑐𝑜𝑛𝑑,𝑎𝑏𝑠    (21) 

𝑄𝑠𝑜𝑙,𝑎𝑏𝑠 = 𝑄𝑐𝑜𝑛𝑑,𝑎𝑏𝑠+𝑄𝑟𝑎𝑑,𝑎𝑛𝑛     (22) 

𝑄𝑟𝑎𝑑,𝑎𝑛𝑛 = 𝑄𝑐𝑜𝑛𝑑,𝑔𝑙  (23) 

𝑄𝑐𝑜𝑛𝑑,𝑔𝑙 + 𝑄𝑆𝑜𝑙𝑎𝑟𝐴𝑏𝑠𝑏𝑦𝐺𝑙𝑎𝑠𝑠 = 𝑄𝑟𝑎𝑑,𝑠𝑘𝑦 + 𝑄𝑐𝑜𝑛𝑣,𝑎𝑚𝑏                      (24) 

The heat loss from the HCE absorber is Qrad,ann. 

Determining the heat loss correlation coefficients 

Five inputs/outputs of the model were of interest for use in the heat loss correlation: 

THTF – Temperature of the HTF (°C)  

vw – Wind speed (m/s)  

IbK(θ)cos(θ) - Insolation that could reach the absorber tube (W/m2). This term is the product of the 

beam radiation (DNI=Ib), the incidence angle modifier K(θ), and the cosine of the incidence angle (cos 

θ).  

(THTF - Tamb) – Difference between the HTF temperature and ambient (°C)  

HL = Qrad,ann  - Modeled heat loss from the absorber (W/m) 

The correlation used to match the modeled results is 

𝐻𝐿𝑊/𝑚 = 𝐴0 + 𝐴1 ∙ (𝑇𝐻𝑇𝐹 − 𝑇𝑎𝑚𝑏) + 𝐴2 ∙ 𝑇𝐻𝑇𝐹
2 + 𝐴3 ∙ 𝑇𝐻𝑇𝐹

3 + 𝐴4 ∙ 𝐼𝑏 ∙ 𝐾(𝜃) ∙ cos 𝜃 ∙ 𝑇𝐻𝑇𝐹
4 + √𝑣𝑤 ∙

[𝐴5 + 𝐴6 ∙ (𝑇𝐻𝑇𝐹 − 𝑇𝑎𝑚𝑏)]         (25) 

Table 3 presents the heat loss correlation coefficients for the 2008 PTR70 HCEs tested in this report. 

SigmaPlot [22] calculated these coefficients using the Levenberg-Marquardt algorithm for least 

squares curve fitting.  

 

 



Table 3. Evacuated 2008 PTR70 heat loss coefficients 

 

The net heat gain of the fluid over the 1 meter section is Qconv,HTF, and the temperature rise of the fluid 

is calculated using 

𝑇𝐻𝑇𝐹 =
𝑇𝐻𝑇𝐹,𝑖𝑛+𝑇𝐻𝑇𝐹,𝑜𝑢𝑡

2
      (26) 

𝑇𝐻𝑇𝐹,𝑜𝑢𝑡 = 𝑇𝐻𝑇𝐹,𝑖𝑛 +
𝑄𝑐𝑜𝑛𝑣,𝐻𝑇𝐹∙𝐿

𝑚∙̇ 𝑐𝐻𝑇𝐹
       (27) 

L = length of HCE simulated: 1 meter  

THTF - is the average HTF temperature in the 1 meter section  

THTF,in - is the HTF temperature entering the 1 meter section  

THTF,out - is the HTF temperature leaving the 1 meter section  

�̇� -is the HTF mass flow rate  

cHTF - is the heat capacity of the HTF. The heat capacity is a function of the HTF temperature and for 

VP1 can be calculated from [24] 

𝑐𝐻𝑇𝐹 = 1494 + 2,76 ∙ 𝑇𝐻𝑇𝐹  

The units of cHTF are J/(kg∙°C). 

Finally, the thermal efficiency of the collector and HCE is calculated with 

𝜂𝑡ℎ =
𝑄𝑐𝑜𝑛𝑣,𝐻𝑇𝐹

𝑞𝑖,0𝑖𝑛𝑐
  (28) 

where  

ηth is the thermal efficiency of the collector and HCE  

qi,0inc is the insolation on the trough aperture at zero incidence angle, (W/m). 

𝑞𝑖,0𝑖𝑛𝑐 = 𝐼𝑏 ∙ 𝐴𝑝    (29) 
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