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 In this study, a solar-driven combined cooling-heating and power system is proposed to 

achieve higher energy efficiency. Influences of compression ratio and direct normal 

irradiance are reported to evaluate the impact of design parameters. A compressed air 

energy system technology is utilized in the solar-driven Brayton cycle to run it in the peak 

consumption time, and a Rankine cycle is employed as an axillary cycle for more power 

generation. Results prove that the proposed system provides 11.75 MW pure power besides 

3.2 MW heating and 6.8 MW cooling loads and it is able to run 5 hr in compressor 

deactivated mode passing peak consumption hours. Overall energy efficiency of the 

proposed system is estimated by more than 55% considering solar inlet beams energy, and 

89% ignoring solar tower energy loss. The most exergy destructor component of the 

proposed system is solar heat absorber by 72% of general system destructed exergy. 
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1. INTRODUCTION 

 

Due to the environmental issues posed by fossil energy 

sources, reducing the effects of using these resources is one of 

the main priorities in energy planning today [1]. In this context, 

in addition to striving for maximum energy savings, the most 

important concern is to replace these energy resources with 

renewable ones [2]. Consequently, the use of fuel cell [3], 

wave [4], wind [5], and solar [6] energies attained substantial 

attention. Furthermore, wasted heat recovery is another 

promising approach to save the energy resources [7]. Running 

the combination of cooling, heat and power systems together, 

which is commonly named as Combined Cooling, Heating and 

Power (CCHP) systems [8], is considered as one of the 

technological suggestions to achieve this aim. However, the 

noticeable role of other-recently-flourished methods in energy 

sector, such as Artificial Intelligence (AI) [9], could not be 

neglected.  

Solar energy as a green energy resource, is also employing 

noticeably for CCHP systems [10]. Sun beams will be trapped 

using solar tower [11] or solar concentrator [12], then the 

trapped heat will be transferred to the working fluid of power 

generator cycle. Indeed, Samiee and Aghdam [13] employed 

photovoltaic panels to direct electricity conversion in their 

CCHP which is proposed for cruise ship. They asserted that 

using hybrid energy resource, the proposed system produced 

457.25 kW electricity. The solar driven CCHP system 

integrated with ammonia driven molten carbonate fuel cell, 

purposed by Lu et al. [14], shows 57.85% energy efficiency 

and 60.22%, exergy efficiency. They asserted that, the novel 

technique they used for heat absorption, enhanced solar power 

generation by 1.27%. Therefore, the novel system has a higher 

productivity and economic performance. A hydrogen 

production sub-system is added to the solar driven CCHP 

system investigated by Assareh et al. [15], to achieve 90% 

hydrogen production efficiency. The system cost is reported 

by $514188.21 per year in case of optimum condition. To 

achieve sustainable and efficient poly-generation system, Liu 

et al. [16] investigated a solar assisted CCHP system 

thermodynamically. During this study, energy and exergy 

efficiencies are reported by 57.5% and 36.6% under design 

condition, respectively. Indeed, the carbon emission of 

investigated system is reported by 0.071 to 0.075 t/GJ.  

CCHPs benefit a main power generation part which could 

be run by a Brayton [17], Rankine [18] or 4-stroke combustion 

[19] cycle. Therefore, the range of heat sources, wasted heat 

recovery sub-cycles, and performance improver sub-devices 

are widely extended [20]. A Brayton cycle is employed as the 

main power generation part of the solar driven poly-generation 

system investigated by Georgousis et al. [21]. They optimized 

the operating condition using multi-objective optimization 

approach and asserted that the payback period of their system 

is around 6.4 years while the total efficiency is 55%. They also 

reported that the exergy efficiency of the studied system could 

be enhanced up to 23.63% using additional Organic Rankine 

Cycle (ORC). Using Brayton cycle as the main power section, 

Zhang et al. [22] reported the Coefficient Of Performance 

(COP) for their CCHP system by 188.1%. Indeed, Rankine 

cycle is utilized as the main power generation section in a 

CCHP system investigated by Cao et al. [23]. Due to the high 

temperature exhaust flow from common Brayton cycle it is 

possible to run a Rankine cycle [24], supercritical CO2 

Brayton cycle [25], or ORC [26] as the wasted-heat recovery 

sub-section. Employing ORC in this case has advantages like, 

being energetically efficient and environmentally friendly 

besides enabling investment-savings [27]. 
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Compressed Air Energy Storage (CAES) technology is 

known as the performance optimizer and enhancer of 

thermodynamic power cycles [28] as well as CCHP systems 

[29]. Mohammadi et al. [30] achieved 2.56 kW cooling load, 

33.67 kW electricity and 1.82 ton/day hot water with 53.94% 

trip energy efficiency employing CAES coupled with wind 

turbine. Arabkoohsar et al. [31] accomplished 30.6, 2.5 and 

14.4% exergy efficiencies of cooling, power and heat 

productions using their suggested configuration of CAES. 

Yang et al. [32] improved the energy efficiency of the studied 

CCHP by 1.015% with employing CAES technology and solar 

energy. Su et al. [33] also reported 77.8 and 3.3% electricity 

and natural gas saving ratios improvement using synthetic 

utilization of solar and biogas energy in their studied CCHP. 

Eisavi et al. [34] stated that the cooling and heating load of 

CCHP could be raised up to 48.5 and 20.5% employing solar 

energy. 

Looking more detail in investigated literature, it can be 

asserted that there are lots of efforts all around the world to 

produce and optimize the renewable electricity using Braytone 

cycle and the technologies applied on it to enhance the 

performance shown in Figure 1. However, this approach needs 

to be improved constantly. The combination of studied 

approaches and technologies can be considered as one of the 

possible way to achieve this goal, so in this work, a novel 

solar-driven CCHP system using the combination of reviewed 

technologies is proposed for improving the energy efficiency. 

Then the influence of design parameters on system energy and 

exergy performance is evaluated in the parametric study to 

achieve optimal performance. Indeed, such a parametric study 

could bring the dataset for further AI-based optimization study.  

 

 
 

Figure 1. Solar driven CCHP trend line 

 

 

2. SYSTEM DESCRIPTION 

 

The schematic diagram of the proposed CCHP cycle is 

shown in Figure 2. It contains five sub-sections, namely; 

Brayton, Rankine, ORC, Refrigeration, and Heating systems 

which will be described at the following. 

 

 
 

Figure 2. The schematic diagram of the proposed CCHP system 

 

Fresh air is compressed up to 750 kPa by two parallel flow 

compressors (to provide demanded mass flow rate) with 

identical shafts in the Brayton cycle. Then its temperature is 

reduced near to the ambient in designed intercooler, and the 

waste heat is used to run an ORC driven refrigerator cycle. 

Cooled high pressure air then, is saved in the cavern to run  the 

proposed system in peak consumption hours using 

compressors deactivation mode. Such a high pressure air then, 

is preheated through heat exchanger, and its temperature is 

increased up to 1025 K in the Intermediate Heat Exchanger 

(IHE) from solar tower. High energy air then, runs the turbines 

in two stages after reheating. The exhaust air is divided into 

the two parts, running Rankine and organic Rankine cycles, 

after cavern exhaust air preheating. The rest of the air energy 

is employed to provide the demanded hot water with the 

temperature of 373.1 K in the Heating System (HS). Used 

solar system configuration is adopted from reference [35], and 

the thermal storage tank is added to provide the demanded heat 
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in the times the sun beams not receives sufficiently. The 

receiver, IHE, is located above the tower with 68.1 m2 aperture 

area and the reflective area of each heliostat is considered as 

121.4 m2. The Rankine cycle is operated between 65 and 3000 

kPa. The out power of steam turbine is directly converted to 

the electricity and added to the main Brayton cycle power 

output. Designed refrigeration cycle runs using the power 

provided by an ORC. This ORC works between 7000 and 

15000 kPa. Although the high pressure line is above the 

critical pressure of CO2, the condenser is still working under 

the critical pressure, and the high pressure working fluid is 

provided by a pump. So, this cycle is still categorized as the 

Rankine cycle. Using a simple one-stage compression 

refrigeration cycle beside the power provided by the ORC, the 

demanded cooling load is supplied. Considered working fluid 

is R22 (CHClF2) which works between 263 and 308 K. 

The main configuration parameters are adopted from the 

previous studies, however to enhance the overall performance 

besides tackle the operational limitations (e.g.: the streamlines 

temperatures at heat exchangers), setting or optimizing some 

of the operational parameters is necessary. For example, the 

designed temperatures of evaporator (T25) and condenser (T27) 

outflows are selected based on having optimum COP in the 

refrigeration cycle shown in Figure 3. Furthermore, inlet heat 

from solar system is divided between two steams (9-10 and 

11-12) at IHE, considering the turbine inlet temperature (T10 

and T12) limitation. The variations of IHE outflows 

temperatures based on the heat division rate are shown in 

Figure 4. 

 

 
(a)  

 
(b) 

 

Figure 3. COP and cooling load variations with a) 

evaporator, b) condenser operating temperatures 

 
 

Figure 4. IHE outflows temperatures variations with solar 

heat division fraction 

 

 
(a) 

 
(b) 

 
(c) 

1796



 

 
(d) 

 

Figure 5. T–S diagram of each sub-cycle: a) Brayton, b) 

Rankine, c) ORC, and d) Refrigeration 

 

Table 1. The design parameters of employed cycles 

 
Parameter Unit Value 

Brayton Cycle 

Fluid ---- Air 

CR ---- 7.5 

𝜀𝐶𝑜𝑚𝑝  ---- 0.85 

CEAS volume m3 300 

𝜀𝐼𝐻𝐸  ---- 0.95 

𝜀𝑇𝑢𝑟𝑏  ---- 0.9 

Turbine inlet temperature K 1024 

Intercooler efficiency ---- 0.95 

Heating exchanger efficiency ---- 0.95 

Solar System 

Direct normal irradiance (DNI) W/m2 800 

Number of heliostats ---- 624 

Reflective area of each heliostat  m2 9.45 × 12.84 

Receiver aperture area m2 68.1 

𝜀𝑅𝑒𝑐   ---- 0.95 

Rankine Cycle 

Fluid ---- Water 

Condenser working pressure kPa 65 

𝜀𝑃𝑢𝑚𝑝  ---- 0.88 

𝜀𝑇𝑢𝑟𝑏 ---- 0.91 

ORC 

Fluid ---- R744 

Condenser working pressure kPa 7000 

𝜀𝑃𝑢𝑚𝑝 ---- 0.86 

𝜀𝑇𝑢𝑟𝑏 ---- 0.95 

Refrigeration 

Fluid ---- R22 

𝜀𝐶𝑜𝑚𝑝 ---- 0.90 

Evaporator outlet temperature K 263 

Condenser outlet temperature K 308 

Condenser working pressure kPa 1350 

𝜀𝐸𝑣𝑎 ---- 0.95 

COP ---- 4.234 

Heating System 

Fluid ---- Water 

Inlet water temperature K 298 

Working pressure kPa 101 

 

To have more details about how the proposed system works, 

the T-S diagram and the main design parameters of each sub-

cycle are presented in Figure 5 and Table 1, respectively. 

 

 

3. MATHEMATICAL MODELING 

 

For thermodynamically analyzing, each studied component 

should be considered as a separate control volume. The overall 

plant is divided into four sub-sections: power generation, 

refrigerator, heating, and solar systems. Power Generation 

System (PGS) contains Brayton and Rankine cycles, and the 

refrigerator is consisted of ORC and compression refrigeration 

cycle. The following assumption is considered for 

thermodynamical modeling of proposed system: 

-The processes of all devices are assumed as steady-state 

steady flow (SSSF). 

-Kinetic and potential energies and also chemical exergy are 

negligible. 

-The processes of turbines, compressors, and pumps are 

calculated based on the isentropic efficiency.  

The mass and energy conservation and also exergy balance 

equations in SSSF process for control volume can be written 

as [3]: 

 

∑�̇�𝑖𝑛 = ∑�̇�𝑜𝑢𝑡 (1) 

 

�̇�𝐶.𝑉 − �̇�𝐶.𝑉 + ∑�̇�𝑖𝑛ℎ𝑖𝑛 − ∑�̇�𝑜𝑢𝑡ℎ𝑜𝑢𝑡 = 0 (2) 

 

∆�̇�𝑠𝑦𝑠 = ∑�̇�𝑖𝑛 − ∑�̇�𝑜𝑢𝑡 − �̇�𝐷 (3) 

 

where, �̇�𝐶.𝑉 , �̇�𝐶.𝑉 ,  �̇� and ℎ  refer to heat, work, mass flow 

rates and specific enthalpy in control volume. �̇�𝑖𝑛  and �̇�𝑜𝑢𝑡  

present the rate of inlet/outlet transferred exergy by heat, work, 

and mass, and �̇�𝐷 is exergy destruction. For the SSSF system, 

the ∆�̇�𝑠𝑦𝑠 is negligible, so Eq. (3) could be written as [3, 35], 

 

�̇�𝑄 − �̇�𝑊 + �̇�𝑚𝑎𝑠𝑠,𝑖𝑛 − �̇�𝑚𝑎𝑠𝑠,𝑜𝑢𝑡 = �̇�𝐷 (4) 

 

�̇�𝑖𝑛 − �̇�𝑜𝑢𝑡 = ℎ − ℎ0 − 𝑇0(𝑠 − 𝑠0) (5) 

 

The solar sub-section contains two parts, namely receiver 

and heliostat field. The collected worthy heat by the receiver 

can be computed as [6]: 

 

�̇�𝑅𝑒𝑐,𝑖𝑛 = 𝜂𝑓𝑖𝑒𝑙𝑑 . �̇�𝑠𝑢𝑛 = 𝜂𝑓𝑖𝑒𝑙𝑑 . (𝐷𝑁𝐼). 𝐴ℎ𝑒𝑙 . 𝑁ℎ𝑒𝑙  (6) 

 

where, 𝜂𝑓𝑖𝑒𝑙𝑑 , 𝐷𝑁𝐼,  𝐴ℎ𝑒𝑙  and 𝑁ℎ𝑒𝑙  refer to the efficiency of 

the heliostat field, direct normal irradiance, the area of 

concentrating and reflecting sun-beams and the number of 

heliostats. The heliostat field efficiency can be determined as, 

 

𝜂𝑓𝑖𝑒𝑙𝑑 = 𝜂𝑐𝑜𝑠 . 𝜂𝑠&𝑏 . 𝜂𝑖𝑛𝑡 . 𝜂𝑎𝑡𝑡 . 𝜂𝑟𝑒𝑓 (7) 

 

where, 𝜂𝑐𝑜𝑠  refers to cosine effect efficiency;  𝜂𝑠&𝑏  denotes 

shading and blocking efficiency; 𝜂𝑖𝑛𝑡  presents interception 

efficiency; 𝜂𝑎𝑡𝑡  accounts for the atmospheric attenuation 

efficiency and 𝜂𝑟𝑒𝑓 is the reflectivity of the heliostats which 

are considered 0.83, 0.96, 0.97, 0.93 and 0.88, respectively. 

The used correlation on the first and second law analyzing for 

each component are summarized in Appendix 1. 

To evaluate each section performance based on first and 

second laws, pure achieved and consumed energies and 

exergies should be defined, and the rate of achieved to 

consumed ones are known as first and second laws efficiencies. 

For example, in PGS section. 
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�̇�𝑛𝑒𝑡 = (�̇�𝐺𝑇1 + �̇�𝐺𝑇2 + �̇�𝑐𝑜𝑚𝑝1 + �̇�𝑐𝑜𝑚𝑝2)
𝐵𝑟𝑎𝑦𝑡𝑜𝑛

 

+(�̇�𝐺𝑇𝑅 + �̇�𝑃𝑢𝑚𝑝𝑅)
𝑅𝑎𝑛𝑘𝑖𝑛𝑒

 
(8) 

 

𝜂𝐼 =
�̇�𝑛𝑒𝑡

�̇�𝐼𝐻𝐸

 (9) 

 

𝜂𝐼𝐼 =
�̇�𝑎𝑐ℎ𝑖𝑒𝑣𝑒𝑑

�̇�𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑

=
�̇�𝑛𝑒𝑡

�̇�𝐼𝐻𝐸 (1 −
𝑇0

𝑇𝑠
)
 (10) 

 

where, 𝑇0 and 𝑇𝑠 refer to the ambient and source temperatures 

near the IHE. The definition of first and second laws 

efficiencies of each section and overall are reported in 

Appendix 2. 

 

 

4. RESULTS AND DISCUSSION  

 

To investigate the proposed system performance, a 

thermodynamical model of illustrated CCHP system is 

provided due to the discussed correlations at the previous 

section in EES commercial software environment. Mass, 

energy, and exergy equations are applied in each component, 

and all simplifying assumptions are considered linking 

employed devices. 

 

4.1 Validation 

 

The proposed cycle is provided by modifying and 

combining the previous studied subsection and has not 

examined experimentally, yet. So there is no experimental data 

for general system. Consequently, to confirm the accuracy of 

model, each subsystem performance is separately validated 

using the operating conditions and initial values adopted from 

references [3, 6]. The maximum errors for output power of 

different employed components in this study were achieved by 

less than 0.7, 1.5 and 0.9% for Brayton, Rankine and organic 

Rankine cycles, respectively. The same range of errors are 

found for the rest of thermodynamical parameters used in this 

study, so it can be asserted that the simulator model is reliable 

and generates valid results.  

 

4.2 General analysis 

 

Thermodynamic properties of each state are presented in 

Appendix 3. The energy and exergy evaluation of each device, 

section, and overall for the proposed system could be 

evaluated adopting the data from Appendix 3. Produced, 

consumed, and pure power in each section and also the heat 

transferred in heat exchangers in designed condition are 

reported in Table 2 and Table 3. From Figure 6 it can be 

concluded that more than a half proportion of power flow is 

produced by the turbines which are located in the Brayton 

cycle while around 30%, 14 MW, is consumed in its two 

compressors. Net power of Brayton cycle at the designed 

condition as the main section of PGS is 9.51 MW, 66% of 

power flow, in which it is increased up to 11.75 MW 

employing other axillary cycles. ORC driven refrigerator with 

operation coefficient of 4.23, absorbs 1000 BTU heat from 

cold ambient employing waste heat of Brayton cycle. By using 

1000 MW of Brayton cycle waste heat in the heating system, 

the overall first law efficiency of proposed CCHP is achieved 

55%. However, considering possible improvements of solar 

section, it should be mentioned that the cost of general 

performance can be noticeably reduced due to high energy 

achievement loss in solar tower. The general energy efficiency 

of proposed system is achieved by 89.2% ignoring the solar 

tower energy loss, so it can be asserted that the design points 

of proposed system are sufficiently defined. Furthermore, 

considering the reported range of energy efficiency (60% to 

80%) for the common commercial similar systems [36] it 

could be asserted that studied CCHP has 9.2% energy saving 

benefit, may leads less wasted heat (global warming benefits 

besides less entropy generation). The solar irradiance is a high-

quality energy, and enormous irreversibility occurs during the 

absorption process of this high-temperature energy, about 

1125 K, by the receiver. The exergy flow and exergy 

destruction in each section are shown in Figure 7, and Figure 

8 which describe clearly the proportion of solar heat absorbing 

loss in comparison with the energy loss of other components 

of general system.  

 

Table 2. The performance of designed CCHP, energy 

analysis 

 
Parameter Unit Value 

Compressor 1 MW 6.87 

Compressor 2 MW 6.87 

Gas turbine MW 23.25 

CAES charge duration hr 3 

CAES discharge duration hr 5 

Rankine turbine MW 2.24 

Rankine pump kW 6.9 

ORC turbine MW 3.64 

ORC pump kW 2.01 

Refrigeration compressor MW 3.64 

Evaporator absorbed heat MW 6.8 

COP --- 4.234 

Total energy efficiency % 55 

 

Table 3. The performance of designed CCHP, energy 

analysis 

 

Subsystem 
Input 

(MW) 

Output 

(MW) 

Destruction 

(MW) 

Exergy 

Efficiency 

(%) 

Solar tower 63.977 38.386 25.386 61 

PGS 38.386 26.270 12.116 68.5 

PGS 

considering 

solar input 

63.977 26.270 37.706 41.1 

 

 
(a) 

1798



  
(b) (c) 

 

Figure 6. The proportion of produced/consumed energy: a) Heat transferred by each component, b) Power of each component, 

 c) Pure power of each subsystem 

 

 
 

Figure 7. Exergy flow diagram 

 

 
 

Figure 8. Different sources of exergy destruction 

 

4.3 Parametric study 

 

The parametric studies are generally accomplished to 

estimate the effects of crucial operating parameters on the 

overall performance. The effects of compression ratio of 

Brayton cycle on achieved power and destructed exergy in 

each section of proposed CCHP is shown in Figure 9. 

Compressor outflow with higher temperature is attained by 

increasing the compression ratio. This provides more 

accessible heat for ORC to drive refrigerator. Therefore, more 

expansion ratio is feasible in turbines, so generated power in 

Bryton cycle and also net power generation of PGS were 

enhanced with compression ratio increment. Due to the Figure 

9, net power of PGS, almost doubled by increasing the 

compression ratio up to 3.5, but the rate of power enhancement 

is reduced due to the noticeable raise in compressors 

demanded power. More achieved power from constant inlet 

energy means less exergy destruction. 2.1 MW destructed 

exergy reduction in overall system is reported in Figure 9. The 

variations of energy and exergy efficiencies of each sub-cycle 

due to compression ratio are shown in Figure 10. The energy 

efficiency of Brayton cycle as the main core of PGS is 

increased up to 25% by compression ratio enhancement while 

due to the particular arrangement of Rankine cycle, its 

efficiency decreased by 16%. By enhancing both compression 

and expansion ratios, the temperature of turbine outflow is 

reduced, so less heat is available for the Rankine cycle and its 
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energy performance is reduced while due to the less 

temperature gradient in the boiler, its irreversibility is reduced 

and exergy efficiency is increased by 6.5%. 

 

 
 

Figure 9. Pure power and exergy destruction variations with 

compression ratio of Brayton cycle 

 

 
 

Figure 10. Energy and exergy efficiencies variations with 

compression ratio of Brayton cycle 

 

 
 

Figure 11. Produced power variations via direct normal 

irradiance 

 
 

Figure 12. Exergy destruction variations via direct normal 

irradiance 

 

Direct normal irradiance is the essential parameter of the 

solar system in which effects directly on inlet and absorbed 

heat from the sun. It changes during the day time by different 

factors such as solar angle, sky clearance and etc. However, 

the main effect of DNI is applied on Brayton cycle. In Figure 

11 and Figure 12, it is obviously shown that both generated 

power and irreversibility of Brayton cycle were increased by 

43% and 48%, respectively due to the DNI enhancement 

between 800 and 1200 W/m2. This can be the hint for 

designing more efficient solar heat absorbers.  

 

 

5. CONCLUSION 

 

In this paper, a solar-driven CCHP system is proposed to 

achieve higher energy efficiency, and a parametric study on 

compression ratio, and direct normal irradiance were 

implemented to estimate the impact of design parameters 

variations on energy and exergy performance of the proposed 

system. A CAES technology is utilized in the solar-driven 

Brayton cycle for running in the peak consumption hours, and 

a Rankine cycle is employed as an axillary cycle for more 

power generation. Finally, an ORC driven refrigeration cycle 

and heating system are considered to convert the waste heat of 

Brayton cycle to the beneficial energy. The main results were 

listed below: 

• 11.75 MW power, 3.2 MW heating load and 6.8 MW 

cooling load were provided by the proposed CCHP. 

• Designed CCHP is able to run 5 hr in compressor 

deactivated mode passing peak times. 

• Proposed CCHP yields energy efficiency of higher 

than 89%. 

• Using proposed CCHP system brings at least 9% 

Energy saving in comparison with typical-in-use 

similar systems. 

• Studied CCHP system could be considered more 

green system than the common ones, having less 

percent of total entropy generation. 

• The most exergy destructor component of the 

proposed system is solar heat absorber by 72% of 

general system destructed exergy that could be 

defined as the target for future study. 
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NOMENCLATURE 

 

CAES Compressed Air Energy Storage 

CCHP Combined Cooling Heat and Power 

COP Coefficient of Operation 

CV Control Volume 

DNI Direct Normal Irradiance  

GT Gas Turbine 

HS Heating System 

HX Heat Exchanger 

IHE Intermediate Heat Exchanger 

ORC Organic Rankine Cycle 

PGS Power Generation System 

SSSF Steady State Steady Flow 

 

English symbols 

 

A Area, m2 

h Specific enthalpy, 𝑘𝑗/𝑘𝑔 

I Irreversibility, 𝑘𝑗  
m Mass, kg 

N Number of heliostats 

P Pressure, kPa 

Q Heat Transfer, 𝑘𝑗 

s Specific entropy, 𝑘𝑗/𝑘𝑔𝐾 

T Temperature, K 

W Work, 𝑘𝑗 

 

Greek symbols 

 

ε Isentropic/Thermal efficiency  

η Efficiency 

ρ Density, 𝑘𝑔/𝑚3 

ψ Exergy, 𝑘𝑗 

 

Subscripts 

 

0 Dead state  

1 Primary state  

2 Final state 

comp Compressor 

cond Condenser 

D Destruction 

Eva Evaporator 

hel Heliostat 

IC Intercooler 

in Inlet  

out Outlet 

Ra Rankine cycle 

Rec Receiver 

Ref Refrigeration cycle 

S Isentropic process 

Turb  Turbine 
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APPENDIX 

 

Appendix 1. Exergy and energy correlations used in system analyzing 

 
Component Exergy Equation Energy Equations 

Compressor 1 �̇�2 − �̇�𝑐𝑜𝑚𝑝1 = �̇�4 + �̇�𝐷,𝑐𝑜𝑚𝑝1 
�̇�𝑐𝑜𝑚𝑝1 = �̇�2. (ℎ4 − ℎ2) 

𝜂𝑐𝑜𝑚𝑝1 = (𝑇2 − 𝑇4𝑠)/(𝑇2 − 𝑇4) 

Compressor 2 �̇�3 − �̇�𝑐𝑜𝑚𝑝2 = �̇�5 + �̇�𝐷,𝑐𝑜𝑚𝑝2 
�̇�𝑐𝑜𝑚𝑝2 = �̇�3. (ℎ5 − ℎ3) 

𝜂𝑐𝑜𝑚𝑝2 = (𝑇3 − 𝑇5𝑠)/(𝑇3 − 𝑇5) 

Intercooler �̇�6 − �̇�7 = �̇�18 − �̇�17 + �̇�𝐷,𝐼𝐶  �̇�6. (ℎ6 − ℎ7) = �̇�17. (ℎ18 − ℎ17) 

HX 1 �̇�9 − �̇�8 = �̇�13 − �̇�14 + �̇�𝐷,𝐻𝑋1 �̇�𝐻𝑋1 = �̇�8. (ℎ9 − ℎ8) = �̇�13. (ℎ13 − ℎ14) 

IHE 
(�̇�10 − �̇�9) + (�̇�12 − �̇�11) + �̇�𝐷,𝐼𝐻𝐸

= �̇�38 − �̇�39 
�̇�𝐼𝐻𝐸 = �̇�9. (ℎ10 − ℎ9) + �̇�11. (ℎ12 − ℎ11) 

Heliostat field 

�̇�𝑠𝑢𝑛. (1 −
𝑇0

𝑇𝑟𝑒𝑓,𝑠𝑢𝑛
) 

= �̇�𝑅𝑒𝑐,𝑖𝑛 . (1 −
𝑇0

𝑇𝑟𝑒𝑓,ℎ𝑒𝑙
) + �̇�𝐷,ℎ𝑒𝑙 

�̇�𝑅𝑒𝑐,𝑖𝑛 = 𝜂𝑓𝑖𝑒𝑙𝑑 . (𝐷𝑁𝐼). 𝐴ℎ𝑒𝑙 . 𝑁ℎ𝑒𝑙 

Gas turbine 1 �̇�10 − �̇�𝐺𝑇1 = �̇�11 + �̇�𝐷,𝐺𝑇1 
�̇�𝐺𝑇1 = �̇�10. (ℎ10 − ℎ11) 

𝜂𝐺𝑇1 = (𝑇10 − 𝑇11)/(𝑇10 − 𝑇11𝑠) 

Gas turbine 2 �̇�12 − �̇�𝐺𝑇2 = �̇�13 + �̇�𝐷,𝐺𝑇2 
�̇�𝐺𝑇2 = �̇�12. (ℎ12 − ℎ13) 

𝜂𝐺𝑇2 = (𝑇12 − 𝑇13)/(𝑇12 − 𝑇13𝑠) 

HX 2 �̇�15 − �̇�16 = �̇�20 − �̇�19 + �̇�𝐷,𝐻𝑋2 
�̇�𝐻𝑋2 = �̇�15. (ℎ15 − ℎ16)

= �̇�19. (ℎ20 − ℎ19) 

HX 3 �̇�29 − �̇�30 = �̇�35 − �̇�34 + �̇�𝐷,𝐻𝑋3 
�̇�𝐻𝑋3 = �̇�29. (ℎ29 − ℎ30)

= �̇�34. (ℎ35 − ℎ34) 

Rankine turbine �̇�35 − �̇�𝐺𝑇𝑅𝑎 = �̇�32 + �̇�𝐷,𝐺𝑇𝑅𝑎 
�̇�𝐺𝑇𝑅𝑎 = �̇�35. (ℎ35 − ℎ32) 

𝜂𝐺𝑇𝑅𝑎 = (𝑇35 − 𝑇32)/(𝑇35 − 𝑇32𝑠) 

Rankine condenser �̇�32 − �̇�33 = �̇�𝐷,𝐶𝑜𝑛𝑑𝑅𝑎 �̇�𝐶𝑜𝑛𝑑𝑅𝑎 = �̇�32. (ℎ32 − ℎ33) 

Rankine pump �̇�33 − �̇�𝑃𝑢𝑚𝑝𝑅𝑎 = �̇�34 + �̇�𝐷,𝑃𝑢𝑚𝑝𝑅𝑎 
�̇�𝑃𝑢𝑚𝑝𝑅𝑎 = �̇�33. (ℎ34 − ℎ33) 

𝜂𝑃𝑢𝑚𝑝𝑅𝑎 = (𝑇33 − 𝑇34𝑠)/(𝑇33 − 𝑇34) 

HX 4 �̇�30 − �̇�31 = �̇�37 − �̇�36 + �̇�𝐷,𝐻𝑋4 
�̇�𝐻𝑋4 = �̇�30. (ℎ30 − ℎ31)

= �̇�36. (ℎ37 − ℎ36) 

ORC turbine �̇�21 − �̇�𝐺𝑇𝑂𝑅𝐶 = �̇�22 + �̇�𝐷,𝐺𝑇𝑂𝑅𝐶  
�̇�𝐺𝑇𝑂𝑅𝐶 = �̇�21. (ℎ21 − ℎ22) 

𝜂𝐺𝑇𝑂𝑅𝐶 = (𝑇21 − 𝑇22)/(𝑇21 − 𝑇22𝑠) 

ORC condenser �̇�22 − �̇�23 = �̇�𝐷,𝐶𝑜𝑛𝑑𝑂𝑅𝐶 �̇�𝐶𝑜𝑛𝑑𝑂𝑅𝐶 = �̇�22. (ℎ22 − ℎ23) 

ORC pump �̇�23 − �̇�𝑃𝑢𝑚𝑝𝑂𝑅𝐶 = �̇�24 + �̇�𝐷,𝑃𝑢𝑚𝑝𝑂𝑅𝐶  
�̇�𝑃𝑢𝑚𝑝𝑂𝑅𝐶 = �̇�23. (ℎ24 − ℎ23) 

𝜂𝑃𝑢𝑚𝑝𝑂𝑅𝐶 = (𝑇23 − 𝑇24𝑠)/(𝑇23 − 𝑇24) 

Refrigeration condenser �̇�26 − �̇�27 = �̇�𝐷,𝐶𝑜𝑛𝑑𝑅𝑒𝑓  �̇�𝐶𝑜𝑛𝑑𝑅𝑒𝑓 = �̇�26. (ℎ26 − ℎ27) 

Refrigeration evaporator �̇�25 − �̇�28 = �̇�𝐷,𝐸𝑣𝑎𝑅𝑒𝑓 �̇�𝐸𝑣𝑎𝑅𝑒𝑓 = �̇�28. (ℎ25 − ℎ28) 

Refrigeration compressor �̇�25 − �̇�𝐶𝑜𝑚𝑝𝑅𝑒𝑓 = �̇�26 + �̇�𝐷,𝐶𝑜𝑚𝑝𝑅𝑒𝑓  
�̇�𝐶𝑜𝑚𝑝𝑅𝑒𝑓 = �̇�25. (ℎ26 − ℎ25) 

𝜂𝐶𝑜𝑚𝑝𝑅𝑒𝑓 = (𝑇26 − 𝑇25𝑠)/(𝑇26 − 𝑇25) 

 

Appendix 2. The definition of first and second laws efficiencies for each section 

 
Section First Law Efficiency / Operation Second Law Efficiency 

Brayton cycle 𝜂𝐼 =
�̇�𝑛𝑒𝑡,𝐵𝑟

�̇�𝐼𝐻𝐸

 𝜂𝐼𝐼 =
�̇�𝑛𝑒𝑡,𝐵𝑟

�̇�𝐼𝐻𝐸 (1 −
𝑇0

𝑇𝑠
)
 

Rankin cycle 𝜂𝐼 =
�̇�𝑛𝑒𝑡,𝑅𝑎

�̇�𝐻𝑋3

 𝜂𝐼𝐼 =
�̇�𝑛𝑒𝑡,𝑅𝑎

�̇�𝐻𝑋3
(1 −

𝑇0

𝑇𝑠
)
 

PGS 𝜂𝐼 =
�̇�𝑛𝑒𝑡,𝐵𝑟 + �̇�𝑛𝑒𝑡,𝑅𝑎

�̇�𝐼𝐻𝐸

 𝜂𝐼𝐼 =
�̇�𝑛𝑒𝑡,𝐵𝑟 + �̇�𝑛𝑒𝑡,𝑅𝑎

�̇�𝐼𝐻𝐸 (1 −
𝑇0

𝑇𝑠
)

 

ORC 𝜂𝐼 =
�̇�𝑛𝑒𝑡,𝑂𝑅𝐶

�̇�𝐻𝑋2
+ �̇�𝐼𝑛𝑡𝑒𝑟𝑐𝑜𝑜𝑙𝑒𝑟

 𝜂𝐼𝐼 =
�̇�𝑛𝑒𝑡,𝑂𝑅𝐶

�̇�𝐻𝑋2
(1 −

𝑇0

𝑇𝑠
) + �̇�𝐼𝑛𝑡𝑒𝑟𝑐𝑜𝑜𝑙𝑒𝑟 (1 −

𝑇0

𝑇𝑠
)
 

Refrigerator 𝐶𝑂𝑃 =
�̇�𝐸𝑣𝑎

�̇�𝑛𝑒𝑡,𝑂𝑅𝐶

 --- 

Heating system �̇�𝐻𝑆 = �̇�𝐻𝑋4
 --- 

General system 𝜂𝐼 =
�̇�𝑛𝑒𝑡,𝐵𝑟 + �̇�𝑛𝑒𝑡,𝑅𝑎 + �̇�𝐸𝑣𝑎 + �̇�𝐻𝑆

�̇�𝐼𝐻𝐸

 --- 
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Appendix 3. Thermodynamic properties of each state 

State Fluid 𝐏 (𝐤𝐏𝐚) 𝐓 (𝐊) 𝐬 (𝐤𝐣/𝐤𝐠. 𝐊) 𝐡 (𝐤𝐣/𝐤𝐠) 𝐦 (𝐊𝐠/𝐬) 𝛙 (𝐤𝐣/𝐤𝐠) 

Compression Train 

1 Air 101 298 5.696 298.4 50 0 

2 Air 101 298 5.696 298.4 25 0 

3 Air 101 298 5.696 298.4 25 0 

4 Air 757.5 567.5 5.773 573.2 25 252 

5 Air 757.5 567.5 5.773 573.2 25 252 

6 Air 757.5 567.5 5.773 573.2 50 252 

Expansion Train 

7 Air 757.5 320 5.189 320.5 50 173.1 

8 Air 757.5 320 5.189 320.5 50 173.1 

9 Air 757.5 520 5.682 524 50 229.7 

10 Air 757.5 1024 6.417 1074 50 560.8 

11 Air 276.6 815.2 6.45 838.9 50 315.9 

12 Air 276.6 1025 6.707 1075 50 475 

13 Air 101 815.6 6.739 839.4 50 230 

14 Air 101 627.2 6.456 636 50 111 

15 Air 101 627.2 6.456 636 18.75 111 

16 Air 101 298 5.696 298.4 18.75 0 

29 Air 101 627.2 6.456 636 31.25 111 

30 Air 101 400 5.993 401.3 31.25 14.42 

31 Air 101 298 5.696 298.4 31.25 0 

ORC 

17 R744 14980 320.6 -1.427 -200.5 75 225.3 

18 R744 14980 379.4 -0.9411 -32.03 75 393.7 

19 R744 14980 320.6 -1.427 -200.5 75 225.3 

20 R744 14980 345.9 -1.174 -116.1 75 234.2 

21 R744 14980 360.4 -1.055 -74.07 150 240.7 

22 R744 7000 305.9 -1.051 -98.35 150 215.2 

23 R744 7000 301.8 -1.433 -213.9 150 213.6 

24 R744 14980 320.6 -1.427 -200.5 150 225.3 

Refrigeration 

25 R22 353 263 1.766 401 43.65 36.35 

26 R22 1350 334 1.777 438.4 43.65 70.32 

27 R22 1350 308 1.146 243 43.65 63.1 

28 R22 353 263 1.165 243 43.65 57.38 

Rankine 

32 Water 65 361.2 6.369 2246 3 353 

33 Water 65 361.2 1.17 368.6 3 24.58 

34 Water 3000 361.4 1.171 372 3 27.69 

35 Water 3000 511.1 6.212 2817 3 970.1 

HS 

36 Water 101 298 0.3648 104.2 10 0 

37 Water 101 373.1 1.324 425.6 10 35.43 

Solar System 

38 Air 101 1125 7.363 1513 37.46 717.8 

39 Air 101 400 6.534 684.8 37.46 136.6 
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