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Graphical/Tabular Abstract (Grafik Özet) 

This study evaluates a solar-assisted CCHP system, finding R245fa more efficient and butane more 

cost-effective, supporting its viability in solar-rich regions like Antalya, Turkey/Bu çalışma, güneş 

destekli bir CCHP sistemini değerlendirerek R245fa'nın daha verimli, bütanın ise daha maliyet 

etkin olduğunu belirlemiş ve Antalya gibi güneş zengini bölgeler için uygunluğunu göstermektedir.  

 

Figure A: The schematic diagram for the solar-assisted CCHP system (Güneş destekli CCHP 

sisteminin şematik diyagramı) 

Highlights (Önemli noktalar)  

➢ Thermodynamic and exergoeconomic analyses are conducted to evaluate the 

performance of a solar-assisted CCHP system in Antalya, Turkey/Antalya, Türkiye’deki 

güneş destekli CCHP sisteminin performansını değerlendirmek için termodinamik ve 

eksergoekonomik analizler gerçekleştirilmiştir.  

➢ The impact of working fluids (R245fa and butane) on efficiency, cost, and environmental 

performance is assessed using steady-state simulations/Çalışma akışkanlarının (R245fa 

ve bütan) verimlilik, maliyet ve çevresel performans üzerindeki etkisi durağan hal 

simülasyonları kullanılarak değerlendirilmiştir.  

➢ Exergoeconomic factors are analyzed to optimize system components, ensuring economic 

feasibility and sustainability/ Sistem bileşenlerini optimize etmek, ekonomik fizibiliteyi ve 

sürdürülebilirliği sağlamak için eksergoekonomik faktörler analiz edilmiştir. 

Aim (Amaç): This study aims to enhance the performance of solar-assisted CCHP systems by 

optimizing energy efficiency and reducing environmental impact through exergoeconomic analysis/ 

Bu çalışma, eksergoekonomik analiz yoluyla enerji verimliliğini artırarak ve çevresel etkiyi 

azaltarak güneş destekli CCHP sistemlerinin performansını iyileştirmeyi amaçlamaktadır. 

Originality (Özgünlük): This study assesses a solar-assisted CCHP system, comparing R245fa and 

butane for efficiency and cost-effectiveness to optimize sustainable energy solutions/ Bu çalışma, 

güneş destekli CCHP sistemini değerlendirerek R245fa ve bütanı verimlilik ve maliyet açısından 

karşılaştırmaktadır 

Results (Bulgular): R245fa achieves higher efficiency (86.89%) and lower CO₂ emissions (0.195 

kg/kWh), while butane reduces costs (63.06 $/h). The 72.12% exergoeconomic factor supports 

R245fa's superior performance for sustainable solar-assisted CCHP systems/ R245fa daha yüksek 

verimlilik (%86,89) ve düşük CO₂ emisyonu (0,195 kg/kWh) sağlarken, bütan maliyeti 

düşürmektedir (63,06 $/saat). %72,12 eksergoekonomik faktör değeri, güneş destekli CCHP 

sistemlerinde R245fa'nın üstün performansını desteklemektedir. 

Conclusion (Sonuç): This study confirms the efficiency of solar-assisted CCHP systems, showing 

R245fa as environmentally superior with higher efficiency, while butane is more cost-effective/Bu 

çalışma, güneş destekli CCHP sistemlerinin verimliliğini doğruluyor; R245fa çevresel açıdan 

üstünken, bütan daha maliyet etkindir. 
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Abstract 

This study investigates the potential of solar-assisted combined cooling, heating, and power 

(CCHP) systems to address energy efficiency and sustainability challenges, particularly in 

regions with abundant solar resources, such as Antalya, Turkey. The thermodynamic design and 

exergoeconomic analysis were conducted on a tri-generation system that integrates parabolic 

trough collectors, an organic Rankine cycle engine, and an absorption refrigeration unit. Using 

steady-state simulations in the Engineering Equation Solver (EES), the analysis evaluated key 

performance metrics such as thermal and exergy efficiencies, power outputs, and cost rates for 

two working fluids: R245fa and butane. Results showed that the R245fa-based system achieved 

an electrical output of 232.5 kW, a cooling capacity of 716.7 kW, a heating capacity of 2225 kW, 

a thermal efficiency of 86.89%, an exergy efficiency of 16.26%, a total cost rate of 66.12 $/h, and 

a carbon footprint of 0.195 kg CO₂/kWh. Additionally, the exergoeconomic factor for this system 

was 72.12%. On the other hand, the butane-based system produced 221.8 kW of electricity, 745.4 

kW of cooling, and 2197 kW of heating, with a thermal efficiency of 86.44%, an exergy efficiency 

of 15.73%, a total cost rate of 63.06 $/h, and a carbon footprint of 0.223 kg CO₂/kWh. The 

exergoeconomic factor for the butane-powered system was calculated at 70.86%. The Mean 

Absolute Percentage Error (MAPE) for the model validation was less than 5%, confirming the 

reliability of the results. The findings emphasize the superior performance of R245fa in terms of 

thermodynamic and environmental metrics, while butane offers cost advantages. 
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Öz 

Bu çalışma, güneş destekli kombine soğutma, ısıtma ve güç (CCHP) sistemlerinin enerji 

verimliliği ve sürdürülebilirlik zorluklarını ele alma potansiyelini, özellikle Antalya, Türkiye gibi 

bol güneş kaynağına sahip bölgelerde araştırmaktadır. Parabolik oluk kolektörleri, organik 

Rankine çevrimi motoru ve absorpsiyonlu soğutma ünitesini entegre eden bir trijenerasyon 

sistemi üzerinde termodinamik tasarım ve eksergoekonomik analiz gerçekleştirilmiştir. 

Engineering Equation Solver (EES) kullanılarak yapılan durağan hal simülasyonları ile R245fa 

ve bütan olmak üzere iki farklı çalışma akışkanı için termal ve ekserji verimlilikleri, güç çıktıları 

ve maliyet oranları gibi temel performans ölçütleri değerlendirilmiştir. Sonuçlar, R245fa bazlı 

sistemin 232,5 kW elektrik üretimi, 716,7 kW soğutma kapasitesi, 2225 kW ısıtma kapasitesi, 

%86,89 termal verimlilik, %16,26 ekserji verimliliği, 66,12 $/saat toplam maliyet oranı ve 0,195 

kg CO₂/kWh karbon ayak izi sağladığını göstermektedir. Ayrıca, bu sistemin eksergoekonomik 

faktörü %72,12 olarak hesaplanmıştır. Öte yandan, bütan bazlı sistem 221,8 kW elektrik üretimi, 

745,4 kW soğutma kapasitesi, 2197 kW ısıtma kapasitesi, %86,44 termal verimlilik, %15,73 

ekserji verimliliği, 63,06 $/saat toplam maliyet oranı ve 0,223 kg CO₂/kWh karbon ayak izi 

sağlamıştır. Bütan bazlı sistemin eksergoekonomik faktörü %70,86 olarak hesaplanmıştır. Model 

doğrulaması için Ortalama Mutlak Yüzde Hata (MAPE) %5’in altında olup, sonuçların 

güvenilirliğini doğrulamaktadır. Bulgular, R245fa’nın termodinamik ve çevresel ölçütler 

açısından üstün performans sergilediğini, ancak bütanın maliyet açısından avantaj sunduğunu 

ortaya koymaktadır.  

 

1.  INTRODUCTION (GİRİŞ) 

The quest for sustainable energy solutions has 

intensified amid rising energy demands and climate 

change challenges [1]. Solar-assisted Combined 

Heating, Cooling, and Power (CCHP) systems offer 

a promising approach, efficiently meeting diverse 

energy needs with a single adaptable system [2]. 

https://orcid.org/0000-0002-1561-7260
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These systems deliver heating, cooling, and 

electricity, providing a comprehensive solution to 

growing energy consumption [3]. Renewable 

energy integration is crucial to tackling climate 

change [4,5]. Solar energy, abundant and eco-

friendly, can revolutionize energy systems. Solar-

assisted CCHP systems enhance efficiency by 

providing electricity, heating, and cooling 

simultaneously [6,7]. Recent advancements in 

CCHP systems integrated with renewable energy 

sources have significantly enhanced their 

efficiency, sustainability, and cost-effectiveness [8]. 

However, most studies focus on specific 

applications without providing a holistic 

thermodynamic and exergoeconomic assessment. 

For example, Ukaegbu et al. [9] optimized solar-

assisted CCHP systems to balance net power, 

efficiency, and CO₂ emissions but did not explore 

the economic trade-offs of using different working 

fluids. Similarly, Liu et al. [10] demonstrated the 

enhanced efficiency of biomass and natural gas co-

firing in a CCHP system, achieving exergy and 

thermal efficiencies of 41.76% and 75.69%, 

respectively. Gao et al. [11] developed a cooling-

power-desalination cycle using waste heat from 

diesel exhaust, identifying optimal operating 

conditions for improved efficiency and cost-

effectiveness. Wang et al. [12] introduced an 

ammonia-water system for low-temperature heat 

source utilization, achieving thermal and exergy 

efficiencies of 24.62% and 11.52%, respectively. 

Zeng et al. [13] optimized solar absorption cooling 

systems based on meteorological data, reducing the 

system's total cost rate by 13.6% compared to the 

base case. Divan et al. [14] proposed a molten 

carbonate fuel cell-based hybrid system for CCHP 

applications, reporting energy and exergy 

efficiencies of 54% and 52.58% with minimal CO₂ 

emissions. Takleh et al. [15] evaluated solar-

geothermal systems using different working fluids, 

finding that R423A provided the highest energy 

efficiency and lowest exergy degradation rates. 

Wang et al. [16] applied energy-based optimization 

to hybrid solar building CCHP systems, reducing 

annual energy consumption through optimal 

component selection. Pokson and Chaiyat [17] 

designed an IMW-CCHP system utilizing waste 

heat, achieving exergy and energy efficiencies of 

25.88% and 12.25%, respectively, with low energy 

costs. Al-Sayyab et al. [18] improved cooling COP 

using alternative refrigerants in a solar-driven heat 

pump, achieving up to a 75% COP increase with 

R450A compared to R134a. Yan et al. [19] 

optimized hybrid CCHP capacity incorporating 

geothermal, solar, and wind energy, achieving 

significant reductions in CO₂ emissions and 

enhanced energy independence. Ao et al. [20] 

introduced multi-scenario optimization for hybrid 

CCHP design, improving computation efficiency 

and optimizing system flexibility. Wang et al. [21] 

integrated a CCHP system with full-spectrum solar 

devices, achieving energy and exergy efficiencies of 

70.65% and 26.59%, respectively, with 16% CO₂ 

reduction. Nami et al. [22] developed a solar-

assisted biomass-based trigeneration system for 

domestic needs, demonstrating high energy 

efficiency and reliable performance across seasonal 

conditions. Cavalcanti et al. [23] modeled 

evacuated tube collectors and absorption chillers, 

confirming the impact of dead state temperature on 

exergy efficiency. Wang et al. [24] optimized 

hybrid CCHP systems under load and RES 

uncertainties, reducing greenhouse gas emissions 

while enhancing energy-saving benefits. Saini et al. 

[25] proposed a solar-driven CCHP system with 

thermal energy storage for remote buildings, 

improving exergy efficiency and reducing power 

and cooling costs. Ramos et al. [26] showed PV-T 

systems can meet residential energy needs, reducing 

energy costs by 30–40% compared to PV-only 

systems. Fani and Sadreddin [27] analyzed solar 

CCHP systems for office buildings, achieving up to 

89% efficiency and reducing CO₂ emissions by 

2,217 kg/day in winter. 

This research is notable for its novel method of 

using renewable solar energy in Combined Cooling, 

Heating, and Power (CCHP) systems to tackle 

climate change and energy sustainability issues. 

This study simulates a solar-assisted CCHP system 

in Antalya, Turkey, assessing the influence of 

several working fluids, including R245fa and 

octane, on the efficiency of the ORC and the 

system's steady-state performance under varied sun 

intensities.  

The study emphasizes the ecological advantages of 

decreasing carbon emissions and shows the 

economic efficiency of solar energy in promoting 

sustainable development. The results provide 

practical insights for enhancing solar-integrated 

energy systems, aiding policy formulation, and 

promoting global initiatives for a low-carbon future. 

To further clarify the current study's differences and 

novelty, Table 1 compares methodologies and 

results from key literature. 
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Table 1: Comparative Analysis of Methodologies and Key Findings in Solar-Assisted CCHP Studies 
(Güneş Destekli CCHP Çalışmalarında Metodolojilerin ve Temel Bulguların Karşılaştırmalı Analizi) 

Study Methodology Key Findings Differences with 

Current Study 

Ukaegbu et 

al. [9] 

Optimization of solar-

assisted CCHP systems 

 

Balanced power, 

efficiency, and CO₂ 

emissions 

Did not examine 

working fluids, 

economic aspects, or 

regional specificity (e.g., 

Antalya’s climate) 

Liu et al. 

[10] 

Biomass and natural gas 

co-firing in CCHP 

High efficiency achieved 

with co-firing 

No solar integration; 

focused on biomass and 

fossil-based fuels 

Gao et al. 

[11] 

Cooling-power-

desalination combined 

cycle 

Enhanced efficiency 

with diesel exhaust 

recovery 

Focused on waste heat 

recovery; no direct 

comparison of working 

fluids or thermodynamic 

specifics 

Current 

Study 

Simulation of solar-

assisted CCHP with 

PTCs 

Comprehensive 

thermodynamic, 

exergoeconomic, and 

environmental analysis; 

comparison of R245fa 

and butane 

Novel integration of 

solar energy with 

working fluid 

comparison in a 

location-specific context 

 

2. MODEL DESCRIPTION (MODEL 

AÇIKLAMASI) 

Solar-assisted CCHP systems integrate solar energy 

into a hybrid setup to simultaneously produce 

electricity, heating, and cooling, enhancing energy 

efficiency and sustainability, as seen in Figure 1. 

These systems consist of interconnected 

components, including solar collectors, an Organic 

Rankine Cycle (ORC) unit, an absorption chiller, 

and thermal energy storage, each playing a vital role 

in the system's operation. Parabolic solar collectors 

focus sunlight onto a receiver containing Therminol 

66, a heat transfer fluid, which absorbs thermal 

energy and transfers it to a thermal storage tank as 

superheated steam. This stored energy drives the 

ORC, efficiently generating electricity and thermal 

energy by utilizing waste heat for heating 

applications. The residual thermal energy from the 

ORC powers the absorption chiller, which produces 

chilled water using a lithium bromide-water 

solution for cooling processes. Excess thermal 

energy is stored and utilized later to ensure reliable 

performance during high-demand periods, 

optimizing the system’s overall effectiveness and 

reducing energy waste. R245fa and butane were 

chosen for their advantageous thermodynamic 

characteristics, rendering them appropriate for use 

in Organic Rankine Cycle (ORC) systems. R245fa 

has a low boiling point and exceptional thermal 

stability, making it optimal for high efficiency in 

moderate temperature applications. Conversely, 

butane is readily accessible, economical, and has 

significant cooling capability, making it a viable 

choice for certain applications. The two fluids 

exhibit different performance trade-offs for 

efficiency, cost, and environmental effect, offering 

a thorough foundation for comparison in solar-

assisted CCHP systems. Table 1 presents the Input 

parameters for modeling the solar-assisted CCHP 

system. The following assumptions are made in the 

system modeling: 

• All components of the system operate under 

steady-state conditions. 

• Therminol-66 oil is used as the working fluid in 

the solar energy system to transfer heat 

efficiently from the solar collectors to the 

storage tank, ARS generator, and ORC 

evaporator. 

• The LiBr-H2O solution exciting the generator is 

considered to be in a saturated state. 

• The refrigerant vapor leaving the evaporator 

and the liquid refrigerant exiting the condenser 

are both assumed to be saturated. 

• The throttling valve functions under isenthalpic 

conditions. 

• The effectiveness of the SHEX is assumed to be 

0.7. 

• Pressure losses within the pipes and heat 

exchangers are neglected. 
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Figure 1. The schematic diagram for solar-assisted CCHP system. (Güneş destekli CCHP sisteminin şematik 

diyagramı) 

Table 2. Input data for modeling the suggested Solar-assisted CCHP system (Önerilen Güneş Destekli CCHP 

sisteminin modellenmesi için giriş verileri) 

Parameter Value 

Solar area 510130 m2 

Sun temperature 5770 K 

Solar reservoir outlet temperature 243°C 

Solar reservoir inlet temperature 127°C 

Latitude (N) 36.54°N 

Longitude (E) 30.41°E 

Location Antalya, Turkey 

Direct normalC irradiation (DNI) 6.25 kWh/m2.day 

Tamb 25°C 

Pamb 101 kPa 

Absorber temperature (𝑻𝟏𝟐) 36°C 

Generator temperature (𝑻𝟏𝟓) 90°C 

LiBr solution strength 55% 

Compressor efficiency 85% 

ORC turbine efficiency 90% 

ORC pump efficiency 80% 
 

The core equations governing mass, energy, and 

exergy balances for a control volume while 

neglecting potential and kinetic energy variations 

are outlined below. These equations form the basis 

for modeling the operation of the model: 

∑�̇�𝑖𝑛 − ∑�̇�𝑜𝑢𝑡 = 0 (1) 

Q̇ − Ẇ + ∑�̇�𝑖𝑛 − ∑�̇�𝑜𝑢𝑡 =
dE𝑐𝑣

𝑑𝑡
 (2) 

Ėx𝑖𝑛 + Ėx𝑄 − Ėx𝑜𝑢𝑡 − Ėx𝑊 − Ėx𝑑𝑖𝑠 = 0 (3) 

Exergy for a thermodynamic system exchanging 

energy as heat with a reference environment can be 

defined as [28]: 

Ėx𝑄 = �̇�𝑖 (1 −
𝑇0

𝑇𝑖
) (4) 

The exergy rate associated with work is equivalent 

to the rate of energy transfer through work: 

Ėx𝑊 = Ẇ (5) 

The energy transfer rate of a fluid is calculated as: 

Ėx𝑖𝑛 = �̇�𝑒𝑥𝑖𝑛 (6) 
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Ėx𝑜𝑢𝑡 = �̇�𝑒𝑥𝑜𝑢𝑡 (7) 

Lastly, the following indicators are added to 

examine the performance of the CCHP system: 

Overall output work: 

�̇�𝑛𝑒𝑡 = �̇�𝑂𝑅𝑇 − �̇�𝑃1 − �̇�𝑃2 − �̇�𝑃3 − �̇�𝑃4 (8) 

Overall efficiency: 

ηCCHP =
�̇�𝑛𝑒𝑡+�̇�ℎ𝑒𝑎𝑡𝑖𝑛𝑔+�̇�𝑐𝑜𝑜𝑙𝑖𝑛𝑔

𝐴𝐶𝑜𝑙𝑙.𝜂𝑐𝑜𝑙𝑙.𝐷𝑁𝐼.𝑁𝐶𝑜𝑙𝑙
 (9) 

ψSCCHP =
�̇�𝑛𝑒𝑡+𝐸�̇�𝑃,ℎ𝑒𝑎𝑡𝑖𝑛𝑔+𝐸�̇�𝑃,𝑐𝑜𝑜𝑙𝑖𝑛𝑔

�̇�𝑠𝑜𝑙𝑎𝑟(1−
𝑇0

𝑇𝑠𝑢𝑛
) 

 (10) 

Coefficient of performance 

COPVARS =
�̇�𝐸𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟

�̇�𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟+�̇�𝑃𝑢𝑚𝑝 3
 (11) 

Exergoeconomic analysis evaluates the cost flows, 

total cost rates, and specific costs associated with 

the system's exergy streams, including the costs of 

exergy destruction and exergoeconomic factors. As 

part of this analysis, cost balances for the kth 

component are expressed Eq. 12 [29], with the cost 

rate for the j stream determined using Eq. 13 [30]. 

∑(𝑐𝑖𝑛Ėx𝑖𝑛)
𝑘

+ 𝑐𝑞,𝑘Ėx𝑞,𝑘 + �̇�𝑘 =

∑(𝑐𝑜𝑢𝑡Ėx𝑜𝑢𝑡)
𝑘

+ 𝑐𝑤,𝑘�̇�𝑘 (12) 

Ċ𝑗 = 𝑐𝑗Ėx𝑗 (13) 

The total cost rate for the kth component, 

encompassing both capital investment and 

operation and maintenance costs, is expressed in Eq. 

14 [31]. 

�̇�𝑘 = z𝑘 ∗ 𝐶𝑅𝐹 ∗
𝜙

𝜏
 (14) 

Here, τ denotes the annual operating hours, ϕ 

represents the maintenance factor, and CRF refers 

to the Capital Recovery Factor as defined in Eq. 15 

[32]. Additionally, z𝑘  represents the purchase cost 

of the kth component. In Eq. 15, i indicates the 

annual interest rate, while n corresponds to the 

system's operational lifespan in years.  

𝐶𝑅𝐹 =
𝑖(1+𝑖)𝑁

(1−𝑖)𝑁−1
 (15) 

To assess the exergoeconomic performance of the 

kth component, several key parameters must be 

determined based on the definitions of fuel and 

product) [33]. These include the average unit cost of 

fuel (Eq. 16), the average unit cost of the product 

(Eq. 17), the cost rate of exergy destruction (Eq. 18), 

and the exergoeconomic factor (Eq. 24). Ultimately, 

the total unit cost of the product is expressed by Eq. 

22 [34]: 

𝑐𝐹,𝑘 =
�̇�𝐹,𝑘

�̇�𝐹,𝑘
 (16) 

𝑐𝑃,𝑘 =
�̇�𝑃,𝑘

�̇�𝑃,𝑘
 (17) 

�̇�𝐷,𝑘 = 𝑐𝐹,𝑘�̇�𝐷,𝑘 (18) 

𝑓𝑘 =
�̇�𝑘

�̇�𝑘+�̇�𝐷,𝑘
 (19) 

Ċ𝑡𝑜𝑡𝑎𝑙 =
�̇�𝑘+�̇�𝐷,𝑘

�̇�𝑛𝑒𝑡+�̇�ℎ𝑒𝑎𝑡𝑖𝑛𝑔+�̇�𝑐𝑜𝑜𝑙𝑖𝑛𝑔
 (20) 

 

3. RESULTS (BULGULAR) 

The ORC model is validated by comparing its 

simulation results with those of Delgado-Torres and 

García-Rodríguez [35] for R245fa. It focuses on an 

ORC generating 100 kW of electricity with a turbine 

inlet temperature of 95°C. Table 2 compares the 

results of the current ORC model with the reference 

data from Delgado-Torres and García-Rodríguez 

[35] to validate its accuracy. The turbine inlet 

temperature (T1) is identical in both models at 95°C, 

showing no deviation. The mass flow rate (�̇�ORC ) 

exhibits a minor deviation of 4.07%, with the 

current model predicting 4.27 kg/s compared to 

4.444 kg/s in the reference. The condenser outlet 

temperature (T3) shows a slight variation of 0.7%, 

with the present model reporting 36.67°C versus 

36.4°C in the reference. The ORC efficiency (𝜂0𝑅𝐶) 

is also closely aligned, with a deviation of only 

0.5%, where the present model estimates 10.08% 

compared to 10.14% in the reference. Overall, the 

results indicate a high degree of agreement, 

validating the reliability of the present model for 

simulating ORC performance. 
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Table 3. Verification of the ORC model by comparing the current model's findings with Ref's [35] 
(Mevcut model bulgularının Ref'in [35] bulgularıyla karşılaştırılması yoluyla ORC modelinin doğrulanması) 

 Ref. [35] Present model Deviation (%) 

𝐓𝟏(°C)  95 95 0 

�̇�𝐎𝐑𝐂  (kg/s) 4.444 4.27 4.07 

𝐓𝟑(°C)  36.4 36.67 0.7 

𝛈𝟎𝐑𝐂(%)  10.14 10.08 0.5 

To address the potential instabilities in the absence 

of direct comparisons with existing studies, an 

uncertainty analysis was conducted to evaluate the 

reliability of the results, as seen in Table 4. The 

analysis employed the root-sum-square (RSS) 

method to propagate uncertainties from input 

parameters such as temperature, pressure, and mass 

flow rate to key output variables, including net work 

output (Ẇnet), heating capacity (Q̇heating ),cooling 

capacity(Q̇cooling ), thermal efficiency (ŋ), and 

exergy efficiency (ψ). The results revealed 

uncertainties of ±2.5% for net work output, ±3.2% 

for heating capacity, and ±3.0% for cooling 

capacity, which are well within acceptable ranges 

for thermodynamic simulations. Additionally, 

uncertainties for thermal and exergy efficiencies 

were ±1.8% and ±2.1%, respectively. These 

findings confirm the robustness of the model and 

provide confidence in the reported results, ensuring 

their reliability despite the absence of comparable 

systems in the literature. 

Table 4. Uncertainty Analysis of Key Performance Parameters (Temel Performans Parametrelerinin Belirsizlik 

Analizi.) 

Parameter Value (R245fa) Value (Butane) Uncertainty (%) 

Net work output (�̇�𝐧𝐞𝐭)  232.5 2225 ±2.5% 

Heating capacity (�̇�𝐡𝐞𝐚𝐭𝐢𝐧𝐠 ) 221.8 2197 ±3.2% 

Cooling capacity (�̇�𝐜𝐨𝐨𝐥𝐢𝐧𝐠 ) 716.7 kW 745.4 kW ±3.0% 

Thermal efficiency (ŋ) 86.89% 86.44% ±1.8% 

Exergy efficiency (ψ) 6.26% 15.73% ±2.1% 

Table 5 comprehensively summarizes energy and 

exergy performance for each system component, 

comparing the working fluids R245fa and n-butane 

in the ORC. The findings highlight several key 

insights into the system's operation and 

performance: The absorber exhibits a similar energy 

input for both fluids, with 884.5 kW for R245fa and 

920 kW for n-butane, accounting for around 33.57 

kW and 34.92 kW of exergy destruction, 

respectively. This indicates comparable efficiency 

in transferring energy between the components for 

both working fluids. For R245fa, the ORC 

condenser removes 76.75 kW of energy with an 

exergy efficiency of 7.18%, while for n-butane, it 

removes 75.32 kW with an exergy efficiency of 

7.21%. The ORC heat exchanger also shows a 

consistent performance, with slightly lower exergy 

destruction in the system using n-butane. The heat 

removed from the evaporator is higher for n-butane 

(745.4 kW) compared to R245fa (716.7 kW), 

indicating slightly better thermal transfer with n-

butane. However, both working fluids have similar 

exergy efficiency for this component, at 54.34%. 

The boiler's energy input for R245fa (2476 kW) and 

n-butane (2437 kW) is nearly identical, with R245fa 

having slightly lower exergy destruction (10.71 kW 

vs. 16.07 kW). For both fluids, pump efficiency 

varies slightly, with pump energy consumption 

being 16.77% of the total power for R245fa and 

18.7% for n-butane.  The PTC solar collectors 

exhibit the highest exergy destruction rates for both 

fluids, with values of 90.06% for R245fa and 

90.22% for n-butane. This suggests that the solar 

collectors remain the most critical component for 

optimization, as they are responsible for a 

significant portion of exergy losses. The net work 
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output of the system is higher for R245fa (232.8 

kW) compared to n-butane (221.83 kW). Similarly, 

the heat supply for R245fa is slightly greater (2225 

kW vs. 2197 kW), highlighting that R245fa 

marginally outperforms n-butane in terms of overall 

system energy output. While both fluids perform 

similarly in most components, the system using 

R245fa demonstrates slightly better exergy 

efficiency in critical components such as the boiler 

and pumps. However, n-butane exhibits higher heat 

removal at the evaporator, making it potentially 

more suitable for applications requiring higher 

cooling capacity. R245fa and n-butane provide 

comparable performance in the CCHP system, but 

R245fa slightly outperforms n-butane regarding net 

work output and process heat supply. However, the 

higher heat removal in the evaporator for n-butane 

may make it advantageous for applications 

requiring enhanced cooling performance. The PTC 

solar collector remains the component with the 

highest exergy destruction, underscoring the need 

for further optimization to improve overall system 

efficiency. 

 

Table 5. Energy and exergy analysis for each system component for both working fluids (Her iki çalışma 

akışkanı için her sistem bileşeni için enerji ve ekserji analizi) 

Component 

R245fa n-butane 

ĖD,total 

(kW) 

ĖD,total 

(%) 

Exergy 

(%) 

Q̇ or Ẇ 

(kW) 

ĖD,total 

(kW) 

ĖD,total 

(%) 

Exergy 

(%) 

Q̇ or Ẇ 

(kW) 

Absorber 33.57 0.9472 39.78 884.5 34.92 0.982 39.78 920 

ARC cond 9.32 0.263 66.86 749.4 9.7 0.2725 66.86 779.8 

Boiler 10.71 0.3023 98.45 2476 16.07 0.452 97.6 2437 

EV1 2.013 0.057 88.25 0 2.093 0.06 88.25 0 

Evap 21.67 0.612 54.34 716.7 22.54 0.634 54.34 745.4 

Generator 19.23 0.543 87.41 896.5 20.04 0.564 87.93 932.4 

ORC cond  76.75 2.166 80.71 2225 67.21 1.89 82.51 2197 

ORC HE 2.305 0.0651 98.2 30.41 1.983 0.0545 98.54 597.2 

ORT 23.49 0.663 92.25 279.7 23.03 0.648 92.22 273 

Pump1 7.338 0.207 16.5 8.79 7.631 0.2146 16.67 9.158 

Pump2 4.816 0.136 83.63 29.42 5.42 0.1524 83.57 32.98 

Pump3 0.0385 0.0011 3.313 0.04 0.04 0.001 3.313 0.0414 

Pump4 7.259 0.205 16.03 8.645 7.55 0.21 16.07 8.995 

PRV 0.0452 0.0013 99.98 0 0.047 0.001 99.98 0 

PTC 3212 90.63 22.88 4392 3223 90.63 22.6 4392 

SHEX 0.1066 0.003 96.36 30.41 0.1109 0.0031 96.36 31.63 

TST 113.4 3.2 88.12 3654 114.8 3.227 87.83 3661 

Table 6 presents the exergoeconomic analysis of 

each component in the CCHP system for the 

working fluids R245fa and n-butane. The findings 

provide significant insights into the cost 

distribution, exergoeconomic performance, and 

areas for improvement for the models. The total cost 

rate (�̇� 𝐾 + �̇� 𝐷) is slightly higher for R245fa 

(65.1176  $/h) compared to n-butane (63.0576  $/h), 

indicating slightly higher economic demand when 

using R245fa as the working fluid. The total cost 

associated with exergy destruction (�̇�𝐷) for R245fa 

(18.162  $/h) is also marginally higher than for n-

butane (18.372  $/h), suggesting similar 

performance in terms of minimizing inefficiencies. 

Components with high exergoeconomic factors (𝑓) 

include the ORC HE (78.45% for R245fa and 
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80.84% for n-butane), indicating that a large portion 

of the cost for this component is driven by capital 

investment rather than exergy destruction. This 

highlights its economic efficiency and the 

importance of its design in the system. Conversely, 

components like EV1 and PRV have negligible 

exergoeconomic factors, emphasizing that their 

costs are almost entirely due to exergy destruction. 

These components are prime targets for 

optimization, such as by enhancing heat exchange 

efficiency or reducing irreversibilities. Heat 

exchangers (evaporator, condensers, and ORC HE) 

account for significant portions of both exergy 

destruction costs and capital investment. The 

evaporator, for instance, contributes 0.533  $/h to 

exergy destruction costs for R245fa and 0.561  $/h 

for n-butane. Enhancing these components through 

improved materials or design could result in 

substantial economic and thermodynamic 

performance gains. The ARC condenser shows a 

similar trend, with �̇�𝐷 values of 1.7  $/h and 1.788 

$/h for R245fa and n-butane, respectively, 

suggesting comparable inefficiencies for both 

working fluids. The turbines (ORT) demonstrate 

relatively high exergoeconomic factors (75.66% for 

R245fa and 57.54% for n-butane), indicating that 

capital investment significantly influences their 

costs. However, further improvements in isentropic 

efficiency could reduce exergy destruction, thereby 

lowering operational costs. Pumps exhibit varying 

levels of performance, with Pump 4 showing higher 

exergoeconomic factors (69.55% for R245fa and 

72.22% for n-butane). In contrast, other pumps like 

Pump 1 and Pump 2 demonstrate relatively low 

values, highlighting the need for efficiency 

improvements. The PTC solar collector is a critical 

component, as it has the highest capital investment 

costs for both working fluids (39.22  $/h for both 

R245fa and n-butane). Its exergoeconomic factor is 

100% for both cases, indicating that all associated 

costs are tied to capital investment. The slightly 

higher exergoeconomic factor for R245fa (72.11%) 

compared to n-butane (70.86%) reflects marginally 

better economic performance, likely due to lower 

operational inefficiencies in key components. The 

generator's cost rates (cd) are 0.94  $/h for R245fa 

and 0.9933  $/h for n-butane, with exergoeconomic 

factors of 45.85% for both fluids. This parity 

suggests similar behavior of the generator across 

working fluids, making it a stable component in the 

system. 

Table 7 summarizes the energy, exergy, and 

exergoeconomic performance of the CCHP system 

using R245fa and n-butane as working fluids. The 

results present the R245fa demonstrates superior 

performance in terms of network output, heating 

capacity, exergy efficiency, and CO2 emissions, 

making it a better choice for systems focusing on 

power generation and heating with lower 

environmental impact. n-butane shows a higher 

cooling capacity and lower operational cost, making 

it more suitable for applications prioritizing cooling 

or cost-efficiency. The marginal differences in 

thermal efficiency and exergy destruction between 

the two fluids suggest that either option can be 

viable depending on the specific application 

priorities. Optimization of components with high 

exergy destruction, such as the heat exchangers and 

the ORC subsystem, can further enhance the 

system’s overall efficiency and cost-effectiveness 

for both fluids. The net power output is slightly 

higher for R245fa (232.5 kW) compared to n-butane 

(221.8 kW). This indicates that R245fa performs 

better in terms of electricity generation, likely due 

to its thermodynamic properties leading to higher 

efficiency in the turbine. The heating output 

(Q̇heating ) is higher for R245fa (2225 kW) than for 

n-butane (2197 kW), indicating better performance 

for heating applications with R245fa. Conversely, 

the cooling capacity (�̇�cooling ) is greater for n-

butane (745.4 kW) compared to R245fa (716.7 kW). 

This makes n-butane a more suitable choice for 

applications prioritizing cooling. The thermal 

efficiency of the system is almost identical for both 

working fluids, with R245fa achieving 86.89% and 

n-butane achieving 86.44%. This indicates that both 

fluids utilize the input energy effectively with 

minimal differences. The exergy efficiency (𝜓) is 

slightly higher for R245fa (16.26%) compared to n-

butane (15.73%). This suggests that R245fa has a 

slight advantage in converting available exergy into 

useful work and heat, indicating better overall 

system performance in terms of thermodynamic 

efficiency. The total exergy destruction is 

marginally lower for R245fa (3544 kW) compared 

to n-butane (3557 kW). Although the difference is 

minimal, it reflects a slightly more efficient energy 

utilization with R245fa. The total cost rate is 

slightly higher for R245fa (66.12  $/h) compared to 

n-butane (63.06  $/h). While R245fa provides better 

thermodynamic performance, it comes with a 

marginally higher operational cost. The 

exergoeconomic factor (𝑓) is higher for R245fa 

(72.12%) compared to n-butane (70.86%). This 

indicates that for R245fa, a larger proportion of the 

total cost is associated with capital investment 

rather than the cost of exergy destruction, 

highlighting its economic feasibility. The CO2 

emissions are significantly lower for R245fa (0.195 

kg/kWh) compared to n-butane (0.223 kg/kWh), 

making R245fa a more environmentally friendly 

choice for the system. 
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Table 6. Exergoeconomic analysis for each component of the CCHP system for both working fluids (Her 

iki çalışma sıvısı için CCHP sisteminin her bir bileşeni için eksergoekonomik analiz) 

 

Table 7. Summary of the Energy, exergy, and exergoeconomic results of the CCHP system for both organic 

fluids (Her iki organik akışkan için CCHP sisteminin Enerji, ekserji ve eksergoekonomik sonuçlarının özeti) 

Working 

Fluid 
�̇�𝐧𝐞𝐭

(kW) 

�̇�𝐡𝐞𝐚𝐭𝐢𝐧𝐠  

(kW) 

�̇�𝐜𝐨𝐨𝐥𝐢𝐧𝐠  

(kW) 

ŋ 

(%) 

ψ 

(%) 

�̇�𝐃,𝐭𝐨𝐭𝐚𝐥 

kW 

�̇�𝐭𝐨𝐭𝐚𝐥 

$/h 

𝐟 

% 

𝐂𝐎𝟐 

emission 

(kg/kWh) 

R245fa 232.5 2225 716.7 86.89 16.26 3544 66.12 72.12 0.195 

butane 221.8 2197 745.4 86.44 15.73 3557 63.06 70.86 0.223 

 

Figure 2 illustrates the net output power (Ẇnet) and 

total cost rate (ĊTotal) as a function of the 

superheated degree at the ORC intake for the system 

with two working fluids. The findings present that 

the work net increases with an increase in the 

superheating degree, whereas the total cost 

decreases. The Ẇnet for the CCHP system with 

R245fa is more significant than with butane. It is 

noticed from the curves when ∆Tsuper increases 

from 5 to 50 ℃, the Ẇnet increases from 174.6 to 

294.3 kW for the system with butane, while it rises 

from 185.1 to 304 kW for the system with R245fa. 

Conversely, the total cost rate (�̇�𝑇𝑜𝑡𝑎𝑙) for the 

CCHP system with butane is more attractive than 

the system with R245fa because the mass flow rate 

of the ORC with R245fa is higher than for the ORC 

with butane, and it causes an increase in the total 

cost investment for the components of the ORC. 

Component  R245fa n-butane 

Ċ D 

($/h) 

Ż K 

($/h) 

Ż K + Ċ D 

($/h) 

f 

% 

Ċ D 

($/h) 

Ż K 

($/h) 

Ż K + Ċ D 

($/h) 

f 

% 

Absorber 2.603 0.208 2.811 7.4 2.742 0.214 2.956 7.24 

ARC cond 1.7 0.006 1.706 0.352 1.788 0.009 1.797 0.5 

Boiler 0.5236 0.2802 0.8038 34.86 0.7963 0.2837 1.08 26.27 

EV1 0.367 0.0003 0.3673 0.082 0.3863 0.0006 0.3869 0.155 

Evap 0.533 0.379 0.912 41.56 0.561 0.3883 0.9493 40.9 

Generator 0.94 0.796 1.736 45.85 0.9933 0.8277 1.821 45.45 

ORC cond  4.065 0.426 4.491 9.486 3.632 0.217 3.849 5.64 

ORC HE 0.1221 0.4444 0.5665 78.45 0.1047 0.4418 0.5465 80.84 

ORT 1.244 3.866 5.11 75.66 1.244 1.686 2.93 57.54 

Pump1 0.5226 0.2578 0.7804 33.03 0.4943 0.2655 0.7598 34.94 

Pump2 0.25 0.6057 0.8557 70.78 0.2535 0.6592 0.9127 72.22 

Pump3 0.0027 0.0056 0.00833 67.59 0.0026 0.0057 0.0083 68.67 

Pump4 0.517 0.255 0.772 33.03 0.489 0.2621 0.7511 34.89 

PRV 0.0023 0.0027 0.005 54 0.0024 0.0029 0.00527 54.46 

PTC 0 39.22 39.22 100 0 39.22 39.22 100 

SHEX 0.0055 0.0067 0.01223 55.03 0.0058 0.007 0.01275 54.67 

TST 4.764 0.196 4.96 3.95 4.877 0.195 5.072 3.84 

Total 18.162 46.96 65.11726 72.11 18.372 44.685 63.0576 70.86 
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The �̇�𝑇𝑜𝑡𝑎𝑙 reduces from 66.79 to 63.69 $/h for the 

system with R245fa, while it decreases from 64.9 to 

61.4 $/h for the system with butane. 

     

Figure 2. Work net and total cost rate for different superheated degree parameters (Farklı aşırı ısıtma 

dereceleri için iş net ve toplam maliyet oranı) 

Figure 3 presents the overall efficiencies of the 

CCHP system as a function of the superheated 

degree with two working fluids. It revealed from the 

curves both the thermal and exergy efficiency of the 

system increased with an increase in the 

∆Tsuper due to the enhancement of the system 

output (Ẇnet and Q̇heating) at high ∆Tsuper. 

Compared to the butane-based system, the CCHP 

system that uses R245fa achieves higher overall 

efficiency. The ηthermal enhances from 85.13 to 

89.5 % and the ηexergy increases from 14.8 to 18.32 

% for the system with R245fa when ∆𝑇𝑠𝑢𝑝𝑒𝑟 

increases from 5 to 50 ℃. Also, the ηthermal 

enhances from 84.59 to 89.21 % and the ηexergy 

increases from 14.25 to 17.85 % for the system with 

butane. 

 

Figure 3. Overall efficiencies of the CCHP system for different superheated degree parameters (Farklı aşırı 

ısıtma derecesi parametreleri için CCHP sisteminin genel verimlilikleri) 

The pressure ratio (α) represents the relationship 

between the turbine intake pressure (P1) and the 

critical pressure (Pcritical) of the working fluid. For 

R245fa, the critical pressure is 3651 kPa, whereas 

for butane, it is 3797 kPa. The effect of the pressure 

ratio parameter on the Ẇnet and ĊTotal of the CCHP 

system are shown in Figure 4. The results indicate 

that the Ẇnet rises as the pressure ratio increases, 

but the overall cost ĊTotal reduces. The Ẇnet 

production of the CCHP system using R245fa is 

higher, while the overall cost ĊTotal is more 

expensive than using butane. It can be seen from the 

graphs that when the ∝ value goes from 0.5 to 0.8, 

the Ẇnet increases from 96.83 kW to 240.8 kW for 

the system using butane, and from 121.8 kW to 

249.6 kW for the system using R245fa. The ĊTotal 

reduces from 68.67 $/h to 64.74 $/h for the system 

with R245fa, while it decreases from 68.61  $/h to 

62.46 $/h for the system with butane.  

 The overall efficiencies of the system as a function 

of the pressure ratio with two working fluids are 

presented in Figure 5. At a high-pressure ratio (∝), 

the Ẇnet and Q̇heating increase and cause an 

enhancement in the overall efficiencies of the 

system for both fluids. The CCHP system with 

R245fa demonstrates superior overall efficiency 

compared to the butane-based system. When the 
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pressure ratio (∝) increases from 0.5 to 0.8, the 

ηthermal improves from 84.19 to 87.28% and the 

ηexergy increases from 13.28 to 16.7% for the 

system using R245fa. Similarly, for the system 

using butane, the ηthermal increases from 83.13 to 

86.89% % and the 𝜂𝑒𝑥𝑒𝑟𝑔𝑦 increases from 12.3 to 

16.23%.

  

Figure 4. Work net and total cost rate for different pressure ratio parameters (Farklı basınç oranı parametreleri 

için iş net ve toplam maliyet oranı)

  

Figure 5. Overall efficiencies of the system for different pressure ratio parameters (Farklı basınç oranı 

parametreleri için sistemin genel verimlilikleri) 

4. CONCLUSIONS (SONUÇLAR) 

This study conducted a comprehensive analysis of a 

solar-assisted Combined Cooling, Heating, and 

Power (CCHP) system, integrating parabolic trough 

collectors (PTCs) and an Organic Rankine Cycle 

(ORC). Two working fluids, R245fa and butane, 

were evaluated for their thermodynamic, 

exergoeconomic, and environmental performance 

under steady-state conditions. The findings 

contribute to advancing the understanding and 

design of solar-assisted energy systems, particularly 

in regions with abundant solar resources like 

Antalya, Turkey. A reliable numerical model was 

developed for thermodynamic and exergoeconomic 

evaluation, demonstrating the ability to predict 

system performance accurately.  R245fa was 

identified as the superior working fluid for 

thermodynamic and environmental performance, 

achieving higher efficiencies and a lower carbon 

footprint. Butane, however, demonstrated cost 

advantages and a higher cooling capacity, making it 

suitable for specific applications. The study tailored 

the system to Antalya's climatic conditions, 

highlighting the viability of location-specific 

solutions for optimizing solar energy utilization. 

Future research should focus on several key 

directions to build on the findings of this study. 

Expanding the analysis to include dynamic and 

seasonal conditions would enhance the real-world 

applicability of the results. Exploring alternative 

working fluids and innovative system 

configurations could further improve energy 

efficiency and cost-effectiveness. Additionally, 

conducting experimental validation to complement 

the numerical simulations would strengthen the 

practical relevance and reliability of the findings. 

Lastly, investigating hybrid systems that integrate 

other renewable energy sources, such as wind or 

geothermal, could diversify and enhance overall 

system performance, offering more sustainable and 

adaptable solutions. 
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�̇� Cost Rate ($/h) 

𝐜 Exergy cost per unit ($/GJ) 

�̇� Energy (kW)  

𝐄�̇� Exergy flows (kW) 

𝐟 Exergoeconomic factor (%) 

h Specific enthalpy (kJ/kg) 

�̇� Mass flow rate (kg/s)  

�̇� Heat transfer (kW) 

�̇� Work done (kW) 

Z Initial cost rate ($/h) 

ŋ Efficiency (%)  

τ Operation hour (h) 

𝜑 Maintenance factor  

𝛙 Exergy efficiency (%) 

ABBREVIATIONS 

Abs Absorber 

ARC Absorption refrigeration cycle 

CCHP Combined cooling heating power 

Comp Compressor 

Cond Condenser 

EV Expansion valve  

Evap Evaporator 

Gen Generator 

HE Heat exchanger 

HRSG Heat recovery steam generation 

ORC Organic Rankine cycle 

ORT Organic Rankine turbine 

P Pump 

PTC Parabolic trough collectors 

RES Renewable energy sources 

SHES Sensible heat exchanger 

TST Thermal storage tank  
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