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--------------------------------------------------------ABSTRACT---------------------------------------------------------------- 

This study investigates the performance of a solar-powered Combined Cooling, Heating, and Power (CCHP) 

system designed specifically for the climate of Tripoli, Libya. With the country’s high solar potential and the 

pressing need for sustainable energy solutions, this system combines a regenerative Brayton cycle with a lithium 

bromide–water absorption cooling unit to maximize energy efficiency. Solar energy is captured using a heliostat 

field and concentrated on a central receiver to heat air, which then drives a turbine to generate electricity. The 

remaining thermal energy is used for both heating and cooling applications, allowing the system to meet multiple 

energy demands simultaneously. A thermodynamic model was developed to evaluate the system under steady-

state conditions, using realistic local climate data. The results for the month of June indicate a net electrical 

output of 5761 kW, along with 2424 kW of heating and 7603 kW of cooling. The system achieved an energy 

utilization factor of 73.41% and an exergy utilization factor of 36.83%. Electrical energy and exergy efficiencies 

were recorded at 26.8% and 29.6%, respectively, while the coefficient of performance (COP) of the absorption 

cooling unit was 0.82.  What sets this work apart is its focus on Libya’s specific environmental conditions, which 

are often overlooked in existing research. The findings highlight the potential of solar-powered CCHP systems to 

improve energy sustainability in sun-rich, high-temperature regions and offer valuable insights for future 

renewable energy planning in similar contexts. 

KEYWORDS;- Combined Cooling Heating and Power (CCHP); Regenerative Brayton cycle; Absorption 
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I. INTRODUCTION  

With fossil fuel resources steadily declining and environmental concerns on the rise, there has been a 

growing shift toward renewable energy systems. Technologies that make use of solar and biomass energy have 

attracted considerable interest in recent years, thanks to their sustainability and low environmental impact [1], [2]. 

Among these, Combined Cooling, Heating, and Power (CCHP) systems are gaining attention for their ability to 

improve energy efficiency by producing electricity, heating, and cooling simultaneously within a single system 

[3][4]. When powered by renewable sources like solar energy, CCHP systems not only reduce dependence on 

fossil fuels but also help cut greenhouse gas emissions [5]. Libya, in particular, benefits from abundant solar 

radiation, positioning it as a strong candidate for solar energy-based solutions [6]. However, the efficiency of such 

systems is closely tied to local weather conditions, including temperature, humidity, and solar intensity, which 

can vary significantly. For this reason, evaluating the thermodynamic performance of a solar-CCHP system under 

Libyan climatic conditions is essential to understanding its viability and optimizing its design for real-world 

application[7], [8]. 

 In recent years, significant research has been devoted to solar-powered CCHP systems; however, studies 

specifically addressing the unique climatic conditions of Libya remain limited. For example, Ai et al. [9] proposed 

a novel CCHP system integrating solar thermal energy with an Organic Flash Cycle (CCHP-ST-OFC) that 

outperforms conventional and ORC-based systems, offering higher electricity and heat output, improved exergy 

(38.7%) and energy efficiency (53.1%), and 9% lower natural gas consumption. Akroot et al.  [10] analyzed a 

solar-powered tri-generation system achieving 232.5 kW electricity, 86.89% thermal efficiency, and 

0.195 kgCO₂/kWh carbon footprint. The system showed strong exergoeconomic performance with a cost rate of 

66.12 $/h. Han et al. [11] optimized a CO₂-based combined heating and power system, achieving a minimum 

exergy-environmental cost of 0.387 $/kWh and significant efficiency gains. Xu et al. [12] proposed a solar-

powered system combining liquid dehumidification and absorption refrigeration for year-round use in China. 
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Yadav et al. [13] presented an improved solar-driven cooling and power system with 33% higher performance 

and 44% greater exergy efficiency than standalone systems. It also reduces cost and CO₂ emissions by up to 38% 

and 26%. Saini et al. [14] introduced a solar-driven CCHP system for remote buildings that achieves 3.16% exergy 

efficiency, lowers costs, and reduces CO₂ emissions. It performs best with higher generator or evaporator 

temperatures and is suitable for future sustainable energy needs. Akroot et al. [15]  address Libya’s dependency 

on traditional fuels by proposing a hybrid solar-based Integrated Solar Combined Cycle (ISCC) system using the 

Sarir power plant as a case study to highlight the potential of ISCC to support sustainable energy transitions in 

Libya and similar oil-producing nations. Wang et al. [16] optimized a solar-driven CCHP system using a flat-plate 

collector and thermal storage, combining an ORC with an ejector refrigeration cycle. Yan et al. [17] proposed a 

hybrid solar-assisted CCHP system using a phosphoric acid fuel cell and natural gas reforming. Wu et al. [18] 

optimized a solar-assisted steam/air biomass gasification CCHP system, achieving 51.34% efficiency and offering 

improved thermal performance and energy reliability over conventional systems. Yang et al. [19] proposed a solar-

driven SCO₂-based CCHP system with 79.75% energy and 58.63% exergy efficiency. It achieves 85.04% energy 

savings, 86.05% emission reduction, and a low electricity cost of 10.4 ¢/kWh. 

Despite the growing body of literature on solar-powered CCHP systems, there remains a distinct gap in 

studies tailored to Libya’s unique solar and climatic conditions. This work addresses that gap by developing and 

analyzing a novel solar-driven CCHP configuration specifically optimized for Tripoli, Libya. It incorporates a 

regenerative Brayton cycle integrated with a LiBr–H₂O absorption cooling system and uses actual solar irradiance 

data to assess performance. Unlike prior studies that mainly focus on generalized or non-Libyan contexts, this 

study provides a comprehensive thermodynamic, energy, and exergy evaluation under real-world Libyan 

environmental conditions, thereby offering practical insights for the implementation of renewable energy 

solutions in the region. 

 

II. MODEL DESCRIPTION 

Figure 1 illustrates a Solar-Driven Combined Cooling, Heating, and Power (CCHP) System operating in 

Tripoli, Libya. This is a hybrid energy system that integrates solar thermal power with absorption-based cooling 

and heating. Solar radiation is collected by heliostats and focused on the receiver to heat air. The hot air expands 

in a turbine to generate power. The turbine exhaust heat is reused in the recuperator and absorption cycle. Some 

of the waste heat is diverted to a heater to provide hot water for domestic or industrial use. The remaining heat is 

used in the generator to drive an absorption refrigeration cycle (LiBr–H₂O), producing chilled air for cooling. The 

solar subsystem in the proposed CCHP system consists of key components designed to efficiently convert solar 

energy into thermal energy for power generation. The process begins with the heliostat field, which comprises an 

array of mirrors that track the sun and reflect its rays onto a central solar receiver. This receiver absorbs the 

concentrated solar radiation and transfers the thermal energy to a working fluid, typically air or another suitable 

gas. The heated, high-pressure working fluid then flows into a turbine, where it expands and generates mechanical 

power that can be converted into electricity. To enhance system efficiency, a recuperator is employed to recover 

a portion of the waste heat from the turbine exhaust and use it to preheat the compressed air before it enters the 

receiver. This reduces the energy required for heating the fluid, thus improving the overall thermal performance. 

The subsystem also includes a compressor that draws in ambient air and compresses it to a higher pressure, 

subsequently directing it through the recuperator and into the receiver.  The heating subsystem in the solar-

powered CCHP configuration is responsible for utilizing a portion of the available waste heat to meet thermal 

energy demands, specifically for hot water production. This is achieved through the use of a heater that extracts 

waste heat from the working fluid between thermodynamic points 7 and 9. The recovered heat is then transferred 

to water or another heat transfer fluid to generate hot water at point 10, which can be used for space heating or 

domestic applications. hereby contributing to the high overall energy efficiency of the system. The cooling 

subsystem of the proposed CCHP system employs a LiBr–H₂O absorption chiller loop to produce cooling by 

utilizing low-grade heat recovered from the turbine exhaust. The process begins in the generator, where thermal 

energy from point 6 drives the separation of the refrigerant (water vapor) from the absorbent (LiBr solution). The 

system incorporates a solution heat exchanger (SHEX) to improve thermal efficiency by transferring heat between 

the strong and weak solution streams. The weak solution is pressurized by a pump before entering the generator, 

reducing the energy input requirement. In the absorber, the refrigerant vapor is reabsorbed into the strong LiBr 

solution, releasing heat, while the evaporator generates cooling by evaporating water under low pressure. Finally, 

the condenser liquefies the vapor refrigerant, completing the cycle. 
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Figure 1. Solar-Driven Combined Cooling, Heating, and Power System in Tripoli, Libya. 

 

To conduct the energy and exergy analyses of the proposed CCHP system, a detailed mathematical model was 

developed. In order to simplify the modeling and ensure analytical feasibility, the following assumptions were 

made: 

• The CCHP system operates under steady-state conditions. 

• Variations in kinetic and potential energy are considered insignificant. 

• The working fluid exits the condenser as a saturated liquid, while both the generator and 

evaporator discharge saturated vapor. 

• Pressure losses in pipelines and heat exchangers are disregarded. 

• Throttling processes are modeled as isenthalpic. 

• The inlet temperature of the secondary working fluid (water) is assumed to be equal to the 

reference temperature used for the condenser, evaporator, and water heater. 

Table 1 presents the input data for the solar-powered CCHP system in Tripoli, Libya, highlighting the 

use of a regenerative Brayton cycle and an absorption cooling system under local climatic conditions. 

 
Component Parameter Value 

Regenerative 

Brayton cycle 

Pressure ratio 8.2 

Compressor’s inlet temperature 30℃ 

Compressor’s isentropic efficiency 82% 

Air flow rate 45 kg/s 

Turbine’s isentropic efficiency 86% 

Regenerative effectiveness 75% 

Heliostats field 

Area 40500 m2 

Location Tripoli- Libya 

Latitude 32.8874° N  

Longitude 13.1873° E 

DNI 755 W/m2 

ARS 

Condenser temperature (T18) 40 ℃ 

Generator temperature (T14) 87 ℃ 

Absorber temperature (T11) 37 ℃ 

SHEX effectiveness  58 (%) 

Evaporator temperature (T19) 5 ℃ 

LiBr Solution strength (%) 54 (%) 

Table 1. Input values utilized for the design of the solar-powered CCHP model. 
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III. THERMODYNAMICS MODEL 

The primary objective of the thermodynamic analysis is to evaluate the energy and exergy efficiencies 

of the system. The mass, energy and exergy balance equations for each component are outlined as follows [20], 

[21], [22]: 

∑�̇�𝑖 = ∑�̇�𝑒 (1) 

∑�̇�𝑖𝑥𝑖 = ∑�̇�𝑒𝑥𝑒 (2) 

�̇� + ∑�̇�𝑖ℎi = �̇� + ∑�̇�𝑒ℎ𝑒 (3) 

�̇�𝑥Q + ∑�̇�i𝑒𝑥i = �̇�𝑥𝑤 +∑�̇�e𝑒𝑥e + �̇�𝑥dest  (4) 

�̇�𝑥Q = (1 −
𝑇o
𝑇𝑘
) �̇�𝑘 

(5) 

�̇�𝑥𝑤 = �̇� (5) 

 
The solar energy intercepted in the mirrors is determined by the direct normal intensity (𝐼𝐷𝑁𝐼)projected 

area of the mirror (𝐴𝑎), and optical efficiency (ηopt), which is given by [23], [24]: 

�̇�𝑠𝑜𝑙𝑎𝑟 = ηopt ∗ 𝐴𝑎 ∗ 𝐼𝐷𝑁𝐼 (7) 
The electrical energy efficiency and overall energy efficiency of the CCHP system are calculated from 

the following equations: 

ηI,electrical =
�̇�net 

�̇�𝑠𝑜𝑙𝑎𝑟

 (8) 

ηI,CCHP =
�̇�net + �̇�heating + �̇�cooling 

�̇�𝑠𝑜𝑙𝑎𝑟

 
(9) 

The electrical exergy efficiency and overall exergy efficiency of the CCHP system are calculated from 

the following equations: 

ηII,electrical =
�̇�net + �̇�heating + �̇�cooling 

Ė𝑥Qsolar

 (10) 

ηII,CCHP =
�̇�net 

Ė𝑥Qsolar

 
(11) 

Also, the coefficient of performance (COP) of the absorption refrigeration system is calculated from the 

following equations: 

𝐶𝑂𝑃 =
�̇�Evap 

�̇�Gen + �̇�P 

 3-15 

 

IV. RESULTS AND DISCUSSION 

Table 2 provides the thermodynamic properties at various state points of the solar-powered CCHP 

system, including pressure, temperature, and enthalpy values essential for performance analysis. 

 
State Mass 

(kg/s) 

Pressure 

(bar) 

Temperature 

(°C) 

Enthalpy 

(kJ/kg) 

Enthalpy 

(kJ/kg · K) 

1 45 1 303 303.5 5.716 

2 45 8 597.2 604.4 5.811 

3 45 8 647.2 657.2 5.895 

4 45 8 1077 1135 6.46 

5 45 1 693 706.1 6.565 

6 45 1 626.1 634.9 6.457 

7 45 1 426.1 427.8 6.06 

8 45 1 373 374 5.925 

9 12.87 1 303 125.2 0.4347 

10 12.87 1 348 313.5 1.014 

11 22.31 0.008634 310 81.92 0.238 

12 22.31 0.06944 310.2 81.92 0.238 

13 22.31 0.06944 344 153.8 0.4579 

14 19.08 0.06944 360 217.7 0.4764 

15 19.08 0.06944 331.1 163.6 0.3196 

16 19.08 0.008634 321.6 163.6 0.3197 
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17 3.239 0.06944 360 2654 7.519 

18 3.239 0.06944 312 162.7 0.557 

19 3.239 0.008634 278 162.7 0.586 

20 3.239 0.008634 278 2510 9.029 

21 193.1 1 303 125.2 0.4347 

22 193.1 1 313 167 0.5704 

23 450.9 1 303 125.2 0.4347 

24 450.9 1 308 146.1 0.5031 

25 121.2 1 303 125.2 0.4347 

26 121.2 1 288 62.45 0.2223 

Table 2. Thermodynamic properties at different states for the solar-powered CCHP system 

 

Table 3 presents the energy and exergy performance of the solar-powered CCHP system in June, showing 

a net power output of 5761 kW, a heating load of 2424 kW, and a high cooling load of 7603 kW. The energy 

utilization factor reaches 73.41%, while the exergy utilization factor is 36.83%. Additionally, the system achieves 

an electrical energy efficiency of 26.8%, an exergy efficiency of 29.6%, and a COP of 0.82 for the absorption 

refrigeration system, confirming its suitability for hot climates like Tripoli, Libya. 

 
Aspect Symbol Value 

Net power output (kW) Ẇnet  5761 

Heating load (kW) Q̇heating  2424 

Cooling Load (kW) Q̇cooling  7603 

CCHP energy utilization factor (%) uI,CCHP  73.41 

CCHP exergy utilization factor (%) uII,CCHP  36.83 

Electrical energy efficiency (%) ηI,electrical  26.8 

Electrical exergy efficiency (%) ηII,electrical  29.6 

Coefficient of Performance of ARS  COP 0.82 

Table 3. Energy and Exergy Performance of solar-powered CCHP system in June. 

 

Table 4 provides a detailed exergy analysis for each component of the solar-powered CCHP system, 

showing a total exergy destruction of 16.88 MW and an overall exergy efficiency of 36.38%. The solar receiver 

(SR) accounts for the highest exergy destruction at 44.41%, followed by the generator (Gen) and gas turbine (GT) 

with 11.36% and 9.7%. In contrast, components like the air compressor (AC), SHEX, and pump show high exergy 

efficiencies above 90%, demonstrating minimal losses.  

 

Component 
�̇�𝐝𝐞𝐬𝐭𝐫𝐮𝐜𝐭𝐢𝐨𝐧 

(MW) 

�̇�𝐝𝐞𝐬𝐭𝐫𝐮𝐜𝐭𝐢𝐨𝐧 

(%) 

Exergy efficiency 
(%) 

Abs 1.239 8.33 5.85 

AC 1.293 8.7 90.45 

Cond 1.11 7.45 10.53 

Ev1 0.028 0.19 86 

Ev2 0.0006 0.00038 87 

Evap 0.523 3.52 59.62 

Gen 1.69 11.36 56.65 

GT 1.443 9.7 93.04 

Heater 0.422 2.84 27.98 

Pump 0 0 100 

Rec 0.513 3.45 70.37 

SHEX 0.008 0.05 93.8 

SR 6.606 44.41 67.65 

Total 16.88 100 36.38 

Table 4. Exergy analysis for each component of the solar-powered CCHP system 

Figure 2 illustrates the variation of three key output parameters, net work output, cooling load, and 

heating load, as a function of the pressure ratio in a solar-driven CCHP system. The findings present that Pressure 

ratio optimization is crucial in improving system performance, particularly for heating and power production. The 

net power output and heating load benefit significantly from increased pressure ratios, while the cooling load 

shows marginal gain. System designers should consider these trends when aiming to maximize total energy 
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utilization, especially in climates or seasons where heating demand is high. The net work output curve shows a 

clear increasing trend in net work output as the pressure ratio rises from 7 to 13. The work output increases from 

5285 kW at PR = 7 to 6281 kW at PR = 13, showing an 18.8% improvement.  This trend indicates enhanced power 

generation efficiency due to higher turbine pressure ratios, which increase the enthalpy drop across the turbine.  

The cooling load also increases steadily, but with a slower rate of change compared to the net work output.  It 

rises from 7557 kW to 7682 kW, which is a 1.6% increase across the tested pressure ratio range. The relatively 

flat slope suggests that the cooling subsystem is less sensitive to pressure ratio variations. The results also indicate 

a significant and nearly linear increase in heating load with increasing pressure ratio. The heating load increases 

from 950.3 kW at PR = 7 to 4764 kW at PR = 13—approximately a fivefold increase. This steep rise can be 

attributed to the enhanced waste heat recovery at higher pressure ratios, improving the performance of the heating 

subsystem. 

  
Figure 2. Effect of Pressure Ratio on Net Work Output, Cooling Load, and Heating Load in a Solar-Driven 

CCHP System 

 

Figure 3 illustrates the influence of pressure ratio (ranging from 7 to 13) on the performance metrics of 

a solar-powered CCHP system operating in Tripoli, Libya. Increasing the pressure ratio significantly improves 

both electrical output and the overall energy and exergy efficiencies of the solar-assisted CCHP system. While 

the COP remains constant, indicating stable cooling performance, the gains in thermal and exergetic efficiency 

demonstrate the system's enhanced ability to convert and utilize available energy effectively. Both the first law 

and the second law electrical efficiencies show a steady increase with rising pressure ratio. At a pressure ratio of 

7, the electrical exergy efficiency (ηII) starts at 27.18% and increases to 32.31% at a pressure ratio of 13, marking 

a significant performance gain. This improvement results from higher turbine work output and better utilization 

of the high-pressure air in the Brayton cycle. Energy efficiency of the CCHP system increases from 64.13% to 

87.08% across the pressure ratio range, showing a strong upward trend due to improved heat recovery and overall 

energy use. Also, the exergy efficiency of the CCHP system follows a similar trend, rising from 31.07% to 44.76%, 

indicating reduced system irreversibilities and better thermodynamic quality of the energy used. The COP remains 

constant at 0.8159 across all pressure ratios, indicating that the absorption cooling subsystem performance is 

independent of pressure ratio changes in the Brayton cycle. This is expected, as the COP of the LiBr-H₂O system 

primarily depends on temperature levels rather than pressure ratios. 
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Figure 3. Effect of Pressure Ratio on Energy, Exergy, and Cooling Performance of the Solar-Driven CCHP 

System 

 

Figure 4 illustrates the monthly average Direct Normal Irradiance (DNI) profile for Tripoli. The data 

shows a clear seasonal variation, with the highest DNI values—approximately 6.8–7.0 kWh/m²/day, occurring 

during the summer months (May to July). From March to October, DNI values consistently exceed 

5.5 kWh/m²/day. In contrast, winter months such as December and January experience lower DNI values around 

4.4–4.6 kWh/m²/day. This DNI pattern confirms that Tripoli has a strong solar resource, especially during the 

high-demand summer season, which aligns well with increased cooling needs.  

 
Figure 4. Monthly Variation of Direct Normal Irradiance (DNI) in Tripoli: Assessment of Solar Energy 

Availability Throughout the Year. 
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Figure 5 shows the monthly variation in net power output from the solar-assisted SA-CCHP system in 

Tripoli. The results clearly highlight the seasonal dependency of the SA-CCHP system. Its performance is 

strongest when solar input is high, making it especially suitable for summer-dominant climates like Libya, where 

cooling demand also peaks during this period. The highest net power output obtained in June–July, reaching 

around 6000–6200 kW, occurs during June and July. This corresponds with the period of maximum solar 

irradiance, as seen in Fig. 2, where DNI levels are at their peak (∼7 kWh/m²/day). From January to May, the 

power output gradually increases from ∼2500 kW to 5500 kW. This reflects the rising solar intensity during the 

spring and early summer months, enhancing the system’s performance and power generation capacity. After 

August, there is a steady decline in net power output, dropping to around 2600 kW in December, which matches 

the drop in DNI values during autumn and winter. This reduction is expected, as less thermal energy is available 

to drive the turbine efficiently. 

 

 
Figure 5. Monthly Net Power Output of the Solar-Assisted CCHP System in Tripoli. 

 

Figure 6 illustrates the monthly variation in heating load delivered by the solar-assisted CCHP system in 

Tripoli. The heating output trends reveal a direct correlation with solar thermal energy availability and system 

efficiency throughout the year. Unlike conventional expectations, where heating demand is highest in winter, this 

figure represents available heating supply from the system, not demand. It highlights the seasonal variation in 

solar-driven thermal output, rather than user-side requirements. The heating load peaks at approximately 2600–

2700 kW in June and July, which aligns with the maximum solar input period. This suggests the system makes 

effective use of high DNI values to produce surplus thermal energy for heating applications. From January 

(∼750 kW) to June, there is a steady increase in heating output. This period benefits from rising solar irradiance 

and higher Brayton cycle temperatures, enhancing the waste heat recovery used for heating. Post-July, the heating 

load decreases, falling to about 650 kW in December. This reflects reduced thermal availability from the solar 

subsystem, and lower ambient temperatures reducing heating demand. 
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Figure 6. Monthly Heating Load Supplied by the SA-CCHP System in Tripoli. 

 

Figure 7 displays the monthly cooling load delivered by the solar-assisted combined cooling, heating, 

and power (SA-CCHP) system in Tripoli. Despite seasonal variation, the difference between maximum and 

minimum cooling output is relatively small (∼70 kW), which reflects the system’s stable performance. This is 

especially important in climates like Tripoli, where cooling is needed for most of the year. The highest cooling 

load occurs in June and July, reaching up to approximately 7610 kW. This coincides with the peak of solar 

irradiance and ambient temperatures, indicating the system's ability to handle increased cooling demand during 

the hottest months. Starting from about 7550 kW in January, the cooling load gradually increases, showing the 

system’s improved performance as more solar energy becomes available toward summer. After July, there’s a 

slight but steady decline in the cooling load, dropping to around 7540 kW by December. This corresponds with 

reduced solar thermal input and likely reduced cooling demand in the cooler months. 
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Figure 7. Monthly Variation of Cooling Load Supplied by the SA-CCHP System in Tripoli 

 

V. CONCLUSION 

This research explored the feasibility and performance of a solar-powered CCHP system specifically 

designed for the environmental conditions in Tripoli, Libya. By combining a regenerative Brayton cycle with a 

lithium bromide–water absorption cooling system, the study aimed to make the most of Libya’s abundant solar 

resources to meet electricity, heating, and cooling demands more efficiently. 

The results show that the system performs well under local climate conditions, especially during the 

summer months when solar radiation is at its peak. With notable outputs in power, heating, and cooling, and 

relatively high energy and exergy utilization rates, the system proves to be both efficient and adaptable. The 

absorption cooling loop, in particular, demonstrated strong performance, offering reliable cooling in a region 

where such demand is consistently high. 

However, the exergy analysis pointed to the solar receiver as a key area where energy losses are most 

significant, highlighting the need for design improvements to further enhance overall efficiency. Despite this, the 

system as a whole shows strong promise for addressing energy challenges in Libya, offering a cleaner and more 

sustainable alternative to conventional fossil-fuel-based solutions. 
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