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Abstract: Refrigeration plays a significant role across various aspects of human life and consumes substantial amounts of electrical energy. The rapid advancement of green cooling technology presents numerous solar-powered refrigeration systems as viable alternatives to traditional refrigeration equipment. Exergy analysis is a key in identifying actual thermodynamic losses and improving the environmental and economic efficiency of refrigeration systems. In this study exergy analyze has been conducted for a solar-powered vapor compression refrigeration (SP-VCR) system in the region of Ghardaïa (Southern Algeria) utilizing R1234ze(E) fluid as an eco-friendly substitute for R134a refrigerant. A MATLAB-based numerical model was developed to evaluate losses in different system components and the exergy efficiency of the SP-VCR system. Furthermore, a parametric study was carried-out to analyze the impact of various operating conditions on the system’s exergy destruction and efficiency. The obtained results revealed that, for both refrigerants, the compressor exhibited the highest exergy destruction, followed by the condenser, expansion valve, and evaporator. However, the system using R1234ze(E) demonstrated lower irreversibility compared to that using R134a refrigerant. The improvements made with R1234ze are 71.95% for the compressor, 39.13% for the condenser, 15.38% for the expansion valve, 5% for the evaporator, and 54.76% for the overall system, which confirm the potential of R1234ze(E) as a promising alternative to R134a for cooling applications.
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Nomenclature



	A
	Surface area of the module (m2)



	Ex˙
	Exergy in any state (W)



	Ex˙in
	Input exergy (W)



	Ex˙out
	Output exergy (W)



	E˙xloss
	Exergy loss (W)



	Ex˙D
	Rate of exergy destruction (W)



	Ex˙electrical
	Electrical exergy (W)



	Ex˙thermal
	Thermal exergy (W)



	FF
	Fill factor



	G
	Global irradiance (W/m2)



	h
	Enthalpy (kJ/kg)



	hconv
	Convective heat transfer coefficient (W/m2.K)



	hrad
	Radiative heat transfer coefficient (W/m2.K)



	I
	Current (A)



	Imp
	Current at maximum power point (A)



	Isc
	Short-circuit current (A)



	m˙r
	Mass flow rate of refrigerant (kg/s)



	NOCT
	Nominal operating cell temperature (°C)



	Q˙
	Heat emitted to the surrounding (W)



	Q˙e
	Net refrigeration effect produced (W)



	s
	Entropy (kJ/kg.K)



	T
	Temperature (K) (°C)



	Tb
	Constant boundary temperature (room temperature) (K)



	Ts
	Temperature at the surface of the Sun (K)



	Tsky
	Sky temperature (K)



	U
	Overall heat loss coefficient (W/m2.K)



	V
	Voltage (V)



	Vmp
	Voltage at maximum power point (V)



	Voc
	Open-circuit voltage (V)



	Vw
	Wind velocity (m/s)



	W˙comp
	Work of the compressor (W)



	Greek Symbols





	ε
	Emissivity of the module



	ηex
	Exergetic efficiency



	σ
	Boltzmann constant (W/m2.K4)



	Subscripts




	0
	Dead state



	a
	Ambient



	comp
	Compressor



	cond
	Condenser



	evap
	Evaporator



	exp
	Expansion valve



	m
	Module



	Abbreviations




	COP
	Coefficient of performance



	HFC
	Hydro-Fluoro-Carbon



	HFO
	Hydro-Fluoro-Olefin



	GWP
	Global Warming Potential



	ODP
	Ozone Depletion Potential



	SP-VCR
	Solar-powered vapor compression refrigeration



	PV
	Photovoltaic



	VCR
	Vapor compression refrigeration





1  Introduction

Refrigeration technologies play a pivotal role in modern society, impacting various aspects of daily life, industry, and the economy. It enables the preservation and storage of perishable goods, extending their shelf life and ensuring food safety. Moreover, refrigeration is indispensable in numerous industries, including pharmaceuticals, healthcare, and manufacturing, where precise temperature control is critical for preserving the efficacy and quality of products and materials. Beyond its commercial applications, refrigeration technology contributes to improving living standards and comfort, as evidenced by its widespread use in air conditioning and climate control systems. In addition to enhancing comfort and productivity, efficient refrigeration technologies also play a crucial role in energy conservation and environmental sustainability. By employing advanced refrigeration systems with high energy efficiency and low environmental impact, society can reduce energy consumption, lower greenhouse gas emissions, and mitigate climate change [1,2].

In recent years considerable attention has been paid to global warming due to the greenhouse effect. The integration of low global warming potential (GWP) refrigerants into vapor compression refrigeration (VCR) systems marks a significant advancement in environmental sustainability and climate mitigation efforts. These refrigerants, characterized by their reduced impact on global warming compared to traditional high GWP alternatives, offer a compelling solution for reducing greenhouse gas emissions in cooling applications. In this context, Hydro-Fluoro-Olefin (HFO) refrigerants like R1234yf and R1234ze(E) have emerged as promising alternatives and potential substitutes for Hydro-Fluoro-Carbon (HFC) refrigerants due to their low GWP values [3].

Solar-powered vapor compression refrigeration (SP-VCR) systems represent a pioneering approach to sustainable cooling solutions. By harnessing solar power through photovoltaic (PV) or solar thermal technologies, these innovative systems offer a renewable and environmentally friendly alternative to conventional refrigeration methods. This approach not only reduces reliance on fossil fuels and grid electricity but also mitigates greenhouse gas emissions, contributing to climate change mitigation efforts. Moreover, SP-VCR systems have significant potential for applications in off-grid and remote areas, where access to electricity is limited or unreliable, offering sustainable solutions for a more resilient and energy-efficient future [4].

Exergy analysis of SP-VCR systems holds significant importance in assessing their performance, efficiency, and overall sustainability. Unlike traditional energy analysis, which focuses solely on energy quantity, exergy analysis considers the quality of energy and its potential to perform useful work. In addition, performing an exergy analysis enables a more detailed identification of inefficiencies and system losses, facilitating improved system design and pinpointing opportunities for optimization. Furthermore, exergy analysis enables the comparison of different system configurations and refrigerants, helping to identify the most efficient and environmentally friendly options. The principles and methodologies of exergy analysis are well-established in the literature [5,6].

Several theoretical and experimental studies have investigated the exergy efficiency of SP-VCR systems. Some other researchers have compared the exergy analysis of VCR systems powered by conventional electricity and those powered by electrical energy from PV solar panels. Sudhakar et al. [7] conducted a study on a 36 W PV solar module, evaluating its thermal, electrical, and exergy production. Using experimental data, they determined the energy and exergy efficiencies of the module, finding energy efficiency ranging from 6% to 9% throughout the day, while exergy efficiency varied between 8% and 10%. Their analysis highlighted the significant impact of PV module temperature on exergy efficiency, suggesting that efficient heat dissipation from the module’s surface could enhance exergy efficiency by mitigating exergy losses associated with increased temperature.

Jemaa et al. [8] performed an energy and exergy analysis to assess the viability of R1234ze(E) as a substitute for R134a in vapor compression chillers. The obtained results revealed that no significant disparities are noted in the energy and exergy efficiencies for both refrigerants. However, the irreversibility detected in the unit utilizing R1234ze(E) is less than that observed with the R134a refrigerant.

A comparative study by Dhondge et al. [9] investigated the energy and exergy performances of a refrigerator powered by photovoltaic solar energy for vaccine storage, comparing refrigerants R-134a and nano-refrigerant (R-134a + 0.5% Al2O3). Their analysis focused on exergy destruction, exergy efficiency, and coefficient of performance (COP). They observed minimal exergy losses at higher evaporation temperatures, with the majority occurring in the evaporator and compressor, accounting for 36% to 37% of total system losses.

Hayan et al. [10] established a micro-refrigeration experimental system powered by photovoltaic generation, operating with R134a refrigerant. They investigated changes in cooling capacity, load power, and system efficiency under varying weather conditions. Their findings suggested that the appended battery improved system stability, with the weather having negligible effects on indoor refrigeration system operation. Exergy analysis revealed compression process exergy loss as the largest contributor, comprising over 80% of total system losses, with refrigeration system exergy efficiency reaching around 28% under all weather conditions.

Omer et al. [11] conducted an experimental analysis of a small DC refrigerator driven by a solar photovoltaic panel in Baghdad. Their study, conducted with a 5-liter water load refrigerator, identified an average optimal exergy loss value of 24.63% at an evaporating temperature of –6°C. In a recent study, Amaris et al. [12] evaluated the energy and exergy performance of a 200 W direct-current solar PV refrigerator with internal heat exchange, using R600a, R290, R717, and R134a as base cases for autonomous solar refrigeration. Their findings suggested that while the internal heat exchanger reduced exergy destruction in the compressor and expansion valve, it increased in the condenser for R134a, R600a, and R290.

Khan et al. [13] investigated the performance of two novel compression absorption cascade refrigeration systems, the ejector compression absorption cycle and ejector injection compression absorption cycle, in comparison to traditional systems. Their analysis revealed that while the COP of all layouts augments linearly with increasing evaporator temperature, the exergy efficiency decreases at different rates, making the cascade systems more efficient for low-temperature applications.

In another study, Nabil et al. [14] conducted a comprehensive thermo-economic analysis and Python simulation model evaluation of a novel advanced three-stage cascade refrigeration (ATCR) system in terms of exergy, energy, and economics. The results of their research indicated the superior performance of the proposed refrigeration system in comparison to conventional triple cascade refrigeration systems (TCR), thereby demonstrating improved cascade refrigeration efficiency. In addition, the ATCR system achieved a notable 19.33% reduction in compressor work input, resulting in a 22% increase in the COP compared to the conventional VCR-based TCR.

Recently, Albà et al. [15] conducted a holistic 4E (Energy, Exergy, Economic, Environmental) analysis on low GWP refrigerants, integrating statistical methods with advanced equations of state to evaluate the effect of design factors on the energy and exergy performance of air-conditioning cooling cycles. The results demonstrated the potentiality of R1234ze(E) and R1225ye(Z) in terms of environmental, safety, and technical criteria in basic cooling cycles under specific operating conditions, highlighting their appropriateness for low-medium temperature applications.

Also, Al-Rbaihat et al. [16] presented a detailed analysis of energy and exergy on a single-effect solar ammonia–water (NH3–H2O) absorption refrigeration cycle (ARC) using TRNSYS and EES software. The results showed that the generator is the main source of exergy destruction in all operating conditions, highlighting its crucial role in ARC, while the exergy destruction from the precooler, pump, and expansion valves was negligible in comparison.

Despite the extensive body of literature on the subject, there appears to be a notable absence of comprehensive exergy analyses for SP-VCR systems using R1234ze(E) fluid as an alternative to R134 refrigerant for cooling purposes. This study seeks to fill the identified gaps in existing research. Moreover, the utilization of PV solar energy to power refrigeration systems represents a burgeoning area of exploration and innovation, particularly in regions abundant in sunlight and isolated areas lacking access to the electrical grid.

The main purpose of this paper is to assess the exergy performance of a SP-VCR system in the Ghardaïa region of southern Algeria. Two working fluids have been investigated and compared: HFC high-GWP refrigerant, R134a, and HFO low-GWP refrigerant, R1234ze(E), recently introduced as a more environmentally friendly alternative.

Despite existing studies in related areas, there is a notable absence of detailed exergy analyses specifically targeting this combination of solar energy and refrigeration technology and highlighting its advantages over traditional refrigerants. By addressing this gap, the study contributes to the emerging field of utilizing PV solar energy for refrigeration, particularly in regions with abundant sunlight, and isolated sites not connected to the electricity network.

In addition, this research provides the scientific community with valuable insights into optimizing refrigeration system performance and reducing environmental impact by adopting eco-friendly refrigerants. Potential prospects of the proposed research include enhanced energy efficiency, reduced operational costs, and improved regulatory compliance for industrial refrigeration applications. By fostering sustainable development in refrigeration technology, this study supports the transition to greener alternatives and contributes to the broader goal of environmental sustainability.

2  Materials and Methods

2.1 System Description

Fig. 1 illustrates the main elements of the SP-VCR system under study. At the core of this system are PV panels, which capture sunlight and convert it into electricity through the photovoltaic effect. As sunlight strikes the solar cells, they generate DC electricity, which is then converted into AC by an inverter, making it suitable for powering the components of the refrigeration system. The controller manages energy flow by regulating solar energy input, optimizing battery charging and discharging, and maintaining system performance through temperature and load management. It also monitors system status, detects faults, and provides user interface functionalities.
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Figure 1: Pictorial and schematic diagrams of the solar-powered vapor compression refrigeration system

The battery stores excess solar energy for use during low solar radiation periods or at night, ensuring uninterrupted power supply and voltage stability. Together, they enable efficient energy utilization, continuous operation, and extended system lifespan, making the system effective in both grid-connected and off-grid settings.

Central to the operation of the system is the VCR cycle, comprising a compressor, condenser, expansion valve, and evaporator. The compressor plays a crucial role in compressing the refrigerant vapor, raising its pressure and temperature. The high-pressure, high-temperature vapor then flows to the condenser (2), where it releases heat to the surroundings and condenses into a liquid. This liquid refrigerant (3) passes through the expansion valve, which reduces its pressure and temperature before entering the evaporator. In the evaporator, the refrigerant (4) absorbs heat from the cooling space, causing it to evaporate and provide cooling. The vaporized refrigerant (1) is then drawn back into the compressor to repeat the cycle (Fig. 2).
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Figure 2: Pressure-enthalpy diagram of a vapor compression refrigeration cycle

2.2 Site Description

Ghardaia is located in the M’zab Valley, an oasis region nestled within the northern Sahara Desert of Algeria at 32.26° N latitude and 03.46° E longitude. The climate of Ghardaia is predominantly desertic, with hot, dry summers and mild winters. Average temperatures range from highs of 40°C in summer to lows of 5°C in winter. Despite the searing temperatures, evenings provide little respite, with nighttime lows rarely dropping below 25°C, contributing to the persistent feeling of warmth.

Rainfall in Ghardaia is exceedingly rare, with the city experiencing minimal precipitation throughout the year. The region receives less than 100 millimeters of rainfall annually, most of which occurs sporadically during the winter months. These infrequent showers are often short-lived and provide only temporary relief from the arid conditions. As for solar radiation, the highest monthly value occurs in July as shown in Fig. 3 [17]. Therefore, the month of July has been chosen for the present study as it was found to be the hottest month of the year from the real measured data.

[image: images]

Figure 3: Monthly solar irradiation and monthly average daily ambient temperature for the region of Ghardaïa [17]

2.3 Working Fluids

R134a, also identified as 1,1,1,2-Tetrafluoroethane, carries the chemical formula CH2FCF3 and falls within the HFC family of refrigerants. This colorless, odorless gas exhibits a higher boiling point (–26.3°C) and critical temperature (101°C) in comparison to R1234ze(E), rendering it suitable for medium-temperature refrigeration applications. However, its environmental profile differs from R1234ze(E) due to a relatively high GWP of approximately 1430 over 100 years, contributing significantly to global warming when released into the atmosphere. Despite this, R134a boasts zero ozone depletion potential (ODP). Historically, R134a has found extensive usage as a refrigerant in automotive air conditioning systems, residential and commercial refrigeration, and heat pump applications. Nonetheless, growing environmental concerns and regulatory pressures have prompted a transition towards more sustainable alternatives such as R1234ze(E), advocating for reduced environmental impact in cooling technologies [18].

R1234ze(E) is an HFO refrigerant with the chemical formula CH2=CFCF3. As a member of the HFO family, R1234ze(E) is engineered to possess a low GWP and ODP, rendering it environmentally benign. This colorless gas exhibits a slightly sweet odor and boasts a low boiling point of –19.4°C, coupled with a moderate critical temperature of 93.3°C, rendering it suitable for diverse refrigeration and air conditioning applications. Of notable environmental significance is its remarkably low GWP, estimated to be less than 1, a stark contrast to conventional HFC refrigerants like R134a. Consequently, R1234ze(E) makes negligible contributions to global warming and ozone depletion, positioning it as a favorable alternative in mitigating environmental impact. Its applications span commercial and industrial refrigeration systems, air conditioning units, heat pumps, and chillers, driving its adoption in various sectors seeking sustainable refrigeration solutions [19].

The main thermophysical properties of R134a and R1234ze(E) refrigerants are presented in Table A1 [20].

3  Exergy Analysis

The detailed energy analysis of the studied SP-VCR system has been performed in previous work by Selloum et al. [21] using the following assumptions:

-   Steady-state operation

-   Reversible heat transfer

-   Polytropic compression

-   Negligible variations in kinetic and potential energy

-   Insignificant pressure drops

-   Constant cooling capacity

The key operational parameters, that govern the SP-VCR cycle’s performance are given in Table A2.

Exergy analysis utilizes principles from the first and second laws of thermodynamics. It identifies losses within both the entire system and its components, offering insights into potential thermodynamic enhancements [22]. The specific exergy flow can be precisely defined as:

ex=[(h−h0)−T0(s−s0)](1)

where h0 and s0 are the specific enthalpy and entropy of the fluid, respectively at the environmental conditions T0 and P0.

The total exergy balance, presented in a rate form, is described as [23]:

∑in(1−T0Ti)Q˙i+W˙in+∑inm˙iexi=∑out(1−T0Ti)Q˙i+W˙out+∑outm˙iexi+Ex˙D(2)

Exergy efficiency serves as a critical metric for assessing the thermodynamic effectiveness of a system or its components. Generally, exergetic efficiency is defined as [24]:

ηex=∑E˙xout∑E˙xin=1−∑Ex˙D∑E˙xin(3)

where: ∑E˙xout, ∑E˙xin and ∑Ex˙D are the total exergy recovered, supplied, and destructed, respectively.

3.1 Exergy Analysis of the VCR System

The exergy of the refrigerant circulating within a refrigeration system is defined as follows [25]:

Ex˙=m˙r[(h−h0)−T0(s−s0)](4)

Exergy destruction, also known as internal exergy destruction losses resulting from system irreversibilities, is determined by the algebraic sum of total exergy at both the inlet and outlet of the system. The general exergy balance equation is given by [26]:

Ex˙D=E˙xin−E˙xout(5)

The equations describing exergy destruction and exergetic efficiency within each component of the VCR cycle are as follows [27]:

a) Evaporator:

(Ex˙D)evap=E˙x4+Q˙e(1−(T0Tb))−E˙x1(6)

b) Compressor:

(Ex˙D)comp=E˙x1+W˙comp−E˙x2(7)

c) Condenser:

(Ex˙D)cond=E˙x2−E˙x3(8)

d) Expansion valve:

(Ex˙D)exp=E˙x3−E˙x4(9)

The overall exergy destruction within the system results from the combined exergy destruction occurring in each of its components. The total exergy destruction in the VCR cycle is expressed as follows:

∑(Ex˙D)=(Ex˙D)evap+(Ex˙D)comp+(Ex˙D)cond+(Ex˙D)exp(10)

For a VCR system, the exergy efficiency is determined by the ratio of the exergy absorbed in the evaporator from the cooled space at the temperature Tb to the actual compressor work input (W˙comp) [28]:

ηex=|Q˙e(1−T0Tb)|W˙comp(11)

3.2 Exergy Analysis of Photovoltaic Panels

The comprehensive expression of the exergy equation for an open system assuming steady-state conditions, derived from the first law of thermodynamics, can be formulated as [29]:

Ex˙in=E˙xout−E˙xloss(12)

The efficiency of energy conversion in the solar PV system is determined using the following equation [30]:

ηenergy=Voc×Isc×FFA×G(13)

The maximum power output of the solar PV is given by:

Pmax=Voc×Isc×FF=Vmp×Imp(14)

The exergy efficiency of the PV module is defined as the proportion of the exergy obtained from the solar PV (exergy output) to the exergy of the solar radiation (exergy input) [31]:

ηex=E˙xoutE˙xin(15)

The input exergy of a photovoltaic (PV) system comprises solely the exergy derived from solar radiation intensity [31,32]:

Ex˙in=A.G[1−43(TaTs)+13(TaTs)4](16)

The exergy generated by the PV system can be determined by considering the outlet exergy, which encompasses both thermal and electrical exergies [33]:

Ex˙out=E˙xthermal−E˙xelectrical(17)

The exergy associated with thermal energy is given by:

E˙xthermal=Q˙(1−TaTm)(18)

where:

Q˙=UA(Tm−Ta)(19)

The total heat loss coefficient of a PV module includes losses from both convection and radiation:

U=hconv+hrad(20)

The convective heat transfer coefficient is defined as [34]:

hconv=2.8+3Vw(21)

The radiative heat transfer coefficient between the PV array and its surroundings [34]:

hrad=εσ(Tsky+Tm)(Tsky2+Tm2)(22)

The effective sky temperature is calculated as [34]:

Tsky=Ta+6(23)

The PV module’s temperature can be determined based on the NOCT (Nominal Operating Cell Temperature) value [35]:

Tm=Ta+(NOCT−20)G800(24)

The electrical exergy contained within the generated electrical power of the PV module is expressed as [36,37]:

E˙xelectrial=Voc×Isc×FF(25)

The solar PV module technical specifications are given in Table A3.

The governing equations have been implemented and solved in the MATLAB environment. The framework of the numerical model was validated in a previous work [21] against experimental data. The procedure (algorithm) used for the calculations follows the flow chart in Fig. 4.
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Figure 4: The procedure (algorithm) used for the SP-VCR system calculation

4  Results and Discussion

4.1 Exergy Analysis of the PV System

The climatic data used in this study (ambient temperature and solar radiation) were measured at the meteorological station situated in the Renewable Energy Applied Research Unit (URAER), Ghardaia. Fig. 5 depicts the input exergy and electrical exergy of the PV module on 21 July. It is obvious from this figure that the electrical exergy generated by the PV module is significantly lower than what could potentially be obtained, primarily due to substantial exergy loss resulting from the irreversibility of the SP-VCR system, such as thermal losses, optical losses, and non-ideal behavior of PV materials. The input exergy pattern closely tracks the global irradiance, with larger differences observed at higher irradiance levels. This signifies that the solar exergy, driven by the sun’s high temperature, holds significant potential for performing useful work. it can be also observed that solar irradiation and exergy input rise as sunlight intensifies, peaking around noon. Following this peak, they gradually decline as evening approaches, with minimal to no solar energy influence between 8:00 PM and 4:00 AM.

[image: images]

Figure 5: Hourly variation of solar radiation intensity and input exergy

Fig. 6 illustrates the fluctuation of exergy efficiency and input exergy on the PV module. The exergy efficiency of the PV system remains relatively modest, reaching its highest point at noon with a value of 33.05%, considerably lower than the theoretically ideal 100% reversible process. This inefficiency is attributed to the irreversible nature of the PV conversion process, leading to a notable dissipation of incident solar exergy on the module. Despite the widespread use and advantages of conventionally available silicon modules, like mono-crystalline silicon, they still incur substantial exergy losses. Notably, mono-crystalline silicon cells, employed in this study, offer the highest efficiency among the three most common crystalline silicon cell technologies, reaching up to 20%. Additionally, it is observed that the exergy efficiency of the PV module rises as solar intensity increases.

[image: images]

Figure 6: Hourly variation of input solar exergy and exergy efficiency

Fig. 7 displays the distribution of exergy loss, electrical exergy, exergy input, and thermal exergy on 21 July. As shown in this figure, the trend of the loss exergy variation follows that of the input exergy, and the relative loss of exergy exceeds 66% at noon. This substantial loss highlights the inefficiency in harnessing the high exergy content of sunlight by current silicon modules. The exergy efficiency of conventional silicon solar PV panels is notably low due to the low quality of the output energy, leading to significant exergy losses within the panels. The maximum values of electrical exergy and thermal exergy of the SP-VCR system are 9145 and 7506 W, respectively. The electric efficiency is higher than thermal efficiency, which means that most of the heat has been wasted and absorbed by the solar panel.
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Figure 7: Hourly variation of exergy loss, electrical exergy, exergy input, and thermal exergy

Fig. 8 shows the hourly changes in energy and exergy efficiencies of the SP-VCR system. It can be seen that the maximum energy and exergy efficiency values at noon are 21.12% and 33.05%, respectively. As temperature increases, the exergy efficiency increases while the energy efficiency drops due to heat losses from the system. The results agree with the findings of Oruc et al. [38]. It can also be seen that the exergy efficiency is much higher than the energy efficiency because of the substantial degradation of energy quality imposed by the second law of thermodynamics. To achieve optimal energy and exergy efficiencies, it is imperative to maintain the temperature of the PV module close to its operating temperature, which essentially means controlling the PV module temperature through surface cooling using either water or air.
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Figure 8: Hourly variation of energy and exergy efficiencies

4.2 Exergy Analysis of the VCR System

Fig. 9 illustrates how the exergy efficiency of the VCR system is influenced by ambient temperature for both refrigerants R134a and R1234ze(E). The exergy efficiency increases as ambient temperature rises due to the increased compressor work. However, R1234ze(E) exhibits higher exergy efficiency compared to R134a with maximum values of 28.06% and 14.95%, respectively. The lower irreversibility observed when using R1234ze(E) compared to R134a can be attributed to several factors. First, R1234ze(E) exhibits more favorable thermodynamic properties such as lower pressure ratios and higher volumetric efficiencies, which result in reduced thermodynamic losses during compression and expansion processes. In addition, R1234ze(E) demonstrates superior heat transfer performance, particularly at higher temperatures, leading to more efficient heat exchange in the evaporator and condenser and minimizing irreversibility associated with heat transfer processes. These results are in agreement with previous findings from other studies [8,27].
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Figure 9: Variation of exergy efficiency of the VCR cycle with ambient temperature (Tev=0∘C)

Fig. 10 illustrates the changes in exergy efficiency with evaporating temperature for both R134a and R1234ze(E) refrigerants in the VCR cycle. As the evaporating temperature increases, the exergy efficiency decreases due to the decrease of the compressor work and the increase of heat transfer in the evaporator. The trend is the same for both refrigerants. However, the irreversibilities within the R1234ze(E) cycle are notably lower compared to that of R134a, as shown in Fig. 11. The average second-law efficiency increase is about 45% when using R1234ze(E) in the VCR cycle. The average exergy destruction for R1234ze(E) is around 55% smaller than R134a.
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Figure 10: Variation of exergy efficiency of the VCR cycle with evaporating temperature
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Figure 11: Variation of total exergy destruction of the VCR cycle with evaporating temperature

The exergy destructions of the main components of the VCR system are compared in Fig. 12 for Tev=0∘C at noon on July 21 using both studied refrigerants. It can be seen that the compressor exhibits the highest exergy destruction, followed by the condenser, expansion valve, and evaporator. For R1234ze(E) fluid, the total irreversibility is 0.57 kW, distributed as follows: compressor 40.71%, condenser 25.77%, expansion valve 20.07%, and evaporator 13.45%. On the other hand, the total irreversibility for R134a refrigerant is 0.82 kW, with 65.09% occurring in the compressor, 18.04% in the condenser, 10.50% in the expansion valve, and 6.37% in the evaporator.
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Figure 12: Exergy destruction in each component of the VCR cycle

Therefore, improving the compressor’s efficiency will have the most significant impact on reducing overall system irreversibility and enhancing exergy efficiency. This can be achieved by implementing advanced designs like variable-speed or multi-stage compressors, using materials with superior thermal properties and durability, optimizing lubrication systems to reduce friction losses, maintaining a rigorous maintenance schedule to ensure peak performance, and integrating heat recovery systems to utilize waste heat. These measures will collectively reduce energy losses and improve the compressor’s efficiency, leading to a more efficient and effective overall system.

Fig. 13 depicts the comparative irreversibility of individual components when utilizing R134a and R1234ze(E), respectively. Across all components and the whole system, R1234ze(E) exhibits lower irreversibility compared to R134a. Specifically, the improvements made with R1234ze(E) are 71.95% for the compressor, 39.13% for the condenser, 15.38% for the expansion valve, 5% for the evaporator, and 54.76% for the overall system.
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Figure 13: Relatives irreversibilities for different components

4.3 Industrial Implication

The findings of this study have significant industrial implications, particularly for sectors reliant on refrigeration systems, such as food storage, pharmaceuticals, and chemical processing. The demonstrated exergy efficiency improvements with R1234ze(E) as a replacement for R134a highlight several key advantages for industrial applications. Firstly, the substantial improvements in exergy efficiency, especially the 71.95% enhancement in compressor performance, indicate a considerable reduction in energy consumption. This can lead to lower operational costs for industries, which is crucial given the high energy demand for refrigeration systems. Reduced energy consumption translates directly into cost savings, making operations more economically viable.

Moreover, the adoption of R1234ze(E) aligns with global efforts to reduce greenhouse gas emissions and combat climate change. By demonstrating lower irreversibility and improved overall system efficiency, this study supports the transition to eco-friendly refrigerants. This shift can help industries meet environmental regulations and sustainability goals, thus reducing their carbon footprint and contributing to global environmental conservation efforts.

Additionally, the enhanced efficiency and reduced exergy destruction across system components (compressor, condenser, expansion valve, and evaporator) suggest that systems using R1234ze(E) may experience less wear and tear. This can lead to extended equipment lifespan, reduced maintenance needs, and lower replacement costs, which are significant considerations for industrial operations. Longer-lasting equipment and less frequent maintenance can improve operational reliability and reduce downtime.

Furthermore, with increasing regulatory pressures to phase out high-GWP (Global Warming Potential) refrigerants like R134a, the industrial adoption of R1234ze(E) can facilitate compliance with environmental standards and avoid potential penalties. The demonstrated performance benefits provide a strong case for industries to invest in retrofitting or upgrading their existing systems, ensuring they stay ahead of regulatory changes and avoid costly fines.

Also, industries that adopt advanced, eco-friendly refrigeration technologies can enhance their market competitiveness by promoting their commitment to sustainability and energy efficiency. This can be a significant differentiator in markets where consumers and stakeholders increasingly value environmental responsibility. Companies can leverage their green credentials to attract environmentally conscious customers and investors.

Finally, the study’s methodology and findings can spur further research and innovation in the development of next-generation refrigeration systems. Industries can leverage these insights to explore new designs, materials, and technologies that further enhance efficiency and sustainability. Continuous innovation can lead to the development of even more advanced refrigeration systems, driving progress in industrial cooling applications.

5  Conclusion

In this paper, exergy analysis was conducted on a SP-VCR system situated in the Ghardaïa region of southern Algeria using MATLAB software programming. In addition, a performance comparison has been performed between two working refrigerants: R134a and its potential alternative, R1234ze(E). The following are the conclusions drawn from the present study:

•   Environmental conditions have significant effects on exergy loss, electrical exergy, exergy input, and thermal exergy of the SP-VCR system.

•   The maximum values of electrical exergy and thermal exergy of the SP-VCR system are 9145 and 7506 W, respectively.

•   The exergy efficiency of the PV modules is very low (33.05%) indicating that current silicon modules use only a small portion of the considerable exergy content present in solar radiation.

•   The maximum energy and exergy efficiency values at noon are 21.12% and 33.05%, respectively.

•   The exergy efficiency of the SP-VCR system increases with rising ambient temperature and is notably higher with R1234ze(E) compared to R134a.

•   The exergy efficiency of the refrigeration system decreases as the evaporating temperature rises, with R1234ze(E) displaying superior performance over R134a.

•   Exergy destruction is primarily attributed to the compressor, followed by the condenser, expansion valve, and evaporator.

•   R1234ze(E) refrigerant exhibits higher exergy efficiency compared to R134a with maximum values of 28.06% and 14.95%, respectively.

Finally, despite its modest exergy efficiency and notable exergy destruction, a SP-VCR system using low GWP refrigerants remains a promising environmentally friendly solution, especially for remote locations with ample solar radiation. Furthermore, Enhancements in system design and component characteristics are pivotal for minimizing irreversibilities, particularly within the solar PV panels, which contribute significantly to overall system irreversibilities. Therefore, it is crucial to maintain the PV module temperature close to its operational level to optimize the exergy efficiency of the entire system.
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Table Al: Refrigerant properties of R134a and R1234ze(E)

Property R134a R1234z¢(E)
ASHRAE safety classification Al A2L

ODP (Ozone depletion potential) 0 0

GWP (Global warming potential) 1430 7

Critical temperature (K) 247.08 253.88
Critical pressure (kPa) 4059.28 3623.90
Specific heat ratio (y) 1.12 1.101
Vapor density (kg-m™) 14.35 11.65
Liquid density (kg-m~) 1295 1240

Latent heat of vaporization (kJ-kg™) 198.72 184.28
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Table A3: Solar PV module technical specifications

Parameter Value

PV panel efficiency 21.5%

Peak power of the unit photovoltaic field 580 W

NOCT 43°C

PV panel emissivity 0.9

Open circuit voltage (V,,) 46.3V

Short circuit current (Z,,) 1594 A

Number of photovoltaic cells 132

Maximum circuit voltage (V,,) 39V

Maximum circuit current (Z,,) 14.86 A

Dimensions 2384 mm x 1134 mm x 35 mm
Weight 29.1 kg

Module surface 2.703456 m?

Fill Factor 0.7859

Stefan Boltzmann constant (o) 5.67 x 10~* W/m* K*
Sun temperature 5780 K
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Table A2: Operating parameters of the VCR system

Parameter Value

Nominal cooling capacity 2 kW

Evaporating Temperature 0°C

Condenser temperature approach 15K

Superheat SK

Subcooling SK

Electric motor efficiency 95%

Belt transmission efficiency 100% (direct transmission)
Compressor mechanic efficiency 80%

Polytropic efficiency 75%
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