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Abstract. The large amount of energy consumption has attracted the attention to exploiting
renewable energy sources, the most significant of which are solar energy applications in hot
climates to meet the demands of cooling and power. The novelty of the present study lies in
applying transient exergy analysis to two ejectors and two evaporators in an ejector cooling
cycle. Furthermore, the study uses solar data specific to Tehran in Iran. Third, by absorbing
waste heat from the hot parts of the condenser, the thermoelectric generator system provides
the energy needed to run the pumping and electrical control systems, thereby creating a fully
autonomous system. Thermodynamic model have been designed using EES software. The
results of Sandia National Laboratory (SNL) and the National Renewable Energy Laboratory
(NERL) have validated the parabolic trough solar model. The comparison with the
experimental data collected by SNL during the LS-2 tests on the AZTRAK platform has shown
good agreement. Weather conditions were analyzed as transients using Meteonorm software.
The results show that the solar system produced the most heat in June and the least in
December, with 816 kW and 262.3 kW, respectively. Additionally, production power and
cooling in June are 5.9 kW and 86 kW, and in December: 2.7 kW and 28 kW. Regarding
exergy destruction percentages, the solar collector has 86% and the storage tank has 6.5%.

Keywords: Parabolic trough collector; Thermal energy storage; Ejector cooling cycle; Exergy
analysis; Dynamic study

1. Introduction

Iran uses several sources to produce its energy, such as nuclear, oil, natural gas, biomass, solar, etc.,
with proportions that vary from year to year. This is what is known as the energy mix. Renewable
energies (RE) are powered by the sun, wind, the heat of the earth, waterfalls, tides, etc. These sources
of energy, considered inexhaustible on the human time scale, do not generate waste or polluting
emissions. Renewable energy is important for the climate, for health, our economy, and for our
independence. For the climate: Renewable energies allow us to reduce our greenhouse gas emissions
to meet the climate emergency for health: the transformation of our energy production will have health
effects for our economy: the more renewable energies are developed, the more their price drops. The
development of solar refrigerators has been one of the main areas of applied research in recent years.
According to the International Institute of Refrigeration, air conditioning and refrigeration applications
account for 10-20% of the total electrical energy produced in the world [1].
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The objective of this article is to propose an alternative and clean solution to generate cold. We
have created a self-contained, reliable, and flexible system that uses the direct conversion of solar
thermal energy into cold. Iran's climate favors the use of these systems, since it has a good solar
potential. There are many studies in the literature that examine solar refrigeration systems, and more
specifically solar refrigeration systems with ejectors, that have become competitive with other
technologies (absorption, adsorption, etc.) because of their lower cost and simplicity. Pollerberg et al.
[2] have experimentally studied a solar-driven steam jet ejector chiller with a cooling capacity of 1
kW. They concluded that COP increases with decreasing condenser temperature. Vidal et al. [3]
performed a thermoeconomic optimization of the combined ejector/vapor compression system assisted
by solar energy. They found the COP value of the system equal to 0.89 for a cooling capacity of 10.5
kW. Bellos et al. [4] studied the energy and exergy performance of a new solar-powered refrigeration
system powered by evacuated tube collectors and uses R141b as a refrigerant. Their results clearly
showed that the suggested system performs better than a conventional ejector refrigeration system.
Salimpour et al. [5] performed an exergoeconomic analysis of four solar-driven steam ejector
refrigeration systems. The objective of their study was to thoroughly compare and discuss the
characteristics of each configuration to find the most efficient system. A novel solar-driven multi-
ejector refrigeration system with an internal heat exchanger is proposed and studied by Beyrami and
Hakkaki-Fard [6]. The results showed that the proposed new system can provide up to 94% of the
required cooling load for the building. Xu et al. [7] performed an energy comparison and an advanced
exergetic analysis for a novel solar-driven ejector-compression refrigeration system. The results of the
analysis show that the COP increased by 20.6% and its total annual cost was reduced by 7.8%,
compared to the traditional ejector compressor cycle.

2. Description of the proposed cycle

Figure 1 shows a schematic of the proposed system. There are four parts to the proposed system: a
solar collector field, a heat storage tank, an ejector cooling cycle with two evaporators, and a
thermoelectric generator (TEG) unit. In general, the system functions as follows: Solar energy is
absorbed in the collector loop as heat and transferred to the circulating fluid in the storage tank. The
collecting fluid then transmits the heat to the working fluid of the new refrigeration system to produce
cooling and power for users, and then returns to the collector. Also note that the storage tank provides
the necessary energy to run the refrigeration system during off-peak times (at night). The working
fluid receives heat from the heater, leading to vaporization of states 1 and 9. Subsequently, a
secondary fluid is ejected from the evaporator (states 2 and 10). Through the primary nozzle, the
working fluid under pressure enters the manifold, passes through the manifold, and drives the
secondary fluid from the evaporator. The two fluids then enter the second nozzle, where, after mixing,
they are compressed in the diffuser until the pressure of the TEG. A TEG unit is used instead of a
conventional condenser for cooling state 12. It also generates electricity. The condensation and
generation of power occur at a constant temperature. After leaving the TEG (state 13), the liquid splits
into two streams (states 4 and 14). The streams go through the expansion valves (states 5 and 15), then
evaporators so that cooling capacities can be provided at two different temperatures (5 ° € and -5 ° C).
The other streams enter the pumps (states 7 and 17) to be compressed and circulated to the heaters
(states 8 and 18).

3. Materials and Methods

3.1. Thermodynamic assumptions

Based on some assumptions, a solar-energy-powered power and cooling system is simulated using the
EES software [8]. According to these assumptions, the system operates in control volume, ignores
potential and kinetic energy changes, isenthalpic conditions are assumed prior to and after the
expansion valve, the evaporator and condenser outlets are saturated, and chemical exergy is not
experienced by the work fluids. Table 1 includes a list of the main input data for the proposed cycle
modeling. All the input data and methodology of solar collector and heat storage are collected from
Ref. [9,10].
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Figure 1. Schematic diagram of the proposed cooling and power cycle

doi:10.1088/1742-6596/2600/6/062009

Table 1. Input parameters for the thermodynamic simulation of the proposed system.

Parameter Value Ref
Thermal fluid per square meter of collector area (L/m?) 40 [10]
Wind speed (m/s) 2 [11]
Minimum temperature of stored tank (°C) 150 -
Reference pressure, P, (kPa) 101.3 [12]
Heater 1 temperature, Theqe 1 (°C) 110 [13,14]
Heater 2 temperature, Toq 2 (°C) 95 [14]
Evaporator 1 temperature, Tp,q 1 (°C) -5 [14]
Evaporator 2 temperature, T,,, , (°C) 5 [14]
The measured TEG efficiencies measured correspond, ZT,, 0.85 [15]

Terminal temperature difference of evaporator, TTD,,, (°C) 2

TEG temperature, Ty (°C)

Pump isentropic efficiency, npy (%)

38
0.75

[16]

[17]

3.2. Energy Analysis

The study of thermodynamic systems requires a thorough understanding of energy. Energy is always
constant and can be stored within a system or transferred between systems. Heat (Q ), work (%), and

mass flow (1), are all forms of energy that can enter or leave a system, following the conservation of
energy. Flows into and out of a control volume can be expressed as the following energy balance

(0 -0,)+ W =3 (i), - (h),)

Since this system is powered by Parabolic Trough Solar Collectors (PTSC), the numerical modelling
of this unit is discussed in greater detail. The PTSC has been modelled using energy balance in the

equation [18].

(1
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heat collector element (HCE) according to Ref. [9]. Figure 2 shows the one-dimensional steady-state
energy balance for a cross section of the HCE.
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Figure 2. A cross-sectional energy balance of the heat collector element (HCE) in one dimension [9].

As can be seen in Figure 2, the heat transfer fluxes pass through the HCE in the cross section. Detailed
energy analysis of the solar collector is reported in Ref. [9].

3.3. Exergy analysis

According to exergy analysis, even though energy is not destroyed, its quality always decreases during
various processes. By determining the reason for, location, and size of irreversibility that occur during
multiple processes, exergy analysis overcomes some of the weaknesses of energy analysis in systems
analysis and enables the designer to reduce them and improve system performance. For each
component of an energy system, including entrance energy (F), product energy (P), and destruction
energy (D), the exergy balance is as follows [19,20]:

Epy=Ep, +Ep; 2)
4. Results
4.1. Daily distribution of solar insolation
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Figure 3. Solar radiation and ambient temperature in Tehran for the average day of the entire year.

Fig. 3 shows the measured total solar radiation and the ambient temperature on Tehran in an average
day representing the whole year. According to this figure, solar radiation started at 10.8 W/m? at 06:00
and reached the maximum level of 676.7 W/m? at 13:00, then decreased to 18.9 W/m? at 19:00. These
solar radiation data were recorded under environmental conditions.

4.2. Thermal performance and efficiency of the collector

In Figure 4, Qu is the useful heat output, Qiead is the heat loaded, Qusist is the heat loss of the storage
tank, Tsr is the storage tank temperature and nprc is the collector efficiency of the PTC. It should be
noted that the collector efficiency is Qu divided by the total input solar energy, which can be found
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according to the solar radiation. The performances of the collector through solar and the storage tank
are shown in Fig. 4. One can see from Fig. 4 that the collector efficiency obviously increases at the
beginning and then, changes a little, remains about 70% for 7 hours. After 18:00, the collector
efficiency decreases until the collector cannot collect solar energy.
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Figure 4. Variation of the Thermal Efficiency and the water temperature inside the storage tank

The maximum energy storage rate is 1816 kW between 12:00 and 14:00, and then the energy
storage rate gradually decreases, which is due to the decrease in the heat source. When solar radiation
is insufficient (before 8:00 am), the temperature of the storage tank decreases until it reaches 150 ° C.
After that, the temperature of the storage tank continues to rise with the intensity of increase in the
solar radiation, until reaching the value of 243.5 °© C. After 18:00, the solar radiation intensity is
exceptionally low (Fig. 3), the heat collected is less than the heat load, and the temperature of the
storage tank drops again. At 1 am, the storage tank temperature is 196.8 ° C.

4.3. Thermodynamic performance

Table 2. Monthly Average Energy and exergy performance of the Proposed System

Units in kW Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec year
Useful solar energy 2955 | 389.4 | 5272 | 6584 | 760.6 | 821.9 | 8003 | 733.1 | 637.9 | 4733 | 334.8 | 267.7 | 556.7
Heat loss of storage tank 5.624 5.75 5.884 5.975 5.999 | 5.933 5.817 | 5.725 5.68 5.528 5.453 5.495 5.715
Loaded heat 289.9 | 383.7 | 521.3 | 6524 | 754.6 816 | 794.5 | 7273 | 6322 | 467.7 | 329.4 | 2623 551
Net output power 3.206 | 4.269 5.51 6.409 | 6.421 | 5915 | 5.076 | 4.857 | 4.692 | 3.955 | 3.152 | 2.774 | 4.956

Cooling capacity of EVA 1 8.771 11.61 15.77 19.74 | 22.83 | 24.69 | 24.04 | 22.01 19.13 14.15 | 9.965 | 7.935 16.67
Cooling capacity of EVA 2 22.27 | 29.47 | 40.05 | 50.11 57.97 | 62.68 | 61.03 | 55.87 | 48.57 | 35.93 253 | 20.15 | 4233

Fuel exergy of the cycle 393 515.7 | 697.6 | 869.5 1004 1087 1057 | 963.9 | 840.8 | 623.2 442 | 3548 | 735.7
Product exergy of cycle 20.84 | 25.68 | 30.05 | 32.62 | 30.49 | 2624 | 21.64 | 2042 | 22.33 | 20.84 [ 19.27 17.96 | 26.63
Exergy destruction of cycle 370 | 487.8 | 665.2 | 834.5 971 1058 1033 | 941.3 816.3 | 600.3 | 420.7 | 334.7 | 706.9
Lost exergy of the cycle 2.19 | 2257 232 | 2363 | 2356 | 2296 | 2213 | 2.156 | 2.141 2.064 | 2.049 2.1 2.192

The results of the monthly average energy and exergy analysis are depicted in Table 2. As expected,
the energy production of each month is strongly dependent on the sunny days of each month. The
highest load heat value is obtained in June with 816 kW and the second highest in July with 794.5 kW.
The lowest cooling and power production rates are achieved during the winter months, when solar
irradiation is not sufficient. More specifically, the lowest loaded heat is observed in December with a
value of 262.3 kW.

5. Conclusion

The present study proposed and modeled a solar system with a storage tank to provide cooling
throughout the year. Cooling demand is needed throughout the year in hot and arid regions for residential
buildings. Using energy and exergy analyses, the proposed system was evaluated. According to the
results, the lowest production exergy was achieved in December and November (17.96 and 19.27 kW)
and the highest in April and May (32.6 and 30.05 kW). July and June were the months when the system
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produced the highest cooling capacity of 87.37 and 85.07 kW, respectively. Furthermore, June and July
were the months of highest exergy destruction (1058 and 1033 kW). So, the seasonal variations are
acceptable since the transient results have changed according to the solar radiation.
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