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Abstract: In the present work, a novel Organic Rankine Cycle (ORC) configuration is used for a low-grade heat source cogeneration plant. An investigation is conducted accordingly into the simultaneous production of electricity and cold. The proposed configuration relies on concentrated solar power (as heat source) and ambient air (for cooling). Furthermore, two gas ejectors are added to the system in order to optimize the thermodynamic efficiency of the organic Rankine cycle. The results show that the thermodynamic and geometric parameters related to these ejectors have an important effect on the overall system performances. In order to account for the related environmental impact, the following working fluids are considered: HCFC-124, HFC-236fa, HFO-1234yf and HFO-1234ze. As shown by the numerical simulations, the fluid R1234yf presents the minimal heat consumption and therefore provides an optimal thermal efficiency for the ORC cycle (which is around 29%). However, the refrigerant R236fa displays the highest refrigeration performances with a performance coefficient reaching a value as high as 0.38.
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Nomenclature



	COP
	Coefficient of performance



	GWP
	Global warming potential



	ℎ
	Mass enthalpy (kJ/kg)



	M
	Mass flow rate (kg/s)



	ODP
	Ozone depletion potential



	Q
	Heat power (kw)



	W
	Mechanical power (kw)



	η
	Efficiency




1  Introduction

Many researchers have developed several technologies to improve the energy efficiency of the combined power and refrigeration cycles [1–4] by utilizing renewable energy resources [5–7]. The Organic Rankine Cycle is well-known for being an efficient and well-suited thermal conversion technique for renewable energy applications such as geothermal [8], biomass [9], waste heat recovery [10] and solar energy [11].

In particular, solar-powered ORC technology is considered a competitive system, when operating at lower temperatures offers a lower investment cost. In the other hand, in order to achieve better energy efficiency, scholars used the ORC system for the cogeneration plants [12].

Amiri Rad et al. [13] investigated several heat sources with temperatures ranging from 120°C to 300°C, as well as the matching input temperature and pressure to the turbine, in order to find the best working fluid for ORC. They investigated many organic working fluids based on total exergy efficiency and discovered that the optimal working fluid and operating pressure for operating temperatures of 120°C, 150°C, 200°C, 250°C, and 300°C are R245fa at 6.24 bar, R152a at 2.75 bar, R141b at 8.48 bar, Benzene at 4.52 bar and water at 3.99 bar, respectively.

Sanaye et al. [14] compared ORC to Series two stage ORC and Parallel two stage ORC. They discovered that STORC generates 8.5 percent more power than ORC, but PT-ORC generates 0.3 percent less. Finally, ST-ORC was proven to boost power generation by 13.1 percent while reducing heat exchanger size by 27.9% when compared to dual cycle ORC.

Surendran et al. [15] evaluated the energetic, exergetic, and economic performance of a two-stage serial organic Rankine cycle with a double heat source and realized that it is better adapted for low-temperature heat sources, has lower power generation costs, and a shorter payback period than a two-stage serial ORC system with a single source of heat.

Wang et al. [16] investigated the utilization of gas engine exhaust waste in the operation of ORC and ERC. The cooling created by ERC was used to cool the transformer oil, improving its performance. Based on their findings, a 1.95 GW engine can typically generate 225 kW of electricity while the oil temperature is dropped by 20°C, increasing the transformer performance by 20%.

Using zeotropic mixtures, Zhu et al. [17] developed a unique ejector heat pump coupled with an organic Rankine cycle combined cooling, heating, and power system (ORC-CCHP). R141b/R134a (0.55/0.45) offers power efficiency of 4.21%, refrigeration efficiency of 14.6%, and COP of 1.12 with an optimal entrainment ratio of 0.2 and generator temperature of 78°C, which are much greater than those of pure R141b or R134a.

Moreover, based on research [18], CSP technology such as parabolic troughs is ideal for ORC plants and can offer a temperature of the heat source up to 300°C.

In this work, a novel ORC-ERC system is proposed using two gas ejectors. Several parameters were studied to highlight their influence on the system performance. On the other hand, a comparative study is developed to determine the best working fluid for the cogeneration plant.

2  System Description

A combined heat and power plant based on the ORC cycle is introduced in this paper and guarantees the output of energy and cooling simultaneously. An energy study is carried out by taking the following hypotheses into account:
-   The adiabatic processes of the gas ejectors are postulated.

-   All cycle processes have achieved a state of equilibrium.

-   Kinetic and potential energies fluctuate insignificantly.

-   The decrease of the heat exchanger pressure is insignificant.

-   The fluid expansion process in the valve is isenthalpic.

-   The heat losses into the environment are low.

Similar to the conventional Rankine cycle, an organic Rankine cycle operates by using an organic fluid rather than water. This adjustment provides many benefits that will be addressed in this paper later.

Concentrating solar power is a well-established technology in which the light of the sun is reflected into a linear or punctual collector, transmitting heat through the vapor generator to the working fluid. This heat is then used in the proposed system to generate electricity and refrigeration. In fact, concentrated solar power technologies are classified into three types: parabolic dish, solar tower, and parabolic trough. Punctual concentration systems such as parabolic dishes and solar towers present a high heat source temperature. The Stirling engine, the steam cycle and the combined cycle are the best power systems for these technologies. However, since the organic Rankine cycle is operating at a low temperature, the Parabolic trough collector is considered as the best candidate. This technology offers a low heat source temperature (300°C–400°C) and requires a lower investment cost. The process, however, is cooled by the ambient air.

As seen in Fig. 1, the structure of the proposed system is created by coupling a modified organic Rankin cycle with an ERC process using a high-pressure turbine and a low-pressure turbine. The compressor is substituted by two gas ejectors to save energy usage compared to traditional refrigeration cycles. In fact, a gas ejector is simply able to thermally compress the secondary flow which presents a relatively low pressure by using the high-pressure primary flow.
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Figure 1: Schematic of the proposed plant

In reality, the ejector uses convergent-divergent chamber to transform enthalpy to velocity and therefore the secondary fluid is entrained by the primary fluid. The mixture fluid is recompressed at medium pressure in the diffuser chamber. Fig. 2 displays the schema of the gas ejector.
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Figure 2: Schema of the gas ejector

3  Fluid Selection

The choosing of the working fluid has a significant influence on the efficiency of the cogeneration plant. Initially, the working fluid has to be suited to the heat source temperature of the plant. Since the proposed system is operating at low temperature, the refrigerants are the best candidates. In addition, their vapor saturation curve in the T-s diagram has a positive slope, indicating that they are dry fluids [19]. As a result, the humidity created by expanding the gas in the turbine is prevented. The environmental implications, on the other hand, must be considered by selecting a fluid with a low ozone depletion potential ODP and a low global warming potential GWP [20,21]. Table 1 presents the criteria of the chosen fluids.
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4  Modelling

The Aspen Hysys software was utilized to model of the proposed cycle in this study. In order to evaluate the effectiveness of the framework, the Peng Robinson model (1) was used for the thermodynamic calculations because it is strongly suggested, necessary and quite indispensable for the two phases fluid balance calculations at hydrocarbon pressure.


P=RTVm−b−a(T)Vm2−2bVm−b2
(1)

where 
a(T)=a∗R2Tc2Pcα(T)
and 
b=b∗RTcPc

However, the data of this study has revealed that the addition of the gas ejectors influence the efficiency of the cogeneration plant by means of the entrainment ratios of these gas ejectors. The expressions of the entrainment ratios are shown in Table 2.
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The formulas in Table 3 are used to perform an energetic assessment on the combined cycle power plant.
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5  Results and Discussions

The results of this simulation are validated with a previous work using a similar cogeneration plant [24]. The comparison of results is illustrated in Table 4 where the refrigerant R123 is used as working fluid.
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According to the results obtained in this study, the entrainment ratio of the ejector 2 and the outlet pressure of the HP turbine have an effect on the ORC thermal efficiency, as shown in Fig. 3.
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Figure 3: ORC efficiency as a function of entrainment ratio U2 and HP turbine outlet pressure

The increase of the entrainment ratio U2 has improved the ORC efficiency. However, by increasing the HP turbine outlet pressure, net power output decreases and therefore ORC performance is reduced. On the other hand, the fluid R1234yf presents the highest efficiency in comparison to other working fluids. In addition, the pressure and temperature of the vapor generator have a great influence on the system performance. As shown in Fig. 4, the increase of the pressure and temperature of the vapor generator provoke an enhancement in the ORC performance. In fact, the ORC efficiency for the R1234yf has reached a maximum of 29%.
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Figure 4: ORC efficiency as a function of the pressure and the temperature of the vapor generator

However, refrigeration performance is affected by the evaporator pressure, as shown in Fig. 5.
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Figure 5: COP as a function of evaporator pressure

In fact, as we increase the evaporator pressure, the evaporator temperature increases as well. However, at the same pressure, each working fluid has a different temperature. Therefore, the refrigerant R236fa has the maximal COP but eventually all the chosen fluids reach approximately the same value at different pressures.

Besides, Fig. 6 shows the effect of the Entrainment ratio U1 on the refrigeration performance.
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Figure 6: COP as a function of entrainment ratio U1

As plotted in Fig. 6, COP has enhanced by increasing the entrainment ratio U1. This is due to the fact the mass flow rate in the evaporator has increased and the mass flow rate in the vapor generator has decreased. Therefore, refrigeration power has increased while the heat consumption has reduced. In fact, in this case, the COP is proportional to entrainment ratio U2. Also, the working fluid R236fa has reached a maximal COP near 0.38.

6  Conclusions

The energy analysis developed in this study is carried out by taking into account the influence of the gas ejector parameters. Results have shown that the combination of two ejectors has increased the global performance of the system. In addition, the heat recuperators installed in the system have helped to save energy by recovering the extracted heat from the gas ejector. However, a comparative analysis of the chosen fluids revealed that R1234yf presented the optimal ORC efficiency, whereas R236fa had the best COP.

In fact, the fluid R1234yf presents the minimal heat consumption and therefore has the optimal thermal efficiency of the ORC cycle which is around 29%. However, the refrigerant R236fa presented the highest refrigeration performance where the COP has reached almost 0.38.

In order to more improve the performance of the proposed cogeneration plant, an exergy study is needed to complete this analysis which will help understand better which component is the most responsible for energy loss and how to reduce the system irreversibility.
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Table 1: Criteria of the chosen fluids [22]

Refrigerant Critical temperature (°C) Critical pressure (Bar) GWP ODP
R124 124,5 36,6 609 0.02
R236fa 122,92 32,192 9810 0
R1234yf 94,7 33,82 4 0
R1234ze 109,36 36,62 6 0
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Table 3: Energy modelling of the cogeneration plant

Component\Efficiency Equation

Vapor generator Qg =my(hs—hy)

Evaporator QO =ma(h13—hy2)

Condenser Ocp=m(h; —h7)

HP turbine W =mq(he— hs)

LP turbine Wry = mi2(hea — hea)

Pump Wp=mi(h3 = hy)
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Valve hi2=hn

IHE1 mi1(hepp — hepa) = mi1(hs — hy)
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Energy efficiency of the ORC cycle 1npopc = Wr 1+Zg 2= We

Coetlicient of performance COP = %
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Table 4;: Model validation

Present work Ref work

Vapor generator temperature (K) 413 413
Condensation temperature (K) 293 293
Refrigeration temperature (K) 263 263
Heat consumption (Kw) 1244 1246.96
Refrigeration power (Kw) 59.96 60.44
Turbine power (Kw) 114.1 114.14
Pump power (Kw) 3.344 3.45
ORC efficiency (%) 8.90 8.8

COP 0.482 0.485
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Table 2: Thermodynamic parameters of the ejector [23]

Symbol Parameter Expression

U, Entrainment ratio of ejector 1 m; /m;

U, Entrainment ratio of ejector 2 my; /my;
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