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This paper presents the simulations and experiments for the development of a hybrid and reversible mobile air conditioning, organic Rankine cycle (ORC), and ejector refrigeration cycle (ERC) system. This flexible and compact system may be the solution to the introduction of waste heat recovery in passenger cars. The cycle fuel economy is calculated for series hybrid electric vehicles (SHEVs). A global vehicle model is used to simulate the annual weather conditions of different climatic regions. The reference driving cycle is the Worldwide Harmonized Light Vehicle Test Cycle. The cycle fuel economy is maximized in temperate and cold climatic regions. In the hypothesized engine cold-start initial condition, the SHEV ReverCycle maximum fuel economy is 1.2% in Paris. In the hot-start initial condition, the SHEV ReverCycle maximum fuel economy is 2.2% in Moscow. The experimental results of the ReverCycle proof of concept are then presented. The maximum measured net efficiency in the ORC mode is 3.9%. The ERC mode can satisfy cabin cooling requirements at an ambient temperature below 20 °C. The estimated fuel economy in the ERC mode is 1.4%.

INTRODUCTION

Light-duty vehicles powered by an internal combustion engine lose approximately 60% of fuel energy to the environment as waste heat [START_REF] Stobart | Heat Recovery and Bottoming Cycles for SI and Engines -A Perspective[END_REF][START_REF] Holmberg | Global energy consumption due to friction in passenger cars[END_REF]. In terms of order of magnitude, half of this energy is lost in the exhaust gases and the other half to the engine coolant. The development of waste heat recovery (WHR) systems attempts to take advantage of this important energy source to reduce the vehicle fuel consumption by increasing the powertrain efficiency. Automobile manufacturers' interest in reducing fuel consumption is growing in response to the worldwide trend of stringent emissions standards [START_REF] Johnson | Review of Vehicular Emissions Trends[END_REF]. The Rankine cycle (RC) and organic Rankine cycle (ORC) are among the most promising WHR solutions. However, their commercial success is hindered by the compactness and cost requirements of the automotive sector [START_REF] Colonna | Organic Rankine Cycle Power Systems: From the Concept to Current Technology, Applications, and an Outlook to the Future[END_REF]. Efforts to develop RC/ORC solutions have focused on exhaust gases owing to their higher exergy content [START_REF] Nader | Brayton cycles as waste heat recovery systems on series hybrid electric vehicles[END_REF]. However, the engine coolant offers the possibility of developing a lightweight, compact, and low-cost WHR system [START_REF] Leduc | Low temperature heat recovery in engine coolant for stationary and road transport applications[END_REF][START_REF] Smague | Development of a 48V Orc Turbo-Pump for Waste Heat Recovery in the Coolant of Light Duty and Commercial Vehicles[END_REF]. Polygeneration is a promising solution to WHR development. A polygeneration system has the ability to produce different forms of energy, such as heat, mechanical, and electrical energy. An example of a polygeneration system is the hybrid ORC/MAC system developed by Yue et al. [START_REF] Yue | Thermal and economic analysis of an energy system of an ORC coupled with vehicle air conditioning[END_REF], which can simultaneously produce mechanical energy and cold air. In this system, a single heat exchanger is used as a mobile air conditioning (MAC) condenser and as an ORC condenser. This mutualization can improve the compactness of the ORC system used for WHR. A stronger component mutualization was proposed by Dumont et al. [START_REF] Dumont | Experimental investigation of a reversible heat pump / organic Rankine cycle unit designed to be coupled with a passive house to get a Net Zero Energy Building rimentale d ' une pompe a chaleur r e versible / d ' un Etude exp e me a cycle or[END_REF] with a reversible HP/ORC system. In this case, both cycles of heat exchangers are mutualized. The use of a reversible expander/compressor machine allows the highest level of compactness. The reader should be aware that, here, the term reversible means that the system (HP/ORC) or the machine (compressor/expander) can work in either direction. It does not mean that the process is reversible in the thermodynamic sense. In a light-duty vehicle, the MAC condenser and compressor can be used as an ORC condenser and expander, respectively, if the selected waste heat is the engine coolant. Automotive scroll compressors, which have been extensively used as low-grade heat source ORC expanders [START_REF] Twomey | Dynamic performance estimation of small-scale solar cogeneration with an organic Rankine cycle using a scroll expander[END_REF][START_REF] Oomori | Waste Heat Recovery of Passenger Car Using a Combination of Rankine Bottoming Cycle and Evaporative Engine Cooling System[END_REF][START_REF] Jradi | Micro-scale ORC-based combined heat and power system using a novel scroll expander[END_REF][START_REF] Koukou | Design and development of a 10-kWe ORC installation working with low-temperature sources[END_REF][START_REF] Chang | Experimental study and CFD approach for scroll type expander used in low-temperature organic Rankine cycle[END_REF], can easily be converted into a reversible compressor/expander machine. The idea behind the ReverCycle is to exploit at a maximum off-the-shelf automotive components to reach a cost-effective solution, as in [START_REF] Hogerwaard | Analysis and assessment of a new organic Rankine based heat engine system with/without cogeneration[END_REF]. The main advantages of a polygeneration system are its flexibility and compactness, which may be the keys to the commercial success of WHR in the automotive sector. For this reason, a polygeneration MAC/ORC system called the ReverCycle was presented in our previous work [START_REF] Cairano | Assessing fuel consumption reduction in Revercycle, a reversible mobile air conditioning/ Organic Rankine Cycle system[END_REF] and applied to a conventional vehicle (CV). However, CVs operate under strong dynamic conditions, which are not suitable for the optimization of WHR. In addition, there is increasing interest and a growing trend toward hybrid vehicles [START_REF]Global EV Outlook 2019 to electric mobility[END_REF]. Among the different hybrid architectures, series hybrid electric vehicles (SHEVs) have three main advantages when considering WHR. First, the series configuration has a simpler and more compact transmission system for the easy integration of a WHR system. Second, the thermal engine must be designed for a higher mechanical power than the parallel configuration [START_REF] Mi | Hybrid Electric Vehicles: Principles and Applications with Practical Perspectives[END_REF]. The thermal engine waste heat is sufficiently important to justify a WHR system. The last and most important advantage is the engine's stable working condition. This feature allows the introduction of a third operating mode to the ReverCycle: the ejector refrigeration cycle (ERC) mode. This is a WHR system that is a modified standard vapor compression cycle for improved performance. This is possible because the ejector is a static device that uses highpressure and superheated steam generated during WHR to entrain and compress the low-pressure secondary flow coming from the evaporator. Therefore, there is no direct mechanical energy consumption for vapor compression, only the indirect consumption by the ERC pump. However, liquid compression is far more efficient than vapor compression. The expected pressure and velocity distribution within the ejector and ERC are shown in Figure 1. Various researchers have studied the application of the ERC to an automobile. Chen [START_REF] Chen | A heat driven mobile refrigeration cycle analysis[END_REF] performed a theoretical analysis on the potential of the ERC to recover heat from the engine coolant, using R113 as the working fluid. The author concluded that for a 2000 cc engine producing 34.3 kW of thermal energy to the coolant, the potential for cold generation by the ERC would be 8.25 kW, which satisfies the cabin cooling requirement of a medium-sized sedan estimated as 5 kW in [START_REF] Brèque | Cabin Thermal Needs: Modeling and Assumption Analysis[END_REF]. These results, however, have not been experimentally validated. The same architecture was studied by Salim [START_REF] Salim | Technical Potential for Thermally Driven Mobile A/C Systems[END_REF] with R134a as the working fluid. The author noted that although the condenser in an ERC system is much larger than that in a conventional air conditioning system, the size of the car radiator can be reduced owing to the heat recovery system. The space saved by the smaller radiator and the possibility of reducing the condenser mass by developing plastic heat exchangers has prompted the author to be optimistic about the integration of a larger condenser. However, this study is also purely theoretical and suggests the possibility of satisfying a cooling requirement of 7 kW. Nevertheless, considering the experimental results available in the literature [START_REF] Del Valle | An experimental investigation of a R-134a ejector refrigeration system[END_REF][START_REF] Yan | Experimental study on key geometric parameters of an R134A ejector cooling system[END_REF][START_REF] Li | Experimental investigation on a R134a ejector refrigeration system under overall modes[END_REF] on ERC systems with R134a as the working fluid, this result seems to be too optimistic. Everitt and Riffat [START_REF] Everitt | Steam jet ejector system for vehicle air conditioning[END_REF] conducted the only experimental study that focused on the automotive field, using water as the working fluid. They pointed out that the performance of the ejector quickly degraded from the optimum as soon as the design conditions changed. Their study is preliminary because the operating range considered did not indicate the possibility of integrating the cycle into an automobile. In fact, the condensation temperatures evaluated (15-30 °C) were lower than the classical operating range of ambient temperatures (25-45 °C) during air conditioning activation. The analysis of existing work in the literature did not clearly identify the potential of the ERC in the automotive sector. To find an answer, ejector performance must be based on experimental results, and condenser dimensions must meet automotive standards. The stable working conditions of the engine and engine cooling system in an SHEV are a clear advantage for the ERC because the ejector requires stable conditions. This paper presents the concept and design of the ReverCycle with an ejector (Section 2) and develops a simulation analysis for assessing its fuel economy in an SHEV application. Vehicle constraints and real-life operations are taken into account. The methodology of this modeling effort is explained in Section 3, and the results are presented in Section 4. Since experimental results are crucial to validate the technical feasibility, a proof of concept has been realized. The test bench is introduced in Section 5. The results of the experimental campaign are discussed in Section 6. The conclusions highlight the main findings and perspectives of our research on this innovative system. 

SYSTEM OUTLINE AND DESIGN

The ReverCycle MAC/ORC/ERC can work as an ORC (Figure 2b) when no cabin cooling is required; as an ERC (Figure 2c) when low cooling is required; and as a standard MAC (Figure 2a) system. The initial working fluid selected for this study and the proof of concept is the refrigerant R134a. The final working fluid selected for vehicle integration is its substitute, R1234yf, owing to its low environmental impact. Because of the strong similarity between the thermodynamic properties of these two fluids, the results are not expected to change drastically. Two components are mutualized: the scroll machine and the MAC/ORC/ERC condenser. In the case of the application to an SHEV, the scroll machine is electrically coupled to the vehicle battery, as shown in Figure 3. The scroll machine can operate as a compressor in the MAC mode and as an expander in the ORC mode. The operating mode is switched by the activation and deactivation of four automatic valves. The ORC pump has an electric motor; therefore, it is possible to control the compressor/expander and pump rotational speeds independently. The design of the SHEV ReverCycle must satisfy the cooling requirements (Table 1) of a mediumsized sedan, and optimized to recover the maximum electrical energy from the ORC sizing point (Table 2). The vehicle has a 1.2 L turbocharged engine with a maximum power of 100 kW. The final design parameters of the SHEV ReverCycle are listed in Table 3. The chosen reversible compressor/expander machine is the automotive electric compressor DENSO ES27.

METHODOLOGY

Figure 4 shows the methodology used to assess the cycle fuel economy. The first step is to obtain the annual weather conditions of a city from a database [START_REF] Crawley | Energy plus: Energy simulation program[END_REF]. Then, the simulation with an hourly timestep was conducted. Hourly weather conditions were provided to the cabin thermal model coupled with a thermal comfort model. The models can determine whether cabin cooling is necessary. If there is no need for cabin cooling, then the vehicle model can estimate the ORC fuel economy for the selected time step. If cabin cooling is necessary, then the ERC model estimates whether the ERC can satisfy the cooling requirement and the related fuel economy. The MAC is activated if the ERC cannot satisfy the cooling requirement. The reader is referred to [START_REF] Cairano | Assessing fuel consumption reduction in Revercycle, a reversible mobile air conditioning/ Organic Rankine Cycle system[END_REF] for further details on the cabin thermal model coupled to a passenger thermal comfort model. 

SHEV VEHICLE MODEL

The powertrain model is the backward model developed by Bou Nader et al. [START_REF] Nader | Exergo-technological explicit methodology for gas-turbine system optimization of series hybrid electric vehicles[END_REF].

Figure 3 shows that the vehicle has two controllers: a vehicle controller and an auxiliary power unit (APU) controller. The APU consists of the engine, ReverCycle, and electric generators. The vehicle controller responds to the driver's performance demands. The APU controller inspects the battery state-of-charge (SOC) and decides whether to activate/deactivate the engine to keep the battery within the correct charge range. APU management involves the minimization of the cost function:

= min ∑ , , × (1) 
The two control variables are the engine speed and engine torque . Dynamic programming optimizes the engine activation strategy by keeping the working conditions of the engine, battery, and generator within a user-defined range. Vehicle configuration and constraints are summarized in Table 5. By focusing on the APU management strategy for fuel consumption, the optimal solution is a continuous on/off to achieve the best performance. However, this is not a realistic approach and would significantly impact engine durability. Equation ( 1) is modified by introducing a weighting factor ( ) to take into account the number of times the engine is turned on/off:
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where is the engine state at the considered time interval. In this work, we considered a value close to 0 to have a single on/off in the charge-sustaining Worldwide harmonized Light vehicles Test Cycles (WLTC). These simulations were carried out for a self-sustaining configuration in which the initial and final battery SOCs were set to 0.6. Figure 5 shows the evolution of the battery SOC and the activation of the thermal engine to recharge it to its initial state. The engine is working under almost steady-state conditions. The heating power demand of the cabin heater ( )*+ *, was estimated using the curves provided by [START_REF] Mansour | Assessing additional fuel consumption from cabin thermal comfort and auxiliary needs on the worldwide harmonized light vehicles test cycle[END_REF]. The ReverCycle ORC mode simulation is map-based. The map (Figure 6) is calculated using the ORC model (Figure 7) developed in [START_REF] Cairano | Assessing fuel consumption reduction in Revercycle, a reversible mobile air conditioning/ Organic Rankine Cycle system[END_REF] and adapted to the SHEV design.

The boiler and condenser are modeled as finite volume counterflow heat exchangers [START_REF] Desideri | Steady-state and dynamic validation of a small-scale waste heat recovery system using the ThermoCycle Modelica library[END_REF]. The expander model is a semi-empiric formulation described by Lemort et al. [START_REF] Lemort | Testing and modeling a scroll expander integrated into an Organic Rankine Cycle[END_REF]. The empirical parameters for the DENSO ES27 scroll compressor are scaled from those of the SANDEN TRSA05, retrieved from [START_REF] Cairano | Assessing fuel consumption reduction in Revercycle, a reversible mobile air conditioning/ Organic Rankine Cycle system[END_REF], using the laws proposed by [START_REF] Lemort | Contribution to the charcterization of scroll machines in compressor and expander modes[END_REF]. The pump is modeled as a volumetric pump with a fixed displacement, while the electric power is simulated via the following equation:
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where a = 0.165 and D = 36.17. Table 6 summarizes the ORC model parameters. The engine cooling circuit map provides the engine coolant temperature, mass flow rate, and engine coolant available power. The pump proportional-integral-derivative (PID) controller (Figure 7) imposes the correct refrigerant mass flow rate to equalize the available power; then, the expander rotational speed is optimized to provide the maximum net power. Figure 6 shows the contour plot of the net electric power produced by the ReverCycle within a specific temperature range. The peak net electric power is generated at low engine loads because of the engine thermal management system, which sets a lower coolant temperature at higher loads (85 °C instead of 105 °C). At high engine loads, the energy level in the coolant is higher, but the exergy is lower.

When the ReverCycle operates in the ORC mode, the engine map considers the net electric power produced by the WHR system. Figure 8 shows the increase in engine efficiency due to the ReverCycle. 

ERC MODEL

The first step in modeling an ERC is to select the proper ejector model. The model must be as simple as possible to be run in a system-level simulation. A more computationally efficient way to describe the ejector behavior is via a simple performance map for the entrainment ratio μ (ratio between the secondary flow and the primary flow).

The one-dimensional model ejector of Chen et al. [START_REF] Chen | Investigation of ejectors in refrigeration system: Optimum performance evaluation and ejector area ratios perspectives[END_REF] was used to compute the performance map. This model has a proven capability to predict the optimum ejector performance over experimental data [START_REF] Besagni | A study of working fluids for heat driven ejector refrigeration using lumped parameter models[END_REF].

The model is a steady-state model based on compressible flow descriptions, in which the isentropic flow relations give the change in flow properties. Irreversibilities are accounted for by the introduction of three isentropic efficiencies (nozzle efficiency, mixing efficiency, and diffuser efficiency). To provide the correct value for these efficiencies, the model was calibrated on the experimental data of Li et al. [START_REF] Li | Experimental investigation on a R134a ejector refrigeration system under overall modes[END_REF]. By imposing a nozzle and diffuser efficiency of 90% and a mixing efficiency of 79%, the model predicts the experimental values within a relative error of 20%. Figure 9 shows the performance map calculated using the model after the calibration process.

The ejector entrainment ratio is dependent on the boiler pressure (saturation temperature), condenser pressure (saturation temperature), and evaporator pressure (saturation temperature). The boiler, condenser, and pump models are the same as those in the ORC model. The evaporator model imposes a fixed evaporation temperature (9 °C) and superheating (5 K). The expansion valve was modeled via an isenthalpic process. The pump PID controller imposes the correct speed to equalize the engine coolant's available power.

The ERC model provides the cooling power, which was then compared to the cooling requirements provided by Mansour et al. [START_REF] Mansour | Assessing additional fuel consumption from cabin thermal comfort and auxiliary needs on the worldwide harmonized light vehicles test cycle[END_REF]. If the cooling power is sufficient to cool down the cabin, then the model estimates the fuel economy. The power consumption of the ERC pump was compared with that of the MAC compressor at equivalent working points (i.e., same mass flow rate, evaporator outlet conditions, and pressure ratio). The fuel economy associated with the reduction in power consumption was then estimated using the SHEV vehicle model. The MAC compressor is a black box model that uses an isentropic efficiency correlation for scroll compressors provided by [START_REF] Khoury | Etude Et Simulation De Systemes De Climatisation Adaptes Aux Vehicules Hybrides[END_REF] ; 5H E 0.76714 + 0.00988 P -8.61356 10 ST : -3.47777 10 SV : P

where P is the compression ratio and : is the rotational speed in rpm. The ERC potential is not fully exploited within an SHEV because the engine running time is limited (see Figure 5). At the beginning of the driving cycle, the thermal engine is off, and so is the ERC. The ReverCycle is then in the MAC mode, which ensures the convergence phase, and the cabin temperature is cooled down to the setpoint temperature. Once the setpoint is reached, the MAC mode ensures that the comfort temperature is maintained until the ERC can be activated. Under cold-start conditions, the warm-up time has a strongly negative impact on ERC activation. Condenser dimensions and ejector performance are unable to satisfy important cooling requirements, as shown in Figure 10. The ERC can then be used to dehumidify the cabin instead of cooling it down. By comparing the results in Figure 10 with the cooling requirements in [START_REF] Mansour | Assessing additional fuel consumption from cabin thermal comfort and auxiliary needs on the worldwide harmonized light vehicles test cycle[END_REF], and considering an average boiler power of 10 kW, it can be stated when the ambient temperature is below 20 °C (condenser saturation temperature less than 35 °C), the ERC can efficiently cool the cabin owing to a cooling power higher than 1.3 kW. The reduced power consumption compared with the MAC mode is in the order of 60%. This reduction implies a 1.4% fuel economy in a WLTC under hot-start conditions, while there is no fuel economy at cold-start conditions.

Figure 10: ERC cooling power

To add the ERC mode to the ReverCycle MAC/ORC, it is necessary to add the ejector and the automated valves that allow the mode switch; the additional cost is then reduced. It is clear that the integration of a separate ERC that recovers heat from the engine coolant is not justified because of its reduced operating range. Such an ERC can be integrated into an automobile only via a reversible system, such as the ReverCycle, or a hybrid solution such as the compressor-assisted ERC proposed by Wang et al. [START_REF] Wang | Experimentation and cycle performance prediction of hybrid A/C system using automobile exhaust waste heat[END_REF].

A correct ejector design is a fundamental step to ensure ERC performances. The simulations on the ERC system have allowed to identify the boundary conditions for the ReverCycle ejector, which are summarized in Table 7. Once these boundary conditions are known, the one dimensional model of Chen et al. [START_REF] Chen | Investigation of ejectors in refrigeration system: Optimum performance evaluation and ejector area ratios perspectives[END_REF] allows calculating the pressure, temperature and speed profiles inside the ejector, see Figure 1. The nozzle throat diameter and the mixing chamber diameter can then be computed via the following equations [START_REF] Chen | Investigation of ejectors in refrigeration system: Optimum performance evaluation and ejector area ratios perspectives[END_REF]:
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The other ejector geometrical dimensions can be derived from the mixing chamber diameter following the recommendations of [START_REF] Yan | Experimental study on key geometric parameters of an R134A ejector cooling system[END_REF][START_REF] Rusly | CFD analysis of ejector in a combined ejector cooling system[END_REF]. Table 8 summarizes the proposed geometric dimensions for the ReverCycle ejector. This first design can then be optimized via a CFD analysis and the testing phase of the prototype. 

ANNUAL SIMULATION

The reference driving cycle for the simulations is the WLTC cycle. The simulation parameters are the engine cooling circuit initial temperature and the ambient temperature. The engine cooling circuit temperature can be initialized at ambient temperature (cold start) or at 85 °C (hot start), which corresponds to the thermostat opening point. Therefore, simulations were run on a WLTC cycle at the defined operating temperature range for both cold-start and hot-start initialization. The fuel economy was calculated using the following formula: The ORC and ERC availability were derived from the MAC activation time, as shown in Table 4.

SIMULATION RESULTS

The cycle fuel economy at different ambient temperature ranges is presented in Figure 11, where it is compared with the results of our previous work on CVs [START_REF] Cairano | Assessing fuel consumption reduction in Revercycle, a reversible mobile air conditioning/ Organic Rankine Cycle system[END_REF]. The CV ReverCycle shows the highest fuel economy peak. This may astonishing as the ReverCycle in an SHEV takes the advantage of a stable working regime, leading to improved efficiencies. However, fuel economy is strongly dependent on the engine management strategy, which varies between CVs and SHEVs. In a CV, the driver can run the engine over its entire operating range. In a SHEV, the APU controller optimizes the engine working points within a delimited operation range. The ReverCycle ameliorates the engine efficiency by adding electric power to the engine operating point chosen by the APU controller. In a CV, the ReverCycle modifies (shifts) the engine operating point by adding a torque to the motor shaft. The fuel consumption difference between the two working points (with and without the ReverCycle) determines the fuel economy. The fuel economy of the CV ReverCycle does not depend only on its efficiency (in ORC mode), but also on the increase in engine efficiency due to the unloading phenomenon. The peak is due to an optimum between the waste heat energy availability and the ORC efficiency, which increases and decreases, respectively, with the rise in ambient temperature. The SHEV ReverCycle is strongly limited at cold starts owing to the energy availability. The engine activation in an SHEV running a WLTC is limited to approximately half of the cycle because of the electric motor operation, as shown in Figure 5. For the cold-start initialization, the engine warm-up phase further decreases the waste heat availability, which strongly affects the ReverCycle operating time. An interesting solution is to use the waste heat in the exhaust gases to reduce the engine warmup time. This would have two positive effects on fuel economy. First, it decreases the engine warm-up time to reduce fuel consumption [START_REF] Laboe | Powertrain Waste Heat Recovery: A Systems Approach to Maximize Drivetrain Efficiency[END_REF]. Second, the ReverCycle fuel economy increases under cold-start conditions.

Figure 11: ReverCycle fuel economy for different ambient temperature ranges

The ejector has an impact on the annual fuel economy only at hot-start conditions, as shown in Table 9. The performance increase is more consistent in Moscow and Paris because of a higher ERC activation time. The ReverCycle shows the highest fuel economy in Moscow owing to the ability of the SHEV ReverCycle to maintain high fuel economy values at low temperatures (Figure 11). The ORC recovers the engine coolant waste heat, and its availability is not limited by component mutualization. The ReverCycle weight is less than half that of the full ORC. The weights of the separate ORC components were estimated to be 10 kg and 12 kg for a CV and an SHEV, respectively. The weights of ReverCycle components are 3 kg and 4 kg for a CV and an SHEV, respectively.

Figure 13: Added weight comparison: ORC vs ReverCycle

The added weights of the expanders, as shown in Figure 13, are attributed to the SANDEN TRSA05 compressor for the CV application and the DENSO ES27 compressor for the SHEV application. The boiler and the condenser weights were calculated via the Air Conditioning Library [START_REF] Eborn | AirConditioning -a Modelica Library for Dynamic Simulation of AC Systems[END_REF] (assuming that they are made of aluminum). The ReverCycle ORC pump technology has not yet been selected. The values provided are estimates based on a gear pump model (plus an electric motor in the SHEV application). The ejector weight was neglected. Embedding a separate ORC into a vehicle is equivalent to adding four components (pump, boiler, expander, and condenser). In the case of the ReverCycle, there are three added components (pump, boiler, and ejector) plus the automated valves for switching the operating mode. A cost model was not developed to estimate the price and return on investment of the different solutions. The existing ORC cost models in the literature are not sufficiently accurate [START_REF] Eborn | AirConditioning -a Modelica Library for Dynamic Simulation of AC Systems[END_REF]. Moreover, it is difficult to obtain information on how component costs are estimated in the automotive sector owing to confidentiality concerns. Thus, the comparison is limited to the system weight and fuel consumption gain. However, it is possible to imagine a significant cost reduction with the ReverCycle solution because of the reduced number of added components. With regard to fuel economy, the separate ORC provides a 2.4% fuel economy in the Paris climate, while the CV and SHEV ReverCycle provide a 2.1% fuel economy (Figure 12). In a temperate region, such as Paris, the performance loss of the ReverCycle is limited compared with a separate ORC. Therefore, the ReverCycle could be a better solution than a separate ORC. The electrification of the compressor/expander machine in the SHEV ReverCycle does not increase costs because in hybrid vehicles, the MAC compressor is often electrified. Integrating the ReverCycle into an SHEV is easier than into a CV owing to the stable operation of the vehicle engine and the higher flexibility of an electrified architecture for the ReverCycle. An interesting opportunity, which was not considered in this work, is the development of a four-mode ReverCycle: MAC, ORC, ERC, and heat pump. In SHEVs, heat pumps are used to heat the cabin during winter when the thermal engine is off. Adding this fourth mode to the ReverCycle would meet market demand.

EXPERIMENTAL APPARATUS

This section describes the ReverCycle proof of concept. Figure 14 shows the test bench layout. As a proof of concept, the objective of the ReverCycle test bench is to prove the technical feasibility of such a system at a low technical readiness level. For this reason, not all the test bench components (see Table 10) are suited for vehicle integration. For example, the ORC pump is too bulky to fit the available vehicle free volume. The MAC evaporator, which is normally an air/refrigerant heat exchanger, is replaced by a water/refrigerant heat exchanger to easily measure the power exchanged by both sides. The engine and engine coolant circuit were simulated via a closed loop circuit consisting of a variable speed pump, 12 kW electric heater, and an 800 L water tank at atmospheric pressure.

The SANDEN TRSA05 compressor was driven by a variable-speed electric motor via a pulley belt system. A mechanical compressor is preferred over an electric compressor to achieve full and simple control of the rotational speed. When the ReverCycle is in the ORC mode, a four-quadrant frequency drive allows the electric motor to function as a generator. The instrumentation setup is summarized in Table 11. No external oil separator was added to the reversible compressor/expander machine. The internal oil separator ensures correct lubrication in the compressor mode. In the expander mode, the internal oil separator efficiency is unknown. In the case of the poor performance of the internal separator, the mass percentage of the oil inside the circuit is small and estimated to be less than 3%. Expander lubrication is a relevant issue for the next development phase of the ReverCycle.

EXPERIMENTAL RESULTS

ReverCycle proof of concept was tested in three operating modes: MAC, ORC, and ERC.

MAC MODE

The testing phase in the MAC mode focused on the performance of the reversible machine in the compressor mode. The SANDEN TRSA05 compressor, when converted into a reversible machine, loses its internal reed valve, which is replaced by an external check valve. Preliminary tests in the MAC mode have investigated the compressor behavior in the absence of the reed valve.

Figure 15 shows the MAC mode on the test bench layout; the red dots indicate the closed valves. 12. The SANDEN TRSA05 compressor was tested on a similar working point before and after its conversion into a reversible machine. The test conditions are summarized in Table 13. Uncertainties were calculated following the method described in [START_REF] Taylor | Guidelines for Evaluating and Expressing the Uncertainty of NIST Measurement Results[END_REF]. The performances were similar in the two tests. Replacing the internal reed valve with an external check valve does not seem to affect compressor performance. However, this test on a single working point is not exhaustive. The reed valve is particularly useful at high pressure ratios to prevent backflow in the discharge chamber. To perform an in-depth analysis, the compressor boundary conditions should be precisely controlled to test the compressor at higher pressure ratios (before and after the conversion into a reversible machine). However, the ReverCycle test bench is not suited for this kind of analysis, since it is not possible to control the air temperature at the condenser inlet. The reversible machine, in compressor mode, was tested at different working points. Figure 16 shows the relation between the pressure ratio and the volumetric and compressor efficiencies. When the pressure ratio was greater than 2.5, the volumetric efficiency exceeded 80%. The isentropic efficiencies measured during the experimental campaign were compared (Table 14) with the experimental data provided by [START_REF] Khoury | Etude Et Simulation De Systemes De Climatisation Adaptes Aux Vehicules Hybrides[END_REF] on a similar automotive scroll compressor. The replacement of the reed valve did not affect the compressor behavior. 

ORC MODE

The major interest of the experimental campaign relies on the performance assessment of the ReverCycle in the ORC mode. Figure 17 shows the ORC mode on the test bench layout. The ORC cycle performance is measured through the global efficiency defined by Equation ( 8).
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A set of steady-state points is summarized in Table 15. The water mass flow rate at the boiler inlet was kept constant at 0.66 kg/s. Three different thermal power levels at the boiler were tested, which correspond to the available engine coolant waste heat at 100, 85, and 70 km/h in a CV. Different expander speeds were tested for each pump frequency to determine the optimal working conditions and the optimum frequency ratio between the pump and the expander. As seen in Table 15, the expander rotational speed is very low at the optimal ORC working points. The performance of the expander was assessed in terms of the global isentropic efficiency and filling factor, which are evaluated through Equations ( 9) and [START_REF] Twomey | Dynamic performance estimation of small-scale solar cogeneration with an organic Rankine cycle using a scroll expander[END_REF].
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Figure 18 shows the expander efficiencies at a rotational speed of 500 rpm for different pressure ratios. The filling factor is relatively high in the range of 1.4-1.8. This low volumetric performance is explained by the low expander rotational speed. At low speeds, the two scrolls were unable to prevent major leakages. However, the expander isentropic efficiency is rather high in the 50-60% range. The experimental work of Dumont et al. [START_REF] Dumont | Experimental investigation and optimal performance assessment of four volumetric expanders (scroll, screw, piston and roots) tested in a small-scale organic Rankine cycle system[END_REF] showed that the isentropic efficiency of an automotive electric scroll compressor converted into an expander is in the order of 40-75% at low pressure ratios.

In the ReverCycle test bench, the SANDEN TRSA05 compressor was coupled to the electric motor shaft via a pulley-belt system, which is less efficient than a direct mechanical connection, as in the electric scroll compressor tested in [START_REF] Dumont | Experimental investigation and optimal performance assessment of four volumetric expanders (scroll, screw, piston and roots) tested in a small-scale organic Rankine cycle system[END_REF]. This source of additional mechanical losses may be the reason behind the maximum efficiency of 60% instead of 70%. The SANDEN TRSA05 compressor was selected as the reversible machine for the CV ReverCycle. The experimental results show that the displacement of the machine is not suitable for the application because the low operating speeds lead to poor volumetric performance. In the case of the SHEV ReverCycle, the selected reversible machine was the DENSO ES27. This scroll machine has lower displacement at higher rotational speeds at an equivalent refrigerant mass flow rate. Automotive scroll electric compressors are clearly a better choice for conversion in reversible machines compared with mechanical scroll compressors. Their reduced displacement has better fit with the volumetric flow rates in the expander mode.

The pump global isentropic efficiency is also investigated in Figure 19, and is defined by Eq. ( 11). 

The experimental database of Landelle et al. [START_REF] Landelle | Organic Rankine cycle design and performance comparison based on experimental database[END_REF] showed that reciprocating pumps with similar hydraulic power have the best global efficiency of 45%. The diaphragm pump used in the ReverCycle proof of concept had a peak efficiency of 48%. The ReverCycle proof of concept does not allow characterization of the mechanical and electrical loss chain of the pump and expander. Thus, the validation of the pump and expander simulation model at the experimental steady-state points was limited to the electric power. Figure 20 shows the validation of the main components of the ORC model. The model predicts the thermal power of the heat exchangers and the electric power of the pump and expander within a 10% relative error. 16. The ejectors were mounted on the bypass line of the compressor/expander. Figure 22 shows the piping and instrumentation diagram of the test bench. The three ejectors are prototypes realized for an automotive application, but have not been sized for the ReverCycle case study. The nominal mass flow rate of ejector 1 is approximately 0.015 kg/s, which is approximately one-third of the required mass flow rate for the ReverCycle application. Therefore, the test bench pump is oversized compared with the nominal mass flow rate of the ejector. The pump delivered the necessary flow rate at a frequency close to 5 Hz in the operating zone, which is not recommended for the pump frequency drive.

The test bench does not allow fine control of the ejector boundary conditions. The results are shown in Tables 17 and18. The experimental entrainment ratio was compared with the simulated results in Table 17. The difference between the simulated and experimental results is difficult to explain because of the poor control capability of the test bench, which cannot be understood if the ejector is working at its optimum (critical condition). Three possible reasons can explain the ejector performance:

• Poor ejector manufacturing: difference between plans and realized geometry • Poor subsystem performance of the test bench: higher pressure drops • Low primary fluid superheating (a minimum of 8 K of superheating is necessary to achieve the best performance [START_REF] Chen | Screening of working fluids for the ejector refrigeration system[END_REF]) A new test bench has been used to correctly investigate the ejector performance. 

EJECTOR TEST BENCH

The ejector test bench is a simple system based on a gas cycle. The semi-hermetic BITZER 2JES-07Y 40s compressor was used to circulate and compress the R134a refrigerant flow. The system layout is shown in Figure 23. The compressor has an after-cooler, HX04, to regulate the superheating at the ejector inlet. The heat exchanger, HX05, was used to evacuate the remaining thermal power introduced by the compressor. HX04 and HX05 are two water-cooled brazed plate heat exchangers. The ejector secondary inlet pressure and ejector outlet pressure can be adjusted via two needle valves. The primary inlet pressure of the ejector was regulated by changing the compressor rotational speed via a frequency drive. A finer control of the ejector boundaries and primary superheating has allowed proper ejector working conditions. The ejector entrainment ratio significantly increased compared with the ReverCycle test bench. The ejector test bench results in Table 19 show entrainment ratios higher than the results provided by the simulation model used to assess the ERC mode fuel economy potential. The ejector was tested at different primary inlet pressures while keeping the secondary and outlet pressures fixed to a typical working point for MAC during cabin dehumidification. Figure 10 has been corrected using the ejector test bench experimental results. Figure 24 shows the corrected results. The increased ejector efficiency does not allow the use of the ERC mode at ambient temperatures higher than 20 °C; however, it validates the possibility of exploiting this operating mode for dehumidifying the cabin. The ERC mode power consumption is 66% lower than that of a standard MAC. 
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 23 Figure 2: ReverCycle in the (a) MAC mode , (b) ORC mode, and (c) ERC mode
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 12 Figure 12: Comparison of CV and SHEV ReverCycle with a separate ORC in the Paris climate
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 15 Figure 15: ReverCycle test bench layout: MAC mode
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 16 Figure 16: Reversible machine performance (compressor mode) at different pressure ratios (1180 rpm)
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 17 Figure 17: ReverCycle test bench layout: ORC mode.
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 181920 Figure 18: Expander efficiencies at 500 rpm
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 21 Figure 21: The body and nozzle of Ejector 1
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 22 Figure 22: ReverCycle test bench layout: ERC mode (high-pressure circuit in red, medium pressure in orange, low pressure in green, and coolant circuit in blue).
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Table 1 : ReverCycle MAC mode sizing point

 1 

	Parameter	Value
	Cooling requirement	6 kW
	Condenser air inlet temperature	45 °C
	Condenser air inlet relative humidity	35%
	Evaporator air inlet temperature	35 °C
	Evaporator air inlet relative humidity	60%
	Condenser air inlet speed	2.5 m/s
	Evaporator air mass flowrate	640 kg/h
	Evaporator superheating	5 K
	Condenser subcooling	1 K
	Condenser saturation pressure	19.8 bar abs
	Evaporator saturation pressure	4 bar abs

Table 2 : SHEV ReverCycle ORC mode sizing point
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	Parameter	Value
	Engine outlet temperature	105 °C
	Available heat power	10 kW
	Engine coolant mass flowrate	0.47 kg/s
	Ambient air temperature	20 °C
	Boiler saturation pressure	30 bar abs
	Condenser saturation pressure	10 bar abs
	Condenser subcooling	1 K
	Boiler superheating	8 K

Table 3 : Sizing results for SHEV ReverCycle Component Geometry Condenser MAC/ORC
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		Height	390 mm
		Length	610 mm
		Width	20 mm
		HTA	6.6 m²
		Mass	2.2 kg
		Height	263 mm
		Length	129 mm
	Evaporator	Width	50 mm
		HTA	2.7 m²
		Mass	1.2 kg
		Height	287 mm
		Length	117 mm
	Boiler	Width	85 mm
		HTA	2 m²
		Mass	5.3 kg
	Pump	Displacement Mass	1.8 cc 2.5 kg
	Compressor/Expander	Displacement Mass	27 cc 5.9 kg

Table 4

 4 

	presents the MAC activation time for

Table 4 : MAC activation time for various climatic regions City MAC activation time
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	Paris	21%
	Moscow	16%
	Valencia	41%
	Brasilia	59%

Table 5 : SHEV configuration
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	Parameter	Symbol	Unit	Value
	Vehicle mass	-.	kg	1210
	Front area		m 2	2.17
	Drag coefficient	/	-	0.29
	Wheels friction coefficient	,	-	0.0106
	Air density	ρ	kg/ m 3	1.205
	Wheel radius	0 ,	m	0.307
	Auxiliary consumption	1 +2/	W	750
	Battery maximum power	1 3,4+/	kW	80
	Battery minimum power	1 3,456	kW	-110
	Battery capacity	3	kWh	10
	Battery mass	-3	kg	259
	Target battery SOC		-	0.6
	Open circuit battery voltage	7 89	V	227
	Battery electric resistance	0 5	Ohm	0.31
	Engine max power	1 4,4+/	kW	63
	Engine min power	1 4,456	kW	16.5
	Engine min speed	: 4,4+/	RPM	1500
	Engine max speed	: 4,456	RPM	3500
	Engine max efficiency	; 4	-	35.8%
	ReverCycle ORC max efficiency ; 4+/,<*.*,=>9?*	-	6%
	ReverCycle ORC max power	1 @<=,4+/	kW	1.1 kW
	Generator max power	1 A,4+/	kW	40
	Generator min power	1 A,456	kW	40
	Generator max efficiency	; A	-	95%
	ReverCycle generator efficiency	; A,<*.*,=>9?*	-	90%
	Electric motor max power	1 *,4+/	kW	80
	Electric motor max efficiency	; *	-	93%
	Transmission ratio	B	-	5.4
	Transmission efficiency	;	-	97%
	Vehicle total mass	-	kg	1469
	Gasoline LHV	C .	MJ/kg	42.5

Table 6 : ORC model parameters
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	Component	Parameter	
		Ul,nom	200 W/m 2 /K
		Utp,nom	4000 W/m 2 /K
		Uv,nom	70 W/m 2 /K
	Boiler	HTAref HTAcool	1 m 2 1 m 2
		Ucool,nom	4000 W/m 2 /K
		,* ,684	0.06 kg/s
		988?,684	0.66 kg/s
		Uv,nom	75 W/m 2 /K
		Utp,nom	4000 W/m 2 /K
		Ul,nom	500 W/m 2 /K
	Condenser	HTAref HTAair	0.5 m 2 6.1 m 2
		Uair,nom	150 W/m 2 /K
		,* ,684	0.06 kg/s
		+5,,684	0.8 kg/s
	Pump	ηis ηmech	70% 90%
		BVR	1.9
		mexp	5.9 kg
		AUamb	0.2 W/K
		AUsu	14.5 W/K
	Expander	AUex	0.06 W/K
		Aleak	1.17 10 -6 m 2
		dsu	5.14 10 -3 m
		ηmech	98%
		ηtrans	90%

Table 7 : ReverCycle ejector boundary conditions
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	Parameter	Symbol	Value
	Primary mass flowrate	X,54	0.05 kg/s
	Primary pressure	] X,54	26 bara
	Primary temperature	`X,54	95 °C

Table 8 : ReverCycle ejector geometry
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	Parameter	Equation	Value
	Nozzle throat diameter		2.60 mm
	Mixing chamber diameter		5.18 mm
	Nozzle divergent angle		5.2°
	Nozzle exit diameter	= 0.74 45/	3.83 mm
	Nozzle exit position (NXP)	= 1.25 45/	6.48 mm
	Mixing chamber length	= 4.3 45/	5.18 mm
	Diffuser angle		3°
	Diffuser length	= 8 45/	41.44 mm

Table 9 : ReverCycle annual fuel economy at hot start conditions for different climatic regions City REVERCYCLE MAC/ORC REVERCYCLE MAC/ORC/ERC
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	Paris	2.04%	2.1%
	Moscow	2.12%	2.2%
	Valencia	1.56%	1.61%
	Brasilia	1.13%	1.14%

Table 10 : Main components of ReverCycle test bench
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	Component	Reference
	Compressor/ Expander	SANDEN TRSA05
	Evaporator (HX01)	SWEP BX8THx20
	Boiler (HX02)	SWEP B12MTx50
	Condenser (HX03)	FrigAir Spa 0818.2031
	Fan	S&P HRT/4-400 BPN
	ORC pump	Wanner G13XKSTHFEPA
	Expansion valve	DANFOSS ETS 6-18

Table 11 : Instrumentation setup
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	Sensor	Location	Accuracy
	Temperature	ORC circuit	+/-0.16 K
	Pressure	ORC circuit	+/-0.1% FS [0-30 bar]
	Volumetric flow rate	Auxiliary water circuit	+/-0.4%
	Mass flow rate	ORC circuit	+/-0.5%
	Electric power	Compressor/Expander	+/-1%
	Electric power	ORC pump	+/-0.8% FS [0-750 W]

Table 12 : Compressor performance indicators
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	Performance Indicator			Equation
	Volumetric efficiency	; .8? E	4*+H2,*F Z 56,984X, 7 984X, j
	Isentropic efficiency	; 5H E	ℎ 984X,,82 ,5H -ℎ 984X,,56 ℎ 984X,,82 -ℎ 984X,,56
	Compressor efficiency		; 984X, E	1 5H 1 *?*9
	COP			1 E	( 98?F 1 *?*9

Table 13 : Comparison of SANDEN TRSA05 performance vs reversible machine on a steady- state point at 1180 rpm SANDEN TRSA05 Reversible machine Unit
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	Compression ratio	2.3±0.2	2.4±0.2	-
	Ambient temperature	16.3±0.2	18.1±0.2	°C
	Cooling power (refrigerant)	2386±12	2448±13	W
	Cooling power (water)	2492±153 2426±149	W
	Volumetric efficiency	74±1	78±1	-
	Isentropic efficiency	73±1	77±1	
	Compressor efficiency	45±1	46±1	-
	COP (refrigerant)	4.86±0.06 4.65±0.05	
	COP (water)	5.07±0.31 4.60±0.29	-

Table 14 : Comparison of reversible machine (compressor mode) isentropic efficiencies vs experimental data from Khoury
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	Pressure	Rotational	r st,uvwxyz	r st,{|}
	ratio	speed		
	(-)	(rpm)	(%)	(%)
	2.2	1180	69	70
	2.4	1490	66	72
	2.5	996	71	68
	2.5	1485	66	85
	2.7	1734	64	78
	3	1980	62	76
	3.2	2230	60	69
	3.5	2500	59	68
	3.7	2720	57	62

Table 15 : A set of 10 steady-state points tested with ReverCycle proof of concept
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	Pump	Expander	Boiler	Boiler	Expander	Expander	Net	r ˆ‰Š
	freq. (Hz)	speed (rpm)	€ s•,' (°C)	ƒ "ws…,y (kW)	† s• (bar)	† wx ‡ (bar)	power (W)	(%)
	13	868	91.7	10.8	19.8	9.9	346	3.19±0.04
	13	780	91.9	10.7	21	9.7	389	3.58±0.05
	13	624	91.9	10.3	22.6	9.4	400	3.86±0.06
	13	500	91.2	9.7	24.6	9.9	368	3.79±0.06
	8	700	90.7	7.3	16.1	7.9	230	3.13±0.05
	8	482	90.8	6.7	18.9	7.9	259	3.87±0.06
	8	386	91	6.7	20.6	8	238	3.57±0.06
	6	500	91.6	5	15.1	7.8	134	2.67±0.04
	6	363	92.1	4.8	17.6	7.8	159	3.3±0.05
	6	290	92.7	4.8	19	7.8	161	3.39±0.06

Table 16 : Ejector geometry
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	Dimensions	Ejector 1	Ejector 2	Ejector 3
	Nozzle throat diameter (mm)	1.5	1.4	1.6
	Mixing chamber diameter (mm)	2.9	2.7	3.08
	Mixing chamber length (mm)	15	21.6	24.6
	Nozzle exit position (NXP) (mm)	2.9	2.9	2.9

Table 17 : Experimental results of the ReverCycle ejector
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		T_sat	T_sat	T_sat	Entrainement	Entrainement	Primary
	Test	Boiler	Condenser	Evaporator	Ratio Exp	Ratio Sim	Superheating
		[°C]	[°C]	[°C]	[-]	[-]	[K]
	A	79.6	26.2	6.6	0.09	0.39	1.2
	B	80.1	26.7	11.8	0.19	0.5	1.6
	C	80.1	26.2	14.5	0.27	0.66	2
	D	80.7	32.2	7.2	0.07	0.21	0.1
	E	79	33.5	11	0.15	0.24	3.2
	F	79.3	39.8	22.1	0.22	0.3	6.7

Table 18 : Experimental results of the ReverCycle ejector refrigeration cycle
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	Test	Pump Flowrate [g/s]	Boiler Power (R134a) [W]	Evaporator Power (R134a) [W]	Water Inlet T Evap [°C]	Water Flowrate Evap [g/s]
	A	14.4	2605	238	18.6	108
	B	14.2	2549	476	18.9	108
	C	14.2	2539	681	18.9	108
	D	13.3	2514	173	19.1	108
	E	13.7	2357	372	19.2	107
	F	15.3	2447	572	24	100

Table 19 : Ejector test bench results Test T_sat Primary [°C] T_sat Outlet [°C] T_sat Secondary [°C] Entrainement Ratio Exp [-] Entrainement Ratio Sim [-] Primary Superheating [K]
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	Primary
	Flowrate
	[g/s]

CONCLUSIONS

This work has proven the feasibility of the ReverCycle reversible MAC/ORC/ERC system. The three operating modes were tested on the proof of concept. The MAC mode showed that the conversion of a compressor into a reversible compressor/expander machine does not affect the MAC performance. The compressor/expander has similar efficiencies as the original machine. In the ORC mode, the maximum net efficiency measured at a steady-state point was 3.9%. The ERC mode showed poor ejector performance because the proof of concept was not properly designed for testing the available ejector (oversized pump, lack of superheating at the primary inlet). A new test bench, based on a gas cycle, has allowed the expected ejector performances to be achieved. The ERC mode can be used for dehumidifying the cabin with an estimated 66% reduction in power consumption compared with a standard MAC. The comparison between the application to a CV and SHEV shows that the SHEV ReverCycle is a more compact and efficient solution. The SHEV offers a stable heat source, but the engine availability is limited by the activation of the electric motor, mostly under the hypothesized cold-start initial conditions. However, the engine will be used most frequently during highway driving; hence, a cold start will not be a serious issue. It was found that the ReverCycle solution is more suitable for temperate and cold climates. In cold and temperate climates, the SHEV ReverCycle maximum fuel economy is in the order of 2.2% at hot-start initial conditions and 1.2% at cold-start initial conditions. The ERC mode can achieve cabin cooling while reducing energy consumption compared with a standard MAC at ambient temperatures less than 20 °C. The estimated fuel economy in the ERC mode is 1.4%. The next development phase of the ReverCycle is the realization of a prototype that can be embedded into a medium-sized sedan. Two main aspects have to be carefully studied: compressor/expander lubrication and system charge management during mode switching. The use of charge-sensitive models may allow for proper optimization.
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