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Absorption cycles cogenerating cooling and power are anticipated to show favorable performances compared to separate generation systems. Through several models and a few prototypes, different studies validated the ability of cogeneration cycles to work with low-grade heat (lower than 200 °C). The present work aims to characterize and optimize a water-ammonia based cogeneration system of small capacity (cooling production: 5 kW, electricity production: 1 kW). Firstly, an accurate model of a scroll expander is implemented in a complete cogeneration cycle to simulate the power production. The effects on the expander of both the water/ammonia fraction and temperature of the expanded fluid are analyzed, providing a better understanding of the impacts of the rectifier and of the super-heater on the global cycle performances. Secondly, to foresee the cycle performance, a dualobjective optimization algorithm maximizes both cooling and power production according to variable temperature sources. Finally, the dynamic behavior of the cycle is investigated through transient simulations. Such complex systems present significant inertia when starting or switching from one production mode to another (between cooling and power). This study provides some insight on the most critical elements of the cycle.

Introduction

The literature depicts various architectures of combined cooling and power (CCP) production. A first overview of the systems studied was proposed by Ayou et al. [START_REF] Ayou | An overview of combined absorption power and cooling cycles[END_REF]. Two main families stand out: the cogeneration architectures in series [START_REF] Khaliq | Energetic and exergetic performance investigation of a solar based integrated system for cogeneration of power and cooling[END_REF][START_REF] Muye | Performance study of a solar absorption power-cooling system[END_REF][START_REF] Xu | A combined power/cooling cycle[END_REF] and those in parallel [START_REF] Kumar | Experimental studies on combined cooling and power system driven by low-grade heat sources[END_REF][START_REF] Mendoza | Small capacity absorption systems for cooling and power with a scroll expander and ammonia based working fluids[END_REF][START_REF] Wang | Parametric analysis for a new combined power and ejectorabsorption refrigeration cycle[END_REF]. The architectures in series are generally more efficient for simultaneous co-generation of cooling and electricity while the architectures in parallel enable more flexibility to switch between production modes. Parallel architecture is also easier to implement because only two levels of pressure are present. Independently of the architectures, cooling can be produced through absorption chillers [START_REF] Muye | Performance study of a solar absorption power-cooling system[END_REF][START_REF] Kumar | Experimental studies on combined cooling and power system driven by low-grade heat sources[END_REF][START_REF] Mendoza | Small capacity absorption systems for cooling and power with a scroll expander and ammonia based working fluids[END_REF] or ejectors [START_REF] Khaliq | Energetic and exergetic performance investigation of a solar based integrated system for cogeneration of power and cooling[END_REF]. The combination of both technologies was also considered in several studies [START_REF] Wang | Parametric analysis for a new combined power and ejectorabsorption refrigeration cycle[END_REF][START_REF] Alexis | Performance parameters for the design of a combined refrigeration and electrical power cogeneration system[END_REF]. Electricity by the expansion of the working fluid in an expander (volumetric type or turbine) coupled to a generator. The development of expanders notably benefits from the recent study of organic fluid Rankine cycles (ORC) [START_REF] Tauveron | Available systems for the conversion of waste heat to electricity[END_REF].

As cogeneration systems are quite complex cycles, only a few experimental investigations have been conducted so far and they usually simulate hard-provisioning components with simplified equivalents [START_REF] Kumar | Experimental studies on combined cooling and power system driven by low-grade heat sources[END_REF]. In return, the numerical approach is widely used to explore the performance of innovative architectures. Concerning cooling production, the physical models that describe the various components of thermodynamic cycles have already been well investigated and have led to numerous numerical studies of both absorption and compression machines [START_REF] Herold | Absorption Chillers and Heat Pumps[END_REF]. Concerning power production, expander models need further investigation due to complex phenomena and a wide range of existing technologies.

Lemort et al. developed a first scroll expander model [START_REF] Lemort | Testing and modeling a scroll expander integrated into an Organic Rankine Cycle[END_REF]. This semi-empirical model takes into account the physics related to the transformation of the fluid from the inlet to the outlet of a scroll. In CCP systems coupling an absorption cycle with an expander, the expanded gas in the expander is most often ammonia with traces of water. Hence, there is a real interest in adapting this model to work with ammonia. Based on experimental data, Mendoza et al. developed a simplified version of Lemort's model with ammonia as working fluid [START_REF] Mendoza | Characterization and modeling of a scroll expander with air and ammonia as working fluid[END_REF]. The model is later included into a CCP cycle and the performance of a scroll expander is then calculated for three different working fluids [START_REF] Mendoza | Small capacity absorption systems for cooling and power with a scroll expander and ammonia based working fluids[END_REF].

In line with literature work, the present study aims to characterize CCP cycles and optimize their performance. A parallel architecture of the expander integrated into an ammonia-water absorption chiller has been studied. Numerical models of the cycle were developed with a detailed model of a scroll-type expander. Tests were also conducted on the ORC and absorption-chiller machines available in our laboratory, giving experimental data for calibration of the model parameters and boundaries. The resulting steady and transient numerical simulations provide various information on the key factors affecting the cycle operation and its related performance.

Cycle description

The CCP cycle considered in the present study is shown in Figure 1. It consists of a water-ammonia absorption cycle, in parallel with an ORC cycle which use part of the desorbed ammonia as a working fluid and a scroll expander for power production. On the solution circuit loop, a first line of ammonia-rich solution flows from the absorber to the generator through pressurization by a pump. A second line with an expansion valve brings the poor solution back to the absorber. An economizer preheats the rich solution with the poor solution coming out of the generator.

Upstream of the production lines, a rectifier maximizes the ammonia content of the gas produced at the generator in order to obtain better performance for cooling production. In Configuration A (Figure 1), the rectification is effective for both the cooling and the power production lines, while in Configuration B the ammonia expended to produce power is not rectified as the switch valve directing the flow between the two production lines is positioned before the rectifier. The two variations of the cycle exist in different architectures present in the literature [START_REF] Kumar | Experimental studies on combined cooling and power system driven by low-grade heat sources[END_REF][START_REF] Mendoza | Small capacity absorption systems for cooling and power with a scroll expander and ammonia based working fluids[END_REF].

To produce power, a superheater raises the temperature of the fluid to ensure that it remains in a gaseous state throughout the expansion. In the scroll expander, the fluid is then trapped and expanded in expansion chambers. By deforming, the chambers cause the rotation of a shaft coupled to a generator to produce electricity.

To produce cooling, a heat exchange with an intermediate temperature source (usually the ambient) condenses the ammonia flowing from the generator. A valve expands the ammonia to low temperature so it can take calories at the evaporator and generate cooling. Finally, a subcooler allows the ammonia to be pre-cooled before it is expanded, by using the ammonia coming out of the evaporator.

The flows from the two production lines mix and are finally absorbed into the poor solution through cooling by a source of intermediate temperature (the same as the one used in the condenser).

Experimental devices

Two different devices provide data to setup the following numerical models: the scroll expander model is parametrized according to tests performed on an organic fluid Rankine cycles (ORC), and an absorption cycle prototype is characterized to setup the other components in the model of the complete CCP cycle.

Organic Rankine Cycle

Scroll expanders ensure the continuous expansion of a fluid in closed chambers. This solution is therefore very relevant for small power applications with moderate flow rates [START_REF] Landelle | Experimental Investigation of a Transcritical Organic Rankine Cycle with Scroll Expander for Low -Temperature Waste Heat Recovery[END_REF]. A 1 kW Air Squared® scroll expander (model E15H022A-SH) was mounted on an existing ORC test rig [START_REF] Landelle | Performance investigation of reciprocating pump running with organic fluid for organic Rankine cycle[END_REF]. A preheater has also been added to the initial facility to increase the range of test conditions. In detail, a Hydra-Cell pump ensures the circulation and pressure elevation of the fluid. A preheater and an evaporator transfer up to 18 kW of thermal energy to it. Then the gaseous fluid expands in the scroll expander by driving a generator. Finally, a series of three condensers, fed by the same cold source, liquefy the fluid before it returns to the pump.

As ammonia cannot be directly tested in the installation, another pure fluid serves to characterize the scroll expander. The choice is an HFC commonly used in the heat pump industry: R245fa. This refrigerant have already demonstrated its ability to produce energy by expansion in an expander [START_REF] Giuffrida | Modelling the performance of a scroll expander for small organic Rankine cycles when changing the working fluid[END_REF][START_REF] Declaye | Experimental study on an open-drive scroll expander integrated into an ORC (Organic Rankine Cycle) system with R245fa as working fluid[END_REF]. Thanks to adaptation laws between fluids described by [START_REF] Giuffrida | Modelling the performance of a scroll expander for small organic Rankine cycles when changing the working fluid[END_REF], the characterization completed with R245fa allows to project the scroll behavior when operating with ammonia.

Conditions of operations tested on the ORC where chosen to be representative of the conditions expected in the combined cycle. Thus, the temperature of the heat source ranges from 90°C to 130°C as the high pressure of the cycle varies from 9 to 12 bar.

Absorption chiller

To characterize the other components in the studied CCP cycle, tests are performed on an existing water/ammonia absorption chiller device. This experimental cycle produces up to 5 kW of cooling (at temperature from -10°C to 20°C) from a heat source at low-grade temperature (70°C to 130°C) and a source at intermediate temperature (15°C to 45°C). The operating pressures vary between 8 and 20 bar on the high-pressure side and from 2 to 6 bar on the low-pressure side. Details of the design of the device and its detailed description were the subject of a previous paper [START_REF] Boudéhenn | Development of a 5 kW cooling capacity ammonia-water absorption chiller for solar cooling applications[END_REF]. In short, the operation of the device is identical to that of the CCP cycle studied and presented above without the electricity production line parallel to the cooling production. The tests carried out on the device make it possible to estimate the pinches of temperature, pressure drops and efficiencies associated with the various components also present in the CCP cycle.

For both installations, the uncertainty of measurement of the temperature sensors is ±0.3 C and the ones of the flow rate sensors and pressure sensors are respectively 0.4 % and 1 %. Additionally, the measurement of produced electrical power on the ORC comes with 4 % of uncertainty.

Numerical Models

The two following models were implemented in the 'Engineering Equation Solver' (EES) environment to simulate the operations of the expander and cycles [START_REF] Klein | Development and integration of an equation-solving program for engineering thermodynamics courses[END_REF]. The calculated values of specific thermodynamic states come from EES's database for pure ammonia and water/ammonia mixtures.

Expander scroll modelling

Lemort's semi-empirical model [START_REF] Lemort | Testing and modeling a scroll expander integrated into an Organic Rankine Cycle[END_REF] has been used in many studies to explore the different operating conditions of a scroll expander [START_REF] Mendoza | Characterization and modeling of a scroll expander with air and ammonia as working fluid[END_REF][START_REF] Giuffrida | Modelling the performance of a scroll expander for small organic Rankine cycles when changing the working fluid[END_REF]. It quantitatively estimates the performance of an expander with a limited number of operating conditions (flow rates, pressures and temperatures) at the inlet. In detail, the model decomposes the flow of fluid through the scroll into seven distinct thermodynamic transformations. It also takes into account the mechanical and thermal exchanges of the scroll with its environment. The equations specific to each transformation and balance are detailed in the reference publication [START_REF] Lemort | Testing and modeling a scroll expander integrated into an Organic Rankine Cycle[END_REF]. The design of the expander, the working fluids and the operating conditions are inputs of the model. Table 1 lists the parameters related to the nature of the expander. is the flow cross-section of the fluid at the expansion inlet.

, , , and are the heat exchange coefficients of a fictitious isothermal wall with, respectively, the fluid before expansion, the fluid after expansion and the ambient. The Built-in Volume Ratio (BVR) characterizes the volume expansion rate. represents the total leakage area related to the flow of fluid through the expander that does not produce work. Finally, is a mechanical friction coefficient.

The previous parameters are determined by minimizing the differences between experimental measurements and model calculations. The scroll response (power generation, output temperature and flow rate) was experimentally measured through 30 tests performed on the previously introduced ORC test bench for different temperature and flow rate conditions over the operating range of the expander. The same tests were simulated using the model by imposing four input parameters: the scroll speed, the temperature of the incoming fluid and the pressures upstream and downstream of the expander. The difference between the numerical and experimental results is quantified by the error :
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Tout , and are respectively the fluid temperature at the outlet, the power output and the fluid mass flow rate. The exp and num indices distinguish experimental quantities from numerically calculated quantities. A genetic algorithm is used to minimize the error and determine the values of the parameters listed in Table 1. To assess the accuracy of the model, a comparison is made between the experimental measurements and the recalculated numerical values based on the newly determined parameters (Figure 2). It shows that the differences are less than 10% for 26 of the 30 configurations studied. The standard deviation over all configurations between the experimental and numerical data is 6 %, what tends to validate the numerical approach. The heat exchange coefficients of the model depend on both the properties of the scroll and of the working fluid. In order to conserve the validity of a model calibrated on a type of scroll expander for different fluids, Giuffrida uses the intrinsic properties of the fluids to recalculate the heat exchange coefficients [START_REF] Giuffrida | Modelling the performance of a scroll expander for small organic Rankine cycles when changing the working fluid[END_REF]. Thus, the values of the exchange coefficients , and , determined for R245fa take the values of 6 W/K and 15.7 W/K respectively with ammonia. The small variations of those coefficients caused by the presence of water in ammonia is neglected thereafter as the proportion of water is low (maximum 10% of the mixture) and the influence of the heat exchange on the global process is not predominant. Moreover, this scroll expender has already been tested with other zeotropic mixture, strengthening the assumption of regular operation with a fluid mixture [START_REF] Bamorovat Abadi | Experimental study of a 1 kw organic Rankine cycle with a zeotropic mixture of R245fa/R134a[END_REF].

The study of an expander designed to operate with ammonia also requires adapting its geometry to be compatible with the properties of the fluid. Thus, since the expansion rate of ammonia is significantly higher than that of R245fa, the BVR is reduced to 1.9 in the scroll expander model in order to keep a comparable pressure ratio To evaluate the performance of the expander, its efficiency is defined as follows:
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With ∆P the enthalpy variation of the fluid in the scroll in the case of an isentropic transformation (ideal).

Considering the uncertainties of experimental measurements, the standard deviation between experimental and numerical values and the assumptions made on the change of fluid properties, we estimated the uncertainty of numerical calculations to be lower than 15%.

Modelling of the combined cooling and power cycle

A numerical model was developed based on the prototype of absorption cycle previously introduced. For each component, energy and mass conservation equations were written. The parameters of each heat exchanger (pinch, pressure drop and efficiency) were set with the values assessed experimentally on the water-ammonia absorption prototype [START_REF] Boudéhenn | Development of a 5 kW cooling capacity ammonia-water absorption chiller for solar cooling applications[END_REF]. Finally, it is assumed that the fluid is saturated at the outlet of each exchanger (except for an imposed superheating of 5 °C at the evaporator outlet). From this configuration, the model predicts the thermodynamic states anywhere in the cycle and the performance of the system for given operating conditions (temperature or power of the sources and solution mass flow rate).

To complete the development of the CCP cycle, the scroll expander model is integrated into the absorption chiller model, in parallel of the cooling production line (see Figure 1). In addition, a superheater modelled as an adjustable power supply to the fluid precedes the scroll. In order to control the share of cooling and electricity production, the split ratio divides the refrigerant flow between the two production lines. It is equal to the ratio of the mass flow rate of ammonia passing through the evaporator to the mass flow rate of ammonia produced at the generator. In most of the following study, the split ratio is set to 0.5, so distribution of generated ammonia is fair between the two production lines.

To estimate the cooling production efficiency of the CCP cycle, the COP is defined as follows:
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With Y K the thermal power exchanged at the evaporator and Y Z the thermal power exchanged at the generator.

Multi-objective genetic algorithm

A CCP cycle can produce power and cooling alternatively or simultaneously, but the optimal operational conditions for each production might not be the same. In addition, the quantification of each production is not directly comparable as the cooling thermal power is generally much higher in standard unit of power than the mechanical/electrical power. Therefore, an optimization algorithm that independently considers the power and the cooling production is necessary to perform a relevant optimization of the operational settings.

In 2002, Deb et al. developed a reputed multi-objective genetic algorithm based on a nondominated sorting approach (NSGA-II) [START_REF] Deb | A fast and elitist multiobjective genetic algorithm: NSGA-II[END_REF]. This optimization algorithm enables to maximize the simultaneous productions of cooling and power by determining a pareto-like maximization front for optimized operating conditions of the CCP cycle. In this study, the NSGA-II algorithm is coupled to the EES solver software using a loop strategy. A population of model input sets (individuals) is generated by the genetic algorithm, EES tests them and return the resulting power and cooling productions for each input set, finally the genetic algorithm treats them to generate a more accurate new generation of input set to be tested. A criterion of 5.10 -3 residual variation of the maximized values of the algorithm population is implemented to stop the optimization loop.

Results and discussion

A first analysis focuses on the operation of the scroll expander under the operating conditions of a CCP cycle and defines a newly criteria to assess the quality of volumetric expanders. Then we explore the performance of the complete cycle and carry out a comparative study between the two configurations of the cycle presented in Figure 1. Next, a dual-objective optimization presents the potential of cooling and power production of the cycle according to the temperatures of the sources. Finally, a transient study of the cycle introduces the dynamical inertia inherent to this complex system.

Performance and sizing of an expander operating in the conditions of a CCP cycle

In a conventional absorption cycle, the flow of ammonia produced at the generator matches 20-30% of the flow of rich solution [START_REF] Herold | Absorption Chillers and Heat Pumps[END_REF]. More precisely, tests on the absorption chiller prototype estimate a maximum flow rate of fluid through the expander of about 0.01 kg/s. Figure 3 shows the power production of the scroll with ammonia as a function of the flow rate. In order to highlight the sensitivity of the scroll performance to the low flow rate imposed by the CCP cycle (~ 0.01 kg/s), the study focuses on the influence of the following sensitive parameters: the pressure variation in the expander ∆S and the leakage area . We note that for a leakage area equivalent to that determined for the expander installed on the ORC test rig (solid curves), energy production is nil or very low for flow rates below 0.01 kg/s. In this configuration, the internal leakages are too important compared to the ammonia flow and the scroll is not being driven. This effect is even more important with higher differential pressure in the scroll (bold curves). With a leakage area reduced to 1 mm², the critical flow rate required to produce power is reduced to about 0.003 kg/s (dotted curves). As the leakage area is directly related to the volume efficiency of scroll expanders, this result illustrates the need to design highly efficient expanders with small leakage area for the development of small capacity CCP cycles. Accordingly, a reduced leakage area of = 1 mm² is retained for the rest of the study to simulate an expander with an acceptable efficiency.

The characterization of leaks in expanders operating with ammonia is of major concerns as there are essential in the development of CCP cycle, Kalina cycle [START_REF] Nag | Exergy analysis of the kalina cycle[END_REF] or ORC operating with ammonia. Considering a critical leakage area ,[ being the limit for above the one there is no power generation, it is relevant for expander constructors to evaluate this critical area easily from the foreseen operating conditions. The equations that govern the leaks in Lemort et al. publication [START_REF] Lemort | Testing and modeling a scroll expander integrated into an Organic Rankine Cycle[END_REF] involve numerous parameters. Through a sensitivity analysis of these equations, we stated that, in addition to the fluid nature, mostly the leakage area and the upstream pressure influence the leakage mass flow rate. An evaluation of the leak evolution, with variations of these two last parameters, enable to identify an analytical law to predict the critical mass flow rate:
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With \ a constant consistent with speed unit and proper to the fluid. A regression of the mean square deviation between the law and the numerical prediction gives a value of \ = 612.3 m/s for ammonia as working fluid. Finally, the prediction of the analytical law (eq. 4) fits with the numerical calculation of a critical leakage area with less than 3.7 % of relative error (see Figure 4). The numerical data are computed for an inlet temperature of the fluid in the turbine of 110 °C and an outlet pressure of 4 bar. Nonetheless, sensitivity calculations show that the leakage mass flow rate varies less than 11 % for an input temperature between 90° and 160°C, with a slight leakage decrease when the temperature increases. Moreover, the outlet pressure doesn't act on the leakage numerical calculation unless it is greater than about 50 % of the inlet pressure, what is very rarely the case in ammonia absorption chiller. Thus, the scope of validity of the analytical law to estimate a critical leakage area (eq. 3) cover a large range of CCP cycles empowered by low-grade temperature source (90°C to 160°C).

Influence of the position of the rectifier in the CCP cycle

To compare the two configurations of cycles previously introduced (see Figure 1), we analyzed the action of the rectifier on the cycle performance. By lowering the temperature of the gas produced at the generator, the rectifier will condense the remaining traces of water in the gaseous ammonia and redirect them to the poor solution. Thus, the rectifier limits the water content in the ammonia, but also reduces the flow rate of downstream components on cooling and power production lines. To quantify the overall influence of the rectification on cycle efficiencies, Figure 5 shows, for both configurations, the expander efficiency (eq. 2) and the COP (eq. 3) of the cooling production as a function of the mass fraction of ammonia in the evaporator. For the comparison, the cycle inputs are set as follow to reconcile optimal performance of the cycle and realistic conditions of operation: the rich solution flow rate is set to 0.028 kg/s ; the superheater imposes an increase of temperature of 15°C between the generated ammonia and scroll inlet ; the sources of hot, intermediate and cold temperatures are set respectively to 110°C, 27°C and 18°C and representative of low-grade heat source, warm ambient temperature and moderate cooling production for air conditioning units. The study remains valid for reasonable variation of those input as the described following phenomena are not directly connected to them. The results confirm the relevance of the rectifier to improve the performance of cooling production as the COP increases to an optimum corresponding to an ammonia content of 99.2%. In addition, it can be observed that the COP is logically relatively unaffected by the cycle configuration since in both configurations the rectifier is always upstream of the cooling production line.

Focusing on the power production, the rectification of ammonia before it passes through the expander (configuration A) results in a significant decrease of the expander efficiency. An optimal rectification of cooling generation, corresponding to a mixture with 99.2% ammonia, leads to 34% reduction of the scroll efficiency. This trend does not occur when the ammonia entering the expander is not rectified (configuration B). The decrease of the expander efficiency is then limited to 5% and is only caused by the reduction of the high pressure of the cycle, the one driven by the rectification rate occurring on the cooling production line.

The rectification of the ammonia solution intended for power production causes two effects that have opposite influences on the expander efficiency. Firstly, rectification increases the ammonia rate of the solution, and with it its volume expansion coefficient (representative of the gas volume variation for a given variation of pressure) [START_REF] Klein | Development and integration of an equation-solving program for engineering thermodynamics courses[END_REF]. This tends to improve the expander efficiency as it increases the displacement of the expander movable parts for a given flow rate. Secondly, rectification reroutes part of the generated ammonia solution and it has just been seen in the previous section that a lower flow rate reduces the expander efficiency.

Finally, the global reduction of expander efficiency caused by the rectification as shown in Figure 5 makes it possible to establish that the loss of performance attributable to the presence of water vapor in the working fluid is less significant than that due to the reduction in flow rate caused by the rectification.

Note that other constraints (serial CCP cycle, combined generator-rectifier, etc.) may favor the choice of a less optimal configuration (type configuration A). Hence, the previous quantified comparison can help as a preliminary study to arbitrate between different architectural options.

Dual optimization of the power and cooling production

In this section, the most efficient configuration of the CCP cycle is considered (see Configuration B, Figure 1). The multi-objective genetic algorithm previously described is operated to maximize the simultaneous productions of cooling and power. The three temperatures of the sources are the optimizable parameters and the only fixed input is the power exchanged at the generator that is set to 10 kW. The temperatures have the same boundaries than that of the absorption-chiller test bench as described in a previous section. The pressures and the mass flow rates are all outputs of the modelling.

The setting of the genetic algorithm is as follow: populations of 1000 individuals, crossover probability of 0.9 and mutation probability of 0.1. 50 generations are necessary to achieve a 5.10 -3 residual variation of the maximized values of the algorithm population. The graph on Figure 6 displays the optimum frontier obtained through the calculation of the dualobjective optimization. First, it informs that, functioning alternatively, the cycle can produce up to 680 W of power and 8 kW of cooling. Between these two extreme production modes, the plotted results show the maximum power and cooling production that can be produced simultaneously. One can notice that no power can be produced for cooling production greater than 6 kW. This limitation is directly related to the mass flow rate passing through the expander. As cooling and power productions are set in parallel in the cycle, the flow rate through the expander decreases with increasing cooling production and, as previously presented, this one becomes too low to get over the leakage of fluid through the expander. The graphs on Figure 7 display the evolution of both temperatures of hot source and cooling production from power production alone (split ratio = 0_ to cooling production alone ( = 1_ and for all the in-between simultaneous production modes. It shows that the hot source temperature is preferentially higher for power production and lower for cooling production, while the opposite is observed for the cooling production temperature. The plateaus are a consequence of the imposed boundaries for the temperatures of the sources. Those behaviors can directly be explained by the influence of the temperature on the operating pressures and mass flow rates and on the expansion potency of the ammonia that increases with the temperature. The results are also consistent with the preliminary experimental observations on both test benches.

Transient analysis of varying production of power and cooling

To complete the study, a dynamic model of the CCP cycle based on the previously used steady one is developed in the dynamic solver Dymola ® . The objective is to foresee characteristic response times and potential instability of the cycle when changing the production mode to adapt the generation of cooling and power to the user needs. This analysis will then help to configure an efficient predictive control of the system. Some simplifications were made to the dynamic model to accelerate the calculation time of the simulations and to gives the possibility to explore various scenarios. Hence, the rectification and the sub-cooler system are not present in the dynamic modelling, and the expander is modelled via a constant isentropic efficiency of 38% and an imposed rotational speed of 60 Hz as if connected to a national electrical grid.

Figure 8 illustrates for two transient scenarios the typical response times of the power and cooling productions to a change of control of the three-way valve dividing the ammonia flux in the production lines. In the first setup, the split ratio starts at a steady value of 0.5, corresponding to a simultaneous production of cooling and power. From = 0, the operating control changes to reach = 0 (i.e. power production alone). In the second setup, the split ratio starts at a steady value of 0 and from = 0, the operating control changes to reach = 1 (i.e. cooling production alone). To match the behavior of classic automated valves, the valve switching time is set to 20 seconds in the first scenario and 30 seconds in the second one. The first important observation is that there is no important instability of the system when switching from a production mode to another. The dynamic simulations predict that the transitions are not systematically instant, but they are always smooth enough to guarantee the stability of the system.

When switching from a mix production mode to a power production alone mode, a transient phase occurs before the cooling production stops and the power production reaches its nominal value. This is mainly the consequence of the condenser and evaporator inertia. In fact, both heat exchangers partly contain liquid ammonia when cooling production is operating, so when the valve closes before the condenser, this ammonia will take time to evaporate as low pressure of the cycle decreases. The symmetrical increase of power production is a consequence of the lowering low pressure that implies an increase of the pressure ratio at the expander ends. In the present simulation, this transient state last about two minutes and this time will be directly correlated to the volumes of the heat exchangers.

In the second scenario, when switching to power production alone to cooling production alone, the power production stops instantaneously as there is no storage of ammonia before the expander and the flow is immediately nil. The initialization of cooling production is instant too, but it takes about 6 minutes to reach the optimal cooling production as the heat exchangers takes time to reach their liquid/vapor equilibrium.

Conclusion

Among the CCP cycle architectures under development, those in parallel are the most versatile and easiest to implement but they have not been widely investigated. To contribute to the development of these systems, a complete numerical model of the parallel CCP cycle was developed and configured through the characterization of two experimental devices: an ORC test rig to characterize a scroll expander and an absorption cycle to evaluate the rest of the system.

Early results highlighted the importance of using a detailed expander model to quantify the intrinsic physics of the flows in the scroll. Indeed, under the operating conditions of a small capacity machine, low flow rates require the use of expanders of high volumetric efficiency. Moreover, an analysis focusing on the role and position of the rectifier in the cycle highlights its influence on the performance of power production. This result introduces a new criterion for cycle architecture optimization. To go further, a dual-objective optimization algorithm highlighted the potential of the CCP cycle and introduced some leanings to optimize the operating conditions according to the different production modes. Finally, dynamic simulations of a combined cooling and power cogeneration system predict that the transition between production modes are quite stable and that the transition times are longer when starting power production than when starting cooling production.
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 3 Figure 3. Mechanical power produced by the scroll expander as a function of the leakage area and the pressure variation in the expander.
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 4 Figure 4. Numerical and analytical calculations of the critical leakage area of a scroll expander as a function of the ammonia mass flow rate and the pressure differential through the scroll.
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 5 Figure 5. Expander efficiency and COP of the cooling production as a function of the mass fraction of ammonia at the evaporator.
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 6 Figure 6. Optimum frontier of the cooling and power productions obtained through a dual-optimization algorithm.
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 7 Figure 7. Evolution of the temperatures of the hot source (left) and of the cooling production (right) with the split ratio determined by to the dual-optimization algorithm.
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 8 Figure 8. Evolution of the productions of cooling and power after a change of the controlling inputs. From a mix of both productions to power production alone (left) and from power production alone to cooling production alone (right).

Table 1 . Scroll properties determined from experimental data with R245fa. The bold values identify the corrections for operation with ammonia.
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