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Abstract

Absorption cycles cogenerating cooling and power are flexible systems able to adapt to the irregularity of the
user’s needs. To facilitate their integration in industrial processes and mobility applications, this work
investigates the performance and control of a water-ammonia based cogeneration system operating at low-
grade heat (<200 °C). Through a complete model of a cogeneration cycle implementing an accurate description
of an expander, the optimal performance of power and/or cooling production are explored according to the
needs and the available temperature sources. Simulations show that power and cooling productions can
respectively reach the performances of Kalina and absorption cycles for determined operating conditions. They
also highlight the critical features of an expander in a combined production cycle. The model is then imported
in a dynamic solver to investigate the transient behavior of a cogenerating system. 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.
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1. Introduction

Quantity Symbol Unit Quantity Subscript
Area A mm? Expander expa
Exchanged Heat Q J Experimental exp
Overall heat transfer U W m?2K! Numerical U
coefficient Expander inlet in
Temperature T °C Expander outlet Out
Efficiency n Critical c
Expander generated w kW Coefficient of Performance cop
power Combined Cooling and power  CCP
Mass flow rate m kg.s™! Organic Rankine Cycle ORC
Specific enthalpy h kJ.kg! Hydrofluorocarbons HFC
Friction coefficient Tioss N Built-in Volume Ratio BVR
Split ratio Ts
Valve switching time t, s

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. (2013). Two main families stand out: the
cogeneration architectures in series [2]-[4] and those in parallel [S]-[7]. The architectures in series are
generally more efficient for simultaneous co-generation of cold and electricity while the architectures in
parallel enable more flexibility in term of production. Parallel architectures are also easier to implement
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because only two levels of pressure are present. Independently of the architectures, the cold can be produced
using the principle of the absorption chillers [3], [5], [6] or that of the ejectors [2]. The combination of both
technologies was also considered in several studies [7], [8]. Electricity is produced 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) [9].

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 [5]. 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 [10]. Concerning power production, expander models need further investigation due to
complex phenomena and a wide range of existing technologies.

Lemort et al. (2009) developed a first scroll expander model. This semi-empirical model considers 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 containing
traces of water. Hence, there is a real interest in adapting this model to work with ammonia. Based on
experimental data, Mendoza et al. (2014) developed a simplified version of Lemort's model with ammonia as
working fluid. The model is later included into a CCP cycle (Mendoza et al., 2014) and the performance of a
scroll expander is then calculated for three different working fluids.

As a continuous of the literature work, the present study aims to optimize the performance of CCP cycles.
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 an ORC system and an absorption-chiller machine, giving experimental data for calibration
of the model parameters and boundaries. The simulation results were then analyzed, giving us information
about the key factors affecting the cycle performance. Finally, the transient behavior of the cogenerating
system has been investigated through dynamic simulations. This illustrates the stability of the system and gives
insights on typical response times to control the operation of the cycle.

2. 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, the one using part of the desorbed ammonia as a working fluid
and a scroll expander for power production.

a) Configuration A b) Configuration B
Fig.1. Scheme of the CCP cycle with two different configurations

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.
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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
founded in the literature [5], [6].

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 that is 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 for cooling production. Finally, a sub-cooler 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).

3. 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 ORC test rig, and an absorption cycle is characterized to setup
the other components in the model of the complete CCP cycle.

3.1 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 [12]. A 1 kW Air Squared® scroll
expander (model EI5SH022A-SH) was mounted on an existing ORC test rig [13]. A preheater has also been
added to the initial device 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 [14], [15]. Thanks to adaptation
laws between fluids described by [14], the characterization completed with R245fa allows to project the scroll
behavior when operating with ammonia.

3.2 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 cold (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 [16]. 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 presented in the CCP cycle.

The two following models were implemented in the ‘Engineering Equation Solver’ (EES) environment to
be solved. The calculated values of specified thermodynamic states come from EES’s database for pure
ammonia and water/ammonia mixtures.

4. Numerical models

4.1 Expander scroll modelling

Lemort's semi-empirical model [11] has been used in many studies to explore the different operating
conditions of a scroll expander [14], [17]. It quantitatively estimates the performance of an expander with a
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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
considers 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 [11].

Table. 1: Scroll properties determined from experimental data with R245fa.

The bold values identify the corrections for operation with ammonia.

Ain AUin,n AUout,n AUamb BVR Aleak Tioss

(mm?) (W/K) (W/K) (W/K) (mm?) (N.m)
R245¢fa 28 12 31,4 7,5 2,7 5,7 0,2
Ammonia 28 6 14,7 7,5 1,9 1 0,2

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. A;, is the flow cross-section of the fluid at the
expansion inlet. AU, AUgyen and AUy, 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. A, represents the total leakage area related
to the flow of fluid through the expander that does not produce work. Finally, 7;,5s is a mechanical friction
coefficient. All these 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 with the model by imposing four input parameters: the scroll speed, the temperature of the inlet
fluid and the pressures upstream and downstream of the expander. The difference between the numerical and
experimental results is quantified by the error:

= 2 [(Tout,exp_Taut,num>2 + (Wexp._Wnum>2 + (mexp_mnum)z] )

Tout,exp Wexp mexp

Tour, W and m are respectively the expansion outlet temperature, 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 value 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 (see Figure 2). It shows that the
differences are less than 10% for 26 of the 30 configurations studied, what tends to validate the numerical
approach.

Fig.2. Comparison of numerical (vertical axis) and experimental (horizontal axis) results of W, Tout and 1

The heat exchange coefficients of the model depend on both the properties of the scroll and the working
fluid. In order to preserve the validity of a model calibrated on a type of scroll expander for different fluids,
[14] uses the intrinsic properties of the fluids to recalculate the heat exchange coefficients. Thus, the values of
the exchange coefficients AU,;,, and AU, , determined for R245fa take the values of 6 W/K and 15.7 W/K
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respectively with ammonia. 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.
To evaluate the performance of the expander, its efficiency is defined as follows:
w
Nexpa = m 2

With Ah;s the enthalpy variation of the fluid in the scroll in the case of an isentropic transformation (ideal).

4.2 Modelling of the combined cooling and power cycle

A numerical model was developed based on the prototype of absorption cycle presented previously [16].
For each component, the energy and mass conservation equations were formalized. The experimentally set
values of pinch, pressure drop, and efficiency configure the heat exchanger model. Finally, it is assumed that
the fluids are 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 performance and thermodynamic states 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 parallel
absorption chiller model of the cold production circuit (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 cold and electricity
production, the split ratio 7y 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.

To estimate the cold production efficiency of the CCP cycle, the COP is defined as follows:

COP = Qevap_ 3)

QgenTs

With Qgyqp the thermal power exchanged at the evaporator and Qg that at the generator.

5. Results and analysis

A first analysis focuses on the operation of the scroll expander under the operating conditions of the CCP
cycle and define a newly criteria to assess the quality of expanders. We then explore the performance of the
complete cycle and carry out a comparative study between the two configurations of the cycle presented in
Figure 1. Finally, a transient study of the cycle introduces the dynamical behavior of this complex system.

5.1 Scroll performance under operating conditions of the CCP cycle

In a conventional absorption cycle, the flow of ammonia produced at the generator matches 20-30% of the
flow of rich solution [10]. Tests on the absorption chiller device 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 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 AP and the leakage area A4;,,,. 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 flows below 0.01 kg/s. Indeed, in this configuration, the internal leakages are too large compared to the
ammonia flow and the scroll is not being driven. This effect is even more important as the pressure differential
in the scroll is high (bold curves).

With a leakage area reduced to 1 mm?, 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 for the development of small capacity CCP
cycles. The reduced leakage area is retained for the rest of the study (4,4, = 1 mm?).

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 [18] or ORC operating with ammonia. Considering a
critical leakage area being the limit for A4,,,, 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 governs the leaks in Lemort’s model involve numerous parameters [11].
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Fig. 3. Power produced by the scroll expander as a function of the leakage area and the pressure variation in the expander

A sensitivity analysis stated that mostly the leakage area, the upstream pressure and the fluid nature
influence the leakage mass flow rate. Considering ammonia as operating fluid, an evaluation of the leaks
evolution, with variations of the two remaining parameters, enable to identify an analytical law to predict the
critical mass flow rate:

Texpa
4
Pin ( )

Aleak,c =k

With k 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 k = 612.3 m/s for ammonia as
working fluid. Finally, the prediction of the analytical law (equation 4) fits with the numerical calculation of a
critical leakage area with less than 3.7 % of relative error (see Figure 4).

Fig.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.

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 53 % of the inlet pressure, what is very rarely the case in ammonia absorption chiller. Thus, the
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scope of validity of the analytical law to estimate a critical leakage area (equation 3) cover a large range of
CCP cycles empowered by low-grade temperature source (90°C to 160°C).

5.2 Impact of the rectification of ammonia for power production

To compare the two configurations of cycles previously introduced, this study analyses 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 ammonia and redirect them to the poor solution.
Thus, the rectifier limits the water content in the ammonia, but also reduces the flow rate in the downstream
production lines. To quantify the overall influence of the rectification on cycle efficiencies, Figure 5 shows,
for both configurations, the expander efficiency (equation 2) and the COP (equation 3) of the cold production
as a function of the mass fraction of ammonia in the evaporator. For the comparison, the cycle inputs are set
as follow: the sources of hot, intermediate and cold temperatures are set respectively to 110°C, 27°C and 18°C;
the rich solution flow rate is set at 0.028 kg/s; the superheater imposes an increase of temperature of 15°C
between the generated ammonia and the inlet of the scroll.

Fig.5. Expander efficiency and COP of the cooling production as a function of the mass fraction of ammonia at the evaporator

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 cold production line.

Focusing on power production, the rectification of ammonia before it passes through the expander
(configuration A) results in a significant decrease of the expander efficiency. For instance, an optimal
rectification for cooling production (99.2% ammonia content) leads to a 34% reduction of the 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 due to the reduction of the high pressure of the cycle,
which is related to the rectification rate occurring on the cooling production line. Finally, this result 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). Then the quantified comparison presented in this study can
be used as a reference to arbitrate between different architectural options.

5.3 Transient analysis of varying production of power and cooling

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 typical response times and potential instability of the cycle when
changing the operation mode to adapt the production of cooling and power to the user needs. Those data would
latter benefit 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
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and the expander is modelled via an isentropic efficiency and an imposed rotational speed of 60 Hz as if
connected to a national electrical grid.

Figure 6 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 7; starts at a steady value of 0.5, corresponding to a simultaneous production
of cooling and power. From t = 0, the operating control changes to reach r; = 0 (i.e. power production
alone). In the second setup, the split ratio 7; starts at a steady value of 0 and from t = 0, the operating control
changes to reach r; = 1 (i.e. cooling production alone). To match the behavior of classic automated valves,
the valve switching time t,, is set to 20 seconds in the first scenario and 30 seconds in the second one.

> >
ty t,

Fig.6. 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 a power production alone to cooling production alone (right)

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 alone production 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. 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 the system low pressure 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 null. 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.

6. 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 volume 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. Finally, dynamic simulations of a combined
cooling and power cogeneration system predict that the transition between production modes are quite stable
and the transition times are longer when stopping cooling production than when stopping power one.
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