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Abstract: Carnot battery technology appears to be a promising solution to increase the development
of power generation and offers a good solution for high-capacity, day-to-day energy storage. This
technology may utilize the waste heat and store the electricity to recover it later. This article reports
the preliminary analysis of a specially designed Carnot battery configuration employing a novel
reversible Rankine-based thermodynamic cycle (RRTC). In this case, one volumetric expander is
not only installed to generate power from a heat engine, but also to recover power during heat
pump operating mode. The preliminary design and modeling results were obtained based on
calculations taken from working fluid thermal properties of propane with some specific boundary
conditions (i.e., secondary fluid hot temperature of 348.15 K, cooling temperature of 228.15 K, and
waste heat temperature of 338.15 K). The results show that isentropic efficiency, pressure, and
volumetric expansion ratio from both heat engine and heat pump operating modes are important
parameters that must be taken into account when designing the two-phase expander for RRTC. The
obtained results show that a designed two-phase volumetric expander in RRTC features a pressure
ratio of 2.55 & 1.15 and a volumetric ratio of 0.21 £ 0.105, and the Carnot battery may achieve the
performance of 0.50-0.98.

Keywords: ORC; heat engine; heat pump; phase equilibria; reversible thermodynamic cycle

1. Introduction

In order to ensure sustainable energy generation and easy access to electricity and
other forms of energy, there is increased interest in the study and development of power
generation systems and devices. Moreover, pro-ecological technology has been driving the
research in this area into effective and efficient solutions. Therefore, there is some increased
interest in the investigation and development of waste heat recovery technologies [1-3]
and the utilization of intermittent and fluctuating heat sources [4]. Recent studies on the uti-
lization of intermittent and fluctuating heat sources involving thermal energy storage (TES)
also indicate that thermal energy can be stored and used at any time to produce electricity.

In this case, the Carnot battery offers a good solution that can be implemented to
utilize and store the waste heat with the help of a heat engine, a heat pump, and TES [5]. A
literature review shows that there are three possible types of Carnot battery technologies.
These are methods based on the Lamm-Honigmann process, pumped thermal energy
storage (PTES, also known as compressed heat energy storage (CHEST) [6]), and liquefied
air energy storage (LAES) [5]. In the Carnot battery, the electric energy is stored as sensible
or latent heat (i.e., charging schemes); it can then be recovered using several different
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heat engine technologies such as Rankine or Brayton cycles [7]. Due to their advantages,
such as flexibility to adapt to different operating conditions and working fluids, easier
integration of waste heat, relatively low investment and maintenance cost, and compact
modular design, Rankine-based cycles are a promising approach for implementation in
Carnot batteries. Therefore, our paper focuses on these cycles.

A significant interest in the research related to Rankine-based cycles is visible in many
investigations of the selection of a suitable working fluid [8]. In the classical Rankine
cycle, water is applied as the working fluid, whereas the organic Rankine cycle (ORC) uses
organic working fluid instead of water in a Rankine-based system. The ORC can utilize
various working fluids, and its performance depends on the type of applied working fluid
used. These fluids are conventionally classified as wet, dry, or isentropic; alternatively,
these working fluids can also be classified by special points, A-C-Z-M-N [9], located on their
T-s diagrams. The ORC system performance depends not only on the applied working fluid
but also on the system architecture, which includes simple, cascaded, combined, reheated,
and regenerative systems, and those integrated with two-phase expansion cycles [10].
Recent articles [11,12] discussed the maximal efficiency of ORC and its gradual efficiency
trendline in a simple design compared with the trilateral flash cycle (TFC) and the partially
evaporated ORC (PE-ORC). This simple approach is a benefit for engineers in designing and
operating a compact and efficient ORC system. By applying a recuperator, the efficiency of
the ORC system in which dry working fluid is applied can be improved [13].

Since the Carnot battery can be implemented using a Rankine-based cycle, various
design schemes exist depending on the employed expanders. Compared to turbines,
volumetric expanders appear to be more promising for application in Carnot batteries as
they can operate with relatively lower noise and vibration and under two-phase conditions
(wetness). Therefore, many technical issues can be avoided, such as droplet condensation
during expansion (which may lead to serious problems, i.e., blade erosion) [14,15]. A recent
preliminary study [16] discussed the possible application of various types of volumetric
machines as two-phase expanders, such as the screw, scroll, and multi-vane systems.

In the literature, a study [17] analyzed the Carnot battery with a Rankine-based system
in which the heat pump and heat engine were designed as separate devices (that is, the
design employed a compressor, a pump, an expander, and a throttle valve). Two further
configurations of the Carnot battery use a Rankine-based system employing a reversible
scheme and integrated with an electrical heater [5]. The use of a reversible scheme appears
to be promising because it reduces the number of components. The literature presents
two possible ways to design the reversible scheme. One scheme utilizes the same heat
exchangers (as the condenser and evaporator) with a compressor, a pump, a throttling
valve, and an expander in a closed-loop system. Another scheme, which reduces the
number of components, uses heat exchangers, a pump, a reversible compressor/expander,
and a throttling valve. From the literature review, it appears that there is still room
for improvement to design a reversible Rankine-based configuration for Carnot battery
technology using a two-phase volumetric compressor/expander coupled with a reversible
electric motor/generator.

This work reports the preliminary design and modeling of Carnot battery technology
with a reversible Rankine-based system, which is the so-called reversible Rankine-based
thermodynamic cycle (RRTC). This work aimed to investigate the performance of one
volumetric two-phase compressor/expander installed in a special configuration system for
both ORC and heat pump modes. This novel approach is presented to provide a possible
alternative scheme for a reversible Rankine-based system, and to study the operating
conditions of the two-phase volumetric expander. Here, the performance of the volumetric
expander refers to the gradual expander power as a function of pressure and the volumetric
expansion ratio. Moreover, the trend in Carnot battery performance (C) is also discussed.
The use of one expander may recover the power during heat pump mode operating mode,
and therefore may lead to significantly lower electric consumption.
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This paper is structured as follows. The next section introduces the Carnot battery
technology in general and its classification. Section 3 reports the novel RRTC system and the
mathematical description of the process which was used in the modeling and simulation.
Section 4 discusses the results obtained from the modeling of the proposed RRTC system.
Finally, the conclusions of the study are summarized.

2. Carnot Battery Technology

A Carnot battery is an innovative approach to electrical energy storage (EES) which
consists, at least, of electrical input and output [5]. The operating principle of the Carnot
battery is simple. The electric energy is first converted to thermal energy, then stored in
TES (during TES charging), and can later be recovered (during TES discharging). The
charging and discharging can proceed due to several energy conversion technologies.
Based on literature studies [5,7], patents related to Carnot battery technology date back to
1979, and the original concept was suggested in 1922 by Marguerre. According to various
studies, Carnot batteries may include technology such as pumped thermal electricity
storage (PTES) [18], which can be traced back to John Ericsson’s work in 1883 [5,19]. A
Carnot battery consists of a heat pump, a heat engine, and a high/low-temperature control
region during operation, and is illustrated in the literature [5].

In one case, electric energy is used to pump the heat from a low temperature to a
high-temperature reservoir, which can be performed with the help of a heat pump. Once the
thermal energy is collected in the high-temperature reservoir and TES is charged, thermal
energy can be stored for a certain time period. Then, the energy of this high-temperature
reservoir can be utilized to generate electricity with the help of heat engines. In another case,
the electric input is used to pump the cooled or liquefied working fluid to a low-temperature
reservoir (the temperature of which is below the ambient temperature) with the help of a
heat pump. This kind of cold energy can then be utilized to generate electricity with the
help of a heat engine whose lower operating temperature (i.e., a condenser temperature) is
designed around this point. This can even be performed by a cryogenic cycle that works
significantly below room temperatures.

There are many possible configurations of Carnot batteries. One example is PTES
(which can also be called pumped heat energy storage (PHES) or compressed heat energy
storage (CHEST)) [20]. This type of battery may be configured using Rankine-based or
Brayton-based cycles with further sub-classes [5].

The Lamm-Honigmann process is a form of thermochemical energy storage invented
to be charged with the input of heat or mechanical work, and discharged with the release
of heat or mechanical work [21]. The discharging of the Lamm-Honigmann process can
be achieved by heating a solution of water in another liquid (e.g., LiBr or NaOH) [5]. In
liquefied air energy storage (LAES), electric energy is used to liquefy air with the help of
air compression and an air-cooling system (the so-called liquefaction process).

Both Brayton-based and Rankine-based systems show promise for application in
Carnot batteries. Brayton-based cycles mainly operate under gas conditions, whereas
Rankine-based cycles may involve the two-phase condition. Typical configurations for
Brayton- and Rankine-based systems consist of a separated system (heat pump and heat
engine), a reversible system (heat pump and heat engine in one compact system), and a
combined system with an electrical heater.

The significant difference between Brayton- and Rankine-based cycles is in the energy
consumption: the Rankine-based cycle consumes relatively lower power to pump the
working fluid than the Brayton cycle [22]. The Rankine cycle features a closed-loop cycle,
and the Brayton cycle operates in an open loop. It has been found that the Brayton cycle
may work in a closed-loop configuration if it employs a compressor in the process, in which
the operating conditions and efficiency may be sensitive to the polytropic performance of
the machine [5]. For this reason, in this study, we selected the Rankine-based cycle because
it offers good performance and low power consumption of the pump.
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There are various potential means to design a reversible heat pump/ORC system;
two possibilities are shown in literature. A previous study [23] investigated the RRTC with
two heat exchangers (as the reversible condenser and evaporator), a pump, a throttle valve,
an expander, and a compressor. Another design of the RRTC [24] was configured to reduce
the number of components by employing an expander/compressor device (i.e., a reversible
machine). The application of a volumetric machine acting as a compressor/expander in
this system may be promising because it can reduce the investment cost of the installation.
However, since an expansion process is necessary for both cycles (heat pump and ORC), a
study [25] discussed the potential replacement of the throttle valve with an axial piston
expander to reduce power consumption. Due to this solution, the coefficient of performance
(COP) of the heat pump may be improved. Since the idea of using an expander instead
of a throttle valve is promising, in the current paper, the use of a two-phase volumetric
expander in the RRTC is discussed in detail in Section 3.

3. A Novel Model of the Reversible Rankine-Based Thermodynamic Cycle (RRTC)
3.1. A Proposed Design of the Reversible Rankine-Based Thermodynamic Cycle (RRTC)

The Organic Rankine cycle (ORC) is a Rankine cycle utilizing an organic working fluid
instead of water, whereas the heat pump cycle (refrigerating cycle) is a reversed Rankine
cycle. The main operating purpose of the ORC is to generate electricity, whereas the main
operating purpose of the heat pump is to heat (or cool) the enclosed space.

The thermodynamic processes of these cycles are different. However, it was found
that, taking into account the design, these cycles have very similar components, such as
heat exchangers (one heat absorber and one cooler), a machine to transfer and pressurize
the working fluid (a pump in the ORC and a compressor in the heat pump), and an
expander. The literature review showed that the ORC system [8,10] or heat pump [25,26]
is usually designed as a stand-alone unit for a single application (generating power or
heating/cooling).

Continental climate and seasonal temperature fluctuations are characteristic of many
areas globally. In these areas, the application of the ORC and heat pumps is especially
interesting. However, the applied designs of these systems, as described above, may lead
to significant investment costs due to the necessity of installing two separate units. As an
alternative, a promising and novel reversible Rankine-based thermodynamic cycle (RRTC),
comprising a heat pump and the ORC, is proposed. The proposed design of this system
and its thermodynamic processes are illustrated in the T-s diagram in Figure 1. It should
be noted that, in Figure 1, the maximal and minimal cycle temperatures for both cycles
are not the same because the heat pump utilizes waste heat during the operation. In this
case, if there are no waste heat recovery/sufficient heat sources, the maximal and minimal
cycle temperatures for both cycles may be in the same range. HE1 and HE2 represent heat
exchanger 1 (as the heat absorber for the ORC and the heat sink for the heat pump) and
heat exchanger 2 (as the heat absorber for the heat pump and the heat sink for the ORC).
EXR, CPR, and LP are expander, compressor, and liquid pump, respectively. Moreover,
CV and GM are control valves and the reversible generator-motor. In terms of practical
aspects, installing a reversible generator-motor may entail several considerations, such as
shaft layout and regulation of the shaft when the pump or compressor is not in use. This
configuration will also have a significant impact on the efficiency of the generator (which
generates the electricity) or the motor (which drives the pump/compressor). To improve
the efficiency of a reversible motor-generator, several different factors must be considered.
As a result, future experimental study of reversible motor-generators will be interesting.

Counter-flow heat exchangers, as illustrated in Figure 1 for both HE1 and HE2, and
indicated by the direction of the input/output and the working fluid inside the cycle, are
used to create a more efficient system. Since the heat exchangers in this system are designed
in a fixed geometry, and these devices behave as both condenser and evaporator for ORC
and heat pump modes (and vice versa), regulating the mass flow rate to match the energy
balance occurring in this heat transfer is a possible practical aspect of this design.
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Figure 1. The proposed design of a novel reversible Rankine-based thermodynamic cycle (RRTC): the
operating scheme for (a) the organic Rankine cycle (ORC), (b) the heat pump, and (c) its processes in
a T-s diagram with the same temperature range (blue lines represent heat pump mode and red lines
represent ORC mode, referring to the stream of working fluid through each component).

Figure 1 shows a system that may be utilized for two different tasks (i.e., a switch-like
system). This system may be appropriate for continental climate areas and those with
limited heat sources that may require cooling at a specific period (i.e., not continuously).
The implementation of this RRTC may be beneficial since it is more cost effective than
installing two separate devices. In the RRTC, some investments, such as pipelines, heat
exchangers, and other components may be reduced. This is the main advantage and
innovation of the proposed system.

Figure 1 illustrates that the RRTC in ORC mode indicates red process lines, whereas
heat pump mode refers to blue process lines. The control valve must be installed as a
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regulator to switch between the processes from ORC to heat pump modes. These regulators
have to be placed at the inlet and outlet of the pump or compressor, which increase the
pressure of the working fluid in the liquid phase (for the ORC), and the superheated gas or
two-phase (0 < x < 1) mixture (for the heat pump). Figure 1 illustrates that the liquid pump
and compressor act to increase the pressure for ORC and heat pump modes. In this case,
the pump is operating for the liquid phase while the compressor is operating for the vapor
phase of the working fluids.

In addition to a machine to transfer and pressurize the inlet and outlet working fluid,
regulators must also be applied for the heat exchangers because the RRTC requires a
single apparatus (see the heat exchanger side for the RRTC illustrated in Figure 1a,b).
This regulator helps to regulate the working fluid flow rate through the heat exchanger;
therefore, it can successfully change the phase of working fluids.

Environmental impacts are often assessed based on ozone depletion potential (ODP)
and global warming potential (GWP), and require that suitable and pro-ecological working
fluids are used in further applications. Moreover, some working fluids have been phased
out or are forbidden by the Montreal and Kyoto Protocols, or the Kigali Amendment [27].
Therefore, the use of a natural working fluid, which has a relatively low impact on the
environment, seems to be promising. Propane is a natural working fluid that appears to
be a good candidate because it has low toxicity, zero ODP, and relatively low GWP, and is
environmentally friendly. Therefore, this study used propane as the working fluid for the
RRTC. The thermal properties and other parameters of propane are listed in Table 1.

Table 1. Thermal properties and other parameters of propane [28,29].

Parameters Value
Name Propane
CAS number 74-98-6
Formula C3Hg
R name R-290
Working fluid type [9] ACZ (or wet working fluid)
Molar mass (g/mol) 44.09562
obDr 0
GWP 3.3
Safety based on ASHRAE designation A3
Critical temperature (K) 369.89
Critical pressure (MPa) 4.2512
Critical density (mol/ dm?3) 5
Triple point temperature (K) 85.525
Normal boiling temperature (K) 231.036

A literature review shows that propane has been investigated as a suitable candidate
as a working fluid [30] and applied to the ORC [31,32], cascaded cycle [33], and transcritical
cycle [34]. It is also used for the Joule-Thompson refrigeration cycle [35] and air condition-
ing /refrigeration [36,37]. Moreover, because propane is a well-known and widely used
substance, the development of novel parts (such as lubricant, etc.) may be unnecessary.
Because it is an A3 working fluid, the hermetic seal needs to be considered.

In modeling, the process can be calculated using thermophysical properties such as
REFPROP [28] and CoolProp [29] using enthalpy changes. The mathematical description for
each mode is discussed in the following sections: Section 3.2 for ORC mode and Section 3.3
for heat pump mode.
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3.2. The Mathematical Description of RRTC in ORC Mode

In the ORC mode of the RRTC, the heat carrier enters the HE1 with a certain mass
flow rate through the pipelines. The energy balance in this device between the heat source
and the working fluid inside the cycle can be described by Equations (1)—(3), as follows:

Qin = Quer, 1)
Qup1 = TitwsAly 2, )

. . Tsat,l
MinAhin = Mys < (Cp,wf 1 ATl—)sat,l) + Ahsat,l—>2>/ 3)

where Q, m, and Ah describe the heat transfer rate, working fluid mass flow rate, and
working fluid specific enthalpy changes, respectively. Subscripts wf, in, sat, and 1 represent
working fluid, input (heat carrier), saturation, and liquid, respectively. In addition, other
subscripts indicated in Equations (1) and (2) relate to the process in Figure 1a,c. In this case,
the energy balance of the heat source and working fluid inside the cycle may be calculated
as a function of enthalpy or temperature changes.

In the following step, the expansion process starts when the working fluid reaches the
saturated vapor state (x = 1), which is indicated with the number 2 (red color) in Figure 1.
The real expansion process in the expander can be expressed as a function of enthalpy change
by introducing the expander’s isentropic efficiency, described by Equations (4) and (5):

Pexr = MyiAhy 3, MEXR s/ 4)
A}12%3

- , 5

NEXR,is Ah243ls ( )

where P and # represent the power and the efficiency, respectively. The subscript “is”
represents the isentropic process. The following process is the working fluid condensation
(using HE2, illustrated in Figure 1a,c) to alter the phase of working fluid back into a liquid
state (x = 0). Then, liquified working fluid is ready to be pumped (using LP, presented in
Figure 1a,c), and the cycle completes. The process in the condenser (HE2) and pump (LP)
can also be expressed using a function of enthalpy changes, described by Equations (6)—(8)
for the condenser and Equations (9) and (10) for the pump:

Qout = QHE2s (6)

Qupz = TitwsAlts 4, )

moutAhout = mwah3a4/ (8)

Prp = mityiAhasa, /11 p s 9
Ahy 1,

77LP,15 — Ah4*>l . (10)

Using the Equations (1), (4), and (9), the overall efficiency of the RRTC in ORC mode
can be expressed as Equation (11):

B — B
HRRTC,ORC = EXRCCLP (11)

HE1

3.3. The Mathematical Description of RRTC in Heat Pump Mode

The process of the RRTC in heat pump mode starts at HE1, whose power is directly
related to the heat transfer rate needed to heat/cool the space. In the mathematical de-
scription, it can be calculated as an expression of enthalpy changes, in the same was as
in Equation (2) according to energy balance. However, it has to be noted that the process
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operates in the opposite direction. This means that using the same heat exchanger, in heat
pump mode, the HE1 behaves as a condenser instead of an evaporator. Therefore, a special
design of HE1 has to be implemented. The condensation process in HE1 starts from the
superheated state and proceeds to the liquid state (x = 0), which is referred to the states
numbered 1 and 2 (blue color) in Figure 1b,c. Therefore, the process of HE1 in heat pump
mode can be expressed as a function of enthalpy changes, described as Equation (12):

Tsat,v

moutAhout = mwf ((Cp,wf ATZ—>sa’t,v> + Ahsa’t,v%l) ’ (12)

T2
where the subscript v represents the vapor.

Once the working fluid reaches a saturated liquid state (x = 0), which is indicated by
state 2 (blue color) in Figure 1b,c, the working fluid needs to be expanded. In small heat
pumps, the throttle valves were often used as the expansion devices. Because this novel
RRTC uses an innovative expansion device, the expander is used to expand the working
fluid; therefore, no throttle valve is installed. It should be noted that the use of expansion
devices for expanding saturated liquids is a realistic assumption; similar devices are used in
flash cycles [38]. The expansion process of the RRTC in heat pump mode can be described
as in Equations (4) and (5).

The following process is the evaporation during which the working fluid changes
the phase from two-phase (0 < x < 1) to saturated vapor (x = 1) or superheated state, as
presented in Figure 1b,c, indicated with the state 3 and 4 (blue color). Although the same
heat exchanger (HE2) can be utilized in the RRTC operating in heat pump mode, the process
has a different direction, as shown in Figure 1b,c. The evaporation process in HE2 can be
expressed as Equation (7) for the enthalpy change. Therefore, the process of HE2 in heat
pump mode can be described as Equation (13):

MinAhin = My Ah3_s4. (13)

The possible application of plate heat exchangers as a reversible device (condenser and
evaporator) has been discussed elsewhere [39]. After the previous step, the working fluid
is ready to be pressurized with the help of a compressor. Typically, the compressor process
is similar to using a pump to increase the working fluid’s pressure, but in the vapor/gas
phase. The compressor power and isentropic efficiency can be expressed using the change
in the specific enthalpy of the working fluid, as described in Equations (14) and (15):

Pcpr = MygAhy_s1, /1CPR s/ (14)
o Ahyay
NCPRis = Ay

Therefore, the coefficient of performance of the RRTC operating in heat pump mode
can be expressed as Equation (16):

(15)

Pcpr — Ppxr
COPRRTC,heat pump — — - - (16)

Que1

3.4. System Setup

The main advantage of the proposed novel RRTC is that the system uses the same
heat exchangers (HE1, HE2) and expander (EXR) (as illustrated in Figure 1) in both ORC
and heat pump operating modes. In this study, it was assumed that the heat exchangers
are isobaric. The system setup of this study is shown in Table 2. The system model was
implemented and computed using MATLAB, and the thermal properties of the working
fluid were taken from CoolProp [29].
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Table 2. The reversible Rankine-based thermodynamic cycle (RRTC) setup applied in this study.

Parameters ORC Mode Heat Pump Mode
HET1 pinch point (K) 5 5
HE2 pinch point (K) 5 5

HEI1 secondary fluid temperature (K) 3452&2;?32125 10 348%,[50_53(i§;§)+ 10

. 288.15 338.15

HE2 secondary fluid temperature (K) (from air) (from waste heat)

Simulation temperature step (K) 1 1
Isentropic efficiency of expander (-) 0.8 and 0.7 NEXR,is < 0.8
Isentropic efficiency of a pressure 0.8 (a liquid pump) 0.8 (a compressor)

riser device (-)

The secondary fluid temperature was set starting from 348.15 K, and the air and
waste heat temperatures were set to 288.15 and 338 K, respectively, to study the feasible
performance of the power generation below 373.15 K. In several countries (for example in
Hungary and Poland), central heating for blockhouses uses hot water having a temperature
of 60-70 °C [40]. In addition, these conditions are typical for many industrial applications,
and they should result in an electrical output that is equal to the electrical consumption [41].
In modeling, it was assumed that the efficiency of TES is equal to 1, and the mass flow rate
of the working fluid is equal to 1 kg/s. Therefore, the performance of the Carnot battery
unit can be determined by the multiplication of COP and ORC efficiency, which is described
as Equation (17) [42]:

COPRRTC heat :
7 pump
= RRTC,0RCQHEL, ORC= COPRRTC heat pump//RRTCORC ~ (17)

QHEl, heat pump

4. Results and Discussion

Different types of volumetric expanders can be potentially applied in the considered
system, such as gerotor, scroll, screw, piston, and multi-vane expanders [43,44]. Each type
of expander has its own operating characteristics, geometry, and design [45,46]. A previous
study [16] examined and discussed the possibility of applying volumetric expanders in
different operating conditions, including two-phase expansion. This investigation shows
that, compared to reciprocating volumetric expanders (i.e., piston expanders), some rotary
volumetric expanders (e.g., multi-vane machines) tend to work under two-phase conditions
without any serious issues. Therefore, the rotary type of two-phase volumetric expanders
may be suitable for application in a reversible Rankine-based Carnot battery.

When designing the volumetric expanders, two important parameters, namely, pres-
sure and volumetric expansion ratio, must be considered. These parameters can be ex-
pressed as described in Equations (18) and (19):

Pin p2
0p = —— = ==, 18
P Pout pP3 ( )

by = ,Vin = .min/pm — Pout _ P73/ (19)
Vout Wlout/Pout Pin P2

where subscripts p and V represent the pressure and volume, respectively. Moreover, p, V,
and p describe pressure, volumetric flow rate, and density, respectively.

The MATLAB configuration model was validated using experimental data from a
previous study [47] using a multi-vane expander, and both modeling and experimental
results are plotted in Figure 2. The validated results show that the MATLAB configuration
model has a 1-3% relative error. Some parameters, such as heat losses, internal friction, and
other characteristics that were not considered in the modeling, may result in inaccuracy.
In this case, only isentropic expander efficiency was established in the configured model.
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Using the data from the MATLAB model appears to be a good approach for obtaining the
expected result during the design stage because the relative error was observed to be less
than 10%.

25 ———Obtained MATLAB model results
O Experimental data taken from Kolasinski (2015)

i
"GC'S) 20+ J
=
g

)
S &
G L 4
o 2 15
'&L‘ ~—
o X
.
.‘E ~ 10+ 1
)
)
(o))
[9p]

5 . . . ‘ .

1 2 3 4 ) 6 7
Pressure ratio, 6, (—)

Figure 2. The obtained data from the MATLAB configuration validated using the experimental data
from prior work.

The following section presents and discusses the modeling data based on the working
fluid thermal properties concerning the power of the expander if it runs in both modes
(i.e., heat pump and ORC modes). The obtained modeling results shown in pressure
ratio-power and volumetric ratio-power diagrams are presented in Figure 3. This figure
shows that, with the assumption of a mass flow rate at 1 kg/s for both operating modes,
the generated power varies as a function of pressure and volumetric expansion ratios.

Figure 3 illustrates the variation in the two-phase volumetric expander power operat-
ing in ORC and heat pump modes. The output power of this expander for ORC mode is
around 23-43 kW, whereas for heat pump mode it is around 1.4-5.5 kW. The result shows a
big difference between the obtained expander output power for ORC and heat pump modes.
In heat pump mode, the expander generates less power than in ORC mode. This is because
the change in the specific enthalpy of the working fluid is a function of the temperature
range, which, for the heat pump and the ORC, is also different. One significant problem
that has to be considered when designing this volumetric expander for the ORC and the
heat pump in the RRTC is that the volumetric machine needs to cover the operating pres-
sure ratio of the system working in heat pump and ORC modes. As illustrated in Figure 3a,
assuming that the mass flow rate of the working fluids equals 1 kg/s, the resulting pressure
expansion ratio in heat pump mode is almost one-third that in ORC mode (the pressure
ratio in heat pump mode ranges between 1.47 and 1.77, whereas in ORC mode it ranges
between 3.09 and 3.70).

In addition, the applied volumetric expander needs to be fitted into the range of the
volumetric ratio based on the obtained results, which are illustrated in Figure 3b. The
results show that the range of the volumetric expansion ratio for ORC mode is lower than
that for heat pump mode. The volumetric expansion ratio for ORC mode varies in a range
of 0.011-0.015, whereas that for heat pump mode varies in a range of 0.33-0.41. Therefore,
pressure and volumetric expansion ratio coverage need to be carefully considered in
selecting suitable two-phase rotary volumetric expanders.
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Figure 3. The obtained power of the two-phase expander applied in the RRTC in ORC and heat pump
modes in (a) pressure ratio—expander power diagram and (b) volume ratio—expander power diagram.
Because the throttle valve is replaced by a volumetric expander in the RRTC heat pump, the power of
the expander can be calculated not only for the ORC mode, but also for the heat pump mode.

As illustrated in Figure 3, the obtained results were modeled in different isentropic
efficiency conditions. A prior study [48] discussed the empirical method based on Bau-
mann’s rule, which bounds the isentropic efficiency of the expander and vapor quality, and

is defined as Equation (20):

HEXR is,wet = EXR,is,dry (1 — BB(1 — X)),

(20)
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The COP of RRTC in the heat pump mode,

L

where B is the Baumann coefficient. This empirical method shows that the expander’s
isentropic efficiency will gradually decrease. Therefore, as illustrated in Figure 1c, the
expansion process in heat pump mode may start at the lowest vapor quality near the
saturated liquid state (0 < x < 0.2). This is the so-called flashing process. The flashing here
occurs in the two-phase region, which can be visualized in the T-s diagram, referring to
Figure 1c for the process 2-3 (blue lines).

The design of the two-phase volumetric expander may be conducted based on the
features of the volumetric machine operating in ORC mode, in which the higher isentropic
efficiency of the expander needs to be achieved. In this case, the isentropic efficiency of the
expander in heat pump mode will follow. However, it is necessary to predict this efficiency
and design the system so that the good COP can be achieved.

The COP and ORC efficiency are important assessment parameters that have to be
considered in this Carnot battery technology; therefore, the values of these parameters were
modeled in the present study. The obtained results are plotted in Figure 4, in a COP-ORC
efficiency diagram. The results show that increasing the ORC efficiency will decrease COP
based on the designed RRTC, as illustrated in Figure 1. Figure 4a,b visualizes the results
based on the change in expander isentropic efficiency. As discussed above, the design of
the expander may be based on the ORC mode. From Figure 4, it can be seen that changing
the isentropic efficiency of the expander for ORC mode significantly influences the overall
ORC efficiency. It shows that, with an expander isentropic efficiency of 0.8, the overall ORC
efficiency ranges between 0.09 and 0.10, whereas, for an expander isentropic efficiency of
0.7, the ORC efficiency drops to 0.08. The obtained values are in good agreement with the
research results that were obtained experimentally and numerically by the authors in their
earlier studies related to ORC systems equipped with a volumetric expander [49,50].

5
0.092

The efficiency of RRTC in ORC mode, 5 (—)
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Figure 4. The obtained results for the RRTC in COP-# diagrams with the basis efficiency of the
expander: (a) 0.8 and (b) 0.7.

In the Carnot battery technologies, the performance can be expressed using Equation (13);
therefore, in this discussion, the obtained results of this parameter ({) are also presented
here, as illustrated in Figure 5. The obtained results show the comparison between ¢ with
an isentropic efficiency of the expander in ORC and heat pump modes. The results show
that ¢ can be expressed as a function of HE1 temperature, and the conclusion can be drawn
that increasing HE1 temperature decreases (.



Appl. Sci. 2022,12, 3557

13 of 17

1. NEXR,is,0RC=0.8, NEXR,is,;p=0.8
NEXR,is,0RC=0.8, NEXR,is,Hp=0.7
NEXR,is,0rRC=0.8, NExR,is,1p=0.6
NEXR,is,0RC=0.8, NEXR,is,sp=0.5
0.9} NEXR,is,0RC=0.8, NEXR,is,np=0.4
NEXR,is,0rRC=0.7, NEXR,i5,Hp=0.7
N NEXR,is,0RC=0.7, NEXR,is,sp=0.6
N
N — = ~NEXR,is,0RC=0.T, NEXRis, HP=0.5
0.8 N — — ~NEXR,is,0rRC=0.7, NEXR,is, i p=0.4
| N = i i ~
~— A NN
e e 1
o N N W i ~
0.7 F NN
0.6 [~ RGNS
05 1 1 1 1 1 - J
342 344 346 348 350 352 354

HE1 temperature in ORC mode, Typ (K)

Figure 5. The variation in { for different values of Tyg; temperature and different expander
isentropic efficiency.

Figure 5 shows that the expander’s isentropic efficiency significantly influences the
Carnot battery’s performance. The obtained result shows that, when the isentropic effi-
ciency of the expander is equal to 0.8, the { parameter of the RRTC ranges between 0.6 and
0.98; and when the isentropic efficiency of the expander is equal to 0.7, the { parameter is in
the range of 0.53-0.84 (which is about 14% lower). It appears that, if the isentropic efficiency
of the expander operating in ORC mode is equal to 0.8, and assuming that the isentropic
efficiency of the expander operating in heat pump mode is 0.5, it can be concluded that the
{ parameter is still relatively higher than the isentropic efficiency of the expander for both
ORC and heat pump modes. In this case, the difference is about 9.79%.

The above-mentioned novel RRTC design using one expander for ORC and heat pump
modes may be an alternate solution for a more cost-effective Carnot battery design. In this
case, further study and analysis considering some important aspects (such as the thermo-
economics, technical issues relating to the type and design of suitable expanders, structural
analysis, wear, lubricants, bubble growth, and working fluids) would be interesting to
discuss in the future.

5. Conclusions

This paper discusses the result of a modeling analysis of the possible application of
two-phase volumetric expanders for a novel reversible Rankine-based cycle for Carnot
batteries. The results of this study show a significant difference in the values of the
assessment parameters, such as pressure ratio, volumetric expansion ratio, and output
power for the same volumetric expander working in ORC and heat pump modes. These
parameters have to be considered together during the design and selection of two-phase
volumetric expanders that can operate in both ORC and heat pump modes. To implement
a single expander to generate power from ORC mode and reduce the power consumption
of heat pump mode (by installing an expander instead of a throttle valve), it is suggested to
design the expander based on the values of the assessment parameters obtained for ORC
mode, and then fit the design in a way that covers the pressure and volumetric expansion
ratio needed for the system operation in heat pump mode.
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The obtained result of the RRTC modeling simulation using propane as the working
fluid shown in the power—pressure ratio diagram illustrated in Figure 3a shows that, if one
expander is applied for both cycles (ORC and heat pump modes), this expander needs to
cover the pressure ratio between 1.4 (minimal) and 3.7 (maximal). In addition, this device
is also required to cover the volumetric ratio between 0.01 (minimal) and 0.41 (maximal),
as depicted in the power—volumetric ratio diagram (Figure 3b). Therefore, it is suggested
to design the expander in the RRTC mentioned above having a pressure ratio of 2.55 + 1.15
and a volumetric ratio of 0.21 & 0.105. It may be possible to obtain these design parameters
if rotary-type volumetric machines, such as multi-vane expanders, are applied in the RRTC
system. Using these parameters, performance of Carnot battery technology in the range of
0.50-0.98 may be achieved with an HE1 temperature in ORC mode of 343.15-353.15 K.
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Nomenclature

c The specific heat capacity (J/kg-K)
h The specific enthalpy (J/kg)

I The specific work of expander (k] /kg)
m Mass flow rate (kg/s)

P Power (Watt)

P Pressure (Pa)

T Temperature (K)

Q Heat transfer rate (Watt)

14 Volumetric flow rate (m3/s)

X Vapor quality (—)

Greek letters:

B Baumann coefficient

) Ratio (—)

n Efficiency (—)

C Performance of Carnot battery (—)
0 Density (kg/m?)

Subscripts:

1,2,3,4 Process in the cycle (blue color for heat pump mode, red color for ORC mode)
B Baumann rule

CPR Compressor

EXR Expander

GM Reversible motor-generator
HE Heat exchanger

in Input

is Isentropic process

1 Liquid

LP Liquid pump

out Output



Appl. Sci. 2022,12, 3557 15 of 17

p Pressure
sat Saturation
v Vapor
\% Volumetric
WE Working fluids
Abbreviations:
CHEST Compressed heat energy storage
(€0 Coefficient of performance
(6% Control valve
EES Electrical energy storage
LAES Liquefied air energy storage
GWP Global warming potential
ODP Ozone depletion potential
ORC Organic Rankine cycle
PHES Pumped heat energy storage
PTES Pumped thermal electricity storage
RRTC Reversible Rankine-based thermodynamic cycle
TES Thermal energy storage
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