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A unified approach for the thermodynamic
comparison of heat pump cycles

Zhibin Yu® "™ & Zahra Hajabdollahi Ouderji’

The flexible heat pump cycle introduces a heat storage device into the Evans-Perkins cycle to
recover, store, and reuse part of the sensible heat carried by the hot liquid refrigerant from
the condenser, achieving a higher coefficient of performance than the latter. In this paper, we
develop a unified approach, namely cycle superposition to allow comparison of the flexible
heat pump cycle with other performance-enhancing cycle layouts including two-stage cycles
with intercooling, subcooling, flash gas removal, or their combinations. We show that under
ideal conditions, the flexible heat pump cycle is thermodynamically similar to two-stage heat
pump cycles with full subcooling or flash gas removal, but no intercooling. From the energy
recovery perspective, the two-stage cycles recover and reuse some sensible heat carried by
hot liquid refrigerant simultaneously using their high-stage compressor, whereas the flexible
heat pump cycle decouples the recovery and reuse of such heat in time using a heat storage.
However, the irreversible heat transfer via real heat exchangers during charging and dis-
charging processes will reduce the benefits of the flexible heat pump cycle. The effectiveness
of all these performance-enhancing methods strongly depends on the characteristics of
refrigerants.
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heat decarbonisation to reach the net zero greenhouse gas

emission target by 2050, but their uptake has not been as fast
as expected so farl. Innovations are needed to further improve
their cost-effectiveness and facilitate wide deployment.

Most heat pumps in the market are built upon a standard
Evans-Perkins vapour compression cycle with or without per-
formance enhancing mechanisms. As illustrated in Fig. 1a, the
standard Evans-Perkins vapour compression cycle consists of a
compressor, a condenser, an expansion device, and an evaporator.
The compressor extracts low pressure refrigerant vapour from the
evaporator and compresses it to the condensing pressure. The
high temperature vapour exiting the compressor de-superheats
and condenses in the condenser to transfer heat to a heat sink
(e.g., a central heating system). The high-temperature and high-
pressure liquid refrigerant leaving the condenser is then throttled
to the evaporating pressure through an expansion device. The
produced two-phase mixture then fully evaporates in the eva-
porator after absorbing heat from a heat source (e.g., outdoor air).

As the temperature lift between the heat source and sink
increases, the coefficient of performance (COP) of a single-stage
heat pump decreases dramatically. One key issue is that the hot
liquid refrigerant leaving the condenser has a high temperature
and pressure, and thus contains a substantial amount of energy,
which cannot be utilised in current standard single-stage heat
pumps as shown in Fig. 1a, of which the hot liquid refrigerant is
normally throttled to the evaporating pressure through an
expansion device. The throttling process produces a large quan-
tity of flash gas that needs to be recompressed to the condensing
pressure, wasting compressor work, and degrading the system’s
COP. The larger the temperature lift, the more the flash gas, the
more power wasted for recompression.

Various methods have been developed to address this issue,
and they can be roughly categorised into three major groups: (1)
Using a power generation device to recover energy during
expansion process; (2) using a two-stage cycle to partially avoid
the recompression of flash gas; (3) using a heat storage to recover
some heat from the hot liquid refrigerant and then reuse it as an
ancillary heat source for the heat pump’s operation, namely the
flexible heat pump cycle.

Several methods for generating power from the expansion
processes have been developed and demonstrated, particularly for
trans-critical CO, cycles.

First, expanders have been used to replace the expansion valves
and recover power from the expansion process’>~%. Many studies
indicated that the turbine expanders can recover energy to reduce
the irreversibility of the expansion process®~’, but they are
mechanically complicated and expensive®. Volumetric devices
such as rolling piston, screw, scroll, and piston expanders have
also been considered to recover energy during expansion
process!?. Baek et al. constructed and tested a piston-cylinder
type expansion device for a trans-critical CO, system and
reported a 10% system performance improvement!!. However,
piston cylinder expanders are not popular due to the control issue
of valves!2. Recently, Zhang et al. developed a double acting free
piston expander for CO, systems'3. Li et al.'* suggested a rolling
piston-type expander to replace the expansion valve. It was
reported that their prototype achieved a maximum isentropic
efficiency of 58% and improved the system’s COP by 10%.
However, there was an issue with suction flow control and
internal leakage in rolling piston expanders!21°,

Second, ejectors are another method for recovering energy
from the expansion process!®!7. They accelerate the high-
pressure refrigerant from the condenser through a nozzle, con-
verting its potential energy (i.e., pressure) into kinetic energy (i.e.,
velocity), and thus create a low-pressure region around the nozzle

I t is widely believed that heat pumps are a key technology for

tip to suck low pressure refrigerant vapour from the evaporator,
which can reduce the compressor power consumption. Ejectors
have been intensively researched for trans-critical CO, heat
pumps and refrigerators!S. It is reported that ejectors could
improve COP of the trans-critical CO, cycles by up to 16-20% in
theory!9-22,

In addition to the power recovery strategy described above,
several power saving methods have been developed to partially
avoid recompressing the flash gas generated during expansion.
Two-stage cycles with various power saving methods have been
proposed and developed for refrigeration and heat pumps in the
past decades?3, which include intercooling?4, subcooling?>-27,
flash gas removal?®2%, and their various combinations0-32. A
comprehensive review of different two-stage cycle layouts for heat
pumps and refrigerators can be found elsewhere31:32. Several
typical layouts of two-stage heat pump cycles are illustrated in
Fig. 1, and they are described in detail in the next section of this
paper. It is predicted that a two-stage cycle with inter-stage
subcooling can increase the heat pump’s COP by up to 23% in
theory31.

Sarkar compared the potential effectiveness of these methods
for improving the COP of trans-critical CO, heat pumps,
showing that the turbines could achieve the highest COP
improvement, followed by two-stage cycles33. However, it should
be noted that both the above-mentioned strategies introduce an
extra mechanical device, either an expander or an extra com-
pressor, to the heat pumps or refrigerators, leading to more
complexity and higher costs.

Unlike these two strategies, the recently developed flexible heat
pump cycle provides a new way to address the issue of high losses
associated with the expansion process. It introduces a heat storage
system into the standard Evans-Perkins cycle to recover, store,
and reuse part of the sensible heat carried by the hot liquid
refrigerant leaving the condenser, and thus can achieve a higher
COP than the standard Evans-Perkins cycle. The proposed flex-
ible heat pump cycle concept has been proved theoretically,
numerically, and experimentally34.

According to the literature review above, there are several
interesting questions to be answered: (1) How efficient is the
flexible heat pump cycle compared with other performance-
enhancing methods such as sub-cooling, intercooling, flash gas
removal? (2) How and why does the refrigerant type affect the
performance enhancement of the flexible heat pump cycle? (3)
What is the underlying relationship between the flexible heat
pump cycle and two-stage heat pump cycles? (4) What are the key
design considerations for achieving the benefits of the flexible
heat pump cycle?

Here we developed a unified approach, namely cycle super-
position, to analyse various two-stage cycle layouts and the flex-
ible heat pump cycle. Based on this, a comprehensive theoretical
analysis has been conducted to compare the performance of the
flexible heat pump cycle with two-stage heat pump cycles having
various performance-enhancing mechanisms. The paper firstly
analyses each individual performance-enhancing mechanism (i.e.,
intercooling, sub-cooling, and flash gas removal), and then
combines them in various ways. Their effectiveness is then
compared with the flexible heat pump cycle.

It is revealed that the flexible heat pump cycle and the two-
stage heat pump cycles can be regarded as the superposition of
two single-stage cycles. Neglecting the irreversibility of heat
transfer processes, the flexible heat pump cycle is thermo-
dynamically similar to the two-stage heat pump cycles with full
subcooling or flash gas removal, but without intercooling. The
more the heat that can be recovered from the low-COP compo-
nent cycle to the high-COP one, the higher the COP improve-
ment. It is also found that the effectiveness of all these
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Fig. 1 The energy performance of the standard Evans-Perkins cycle can be improved by intercooling, subcooling, flash gas removal, or the combination
of them. a Single-stage Evans-Perkins heat pump cycle; (b) two-stage with intercooling (IC); (¢) parallel compression with full subcooling (SC); (d) parallel
compression with flash gas removal (FGR); (e) two-stage with full subcooling and partial intercooling (SC + PIC); (f) two-stage with flash gas removal and
partial intercooling (FGR + PIC); (g) two-stage cycle with full subcooling and full intercooling (SC + FIC); (h) two-stage with flash gas removal and full
intercooling (FGR + FIC). The state points around the cycles are represented by numbers 1-8, 1'—4', and the letters K, L, and V.
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performance-enhancing methods strongly depends on the char-
acteristics of refrigerants, particularly the slopes of their satura-
tion liquid and vapour lines.

Results

Two-stage heat pump cycles. Two-stage compression with
intercooling is one potential way to reduce the compressor power,
by bringing the compression towards an ideal isothermal com-
pression process which requires the least power. Intercooling can
be provided by an external cooling source or the evaporation of a
stream of liquid refrigerant within the cycle (i.e., refrigerant flash
intercooling). The former is always beneficial if free cooling
sources are provided. However, refrigerant flash intercooling is
more complicated as it increases the mass flow rate of the
refrigerant in the high-stage compressor, and thus increases its
compression power. The net effect will depend on the trade-off
between these two competing effects, and thus its effect on the
total compression power is very complex.

According to a literature survey, refrigerant flash intercooling
was often investigated in combination with other performance-
enhancing methods in two-stage cycles. It is therefore interesting
to create a two-stage cycle that only has refrigerant flash
intercooling to study its power saving benefit.

Figure 1b presents such a theoretical two-stage cycle with
refrigerant flash intercooling only, denoted as IC thereafter. One
stream (1;) of the liquid refrigerant exiting the condenser is
throttled through expansion valve EVI to a flash tank at an
intermediate pressure (process 5-6). The produced cold liquid
refrigerant is used to de-superheat the vapour discharged by the
low-stage compressor (i.e., Compressor II, process 2-3). The
other stream of liquid refrigerant (#1;;) from the condenser is
throttled through EV2 to evaporating pressure (Process 5 or 7 to
8). The high-stage compressor (i.e., Compressor I) compresses the
combined streams of vapour from the flash tank to the
condensing pressure (process 3-4).

Figure 1c illustrates a two-stage heat pump cycle with a
refrigerant-based sub-cooler, denoted as SC thereafter. One
stream (#;) of the liquid refrigerant from the condenser is
throttled to the flash tank (process 5-6), which cools the other
stream of refrigerant (ri1;) to a sub-cooled state (process 5-7).
The two compressors are in parallel. Compressor I compresses
the vapour from the flash tank to the condensing pressure
(process 3-4), while Compressor II compresses the vapour from
the evaporator to condensing pressure (process 1-2). The two
streams merge and mix to reach state K before entering the
condenser. There is no intercooling in this cycle layout. It should
be noted that the degree of subcooling (T'; — T,) can be arbitrary
between 0 and (T'5 — T) inclusive. In this paper, we focus on an
ideal full subcooling case, which means the refrigerant stream
(m;) is fully cooled down to the flash tank temperature (T;). As a
result, Ts — T, = T5 — T, or in other words T, = T.

Figure 1d illustrates a two-stage cycle with the flash tank as a
flash gas removal, denoted as FGR thereafter. The liquid
refrigerant from the condenser is throttled through expansion
valve EV1 to the flash tank (process 5-6), where the vapour is
separated and removed from liquid. The liquid is then further
throttled to the evaporating pressure via EV2 (process 7-8). The
two compressors are in parallel. Compressor I compresses the
vapour from the flash tank to the condensing pressure (process
3—4), while Compressor II compresses the vapour from the
evaporator to the condensing pressure (process 1-2). The two
refrigerant streams merge and mix to reach state K before entering
the condenser. There is no intercooling in this cycle layout.

Figure 1le shows a two-stage cycle using the flash tank as a sub-
cooler, where the saturated vapour from flash tank (State V)

mixes with and slightly cools the vapour discharged from
Compressor II (process 2-3). The high-stage compressor
(Compressor I) compresses the combined vapour streams to
the condensing pressure (process 3-4). This layout is denoted as
SC + PIC, where PIC stands for partial intercooling.

Figure 1f illustrates a two-stage cycle using the flash tank as a
flash gas removal, where the saturated vapour from flash tank
(State V) mixes with and slightly cools the vapour discharged
from the low-stage compressor (Compressor II), i.e., process 2-3.
The high-stage compressor (Compressor I) compresses the
combined vapour streams to the condensing pressure (process
3-4). Similarly, this layout is denoted as FGR + PIC.

Figure 1g presents a two-stage cycle using the flash tank as a
sub-cooler and intercooler. The vapour discharged from the low-
stage compressor (Compressor II) is fully cooled down to the
saturated temperature (process 2-3) of the flash tank. The high-
stage compressor (Compressor I) compresses the combined
vapour streams to the condensing pressure (process 3-4). This
layout is denoted as SC+ FIC, where FIC stands for full
intercooling.

Figure 1h shows a two-stage cycle using the flash tank as a flash
gas removal and intercooler. The vapour discharged from the
low-stage compressor (Compressor II) is fully cooled down to the
saturated temperature within the flash tank (process 2-3). The
high-stage compressor (Compressor I) compresses the combined
vapour streams to the condensing pressure (process 3-4).
Similarly, this layout is denoted as FGR + FIC.

It should be noted that the two-stage heat pump cycle layouts
shown in Fig. 1 are not exhaustive. There are other possible
layouts that incorporate the mentioned basic performance-
enhancing methods, along with other techniques (e.g., internal
heat exchangers). These alternative layouts are thermodynami-
cally similar to the seven layouts summarised in Fig. 1, so they
have been omitted from this discussion for brevity.

Simulations. As described in “Methods” section, based on upon
well-established thermodynamic modelling methods (i.e., heat
and mass balance analysis under ideal conditions)3%-32, a unified
cycle superposition approach is proposed and developed to ana-
lyse various two-stage heat pump cycle layouts, along with the
flexible heat pump cycle. Based on the obtained models, this
section presents the numerical simulations to assess the COP
improvement of various performance-enhancing methods
including intercooling, sub-cooling, flash gas removal, and their
combinations. The obtained results are subsequently compared
with the Flexible Heat Pump cycle.

For the convenience of comparison with the Flexible Heat
Pump cycle®4, the evaporating temperature is set as 0 °C, while a
list of condensing temperatures is tested from 25 to 85 °C at a step
of 5°C. The thermophysical properties are obtained using
REFPROP V9.0%.

Intercooling. Figure 2a shows the calculated COP improvement
a of the cycle layout IC (see Fig. 1b) using ammonia as a
refrigerant. For each case, « increases and then decreases as the
intermediate temperature (T;) in the flash tank varies from the
evaporating temperature (ie., 0°C) to each tested condensing
temperature. The calculated results resemble a bell shape like the
results of the flexible heat pump cycle when the latent heat sto-
rage temperature increases>*. However, the COP improvement is
much lower than that of the flexible heat pump cycle.

The maximum COP improvement (Max «) and the corre-
sponding optimal flash tank temperature (optimal T;) of all cases
in Fig. 2a are extracted and plotted in Fig. 2b, ¢, respectively.
According to Fig. 2b, as the condensing temperature increases,
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Fig. 3 The COP improvement by refrigerant flash intercooling for three
different refrigerants. The case study has an evaporating temperature at
0 °C and a condensing temperature at 65°C. R717 and R32 are dry
refrigerants, while R1234ze is a near isentropic refrigerant.

Max«a increases from about 1.8% to around 3%, when the
condensing temperature increases from 25 to 65°C. It then
decreases as the condensing temperature further increases from
65 to 85°C. This may be attributed to the trade-off between the
power saving due to intercooling and the power increase due to
the refrigerant mass flow rate increase through the high stage
compressor. As shown in Fig. 2¢, the optimal T, increases near
linearly as the condensing temperature increases, and it is slightly
below the average temperature of the evaporation and condensing
temperatures.

Figure 3 presents the effects of the refrigerant type on the COP
improvement by refrigerant flash intercooling, for an evaporating
temperature at 0 °C and a condensing temperature at 65 °C. The
simulations have evaluated a list of common refrigerants,
including R134a, R717, R32, R1234ze, R410a, R245fa, R227ea.
Positive COP improvement is only obtained for R717, R32,
R1234ze, whilst negative COP improvement is observed in the

simulation results for the rest of those refrigerants. It can be
inferred that the benefit of refrigerant flash intercooling strongly
depends on the characteristics of refrigerants.

For dry refrigerants (see the “Methods” section for definition),
there is a certain degree of superheat at the outlet of the low-stage
compressor, intercooling can be applied. However, it may or may
not reduce the system’s compression power, depending on the
distribution of isentropes in the superheat region of the
refrigerants. If the refrigerant’s isentropes diverge from each
other within the superheat region, intercooling brings the high-
stage compression towards the saturation line, and thus can
reduce compression power, e.g., R717. However, if they are in
parallel (e.g., R410a, R32, R22) to each other, intercooling does
not reduce the compression power and may even increase it,
reducing the systems’ COP.

For isentropic refrigerants, there is no superheat, so intercooling
does not reduce the compression power. Take R1234ze as an
example, the COP improvement is close to zero as shown in Fig. 3.
Furthermore, for wet refrigerants, isentropic compression from a
saturation vapour ends in two-phase region, which mathematically
leads to a negative degree of superheat, and consequently a negative
COP improvement, which is thermodynamically meaningless.
Therefore, the cases with negative COP improvement due to
intercooling for wet refrigerant are omitted from Fig. 3.

However, in real systems, several degrees of superheat are
always necessary to avoid wet compression and protect the
compressors. Intercooling can reduce discharging temperature
from the high-stage compressor, which is desirable for avoiding
overheating the compressors in real systems.

The impact of refrigerant type on the benefits of refrigerant flash
intercooling has rarely been studied in the open literature. Jiang
et al. studied several two-stage cycles which combined intercooling
with subcooling or flash gas removal’l. They reported that
intercooling improves the COP for refrigerants with small specific
heat but reduces the heat pump’s COP for other refrigerants with
large specific heat. They commented that the larger the specific
heat, the less temperature increase during compression. They
concluded that reducing the discharging temperature through
intercooling could not significantly reduce the specific compressor
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temperature increases.

power but would increase the mass flow rate of the refrigerant
through the high-stage compressor, and thus increase the
compressors’ power consumption. This analysis correctly pointed
out the competing effect between the potential compression power
saving due to intercooling and the consequent compression power
increase at the higher-stage compressor.

However, their study seems to have inadvertently overlooked
an important aspect that there is no/little superheat at the outlet
of the low stage compressor for isentropic and wet refrigerants
(see more details in the “Methods” section). Since there is no
superheat at the outlet of the low-stage compressor for isentropic
and wet refrigerants, intercooling could potentially lead to a
negative COP improvement, in other words a reduction of COP.

Nevertheless, as shown by the results above, the COP
improvement can be achieved by refrigerant flash intercooling
is marginal, compared with flexible heat pump cycle34.

Subcooling. For the two-stage cycle with full subcooling (SC) as
shown in Fig. 1c, the calculated COP improvement « is shown in
Fig. 4a. As defined above, for a full subcooling case, the refrig-
erant stream (#1;;) is fully cooled down to the flash tank tem-
perature (T,). It can be found that the COP improvement «
increases and then decreases as T; increases from the evaporating
temperature to the condensing temperature.

The maximum « and the corresponding optimal T; of all cases
are extracted and plotted against the condensing temperatures as
shown in Fig. 4b, ¢, respectively. As can be seen from Fig. 4b, the
maximum « increases from 5% to about 22% as the condensing
temperature increases from 25 to 70 °C. As shown in Fig. 4c, the
optimal T; is always close to the average of evaporating and
condensing temperatures and increases linearly as the condensing
temperature increases. The results shown in Fig. 4 are identical to
the results of the Flexible Heat Pump cycle in the ref. 34.

Similarly, the analysis has also assessed a list of other common
refrigerants for comparison through a case study, with conden-
sing temperature at 65°C and evaporating temperature at 0 °C.
The calculated results are shown in Fig. 5. It can be found that
refrigerant-based subcooling can improve heat pumps’ COP for

30
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Fig. 5 The impact of refrigerant types. The COP improvement of the two-
stage cycle with subcooling (SC) varies for different refrigerants. In this
case study, the condensing and evaporating temperatures are 65 °C and
0 °C, respectively. Six common refrigerants were tested. The results are
identical to the flexible heat pump as shown in ref. 34,

all tested refrigerants. Interestingly, the best COP improvement «
can be achieved using R410a and the least « can be achieved using
R717. The results shown in Fig. 5 are identical to the results of
Flexible Heat Pump cycle in the ref.3% The impact of the
refrigerant type on the COP improvement provided by subcool-
ing will be analysed and discussed explicitly later in this paper
when the heat production contribution ratio is discussed.

Flash gas removal. As derived in the “Methods” section, the
mathematical model of the two-stage cycle layout FGR is the
same as the layout SC with full subcooling (ie., Tq = T;). As
shown in Fig. 1c, d, once the temperatures in the condenser, flash
tank, and evaporator are given, both systems will have the same
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Fig. 6 The comparison of COP improvement of flexible heat pump cycle and various two stage cycle layouts. In all cases, the condensing temperature
and evaporating temperature are kept at 65 °C and 0 °C, respectively, while the intermediate temperature is selected as the optimal temperature for each
refrigerant according to Fig. 3. Three typical refrigerants are tested: (@) R717; (b) R32; (c) R1234ze.

hy,hs, hs, and h; . Consequently, they have the same, kg, h, and hs.
As a result, for a given heating capacity, both cycles should have
the same i1; and ;. Therefore, the FGR cycle as shown in Fig. 1d
is thermodynamically similar to the SC cycle with full subcooling
as shown in Fig. lc. The calculated results of the FGR cycle are
similar to the SC cycle, and hence are omitted here.

Comparison with Flexible Heat Pump cycle. The analysis has
then been conducted for all other two-stage cycle layouts as
shown in Fig. 1e-h for all the six selected refrigerants to compare
their COP improvement against the single-stage cycle as shown in
Fig. la under the same operational conditions. The obtained
results are all very similar to Figs. 4, 5.

For the convenience of comparison, we selected one exemplar
case with a condensing temperature at 65 °C and an evaporating
temperature at 0 °C for all the layouts as shown in Fig. 1 and for
all the six selected refrigerants used in Fig. 5. The optimal point of
each case is then extracted for comparison. The results of three

typical refrigerants R717, R32, and R1234ze, for which the
benefits of refrigerant flash intercooling are not negative, are
shown in Fig. 6.

Figure 6a shows the COP improvement « of all performance-
enhancing methods for refrigerant R717 (i.e., ammonia). It can be
seen that « is the same for subcooling (SC), flash gas removal
(FGR) and Flexible Heat Pump (Flexi-HP) cycles, being about
7.5%. For intercooling, « is about 3%. The two cycle layouts with
partial intercooling, SC + PIC and FGR + PIC, have almost the
same « of around 7.5%, showing the intercooling provided by the
saturated vapour from the flash tank is negligible. The two cycle
layouts with full flash intercooling, SC+ FIC and FGR + FIC,
have the same & of around 10.5%, which is the sum of the COP
improvement of sub-cooling (or flash gas removal) and the
intercooling. The results proved the theoretical prediction as
described in the “Methods” section, i.e., the combined effect of
two performance-enhancing methods, subcooling and intercool-
ing (or flash gas removal and intercooling), are their linear
superposition.
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Fig. 7 The SC cycle layout with an evaporating temperature of O °C and a condensing temperature of 65 °C. a The calculated ¢ as the flash tank
temperature T, increases; (b) the calculated COP improvement a against the calculated heat contribution ratio . There exists an optimal ¢ for each case.

Figure 6b presents the results for refrigerant R32. Flexi-HP and
SC have the same COP improvement a = 16.2%. For FGR
layout, & = 15.9%, which is very close to that for SC cycle as the
theoretical analysis predicted. The tiny but noticeable difference is
unexpected according to the models, and it might be attributed to
the inaccuracy of thermophysical properties using REFPROP3>.
For cycle IC, o = 0.65%, implying that the refrigerant flash
intercooling has little benefit. The two partially intercooled cycles
(SC + PIC and FGR + PIC) have the same COP improvement as
SC and FGR, respectively. For SC+ FIC, a = 16.9% which is
roughly the sum of COP improvements for SC (16.2%) and IC
(0.65%) cycles. Similarly, for FGR + FIC, a = 16.6% which is
roughly the sum of the COP improvement for FGR (15.9%) and
IC (0.65%) cycles.

Figure 6¢ presents the results for R1234ze. For the IC, a ~ 0,
implying that the refrigerant flash intercooling does not change
the COP against the standard single-stage system. All the other
cycle layouts have almost the same COP improvement « of
20.6%.

Figure 6 also demonstrates that the refrigerant type has a
strong impact on the COP improvement of all seven performance
enhancing methods. The trend agrees with the observations of
Figs. 5, 3. The underlying mechanism will be explicitly discussed
in the following section.

Ratio of heat production contributed by two component cycles
€. According to the theoretical analysis in the “Methods” section,
the ratio of heat production contributed by two component
cycles, €, is a key parameter that influences the COP improve-
ment. In this section, a case study is presented to show how &
affects the COP improvement a. The SC cycle layout as shown in
Fig. 1c is studied with the list of refrigerants as assessed in Fig. 5.
The condensing and evaporating temperatures are set as 65 °C
and 0 °C, respectively. The flash tank temperature T; increases
from the evaporating temperature to the condensing temperature
at a step of 5 °C. For each T, The values of « and ¢ are calculated
and presented in Fig. 7 below.

As shown in Fig. 7a, the calculated heat contribution ratio &
decreases as the flash tank temperature increases from the
evaporating temperature of 0 °C to the condensing temperature of
65 °C for all the tested refrigerants. Take R134a as an example, as
T; increases from 0 °C to 65 °C, ¢ decreases from 0.93 to 0. This is
because, as T; increases, less refrigerant (ri1;) will be required to
evaporate in the flash tank to cool the other stream (#1;;) down to

T,. Therefore, when T; — T,,; #; — 0, and thus ¢ — 0.

Table 1 Comparison between flexible heat pump cycle and
two stage heat pump cycles with full subcooling or flash gas
removal.

Refrigerant R410a R1234ze R290 R134a R32 R717
Tusor T, (°C) 39.0 345 353 347 366 321
Flexible Heat Pump Cycle

a (%) 24740 20.612 19933 19143 16199 7.476
Efixi () 0.464 0404 0388 0376 0309 0.150
Parallel compression with full subcooling (SC)

a(%) 24790 20.613 19.933 19143 16199 7.476
e () 0.464  0.404 0.388 0376 0.309 0.50
Parallel compression with flash gas removal (FGR)

a(%) 2412  20.624 19.875 19.116 15.882 7.498
e(-) 0.450 0.404 0.387 0375 0.303 0.50

The relationship between COP improvement « and ¢ is plotted
in Fig. 7b. Take R134a as an example, as ¢ increases, « increases
from 0 to the maximum 19.14%, and then decreases to 0. The
shape of the curve resembles a bell shape like those shown in
Fig. 5. There exists an optimal & at around 0.388, and the
corresponding optimal temperature is 34.7 °C. This can be
attributed to the trade-off between the quantity and quality of the
heat recovered by the refrigerant stream i, from ri1;;. Reducing T
can increase the heat recovered from the refrigerant stream ri;;,
but decrease the temperature of the recovered heat, and vice
versa.

To further investigate how the refrigerant type affects the COP
improvement a. The optimum points in Figs. 7b, 5 have been
extracted and the obtained results are summarised in Table 1. As
discussed above, similar results were obtained for the FGR cycle
layout. Following the same procedures, the optimum points for
FGR were also calculated and listed in the table. In addition, for
comparison, the optimum points of the flexible heat pump cycle3*
were also extracted and listed in the table. There are several
interesting observations from the results presented in the table.

Firstly, for all the tested refrigerants, the results of the flexible
heat pump cycle are almost identical to those for the two-stage
cycle with full subcooling (i.e., SC), which are also very close to
the results of the two-stage with flash gas removal (ie., FGR)
cycle. It can be inferred that there is a fundamental similarity
among these cycles.

Secondly, the ranking of the COP improvement for the tested
refrigerants perfectly agrees with the ranking of the heat
production contribution ratio & (or &g,,; in the case of flexible
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heat pump cycle). It can be inferred that higher COP
improvement can be achieved by the refrigerants with a higher
heat production contribution ratio e.

According to Egs. (16) and (33), for qualitative analysis, we can
approximate ¢ = f for all refrigerants, hence it can be inferred
that refrigerants with a higher mass flow ratio  can potentially
achieve higher COP improvements using two-stage cycles (with
SC or FGR) or the flexible heat pump cycle. According to Eq.
(22), B depends on the quality of refrigerant at the exit of the high
stage expansion valve EV1 (i.e., x4). The higher x, the higher j3,
and the higher the COP improvement. Hence, the flexible heat
pump or the two-stage heat pump cycles with SC or FGR can
achieve higher COP improvements for wet and isentropic
refrigerants. The smaller the slope of their saturated vapour line,
the higher the value of x,, and the higher the COP improvement.

Discussion

Cycle similarity. As revealed by the results above, under ideal
conditions, the flexible heat pump cycle is thermodynamically
similar to the two-stage heat pump cycle with full subcooling or
flash gas removal, but without intercooling. Essentially, such two-
stage cycles recover and reuse the sensible heat carried by the hot
liquid refrigerant from the condenser simultaneously through the
high-stage compressor, while the flexible heat pump cycle
decouples the recovery and reuse in time through the heat sto-
rage. The flexible heat pump cycle requires only one compressor,
and thus simpler and potentially cheaper to build. The inter-
mediate temperature (or pressure) of the two-stage cycle affects
the cycle’s COP in the same way as the heat storage temperature
impacts the flexible heat pump cycle, which further confirms the
similarity between them.

Furthermore, from the energy recovery perspective, subcooling,
flash gas removal, and flexible heat pump cycle all recover some
sensible heat from the hot liquid refrigerant exiting the condenser
to avoid it being degraded and then upgraded again. From the
compressor work perspective, they all partially avoid the
recompression of flash gases, and thus can save compressor
power. These two observations are the two sides of the same coin.

Implications for real systems. It should be highlighted that
idealised thermodynamic models used in this paper neglected
heat, pressures, friction losses. The calculated results indicate the
maximum possible COP in theory. There are limitations when
using these results.

25
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0 10 20 30 40 50 60 70
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Although the idealised models predict that subcooling, flash
gas removal, and flexible heat pump cycle could achieve similar
COP improvements. In the flash gas removal cycle (FGR), the
heat transfers from the low COP cycle (1) to the high COP cycle
(r;) through the evaporation process which is a phase change
process involving no heat exchanger. In the subcooling cycle (SC),
heat transfers from the low COP cycle (1;;) to the high COP cycle
() through a liquid-to-liquid heat exchanger (e.g., the flash tank
with a heat exchanger as shown in Fig. 1c). In the flexible heat
pump cycle, heat is firstly transferred from the liquid refrigerant
to the heat storage during the charging mode and is then
transferred back to liquid refrigerant during the discharging
mode. Exergy destruction due to irreversibility happens in heat
exchangers in real systems, which reduces the system’s
performance.

It is therefore interesting to investigate how irreversible heat
transfer via a real heat exchanger affects the COP improvement a
of the flexible heat pump cycle. In a real flexible heat pump
system, the hot liquid refrigerant from the condenser leaves the
latent heat storage with a temperature higher than the melting
temperature of the phase change material after it transfers heat to
the phase change material during the charging mode, and the
temperature difference can be denoted as AT . Similarly,
refrigerant leaves the heat storage at a temperature lower than the
melting temperature of the phase change material during
the discharging mode, and the temperature difference can be
denoted as AT jqp- For phase change materials, normally
A Tdischarge >A Tcharge
the solidification.

For the convenience of analysis, we could simplify AT ;410 =
AT y4rpe = AT and conduct a case study with refrigerant R134a.

The condensing and evaporating temperatures are 65 and 0 °C,
respectively. Figure 8 shows how the COP improvement changes
when AT varies. The results of the optimal points shown in
Fig. 8a can be extracted and plotted in Fig. 8b. It clearly shows
that, as the temperature difference AT increases, the COP
improvement of the flexible heat pump decreases, and reaches 0
when the AT increases to 30 °C, at which the liquid refrigerant
leaves the thermal storage at the same temperature as the
condenser so no heat can be recovered, and thus no COP
improvement.

It can therefore be inferred that, in real systems, the flexible
heat pump cycle will be less efficient than two-stage heat pump
cycles with subcooling or flash gas removal (i.e., SC or FGR cycle

due to the poorer thermal conductivity during

25
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o (%)

10

0 5 10 15 20 25 30
AT e

Fig. 8 The impact of irreversible heat transfer losses within the heat storage during charging and discharging. a The COP improvement varies when the
latent heat storage temperature increases for different temperature drops AT. b The COP improvement decreases as the temperature drop within the heat

storage AT increases.
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Fig. 9 Refrigerants with different slopes of the saturation vapour line. a Dry refrigerant, e.g., R717; (b) near isentropic refrigerant, e.g., R124; (¢) wet

refrigerant, e.g., R227ea.

layouts). Hence, to achieve the potential power saving benefits of
the flexible heat pump cycle in real systems, it is crucial to
optimise the heat exchangers to reduce the exergy destruction
during the charging and discharging of the heat storage.

The relationship between & and B for different refrigerant
types. For the three exemplar refrigerants as shown in Fig. 9, the
values of ¢ and f§ for different cycle layouts at their optimal points
are calculated and summarised in Table 2. For all three refrig-
erants, &g,.; = fy,,; for the flexible heat pump cycle, which agrees
with the prediction by Eq. (39).

For dry refrigerant R717, ¢ < for all two-stage cycles, which
agrees with the prediction by Eq. (30). For near isentropic
refrigerant R124, ¢ =~ f for all two-stage cycles, which agrees with
the prediction by Eq. (28). For wet refrigerant R227ea, ¢ > f3 for all
two-stage cycles, which agrees with the prediction by Eq. (32).

It is also interesting to observe that, for the two-stage cycle
layout IC, negative values of f3 are observed using R227ea which is
a wet refrigerant. The values of f3 are nearly zero for R124 which
is a near isentropic refrigerant. They are positive for R717 which
is a dry refrigerant. These observations perfectly agree with the
prediction according to Eq. (22).

Cycle superposition. Two-stage heat pump cycles and the flexible
heat pump cycle can be regarded as the superposition of two
single-stage cycles. For two-stage heat pump cycles, the two cycles
are coupled through a flash tank (or other similar heat exchan-
gers). In the flexible heat pump cycle, they are coupled via a heat
storage tank.

Furthermore, the two-stage heat pump cycles that combine
subcooling (or flash gas removal) with intercooling are normally
dominated by the subcooling (or flash gas removal). The
combined COP improvement is almost the linear supposition
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Table 2 The calculated values of  and ¢ for different cycle layouts using dry, near isentropic, and wet refrigerants.

Cycle Flexi-HP SC FGR SC+PIC FGR + PIC SC+FIC FGR + FIC IC

R717, Tys or Tj=32.1°C

B (O By 0.1502 0.1709 01715 0.1709 01715 0.2988 0.2994 0.1279
e (or &pey) 0.1502 0.1502 0.1506 0.1538 0.1543 0.2684 0.2689 0.1149
R124, Tys or T;=34.0°C

p (or ﬁf,exi) 0.3635 0.3592 0.3598 0.3592 0.3598 0.3470 0.3477 —0.0129
€ (Or o) 0.3635 0.3635 0.3642 0.3631 0.3638 0.3508 0.3515 —0.0122
R227ea, Tysor T;=35.3 °C

p (or ﬁf,exi) 0.6379 0.5629 0.5624 0.5629 0.5624 0.4414 0.4410 —0.1215
£ (OF &) 0.6379 0.6379 0.6373 0.6310 0.6305 0.4944 0.4939 —0.1361

of both performance enhancing methods. As shown in Fig. 6, the
total COP improvement is the sum of two individual COP
improvements. Moreover, as shown in Table 2,  for SC + FIC
(or FGR + FIC) is the sum of § for SC (or FGR) and IC. This
agrees with the prediction by Eq. (22), which further confirms the
nature of superposition between these performance enhancing
methods.

Limitation. The idealised models only consider the thermo-
dynamic processes of the refrigerants. The cycles’ interactions
with external heat transfer fluids such as air or water are not
considered. The power consumption associated with external heat
transfer fluids may differ for two-stage, single-stage and flexible
heat pump cycles although it is normally insignificant compared
with the compressor power. More advanced models and experi-
mental tests are required to understand their impacts on the
benefits of all those performance-enhancing methods.

Conclusions

In this paper, a cycle superposition method is proposed and
developed to analyse the flexible heat pump cycle and two-stage
heat pump cycles with different performance-enhancing methods
such as intercooling, subcooling, flash gas removal, and their
combinations. The two-stage cycles and flexible heat pump cycle
can be regarded as the linear superposition of two component
single-stage cycles. The key scientific findings are summarised as
follows:

Firstly, it is revealed that, under ideal conditions, the flexible
heat pump cycle is thermodynamically similar to the two-stage
cycle with full subcooling or flash gas removal, but without
intercooling.

Secondly, two stage heat pump cycles recover and reuse some
of the sensible heat carried by the hot liquid refrigerant simul-
taneously using a high-stage compressor, while the flexible heat
pump cycle decouples the recovery and reuse in time using a heat
storage system. Essentially, both the flexible cycle and these two-
stage cycles can all partially avoid the recompression of flash gases
generated during the throttling processes, and thus can save
compression power.

Thirdly, it should be noted that these cycles require heat
transfer from the low COP cycle/mode to the high COP cycle/
mode. The more heat transfer steps are required, the less COP
improvement can be achieved. Hence, the flexible heat pump
cycle is expected to be less efficient than two-stage heat pump
cycles with full subcooling or flash gas removal in real systems. It
is thus important to optimise the heat exchangers to minimise
their exergy destruction during charging and discharging the
flexible heat pump cycle’s heat storage.

Finally, the refrigerant type has a strong impact on the effec-
tiveness of all these performance-enhancing methods. The flexible
heat pump cycle and two-stage cycles with SC and FGR layouts

can achieve a better COP improvement for wet or isentropic
refrigerants which generate more flash gas during the throttling
processes than dry refrigerants.

Methods

In this section, a unified cycle superposition modelling method is
proposed and developed to analyse the performance of various
two-stage heat pump cycles and the flexible heat pump cycle,
allowing us to compare the flexible heat pump cycle with several
existing performance enhancement methods such as intercooling,
subcooling, flash gas removal, and their various combinations.

The assumptions include:

1. Heat transfer takes place under isothermal condition in all
heat exchangers.

2. Compressors have 100% isentropic efficiency.

3. No heat and pressure losses through pipes and heat
exchangers.

4. The heating capacity is the same for all single- and two-
stage cycles.

Single-stage cycle. For the single-stage Evans-Perkins cycle as
shown in Fig. 1a, the heating capacity (Q_,) of the condenser can

be expressed as

C,SS

Qc,ss = m/(hZ/ - h3/)7 (1)

where 71 represents mass flow rate of refrigerant, /& represents
enthalpy, subscript ss represents single-stage, subscript / indicates
single stage.

The heat transfer rate of the evaporator can be expressed as

Qe7ss = m,(hl/ - h4/)' (2)
The power consumed by the compressor can be calculated as
1% =1 (hy — hy). (3)

comp,ss
As a result, coefficient of performance of the single stage heat
pump, COP,,, can be expressed as

comp,ss

Two-stage cycles. As shown in Fig. 1b-h, there are seven different
layouts of two-stage heat pump cycles with different
performance-enhancement methods, including intercooling,
subcooling, flash gas removal, and their various combinations.

So far, to analyse two-stage (or multi-stage) heat pump
cycles®0-32, individual components are often isolated from the
system and their energy and mass balance are then analysed.
Through the interface conditions between adjacent components,
the whole cycle can then be finally solved.
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In this paper, a new approach, namely cycle superposition, is
proposed to analyse two-stage heat pump cycles. Each of such
two-stage heat pump cycles is regarded as the superposition of
two component cycles, of which the first cycle extracts heat from
the heat source via the evaporator and rejects heat to the sink via
the condenser, while the second cycle recovers heat from hot
liquid refrigerant exiting the condenser of the first cycle through a
flash tank (or an internal heat exchanger) and also rejects heat to
the sink via the same condenser. As a result, unlike traditional
approach analysing each component, each stream of refrigerant is
analysed using this approach.

Take the SC cycle (see Fig. 1c) as an example, as shown in
Fig. 10a, one stream of refrigerant with a mass flow rate of r;
executes a cycle 3-4-5-6-3, with the flash tank acting as an
evaporator. Its compressor power W is m,;(h, — hs), and

its heat production through the condenser Qc.,ts‘,streaml is
m;(hy — hs). The other stream of refrigerant with a mass flow
rate of ri; executes a cycle 1-2-5-7-8-1, with the flash tank acting
as a sub-cooler. Its compressor power mepystmmz is
m;(h, — h;), and its heat production through the condenser
Qc‘rmmm2 is mi;;(h, — hs). As a result, the COP of the cycle can be
derived as shown later in Eq. (13). Figure 10b illustrates two
single-stage heat pump cycles corresponding to the two
refrigerant streams on the pressure-enthalpy (p-h) diagrams.
The superposition of them leads to the p-h diagram of the two-
stage SC cycle as shown in Fig. lc.

It is interesting to compare Fig. 10 with Fig. 2 of ref. 34
Superimposing Fig. 2b and Fig. 2d of ref. 3 leads to the combined
p-h diagram as shown in Fig. 10b of this paper. This
demonstrates the thermodynamic similarity between the flexible
heat pump cycle and the two-stage heat pump cycle with full
subcooling. The cycle superposition approach provides a new
perspective to understand multistage heat pump cycles, as well as
the flexible heat pump cycle.

comp,steaml

Log(P)

Log(P)

Following the proposed cycle superposition approach, we can
quickly derive a generic model for all two-stage cycle layouts as
shown in Fig. 1.

The total heat transfer rate through the condenser can be
expressed as

Qc,ts =
According to Fig. 1b to h, Eq. (5) can be expressed as

(©)

Qc,ts,streaml + Qc,ts,streamz

0. = (#; + 1in) (hy — hs),1C; SC + PIC; FGR + PIC; SC + FIG; FGR + FIC
ofs tin;(hy — hs) + ri; (hy — hs),SC; FGR ’

©)

Here, subscript ¢ and ts represent condenser and two-stage,
respectively. Subscripts 1 to 8, L, V, and K represent the state
points along the two-stage cycles.

For SC and FGR cycle layouts, two refrigerant streams mix to
reach state K before entering the condenser, and the mixing
processes can be expressed as

by + ringhy, = (i + 1) by (7)

Substituting Eq. (7) into Eq. (6) leads to

0. — (i; + riny;) (hy — hs),1C; SC + PIC; FGR + PIC; SC + FIC; FGR + FIC
S\ (g + i) (hg — hs), SCG;FGR '

®)

For all two-stage cycle layouts, the heat transfer rate through
the evaporator can be expressed as

Qe,ts = mii(hl - hs) (9)

The power consumed by the stream of refrigerant #1; can be
written as
W = rin;(hy — hs). (10)

comp,steam1

5 K
“
Condenser

Fig. 10 The proposed cycle superposition approach. a Cycle layout; (b) pressure-enthalpy diagram.
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The power consumed by the stream of refrigerant #1; can be
written as

W _f #i(hy — hy + hy — hy)1G;SC + PIG; FGR + PIC; SC + FIG; FGR + FIC
comp.stream2 — ting (hy, — hy), SC;EGR

(11)
The energy balance of the flash tank can be derived as
rivhg + finghy = (rin; + ring) hy, IC
(vi; + ;) hg = tngh; + rinhy,, SC;FGR; SC + PIC; FGR + PIC
(#; + 1) hg + tinghy = tnghy + (i, + ;) by, SC + FIC; FGR + FIC
(12)
For all two-stage cycle layouts as shown in Fig. 1, the heat
pump COP can be derived as
Qs
L+ W

COP, = — (13)

comp,stream comp stream2

The COP improvement of the two-stage cycle against the
standard single-stage cycle can be expressed as
COP,, — COP

S S 100%.
CoP,, 0

Substituting Eqgs. (6), (10) and (11) into Eq. (13) leads to

(rity+rin ) (hy—hs)

COPts — { (r'n‘+r'n“)(h4_h})+rh“(hz_hl) ?

o =

(14)

IC; SC + PIG; FGR + PIC; SC + FIC; FGR + FIC

(v 41, ) (h—hs)

it (ha—hs )+ hy—hy) SCFGR
(15)
The mass flow rate ratio of the two streams is defined as
m:
B=—. (16)
mi;
Substituting Eq. (16) into Eq. (14) leads to
A+p)(y—hs) . X . X
op. { TP ) iy 16 SC + PIGEGR + PIC; SC + FIG FGR + FIC
BT) apy(—hs) . '
Bty iy S FOR

(17)
According to Eq. (17), 8 controls the systems’ COP once the
refrigerant’s properties along the cycles are given. The higher the
B, the higher the COP. It is therefore interesting to investigate
what factors influence S.
Substituting Eq. (16) into Eq. (12) leads to

hy—hy,
ho—h, * IC
B=13 i SC; FGR;SC + PIC; FGR + PIC.
(hely) | (a=hy) GG 4 FIC; FGR 4 FIC
\4 6 \4 6
(18)
Since h, = h;, Eq. (18) becomes
hy,—h
thhV6 ) IC
B=1 i SC; FGR;SC + PIC; FGR + PIC
Us=h) 4 (a=hv) - 9C 4 FIG; FGR + FIC
\4 6 v 6
(19)

According to Eq. (19), there are several interesting findings.

First, once the flash tank temperature is given, h, and h; are
given, the mass flow rate ratio 5 becomes a function of h, and h,
which are the refrigerant’s enthalpies at the outlets of Compressor
II and EV1, respectively.

Second, the mass flow rate ratio 8 for SC+ FIC (or FGR +
FIC) cycle is simply the sum of that for SC (or FGR) and IC

cycles. This indicates that the combination of subcooling (or flash
gas removal) and intercooling is a linearly superposition.

Third, for SC 4 PIC and FGR + PIC cycle layouts, mixing the
saturated vapour from the flash tank with the superheated vapour
from Compressor II does not affect the mass flow rate ratio 3.

State 6 at the outlet of the high stage expansion valve (EV1) is in
the saturated mixture region. Its position in relation to the saturated
vapour and saturated liquid lines can be determined by its quality x,
which is the mass fraction of vapour in the mixture, namely

m
X = m, (20)
where m is mass, subscripts V and L represent vapour and liquid,
respectively.
Once the x4 is given, hg can be determined as

hg = xghy + (1 — x¢)hy. (21)
Substituting Eq. (21) into Eq. (19) leads to
hy—hy
1€
B ={ =% ,SGFGR;SC + PIG; FGR + PIC (22)
6

X6 hy=hy

1 .
2o+ ety SC + FIG EGR + FIC

According to Fig. 1, h, is the enthalpy at the outlet of
Compressor II, hence (h, — h,) represents the degree of super-
heat at the outlet of Compressor II

Refrigerant type: dry, isentropic, and wet refrigerants. It is
therefore interesting to investigate how the characteristics of
refrigerants will affect B, and consequently the cycles’ COP,,.
Figure 9 presents the saturation domes of three typical refriger-
ants on temperature-entropy diagrams. As shown in Fig. 9a, for
some refrigerants such as ammonia, the slope of the saturated
vapour line is negative. An isentropic compression starting from a
saturation vapour state always ends in a superheated state, and
they are denoted as dry refrigerants in this paper. To the contrary,
for another group of refrigerants such as R2272a, the slope of
their saturated vapour line is positive, as shown in Fig. 9c. An
isentropic compression starting from a saturation vapour state
always ends as a saturated mixture, and they are denoted as wet
refrigerants. For a third group of refrigerants such as R124, the
slope of their saturated vapour line is almost infinite, as shown in
Fig. 9b. As a result, their saturated vapour lines are in parallel
with isentropic lines, and they are called as isentropic refrigerants.

It should be noted that, in this paper, the dry, wet and
isentropic refrigerants are defined according to the end condition
of an isentropic compression process starting from a saturation
vapour state for heat pumps or refrigerators. It is different from
the definition of dry, wet and isentropic refrigerants by the
organic Rankine cycle research community, which are defined
according to the exit condition of the isentropic expansion
process°.

According to Eq. (22), for layouts SC, FGR, SC + PIC, and
FGR + PIC, f is just a function of x4. The larger the value of x,
the larger the 3, and consequently the larger the COP,; according
to Eq. (17). However, x, strongly depends on the shape of the
saturation dome of the refrigerants. According to Fig. 9, x4 is
relatively small for dry refrigerants, and it is modest for isentropic
refrigerants, but is large for wet refrigerants. Therefore, it can be
inferred that these four cycles can achieve the highest COP
improvement for wet refrigerants, a modest improvement for
isentropic refrigerants, and the least improvement for dry
refrigerants.

However, the situation is more complicated for the cycle layout
IC as shown in Fig. 1b because the degree of superheat (h, — h,)
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can be positive, zero, or even negative, depending on the slope of
the saturated vapour line.

For dry refrigerants, an isentropic compression process starting
from a saturated vapour state will always end in a superheated
region. Hence, (h, —h,)>0, as a result $>0. In this case,
intercooling may potentially improve COP according to Eq. (19).

For isentropic refrigerants, the saturation vapour line is in
parallel to the isentropic lines. An isentropic compression from a
saturated vapour state will coincide with the saturated vapour
line, so the refrigerant remains as saturated vapour during the
compression, henceh, — h, = 0. As a result, f = 0, consequently
m; = 0. Since there is no superheat at the exit of the compressor,
intercooling does not increase or decrease the cycle’s COP.

For wet fluids, an isentropic compression process starting from
a saturated vapour state will end in the saturated mixture region,
as a result (h, —h,)<0 and B<0. Mathematically, refrigerant
flash intercooling could lead to a negative benefit. In practice, a
few degrees of superheat are required at the inlet of the
compressor to avoid condensation in the compressors during
compression. Therefore, intercooling should not be used.

Finally, according to Egs. (6)-(22), for each selected refrigerant,
once the evaporator, condenser and flash tank conditions are
defined, SC and FGR cycles will have the same set of equations
and state points. Therefore, the FGR cycle is thermodynamically
similar to the SC cycle with full subcooling. Similarly, it can be
seen that layout FGR + PIC is similar to SC+ PIC, and that
FGR + FIC is similar to SC + FIC.

Heat production contribution ratio. Since the heat production
of the condenser is the desired output of a heat pump, it is
therefore interesting to investigate the ratio of heat production
contributed by the two refrigerant streams, and it can be defined
as
Qc,ts.streaml
£E=———,
Qc,ts,streumz

(23)

where Q. sreanmn @0d Qg streamz are the heat production of the
condenser contributed by refrigerant mass flow rates #; and 7;;,
respectively.

For two-stage cycles as shown in Fig. 1, the two streams of
refrigerants, r1; and m;;, co-exist. According to Eq. (5), dividing
the numerator and denominator of the right-hand side of Eq. (23)
by operational time leads to

Qc.ts.streuml

g = ofsstreaml (24

Qc7ts7streum2 )

According to Fig. 1, in addition to the flash tank, some heat has

also been transferred from refrigerant stream #; to stream ri;

during the mixing process, either before entering the high-stage

compressor (as shown in Figs. 1b, e-h) or before entering the

condenser (as shown in Figs. 1c, d). Considering this extra heat
transfer, Eq. (24) can be expressed as,

o[ (hy—he)— ()] 1 . , .
iyt (o] 16 SC + PIG FGR + PIG; SC + FIG FGR + FIC

i (hy—hs) .
ﬁ ,SC; FGR

(25)
Substituting Eq. (16) into Eq. (25) leads to

% $.1C;SC + PIC; EGR + PIC; SC + FIG; FGR + FIC
4~ s 213

f:::; B, SC; FGR

(26)

For isentropic refrigerants,
h, = hy = h,,,IC;SC + PIG; FGR + PIC; SC + FIC; FGR + FIC
{ h, = h,, SC;FGR '
@7
Substituting Eq. (27) into Eq. (26) leads to

e=p. (28)

For dry refrigerants,
h, > hy > h,,1C; SC + PIC; FGR + PIC; SC + FIG; FGR + FIC
{ h, > h,, SC;FGR '
(29)
Substituting Eq. (29) into Eq. (26) leads to
e<p. (30)

For wet refrigerants, an isentropic compression from a
saturated vapour ends in the two-phase region, which is not
practical, but mathematically we can still have

h,<hs<h,,1C; SC + PIC; FGR + PIC; SC + FIG; FGR + FIC
{ h,<h,,SC; FGR '
(31)
Substituting Eq. (31) into Eq. (26) leads to

e>p. (32)

Nevertheless, when mixing the two streams of refrigerant
vapour, the resultant heat transfer from the refrigerant stream ri;;
to ri; is always much less than the heat transfer via the flash tank.
Consequently, irrespective of refrigerant type, Eq. (26) can be
approximated as

e~ f. (33)

Equation (33) shows that, for these two-stage heat pump cycles,
the ratio of refrigerant mass flow rates 8 approximates the ratio of
heat production contributed by the two component cycles.

It is worth mentioning that, for the flexible heat pump cycle,
the ratio of operation time between the charging and discharging
modes was revealed as a key parameter controlling the COP
improvement, which is defined as34

Atdischar e
ﬁ exi —— . (3 4)
f Atchurge
For the flexible heat pump cycle, the total heat production by
the condenser is defined as3*

Qcﬂexi = Qcﬂexi,charge +Q

where Qcﬂexi.discharge and Qcﬂexitchurge
production during discharging mode and charging mode,
respectively. )

The heat production rate of the condenser34, Q, flexi> 18 the same
for both charging and discharging modes. Hence, Q

and Qcﬂexi‘charge
respectively>4,

(35)

are the condenser’s heat

¢ flexi,discharge’

¢ flexi,discharge
can be expressed as Egs. (36) and (37),

Qcﬂexi,discharge = QcﬂexiAtdischarge (36)

(37)

It should be noted that the flexible heat pump operates on the
charging mode and discharging mode alternatively34. Like
Eq. (23), for a flexible heat pump, the condenser’s heat
production ratio of the discharging mode and charging mode

Qc‘ﬂexi‘charge = Qcﬂexi Atcharge
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can be defined as

_ Qc.ﬂexi#dischurge

sﬂexi - ’ (38)

Qcﬂexi,churge
Substituting Egs. (36) and (37) into Eq. (38)

sﬂexi = ﬂ_ﬂexi' (39)

Therefore, f,,; essentially is the ratio of heat produced by the
two operational modes of the flexible heat pump cycle.

According to Eq. (23) and Eq. (38), ¢ of the two-stages cycles
and &g, of the flexible heat pump cycle are fundamentally
similar, representing the ratio of heat production between the
high COP component cycle (or mode) and the low COP
component cycle (or mode). Furthermore, there is a strong
similarity between Egs. (33) and (39), suggesting an underlying
similarity between two-stage heat pump cycles and the flexible
heat pump cycle.
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