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ABSTRACT

CO»-based combined cooling and power cycle (CCP) has received increasing attentions especially
in scenarios with diversified energy desires for its excellent natural properties. In this paper, an ejector
is introduced into a conventional CCP system to reduce exergy loss in refrigeration throttling. A
refrigerated truck is selected as the typical application scenario. And the simulated results indicate that
approximately 28% of the expansion work during throttling can be recovered by the ejector,
concurrently saving 0.3kW and 0.7kW compression work with respect to 10.8kW and 6.5kW cooling
load under the freezing and refrigeration conditions. To extend the application of CCP system in more
general scenarios, the ejector based CCP system is further modified to suit single heat source conditions.
Two modified ejector based CCP systems namely ME-CCP-I and ME-CCP-II are proposed to recover
waste energy from the compressor discharge. The adaptations to various heat source and refrigerating
temperature are comprehensively studied. And the results demonstrate the ME-CCP-II system will be
more suitable for air-conditioning scenarios while the ME-CCP-I system is advanced in freezing 313
scenarios. In addition, recovering waste energy from the compressor discharge contributes great to the
total energy efficiency of the CCP system as well as the heat transfer in regeneration process. With the
mass split ratio increased from 0.1 to 0.9, the total energy efficiency of the ME-CCP-I system can raise
from 0.27 to 0.64 and the relative enhancement is ranging from 1.26% to 11.86% versus the baseline
system. Meanwhile, the ME-CCP-I system can reduce 48.6% irreversible loss in the heat regeneration
process versus the baseline one when the same amount of exhausted energy after expansion is recovered.

1 INTRODUCTION

With a global phase-down of hydrofluorocarbons (HFCs) after an October 2016 meeting of the
parties to the Montreal Protocol(UNEP Ozone Secretariat.,, 2016), the substitute of high-GWP
refrigerants has been the spotlight in energy and chemical industry. Carbon dioxide (CO.), as one of the
representative natural refrigerants and once widely used refrigerant in the early twentieth century
(Lorentzen and Pettersen, 1993), has again arrested interests in the field due to its outstanding properties
in both thermodynamics and ecology (Bianchi et al., 2021). Thereupon, CO, based power and
refrigeration technologies have rapidly boomed, which is widely applied in solar thermal power system
(White et al., 2021), electric vehicle heat pump (Song et al., 2022), supermarket refrigeration system
(Dilshad et al., 2020) and etc.

In scenarios with multiple energy desires, the cogeneration systems are generally more attractive
for its sufficient efficiency, include the combined heating and power (CHP) system, combined cooling
and power (CCP) system, and combined cooling, heating and power (CCHP) system. In the last years,
plenty of researchers have devoted to the theoretical constructions and modifications on CO»-based
CCP systems (Wang et al., 2012; Hou et al., 2018; Manjunath et al., 2018;Pan et al., 2020; Zhao et al.,
2022). According to the coupled methods of the power subcycle and refrigeration subcycle, the CCP
system can be simply classed into indirect type and direct type, wherein the latter directly shares a
thermodynamic process of the two subcycles and thus more compact layouts with better
exergoeconomic can achieve (Hou et al., 2018). In our previous studies (Zhang et al., 2022a, 2022b),
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the experimental prototype of direct type CO,-based CCP system was developed and tested. The
prototype integrated a transcritical CO, Rankine cycle and a reverse Carnot cycle (i.e. vapor
compression refrigeration cycle, VRC) via the conjunct condenser and reservoir. The tested results
indicate that switching the combined cycle from simultaneous cooling and power mode to power-alone
mode or cooling-alone mode will either improve the power output or refrigeration output, concurrently
ameliorating the effectiveness of heat transfer in the coupling condenser. Nevertheless, the VRC system
with CO, commonly suffers lower efficiency due to the considerable exergy loss during throttling. In
this context, ejector is approved an efficient solution to realize available work recovery in the throttling.
Actually, approximately 8% to 27% improvement in COP could achieve in a transcritical ejector
expansion refrigeration cycle (ERC), as reported by Banasiak et al.(2012), Elbel and Hrnjak (2008),
Lawrence and Elbel (2019), Lee et al.( 2014), Lucas and Koehler (2012), Minetto et al.(2013),
Nakagawa et al.(2011).

As there is few attention paid to the direct type CCP system with ejector, the ejector is firstly
introduced in the CCP system to enhanced COP of the conventional subcritical VRC subcycle in this
paper. On the basis, another gap in the conventional CCP system is also considered, that is the available
heat recovery from the refrigeration side. For typical CO, power cycles, the mismatch of heat capacity
in the regenerator is the primary reason that results in the pinch point in heat transfer and performance
deterioration (Luu et al., 2017). Shu et al.(2016) proposed a preheat-recuperative CO, Rankine cycle in
engine waste heat recovery, wherein the engine coolant is employed as the preheat source. The crest
span of specific heat capacity C, of the CO, is accommodated well with the coolant and it
simultaneously reforms the heat capacity allocation in the regenerator, which contributes to remarkable
performance enhancement. In general scenarios with single heat source, waste heat from the compressor
discharge in refrigeration subcycle is a possible preheat source. Hence, a further modification is
conducted on the aforementioned ejector-assisted CCP system and two potential layouts derived from
the scheme are investigated in the second case of the paper. Conclusively, the relevant results may offer
some instructive references to future studies and applications of the CO,-based CCP system.

2 METHODS AND MODELS

2.1 Description of CCP system

Fig.1 illustrated the schematic diagrams of the typical CCP system (Fig.1(a)) and its modified
schemes with ejector(Fig.1(b-d)). The corresponding T-s diagrams are presented in Fig.2. In this paper,
the basal CCP system (Figure.1(a), namely B-CCP) is firstly compared with the preliminarily modified
CCP system with ejector (Figure.1(b), namely E-CCP). The power subcycle and refrigeration subcycle
are integrated via the sharing condenser. And thus diverse outputs can be conveniently achieved by
regulating the mass splitting in the condenser outlet. In the preliminary modification, the ejector is
introduced to reduce the irreversible loss during throttling. Compared with the B-CCP system, the
suction pressure of compressor in E-CCP system is quite enhanced so as to reduce the compression
work. A refrigerated truck with two refrigeration requirements (i.e. refrigerating condition with
evaporating temperature of 0°C and freezing condition with evaporating temperature of -20°C) is
selected as the research objective, which is consistent with our previous work (Zhang et al., 2020). Both
of the exhaust gas and the coolant from the engine are recovered to drive the CCP system. The
refrigerated truck is equipped with a 246kW diesel engine and the refrigeration load is 10.8kW and
6.5kW in refrigerating condition and freezing condition, respectively. The specifications of the exhaust
gas and coolant from the engine are listed as followings:

e Inlet temperature and mass flow rate of exhaust gas: Teg i =470.7°C and m,=1372.3kg/h.

e Inlet temperature, returned temperature, and mass flow rate of engine coolant:
Tjw,in =85°C, Tjyyre =78.4°C, Q,=16.8m’/h.

When turn to the common scenarios with single accessible heat source, the E-CCP system is further
modified as ME-CCP-I system (Figure.1(c)) and ME-CCP-II system (Figure.1(d)). In this case, the
outflow from pump is firstly preheated by compressor discharge. The particular difference is that in
ME-CCP-II system, the back pressure of the expander is the suction pressure of compressor rather than
the condensing pressure, which indicates the over-expansion in expander. In CO; transcritical power
cycle, a proper over-expansion in expander is beneficial to thermal efficiency as suggested by Zhao et
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al.(2020). And therefore the scheme is also taken into consideration in this work to investigate its
adaptation to the CCP system. Meanwhile, an additional precooler is needful to reduce the work

consumption in compressor in the ME-CCP-II system.
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Figure.1: Schematic diagrams of the typical CCP system and the modified schemes with ejector: (a)
Basal CCP system, namely B-CCP, (b) Ejector-assisted CCP system, namely E-CCP, (c) Modified
ejector-assisted CCP system without over-expansion in power subcycle, namely ME-CCP-I, and (d)
Modified ejector-assisted CCP system with over-expansion in power subcycle, namely ME-CCP-II.
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Figure.2: T-s diagrams of the typical CCP system and the modified schemes with ejector: (a) B-CCP
system, (b) E-CCP system, (c) ME-CCP-I system, and (d) ME-CCP-II system.
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2.2 Modeling of CCP system
To simulate the performance of the above systems, some necessary assumptions are made as
followings:
e The systems perform in steady state condition, and pressure drop and heat loss in the
components are negligible.
e Isentropic efficiencies are adopted to simulate the expander, compressor and pump, and the
throttling process is regarded isenthalpic.
e The working fluids from evaporator outlet, condenser outlet and liquid-gas separator are
saturated.
e Pinch temperature in the condenser, precooler, preheater, recuperator, and gas heater are
settled at 5°C, 5°C, 5°C, 10°C and 30°C to guarantee efficient heat transfer.
e The condensing temperature should be less than 30°C to ensure condensing of the CO,, which
is set 25°C in this work.
e Inner flow in the ejector is steady and one-dimensional, and the internal irreversibility of ejector
is described by nozzle efficiency (7, = 0.9), mixing efficiency(n,, = 0.85)and diffuser
efficiency(ny = 0.85).

Based on the energy conversion and conservation, the quasi one-dimensional thermodynamic
models of the CCP systems are built in MATLAB platform. The equations of each component and
efficiencies of the machines are briefly summarized in Table 1. The properties of CO; are accessible in
NIST database by invoking the REFPROP program. For the ejector, a constant-pressure mixing theory
(Keenan et al., 1950) is adopted to simulate the inner process in the two-phase ejector. An averaged
relative discrepancy between the simulated and experimental results is 2.48% as conducted in our
previous study (Zhang et al., 2020), that ensures the validation of the simulation.

In the first case with a refrigerated truck as objective, the pinch point temperature difference
method is applied to acquire the mass flow in power subcycle (Shu et al., 2016), while the mass flow in
refrigeration subcycle is determined by the refrigeration load. While in the second case, the heat source
is turned to common scenarios, where the temperature of heat source is an independent variable and its
impact on system performance is one of the discussed scope. To simplify the simulation, the inlet
temperature of the expander is used to reflect heat source conditions and the mass flow rate in the power
subcycle is allocated as 1kg/s, i.e. mg, = 1kg/s. However, the mass flow in refrigeration subcycle is
still depend on the refrigeration load. The mass split ratio in condenser outlet is defined as SR =
My /My, and the mass flow rate of working fluid running through the evaporator can therewith be
calculated by entrainment ratio of the ejector: mg, = my - 1. As there are diverse energy outputs in the

CCP system, the net power output (Wyer = Weyp — Woump — Weom) With same refrigeration capacity and
the total energy efficiency of the CCP system (defined 7, = W) are used to evaluate the
absorb

performance of different schemes. All of E-CCP system, ME-CCPI, and ME-CCPII systems are
allocated with the identical SR to ensure the same refrigeration load. And its impact on systematic
performance is also taken into account.

On the other hand, to investigate the potential amelioration on heat regeneration process in these
systems, the exergy analysis in heat transfer is also conducted. The exergy of working fluid at the
specific state point is calculated by Equation (1), wherein the T, hg, Sq is the referenced environmental
temperature, enthalpy and entropy at thermodynamic equilibrium state. The EUD (energy-utilization
diagram) methodology (Jin et al., 2004) is adopted to graphically present the endogenous exergy
destruction in the corresponding section based on A (energy level) and AH (energy transformation
quantity) diagram. Herein, the energy level 4 is defined by Equation (2), and the AE,, and AS represent
the exergy change and the entropy change, respectively. For the specific energy transformation process,
the energy and exergy of the donor and receptor can be signified by paired curves. And the area between
the curves become equal to the exergy destruction during the process.

ex; = hiA_E ho — Ty %E‘L'A_SSO) (1
X 0

= —= —_ 2

A i 1 N (2)
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Table 1: Energy balance equations of the key components

Component

Equation

Expander

Gas heater/Generator

Wexp = (hy = hss)Mexp » Nexp=0.8 (Hou et al., 2018)
Qgh = mfp(h4 - h3) = mg(hg,in - hg,out)

Recuperator Q,, = mg,(hy — hy) = mg,(hs — he)
Preheater Qpre = Mpp(hy —hy) = mjw(hjw,in - hjw,out) or
Qpre = mfp(hz - hl) = (mfp + mfc)(h7 — hys)
Precooler Qprec = Mpp(hs — hyg)
Condenser Qcona = (mfp + mfc)(hll — hg) or Qeona = (mfp + mfc)(hls — hg)
Evaporator Qeva = Mg, (hyo — ho) o1 Q¢pg = Mge (hiz — hq2)
Pump Woump = Msp(hes = Rg)/Mpumps Npump = 0.75 (Zhao et al.2020)
Compressor Weom = mfc(hll,s - hlo)/ncom or Weorm = mfc(h7,s - hll)/ncom;
Neom=1.003-0.121-B. (Liao et al., 2000)
Throttle Mechg = Meohg Or Meghg = Me by,

LG-separator (Mg + mp)hyg = mpchyg + mpohg

i : . m
Ejector mgchg + mphyz = (Mge + Mg )Ry, entrainment ratio p = fe/mfc

3 RESULTS AND DISCUSSIONS

3.1 Case 1: Effectiveness verification of ejector in CCP system (B-CCP vs. E-CCP)

The simulated results of the B-CCP and E-CCP systems are listed in Table 2. To achieve the
maximum net power, the inlet temperature and pressure of expander are optimized with PSO algorithm.
Obviously, the refrigeration COP (which is defined as: Qgpq/Weom )is definitely enhanced with the help
of the ejector, which is improved by 29.2% and 15.9% under freezing and refrigeration condition,
respectively. The performance of the ejector is represented by the ejector efficiency 7,j., which is
calculated by Equation (3), defined as the ratio of the recovered expansion work by the ejector to the
maximum potential expansion work(Elbel and Hrnjak, 2008). Herein, approximately 28% of the
expansion work during throttling can be recovered by the ejector, subsequently the compressor ratio is
reduced by 14.7% and 7.0%. Although the absolute enhancement in net power output is just 0.7kW and
0.3kW under the two conditions, it accounts for 20.6% and 14.3% of the compression work. Hence, it
indicates sufficient potential in energy saving with a larger refrigeration load. Furthermore, according
to the results, the ejector will perform better in scenarios with lower evaporating temperature because
of the lager pressure difference in throttle.

_ (h(PLg,Ssf) — hsp) 3
Neje u hpf _ h(PLGr Spf) ( )

Table 2: Performance index of B-CCP and E-CCP system

Freezing condition Refrigeration condition
B-CCP E-CCP RV(%) B-CCP E-CCP RV (%)

Net power output (kW) 31.6 32.4 +2.5 32.9 332 +0.9
Refrigeration COP (-) 1.92 2.48 +29.2 5.21 6.04 +15.9
Compressor work(kW) 34 2.7 -20.6 2.1 1.8 -14.3
Compressor ratio(-) 3.27 2.79 -14.7 1.85 1.72 -7.0
Ejector efficiency 7. (%) / 28.6 / / 28.8 /
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3.2 Case 2: Adaptation analysis of ME-CCP-I and ME-CCP-I1

In this section, the original scheme without compressor discharge heat recovery (i.e. E-CCP system
without preheater) is included as the baseline system. The performance index of the three CCP schemes
with respect to different expander inlet temperature and evaporating temperature is firstly discussed.
For consideration with the refrigeration span, an evaporating temperature from -20°C to 10°C is
appropriate for freezing, refrigeration and air conditioning. While for the expander inlet temperature,
T, from 200°C to 300°C is possible to cover most of the heat source like solar energy, bioenergy, and
industrial waste heat, etc. The expander inlet pressure of each system is optimized to achieve the
maximal W,,,, and it is restricted within 20MPa in account of the state of the art . As for the refrigeration
subcycle, the mass split ratio is set as 0.2 in the baseline condition.

Tg=200°c, SR=0.2 Tg=250°C, SR=0.2 Tg=300°C, SR=0.2
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Figure 3: Performance comparison with respect to various heat source and evaporating temperature.

As is can be seen in Figure 3, the E-CCP system and ME-CCP-I system demonstrate identical
changes in net power with respect to evaporating temperature and it has no concern with the heat source
temperature. Overall, the net power output in these two system performs much better than the ME-CCP-
II system when the expander inlet temperature is equal to 200°C and 250°C. As for the ME-CCP-II
system, an extra overexpansion ratio imposes great energy consumption in the compressor and thus it
will be more suitable for air conditioning scenarios. Simultaneously, a higher grade heat source makes
greater sense to the ME-CCP-II system as well. As presented in Figure 3(c), the ME-CCP-II system
excels the ME-CCP-1 with evaporating temperature ranging from 0°C to 8°C at T,=300°C condition.
For instance, when the evaporating temperature is equal to 6°C, the ME-CCP-II can offer 58.7kW
mechanical power output with 30.0kW refrigeration load, which is improved by 6.15% versus the ME-
CCP-I and E-CCP systems (which is 55.3kW in the condition). However, the ME-CCP-II system has a
poor performance on total energy efficiency in all of the simulated conditions, which is resulted from
the reduced heat regeneration in recuperator.

For the ME-CCP-I system, only if the evaporating temperature is lower than -8°C, the ME-CCP-I
system will present better energy efficiency than the baseline system. Hence, it will be more suitable
for freezing scenarios. This is predictable because once the temperature of compressor discharge is
higher than the pumped outflow will the preheater work. Meanwhile, the enhancement is also related
to the mass split ratio, that is the refrigeration load. Figure 4 presents the variations of total energy
efficiency of the ME-CCP-I and baseline E-CCP system with respect to varying mass split ratio when
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T;=300°C and T, =-20°C. With the mass split ratio increased from o.1 to 0.9, the total energy

efficiency of the ME-CCP-I system can raise from 0.27 to 0.64 and the relative enhancement is ranging
from 1.26% to 11.86% versus the E-CCP system.

T,=300°C, T,,,=-20°C
0.7 14
| —O—B-CCP
0.6 —2—ME-CCP-I

L . Relative enhancement

0.5 10

0.4

Energy efficiency 5, (-)
Relative enhancement (%)

0.0 0.2 0.4 0.6 0.8 1.0
Mass split ratio SR (-)

Figure 4: Variation of energy efficiency with respect to mass split ratio: T,=300°C and T,,,=-20°C.
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Figure 5: Heat transfer and exergy destruction in preheater and recuperator : T,=300°C and T,,,,=-
g eva
20°C.

Figure 5 presents the energy utilization diagram in the preheater and recuperator of the ME-CCP-
I system and E-CCP system with different mass split ratio. Therein, the grey solid curve represents the
low-temperature fluid between the pump outlet and generator inlet, while the green, orange and red
curves indicate the high-temperature fluid that performs as the regenerating heat source, with SR equal
to 0, 0.5, and 0.9 respectively. The shaded area between the two heat transfer fluids signifies the exergy
destruction during the heat transfer process and the horizontal axis indicates the actual heat transfer
capacity in the exchanger. Obviously, preheat in the preheater can definitely ameliorate temperature
match during the heat regeneration process, and improve the ultimate temperature of the high-pressure
fluid at the recuperator outlet. As there is no preheater in the baseline E-CCP system, it can be equivalent
to the condition with SR=0 in the ME-CCP-I system. Therefore, with the SR increased from 0 to 0.9,
the available heat regeneration is enhanced from 173.3kW to 202.2kW, and the exergy loss during the
regenerating process is simultaneously reduced from 13.0kW to 7.61kW. To concurrently reveal the
variations of exergy loss and heat transfer capacity in the case, a dimensionless exergy loss over per
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unit heat transfer capacity is presented in Figure 5(b), which is calculated by Equation (4). For the E-
CCP system, a high ex, o with 0.074 is obtained without heat recovery from the compressor discharge.
While for the ME-CCP-I system, the values are just 0.057 and 0.038 when the SR is equal to 0.5 and
0.9, respectively. Hence, ME-CCP-I system can reduce 48.6% irreversible loss in the heat regeneration
process versus the E-CCP system when the same amount of exhausted energy after expansion is
recovered.

exqo = €]

4 CONCLUSIONS

In this paper, a thermodynamic modification on CO,-based combined cooling and power cycle with
ejector is conducted. A refrigerated truck is firstly selected as the typical application scenario to verify
the effectiveness of the ejector and then further modification on the baseline ejector-based CCP system
is performed to extend its application to more general scenarios with single heat source. The impacts of
heat source, refrigerating temperature, and mass split ratio on adaptation of the modified systems are
comprehensively investigated. Conclusively, the relevant results may offer some instructive references
to future studies and applications of the CO,-based CCP system, and the main conclusions are listed as
followings:

e  Approximately 28% of the expansion work during throttling can be recovered by the ejector,
concurrently saving 0.3kW and 0.7kW compression work with respect to 10.8kW and 6.5kW
cooling load under the freezing and refrigeration conditions.

e  The ME-CCP-II system will be more suitable for air-conditioning scenarios while the ME-CCP-
I system is advanced in freezing scenarios.

e Recovering waste energy from the compressor discharge contributes great to the total energy
efficiency of the CCP system as well as the heat transfer in regeneration process. With the mass
split ratio increased from 0.1 to 0.9, the total energy efficiency of the ME-CCP-I system can
raise from 0.27 to 0.64 and the relative enhancement is ranging from 1.26% to 11.86% versus
the baseline system. Moreover, the ME-CCP-I system can reduce 48.6% irreversible loss in the
heat regeneration process versus the baseline system when the same amount of exhausted energy
after expansion is recovered.

NOMENCLATURE

CCP  Combine cooling and power cycle
COP  Coefficient of performance
RV Relative variation

h Specific enthalpy
ex Specific exergy

] Specific entropy
Subscript

com  Compressor
cond Condenser
d Destruction
eje Ejector

eva Evaporating
exp Expander

fc Mass flow rate in compressor

fe Mass flow rate in refrigeration side
p Mass flow rate in power side

gh Gas heater or generator

i Specific state point in the cycle

in Inlet
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jw Jacket water
out Outlet

pre Preheater
pump Pump

tot Total

REFERENCES

Banasiak, K., Hafner, A., Andresen, T., 2012. Experimental and numerical investigation of the
influence of the two-phase ejector geometry on the performance of the R744 heat pump. Int. J.
Refrig. 35, 1617-1625. https://doi.org/10.1016/J.IJREFRIG.2012.04.012

Bianchi, G., Besagni, G., Tassou, S.A., Markides, C.N., 2021. Overview and outlook of research and
innovation in energy systems with carbon dioxide as the working fluid. Appl. Therm. Eng. 195,
117180. https://doi.org/10.1016/J. APPLTHERMALENG.2021.117180

Dilshad, S., Kalair, A.R., Khan, N., 2020. Review of carbon dioxide (CO2) based heating and cooling
technologies: Past, present, and future outlook. Int. J. Energy Res. 44, 1408—1463.
https://doi.org/10.1002/er.5024

Elbel, S., Hrnjak, P., 2008. Experimental validation of a prototype ejector designed to reduce
throttling losses encountered in transcritical R744 system operation. Int. J. Refrig. 31, 411-422.
https://doi.org/10.1016/j.ijrefrig.2007.07.013

Hou, S., Zhang, F., Yu, L., Cao, S., Zhou, Y., Wu, Y., Hou, L., 2018. Optimization of a combined
cooling, heating and power system using CO2 as main working fluid driven by gas turbine waste
heat. Energy Convers. Manag. 178, 235-249. https://doi.org/10.1016/j.enconman.2018.09.072

Jin, H., Zhao, H., Liu, Z., Cai, R., 2004. A novel EFHAT system and exergy analysis with energy
utilization diagram. Energy 29, 1983—1991. https://doi.org/10.1016/j.energy.2004.03.009

KEENAN, J.H., NEUMANN, E.P., LUSTWERK, F., 1950. AN INVESTIGATION OF EJECTOR
DESIGN BY ANALYSIS AND EXPERIMENT. J. Appl. Mech. ASME 17, 299-309.

Lawrence, N., Elbel, S., 2019. Experimental investigation on control methods and strategies for oft-
design operation of the transcritical R744 two-phase ejector cycle. Int. J. Refrig. 106, 570-582.
https://doi.org/10.1016/j.ijrefrig.2019.04.020

Lee, J.S., Kim, Min Soo, Kim, Mo Se, 2014. Studies on the performance of a CO2 air conditioning
system using an ejector as an expansion device. Int. J. Refrig. 38, 140-152.
https://doi.org/10.1016/J. IJREFRIG.2013.08.019

Liao, S.M., Zhao, T.S., Jakobsen, A., 2000. A correlation of optimal heat rejection pressures in
transcritical carbon dioxide cycles. Appl. Therm. Eng. 20, 831-841.
https://doi.org/10.1016/S1359-4311(99)00070-8

Lorentzen, G., Pettersen, J., 1993. A new, efficient and environmentally benign system for car air-
conditioning. Int. J. Refrig. 16, 4-12. https://doi.org/10.1016/0140-7007(93)90014-Y

Lucas, C., Koehler, J., 2012. Experimental investigation of the COP improvement of a refrigeration
cycle by use of an ejector. Int. J. Refrig. 35, 1595-1603.
https://doi.org/10.1016/j.ijrefrig.2012.05.010

Luu, M.T., Milani, D., McNaughton, R., Abbas, A., 2017. Analysis for flexible operation of
supercritical CO2 Brayton cycle integrated with solar thermal systems. Energy 124, 752-771.
https://doi.org/10.1016/j.energy.2017.02.040

Manjunath, K., Sharma, O.P., Tyagi, S.K., Kaushik, S.C., 2018. Thermodynamic analysis of a
supercritical/transcritical CO2 based waste heat recovery cycle for shipboard power and cooling
applications. Energy Convers. Manag. 155, 262-275.
https://doi.org/10.1016/j.enconman.2017.10.097

Minetto, S., Brignoli, R., Banasiak, K., Hafner, A., Zilio, C., 2013. Performance assessment of an off-
the-shelf R744 heat pump equipped with an ejector. Appl. Therm. Eng. 59, 568-575.
https://doi.org/10.1016/J. APPLTHERMALENG.2013.06.032

Nakagawa, M., Marasigan, A.R., Matsukawa, T., 2011. Experimental analysis on the effect of internal
heat exchanger in transcritical CO2 refrigeration cycle with two-phase ejector. Int. J. Refrig. 34,
1577-1586. https://doi.org/10.1016/j.ijrefrig.2010.03.007

7th International Seminar on ORC Power Systems, September 4 — 6, 2023, Seville, Spain

321



Paper 1D #51, page 10 of 10

Pan, M., Bian, X., Zhu, Y., Liang, Y., Lu, F., Xiao, G., 2020. Thermodynamic analysis of a combined
supercritical CO 2 and ejector expansion refrigeration cycle for engine waste heat recovery.
Energy Convers. Manag. 224, 113373. https://doi.org/10.1016/j.enconman.2020.113373

Shu, G., Shi, L., Tian, H., Li, X., Huang, G., Chang, L., 2016. An improved CO2-based transcritical
Rankine cycle (CTRC) used for engine waste heat recovery. Appl. Energy 176, 171-182.
https://doi.org/10.1016/j.apenergy.2016.05.053

Song, Y., Cui, C., Yin, X., Cao, F., 2022. Advanced development and application of transcritical CO2
refrigeration and heat pump technology—A review. Energy Reports 8, 7840-7869.
https://doi.org/10.1016/J.EGYR.2022.05.233

UNEP Ozone Secretariat, n.d. No Title, in: In Twenty-Eighth Meeting of the Parties to the Montreal
Protocol on Substances That Deplete the Ozone Layer (Kigali, Rwanda, 2016); Document
UNEP/OzL.Pro.28/CRP/10, United Nations Environment Programme, 2016.

Wang, J., Zhao, P., Niu, X., Dai, Y., 2012. Parametric analysis of a new combined cooling, heating
and power system with transcritical CO2 driven by solar energy. Appl. Energy 94, 58—64.
https://doi.org/10.1016/j.apenergy.2012.01.007

White, M.T., Bianchi, G., Chai, L., Tassou, S.A., Sayma, A.L., 2021. Review of supercritical CO2
technologies and systems for power generation. Appl. Therm. Eng. 185, 116447.
https://doi.org/10.1016/J.APPLTHERMALENG.2020.116447

Zhang, Y., Shi, L., Tian, H., Li, L., Wang, X., Huang, G., Shu, G., 2022a. Experimental investigation
on CO2-based combined cooling and power cycle. Energy Convers. Manag. 256, 115342.
https://doi.org/10.1016/j.enconman.2022.115342

Zhang, Y., Shi, L., Tian, H., Li, L., Wang, X., Sun, X., 2022b. Experiment on CO2-based combined
cooling and power cycle : A multi-mode operating investigation. Appl. Energy 313, 118884.
https://doi.org/10.1016/j.apenergy.2022.118884

Zhang, Y., Shu, G., Tian, H., Shi, L., Sun, X., 2020. Modified CO2-based combined cooling and
power cycle with multi-mode and adjustable ability. Energy Convers. Manag. 226, 113485.
https://doi.org/10.1016/j.enconman.2020.113485

Zhao, D., Han, C., Cho, W., Zhao, L., Kim, Y., 2022. Directly combining a power cycle and
refrigeration cycle: Method and case study. Energy 259, 125017.
https://doi.org/10.1016/J. ENERGY.2022.125017

Zhao, D., Zhao, R., Deng, S., Zhao, L., Chen, M., 2020. Transcritical carbon dioxide power cycle for
waste heat recovery: A roadmap analysis from ideal cycle to real cycle with case
implementation. Energy Convers. Manag. 226, 113578.
https://doi.org/10.1016/J. ENCONMAN.2020.113578

ACKNOWLEDGEMENT

The authors gratefully acknowledge the financial support from the National Key R&D Program of
China (Grant No. 2022YFE0100100).

7th International Seminar on ORC Power Systems, September 4 — 6, 2023, Seville, Spain

322



This book contains the compilation of works contributed to the 7th International Se-
minar on Organic Rankine Cycle Power Systems (ORC 2023), held in Seville between
the 4th and 6th of September 2023. The event was hosted by Universidad de Sevilla on
behalf of the Knowledge Centre on Organic Rankine Cycle Technology (KCORC), in-
corporated in The Netherlands.
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