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Development of super critical CO2-COz cascade

refrigeration system for improvement of energy efficiency
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W5, FCa D

(1) WO %E
CFCs: Z7nmu -« 7Vt ual—Ry
HCFCs : A Fmr - Zmnm « 7 Fai]—R
HFCs : A Re7rtah—HR
HC : ~A K li—AR»
COz : —FRfLpRFR
NHs;: 7o €=7
R : ASHRAE %% 5
R12 : CFC-12
R22 : HCFC-22
R744 : “JiRfbE (CO)
R290 : Fm /X
R717: 7> %&=7 (NH3)
R134a : HFC-134a
R404A : HFC-404A (HFC &)
R410A : HFC-410A (HFC iR & )
R32 : HFC-32
R1234yf : HFO-1234yf
R1234ze : HFO-1234ze
(2) BREGCEICET 255K
ODP (Ozone Depleting Potential) : 74 J@ it %k
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GWP (Global Warming Potential) : H1EKIEEZ{l 52
(3) W AT LT DWEPR

COP (Corefficiency of performance) : lAEFREK

N

IHEX (Internal heat exchanger) : PNEBZAAS Hags

S

(4) Hfk, HiE4%
ISO (International Standardization Organization) : ERSHIFE S
ASHRAE (American Society of Heating, Refrigerating and
Air-Conditioning Engineers ) : 7 A U 7 &R EEEM R ZETH TS
CVS (Convenience store) : 2> E=T 2 A A [T

(5) Nomenclature

T Ambient temperature [*C]
T Condensing temperature of HFC cycle ['C]
Twurs Sub-cool of HFC cycle ['C]
Tt Evaporating Temperature of HFC cycle ['C]
Tent Super-heat of HFC cycle ['C]
P. Pressure [MPal]
Pi Discharge pressure [MPal]
Py Suction Pressure [MPal]
h:Enthalpy [kd/kg]
¢ Rate of heat transfer (W]
W. Power [W]
M: Mass flow rate [kg/s]

T Refrigerant temperature at point n in7*A diagram[C]

6



(6)

(7)

Greek symbol
n : Isentropic efficiency [-]

Subscript

HT: Higher temperature cycle

LT : Lower temperature cycle

Sub : Sub cooler

AP : Pressure difference between suction on higher cycle and

discharge on lower cycle
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Fig. 1-1 Shifting average temperature of globally annual temperature
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Table 1-1 HFC phase down schedule on Kigali amendment
of Montreal protocol

A5 Group 1* A5 Group 2** AQ*F**
2020-2022 2024-2026 2011-2013
. Average HFC Average HFC Average HFC
Baseline . . .
consumption consumption consumption
65% baseline 65% baseline 15% baseline*
Freeze 2024 2028
1st step 2029 -10% 2032 —-10% 2019 -10%
2nd gtep 2035 —30% 2037 —20% 2024 —40%
3rd step 2040 —50% 2042 —-30% 2029 —-70%
4th gstep - - 2034 —80%
Plateau 2045 —-80% 2047 —85% 2036 —85%

* Montreal Protocol, Article 5 countries, not part of Group 2
**  GCC (Saudi Arabia, Kuwait, United Arab Emirates, Qatar, Bahrain,

Oman),India, Iran, Iraq, Pakistan
*** Developed country, out of Article 5 country of Montreal protocol
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Fig. 1-2 Emission of Fluorocarbon at 2002 and assumption on 2015
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Table 1-2 Issues of using natural refrigerant for Refrigeration system

Refrigerant Issues

Hydro carbon (HC) | Risk for bomb because of its highly flammability.
Limitation of amount of charged refrigerant shall
be required.

Ammonium  (NHj) | Rusk for health because of its toxicity. Secondary
loop shall be required to avoid risk of leakage into
inside of the room.

Carbon dioxide (CO2) | Risk for injure because of its higher pressure.
Training for service and maintenance shall be

required to avoid accident at maintenance.
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Table 1-3 Characteristics of refrigerant from environment point of view

ASHRAE Number Chemical formula OoDP* GWPpP* Safety
(Name) group™**
R12 CClzFe 1 4,660 Al
R22 CHCIF: 0.055 1,760 Al
R744(C0O2) CO: 0 1 Al
R290(Propane) CHs-CHs 0 <3 A3
R717(Ammonium) NH3 0 <1 B2
R134a CHzF-CFs 0 1,430 Al
R404A CHF2-CFs/CFs-CHs/CHF-CF3 0 3,920 Al
(44/52/4)*
R410A CH2F2/CHF2-CF3 0 2,090 Al
(50/50)*

R32 CHzFe 0 675 A2L
R1234yf CFsCF=CHz 0 4 A2L
R1234ze CF3CH=CHF 0 <1 A2L

*  Percentage of each substances

**  Reference from IPCC 4th report (AR4 2007), GWP at 100years

**% Classification by ISO/FDIS817(2014): A as no or lower toxicity, B as toxic,
1 as no flammable, 2 as lower flammable, 2L as lower flammable than 2, 3
higher flammable

CO20ZODP230 TGWP A3 1 &, BREEFZE DD IR WA IRRINIE TH 5.
F o EmNE - BN, MR TIIREE S 21284 Sh
TWa. ISO TIX ALl 7 Z RS, AR EEREZZOREY X
I PR EE 2 5. BT CO i IEA HE D# A (CaF) & 5k & &
LI7NF =R ROEEEE R, Al TELEIZED S DR
PEW Z RS L CHRLE S 209720, IO RUERHZB W T H BREEARTA
LirnmiEThHEE 2D, 2L, —EU EORBICBWNTREIN

15



Jﬁm, %'{ZM%%
WELL 2 D b Z T Lol

CEENBENDEENHDHDOT, HHOBRIZIIEEN

1-2-2 Wit

L UCREN SN 2 I ER S0 2 BEARR R BT /9% 4 Table
412507
AR MmO RO B2 &7 b, Eio, BRRE LM EEN
DRI EBETELEMAREDO AR LS. BIZ, HiR TOENIMHE
WORGHENDOHK L 72D, £z, BEVE COP (XM D — 1L X5

DIEIEL 2D HDTHD.

Table 1-4 Characteristics of refrigerants from engineering point of view

ASHRAE Number | Boiling Critical Pressure at | Latent heat cop™
(Name) point temperature 25 oC* at 0 °C

[oC] [oC] [ MPal [ kd/kg ]
R744(C0O2) -78.46 30.98 6.43 230.89 3.58"*
R290(Propane) -42.11 96.74 0.93 374.87 4.44
R717(Ammonium) -33.33 132.25 1.00 1,262.25 4.03
R134a -26.07 101.06 0.67 198.60 4.40
R404A -46.50" 72.05 1.25 165.82 4.28
R410A -51.70* 71.35 1.66 221.31 4.05
R32 -51.65 78.11 1.69 315.30 3.93
R1234yf -29.45 94.70 0.68 163.29 4.56
R1234ze -18.95 109.37 0.50 184.09 4.61

Saturated liquid pressure
** Condensing temperature 55°C, Evaporating temperature 0°C,
Liquid temperature 35°C, Suction gas temperature 35°C
“*High side pressure 9MPa, Gas temperature before expansion device 35°C
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Fig. 1-4 Ratio of refrigerant of usage
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12 O JEAERE D ERIEVEAMER R 2 & 2 Bl 2 % K 5 725 Citdin

THZLENTERWY. £z, COBEE Z DY A 7 VW56
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X, HAZ =7 EFOMBBGRE DICBIT AmED o 2 )L ENIVRIR
DOEHREHICER L, BEEOWHEL, COP DIKTIZoRA->TL
F\, HFC A U= 65812 =T COP 2345 % L\ 9 B AS

H5.

(2) WA= FGEYA 7L

B Al — RRBEY A 7 L TIHRIBRY A 7 L DA FTIL AT
ERMY A 7 NV DOIRFEERICASZHEN D . £ LTI OBARICEIR

YA 7 VOJEREE AR S, @IS 7 L O IREGE THR
BN ND. 6> TZDH A — RABEH YA 7 )V CTlEmEiR M
A 7 IATRIRAY A 7 L K0 SRR B T 2L YR 722 %
Elo, TNETOHBEY A 7 /VTHOWLATL XL HIZ, iR 27
W HFC WA R 2 0 A — RRml A 7 v, itz &

LEREAMA~DESSCENm W E WV IREZ R > T\ 5.

(3)  BEMEmmt o1 7
CBEMARA Y A 7 VTS BT A 7 T BB A 7L
DR LFZEL 2D, —5T, KB A 7 L TIIEMES L AR
T2 O CHEME XK S, COP o EAKND. LavL, HEE
WA 7 VIRRRIZ FERERS OB S 13V IR 72 & O JE PRI X
DIRELTLED. ZD7w, JEHMiEOIELRD BN OB HIR
TS, RWENEREN D il & 72 D St T OIEERSEAF DORRE N T
%)

XN EWIHMENRH S, Z DT, BIEE LT COLBTH:A W5
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Y, Tt a s ST Z EANEEE 2D, F e ZBREMEAR
YA 7 VT, BIEWICIEER S 29~ COMmBEDS i B At
EVEMINDT2D, AT A COP & BHA A oo EAES /) 23

KR & 72D

ZHETOMITIE, CO MR - MIBHERIC X L 50 3 A B ekl x 72 ih
WY A 7 NABRFENTE T, L LRnD, BAT—RKUVAT AICBITS
EHRAAY A 7 T CO A I L72fliZ7e o 72, ZOBEITEIZ bR
N7k 9z, COx mEDFFOFE E, @SR TORMEAEES > A7 L COP 23
HFC RG B2 LBy 2T A L R LKW S Th 5.

ARFFECIE, FFHE CO My A7 MBI LT, S m 2K 57200
SEA AR, T L TIE 2-1 fi Tk 5. BT 2-2 HiCIREMEE O
RS 2 R BEAM R & T AT — T OfiEGE & N B HLER DB HAZ) 3
EBEL, P—F N AT LD COP M ExMDZ LT, IR A 7 T
COx Al L7 ERMb O ATEME A L L7z, BT, COo-COx W A — K
MRS AT L ORE SN DHBREICE DYV AT AR LD, 5
&tk TOFER A @ L7 COP % HFC miim sk &t L, CO2-CO2 7 A7
— FRBH T AT A O FE IR IZ 351 5 CO2 i LR 2R 038 H 7T REM: 2 MRFIE

L.
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F2®E  COLmiy AT LDORRUE

2-1 B COL Y AT ADREUGE

CO2 1T Tabe 1-4 1278 L7z & 9 ICER AR 23 th D7y IBE & bk LTI
W (30.978°C). FD7=®, VKRG 28 2 D ik EEREE ClIm
LEOT VX NHEN, BIETG THEHA I TS HFC Mt X 0 B K<,
TFIVEHEEITHED COL BEHIC & o TR LR (MR Nm< ik
STLEIGER DD, TOMRKRE, WEHMIC X2 B L Mg
% &%t L7= LCCP ( Life cycle climate potential) i3 HFC % 1 0 &5 <
7%, Ko T, CO M4 ZRKUEM AN - MM A 2 & HiEk
TRBEALA R OBLE N GIZR W - R EITFR RN &Ik 5.

L L, COs BT A7 — T8I 5 BGBRC= R L — 2128
T DTN T HFC RMEE L0 BV ERIEICENL TV D
[-1ll2-2l F 72 COx I HFC Ml & s U TR EE D3 i < IRFEIR s
RN, EWEBREMENE WO FEZ A L T 53 L7 - T,
PE BB THEX)IZ K 5 WA H 2 DINBVC & % JE SR HIEEN D /e <,
NESEAZ BRI K 5 COP [fl E3ND. KIET COz BT AT LD

IHEX O%EH/T A —Z O eIz LD COP [ LI DWW TR~ 5.

2-1- 1 = F A RAALT 5 IR B AR

COe MRy AT LD A EIZX, TA7—F HOOmEaE & 2858

st D ORI 2B S = XV X ZWEITOE L Z L TRV AT LD
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TRVFR R A UET D NIME S (THEX) ZR{E T 5 FENAES
nTWB2d,

THEX TiI, BEREBEADOKRBEO T 2V EE FIFmlhia &
DINRN DD, Lon LEDOK, WAT ADRINES 7 R EAMETITRE D
W ERE Co b= 2 L B30 U EAEEN ) 25884 5. K-> T, COP
Z[A b SED DI BN R ORI & JEMGB I ORI DN T 2 %%
& L7 IHEX OB B ORI DB UE L 125,

Figure 2-1 2 IHEX OWNEiEE 479 THEX IIH A7 —F HA D
JE « BRI O MRS & 78588 0 OKE - AKIR M O % BEEVE o NS
Bl S ZEHEHE L oo T 5. THEX IZR1T 2B #igElx, i

BET 2 mEMEE OSMUE R, S0 THEX ORIICL > TRES
o, BEREIZT 4 RN LAET 5 HELH LD, AFETIEIER
OIEITEREYT, FlEEE LTl HES.

Pipe in high pressure side l ] ":

Fig. 2-1 Structure of internal heat exchanger

Pipe in low pressure side

IHEX OB EOENIZE D COP M LR EZHET D7D
Figure 2-2 & O* Figure 2-3 (273 {IE 2L {E CTmmag /) & FERMEREA T O
ExITV, COP % X 2-11CXWEREH L.
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Capillary (T
O P oo
Chamber

.

emperature IHEX
—:— 2 » Air flow = \/ Heater
<+ : <+ :
= © = meter g,
n w0 n <
S Compressor >
Temperature =

GlO) ClO,

VAW VAW

@
Q@
Q@

Grid P
< @

@®: Thermocouple ®: Pressure sensor

Fig.2-2 Schematic figure of test facility

Air circulation fan

&L
Heater
L o)

Insulated cabinet

(Back side of panel)

Refrigeration unit

Fig. 2-3 Picture of test facility
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COP= Q]] eater / Qcom \Pressor (2 - ]_)

Qreater~Input power consumption of heater

Qcompresor-Input power consumption of compressor

Table 2-1 IZILHEHBEICER L7e& 2 v AR —x v hORREHERREZ R T,
JERERSIT R OEBEE R F AT —FHEIT 1.8cc THDH. HA
7 =T REBRIR EDBST IR LT T FF2a—7 T, 74U
=7 — MINIARE S Twa. THEX (2 —EEXT, #2727 —FH0

MIDOEEIMEIL 4.76mm, 7285 H OO EAEIL 9.53mm O D%

-,
Table 2-1 Specification of refrigeration system

Specifications

Compressor Reciprocating 1.8ce, Single speed

Condenser Fin&Tube 4Lx 2R, OD 5.0 mm Tube

(Gas cooler)

Evaporator Fin &Tube 4Lx 7R, OD 5.0mm Tube

Expansion Device Capillary Tube

IHEX OD 9.53mm, ID 4.76mm

FEBRCHA L72FHIESIIL L TO L B0 TH 5.
RERIE - T %A TEERE, 5f#HE 0.5K
WELEDWE : BN RN T AT a—H,  FEE 0.25%

AR — 2 IEHAE I s o7 — 2 e T—Ic IO INEE L T-.

F7o, FFEEHITEM OS2 EE LTV 82.0C, WE 60%RH (2

THIE#IT-T-.
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Figure 2-4 |[ZIZ THEX ® & &% Omm 75 500mm £ 7T 3,000mm
ETCRLSE L&D COP OEALZ/RY . IR 0 ORI
A« AR 2 OIREE 27”7

40 1 1.8
35 2?’ --------------------------------------------------------- ;Eﬁrf:-ﬂffim’“"? 1.7
s x . . IE i;‘.‘-"—"’- R —

IR s T 1 16
O al
— r ’ ® Temperature at HP side ]

2 A T 15
g_ I V4 O Temperature at LP side ]
= ’
a e COP i
B e P T 1.4 S
g ,Er = = Fitted curve 3rd order: LP temn. ] o
5 .. ’ — = Fitted curve 3" order: HP temp. { O
= 15 ] 1.3
® O
©
Q
£
©
—

0 1 1 1 1 1
0 500 1000 1500 2000 2500 3000

Length of IHEX [ mm ]

Fig. 2-4 Measured temperature and COP vs various length of IHEX

72%, COPIZHBE 52 2 CO I DE ABITEI LTI, &L
R ST COP NI K ERD L OHEEZIToTZ.

BAZHADS e RITAT oAV AT s R R EE & AR ANREE AN R T ) —IZ
STERTHY, 77706 IHEX K& 1,500m 1 THLH. Lavl, &
25 LD K COP %7k L7=0 1% IHEX £ & 500mm 7>5 1,000mm {3/t
Tholo. ZTHULEEM OB EEERE A 1,000mm (5T TR E - T
BY, ZOLEITHEENDEKRICRS>TND, —HFIEREMIREIL Omm
235 1,500mm F TEUKICIRE EA- L TR Y, [EMERAT ZARED 5
(PR EREEY )Y B9 5. THEX & & 1,500mm LA Tid, Mgk A
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H ARSI, EMEITIED A /A POHEINCAED COP MET+ 5. %
DR KD COP #7779 ITHEX & &% 500mm 7> 5 1,000mm & 72> 7=

EEZBND.

2-1-2 HE: COmY A 7 LV DOBRDOGE

2—1— 1HOEREREZ S LI, COP MBEFK & 72D MBS HE
(IHEX) OFi#& %4728 CO2 v AT L5\ T HFC RIGEED
R134a & R1234yf & OBY=RIZHOW T DL 21T > 7=. HFC %0 R134a
%, B/ IR g — 7 — AR EIZE S TWD. £72 R1234yf
I Table 1-3 {2779 X 912, R134a OREGEE L L CRAFE S v -iEE L
BOLIRNGETHD.

B2 L 7o m s Ok Z Table 4-2 1Z7R3. BAEARIZ W TEL

ozt

I

KHARRR T 7 VB — X Tp ERSER OVEREIC B & B 2 2 Y SR VR ) [A]—
PERE F 7213 — Ak & 72 DERICERGE LTz, BEffisn (W A7 —T) L%
PROF 2 —T 1%, HFC Bt & COx D AR B2 %% L ¢ HFC M
7N $9.563mm, COzHIL$5.0mm & L7

Figure 2-5 } " Figure 2-6 (213 CO2 } 0N HFC RS0 4 L i 418
X%z 79. 7238, FEBRICIE Figure 2-2, 2-3 12789 2-1-1 &[] UEBREE
B L CEHZIT o 72, RBREIF o @I/ NIREgY g — 7 — ADE
MM T L U EIBIR SN WAFRIEZRE, B - KENLEFEAR

ELTREL. Table 2-3 [T RS A2 R~ .
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Table 2-2 Specification of refrigeration system

CO2 system R1234fy system R134a system
Compressor Reciprocating 1.8cc Reciprocating 12cc Reciprocating 12cc
p Single speed Single speed Single speed
Condenser Fin&Tube 4Lx 2R Fin&Tube 3Lx 10R Fin&Tube 3Lx 10R

(Gas cooler)

OD 5.0 mm Tube

OD 9.53mm Tube

OD 9.53mm Tube

Fin &Tube 4Lx 7R

Fin &Tube 4Lx 6R

Fin &Tube 4Lx 6R

Evaporator OD 5.0mm Tube OD 7.93mm Tube OD 7.93mm Tube
Expansion ) Mechanical Mechanical
llary Tube*
Device Capillary Tube Expansion Valve Expansion Valve
L 500mm L 500mm L 500mm
IHEX OD 9.53mm OD 9.53mm OD 9.53mm
ID 4.76mm ID 4.76mm ID 4.76mm

* Mechanical expansion valve for CO2 was not available at this moment

Fig. 2-5 COg refrigeration system

Fig. 2-6 HFC refrigeration system
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Table 2-3 Test condition to compare the COP

Ambient

Humidity
temperature
Condition B 15.0°C 60%RH
Condition C 24.0°C 60%RH
Condition D 32.0°C 60%RH
Condition E 40.0°C 75%RH

1.8
1.6
1.4
1.2
1.0
0.8

COP[-]

0.6 -
04
.

- CO2
—x-Rl134a
-©--HFO1234yf

0.0

20

40

Ambient Temperature [°C]

Fig. 2-7 COP vs. ambient temperature

Figure 2-7 |23k L W 5 54072 COP Dtk A /r9. FM50E 15°C,

24 ClZBWT COg v AT LDOFNHRMN HFC o~ AT AT TEREMIZE

<, AVRIR 15°CTIER 30%, AMVRIRE 24°CTIER 10%E W s R & 7o 7=,

772 L, ARG DS CO B DB SR A2 2 % 320C SfFI23 W\ Tid COP

WA TH o7z, MR b COx il HFC Rt L v & Z O AL

TIERNRAMENAS, THEX (2 L 5 COP ] | & T CO2 i DAL 7 Bmiz
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FrElz L0 COP 28 HFC Rtk a LRI DFER L inol- B2 bND . —
JC, Figure 2-7 12~ L7 X 51T, AR 40°CTlk CO2 ¢ I It /a5
& LRI ENME T3 5728, CO2 v A7 A0 COP X HFC ¢t
VAT AR, BWNRRERNRIMENE WO RER L o T
ARETRLIEZL T, CO ity 27 1T HFC By AT LT D ER
BMERE & 35 7o DI ESNRIR T COP [ LD 72D DI 2T A O
TR ETH D, RHETIE, @K[EHETO COP 2 LS 572D h

Al — RS AT LOBREEAT 5 120 T DHRIZ >V THERT 5.

2-2 CO02COx 1 Ar— R AT L DR

R CO RS AT L DRRUGEEIZHOWTIE, £ < OWFFERZR S
NE DTV XHRYWE~DHRNRE ST 25126l (28]
2oll210l LonL7e3 D, 24D OIFFETIE CO2 % 71 A r— R
VAT LAOMEIBMANCER L, @IRACIEAR L LT GWP O & HFC
WELETTT =T BMEHA STV p izl Bz Z v E TOMYE
TITEFRE Z 50CE TRk L TREF S =il BEoRET
—ZINBINKIREN 50C L7225 Z EITBE LIS WH OO, EEOH
HHSEREIIEN B Ob a7 ) — T A7 7L b L,
B DR ECREFAIREN 50CEMR D2 1D HENEHR L OREIC
Lo THERINTWDH 2w, ARWUFFETILEIRYT A 7 VNC S CO2 M

EFEM L7 COxrCO WAy — RV AT D, TS EEEDOMBEHEOME
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FRIZ S L CJEEIRE 50CE TEEBEICWNIZmat21T- 7.
COP othigxtge & LTI, BIfETH CEE L THEHA STV S R404A
VT NY AT NDBH Y AT I, COg o TN A 7 VIS AT
2L ERANC R404A L R404A-CO 71 A7 — KRGV AT AT
DUVTIRET 21TV, RBFIETHI7ZIZB%E L7z CO2-CO2 7 2 — R
W AT LOFMEZH ST D.

2-2-1 BWYAI7LVDOCOP Y Ial— gy

, UTOAFEOBEL AT JZOWT COP DV 2 b—v a3 V&L
VY, COg-COz W A — RAMML AT L EDRROI AT T2, &
a2 b=y g URFOFEMIZASE R EICREHET .

(1) R404A HEMEHT AT A

(2) COx HE:MTRY AT A

(3) R404A-COz B Ar— RAMBH L AT L

(4) COg-COx 1 A4 — RRIBEHY AT L

(1) R404A HERHHS AT L

BUETISICRIE STV D CVS H O E2RmafiE X, BB A
IR O ENTEY, BT R404A BMEA ST 5. HER
YA 7 WIZiX, Figure 2-8 D L 51T, JEAEHE - BEfEds - 2068 &
RPN E FN TN D, ZRFHdR L IIRRIL CVS WICRE S NLD Y a—F
—RZL VA THDN, RFRTIIEEEZ B LT HD, ZRE
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ERZRFPITY A 7 NI/~ —H & Lo, Figure 2-9 (213 R404A BB
WA 7 VORERER 7 T-h X Z 7R3, KPP OB T Figure2-8 #
A 7 O SIS LTV, Pointl (XEMEEA D, 2 (XEHEE
HE, 3ixar7F o n, 41388 HEAR, 5ITAEH/EATE LD
WELORREZ R LTV D Y A 7 LV OiEEESf % Table 2-4 27”7,
F7z, T TEHERE (70, ZRIEIL A2 O EMEEN A £ TOMEE
(Tew) &, Gefadntt 0 OWBENE (Taws) (TMRBEOFH M T
PNZER S D&M L Rl— (Tu=5C, Tar=bC) IZRRE LTz, VAT
LDOETRAENE, HALRRIYS 72 0 OB BIRER R & & AR FEEA 0D &
OB T A2WMEOFf Sk Z L EDHEICK > TRDBHLD (U
2-2). ET7oRPEEOEER T B FEAMAE) F7 L ERE L S & AR O
BERRi Ol o 2V &, A BR R N OV [ A D < W BV AT
WROEIZE > TRDOEND (X 2-3). = DLWBVEHEZIRIL Figure
2-10 ® L 91T, EMEIC K WO s EHRE S SARESIE OHIZ L -
TETDHZENERIZE > TROLN TN D.

Condenser

Compressor T__ 1

Expansion Valve

e
—(><1—T-- Evaporator 7

4 5

Fig. 2-8 Configuration of single refrigeration system for HFC404A refrigerant
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B AT DO REZRT COP L, & 2-4 1T T, JEMEIS & B
DL TRDOOND. HEBELZOMOBE L AT L EDRD

HEERIZ DWW T 2-2-2 TH TR D

15OIIIIIIIIIIIITTTI/VTLI[

—_

o

Q
|

[9)]
o
|

¥ 4

°f

—SO_I IIIlI[{lltll

100 200 300 400 500 600
Enthalpy h  [kJ/kg]

Temperature T [°C]
o

N

Fig. 2-9 T-h diagram of single refrigeration system for R404A refrigerant

Table 2-4 Parameter of single refrigeration system for R404A refrigerant.

T [C] T [°C] Toup  [oC] Te [°C] Ton [oC]
10.0 20.0 5.0 -5.6 25.0
20.0 30.0 5.0 -5.6 25.0
30.0 40.0 5.0 -5.6 25.0
40.0 50.0 5.0 -5.6 25.0
50.0 60.0 5.0 -5.6 25.0
. (2-2)
Q:M.(hg-h_/l)
W=M-(hsh,) /n (2-3)
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COP=0Q /W

=(hs-hs) “n Aha-hy) (2-4)
0.8
T S
= .
> 06 .
2
.g m HFC404A Compressor
% 0.4 O CO2 Compressor
o
ey - - - Fitted curve 3rd order: HFC404A compressor
o 0.2
"E ——Fitted curve 3rd order: CO2 compressor
&
0
1 2 3 4 5
Compression ratio [-]
(2-4)Fig. 2-10 Isentropic efficiency vs Compression ratio
(2) COz BRI AT I

HE DMWY AT AT 72 HFC LD WM > AT L L [FERIZ,
Figure 2-11 /n KL 51T, JEMit « WA 7 —F (EER) - KT LY
BRI L » CTHER & 5. Figure 2-12 (21% CO2 BB YA 7 v
DIEWERY e T-h #RIX 2 7= 3. X O#e741% Figure2-11 WmRYA 7 LD
FRITKIIS LT\, Pointl [TEMMA L, 2 (TEMEL A, 3134
A7 —Z M0, 4 TR AD, 5 IFARBAL, 6 LA LHLHOT,
Fx DERPEDREEZ TR LTS, COs WEZMH A LBy 2T L%k

R A 7 NV THIERT 254 2-1-1 HTORLIEL ST A —TH
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H O & 2858 4 0 O 2 B S 5 NE BV AR 2 R ET 5.
WRY AT DB DY 2 b— 3 VICHWZ4M% Table 2-5 (250
. CO (M EEZ L~ FUREE MKW oD, HET) (Pr) 1
6.0 MPa 75 12.0 MPa O#iH & L7z, WAJES (Ps) 1ZMIRICLE
IREA 5720, ZFIRE-5.6 CRFOAIFIZASKE 3.0 MPa —/E & L
7o, Fiz, WEEHg: (IHEX) TOEKLHLEIL 0%, 7205 IHEX
i@ LR WGE D, Figure 2-12, point3 (2R 5 AR D E R4 1
&, Figure 2-12, point6 (27~ 3K L OAKIR A B OIRFEZE0 B 153 B i
HIT ANV EORKNELY THEX (28T 5B E% 100% & L CEf
Ba S L=, COg MY A 7 A 7 5 LA O 2 W 24203
I%, Figure 2-10 T/r L7 EMELICHRT T 2 BEGREN ) L FEBRIC L D 561

T-EEBNONSEE L. B A 7 v COP OEHITA 2-7 12 &

S>THEHTES.
W=t (h,h, Vi @5
0= - (hoh,) (2-6)
COP=Q/W (2-7)

~(hg-hg) -0 Ah-hy)
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Fig. 2-11 Configuration of single refrigeration system for CO2

refrigerant
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Fig. 2-12  T-h diagram of single refrigeration system for CO, refrigerant
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Table 2-5 Parameter of Single refrigeration system for CO, refrigerant

o Py [MPal M T 73 [+

10.0 6.0~12.0 (1.0 pitch) 3.0 -5.6, 0.2, 5.3, 10.0, 14.3, 18.3 10.0

20.0 | 6.0~12.0 (1.0 pitch) 3.0 -5.6, 0.2, 5.3, 10.0, 14.3, 18.3 20.0

30.0 6.0~12.0 (1.0 pitch) 3.0 -5.6, 0.2, 5.3, 10.0, 14.3, 18.3 30.0

40.0 6.0~12.0 (1.0 pitch) 3.0 -5.6, 0.2, 5.3, 10.0, 14.3, 18.3 40.0

50.0 | 6.0~12.0 (1.0 pitch) 3.0 -5.6, 0.2, 5.3, 10.0, 14.3, 18.3 50.0
(3) R404A-CO2 1 A7 — RGBS AT A

B A — RS A 7 WA 2 L LT @ IR B A 7 L D785
#r ARR B B A 7 L O fiEGR & BT SRR S D IR YA 7
WTHD. FxOWEIA 7 VITHER Y A 7 L L RIS, EHE
- AR - ZEFEER IR E SN D . SR O RS L AR
DIFBEHIL T L — MR A L B2 S ok L 7 o C
WD AW TR Y A 7 VORI 1T R404A 2 EA L, 1K
IR B A 7 A2 CO il 23 5. £/, RIRMMEEY 1 2
VIZIT B AR 22 5% 18 L, B9l A RS DN EAERE N DR EELL 1
DERIFIZBNT (T=T) T DOBZHEHFRIZHOWT T1=22.0°C DR,
IO hs L IEREREA D By D BN EFE (h-hs) NI AT —
O A EREESEAY O A, 2% (hyhs) %L RDHEE
% 100% & LT, 0%2°5 100%F TEEE LV Ial—variaE
i L7z, CO2 B IHENGH RS S 41 2 B HAIL IR EE 23 CO2 D B S
HE (30.7°C) 2B Z 5 & BHED T RV XNRNEIENT 5.
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Z DT O — AN IR DG B A 7 AT B D J8 R EE 23 i
REBIZ R T b MG FUR AR CIEHR N T & 208, 1 21 R404A % fi
T 5. COg Wik U7 ARIRMA B 1 7 LTl JEEE &R
WA 7 NV OFEFREET IR T2 Z N TE D720 CO YA
INThHo THHEMAY A 7V THEIENTE S, £z, AFETIHE
IR YA 7 L OJERE & EGRRICY 7 7 — T 2RE L. Z

(2 E VARG BRY A 7 VD b @iRMANG B A 7 )L~ D EAZ L & A |
WL BRI R A 7 L OBRBR AR T 5 Z L IC KD =R X
HREBINTE 5. R404A-COx /1 A7 — RIS AT L DORERRIX %
Figure 2-13 |2, Figure 2-14 (2 T-A#X EIZ/RT. T-A#X E® pontl
25 point7 [ IR A 7 /v EOBEEORAEZ R L, 5 % D 1T pintl
WIEMEEA R (EREM THEX HA), point2 IIEMHA (V7 —7
AR), pointd3 [IH A7 —F AN, pointd [ZH A7 —F A (&/EM
IHEX A M), pint5 [ZZEZEA O, pint6 1378 FERA L, £ L C point7
37T AR A R THEX A R) TO CO miEDREZ R L T 5.
Pont8 7% pointl2 (E&EiEA A 7 v EOGBELOREEZRL, K42 D
S pint8 23 EAEHEA [, point9 (FJEAFH 1 (=27 > A1), point10
Iz oHn (REBA D), pointll [ZZAFEZRA N, pintl2 2%

FH 0T R404A IBIEDIRFEZ R LTV 5.
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Fig. 2-13  Configuration of R404A- CO; cascade refrigeration system
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Fig. 2-14  T-h diagram of HFC404A- CO, cascade refrigeration syst€m
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VAT L COPHH D= DEM% Table 2-6 12733, B A — REL
ARMAZR D E IR IR & iR O BEEIR 221X 2°C & Lz, Ziud,
TS ZEPERAT AL O JEAAED ) OBEAN & IR 706/ IMT K 2 BAASHARE ) A T2
ER LD THD, miRmERY A 7 VORBIRE (T, RED
BRGNS TR A 7 MZHE T2 CO i D AR (30.7°C)

UIFE L.

Table 2-6 Parameter of HFC404A- CO2 cascade refrigeration system

7. Te | Tsub Te Tsn Parr Psrr T 73
[oC] | [oC] | [C] [oC] [oC] [MPal [MPal [oC] [oC]
10.020.0| 50| 3.3 5.0 ?i(.)ONplj;})l) 3.0 '5&’_;‘21’;;’2;%0’ 10.0
20.030.0| 5.0 | 3.3,12.3 | 5.0 é'_%;iltzcﬁ) 3.0 '5ii’.;'21’8§;”2;%0’ 20.0
00/400)50 | * 557" | 50 | Gopaw | 20 | ran asnzmo | 20

R404A-COs 71 A/ — RIBERYA 7 VDR EEE B L OWEE L, K
2-8 726 2-11 ICX - THRETE 2. REMGEERY A 7 L Om e
(Qrp) 1, IRIEAABEY A 7 M1 2R HEsR B & R s O
(Fig. 2-14 1@ point 7, A7) — A (Fig. 2-14 1@ point 6, hs) [H
DT EZNEEICLSTHLZENTESD. N8 ITRINDLIIT
R B A 27 L OB RN IIKIRBIA B A 27 A0 b O PR &
S RY, WIBRISEY A 7 VOB E 1T h A — FREG R
2B G HE (Fig. 2-14 0 point 3, Asand point 4, As) & =i
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MY A 7 VDR e R (Fig. 2-14 1O point 7, A7) DLIZ X -
THRESND. Lo T, R404A-COs h A — R AT LDV AT

L COP I 2- 121KV EHTHIZ LN TE S,

Our=Mur - (h.h, ) (2-8)

Our=Mgr - (b, h,,) (2-9)
—Mur- (hy-h,)

Wir=Mur+ (hh, Viur (2-10)

Wir=Mr * (hyh, Vi (2-11)

COP=Qrr/ (Wrr+Whyr) (2-12)

Figure 2-15, K O Figure 2-16 |2 R404A-COg 1 A7 — R A
TALADY I 2 b—a URERETRT. &bV COP 235 6 A7 AKIR M
MR AT AOHEHENE, ASIRE 10°C (Tap) 128V T 5MPa,
SRR 20°C (Taz) Tl 6MPa, #h%R 30°C (Tas) Tl 4MPa,
HMZUR 40°C (Tag ) TliE BMPa, = L THRR 50°C (Tas0 ) Tl 5MPa
Lilgote. ZORRNG, KIRAGEHRY A 7 WIZB T % CO YA
7 NV OMHETNE, ERED LT T A7 — Ry A 7 v@ COP »

Kb RDZENDLND.
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Fig. 2-15 COP of R404A-CO, cascade refrigeration system vs. discharge pressure

HEHMH T A 7 MZ BT, SVRIROIR IS 9 Kghae /o) |,
TR IS © FEMEE /) ORI K v COP 3B s D, LA,
AAFFEIZINT, RA04A-COg 7 Al — RIRE S AT I ORI A R
A ZOVTIEMHESOKT & COP O _EICHZHI MBS 345 7
mofo. UL, AAKIR 20CLL T ORMETIE, Y77 — T O BEGE
WIS THY, BRI A 7 NV~OBRBERIMZ b ToHIl, mE:
B A 7 VOEEE ) PMKKT 5. — 5T, KRR A 7 vortHTE
TR I EAR MDA 7 VDR AJETET « =AM Z £, &R

=gt D FEMEEY ) 238N % L O BN H SH. HIZ Figure 2-10
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(RT & 9IS, AR O ERTBVERISEIIERIE TH Y, M 2 DL

ETIZEMBVERGDRME T 5. 2 X o TEMEN) AT %

TZ AR A 7 L OMHESR T & COP D h) LI IT#RIE 72 40 B

RN EEZLND.
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7.0 | --0--PdLT 5MPa
o 4 -4~ PdLT 6MPa
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Fig. 2-16 COP of R404A-COz cascade refrigeration system

vs. ambient temperature

(4) CO2-COx W A — RAMHML AT A

FAZHEATZ K 91T, CO2 MBEHTEANVRIRICI T DIy AT Lggh=R

DML O L el L TR TV W, Z07=®, Figure 2-17 (233 &
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972, EARME R A 7V R OMRIRANS S A 7 1 & H1T CO %
R L7 27— RRBEF A 7 VI ZNETHRE S TOARY. A
MR TIE, EHsE S O ELIZ LD CO2-COe I A — R YA 7
VDR EIZOW TR 21T - 72, BRI A 27 Wi, JE
itk - R L LCoO A A2 —F, THEX, EGREOT L— b X7
BMRREINTND. RIRMAE T A 7 VTR E 7 7 — 7,
HEGRE LCOT L— hAHT A7 —F, THEX, IIRSR & AR E
ENTW5. Figure 2-18 1% CO2-COg 1 27— KA1 7 LD THh
#RIX, Figure 2-19 1 P-A#XTH S, T-h#EX ED pontl 75 point7
HRIRMY A 7 v EOBBEDOREEZ R L, &4 O xilT pintl 23 EfERE
A A (EER THEX H 1), point2 WX EMEH 0 () 77— A M), point3
I A7 —F AH, pointd (I A7 —ZHNO (&EM IHEX AH),
pint5 (IAZEA AL, pint6 |FZKFELR AR, £ LT point7 [TZKF AR H
N (EREM THEX AH) TO COz mEEDRIEZRL T\ 5. Pont8 7>
5 point13 ILEiEMY A 7 v EOBIEOIRREZ R L, 44 O 5IX pint8
DEAEREA T, point9 [TEMEHI D (A7 —F AH), pointl0 LA A
7 —ZH0 (&EM IHEX AQ), pointll [ZMFEIA L, pintl2 (378
Fear A M, pintld Z&FaH 0 (REM IHEX (HH) T RCO HED
KHEZRL TV,

Figure 2-18 §1¢ Point1-7,Point 8-13 {2/~ S 45 iR FEMI D o
7 v EREAAE Y A 7 VIZERE Lo N A A ks 0 2 R
R404A-CO2 ## A — R\ A 7V L [RIERIC, AR % 0% 5
100% E CEEHBE L TR 1T 7.
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Fig. 2-17 Configuration of CO,- CO; cascade refrigeration system
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Fig. 2-18 T-h diagram of of CO,- CO; cascade refrigeration system
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Fig. 2-19  P-h diagram of of CO,- CO; cascade refrigeration system

Table 2-7 121X, K AT LD COP ZFHET L7 DITHN = /RT A —
Zhmd . A — RRESHIT I T 5 @R m s A 27 L O iR
FE LARIRAA B A 7 L O IR EE 781X Table 2-7, AP=Pirr — Porr @
LT, BHENBVIRETHLDOTIESZEIZL > TUrans. i
SOREE CHEIR SN WIEE AW D A — RV AT ATIHENZEAP
RGNS D2 8T, Pugr—Par, Paur—Par CTREND, HHHEYA
7 NV OREHET EWANET E 2 AR T & BRI ) 2 B2 Z &8 T
5. LU CO Wiz VT mEt A 7 L Cld, AR U CElis S
5D ENEL, EIRESN COPICHEE 52 5. ZOOARFIET
I, £ A P% 1MPa 75 6MPa & TO#iH TRt & To72. 72 b,
RIBARNB B A 27 )V OEERSARIX, ATHEO R404A-COz 7 A 7 — R
YA 7 NV ORIEMG RS A 7 v EE—& LTz,
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COP 0B HIZX (2-13) 7°8 (2-17) Ik vk BHrZ LR TX 5.

Orr=Myr- (hy-h ) (2-13)

Onr=Mur = (hy3-hy,) (2-14)
:MLT - (l’l3—h4)

Wir=Myr- (hy-h, Yncr (2-15)

Wur=Mur- (hy-hg Ynur (2-16)

COP=Q17/(Wrr+Whar) (2-17)

Figure 2-20 (21%, CO2COs # A7 — FXBHY A 7 VDV 2 b
—va UREREZRT. SRR 10C (Tao) IZBWTRIBAR B A 2
NOMHET) (Par) 73 5MPa FIZH S @iV COP 2R LTV 5. A5
IR 20C (Thzo) W§iX 6MPa, SRR 30°C (Ths) FFIL 8MPa, b5
7 40C (Thao) 13 9MPa &, HKURD EFITEVEKR COP 245 64
HARIBMANB R A 7 VOMMEN S EHT25Z 208305, Lal,
HARUR B0C (Taso) TIX MHETS) (Par) 13 6MPa & 720, SR
LK COP %15 6N 2 IRIEMD A 7 L O EIZIT =R OIERIE
FARI Tl T 2 F03 ] o 7= (Figure 2-21). Z iUIAAUERD EH-Z
PES BN E BT 0 OV 77— T TOMEEN /IR 30C, 40C Lt
LI L, HES) O BRI HE D EREE ) oz X v COP X%
KFSHTLEIZDOTHD (Figure2-22-c).
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Fig. 2-20 COP of CO,- CO, cascade refrigeration system vs. discharge pressure of LT

cycle
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Fig. 2-21 Discharge pressure vs. ambient temperature
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Pressure (MPa)

CO2-CO2 71 A7 — KRR AT LD COP MK & 72 % iEHRIR g
%, ARIR 10°C,20°C,50°CIZ B W TR B 1 7 VI e ©
FAEAL 20 D MR gL & 72 % (Figure 2-20). L L, 4M%IE 30°C
UL EDSMHT R404A-COg 71 A7 — RS A7 L OKIRA o1 7
JUTHEEEFURRE TH 528, CO2-CO2 7 A — R A 7 LTI,
AR 30°C, 40°CHRFDIEHE 11345 %~ 8MPa, 9MPa T V) kR S
Rl 72h. ZiUk, 7V 7 —T TORBEOENN 8MPa,9MPa KfiZ
RRERY, FOMKREEREMY A 7 VOBARAERL, T4k
D COP M LT H7-0HTHS (Figure 2-22-a,b).

o R /-. o o -my t/.\ T F i i = S T ey
el AT S
o I T U TR LS RS M AT AOAY I NAVAANS
g 1] LYY WANA S B
; L] AT A N OV TS
f WA SR
il K SWSYN
Wiz P 7))
i )n/ o Ahgpr (Pyr=8) JAVIL il
P Ahgprr (Parr=9) /0
’ Ahgyprr (P r=10) | \X\ (V7
s Ahgprr (Par=11) Al
1.00 | | 1 1 1 1 1 ‘I | 1 1 1 | | 1 M /\W\ Il I | Wﬁ‘
I Enthalpy [kJ/kg]

(a) 30°C ambient temperature

58



ambient temperature
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Fig.2-22  Effect of discharge pressure to sub cooler capacity at 30°C,40°C,50°C



Figure 2-23 |Z1% CO,-CO, 7 A r— R YA 7 L OF IR IZE
7% COP ~D @il A 7 AV OWEET) (Paur) 3 5-2 5508 % =~ L.
ARG SFIREELL T D Topp, Tazg TIEMHIES O EFICAEW EREE) )
WML COP IR T4 5. KR 30C, 40°C (T, Tww) TiE, COs
WIEOREE -, BRFUES) (7.38MPa) LA ECIE, 1REE ERICHES TR
— 7 TOREEINN & M E S B S FEREBI DN K v, rhE
718MPa 7> 10MPa lZ COP D &' — 2 ZFf> Z L 3 oo T2 AR 50°C
TIE, S BRI S BRI X Y COP 23EN3 5. Figure
221 12T & 912 CO2-CO2 71 A — REBIH Y AT LD @il -
NVOMHIET] (Paur) 13 RA404A DEEEIRIE &+ 7] DBFR %79~ Antoine
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Fig. 2-23 COP vs. discharge pressure of HT cycle
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Figure 2-24 121%, KAVRIET COP ik & R B K EH 2T, &£E
ORI EIIIVRIED FF & BRI 5. R A 7 LV DE
MEEN N2 M2 DT O, WA 7 VO AET) & T O 7 %
INTBHZLETCOP M ETHZENTES. LvL, COxrCO2H A
— RV AT AOKRMY A 7 LT, EERRENHFER YA 7 L Th -
THAVKIRD 30C & 40CIZHBWTIE, iR 1 7 Vv OWAES) Parr
L DIESFE AP 3.0MPa DO#FZ COP Ak & 720, #5%IR 50C Tl
A P73 2MPa OFFIZ COP AR & 72 o7z, Tk, s<UR 30CUL |
T, MHED EFIfE-T, 7V 7 —=JIC X o EENEML, &k

RYA 7 VOEW BT 72D TH 5.
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Fig. 2-24 Optimized operating pressure of CO2-COz cascade system
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T 5 W AR (T, Tp) 1395 10°C(Th10) TIE(T= 5.3°C, T7=5.3°C),
SRR 20CIKE (7= 5.3°C, T=5.3C), 4t 30°CHF(Ts= 18.3°C,
T1=14.3°C), 4M5iE 40°CHi(Ts= 22.0°C, T7=22.0°C), #M=IR 50°CH(T=
22.0C, T=14.3C)Th o7, ZOFRRIFNRIRIZ L - T iE7Z THEX
TOBGHBIIETEH L ERLTND. DFE D, COsCOs I A —
RRGH T AT AT, RESNDEREIC L > CGEBIZ2 A OS2

BT LDMERHDLE NS TR TWND.

2-2-2 HHWY A T NOFHRLEL

(1) vIzalb—3 a2k DE0ERED

EFEIC BT 4 OBH S 2T L1285 COP 13k (2-9), @-7),
(2-12), @ 1IDICL>THEIND. TNENOWHH Y AT LBV,
b COP &R L= SRR 24050 Z & @ COP % Figure 2-25
(R

R404A-COg 1 A7 — R AT L O CO9-COg /1 A o — Ris
W AT AT R404A HEBH U AT AL b, EONREMHFITBNT
HEWCOP #1356 2 &N TEDHZ LMD, FrZ 40CLL Lo EIR
ECEmA A7 — RGBS AT 5Lt R404A BB Y AT AL
LT, 40%L EORIGEN RIAEND. £z, HE CO MY AT
L& DI TIE, CO A RRER S & 72 5 20°CLL R OAMERAFIT BN T
b, HAT— RRBHY AT LD NEND COP 2155 2 ENTEHZ
Lo

62



mR404A Single
m CO2 Single
 OR404A-CO2 cascade

OCO2-CO2 cascade

COP |- ]

20 30 40 50
Ambient temperature [*C]

Fig. 2-25  COP of each configuration with optimized system setting

R404A-COg 7 A5 — R AT AL CO-COg 71 A — RAMTHR
VAT ADWEETIE, EAVKIRRFIZ R404A ZEFA LI A7 — R A
7T LDV B0 CLIN DS TIX CO2-CO v AT A KD b @ %
FOoZ LRIz, Lo L n, JA5E 30°C Tid CO2-COz T A
T LD 5%IEEFL, 20C, 10CTIEZEDEIX 5%IEETH 7.
ZORERIE, FEMOFEHHNKIRD 30CRE LD X ) g ~0,
CO2COz 1 Alr— RABH L AT LOBANRAFETHDH Z L 2R L
Tn5.

CO2 #fiE1%, Table 1-4 (/R L7z £ 9 ICEE IR MRV &0 5 RS
BT D0, SRIOBFTIE, DATF—RVATAREDV AT 2% %E

M b S oME, Bl 77— T ORESCERE N OREEL LD
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Z LIk, AARIBDOE ORI A~D COo I S AT LD 23 AT g
ThD I N7, 72, COMBHTBMEE A @, HARFEH
INELSIIRY AT DNICB T DR EN/ NS W EWOIRERH D, T
OFRHBIE, MURER NI i D BRI F AT 5 R ORI F
H LMWy 27 LOFEEMTK L CHEE N ORBAEET 5 Z &2

TE 2.

(2)  SEBRIC & D R O MGE

R404A BB AT Ik CO-COs 7 A — REALTH S AT L D%
I A2 FERIZ LY BEEEIT > 2. Figure 2-26 134 EIOEERIZH W=
EHIEEOMSX TH D, B AT LORFEENIIERER 7o B

ST AR RTICBTAAEBY a — 7 — AN SN TV A5,

Expansion valve T P

: Gas cooler

Compressor *

:Compressor
Pre cooler 0 e

Temperature controlled room

T : Thermocouple P : Pressure transmitter
M : Mass flow meter W : Power meter

Fig. 2-26 Test facility for refrigeration system
(in case of CO2-COs cascade system)
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HYoa—r— ANICKE SN ARSI B ORI G DR T =
— 7 OREEITSTZ.
FEBR TR L7 FHABESR I LA T IS K 5.
MR ERE « = U A U iEGRE RESIE « FEicx L+0.53%)
RERE T %A 7RG, 53f#1E 0.5K
WIEEDRE - SR T AT a—Y% FEE 0.25%
SR — 2 ZEHAE R s 07 —Za T —IC XD IEE L 7Z.
F7o, WEENIMEREFHI X2 EERE & SHERA > MIBITD
LR E & JE 71725 Refprop(version7.3)(2 L ¥ 7z > Z )L E & W
FHRICCTEH LT,
FBRSAE A Table 2-8 (TR d. SEEBREGE TR 2 Hl# T 58
AR S AR E S VA & S0 L 7. ARG 50°CIS DU TR BRI E O il

[R5 Fhi T & 2o Tz,

Table 2-8 Test condition

T, [C] H, [%RH] Tevs [°Cl Hevs [%RHI] T [°C]
2.0 45.0 22.0 35.0 4.0
7.0 50.0 22.0 35.0 4.0
20.0 55.0 25.0 45.0 4.0
28.0 60.0 26.0 50.0 4.0
35.0 65.0 27.0 50.0 4.0
40.0 65.0 27.0 50.0 4.0

H, : Ambient relative humidity Teys : Room temperature in CVS
Hcys : Relative humidity in CVS Tsc: Temperature of refrigerated cabinet
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Fig. 2-27  CO;- CO; binary refrigeration system in test facility of CVS

Fig. 2-28 Refrigerated cabinet in test facility of CVS
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C

Fig. 2-29 Inside of CO2- CO2 binary refrigeration system

CO2-CO2 7 A — RRMH Y AT AFBRREEIZI VT, COP 23 b A
WMEZ R Lo @iy o 7 v OrEES) (Pagr), @iIREIYA 27 00k
NES (Popr) ROMRIEMIY A 27 AV OWHIES (Par) %4 % 2FHfE R
& He# LT Figure 2-30 (2R

FEBRICE KA s O ES) (PaprParr) 1 EEHERER IV B
IMPa BEEWFER & 2o 7o, ZHUTEHED 1IMPa vy FTfibitTin

LHE, BIEANDOENBREROZETHL LEALND. ®IRMOWRAE
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() Suction pressure at high temperature cycle

Fig. 2-30  Comparison of optimized pressure between calculation and
experimental result of COP on CO,-CO; binary system
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COP[-]

Figure 2-31 121%, SAKIREICBIT D R404A BB A 7L &
CO2-COz 71 A 47— RRIBEAY A 7 D COP &R, HMHHT AT LD
FBRRE RN T COP MFHREFEIR LD IR oo TV D, ZAUTFEE
O EEIRE TIXEIBANOE RN H 0 FHRFE R LY b EMEN 12 %
SHELTLEI> O THLEBXBNS.

AEMERETLELNZ L HIC, R404A HERHE L AT L LD b
CO9-COy 7 A — RRABB S AT 5D F N RIRFEKIZ 7= - T COP 73

BWFERNE ST,

12.00
O CO02/CO2 Cascade:Calculation
® CO02/CO2 Cascade:Experimantal
A R404A Single: Calculation
L A R404A Experimental
— - —Fitted curve 2nd order: CO2/CO2 cascade Calculation
—Fitted curve 2nd order:C0O2/CO2 cascade Experimental
800 - — - Fitted curve 2nd order: HFC404A Single Calculation
Q - T Fitted curve 2nd order: HFC404A Single Experimental
6.00
4.00
2.00
0.00

Ambient temperature 7, [TC]

Fig.2-31 Comparison of COP between calculation and experimental result of
C0,-CO; Binary system and HFC404A single refrigeration system
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Figure 2-32 121%, R404A HE:MEHY A 7 1L CO-CO 7 A — R
G A 7 0D COP b3 % Rr7. COP D% bl 3 % 2 & THIKN
JER 72 EARIBEIZAINTWRWST A =X OEEEENT 5
LN TED. Figure 2-31 TRENH L DI, ¥YTalb—aiidd
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Fig. 2-32 Efficiency ratio of CO2 vs HFC single cycle
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% 3 CO2-COz 1 A7 — RAIRIH T 2T L DWFFERR DR

AHFIETIE CO2 % Fl WM S AT A DZHHRIZON T, CO2 it %
A LB AT A TH-TH CO2:COz I A — R 1 7 V%
WD Z & THSKIER DO m WOl T S BAERTS TE < il TV % R404A
HEMIRS AT LD bENTHBEE R E/[LIENTEDLZ LAY
ST LTz, £z, 2ETIE, AXIRIC XL 2 NEEvE it THEX) (2B
DT AT EDOFEIELRA LI T D Lk ~7z. RECE, HORE
&Y IHEX #3%3 L=V 27 A0, HR&HIKICEH T % R404A HEL
WY A 7 vk CO2COz /1 A — REIBH S AT L DRI O T L

BiTo 7.

3-1 AMKURIT & D BB A SR 0D iRk &

2-1 {i T, A HE: (IHEX) 13 CO iy AT LADRhR % [h]
hsEsZenTELZ LR L. £z, IHEX ORIZOWTIEEE
WS DOPDAFZE TN BN TN H BB LU, THEX O#RITm

MR E SNDRMIC L > TEETD. Lo T, RESRBIZH-TZN

paisty

BEASS LGS DIRE NN L 70 D .

3-1-1 FRMY A 2 L ORI & 5 B s R

BRI A 72Dy I 2 — g BT ENE—E L L

(Ps=3.0MPa), Table 3-1 lc R TEHELIToT-.
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PSR (THEX) OZN=RICHOWCIREHEER AR (Fig. 2-18
H D Point8) 7% T5=22.0°CDORF, 7&%#xH 1 (Fig. 2-18 H1® Point 13)
DT HIVE hip & JEMEREA T (Fig. 2-18 1 Point8) hAsD T # )L
v’ (hgh1 N H A7 —Z H B (Fig. 5-10 110 Point10) Az & IFIESRA
Vo (Fig. 2-18 H® Pointll) Ay DT X NE7 (hphn) 2% L<L

e AEAEE 100%E LT, 0%05 100%E TE2EBE LT Ial— 3

> E LT
Table 3-1 Parameter for high temperature cycle
P, P T:
7 [Cl dHT HT ]
[MPal [MPa] [C]
10.0 7.0 ~12.0(1.0 pitch) 3.0 -5.6, 0.2, 5.3, 10.0, 14.3, 18.3, 22.0
20.0 7.0 ~12.0(1.0 pitch) 3.0 -5.6, 0.2, 5.3, 10.0, 14.3, 18.3, 22.0
30.0 7.0 ~12.0(1.0 pitch) 3.0 -5.6, 0.2, 5.3, 10.0, 14.3, 18.3, 22.0
40.0 7.0 ~12.0(1.0 pitch) 3.0 -5.6, 0.2, 5.3, 10.0, 14.3, 18.3, 22.0
50.0 7.0 ~12.0(1.0 pitch) 3.0 -5.6, 0.2, 5.3, 10.0, 14.3, 18.3, 22.0

Figure 3-1 (ZILEIRMAIY 4 7 v ® THEX 78 COP 125 2 % B % /K
MR T. VKR 10C (Thp) TiE IHEX OBAZHAZRNER 0%I2 B0
T bEW COP Zord . —7J7, SRR 40CE KV 50C (Thaso, Taso) T
ITEAZHNER 100% DK ICH S COP 3 < 725, £72, M<IR 30CT
(TBAHLER DRI COP VT B L Z TN &b hoTe.

ZORERNG, SRR 30 CE#E 2 5 Hillk ClX THEX O 2h= % 100%
EHTL2EICV AT LRGP LETH D L, £7145RD 30CLLT D

il CIZTHEX #2035 LW E WS 2 ENEF R 5.
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Heat transfer ratio [%)]

Fig. 3-1 Effect of heat transfer ratio of IHEX at High temperature

cycle of CO2-COq cascade system

3-1-2 RV A 7 VOB IZ X A NE BT S i oy

KIBMIY A 7 VDL 22— a3 AACBWTIERRBENZ T L L
(Ps=3.0MPa), 2-2 fi T 572 COs-COg 1 A — RV AT LDOHFR

WK ERDIENC IV EZTo 7.

Table 3-2 Parameter of CO,- CO, binary refrigeration system

Parr Psrr Ti
Tu [C]

[MPal [MPal [oC]
10.0 5 3.0 -5.6, 0.2, 5.3, 10.0, 14.3, 18.3, 22.0
20.0 6 3.0 -5.6, 0.2, 5.3, 10.0, 14.3, 18.3, 22.0
30.0 8 3.0 -5.6, 0.2, 5.3, 10.0, 14.3, 18.3, 22.0
40.0 9 3.0 -5.6, 0.2, 5.3, 10.0, 14.3, 18.3, 22.0
50.0 7 3.0 -5.6, 0.2, 5.3, 10.0, 14.3, 18.3, 22.0
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Figure 3-2 \ZIHMEIRMD 1 7 L O NI E A fags THEX) O%#h=R ) COP
25 2 5B VKRR T ARIRMY A 7 W2 W T E DAV KIR
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T:=30 “CKf, Ppr=5MPa/14.3 ‘C, T,=40°CHKf, P.pr=6MPa/22.0 C, T,
=50CHf, Pyr=bMPa/14.3CTH Y, KBMI A 7 VDT AT —7F
H R EE DA KIRICH LK< e o T D, — 5T, THEX O#RIC
&0 EREER AR L5 &, p-h BB 60378 K5 I EMETT
FED AR/A PN UL I 5. 2D Z &2 CO2-COq
T A — RV AT DOKIRMAY A 7 Wiz B W TiE, THEX O2h 2 COP
RO IEDLHEFEAD.

Figure 3-2 128\ C, 4R 50C o COP 23 4M5E 30°CE L 1V 40°C
D COP LV HEL< o TWAHR, it Figure2-20 T/RL7ZX 9 1Z
COP %k Kb+ BEHNP/ARIE 30°CTik 8MPa, 4b&iE 40°C Tl
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Heat transfer ratio [%]
Fig. 3-2 Effect of heat transfer ratio of IHEX at low temperature

cycle of CO2-CO2 cascade system
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R A 7 B TISNRIR SR » THERE S HE: (THEX)
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COP [-]

8.000

0O COP with IHEX 100%

7.000 X COP with THEX 0%
6.000 — - - Fitted curve 3nd order: COP with IHEX 100%
— Fitted curve 3nd order: COP with IHEX 0%
5.000
4.000
3.000
2.000
1.000
0.000
0 10 20 30 40 50 60
Ambient temperature [‘C]
Fig. 3-3 COP comparison between THEX 0% and 100%
Table 3-3 COP comparison between IHEX 0% and 100%
Ambient temperature
Configuration 10°C 20°C 30°C 40°C 50°C
THEX 0% 7.30 4.91 3.04 1.96 1.28
THEX 100% 7.27 4.90 3.04 2.02 1.50

AKFEEND, THEX 203 0% 2B W TV 10°CHACH) 1%, THEX

R 100% LV H AT A COP N E L 720, w2 HAVKIE 40°C TiEfd 3%,

50°C TIEH 17%, THEX 213 100%® 55725 THEX 252 0% D %h=% % F[q]
. LoT, COyrCOsH Alr— R ATF LDV AT AEf AL E X571

DIZIE, AARIRIZ K > TIHEX ORI EICE DI BN ETE S

25,
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3-2 MHARAHIRIZISIT BTGB AT L DR

INVKUTTENAAT © thER - RS L, ARSI L > TU AT AN
BrAzFD. o, VAT LDRITGHEBNICHRE SNTBHER X0
AR EHIARORGEAIC LV Kb Z D Z E N TE D, — i THEINVREIFIZ &
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S E MR U7 ERI R 2B LY AT AR EITHOVNEETH 5.
ABFSETIEA B OYERIR, AR @ &R, 38 K ONERERAIRE & &1
COP 3R & 73 %3885 ) DR E K O THEX OF%EH 21TV, USRI GO
WIE L2 FERid 25 Z & T COP Dff] L& X - 7. Figure 3-4 (2, {HF4 Mtk
DR KR & 68 BUEARMIIE DX G: Tl 2 M « MR E ORKE
ENAHR—R—v—4y hRaLE =T R A N7, BICRESEHEE I H
JEENTEY, ZHLHIOFEREEXIRIL 15CTH 56 20CTHSH. Ll
I, a— NV RFz—UORRIZLY, A—N"—v—Fy N arbt=xr
AZZ T OWIENRKRE T V7 78 EOFBETEIMEMIZSH L. 2o 0E %
TITFMOFRIRD 20CH 5 30C L2 oMtk b o v, JedEE & 1T R 5%
FHARIC L VAR AT L EERT L LEND D .
ARETIIBRERMIIE DT RS O L WY, BiRCaGH 2@ L
7= CO2-COx B A% — RRBH L 2T AT X B350 %, HEHRSH#TEIC
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*Refer from Japanese metropolitan agency!33

Figure 3-4 Average temperature around the world

3-2-1 BUEAMEEE LI NBEASREOR

3-1 B TR LIZERIS, iR 7 Lo EA gs THEX) (355
WA X0 2 OREZRFHENEB T 5. LarL, SARIREITFEMZ
W UEET 5 - 0EMZE Lz COP i kib+ % THEX Of% & E
THUEDRDD.

A LT KURSHOREICEE L TiE, ARIOYESR, E5Rm
SRR OB R AR RIR O H 2 0-10°C, 10-20°C, 20-30°C, KUY 30-40°
DOEBERICB T 2HBESWEZ S &I THEX OEHE1T- 72

Table 3-4 |2, HUL & A > K, 7V —d A RIPEERIR & 5 i KU,

J OB AR SKIR 2 7~ 3. £ 72 Table 3-5 ([ZA IR H R B E S 2 7~
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Table 3-4 Ambient temperature at Tokyo and Delhi

Tokyo Japan (2-14-2016) Delhi India (2014-2016)
Ave. Ave. Ave. Ave. Ave. Ave.
minimum temperature | maximum minimum Temperature | maximum
temp. [ °C ] [oC]| temp. [°C] | temp. [°C ] [eC]| temp.[°C ]
January -1.7 6.1 16.2 8.6 14.0 19.5
February -1.1 6.3 20.3 10.8 17.9 24.8
March 0.7 10.3 22.4 15.9 22.6 29.2
April 4.6 15.0 26.0 21.4 28.6 35.8
May 11.6 20.5 31.6 24.8 32.3 39.9
June 15.1 22.6 32.5 27.7 33.8 39.8
July 18.9 26.1 36.0 27.0 31.2 35.3
August 19.6 27.2 37.2 26.9 31.0 35.1
September 16.7 23.4 32.0 25.6 30.4 35.3
October 10.6 18.7 30.0 20.4 27.3 34.1
November 3.7 13.2 22.3 13.2 21.2 29.1
December 0.2 8.3 20.2 8.8 15.9 23.0
Table 3-5 Ratio of days at several temperature ranges in Tokyo and Delhi
Temperature Tokyo Japan (2-14-2016) Delhi India (2014-2016)
range [°C] Occurrence Percentage Occurrence Percentage
frequency [-] | [%] frequency [-] | [%]
0 to 10 9 20.5 2 5.6
10 to 20 11 30.6 7 19.4
20 to 30 11 30.6 15 41.7
30 to 40 5 13.9 12 33.3
40 to 50 0 0.0 0 0.0
Table 3-5 D7 — % % KA NEREASHAZR N H R O HHLE COP 2 A(3-1)IZ &
S>THRM L. £ 0OR5%E% Figure 3-5 II~-7.
COPoannual =COPraz0 X Po-10+ COPra20X P1o-20+ COPrasoX Pao-30 (3-1)

+ COPras0X Pso-a+ COPrazoX P4o-50

81
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Fig. 3-5 Annual COP vs efficiency of IHEX at Tokyo and Delhi
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RERIZE TS COCO A — R AT 5D COPIZONTY R = b
—va Y EfTo7z. CO-COg 71 A — R AT LMD T T 5 72
DIZBETT CEIHH STV D R404A B YA 27 L0 COP &
D EAT o T2, WY A 7 )V OFEFHIRE Z & o COP HiHIE, 2-2
i TR LNTZEEAE W TEHEAEZIT - 72 KT — X ITKRR/T D 2014
1 ANG 2016 12 AEFTOTFT—X 2R L. £, SKIRSM:
2 &% COP DR HIFA Mk D HRIERIRIRE, VAR ERE, ik
BIREORARZ 13 EIREL TToT-. £/, vIal—vay
13, RG2S PRER R IS & SERA R 22 g, 2 L CAQUROD i VO HiEE
ZIEEL, HOL, B, R, Yax—T (AL R), =a—=—7 (T
AVA), =a—TFTV— A F), EV¥YK (FoT7IE7) OFH
M2 2\ T{T o7z, Figure 3-4 OHIX EiZiZv I =L —vaoxfgd

L= EBH ONEZ TR LTz,
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Fig. 3-6 Ambient temperature and monthly COP at Tokyo/ Japan
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Fig.3-7 Ambient temperature and monthly COP at Asahikawa/ Japan
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Fig.3-8 Ambient temperature and monthly COP at Naha/ Japan
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Fig.3-9 Ambient temperature and monthly COP at Geneva/ Switzerland
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Fig.3-11 Ambient temperature and monthly COP at Delhi/ India
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r— R A7 A%, HFC 2 L 7= R404A BB v A7 A|Z

LT 10%DORNREEN RIAEND. FEFTH 11%DOEhRAEL 2 5.

Table 3-6 Effect of CO2-CO2 cascade system at relative city

Average Annual COP [-]
City ambient R404A CO2-CO2 | Improveme
temperature single cascade nt of COP
[C] system system (%]

Tokyo (Japan) 16.5 4.98 5.84 17.3
Asahikawa (Japan) 7.4 7.14 8.78 23.0
Naha (Japan) 23.6 3.79 4.29 13.2
Geneva (Switzerland) 11.4 5.99 7.10 18.5
New York (USA) 13.6 5.63 6.67 18.5
Delhi (India) 25.5 3.56 4.02 12.9
Riyadh (Saudi Arabia) 32.0 2.60 2.88 10.8

UbofEREE L5 L, FHOHEEKIR, FRmKIR, KO
PEIRARKIR & O R O %S OFHiICE1T 5 COs-COs I A — K
XMy AT DO R %, HFC SRz 72 R404A BB L A7 A L
g 21T o 7oA 5%, R OFEE IR 7.4°C &RV AREE R Tl 23%
DNFEEENRIAEND Z EnbhoTo. F1HEkD CO mEZHEH L
Te RS AT A CIEARIE I O KIR 23 =V O Hids COTE X IR EE L S
TV, FERPERIRN 32.0CEE W YT 787 - U RiZBW\WT
t, CO2CO2 1 A — R\ T AT AL, HFC R4 v 7= R404A
HE VAT DMK L, 10%U EORRSEEDRTRETH 5 Z Loz,

CVS R°R— = —7r v N2 ETIXMR - G OHEEEIDE
HORHEBEBENH L TELOED D64, Ml AT ADO=HRK
BIXINOIEHO CO P EHIRICTHE T 52 LN TE 5.
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MR BR B8 O 7 1A 5 3508 O R A T & V) [EIBRAN 70 i BRBR B b8 1T
BEY LB IT I TN D, B h T HUERIE BRI R A 7t 3
VIR TREIR B L 7o TV DL A U TEIREIZE T D P SH O HEk

TR LBG 1L B SANT A E T A Y v B AR IR AL B 1k (2 A 7= 15 8
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HC X° CO2, NH3/ZHASUAAHET 2METHY GWP 23 10 LATF &

Hix oD TR < MEBRBRBERE N D720 <, BIZIIRATPICHET S5 2o
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BITAERR~ORERE bW, L, HC M gitk)s 5 < 4 ]
Iy, BEEERFICR T DB F O EN D S L, NHa I M 2 31
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WO BN B K LTV,

CBJEMERAE S AT DTN O AL i CEADNEA TN D.
Z DV AT LT B & R LR 2 B ICBske L, Hixe ol
MNANZ RS IE ) D R7p 2 AP Hefoe + 5. _BJEMARW S AT L0
FrSUTAR BN TR A 27 )L O JERE e oMK < JEREHE AT 2 8h ) & K8 ¢ =
RICHD. Lo LEEIOBEY A 7 NV OEAME I EBE S Y1 7 v &
FALCTHY, miRfllOBEIEREIZIMKEMY 1 7 VOfERE S INE X
NDH720, EEAROBEYA 7 NV OBMBNEIROBRICKE LG
2 5. Fl ZBEMRGBH Y 2T A b mBMOG Y A 7 iz CO: 1
T2 720 EARIR TORENMEL 72 5 72 SR O K IR
KR Hit T OBEADBEA TN D

£ CO iy AT LD % Table 4-1 I2F &5

Table 4-1 Issues of each CO2 refrigeration system

System of CO2 Issue
refrigeration

Single stage system | Low efficiency at high ambient temperature

Cascade system Leakage/ using HFC refrigerant at high temperature
cycle

2 stage system High efficiency at middle and low ambient
temperature area. But low efficiency at high ambient
temperature

PERD COL BT A L2 AT A TITEARIR TOEEN HFC &
BEAER U= 27 ATk LIS, HBRFIANVRIR DR s T 4 5

D, FETI A A — RGBS AT L0 X 92 E RN HFC %% H
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