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<Application concept of heat pump system in building>

* Cooling the room by absorbing heat in the building through refrigerant evaporation.

* Heating domestic hot water by releasing heat to water inside the tank through the heat dissipation.
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<P-h diagram of single-stage heat pump system> <P-h diagram of cascade heat pump system>

Cascade heat pump system
* The Energy consumption of the compressor increases. * A system capable of reducing the load of each cycle compressor by
raising the temperature in multiple stages from a low-temperature

v' Temperature difference increases between evap.-cond.
v System efficiency decreases. heat source to a high-temperature load.
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<Concept of cascade heat pump system in residential building>

Cascade heat pump

thermal lo

Extremely low temperature heat source

<P-h diagram of cascade heat pump system>

* The calculation of system capacity based on building thermal load and energy simulation studies are insufficient.

>h

pump system in a residential building.

* This study was conducted on system capacity calculation and energy saving analysis when applying a cascade heat
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<Schematic of cascade heat pump system>
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Compressor °
Qutdoar
Unit
Low-cycle
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Low-cycle heat pump (LC) and high-cycle heat pump (HC)
are connected to the intermediate heat exchanger.

LC is responsible for cooling in summer. HC is responsible
for water heating for domestic hot water and floor
heating.

AT
Heat (With AT - 1w
source heat (IHX) hx supply airl T HWS
source)
Air 5 0.8 15 60
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<Schematic of reference heat pump system>

* Each heat pump is a single-stage cycle.

* Cooling-cycle is responsible for cooling in summer.

* Hot water cycle(HW-cycle) is responsible for hot water
supply.

AT
Heat (With AT - 1w
source heat (IHX) hx supply airl T HWS
source)
Air 5 0.8 15 60
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Start
.. Based on
Uwall: Uwindow I
Tzone: RHzoneTSA' RHSA
HPLC: mref.design.LC
Annual building thermal load |
determination HC compressor sizing Based on
| | Heating peak load
HPHCr mref.design.HC
* HP: Horse power
* LC: Low-cycle heat pump End
* HC: High-cycle heat pump
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Residential, 100 m?
Weather EnergyPlus Seoul weather data
3m Room set point Cooling 26°C 50% Heating 20°C 50%
Person
. Equipment Light
Heat gain 130
10 m 7 W/m? 0.4 W/m?
W/person
i U-val Outdoor wall Roof Floor Window
-value
10m 0.17W/mK  0.15W/m?K  0.17 W/m2K  1.12 W/m2K
<Schematic of the building model>
N Ll1 |‘I Ll1 |‘I Ll1 |‘I Ll1 |‘I Ll1 |‘I |'| |_' |'| |_' Infiltration rate 0.6 1/h
02 . Cooling Zone and water heating
Refrigerant
] 16 24 32 40 43 56 54 72 SﬂﬁmeBS 96 104 112 120 128 138 144 152 180 168 R410A R134A

<Schedule for occupants in dwellings>

<Input data for building thermal load calculation>
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Peak load in summer
=» Determine the HP Peak T RH
size for indoor cooling s -

| 4

Tzone RHzone Qsen Qlat Vhw
data [°C] [-] [°C] -1 kW] [kW]  [L]

(W]

Cooling 313 053 3922 036 271 0.86 20

Thermal load [kW]
o

-2
Peak load in winter + hot water heating load Heating
=>» Determine the HP size for indoor and water heating and
4 =>» Proceed after pre-determining the cooling cycle sizing water -136 083 1224 030 -252 -0.65 26
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec heating
Month
<Annual building thermal load> < Datain case of peak load >
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Peak load in summer

'§' > Determine the HP Low-stage cycle High-stage cycle
ﬁ. 2 size for indoor cooling Cascade [HP] [HP]
- | 14 system
1]
F- 1.1 0.6
E ¥ ' Cooling cycle water heating cycle
- ) [HP] [HP]
Q Peak load in winter + hot water heating load w Reference
'|E =» Determine the HP size for indoor and water heating system

4 =>» Proceed after pre-determining the cooling cycle sizing 1.1 1.8

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month
<Annual building thermal load> < System size of each cycle >
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#n: LC, HC
Parameter Indoor cooling and water heating Indoor and water heating
Qevap mref.#n (hevap.o.#n _ hevap.i.#n)
Heat rate VVcomp mref.#n (hcomp.o.#n _ hcomp.i.#n)
Qcond mref.#n (hcond.i.#n T hcond.o.#n)
Qevap.Lc + Qcond.ne Qcond.ne
COP COPcooling = = e COProtwater = =

Wcomp.LC + Wcomp.HC Wcomp.LC + Wcomp.HC

Waste heat recovery
(in summer)

The amount of waste heat recovered from the condenser of HP (LC) for cooling

Energy consumption

Compressor, IDU Fan, ODU Fan, Pump
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Summer 5410* DOSVECUUEEINION . . . N—— 5x10* | R134a .
Air Cooling / ( *  Cascade heat pump Water heating /w *  Cascade heat pump
/ . Reference heat pump 1 / . Reference heat pump
/ - . ,
104k ( / i ;
. ‘/ / / /
/ 110°C 150’”; &~ /110°C  160°C 230°C
E ¢ ¢ 4 E 100 | | i 38t _
= s X '
o /'lf-l’ o
10°F A A
: P
10°F |
0.2
/ /
02 04 joe /o8
102 1 ! I I L 1 I 101 \ \ \ N !
100 150 200 250 300 350 400 450 500 550 600 -100 0 100 200 300 400 500
h [kJ/kg] h [kJ/kg]
<P-h diagram of Low-cycle (cooling cycle)> <P-h diagram of High-cycle (heating cycle)>
System mre f Qevap Wcomp Qcond Ahevap Ahcomp Ahcona
Low-stage cycle Cascade 0.03018 5.11 (target) 0.83 5.94 169.4 27.5 196.9
(Cooling) Reference 0.03018 5.11 (target) 0.83 5.94 169.4 27.5 196.9
High-stage cycle Cascade 0.00364 0.41 0.07 0.48 (target) 111.9 20.0 131.9
(water heating) Reference 0.00350 0.36 0.12 0.48 (target) 104.1 32.9 137.0
14
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Winter 5410° T 540° ¢ » ' R .
/ b o
Temperature lift ¢ Cascade heat pump | | Water heating / *  Cascade heat pump
// . Reference heat pump 1041 / Reference heat pump
' / v i
104 r // E » /
[ | /
" T110c 160°C 230°C
E ' E 10°} / |
5 & = ;
o P o
10° E
’] 10°} 1
} ‘-23°/(: i
/
/’ ,//
02 04 /06
10? . . 1 : 10' ' ' : : :
100 150 200 250 300 350 400 450 500 550 600 -100 0 100 200 300 400 500
h [kJ/kg] h [kJ/kg]
<P-h diagram of Low-cycle (cooling cycle)> <P-h diagram of High-cycle (heating cycle)>
S ystem mre f Qevap Wcomp Qcond Ahevap Ahcomp Ahcond
Low-stage cycle Cascade 0.01233 1.97 0.84 2.81 160.4 67.9 228.3
(Cooling) Reference 0 0 0 0 0 0 0
High-stage cycle Cascade 0.02427 2.70 0.51 3.21 (target) 111.3 21.0 132.3
(water heating) Reference 0.02018 1.55 1.66 3.21 (target) 77.0 82.2 159.2
15
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Cascade system Inequality sign Reference system
Myef High > Low
Aheyap High > Low
Ahcomp Low < High
Ahcona Low < High
Qevap (in high-cycle) High > Low
Wcomp Low < High
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+* Indoor air cooling and water heating mode

=== CHP-cooling =———RHP-cooling CHP-HW RHP-HW
15.0 15.0
12.0 12.0
N o
— 9.0 — 9.0
Q- / o
O 6.0 T — O 6.0
) @)
3.0 3.0
0.0 0.0

1 3 5 7 9 11 13 1517 19 21 23
Time [hour]

<Coefficient of performance for each cycle>

CHP: cascade heat pump
RHP: Reference heat pump

e (CHP-Total =——RHP-Total

1 3 5 7 9 1113 15 17 19 21 23
Time [hour]

<Total coefficient of performenace>

* Inthe cooling cycle, CHP and RHP operate as same, so the COP graphs is overlapped.

* Hot water cycle showed higher COP of Cascade heat pump.
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)

¢ Water heating mode CHP: cascade heat pump
RHP: Reference heat pump
=== CHP-cooling =——RHP-cooling ==—CHP-HW RHP-HW s CHP-HW ~ ====RHP-HW
8.0 3.0
6.0 2.5 —
o 20 —_—
(a' 4_0 ______.—-""— o 1.5
O o 10
© 0 O~
0.5
0.0 0.0
1 3 5 7 9 11 13 15 17 19 21 23 1 3 5 7 9 11 13 15 17 19 21 23
Time [hour] Time [hour]
<Coefficient of performance for each cycle> <Total coefficient of performenace>

* The cooling cycle of the RHP does not operate in winter, so the COP is zero.
* When operating in heating and hot water mode, the COP of CHP compared to RHP was relatively higher.
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9.0
8.0
7.0
6.0
5.0
4.0
3.0
2.0
1.0
0.0

COP [-]

m Cascade heat pump

m Reference heat pump

Cooling season
7.8
6.8

<Seasonal heat pump COP>

Heating season
2.9
2.4

As a result of deriving seasonal COP, the result of high
COP of cascade heat pump was derived in each season.

It is considered to be the result of relatively low
compressor energy consumption of the cascade heat

pump.
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m Total waste heat Heat recovery

12000.0
_10000.0 9621.4 9621.4
L * The amount of heat released from the condenser of the
E 8000.0 cooling cycle in summer is 9621.4 kWh.
% 6000.0 * Cascade heat pump recovers heat from the low-stage cycle
~ 20000 and uses it as a heat source for the high-stage cycle.
"é 1736.1 v" About 18% of the waste heat is recovered.
-— 2000.0 -

0.0
0.0

Cascade heat pump  Reference sytemp

<Amount of recovery heat from low-stage cycle(cooling cycle)>
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7000
= 6000
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o S 3000
>E 2000
e £ 1000
—_ 32 0
— [75]
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® W.comp.cooling

B W.comp.hw

m P.fan.indoor
P.fan.outdoor

m P.floorheat

M P.hotwater

5168

Cascade heat pump

2697
1318
232
900
0
22

5911

Reference heat
pump
2697
1887
232
1073
0
22

<Energy consumption in cooling season>

5000

< 4014
>3 4000
o <
o — 3000
TS
> _g- 2000
S & 1000
£ 5
a & 0
S Cascade heat pump
B W.comp.cooling 1934
B W.comp.hw 1673
m P.fan.indoor 0
P.fan.outdoor 363
m P.floorheat 25
B P.hotwater 20

4474

Reference heat
pump
0
4429
0
0
25
20

< Energy consumption in heating season >

* The Cascade heat pump shows energy saving effect compared to reference heat pump by 13% in cooling mode and 10% in heating mode

15-18 May 2023, Chicago, lllinois
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* As a result of the energy simulation, the energy performance of the cascade heat pump is superior to the reference heat
pump system.
v' Cooling season COP 14%, heating season COP 22% improvement.
v' 13% energy save during the cooling season, 10% energy save during the heating season, total energy savings of 12%.

* The Cascade heat pump system shows improved performance compared to the reference system (Two single heat pumps).
v" Reduces the input power requirement for each compressor.
v" Reducing overall energy consumption.
v Increasing system COP.

e Each heat pump compressor requires a small energy load.
v' Waste heat recovery in summer.
v' Multi-stage temperature increase in winter.

* Experimental study should be conducted to validate the energy saving performance of the cascade heat pump system in
the future work.
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