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<Application concept of heat pump system in building>
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Heat pump system

• 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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Extremely low temperature heat source

High thermal load

Evap.-Cond. ∆𝑇 increase

∆𝑇 decrease

∆𝑇 decrease

Single-stage heat pump Cascade heat pump
P

h

P

h
<P-h diagram of single-stage heat pump system> <P-h diagram of cascade heat pump system>

Extremely low temperature heat source

High thermal load

• The Energy consumption of the compressor increases.
 Temperature difference increases between evap.-cond.
 System efficiency decreases.

Cascade heat pump system
• A system capable of reducing the load of each cycle compressor by

raising the temperature in multiple stages from a low-temperature
heat source to a high-temperature load.
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<Concept of cascade heat pump system in residential building> 

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

∆𝑇 decrease

∆𝑇 decrease

Cascade heat pump
P

h
<P-h diagram of cascade heat pump system>

Extremely low temperature heat source

High thermal load

• This study was conducted on system capacity calculation and energy saving analysis when applying a cascade heat
pump system in a residential building.
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<Schematic of cascade heat pump system>

• 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.

Heat 
source

∆𝑻
(With 
heat 

source)

∆𝑻
(IHX)

𝜺𝒉𝒙 𝑻𝒔𝒖𝒑𝒑𝒍𝒚 𝒂𝒊𝒓 𝑻𝑯𝑾𝑺

Air 10 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.

Heat 
source

∆𝑻
(With 
heat 

source)

∆𝑻
(IHX)

𝜺𝒉𝒙 𝑻𝒔𝒖𝒑𝒑𝒍𝒚 𝒂𝒊𝒓 𝑻𝑯𝑾𝑺

Air 10 5 0.8 15 60
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Start

Annual building thermal load 

determination

LC compressor sizing

𝐻𝑃𝐿𝐶 , ሶ𝑚𝑟𝑒𝑓.𝑑𝑒𝑠𝑖𝑔𝑛.𝐿𝐶

HC compressor sizing

𝐻𝑃𝐻𝐶 , ሶ𝑚𝑟𝑒𝑓.𝑑𝑒𝑠𝑖𝑔𝑛.𝐻𝐶

End

𝑊𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 , 𝐷𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔, 𝐻𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔
𝑈𝑤𝑎𝑙𝑙 , 𝑈𝑤𝑖𝑛𝑑𝑜𝑤

𝑇𝑧𝑜𝑛𝑒 , 𝑅𝐻𝑧𝑜𝑛𝑒𝑇𝑆𝐴, 𝑅𝐻𝑆𝐴

Based on 
cooling peak load

Based on 
Heating peak load

• HP: Horse power
• LC: Low-cycle heat pump
• HC: High-cycle heat pump
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10 m

3 m

Residential, 100 m2

10 m

<Schematic of the building model>

Weather EnergyPlus Seoul weather data

Room set point Cooling 26℃ 50% Heating 20℃ 50%

Heat gain

Person 

130 

W/person 

Equipment 

7 W/m²

Light 

0.4 W/m²

U-value
Outdoor wall

0.17 W/m²K

Roof

0.15 W/m²K

Floor

0.17 W/m²K

Window

1.12 W/m²K

Infiltration rate 0.6 1/h

Refrigerant
Cooling 

R410A

Zone and water heating 

R134A

<Schedule for occupants in dwellings> <Input data for building thermal load calculation>
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Set point

Operation mode SA condition
Temperature

[℃]
Humidity ratio

[g/kg]

Above 26 ℃

Above 
10.5 g/kg

Mode 1 
Cooling and 

dehumidification mode

15 ℃ / 
RH 80%

Under
10.5 g/kg

Mode 2
Cooling mode

15 ℃ / 
RH 80%

20 ℃ ~ 26 ℃

Above 
10.5 g/kg

Mode 3
Dehumidification mode

15 ℃ / 
RH 80%

Under
10.5 g/kg

Mode 4
Neutral mode

20 ℃ / 
RH 50%

Under 20 ℃ -
Mode 5

Heating mode
45 ℃ / 
RH 15%

Based on ASHRAE Standard 55
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Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Peak load in summer
 Determine the HP 
size for indoor cooling

Peak load in winter + hot water heating load
 Determine the HP size for indoor and water heating
 Proceed after pre-determining the cooling cycle sizing

<Annual building thermal load>

Peak 

data

𝑇𝑜𝑎
[℃]

𝑅𝐻𝑜𝑎
[-]

𝑇𝑧𝑜𝑛𝑒
[℃]

𝑅𝐻𝑧𝑜𝑛𝑒
[-]

ሶ𝑄𝑠𝑒𝑛
[𝑘𝑊]

ሶ𝑄𝑙𝑎𝑡
[𝑘𝑊]

ሶ𝑉ℎ𝑤
[𝐿]

Cooling 31.3 0.53 39.22 0.36 2.71 0.86 20

Heating

and 

water 

heating

-13.6 0.83 12.24 0.30 -2.52 -0.65 26

< Data in case of peak load >
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Cascade 
system

Low-stage cycle 
[HP]

High-stage cycle 
[HP]

1.1 0.6

Reference 
system

Cooling cycle 
[HP]

water heating cycle 
[HP]

1.1 1.8

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Peak load in summer
 Determine the HP 
size for indoor cooling

Peak load in winter + hot water heating load
 Determine the HP size for indoor and water heating
 Proceed after pre-determining the cooling cycle sizing

<Annual building thermal load> < System size of each cycle >
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시뮬레이션 설정Parameter Indoor cooling and water heating Indoor and water heating

Heat rate

ሶ𝑄𝑒𝑣𝑎𝑝 ሶ𝑚𝑟𝑒𝑓.#𝑛(ℎ𝑒𝑣𝑎𝑝.𝑜.#𝑛 − ℎ𝑒𝑣𝑎𝑝.𝑖.#𝑛)

ሶ𝑊𝑐𝑜𝑚𝑝 ሶ𝑚𝑟𝑒𝑓.#𝑛(ℎ𝑐𝑜𝑚𝑝.𝑜.#𝑛 − ℎ𝑐𝑜𝑚𝑝.𝑖.#𝑛)

ሶ𝑄𝑐𝑜𝑛𝑑 ሶ𝑚𝑟𝑒𝑓.#𝑛(ℎ𝑐𝑜𝑛𝑑.𝑖.#𝑛 − ℎ𝑐𝑜𝑛𝑑.𝑜.#𝑛)

COP 𝐶𝑂𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔 =
ሶ𝑄𝑒𝑣𝑎𝑝.𝐿𝐶 + ሶ𝑄𝑐𝑜𝑛𝑑.𝐻𝐶
ሶ𝑊𝑐𝑜𝑚𝑝.𝐿𝐶 + ሶ𝑊𝑐𝑜𝑚𝑝.𝐻𝐶

𝐶𝑂𝑃ℎ𝑜𝑡𝑤𝑎𝑡𝑒𝑟 =
ሶ𝑄𝑐𝑜𝑛𝑑.𝐻𝐶

ሶ𝑊𝑐𝑜𝑚𝑝.𝐿𝐶 + ሶ𝑊𝑐𝑜𝑚𝑝.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

#n : LC, HC
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41℃

5℃

Air Cooling • Cascade heat pump
• Reference heat pump

80℃

36℃

2𝟏℃

Water heating • Cascade heat pump
• Reference heat pump

<P-h diagram of Low-cycle (cooling cycle)> <P-h diagram of High-cycle (heating cycle)>

𝑺𝒚𝒔𝒕𝒆𝒎 ሶ𝒎𝒓𝒆𝒇
ሶ𝑸𝒆𝒗𝒂𝒑

ሶ𝑾𝒄𝒐𝒎𝒑
ሶ𝑸𝒄𝒐𝒏𝒅 ∆𝒉𝒆𝒗𝒂𝒑 ∆𝒉𝒄𝒐𝒎𝒑 ∆𝒉𝒄𝒐𝒏𝒅

Low-stage cycle
(Cooling)

Cascade 0.03018 5.11 (target) 0.83 5.94 169.4 27.5 196.9

Reference 0.03018 5.11 (target) 0.83 5.94 169.4 27.5 196.9

High-stage cycle
(water heating)

Cascade 0.00364 0.41 0.07 0.48 (target) 111.9 20.0 131.9

Reference 0.00350 0.36 0.12 0.48 (target) 104.1 32.9 137.0

Summer
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40℃

-23℃

80℃

35℃

-23℃

• Cascade heat pump
• Reference heat pump

• Cascade heat pump
• Reference heat pump

𝑺𝒚𝒔𝒕𝒆𝒎 ሶ𝒎𝒓𝒆𝒇
ሶ𝑸𝒆𝒗𝒂𝒑

ሶ𝑾𝒄𝒐𝒎𝒑
ሶ𝑸𝒄𝒐𝒏𝒅 ∆𝒉𝒆𝒗𝒂𝒑 ∆𝒉𝒄𝒐𝒎𝒑 ∆𝒉𝒄𝒐𝒏𝒅

Low-stage cycle
(Cooling)

Cascade 0.01233 1.97 0.84 2.81 160.4 67.9 228.3

Reference 0 0 0 0 0 0 0

High-stage cycle
(water heating)

Cascade 0.02427 2.70 0.51 3.21 (target) 111.3 21.0 132.3

Reference 0.02018 1.55 1.66 3.21 (target) 77.0 82.2 159.2

<P-h diagram of Low-cycle (cooling cycle)> <P-h diagram of High-cycle (heating cycle)>

Temperature lift Water heating

Winter
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Cascade system Inequality sign Reference system

ሶ𝑚𝑟𝑒𝑓 High > Low

∆ℎ𝑒𝑣𝑎𝑝 High > Low

∆ℎ𝑐𝑜𝑚𝑝 Low < High

∆ℎ𝑐𝑜𝑛𝑑 Low < High

ሶ𝑄𝑒𝑣𝑎𝑝 (in high-cycle) High > Low

ሶ𝑾𝒄𝒐𝒎𝒑 Low < High
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<Coefficient of performance for each cycle> <Total coefficient of performenace>

 Indoor air cooling and water heating mode CHP: cascade heat pump
RHP: Reference heat pump

• In the 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

<Coefficient of performance for each cycle> <Total coefficient of performenace>

CHP: cascade heat pump
RHP: Reference heat pump

• 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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<Seasonal heat pump COP>

• 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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<Amount of recovery heat from low-stage cycle(cooling cycle)>

• The amount of heat released from the condenser of the
cooling cycle in summer is 9621.4 kWh.

• Cascade heat pump recovers heat from the low-stage cycle
and uses it as a heat source for the high-stage cycle.
 About 18% of the waste heat is recovered.
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<Energy consumption in cooling season> < 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
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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.
 Cooling season COP 14%, heating season COP 22% improvement.
 13% energy save during the cooling season, 10% energy save during the heating season, total energy savings of 12%.

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

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

• 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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