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Abstract. When the cascade heat pump system is applied as a multi-functional system that can be used not
only for hot water supply but also for air-conditioning of buildings, the low-stage cycle is responsible for
indoor heating and cooling thermal load, and the high-stage cycle is responsible for hot water supply by
raising the refrigerant temperature. Unlike the existing cascade heat pump system designed with only one
operation mode for hot water supply, the multi-functional cascade heat pump system should be considered
with various parameters. This study was proposed a design sequence of the cascade heat pump system for
building application, and the energy-saving performance was compared with the existing cascade heat pump
system for hot water supply and parallel heat pump system for air-conditioning. The office building was set
for the study, and the thermal load of the building was calculated in the TRNSY'S program. The systems
were calculated using the thermodynamic equation and the model built into EnergyPlus. As a result, the
system can be affected by the outdoor air heat source. The energy-saving performance was 25% for the
multi-functional cascade heat pump system compared to the simultaneous use of the existing system.

1 Introduction 2004
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Figure 1(a), the system operates with one goal

temperature. This system only needs to consider the
fluctuations of the heat-source of the outside air.
However, when the system is applied for multi-
functional operation of the building, the more purpose
of the system is needed (e.g., indoor heating and cooling,
hot water supply) [3]. As shown in Figure 1(b), the goal
temperatures that change according to the operation
mode are different. This means that when designing and
optimizing the multi-functional cascade heat pump
system, it is necessary to consider the parameters that
vary by operation mode.
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(b) Multi-functional cascade heat pump

Fig. 1. T-s graph of the cascade heat pump system for
heat source

This study was proposed a design sequence of the
cascade heat pump system for building application, and
the energy-saving performance was compared with the
existing cascade heat pump system for hot water supply
and parallel heat pump system for indoor air-
conditioning. The office building was set for the study,
and the thermal load of the building was calculated in
the commercial thermal load calculating program. The
proposed and existing systems were calculated using the
thermodynamic equation.

2 System overview
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2.1 Multi-functional cascade heat pump

Figure 2 shows a cascade heat pump system that satisfies
all the functions of cooling, heating, and hot water based
on an air heat source [4]. An Indoor unit for air
conditioning is installed on the zone side, and the other
heat pump is connected to an interactive heat exchanger
to supply heat to the hot water tank. In summer, the low
heat cycle is operated in cooling mode, and the heat after
the compressor is supplied to the IHX for hot water
supply, and the remaining heat is released through the
outdoor unit. In winter, the low heat cycle operates in
heating mode and supplies heat after the compressor to

the indoor and hot water heat exchanger at the same time.

The high heat cycle for hot water is always operated in
one direction only.
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Fig. 2. Multi-functional cascade heat pump system.

2.2 Existing cascade heat pump for hot water

Because the existing cascade heat pump for hot water
supply is for hot water supply, both heat pumps operate
only in the one-way cycle. The other heat pump system
was set up as a parallel system for indoor heating and
cooling. The heat pump systems are shown in Figure 3.
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Fig. 3. Cascade heat pump system for hot water and parallel
heat pump system for indoor air-conditioning.

3 Design sequence

3.1 Input parameters

The first step in the design sequence of the multi-
functional cascade heat pump system is the
determination of input parameters. The input parameters
are zone thermal load, hot water supply load, coefficient
of performance (COP) of commercial heat pump, and
temperature and humidity of outdoor, indoor, and
supply air (Table 1). The above input parameters are set
to the input values according to the operation mode for
each season.

Table 1. Input parameters for multi-functional cascade heat
pump system.

Parameter Name

Qyrone Zone thermal load

Qanw Hot water load for building
cop Coefficient of performance
Toa Temperature of outdoor air

RH,, Relative humidity of outdoor air

Trone Temperature of zone air

RH,one Relative humidity of zone air

Tsa Temperature of supply air

RHg, Relative humidity of supply air

3.2 Hot water size

Hot water supply load is calculated by determining the
amount of hot water supplied per hour for each
appliance according to the type of building, and the
amount of hot water [ref]. The hourly maximum hot
water supply is calculated by multiplying the hot water
supply for each appliance by the number of appliances.
The hot water supply load is calculated by multiplying
the time maximum hot water supply by the temperature
difference between hot water and water supply.

Qn=PX(q; xn) )]
Myater = Qn/3600 2
H = 116304 Ty — Trap) 3)

3.3 Heat pump size

To calculate the heat pump capacity, determine the zone
thermal load using the TRNSYS program. Based on the
COP of the commercial heat pump, the amount of work
of the compressor based on the heat balance and the
amount to be discharged from the condenser are
calculated.

Qevap.i = Q'.zone 4
Wcomp.i = Qevap.i/CQP ®)
Qconai = Qevap.i + Wcomp.i (6)

After calculating the required air volume in the indoor
unit and outdoor unit through the heat transfer equation,
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the temperature of the refrigerant required in each unit conducted by dividing it into 5 levels from min value to
is calculated max value.
. . Table 3. Input values of the input parameters.
Mindoor = ervap.i/(cpsa X (Tsa - Tzone)) (7)
moutdoor = Qcond.i/(cpoa X (Toa.out - Toa) (8) Parameter Min Avera.
: ge Max
Tevap.L = Tzone _ Qevap.i/(ghx X Mindoor X szone) (9)
Teonar = Toa + Qcona.i(Enx X Moutdoor X CPoa) (10) onne 3.57 10.71 17.85
The temperature difference between the low cycle and Qanhw 1.3 3.9 6.5
the high cycle was assumed to be 5 degrees. )
Cooling 20 30 40
T,
Tevap.i = Teona.L + 5 . an oa Heating -10 0 10
Tcond.H = Ttap + thw/(shx X Myater X prate‘r) (12)
Cooling 22 26 30
. - Tzone
3.4 Thermodynamic equation Heating 16 20 24

The amount of compressor work required in the heat
pump is calculated using a thermodynamic equation.
The above equations are expressed based on the cooling
mode, and in the case of the heating mode, the equation
positions of evaporation and condenser are exchanged 5.1 Impact analysis
for calculation.

5 Result and discussion

As a result of the impact analysis, the indoor load and
outdoor air had a great influence on the system capacity

TVrI;ref'L f::lap'L/EZevap'L'o _};fww'L'L),) Sii estimation. Since the indoor load is directly related to
comp.L ref.L\!tcomp.L.o comp.L.i .
Ocona, = Tires (heonari — hoond.0) (15) the capacity of the low. cycle heat pump, the effect was
" = Oumn/(h _h ) (16) large, and the f:hange in the hot water supply load did
Wref H T ednw C}‘:nd'H" _w;lld'H'o _ 17 not have a significant effect on the high cycle heat pump
vcompH = Mref.H (heomp.tio ~ heomp..i) (17) compared to the low cycle. Since the change in outdoor
Q.e”“p'H = Mref 'H.(hemp"" i~ hevap.i0) (13) temperature directly affects the heat source or heat sink
Qevap.anw.req = ,Qe”aP-H / Enx (19) of the heat pump, it has a great influence on the capacity
Qcond.remain = Qcona.L ~ Qevap.anw.req (20) calculation. When the capacity was calculated based on
the heating mode rather than the cooling mode, the
4 simulation overview influence of the two parameters was greater.

Table 4. Result of the impact analysis of the simluation.

4.1 Building information Parameter Cooling Heating
An office building with three-story located in Seoul was : : : .
assumed in this study. A 100 m? of floor area was Weomp | Weomps | Weomp.r | Weomp.
determined. The building 1nformaf[1on is shown in Table Qyone 0.64 0.00 213 0.00
2 [5]. The hot water supply load, indoor occupants, and
hot water supply schedule were simulated based on Qdnw 0.00 0.19 0.78 0.12
ASHRAE Standard 90.1 and local hot water supply load
design criteria [6]. Toa 0.37 -0.21 -1.43 0.00
Table 2. Information of model office building. Tzone 0.07 0.00 -0.29 0.04
Category Component values
Floor area 100 5.2 Energy consumption analysis
Number of floors 3
Occupants 15 Based on the design sequence considered in this study,
, P eOPle [W/persog] 130 energy consumption was compared by simulating a
Heat gain qu.’p;:len;&y/z m’] 127 multi-functional cascade heat pump, an existing cascade
ights [W/m’] . = heat pump system, and a parallel heat pump system
Outdoor wall [W/m’K] 0.240 under the same conditions (Figure 4). As a result, the
Floor [W/m’K] 0.276 : gure ). ’
U-value 5 energy consumption of the multi-functional heat pump
Roof [W/m?K] 0.141 duced by 3.7 kWh when both heati d i
Window [W/m?K] 14 was reduced by 3. when both heating and cooling

modes were combined. It was found that this was
because one system used the heat source to the
4.2 Input values maximum to supply heating and cooling and hot water

ly in th .
The input values based on the Table 1 are described in SUPPTY th the zone

Table 3. For the impact analysis, the simulation was
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Fig. 4. Energy consumption analysis based on the proposed
design sequence.

6 Conclusion

This study was proposed a design sequence of the
cascade heat pump system for building application, and
the energy-saving performance was compared with the
existing cascade heat pump system for hot water supply
and parallel heat pump system for indoor air-
conditioning. The office building was set for the study,
and the thermal load of the building was calculated in
the commercial thermal load calculating program. The
proposed and existing systems were calculated using the
thermodynamic equation.

As aresult of the simulation, the outdoor air temperature,
and zone thermal load is most important parameters
when designing the multi-functional cascade heat pump
system for the office building. The energy-saving
performance was 25% compared to the simultaneous
use of the existing cascade heat pump system for hot
water supply and the existing heating and cooling
system.

For the future work, it is necessary to conduct empirical
research on energy saving performance by making a test
specimen to which the capacity calculation process
proposed in this study is applied. Additional application
analysis is necessary to evaluate for residential buildings
or hotel because of the high proportion of hot water

supply.
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