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ARTICLE INFO ABSTRACT

Handling Editor: Huihe Qiu To reduce carbon emissions, active research is being conducted on replacing the heating equip-
Keywords: ment using fossil fuels with heat pumps. While heat pumps still utilize electricity and have
Semiconductor fabrication plant associated carbon emissions, they possess the potential to consistently decrease carbon emissions
Cascade cycle owing to the growing availability of renewable energy sources.

Centrifugal heat pump In this study, the applicability of a heat pump system capable of supplying 86 °C hot water for
Outdoor air-conditioner heating a semiconductor fabrication plant was verified. In addition, there are a few results
Heating equipment considering the energy saving effect that can be obtained from the heat source. Therefore,

reflecting the characteristics of a semiconductor fabrication plant, which requires a huge cooling
load to remove heat from equipment even in winters, a cascade heat pump system using a chiller
as a low-cycle heat pump was proposed. Compared to a boiler, the heat pump system has the
advantage of reducing the load on the typical chiller system as it can supply cold and hot water.

On comparison, the cascade heat pump system, which incorporates the energy-saving effect
derived from the heat source, demonstrated 66 % of primary energy and 56 % carbon emissions
than the boiler. Consequently, the cascade heat pump outperformed the boiler system.

Nomenclature

Y, volume [m?]

Cpsat specific heat of saturated steam [ = 1.805 kJ/kg °C]
specific heat at constant pressure [kJ/kg °C]
heat capacity rate [kW/K]

primary energy [kW]

enthalpy [kJ/kg]

vaporization enthalpy of water [ = 2501 kJ/kg]
power consumption [kWh]

mass flow rate [kg/s]

pressure [kPa]

load [kW]

steam evaporation [kg/ Nm®]
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T temperature [°C]
HR humidity Ratio [kg/kg]
Greek Symbols

p density [kg/ m®]
€ effectiveness [%]
Subscripts

evap evaporator

exp expansion valve
c cold fluid

comp compressor

cond condenser

cool cooling

h hot fluid

heat heating

max maximum

med median

min minimum

ref refrigerant
Abbreviations

CCHPS cascade heat pump system
CHW chilled water

COP coefficient of performance

Cc/C cooling coil

CwW cooling water

FAB semiconductor fabrication plant

H/C1 heating coill

H/C2 heating coil2

HRC heat recovery chiller
HCHP  high-cycle heat pump
LCHP low-cycle heat pump
OAC outdoor air-conditioner
PR pressure ratio

PC/C pre-cooling coil

PH/C pre-heating coil

RH/C reheating coil

WSS water showering system

1. Introduction

The air temperature and humidity specification in the clean room of a semiconductor fabrication plant (FAB) is 23 °C, with a
humidity ratio of 0.00733 kg/kg [1]. Therefore, in winter, cold air must be heated before being supplied to the clean room. In FAB, gas
boilers are commonly used for heating. However, the boilers emit a large amount of carbon dioxide due to the burning of fossil fuels
[2]. To solve this problem, alternative heating technologies that do not rely on fossil fuels, such as heat pumps, should be considered.
Electricity is the primary form of energy derived from renewable energy sources [3], and literature indicates that the percentage of
renewable energy production will rise [4-6]. Even using a heat pump with a coefficient of performance (COP) of over 3.5 that uses
electricity supplied by thermal power rather than renewable energy can remove 34 % of carbon dioxide emitted by a gas-fired boiler
[7]. Therefore, the conversion from boiler to heat pump is crucial.

Due to the huge heating demand, spatial limitation, the water-source centrifugal heat pump is mainly used in the industry [7]. The
available heat sources for heat pumps in FAB include cooling water (CW) and return chilled water (CHW), with the maximum tem-
peratures of 39 °C and 17 °C, respectively. The heat pump must supply hot water (HW) at a temperature above 80 °C to the heat sink.

Previous studies have been conducted on the water-source heat pump using various refrigerant cycle configurations (e.g., Refs.
[8-14]). These studies can be classified into two main types: single-cycle and cascade-cycle. Hybrid methods also combine a
stand-alone renewable energy system (e.g., photovoltaic/thermal, geothermal). However, most of them have only been studied as a
general building application (see, e.g., Refs. [15-19]), thus, a hybrid method was excluded from the main ways.

Single-cycle heat pumps have one refrigerant cycle between the heat sink and the heat source. In Ref. [8], Jiang et al. studied the
COP of the heat pump using the R-1233zd refrigerant that could supply HW above 80 °C with a heat source temperature over 30 °C.
However, R-1233zd is not yet commonly utilized; thus, we searched the study results on the heat pump using the R-134a refrigerant,
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which is the third most used refrigerant worldwide [20]. Liu et al. investigated a simulation logic to predict the COP of a heat pump
using R-134a [9]. This heat pump could produce HW at 90 °C with a heat source temperature over 30 °C. The simulation logic
accurately predicted the COP within the error range of 4.5-5.1 % when compared with the actual experimental results. Previous
research also showed a disadvantage of a single cycle. In Ref. [10], the maximum PR of one-stage compressor on the market was
limited to 2.5. To overcome this limitation, most single-cycle centrifugal heat pumps can have a maximum PR of 5.0 by adopting a
two-stage compressor. Therefore, when considering a single-cycle heat pump using R-134a with an assumption of the approach
temperature of 1 °C, the temperature of the heat source must be maintained above 23 °C to produce 80 °C HW within the PR range of
5.0.

Cascade-cycle heat pumps connect two single cycles using different refrigerants. Therefore, if the cascade-cycle employs two heat
pumps with a two-stage compressor, the PR can exceed 5.0 [11-14]. In Ref. [11], Uusitalo et al. investigated the performance of the
cascade cycle under conditions similar to the temperatures of the heat sink and heat source of the FAB. Despite the high PR, it was
possible to operate the cascade-cycle heat pump system when using various refrigerants. Therefore, when producing HW at 80 °C or
higher in FAB, return CHW can also be used as a heat source. However, single cycle is advantageous when the PR of the compressor is
low due to the small temperature difference between the heat sink and the heat source [21].

Based on the literature review, single-cycle applications are suitable when using CW as the heat source in FAB, while cascade-cycle
applications are necessary when using CHW as the heat source. However, notably, the CW is produced from a chiller, which cools CHW
from 17 °C to 12 °C. Chiller and heat pump are equipment that operate on the same principle and have different names depending on
whether the main purpose of use is CHW or HW production. Therefore, a chiller can be seen as a heat pump. Summarizing the above,
when adopted with a heat pump that uses the CW as a heat source, a cascade-cycle heat pump system (CCHPS) is formed.

In this study, we considered a chiller as a low-cycle heat pump (LCHP) and analyzed the performance of a cascade cycle combining
a high-cycle heat pump (HCHP) through simulation. Previous research on the heat pump cycle has primarily analyzed COP of EHP;
however, the effects that can be obtained from the heat source have not been analyzed yet. Therefore, we checked the operating power
of the chiller can be saved when CHW production is considered as the heat source of the CCHPS. The overall energy performance of the
CCHPS, considering both the energy consumption of CCHPS and the energy savings of the chiller system was confirmed. Furthermore,
by comparing CCHPS with a boiler, potential benefits of adopting the CCHPS was assessed. In this study, calculations and refrigerant
properties were confirmed using the Engine Equation Solver program, excluding the TRNSYS simulation.

2. System overview

2.1. Outdoor air-conditioner

A large-scale OAC for a semiconductor cleanroom consists of four heating coils, two cooling coils, and two humidification devices.

In summers, pre-cooling coil (PC/C) and cooling coil (C/C) are used to cool and dehumidify hot and humid air. The cooled and
dehumidified air passes through the water-showering system (WSS), where it undergoes partial humidification. Then, reheating coil
(RH/C) reheats the air, considering the temperature rise caused by the heat generated by the fan and supplies the air to the cleanroom
at a temperature of 15.5 °C and a humidity ratio of 0.00786 kg/kg (see Fig. 1).

In winters, pre-heating coil (PH/C), PC/C (w), heating coill (H/C1), and heating coil2 (H/C2) are used for the heating. PC/C (w)
implies that PC/C is used for air heating in winter. PH/C is used to heat sub-zero outdoor air to a desirable temperature. To prevent
freezing, an 80 °C antifreeze solution circulates inside the PH/C coil. PC/C (w) is used to reduce the heating load of H/C1 and the load
on the chiller system by exchanging heat between the 12 °C CHW and induced air. H/C1 and H/C2 are used to increase the temperature
of the air in front of the WSS, thereby improving the humidification efficiency. The H/C1 utilizes the 28 °C CW from the condenser of
the chiller. H/C2 uses the HW at 80 °C. Humidification primarily occurs in the WSS installed to remove soluble gases from the air. To
cope with rapid changes in the outdoor air humidity during transitional seasons, intermittent use of a steam humidifier is used, as
shown in Fig. 2.

PH PC Cc H H - RH e
€ c c al [fe & €
Chilled Steam
water (5 humidifier
Chilled Water showering
-ater (12 © system
-
Waten(24 ©
Hot |
Water(80 °C)

Fig. 1. Schematic of an outdoor air-conditioner for a cleanroom in Samsung Electronics.
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Fig. 2. Air-conditioning process of the outdoor air-conditioner.

2.2. Heat sources of the outdoor air-conditioner

2.2.1. Cascade heat pump system

Fig. 3 shows that the OAC installed in Samsung Electronics uses the boiler as the heating equipment. The steam is used to heat hot
water2 (HW2) and antifreeze solution. H/C1 heats the air using hot water3 (HW3), which is heated by cooling water2 (CW2) from the
heat recovery chiller (HRC).

In this study, the system was designed in such a way that the coils, originally receiving heat from the boiler, received heat from
CCHPS. Meanwhile, H/C1 used CW2 to heat the air as in the present. Fig. 4 shows the OAC system with CCHPS. CCHPS, supplying hot
waterl (HW1) to OAC, consists of two heat pumps and three pumps. The HCHP uses R-134a, and LCHP uses the R-123 refrigerant. Both
heat pumps use centrifugal compressors.

In this study, the chiller was considered as an LCHP. When using the chiller as an LCHP, the cooling waterl (CW1) does not reach
the cooling tower and is used as a heat source for the HCHP.

The HCHP produced HW1 at 86 °C, which exchanged heat with the fluid circulating through the OAC heating coil. Separate heat
exchangers were used for the antifreeze solution circulating in PH/C and the water circulating in H/C2 and R/H to prevent mixing.

The total energy consumption of the CCHPS depended on the PR of the LCHP and HCHP. The temperature of HW1 supplied from
the HCHP was fixed at 86 °C, and the temperature of CHW supplied from the LCHP was fixed at 12 °C. Therefore, the temperature of the
CW1 circulating through the condenser of the LCHP and the evaporator of the HCHP became a variable in determining the PR of each
heat pump. The energy consumption of the LCHP and HCHP was analyzed based on the temperature range setting for CW1, as shown in
Fig. 5.

2.2.2. Steam boiler system

Currently, the OAC receives heat from the steam produced by the boiler. The boiler system is a reference system for analyzing the
performance of CCHPS. The boiler system consists of a feed water pump, forced drift fan, main boiler, and economizer, as shown in
Fig. 6.

The boiler is assumed to be a water tube type that uses city gas as fuel and produces 686.5 kPa (=7 kgf/cm?) steam. At the desired
site, 686.5 kPa steam is reduced to 196.1 kPa (=2 kgf/cm?) for use, and the condensate generated after heat exchange is recovered to
the feed water tank and reused. The water temperature of the feed water tank is assumed to be 60 °C, and the 85 °C feed water heat-
exchanged with the exhaust gas in the economizer is sent to the drum. At this time, it is assumed that there is no heat loss and leakage
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Fig. 3. Conventional heating system for the outdoor air-conditioner.
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Fig. 4. Outdoor air-conditioner with cascade heat pump system for heating.

User
S OAC] -
Heat sink E ¢ )|« i
(Outdoor air-condtioner) i Hot —
i waterl
i |

86 °C Condenser

O
15t Expanson High-cycle heat pump 20d Impeller
High-cycle heat pump valve _

(R-134a) 4
n i
2nd Expansion bopst Impeller
valve

Evaporator
P <

‘

|

i Cooling

Cooling water | waterl 35,36, 37,
| 38,39°C

‘

(5 cases: 35, 36,37, 38, 39 °C)

»
Condenser |

Low-cycle heat pump 284 Impeller

15t Orifice ==
Low-cycle heat pump T =
(R-123 Chiller) o :+:
] 15t Impeller
Evaporator
7 — <&
i R }
12°C i Chilled P

i water !

Heat source i 1

(Chilled watery 7777 o e [ i

Fig. 5. Overview of the detailed configuration of the cascade heat pump system.
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Fig. 6. Schematic of the boiler system configuration.

steam.

3. Simulation and theoretical modelling

3.1. TRNSYS model for estimating the heat load of the outdoor air-conditioner

To determine the annual load of the OAC, TRNSYS was used. The OAC were based on official meteorological data from the Suwon
city, South Korea [22]. The study reflects outdoor air temperature and humidity conditions for 8760 h in Suwon city. The supply air
volume of the OAC was set at 2000 m® /min, with the final supply temperature and humidity conditions of 15.5 °C and 0.00786 kg/kg,
respectively.

In the TRNSYS simulation, Type 670 was used for the heating coil, Type 508 for the cooling coil, and Type506 for the WSS. For the
steam humidifier, as no suitable component was available, a calculator was used to input the relevant calculation formula. The main
components used in the simulation are summarized in Table 1 [23]. The input conditions for the simulation are listed in Table 2. At this
time, the specific heat of the antifreeze was assumed to be 40 % of ethylene glycol concentration at 82.2 °C (=180 °F) [24].

The coils in the OAC undergoes changes in heat exchange efficiency based on the temperature and flow rate of the supplied heat
source. By modelling the Type 670 as the heating coil, it is possible to calculate and input the heat exchange efficiency, thus obtaining
more accurate results. The Type 508, modeled as the cooling coil, incorporates a by-pass factor. The heat exchange efficiencies and by-
pass factors for each coil are summarized in Table 3. The final schematic of the modeled OAC using TRNSYS is depicted in Fig. 7.

Specific set values and control logic were defined to ensure the desired temperature and humidity in the clean room, as shown in
Table 4.

Egs. (1) and (2) are used to heat the air in conditions where humidification is required during the winter and summer seasons.

(33.13kJ /kg — h, x HRyjcy)

@
(Cp.a[r + Cpsar X HRH/CI)

Th/c1 e =

(33.13kJ /kg — h, x HRy)2)

2
(Cp.air + Cp,sar X HRH/CZ) ( )

Ty /C2.set =

To achieve humidification through WSS, it is necessary to heat the incoming air using the equipment. H/C1 and H/C2 play a role in
heating the air to the specified enthalpy value. However, the components of H/C1 and H/C2 used in the TRNSYS simulation operate
based on temperature set values. Therefore, it is necessary to convert the enthalpy set value into temperature. The enthalpy value is
fixed at 33.13 kJ/kg, and equations (1) and (2) are used to calculate the temperature, considering the humidity ratio of the incoming
air for H/C1 and H/C2.

Heating and humidification equations were used based on seasonal requirements. The simulation logic considered maximizing the
heat transfer in H/C1 and H/C2 for efficient humidification. Finally, when the air passing through H/C2 is humidified to meet the

Table 1

List of main components in the TRNSYS simulation.
Components TRNSYS type
Weather data input Type 9
Psychrometric data file Type 33
Heating coil Type 670
Cooling coil Type 508
Water showering system Type 506
Fan Type 642
Boiler Type 638
Feed water pump Type 110
Steam system control Type 22
Steam flow diverter Type 594
Plotter Type 65
Printer Type 45
Steam humidification Calculator
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Table 2
Parameters of the simulation conditions.
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Weather data

Korea meteorological administration (2022, Suwon city)

Outdoor air-conditioner

Capacity of fan
Number of fans
Total air flow

2000 m® /min
1
2000 m®/min

Air properties Density 1.2 kg/ m®
Specific heat 1.006 kJ/kgK
Water properties Density 1000 kg/ m®
Specific heat 4.19 kJ/kgK
Antifreeze properties Specific heat 3.66 kJ/kgK
Table 3
Coil effectiveness and the by-pass factor.
Coil PH/C PC/C (w) H/C1 H/C2 RH/C PC/C C/C
Effectiveness 0.18 0.67 0.66 0.21 0.14 - -
By-pass factor - - - - - 0.15 0.15
Type6sc
|
cco%.') SET V CC#EI Hl‘Jil SET ch; SET ‘ WSS EFF ‘ oD
g B —— e - y
. A I e e
PHC PC.C [ C('Z _JHCI ~ HC2 WSS RHC SleamH‘\lmidiﬁcr
PCCW) TW‘E;M
».
oy T ?' N Boiler-2
T 2
Typed6b Type65c-2
é@w@
FW Puzp-2 Type22
Fig. 7. Schematic of the TRNSYS simulation.
Table 4
Detailed operation logic for each component of the outdoor air-conditioner.
Components Control logic Set value
PH/C outdoor air temp < 0 °C; ON 0°C
outdoor air temp >0 °C; OFF
PC/C (w) inlet air temp < 8 °C; ON 8°C
inlet air temp >8 °C; OFF
PC/C inlet air temp < 17.7 °C; OFF 17.7 °C
inlet air temp >17.7 °C; ON
c/C inlet air enthalpy < 33.13 kJ/kg; OFF Temp set: None
inlet air enthalpy >33.13 kJ/kg; ON Temp set: 10.47 °C
H/C1 inlet air humidity ratio <0.00786 kg/kg; ON Temp set: Eq. (1)
inlet air humidity ratio > 0.00786 kg/kg; OFF Temp set: 10.47 °C
H/C2 inlet air humidity ratio <0.00786 kg/kg; ON Temp set: Eq. (2)
inlet air humidity ratio > 0.00786 kg/kg; OFF Temp set: 10.47 °C
WSS inlet air humidity ratio <0.00786 kg/kg; ON Temp set: Eq. (3)
inlet air humidity ratio > 0.00786 kg/kg; OFF Efficiency set: 92 %
RH/C inlet air temp < 13.2 °C; ON 13.2°C
inlet air temp >13.2 °C; OFF
Humidifier inlet air Dew point <10.4 °C; ON Dew point temp: 10.4 °C

inlet air Dew point > 10.4 °C; OFF
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conditions of a temperature of 13.2 °C and a humidity ratio of 0.00786 kg/kg, the humidification efficiency of WSS can be calculated
using Eq. (3).

(Twjc250—13.2°C)

effives = 3
P (TH/CZ..yer_ll,ﬁzOC) N

3.2. Theoretical modelling for indirect cascade heat pump system

3.2.1. High-cycle heat pump

The performance of HCHP was confirmed by referring to previous research studies [9,25] that can predict the heat pump per-
formance. Liu et al. studied a centrifugal heat pump using R-134a in a previous study. In Ref. [9], a performance prediction model was
established under the conditions shown in Table 5, and Fig. 8 shows the refrigeration cycle of the heat pump.

The condenser load can be calculated as in Eq. (4), and the refrigerant temperatures of the evaporator and condenser were
confirmed through Egs. (5) and (6). Approach temperature implies the difference between the refrigerant temperature and the leaving
water temperature of the evaporator and condenser.

Qcond tictp = Wyef ot X (hs — hg) 4

Tref cond = Trw .our + Tapproach,crp 5
of o pp 8

Tret evap = Tew.our — Tapproach cup (6)

The intermediate refrigerant pressure and flow rate of the two-stage cycle can be calculated as follows [25]:

Pmed =V Pcond X Pv:vap (7)

1- (he,xp.Z,mAI - hexp,l.in)
hinea = Resp.1in

(8)

Myef evap = Myef total X (1 -

Mref med = Mref sotal — Mref evap (C)]

Compressor work of HCHP W_omp ycrp is the sum of the power consumption of one-stage and the two-stage compressors, and it
considers the pressure loss of 1 %. The isentropic efficiency was considered as 85 %. Point 2’ on the pressure—enthalpy chart is
compressed by the one-stage compressor when there is no pressure loss. When the pressure loss is reflected at point 2, the pressure at
point 2’ can be found using Eq. (10), assuming an isentropic compression process. If the pressures at points 2’ and 5’ is known, the
enthalpies at those points can be known, and the work of the one, two-stage compressors can be calculated by Eqs. (12) and (13).
Weomp.rcnp i the sum of Wi_gage noup and Wo_gqee ncnp, as depicted in Eq. (14). For the simulation, the following assumptions were
applied: (1) The simulation was limited to steady-state analysis; (2) Compressor efficiency only considered isentropic efficiency; (3)
Pressure loss and heat loss of other components, except the compressor, were neglected.

1

Py=P P,—P )X ——————— 10
2 1+ (P ) 1 — pressure loss (10)

1

Py=Py+(Ps—Py) x ————— 11
s =Pa+(Ps 4) 1 — pressure loss an
Wl—.\'mge,HCHP = n;lref.(’vap X (hz’ - ]’ll) 12)
W) stage HHP = Wiref jorat X (hs — ha) a3
Weomp sicre = Wi _siagericip + Wa_sage cnp 14)
eﬂcixentropi(

Table 5
Parameters for high-cycle heat pump system simulation.
Parameter Set point
Degree of subcooling and superheat Subcooling: 2 °C, Superheat: 0.5 °C
Evaporator inlet and outlet temperature Inlet: 30 °C, Outlet: 27.5 °C
Range of condenser outlet water temperature 55-85 °C
Condenser inlet and outlet water temperature difference 5°C
Refrigerant approach temperature 1°C
Isentropic efficiency of compressor 85 %
Pressure loss during compression 1%
Total refrigerant flow rate 30 kg/s
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(a) Pressure-enthalpy diagram of high-cycle heat pump (b) Schematic of high-cycle heat pump

Fig. 8. Pressure-enthalpy diagram and schematic of high-cycle heat pump.

Table 6

Validation results of the heating coefficient of performance.
Condenser in, outlet water temperature range Heating coefficient of performance Error

Liu et al. Simulation results

80-85 3.80 3.842 1.1%
75-80 4.25 4.255 0.1 %
70-75 4.70 4.725 0.5 %
65-70 5.25 5.277 0.5 %
60-65 5.90 5.944 0.7 %
55-60 6.75 6.777 0.4 %
50-55 7.75 7.854 1.3%

The heating COP was finally derived, as shown in Eq. (15), and the maximum error was within 2 % because of the comparison with
the simulation results proposed by Liu et al., as shown in Table 6. The COP values were roughly confirmed in the COP change chart
according to the HW temperature.

cop,,, = Seoncnr as)

Weomp. Hecnp

Liu et al. had confirmed the COP until the condenser outlet water temperature reached 90 °C using simulation logic. However, the
validation was performed only up to 70 °C; thus, further development of the logic is needed. Liu’s simulation logic had the following
problems: (1) Motor efficiency was not considered; (2) There was no change in compressor efficiency according to PR. In the
experimental paper conducted by Liu et al., the motor remained insulated. This indicates that the motor was cooled by the refrigerant,
and the condenser load increased. Therefore, the motor efficiency was assumed to be 95 %, and the heat loss was 5 % of the condenser
load. The compressor work and condenser load of HCHP were modified as depicted in Egs. (16) and (17). The isentropic efficiency
according to the PR was demonstrated, as shown in Table 7 [11].

W\ _siage.sicep + Wa—giage Heup

€Jfmotor X effismlropi(‘

16)

Wcomp,HCHP =

Ocona Hicrp = Mref sora X (hs — he) + Weomp ricrp %0.05 a7)

In conclusion, the improved heating and cooling COPs were calculated in Egs. (15) and (18), and the evaporator load using the
cooling cop was confirmed in Eq. (19).

COP oy = COPpeqr—1 (18)

Qevap = COP o010 X Weomp ricp (19)

Table 7
The isentropic efficiency according to the pressure ratio of compressor.
Pressure ratio Isentropic efficiency
1.3 79 %
1.6 80 %
1.9 79 %
2.2 78 %
2.5 76 %
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In this study, 86 °C HW1 was supplied from HCHP and used for the air heating of OAC, and the HW1 temperature returned to the
condenser varied. At this time, the temperature of CW1 supplied to the HCHP was assumed to be five cases as shown in Fig. 5. As the
temperature of the LCHP leaving CW1 increased, the PR of HCHP decreased, and the COP of HCHP improved. However, this increase in
temperature reduced the performance of LCHP. Therefore, it was necessary to confirm how the temperature of the evaporator leaving
CW1 affects the overall performance of CCHPS.

3.2.2. Low-cycle heat pump: centrifugal chiller

LCHP is assumed to be a centrifugal chiller using R-123 installed at Samsung Electronics. Of course, R-123 refrigerant is classified as
non-ecological refrigerant due to high Global warming potential. However, in this study, the decision was made to consist a CAHPS
using the originally installed R-123 chiller, and therefore, the option of using a chiller with a new refrigerant was not considered. The
temperature of the CHW produced by the chiller is fixed at 12 °C. However, the temperature of the CW changes seasonally or is set to a
high temperature for waste heat recovery. Therefore, a simulation logic that can predict the COP of a chiller based on the CW tem-
perature is needed.

In Section 3.2.1, it is assumed that the CW1 flowing into the evaporator of HCHP is five cases. At this time, the lower the tem-
perature of the CW1, the lower the PR of the LCHP, resulting in better performance for the LCHP. The reason why the maximum
temperature of CW1 that can exit the chiller condenser is 39 °C, is as follows. Various equipment interlocks are set in the chiller to
protect the equipment. In the condenser, the chiller is set to be off when the refrigerant pressure is 204.3 kPa to prevent excessive
refrigerant pressure rise. Reflecting the safety factor of 20 % based on the refrigerant pressure of 204.3 kPa, it becomes 163.44 kPa, and
the temperature of the refrigerant at this time is about 41.7 °C. In this study, the refrigerant approach temperature of the LCHP was
assumed as 2 °C, and accordingly, when the condenser refrigerant temperature is 41 °C, the temperature of the CW1 that can be
discharged from the condenser is 39 °C.
3.2.2.1. Theoretical performance calculation logic. For performance prediction, a theoretical simulation model was proposed by using
operating data of the chiller operated at the Samsung Electronics. The pressure-enthalpy diagram for the chiller is depicted in Fig. 9.

Assumably, the inlet and outlet temperature difference of CW and CHW flowing through the condenser and evaporator was 5 °C.
Therefore, CHW of 17 °C flows into the evaporator and is cooled to 12 °C, and CW enters the condenser and is heated by 5 °C. The
variables used in the theoretical simulation logic can be checked in Table 8.

The temperature of the refrigerant in the condenser and evaporator were found using Egs. (5) and (6). Evaporator load was
expressed in Eq. (20) as the CHW cooling load. In this study, specific heat at constant pressure of water is assumed to be 4.19 kJ/kg°C.

Qevap,LcHP = McHW X Cpovater X (TCHW,in - TCHW.our) = Hyef evap X (M1 — ho) (20)

The flow rate of the refrigerant flowing through the evaporator can be determine through Eq. (20), and the flow rate of the
refrigerant flowing through the condenser could be known using Eq. (8). LCHP compressor work could be known as the sum of one-
stage and two-stage compressor works. Refrigerant pressure of points 2, 2/, and 5’ on Fig. 9(a) are calculated by using Egs. (7), (10) and
(11). Assuming an isentropic compression, the enthalpy of points 2’ and 5' can be known, and the work of the one, two-stage com-
pressors can be calculated using Egs. (21) and (22). Finally, LCHP compressor work was calculated using Eq. (23).

Wl—smge.LCHP = mrcf[,evap X (hz - hl) (21)
WZ—smge,LCHP = mn{f,mm[ X (hs - h4) (22)
Wmml,,Lcyp _ Wl —stage, LCHP + WZ—smge.LCHP (23)

eﬁcmumr X eﬁ;ﬂ\'emmpic

Cooling COP and heating COP were confirmed using Egs. (24) and (25). Condenser load of LCHP is calculated using Eq. (26) using
heating COP.

Low-cycle heat pump
(R-123)
5 Cases 5
6 (39, 38,37, 36,35 °C) o> Condenser
o
Subcooling 2 °C o 6 5
Expansion
° . 2 Two-stage
; 3 Two-stage cycle H 7 valve2 5 r Impeller
]
o 7 Intermediate 3 4 /2 8 Intermediate 2
1 Expansion One-stage
One-stage cycle valvel 1 Impeller
9 /<—> Superheat 1 °C 9
]
17¢°C Evaporator
Enthalpy
(a) Pressure-enthalpy diagram of low-cycle heat pump (b) Schematic of low-cycle heat pump

Fig. 9. Pressure-enthalpy diagram and schematic of the low-cycle heat pump.
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Table 8
Parameters for low-cycle heat pump system simulation.
Parameter Set point
Subcooling and superheat Subcooling: 2 °C, Superheat: 1 °C
Evaporator inlet, outlet temperature Inlet: 17 °C, Outlet: 12 °C
Range of condenser outlet water temperature 35-39 °C
Condenser inlet, outlet water temperature difference 5°C
Refrigerant approach temperature 2°C
Pressure loss during compression 1%
COPCU{,[ — Qevap.L(,HP (24)
Weomp Lcup
COPjeqs = COP o1 +1 (25)
Qcond.rcrp = COPhear X Weomp Lcrp (26)

In this study, as mentioned above, the temperature of CHW supplied by the evaporator is fixed at 12 °C, and the temperature of CW can
be changed. When the CW temperature varies, the PR of compressor changes, and the isentropic efficiency changes in response to the
PR change. The isentropic efficiency according to PR was confirmed in the next section using actual chiller operation data.

3.2.2.2. Validation of isentropic efficiency according to compression ratio of chiller. For isentropic efficiency calculation, the chiller
installed in Samsung Electronics was referred to, and the specifications of chiller are shown in Table 9.

Among the total 8760 h data, data were selected based on the following criteria: (1) The refrigerant approach temperature of the
condenser and evaporator is less than 2 °C; (2) The flow measurement range of CHW is 600-800 m® /hr. As a result of data reduction,
only 1520 h of operation data was confirmed. Detailed operating data could be found in Appendix 1.

The compressor power consumption and cooling COP were confirmed using the operation data. Compressor power consumption
could be found in Appendix 1, and cooling load was calculated via Eq. (27).

Qevap.data = Mcuw X Cpyater X (TCHW,[n - TCHW,ouI) 27)

The flow rate of CHW was confirmed using the differential pressure of CHW. As shown in Table 10, the chiller manufacturer
provides the flow rate of CHW corresponding to the three differential pressure values, and the correlation between differential pressure
and flow rate was confirmed through regression analysis using the three values.

Eq. (28) represents the correlation between the differential pressure and flow rate of cold water, where R? is 1.

Venw = (— 247.09 x DP*+1, 124 x DP+148.9) X p, .., + 3,600 sec (28)

Next, all operation data were substituted into the parameters of the theoretical simulation logic in section 3.2.2.1. Subsequently,
the isentropic efficiency was confirmed when the compressor work calculated through theoretical simulation logic the compressor
work calculated with operating data were the same. The calculated isentropic efficiency is shown in Fig. 10, and isentropic efficiency
varied with the PR changes. Among the heat pump research cases, Jankovic et al. also used isentropic efficiency calculation logic
according to PR [26]. Therefore, PR was calculated using the refrigerant pressure of the condenser and evaporator of the operation
data used in this study, and then the correlation between the calculated isentropic efficiency and PR was analyzed by regression, as
shown in Fig. 10.

As a result of regression analysis, R? was confirmed as 0.9898, and isentropic efficiency could be calculated differently according to
PR using Eq. (29).

effisenropic= —0.1423 X PR’ +0.8373 x PR*++0.965 (29)

To verify the consistency of the isentropic efficiency, Eq. (29) was used as the efficiency in Eq. (23) in Section 3.2.2.1, and the result
of calculating W omp 1cup Using operation data is shown in Fig. 11. When compared with the power calculated using operation data, the
error within +10 % was satisfied under the condition of operation data of 1520 h.

Finally, the isentropic efficiency formula using PR as a variable was substituted into Eq. (23) to calculate the LCHP compressor
work.

Table 9

Specifications of the centrifugal chiller installed in Samsung Electronics.
Specification Value
Refrigerant R 123
Capacity 1700 usRT
Flow rate of cooling water 1193.78 m® /hr
Flow rate of chilled water 1027.73 m® /hr
Voltage 6600 V
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Table 10
Chilled water flow rate information according to the differential pressure.
Differential pressure of chilled water Flow rate of chilled water
1.76 kgf/cm? 1361.30 m®/hr
1.00 kgf/cm? 1027.73 m®/hr
0.03 kgf /cm? 185.64 m®/hr
0.8

0.7 y =-0.1423x%+ 0.8373x2 - 1.3205x + 0.965

R2 = 0.9898 y/
06 o 4

o

Isentropic efficiency [ - ]
f=1
-

0.3
0.2
0.1
0

0 0.5 1 1.5 2 25 3

Pressure ratio [ - |

Fig. 10. Correlation between the pressure ratio and isentropic efficiency.
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Fig. 11. Validation of theoretical calculation for low-cycle heat pump compressor work.
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3.2.3. Heat recovery chiller

In a typical chiller, CHW at 17 °C is cooled to 12 °C in an evaporator. Simultaneously, waste heat is transferred to the CW in a
condenser, and finally, the heat is radiated to the outdoor air at a cooling tower. However, the HRC uses the CW2 from the condenser as
a heat source instead of directly transferring it to the cooling tower. In the air-conditioning system at Samsung Electronics, waste heat
generated from the HRC is reused as a heat source for H/C1. Therefore, even when CCHPS is applied as a heat source of OAC, the heat
source of H/C1 uses CW, which is the waste heat from HRC. The HRC is the same equipment as the chiller; however, it maintains a
higher CW temperature leaving the condenser. As shown in Fig. 12, HRC receives CW from the cooling tower, but unlike the chiller, the
CW2 leaving the condenser transfers waste heat to the HW3 that circulates H/C1.

In addition, to satisfy the design condition of 24 °C of HW3 circulating through H/C1, in this study, the CW2 temperature leaving
the HRC condenser was maintained at a minimum of 28 °C. When the condenser entering temperature of CW of HRC is 23 °C or higher,
itis assumed that the temperature rises by 5 °C and exits the condenser at 28 °C or higher. When the temperature of condenser entering
CW is below 23 °C, the CW flow rate flowing through the condenser should be reduced to maintain the outlet CW2 temperature high.

HRC and LCHP are essentially the same facility; thus, the performance prediction of HRC was calculated in the same process as
LCHP by referring to section 3.2.2.

3.2.4. Heat exchanger and pump

The HW1 supplied by the HCHP heat exchanges with antifreeze solution circulating in PH/C, and HW2 circulating in H/C2 and RH/
C through plate heat exchangers A and B, respectively. The coil inlet temperature of the antifreeze solution and HW2 is 80 °C, and the
flow rate and coil outlet temperature according to outdoor air conditions can be known through TRNSYS. At this time, the heat-
exchanger efficiency is assumed as 75 %, and the flow rate and temperature of HW1 to be supplied from the HCHP after heat ex-
change can be calculated using the effective method. In the heat exchangers A and B, the cold side contains the antifreeze solution and
HW?2, respectively, and the hot side contains HW1. Q. is the actual heat transfer rate, and Qmqy is the theoretical maximum heat
transfer rate. The heat exchange process was calculated using the formula below:

Oreat =€ X Opax =€ X Gy X (Thjn - szin) (30)
Cin = Minimum value of C, (cp,( X m[) andC,, (Cp‘r, X mh) (31)
Oreal =1y X Cpn X (Tlu'n - Th,om) =n, X Cpe X (Tc.out - Tc,in) (32)

In this study, Cmin can be confirmed by referring to Eq. (31), and it is assumed that Cp, the heat capacity rate of the HW1 supplied from
the heat pump, becomes Cp,;;. Therefore, for Cy, to have a value below C, throughout the year, the minimum HW1 temperature supplied
by the heat pump is calculated as 86 °C. In the same way as above, it was possible to assume that the lowest temperature of CW2
supplied from HRC was 28 °C, and the temperature of CW2 that heat exchanged with HW3 circulating H/C1 could be known.

If the flow rate of the fluid circulating through HCHP, LCHP, and HRC is known, the power consumption of the pump can be
calculated. The head of the pump was determined, as shown in Table 11, by referring to the chiller system installed in Samsung
Electronics.

Pump efficiency was assumed as 80 %, and the power consumption of the pump can be calculated using Eq. (33).

Mg X head[m]

Woimp = 33
pum 102 X Epnp (33)

3.3. Theoretical modelling for steam boiler system

The OAC installed in Samsung Electronics uses the steam produced by the boiler. In this study, a steam boiler system was selected as
a reference system to compare the energy consumption. In the OAC system using a boiler, the antifreeze solution and HW2 use the
steam as a heat source.

3.3.1. Fuel consumption

Boiler burns natural gas to produce steam; thus, it is important to calculate natural gas consumption. Boiler system can be rep-
resented as Fig. 6.

The boiler is the water-tubbed-type and consists of a fan, feed-water pump, main body, and economizer. Feed water temperature
and pump as well as fan specifications were assumed by referring to the actual boiler system, as shown in Table 12.

Efficiency of boiler was assumed as 95 %, and steam production per 1 Nm® of natural gas was calculated using the direct method
[27] as follows:

Table 11

Pump heads according to the different types of water.
Equipment HCHP, LCHP, HRC, Typical chiller
Type of water Hot waterl Cooling waterl, 2 Chilled water
Head of pump (m) 45 30 45
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Table 12
Specification of the boiler system.
Specification Value
Boiler efficiency 95 %
Feed water temperature 85°C
Steam evaporation 10 ton/hr
Steam pressure 686.5 kPa (=7 kg/cm?)
Dryness 0.98
Pump efficiency 51.9 %
Fan efficiency 52.3 %
Feed water pump head 119 m
Static pressure of fan 380 mmAq (3.73 kPa)

Heat output ~ Heat output

effpoiter = = 34

ﬁbl"lf’ Heat input LHme«ral gas ( )
Heat output =8 X (Rean — Mpeed warer) (35)
Nsteam = Nsaturated water + Aryness X Miaen stcam (36)

where LHV qural g05 is the low heating value of natural gas: 9190 kcal/Nm® [29], and Rfeed water is the enthalpy of the feed water (=85
kcal/kg) at 85 °C, and S [kg/Nm?®] is the steam evaporation per 1 Nm® of fuel, and hurated water i the enthalpy of saturated water
(=171.21 kcal/kg) at a pressure of 686.5 kPa and higent siear iS the latent heat enthalpy of steam (=489.73 kcal/kg) at a pressure of
686.5 kPa.

As a result of the calculation, the boiler can produce 15.42 kg of steam per 1 Nm® of natural gas, and the steam is used after being
reduced to 196.1 kPa at the place of use. Steam uses latent heat for heat exchange; thus, it has a heat quantity of 2201.6 kJ/kg based on
a pressure of 196.1 kPa [28]. The required amount of steam can be calculated using Eq. (37). After checking the amount of steam, the
amount of natural gas used for combustion can be calculated through Eq. (38) using 15.42 kg/Nm® calculated in Eq. (35).

msrazm = thmiuk X 3> 600 [SEC] - 27 2016[k‘l / kg] (37)
Voatural gas — msleam+s (38)

3.3.2. Fan and pump

For boiler combustion and steam production, it is important to supply air required for the combustion process and feed water
required for steam production. Specification related to fan and pump can be found in Table 6. Feed water supply is assumed equal to
steam evaporation, and power consumption of pump can be calculated through Eq. (33). The theoretical air volume required for
combustion can be calculated by multiplying the theoretical air fuel ratio by the natural gas flow rate, and the theoretical air fuel ratio
can be calculated through Eq. (39) [27]. Finally, the air flow rate and power consumption of the fan can be calculated using Egs. (40)
and (41).

Theoretical air fuel ratio=2.68 x 4.186[kJ / kcal ® kg] X LHV,uural gas < 10,000 (39)
Veombusiion air = Theoretical air fuel ratio X Vyaurar gas (40)

Veombustion air % Static pressure loss [kpa]

Wian poiter = "
Jan boil 3,600[sec] X & siatic “

3.4. Total energy consumption of heating equipment for outdoor air-conditioner

3.4.1. Energy consumption calculation logic

CCHPS uses 100 % electricity to produce HW1, and the boiler system mainly burns natural gas to produce steam. Therefore, a
different approach is needed when estimating the total energy consumption of the two systems.

In CCHPS, LCHP has the advantage of producing CHW while supplying high-temperature CW1 to HCHP. Therefore, the power
consumption of the typical chiller can be reduced, while CCHPS supplies HW1. However, based on the same CHW supply, the LCHP
operates inefficiently and consumes more power than a typical chiller. This is because the LCHP has a higher condenser refrigerant
pressure than a typical chiller to provide high-temperature CW. Similarly, HRC also produces CHW while supplying heat to H/C1 and
operates less efficiently than a typical chiller when the condenser inlet CW temperature is below 23 °C. In conclusion, it is confirmed
that the power of LCHP and HRC reflects only the additional power consumption caused by operating less efficiently than a typical
chiller for the same CHW supply.

Therefore, the power consumed when the typical chiller produces as much as the CHW produced by LCHP and HRC must be re-
flected as power saving. At this time, the operation of the cooling tower and CW pump required for CW cooling in a typical chiller
system is also unnecessary, and it must be reflected in the amount of power saving. The power consumption of typical chiller, cooling
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tower, and CW pump is detailed in Section 3.4.3. The total energy consumption of the heating equipment for OAC with CCHPS and
HRC can be calculated using Egs. (42) and (43).

Z Woac,ccrps= Z Wrcrp+ Z Weenpr+ Z Wpump.ccups+ Z Wrire+ Z W pump,HRC+ Z Weooling tower,HRC — Z Wiaving (42)

Z Wiaving= Z Wenitter+ Z Weooling tower+ Z Wew pump+ Z Wenw pump (43)

The heating system COP can be calculated using Eq. (44), and it can be seen as a heating COP considering the sum of facility power
used for heating. Heating system COP can be calculated separately from CCHPS and HRC, and various cases can be considered
depending on whether power saving is reflected or not.

COPruassysom = Qcond.ticp + Qcond HrRC (44)
>~ Wouc.ccnrs

The total energy of the heating equipment for the OAC with the boiler needs to consider the amount of natural gas used for
combustion and the power energy required for fan and pump operation. There is no side effect such as CHW production by boiler
operation; thus, there is no need to consider power saving. However, HRC supplying heat to H/C1 does not change; hence, power
saving is considered as Eq. (43). The total energy of the heating facility for the OAC with the boiler applied can be expressed as Egs.
(45)-(47).

Z WOAC.Boik'r: ZWelccrrici[v.Boiler"’_ ZQnmuml gas,Boiler (45)
Z Welectricity, Boitler= ZWfan.BoilerJr ZWpump.Boiler+ ZWHR6+ Zmep,chJr ZWmoiiug tower,HRC = ZW:m'ing (46)
Z Qnamml gas,Boiler = Zvuamral gas X LHVnmuml gas - 860 [del / kW] (47)

OAC with CCHPS is supplied with heat from the heating equipment using 100 % electrical energy. However, the boiler uses both
electric and gas energies. Therefore, it is necessary to convert these to the primary energy for equal comparison. Finally, the primary
energy consumed by the heating equipment of the OAC system with CCHPS and boiler can be expressed using Egs. (48) and (49),
respectively.

Z EOAC,CCH[’S: ZW()AC,CCHPS x2.75 (48)

Z Eouc poiter= ZWelecm'cirv x2.75 + ZQnuruml cas X 1.1 (49)

where 2.75 is the primary energy conversion factor for electricity, and 1.1 is the primary energy conversion factor for natural gas in
South Korea [30].

3.4.2. Carbon dioxide emission calculation logic

Heating equipment applied to OAC generates heat by using electricity or burning natural gas. At this time, carbon dioxide is emitted
by the electricity and natural gas used. In this study, the amount of carbon dioxide emissions was calculated using the carbon emission
factor of South Korea in the following manner [31]:

3 €= Y Wotcericn X0474TkgCO, / kWAt Visrat qas ¥ 2.41kgCO, / m (50)

where 0.4747 is the carbon dioxide emission factor for electricity, and 2.41 is the emission factor for natural gas of South Korea. In this
study, only carbon dioxide emissions from electricity and natural gas usage were taken into account, while emissions from refrigerant
leaks and gas leaks were not included.

3.4.3. Typical chiller system

LCHP and HRC consume more electricity than typical chillers because they need to supply high-temperature CW. Supplying high-
temperature CW means that the refrigerant temperature of condenser rise, resulting in an increase in PR. Therefore, it is necessary to
calculate the operating power of a typical chiller based on the production of the same CHW to determine how much additional power is
consumed due to inefficient operation of the LCHP and HRC. The temperatures of inlet and outlet CHWs of a typical chiller are 17 °C
and 12 °C, respectively, and the temperature difference between the inlet and outlet CW flowing through the condenser is 5 °C.
However, if the temperature of inlet CW is below 13 °C, the temperature of outlet CW should be at least 18 °C. The oil circulation

Table 13
Temperature of the water leaving condenser.

Classification of chillers according to the purpose of use

Low-cycle heat pump (Cooling waterl) Heat recovery chiller (Cooling water2) Typical chiller (Cooling water)

Temperature [°C] 35, 36, 37, 38, 39 (5 Cases) 28~39 18~39
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system of the chiller installed in Samsung Electronics can operate stably when the difference in refrigerant pressure between the
condenser and the evaporator exceeds 20.7 kPa. Therefore, considering the safety factor of 20 %, the minimum refrigerant pressure
difference between the condenser and the evaporator should be about 25 kPa. As the approach temperature is assumed as 2 °C in
Section 3.2.2, when producing 12 °C CHW, the refrigerant temperature and pressure in the evaporator are 10 °C and are 50.65 kPa,
respectively. At this time, when the condenser refrigerant temperature is 20 °C, the refrigerant pressure becomes 75.71 kPa, and it is
possible to secure a differential pressure of 25 kPa. When the approach temperature is 2 °C, the condenser refrigerant temperature
becomes 20 °C, and the temperature of condenser leaving CW is 18 °C. In conclusion, when the condenser inlet CW is lower than 13 °C,
the outlet CW temperature is assumed as 18 °C unconditionally. LCHP, HRC, and a typical chiller are the same equipment in terms of
producing CHW; however, in this study, they are classified differently according to the temperature of CW leaving condenser, as shown
in Table 13. The COP of a typical chiller can be calculated by referring to Section 3.2.2.

Knowing the power consumption of a typical chiller, LCHP, and HRC based on producing the same CHW, it is possible to calculate
the additional power consumption resulting from inefficient operation of the LCHP and HRC. In addition, it is necessary to check the
operating power of the cooling tower, CW pump, and CHW pump used by the typical chiller system. This is because when LCHP and
HRC produce CHW, the operating load of the typical chiller is reduced, and the operating load of the cooling tower, CW pump, and
CHW pump is also reduced. The specifications of the cooling tower installed in Samsung Electronics are shown in Table 14 [1], and the
power consumption of the CW pump, CHW pump, and cooling tower fan can be calculated using Egs. (33), (51) and (52). The head
values of the CW pump and CHW pump are presented in Table 11.

Maircooling 1ower = Nicw <+ 1.27 1)

Mair,cooling tower X Static pressure loss[kpa) 52)

Wian,Cooling tower =
Pa,-, X gfan.smn‘c

4. Results and discussion

4.1. Annual heating load of outdoor air-conditioner

The annual heating load of an OAC with a 2000 m® /min fan was calculated through TRNSYS. As a result of checking the annual air-
heating load for each heating coil, RH/C load was the least, followed by PH/C, H/C2, and H/C1 sequentially. RH/C has the least load
among heating coils and is mainly used in summer. PH/C is used to raise the air temperature below 0 °C to prevent OAC coil from
freezing. Since it is used only during the winter season, it belongs to the low-load side among OAC heating coils. Lastly, the loads of H/
C2 and H/C1 are the highest, and as the outdoor temperature/humidity increases, the load of H/C2 decreases compared to that of H/
C1. The heating load of each coil is shown in Fig. 13.

The sum of the heating loads using HW2 and antifreeze solution is 45.8 % of the annual total heating load, and the H/C1 load using
HWS3 is 54.2 % of the total heating load. Currently, the OAC uses steam to heat HW2, and HW3 uses CW2 from HRC as a heat source.
Therefore, even when CCHPS is applied to OAC, it is reasonable to use CW2 as a heat source for HW3 heating. The return temperatures
of the antifreeze solution, HW2 and HW3 circulating through each coil can be seen in Fig. 14.

In this study, cleanroom heating energy with an OAC of 20,000 m® /min was analyzed, and the total heating load was 35,625,222
kWh. Among the total loads, the heating load of H/C1 is 19,318,824 kWh, and the heating load of the rest of the heating coil is
16,306,398 kWh.

4.2. Annual energy consumption of the cascade heat pump system and heat recovery chiller

4.2.1. Energy performance of cascade heat pump system and heat recovery chiller

The COP of HCHP and LCHP depends on the CW1 temperature from the LCHP condenser. Fig. 15(a) shows that the COP of LCHP
decreases with higher CW1 temperature, while the COP of HCHP increases. Using the heat-pump COP, the annual condenser and
evaporator loads of each heat pump can be calculated, as shown in Fig. 15(b). The condenser load of the HCHP heat pump is
determined by the heating load of the OAC and remains constant regardless of the CW1 temperature. Based on Fig. 15(b), the
evaporator load of the HCHP decreases with the decreasing CW1 temperature, while the evaporator load of LCHP increases until CW1
temperature reaches 37 °C and then starts decreasing from 36 °C.

In other words, the optimal CW1 temperature for producing the maximum CHW at 12 °C while supplying 86 °C HW1 to the OAC is
37 °C. These results can be explained using the COP of HCHP and LCHP. The evaporator load of LCHP, as described by Eq. (57), is
influenced by the ratio of the COP of HCHP and LCHP.

COP cool
COP, ratio — 53
I COP heat ( )
chmd.HCHP
Weom = 54
PHCH ™ COPhearicrp 4
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Table 14
Specifications of the cooling tower.
Cooling tower Liquid-to-gas ratio 1.27
Static pressure loss 18.62 mmAgq (0.18 kPa)
Static pressure efficiency 47.75 %
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Fig. 13. Annual heating loads of heating coils on outdoor air-conditioner.
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Fig. 14. Return temperature of antifreeze solution and hot water.
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38°C 3.856 2.856 6.676 5.676 38°C 16,306,398 12,077,561 12,077,561 10,268,459
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Fig. 15. The impact of cooling water temperature on heat pump performance.

Table 15
Ratio of the coefficient of performance.
Cooling waterl temperature COPraiio HcHP COPratio LcHP COPrqtio Hichp % COPratio 1cHP
39°C 0.746 0.841 0.6270
38°C 0.741 0.850 0.6297
37°C 0.736 0.857 0.6308
36 °C 0.731 0.863 0.6306
35°C 0.726 0.867 0.6294

17



T.-D. Kwon et al. Case Studies in Thermal Engineering 52 (2023) 103745

Qevap.HCHP = COP o0 HicHP X Weomp.acup = COP,giio rictp X Qcona,icrp = Qcond.LcHP (55)
W, _ chnd,LCHP _ Qevap.HCHP _ COPrario,HCHP X chnd.HCHP (56)
‘comp.LCHP = = =
COPpearicip COPjearichp COPeatLcHP
Qevap,cip = COP oot 1ctip X Weomprciip = COPrasio icip X COP asig ctip X Qcond ticup (57)

Table 15 shows the ratio of the COP of HCHP and LCHP, and the value obtained by multiplying the ratio of the COP of HCHP and
LCHP is the highest at 37 °C. Therefore, the largest LCHP evaporator load can be obtained when the CW1 temperature is 37 °C.

In addition, because of examining the power consumption of CCHPS according to the CW1 temperature, as shown in Fig. 16, the
power consumption of CCHPS is the lowest when the CW1 temperature is 37 °C.

The power consumption of CCHPS is influenced by the compressor work of LCHP and HCHP, which can be analyzed using COP, as
described in Egs. (54) and (56). The compressor work of HCHP increases with the decreasing CW1 temperature due to the higher
reciprocal value of the heating COP. Conversely, the compressor work of LCHP decreases as the CW1 temperature decreases because
the value obtained by multiplying the ratio of COP of HCHP and the reciprocal of the heating COP of LCHP decreases. Refer to Table 16
for the COP values used to calculate the compressor work.

As the CW1 temperature decreases, the reduction rate of the LCHP compressor work is higher than the increase rate of the HCHP
compressor work until 37 °C, and the opposite trend occurs from 36 °C. Therefore, the lowest sum of compressor work for the LCHP
and HCHP is achieved when the CW1 temperature is set at 37 °C. Although there was a change in pump power consumption, it had a
negligible impact due to its significantly lower proportion compared to the compressor. The annual COP of HRC is shown in Fig. 17.
The HW3 circulating through H/C1 is maintained at 24 °C by exchanging heat with outlet CW2, which is at least 28 °C from the HCR
condenser. The temperature of the inlet CW from the cooling tower and the outlet CW2 from the HCR condenser can be observed
throughout the year in Fig. 17. Consequently, the annual condenser load is 35,367,265 kW, and the evaporator load is 31,164,273 kW.
The annual power consumption of HRC can be classified by facility, as shown in Fig. 16, and the total power consumption is 5,425,160
kWh.

Consequently, at a CW1 temperature of 37 °C, the CCHPS power consumption reached its lowest point at 6,659,417 kWh, resulting
in a system COP of 2.45 for handling the heating load of PH/C, H/C2, and RH/C. The HRC system achieved a COP of 3.56 for handling
the heating load of H/C1. The total system COP of CCHPS and HRC combined was measured at 2.95.
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# CW Pump 213,344 211,947 210,554 209,151 207,737 238,824
“ HW1 Pump 157,383 157,383 157,383 157,383 157,383 0
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Fig. 16. Cascade heat pump system power consumption according to cooling waterl temperature and heat recovery chiller power consumption.
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Table 16

Coefficient of performance values for compressor work calculation.

Case Studies in Thermal Engineering 52 (2023) 103745

Cooling waterl temperature 1/COPheqt Hicp COPratio sicup % (1/COPheqt LcHp)
39°C 0.254 0.119
38°C 0.259 0.111
37°C 0.264 0.105
36 °C 0.269 0.100
35°C 0.274 0.097
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Fig. 17. The coefficient of performance and cooling water2 temperature of heat recovery chiller.

©Cooling COP 0Tnlet CW 0 Outlet CW |

Cooling COP [ -]

0 1000 2000

3000 4000

Time [ hour |

5000 6000 7000 8000

‘Temperature [ °C |

Fig. 18. The coefficient of performance and cooling water temperature of a typical chiller.

4.2.2. Total energy consumption of cascade heat pump system and heat recovery chiller

As CCHPS and HRC supply HW1 and CW2 to OAC and simultaneously produce CHW for FAB, it is possible to reduce CHW pro-
duction of typical chillers. Since the reduced operation of a typical chiller leads to power saving, it is necessary to check the amount of
power that can be saved when the typical chiller does not produce as much as the amount of CHW produced by CCHPS and HCR. The
CHW production of CCHPS and HRC is equal to the evaporator load of LCHP and HRC. The year-round COP and CW temperature of a

5,000,000

4,000,000

3,000,000

2,000,000

Annual power consumption [KWh]

1,000,000

m Cooling Tower

# CHW pump

i CW Pump
Compressor
Total

5,108,694

1,716,065

Typical chiller Typical chiller
(LCHP CHW) (HRC CHW)
121,502 374,477
270,752 820,343
178,022 548,673
1,145,790 3,365,202
1,716,065 5,108,694

Fig. 19. The power savings of a typical chiller system.
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Table 17
Heating system coefficient of performance comparison according to the cascade heat pump system combination.
Power CCHPS CCHPS-Saving CCHPS + HRC CCHPS + HRC-Saving
Heating system 2.45 (100 %) 3.30 (135 %) 2.95 (100 %) 6.77 (230 %)
COP [-]
Consumption [MWh] 6659 6659 12,085 12,085
Saving [MWh] 1716 6825
Total [MWh] 6659 (100 %) 4943 (74 %) 12,085 (100 %) 5260 (44 %)

typical chiller are shown in Fig. 18, and the power of the general chiller system reduced due to CHW produced from LCHP and HRC are
shown in Fig. 19.

The annual electricity consumed by CCHPS and HRC is 12,084,577 kWh; however, the amount of electricity saved by a typical
chiller is 6,824,759 kWh, which is confirmed as a significant amount. The heating system COP before and after reflecting the power
saved by CHW production is confirmed, as shown in Table 17.

When looking at CCHPS alone, there is a 26 % difference in energy consumption before and after the power saving is reflected, and
the heating system COP reflecting saving appears to increase by 35 %. When checking heating system COP in OAC unit with CCHPS,
the increase rate was larger, and when power saving was reflected, it was found to increase by 130 %. This is because the total power
consumption of HRC was 5,425,160 kWh, while the power saving reached 5,108,694 kWh; thus, the total power consumption was only
316,466 kWh.

4.3. Comparison of energy usage between boiler system and cascade heat pump system

A boiler with a thermal efficiency of 95 % can produce 15.42 kg of steam per 1 m® of natural gas. Throughout the year, the OAC
utilizes 26,664 tons of steam for air heating at a rate of 20,000 m® /min. This corresponds to a natural gas consumption of 1,729,170 m3.
Additionally, the combustion air supply fan consumes 35,250 kWh of electricity, and the feed water pump consumes 16,649 kWh of
electricity.

Even when a boiler system is applied as the heating equipment to OAC, H/C1 uses 28 °C CW2 from HRC as a heat source; hence, the
power consumption of HRC system must be reflected in the energy consumed for annual OAC air heating. Therefore, the total energy
consumed for air heating by OAC, which uses a boiler as the heating equipment, is the sum of 1,729,170 m® of natural gas and
5,477,059 kWh of electricity. When accounting for the power savings generated by the CHW produced by HRC, the total energy
consumption becomes 1,729,170 m® of natural gas and 368,365 kWh of electricity.

To determine the suitability of CCHPS compared to existing boiler systems, a comparison of primary energy consumption and
carbon dioxide emissions is necessary, as these systems employ different utilities. The results indicate that in all cases, the combination
of heating equipment with CCHPS offers more advantages compared to the combination of heating equipment with a boiler. The
primary energy comparison is shown in Table 18, with the primary energy consumption by CCHPS based on the CW1 temperature from
the LCHP condenser at 37 °C.

When comparing only the energy consumed by the CCHPS and the boiler system, CCHPS consumes 11 % less energy. In addition,
when considering CHW produced by CCHPS as an energy saving factor, it consumes 34 % less energy. To compare the total energy
consumption of the heating equipment applied to OAC, (1) CCHPS and HRC, and (2) boiler and HRC energy consumption were
compared. When comparing before and after reflecting the CHW produced from CCHPS and HRC as a saving factor, differences of 6 %
and 32 % occurred, respectively. As a result of the above, the heating system that uses the heat source of the heat pump for cooling can
have a great effect. A greater effect in terms of carbon dioxide emissions was also observed in the comparison, with results depicted in
Table 19.

As with primary energy consumption, carbon dioxide emissions exhibited the same trend. It is advantageous to use CCHPS as a
heating equipment option, whether or not the power-saving capabilities of a typical chiller system are considered. When comparing
CCHPS with the boiler alone, a carbon emission reduction effect of 25 % was observed before considering power savings and 44 % after
accounting for power savings. In addition, CCHPS and HRC emit 15 % less carbon emissions than boilers and HRC, and when power
saving is reflected, a 42 % carbon emission reduction effect occurs.

In conclusion, when comparing CCHPS and boiler alone, CCHPS is advantageous. In addition, unlike general building heating, a

Table 18
Comparison of primary energy consumption between the cascade heat pump system and the boiler system.
Primary energy Comparison of CCHPS and Boiler Comparison of energy consumption for heating of OAC with CCHPS and OAC with
boiler
CCHPS CCHPS- Boiler CCHPS + Boiler + HRC CCHPS + HRC- Boiler + HRC-
Saving HRC Saving Saving
Consumption 18,313 18,313 20,469 33,233 35,388 33,233 35,388
[MWh]
Saving [MWh] 4719 18,768 14,049
Total [MWh] 18,313 (89 13,594 (66 20,469 (100 33,233 (94 35,388 (100 14,465 (68 %) 21,339 (100 %)
%) %) %) %) %)
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Table 19

Comparison of carbon dioxide emissions between the cascade heat pump system and the boiler system.
Carbon dioxide Comparison of CCHPS and Boiler Comparison of energy consumption for heating of OAC with CCHPS and OAC with boiler
emissions CCHPS CCHPS Saving  Boiler CCHPS + HRC  Boiler + HRC  CCHPS + HRCSaving  Boiler + HRC-Saving
Emissions [ton] 3162 3162 4192 5737 6767 5737 6767
Saving [ton] 815 3240 2425
Total [ton] 3162 (75 %) 2347 (56 %) 4192 (100 %) 5737 (85 %) 6767 (100 %) 2497 (58 %) 4342 (100 %)

heat pump system can have a greater advantage if there is an effect that can be obtained through a heat source.

5. Conclusion

In this study, the assessment of clean room heating energy consumption was conducted by selecting CCHPS as a heating equipment.
When compared to boilers, CCHPS exhibits advantages in terms of primary energy consumption and carbon emissions. In general
buildings, the use of heat pumps is limited due to constraints on heat source utilization. However, in cases like FAB, where significant
cooling energy consumption occurs concurrently with heating, the energy-saving effect can be achieved by utilizing the heat source for
CHW production. Consequently, CCHPS, with the energy-saving effect incorporated, can achieve a higher heating system COP
compared to before the implementation of energy-saving measures. Additionally, it is not advisable to excessively enhance the per-
formance of either the LCHP or HCHP, as that would not be efficient.

The main findings of this study are as follows:

For a CCHPS system with a typical chiller serving as the LCHP, it is recommended to maintain a CW1 temperature of 37 °C when the
HCHP absorbs heat from the LCHP condenser. Extreme increase or decrease in the CW1 temperature is not recommended to enhance
the performance of either the HCHP or LCHP, as it would not result in energy consumption efficiency improvements for the CCHPS.

By using CCHPS, which obtains heat from a CHW at 17 °C and supplies HW1 at 86 °C, as a heating equipment instead of a boiler,
primary energy consumption and carbon emissions can be reduced by 11 % and 25 %, respectively.

Furthermore, unlike boilers, CCHPS produces CHW while supplying heat. This leads to a reduction in the energy consumption by
the typical chiller system, resulting in energy-saving effects. Comparing CCHPS with energy-saving measures to boilers, CCHPS re-
duces primary energy consumption and carbon emissions by 34 % and 44 %, respectively. The heating system COP of CCHPS, with
energy-saving measures implemented, improves by 35 % from 2.45 to 3.30.

Future studies will involve obtaining actual OAC operation data to analyze differences with TRNSYS-predicted heating loads and
design an appropriate CCHPS system for comparison with the findings of this study.
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