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Abstract: The energy consumption for heating and cooling in the building sector accounts for more
than one-third of total energy used worldwide. In view of that, it is important to develop energy
efficient cooling and heating systems in order to conserve energy in buildings as well as reduce
greenhouse gas emissions. In both commercial and residential buildings, the heat pump has been
adopted as an energy efficient technology for space heating and cooling purposes as compared to
conventional air conditioning systems. However, heat pumps undergo standard testing, rating, and
certification procedures to ascertain their system performance. Essentially, the calorimeter for testing
heat pumps has two test chambers to serve as a heat source and heat sink to control and maintain the
test conditions required to simulate the heat pump indoor and outdoor units, simultaneously. In
air-to-air heat pump units, the conventional calorimeter controls the air temperature and humidity
conditions in each test chamber with separate air handling units consisting of a refrigerator, heater,
humidifier, and supply fan, which results in high energy consumption. In this study, using dynamic
modeling and simulation, a new calorimeter for controlling air conditions in each test chamber is
proposed. The performance analysis based on simulation results showed that the newly proposed
calorimeter predicted at least 43% energy savings with the use of a heat recovery unit and small
refrigerator capacity as compared to the conventional calorimeter that utilized a large refrigerator
capacity for all the weather conditions and load capacities that we investigated.

Keywords: air handling unit; calorimeter; energy consumption; heat pump; heat recovery unit;
test chamber

1. Introduction

In the building sector, the energy consumption for heating and cooling accounts for more than
one-third of the total energy worldwide [1]. Currently, there has been a growing demand for energy
saving technologies in buildings due to the increasing cost of energy as well as the global warming
and environmental impact issues [2]. In view of that, development of energy efficient systems has
become significant to fulfil energy conservation demands in buildings while reducing greenhouse
gas emissions. Heat pumps have therefore been considered in commercial and residential buildings
as an efficient system for space heating and cooling applications due to their potential to reduce
energy consumption and CO, emissions as compared to conventional air conditioning systems [3,4].
However, heat pumps are being subjected to standard testing, rating, and certification procedures to
ascertain the system performance. The heat pump calorimeter is the test facility used in determining
the performance characteristics of the heat pump system such as the capacity and efficiency [5]. The
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calorimeter for testing heat pumps has two test chambers to serve as a heat source and heat sink
to simulate the indoor and outdoor units of the heat pump simultaneously. The basic performance
characteristic of the calorimeter is to control and maintain the standard conditions used in testing
and rating the heat pump unit [6,7]. The test facility for controlling air temperature and humidity
conditions in an environment is often known as the psychrometric calorimeter where each test chamber
is equipped with an air handling unit consisting of a cooling unit, heater, humidifier, and supply fan as
represented in Figure 1 [8]. Such calorimeters have been used extensively in open literature [9-14].
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Figure 1. Schematic of standard psychrometric calorimeter test chamber [8].

In as much as calorimeters have been used to investigate performance of various heat pump
systems, the focus has been on ways to improve the energy efficiency of the heat pump unit without
considering the calorimeter energy consumption. However, the standard psychrometric calorimeter
controls the air conditions in each test chamber with a separate air handling unit. Therefore, the energy
utilized in both test chambers is used to evaluate the total energy consumption of the calorimeter.
This implies that the standard calorimeter for heat pump measurement uses much energy during
operation [15]. As such, it is imperative to adopt energy efficient methods to control and reduce the
energy usage of the calorimeter.

Heat recovery technologies have become attractive to researchers and energy policy makers
throughout the world due to their energy saving potential in buildings and mitigating greenhouse gas
emissions [16,17]. As such, efforts have been made by various researchers to reduce energy consumption
using heat recovery assisted air conditioning systems in buildings [18-25]. Nasif et al. [21] studied
the thermal performance of a heat recovery membrane heat exchanger in hot and humid climates.
Their research indicated that the energy utilized by an air conditioning system integrated with a heat
recovery heat exchanger reduced as compared to a conventional system.

In this study, a new calorimeter integrated with a heat recovery unit was proposed for controlling
the air conditions in each test chamber. By using dynamic modeling and simulation, the energy
performance of the proposed system was analyzed and compared to the conventional system. This
was to evaluate and predict the energy saving potential of the proposed calorimeter.

2. Materials and Methods

The overall procedure for modeling, simulation, and performance analysis is summarized in
the flow chart shown in Figure 2. The Google SketchUp software was used to model the building
geometry [26]. The weather data applied in the simulation analysis were provided in EnergyPlus
program. The input data, operating schedules, control parameters, and components modeling for the
conventional and proposed systems and cases studied were also described using specific objects in the
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EnergyPlus 8.4 database [27]. The program simulation test data for the modeling system cases were
used to predict energy performance based on representative days and months.

Simulation tool »  EnergyPlus v8.4

Y
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> (Case scenarios)
Components description
Y
" Ioad
. . Internal load gains
ig::;llzggg Operating schedule
Input control variables

A

Application of weather data

Y

Performance data analysis

Figure 2. Simulation methodology flow chart.

2.1. Simulation Software

EnergyPlus v8.4 is the dynamic modeling and simulation software used in this study due to its
ability to analyze the cooling and heating loads of a building and assess the energy performance [27,28].
In the building load calculation, EnergyPlus used the heat balance method recommended by the
American Society of Heating, Refrigerating, and Air Conditioning Engineers [29]. Also, EnergyPlus
simulation results outlined the importance of using simulation techniques in energy performance
assessment for qualitative decision making [30].

The main components of the building simulation are the zone, surface, air heat balance, system,
and plant modeling. The EnergyPlus tool can simulate the systematic connection between each of the
component integrated at each time step. Moreover, EnergyPlus has been verified through ASHRAE
(American Society of Heating, Refrigeration and Air-conditioning Engineers) 140 guidelines and
detailed contents regarding the development and verification of the program have been provided [31].

2.2. Building Description

Figure 3 illustrates the model geometry of the small scale building developed in the Google
SketchUp program which was integrated in the EnergyPlus software. The building space consists
of two thermal zones to represent the two test chambers of the calorimeter. Building construction
materials were selected based on reference materials with thermal properties data in the ASHRAE
Handbook of Fundamentals [32] and available in EnergyPlus.
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Figure 3. Building geometry in SketchUp.
2.3. Description of System Modeling and Simulation Conditions

Two systems modeling and three case scenarios were considered. In the conventional system
modeling specified as the case (1) scenario, each test chamber was equipped with a separate air handling
unit consisting of a refrigeration unit, electric heating coil, humidifier, and supply fan as schematically
shown in Figure 4. The two test chambers were specifically, heat source and heat sink chambers.
The air handling unit (AHU, hereafter) in each test chamber was used to control air temperature and
humidity in the chamber. During operation, a cooling coil in the AHU absorbed heat from return air in
each chamber by means of chilled water provided by the chiller. The chiller operated at constant speed
and therefore, the cooling rate of the cooling coil decreased the air temperature below the required
supply air temperature to the chamber. Hence, electric heating coil was used to maintain constant air
temperature by means of the supply fan. The humidity condition in each test chamber was controlled
with the humidifier.
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Figure 4. Schematic of conventional calorimeter modeling.

In the schematic of the proposed system modeling shown in Figure 5, the AHU in the source
chamber was also equipped with a water heating coil. Therefore during operation, the return water at
high temperature from the AHU cooling coil in the sink chamber flowed through the heat recovery
unit to exchange heat with the low return water temperature from the water heating coil of the AHU in
source test chamber. Hence, the water inlet temperature to the chiller evaporator in the sink chamber
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decreased and as such, the required cooling capacity decreased. Therefore, the chiller unit for the
sink chamber utilized a relatively smaller capacity compared to the capacity used in the conventional
system modeling. Two case scenarios specified as case (2) and case (3) were adopted for the proposed
system modeling. In case (2), the chiller unit for the sink chamber utilized the same capacity as in the
conventional modeling case (1) whereas in case (3), the chiller for the sink chamber utilized a smaller
capacity relative to the capacity used in the conventional system.
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Figure 5. Schematic of proposed calorimeter modeling.

For simulation conditions, the internal gain for electric equipment was used in modeling the
internal load capacities of the indoor and outdoor test units in the test chambers. The study assumed
testing in heating operating mode with the same COP (Coefficient of performance) of 4.0 [33]. Hence,
considering internal load capacities of 7, 9, and 11 kW in the sink chamber, corresponding values for
the source chamber were 5.25, 6.75, and 8.25 kW, respectively as shown in Table 1. The internal gain
for lighting equipment was assumed to be 3.3 W/m? for surface mounted fluorescent [34]. Also, there
are no occupants in the test chambers during calorimeter operation and therefore internal load gains
due to people were not considered.

Table 1. Equipment internal heat gain.

Internal Heat Load Capacity

Item Unit
Sink Chamber Source Chamber
7 5.25
Equipment (test unit) kW 9 6.75
11 8.25

During simulation, the system operating schedule was from 10:00 until 21:00 where the air
temperature in each test chamber is controlled to a cooling and heating setpoint temperature of 25 °C
and 21 °C, respectively [35]. From EnergyPlus weather database [27], weather data of Incheon was
selected for the simulation. Figure 6 indicates the annual outdoor air temperature and relative humidity
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according to the weather data of Incheon city from the International Weather for Energy Calculations
(IWEC) database developed by ASHRAE and available in EnergyPlus. The annual average minimum
to maximum outdoor air temperatures and relative humidity were about —2 °C to 26 °C and 45% to
88%, respectively.
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Figure 6. Outdoor air temperature and relative humidity of Incheon city.

The coldest temperatures occurred in January, which was regarded as the winter design month
for Incheon weather data in EnergyPlus where the average dry bulb temperature was between —5.8
°C and 4.1 °C, whereas the relative humidity was about 26% to 82%. Also, the hottest temperatures
occurred in August with average dry bulb temperature of 21 °C to 29 °C and relative humidity of
about 65% to 94%. Hence, the summer design month was August according to the Incheon weather
data available in EnergyPlus. Based on weather location considered in this study, the performance
evaluations of the three studied case scenarios were analyzed using some selected days in both the
winter and summer design months. Also, performance analysis using some representative months
were carried out. The simulation input conditions are summarized in Table 2.

Table 2. Simulation input conditions.

Item Specification
Software program EnergyPlus v8.4

City/weather location Incheon (South Korea)

System operating schedule From 10:00 Until 21:00
Indoor heating/cooling setpoint 21°C/25°C
Monthly analysis period Jan., Apr., Jun., Aug., Oct., Dec.

Representative days 7th to 21st (Jan. and Aug.)
Lighting internal heat gain 3.3 W/m?
Equipment (test unit) COP 4.0

Test operating mode Heating

2.4. Description of Component Modeling

The system modeling for both conventional and proposed systems consisted of a refrigeration
unit, an electric coil heater, a humidifier, and a supply fan for each test chamber. In addition, the
proposed system modeling contained a water heating coil and a heat recovery unit. Each component
was modeled with data from the EnergyPlus engineering database. The EnergyPlus engineering
reference for energy calculation document contained the modeling equations for sizing each of the
components [27].
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2.4.1. Refrigeration Unit Modeling

The electric chiller implemented in the EnergyPlus program was used to model the refrigeration
unit in each chamber. For chiller modeling, nominal capacity and COP was user specified. In this study,
for internal load capacities of 7, 9, and 11 kW, chiller capacity of 14 kW (4 RT) was adequate for steady
state operation. However, to facilitate rapid changes in test conditions, excess capacity was desired.
Hence, a nominal chiller capacity of 21 kW (6 RT) was selected for the AHU in each chamber for both
case (1) and case (2) scenarios. However, in case (3), nominal capacity of 12 kW (3.5 RT) was specified
for the AHU chiller in the sink chamber. For all cases studied, chiller COP of 3.0 was selected [27].
Considering chilled water exit temperature of 8 °C and loop design temperature difference of 5 °C,
Equations (1), (2), and (3) were used in the EnergyPlus to size the volumetric water flow rate through
the evaporator and condenser of the chiller, respectively.

Qnom = Vloop,des'Cp,w'Pw'ATloop,des (1)
Vevap, des — Vloop, des (2)
Vcond,des = Qnom‘(l + 1/COPnom)/(ATloop,des’Cp,cd,w'Pw) (3)

where Qpom is the nominal cooling capacity of the chiller in kW, Vi, ges is the loop design volumetric
flow rate in m3/s, pw is density of water at standard conditions (5.05 °C) in kg/m3, and ¢y is the
specific heat capacity of water at 5 °C in kJ/kg. °C, ATjogp des is chilled water loop design temperature
rise in °C, COP,,os; is the chiller nominal COP, and Cp,ed,w 18 the specific heat of water at condenser inlet
temperature in kJ/kg. °C.

The EnergyPlus used empirical model from the Building Loads and System Thermodynamics
(BLAST) program to model the chiller. The capacity, power, and full load parameters were each defined
by a set of performance curves. These chiller performance curves were generated by fitting catalog
data to third order polynomial equations. In this study, the performance curves for the electric chiller
used to simulate the refrigeration unit were obtained from the EnergyPlus reference database.

The fluid or dry cooler was used to model the heat extraction unit of the chiller. The design water
flow rate was sized to be the same as the loop design volumetric flow rate in Equation (1). Based on
the performance input method, the dry cooler fan power was sized. By adopting the design water
flow rate and overall conductance method, the nominal fan power at the design air flow rate was
determined by the program using Equations (4) and (5).

Qfan,nom = 0-0105'Qdc, nom (4)

Qdc,nom = Vloop,des “Cp,cdw, " Pw 'ATc,loop,des (5)

where Qfay,nom is the nominal fan power of dry cooler in kW, Qg o is the loop design nominal capacity
of dry cooler in kW, Visg, es is the loop design volumetric flow rate in m3/s, Pw is the density of water
at standard conditions in kg/m3, Cp,cdwe 18 the specific heat of water at condenser exit temperature in
kJ/kg. °C, and ATC joop,des is the condenser water loop design temperature rise in °C.

The refrigeration unit provided the chilled water to the water cooling coil located in the air
handling unit for each test chamber. The heat transfer through the coil was modelled by using the
NTU-effectiveness approach and cross-flow arrangement in the EnergyPlus program to determine the
design water flow rate, design air flow rate, and humidity ratio at inlet and outlet of the cooling coil.

2.4.2. Heater Modeling

The electric heating coil model in EnergyPlus was used to simulate the electric air heaters in the
air loop in each chamber. The electric coil modeling was simple as the system connection required only
air nodes. The coil can be temperature or capacity controlled depending on how it is used. In study,
since the coil was utilized in the air loop simulation, the control parameter was a specified temperature
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scheduled from the setpoint manager. To model the electric heating coil, nominal capacity has to be
specified. For internal load capacities of 7, 9, and 11 kW, a nominal capacity of 20 kW was selected
since total heating required at steady-state operating conditions cannot exceed the specified value.

In the proposed system modeling, an additional water heating coil was included. Unlike an
electric heating coil that utilized only air nodes, the sizing of the water design loop was also required
for water heating coil modeling. The water heating coil object in the EnergyPlus also utilized the
effectiveness—NTU algorithm by assuming a cross-flow heat exchanger. The overall conductance and
water flow rate were specified with the autosize function in EnergyPlus program to estimate heat
transfer rate in the water heating coil using Equation (6).

Qw,a = UA'(Tw,avg - Ta,zwg) (6)

where Qy,, is the heat transferred from water to air in W, UA is the overall thermal conductance in
W/°C, Tu,avg is the average water temperature in °C, and Tj 4 is the average air temperature in °C.

2.4.3. Heat Recovery Unit Modeling

The heat recovery modeling was a water-to-water heat exchanger to permit heat transfer between
the water at high temperature from cooling coil in the sink chamber and the low water temperature
from the water heating coil in the source chamber. The water flow rate was specified in the EnergyPlus
program using Equation (7). The average water temperature in the water heating coil was based on the
heat exchange rate in the heat recovery unit.

Vhru = Vloop,des'f c,8 (7)

where Vj,, is the volumetric water flow rate through heat recovery in m3/s, Vioop,des is the loop design
volumetric flow rate in m3/s, and f. s is the component sizing factor.

2.4.4. Humidifier Modeling

The electric steam humidifier in the EnergyPlus program was used in modeling the humidifier in
each chamber. The component utilized electrical energy to generate steam from tap water and injects
into the supply air stream by means of a blower fan. The humidifier modeling contained local control
of the humidifier unit to meet the humidity ratio setpoint on its air outlet node. The program utilized
Equation (8) to evaluate the rated electric power input of the humidifier.

Pruted = Vrated'Pw'<hfg + Cprwavg.ATw) (8)

where P,  is the rated power of the humidifier in W, V4, is the rated capacity of humidifier in
volumetric flow rate in m%/s, Cp,wavg 18 the specific heat of water at average temperature of 60.0 °C in J/kg.
°C, ATy, is the sensible temperature rise of water in °C, and /i, is the latent enthalpy of vaporization of
water at 100 °C in J/kg.

2.4.5. Pump Modeling

The pumps were utilized for circulating water through the refrigeration and heat recovery heat
unit loops. In the EnergyPlus program, the variable speed pump was used in modeling the system
pumps. The designed water flow rate through the pumps was estimated to be relatively equal to
design loop flow rate. The program used Equation (9) to determine the design power consumption of
the pump. The default pressure head value of 179,352 Pa in the EnergyPlus was used.

Ppump = Hnom'Vnom'Fs/ﬂmotor (9)
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where Ppyp is the design power consumption of the pump in W, Hyop, is the nominal head or pressure
rise across the pump in Pa, Vo, is the nominal design volumetric flow rate in m?>/s, Fs is the scaling
factor with a default value of 1.282051 J/Pa-m?, and Nmotor 15 Motor efficiency, often the default value
of 0.9.

2.4.6. Fan Modeling

The fan modeling was that of constant volume fan which was intended to operate continuously
based on a time schedule. This fan does not cycle on and off based on cooling and heating load or
other control signals. The maximum flow rate through the fan was modeled using the air volumetric
flow rate in m3/s at standard temperature of dry air at 20 °C dry bulb.

The program utilized local barometric pressure to account for altitude using Equation (10) for
standard atmospheric pressure based on the ASHRAE handbook of fundamentals (ASHRAE, 1997) to
initialize the air systems being simulated. The study assumed pressure rise of 600 Pa and utilized the
default values of 0.9 and 0.7 for the motor efficiency and fan total efficiency respectively.

5.2559
p = 101325(1 - 2.25577 x 107°-Z)

(10)
where p is the pressure in Pa, and Z is the altitude in m.
3. Analysis of Simulation Results

3.1. Performance Analysis of Modeling Cases in Winter Condition

The performance of the three case scenarios according to simulation test results in the winter
design month were evaluated considering equipment with the same internal load capacity in each
test chamber. Figure 7 represents the variation of air temperature and relative humidity conditions
in both the source and sink test chambers as well as outdoor dry bulb and humidity according to
representative days in January. The outdoor air temperature varied from —6.1 °C to 3.9 °C whereas
outdoor relative humidity was 26% to 83%. However, for all case scenarios, the indoor temperature
in each test chamber was controlled to maintain a relatively constant air temperature of about 23 °C.
The humidity control varied slightly from 56% to 57% in the source chamber and from 58% to 59% in
the sink chamber.
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Figure 7. Variation of air temperature and relative humidity based on winter conditions.
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For analysis in terms of variations in the heating and cooling rates, Figures 8 and 9 show the
performance comparison of case (1) modeling to that of case (2) and case (3), respectively. In both case
(1) and case (2) as indicated in Figure 8, the cooling rate in the sink chamber was higher than the source
chamber because the heat extraction rate due to equipment internal load capacity was higher in the sink
chamber than in the source chamber. As such, the exit water temperature from the cooling coil in the
sink test chamber was higher than the source chamber. However, due to the constant flow mode of the
chiller, the exit air temperature from the cooling coil decreased in the source chamber as compared to
the sink chamber. Therefore the required heating rate to maintain constant air temperature was higher
in the source chamber compared to the sink chamber. However, the average heating and cooling rates
required in each chamber were similar for both case (1) and case (2) scenarios because both systems
simulations were performed under the same conditions.
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Figure 9. Analysis of heating and cooling rates of case (1) and case (3) based on winter conditions.

Figure 9 indicates analysis of heating and cooling rates between case (1) and case (3). Similarly,
for both cases, the cooling rate in the sink chamber was higher than in the source chamber as a result
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of higher heat extraction rate was in the sink chamber as compared to heat extraction in the source
chamber. Hence, the exit water temperature from the sink chamber cooling coil was higher than the
source chamber. The cooling rate in the source test chamber was equivalent for both case (1) and case
(3) since the heat extraction rate was constant as the cooling capacity of the chiller utilized in the source
chamber were the same for both case scenarios. However, the corresponding cooling rate in the sink
test chamber was higher for case (1) as compared to case (3) because the chiller capacity used for heat
extraction in the sink chamber was smaller in the case (3) scenario than in case (1). As a result of
constant heat extraction rate of the chiller, the air exit temperature from the cooling coil decreased in
the source chamber as compared to the sink chamber.

Therefore, for both case (1) and case (3), the heating rate to maintain air temperature in each test
chamber increased in the source chamber as compared to the sink chamber. The heating rate in the
source chamber was relatively the same in both case (1) and case (3) because the heat extraction rate
was relatively the same as the chiller capacity in the source chamber, which was the same for both case
scenarios. However, in the sink chamber, the heating rate was higher in case (1) than in case (3) because
the case (3) modeling utilized a smaller refrigeration capacity and therefore, the air temperature at
inlet to the heating coil increased in case (3) as compared to case (1).

For performance evaluation in terms of energy consumption, Figures 10 and 11 represent the
energy analysis of case (1) to that of case (2) and case (3), accordingly. As shown in Figure 10 for
comparison of case (1) and case (2), the variation in heating electric consumption for case (1) was lower
in the sink test chamber than in the source chamber as a result of the higher heating rate required in
the source chamber to maintain inlet air temperature. However, in case (2), the heating energy utilized
in the sink chamber was higher compared to the source chamber because the exit water temperature
from the cooling coil in the sink chamber was utilized in the heat recovery unit to provide the heat
requirement in the source chamber through the water heating coil. Hence, no energy was utilized in
the air handling unit electric heater in the source test chamber. The heating electric consumption in
sink chamber was relatively the same for both case (1) and case (2) as the exit air temperature from the
cooling coil in both cases were fairly the same.
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Figure 10. Energy consumption of case (1) and case (2) based on winter conditions.
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Figure 11. Energy consumption of case (1) and case (3) based on winter conditions.

Moreover, for both cases, cooling electric consumption in the sink chamber was higher compared
to the source chamber since the cooling rate due to internal load capacity was much lower in the source
chamber than in the sink chamber. Also, in each test chamber, the cooling energy utilized in both cases
were relatively the same because the refrigeration capacities of the chiller used for heat extraction in
each chamber were the same.

Figure 11 shows analysis of energy consumption comparison of both cases (1) and case (3)
scenarios. The heating electric consumption in case (1) was higher in the source chamber than in the
sink chamber since the heating rate required to maintain the air temperature in the sink chamber was
lower than in the source chamber, whereas in case (3), the heater energy consumption in the source
test chamber was lower than in the sink chamber because the exit water temperature from the cooling
coil in the sink chamber was used in the heat recovery unit to provide the heating rate required in
the source chamber through the water heating coil. Therefore, in case (3), electric heating energy
consumption in the source test chamber was zero. Also, the heating energy consumption in the source
chamber was lower in case (3) compared to case (1) as the heating rate due to inlet air temperature to
the heating coil increased in case (1) relative to case (3).

Moreover, in both case (1) and case (3), the cooling electric consumption in sink test chamber was
higher as compared to source chamber since the cooling rate was lower in the source chamber than in
the sink chamber. Also, in the source chamber, the cooling electricity utilized in both cases was fairly
the same since the refrigeration capacities of the chiller used for heat extraction in the chamber were
the same. However, the cooling electric consumption in the sink chamber was lower in case (3) as
compared to case (1) because the cooling rate in case (1) was higher than case (3) since the refrigeration
capacity utilized for heat extraction in sink chamber was relatively smaller in case (3) as compared to
the case (1) scenario.

In Figure 12, the variation in the total heating energy consumption for case (1) was about 62%
higher than case (2) and case (3) as a result of the heat recovery unit. Hence, in both case (2) and case
(3), the total heater consumption was nearly the same. Also, the total cooling consumption was almost
the same for both case (1) and case (2) because the same cooling capacity was utilized in the chiller
to discharge heat in each test chamber. However, the total cooling energy consumption for case (3)
was about 58% lower as compared to the total cooling energy used in case (1) and case (2) scenarios.
This was due to the relatively smaller chiller capacity utilized in case (3) for heat extraction in the sink
chamber. The overall energy consumption analysis showed that case (1) was about 3.5% and 48%
higher than case (2) and case (3) respectively. Therefore, the proposed calorimeter modeling resulted
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in high energy savings when the small refrigeration capacity was used for heat extraction in the sink
test chamber instead of the same capacity as utilized in the conventional system modeling.
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Figure 12. Total consumption analysis of case scenarios based on winter conditions.

3.2. Performance Analysis of Modeling Cases in Summer Condition

The performance of the three case scenarios according to simulation test results in the summer
design month were evaluated considering equipment with the same internal load capacity in each test
chamber. Figure 13 shows the variation of air temperature and relative humidity conditions in the
source and sink test chambers as well as outdoor dry bulb and humidity based on representative days
in August. The outdoor air temperature varied from 24 °C to 28 °C whereas outdoor relative humidity
was about 76% to 95%. However, for all case scenarios, the indoor temperature in each test chamber
was controlled to maintain a relatively constant air temperature of about 23 °C. The humidity control
varied from 56% to 58% in both test chambers.
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Figure 13. Variation of air temperature and relative humidity based on summer conditions.
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For evaluation in terms of variations in heating and cooling rates, Figures 14 and 15 represent
comparison of case (1) modeling to case (2) and case (3), accordingly. In both case (1) and case (2) as
indicated in Figure 14, the cooling rate in the source chamber was lower than in the sink chamber
as the heat extraction rate due to the internal load capacity was higher in the sink chamber than in
the the source test chamber. Therefore, the exit water temperature from the cooling coil in the source
chamber was lower than in the sink chamber. Hence, due to the constant flow mode of the chiller, the
exit air temperature from the cooling coil increased in the sink test chamber as compared to the source
chamber. As a result, the required heating rate to maintain constant air temperature was lower in the
sink chamber as compared to the source chamber. However, in both case (1) and case (2) scenarios, the

average heating and cooling rates required in each chamber were similar.

Daily heating rate (W)

Figure 14. Analysis of heating and cooling rates of case (1) and case (2) based on summer conditions.

Daily heating rate (W)

Figure 15. Analysis of heating and cooling rates of case (1) and case (3) based on summer conditions.

Figure 15 shows the heating and cooling rate analysis between case (1) and case (3). Likewise,
for both cases, the cooling rate in the source chamber was lower than the sink chamber due to the
lower heat extraction rate in the source chamber as compared to the heat extraction in the sink chamber.
As a result, the exit water temperature from the sink chamber cooling coil was higher than the source

325

30.0 -

27.5 o

25.0 -

225 o

20.0 -

17.5 o

15.0 -

12.5 -

10.0 -

7.5 -

5.0 =

2.5 -

0.0

Source test chamber
—®—H1 Case 1 —4—H1 Case 2
—*—R1 Case 1 —HB—R1 Case 2

Sink test chamber
—O—H2 Case 1 —>—H2 Case 2
—%—R2 Case 1 —[—R2 Case 2

ﬁé‘ﬁ\ﬁéﬁé ﬁ\ﬁ=\j§§ﬁ ggmf‘t‘\\jﬁﬂ\ﬁ gﬁﬁt‘

e o ._’/‘\0—‘/. Se—o—e
B—=8—=3—0x \5\43/8\8—@__&/ —=R— \5/&—@\—,\8&

*ssi’i\i"i\.=igi§-s¢i§i==isiﬁsﬁi

Weather location: Incheon  Summer design month: Aug

A\

4400

- 4200

- 4000

- 3800

- 3600

- 3200

- 3000

- 2800

- 2600

- 2400

- 2200

- 2000

- 1400
- 1200

325

1 I 1 1 1 1 1 1 1 1 1 I 1 1 1
19 20 21

Day of the month

2

1000
2

30.0 -

27.5 o

25.0 -

22.5 -

20.0 -

17.5 o

15.0 -

12.5 -

10.0 -

7.5

5.0 -

Source test chamber
—®—H1Case 1 ——H1 Case 3 —0O—H2 Case 1 —C—H2 Case 3|

Sink test chamber

—*—R1Case 1 —E—R1 Case 3 —#—R2 Case 1 —{1—R2 Case 3

I U, i VU *\Q{/* e s 7

e R

- O — —
©; O‘O—O\O/O/ —0 O—O\O/O O\O/o

\>/<>‘_@\<>/<>

O — l — )
g—""~p—0 \D_D\D/D/ ~0o D\D/D

;t:i:tﬁﬁhtztﬁz‘;ttiztszt

Weather location: Incheon  Summer design month: Aug

A\

4400
L 4200
- 4000
- 3800
- 3600
L 3400
- 3200
- 3000
- 2800
- 2600
- 2400
- 2200

|- 2000
L

-
|- 1400
- 1200

1 1 1 1 1 1 1 1 1 I 1 1 1 1 1
7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

Day of the month

1000

22

—
- 3400

Daily cooling rate (W

W)

Daily cooling rate (



Energies 2019, 12, 4589 15 of 22

chamber. In both cases, the cooling rate in the source test chamber was almost similar since the heat
extraction rate was constant as the cooling capacities of the chiller used in the source chamber were
the same. However, the corresponding cooling rate in the sink test chamber was lower for case (3) as
compared to case (1) because the chiller capacity used for heat extraction in the source chamber was
larger in case (1) than in case (3). Due to the constant heat extraction rate of the chiller, the air exit
temperature from the cooling coil increased in the sink chamber as compared to the source test chamber.

Therefore, for both case (1) and case (3) scenarios, the heating rate to control and maintain air
temperature decreased in the sink test chamber as compared to the sink chamber. The heating rate
in the source chamber was fairly the same in both case (1) and case (3) because the heat extraction
rate was almost the same as the chiller capacity in the source chamber and was the same for both case
scenarios. Moreover, in the sink chamber, the heating rate was lower in case (3) than case (1) since the
case (3) modeling utilized a smaller refrigeration capacity and hence, the air temperature at inlet to the
heating coil decreased in case (1) as compared to case (3).

For energy consumption evaluation, Figures 16 and 17 represent the energy analysis of case (1) to
that of case (2) and case (3), respectively. As indicated in Figure 16 for energy comparison of case (1)
and case (2), the variation in heating energy consumption for case (1) was higher in the source test
chamber than in the sink chamber as a result of the lower heating rate required in the sink chamber
to maintain the inlet air temperature. Moreover, in case (2), the heating energy consumption in the
source chamber was lower compared to the sink chamber because water temperature at exit from the
cooling coil in the sink chamber was used in the heat recovery unit to provide the heat requirement in
the source chamber through the water heating coil. Hence, no energy was consumed in the electric
heating unit in the source test chamber. The heating consumption in the sink chamber was relatively
the same for both case (1) and case (2) as the exit air temperature from the cooling coil in both cases
were fairly the same.
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Figure 16. Energy analysis of case (1) and case (2) based on summer conditions.
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Figure 17. Energy analysis of case (1) and case (3) based on summer conditions.

Moreover, in both cases (1) and (2) scenarios, the cooling electric consumption in the source
chamber was lower compared to the sink chamber as the cooling rate was much higher in the sink
chamber compared to the source chamber. Also, in each chamber, the cooling energy consumption was
fairly the same in both cases because the chiller cooling capacity used for heat extraction was the same.

Figure 17 shows the analysis of the energy consumption comparison of case (1) and case (3)
scenarios. The heating energy consumption in case (1) was higher in the source chamber than in the
sink chamber since the heating rate required to maintain the air temperature in the sink chamber was
lower than the source chamber whereas in case (3), the heater energy used in the source test chamber
was lower than the sink chamber because the water temperature from the cooling coil in the sink
chamber was used in the heat recovery unit to provide the heating rate required in the water heating
coil in the source chamber. Hence, for case (3), the heating energy consumption in the source test
chamber was zero. Also, the heating energy consumption in the source chamber was higher in case (1)
compared to case (3).

Moreover, in both cases (1) and (3), the cooling electric consumption in the source chamber was
lower compared to the sink chamber since the cooling rate was higher in the sink chamber than the
source chamber. Also, in the source test chamber, cooling energy consumption in both cases was almost
the same because the chiller capacities used for heat extraction were the same. However, the cooling
energy consumption in the sink chamber was higher in case (1) than case (3) because the cooling rate
in case (1) was higher than case (3) due to the larger refrigeration capacity utilized in case (1) relative to
case (3).

In Figure 18, the total heating energy consumption for case (1) was about 57% higher than case (2)
and case (3) due to the heat recovery unit in the proposed modeling. Therefore, in both cases (2) and
(3), total heater consumption was nearly the same. Also, total cooling consumption was almost the
same for both case (1) and case (2) as the same cooling capacity was used in the chiller to discharge
heat in each test chamber. However, the total cooling energy consumption for case (3) was about 51%
lower as compared to the total cooling energy utilized in case (1) and case (2) scenarios. This was due
to the relatively smaller chiller capacity utilized in case (3) for heat extraction in the sink chamber.
The overall energy consumption analysis indicated that case (1) was about 2% and 55% higher than
case (2) and case (3) accordingly. Hence, the proposed calorimeter modeling resulted in high energy
savings when the chiller capacity used for heat extraction in the sink test chamber was smaller instead
of utilizing the same capacity in the conventional system modeling.
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3.3. Monthly Energy Performance Evaluation of Case Scenarios
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The performance of modeling case scenarios were analyzed according to some selected monthly
periods. As shown in Figure 19, for each month, the average heating electricity for case (1) was higher
than both case (2) and case (3) because the case (1) system was without a heat recovery unit. Moreover,
in all cases, the heating electric consumption was relatively higher for winter months such as January
and December since outdoor air temperatures in those periods were very low. However, for each
month, the cooling electric consumption was relatively the same for case (1) and case (2) as the chiller
in both cases utilized a large refrigerator capacity in sink test chamber whereas the cooling energy
in case (3) decreased as a result of small refrigerator capacity for heat extraction in the sink chamber
relative to cases (1) and (2). Also, the maximum cooling energy occurred in the summer month of
August where the average outdoor air temperature was very high.
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In Figure 20, the total average heating and cooling electric consumption was higher in August
compared to other months. Moreover, for each month, total heating and cooling electricity for case (1)
was only about 3.5% higher than case (2) as a result of the same refrigerator capacity in both cases,
although the case (2) scenario utilized a heat recovery unit to provide the heat requirement in the
source chamber. However, the average total electric consumption for case (1) was about 56% more
than total consumption for case (3) due to the small refrigerator capacity in the system modeling to
extract heat in the sink chamber relative to the capacity utilized in the case (1) scenario.
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Figure 20. Total energy consumption of case scenarios based on representative months.
3.4. Energy Performance Analysis with Variation in Test Chamber Load Capacity

The simulation results for conventional case (1) modeling and proposed case (3) modeling based on
variation in the internal load capacity were investigated with January and August as the representative
months. The heating and cooling energy according to the winter and summer conditions are shown
in Figure 21. As capacity increased, heating electricity decreased for each case though reduction
was higher in January compared to August. Also, at each capacity, the heating electric consumption
was about 49% and 64% lower in August for both cases, respectively, due to low outdoor dry bulb
temperatures in January.
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Figure 21. Analysis of heating and cooling energy with respect to capacity.
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Moreover, for both months, the heating electricity was higher in case (1) than in case (3) as a result
of the heat recovery unit utilized in the case (3) scenario. However, in both cases, cooling energy
increased continuously as capacity increased because the heat extraction rate in each test chamber
also increased accordingly. For a particular load capacity, the cooling electricity was about 25% and
38% lower in January for both case (1) and case (3), respectively due to high average outdoor air
temperatures in August. Again, the cooling energy in each month was lower in case (3) than in case
(1) as a result of the small chiller capacity for heat extraction from the sink test chamber in case (3)
system modeling.

Figure 22 shows the total heating and cooling energy consumption. For both cases, the total
energy increased as the capacity increased. Also, the total energy consumption was higher in August
as compared to January because the increase in heating energy in January was lower than the increase
in cooling energy in August. However, for internal load capacities of 7, 9, and 11 kW in the sink test
chamber, total energy consumption in case (1) was about 68%, 56%, and 50% higher than case (3),
accordingly in January, whereas for August, total energy consumption in case (1) was about 54%, 45%,
and 43% higher compared to case (3) scenario, respectively.
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Figure 22. Total energy analysis with respect to capacity.
4. Conclusions

To test a heat pump system, the air surrounding the indoor and outdoor test units was controlled
using an air handling unit in each chamber consisting of a refrigerator, heater, humidifier, and supply
fan. There exist two test chambers, specifically the source and sink test chambers to simulate the indoor
and outdoor test units. In the conventional mode, each air handling unit operates separately to control
the air in each chamber resulting in high energy consumption.

In this study, a new calorimeter was proposed for controlling the air conditions in each test
chamber. By using dynamic modeling and simulation, energy performance of the newly proposed
calorimeter was investigated and compared to the conventional calorimeter. This was to evaluate and
predict the energy saving potential of the proposed system.

Two systems, the conventional and the proposed calorimeter were developed using the EnergyPlus
simulation software. In modeling the conventional calorimeter, there was no heat recovery unit and
water heating coil as compared to the proposed calorimeter modeling.

Three studied case scenarios were considered during performance prediction. The base case
scenario was the conventional calorimeter, specified as case (1) where the chiller capacities in each test
chamber were the same. Two case scenarios, specified as case (2) and case (3) were adopted for the
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proposed calorimeter modeling. In case (2), the simulation considered the same chiller capacity in the
sink chamber for heat extraction as used in case (1) whereas in case (3), a smaller chiller capacity was
used. For a COP of 4.0 and heating operating mode, internal load capacities of 7, 9, and 11 kW were
considered in the sink chamber for the analysis with corresponding capacities of 5.25, 6.75, and 8.25
in the source chamber. During simulation, the system operating schedule was from 10:00 until 21:00
where the indoor air condition in each chamber was controlled to a setpoint temperature of about
23 °C. The simulation performance analyses were carried out considering Incheon weather condition
with representative days and months.

Performance evaluation of the case scenarios under the same simulation test conditions showed
that, for winter operating conditions, case (1) energy consumption was about 3.5% and 48% higher than
case (2) and case (3), respectively whereas in the summer operating conditions, case (1) was about 2%
and 55% higher compared to case (2) and case (3), accordingly. For system performance on an average
monthly period, energy savings of the proposed modeling cases (2) and (3) were about 4% and 56%
respectively as compared to the conventional modeling, case (1). Although a heat recovery unit was
used in both cases (2) and (3), the energy savings of the proposed calorimeter under case (2) was very
small compared to case (3). This was because, the chiller capacity used in case (3) for heat extraction in
the sink test chamber was small as compared to case (2). Therefore, by using a heat recovery unit, it is
not necessary to utilize a large chiller capacity as used in case (1) for conventional calorimeter. Lastly,
performance analysis was conducted with variation in internal load capacity. Results showed that
as the capacity increased, the energy consumption also increased. However, for all load capacities
that were investigated, the proposed calorimeter with small chiller capacity resulted in at least 43% of
energy savings.

Author Contributions: K.O.A. executed the simulation and wrote original draft preparation, K.H.L. analyzed
simulation results, and J.M.C. conceptualized a research, reviewed the whole manuscript.
Funding: This research was funded by the National Research Fund of the Korea government (MSIT) in 2019.

Acknowledgments: This work was supported by the National Research Foundation of Korea (NRF) grant funded
by the Korea government (MSIT) (No. 2019R1A2C2087157).

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

AHU air handling unit

cor coefficient of performance

COPnom nominal COP of the chiller

Cp,cdw specific heat of water at condenser inlet temperature, kJ/kg. °C
Cp,cdwe specific heat of water at condenser exit temperature, kJ/kg. °C
Cpw specific heat capacity of water at 5 °C, kJ/kg. °C

Cp,wavg specific heat of water at average temperature of 60.0 °C, J/kg. °C
DB dry bulb temperature. °C

AT Joop,des condenser water loop design temperature rise, °C

ATloop,des chilled water loop design temperature rise, °C

ATy sensible temperature rise of water, °C

fos component sizing factor

Fs scaling factor, W/ m3/s-Pa

H heater

hge latent heat of vaporization of water at 100 °C, J/kg

Hnom nominal head or pressure rise across the pump, Pa

ID indoor

OD outdoor

Tmotor motor efficiency

p pressure, Pa
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Ppump design power consumption of the pump, W

Prated rated power of the humidifier, W

Pw density of water at standard conditions (5.05 °C), kg/m3
Qdcnom loop design nominal capacity of dry cooler, kW

Qfan,nom nominal fan power of the dry cooler, kW;

Qnom nominal cooling capacity of the chiller, kW

Qw,a heat transferred from water to the air, W

R refrigerator

RH relative humidity. %

Taavg average air temperature, °C

Tw,avg average water temperature, °C

UA overall thermal conductance, W/°C

Vhru volumetric water flow rate through heat recovery unit, m3/s
Vioop,des loop design volumetric flow rate, m3/s

Vhom nominal design volumetric flow rate, m3/s

V:ated rated capacity of humidifier in volumetric flow rate, m3/s

Z altitude, m
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