energies

Article

Energy Savings of Simultaneous Heating and Cooling System
According to Indoor Set Temperature Changes in the

Comfort Range

Dae-Uk Shin 1

check for

updates
Citation: Shin, D.-U.; Jeong, C.-H.
Energy Savings of Simultaneous
Heating and Cooling System
According to Indoor Set Temperature
Changes in the Comfort Range.
Energies 2021, 14, 7691. https://
doi.org/10.3390/en14227691

Academic Editors: Adrian
Mota Babiloni and

George Kosmadakis

Received: 11 October 2021
Accepted: 15 November 2021
Published: 17 November 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Chang-Ho Jeong %*

Department of Architecture & Building Engineering, Kunsan National University, Gunsan 54150, Korea;
daeuk.shin@kunsan.ac.kr

Division of Architecture for Urban Planning & Real Estate Development, The University of Suwon,
Hwaseong 18323, Korea

*  Correspondence: chjeong@suwon.ac.kr

Abstract: This study was conducted to derive the amount of energy savings when applying the
method of making the load similar by changing the set temperature of the room in the building to
which the simultaneous heating and cooling (SHC) system is applied. Energy savings were derived
through theoretical analysis and comparisons through static simulations were performed to verify
the proposed method. As a result, the energy savings are proportional to the energy limit that can
be additionally input to the SHC and is proportional to the ratio of the coefficient of performance
(COP) difference between the SHC and auxiliary heat source and the auxiliary heat source COP. That
is, to increase the amount of energy savings, the maximum possible energy should be input for the
SHC, or the SHC COP must be greater than the auxiliary heat source COP. In addition, comfort can
be achieved stably by varying the set room temperature in a room with a small load. When a heat
storage tank is installed or changing the indoor set temperature of both the hot and cold zones in real
time by predicting the indoor load is possible, more energy can be saved.

Keywords: simultaneous heating and cooling; energy savings; indoor set temperature; thermal
comfort; load balancing

1. Introduction

Recently, with the increase in the insulation performance of the building envelope
and the spread of office automation equipment, the number of buildings that require
cooling and heating, even in winter, is increasing. Additionally, as the number of buildings
with large windows increases, cooling due to solar radiation is required, even in winter.
Accordingly, the number of buildings that require cooling, heating, and hot water supply
is increasing [1]. In this case, a boiler was used to supply heat to remove the heating load,
and a refrigerator was used for heat extraction to remove the cooling load. Moreover, to
save energy input to the heat source device, a method for reducing the heating and cooling
load is commonly used by setting the indoor set temperature to be lower in winter and
higher in summer.

However, when the indoor temperature is set in this manner, there is a high possibility
that the room environment is out of the comfortable range or near the maximum or
minimum limits. Thus, the occupant discomfort may be high. To avoid this, the indoor
temperature should be adjusted within a comfortable range while using less energy.

To use less energy than in the existing system, energy use must be reduced when
transporting or producing heat to remove the same zone load. Because it is advantageous
to simultaneously produce heat for heating and cooling when the cooling and heating loads
occur simultaneously, a simultaneous heating and cooling (SHC) that can perform both
heating (including the process of using heat such as hot water supply and dehumidification)
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and cooling is considered. The energy-saving effect of SHCs has been confirmed in many
previous studies.

To maintain the indoor temperature within a comfortable range, it must be set within
the range included in the comfort zone, rather than at the boundaries of the comfort zone.
Generally, SHCs are controlled to remove each load with a smaller amount of heating and
cooling loads. By changing the set temperature of the room where a small load occurs
between the heating and cooling loads within a comfortable room temperature range, the
load can be increased arbitrarily to adjust the load as close as possible to the load in the
opposite room with a large load. In a room with a small load, the room temperature can be
stably maintained within a comfortable range, and the load in the opposite room with a
large load can be removed to the extent possible. For example, if the cooling load of the hot
zone is greater than the heating load of the cold zone, the set temperature is maintained
at the boundary value of the temperature range in the hot zone and is flexibly set within
the comfortable range to increase the load in the cold zone. In this manner, the room
temperature can be maintained at the boundary value of the comfort range in the hot zone,
whereas it can be flexible within the comfort range by removing the load to the extent
possible in the cold zone according to the load of the hot zone.

If the heating and cooling loads are different, the relatively small load of the two is
removed by the SHC, and the remaining load is treated using an auxiliary heat source
such as air. However, if treating a load with SHC is more energy efficient than using an
auxiliary heat source, it may be efficient to process as many loads as possible using the
SHC by changing the set temperature within a comfortable range. This was defined as load
balancing (LB) in a previous study [2]. Using this method, the overall heating and cooling
energy consumption can be reduced and more heat from the cooling zone can be extracted
or more heat can be inputted to the heating zone; it is possible to increase the proportion of
the occupants who feel comfortable.

If the energy consumption change can be determined when LB is applied, it can
be utilized in the design stage. Therefore, a theoretical study was conducted to derive
the factors affecting the energy saving degree and energy consumption when LB was
applied to SHCs. Additionally, through a simple static simulation, the change in the indoor
temperature set value according to the application of LB and the change in the total energy
consumption according to the factors affecting the energy consumption were analyzed.

2. Materials and Methods

In this section, the concept and research status of SHCs are reviewed, and the expected
benefits in terms of energy and comfort when LB is applied are derived. In relation to
SHCs, studies on system configurations, such as the presence or absence of heat storage
tanks, have been actively conducted. However, in this study, the amount of additional load
that can be removed, the possibility of energy saving, and improvement of comfort due to
changes in the indoor set temperature were analyzed conceptually when LB was applied
considering the occurrence of heating and cooling loads.

2.1. Simultaneous Heating and Cooling System (SHCs)

Simultaneous heating and cooling is a concept that recovers the heat inside a building
to the maximum limit and uses it for heating or domestic hot water that requires heat in
the building. Unlike the general system that removes each separately, even when heating
and cooling loads occur simultaneously (Figure 1), it has the advantage of performing
both heating and cooling with one operation of the refrigeration device (Figure 2). This
concept is particularly advantageous in glazed buildings and cold climate areas, where
large buildings generate a large amount of internal heat throughout the year.
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Figure 2. Concept diagrams of SHCs.

As a general scenario when the SHC is considered, there is a case where a large
amount of internal heat is generated in a building. In this case, cooling the building by
applying an air economizer cycle can be applied. However, if this method is applied,
almost all of the air is brought in from the outside; thus, a filter that can screen pollutants
or toxic substances should be considered. Additionally, because the coil can freeze in
winter, an alternative such as heat exchange using an antifreeze is required. In general, in
a building with simultaneous heating and cooling, cooling the hot zone is possible, but
heating the cold zone is impossible. Moreover, it cannot be performed if an air handling
unit (AHU) is not installed. However, SHCs can be applied with or without the AHU
and can simultaneously perform heating and cooling in a building to achieve significant
energy savings.

The American Society of Heating, Refrigerating and Air-Conditioning Engineers
(ASHRAE) defines balanced heat recovery as cooling by extracting heat from the hot zone
and heating by supplying the extracted heat to the cold zone [3]. According to this concept,
the original load removal behavior expected for SHCs is to remove as much as the amount
that occurs when heating and cooling loads occur simultaneously. Therefore, in SHCs, a
heat pump that can simultaneously produce heating and cooling energy should be used as
a heat source device.

Sarkar et al. suggested the possibility of simultaneously providing both heating
and cooling of a building and hot water [4]. Since then, research on SHCs has been
conducted by developing a system with a new configuration and verifying the energy-
saving efficiency. The mechanical efficiency was mainly analyzed experimentally under
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the conditions set in the standard ([5-7]), and energy efficiency was often analyzed by the
simulation to consider various load conditions ([1,8-13]), which was also carried out as
an experiment [14]. Additionally, exergy analysis was performed [15]. Studies on system
composition have been actively conducted; however, it was inferred that existing methods
were borrowed for capacity design and operation plans.

SHCs remove the load that occurs when heating and cooling loads occur simultane-
ously. Therefore, it is necessary to apply a refrigeration device with an evaporator capable
of producing cooling energy and a condenser capable of producing heating energy concur-
rently, that is, a heat pump. A direct expansion system using air as an auxiliary heat source
is an example of a system that performs SHC ([5,14]). If heat storage tanks are applied
between the heat pump and hot/cold zone, the heating and cooling energy remaining in
the heat storage tanks can be regarded as the heat storage temperature. For a heat storage
tank with insufficient energy, the energy between the heat storage tanks can be balanced
with a water-to-water heat pump. Using this method, additional load removal is expected
with the stored heating and cooling energy even when no load is generated simultaneously
([1,6-10,12,13,15]). Although the initial cost of the heat storage tank is added, a heat pump
that does not require continuous control can be used, and the overall cost can be reduced
because of energy savings during operation. Ideally, if the capacities of the heat pump and
heat storage tank can be designed, most of the cooling or heating loads can be removed
using SHCs. If the load is different, it is inevitable to apply a free balancing source like
air or geothermal. However, because the COP when using a balancing source is generally
lower than that of water-to-water, it is necessary to maximize the efficiency of the entire
system to perform the SHC using water-to-water.

2.2. Energy Consumption Analysis of SHCs

In this section, the load removal and energy consumption derivation methods of SHCs
are proposed when the room temperature is set as the limit of the comfort range (general)
and when the LB method is applied to arbitrarily balance the load to the maximum by
changing the indoor set temperature (LB). In this study, a static state is assumed to be
calculated in a simple form, whose factors mainly affect the LB. It is assumed that the
capacity setting and control of the system are performed ideally and that all external
environmental factors are known. It is revealed that there is a difference from the actual
system owing to these limitations.

Generally, the energy consumption (E) for removing the load (Q) can be expressed by
Equation (1). Accordingly, the cooling energy consumption (Ec) for removing the cooling
load (Qc, +) and the heating energy consumption (Ep) to remove the heating load (Qpy,
—) can also be expressed by Equation (2) and Equation (3), respectively. The cooling COP
(COP¢) and heating COP (COPy) depend on the type of equipment, heat source, and
refrigerant used:

Q

_ Qc

Ee= COP¢ @
_ —Qn

En = COPy ©)

When the cooling and heating systems are separated, the energy consumed is equal
to the sum of the energy when the cooling and heating loads are removed. However,
the energy input for simultaneous heating and cooling (Es) is the same as Ec and Ey
as expressed in Equation (4). That is, Q¢ and Qg that can be removed by Eg have the
following relationship according to the cooling and heating COPs of simultaneous heating
and cooling (COP: s and COPy ), as expressed in Equation (5):

Es=Ec=Ey 4)
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COP,
Qc = aQy (where, 0x=— C’S>

COPyy 5

2.2.1. Energy Consumption of SHCs without Load Balancing (General)

In this section, the energy consumption was derived when Q¢ and Qy were mini-
mized by setting the indoor temperature as the boundary of the comfort range to reduce
energy. In this case, the total energy consumed is denoted as Eg.

In the case of Q¢ = xQp, all loads can be removed by the SHC without an auxiliary
heat source. In this case, E¢ is equal to Eg. Because Eg is equal to E¢ and Ep, Equation (6)
can be derived:

Ec = Es = Ec = o6
— . = —Qy ’ (6)
H = TOPyg

However, Q¢ and «Qp were rarely the same. Even if the application of SHCs is
designed in advance, the above case rarely occurs. When Q¢ and aQp are not the same,
the room temperature deviates from the range that satisfies the comfort of the occupants
only with the SHC. The untreated load must be removed using an auxiliary heat source to
bring the room temperature into the comfortable range.

In the case of Q¢ > aQp, E¢ is equal to the sum of Eg and Ec 4 as expressed in
Equation (7). Ec 4 is the energy consumed when an auxiliary heat source is applied to
remove a load that cannot be removed by the SHC(Qc 4 ). Es is the same as Ey as expressed
in Equation (8):

Ec=Es+Eca (7)
—Qn
ST T CoPy ®

Ec, 4 can be derived from Q¢ 4 and cooling efficiency when the auxiliary heat source
is applied (COPc 4). Qc 4 is the value obtained by subtracting the load removed by the
SHC (Qc,s) from Qc. Qc,s is determined as the product of Eg and COP¢s. Ec 4 can be
derived as expressed in Equation (9).

Here, E; can be summarized as Equation (10) through the above process:

_ —Qn
E~, — Rca _ Qc—Qcs _ Qc—COPcsEs _ Qc—COPcs COP
CA=COP; — COPos —  COPep  — COPc 4 ©)
_ Qc—aQy
= o4
—Qu |, Qc—aQy
Eg=Es+Eca= + (10)

COPps ' COPc4

In the case of Q¢ < «Qp, the energy consumed when an auxiliary heat source is
applied (Ep 4) and the total energy consumed (Eg) can be derived in the same manner as
in Equations (11) and (12):

—Qu+10Qc
E = =7 a=r 11
H,A COPp A (11)
0oy 41
Eg = Es+Eya = Qc  ~Qu+,Qc (12)

COPcs COPp 4

The formulae for these three cases are shown schematically in Figure 3. The comfort
zone was redraw based on reference [16]. The heating COP for the SHCs was assumed to
be 5, and the cooling COP was assumed to be 4, which considered the theoretical difference
of 1 between the heating COP and cooling COP during SHC. Additionally, if there are
considerations for efficiency, such as applying thermal storage tanks or radiant heating
and cooling [17], the COP can be sufficiently achieved. When an auxiliary heat source was
applied, COP 1 was applied for both heating and cooling. The efficiency is lower in the
case of using a boiler for heating but higher in a general heat pump. However, because
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the efficiency of the SHC is higher than when an auxiliary heat source is used, a difference
is observed in the COP. In all cases, the indoor temperature was set at the boundary of
the comfort range. When Q¢ and «Qp are the same, all loads are handled by the SHC.
However, in other cases, an auxiliary heat source was used to match the set temperature.
Additionally, when the auxiliary heat source was used, the load removed was relatively
small compared to the energy used for the SHC.
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Figure 3. Energy consumption according to heating and cooling loads (general).

2.2.2. Energy Consumption of the SHCs with Load Balancing (LB)

In the case of Q¢ # aQp, SHC with LB changes the cooling or heating load within
the comfort range so that it does not consume more energy than the general method to
create state Qc ~ aQp. Changing the indoor set temperature within the comfort range
implies that the room temperature should not exceed the allowable range. Therefore, the
additional energy (Es ,44) supplied for the SHC should not be greater than the difference
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between the energy for supplying/removing as much heat as possible within the allowable
room temperature with the SHC (Eg j;,,) and Eg as expressed in Equation (13):

Espdd < Esim — Es (13)

Here, Eg 44, is defined as the additional energy supplied to remove as much heat as
possible within the allowable room temperature by SHC (Eg ¢ 444) or the additional energy
supplied to supply as much heat as possible within the allowable room temperature by
balancing (Es g 444)- First, Eg c 444 should not be greater than the difference between the
limit cooling energy (Eg ¢ ji;) and Es. Eg ¢ ji, is the energy required to remove the cooling
load based on the allowable limit set temperature (e.g., 23 °C) within the comfort range
(Qctim)- Qc,lim can be derived using Equation (14):

1000

Qciim = KcAc(To — Tc settim) + Qcsor + mNCVCPCP(TO — Tesettim) + Qe (14)

By arranging the above equation, Eg ¢ 544 can be derived as Equation (15):

Qc,iim — Qc

E < 1
S,Cadd < COPLs (15)

Qp 1im and Eg g 444 can also be derived as Equations (16) and (17) in the same manner:

1000
Qnim = KnAn(To — Thsetlim) + Qusol T 5,77 NHVHPC, (To — Thset lim) + Qpint (16)

3600
—Qmjim + QH

E < 17
SHall < ~—Gop (17)

To avoid using more energy compared to the general method, Eg ;44 should not exceed
the energy when the auxiliary heat source is applied in the general method:

Espaq < Ec,a and Eg 49 < Epa (18)

In other words, in the case of Qc > aQp, Qc 4 remains, in which case Eg ;57 must
not exceed Ec 4. Additionally, in the case of Q¢ < xQpy, Qn 4 remains, and again Eg ;44
must not exceed Ef 4. Ec 4 and Ep 4 are in (10) and (12), respectively. Applying this to
Equation (18) and rearranging it, Equation (19) can be derived:

Qc —aQp
Egpia < W and Eg gqq <

Qu — 1Qc

COPy 4 19)

Considering all the ranges of Equations (15), (18) and (19), the limit value of energy
that can be additionally input for the SHC (Eg 444 i) can be summarized as follows:

Esada jim = min ( Qcc,zgp— Qe , _Qgg’; + O , Q(C:O_P“QH, Qggpch) (20)
C,S H,S C,A H,A

The total energy consumption (E}) is the same as the general method for Qc = «xQp,
so it is derived using Equation (6). In the case of Q¢ > «Qp, it is equal to the sum of the
modified value of the energy consumed in the SHC (Eg ,,04) and the modified value of the
energy consumed when the auxiliary heat source is applied (Ec A y04)- Es mod is equal to
the sum of Es and Eg ;44 1im, and Ec a moq is derived as the ratio of the modified value of the
load to be removed as an auxiliary heat source (Qc 4 04) and the efficiency of the auxiliary
heat source (COPc 4). Qc,a,moa are the loads that cannot be removed by Eg ,,,,s among
the total loads. That is, it can be derived by subtracting the load that can be removed by
the SHC (Qc s moq) from the loads generated in the zone (in this case, the cooling load,
Qc)- Qc s mod can be derived by multiplying Eg ,,,4 by COP¢ s. Here, when the set room



Energies 2021, 14, 7691

8 of 19

temperature is changed, Qc 4 04 Mmay be greater than Qc and have a negative value. In
this case, Qc 4 moq Were set to 0.
When Q¢ > aQp and Qc 4 moq is equal to or greater than 0, E;, can be expressed as
Equation (21):
Ep = ES,mod + EC,A,mod
Qc—COPcs (Es+Es add, im )

— (ES + ES,add,lim) + COP 1)
Qct ((;(J(lgTFIS+ES,ndd.Iim> (COPc A+COPc )
- COP.

When Qc < aQp and Qg A moq is equal to or less than 0, Er can be expressed as
Equation (22):

EL = ES,mod + EH,A,mod
—Qu—COPy 5 (Es+Es add im)

= (Es + Esadd,im) + COPy 4 (22)
—Qu+ <c§p% +Es.add.lim) (COPy,A—COPy 5)
= COPy A

The limit set temperature that can be achieved by the SHC (T¢ sot 1im, TH set 1im) can be
summarized by Equation (23) and Equation (24), respectively. If this temperature is outside
the set temperature range, for example, when the cooling set temperature is equal to or
greater than 28 °C or the heating set temperature is equal to or less than 18 °C, the residual
load must be removed using an auxiliary heat source:

B QC,S,mod - QC,sol - QC,int
1000
KcAc + 3600 NcVepeyp

TC,set,lim = TO (23)

QH,5,mod — QH,s01 — QH,int
1000
KyAg + 3600 NHVHpCp

TH,set,lim = TO - (24)

Figure 4 shows the set room temperature in the comfort zone, load removal pattern,
and energy consumption when proposed LB method are applied. When the LB method is
applied, the set temperature can be moved to the inside of the comfort zone, and energy
can be saved.

2.3. General Method vs. Load Balancing Method

As described in the previous section, the formula was derived assuming that the
capacity and control of the system were performed ideally, and all environmental factors
such as the external temperature and internal heat were known. In particular, the limit set
temperature that can be achieved by the SHC was also derived at intervals of 1 s. That is, it
is not consistent with the actual situation in which the capacity design, control, and delay
caused by the capacity must be considered. However, because the ideal amount of energy
consumption can be expressed, the energy saving for a specific period can be expressed
mathematically by slightly restricting the environmental factors. In addition, the factors
affecting energy consumption were analyzed.

Therefore, as a second method, the load per second was derived at multiple set tem-
peratures within the comfortable range through simulation considering the environmental
factors and the energy in the case of performing SHC when the derived values of the
heating and cooling loads per second were most similar.
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Figure 4. Energy consumption according to cooling and heating loads (LB).

2.3.1. Energy Saving When Using the LB Method

Energy savings can be obtained from the difference between the energy consumption
when the general method is applied (Eg) and the energy consumption when the LB method
is applied (Ep). First, in the case of Q¢ = aQp, both Eg and E} are equal to Es. However,
in the case of Qc = xQp, the energy savings when LB is applied can be summarized as
Equation (25):

0y )
+| cop=+E im | (COPc 44+COP,

B E = (=Qu 4 Qc—eQu) _ Qc (copH,S saddsim | (COPc,A C,s)

G L COPy s COPc 4 COPC A (25)

_r COPcs—COFc A
= LSaddlim—COPe,

When Q¢ < «Qp, the energy savings when LB is applied can be expressed by
Equation (26):

- e g ) COPy 4—COP,
e E Qc N —ou+loc) QH+<COPC,S +Es addiim | (COPx 4 H,S)
G L = \ COPcs COPy 4 COPy 4 (26)

—F COPyy,5—COPy 4
= LSaddlin—COPg 4
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That is, the energy that can be saved by LB is proportional to the energy limit that
can be additionally input to the SHC and is proportional to the ratio of the COP difference
between the SHC and auxiliary heat source and the auxiliary heat source COP. That is, as
more energy is input to the SHC or the auxiliary heat source COP is smaller than the SHC
COP, the energy savings are greater.

To confirm the energy saving according to the application of LB, various cases in which
the heating and cooling loads occur simultaneously were established, and simulations
were performed. First, three heating loads were derived by setting the set temperature
to 18 °C, 20 °C, and 22 °C. The three cooling loads were also derived by setting the set
temperature to 28 °C, 26 °C, and 24 °C. These loads were combined as Case 1-1 (heating set
temperature of 18 °C, cooling set temperature of 28 °C), Case 1-2 (heating set temperature
of 20 °C, cooling set temperature of 26 °C), and Case 1-3 (heating set temperature of 22 °C
cooling set temperature of 24 °C), and the load removal amount and energy consumption
were calculated considering the relationship between the cooling COP and heating COP
(Table 1). Further, to confirm the degree of energy saving according to the COP, various
cooling and heating COPs were set in the most representative Case 1-2 (Table 2), and the
results were derived and analyzed.

Table 1. Cases for method written in Section 2.3.1.

Set Temp. (°C)

Case Hot Zone Cold Zone
Case 1-1 28 18
Case 1-2 26 20
Case 1-3 24 22

Table 2. Subcases of Case 1-2 for various heating and cooling COPs.

Set Temp. (°C)

Case Heating COP Cooling COP
Case 1-2-1 2 1
Case 1-2-2 3 2
Case 1-2-3 4 3
Case 1-2-4 5 4
Case 1-2-5 6 5
Case 1-2-6 7 6
Case 1-2-7 8 7
Case 1-2-8 9 8
Case 1-2-9 10 9

2.3.2. Energy Saving When Set Temperature Changes in Real Time

When LB was applied, the set room temperature was changed to balance the load. To
simulate this situation, the load profile of cooling and heating at various set temperatures
within the actual comfort range was derived, and the energy consumption when balancing
between the loads that can remove the most load using the SHC was calculated.

In the same manner as described in Section 2.3.1, each case, Case 2-1 (heating set
temperature of 18 °C, cooling set temperature of 28 °C), Case 2-2 (heating set temperature of
20 °C, cooling set temperature of 26 °C), Case 2-3 (heating set temperature of 22 °C, cooling
set temperature of 24 °C), and the load removal amount and energy consumption were
calculated considering the relationship between the cooling COP and heating COP [18]. In
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Case 2-4, as mentioned previously, the amount of load that can be removed by the SHC at
each time step is maximized to simulate LB. These cases are summarized in Table 3.

Table 3. Cases for method written in Section 2.3.2.

Set Temp. (°C)

Case Hot Zone Cold Zone
Case 2-1 28 18
Case 2-2 26 20
Case 2-3 24 22
Case 2-4 28, 26,24 18, 20, 22

2.3.3. Simulation Condition

To compare the load removal pattern and energy consumption when the COP is
considered and when it is not considered for the general and LB methods derived above,
loads of the hot and cold zones were derived through simulation. The target room consisted
of a hot zone (e.g., server room) where internal loads always occurred, and a cold zone
where heating loads occurred in winter. The winter weather data of Seoul were used so
that the heating and cooling loads could occur simultaneously in the buildings, including
these zones. The load was derived by TRNSYS [19] by setting the set temperature of the
hot zone to 28 °C, 26 °C, and 24 °C and the set temperatures of the cold zone to 18 °C,
20 °C, and 22 °C. The details of the building information are presented in Table 4.

Table 4. Simulation input data.

Contents Dimension Internal Load (W) Wall/Window Type
- Front wall: VirtualSurface
Hot zone 8.1 m(W) x 6 m(D) x 1840 - Back/Right/Left wall: EXT_WALL
2.7 m(H) (for all time) - Ceiling: CEILING
- Floor: EXT_FLOOR
Building
- Front wall: EXT_WINDOW1
- Back wall: VirtualSurface
1 mW D
Cold zone 8 m(z ; rxngj)n( ) % 0 - Right/Left wall: EXT_WALL
' - Ceiling: CEILING
- Floor: EXT_FLOOR
- EXT_WALL: Plasterboard_12 mm (0.576 k] /hmK), Fiberglass_66 mm (0.144 k] /hmK),
- Wood siding_9 mm (0.504 k] /hmK)
. EXT_WINDOWT1: U-value 1.4 W/m?2K, g-value 0.589
Material
- CEILING: Chilled Ceiling, Air layer (0.042 hm?2K /Kk])
- EXT_FLOOR: Cement mortar_40 mm (5.04 k] /hmK), Lightweight concrete_40 mm (1.4 kJ /hmK),
Polyurethane_100 mm (0.11 k] /hmK), Concrete slab_210 mm (4.068 kJ /hmK)
Location Seoul, Republic of Korea Period 1 month: from 21 January to 10 February

(Timestep: 1s)

In the method described in Section 2.3.1, the thermal transmittance coefficient for
calculating the transmittance load, excluding outside convection, was calculated as an
area-weighted average, and 0.23 W/m?K was applied to the hot zone without a window,
whereas 0.51 W/m?K was applied to the cold zone with a window. The outside surface
temperature was calculated as the area-weighted average of the outside surface temperature
of each side for the entire period, —1.32 °C for the hot zone and —1.87 °C for the cold
zone. The window had a transmittance of 0.15 and an area of 20.87 m?2, and the solar load
in the cold zone with the window was input as 22.3 W/m?2. Only the equipment heat
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of the hot zone was considered as the internal load. In an actual situation, more factors,
such as ventilation and human loads, should be considered. However, in this study, the
total load was important. Thus, the factors that generate the load were simplified. The
load calculation was performed by placing the solar load, internal load, an area-weighted
average of the outside surface temperature, room set temperature, area of each surface,
and thermal transmittance and area excluding the outside convective coefficient into
Equations (14) and (16). The result is derived as W, which corresponds to the average load
over the entire period. Therefore, when calculating the total load by multiplying the total
time, it should be derived similar to the total load derived through TRNSYS, and the total
energy is derived assuming that the capacity of the heat storage tank is ideally designed
for this period.

In the method described in Section 2.3.2, the load obtained from the TRNSYS simu-
lation result was utilized by applying the contents in Table 4. The total load is derived
similarly to the method described in Section 2.3.1, and the total amount of energy consumed
is larger than that of the method described in Section 2.3.1, because the ratio of the load
removed by the SHC is reduced owing to the absence of a heat storage tank.

3. Results and Discussion

In this section, the load removal amount and energy consumption according to the
application of LB were compared and analyzed using the two energy savings deduction
methods discussed in Section 2. The SHC COP, which is observed to affect energy con-
sumption for both methods, was changed, and the degree of influence was analyzed. Thus,
the energy that can be saved when LB is theoretically applied is derived, and its feasibility
is studied.

3.1. Energy Saving When Using the LB Method

The loads derived from the hot and cold zones for each set of temperatures are
summarized in Table 5. As mentioned previously, the loads are derived as the average
value (W) of the entire period, and the total amount of load can be derived in kJ units
by summing it for the entire period. The load removal amount and energy consumption
according to whether LB was applied for each set temperature are summarized in Table 6
when the SHC was performed assuming a heating COP of 5, cooling COP of 4, and COP of
1 when using an auxiliary heat source. Table 7 and Figure 5 summarize the load removal
amount and energy consumption according to the SHC COP for the representative set
temperatures of 26 °C and 20 °C.

Table 5. Zone thermal load according to set point temperatures.

Hot Zone Cold Zone
Set temperature (°C) 28 26 24 18 20 22
Transmittance load (W) —1038 —-967 —897 —882 -971 —1060
Solar load (W) 0 0 0 70 70 70
Internal load (W) 1840 1840 1840 0 0 0
Total load (W) 802 873 943 —812 -901 —990

Total amount of load (k]) 1,454,663 1,583,165 1,711,666 —1,474,050 —1,635170 —1,796,290
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Table 6. Removed load and energy consumption (Cases 1—-1~1-3).

General Load Balancing
Case
Hot Zone Cold Zone Hot Zone Cold Zone
Set Temp. (°C) 28 18 28(0) 22 (+4)
Load () 1,454,663 —1,474,050 1,454,663 (0) —1,795,304 (—321,254)
Case 1-1 SHC: 1,179,240 SHC: —1,474,050 SHC: 1,436,243 SHC: —1,795,304
Aux.: 275,423 Aux.: 0 Aux.: 18,420 Aux.: 0
Energy (K]) 570,233 377,481 (—192,752)
8y SHC: 294,810 Aux.: 275,423 SHC: 359,061 Aux.: 18,420
Set Temp. (°C) 26 20 26(0) 22 (+2)
Load () 1,583,165 —1,635,170 1,583,165 (0) —1,795,797 (—96,376)
Case 1-2 SHC: 1,308,136 SHC: —1,635,170 SHC: 1,436,638 SHC: —1,795,797
Aux.: 275,029 Aux.: 0 Aux.: 146,527 Aux.: 0
Energy (K]) 602,063 505,687 (—96,376)
8y SHC: 327,034 Aux.: 275,029 SHC: 359,159 Aux.: 146,527
Set Temp. (°C) 24 2 24(0) 22 (0)
Load () 1,711,666 —1,796,290 1,711,666 (0) —1,796,290 (0)
Case 1.3 oa SHC: 1,437,032 SHC: —1,796,290 SHC: 1,437,032 SHC: —1,796,290
Aux.: 274,634 Aux.: 0 Aux.: 274,634 Aux.: 0
Energy (K]) 633,892 633,892 (0)
&Y SHC: 359,258 Aux.: 275,029 SHC: 359,258 Aux.: 274,634
Table 7. Removed load and energy consumption (Cases 1—2-1~1—-2-9).
General Load Balancing
Case
Hot Zone Cold Zone Hot Zone Cold Zone
Set Temp. (°C) 26 20 26(0) 22 (+2)
1,583,165 —1,635,170 1,583,165 (0) —1,796,290 (—161,120)
Case 1-2-1
cor T, Load (k) SHC: 817,585 SHC: 1,635,170 SHC: 898,145 SHC: 1,796,290
HS ~ Aux.: 765,580 Aux.: 0 Aux.: 685,020 Aux.: 0
COPcs =1
Energy (k]) 1,583,165 1,583,165 (0)
gy SHC: 817,585 Aux.: 765,580 SHC: 898,145 Aux.: 685,020
Set Temp. (°C) 26 20 26(0) 22 (+2)
1,583,165 —1,635,170 1,583,165 (0) —1,796,290 (—161,120)
C 1-2-2 7 / y ’ ’ 7 7
C(;zsje =3 Load (k]) SHC: 1,090,113 SHC: —1,635,170 SHC: 1,197,527 SHC: —1,796,290
HS ™~ Aux.: 493,051 Aux.: 0 Aux.: 385,638 Aux.: 0
COPcg =2
Energy (kJ) 1,038,108 984,402 (—53,707)
8y SHC: 545,075 Aux.: 493,051 SHC: 598,763 Aux.: 385,638
Set Temp. (°C) 26 20 26(0) 22 (+2)
1,583,165 —1,635,170 1,583,165 (0) —1,796,290 (—161,120)
Case 1-2-3 ,
CoPoe—4 Load (k) SHC: 1,226,378 SHC: —1,635,170 SHC: 1,347,218 SHC: —1,796,290
S _ Aux.: 356,787 Aux.: 0 Aux.: 235,947 Aux.: 0
COPcs =3
Energy (K]) 765,580 685,020 (—80,560)
8y SHC: 408,793 Aux.: 356,787 SHC: 449,073 Aux.: 235,947
Set Temp. (°C) 26 20 26(0) 22 (+2)
1,583,165 —1,635,170 1,583,165 (0) —1,795,797 (—160,627)
1-2-4
CCSIS,G . Load (k) SHC: 1,308,136 SHC: 1,635,170 SHC: 1,436,638 SHC: —1,795,797
HS Aux.: 275,029 Aux.: 0 Aux.: 146,527 Aux.: 0
COPcs =4
Energy (k]) 602,063 505,687 (—96,376)

SHC: 327.034 Aux.: 275,029

SHC: 359,159 Aux.: 146,527
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Table 7. Cont.

General Load Balancing
Case
Hot Zone Cold Zone Hot Zone Cold Zone
Set Temp. (°C) 26 20 26(0) 22 (+2)
1,583,165 —1,635,170 1,583,165 (0) —1,789,372 (—154,202)
Case 1-2-5
COPrs — 6 Load (k) SHC: 1,362,642 SHC: 1,635,170 SHC: 1,491,143 SHC: —1,789,372
o Aux.: 220,523 Aux.: 0 Aux.: 92,022 Aux.: 0
COPcs =5
Energy (K]) 493,051 390,250 (—102,801)
8y SHC: 272.528 Aux.: 220,523 SHC: 298,229 Aux.: 92,022
Set Temp. (°C) 26 20 26(0) 22 (+2)
1,583,165 —1,635,170 1,583,165 (0) —1,785,089 (—149,918)
C 1-2-6 7 ’ / y ’ ’ 7 / 2
COPrs— 7 Load (k) SHC: 1,401,574 SHC: 1,635,170 SHC: 1,530,076 SHC: 1,785,089
o Aux.: 181,590 Aux.: 0 Aux.: 53,089 Aux.: 0
COPcs =6
Energy (k]) 415,186 308,102 (—107,085)
&Y SHC: 233.596 Aux.: 181,590 SHC: 255,013 Aux.: 53,089
Set Temp. (°C) 26 20 26(0) 22 (+2)
1,583,165 —1,635,170 1,583,165 (0) —1,782,029 (—146,859)
Case 1-2-7 ,
COPrys — 8 Load (k) SHC: 1,430,774 SHC: —1,635,170 SHC: 1,559,275 SHC: —1,782,029
H, _ Aux.: 152,391 Aux.: 0 Aux.: 23,889 Aux.: 0
COPcs =7
Energy (K]) 356,787 246,643 (—110,144)
8y SHC: 204.396 Aux.: 152,391 SHC: 222,754 Aux.: 23,889
Set Temp. (°C) 26 20 26(0) 22 (+2)
Load (K] 1,583,165 —1,635,170 1,583,165 (0) —1,779,734 (—144,564)
Case 1-2-8 SHC: 1,453,485 SHC: —1,635,170 SHC: 1,581,986 SHC: —1,779,734
COPcs =8 Aux.: 129,680 Aux.: 0 Aux.: 1,179 Aux.: 0
COPys =9
HS Energy () 311,366 198,927 (—112,439)
8y SHC: 181.686 Aux.: 129,680 SHC: 197,748 Aux.: 1,179
Set Temp. (°C) 26 20 25.7(—0.3) 22 (+2)
Load () 1,583,165 —1,635,170 1,600,155 (0) —1,777,950 (—142,779)
Case 1-2-9 oa SHC: 1,471,653 SHC: —1,635,170 SHC: 1,600,155 SHC: —1,777,950
COPy,s =10 Aux.: 111,512 Aux.: 0 Aux.: 0 Aux.: 0
COPcs =9
Energy (K]) 275,029 177,795 (—97,234)
8y SHC: 163,517 Aux.: 111,512 SHC: 177,795 Aux.: 0
2,000,000
1,500,000 ‘\\ Comf-ort e
™
o
1,000,000 N
i") 500,000 e g Ejergy d
) »
L
= 0
]
©
©
9  -500,000
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Figure 5. Removed load and energy consumption (Cases 1—2-1~1—-2-9).
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The greater the difference between the outside air temperature and the set-point
temperature, the greater the load. In Case 1-1, it was determined that the set temperature
of the cold zone increased by 4 °C, and the thermal comfort increased compared to the
general method. As the heating load removal ratio of the SHC increased, the total energy
was reduced by 192,752 k], as fewer heating auxiliaries with low COP were used. In Case
1-2, the set temperature of the cold zone increased by 2 °C, which was observed to have
increased thermal comfort compared to the general method, and the total energy was
reduced by 96,376 k] for the same reason as in Case 1-1. In Case 1-3, there was no change
in energy consumption before and after LB, possibly because the indoor temperature was
set to the most comfortable temperature previously determined. That is, the more the set
point is set closer to the boundary of the comfort zone, the greater the energy savings when
using the LB method compared to the general method. When the temperature is set as the
boundary of the comfort range in a building with a set point temperature constraint (e.g.,
a public institution), it is deduced that both comfort increase and energy saving can be
satisfied if the SHCs and LB methods are applied.

The calculation for a wide range of COPs was performed to show how much energy
can be saved according to the change in cooling COP and heating COP. When various cool-
ing and heating COPs are applied to Case 1-2, the amount of energy saving is determined
according to Equation (25). That is, as the efficiency of the SHC increases more than the
efficiency when the auxiliary heat source is applied, it can be confirmed that the amount
of energy saving increases. However, if the difference between the COPs is larger than a
certain level, as in 1-2-9, Q¢ A 04 becomes 0 and does not follow Equation (25). Energy
is saved compared to the general method, but the amount of energy saved is reduced
compared to 1-2-8. However, it is confirmed that the set room temperature can be lowered
by approximately —0.3 °C by removing the cooling load.

3.2. Energy Saving When Set Temperature Changes in Real Time

The loads derived from the hot and cold zones for each set temperature are summa-
rized in Table 8. When the SHC was performed assuming a heating COP of 5, cooling COP
of 4, and COP of 1 when using an auxiliary heat source, the load removal amount and
energy consumption according to whether LB was applied for each set temperature are
summarized in Table 9. Table 10 presents the number and ratio of the set temperatures
in Case 2-4. Since timestep is 1 s, number is the same as expressing the total time the
temperature is set in seconds, and ratio is the ratio of the time the temperature is set to the
total time.

Table 8. Zone thermal load according to set point temperatures.

Hot Zone Cold Zone
Set temperature (°C) 28 26 24 18 20 22
Total amount of load (kJ) 1,523,263 1,656,212 1,788,559  —1,457,951 —1,654,205 —1,852,610
Difference between loads (%) 1.1 1.2 3.1 47 4.6 45

The total amount of load derived by TRNSYS by modeling the hot and cold zones
is slightly different from the load derived by the calculation in Section 3.1. In Section 3.1,
when calculating the cooling load, the wall heat gain due to solar radiation was not
considered, and when calculating the heating load, it was deduced that there were various
error factors, such as calculating the sun incident on the frame as the transmittance of the
glass. However, because the difference is within 5%, it is not expected to significantly affect
the calculation of the energy required.
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Table 9. Removed load and energy consumption (Cases 2-1~2-4).

General
Case
Hot Zone Cold Zone
Set Temp. (°C) 28 18
1,523,263 —1,457,951
Case 2.1 Load (k) SHC: 1,092,716 SHC: —1,365,894
Aux.: 430,548 Aux.: —92,056
Energy (KJ) 795,783
8y SHC: 273,179 Cooling Aux.: 430,548 Heating Aux.: 92,056
Set Temp. (°C) 26 20
1,656,212 —1,654,205
Case 2. Load (k) SHC: 1,329,288 SHC: —1,549,110
Aux.: 416,924 Aux.: —105,095
Energy (KJ) 831,841
&Y SHC: 309,822 Cooling Aux.: 416,924 Heating Aux.: 105,0956
Set Temp. (°C) 24 22
1,788,559 —1,852,610
Case 2.3 Load (k) SHC: 1,386,166 SHC: —1,732,707
Aux.: 402,393 Aux.: —119,903
Energy (K]) 868,838
8y SHC: 346,541 Cooling Aux.: 402,393 Heating Aux.: 119,903
Set Temp. (°C) 28, 26,24 18, 20, 22
1,600,875 —1,721,002
Case 2.4 Load (k) SHC: 1,351,652 SHC: —1,669,565
Aux.: 249,223 Aux.: —31,437
Energy (KJ) 618,573
gy SHC: 337,913 Cooling Aux.: 249,223 Heating Aux.: 31,437
Table 10. Number and ratio of set temperature in Case 2-4.
Heating Number of . o Cooling Number of . o
Set Temperature (°C) Settings Ratio (%) Set Temperature (°C) Settings Ratio (%)
18 8886 29.38 28 18,090 59.82
20 2443 8.08 26 4999 16.53
22 18,912 62.54 24 7152 23.65

In Case 2-1, the energy consumed by the SHC was 21,631 kJ smaller than that of the
general method in Case 1-1. However, 155,125 k] of energy using an auxiliary cooling
heat source and 92,056 kJ of energy using an auxiliary heating source were added. A total
of 225,549 k] of additional energy was used, and the error was approximately 60%. As
mentioned previously, in Section 3.1, it is assumed that the heat storage tank is equipped
with an ideal capacity for the period, and in Section 3.2, it is deduced that the heat storage
tank is not considered. This seems to have affected the 62% difference between Case 2-2
and Case 1-2, and the 63% difference between Case 2-3 and Case 1-3.

However, in Case 2-4, the total energy was 618,573 k], and although the heat storage
tank was not applied, less energy was used than in Cases 1-2 and Cases 1-3. This shows
that a large amount of energy can be saved if the LB is used appropriately by predicting
the load in the room. Additionally, the heating preset temperature reached a maximum of
22 °C, and the cooling preset temperature was approximately 40%, including 24 °C and
26 °C; thus, it can be deduced that thermal comfort is also improved.
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4. Conclusions

In this study, when applied to a simultaneous heating and cooling system, the energy
saving potential that can be obtained by changing the indoor set temperature within a
comfortable range was derived. To achieve this, a theoretical study was conducted to
derive the factors affecting energy consumption and simulations were performed to verify
the theory. The conclusions of this study are summarized as follows:

(1) Simultaneous cooling and heating systems using heat pumps can be effectively uti-
lized in buildings where heating and cooling loads occur simultaneously. When
combined with a heat storage tank, more loads can be removed, even when loads
do not occur simultaneously. An auxiliary heat source such as an air source can be
applied when the amount of load is different. However, the efficiency is generally
lower than that of simultaneous heating and cooling using a water-to-water heat
pump. Therefore, maximizing simultaneous heating and cooling can improve the
overall system efficiency.

(2) The energy saved by the LB method is proportional to the energy limit that can be
additionally input to the simultaneous heating and cooling, and the ratio of the COP
difference between the simultaneous heating and cooling and the auxiliary and COP
of the auxiliary heat source. That is when more energy is input to the simultaneous
heating and cooling, or the auxiliary heat source COP is smaller than the simultaneous
heating and cooling COP, the energy saving is greater.

(3) The LB method is advantageous, not only in terms of energy savings, but also in
terms of comfort by removing more loads. In particular, in the case of setting the set
point at the boundary of the comfort zone, it was found that energy savings were
greater when the LB method was used than when the general method was used. Thus,
when the temperature is set as the boundary of the comfort range in a building (e.g.,
a public institution) with restrictions on the set-point temperature, both the comfort
increase and energy saving can be satisfied if the simultaneous heating and cooling
system and LB methods are applied.

(4) When a heat storage tank with an ideal capacity is installed, approximately 60% of the
energy can be saved compared to the case where the heat storage tank is not installed.
Additionally, in the case of LB, by changing the set room temperature of both the hot
and cold zones in real-time by predicting the indoor load, more energy can be saved
than in the LB method, which changes only one load.

In this study, only temperature change was considered as a factor affecting comfort; in
future studies, it is necessary to consider the influence of various comfort factors such as
humidity and radiant temperature. Based on this, it is necessary to study the relationship
between comfort indicators, such as PMV and PPD.
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Nomenclature

Latin letters:
A

Surface area (m?)

cor Coefficient of performance (—)
E Consumed energy (W)
K K-value (W/m?2K)
LB Load Balancing
N Number of ventilation (1/h)
Q Thermal load (W)
SHC Simultaneous Heating and Cooling
T Temperature (°C)
v Volume (m?)
c Specific heat (k] /kgK)
Greek letters:
o Ratio of COPs (—)
p Density (kg/m?)
Subscripts:
A Auxiliary heat source
C Cooling
G General
H Heating
L Load Balancing
o Outside
S Simultaneous heating and cooling
add Additional
int Internal
lim limit
mod Modified
p Static pressure
set Set point
sol Solar
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