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Abstract: It has been identified that improving building energy efficiency is an effective method to
reduce greenhouse gas (GHG) emissions. Although standards have been established to satisfy a
building’s minimum energy demand while ensuring the comfort of its residents, they are difficult
to implement in mixed-humid regions. This study proposes a hybrid ventilation strategy that can
comprehensively reduce cooling, heating, and ventilation energy in mixed-humid climate regions
to significantly decrease the primary energy demand and reduce the impact of buildings on the
environment. This study evaluated the changes in energy saving potential and thermal comfort ac-
cording to the extension of the natural ventilation period and passive strategies, such as decentralized
ventilation. Changes in indoor air temperature, operative temperature, and PMV for each strategy
were analyzed. As a result, extending the natural ventilation and the decentralized ventilation
strategies can save 32% and 34% of the building’s energy, respectively. Considering that electricity
is the main energy source for cooling in Korea, the extension of the natural ventilation period was
judged to be the best approach from the perspective of primary energy demand. The results can be
used to predict changes in building energy demand and thermal comfort and select an appropriate
ventilation strategy based on occupant information obtained using Internet of Things.

Keywords: mixed-humid climate; hybrid ventilation; heat recovery ventilator; adaptive thermal com-
fort

1. Introduction

Various efforts to reduce greenhouse gas (GHG) emissions in response to the global
climate crisis have been made worldwide. South Korea has further declared its target of re-
ducing GHG emissions by 37% compared to business as usual (BAU) by 2030 [1]. Building
energy consumption can be reduced by improving building performance, which can lead
to a significant reduction in GHG emissions from the building energy sector. Improving
building performance is thus an effective method to reduce overall GHG emissions. In this
regard, many countries have reinforced building design standards, such as building enve-
lope performance. The European Union (EU) approved EPBD to promote improvements in
building energy performance [2,3]. In Korea, a strong building envelope design standard
was presented by benchmarking the passive house standards of Germany.

The passive house standard is the most widely used high-performance building
standard in the world that satisfies the minimum building energy demand and indoor air
quality (IAQ), without impacting the thermal comfort of the occupants [4]. The standard
differs slightly depending on the climate zone, but the following requirements must be met
universally:

1.  The energy demand of the space must be under 15 kWh/m? of net living space
(conditioned floor area) of 10 W/m?year peak energy demand.
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2. The renewable primary energy demand (PER, according to PHI method), all of do-
mestic energy, such as heating, hot water, and domestic electricity, must be under
60 kWh/m?year of conditioned floor area for Passive House Classic.

3. Interms of airtightness, only under 0.6 air change per hour (ACH) is allowed at 50 Pa
pressure (ACHS50), in both pressurized and depressurized states for pressure tests.

4. During winter as well as in summer, thermal comfort in all living areas must be met,
with under 10% of the hours being over 25 °C [5,6].

In a mixed-humid climate zone, however, it is difficult to satisfy the passive house
standard due to high humidity. High humidity causes discomfort due to various reasons.
First, under high-humidity conditions, a lower indoor air temperature is required to
satisfy thermal comfort because the latent heat loss from the surface of the human body
is relatively small [7]. Second, dampness due to high humidity may give rise to mold,
which can cause health problems, such as allergies and respiratory diseases [8]. Third, in
terms of energy, a large amount of energy is required for the dehumidification process,
as the conventional dehumidification process lowers the temperature of wet air to the
dew point and increases it back to the setpoint temperature. As is generally known, the
traditional dehumidification process requires a large amount of energy due to the cooling,
dehumidification, and reheating processes.

Natural ventilation is one of the best passive strategies to improve IAQ and the thermal
comfort level, while avoiding the use of mechanical devices. Natural ventilation, however,
is difficult to adopt in a mixed-humid climate zone because it is applicable only when
outdoor air conditions fall within comfort ranges. To overcome this limitation, Gail S.
Brager et al. proposed an adaptive thermal comfort model that makes it possible to use
natural ventilation even in humid climate through an improvement in air velocity [9]. The
main concept of the model is to allow comfort under a higher temperature and humidity
through an improvement in air velocity. Improving air velocity may slightly increase
building energy consumption but can reduce total energy consumption by reducing the
use of mechanical dehumidification, which requires a considerable portion of energy
consumption.

Several studies used natural ventilation to allow occupants to live comfortably under a
wider range of humidity conditions in a humid climate zone [10-13]. Lee et al. [10] analyzed
the effect of natural ventilation using parallel double-windows in Korea. They proved
that approximately 60% of cooling energy can be reduced by adopting an appropriate
ventilation model. Pingel et al. [11] compared the thermal comfort in six buildings where
natural ventilation was applied in a warm and humid climate zone. Several passive
strategies were adopted in these buildings, and it was confirmed that exposed cavity wall,
night ventilation, and optimized building forms are the most effective strategies. Hesaraki
et al. [12] compared IAQ and energy saving according to the natural ventilation level. They
found that sufficient air was provided even at low ventilation levels. Schulze et al. [13]
calculated the energy saving effect of selecting an appropriate ventilation strategy through
energy simulation. They showed that well-designed natural ventilation systems, such as
those in Stuttgart, Turin, and Istanbul, could save cooling energy by 13-44 kWh/m? per
year. These studies showed that natural ventilation is effective at reducing building cooling
energy. In addition, well-designed ventilation strategies and an increase in air velocity
increased the effect of natural ventilation in humid climate zones.

In addition to cooling energy, heating and ventilation loads in winter are one of the
factors that make it difficult to satisfy the passive house standard in humid climate zones.
Heating and ventilation losses mostly occur through openings and infiltration between
conditioned indoor air and unconditioned outdoor air. In this case, however, it is difficult
for occupants to control the airflow. Therefore, minimizing the supply air volume is an
effective method to save energy.

For the traditional control method, however, the adjustment of the air volume is ineffi-
cient because the indoor environment is air conditioned even in the absence of occupants in
the same way as when it is occupied [14]. In addition, since the building design standards
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of Korea already require a sufficiently high insulation envelope performance, residential
buildings do not require a large-scale HVAC system. Therefore, IAQ can be satisfied just
by adding a small cooling and heating unit to HRV, and energy can be saved through heat
exchange between exhaust and returning air through the continuous supply of outdoor
air. It was generally difficult, however, to apply HRV to residential buildings because
of the high installation cost and operator expertise required. In addition, HRV has been
overdesigned due to the conventional operation method of centralized control. Therefore,
the installation of a small HRV in each room makes it possible to supply fresh air through
DV, simultaneously saving heating and ventilation energy, even in winter.

Therefore, demand-based ventilation was used in several studies to find the optimal
air supply volume. Nguyen et al. [15] divided demand-based control into distributed
control and decentralized control. They mentioned that the primary difference between the
two methods is whether the agents communicate with each other. Decentralized control
adjusts local controllers without communication. More specifically, Kim et al. [16] described
fan-assisted natural ventilation as one of the DV strategies. Kim compared the energy
saving potentials of buildings with decentralized ventilation located in European climate
zones. Among various distributed systems, radiant panel distributed ventilation (RPDV)
was found to require the lowest initial and operating costs. Silva et al. [17] performed
POE through surveys and measurements in residential buildings with centralized and
decentralized ventilation systems. A total of 80% of the occupants responded that they were
satisfied with the building environment after remodeling to a decentralized ventilation
system. Based on these studies, heating and ventilation losses are expected to be reduced
through DV, one of the demand control methods.

In recent years, many studies have been conducted on hybrid ventilation, a concept
that combines passive ventilation and mechanical ventilation. These studies, however,
proposed energy saving and comfort improvement in individual areas, such as cooling
energy, heating energy, and ventilation energy, but suggested no specific strategy, protocol,
or standard [18]. In addition, the effect of the existing hybrid ventilation strategy was
proven in hot and dry climate zones, but a different ventilation strategy is required in
climate zones where it is hot and humid in summer and cold and dry in winter as in Korea.
Therefore, this study proposes a ventilation strategy that can comprehensively reduce
cooling, heating, and ventilation energy in mixed-humid climate regions. Figure 1 shows a
concept diagram of the proposed ventilation strategy in this study.

[ =]
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T

Figure 1. Concept diagram of proposed ventilation strategy.

In Korea, most HVAC systems are packaged air conditioners or split-unit systems, and
electricity is used as the main energy source. Since electricity undergoes several conversion
processes, the proportion of the primary energy demand is larger compared to other energy
sources, such as thermal energy. Therefore, in this study, a hybrid ventilation strategy was
proposed to significantly decrease the primary energy demand and reduce the impact of
buildings on the environment.
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2. Simulation Strategies
2.1. Natural Ventilation

Natural ventilation is a passive strategy traditionally used to reduce the cooling loads
of buildings and secure IAQ [10]. Natural ventilation, however, is significantly affected by
outdoor air conditions, and its effect is insignificant in a humid climate zone because it is
applicable only when outdoor air conditions fall within the comfort ranges for temperature
and humidity [12]. As a matter of fact, it is difficult to define the comfort ranges of outdoor
air due to non-quantitative factors. Nevertheless, many studies have followed the criteria of
ASHRAE Standard 55, which considers the PMV model [19]. The natural ventilation criteria
of ASHRAE consider the temperature and absolute humidity of the outdoor air. Figure 2
shows the specific natural ventilation criteria suggested by ASHRAE Standard 55. When
the period that allows natural ventilation was calculated using the climate data of Seoul, it
was found that 2092 h makes up 22.4% of the year. Thus, the effect of natural ventilation
is not significant. Therefore, additional energy saving can be achieved by extending the
natural ventilation period and reducing the mechanical ventilation period. In this study, the
concept of the adaptive thermal comfort model was used to extend the natural ventilation
period.

Figure 2. Conventional (Top) and proposed (Bottom) natural ventilation algorithms.

2.2. Increasing Air Velocity

The concept of the adaptive thermal comfort model is based on the supposition that it
is possible to expand the comfort ranges of temperature and humidity that people generally
feel by increasing indoor air velocity. In many previous studies, a cooling effect and comfort
improvement were achieved using this concept [20-25]. In this study, ceiling fans were used
as devices to increase the indoor air velocity. A ceiling fan can control a larger area than
other airflow-generating devices, and can generate various air velocities. As the electric
power varies depending on the generated air velocity, the energy demand was calculated
in this study based on level 6 electric power (11 W), which generates a velocity of 1.5 m/s,
by referring to a study by Zhai et al. [20]. Table 1 shows the fan power depending on air
speed. Since the target building had four zones that require air-conditioning, the minimum
requirement of four ceiling fans was met.
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Table 1. Fan power and air speed at each setting.
Level Power [W] Mean Air Speed [m/s]
0 1* 0.05
1 2 0.44
2 3 0.57
3 4 0.69
4 7 1.27
5 9 1.39
6 11 1.59

* Plug load.

2.3. Heat Recovery Ventilator

Since it is hot and humid in summer and cold and dry in winter in Korea, HRVs
that can exchange both sensible heat and latent heat are required when heat exchangers
are to be used. Existing HRVs, however, are large and require high installation costs. In
addition, the condensation problem has continuously been raised. Currently, in Korea,
the minimum standard for HRV performance is presented by KS B 6879, which is shown
in Table 2 [26]. This standard stipulates an air-to-air heat recovery ventilator with heat
exchange elements and filter units installed between indoor and outdoor spaces, with
under 600 V and 3000 ACH. In this study, energy and thermal comfort were calculated
while a small HRV that meets the minimum standard was used. It is possible to operate
ventilation systems according to the number of occupants by installing small HRVs in the
window of each room. In this process, the ventilation loss can be reduced by adjusting
the air supply volume. Based on this, the energy efficiency of the entire building can be
improved.

Table 2. Minimum standard of heat recovery ventilator based on KS B 6879.

Ventilation Heat Recovery Rate Energy Coefficient
Volume Cooling Heating Cooling Heating
Standard Over 90% Over 45% Over 70% Over 8.0 Over 15.0

3. Simulation
3.1. Simulation Description

In this study, an Energyplus engine was used to calculate the building energy de-
mand. This can reflect the design elements and physical properties of a building through
Rhino/Grasshopper. The energy simulation results were calculated on an hourly basis.
Recently, Energyplus has been used in various studies because it is able to calculate building
energy even in a complex energy model [27].

3.2. Climate Analysis

The climate of Korea is classified as a mixed-humid climate according to the Koppen
Geiger classification criteria. In this study, the TMY weather data of Seoul, the capital city
of Korea with the largest population, were used. Figure 3 shows the annual temperature
and humidity distribution of outdoor air. Based on the criteria of Figure 2 (Bottom), 3055 h
per year is available to extend the natural ventilation period in Korean climate.
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Figure 3. Annual temperature and relative humidity in Seoul, Korea.

3.3. Building Statement

Since Seoul has a high population density, most people live in high-rise apartments.
The Korean government provides typical apartment drawings, such as floor plans, section
plans, and system plans, to provide a high-quality residential environment. Figure 4 is
the standard floor plan of apartments given by the Korean government. This suggests
that the criteria for insulation performance and airtightness performance by region are
used to secure a zero-energy building performance for new buildings. In this study, an
energy simulation was performed based on the standard apartment drawings and building
performance in Seoul. The input variables for simulation are shown in Table 3 [28].

Table 3. Input variable for energy simulation based on Korean building code of multi-stories apart-

ment.
WWR U-Value
Number Gross Total Volume [%] [W/m2K] ACH Num of
2 : 3
of Floors  Area[m”]  Height [m] [m?] Occupants
S N E W Roof Wall Floor Win
20 5954 16,671 60 10 0 0 0.15 0.17 0.17 1.00 0.3 240

Residential buildings in Korea mostly adopt hot water pipe floor heating for heating
and packaged air conditioners or split-unit systems for cooling. The distribution energy
of heating and cooling was calculated considering the characteristics of the media air
and water. The pressure loss according to the medium is calculated using the following
formula [29]:

P 1000- f-p-v2
0P = 2D (1.6 + 1.1Lgyet)

)

where:
Pgyop = Pressure drop (Pa);
f = Friction factor;
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p = Density of mass (kg/ m3);

v = Velocity (m/s);

D = Hydraulic diameter (m), generally 1.204;

Lguct = Duct length (m).

The designed duct lengths (L) for each room in the unit household are shown in
Table 4.

N {
| 2140 1720 |

2470,

lL
‘g

Lm;alc:my 2
2 ]
: [ Dient o ssar
8 1 || Beds |
1 I~ Drless | Dress
s & Room Room
: Bed 1 Bed 1
Living Living
- — Ma—— L ,—'J_&:Eaﬂ - —
al 4/00 ] 89¢ ) . 3500 470 10
24,800
Figure 4. Typical floor plan for multi-story apartment in Korea.
Table 4. Designed duct length of each room from air handling unit.
Bedroom 1 Bedroom 2 Bedroom 3 Kitchen Living Room
Length (m) 11.0 45 9.4 7.0 6.5

3.4. Occupancy Schedule

In the conventional HVAC control method that involves the introduction of outdoor air,
the required air supply volume is calculated based on the maximum number of occupants.
Thus, energy can be wasted due to overdesign. The calculation of the number of occupants
for energy simulation generally follows the basic occupancy schedules of EN and ISO.
In this study, the basic occupancy schedule of Ahmed et al. [30], calculated based on the
EN16798-1 and ISO/FDIS 17772-1 standards, was reflected in the energy simulation [31,32].
The occupancy schedule for each zone was calculated by applying the ratio obtained in the
study by Ahmed et al. based on four people per household. Figure 5 shows the occupancy
schedule for energy simulation with a conventional HVAC system and decentralized
ventilation strategy in each room.
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Figure 5. (a) Occupancy schedule for conventional HVAC system. (b) Occupancy schedule for
decentralized ventilation.

4. Results
4.1. Energy Saving Potential

To evaluate the energy saving potential via the two passive strategies presented above,
the energy demand, primary energy demand, and CO, emissions were compared for each
strategy. Each strategy was divided into the following four cases and the effects of each
strategy were compared: Case 1—baseline; Case 2—extended natural ventilation; Case
3—decentralized ventilation; and Case 4—combined passive strategies (proposed solution).
Table 5 shows the description of each simulation case and Figure 6 shows the annual energy
demand per unit area for each of the four strategies.
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Table 5. Simulation cases description.

Operatl_o n Case 1 Case 2 Case 3 Case 4
Scenario
. Extended Decentralized Proposed
Name of case Baseline case natural . :
.. ventilation case solution case
ventilation case
Extending
natural Decentralized
. . ventilation control for Combined two
. Basic ventilation . . o .
Description strate period with ventilation based  strategies (Case
8y increasing air on occupancy 2 and Case 3)
velocity using demand
ceiling fan
Ventilation type Centralized Centralized Decentralized Decentralized
2-position . 2-position .
Control type Control Floating Control Control Floating Control
18
16.03
— 16 “r=--r-—-i
: Bl
-329% |
o .
= \ '
12 10.85
% e, 105 | 5%
€ 10 i ,
E v
7.19
% 8
>
0 6
o
C
v o4
o]
)
0

Case

Casel M Case2 FCase3 [MCased
Figure 6. Site energy demand according to each strategy.

In Case 1, where the existing ventilation strategy is used, 16.03 kWh/m? of energy is re-
quired per year for HVAC. If the natural ventilation period can be extended in Case 1 by im-
proving the air velocity, the energy demand is reduced by approximately 5.18 kWh/m?year.
The energy demand of Case 3 in which DV is used is similar to that of Case 2. The an-
nual energy demands of Cases 2 and 3 were calculated to be 10.85 and 10.50 kWh/m?,
respectively. Conversely, in Case 4 where all of the proposed strategies are used, the energy
demand can be further reduced to 7.19 kWh/m?. Figure 7a—c show the energy consumption
patterns of each strategy on a random date.
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Figure 7. (a) Energy pattern comparison of Case 1 with Case 2. (b) Energy pattern comparison of
Case 1 with Case 3. (c) Energy pattern comparison of Case 1 with Case 4.

The primary energy demand was calculated based on the actual energy demand. In
the target building, a heat pump is used for heating and a compression chiller is used
for cooling. Since the cooling and heating heat sources are different, the primary energy
demand is also different from the energy demand calculated above. In Korea, coal gas has
been traditionally used as a heating heat source and electricity as a cooling heat source. The
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Korea Energy Agency suggests 1.1 and 2.75 as the conversion factors of gas and electricity,
respectively, for primary energy calculation. Table 6 shows the primary energy factor
depending on the energy source in Korea.

Table 6. Primary energy factor depending on energy source based on Building Energy Efficiency

Certification.
Energy Source Primary Energy Factor
Fuel 1.1
Electricity 2.75
District heating system 0.728
District cooling system 0.937

For this reason, the primary energy demand for each case was found to be
31.06 kWh/m? for Case 1, 19.15 kWh/m? for Case 2, 19.35 kWh/m? for Case 3, and
12.23 kWh/m? for Case 4. Figure 8 summarizes the primary energy demand for each
strategy.

35
31.08

30

25

20

19.15 19.55

15 12.23

10

Primary energy demand [kWh/m?y]

Case

HCase1 HCase?2 [FCase3 WCase 4

Figure 8. Primary energy demand of each case.

To examine the impact on the environment, the primary energy demand was con-
verted into CO, emissions. Despite the same primary energy demand, the impact on the
environment may vary depending on the energy production method. The energy produc-
tion method differs by region. In Korea, which is the target region, energy is produced
based on the proportions shown in Table 7. Figure 9 shows the results of calculating CO,
emissions based on these proportions and the primary energy demand. CO, emissions
were calculated to be 12.87 kgCO,/ mZyear for Case 1, 7.93 kgCO,/ mZyear for Case 2,
8.09 kgCO,/m?year for Case 3, and 5.06 kgCO, /m?year for Case 4.

Table 7. Energy source accountability to produce electricity in Korea.

Energy Source Ration of Total Energy Production
Coal 42%
Liquefied Natural Gas (LNG) 27%
Nuclear 23%
Renewable 6%
Oil 1%

Etc. 1%
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Figure 9. CO; emission of each case.

4.2. Thermal Comfort

To examine the comfort of occupants and the energy saving potential under each
strategy, the indoor air temperature, operative temperature, and PMV were compared as
thermal comfort indices. Thermal comfort was analyzed for Bedroom 01 with the highest
density (two out of four occupants) in the household. Figure 10 shows the changes in the
indoor air temperature of Bedroom 01 in a sample week.

In Case 1, the air temperature ranged from 20 to 26 °C due to the constant operation of
HVAC. In Cases 2 and 3, similar indoor temperature distributions were observed. In Case
4, however, the temperature exceeded 26 °C or dropped below 20 °C in some instances, but
the temperature difference was not severe and was found to be acceptable for most people.

12 24 36 48 60 72
Time [h]

Figure 10. Cont.

84

96

108

120
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Indoor air temperature [°C]

Indoor air temperature [°C]

27

25
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21
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17

27
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12 24 36 48 60 72 84 96 108 120
Time [h]

Case 1 ===-Case 3

(b)

12 24 36 48 60 72 84 96 108 120
Time [h]

Case 1 == - Case 4

(c)

Figure 10. (a) The room air temperature comparison in a sample week of Case 1 with Case 2 (Bedroom
01). (b) The room air temperature comparison in a sample week of Case 1 with Case 3 (Bedroom 01).
(c) The room air temperature comparison in a sample week of Case 1 with Case 4 (Bedroom 01).

Second, the operative temperatures, one of the indicators of the thermal comfort of
occupants, were compared and analyzed. When the indoor air velocity is 0.2 m/s or less,
the operative temperature is calculated as the average of the indoor air temperature (T,)
and the mean radiant temperature (MRT) [19,33].

T, + T,
To _ 1a +2 mrt (2)

In this study, however, the operative temperature was calculated using Equation (3)
because the case of extending the natural ventilation period through an improvement in
indoor air velocity was considered [19].

To=AT,+(1—A) Ty 3)

For A, the following values in Table 8 were used according to the average indoor air
velocity.
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Table 8. A value for calculating operative temperature at more than 0.2 m/s air velocity.
Va
(Average Air Speed) <0.2 m/s 0.2-0.6 m/s 0.6-1.0 m/s
A 0.5 0.6 0.7

indoor operative temperature ( °C )

32

30

28

26

24

22

20

18

16

14

ASHRAE standard 55 suggests acceptable operative temperature ranges as shown in
Figure 11. This graph compares the monthly average outdoor air temperature with the
indoor operative temperature, showing acceptability limits of 80% and 90%. In this study,
the acceptable hours of a year in which the traditional control method falls within the 80%
acceptability limits were examined, and their change for each strategy was evaluated to
compare the thermal comfort. In Case 1, the acceptable hour limit was found to be 4933 h,
at which point the building satisfied thermal comfort using HVAC systems. For other
strategies, the acceptable hours slightly decreased due to the mixing of indoor air and
outdoor air. Figure 12a,b show 80% acceptable hours for each strategy.

[90% acceptability limits

|80% acceptability limits |

/

10 15 20 25 30 35
prevailing mean outdoor air temperature (°C)

Figure 11. Acceptable operative temperature 6(T,) ranges for naturally conditioned spaces.

Finally, PMV, which is most widely used as a thermal comfort index, was analyzed.
PMV is calculated based on the following six variables: the air temperature, relative
humidity, MRT, air velocity, amount of clothing, and metabolic rate. ASHRAE suggests
thermal comfort ratings using this index, as shown in Figure 13. PMV is calculated using
the following equation.
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Indoor operative temperature [°C

5 10 15 20 25 30 35

Outdoor air temperature [°C]

(@)

2

[*C1

Indoor operative temperature

80% acceptability limits

14
5 10 15 20 25 30 35

Outdoor air temperature [°C]

(b)

Figure 12. (a) Acceptability limits (80%) of operative temperature for naturally conditioned space in
Case 1 (basic ventilation). (b) Acceptable hour (80%) of a year in case 4 (proposed solution).

PMV = (0.303e*0~036M + 0.28) Lbody @)

where:
PMYV = Predicted Mean Vote;
M = Metabolic rate;
Lpody = Thermal load on the body.
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In this study, PMV was calculated every hour to compare the thermal comfort for each
strategy. Non-quantitative factors, such as the amount of clothing and metabolic rate, were
assumed to be different for summer and winter. The amount of clothing was set to 0.6
for summer and 1.0 for winter. Consequently, the average PMV values were found to be
—0.32, —0.62, —0.66, and —0.70 for Cases 1-4, respectively. The average PMV was slightly
different for each strategy, although it was generally similar. Figure 14 shows the PMV
according to each case.
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Figure 13. ASHRAE thermal sensation scale.
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Figure 14. PMV variation by each case.

5. Discussion
5.1. Energy Saving Potential

This study evaluated the energy saving and changes in comfort through the existing
passive strategy. Since the main strategy of this study is to extend the natural ventilation
period by facilitating an increase in air velocity and to apply DV, cooling energy saving
was important. The energy pattern analysis results showed that cooling energy could be
saved by extending the natural ventilation period using ceiling fans. Conversely, when
the outdoor air conditions were suitable for natural ventilation, the energy demand was
the same as that of the existing control method. DV could also save energy by reducing
heating and ventilation losses. The overall energy demand was reduced by DV, but the
energy demand increased during time periods when occupants were concentrated, such
as commuting hours. Total energy demand was significantly reduced by integrating the
proposed strategies.

In terms of the primary energy demand, however, the results differed. Although the
energy demand of the DV strategy was smaller than that of the ENV strategy, the primary
energy demand of the DV strategy was found to be larger. This is because cooling and
heating energy sources are different in Korea. Since electricity, which is the main energy
source of cooling, goes through many conversion processes, its primary energy conversion
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factor is higher than that of gas. For this reason, CO, emissions showed the same pattern
as the primary energy demand. Since the cooling load is the main load in a mixed-humid
climate zone, the strategy to reduce the cooling load by extending the natural ventilation
period is judged to be an appropriate passive strategy that can reduce the impact on the
environment as well as the energy demand.

5.2. Thermal Comfort

From a thermal comfort perspective, energy saving sometimes adversely affects ther-
mal comfort. Energy saving, however, can be sufficiently selected as an alternative strategy
if changes in thermal comfort are insignificant or negligible. In this study, changes in
thermal comfort were examined by analyzing three thermal comfort indices: the indoor
air temperature, operative temperature, and PMV. The indoor air temperature of each
strategy fluctuated in a wider range than that of the existing ventilation strategy. The
temperature, however, always fell within the comfort range as cooling and heating systems
were operated when the outdoor air was overly hot or cold. In addition, the acceptable
hours in which the operative temperature fell within the 80% acceptability limits suggested
by ASHRAE standard 55 were examined to compare the operative temperature for each
strategy. The acceptable hours were found to be 4933 h a year for the existing strategy, and
they were not significantly different for the strategies of Cases 2 to 4. Case 4 was the most
uncomfortable strategy based on the operative temperature, but its acceptable hours were
approximately 4300 h a year, which is not significantly different from that of the existing
ventilation strategy. Finally, PMV was calculated every hour for each strategy. Since clo
and met, which are non-quantitative factors, were assumed for the calculation of PMYV,
a comparison between the PMV values is not appropriate, but comparing the thermal
comfort due to the change in passive strategy is significant. As shown in Figure 13, there
was no significant difference in the annual distribution and average value of PMV for each
strategy. In addition, the average PMV of Case 4 is somewhat smaller than that of the
existing strategy. This appears to be because natural ventilation has a direct cooling effect,
while stopping mechanical HVAC.

6. Conclusions

This study focused on reducing the latent heat cooling load for the spread of zero-
energy buildings in mixed-humid climate zones without the use of additional machines. It
was difficult to apply many existing passive strategies to mixed-humid climate zones, such
as Korea, due to high humidity. Although it is impossible to reduce the latent heat load
without mechanical dehumidification, an increase in air velocity allows higher humidity
and temperature to be accepted. This makes it possible to reduce the use of mechanical
cooling and heating and to perform natural ventilation and reduce the overall building
energy demand even when outdoor air conditions exceed the comfort ranges. In addition,
under existing HVAC systems, air-conditioning is performed before the air is dispersed to
each room. To overcome these two limitations, this study evaluated the changes in energy
saving potential and thermal comfort according to the extension of the natural ventilation
period and passive strategies, such as decentralized ventilation.

Consequently, the extension of the natural ventilation period could save
5.18 kWh/m?year of energy compared to the existing strategy, and cooling energy saving
was important. The decentralized ventilation method could save 5.53 kWh/m?year of
energy compared to the existing strategy. The total amount of energy saved was larger
for the decentralized ventilation method compared to the strategy involving extension
of the natural ventilation period. Considering that electricity is the main energy source
of cooling in Korea, however, the extension of the natural ventilation period was more
efficient than the decentralized ventilation strategy from a perspective of primary energy
demand. Therefore, the strategy of extending the natural ventilation period through an
improvement in air velocity is judged to be the most effective in mixed-humid climate
zones considering the impact on the environment.
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In terms of thermal comfort, changes in indoor air temperature, operative temperature,
and PMV for each strategy were analyzed in this study. The indoor air temperature
fluctuated in a wider range depending on the strategy, but such fluctuations were within
the comfort range as mechanical HVAC was operated when the outdoor air was extremely
hot or cold. To compare the operative temperature, the acceptable hours in which the
operative temperature falls within the 80% acceptability limits suggested by the ASHRAE
standard were examined. For the existing control method, the acceptable hours were 4933 h
a year. The acceptable hours for other strategies were not significantly different as they
were also more than 4000 h. When PMV was compared, there was no significant difference
for each strategy. For Case 4, where the proposed strategies were integrated, the PMV value
was lower than those of other strategies due to the cooling effect of natural ventilation.

Although this study was limited by the lack of consideration of the combination
of increasing the air velocity and mechanical ventilation, this study is significant in that
the energy saving potential of typical residential buildings through the adaptive thermal
comfort model and passive strategies, such as the decentralized ventilation strategy, in a
mixed-humid climate was quantitatively evaluated. To the best of the authors” knowledge,
no literature was found on the energy saving and the impact of thermal comfort by using
hybrid ventilation strategy in the humid climate of South Korea. In addition, due to the
recent development of measuring instruments, such as IoT sensors, it is now possible to
identify the number of indoor occupants and their activities more easily and accurately
than in the past. Therefore, the results of this study can be used to predict changes in
building energy demand and thermal comfort according to the selection of an appropriate
ventilation strategy based on the accurate information on occupants obtained using simple
IoT equipment.
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Nomenclature

ACH Air change per hour

D Hydraulic diameter [m]
Lpoay Thermal load on the body
Lyet Duct Length [m]

M Metabolic rate

MRT Mean radiant temperature
Pirop Pressure drop [Pa]

PMV Predicted mean vote

T Temperature [°C]

WWR Window to wall ratio [%]
f Friction factor

0 Density of mass [kg/ m3]

v Velocity [m/s]
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Subscripts

a Air

mrt Mean radiant temperature

0 Operative temperature

Acronym

ASHRAE  American society of heating, refrigerating, and air conditioning engineering
BAU Business as usual

DV Decentralized ventilation

ENV Extended natural ventilation

EPBD Energy performance of building directive
GHG Greenhouse gas

HRV Heat recovery ventilator

HVAC Heating, ventilation, and air conditioning
TIAQ Indoor air quality

TIoT Internet of things

PER Renewable primary energy demand

PHI Passive house institute

POE Post occupant evaluation

RPDV Radiant panel distributed ventilation
™Y Typical meteorological year
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