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Abstract: This study examined a method to reduce energy consumption in office buildings.
Correspondingly, an optimal control method was proposed for heating, ventilation, and air
conditioning (HVAC) systems via two control algorithms that considered the indoor thermal
environment. The control algorithms were developed by considering temperature and humidity
as the factors of the indoor thermal environment that influence the control of HVAC systems and
the predicted mean vote comfort ranges. Furthermore, an experiment was performed using office
equipment that incorporated the two control algorithms for HVAC systems, and the correlation
between changes in the thermal environment within the office and the occupant’s comfort levels
was estimated via an actual survey. The results demonstrated that the proposed control method
for HVAC systems, which considered the comfort ranges of temperature and humidity and the
thermal adaptation capability, can efficiently maintain the occupant’s comfort with lower energy
usage compared with conventional HVAC systems. Thus, the use of the control method contributes
to the reduction of total energy consumption in buildings with HVAC systems.

Keywords: HVAC system; optimal control method; temperature control; PMV control; comfort range;
control algorithm; building; energy saving

1. Introduction

Total greenhouse gas emissions of buildings are responsible for 40–50% of the total global carbon
dioxide emissions [1–3]. This has now become a global problem.

Due to the industrialization of nations, people are now spending more time indoors. Hence,
compared with previous years, energy consumption is considerably increasing.

The demand for electricity for indoor heating and cooling in office rooms continues to increase [4,5]
and is responsible for 42% of the total energy consumption for commercial uses in office buildings,
particularly for building cooling and heating purposes [6,7].

To address the problem of excessive energy consumption, different governments including that
of South Korea have announced measures to regulate the usage of cooling and heating devices in
offices to conserve energy. However, these regulations may reduce the occupants’ comfort and the
productivity of workers [8]. A study on the correlation between the thermal environment of offices
and the working efficiency of occupants [9–12] demonstrated that the thermal environment (44.1%)
has considerable influence on work efficiency.
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Therefore, regulating the HVAC system’s usage enables prompt energy-saving, but also results in
an uncomfortable environment that neglects the occupants’ comfort [13]. Hence, studies on energy
usage within an office and the occupants’ comfort should be both reviewed and studied. This study
proposes an optimal control method for heating, ventilation, and air conditioning (HVAC) systems to
efficiently reduce the energy consumption in offices and enhance the occupants’ comfort.

In this study, a, control experiment was performed in an office with a control algorithm that
regulated the temperature comfort range and predicted the mean vote (PMV) factor. Moreover, based
on the occupants’ comfort, we analyzed the operating pattern and the thermal environment factor
changes derived from the system [14,15].

To satisfy the legal requirements for the ventilation rate, the method used was based on the
energy recovery ventilator (ERV) system. Furthermore, to analyze the pattern of usage of the heating
equipment and the occupants’ comfort, the ventilation system and the heating equipment were
controlled based on the control standards of the indoor thermal environment. For this purpose, the
ninth floor office of a 17-floor office building was used as an experimental space in South Korea.

The experimental space enabled the specific control of the HVAC system. One-day experiments
were conducted for both the experimental and control groups (temperature and PMV). The data
were collected using laboratory equipment from 9 December 2019 to 11 December 2019 (inclusive).
Furthermore, a total of 8 h [16] was required per day as the experimental hours from 09:00 to 12:00 and
from 13:00 to 18:00 were based on office working hours. Data were gathered six times per hour with
the designated time based on an actual survey and a questionnaire.

This study introduces the process of deriving the optimal control method for the existing HVAC
system. While there is a lack of supply and demand for the experimental spaces subject to the
experiment, the quantity of experimental equipment, and the limitations pertaining to a single case
in an experiment that considers the external weather, this study may provide critical data for future
related research.

2. Materials and Method

2.1. Comfort Range of Indoor Thermal Environment Evaluation Index

2.1.1. Temperature and Humidity

The indoor thermal environment within the existing multifamily housing controlled the heating
equipment based on the temperature and humidity indices. In South Korea, the optimal temperature
for winter is stipulated to be in the range of 18–21 ◦C and the optimal humidity is in the range of
40–60%. If the room temperature is not appropriate for the occupants, they would be exposed to
various diseases. However, if the room is humid, various microorganisms are likely to grow and
multiply [17]. Therefore, it is necessary to ensure that the indoor environment is maintained at an
appropriate temperature and humidity.

2.1.2. Predicted Mean Vote

Predicted mean vote (PMV) quantifies the human response to an indoor thermal environment. As
one of the representative thermal comfort indices, the PMV calculation formula proposed by Fanger, P.
O. (1982) [18] is identical to Equation (1):

PMV = [0.028 + 0.303·exp(−0.036·M/ADu)]·(H/ADu − Ed − Esw − Ere − L − R − C) (1)

Equation (1) is a theoretically expressed index of the perceived thermal comfort of the occupants
based on the comprehensive consideration of the human body’s metabolic rate, quantity of clothing
and temperature, average radiation temperature, air flow, and humidity. PMV demonstrated that
within the range of −3 to +3, the comfort range is −0.5 to +0.5 [19].
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2.2. Indoor Thermal Environment Control Algorithm Following the Control Standards by an
Evaluation Indicator

As summarized in Table 1, experiments were conducted by setting criteria for each control setting.
When the temperature, humidity, and PMV indices were controlled, the ventilation system was used
to satisfy the ventilation rate at 0.5 times per hour [18]. Furthermore, the experimental environment
was controlled by the ventilation system (ERV system) and heating equipment only.

Table 1. Control criteria of the physical indicators.

Element Item
Experimental Group
1/Temperature and

Humidity (A)

Experimental Group
2/PMV (B)

common standards for thermal environment ERV system = 0.5 times/h

control criteria
T 1 = 19 ◦C −0.5 < measurement

data < + 0.5RH 2 = 40%

control device ERVs 3, heating

control device influence
ERVs RH RH

heating T T, PMV

repetition 6 times/h × 8 h = 48 times/1 day
1 T = Indoor temperature [◦C], 2 RH = Relative humidity [%], 3 Energy Recovery Ventilation System.

The experiment was conducted in the same experimental space for three days. On the first day,
the control group measured the atmosphere within the office without any external control.

On the second day, the experimental group (A) set the reference temperature and humidity
control to 19 ◦C and 40%, respectively [6]. When group (A) was controlled, the humidity control
was achieved by operating the ERV system, while the temperature was controlled with the use of the
heating equipment. Figure 1a shows the control algorithm for the experimental group (A).

There are multiple criteria used to control the PMV index (B). Comfort is achieved when the
composite value that reflects six factors (temperature, humidity, air velocity, average radiation
temperature, quantity of clothing, and performance activity) is higher than −0.5 and lower than
+0.5 [19]. Figure 1b shows the control algorithm for experimental group (B). The PMV index control
was evaluated with a PMV-measuring apparatus (Amenity Meter Model AM-101) that simultaneously
calculated the results associated with the six factors.

The PMV is automatically calculated based on the real-time measurements of the temperature,
air velocity, humidity, and average radiation temperature as well as the settings for the performance
activity and quantity of clothing. We used a measuring device that displayed the calculated PMV
value in real time.

The data obtained were acquired eight times per day during the experiment, and six times per
hour (i.e., every 10 min). Hence, 48 datasets were obtained for each control criterion and a total of 144
datasets were collected.

Table 1 lists the control criteria of the physical indicators. Additionally, Figure 1 shows the flow
diagram of the control algorithm.
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Figure 1. Control algorithm: (a) control algorithm for the experimental group A; (b) control algorithm 
for experimental group B. 
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In this study, a control experiment was conducted according to the temperature and comfort 
range of the PMV. The ERV system was used to satisfy the legal rate requirement of 0.5 ventilations 
per hour. The temperature standard was 21 °C, and is the domestically recommended temperature. 
Furthermore, within the experimental space, the occupants’ quantity of clothing (clo) was limited to 
1.0, and performance activity (met) to typing (1.1) [20].  

On the first day of the experiment, without any external interference or condition, the normal 
daily activity was examined for the control group. On the second day, temperature and humidity for 
the experimental group (A) were controlled. These constitute the basic factors among the indoor 
thermal environment factors. On the third day, the experimental group (B) controlled the HVAC 
system based on the PMV index. 

The experimental space had an occupancy density of 0.05 person/m2 in an office (26 m2) on the 
ninth floor of a building with 17 floors, and corresponded to a nondense space. The experimental 
space enabled the individual control of the HVAC system.  

An important feature of the experimental space is the fact that two out of the four walls are front 
glass windows that are highly affected by the outer temperature and the intensity of sunlight per 
hour.  

Figure 1. Control algorithm: (a) control algorithm for the experimental group A; (b) control algorithm
for experimental group B.

3. Experimental

3.1. Experimental Details

In this study, a control experiment was conducted according to the temperature and comfort
range of the PMV. The ERV system was used to satisfy the legal rate requirement of 0.5 ventilations
per hour. The temperature standard was 21 ◦C, and is the domestically recommended temperature.
Furthermore, within the experimental space, the occupants’ quantity of clothing (clo) was limited to
1.0, and performance activity (met) to typing (1.1) [20].

On the first day of the experiment, without any external interference or condition, the normal daily
activity was examined for the control group. On the second day, temperature and humidity for the
experimental group (A) were controlled. These constitute the basic factors among the indoor thermal
environment factors. On the third day, the experimental group (B) controlled the HVAC system based
on the PMV index.

The experimental space had an occupancy density of 0.05 person/m2 in an office (26 m2) on the
ninth floor of a building with 17 floors, and corresponded to a nondense space. The experimental
space enabled the individual control of the HVAC system.

An important feature of the experimental space is the fact that two out of the four walls are front
glass windows that are highly affected by the outer temperature and the intensity of sunlight per hour.
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Table 2 lists the questionnaire survey items and evaluation. Additionally, Figure 2 shows the
installation position of the measurement apparatus.

Table 2. Questionnaire survey items and evaluation.

(A) Comfort Sensation Vote (CSV)

very
uncomfortable uncomfortable slightly

uncomfortable neutral slightly
comfortable comfortable very

comfortable
1 2 3 4 5 6 7

(B) Thermal Sensation Vote (TSV)

cold cool slightly cool neutral slightly
warm warm hot

−3 −2 −1 0 1 2 3
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Figure 2. Installation position of the measuring apparatus.

Furthermore, to investigate the comfort of the occupants, questionnaires were distributed to
the experimental space occupants, and the comfort evaluation was conducted. As shown in Table 2,
based on the seven-step sensory scale defined by the American Society of Heating, Refrigerating, and
Air-Conditioning Engineers, the questionnaire was drafted to record the indoor comfort (CSV) and
sense of heat and cold (TSV) every hour [21–23]. Similar to the actual data, the questionnaire was
recorded for three days at six measurement intervals per hour (i.e., every 10 min). Regarding the
questionnaire data, 24 datasets were collected per day from each occupant and for four people for three
days. In total, 288 datasets were collected.

Figure 2 shows the equipment used for the experiment and the installation locations. We
used a ventilation system (ERV system) that influenced indices, heating equipment, dataloggers for
temperature and humidity measurements, a PMV device for measuring PMV values, and a CO2

concentration meter for measuring the CO2 concentration [24–26].
The ERV system and heating equipment were installed on the ceiling. With the exception of the

ERV system and heating equipment, all of the remaining equipment were installed at 1.2 m above
the floor. As shown in Figure 2, the dataloggers (D1), PMV measurement device (C), and the CO2

concentration meter (E) provided the reference points for all data.



Buildings 2020, 10, 95 6 of 12

3.2. Heating, Ventilation, and Air Conditioning (HVAC) System’s Operating Pattern Determined by the
Control Algorithm

3.2.1. Control Group

On the first day of the experiment, no external interference or conditions were applied, as shown
in Figure 3. During the experiment, the average outer temperature was 4 ◦C and the humidity was
50%. Figure 3 also shows the results graph of the control group.
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Figure 3. Results graph of the control group.

The initial temperature of the control group was 15 ◦C. As soon as the occupants entered the
experimental space, the heating equipment and the ERV system were operated. Subsequently, the
heating equipment was operated continually until the temperature reached the reference temperature
of 24 ◦C. The duration was 3 h. Furthermore, the heating equipment was not operated until lunchtime,
but the temperature of the experimental space was maintained by the increased sunlight intensity
combined with the indoor temperature and time. In the afternoon, the operation of the heating
equipment was cumulative and was based on an average time window of 3 h, similar to the morning.
The average temperature of the experimental space of the control group was 24.8 ◦C.

A preliminary monitoring of the outdoor air conditions is necessary before monitoring the indoor
conditions of the parameter CO2 [27]. However, the CO2 concentration was reported to be >11,000 parts
per million (ppm) at and after 11:00 am, as shown in Figure 3. If the CO2 concentration exceeds 1000
ppm, a level of discomfort can be observed [8], thus indicating that the CO2 concentration increased to
a significantly uncomfortable level during the experiment. However, although the CO2 concentration
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temporarily declined when the ERV system was operated, it could not hold for >20 min. Moreover, the
PMV graph results demonstrated that the comfort range was not reached.

3.2.2. Control According to Temperature and Humidity Index

Figure 4 shows the results graph of the experimental group.
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(temperature and humidity index); (b) results graph of the experimental group B (PMV index).

The experimental group (A) provides the reference temperature and humidity index data based
on the control algorithm. Among the indoor thermal environment factors, both the temperature and
humidity are physical indices that provide reference standards. As shown in the control group plots
in Figure 4a, the results were obtained when the ERV system and heating equipment were operated
according to the temperature and humidity standards. The average outside temperature for (A) was
3.7 ◦C and the humidity was 43%. Figure 4 shows the results graph of the control group.

The first temperature for (A) was 16 ◦C, which demonstrated a temperature difference of 1 ◦C from
the control group. The operation of the heating equipment according to the algorithm was developed
based on the comfort range of the temperature that demonstrated a low-operation rate for the heating
equipment. The average temperature of the experimental space was 20.9 ◦C

With the ERVs, there were certain limitations that needed to reach the comfort range of humidity
in the office. The CO2 concentration was observed within the comfort range at 20 min at the start and
end of the experiment. However, neither the humidity nor the PMV reached the comfort range.
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3.2.3. Control According to PMV Index (B)

Experimental group (B) was involved in the experiment conducted according to the control
algorithm, and acts as a reference for the PMV index. When the ERV system and heating equipment
were operated according to the PMV’s comfort range, the results were obtained, are shown in Figure 4b.
The average outside temperature in Figure 4b was 3.8 ◦C and the humidity was 58%.

The first temperature for group (B) was 13 ◦C, which was 3 ◦C less than that for group (A).
During the morning hours, the heating equipment continued to operate to reach the PMV’s comfort
range. The temperature reached the highest value of 23.1 ◦C beyond the comfort range because of the
cumulative operational time period of 3 h of the heating equipment. However, the temperature did
not reach the PMV’s comfort range. After 13:00, the heating equipment was operated for 2 h, while
the PMV reached a value of −0.43, which was within the comfort range. Once the comfort range was
reached, the PMV value was sensitive to the heating equipment. The CO2 concentration indicated a
significant change in response to the ERV system’s operation.

4. Results and Discussion

4.1. Indoor Comfort (CSV) and Sense of Heat and Cold (TSV) Based on Control Standards

Figure 5 shows the thermal comfort of the occupants.
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The questionnaire for comfort (CSV) and sense of heat and cold (TSV) was based on a seven-point
scale. As shown in Figure 5, the results were expressed as average percentage units for each item.

The average score of the occupants’ CSV for the first control group was 5.8, and was close to
“comfortable.” Reviewing the TSV, the average value was shown across the items of “normal” as
a whole.

The average of CSV value for group (A) was 5.5, and was similar to that of the control group.
Moreover, similar to the control group, most of the occupants responded that they felt “comfortable
(62.8%).” Furthermore, similar to the control group, TSV demonstrated the highest rate of response to
“normal.”
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The CSV results for group (B) yielded the highest response rate for the choice of “normal (36.5%).”
However, when compared with the control group (A), various responses were obtained that ranged
from “uncomfortable” to “comfortable.” Furthermore, the TSV derived responses ranged from “cold”
to “hot”. Therefore, the results of (B) indicated that the occupants reacted sensitively to changes in
the thermal environment. Hence, it is considered that when the human thermal adaptation capability
is considered, the operation of the HVAC system, according to the PMV standards, has certain
limitations [28]. When the control group was compared with (A) and (B), (A) yielded positive results
(1%). This indicates that, according to the control standards of temperature and humidity, the HVAC
system control can play a positive role with regard to the comfort of the occupants and its energy-saving
capacity [29–31].

4.2. Analysis of the Simultaneous Satisfaction of the HVAC System Operation and Resident Comfort According
to Control Standards

Figure 6 shows the results of the experiment in the survey.
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Figure 6. Comparison of the comfort levels of occupants at various heating, ventilation, and air
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the experimental group A; (c) results graph of the experimental group B.

The category “comfort” was considered only for the hours in which all occupants simultaneously
responded that they felt “comfortable (6)” and “very comfortable (7).”

Due to the experiment, the average temperature of the control group was 24.8 ◦C, that of (A) was
20.9 ◦C, and that of (B) was 24.3 ◦C, Thus, group (B) demonstrated an average temperature that was
similar to that of the control group when they were reviewed.
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Figure 6 shows the comparison of the comfort levels of the occupants at various HVAC system
operation patterns.

Unlike the control group (-), group (B) did not have any responses. This indicated that all of the
occupants indicated that they felt “comfortable.” When experimenting with (B), it was determined
that the operation of the heating equipment that was controlled based on the PMV’s comfort range
adversely affected the comfort of the occupants.

Furthermore, the temperature graph of group (B) steadily increased during the afternoon hours.
The maximum temperature reached 30.4 ◦C at 16:20. This was related to the special characteristics of
the experimental space. In this study, the experimental space contained two of the four walls as front
glass windows that allowed the outer heated air to flow in. Hence, both the inner (heating equipment)
and outer heated air were affected and led to the increased temperatures of the experimental space.

The energy consumption attributed to the simultaneous operation of the HVAC system
demonstrated that group (A) resulted in a slightly improved operation performance compared
with group (B). The operation of ERVs for the adjustment of humidity affected the energy consumption
of group (A). However, when the total energy consumption was considered, it was determined that the
continuous operation of the heating equipment of group (B) led to an accumulated energy consumption.
Thus, the total energy consumption of group (B) will probably be greater than that of group (A).

Therefore, according to the algorithm of group (B), the PMV control has limitations when used
as a control for energy savings in the HVAC system. Considering the temperature and humidity
control according to the algorithm of group (A), if the HVAC system is controlled, it is possible to
achieve the comfort levels of the occupants consuming less energy than that consumed by existing
methods [29–34]. Group (A) is a control group that can consider the capability of humans to adapt
thermally because of the low variation range of the room temperature. This indicates that the use of
the heating equipment positively affects the reduced energy consumption of the HVAC system [8,29].

5. Conclusions

In this study, the following results were obtained with respect to the optimal control method for
the HVAC system to achieve energy savings. These outcomes were based on office experiments with
an algorithm that was developed based on the comfort standards of temperature, humidity, and PMV.
The conclusions are as follows:

• The CO2 concentration was related to indoor comfort. Outcomes demonstrated that it was more
comfortable in group (A) compared with the control group. Moreover, there were limitations in
reaching the comfort range of office humidity with ERVs. Furthermore, group (B) demonstrated
an increased cumulative consumption of the heating equipment for reaching the comfort range.

• Regarding the comfort levels of the occupants, group (A) yielded results that were similar to those
of the control group. Group (B) exhibited small deviations among the provided responses and
can be considered as a control method that does not consider the thermal adaptation capability
of humans.

• When the HVAC system is controlled based on the temperature and humidity, as implemented
in the algorithm of group (A), the use of the HVAC system can be reduced due to the human
capability to thermally adapt after reaching the comfort range of temperature.

Therefore, after considering the indoor thermal environment and the comfort of the occupants,
the optimal control method of the HVAC system may be expected to yield an energy consumption that
is lower than the existing energy consumption. Furthermore, the reduced usage of the HVAC system
will probably have a positive impact on the reduced energy usage throughout the building.
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