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Abstract In this study, the thermal characteristics of an

individual room in a building are measured by making use

of environmental data. Subsequently, the target heat

capacity consumption by the air-conditioning system can

be calculated and controlled, depending on the environ-

mental target. By establishing the relationship between a

change in the room environment (environmental evaluation

index) and the heat capacity consumption of the room (the

amount of change of the enthalpy) by the air conditioning,

we can calculate the target heat capacity consumption

feasible as an environmental target. Relying on an envi-

ronmental target in calculating the target heat capacity

consumption enables setting suitable targets to avert the

risk of heat exhaustion or even heatstroke to the residents

of the building. In addition, a useful room heat capacity

model is suggested that includes a management method

using a heat capacity consumption target, with an admin-

istration table for evaluating the target.

Keywords Building air conditioning � Energy saving �
Thermal characteristic � Heat exhaustion � Heatstroke �
Indoor comfort

Introduction

Recently, steps have been taken to limit the amount of

energy consumed in office buildings drastically. In addition

to energy for lighting and other uses, the air conditioning

consumes approximately 40% of the total electricity used

in buildings. A building and energy management system

(BEMS) is commonly used to control the air-conditioning

systems of office buildings [1–3]. A BEMS is a centralized

system that combines management functions relevant to

the heat supply and the facility operations. The BEMS

mainly carries out the demand control for peak cutting of

electric power, as well as monitoring and controlling the

entire building or every floor [4–6]. Peak cut control is a

function to cut temporarily part of the electric power when

electric power use exceeds the contracted amount. Conse-

quently, the BEMS limits the amount of energy consumed.

However, as the BEMS does not take into account the

conditions and characteristics of any individual room, there

is a risk of the room environment deteriorating during the

peak cut [7].

Studies have been conducted on efficient air-condition-

ing control systems, for example, on the optimization of the

heat resource operation with thermal load prediction

[8–10]. As these studies all aim at the efficient use of the

air-conditioning system from the viewpoint of the heat

supplier, the thermal characteristics of individual rooms are

disregarded. However, a study on the thermal characteris-

tics of the individual room [11] proposed an optimization

method to distribute heat to each room. Another study [12]
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proposed utilizing the room-specific thermal inertia for

appropriate air-conditioning operations. These studies

suggest an appropriate air-conditioning operational method

for a predetermined heat quantity. However, a proper

evaluation of the predetermined heat quantity (the heat

quantity target) was not performed.

In regard of the characteristics of the thermal environ-

ment of the room, a study was conducted to estimate the

heat loss characteristics of the room using a heat loss

coefficient [13]. However, the intention was not to under-

stand the thermal characteristics of the room, which are the

overall features of the room environment (temperature,

humidity, and CO2 changes) relevant to the heat input of

the air conditioning. Moreover, the previous studies did not

propose a setting method for the heat quantity target of the

air-conditioning system.

In the present study, by understanding the thermal

characteristics of the room, we propose a setting method

for the heat quantity target of the air conditioning and a

setting method to be used by the occupant of the room

relevant to the quantity of heat.

Purpose of this study

Recently, building managers have started implementing

energy saving actions in buildings [14, 15]. However, such

actions or strategy would probably not include considering

the cooling of the building on a room-by-room basis, or a

substantial saving of energy. If the air-conditioning

requirements were entrusted to the occupants of the indi-

vidual rooms in a building, the occupants would have the

freedom and flexibility to achieve the ambient comfort they

preferred. However, such a scenario would be obviously

open to abuse of the air-conditioning system that could lead

to excessive energy consumption. After the introduction of

the electricity regulations of 2011 in Japan, the heat

capacity consumption at Aoyama Gakuin University,

located in Tokyo was reduced significantly. However, a

situation has developed, where the controlling temperatures

in the individual rooms were not taken into consideration.

Therefore, it has become necessary to establish and manage

appropriate consumption targets for room heat capacity to

the satisfaction of both the building management and the

occupants of the building.

Figure 1 illustrates the plan-do-check-act/adjust

(PDCA) cycle to manage the consumption target for room

heat capacity that can be effectively employed by a

building manager. In this PDCA cycle, the building man-

ager initially assigns the heat capacity consumption target

to each room based on the monthly target. Accordingly,

each room runs the air-conditioning system based on a

given target.

Therefore, when the result of heat capacity consumption

differs from the expectation, it becomes necessary to

modify the heat capacity consumption target to avoid

excessive heat consumption or heat stroke risk. Figure 1

represents the means by which a target for room heat

capacity can be set and modified.

In view of the above, the aim of this study is to suggest a

calculation and management method for a consumption

target for room heat capacity that takes into consideration

safety, energy saving, and comfort.

It is necessary to measure thermal responses to identify

room characteristic to set a target for heat consumption. To

achieve the desired energy saving, safety, and comfort,

target setting has to be done weekly and monthly. As the

setting method is flexible enough to change the target in the

middle of month, the occupants are able to conduct energy

saving activities in a reasonable manner.

When it becomes difficult to achieve the weekly target

owing to unexpected heat consumption, the weekly heat

consumption target is corrected downward for the subse-

quent weeks. The purpose is to achieve the target of heat

consumption without exposing the occupants to the risk of

heat stroke. In this instance, the room occupant is expected

to limit the use of the air conditioner in the subsequent

weeks.

However, when it becomes clear that heatstroke risk

cannot be avoided, the target for the subsequent weeks will

be corrected upward.

Room capacity heat model using a two-phase

difference integration method

Figure 4 demonstrates a procedure to formulate the con-

sumption target of the heat capacity of a room, depending

on an environmental target. By establishing the relationship

between a change in the room environment and the heat

capacity consumption by the air-conditioning system, the

consumption target of the heat capacity of the rooms can be

formulated as an environmental goal. The WetBulb Globe

Temperature (WBGT) is an industrial standard used in

Japan to evaluate the indoor environment [16, 17]. This

standard was used also in our calculations. WBGT is an

Fig. 1 PDCA cycle for the building manager
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index that adopts three major factors (humidity, radiant

heat, and temperature) that influence the heat balance of a

human body. In this way, using WBGT, the risk of

exposing a room occupant to excessive heat can be

expressed. The calculation methods for WBGT differ

depending on the variables, such as the influence of sun-

light, which cannot be ignored outdoors but does not need

to be taken into consideration indoors. In this study, the

influence of sunlight was disregarded in the calculation

method of WBGT. The environmental data were measured

with a BACSPot device (Fig. 2) installed in the room. The

measurements were conducted for one month, namely,

from 1–31 August 2015. The environmental data measured

by the BACSPot instrument are available online (see

Fig. 3).

The following section expands on the calculation

methods of the consumption target for the heat capacity of

a room, as outlined in Fig. 4.

We compared the data for three years (August 2013,

August 2014, and August 2015), which were almost the

same for all the dates. Therefore, we used data for 1 month

only (August 2015).

Procedure 1. Analysis of the heat capacity

consumption of a room using a two-phase difference

integration method

Using an enthalpy (heat capacity) graph, it is possible to

calculate the heat capacity consumption of a room and

populate the information on a graph. Heat capacity con-

sumption is calculated using a difference integration

method, which is an integral calculus method to calculate

the differences on a graph. It is, therefore, possible to

visualize the change in enthalpy from the graph, as shown

in Fig. 5.

It is clear from this figure that the enthalpy decreases

when the air conditioning is operated, and the enthalpy

increases when the air conditioning is switched off. In other

words, the quantity of enthalpy decreases when the air

conditioning is in operation. This decrease equals the heat

capacity consumption for 1 kg of the air. Therefore, theFig. 2 BACSPot measuring device

Fig. 3 Environmental data measured by the BACSPot device

Fig. 4 Calculation procedure

Fig. 5 Enthalpy graph
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heat capacity consumption of an entire room can be cal-

culated by measuring the weight of the air of the entire

room. In addition, the following two phases derive from the

differences evident in the graph, namely, a start-up phase

and a continued operation phase. The calculations of heat

capacity consumption of the two phases were performed

daily during the study period.

The weight of the air in a room of 1 m3 was measured

and calculated as approximately 1.16 kg. Accordingly, the

weight of the air in a room with a volume of 117 m3 was

determined as 136 kg.

Procedure 2. Regression analysis of the change

in the room environment (the amount of change

in the index of the room environment evaluation)

and the heat capacity consumption by the air-

conditioning operation

The WBGT difference means the differences between

WBGT at the time of starting the air conditioning and the

average of the peak WBGT wave pattern (see Fig. 6).

The WBGT difference was calculated for each day of

the study period, and regression analysis was performed of

the WBGT difference and the room heat capacity con-

sumption. The equation of regression of the heat capacity

consumption of the room and the WBGT difference were

calculated for both the start-up phase and the continued

operation phase. Figure 7 shows a scatter diagram of the

heat capacity consumption per hour in the start-up phase

and the WBGT difference. Figure 8 shows a scatter dia-

gram of the heat capacity consumption per hour relevant to

the continued operation phase and the WBGT difference.

From the diagram in Fig. 7, the following equation is

derived:

usu;ps ¼ �0:75Ws�p þ 3:359 ð1Þ

where usu;ps is the heat capacity consumption per time of

the start-up phase and Ws�p is the WBGT difference.

From the diagram in Fig. 8, the following equation is

derived:

uc;ps ¼ 0:15Ws�p þ 0:6528 ð2Þ

where uc;ps is the heat capacity consumption per time of the

continued operation phase.

Procedure 3. Regression analysis of the required

time for start-up and the WBGT difference

The time required for air-conditioning start-up varies

according to the thermal characteristics of the room. To

determine the time required for start-up, the regression

equation of the time required for start-up and the WBGT

difference were calculated. Figure 9 shows a scatter dia-

gram of the time required for start-up and the WBGT

difference.

From the diagram in Fig. 9, the following equation is

derived:

Tsu ¼ 1062Ws�p � 382:44 ð3Þ

where Tsu is the time required for start-up.Fig. 6 WBGT graph and WBGT difference

Fig. 7 Scatter diagram of the heat capacity consumption of the room

in the start-up phase and the WBGT difference

Fig. 8 Scatter diagram of the heat capacity consumption of the room

in the continued operation phase and the WBGT difference
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Procedure 4. Calculation of the consumption target

of heat capacity depending on an environmental

target

Using the regression equation established in procedures 2

and 3, the heat capacity consumption of the start-up phase

and the continued operation phase could be estimated.

• Predictive quantity of the heat capacity consumption of

the room of the start-up phase:

usu ¼ usu;ps � Tsu ð4Þ

where usu is the heat capacity consumption of the start-

up phase and Tsu is the time required for the start-up.

• Predictive quantity of the heat capacity consumption of

the room of the continued operation phase:

uc ¼ uc;ps � te � tsð Þ � Tsuf g ð5Þ

where uc is the heat capacity consumption of the con-

tinued operation phase, uc;ps is the heat capacity con-

sumption per time of the continued operation phase, ts
is the air-conditioning starting time, and te is the air-

conditioning finishing time.

The WBGT difference (i.e., Ws�p) indicates the differ-

ences between the WBGT at the time of starting the air

conditioning and the average of the peak WBGT wave

pattern (see Fig. 6).

Therefore, Ws�p is expressed by the following equation:

Ws�p ¼ Wstart �Wpeak ð6Þ

where

Wstart is the WBGT at the time of starting the air con-

ditioning and Wpeak is the average of the peak WBGT wave

pattern.

In (6),Wpeak can be set as the upper limit level of WBGT

and Wstart can be predicted from the weather conditions and

similar factors. Accordingly, it is possible to calculate

Ws�p :

Substituting Ws�p in (1), Usu;ps can be calculated.

Substituting Ws�p in (2), Uc;ps can be calculated.

Substituting Ws�p in (3), Tsu can be calculated.

Substituting Usu;ps and Tsu in (4), Usu can be calculated.

Substituting Uc;ps and Tsu in (5), Uc can be calculated.

The heat capacity consumption target can be calculated

by Usu and Uc.

Therefore, the heat capacity consumption target can be

calculated by the upper limit level of WBGT.

Accordingly, from the predicted quantity of the heat

capacity consumption of the roomof the start-upphase and the

continued operation phase, the daily heat capacity consump-

tion target can be determined. Once the daily heat capacity

consumption target is determined, it can be used to calculate

weekly or monthly heat capacity consumption targets.

• The heat capacity consumption target:

Q ¼ Dj j � usu þ ucð Þ ð7Þ

where Q is the heat capacity consumption of the start-

up phase and the continued operation phase and Dj j is
the number of days.

The administration table of targets and results
of the heat capacity consumption

Calculation of the consumption target of the heat

capacity of a room

Using actual measurements, the consumption target of the

heat capacity for 1week, corresponding to the environmental

target, was determined. To avoid the risk of exposing the

occupants to excessive heat, the upper limit level of WBGT

was set at 27 �C and the lower level at WBGT 24 �C.
The following assumptions were made:

• operating time 9:00 am–7:00 pm;

• planning period 5 days;

• WBGT default 28 �C;
• upper limit levels of WBGT 24 and 27 �C.

The consumption target of heat capacity, with an upper

limit level of WBGT at 24–27 �C, can be calculated as

follows:

• To express the predictive quantity of the heat capacity

consumption of the start-up phase, the expressions in

Eqs. 1, 3, and 4 are used:

usu ¼ usu;ps � Tsu

usu ¼ �0:73Ws�p þ 3:359
� �

� 1062Ws�p � 382:44
� �

:

• To express the predictive quantity of the heat capacity

consumption of the continued operation phase, the

Fig. 9 Scatter diagram of the time required for start-up and the

WBGT difference
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expressions in Eqs. 2, 3, and 5 are used:

uc ¼ uc;ps � te � tsð Þ � Tsuf g

uc ¼ 0:15Ws�p þ 0:6528
� �

� te � tsð Þ � 1062Ws�p � 382:44
� �� �

:

• The weekly heat capacity consumption target, using the

expression of Eq. 7:

Q ¼ Dj j � usu þ ucð Þ

Q ¼ �3115 28�Wp

� �2þ43384 28�Wp

� �
þ 112268

Wp ¼ 24 : Q ¼ 214403 ½kJ�

Wp ¼ 27 : Q ¼ 152537 ½kJ�

where Wp is the upper limit level of WBGT.

Assumptions about the conventional heat

consumption

To compare the conventional consumption target of heat

capacity with the consumption target of heat capacity

corresponding to the environmental target, a conventional

consumption target of the room heat capacity is assumed.

The conventional consumption target of the heat capacity

of a room for 1 week can be expressed as follows:

Qc
y ¼ Qc

m � Uy�1

� �
= K � yþ 1ð Þ ð8Þ

where Qc
y is the conventional consumption target of heat

capacity for 1 week, Qc
m is the target of heat capacity

consumption for a month, y is the periods number, Uy�1 is

the result of heat capacity consumption, and K is the

number of periods.

Accordingly, the conventional heat capacity consump-

tion target for a month is determined from the weekly heat

capacity consumption target when the upper limit level of

WBGT is 24 �C, as outlined in ‘‘Calculation of the con-

sumption target of the heat capacity of a room’’. The fol-

lowing equation can be used to arrive at the conventional

heat capacity consumption target of the second week, using

the expression of Eq. 8:

Qc
2 ¼ 857612� U1ð Þ=3: ð9Þ

The administration table of targets and results

of heat capacity consumption

As illustrated in Fig. 10, the conventional heat capacity

consumption target of the second week can be expressed as

a conventional planning line, using Eq. 9. Figure 10

expresses the target of heat capacity consumption of the

second week on the vertical axis and the results of the heat

capacity consumption of the first week on the horizontal

axis. In other words, Fig. 10 expresses the relationship

between the target of the second week and the result of the

first week.

Figure 10 presents the details of the weekly heat

capacity consumption target when the upper limit level of

WBGT is 24 �C, as outlined in ‘‘Calculation of the con-

sumption target of the heat capacity of a room’’, as a

limiting line of the safety zone on the graph. Similarly, the

weekly heat capacity consumption target is indicated when

the upper limit level of WBGT is 27 �C, as a limiting line

for evading the heat exposure risk zone on the graph.

From Fig. 10, we can determine whether the target of

heat capacity consumption of the second week satisfies an

environmental target.

For example, a target of heat capacity consumption of

the second week is assumed in the safety zone on the graph

in Fig. 11. This figure expresses the surplus of the heat

capacity to evade the heatstroke risk zone of the target of

heat capacity consumption of the second week. In addition,

Fig. 10 Administration table of targets and results of heat capacity

consumption

Fig. 11 Example 1
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Fig. 11 shows that the target of heat capacity consumption

of the second week satisfies an environmental target when

the upper limit level of WBGT is 27 �C. The factor in the

surplus heat capacity to evade the heatstroke risk zone is

believed to be attributable to the room occupant refraining

from using the air conditioning for energy saving purposes.

Additional factors could be the lower than assumed heat

load of the room because of the influence of the outdoor

temperature or the number of people in the room.

As another example, it is assumed that the target of heat

capacity consumption of the second week does fall within

the heatstroke crisis zone of the graph in Fig. 12.

Figure 12 illustrates the lack of the heat capacity to

evade the heatstroke risk zone of the target of heat capacity

consumption of the second week. This indicates that a

correction in the target of heat capacity consumption is

necessary. This method illustrates that the administration

table of targets and results of heat capacity consumption

are useful in determining whether the target of heat

capacity consumption is appropriate. In addition, it is

useful in setting a target of heat capacity consumption to

prevent the risk of heatstroke to the building inhabitants.

Conclusion

The method for setting the heat capacity consumption

target enables setting this target relevant to the thermal

response characteristic of the room. In addition, the method

takes into consideration safety, energy saving, and comfort

factors.

Using this administration table enables modifying the

weekly heat capacity consumption target to suit an instance

of unexpected heat consumption. Therefore, the room

occupant is able to conduct energy saving activities in a

reasonable manner. In an instance of unexpected heat

consumption, the occupant could still achieve the monthly

heat capacity consumption target as long as heat stroke risk

is avoided.

In addition, using this administration table of targets and

results enables determining whether modification of the

monthly heat capacity consumption target is necessary.

Accordingly, the room occupant could conduct energy

saving activities while evading the risk of heatstroke.

This study presents a method to measure the thermal

characteristics of a room for environmental measurement

data. This method enables calculating and controlling the

target of heat capacity consumption in air conditioning,

depending on the environmental target. This suggested

management method, together with the administration

table of targets, and results of heat capacity consumption

were used to establish the usefulness of the room heat

capacity model using a two-phase difference integration

method.

Future work

In this study, we used the WBGT as an environmental

evaluation index to determine the target heat capacity

consumption, as we consider it important to prevent

exposing occupants to excessive heat. The intention in the

future is to calculate the target heat capacity consumption

using other evaluation indices, in which the graph behavior

is the same as that of an enthalpy graph. As an example, the

discomfort index is used as an important factor relevant to

the comfort evaluation of the room.
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