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Abstract: Advances in the introduction of fluctuating renewable energies, such as photovoltaics (PV),
have caused power-system destabilization. However, stability can be improved if consumers change
the way they use power, moving to time slots when the PV output in an area is high. In large cities
in developed countries, where the types of distributed energy resources are varied, demand side
management (DSM) in which consumers share power supplies and adjust the demand has received
considerable attention. Under effective DSM that uses the latest information and communication
technology to maximize the use of renewable energy, we believe that sparing use of appliances is
not the only solution to address global warming. If behavioral change shifts the use of domestic
appliances from one time slot to other time slots, we do not have to abandon the use of these
appliances. The aim of this study is to determine the possibility of such behavioral changes in people
in order to provide basic information for operating an effective DSM. To that end, we conducted a
questionnaire-based survey of 10,000 households in Japan. We investigated the proportion of people
responding to a request for a demand response (DR) under the given presented reward in time slots
when DSM by DR is required. We also analyzed the factors influencing people’s response to a request
for a DR. Furthermore, based on the rewards likely to be achieved in the adjustable power market,
we estimated how much adjustable power would be realized.

Keywords: demand side management; demand response; random utility model; consumer
behavior; prosumer

1. Introduction

The number of homes with rooftop solar panels (photovoltaic (PV) devices) in Japan has rapidly
increased from 0.28 million in 2003 to 2.19 million in 2018 [1]. Simultaneously, distributed energy
resources (DERs), such as domestic-sized batteries, electric vehicles (EVs), and domestic heat pump
water heaters, have become popular in residential areas. The number of domestic-scale lithium-ion
storage battery systems shipped in Japan increased from 1939 units in FY2011 to 73,594 units in
FY2018 [2]. The composition ratio of EVs (including plug-in hybrid vehicles) will increase to 20–30% of
all vehicles by 2030 [2]. Domestic heat pump water heaters, first commercialized in 2001, cumulatively
amounted to 6.39 million units by FY2018 [3]. These DERs transformed end users of electricity into
prosumers. Prosumers are consumers who benefit from electricity trading by generating electricity or
creating electricity demand using their own devices. To increase the reliability of both electric utilities
and prosumers, energy management technology is rapidly progressing to connect these DERs using
information and communication technology (i.e., Internet of Things (IoT)) [4].

Recently in Japan, PV output fluctuations have destabilized the power system. If prosumers shift
power consumption to time slots when the PV output in the area is excessive, they can contribute to
the improved stability of the power system. Demand response (DR) means that a prosumer takes
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such an action in exchange for a certain reward in response to a request from the electric utility that
manages the stability of the power grid [5].

There are two types of DR: “down DR”, which reduces (suppresses) power demand, and “up
DR”, which increases (creates) demand for electric utilities. Down DR entails discontinuing the use
of electrical equipment and refraining from using electricity at peak demand time. Up DR refers
to the consumption of electricity by domestic appliances, heat pump water heaters, or charging
domestic-sized batteries when the PV output in the area is excessive. Technological development for
demand side management (DSM) utilizing the IoT is rapidly advancing for the purpose of socially
optimizing these actions.

To confirm the social effectiveness of DSM, Nakano and Washizu [6] calculated the potential
for adjusting electricity usage in line with DR, according to the behavioral change of consumers at
different time slots, using the National Survey on Time Use and Leisure Activities (STU). STU is a public
statistical survey conducted by the Ministry of Internal Affairs and Communications (MIC) of Japan,
which shows the daily behavioral patterns of people with various attributes every 15 min. Using STU,
Nakano and Washizu [6] calculated the adjustable electricity usage assumed for each 15 min period as
follows: For example, suppose a person with a certain attribute cleans house for a certain 15 min period
of the day. In that case, assuming that the person was using a vacuum cleaner for 15 min, Nakano
and Washizu [6] calculated the adjustable electricity that the person could create by not cleaning
during that 15 min period. The adjustable electricity for each time slot is calculated by summing the
adjustable electricity for each 15 min, of people with each attribute, weighted by the proportion of
the demographic composition by attribute. (In addition to calculating the potential power savings
for each 15 min period of people using domestic appliances, Nakano and Washizu [6] also calculated
the potential power savings in each 15 min period when old domestic appliances are replaced with
energy-saving ones and when using domestic appliances with more energy-saving behavior. In this
research, we focused on the calculation result when the use of domestic appliances was stopped. This
result was chosen because it is equal to the amount of electricity used by domestic appliances and is
considered to be the maximum amount of electricity that can be adjusted during that time slot.) As
a result, it was confirmed that the potential electricity usage, which can be adjusted by behavioral
changes, helps mitigate constrained electricity supply in the event of a disaster. This indicates that
promoting behavioral changes in people through DR may be useful for a stable electricity supply.
The STU is a national statistical survey conducted on a large scale based on a sample design that
considers the population composition of the whole country. Analytical results based on the STU
have high accuracy. However, because there were no survey data on the proportion of people who
responded to electricity adjustment every 15 min, Nakano and Washizu [6] only provided speculative
results for this point.

Under effective DSM that uses the latest IoT to maximize the use of renewable energy, we believe
that sparing use of appliances is not the only solution to address global warming. If behavioral change
shifts the use of domestic appliances from down-DR time slots to up-DR time slots, we do not have to
abandon the use of these appliances. The aim of this study is to determine the realistic possibility of
such behavioral changes in prosumers in order to provide basic information for operating an effective
DSM. In this study, we conducted a survey, using a questionnaire, of approximately 10,000 households
in Japan and investigated what percentage of people are likely to respond to a request for a DR in each
time slot when DSM, using DR, is required. Furthermore, we analyzed the factors affecting people’s
responses to a request for a DR. These results were applied to the adjustable potential electricity via the
DSM calculated by Nakano and Washizu [6]. Then, we estimated the amount of adjustable electricity
that could be realized under the given reward for responding to a request for a DR.

This paper is structured as follows: In Section 2, previous studies on factors influencing people’s
participation in DSM and the effects of these factors are discussed. Section 3 describes our survey
outline, and Section 4 describes the aggregation method and our analysis of the survey results. Section 5
summarizes the results of analysis; based on this, the probability of a response to a request for a DR
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under the given presented reward is estimated in Section 6. Section 7 discusses the significance of
measuring the potential of DSM from a macroscopic perspective, which is particularly important in
large cities in developed countries. Lastly, Section 8 summarizes the paper.

2. Literature

Since public, in other words, prosumer, participation is a key factor determining the effectiveness
of a new sustainable energy system including DSM, the conditions of public participation are actively
being studied. Using sociological methods, Büscher and Sumpf [7] showed that trust and confidence
in new systems create mechanisms to reduce complexity, leading to improved public participation
behavior. Improving areas of the new system where public trust and confidence are lacking would
also improve public participation. Soland et al. [8] showed that the problem of social acceptance arises
because DSM tends to interfere with the autonomy and privacy of individuals. Through a psychology
focus group study in Switzerland, they revealed that there is no single solution, due to the diversity
of consumers, and that transparent communication and trust are important. Using the consumer
profiling method, He et al. [9] analyzed various consumers from two perspectives and considered
DR contract types suitable for the various consumers. The two perspectives were the consumer’s
technical abilities and preferences on high-level terms of DR contracts. Stenner et al. [10] pointed out
that distrust in Australian utilities weakens users’ willingness to participate in DSM through their
survey experiment conducted from a behavioral economic perspective. Good [11] also analyzed the
influence of consumer bias and preferences on DR from the perspective of behavioral economics,
incorporating psychology, by expanding the existing techno-economic model. As a result, he pointed
out that DR can be solicited without increasing system cost by appealing to consumers’ prosocial
preferences. Through a demonstration experiment in the USA, Pratt et al. [12] showed that a prosocial
impulse, such as a donation by the distribution company to a charity when power consumption
decreases during peak hours, can reduce peak power consumption by 13.5%. Siebert et al. [13] also
developed a computer simulation model in the framework of behavioral economics and simulated
various consumer heuristics that could affect power consumption.

In summary, the factors that influence people’s acceptance of DSM have been studied using
experimental approaches. Many studies have shown trust in utility suppliers to be a positive
factor influencing the acceptance of DSM. Certain studies have also revealed that people’s technical
comprehension and prosocial preferences play an important role.

Some studies have empirically, not experimentally, explored the factors that influence people’s
acceptance of the DSM. Iliopoulos et al. [14] analyzed the results of a survey of 207 low-income
households in Japan using a social psychology method. According to Iliopoulos et al. [14], the low
income and willingness to reduce energy consumption expenditure are correlated, but the fear of
perceived additional cost required to implement equipment for DSM hinders acceptance. Users of
smart technologies for DSM consider their utility companies to have a better reputation than those
who do not. Their conclusion that trust increases technology acceptance while technology acceptance
increases trust offers insight into DSM. Washizu et al. [15] compared the results of questionnaire surveys
conducted in Japan and the United States regarding people’s willingness to accept a home energy
management system (HEMS) as a piece of indispensable equipment for home DSM. They showed
that Japanese households are more sensitive to HEMS operating costs and that familiarity with HEMS
in Japan and trust in utility companies in the United States increased people’s willingness to accept
HEMS. These two previous studies show that, in addition to trust in utility companies, experience
and familiarity with smart technology that supports DSM affects people’s willingness to accept the
DSM. In addition, Washizu et al. [15] suggest that operation costs greatly affect people’s willingness to
participate in DSM, especially in Japan. Based on a questionnaire survey in Germany, Roth et al. [16]
empirically demonstrated that co-ownership of renewable energy facilities has a positive correlation
with people’s cooperative DSM behavior by increasing the knowledge and awareness of participants.
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Even in these empirical studies, trust in utility companies and knowledge of new technologies
were confirmed to be factors affecting people’s acceptance of DSM. Certain empirical studies have also
shown that anxiety regarding cost affects the acceptance of DSM. In the aforementioned experimental
or empirical studies, DSM was positioned as a means to enable maximum use of renewable energy,
and people’s cooperation with DSM was almost equal to environmentally conscious behavior.

However, Walzberg et al. [17] pointed out that the time consideration factor is indispensable for
evaluation of the environmental impact of DSM. In other words, accepting DSM does not always
have a positive effect on the environment; only DSM that is bound to time considerations can have a
positive effect on it. Ruokamo et al. [18] analyzed Finnish households’ willingness to accept DSM by
incorporating the time factor. They conducted a choice experiment and analyzed the willingness of
households to incorporate flexibility in the timing of power consumption. According to their results,
the households required considerable compensation, although they recognized the environmental value
of DSM. In the choice experiment conducted by Sundt et al. [19] in Germany, and the demonstration
experiment conducted by Nilsson et al. [20] in Sweden, people changed their behavior to reduce power
consumption during peak hours, using time-of-use (TOU) electricity tariffs as an indicator. In fact,
the feasibility of DSM in the sense of shifting power usage time slots was confirmed. In addition,
Khalilpour and Lusis [21] showed that imposing a high price on peak users of electricity will promote
the spread of devices that are DSM objectives, such as distributed power sources and storage batteries.
In addition, the results of some demonstration experiments showed that providing information through
in-home displays or e-mails is effective for shifting people’s peak behavior [22,23].

In summary, attempts to get people to respond to DSM at desired times through hourly
electricity charges, although they have some effect, sometimes require high compensation or costly
information provision.

Under such circumstances, there are some studies that consider the mechanisms of DSM that
make it easier for people to respond by understanding differences in the behavior of people by time of
day. Ahmed et al. [24] pointed out that a control framework driven by people’s behavior patterns is
necessary to improve the effectiveness of DSM, and they developed a new control system for the home.
This may also apply to social system design (for example, building a TOU fee system and selecting
information to be transmitted to consumers). Walzberg et al. [25] said that designing a TOU electricity
tariff system that does not consider household behavior may have a negative effect on the environment.

Bottom-up models for domestic energy demand forecasting have been developed by incorporating
lifestyle behaviors that largely depend on uncertain human factors into the models using a stochastic
approach [26–29]. Using such household power demand models, Aryandoust and Lilliestam [26]
examined how to effectively use DSM in Germany, Fischer et al. [27] pointed out that a customer-specific
pricing system is as desirable as possible, and Thiaux et al. [28] showed that DSM can help
reduce energy costs and improve solar power utilization in a microgrid. Nijhuis et al. [29] set
the parameters of a stochastic model that describes the lifestyle behavior of a household based on the
STU. Their model reproduced the electricity demands of real households successfully. Torriti [30],
López-Rodríguez et al. [31], and Santiago et al. [32] used the results of STU in fifteen EU countries and
Spain as parameters for a stochastic model that reproduced uncertain household lifestyle behavior.
While they did not predict power demand (except for television power consumption), they concluded
that lifestyle behavior prediction was essential for effective DSM implementation. The bottom-up
model is used to analyze trends in household energy demand by time of day or trends in power
demand changes caused by shifts in exogenous conditions.

On the other hand, Nakano and Washizu [6] used STU to estimate the potential amount of DSM
by time of day, which is inherent in household behavior in Japanese society. Nakano and Washizu [6]
estimated the amount of electricity socially adjusted by DSM and confirmed that it was sufficient
to help alleviate the electricity supply/demand pressure in society. Conceptually, their estimation
results should be the same as the weighted sum of individual bottom-up models using population
data. However, for the purpose of confirming the quantitative effectiveness of DSM at the macrolevel,
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the behavior of individual households’ electricity demand by time slot is unnecessary information.
Instead, Nakano and Washizu [6] calculated the electricity demand of collective households by time
slot. The macroscopic approach used by Nakano and Washizu [6] was also considered important
in verifying the ultimate accuracy of the microscopic bottom-up model. Nakano and Washizu [6]
understood the behavior of people by time of day from a macroscopic point of view and tried to find
evidence that would contribute to the construction of a DSM (with time perspective) system that is
easy for people to respond to.

As mentioned in the previous section, one solution with which to address global warming could
come from an increase in the rate at which renewable energy is utilized owing to a change in people’s
behavior via DSM. The purpose of this study is to determine the potential efficacy of DSM through
improving the estimation accuracy of the amount of electricity socially adjusted via the DSM shown by
Nakano and Washizu [6] by adding the survey results of people’s response rate to the DSM. We also
examine the effects of factors often considered in previous studies, such as people’s familiarity with
new technologies and prosocial preferences, on the response rate to DSM and adjustable electricity.

3. Survey Outline

A survey company (Nikkei Research Inc.) was commissioned to conduct the survey online
from 31 May to 5 June 2019. The survey targets were Japanese men and women aged 20–79, who
usually undertake housework; these targets were registered with the survey company. Based on the
2015 Population Census, the survey targets were categorized according to age and household type,
according to the composition ratio in Table 1. The number of collected samples was 10,881.

Table 1. Composition ratio of sample based on 2015 Population Census.

Age Single
(Male)

Single
(Female) Couple Couple with

Children
Single Parent
with Children

Three
Generations

≤39 7.7% 4.9% 2.4% 6.9% 1.1% 0.2%

40–64 7.8% 4.5% 6.8% 16.6% 4.6% 1.7%

≥65 4.2% 8.6% 12.9% 5.9% 2.6% 0.6%

Total 19.7% 18.1% 22.0% 29.3% 8.3% 2.5%

In the survey, we asked if the respondents would respond to a request for a DR by shifting their
activity time slots when down or up DR is requested, along with the amount of reward they would
like to receive. Figure 1 shows the flow of the questions.

The activities we surveyed were cleaning, meal preparation, washing, and watching TV. According
to Nakano and Washizu [6], these activities provide significant adjustable potential electricity for
DR during certain time slots of the day. First, we divided a day into 12 time slots: 0:00–2:00, . . . ,
22:00–24:00. We then questioned the respondents regarding the time slot in which they usually perform
these activities (Question 1 (Q1)). Next, we asked whether the respondents could shift the time slot
in which a target activity is currently performed to another time slot and asked the respondents to
select one of the following options: I may shift my time slot (1) unconditionally, (2) with a reward of
1–99 JPY per month, . . . , (8) with a reward of 1000 JPY or more per month, (9) I may not shift my time
slot regardless of the amount of reward (Question 2 (Q2)). Furthermore, we asked those who selected
responses 1–8 to the previous question to specify the time slots to which they could shift the current
activity time slots (Question 3 (Q3)).
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We asked these questions without commenting on the social effectiveness of their time shift
of activities in response to DR. Respondents may change their behavior if they have knowledge
about the social effectiveness of the time shift. Several previous studies have also pointed out that
prosocial preferences promote people’s participation in DSM. After giving the following explanation,
we repeated Q2 and Q3: “If many households cooperate to shift their usage time of home appliances
during the time when electricity consumption in Japan increases significantly, the operation of a critical
thermal power plant may be stopped. As a result, social energy costs and CO2 emissions may be
reduced.” In addition, we investigated the demographic attributes of respondents, their usage status of
personal computers and smartphones, and energy-saving consciousness as factors that may influence
these answers.

4. Analytical Method

4.1. Basic Aggregation

We calculated, for each of the 12 time slots (0:00–2:00, . . . , 22:00–24:00), the action probability of
cleaning, meal preparation, washing, and watching TV (ratio of number of respondents who perform
each activity in each time slot to number of respondents, excluding respondents who do not usually do
the activity from the entire sample). Then, for each activity of cleaning, preparing meals, washing,
and watching TV, we aggregated the number of respondents who may shift their usual time slot of
each activity according to the following options: I may shift my time slot (1) unconditionally, (2) with
a reward of 1–99 JPY per month, . . . , (8) with a reward of 1000 JPY or more per month, (9) I may
not shift my time slot regardless of the amount of reward. Data were collected from six types of
households (single male, single female, couple, couple with children, single parent with children, and
three generations) and for the entire sample.

4.2. Assumption of the DR Activation Time Slot

One of the purposes of this study is to estimate the rate of response to a request for a DR.
This section describes the basis for the assumed time slots in which the DR is triggered. As mentioned
in Section 1, there are two types of DR: “down DR”, which reduces (suppresses) electricity demand
from the power network, and “up DR”, which increases (creates) demand for electricity. Down DR is
effectively activated during times when the electricity demand is extremely high in the year. Successful
down DR at such times can avoid the construction and operation of thermal power plants that are idle
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for most of the year and operate only in such cases. Each power transmission and distribution company
publishes electricity supply and demand records for each time slot in its service area, based on business
guidelines for power transmission and distribution issued by the Organization for Cross-regional
Coordination of Transmission Operators, Japan (OCCTO). According to the records, the demand for
electricity is extremely high during the daytime in midsummer and in the mornings and evenings
during midwinter. Up DR is effectively activated when there is surplus photovoltaic power at times
when electricity demand is relatively low. In Japan, surplus photovoltaic power has become apparent
within the jurisdiction of the Kyushu Electric Power Company (an electric power company that has
jurisdiction over the southern region of Japan); in fact, instructions have been issued to suppress the
output of photovoltaic power. The time slot in Kyushu when such instructions are issued is during
spring and autumn daytime, when demand for electricity for heating and cooling is low.

In this study, based on these circumstances, we assumed that the time slots during which DR
was activated were 8:00–16:00 in summer, 6:00–10:00 and 16:00–22:00 in winter, and 10:00–14:00
in spring/autumn. According to the report of OCCTO or Kyushu Electric Power Company, DR is
considered effective in these time slots. In addition, this DR time slot definition is consistent with
the 2-h intervals used in the questionnaire. In the next section, we estimated the responsiveness of
respondents to a request for a DR under these assumptions.

4.3. Number of Respondents Who Can Respond to a Request for a DR by Presented Reward

We questioned the respondents regarding the time slot when they usually carried out activities
such as cleaning, meal preparation, washing, and watching TV. We also asked the respondents about
the time slots when they could shift their current activity and the amount of reward they would like to
receive at that time.

Using these response results, the number of respondents who “can respond” to a request for a
DR in summer, winter, and spring/autumn was aggregated for each category of presented reward.
Figure 2 shows the method of defining “people who can respond to a request for a DR” in this
study. Suppose, for example, a respondent who is cleaning between 8:00 and 16:00 may shift his/her
current cleaning time slot to another time slot under a certain amount of presented reward (category).
In this case, this respondent is defined as a person who can respond to down DR in summer under
the presented reward. Suppose a respondent who is cleaning at time slots excluding 10:00–14:00
may move his/her current cleaning time slot to 10:00 to 14:00 under a certain reward. At that time,
this respondent is defined as a person who can respond to a request for an up DR in spring/autumn
under the presented reward. In this way, the number of respondents who can respond to a request for
a DR in summer, winter, and spring/autumn was aggregated for each of eight categories of presented
rewards. Totals of those who can respond to a request for a DR were calculated for household types of
single households (male), single households (female), couples, couples with children, single parents
with children, three generations, and the entire sample.
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Figure 2. Assumption of DR activation time slot. Summer and winter: stop performing activities
during the above time slots and move them to other time slots. Spring/autumn: have activities during
other time slots moved to the above time slots.



Energies 2020, 13, 3665 8 of 21

These datasets were created for responses before and after provision of knowledge about social
effectiveness of DR.

4.4. Estimation of Response Probability to a Request for a DR

In the previous section, we aggregated the number of respondents who responded to a request
for each DR by the category of the presented reward. Using these data, we estimated the expected
response probability to a request for each DR, under the given reward. The estimation method used is
the same as the method used by Washizu et al. [15]; it is outlined below.

Prior to the estimation of such a response probability to a request for a DR, we first converted one
piece of data, “a respondent responds by activation of a certain DR under a certain presented reward”,
into a set of eight binary data by eight presented reward categories. For example, if a respondent
responded to a request for a DR under the third highest presented reward category, we considered
that he/she would respond to a request for a DR under the top three presented reward categories and
would not respond under the fourth to eighth categories. One piece of data showing a respondent’s
behavior was transformed into a set of eight binary data in which 1, denoting “responds to a request for
a DR”, corresponds to the top three presented reward categories, and 0, denoting “does not respond”,
corresponds to the fourth to eighth categories.

Using a set of binomial data created in this way, we estimated the response probability to a request
for a DR under a given presented reward by estimating a binomial logit model based on a well-known
random utility model. That is, the probability that a respondent will respond to a request for a DR,
Pyes, can be expressed by the following binomial logit model [33]:

Pyes =
1

1 + e−∆V (1)

Here, ∆V is a utility difference function that shows the observable difference in utility when the
respondent responds to a request for a DR and when he/she does not and is a function of the presented
reward, p, for the respondent to respond to a request for a DR.

∆V = α1 + β1p + u1 (2)

By estimating parameters α1 and β1 under such a model, we can calculate the response probability
to a request for a DR under a given presented reward. In this study, parameter estimation was
performed for datasets before and after providing knowledge about the social effectiveness of DR.
By comparing the derived response probabilities for a request for a DR before and after knowledge
provision, we examined the change in response probability due to knowledge provision. We also
analyzed the effect of a shift factor on the response probability by setting the utility difference function
∆V to be a function of the presented reward, p, and given shift term δ as in Equation (3).

∆V = (α1 + αdδ) + (β1 + βdδ)p + u2 = α2 + β2p + u2 (3)

In this study, we assumed the respondents’ responses to the following statement to be a shift
factor of δ: “In order to prevent instability of the power system during the time when electricity usage
increases sharply, I may shift the housework with use of home appliances performed during that time
to other times.” From this, we examined the effect of respondents’ perceived effectiveness of DR on the
response probability to a request for a DR. We believe that respondents’ perceived effectiveness of
DR arises from their trust in utility companies and their knowledge of advanced technology, which
previous studies have often cited as factors that influence people’s participation in DSM. Tables S1 and
S2 present the results of the analysis conducted using the dataset for all respondents generated before
and after they were provided knowledge about the social effectiveness of DR.
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5. Results

5.1. Action Probability of the Four Activities in Each Time Slot

The calculation results of the action probability of each activity such as cleaning, meal preparation,
washing, and watching TV in each time slot are as follows: The action probability of cleaning was high
during the time slot 8:00–10:00. Regarding meal preparation, the total average action probability in the
6:00–8:00 (at breakfast) and 16:00–20:00 (at dinner) time slots is approximately 34–50%, and the average
action probability in the time slot 10:00–14:00 (at lunch) was approximately 18–22%. Regarding washing,
the action probability was high in the slot 6:00–10:00, with a total average of 26–33%. In addition,
single-person (female) and couple households also had a peak of approximately 14–23% in the action
probability at 18:00–22:00. With regard to watching TV, the action probability in the time slot 18:00–22:00
was particularly high, with a total average of 57–68%.

There was no significant difference between household attributes in these trends regarding
action probability.

5.2. Respondents’ Intention to Shift Their Activity Time Slots by the Presented Reward

In Figure 3, respondents’ responsiveness to shifts in activity time slots is compared by activity
type. It also shows how the situation changes before and after providing knowledge about the social
effectiveness of DR.
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Figure 3. Changes in activity time shift intention before and after providing knowledge (all households).

Looking at the percentage of people who do not shift their current activity time slots among those
who usually do each activity, a relatively large number of people (a ratio of 41.6% before the knowledge
is provided) cannot shift their time slots to prepare meals. Looking at the results in detail by household
attributes, the proportion of people who do not shift their current activity time slots was high among
three generations for all activities. The ratio of those who were able to shift their activity time slots was
relatively high in the households of couples with children, for all activities except meal preparation.

It was found that the provision of knowledge about the social effectiveness of DR reduces the
proportion of respondents who cannot shift activity time slots regardless of reward for any activity,
and that the percentage of people who may shift their activity time slots unconditionally (without any
rewards) increased.
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5.3. Respondents’ Intention to Respond to a Request for One of Three Types of DR

We calculated the proportion of respondents who responded to a request for each DR in summer,
winter, and spring/autumn. We also compared the results before and after providing knowledge
about the social effectiveness of DR. These results are shown in Figure 4. According to Figure 4,
although there are differences between activities, 5–20% of respondents who usually perform each
activity respond to a request for a particular DR. The proportion of people who respond to a request
for a DR is increased after knowledge is provided about the social effectiveness of DR. Another 30% of
respondents who usually perform each activity can respond to some shifts in activity time slots in
a manner other than the time shifts assumed in DR in this study. It is desirable to encourage these
people to shift their activity time slots corresponding to down DR in summer and winter, or up DR in
spring/autumn, by making them aware of how to effectively shift their activity time.
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Figure 4. Proportion of respondents who responded to a request for each DR (proportion of all
respondents who usually perform each activity).

5.4. Desired Monthly Reward for Responding to a Request for One of Three Types of DR

Table 2 shows the average desired monthly reward by household attribute when shifting activity
time slots in response to a request for a down DR in summer and winter and a request for up DR in
spring/autumn. In the table, italics indicate that the value is relatively high. The higher the desired
reward for an activity, the less likely respondents may be to respond to a request for a DR through that
activity. According to Table 2, the amount that people desire to receive as a reward for responding
to a request for a DR is approximately 500–600 JPY per month. The desired reward for up DR in
spring/autumn is slightly lower than that for down DR in summer and winter. This indicates that
people are more likely to respond to a request for a DR in spring/autumn than in summer and winter.
Looking at the average value of all households and comparing the differences in desired rewards
among activities, the desired reward for shifting meal preparation time is highest, followed by the
desired reward for washing. Comparing the average rewards among household attributes, households
with children, such as households comprising three generations, couples with children, or single
parents with children, have a high desired reward.
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Table 2. Desired monthly reward for responding to a request for each of three types of DR (average,
unit: JPY).

Household
Attributes All Single

(Male)
Single

(Female) Couple Couple with
Children

Single Parent
with Children

Three
Generations

Down DR in
summer

Cleaning 561 591 510 552 595 525 534
Meal preparation 652 708 605 603 697 626 623

Washing 593 596 537 603 615 603 550
Watching TV 555 626 574 551 519 603 631

Down DR in
winter

Cleaning 555 507 561 513 599 572 525
Meal preparation 678 585 648 644 748 735 650

Washing 612 583 589 555 684 594 620
Watching TV 565 558 572 554 552 637 606

Up DR in
spring/
autumn

Cleaning 520 528 517 472 565 509 505
Meal preparation 610 580 600 560 633 703 656

Washing 559 559 545 589 500 609 536
Watching TV 528 528 541 536 521 506 604

Italics indicate that the value is relatively high.

5.5. Factors That Affect the Monthly Desired Reward for DR

In the previous section, we classified the number of respondents who responded to a request for a
DR in summer, winter, and spring/autumn by eight categories of presented rewards. The presented
reward is the desired reward required to respond to a request for a DR for those who have selected the
choice that indicates the presented reward. To analyze how a respondent’s desired reward is affected
by his/her information-gathering behavior, energy-saving consciousness, and demographic factors,
we performed an ordered probit analysis (4) using the desired reward as an explained variable pc and
the factors that affect it as explanatory variables xi. p′c is a latent variable of pc.

p′c = α3 +
∑

i

β3ixi + u3 (4)

Table S3 shows the results of analysis performed using the dataset created after provision of
knowledge about the social effectiveness of DR. According to Table S3, the desired reward is significantly
lower when the respondent spends more time collecting information on a PC or a similar device and has
an energy-saving consciousness or perceives that the DSM is effective. In other words, respondents with
such characteristics tend to respond to a request for a DR even with small rewards. Conversely, if the
respondent pays a lot of utility bills, is working, lives in a big city, or is older, the desired reward is
significantly high. In other words, respondents with such attributes require high rewards to respond
to a request for a DR.

Given that a respondent has a low desired reward when he/she easily responds to a request
for a DR, and that a respondent has a high desired reward when he/she has difficulty responding
to a request for a DR, these results can be interpreted as follows: Perceived effectiveness of DSM
is expected to reduce desired rewards and improve responsiveness to a request for a DR. It is also
desirable to design a DR program so that those who desire high rewards (i.e., those who are struggling
to respond to a request for a DR) are more likely to respond to a request for a DR. According to the
above results, those who struggle to respond to a request for a DR are those who pay a lot of utility
bills, are working, live in a large city, or are old. It would also be desirable to promote technological
development (such as automatic control of home appliances) so that those people could respond to a
request for a DR more easily.

6. Estimation of Response Probability to a Request for a DR under the Given Presented Reward

Using the estimation results of the binomial logit model described in Section 4.4, we estimated the
response probability to a request for a DR under a given presented reward. First, using a model in
which response probability is determined only by the presented reward (a model where the utility
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difference function is formulated by Equation (2)), we compared the calculation results of response
probabilities before and after providing knowledge about the social effectiveness of DR. Next, using a
model in which the response probability is affected by the shift term of the respondents’ perceived
effectiveness of DR in addition to the presented reward (a model where the utility difference function
is formulated by Equation (3)), we examined the effect of respondents’ perceived effectiveness of DR
on their response probability. We report the estimation results of response probabilities using the two
models in the following sections.

6.1. Comparison of Response Probabilities before and after Providing Knowledge about DR Effectiveness

Figure 5 shows the results of analysis using a model in which the response probability is determined
only by the presented reward (model where the utility difference function is formulated by Equation (2)).
It compares response probabilities to a request for a DR before and after providing knowledge about
the social effectiveness of DR. The elasticity of response was calculated as the change in response
probability when the presented reward changed in the vicinity of the average desired reward. In other
words, according to Table 2, the average desired reward for shifting activity time slots is 500–700 JPY;
hence, we calculated elasticity of response to a request for a DR when the presented reward changed
from 500 to 700 JPY. This price range corresponds to the desired reward when the response probability
resulting from the binomial logit model in Section 4.4 is approximately 50%. It is considered that
the smaller this value, the more stable the response is to a request for a DR with respect to reward
fluctuations. According to Figure 5, after providing knowledge about the social effectiveness of DR,
the elasticity of response decreases and responsiveness to a request for a DR against fluctuations in
reward becomes stable.

With a presented reward of 50 JPY/month, the response probability to a request for a DR is
approximately 30%, while it is approximately 80% with a reward of 1000 JPY/month. Comparing the
response probabilities of the four activities, the response probabilities of meal preparation are relatively
low. Comparing response probabilities to a request for a DR in the three seasons, the response
probabilities to a request for an up DR in spring/autumn are relatively high. It is apparent that it
is relatively easy to influence behavioral changes in shifting activities that were performed in other
time slots to the time slot 10:00–14:00, as assumed in DR in spring/autumn. Moreover, the response
probability to a request for a DR increases after providing knowledge about the social effectiveness
of DR.
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6.2. Comparison of Response Probability with and without Respondents’ Perceived Effectiveness of DR

Figure 6 shows the results of an analysis using a model in which the response probability
to a request for a DR is determined by the presented reward and the shift term of respondents’
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perceived effectiveness of DR (a model in which the utility difference function is formulated by
Equation (3)). Figure 6 compares response probabilities when dummy = 0 (without respondents’
perceived effectiveness of DR) and dummy = 1 (with respondents’ perceived effectiveness of DR),
which indicates the shift term. The results show that when the respondents perceive effectiveness
of DR, responsiveness a request for a DR stabilizes against fluctuations in reward and the response
probability for the same reward increases with few exceptions.
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6.3. Desired Reward Per Unit Electricity for Responding to a Request for a DR

In the questionnaire, we presented the desired reward in monthly amounts so that the respondents
could easily understand the reward system. Table 3 examines the relationship between monthly reward
for the three types of DR and the price of adjustable electricity per unit of physical quantity (JPY/kWh).
The results in Table 3 are calculated as follows: First, we estimate the monthly adjustable electricity
EKR

i procured from the time shift of the ith activity under the presented reward of R JPY/month for the
K-type DR as

EKR
i = ei·Di·AprobK

i ·RprobKR
i (kWh/month) (5)

where ei is the electricity intensity per minute that can be adjusted by shifting the ith activity time slots
(kWh/min), Di is the monthly duration of the ith activity (min/month), AprobK

i is the average action
probability of the ith activity during target time slots of K-type DR, RprobKR

i is the response probability
to a request for a DR by ith activity time shift under monthly reward R in K-type DR. Here,

K = DR in summer, DR in winter, and DR in spring/autumn

R = 50, 150, . . . , 1000 JPY/month

i = cleaning, preparing meals, washing, and watching TV

Table 3. Relationship between presented monthly reward and electricity price of adjusting power (Unit: JPY/kWh).

Presented
Monthly Reward 50 JPY 150 JPY 300 JPY 500 JPY 700 JPY 900 JPY 1000 JPY

Before
providing

knowledge

Down DR in
summer 20.29 50.47 78.69 99.38 112.60 124.50 130.82

Down DR in
winter 10.71 26.40 40.61 50.42 56.32 61.63 64.50

Up DR in
spring/autumn 15.77 39.48 62.18 79.59 91.27 101.86 107.42

After
providing

knowledge

Down DR in
summer 17.64 44.69 71.58 93.34 108.48 122.07 129.06

Down DR in
winter 9.50 23.68 37.05 47.08 53.71 59.75 62.95

Up DR in
spring/autumn 14.28 36.28 58.37 76.55 89.38 100.93 106.85

This table is calculated using the following assumptions: Monthly duration of each activity: Cleaning, 225 min
(15 min × 15 times); meal preparation, 1800 min (30 min × 60 times); washing 450 min (30 min × 15 times);
watching TV, 1800 min (60 min × 30 times). Power saved by discontinuing use of home appliances [6]: cleaning,
317.8 Wh/15 min; meal preparation 474.9 Wh/15 min; washing, 96.8 Wh/15 min; watching TV, 24.9 Wh/15 min.

Under the monthly presented reward R (JPY/month) during target time slots of K-type DR, the total
adjustable electricity TEKR by four activities per month is calculated as follows:

TEKR =
∑

i

ETK
i (kWh/month) (6)

By dividing the monthly presented reward R (JPY/month) by TEKR, the price of adjustable
electricity PEKR procured by the K-type DR under the presented reward of R JPY per month can be
calculated as follows:

PEKR =
R∑

i ETK
i

(JPY/kWh) (7)

Table 3 lists the calculation results of PEKR. The electricity intensity per minute, ei, and the
monthly duration, Di, of each activity in Equation (5) are shown in the footnotes of Table 3. For the
average action probability of each activity during target time slots of K-type DR AprobK

i , we applied
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the results for the average of all households in Section 5.1. Here, the value for down DR in summer
and winter is the average action probability in all time slots of each down DR, and the value for up DR
in spring/autumn is the average action probability in all time slots other than the time slots of the up
DR. The estimation results in Section 6.1 were applied to the response probability to a request for a DR
RprobKR

i of each activity according to each presented reward.
Looking at the actual price of adjustable electricity in Japan, the weighted average of all electric

power companies for each week in 2018 is 10.4 JPY/kWh in the case of up DR and 7.5 JPY/kWh in the
case of down DR. The weighted average of up and down DR is 8.9 JPY/kWh [34]. Comparing these
actual prices with the calculated price in Table 3, it can be seen that the calculated price is considerably
higher than the actual price. Even if it is assumed that the price of adjustable electricity will slightly
increase in the near future and will be 10–20 JPY/kWh, a reasonable monthly reward is approximately
50 JPY/month for each DR. Therefore, if the price of the adjustable electricity market in Japan changes
to approximately 10–20 JPY/kWh, only those who have a low desired reward of 50 JPY/month are
eligible for DR.

6.4. Estimating Adjustable Electricity by Time of Day

Nakano and Washizu [6] used STU to estimate the maximum amount of electricity that can
be adjusted according to behavioral changes of Japanese people by time of day. In this section,
by multiplying the adjustable electricity potential estimated by Nakano and Washizu [6] by the
response probability to a request for a DR revealed in this research, we estimate the amount of
electricity that will become available during DR out of the potential adjustable electricity.

The column “Electricity subject to DR” in Table 4 shows the achievable adjustable electricity,
excluding the electricity consumption by people who do not shift their activity time slots from the
maximum adjustable electricity estimated by Nakano and Washizu [6]. This can be interpreted as the
potential electricity that is subject to DR. Looking at the total amount of achievable adjustable electricity
estimated for the four activities, for example, the total that is subject to down DR from 8:00–16:00 is
34.6 GWh during summer, before providing knowledge about the social effectiveness of DR. However,
the value rises to 36.6 GWh after providing this knowledge. This is 25–27% of the value estimated by
Nakano and Washizu [6] as total electricity consumption by household appliances used in the time slot
8:00–16:00 in Japanese households.

The numbers in the four columns on the right side of Table 4 are estimated values of adjustable
electricity procured in DR when the people’s response probability to a request for a DR is taken
into consideration. The reward assumed here is equivalent to the electricity price in the electricity
adjustment market of 10–20 JPY/kWh. According to the considerations discussed in Section 6.3,
assuming that the price of adjustable electricity is 10–20 JPY/kWh, a reasonable monthly reward is
approximately 50 JPY/month for each DR. Looking at the down DR from 8:00–16:00 in summer, the total
amount of adjustable electricity procured from the four activities under the price would be 10.6 GWh
before providing knowledge about the social effectiveness of DR. However, the value rises to 12.2 GWh
after providing this knowledge, which is equivalent to 8–9% of the total electricity consumption by
household appliances from 8:00–16:00 in Japanese households estimated by Nakano and Washizu [6].
Looking at the down DR in winter, the ratio is approximately 4–6%.

Adjustable electricity for up DR in spring/autumn is procured by shifting people’s current activity
time slots scattered across times outside the 10:00–14:00 period, which is the target time for DR in
spring/autumn, into the desired time period. The adjustable electricity is 28.7 GWh before provision of
knowledge on the effectiveness of DR and 33.2 GWh after provision. Since activities in many time slots
are subject to shifts, a relatively large amount of adjustable electricity can be expected even under a low
reward of 50 JPY/month and thus with a low response probability to a request for a DR. The adjustable
electricity is almost equal to the power consumption by home appliances in 10:00–14:00 (100–115%).
In the 10:00–14:00 time slot power consumption of households is relatively low. The aforementioned
results show that adjustable electricity has considerable importance in the time slots when power
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consumption is relatively low. It can be concluded that the implementation effect of DSM is most
significant during these time slots.

Table 4. Estimated result of adjustable electricity by time of day (Unit: GWh, excluding items with %).

Time Slots

Electricity Subject to DR *2 Adjusted Electricity under the Monthly
Reward of 50 JPY *3

Down DR Up DR
in

Spring/Autumn

Down DR Up DR
in Spring
Autumn

in
Summer in Winter in

Summer in Winter

8–16 6–10 16–22 10–14 8–16 6–10 16–22 10–14

Before
providing
knowledge

Cleaning 19.1 14.7 5.5 23.4 6.4 5.0 1.9 8.9
Meal preparation 9.7 14.6 32.1 52.5 2.4 3.3 7.3 13.9

Washing 2.3 3.2 0.5 4.2 0.7 0.9 0.1 1.4
Watching TV 3.4 1.4 7.7 12.8 1.2 0.5 2.5 4.5

Total 34.6 34.0 45.8 92.8 10.6 9.7 11.9 28.7
(Proportion *1) (25.3%) (17.9%) (13.9%) (323.5%) (7.8%) (5.1%) (3.6%) (100.0%)

After
providing
knowledge

Cleaning 20.0 15.4 5.8 24.5 7.0 5.5 2.1 9.7
Meal preparation 10.6 15.9 34.8 56.9 3.0 4.1 9.0 16.8

Washing 2.5 3.5 0.5 4.5 0.8 1.1 0.2 1.6
Watching TV 3.5 1.5 8.1 13.4 1.3 0.5 2.9 5.1

Total 36.6 36.2 49.2 99.3 12.2 11.2 14.1 33.2
(Proportion *1) (26.8%) (19.1%) (14.9%) (346.0%) (8.9%) (5.9%) (4.3%) (115.6%)

*1 Ratio of the above value to the electricity usage in the corresponding time slots. *2 A value that excludes the
amount of electricity used by people who cannot shift their activity time slots from the total amount of potential
electricity subject to adjustment. In other words, the amount of potential electricity that can be realized by DR.
*3 Reward equivalent when the electricity price in the electricity adjustment market is 10–20 JPY/kWh.

7. Discussion

With the improvement in the introduction of fluctuating renewable energies, such as photovoltaics
(PVs), DSM based on consumers sharing a power supply and demand adjustment has received
considerable attention. Previous studies have revealed that such discussions are becoming more active,
particularly in large cities in developed countries, where diverse DERs are being abundantly installed.
Public participation is a key factor determining the effectiveness of new sustainable energy systems,
including DSM; therefore, considerations of the conditions of public participation are actively being
studied in large cities in developed countries.

In this study, we conducted a questionnaire survey of 10,000 households in Japan. We investigated
the proportion of people responding to a request for a DR under the given presented reward in time
slots when DSM by DR is required. We also analyzed the factors influencing people’s response to a
request for a DR. Furthermore, under a certain reward, we estimated how much adjustable power
would be realized among the potential electricity subject to DR, that is, maximum adjustable electricity,
estimated by Nakano and Washizu [6].

We investigated people’s responsiveness to a request for a DR by shifting the time slots of four
types of activities: cleaning, meal preparation, washing, and watching TV. The percentage of those
who cannot shift their current activity time slots, i.e., the percentage of those who cannot respond to
a request for a DR, among people who usually engage in each activity is as follows: approximately
40% of people cannot shift their current meal preparation time slots, approximately 30% cannot shift
watching TV time slots, and approximately 20% cannot shift washing or cleaning time slots. Providing
knowledge about the social effectiveness of DR reduces these rates. It also increases the proportion of
people who respond to shifts in their activity time slots and respond to a request for a DR.

People’s desired monthly reward for responding to a request for a down DR in spring/autumn
is lower than that desired to up DR in summer and winter. This shows that people are more
likely to respond to a request for an up DR in spring/autumn than down DR in summer and winter.
People’s desired reward for time shift of meal preparation is the highest, followed by the desired reward
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for time shift of washing. Comparing household attributes, the desired reward is highest in households
with children. A higher desired reward would mean less responsiveness to the associated DR.

Using an ordered probit model, we analyzed the factors that influence the desired reward for
responding to a request for a DR. According to the results, the desired reward is significantly lower
when a respondent perceives the effectiveness of the DSM. On the other hand, if a respondent pays a
lot of utility bills, is working, lives in a big city, or is older, the desired reward is significantly higher.
These results suggest that knowledge of the effectiveness of DSM is expected to reduce desired rewards
and improve responsiveness to a request for a DR. It is also desirable to design a DR program so
that those who desire high rewards (i.e., those who are reluctant to respond to a request for a DR)
are more likely to respond to a request for a DR. It would also be desirable to promote technological
development (such as automatic control of home appliances) so that those people could respond to a
request for a DR more easily.

Using the estimation results of a binomial logit model, we estimated the response probability to
a request for a DR under a given presented reward. Comparing response probabilities to a request
for a DR before and after providing knowledge about the social effectiveness of DR, the change in
response probability with respect to the change in reward stabilizes; the response probability to the
same presented reward increases after providing this knowledge. The response probability to a request
for a DR is approximately 30% under the presented reward of 50 JPY/month and approximately 80%
under the reward of 1000 JPY/month. The probability of responding to a request for a DR by shifting
meal preparation time slots is relatively low, and the response probability to a request for an up
DR in spring/autumn is relatively high. People seem to have difficulty responding to shifting meal
preparation time slots; it may be easier for people to engage in behavioral change of shifting activities
performed in other time slots to the time slot 10:00–14:00. When people perceive the effectiveness of DR,
the change in response probability with respect to the change in reward stabilizes, and the response
probability to the same presented reward increases. This suggests the importance of educating people
about the effectiveness of DR.

In the questionnaire, we presented the desired reward in monthly amounts so that the respondents
could easily understand the reward system. We examined the relationship between the monthly
reward and the price per 1 kWh of adjustable electricity procured by the DR. It was estimated that
10–20 JPY/kWh, which is the actual price of adjustable electricity currently traded in Japan, corresponds
to a low monthly reward of 50 JPY/month. Therefore, in the near future, if the price of the adjustable
electricity market in Japan changes to approximately 10–20 JPY/kWh, only those who have a low
desired reward of 50 JPY/month are eligible for DR. We calculated the amount that actually appears as
adjustable power through DR by multiplying the potential adjustable power estimated by Nakano
and Washizu [6] by the response probability to a request for a DR revealed in this study. As a result,
when the price of adjustable electricity is 10–20 JPY/kWh, during the time slots when down DR is
required in summer, approximately 8–9% of total electricity consumption can be procured through DR
as adjustable electricity. During time slots when down DR is required in winter, 4–6% of total electricity
consumption can be procured as adjustable electricity. Conversely, during the time slots when up
DR is required in spring/autumn, even when the price of adjustable electricity is 10–20 JPY/kWh,
the amount of adjustable electricity procured through DR is approximately the same as the total
electricity consumption. This result shows that adjustable electricity has considerable importance in
the spring/autumn daytime slots when power consumption is relatively low. It would be desirable for
the DR program to be implemented at such time slots.

In this study, we combined the results of a new questionnaire survey with the potential adjustable
electricity that can contribute to DSM, as estimated based on official statistics by Nakano and Washizu [6].
Then, we estimated the adjustable electricity that could realistically be procured by the DR at the
macrolevel. In order to find an effective method for implementing DSM, it is important to analyze
the trend of society as a whole by using public statistics surveyed on a large scale under an unbiased
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sample design. Our results, which are based on official statistics, are important for verifying the
effectiveness of DSM from a macroscopic perspective.

8. Conclusions

Under effective DSM that uses the latest IoT to maximize the use of renewable energy, we believe
that sparing use of appliances is not the only solution to address global warming. If behavioral
change shifts the use of domestic appliances from one time slot to other time slots, we do not have
to abandon the use of these appliances. To that end, we conducted a questionnaire-based survey of
10,000 households in Japan. We investigated the proportion of people responding to a request for a
demand response (DR) under the given presented reward in time slots when DSM by DR is required.

We also analyzed the factors influencing people’s response to a request for a DR. Furthermore,
under a certain reward, we estimated how much adjustable power would be realized among the
potential electricity subject to DR, i.e., maximum adjustable electricity. Under the actual price of
adjustable electricity of 10–20 JPY/kWh, during the time slots when “down DR” (a reduction of
electricity demand) is required in summer, approximately 8–9% of total electricity consumption can
be procured through DR as adjustable electricity. During time slots when down DR is required in
winter, approximately 4–6% of total electricity consumption can be procured as adjustable electricity.
During the time slots when “up DR” (an increase of electricity demand) is required in spring/autumn,
the amount of adjustable electricity that can be procured through DR is approximately the same as
the total electricity consumption. Further, after providing knowledge about the social effectiveness of
DR, the adjustable electricity that can be procured through DR increases. When people perceive the
effectiveness of DR, the response probability to the same presented reward increases.

The aim of our study was to determine the possibility of such behavioral changes in people in order
to provide basic information for operating an effective DSM. In Japan, the reform and design of a new
system in the electricity market, including the adjustment market, is currently in progress. In future
research, we will consider the relationship between the direction of these changes and the observational
facts obtained in this study. In addition, verification of the effects of various technological developments
for realizing improved DSM and determination of the direction of technological developments are
issues to be addressed in further research.
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