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ABSTRACT

Economic incentive-driven demand response is key
to shaping residential electricity consumption patterns,
yet current strategies often lack appliance-level
incentive models for household energy systems,
coupled with difficulties in collecting behavioral data.
Therefore, an interactive gamified simulation platform
has been developed, where users can independently
manage appliances, weighing economic rewards against
discomfort from adjusted usage. A System Usability
Scale (SUS) evaluation confirms the platform’s usability
and reliability. Experimental findings highlight a non-
linear association between economic incentives and the
acceptable adjustment range of common appliances:
the adjustable range expands sharply when incentives
increase from 1 to 3 yuan, but further increments yield
diminishing returns in flexibility. Notably, air
conditioners and water heaters demonstrate the
highest flexibility potential, with 0.5 kWh and 1.5 kWh
of regulatable capacity respectively under a 2-yuan
incentive. Overall, the quantitative models obtained in
this study can provide data support for appliances
adjustable potential, and help to realize more
humanized home energy management which meet user
needs and preferences.
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1. INTRODUCTION

In recent years, the rapid growth of electricity
consumption in China has intensified the imbalance
between supply and demand. Urban residential
buildings alone contribute over 7.9% of the nation’s
total electricity use™, highlighting their importance in
energy management strategies. The temporal mismatch
between electricity demand and supply, especially
during peak hours, threatens grid stability and

reliability. Demand response (DR) has emerged as a key
solution, aiming to align consumption patterns with
generation capacity through the activation of flexible
resources such as shiftable loads (e.g., washing
machines), temperature-controlled devices (e.g., air
conditioners, water heaters), and energy storage
systems(23],

Economic incentives are considered effective in
encouraging user participation in DR programs. Studies
on time-based pricing (e.g., real-time pricing) in various
countries have demonstrated reductions in electricity
use and peak load shifting. For instance, some programs
achieved up to 13% bill savings and 12% peak load
reduction!, In China, surveys® indicate that both price
increases and direct subsidies can motivate nearly half
of users to join DR programs. However, large-scale
implementation remains challenging due to low user
willingness to alter habits and sacrifice comfort,
especially when incentives are limited®. Most existing
incentive models are applied at the household level and
lack appliance-specific precision. Research® shows that
responsiveness varies significantly across appliances
and activities, suggesting a need for more targeted and
personalized incentives.

Serious games and gamified simulations offer a
promising alternative to conventional surveys by
creating engaging, scenario-based platforms that
simulate real trade-offs between economic rewards and
usage satisfaction”8l. Such tools have been shown to
increase user engagement and promote energy-saving
behavior, with some studies reporting electricity savings
of 3-10%>1, However, most existing gamified energy
applications focus on educational outcomes rather than
quantifying the effects of economic incentives on
appliance-level adjustments.

This study aims to address the following research
questions:

(1) How can an economic incentive experiment
platform be designed to simulate user trade-offs
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between satisfaction and monetary rewards for specific
appliances?

(2) What is the quantitative relationship between
economic incentives and the adjustable range of typical
household appliances?

(3) What is the flexible regulation potential of key
appliances under economic incentives?

2. METHOD
2.1 Experiment design framework

Figure 1 outlines the research framework adopted
in this study. A highly immersive virtual platform was
developed to replicate a realistic household
environment, allowing users to interact with various
home appliances and receive visual feedback through
dynamic icons representing device status. The system

Virtual simulation platform

evaluated using the System Usability Scale (SUS) to
ensure a user-friendly design.

To rationally determine incentive values, the
concept of "incentive intensity" was introduced, defined
as the reward amount per kWh per adjustment unit.
The adjustment unit varies by appliance type: a 10%
change in power for power-shiftable devices, a time
shift relative to usage duration for time-shiftable
appliances, and a 1°C temperature change for air
conditioners. The experiment implemented three tiers
of incentive intensity: 1x, 5x, and 10x the base level.
Participants were required to balance monetary
rewards and usage satisfaction across scenarios to make
informed adjustment decisions for different appliances.
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Fig. 1 Experiment design framework
calculates and displays corresponding rewards in real A virtual single-family building model was

developed to simulate a home scenario equipped with a
home energy management system, which can enhance
situational awareness and promote rational control
decisions during appliance operation. The virtual
platform is based on Unity, a powerful and widely used
development engine with excellent cross-platform
support, rich resource library and efficient development
tools, which supports a wide range of operating systems
and provides powerful 3D rendering capabilities and an
intuitive editing interface. With Unity, this study was
able to rapidly construct and optimize the virtual
scenario while endowing the platform with scenario
navigation functionality. The high degree of immersion

time, creating an engaging decision-making experience.

The platform integrates four core functional
modules: (1) a real-time energy consumption
monitoring interface; (2) a multi-type incentive
mechanism incorporating economic rewards, carbon
credits, emotional feedback, and community rankings to
examine how different incentives affect appliance
adjustment potential; (3) a cumulative reward tracker
enabling users to view their total earnings at any time;
and (4) a room navigation feature supporting cross-
room device operations. Platform usability was



created by 3D virtual scenario can provide users with an
experience that is closer to the real world, enabling
them to exercise reasonable control based on more
accurate perception and judgment in appliance
operations and to view incentive information.

Figure 2 illustrates the incorporated risk and
incentive feedback mechanisms, used to enhance user
engagement. The risk module simulates the discomfort
caused by appliance usage adjustment. For time-
shiftable appliances, cumulative inappropriateness
warning texts are introduced. For example, when users
click the "advance" or "delay" button, the interface will
pop up with warnings such as "Need to advance
laundry!" or "Need to delay laundry!" and trigger
vibration feedback and dynamic blur effects to alert
users. For power-shiftable appliances, such as lighting,
users can intuitively perceive changes in brightness. For
air conditioners, temperature changes are reflected
through changes in interface color. When users click on
an appliance, the interface will display many adjustment
levels and the corresponding reward values for each
level. As usage dissatisfaction increases, the
corresponding rewards will also increase. Users need to
trade off between rewards and satisfaction and select
the level that is most suitable for them.
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Fig. 2 Typical risk visualization

2.3 Experiment procedure

A total of 116 participants with diverse social
attributes from southern China were recruited for the
interactive experiment. To ensure that they fully
understood the impact of economic incentives on
flexible adjustments and could make rational decisions,
we used simple and relatable examples to enhance their
comprehension of the concept before the experiment
officially began. For instance, “Suppose you usually use
the rice cooker between 11:30 and 12:00. If you are
asked to delay its use until 14:00, this would postpone
your mealtime; or if you are asked to use it earlier at

10:30, you would need to prepare the food and put it in
advance. These adjustments may cause some
inconvenience, but you would be given a reward. Would
you be willing to accept such an arrangement?”
Through this kind of situational simulation, participants
could more intuitively understand the potential impact
of economic incentives on daily behavior.

Then, we introduced the interface design and
operation of the virtual platform to the participants,
ensuring that they were familiar with and could
effectively use the system. After the participants had a
basic understanding of the platform, we first asked
them to simulate spending a complete summer
workday in the virtual environment. During this process,
the system automatically recorded the participants'
habitual usage times for various appliances, providing
data support for subsequent decision-making. Next,
they were required to make decisions under no
incentive (the maximum extent participants could
accept without any reward) and three different levels of
economic incentive intensity (1x, 5%, and 10x).

After the experiment, we asked the participants to
complete SUS questionnaires, which help to collect
participants' intuitive feelings and usage experiences of
the platform.

3. RESULTS AND ANALYSIS
3.1 SUS questionnaire results

The scores for each item were obtained, as shown
in Figure 3. The overall system usability score for the
interface was calculated to be 73.18. According to the
scoring criteria and grading scale, this score
corresponds to a rating of B-, indicating that the
interface design is of good quality. It can be concluded
that the design of the platform in this study is reliable
and sufficient to support our research.

SUS1

SUS10 SUS2

SUs9 SUS3

SUS8 SUS4

sus?7 SUS5

SUS6

Fig. 3 SUS results



3.2 Incentive effects for power-shiftable appliances

In this study, incentive amount (R) and appliance
usage duration (T) are employed as independent
variables, while the acceptable lower limit (L) of
appliance performance is considered as the dependent
variable. Fitting relationships are obtained, with specific
parameters detailed in Table 1. The overall model fit is
found to be relatively satisfactory, with the coefficient
R? ranging from 0.45 to 0.50. Notably, a logarithmic
relationship can be observed between incentive
amount and acceptable lower limit. As the incentive
amount increases, acceptable lower limit initially
decreases rapidly and then gradually levels off,
indicating that economic incentives can effectively
influence users' acceptance of the lower performance
limits to a certain extent. However, this effect has a
saturation point.

Table 1. Fitting results for power-shiftable appliances

Appliance Fitting relationship R?

Living-room light L =-0.18In(3.29+R)+0.037+0.88  0.485
Bedroom light L=-0.14In(0.72+ R)+0.03T +0.7 0.474
Fan L=-0.091n(0.13+R)+0.02T +0.63  0.465

Moreover, usage duration of appliances correlates
with the acceptable lower limit. According to the fitting
results, for lighting, when usage time is extended by
three hours, acceptable lower limit of brightness
increases by approximately 10%. This suggests that,
under the same economic incentive, as the usage
duration increases, users' tolerance actually decreases,
mainly because of users' expectations of comfort. They
are more sensitive to performance degradation when
using appliances for extended periods.

3.3 Incentive effects for time-shiftable appliances

Given the small variation in the usage duration of
time-shiftable appliances involved in this study, it is
difficult to perform fitting analysis directly through a
scatter plot. To address this issue, equivalent incentive
intensity is introduced. Initially, quantitative model of
the relationship between incentive intensity and
advance/delay time is developed, as Equation (1). The
parameters for each fitting are obtained under no
incentive, double incentive, five times incentive and ten
times incentive intensity conditions.

T,=aInb-I+l)+c (1)

adj
Where, Tadj represents the calculated

advance/delayed time adjustment (minutes); a,b,c are

the parameters for the fitting; / denotes incentive
intensity.

Take rice cookers as an example, shown in Figure
4. The results indicate that during midday, the
acceptance of time adjustments, either in advance or
delay, is relatively balanced. In contrast, during evening,
users show a stronger preference for delaying the use,
which may be associated with users' daily routines and
the higher demand for time flexibility in the evening.
Additionally, an incentive amount of around 1 yuan
appears to yield the best effect. Specifically, during
midday, users are willing to accept time adjustments of
approximately 30 minutes, either in advance or delay;
whereas in the evening, they are willing to accept a
delay of 40 minutes and an advance of about 30
minutes.
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Fig.4 Relationship for rice cookers
3.4 Incentive effects for air-conditioners

For air conditioners, a fitting relationship model is
established with incentive amount (R), usage duration
(T), and usual set temperature (tinita) as independent
variables, and the acceptable upper temperature limit
(tupper) as the dependent variable. Specific model
parameters are detailed in Table 2. The overall model fit
is relatively satisfactory, with R? at approximately 0.8. It
reveals that usage duration of air conditioners is
associated with the acceptable upper temperature limit.
For living room air conditioners, when the usage time is
extended by five hours, acceptable upper temperature



limit decreases by 0.5°C. It implies that, under the same
economic incentive conditions, as usage duration of air
conditioners increases, users' tolerance decreases.

Table 2. Fitting results for air conditioner

Appliance Fitting R?

t =0.63In(1.58R+1)—0.09T

upper

+0.74¢,.., +7.53

t  =0.58In(1.34R+1)—0.05T

upper
0.854
+0.86¢, .., +4.45

ini

Living-room AC 0.788

Bedroom AC

Figure 5 presents a comparison of maximum
acceptable temperature increase for living-room and
bedroom air conditioners under different incentive
amounts. It can be observed that when the incentive
amount reaches around 2 yuan, the range of acceptable
temperature increases expands significantly. However,
as the incentive amount continues to rise, the increase
in the upper limit of acceptable temperature becomes
quite limited. Moreover, it can be found that acceptable
temperature increase for living-room air conditioners is
approximately 0.5°C higher than that for bedroom air
conditioners. This difference indicates that users are
more sensitive to temperature changes caused by
bedroom air conditioners, which is likely related to the
impact of bedroom air conditioners on sleep quality.
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Fig.5 Comparison of maximum acceptable
temperature increase for living-room and bedroom AC

3.5 Comparison of flexible regulation potential

Lighting, fans, and air conditioners achieve flexible
regulation through load reduction. In this study, the
power of living-room light is assumed to be 120W,
bedroom light 50W, electric fan 70W, living-room air
conditioner 1200W, and bedroom air conditioner
800W. This study adopts 8% as the energy-saving ratio
and calculates the reduction load of each appliance
under a 2-yuan incentive, shown in Figure 6.

Overall, the flexible regulation capacity of living-
room air conditioner is the most pronounced, achieving
0.5kWh over a 4-hour duration. In contrast, the
regulation capacities of lighting and fans are
significantly lower, at approximately 0.1kWh. Moreover,
it is observed that as the duration increases, the overall
regulation capacity does not exhibit a continuous
upward trend.
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Fig. 6 Energy consumption reduction under 2-yuan
incentive

For time-shiftable appliances, the operation power
is assumed to be 800W for rice cooker, 2000W for
induction cooker, 600W for washing machine, and
2000W for water heater. Figure 7 illustrates the
maximum energy consumption shift achievable by each
appliance under a 2-yuan incentive, whether in advance
or delayed. The results indicate that water heater can
accept an average delay of 46 minutes. Owing to its
high power rating, water heater is capable of achieving
the largest energy consumption shift.
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Fig. 7 Shiftable energy consumption under 2-yuan
incentive

4. DISCUSSION

This study employs a gamified interactive platform
to quantify relationships between economic incentives
and the adjustment potential of household appliances.
The derived quantitative models offer refined and
human-centered  strategies for home energy



management while advancing behavioral insights.
Although data were collected in a virtual setting—which
cannot fully simulate physical experiences such as
thermal comfort from air conditioning or the discomfort
from rescheduling appliance use—the results remain
valuable. Notably, real monetary incentives elicit
stronger cognitive engagement and closer alignment
with rational behavioral models compared to virtual
incentives, which exhibit an 18% higher deviation.

Experimental results show higher R? values for
power-shiftable appliances and air conditioners,
reflecting greater response consistency among users. In
contrast, time-shiftable appliances yield lower R? (0.2-
0.3), largely due to varying personal routines and
preferences. This heterogeneity is often obscured in
aggregate analyses. Prior studies indicate that using
averaged data rather than raw values reduces R*> by
23%, highlighting the need for hierarchical modeling
that captures individual and group differences through
latent variables. Future work should incorporate user
attributes to better quantify patterns and preferences
for time-shiftable devices, thus improving model
interpretability. Nonetheless, the current findings offer
broadly applicable insights.

5. CONCLUSIONS

In this study, an experiment was conducted to
quantify the effect of economic incentives on the
adjustable range of household appliance based on a
gamified virtual platform. The key conclusions are as
follows.
(1) A virtual simulation interactive platform for
appliance flexible regulation based on economic
incentives was established. The platform provides an
immersive 3D experience and enhances situational
awareness of energy management. The feasibility of the
platform was validated by System Usability Scale (SUS).
(2) Quantitative models between economic incentives
and appliances adjustment range were developed.
Overall, incentives within 1-3 yuan range significantly
increase user acceptance of appliance adjustments.
(3) Flexible regulation potential of typical appliances
under economic incentives is assessed. With a 2-yuan
incentive, living-room air conditioner has the greatest
potential for power reduction, amounting to 0.5 kWh,
while the water heater has the highest potential for
power shifting, reaching 1.5 kWh.
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