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• A cost-effective home energy management system is proposed incorporating data-driven user preference.

• Development of a non-intrusive load monitoring (NILM) algorithm for the uncertainty of load consumption results.

• Preference level is quantitatively defined with NILM results for load scheduling and responding DR signals.

• Uncertainties related to preference level are used in the multi-objective decision-making process.
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A B S T R A C T

Today, with the increase in the integration of renewable sources, the home energy management
system (HEMS) has become a promising approach to improve grid energy efficiency and relieve
network stress. Traditionally, complicated thermal models or passive participation of the users
prevents HEMS from fully automating the involvement of demand-side energy management. In this
paper, an advanced HEMS is proposed incorporating uncertainty-aware user preference. The energy
consumption user behavior, including temporal and temperature habits, is firstly characterized in a
data-driven way with non-intrusive load monitoring (NILM). To capture the potential uncertainties
resulting from the characteristics of NILM modeling, a novel NILM model is developed with
Bayesian theory. The NILM-based preference level is further integrated into the HEMS to schedule
the appliances and respond the demand response (DR) signals for economic benefits. Extensive
experiments are performed with the real-world dataset. The effectiveness and superiority of the
proposed algorithm are demonstrated particularly in reducing the energy cost, maintaining the user’s
preference level, and encouraging users to participate in DR. Compared to a traditional HEMS as a
benchmark, the proposed HEMS for a 24-hour horizon can trade-off limited electricity costs to keep
the preference at a high level.

1. Introduction
Energy management is a crucial matter all around the

globe. Considering that 27% of global energy consump-
tion and 17% of CO2 emissions are generated from res-
idential energy consumption, a robust energy efficiency
strategy in the residential sector should be developed [1].
To achieve decarbonization and respond to global climate
change, clean energy transitions through utilizing more
and more renewable energy sources (RES), such as solar
photovoltaic (PV) and wind, are underway. Today the ex-
pansion of distributed energy resources and the phaseout
of the feed-in tariff scheme make residential users, espe-
cially the users with renewable resources (all known as
prosumers), move from passively consuming electricity to
actively participating in demand response (DR) or demand
management [2]. Self-consumption and electricity sharing
with a community of consumers/prosumers are becoming
more popular and profitable [3]. With the development of
innovative information and communication technologies,
understanding energy consumption behavior for residential
users is of paramount importance for the design of new
energy management strategies [4].
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Recent developments in smart meters and wireless com-
munication, along with the instruction of smart home appli-
ances (i.e., air conditioning, washing machine, dishwasher,
etc.), have made it possible for a fully automated home
energy management system with assessing household char-
acteristics and behaviors in electricity consumption. Ad-
vanced HEMS requires monitoring and controlling energy
generation and consumption for economic or environmen-
tal optimization, taking into account energy consumption
behavioral habits. Accordingly, many studies have been
dedicated to HEMS in the last decade [5, 6].

1.1. Literature review for HEMS
HEMS plays an essential role in DR to provide financial

benefits for energy efficiency [7]. Traditionally, demand-
side management (DSM) was utility-driven. Still, with an
increase in the integration of renewable sources, it also
becomes a "consumer-driven" process, and the HEMS be-
comes more and more essential for the demand side [8]. On
the one hand, the end-use consumers seek to optimize their
energy resources through HEMS. HEMS provides decision
support for residential users to effectively and automatically
schedule home energy resources. By acting as a delegation
of the user to communicate with the utility and grid, HEMS
can help the user participate in the smart grid. On the
other hand, the utility seeks to improve the grid operational
efficiency by coordinating many residential HEMSs with
schedulable appliances such as heating, ventilation, and air
conditioning (HVAC) [9].

From the utility’s perspective, a two-stage coordinat-
ing scheme between multiple HEMSs and the utility has

Yinyan Liu, Jin Ma, Xinjie Xing, Xinglu Liu, and Wei Wang: Preprint submitted to Applied Energy Page 1 of 14



A Home Energy Management System Incorporating Data-Driven Uncertainty-Aware User Preference

been modeled [10] to reduce the peak demand and min-
imize the power losses. The utility communicated and
aggregated each bus’s load consumption and PV outputs
to decide each customer’s required peak reduction values
[11]. With a hierarchical incentive-based DR strategy, the
utility can send appropriate DR signals to the potential
DR participants [12]. To decrease the demand-side peak-
to-average ratio and maximize the energy profit of the
utility, a model-free reinforcement learning technique has
been applied for intelligent multi-microgrid energy man-
agement [13]. Recent years, reinforcement learning-based
HEMS has received a lot of attention from researchers
[14, 15]. Reinforcement learning (RL) can be used to solve
very complex problems for real-time energy management.
However, RL-based HEMS requires a good, comprehensive
and representative set of training data that covers all the
situations which a HEMS needs to handle, which is very
difficult in real applications. If the training set is inadequate,
which happens quite often in real world, the performance
of RL-based HEMS algorithms will be downgraded. Either
the traditional optimization-based or the RL-based HEMS
algorithms, they are designed from the utility’s viewpoint
which rarely considers the user’s willingness and energy
consumption preference. How to characterize and model-
ing the user’s energy behavior preference in the energy
management system is critical to the success of DSM. It
hinges heavily on the consumers’ participation levels in DR
programs.

Existing research focused on the user’s perspective
mainly minimizes the electricity cost and the end-user
discomfort. Complicated thermal models and temperature
deviations are often used to define the discomfort function
for appliances scheduling in a home [16, 17]. For instance,
a thermal dynamics model was adopted in [18] to restrict
the indoor temperature within a comfortable range. Besides,
some studies also model the personalized temperature
discomfort profiles and deviations of appliances’ operation
time through surveys or user’s manual settings [19, 20, 21].
However, due to the complexity of the thermal models and
the lack of personalized features, both the theoretical mod-
eling and the survey methods have difficulties collecting
effective and accurate parameters/feedback. Consequently,
it limits HEMS applications in smart grids on a large scale.
Meanwhile, the personalized energy consumption behavior
is related to the preferred temperature and also significantly
affected by the preferred running time of the appliances
[22].How to automatically understand the time and temper-
ature preferences of the user’s energy consumption habits
and apply them to HEMS has not yet been studied.

1.2. Literature review for user behavior
For advanced HEMS, it is difficult to reduce the en-

ergy use or energy consumption cost without understand-
ing users’ behavior and preference. Many studies have
investigated user energy consumption preference based on
three methods: 1) choice experiments, 2) users’ feedback,
and 3) mathematical models. In choice experiments, par-
ticipants are asked to choose their preferred temperature
constraints manually [19, 20]. Users’ feedback is mainly

used to evaluate the satisfactory level rather than define
the user behavior preference. Euclidean distance between
the actual consumption and the target consumption has
been adopted to assess the satisfactory level for pricing
and energy-efficiency problems [23]. For energy-saving
recommendations, users’ feedback also can be used as
prior knowledge about users’ habits [24]. In addition to
evaluating satisfactory level, users’ feedback can also be
directly integrated into the control logic [25] or provide
real-time electricity consumption information [26] for home
energy management.

User’s participation is required for both the choice
experiments and users’ feedback, deviating from the ’au-
tomatic’ and ’smart’ design for home energy management.
Mathematical models that quantify the user preference level
for home appliance scheduling should be developed. Two
approaches are usually used to quantify the user preference
level: 1) manual comfort constraint setting and 2) historical
data-based preference calculation. Many studies developed
different thermal models by manually setting minimum and
maximum temperature constraints. For example, the authors
in [27] developed preference levels based on the indoor
temperature. In contrast, floor temperature and hot-water
temperature are controlled in a comfort range in [28].

With the enormous amounts of data produced every
day by sub-meters and smart sensors installed in residential
buildings, more and more historical data-based user behav-
ior models have been proposed. To quantify the user’s com-
fort, the moment the user frequently/sometimes/rarely uses
the electric appliances has been calculated and defined by a
cluster method according to the historical data in [29]. The
authors in [30] calculate the user preference vector with the
appliance’s ON/OFF frequency, which is obtained by non-
intrusive load monitoring or sub-meter data. A qualitative
method based on visual thermal landscaping is proposed in
[31] to investigate the patterns of users’ thermal preferences
and enhance user comfort and energy performance. Personal
comfort has been quantitatively analyzed with individual
differences and spatial context information.

The mathematical model for understanding user behav-
ior is the ideal choice. However, existing studies for math-
ematical models either need to set preferred temperature
manually with only thermal comfort considered or focus
only the frequency of the use of the electric appliances.
To better characterize users’ energy consumption behavior,
the appliances’ preferred operation time and temperature
should be considered jointly to develop the comfort or
preference model. Although the HEMS has been extensively
researched, less research pays attention to an automatic user
energy consumption behavior interpretation to support a
personalized definition of preference. NILM is a promising
choice to understand user energy consumption behavior by
monitoring household appliances in a cost-effective, fully
automatic, and non-intrusive way.

1.3. Literature review for NILM
If leveraged properly, the data produced every day

can be used for understanding user’s habits, which can
aid in better energy management to reduce wasted energy
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and promote sustainable and energy-efficient behavior [32].
NILM can be treated as a blind source separation problem,
which tries to estimate energy consumption of appliances
from aggregated load [33]. With the robust learning and
characteristic expression abilities of deep learning, more
and more deep learning-based methods have shown their
advantages when applied for NILM [34, 35]. The authors
in [36] demonstrated that combining the data augmentation
and teacher-student network can efficiently improve the
feature representation capability of their model with unla-
beled data. To address the simultaneous action problems
under real-time NILM framework, a three-stage algorithm
is proposed in [37] with event detection, deep dictionary
learning, and sparse coding formalized algorithm.

Generally, residential appliances are divided into schedu-
lable that can be shifted or non-schedulable that must
operate immediately with the user’s request [38, 39]. Non-
schedulable appliances such as lighting systems, kettles,
and computers must operate immediately at the request
of the user, while the operation time of the schedulable
appliances such as air conditioning can be shifted according
to the electricity price or the requirement of the DR. The
HVAC contributes more than 30% of the total electricity
consumption [40]. A time-frequency mask-based decom-
position approach has been proposed in [41] to extract
flexible loads of HVAC and lighting contributions. A recent
review work of fault detection and efficiency assessment
for HVAC using NILM can be found in [42]. However,
the NILM-based schedulings for the HVAC have not been
comprehensively studied in HEMS so far.

1.4. Literature review of NILM-based HEMS
Understanding the energy consumption habits of the

consumer with NILM can make the HEMS become a
"consumer-specific" system in a natural automatic way. A
NILM-based HEMS has been studied in [43] with the k-
nearest neighbor method and genetic algorithm. A multi-
task learning-based NILM has been developed for a mi-
crogrid energy management system by regarding the op-
eration time deviation of the schedulable appliances as a
comfort level metric[39]. Recently, Cimen et al. proposed
an online energy management system for AC/DC residential
microgrids with NILM [44]. The average consumption, the
average operation time (OT), the average number of daily
uses (NU), and the most preferred operation interval (POI)
have been defined with NILM results as the user behavior
for energy management optimization.

In all the existing NILM-based HEMS, only the time/
frequency of the appliances’ use is considered as the user
behavior. However, if we want to understand and maximize
the user’s preference in HEMS, both the preferred time and
temperature should be understood from the NILM results.
Besides, home energy management is a decision-making
problem. The optimization algorithm should consider the
uncertainty of the user’s preference obtained from the NILM
results. Developing an algorithm for NILM to obtain the
uncertainty for further scheduling rather than only point
estimates of the disaggregations has not been studied.

1.5. Approach and contributions
According to the above literature review, there are three

issues needed to be addressed for advanced HEMS: (i)
How to understand and quantitatively define the user energy
consumption behavior in a fully automated way; (ii) How
to obtain the uncertainty of the NILM results for further
HEMS; (iii) How to design multi-objective HEMS with the
uncertainty NILM results to minimize user’s energy cost
and maximize user’s preference level. Therefore, this paper
proposes a NILM-supported home energy management sys-
tem with uncertainty-aware user preference. The Bayesian
neural network (BNN) is adopted in our proposed NILM
model to achieve load monitoring and quantify the level
of uncertainty for the NILM results. Then, a novel user
behavior characterization and the corresponding preference
level are quantitatively defined upon the NILM results. The
proposed preference level includes the appliances’ preferred
time/frequency use and the comfort temperature use of the
air conditioning. To trade off the energy consumption cost
against the preference level, the user behavior is integrated
into the HEMS for optimized scheduling. The significant
contributions of this paper are three-fold:

1) A Bayesian neural network-enabled NILM model is
established to obtain the uncertainty score of the NILM
results rather than only the point estimates of the ground
truth. The on/off state of the schedulable appliances can
be obtained with uncertainty score for further HEMS.

2) Quantitative user behavior characterization, including
the operation time and temperature, is defined based on
the NILM results and the uncertainty score. The user’s
behavioral effect is further modeled to design HEMS
with consideration of the user’s preference level and
user’s willingness to participate in DR.

3) A multi-objective HEMS that minimizes the costs and
maximizes the user’s preference level considering the
uncertainty of the NILM results is developed. This is the
first work to invest the practical application of NILM
in HEMS, which is treated as a multi-objective opti-
mization problem considering the uncertainty of NILM
results. The effectiveness of the proposed algorithm is
evaluated with real-world dataset for both the prosumer
with PV and consumer without any renewable resources.

2. Uncertainty-Aware User Preference
To obtain the uncertainty score of the NILM, a Bayesian

neural network that models all the weights with probabil-
ity distributions rather than a single fixed value is firstly
designed in this section. Furthermore, most of existing
research only defines user behavior with the preferred oper-
ation time from NILM [39, 43]. However, other quantitative
features derived from NILM results, such as operating tem-
perature, are essential for various schedulable appliances
in user behavior characterization. So, the quantitative user
behavior characterization considering both the time and
temperature usage of appliances are defined with NILM
results. Finally, two parameters that reflect the degree of
user preference for use time/frequency 𝜁 𝑡𝑖𝑚𝑒𝑖,𝑡 and comfort
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temperature 𝜁 𝑡𝑒𝑚𝑝𝑖,𝑡 are calculated with uncertainty. The over-
all proposed algorithms for uncertainty-aware NILM and
preference level calculation are shown in Fig. 1. Since the
on-state events are relatively rare for some appliances [34],
such as a washing machine, keeping the ratio of off- and
on-state samples are applied as data pre-precessing for the
imbalance problem. Then, a BNN-based model is proposed
for energy disaggregation to obtain the energy consump-
tion of electric appliances and the corresponding estima-
tion uncertainty. Furthermore, quantitative user behavior
is characterized by NILM results. Last, preference level
considering the preferred operation time and temperature
can be calculated for further optimization of HEMS.

The proposed BNN for energy 
disaggregation   (Fig. 2). BNN aims to 
find the posterior distribution
Uncertainty calculation of NILM 
results  (Eq. 1~4)

Pre-process data:  keep the ratio 
between on- and off-state samples   
for imbalance learning problem to 
obtain training, validation and testing 
dataset

Calculating Quantitative user behaviour 
characterization: 1) FoS, 2) POT, 3) 
MOT, 4) MON,  and 5) PTI with 
considering both use frequency and 
comfort temperature (see (Eq. 7~21)

Un
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y 

Preference Level

Aggregate load (X, Y) measured by smart meter.  Firstly, a Bayesian neural network (BNN) 
is proposed for energy disaggregation with uncertainty. Then, the quantitative user behavior 
characterization and preference level for HEMS is creatively defined.
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Figure 1: The overall framework for uncertainty-aware NILM and
preference level calculation.

2.1. Bayesian Neural Networks-Enabled NILM
NILM can monitor energy consumption behavior of

some specific appliances from the whole power consump-
tion of a household. Suppose that there are 𝑁 electrical
appliances in a house, NILM tries to disaggregate the power
consumption of the 𝑖th appliance 𝒚𝑖 ∈ ℝ𝑇𝑦 = (𝑦𝑖1,… , 𝑦𝑖𝑇𝑦 )

from the total power consumption 𝒙 ∈ ℝ𝐿 = (𝑥1,… , 𝑥𝐿)
for time  = [1,… , 𝐿], where the output length 𝑇𝑦 of
𝒚𝑖 is usually less than the input length 𝐿 [45]. With 𝑁
number of appliances in a house, there is 𝑥𝑡 =

∑𝑁
𝑖=1 𝑦

𝑖
𝑡 +

𝜖𝑡, where 𝜖𝑡 is the noise factor [33]. A large number of
neural network-based algorithms have been applied to the
NILM and are superior to traditional algorithms, such as the
Hidden Markov model (HMM) [34, 39, 46].
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Figure 2: The framework of Bayesian neural network-based NILM
All of the neural networks-based NILM only provide

the point estimates of the predictions and do not accu-
rately represent the uncertainty inherent with the prediction,
which is critical to further scheduling or decision making.
To understand users’ energy consumption behavior and to
obtain the uncertainty sore of the personalized preference
level for HEMS, a BNN-enabled NILM is inspired by the
Bayesian neural network approach in [47]. In particular,
it represents all the weight in the neural network with

probability distributions over possible values rather than
having a single fixed value of deep neural networks (DNN).
As shown in Fig. 2, we apply Bayesian to the convolutional
neural network (CNN) for NILM [48].

Given a training dataset  = {(𝒙𝑖, 𝒚𝑖)}𝑖=1 ⊂  ×  ,
where  is the set of total power in a residential household
and  is the set of the corresponding labels, BNN aims to
find the posterior distribution 𝑝(𝑤|) over model parame-
ters 𝒘 based on Bayes’ theorem [49],

𝑝(𝒘|) =
𝑝(|𝒘)𝑝(𝒘)

𝑝()
(1)

where 𝑝(|𝒘) is the likelihood, 𝑝() is the marginal like-
lihood, and 𝑝(𝒘) is the prior. Variational approximation
can be applied to find an approximated distribution 𝑞(𝒘|𝜃)
parameterized over 𝜃 by minimizing the Kullback-Leibler
(KL) divergence of 𝑞(𝒘|𝜃) and 𝑝(𝒘|),
𝜃⋆ = argmin

𝜃
KL[𝑞(𝒘|𝜃)||𝑝(𝒘|)]

= argmin
𝜃 ∫ 𝑞(𝒘|𝜃) log

𝑞(𝒘|𝜃)
𝑝(|𝒘)𝑝(𝒘)

d𝒘

= argmin
𝜃

KL[𝑞(𝒘|𝜃)||𝑝(𝒘)] − 𝔼𝑞(𝒘|𝜃)[log 𝑝(|𝒘)]

(2)

where KL[𝑞(𝒘|𝜃)||𝑝(𝒘)] is the KL divergence of the vari-
ational posterior distribution 𝑞(𝒘|𝜃) and the prior 𝑝(𝒘),
𝔼𝑞(𝒘|𝜃)[log 𝑝(|𝒘)] is the likelihood cost that related to
the training dataset . To further minimize the cost with
gradient descent, unbiased Monte Carlo sampling can be
applied to evaluate the expectations in Equation (2),
 (, 𝜃) = KL[𝑞(𝒘|𝜃)||𝑝(𝒘)] − 𝔼𝑞(𝒘|𝜃)[log 𝑝(|𝒘)]

≈
𝑛
∑

𝑖=1
log 𝑞(𝒘𝑖

|𝜃) − log 𝑝(𝒘𝑖) − log 𝑝(|𝒘𝑖)
(3)

where 𝒘𝑖 is the 𝑖th Monte Carlo sample drawn from the
variational posterior 𝑞(𝒘𝑖

|𝜃). Considering that the training
process of neural networks always adopts mini-batch gradi-
ent descent [50], Equation (3) can be rewritten as,

 (, 𝜃) =
𝑀
∑

𝑖=1
𝑖(𝑖, 𝜃)

≈
𝑀
∑

𝑖=1

1
𝑀

[

KL[𝑞(𝒘|𝜃)||𝑝(𝒘)] − 𝔼𝑞(𝒘|𝜃)[log 𝑝(|𝒘)]
]

(4)

where 𝑀 is the total mini-batch in the training dataset, each
gradient is averaged over all elements in one minibatch.
A probability distribution of the weights can be trained
for the NILM model with variational learning and Monte
Carlo. The disaggregation results of schedulable appliance
𝑖 ∈  = [1,… , 𝐼] are just a possible sample of the model,
and the uncertainty score 𝑢𝑛𝑖𝑙𝑚𝑖,𝑡 of the NILM results for 𝑖th
schedulable appliance at time 𝑡 can be calculated as the
standard deviation of the mean of multiple samples,

𝑢𝑛𝑖𝑙𝑚𝑖,𝑡 =

√

∑

(�̂�𝑖,𝑡 − 𝜇)2

𝑛(𝑛 − 1)
, ∀𝑖 ∈ , ∀𝑡 ∈  (5)

where �̂�𝑖,𝑡 is the disaggregation results with the BNN-NILM
and 𝜇 is the mean value for 𝑛 samples from the BNN-
based NILM. With the energy consumption estimation, the
on/off states �̂�𝑖,𝑡 of the 𝑖th appliance can be obtained with a
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threshold 𝜉𝑖,

�̂�𝑖,𝑡 =

{

1, �̂�𝑖,𝑡 ≥ 𝜉𝑖, ∀𝑖 ∈ , ∀𝑡 ∈ 
0, �̂�𝑖,𝑡 < 𝜉𝑖, ∀𝑖 ∈ , ∀𝑡 ∈ 

(6)

2.2. Quantitative User Behavior Characterization
To maximize user’s preference in the HEMS, the user

behavior traits should be firstly characterized. In partic-
ular, those traits related to the difference between non-
schedulable and schedulable appliances are elaborately in-
corporated. In this work, quantitative user behavior charac-
terization is creatively designed with the energy disaggrega-
tion results in 𝐾-day historical data. Let 𝑡 ∈  = [1,… , 𝑇 ]
as the scheduling time slot in a day and 𝑇𝑟 represents the
time steps of NILM results in each 𝑡 ∈  scheduling time
slot. There are 𝑇×𝑇𝑟 NILM results in a day. Accordingly, we
consider five attributes, namely (i) frequency of use [22], (ii)
preferred operation time (POT), (iii) maximum operation
time (MOT), (iv) maximum operation number (MON), and
(v) preferred temperature interval (PTI) for the operation of
the air conditioning, which is sensitive to the temperature.

1) Frequency of the Use: Firstly the frequency of the
appliance’s on state (FoS) is defined here as a quantitative
index on the user’s power consumption behavior,

FoS𝑖,𝑡 =

∑𝐾
𝑘=1

∑𝑇𝑟
𝑡𝑟=1 �̂�

𝑡𝑟
𝑖,𝑘,𝑡

𝐾
, ∀𝑖 ∈ , ∀𝑡 ∈  (7)

However, FoS does not consider user’s tendency to regularly
use the appliance. The regular high frequency of usage for a
appliance means that the user’s preference for the appliance
has a certain degree of regularity [22]. Therefore, the regular
frequency of use (RFoU) is quantified as follow,

RFoU𝑠𝑡𝑎𝑟𝑡
𝑖,𝑡 =

∑𝐾
𝑘=1 Ns𝑖,𝑘,𝑡
𝐾

, RFoU𝑒𝑛𝑑
𝑖,𝑡 =

∑𝐾
𝑘=1 Ne𝑖,𝑘,𝑡
𝐾

RFoU𝑑𝑢𝑟
𝑖,𝑡 =

∑𝐾
𝑘=1 Nd𝑖,𝑘,𝑡
𝐾

, RFoU𝑜𝑛
𝑖,𝑡 =

∑𝐾
𝑘=1 Non𝑖,𝑘,𝑡

𝐾

(8)

Ns𝑖,𝑘,𝑡 =

⎧

⎪

⎨

⎪

⎩

1, if (�̂�𝑡𝑟−1𝑖,𝑘,𝑡 = 0)&(�̂�𝑡𝑟𝑖,𝑘,𝑡 = 1)
→ 𝑡𝑟 ∈ [2, 𝑇𝑟],&(

∑𝑇𝑟
𝑡′=𝑡𝑟 �̂�

𝑡′
𝑖,𝑘,𝑡 = 𝑇𝑟 − 𝑡𝑟)

0, otherwise.
(9)

Ne𝑖,𝑘,𝑡 =

{

1, if (
∑𝑡𝑟
𝑡′=1 �̂�

𝑡′
𝑖,𝑘,𝑡 = 𝑡𝑟)&(�̂�𝑡𝑟𝑖,𝑘,𝑡 = 0)

0, otherwise,∀𝑡𝑟 ∈ [1, 𝑇𝑟].
(10)

Nd𝑖,𝑘,𝑡 =
𝑇𝑟
∑

𝑡𝑟=2
𝕁(�̂�𝑡𝑟𝑖,𝑘,𝑡)

𝕁(�̂�𝑡𝑟𝑖,𝑘,𝑡) =
⎧

⎪

⎨

⎪

⎩

1, if (�̂�𝑡𝑟−1𝑖,𝑘,𝑡 = 0)&(�̂�𝑡𝑟𝑖,𝑘,𝑡 = 1)
&(�̂�𝑇𝑟𝑖,𝑘,𝑡 = 0)

0, otherwise,∀𝑡𝑟 ∈ [2, 𝑇𝑟].

(11)

where Ns𝑖,𝑘,𝑡, Ne𝑖,𝑘,𝑡, and Nd𝑖,𝑘,𝑡 calculate the operation
number of the 𝑖th appliance that starts to work, turn off,
and complete a work cycle during the 𝑡th time slot. If
the appliance keeps at on during the 𝑡th time slot, namely

∑𝑇𝑟
𝑡𝑟=1 �̂�

𝑡𝑟
𝑖,𝑘,𝑡 = 𝑇𝑟, there is Non𝑖,𝑘,𝑡 = 1, else Non𝑖,𝑘,𝑡 = 0.

RFoU𝑖,𝑡 = RFoU𝑠𝑡𝑎𝑟𝑡
𝑖,𝑡 +RFoU𝑒𝑛𝑑

𝑖,𝑡 +RFoU𝑑𝑢𝑟
𝑖,𝑡 +RFoU𝑜𝑛

𝑖,𝑡 (12)
A larger RFoU𝑖,𝑡 means that the user prefers to use the 𝑖th
appliance in the 𝑡th time period.

2) Preferred Operation Time (POT): Understanding the
POT of the user can help HEMS schedule the appliances
in different time slots with the user’s preference in mind.
According to FoS𝑖,𝑡 and RFoU𝑖,𝑡, we define POT as,

𝜐𝑖,𝑡 = (FoS𝑖,𝑡 + RFoU𝑖,𝑡)∕2
POT𝑖 = [𝑡 for 𝑡 ∈ [1,… , 𝑇 ], 𝜐𝑖,𝑡 ≥ 𝜉𝑝𝑜𝑡]

(13)

where 𝜉𝑝𝑜𝑡 is the weight for the POT definition.
3) Maximum Operation Time: HEMS needs to schedule

the operation time of an appliance less than its extended
maximum operation time,

OT𝑚𝑎𝑥𝑖 = max [𝑂𝑇 1,… , 𝑂𝑇𝑚𝑡,… , 𝑂𝑇𝑀𝑡] (14)

𝑂𝑇 𝑚𝑡 = 𝑡2 − 𝑡1 (15)
where 𝑡1, 𝑡2 ∈ [1, 𝑇𝑟 × 𝑇 ]

𝑡1, 𝑡2 𝑠.𝑡.

(�̂�𝑖,𝑡1 = 0) & (�̂�𝑖,𝑡2 = 1)&(
𝑡2
∑

𝑡′=𝑡1

|�̂�𝑖,𝑡′ − �̂�𝑖,𝑡′−1| ≤ 1)

(16)
OT𝑚𝑎𝑥𝑖 is the maximum operation time of the 𝑖th appliance,
𝑂𝑇 𝑚𝑡 is the 𝑚𝑡th operation time. There are totally 𝑀𝑡
operations in the historical 𝐾 days.

4) Maximum Operation Number: How many times the
user prefers to use an appliance in one day is also chosen
here as an index for understanding the user’s behavior.

MON𝑖 = max [𝑁1
𝑖 ,… , 𝑁𝑘

𝑖 ,… , 𝑁𝐾
𝑖 ] (17)

where 𝑁𝑘
𝑖 is the operation number the 𝑖th appliance in the

𝑘th day.
5) Preferred Temperature Interval (PTI): The temper-

ature concerned appliances such as air conditioning with
high-power consumption play a vital role in the user’s
energy consumption. Generally, the user would like to op-
erate the appliance when the temperature is too high or too
low out of their comfortable zone. According to the on/off
operation of the appliance and the outdoor temperature, the
PTI can be defined as a metric for characterizing the user
energy consumption behavior,

FoT𝑖,𝜏 =
∑𝐾
𝑘=1 𝕀(�̂�𝑖,𝑘,𝑡, 𝜏𝑡)
∑𝐾
𝑘=1 �̄�(𝜏𝑡)

, ∀𝑖 ∈ ,∀𝜏 ∈  (18)

𝕀(�̂�𝑖,𝑘,𝑡, 𝜏𝑡) =

{

1, if �̂�𝑖,𝑘,𝑡 = 1, and 𝜏𝑡 = 𝜏
0, otherwise,∀𝑡 ∈ [1, 𝑇𝑟 × 𝑇 ].

(19)

�̄�(𝜏𝑡) =

{

1, if 𝜏𝑡 = 𝜏
0, otherwise,∀𝑡 ∈ [1, 𝑇𝑟 × 𝑇 ].

(20)

𝑃𝑇 𝐼 𝑖 = {𝜏|𝐹𝑜𝑇𝑖,𝜏 ≥ 𝜉𝑝𝑡𝑖,∀𝑖 ∈ ,∀𝜏 ∈ } (21)
where 𝜏 ∈  is the outdoor temperature,  is the total dif-
ferent temperature during the𝐾 historical days, FoT𝑖,𝜏 is the
frequency operation of the 𝑖th appliance at temperature 𝜏,
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and 𝜉𝑝𝑡𝑖 is the threshold to decide the preference temperature
interval according to FoT𝑖,𝜏 .

2.3. Preference Level Definition
One of the main challenges for smart HEMS is how to

minimize the user’s comfort and habits disturbance caused
in HEMS optimization through analysis of the user’s power
consumption preference. With the proposed BNN-enabled
NILM, we can monitor the power consumption and on/off
states of appliances, as well as quantify the user power
consumption behavior with varying levels of uncertainties.
In this work, the preference time level 𝜁 𝑡𝑖𝑚𝑒𝑖,𝑡 and preference

temperature level 𝜁 𝑡𝑒𝑚𝑝𝑖,𝑡 of the consumer are defined as
follows,

𝜁 𝑡𝑖𝑚𝑒𝑖,𝑡 =

⎧

⎪

⎨

⎪

⎩

0, |𝑡 − 𝑇𝑖| ≥ 𝑇 𝑡𝑖𝑚𝑒𝑑 , 𝑇𝑖 ∈ 𝜐𝑖,𝑡
𝜐𝑖,𝑡, 0 ≤ |𝑡 − 𝑇𝑖| ≤ 𝑇 𝑡𝑖𝑚𝑒𝑑 , 𝑇𝑖 ∈ POT𝑖
1, 𝑡 ∈ 𝜐𝑖,𝑡

(22)

 𝑡𝑖𝑚𝑒
𝑖,𝑡 = 𝑠𝑖,𝑡 ⋅ 𝜁

𝑡𝑖𝑚𝑒
𝑖,𝑡 , ∀𝑖 ∈ , ∀𝑡 ∈  (23)

where 𝜐𝑖,𝑡 is calculated with Equation (13), 𝑇 𝑡𝑖𝑚𝑒𝑑 is the
tolerance time of deviation from preferred operation time,
and 𝜁 𝑡𝑖𝑚𝑒𝑖,𝑡 is obtained according to Fig.3 (a), 𝑠𝑖,𝑡 is the
scheduled on/off state of the 𝑖th appliance during time slot
𝑡 in HEMS, and  𝑡𝑖𝑚𝑒

𝑖,𝑡 indicates the preference time level of
scheduling the 𝑖th appliance at time 𝑡 in HEMS. Similarly,
 𝑡𝑒𝑚𝑝
𝑖,𝑡 can be calculated with the capturing consumer’s

preferred temperature interval,

𝜁 𝑡𝑒𝑚𝑝𝑖,𝑡 =

⎧

⎪

⎨

⎪

⎩

1, 𝜏𝑡 ∈ PTI𝑖
FoT𝑖,𝑡, 0 ≤ |𝑡 − 𝑇𝜏 | ≤ 𝑇 𝑡𝑒𝑚𝑝𝑑 , 𝜏 ∈ PTI𝑖

0, |𝑡 − 𝑇𝜏 | ≥ 𝑇 𝑡𝑒𝑚𝑝𝑑 , 𝜏 ∈ PTI𝑖

(24)

 𝑡𝑒𝑚𝑝
𝑖,𝑡 = 𝑠𝑖,𝑡 ⋅ 𝜁

𝑡𝑒𝑚𝑝
𝑖,𝑡 , ∀𝑖 ∈ , ∀𝑡 ∈  (25)

where 𝜏𝑡 is the forecasting outdoor temperature at time 𝑡, 𝑇𝜏
is the time slot that is regarded as the preferred temperature
interval, and 𝑇 𝑡𝑒𝑚𝑝𝑑 is the tolerance time for deviation from
preferred temperature interval. The calculation of 𝜁 𝑡𝑒𝑚𝑝𝑖,𝑡 is
according to Fig.3 (b).

1

Time
(a) Preferred Operation Time (b) Preferred Temperature Interval

1

PTIPOT

Time

Figure 3: Deviation cost of preferred operation time and tempera-
ture interval

3. Proposed HEMS
The designed HEMS should perform optimal scheduling

of the electrical appliances, the battery energy storage sys-
tem (BESS), and the power exchanges with the external grid
to minimize the energy cost and, at the same time, maximize
the preference level of the user (see Fig. 4). With the total
load measured by a smart meter, the energy consumption of
concerned appliances can be monitored by the uncertainty
indices based on the proposed NILM. Then, user habits can
be quantitatively characterized as being presented in Section

II. The HEMS can schedule the household appliances such
as air conditioning and dryer according to the day-ahead
electricity price and the user habits. Besides, we assume that
the residential user can receive the DR signals during the
peak time to earn revenue in the designed HEMS, making it
easy to extend the proposed HEMS to a commercial user.

Data flow
Signal flow

NILM

HEMS Scheduling

Air conditioner Washing machine Water heaterLighting Kitchen Office

Schedulable AppliancesNon-Schedulable Appliances

User habit
Smart meter

Solar Panel

ESS

Sell to grid

Buy

Charging

Discharging Utility Grid

Retailors

DR signals

Power flow

Figure 4: The structure of the proposed HEMS

3.1. Objective Functions of the HEMS
In this work, we design the HEMS by taking into

account the power consumption cost, the income of selling
power to the grid, the reward of responding to the DR sig-
nals in peak time, and the preference level considering the
user’s behavior pattern. Two different objectives, including
energy cost and preference level for HEMS, are proposed.

1) Minimize Energy Cost: The HEMS seeks to minimize
the total power cost, including buying power cost, selling
power revenue, and DR reward, by determining the on/off
states of schedulable appliances, power absorbing/feeding
from/to the network over the horizon, energy storage charg-
ing/discharging, denoted as Ξ = (𝒔,𝑷 𝑔𝑟𝑖𝑑 ,𝑷 𝒔𝒆𝒍𝒍,𝑷 𝑐ℎ,𝑷 𝑑𝑖𝑠),
respectively. Here 𝑠𝑖,𝑡 ∈ 𝒔 is the on/off state of the 𝑖th
schedulable appliance at time slot 𝑡. The objective function
for power cost is formulated as follows,

min
Ξ

 =
𝑇
∑

𝑡=1
(𝜆𝑇𝑂𝑈𝑡 𝑃 𝑔𝑟𝑖𝑑𝑡 − 𝜆𝑆𝑃𝑡 𝑃 𝑠𝑒𝑙𝑙𝑡 − 𝜆𝑑𝑟𝑡 𝑃

𝑑𝑟
𝑡 )Δ𝑡 (26)

where 𝑇 is the time slots for HEMS scheduling in a day,
Δ𝑡 is the time resolution of a time slot, 𝜆𝑇𝑂𝑈𝑡 is the time
of use pricing for electricity consumption, 𝜆𝑆𝑃𝑡 is the spot
price, 𝑃 𝑔𝑟𝑖𝑑𝑡 and 𝑃 𝑠𝑒𝑙𝑙𝑡 are the power bought from and sold
to the utility grid at a given time 𝑡, respectively, 𝑃 𝑑𝑟𝑡 is the
electricity increase or decrease for responding to the DR
event, and 𝜆𝑑𝑟𝑡 is the DR reward of each kilowatt (kW).

2) Maximize Preference Level: HEMS and DR for ap-
pliance scheduling not only should minimize the energy cost
but also should maximize the user’s preference level accord-
ing to their historical behavior or habit. In this work, we
define the user’s preference level () by considering both
preferred time and temperature based on the quantitative
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characterization of their behavior,

max
Ξ

 =
𝑇
∑

𝑡

𝐼
∑

𝑖

[

( 𝑡𝑖𝑚𝑒
𝑖,𝑡 +  𝑡𝑒𝑚𝑝

𝑖,𝑡 )(1 − 𝑢𝑛𝑖𝑙𝑚𝑖,𝑡 𝑠𝑖,𝑡)
]

=
𝑇
∑

𝑡

𝐼
∑

𝑖

[

(𝑠𝑖,𝑡 ⋅ 𝜁 𝑡𝑖𝑚𝑒𝑖,𝑡 + 𝑠𝑖,𝑡 ⋅ 𝜁
𝑡𝑒𝑚𝑝
𝑖,𝑡 )(1 − 𝑢𝑛𝑖𝑙𝑚𝑖,𝑡 𝑠𝑖,𝑡)

]

(27)

where  𝑡𝑖𝑚𝑒
𝑖,𝑡 and  𝑡𝑒𝑚𝑝

𝑖,𝑡 are the preference level of the user’s
preferred operation time and temperature at 𝑡th time slot,
respectively, 𝑢𝑛𝑖𝑙𝑚𝑖,𝑡 is the uncertainty score of the BNN-based
NILM results for the 𝑖th appliance.

Following the discussion above, the objective function
 of the designed HEMS can be formulated as follows,

min
Ξ

 = 𝑓 (,−) (28)

Using the weighted sum method [51] to solve the multi-
objective optimization problem in Eq. (28) entails selecting
scalar weight 𝜔 and minimizing the following composite
objective function:

min
Ξ
𝑓 (,−) =(1 − 𝜔) + 𝜔(−) (29)

=(1 − 𝜓(�̄�)) + 𝜓(�̄�)(−) (30)
where,

𝜓(�̄�) =0.5(1 − �̄�) (31)

�̄� =

∑𝐼
𝑖
∑𝑇
𝑡 (𝑢

𝑛𝑖𝑙𝑚
𝑖,𝑡 )

(𝐼 + 𝑇 )
(32)

where �̄� is the mean value of the uncertainties for the NILM
results of the different appliances during the whole day.
In this work, weight in the weighted sum method is the
function of the uncertainty �̄�. According to Eq. (31), the
weight will be 0.5 when �̄� = 0, where the actual load
consumption is used for comparison with the NILM results.
The introduction of uncertainty to the weight 𝜔 = 𝜓(�̄�)
means the larger the uncertainty of the NILM results, the
less attention the objective will pay to the preference level.

3.2. DR Event Considering User Preference
For DR, one of the most essential and challenging prob-

lems is encouraging consumers to participate more actively
in DR programs, especially during the peak time when high
energy consumption and insufficient power generation take
places. When the user’s preferred behavior of using electri-
cal appliances is not considered, a very low-level response to
a DR event is normally yielded from this user. To encourage
users to participate in DR actively, we creatively designed
the user behavior effect into the DR event. The DR signal 𝛾
can require the user to increase (𝛾 = 1) or decrease (𝛾 = −1)
the power consumption at peak time. The user’s preference
of starting to use and shutting off the 𝑖th appliance at the
𝑡 time slot should be considered in HEMS for DR events.
For example, if the user receives a DR signal 𝛾 = 1 and
the power consumption of more than one appliance is close,
the larger the RFoU𝑠𝑡𝑎𝑟𝑡

𝑖,𝑡 , the more likely the 𝑖th appliance is
scheduled to turn on for DR. Besides a fixed reward 𝜆 for
each kilowatt response obtained from the utility, the effect
of user behavior on the actual reward 𝜆𝑑𝑟 is innovatively

incorporated into the HEMS optimization model.

rfou𝑠𝑡𝑎𝑟𝑡𝑖,𝑡 =

{

1, RFoU𝑠𝑡𝑎𝑟𝑡
𝑖,𝑡 ≥ 𝜉𝑠𝑑𝑟

RFoU𝑠𝑡𝑎𝑟𝑡
𝑖,𝑡 , RFoU𝑠𝑡𝑎𝑟𝑡

𝑖,𝑡 < 𝜉𝑠𝑑𝑟
(33)

rfou𝑒𝑛𝑑𝑖,𝑡 =

{

1, RFoU𝑒𝑛𝑑
𝑖,𝑡 ≥ 𝜉𝑒𝑑𝑟

RFoU𝑒𝑛𝑑
𝑖,𝑡 , RFoU𝑒𝑛𝑑

𝑖,𝑡 < 𝜉𝑒𝑑𝑟
(34)

𝜆𝑑𝑟𝑖,𝑡 =

⎧

⎪

⎨

⎪

⎩

𝜆(1 − 𝑠𝑖,𝑡−1) ⋅ 𝑠𝑖,𝑡 ⋅ rfou𝑠𝑡𝑎𝑟𝑡𝑖,𝑡 , 𝛾 = 1

𝜆𝑠𝑖,𝑡−1 ⋅ (1 − 𝑠𝑖,𝑡) ⋅ rfou𝑒𝑛𝑑𝑖,𝑡 , 𝛾 = −1

0, 𝛾 = 0

(35)

where 𝜉𝑠𝑑𝑟 and 𝜉𝑒𝑑𝑟 are the tolerance thresholds for RFoU𝑠𝑡𝑎𝑟𝑡
𝑖,𝑡

and RFoU𝑒𝑛𝑑
𝑖,𝑡 , respectively. So, the total DR reward at time 𝑡

in Equation (26) can be refined as,

𝜆𝑑𝑟𝑡 𝑃
𝑑𝑟
𝑡 =

𝐼
∑

𝑖=1
(𝜆𝑑𝑟𝑖,𝑡 ⋅ 𝑃

𝑠𝑐
𝑖,𝑡 ⋅ |𝛾|),∀𝑡 ∈  (36)

where 𝑃 𝑠𝑐𝑖,𝑡 is the active power consumption of the 𝑖th
schedulable appliance in at time 𝑡. Note that, the actual
energy operation cost 𝐶 is calculated with fixed reward 𝜆,

𝐶 =
𝑇
∑

𝑡=1
(𝜆𝑇𝑂𝑈𝑡 𝑃 𝑔𝑟𝑖𝑑𝑡 − 𝜆𝑆𝑃𝑡 𝑃 𝑠𝑒𝑙𝑙𝑡 − 𝜆𝑃 𝑑𝑟𝑡 )Δ𝑡 (37)

The overview of the proposed algorithms is summarized
in Fig. 5. The on/off states of the schedulable appliances
and the preference level of time and temperature of NILM
results are applied to update DR’s reward. The task of
HEMS is to schedule the usage of schedulable electric
appliances to minimize the energy cost and maximize the
preference level.

Preference Level & Uncertainty

NILM Results of Air Conditioner

NILM Results of Other Appliances
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Figure 5: Overview of the proposed algorithm

3.3. Model Constraints
1) Home Energy Balance: The total energy demand of

the household, including the energy consumption of the
appliances and net generation to the grid, should be met by
the power bought from the grid, the PV output, and power
discharged from the BESS,

𝑃 𝑔𝑟𝑖𝑑𝑡 −𝑃 𝑠𝑒𝑙𝑙𝑡 +𝑃 𝑝𝑣𝑡 −𝑃 𝑐ℎ𝑡 +𝑃 𝑑𝑐𝑡 −𝑃 𝑎𝑝𝑝𝑡 = 0, ∀𝑡 ∈  (38)

𝑃 𝑎𝑝𝑝𝑡 =
𝐻ns
∑

ℎ=1
𝑃 nsc
ℎ,𝑡 +

𝐼
∑

𝑖=1
𝑃 sc
𝑖,𝑡 ⋅ 𝑠𝑖,𝑡, ∀𝑡 ∈  (39)
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0 ≤ 𝑃 𝑠𝑒𝑙𝑙𝑡 ≤ (𝑃 𝑝𝑣𝑡 + 𝑃 𝑑𝑐𝑡 )(1 − 𝛿𝑔𝑟𝑖𝑑𝑡 ), ∀𝑡 ∈  (40)

0 ≤ 𝑃 𝑔𝑟𝑖𝑑𝑡 ≤ 𝑃 𝑔𝑟𝑖𝑑𝑚𝑎𝑥 𝛿
𝑔𝑟𝑖𝑑
𝑡 , ∀𝑡 ∈  (41)

𝑠𝑖,𝑡, 𝛿
𝑔𝑟𝑖𝑑
𝑡 ∈ {0, 1}, ∀𝑖 ∈ , ∀𝑡 ∈  (42)

where 𝑃 𝑝𝑣𝑡 is the PV output, 𝑃 𝑐ℎ𝑡 and 𝑃 𝑑𝑐𝑡 are the charging
and discharging power of the BESS, respectively. 𝑃 𝑠𝑒𝑙𝑙𝑚𝑎𝑥,𝑡 =
𝑃 𝑝𝑣𝑡 + 𝑃 𝑑𝑐𝑡 is the maximum power the consumer can sell to
the grid. It is limited by the PV output and the discharg-
ing power of the BESS. The power consumption of the
appliances 𝑃 𝑎𝑝𝑝𝑡 includes the power consumption of non-
schedulable appliances 𝑃 𝑛𝑠𝑐𝑡 and schedulable appliances
𝑃 sc
𝑡 . 𝐻 and 𝐼 are the number of non-schedulable and

schedulable appliances in a household, respectively.
2) Battery Energy Storage System: For a prosumer with

renewable generators, the BESS can provide reliable energy
during a blackout or store excessive energy generated by
renewables. It also provides the HEMS with a more flexible
ability to sell the power to the grid. The charging and
discharging of the BESS are modeled below,

𝑆𝑜𝐶𝑡+1 = 𝑆𝑜𝐶𝑡 + (𝑃 𝑐ℎ𝑡 𝜂𝑐𝑡 − 𝑃
𝑑𝑐
𝑡 ∕𝜂𝑑𝑐𝑡 )Δ𝑡∕𝐸𝑚𝑎𝑥𝑏𝑒𝑠𝑠 (43)

𝑆𝑜𝐶𝑚𝑖𝑛 ≤ 𝑆𝑜𝐶𝑡 ≤ 𝑆𝑜𝐶𝑚𝑎𝑥, ∀𝑡 ∈  (44)

0 ≤ 𝑃 𝑐ℎ𝑡 ≤ 𝑃𝑚𝑎𝑥𝑐ℎ,𝑡 𝛿
𝑐ℎ
𝑡 , ∀𝑡 ∈  (45)

0 ≤ 𝑃 𝑑𝑐𝑡 ≤ 𝑃𝑚𝑎𝑥𝑑𝑐,𝑡 (1 − 𝛿
𝑐ℎ
𝑡 ), ∀𝑡 ∈  (46)

𝛿𝑐ℎ𝑡 ∈ {0, 1},∀𝑡 ∈  (47)
where 𝑆𝑜𝐶𝑡, 𝜂𝑐𝑡 , and 𝜂𝑐𝑡 are the state-of-charge (SoC), the
charging efficiency, and the discharging efficiency of the
BESS at time 𝑡, respectively, 𝐸𝑚𝑎𝑥𝑏𝑒𝑠𝑠 is the maximum capacity
of the BESS, 𝑆𝑜𝐶𝑚𝑖𝑛 and 𝑆𝑜𝐶𝑚𝑎𝑥 are the minimum and
maximum SoC of the BESS, 𝑃𝑚𝑎𝑥𝑐ℎ,𝑡 and 𝑃𝑚𝑎𝑥𝑑𝑐,𝑡 are the max-
imum charging and discharging power, respectively, and
𝛿𝑐ℎ𝑡 is a binary variable indicating that the BESS cannot be
charging or discharging simultaneously [52].

3.4. Scheduling of Domestic Appliances
In this work, the designed HEMS optimizes the opera-

tion of the schedulable appliances such as air conditioning,
washing machine, and water heater, and leaves the user to
operate the non-schedulable appliances exactly as they wish.
The scheduling of domestic appliances must be planned
according to several operating parameters, such as the max-
imum operation time and maximum operation number,

𝑇 𝑠𝑖 +𝑡0
∑

𝑡=𝑡0

|𝑠𝑖,𝑡+1 − 𝑠𝑖,𝑡| ≤ 2, 𝑡0 ∈ [1,… , 𝑇 − 𝑇 𝑠𝑖 ] (48)

𝑇 𝑠𝑖 =

⎧

⎪

⎨

⎪

⎩

0, MON𝑖 ≤ 1

⌈

24
Δ𝑡 ⋅ MON𝑖

⌉, MON𝑖 > 1
(49)

𝑇 𝑠𝑖 +𝑡0
∑

𝑡=𝑡0

(𝑠𝑖,𝑡 ∗ Δ𝑡) < ⌈𝑂𝑇 𝑚𝑎𝑥𝑖 ⌉, 𝑡0 ∈ [1,… , 𝑇 −𝑇 𝑠𝑖 ] (50)

where ⌈⋅⌉ is the operation of rounding up to the closest
integer, and 𝑇 𝑠𝑖 is the interval time that the appliance
can only operate once without the interruption. Equation
(48) and Equation (49) keep the appliance from frequent

operations, and Equation (50) makes sure that the operation
time of the appliance is less than the maximum operation
time 𝑂𝑇 𝑚𝑎𝑥𝑖 .

4. Experiments
In this section, we evaluate the proposed HEMS with

real-world data 1, which includes real consumption and PV
generation data for different users. The proposed BNN-
based NILM is firstly compared with other state-of-the-
art models. Based on the NILM results, the robustness
and effectiveness of the proposed algorithm for HEMS are
evaluated through two different users: one is a prosumer,
and the other is a consumer without renewable generators.
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Figure 6: Power consumption behavior of two different consumers.
(a) and (c) show the user’s power consumption of appliances for a
month. (b) and (d) show the power consumption of the schedulable
appliances and PV output in one day with 15-minute time interval.

4.1. Dataset
Dataport is the world’s largest resource for residential

energy use data and is designed to support research in
addressing climate crisis. It provides access to static time-
series data for 75 homes from New York, California, and
Austin. In this work, the performance of the NILM is
evaluated with the 1-minute data collected for six months.
Two different real-world users with quite different power
consumption behaviors are adopted to evaluate the effec-
tiveness of our proposed algorithm. User #1 is a prosumer
with PV panels in New York, while user #2 is a consumer
without PV panels in Austin. As shown in Fig. 6, the power
consumption habits of different users vary considerably.
In this work, six different appliances, which are the air
conditioning (AC), the furnace (FN), the water heater (WH),
the dishwasher (DW), the clothes washer (CW), and the
dryer (DY) are regarded as the schedulable appliances.

4.2. Experimental Settings
1) Implementation Details: For the NILM, the raw data

is firstly preprocessed for missing values by splitting the
sequence into subsequences when the duration is less than
5 minutes. Then, a sliding window 𝐿 = 60 runs over the
data with a step size to obtain a sample 𝒙 = (𝑥1,… , 𝑥𝐿)
and its corresponding label 𝒚𝑖 = (𝑦𝑖𝐿−𝑇𝑦 ,… , 𝑦𝑖𝐿), where

1https://www.pecanstreet.org/dataport/
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Table 1
Results NILM for different users. 𝑢𝑛𝑖𝑙𝑚𝑖 is the mean uncertainty

User #1 User #2
Metrics Model

AC WH FN CW DY AC WH FN DW CW DY

SAE
(Watt)

Seq2Seq [33] 123.6 207.52 53.54 109 23.65 59.51 28.06 29.57 16.21 31.97 68.17
SCA [34] 88.56 211.27 57.13 21.99 21.38 50.97 20.04 27.34 18.79 32.21 59.87

MGRU [39] 63.53 130.24 95.81 23.5 19.53 54.09 26.43 27.91 19.57 32.05 55.85
bSeq2Seq 130.83 161.82 43.47 94.29 22.31 65.02 22.57 29.63 14.11 35.66 68.23

Ours 61.01 109.68 41.21 19.43 18.54 44.28 17.26 24.88 16.74 31.11 43.89

𝑓1(%)

Seq2Seq [33] 77.76 86.58 62.68 0.00 0.00 93.08 66.67 83.88 9.45 82.11 41.17
SCA [34] 68.24 15.16 13.99 0.00 0.00 59.53 67.5 13.32 27.62 79.63 34.85

MGRU [39] 93.7 88.77 35.57 0.00 0.00 90.12 65.82 63.8 25.17 75.25 35.99
bSeq2Seq 69.79 89.12 65.2 0.00 0.00 92.25 72.78 81.47 11.48 81.16 33.36

Ours 95.91 96.57 63.28 0.00 0.00 94.4 81.97 83.24 41.76 83.98 43.84

𝑢𝑛𝑖𝑙𝑚𝑖
bSeq2Seq 0.079 0.0404 0.0967 0.068 0.6421 0.282 0.0621 0.057 0.2928 0.07 0.2091

Ours 0.0557 0.0338 0.2407 0.1119 0.4528 0.207 0.0561 0.0916 0.2606 0.0489 0.2599

we set 𝑇𝑦 = 10. One-week historical data 𝐾 = 7 of user
#1 and user #2 are used for testing the performance of the
proposed NILM model. For user #1 with PV, the BESS’s
capacity is set as 𝐸𝑚𝑎𝑥𝑏𝑒𝑠𝑠 = 5.7 kWh with the rated SoC range
[10%, 90%]. The maximum charging/discharging power
of the BESS are 𝑃 𝑐ℎ𝑡 = 2.5 and 𝑃 𝑑𝑐𝑡 = 2.0 kW with
the charging/discharging efficiency 0.82/1.04. To obtain the
on/off state of the appliance, a threshold 𝜉𝑖 = 50 watts
is adopted. For the HEMS optimization model, one day
is divided into 𝑇 = 96 time slots and each time slot
includes 𝑇𝑟 = 15 minutes. The reward of the DR event
is 𝜆 = 10 cents/kWh. In this paper, the peak points that
are larger than half of POT and PTI’s maximum values are
used to calculate the extended POT and PTI according to
the Equation (22) and Equation (24) for the optimization.
The NILM experiments are conducted on one GTXGeforce
1080Ti GPU with Pytorch, and the Gurobi solver is used for
the optimization task.

2) Comparison Models for NILM: Four models for
comparison studies are constructed to investigate the ef-
fectiveness and superiority of our proposed BNN-enabled
NILM. Sequence to sequence (Seq2Seq) proposed in [33]
is regarded as the benchmark. SCA [34] and MGRU [39]
are two of the state-of-the-art methods that disaggregate
energy from the total power with multi-task learning. To
compare the traditional neural network with the Bayesian
neural network, Bayesian is also applied to the Seq2Seq
architecture referred here as bSeq2Seq model.

3) Evaluation Metrics of NILM: The performances of
NILM are evaluated with signal aggregate error (SAE) and
𝑓1 score, which are the most widely adopted metrics for
NILM study [34, 39, 46],

SAE = 1
𝑁𝑎

𝑁𝑎
∑

𝑛=1

1
𝑇𝛿

|

𝑇𝛿
∑

𝑡=1
�̂�𝑖,𝑡 −

𝑇𝛿
∑

𝑡=1
𝑦𝑖,𝑡| (51)

𝑓1 =
2 × 𝑝𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 × 𝑟𝑒𝑐𝑎𝑙𝑙
𝑝𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 + 𝑟𝑒𝑐𝑎𝑙𝑙

(52)

𝑝𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 = TP
TP + FP

, 𝑟𝑒𝑐𝑎𝑙𝑙 = TP
TP + FN

(53)

where 𝑇𝛿 is the number of time steps in a time period 𝛿,
such as one hour. We set 𝑇𝛿 to 60, which corresponds to the
number of data points in an hour with a 1-minute sampling
frequency. TP, FP, FN are the true positive, false positive
and false negative, respectively.

4.3. Results and Discussions of NILM
Case 1: NILM results. As can be seen from Table I,

our proposed model outperforms other methods, especially
for air conditioning, water heater, and cloth washer. With-
out using cloth washer and dryer for user #1 in the test
data, the 𝑓1 is zero and SAE is larger than zero means
there are false positive points (see Fig. 7 (d)). Compared
with the results of Seq2Seq and bSeq2Seq, although BNN
increases the model complexity, it does not compromise
NILM’s performance. Specifically, BNN performs better
than the traditional neural network for the water heater,
which has larger power consumption when they are on (see
Fig. 7 (b)). For the furnace with very small active power
consumption, the most simple architecture model, Seq2Seq,
achieved relative higher accuracy for on/off state detection.
Compared with the bSeq2Seq model, the proposed model
achieves smaller uncertainties for the air conditioning, the
water heater, the dishwasher, and the dryer. The smaller
SAE for energy disaggregation or the higher 𝑓1 score for
on/off state detection does not mean the smaller uncertainty
score of the results.

(a) air condition (b) water heater

(c) furnace (d) dryer
Time stepsTime steps

Figure 7: Disaggregation results of different appliances for user #1.
The uncertainty of each time step has been plotted.

Case 2: Calculation of preference level. According to
the definitions discussed in Section II and Section III, the
energy consumption behaviors and the preference levels of
different users can be quantitatively evaluated with their
different levels of uncertainty. Fig. 8 shows the maximum
operation time and the maximum operation number of
different appliances for different users with the ground truth
data and the NILM results. The disaggregated operation
time for the furnace in user #1 and the dryer in user #2
deviate from the ground truth with a relatively bigger uncer-
tainty. For other appliances, the results from our proposed

Yinyan Liu, Jin Ma, Xinjie Xing, Xinglu Liu, and Wei Wang: Preprint submitted to Applied Energy Page 9 of 14
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(a) Maximum Operation Time for User #1
AC CW DW DY FN WH
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maximum operation time,
OTmax

i = max [OT 1, OT 2, . . . , OTm, . . . , OTM ] (16)
OTm s.t. :

si,t=0 = 0, si,t = 1
OT mX

t=2

|si,t � si,t�1|  1

(17)

where OTmax
i is the maximum operation time of the ith

appliance, OTm is the mth operation time. There are total
M operations in the historical K days.

4) Maximum Operation Number: How many times did the
user prefer to use an appliance in one day should be understood
for HEMS.

MONi = max [N1
i , . . . , N t

i , . . . , N
T
i ] (18)

where N t
i is the operation number the ith appliance in the tth

time period.
5) Preferred Temperature Interval: The air condition is a

high-power consumption appliance, and its energy consump-
tion is usually an important part of the user. Generally, the
customer would like to operate the air condition when the
temperature is too high or too low. According to the ON/OFF
operation of the air condition and the outdoor temperature, the
PTI can be defined as a metric for user energy consumption
behavior,

FoTi,⌧ =

PT ·K·Tr

t=1 [(si,t = 1)&(⌧t = ⌧)]
PJ·K·Tr

t=1 (⌧t = ⌧)
(19)

PTIi = [⌧ for ⌧ 2 T , if FoTi,⌧  ⇠pti] (20)

where ⌧ is the outdoor temperature, FoTi,⌧ is the frequency
operation of the ith appliance at temperature ⌧ , T is the total
different temperature in K days, and ⇠pt is the threshold to
decide the preference temperature interval according to FoTi,⌧ .

III. PROPOSED ENERGY MANAGEMENT SYSTEM

The designed HEMS should perform optimal scheduling of
the electrical appliances, the energy storage system (ESS), the
distributed renewable energy such as PV panel battery, and
the power interchanges with the external grid to minimize the
energy cost and maximize preference level of the customer.
(see Fig. 3). With the aggregate load measured by the smart
meter and the uncertainty NILM based on BNN, the user habit
can be quantitatively characterized (see Section II). Then, the
household appliances such as air condition and dryer can be
scheduled by the HEMS according to the day-ahead (DA)
electricity price and the user habit. The household owns PV
panel can be regarded as a residential microgrid which can
be operated in grid-connected or islanding mode to provide
reliable energy to homeowners [24]. Besides, the designed
HEMS also should optimize the operation of the appliances
and the ESS according to the DR signals in the peak time to
earn revenue.
A. HEMS Mathematical Model

In this work, we design the HEMS with taking into
account for the power consumption cost, the income of
selling power to the grid, the reward of the demand response,
and the preference level of the user habit. The customer with
distributed renewable energy can buy power from the grid or

Data flow
Signal flow

NILM

HEMS Scheduling

Air conditioner Washing machine Water heaterLighting Kitchen Office

Schedulable AppliancesNon-Schedulable Appliances

User habit
Smart meter

Solar Panel

ESS

Sell to grid

Buy

Charging

Discharging Utility Grid

Retailors

DR signals

Power flow
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sell power to the grid, and obtain revenue earned for demand
response by increasing or decreasing power consumption.

1) Objective Functions: Two different objectives including
energy cost and preference level for HEMS are considered in
this work.

Minimize Energy Cost: The designed HEMS seeks to mini-
mizes total power cost which including the buying power cost,
selling power obtained, and demand response reward,

min C =
TX

t=1

(�TOU
t P grid

t � �SP
t P sell

t � �dr
t P dr

t )�t (21)

where T is the time periods for HEMS scheduling in a
day, �t is the �TOU

t is the real-time pricing for electricity
consumption, �SP

t is the spot market price, P grid
t and P sell

t

are the power bought from and sold to the utility grid at a
given time t, respectively, P dr

t is the electricity increase or
decrease the user response to the demand response, and �dr

t is
the demand response reward of each kilowatt (KW). Note that
we regarded the DA PV power and spot price forecasting as
prior knowledge since they are out of the scope of this article
and has already been extensively studied.

Maximize Preference Level: HEMS and demand response
for appliances scheduling should not only minimize the energy
cost, but also should maximize the preference level of the
consumer according to their historical behavior or habit. In
this work, we define preference level (P) of the consumer
with considering both preferred time and temperature based
on the understanding and quantitatively characterizing the user
behavior,

max P =
TX

t

IX

i

Ptime
i,t + Ptemp

i,t

!i
nilm ⇤ f i

1

(22)

where !nilm is the confidence results of the ith appliance with
BNN-based NILM, f i

1 is the metric to evaluate the accuracy
and precision of the on/off state detection, Ptime

i,t and Ptemp
i,t

are the preference level of the user’s preferred operation time
and temperature at tth time period, respectively.

Following the aforementioned discussion, the objective
function B of the designed HEMS can be formulated as
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maximum operation time,
OTmax

i = max [OT 1, OT 2, . . . , OTm, . . . , OTM ] (16)
OTm s.t. :

si,t=0 = 0, si,t = 1
OT mX

t=2

|si,t � si,t�1|  1

(17)

where OTmax
i is the maximum operation time of the ith

appliance, OTm is the mth operation time. There are total
M operations in the historical K days.

4) Maximum Operation Number: How many times did the
user prefer to use an appliance in one day should be understood
for HEMS.

MONi = max [N1
i , . . . , N t

i , . . . , N
T
i ] (18)

where N t
i is the operation number the ith appliance in the tth

time period.
5) Preferred Temperature Interval: The air condition is a

high-power consumption appliance, and its energy consump-
tion is usually an important part of the user. Generally, the
customer would like to operate the air condition when the
temperature is too high or too low. According to the ON/OFF
operation of the air condition and the outdoor temperature, the
PTI can be defined as a metric for user energy consumption
behavior,

FoTi,⌧ =

PT ·K·Tr

t=1 [(si,t = 1)&(⌧t = ⌧)]
PJ·K·Tr

t=1 (⌧t = ⌧)
(19)

PTIi = [⌧ for ⌧ 2 T , if FoTi,⌧  ⇠pti] (20)

where ⌧ is the outdoor temperature, FoTi,⌧ is the frequency
operation of the ith appliance at temperature ⌧ , T is the total
different temperature in K days, and ⇠pt is the threshold to
decide the preference temperature interval according to FoTi,⌧ .

III. PROPOSED ENERGY MANAGEMENT SYSTEM

The designed HEMS should perform optimal scheduling of
the electrical appliances, the energy storage system (ESS), the
distributed renewable energy such as PV panel battery, and
the power interchanges with the external grid to minimize the
energy cost and maximize preference level of the customer.
(see Fig. 3). With the aggregate load measured by the smart
meter and the uncertainty NILM based on BNN, the user habit
can be quantitatively characterized (see Section II). Then, the
household appliances such as air condition and dryer can be
scheduled by the HEMS according to the day-ahead (DA)
electricity price and the user habit. The household owns PV
panel can be regarded as a residential microgrid which can
be operated in grid-connected or islanding mode to provide
reliable energy to homeowners [24]. Besides, the designed
HEMS also should optimize the operation of the appliances
and the ESS according to the DR signals in the peak time to
earn revenue.
A. HEMS Mathematical Model

In this work, we design the HEMS with taking into
account for the power consumption cost, the income of
selling power to the grid, the reward of the demand response,
and the preference level of the user habit. The customer with
distributed renewable energy can buy power from the grid or
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sell power to the grid, and obtain revenue earned for demand
response by increasing or decreasing power consumption.

1) Objective Functions: Two different objectives including
energy cost and preference level for HEMS are considered in
this work.

Minimize Energy Cost: The designed HEMS seeks to mini-
mizes total power cost which including the buying power cost,
selling power obtained, and demand response reward,

min C =
TX

t=1

(�TOU
t P grid

t � �SP
t P sell

t � �dr
t P dr

t )�t (21)

where T is the time periods for HEMS scheduling in a
day, �t is the �TOU

t is the real-time pricing for electricity
consumption, �SP

t is the spot market price, P grid
t and P sell

t

are the power bought from and sold to the utility grid at a
given time t, respectively, P dr

t is the electricity increase or
decrease the user response to the demand response, and �dr

t is
the demand response reward of each kilowatt (KW). Note that
we regarded the DA PV power and spot price forecasting as
prior knowledge since they are out of the scope of this article
and has already been extensively studied.

Maximize Preference Level: HEMS and demand response
for appliances scheduling should not only minimize the energy
cost, but also should maximize the preference level of the
consumer according to their historical behavior or habit. In
this work, we define preference level (P) of the consumer
with considering both preferred time and temperature based
on the understanding and quantitatively characterizing the user
behavior,

max P =
TX

t

IX

i

Ptime
i,t + Ptemp

i,t

!i
nilm ⇤ f i

1

(22)

where !nilm is the confidence results of the ith appliance with
BNN-based NILM, f i

1 is the metric to evaluate the accuracy
and precision of the on/off state detection, Ptime

i,t and Ptemp
i,t

are the preference level of the user’s preferred operation time
and temperature at tth time period, respectively.

Following the aforementioned discussion, the objective
function B of the designed HEMS can be formulated as

MON MON

Figure 8: Comparison of the maximum operation time and opera-
tion number with ground truth data and the NILM results.

model can achieve high accuracy for maximum operation
time and maximum operation number.

The POT and PTI of different appliances for user #2
are further presented in Fig. 9. It can be seen that the
results with our proposed model can follow the actual
energy consumption behavior habits of the users. It is also
observed that even for the same appliance, the usage habits
of different users are completely different (see Fig. 9 (a) and
(c)), which also illustrates the necessity of considering user
behavior effects in HEMS. As shown in Fig. 9 (b) and (d),
both the preferred operation time and preferred operating
temperature can be identified with our proposed algorithm.

PO
T

PT
I

Time slots

Temperature (℉)
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follows,

min B =
TX

t=1

(�TOU
t P grid

t � �SP
t P sell

t � �dr
t P dr

t )�t
PI

i

Ptime
i,t +Ptemp

i,t

!i
nilm⇤fi

1

(23)

Note that, the smaller !nilm means the NILM results have a
larger uncertainty, which will make the optimization model
pay more attention to minimize the energy cost and weaken
the contribution of preference level to the objective function.

2) Home Power Balance: The total power demand of the
household including the power consumption of the appliances
and selling to the grid should be met by the power buy from
the grid, the PV output, and power discharged from the ESS,

P grid
t � P sell

t + P pv
t � P ch

t + P dc
t � P app

t = 0 (24)

P app
t =

HnsX

h=1

P nsc
h,t +

IX

i=1

P sc
i,t · si,t (25)

0  P grid
t  P grid

max�
grid
t (26)

0  P sell
t  P sell

max(1 � �grid
t ) (27)

where P pv
t is the PV output, P ch

t and P dc
t are the charging

and discharging power of the ESS, respectively. P grid
max and

P sell
max are the maximum power the consumer can buy from

and sell to the grid, respectively. The power consumption of
the appliances P app

t includes the power consumption of non-
schedulable appliances Pnsc

t and schedulable appliances P sc
t .

H and I are the number of non-schedulable and schedulable
appliances in a household, respectively.

3) Energy Storage System: For a prosumer, the ESS can
provide reliable energy during a blackout or store excessive
energy generated by renewables. It also provides the HEMS
with more flexibility ability for selling the power to the grid
or responding for the demand response. The charging and
discharging of the BESS should operated according to certain
constraints,

SoCt+1 = SoCt + (P ch
t ⌘c

t � P dc
t /⌘dc

t )�t/Emax
bess (28)

SoCmin  SoCt  SoCmax (29)

0  P ch
t  Pmax

ch,t �ch
t (30)

0  P dc
t  Pmax

dc,t (1 � �dc
t ) (31)

where SoCt and ⌘c
t are the state-of-charge (SoC) and the

charging efficiency of the BESS at time t, respectively, Emax
bess

is the maximum capacity of the ESS, SoCmin and SoCmax

are the minimum and maximum SoC of the ESS, Pmax
ch,t and

Pmax
dc,t are the maximum charging and discharging power of

the ESS, respectively, and �dc
t is a binary variable indicating

that the ESS can only be charging or discharging.
B. DR Event Considering User Behavior

For demand response, one of the most essential and chal-
lenging problems is how to encourage the consumers to
actively participate in demand response programs. Without
considering the consumer’s preferred operation behavior of the
electricity appliances, the consumer will show very low-level
response for the DR event. The demand response signal � can
require the consumer increase (� = 1) or decrease (� = �1)
the power consumption at peak time. The user’s preference
of starting to use and shutting down the ith appliance at

the t time periods should be considered in HEMS for DR
event. For example, if the consumer receives an increase DR
signal � = 1 and the power consumption of more than
one appliance are almost same, the larger the RFoUstart

i,t ,
the more likely the ith appliance been scheduled to turn on
for demand response. With the reward � for each kilowatt
response obtained from the retailor, we directly introduce the
consumer preference behavior to the actual reward �dr of DR
in the HEMS optimization model.

rfoustart
i,t =

(
1, RFoUstart

i,t � ⇠sdr

RFoUstart
i,t , RFoUstart

i,t < ⇠sdr

(32)

rfouend
i,t =

(
1, RFoUend

i,t � ⇠edr

RFoUend
i,t , RFoUend

i,t < ⇠edr

(33)

�dr
i,t =

(
�(1 � si,t�1) · si,t · rfoustart

i,t , � = 1

�si,t�1 · (1 � si,t) · rfouend
i,t , � = �1

(34)

where ⇠sdr and ⇠edr are the tolerance thresholds for RFoUstart
i,t

and RFoUend
i,t , respectively. Besides schedulable appliances,

the ESS also can be regarded as a schedulable appliances for
DR. The DR reward of the ESS is �, and the increase or
decrease power of the ESS for DR event is as follows,

P ess
i,t =

(
P ch

t , � = 1

P dc
t , � = �1

(35)

So, the total demand response reward in Equation (21) can be
refined as,

�dr
t P dr

t =
IX

i=1

(�dr
i,t · P sc

i,t · si,t) + � · P ess
i,t (36)

C. Preference Level Definition

One of the main challenges of smart HEMS is that it is
impossible to quantify the user’s power consumption pref-
erences to ensure the user’s comfort and habits in HEMS
optimization. Thanks to the NILM, we not only can monitor
the power consumption and on/off states of the appliances, but
also can quantities the user power consumption behavior with
uncertainty. In this work, both the preferred operation time
and temperature are considered to define the preference level
of the consumer.

Ptime
i,t = si,t · ⇣time

i,t · !time (37)

⇣time
i,t =

8
><
>:

1, t 2 �i,t

�i,t, 0  |t � Ti|  T time
d , Ti 2 POTi

0, |t � Ti| � T time
d , Ti 2 �i,t

(38)

where !time is the weight to control the preference level of
time to the objective, T time

d is the tolerance time for deviation
from preferred operation time, and ⇣time

i,t is obtained according
to Fig.4 (a). Similarly, Ptemp

i,t can be calculated with the
understanding of consumer’s preferred temperature interval,

Ptemp
i,t = si,t · ⇣temp

i,t · !temp (39)

⇣temp
i,t =

8
><
>:

1, ⌧t 2 PTIi
FoTi,t, 0  |t � T⌧ |  T temp

d , ⌧ 2 PTIi
0, |t � T⌧ | � T temp

d , ⌧ 2 PTIi

(40)

where ⌧t is the forecasting outdoor temperature at time t, T⌧

is the time period that regarded as the preferred temperature

=1
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follows,

min B =

TX

t=1

(�TOU
t P grid

t � �SP
t P sell

t � �dr
t P dr

t )�t
PI

i

Ptime
i,t +Ptemp

i,t

!i
nilm⇤fi

1

(23)

Note that, the smaller !nilm means the NILM results have a
larger uncertainty, which will make the optimization model
pay more attention to minimize the energy cost and weaken
the contribution of preference level to the objective function.

2) Home Power Balance: The total power demand of the
household including the power consumption of the appliances
and selling to the grid should be met by the power buy from
the grid, the PV output, and power discharged from the ESS,

P grid
t � P sell

t + P pv
t � P ch

t + P dc
t � P app

t = 0 (24)

P app
t =

HnsX

h=1

P nsc
h,t +

IX

i=1

P sc
i,t · si,t (25)

0  P grid
t  P grid

max�
grid
t (26)

0  P sell
t  P sell

max(1 � �grid
t ) (27)

where P pv
t is the PV output, P ch

t and P dc
t are the charging

and discharging power of the ESS, respectively. P grid
max and

P sell
max are the maximum power the consumer can buy from

and sell to the grid, respectively. The power consumption of
the appliances P app

t includes the power consumption of non-
schedulable appliances Pnsc

t and schedulable appliances P sc
t .

H and I are the number of non-schedulable and schedulable
appliances in a household, respectively.

3) Energy Storage System: For a prosumer, the ESS can
provide reliable energy during a blackout or store excessive
energy generated by renewables. It also provides the HEMS
with more flexibility ability for selling the power to the grid
or responding for the demand response. The charging and
discharging of the BESS should operated according to certain
constraints,

SoCt+1 = SoCt + (P ch
t ⌘c

t � P dc
t /⌘dc

t )�t/Emax
bess (28)

SoCmin  SoCt  SoCmax (29)

0  P ch
t  Pmax

ch,t �ch
t (30)

0  P dc
t  Pmax

dc,t (1 � �dc
t ) (31)

where SoCt and ⌘c
t are the state-of-charge (SoC) and the

charging efficiency of the BESS at time t, respectively, Emax
bess

is the maximum capacity of the ESS, SoCmin and SoCmax

are the minimum and maximum SoC of the ESS, Pmax
ch,t and

Pmax
dc,t are the maximum charging and discharging power of

the ESS, respectively, and �dc
t is a binary variable indicating

that the ESS can only be charging or discharging.
B. DR Event Considering User Behavior

For demand response, one of the most essential and chal-
lenging problems is how to encourage the consumers to
actively participate in demand response programs. Without
considering the consumer’s preferred operation behavior of the
electricity appliances, the consumer will show very low-level
response for the DR event. The demand response signal � can
require the consumer increase (� = 1) or decrease (� = �1)
the power consumption at peak time. The user’s preference
of starting to use and shutting down the ith appliance at

the t time periods should be considered in HEMS for DR
event. For example, if the consumer receives an increase DR
signal � = 1 and the power consumption of more than
one appliance are almost same, the larger the RFoUstart

i,t ,
the more likely the ith appliance been scheduled to turn on
for demand response. With the reward � for each kilowatt
response obtained from the retailor, we directly introduce the
consumer preference behavior to the actual reward �dr of DR
in the HEMS optimization model.

rfoustart
i,t =

(
1, RFoUstart

i,t � ⇠sdr

RFoUstart
i,t , RFoUstart

i,t < ⇠sdr

(32)

rfouend
i,t =

(
1, RFoUend

i,t � ⇠edr

RFoUend
i,t , RFoUend

i,t < ⇠edr

(33)

�dr
i,t =
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�(1 � si,t�1) · si,t · rfoustart
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where ⇠sdr and ⇠edr are the tolerance thresholds for RFoUstart
i,t

and RFoUend
i,t , respectively. Besides schedulable appliances,

the ESS also can be regarded as a schedulable appliances for
DR. The DR reward of the ESS is �, and the increase or
decrease power of the ESS for DR event is as follows,

P ess
i,t =
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t , � = 1

P dc
t , � = �1

(35)

So, the total demand response reward in Equation (21) can be
refined as,

�dr
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i,t (36)

C. Preference Level Definition

One of the main challenges of smart HEMS is that it is
impossible to quantify the user’s power consumption pref-
erences to ensure the user’s comfort and habits in HEMS
optimization. Thanks to the NILM, we not only can monitor
the power consumption and on/off states of the appliances, but
also can quantities the user power consumption behavior with
uncertainty. In this work, both the preferred operation time
and temperature are considered to define the preference level
of the consumer.

Ptime
i,t = si,t · ⇣time

i,t · !time (37)
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where !time is the weight to control the preference level of
time to the objective, T time

d is the tolerance time for deviation
from preferred operation time, and ⇣time

i,t is obtained according
to Fig.4 (a). Similarly, Ptemp

i,t can be calculated with the
understanding of consumer’s preferred temperature interval,
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where ⌧t is the forecasting outdoor temperature at time t, T⌧

is the time period that regarded as the preferred temperature
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Note that, the smaller !nilm means the NILM results have a
larger uncertainty, which will make the optimization model
pay more attention to minimize the energy cost and weaken
the contribution of preference level to the objective function.

2) Home Power Balance: The total power demand of the
household including the power consumption of the appliances
and selling to the grid should be met by the power buy from
the grid, the PV output, and power discharged from the ESS,

P grid
t � P sell

t + P pv
t � P ch

t + P dc
t � P app

t = 0 (24)
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where P pv
t is the PV output, P ch

t and P dc
t are the charging

and discharging power of the ESS, respectively. P grid
max and

P sell
max are the maximum power the consumer can buy from

and sell to the grid, respectively. The power consumption of
the appliances P app

t includes the power consumption of non-
schedulable appliances Pnsc

t and schedulable appliances P sc
t .

H and I are the number of non-schedulable and schedulable
appliances in a household, respectively.

3) Energy Storage System: For a prosumer, the ESS can
provide reliable energy during a blackout or store excessive
energy generated by renewables. It also provides the HEMS
with more flexibility ability for selling the power to the grid
or responding for the demand response. The charging and
discharging of the BESS should operated according to certain
constraints,
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where SoCt and ⌘c
t are the state-of-charge (SoC) and the

charging efficiency of the BESS at time t, respectively, Emax
bess

is the maximum capacity of the ESS, SoCmin and SoCmax

are the minimum and maximum SoC of the ESS, Pmax
ch,t and

Pmax
dc,t are the maximum charging and discharging power of

the ESS, respectively, and �dc
t is a binary variable indicating

that the ESS can only be charging or discharging.
B. DR Event Considering User Behavior

For demand response, one of the most essential and chal-
lenging problems is how to encourage the consumers to
actively participate in demand response programs. Without
considering the consumer’s preferred operation behavior of the
electricity appliances, the consumer will show very low-level
response for the DR event. The demand response signal � can
require the consumer increase (� = 1) or decrease (� = �1)
the power consumption at peak time. The user’s preference
of starting to use and shutting down the ith appliance at

the t time periods should be considered in HEMS for DR
event. For example, if the consumer receives an increase DR
signal � = 1 and the power consumption of more than
one appliance are almost same, the larger the RFoUstart

i,t ,
the more likely the ith appliance been scheduled to turn on
for demand response. With the reward � for each kilowatt
response obtained from the retailor, we directly introduce the
consumer preference behavior to the actual reward �dr of DR
in the HEMS optimization model.

rfoustart
i,t =

(
1, RFoUstart

i,t � ⇠sdr

RFoUstart
i,t , RFoUstart

i,t < ⇠sdr

(32)

rfouend
i,t =

(
1, RFoUend

i,t � ⇠edr

RFoUend
i,t , RFoUend

i,t < ⇠edr

(33)

�dr
i,t =

(
�(1 � si,t�1) · si,t · rfoustart

i,t , � = 1

�si,t�1 · (1 � si,t) · rfouend
i,t , � = �1

(34)

where ⇠sdr and ⇠edr are the tolerance thresholds for RFoUstart
i,t

and RFoUend
i,t , respectively. Besides schedulable appliances,

the ESS also can be regarded as a schedulable appliances for
DR. The DR reward of the ESS is �, and the increase or
decrease power of the ESS for DR event is as follows,
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So, the total demand response reward in Equation (21) can be
refined as,
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C. Preference Level Definition

One of the main challenges of smart HEMS is that it is
impossible to quantify the user’s power consumption pref-
erences to ensure the user’s comfort and habits in HEMS
optimization. Thanks to the NILM, we not only can monitor
the power consumption and on/off states of the appliances, but
also can quantities the user power consumption behavior with
uncertainty. In this work, both the preferred operation time
and temperature are considered to define the preference level
of the consumer.
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where !time is the weight to control the preference level of
time to the objective, T time

d is the tolerance time for deviation
from preferred operation time, and ⇣time

i,t is obtained according
to Fig.4 (a). Similarly, Ptemp

i,t can be calculated with the
understanding of consumer’s preferred temperature interval,

Ptemp
i,t = si,t · ⇣temp

i,t · !temp (39)

⇣temp
i,t =

8
><
>:

1, ⌧t 2 PTIi
FoTi,t, 0  |t � T⌧ |  T temp

d , ⌧ 2 PTIi
0, |t � T⌧ | � T temp

d , ⌧ 2 PTIi

(40)

where ⌧t is the forecasting outdoor temperature at time t, T⌧

is the time period that regarded as the preferred temperature
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follows,

min B =

TX

t=1

(�TOU
t P grid

t � �SP
t P sell

t � �dr
t P dr

t )�t
PI

i

Ptime
i,t +Ptemp

i,t

!i
nilm⇤fi

1

(23)

Note that, the smaller !nilm means the NILM results have a
larger uncertainty, which will make the optimization model
pay more attention to minimize the energy cost and weaken
the contribution of preference level to the objective function.

2) Home Power Balance: The total power demand of the
household including the power consumption of the appliances
and selling to the grid should be met by the power buy from
the grid, the PV output, and power discharged from the ESS,

P grid
t � P sell

t + P pv
t � P ch

t + P dc
t � P app

t = 0 (24)

P app
t =

HnsX

h=1

P nsc
h,t +

IX

i=1

P sc
i,t · si,t (25)

0  P grid
t  P grid

max�
grid
t (26)

0  P sell
t  P sell

max(1 � �grid
t ) (27)

where P pv
t is the PV output, P ch

t and P dc
t are the charging

and discharging power of the ESS, respectively. P grid
max and

P sell
max are the maximum power the consumer can buy from

and sell to the grid, respectively. The power consumption of
the appliances P app

t includes the power consumption of non-
schedulable appliances Pnsc

t and schedulable appliances P sc
t .

H and I are the number of non-schedulable and schedulable
appliances in a household, respectively.

3) Energy Storage System: For a prosumer, the ESS can
provide reliable energy during a blackout or store excessive
energy generated by renewables. It also provides the HEMS
with more flexibility ability for selling the power to the grid
or responding for the demand response. The charging and
discharging of the BESS should operated according to certain
constraints,

SoCt+1 = SoCt + (P ch
t ⌘c

t � P dc
t /⌘dc

t )�t/Emax
bess (28)

SoCmin  SoCt  SoCmax (29)

0  P ch
t  Pmax

ch,t �ch
t (30)

0  P dc
t  Pmax

dc,t (1 � �dc
t ) (31)

where SoCt and ⌘c
t are the state-of-charge (SoC) and the

charging efficiency of the BESS at time t, respectively, Emax
bess

is the maximum capacity of the ESS, SoCmin and SoCmax

are the minimum and maximum SoC of the ESS, Pmax
ch,t and

Pmax
dc,t are the maximum charging and discharging power of

the ESS, respectively, and �dc
t is a binary variable indicating

that the ESS can only be charging or discharging.
B. DR Event Considering User Behavior

For demand response, one of the most essential and chal-
lenging problems is how to encourage the consumers to
actively participate in demand response programs. Without
considering the consumer’s preferred operation behavior of the
electricity appliances, the consumer will show very low-level
response for the DR event. The demand response signal � can
require the consumer increase (� = 1) or decrease (� = �1)
the power consumption at peak time. The user’s preference
of starting to use and shutting down the ith appliance at

the t time periods should be considered in HEMS for DR
event. For example, if the consumer receives an increase DR
signal � = 1 and the power consumption of more than
one appliance are almost same, the larger the RFoUstart

i,t ,
the more likely the ith appliance been scheduled to turn on
for demand response. With the reward � for each kilowatt
response obtained from the retailor, we directly introduce the
consumer preference behavior to the actual reward �dr of DR
in the HEMS optimization model.

rfoustart
i,t =

(
1, RFoUstart

i,t � ⇠sdr

RFoUstart
i,t , RFoUstart

i,t < ⇠sdr

(32)

rfouend
i,t =

(
1, RFoUend

i,t � ⇠edr

RFoUend
i,t , RFoUend

i,t < ⇠edr

(33)

�dr
i,t =

(
�(1 � si,t�1) · si,t · rfoustart

i,t , � = 1

�si,t�1 · (1 � si,t) · rfouend
i,t , � = �1

(34)

where ⇠sdr and ⇠edr are the tolerance thresholds for RFoUstart
i,t

and RFoUend
i,t , respectively. Besides schedulable appliances,

the ESS also can be regarded as a schedulable appliances for
DR. The DR reward of the ESS is �, and the increase or
decrease power of the ESS for DR event is as follows,

P ess
i,t =

(
P ch

t , � = 1

P dc
t , � = �1

(35)

So, the total demand response reward in Equation (21) can be
refined as,

�dr
t P dr

t =
IX

i=1

(�dr
i,t · P sc

i,t · si,t) + � · P ess
i,t (36)

C. Preference Level Definition

One of the main challenges of smart HEMS is that it is
impossible to quantify the user’s power consumption pref-
erences to ensure the user’s comfort and habits in HEMS
optimization. Thanks to the NILM, we not only can monitor
the power consumption and on/off states of the appliances, but
also can quantities the user power consumption behavior with
uncertainty. In this work, both the preferred operation time
and temperature are considered to define the preference level
of the consumer.

Ptime
i,t = si,t · ⇣time

i,t · !time (37)

⇣time
i,t =

8
><
>:

1, t 2 �i,t

�i,t, 0  |t � Ti|  T time
d , Ti 2 POTi

0, |t � Ti| � T time
d , Ti 2 �i,t

(38)

where !time is the weight to control the preference level of
time to the objective, T time

d is the tolerance time for deviation
from preferred operation time, and ⇣time

i,t is obtained according
to Fig.4 (a). Similarly, Ptemp

i,t can be calculated with the
understanding of consumer’s preferred temperature interval,

Ptemp
i,t = si,t · ⇣temp

i,t · !temp (39)

⇣temp
i,t =

8
><
>:

1, ⌧t 2 PTIi
FoTi,t, 0  |t � T⌧ |  T temp

d , ⌧ 2 PTIi
0, |t � T⌧ | � T temp

d , ⌧ 2 PTIi

(40)

where ⌧t is the forecasting outdoor temperature at time t, T⌧

is the time period that regarded as the preferred temperature
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Figure 9: Comparison of the user behavior calculated with the
ground truth data and the NILM results.

Case 3: Uncertainty score. The uncertainty score of the
NILM results for the case shown in Fig. 9(c) are visualized
in Fig. 10. With the Bayesian algorithm, the NILM result is
just one of the various outcome possibilities of the model.
This is the first study to consider the uncertainty score of
the neural network for NILM in HEMS for the electrical
appliances scheduling.

Time slots
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Fig. 1. The framework of Bayesian-based neural network for NILM

Given a set of training dataset D = {(xi, yi)}N
i=1 ⇢ X ⇥ Y ,

where X is the set of aggregate power in a residential
household and Y is the set of the corresponding labels, BNN
aims to find the posterior distribution p(w|D) over model
parameters w based on Bayes’ theorem [32],

p(w|D) =
p(D|w)p(w)

p(D)
(1)

where p(D|w) is the likelihood, p(D) is the marginal likeli-
hood, and p(w) is the prior. In general, p(w|D) is intractable
as number of parameters is very large and the functional form
of a neural network does not lend itself to exact integration
[30]. Instead of obtaining the true posterior, variational approx-
imation can be applied to find an approximated distribution
q(w|✓) parameterized over ✓ by minimizing the Kullback-
Leibler (KL) divergence of q(w|✓) and p(w|D),
✓? = arg min

✓
KL[q(w|✓)||p(w|D)]

= arg min
✓

Z
q(w|✓) log

q(w|✓)
p(w|D)

dw

= arg min
✓

Z
q(w|✓) log

q(w|✓)
p(D|w)p(w)

dw

= arg min
✓

KL[q(w|✓)||p(w)] � Eq(w|✓)[log p(D|w)]

(2)

where KL[q(w|✓)||p(w)] is the KL divergence of the vari-
ational posterior distribution q(w|✓) and the prior p(w),
Eq(w|✓)[log p(D|w)] is the likelihood cost that related to the
training dataset D. To further minimize the cost with gradient
descent, unbiased Monte Carlo sampling can be applied to
evaluate the expectations Equation (2),

F(D, ✓) = KL[q(w|✓)||p(w)] � Eq(w|✓)[log p(D|w)]

⇡
nX

i=1

log q(wi|✓) � log p(wi) � log p(D|wi)
(3)

where wi is the ith Monte Carlo smaple drawn from the
variational posterior q(wi|✓). Considering that the training
process of neural networks always adopts mini-batch gradient
descent [33], Equation (3) can be rewritten as,

F(D, ✓) =

MX

i=1

Fi(Di, ✓)

⇡ 1

M

nX

i=1

log q(wi|✓) � log p(wi) � log p(Di|wi)

(4)

where M is the total mini-batch in the traing dataset and n is
the training sample number in a mini-batch. With variational
learning and Monte Carlo, a probability distribution of the
weights can be trained for the NILM model. The disaggre-
gation results is just a possible sample of the model and the
uncertainty unilm

i,t can be calculated as the standard deviation
of the mean of multiple samples (e.g. 50 samples),

unilm
i,t =

sP
(ŷi,t � µ)2

n(n � 1)
(5)

where ŷi,t is the disaggregation results with the BNN-NILM
and µ is the mean value for n samples from the BNN-based
NILM. With the energy consumption estimation, the on/off
states si,t of the ith appliance can be obtained with a simple
threshold ⇠i,

si,t =

(
1, ŷi,t � ⇠i

0, ŷi,t < ⇠i

(6)

B. Quantitative User Behavior Characterization
Before scheduling the appliances, the user behavior traits

should be firstly characterized to maximize the user’s pref-
erence in the HEMS. Non-schedulable appliances such as
lighting system, kettle, and computers must operate imme-
diately at the request of the user, while the operation time
of the schedulable appliances such as air conditions, water
heater, and washing machine can be shifted according to the
electricity price or the requirement of demand response. In this
work, we consider five attributes, namely (i) frequency of use,
(ii) preferred operation time (POT), (iii) maximum operation
time (MOT, (iv) maximum operation number (MON), and (v)
preferred temperature interval (PTI) for the operation of the
air conditions, which is sensitive to the temperature.

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7

User 1

User 2

Fig. 2. Regular frequency of use for two users across one week.

1) Frequency of the Use: Firstly, we quantitative the user’s
power consumption behavior with the frequency of the appli-
ance’s on state (FoS),

FoSi,t =

PK
k=1

PTr

tr=1 str
i,k,t

K
(7)

where K is the historical days used for user behavior charac-
terization, Tr is the time steps in each t scheduling time slot
corresponding to the resolution of NILM data, and one day
is divided into T time slots. For example, if the length of the
scheduling time slot is set to one hour, there is T = 24. str

i,k,t

is the on/off state of the ith appliance at trth time in the tth
time slot of the kth day. FoS only understand the frequency
of operation without considering the tendency of a user to use
the appliance on a regular basis. As shown in Fig. 2, user 1
has shown to be more regular of appliance usage for different
days than that of user 2. The high regular frequency of use for
a appliance means that the user’s preference to the appliance
has a certain degree of regularity. Understanding this regularity
can help HEMS keep this preference when the appliances are
scheduled to decrease the energy cost without reducing user
comfort. Therefore, we quantified the regular frequency of use
(RFoU) as follow,

RFoUstart
i,t =

PK
k=1 Nsi,t,k

K
(8)

RFoUend
i,t =

PK
k=1 Nei,t,k

K
(9)

Figure 10: The POT and uncertainty of the water heater in user #2.

4.4. Day-Ahead Home Energy Management
The HEMS optimization experiments are conducted

with the actual energy consumption data and NILM results

for the prosumer and the consumer. Note that the DR event
signals are set to zero in case study 4 and case study 5.

Case 4: HEMS for a prosumer with renewable gener-
ators:

As shown in Fig.6 (b), user #1 has a renewable gener-
ator, which reaches about 17 KWatts in peak time and can
be used for home energy consumption or selling to the grid.
With the TOU price and spot price signals shown in Fig.
11(a), the objective function in Equation (29) can be opti-
mized. Fig. 11 (b) shows the performance of the traditional
HEMS and the proposed NILM-based HEMS with the
actual power consumption data and the NILM results data.
The traditional HEMS operates for only minimizing energy
cost  without considering the consumer’s preference level
 . As the excess energy can be sold to the grid, the prosumer
earns about $14 with the traditional HEMS, which has
more profit but low-level preference without considering the
preference level  in the optimization model. In contrast,
the proposed algorithm increases the cost, however, with a
much higher preference level. Compared with the traditional
HEMS, the proposed NILM-based HEMS sacrifices 35.09%
of the electricity cost to increase the preference level by
three times for the prosumer.

8:00 am
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Time slots: T Traditional HEMS  HEMS with preference 

True data

 

True data NILM results

NILM results
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(a) TOU and spot price used in this work (b) HEMS results
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Figure 11: Prices and the comparison of the proposed algorithm
with the traditional HEMS for user #1 with renewable generators.

In Fig. 11 (b), it is also observed that the HEMS results
with the NILM data coincide perfectly alongside the results
with the actual energy consumption data. The NILM-based
HEMS achieves a relatively smaller cost and comparable
preference level than the true data-based HEMS. We further
show the scheduling of the appliances and the BESS in Fig.
12. It can be seen that although the estimated dryer and
furnace have a larger active power than the true values, the
developed model generates a very similar scheduling time
as the model using the true appliance energy consumption
values. Especially for the furnace, the 𝑓1 score for the on/off
states detection is not high enough with 63.28%; however,
the HEMS is robust enough with the NILM error by in-
troducing uncertainty in the optimization model. Similar
scheduling results in Fig. 12 (b) and (d) based on the true
data and NILM outputs respectively illustrate the strong
robustness of our proposed algorithm. It is clear that when
the PV output is reasonably large enough at midday, the user
can sell the surplus PV output to the grid.

Case 5: HEMS for a consumer without renewable
generators: While designing HEMS for the prosumers, the
degree of consumer participation in DR also should be
considered. The research for achieving reductions in both
energy consumption and carbon emissions through active
participation in DR from consumers with no renewable
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Figure 12: Comparison of the scheduling results of user #1 with
the ground truth data and the NILM results.

generators has not been studied before. In this case, user
#2 shown in Fig. 6 (c) and (d) is used to evaluate our
proposed algorithm further. Note that we made a reasonable
assumption that the consumer without renewable generators
has no battery energy storage system. However, the pro-
posed model is also applicable to those consumers who have
batteries installed but have no renewable generators.
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Figure 13: Comparison of the HEMS results and the scheduling
results for different schedulable appliances with ground truth data
and the NILM results.

As can be seen from Fig. 13 (a), even though the
traditional algorithm decreases the consumer’s energy cost,
it also severely reduces the consumer’s preference level. Al-
though the on/off state detection results for user #2 (shown
in Table 1) do not show high accuracy enough, especially
for the dishwasher and the dryer, the HEMS results with true
data show a similar pattern as the NILM associated results.
With the proposed NILM-based HEMS, the cost with NILM
results has only increased by 33.0%, but the preference
level shows little difference compared to the results from
the actual energy consumption record (and the use of real
record is normally not feasible in the real-life scenario).
Hence the practical meaning of the NILM-based HEMS
is assured. This further articulates the robustness of our
proposed algorithm. Fig. 13 (b) shows that the scheduling
time for different appliances with different data is very
similar, which further demonstrates the effectiveness of our
proposed HEMS with the NILM results.

Case 6: DR event: The proposed HEMS can receive the
DR signals from the utility during peak times. We set three
DR signals at different times in this case study. The user
receives the DR signals for increasing (𝛾 = 1) or decreasing
(𝛾 = −1) the power consumption at peak time. Fig.14 (a)
shows the HEMS results of the traditional algorithm and the
proposed algorithm supported by the NILM outputs. First,
compared to the traditional method, the proposed method

can keep a relatively higher preference level while sacrific-
ing some energy cost. With the innovative introduction of
the user’s preference level to the DR reward, the proposed
algorithm with DR event consideration benefits both the
profit and customer preference level and can reduce the
energy cost while maintaining a comparable or better pref-
erence level. From Fig. 14 (b), it can be seen that the HEMS

(a) HEMS results for user #2 without PV output
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(b) Appliances scheduling results for user #2 
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Figure 14: Comparison of the HEMS results with DR events for
user #2 without renewable generators.
decreases consumer utility costs through better appliance
scheduling with more effective DR events participation.
Furthermore, the scheduling results for different appliances
demonstrate that, instead of only responding to the DR
signals for maximum rewards, the proposed HEMS favors
scheduling appliances through a better trade-off between the
rewards gained from DR events and the user preference level
achievement. The same conclusions can also be drawn from
the results of the prosumer shown in Fig. 15.
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(b) Appliances scheduling results for user #1 
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Figure 15: Comparison of the HEMS results with DR events for
user #1 with renewable generator.

Case 7: The effect of priority for the alternative ob-
jective. The main challenge facing multiple competing ob-
jectives is deciding how to manage their trade-offs. With
the weighted sum method shown in Eq. (29), the weighted
combination of the individual objectives can be solved with
a priority for each objective and optimized in priority order.
Only the solutions that would not degrade the objective
values of higher-priority objectives will be considered when
optimizing for one objective. In the above discussions, the
preference level has a higher priority than the energy cost,
which will minimize the energy cost while ensuring the
preference level. In Table 2, four scenarios with two param-
eters: DR event and Preference, are compared with different
priority objectives. If the DR event is false, it means the
optimization model does not consider the DR reward. While
false preference indicates that the optimization model is
the traditional model without considering the user’s energy
consumption habit.
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Table 2
Optimization results of user #2 for different scenarios with different
priority objectives.

DR Event Preference
Priority Preference Priority Cost

C 𝜆𝑃 𝑑𝑟  C 𝜆𝑃 𝑑𝑟 
False False 142.19 0.00 1.42 142.19 0.00 1.41
False True 686.61 0.00 78.36 142.19 0.00 6.71
True False 105.55 225.25 9.10 105.55 225.25 9.10
True True 669.20 17.41 78.36 131.02 52.03 10.56

Table 3
The computational complexity of the models for NILM

Methods
NILM

Seq2Seq SCA MGRU bSeq2Seq Ours
Training time (Min) 6.82 19.02 12.92 22.90 25.10
Model size (Mb) 3.12 23.99 1.52 12.47 32.07

As shown in Table 2, the optimization results of priority
objective P can maximize the preference level with a rel-
atively larger energy cost. When the DR event is consid-
ered, the energy cost can be significantly reduced with the
traditional model. Because the proposed model introduces
preference level to the reward of DR events, the reward is
relatively smaller than the results without considering the
user’s preference level. On the contrary, the energy cost is
significantly minimized by setting the energy cost as the
priority objective. According to our proposed HEMS model,
users can independently choose whether they care more
about energy cost or energy consumption habits in their
energy management.

Case 8: Analysis of computation complexity for the
overall framework. This case compares the computational
time and complexity of the proposed model with other
models. For the NILM, the washing machine is taken as
an example for comparison different networks. The training
time and model size are listed in Table 3, in which we
can see that the introduction of Bayesian to the network
increases not only the model size but also the training time
to get a satisfying result with uncertainty.

The computation complexity of the HEMS objective
function is analyzed in the Appendix, which is concluded
that the complexity is 

(

𝑛3.5𝐵 ⋅ 2||| |

)

, where 𝐵 is the bit
size of integer data.

The above case studies demonstrate the effectiveness of
the proposed HEMS for both consumers without renewable
resources and prosumers with PV. The similar optimization
results with ground truth data and the NILM results with
a small 𝑓1 score evaluate the robustness of the proposed
algorithm. To maintain a relatively high level user prefer-
ence, the HEMS will sacrifice appropriate savings in energy
costs. By introducing the preference level to the DR reward
in the optimization model, the proposed HEMS can improve
or maintain the user’s preference level while responding to
the DR signals. Users can customize the priority given to
energy cost saving and preference levels keeping with the
proposed HEMS.

5. Conclusion
This paper presents a NILM-based HEMS algorithm

for residential users that incorporates the uncertainty of

data-driven results to achieve the best trade-off between
electricity cost and the preference level. The proposed
HEMS includes two stages: a quantitative user behavior
characterization and an optimization counterpart. In the
first stage, the appliance-level energy consumption and
on/off state detection of the user are monitored with the
proposed BNN-enabled NILM. The experiments use real-
world datasets to demonstrate that the proposed NILM can
achieve relatively high accuracy when uncertainty score are
taken into account. With the NILM results, the proposed five
metrics for user behavior characterization can quantitatively
evaluate the user’s energy consumption habits. Additionally,
the preference level for appliance scheduling can be pro-
vided, resulting in a more specific consumer model in our
proposed HEMS.

In the optimization stage, the HEMS optimization re-
sults with NILM outputs can perfectly coincide the results
with ground truth data for both the prosumer and the
consumer. Even for the scenarios that the NILM results
of an appliance deviate from its actual record, which is
unavoidable in all the data-driven applications, the con-
sideration of uncertainty score in our proposed algorithm
can still guarantee the effectiveness of our HEMS. Bench-
marked with traditional HEMS, the NILM-based HEMS
can balance a better trade-off between the electricity cost
and the preference level for the prosumer and consumer.
Besides, the proposed HEMS also can respond to the DR
event without reducing the user’s preference level.

A. Analysis of the computational complexity
To analyze the computational complexity of the HEMS

optimization model, i.e., Eqs. (26)-(47), we begin by sum-
marizing the objective function and the constraints, which
are as follows:

min
Ξ

 =
𝑇
∑

𝑡=1
(𝜆𝑇𝑂𝑈𝑡 𝑃 𝑔𝑟𝑖𝑑𝑡 − 𝜆𝑆𝑃𝑡 𝑃 𝑠𝑒𝑙𝑙𝑡 − 𝜆𝑑𝑟𝑡 𝑃

𝑑𝑟
𝑡 )Δ𝑡 (26)

[-9pt]

max
Ξ

 =
𝑇
∑

𝑡=1

𝐼
∑

𝑖=1

[

( 𝑡𝑖𝑚𝑒
𝑖,𝑡 +  𝑡𝑒𝑚𝑝

𝑖,𝑡 )(1 − 𝑢𝑛𝑖𝑙𝑚𝑖,𝑡 𝑠𝑖,𝑡)
]

=
𝑇
∑

𝑡=1

𝐼
∑

𝑖=1

[

(𝑠𝑖,𝑡 ⋅ 𝜁 𝑡𝑖𝑚𝑒𝑖,𝑡 + 𝑠𝑖,𝑡 ⋅ 𝜁
𝑡𝑒𝑚𝑝
𝑖,𝑡 )(1 − 𝑢𝑛𝑖𝑙𝑚𝑖,𝑡 𝑠𝑖,𝑡)

]

(26+)

min
Ξ

 =(1 − 𝜔) + 𝜔(−) (29)

=(1 − 𝜓(�̄�)) + 𝜓(�̄�)(−) (30)

𝜆𝑑𝑟𝑖,𝑡 =

⎧

⎪

⎨

⎪

⎩

𝜆(1 − 𝑠𝑖,𝑡−1) ⋅ 𝑠𝑖,𝑡 ⋅ 𝑟𝑓𝑜𝑢𝑠𝑡𝑎𝑟𝑡𝑖,𝑡 , 𝛾 = 1

𝜆𝑠𝑖,𝑡−1 ⋅ (1 − 𝑠𝑖,𝑡) ⋅ 𝑟𝑓𝑜𝑢𝑒𝑛𝑑𝑖,𝑡 , 𝛾 = −1

0, 𝛾 = 0

(35)

𝜆𝑑𝑟𝑡 𝑃
𝑑𝑟
𝑡 =

𝐼
∑

𝑖=1
(𝜆𝑑𝑟𝑖,𝑡 ⋅ 𝑃

𝑠𝑐
𝑖,𝑡 ⋅ |𝛾|), ∀𝑡 ∈  (36)

where (𝑠𝑖,𝑡, 𝑃
𝑔𝑟𝑖𝑑
𝑡 , 𝑃 𝑠𝑒𝑙𝑙𝑡 , 𝜆𝑑𝑟𝑡 , 𝑃

𝑑𝑟
𝑡 , 𝑃

𝑐ℎ
𝑡 , 𝑃 𝑑𝑐𝑡 ) are the decision

variables.
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s.t.
𝑃 𝑔𝑟𝑖𝑑𝑡 − 𝑃 𝑠𝑒𝑙𝑙𝑡 + 𝑃 𝑝𝑣𝑡 − 𝑃 𝑐ℎ𝑡 + 𝑃 𝑑𝑐𝑡 − 𝑃 𝑎𝑝𝑝𝑡 = 0 (38)

𝑃 𝑎𝑝𝑝𝑡 =
𝐻𝑛𝑠
∑

ℎ=1
𝑃 𝑛𝑠𝑐ℎ,𝑡 +

𝐼
∑

𝑖=1
𝑃 𝑠𝑐𝑖,𝑡 ⋅ 𝑠𝑖,𝑡, ∀𝑡 ∈  (39)

0 ≤ 𝑃 𝑠𝑒𝑙𝑙𝑡 ≤ (𝑃 𝑝𝑣𝑡 + 𝑃 𝑑𝑐𝑡 )(1 − 𝛿𝑔𝑟𝑖𝑑𝑡 ), ∀𝑡 ∈  (40)

0 ≤ 𝑃 𝑔𝑟𝑖𝑑𝑡 ≤ 𝑃 𝑔𝑟𝑖𝑑𝑚𝑎𝑥 𝛿
𝑔𝑟𝑖𝑑
𝑡 , ∀𝑡 ∈  (41)

𝑠𝑖,𝑡, 𝛿
𝑔𝑟𝑖𝑑
𝑡 ∈ {0, 1}, ∀𝑖 ∈ , ∀𝑡 ∈  (42)

𝑆𝑜𝐶𝑡+1 = 𝑆𝑜𝐶𝑡 + (𝑃 𝑐ℎ𝑡 𝜂𝑐𝑡 − 𝑃
𝑑𝑐
𝑡 ∕𝜂𝑑𝑐𝑡 )Δ𝑡∕𝐸𝑚𝑎𝑥𝑏𝑒𝑠𝑠 (43)

𝑆𝑜𝐶𝑚𝑖𝑛 ≤ 𝑆𝑜𝐶𝑡 ≤ 𝑆𝑜𝐶𝑚𝑎𝑥, ∀𝑡 ∈  (44)

0 ≤ 𝑃 𝑐ℎ𝑡 ≤ 𝑃𝑚𝑎𝑥𝑐ℎ,𝑡 𝛿
𝑐ℎ
𝑡 , ∀𝑡 ∈  (45)

0 ≤ 𝑃 𝑑𝑐𝑡 ≤ 𝑃𝑚𝑎𝑥𝑑𝑐,𝑡 (1 − 𝛿
𝑐ℎ
𝑡 ), ∀𝑡 ∈  (46)

𝛿𝑐ℎ𝑡 ∈ {0, 1},∀𝑡 ∈  . (47)
First, we reduce the HEMS model into a simplified one by
fixing the continuous decision variables 𝑃 𝑔𝑟𝑖𝑑𝑡 , 𝑃 𝑠𝑒𝑙𝑙𝑡 , 𝑃 𝑑𝑟𝑡 , 𝜆

𝑑𝑟
𝑡 ,

𝑃 𝑐ℎ𝑡 and 𝑃 𝑑𝑐𝑡 . The reduced version is as follows.

min
𝒔

̄ = −
𝑇
∑

𝑡=1
(𝜆𝑑𝑟𝑡 𝑃

𝑑𝑟
𝑡 )Δ𝑡 (54)

max
𝒔

̄ =
𝑇
∑

𝑡=1

𝐼
∑

𝑖=1

{

(𝑠𝑖,𝑡 ⋅ 𝜁 𝑡𝑖𝑚𝑒𝑖,𝑡 + 𝑠𝑖,𝑡 ⋅ 𝜁
𝑡𝑒𝑚𝑝
𝑖,𝑡 )(1 − 𝑢𝑛𝑖𝑙𝑚𝑖,𝑡 𝑠𝑖,𝑡)

}

(55)

min
𝒔

̄ =(1 − 𝜔)̄ + 𝜔(−̄)𝑒𝑞 ∶ 𝑠𝑜𝑓 (56)

s.t.
Eqs.(35) − (36), (57)
𝑠𝑖,𝑡 ∈ {0, 1}, ∀𝑖 ∈ , ∀𝑡 ∈  . (42)

The reduced formulation is a quadratically constrained
quadratic programming (QCQP) model if removing binary
restrictions of 𝑠𝑖,𝑡. According to [53], the general QCQP is
already NP-hard. If adding the binary constraints of 𝑠𝑖,𝑡, the
model becomes a mixed integer quadratically constrained
quadratic programming (MIQCQP), which is much harder
than continuous QCQP. Therefore, the entire version of the
HEMS model is also NP-hard.

Then, if fixing the decision variables 𝑠𝑖,𝑡, the objective
function  and the constraints can be simplified as follows,

min
𝑷 𝑠𝑒𝑙𝑙 ,𝑷 𝑔𝑟𝑖𝑑 ,𝑷 𝑐ℎ,𝑷 𝑑𝑐

 =
𝑇
∑

𝑡=1
(𝜆𝑇𝑂𝑈𝑡 𝑃 𝑔𝑟𝑖𝑑𝑡 −𝜆𝑆𝑃𝑡 𝑃 𝑠𝑒𝑙𝑙𝑡 )Δ𝑡 (58)

[-9pt]
min

𝑷 𝑠𝑒𝑙𝑙 ,𝑷 𝑔𝑟𝑖𝑑 ,𝑷 𝑐ℎ,𝑷 𝑑𝑐
 =  (59)

where  is a reduction of . Note that Eqs. TeXFolio:eq40,
TeXFolio:eq41, TeXFolio:eq45, and TeXFolio:eq46 contain
nonlinear terms. Those non-linear items can be equivalently
linearized by introducing big-𝑀 constraints and corre-
sponding auxiliary variables, leading to the reduced model
a linear programming. According to [54], the general linear
programming can be solved in time (𝑛3.5𝐵), where 𝐵
is the bit size of integer data. However, the complexity
will increase exponentially if we consider 𝑠𝑖,𝑡 as binary
decision variables. More specifically, the overall complexity

is 
(

𝑛3.5𝐵 ⋅ 2||| |

)

. Based on the above discussion, the
HEMS model is NP-hard.
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