kT buildings

Article

A Nonintrusive Load Monitoring Method for Office Buildings
Based on Random Forest

Zaixun Ling !, Qian Tao !, Jingwen Zheng !, Ping Xiong !, Manjia Liu !, Ziwei Xiao 2* and Wenjie Gang >*

check for

updates
Citation: Ling, Z.; Tao, Q.; Zheng, J.;
Xiong, P; Liu, M,; Xiao, Z.; Gang, W.
A Nonintrusive Load Monitoring
Method for Office Buildings Based on
Random Forest. Buildings 2021, 11,
449. https://doi.org/10.3390/
buildings11100449

Academic Editor: Francesco Asdrubali

Received: 30 August 2021
Accepted: 27 September 2021
Published: 30 September 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 State Grid Hubei Electric Power Research Institute, Wuhan 430015, China; lingzaixun@163.com (Z.L.);
taogian_2021@163.com (Q.T.); zjwwhu2021@163.com (J.Z.); px_joey@163.com (P.X.);
liumanjia_2021@163.com (M.L.)

Department of Building Environment and Energy Engineering, School of Environmental Science and
Engineering, Huazhong University of Science and Technology, Wuhan 430074, China
Correspondence: hustxiaoziwei@hust.edu.cn (Z.X.); gangwenjie@hust.edu.cn (W.G.)

Abstract: Load monitoring can help users learn end-use energy consumption so that specific energy-
saving actions can be taken to reduce the energy consumption of buildings. Nonintrusive monitoring
(NIM) is preferred because of its low cost and nondisturbance of occupied space. In this study,
a NIM method based on random forest was proposed to determine the energy consumption of
building subsystems from the building-level energy consumption: the heating, ventilation and air
conditioning system; lighting system; plug-in system; and elevator system. Three feature selection
methods were used and compared to achieve accurate NIM based on weather parameters, wavelet
analysis, and principal component analysis. The implementation of the proposed method in an office
building showed that it can obtain the subloads accurately, with root-mean-square errors of less than
46.4 kW and mean relative errors of less than 12.7%. The method based on weather parameters can
provide the most accurate results. The proposed method can help improve the energy efficiency of
building service systems during the operation or renovation stage.

Keywords: nonintrusive monitoring; load disaggregation; random forest; feature selection; of-
fice building

1. Introduction

Buildings can account for 50% of the total energy consumption of society and 30% of
greenhouse gas emissions [1]. Therefore, decreasing the energy consumption of buildings
plays a key role in sustainable development. For buildings, the energy consumption
mainly includes embodied energy and operational energy. The embodied energy consists
of energy used in the process of manufacturing building material, constructing buildings,
and destructing buildings [2]. The operational energy often results from the heating,
ventilation, and air conditioning (HVAC) system; lighting system; plug-in system; and
elevator system [3], which accounts for 80-90% of the life-cycle energy consumption [4].
By reducing the operational energy, life-cycle energy can decline obviously. For existing
buildings in operation, performance evaluation and renovation projects play an important
role in reducing operational energy consumption and carbon emission.

Monitoring the energy consumption of subsystems is an effective approach to evaluate
building efficiency and provide guidance for renovation. A study showed that detailed
feedback information from monitoring systems could be provided for users, which can
encourage energy-saving behavior, improve energy management, and upgrade fault diag-
nosis [5]. Buildings can achieve more than 10% of potential carbon savings by obtaining
details on energy consumption, indicating its importance in energy management [6].

The general approach to obtain device-level energy consumption is to install sen-
sors for the devices of interest, which is called intrusive monitoring [5]. Although the
approach can obtain accurate data on energy consumption, it is expensive and complex
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with privacy concerns [7-9]. A more promising approach for monitoring the individual
energy consumption of devices is nonintrusive monitoring (NIM). NIM measures only
the total power consumption and the energy consumption of each appliance, which is
calculated by intelligent algorithms [10,11]. After it was first proposed by Hart [12], many
algorithms have been introduced into NIM approaches, such as hidden Markov mod-
els [10], discriminative sparse coding [13], deep learning [14], random forest (RF) [15],
and neural networks [16]. A NIM method based on a decision bagging tree classifier was
proposed in [17], which applies principal component analysis (PCA) to extract the fused
time-domain features. The proposed method showed excellent performance on three real
household datasets with an accuracy of over 98%. A convolutional neural network-based
NIM model with differential input was applied to appliance-level load monitoring in
residential buildings [18]. The model accurately identified the energy consumption of
refrigerators, microwaves, and dishwashers with a low mean square error (MSE) and mean
absolute error. A NIM algorithm based on Karhunen-Loeve expansion was proposed to
disaggregate household appliances using voltage-specific appliance signatures to ensure
the accuracy of disaggregation in the case of large voltage fluctuations [19]. The disaggrega-
tion algorithm yielded accurate results with an average accuracy of over 92.5%, even under
severe voltage fluctuations. A hybrid NIM algorithm was proposed for residential power
load disaggregation, which combined factorial hidden Markov models and iterative subse-
quence dynamic time warping to accurately identify the characteristics of appliances and
decrease the intrusiveness of offline training [20]. The approach can accurately disaggre-
gate multiple operating appliances and performed better than the existing factorial hidden
Markov model benchmark. Current research has focused on residential buildings rather
than commercial buildings because most domestic appliances have limited states (on/off
or multiple stages), where their loads are easy to obtain from the total load. However,
commercial buildings consume large quantities of energy and it is necessary to monitor
their energy consumption for energy conservation.

In office buildings, there are four main subsystems, namely HVAC systems, lighting
systems, elevator systems, and plug-in systems. The HVAC system provides a comfortable
indoor environment for occupants, and its load results from outdoor parameters and
occupant activities. The lighting system provides occupants with a comfortable luminous
environment. Its load is associated with the usage duration and type of lighting devices.
The elevator system performs the function of transportation in office buildings and its
load is mainly influenced by the commute time. The plug-in system includes plug-in
office devices such as desktops, printers, and copiers. Its load is determined by the usage
duration and rated power consumption of these devices. The energy consumption data of
these subsystems would provide useful information on the energy efficiency and usage of
buildings, such as typical and atypical operating conditions and characterizing dynamics in
building operations. The information obtained can help energy managers develop dynamic
solutions for the optimal control of subsystems and targeted energy efficiency measures
to improve the performance of subsystems. Results have shown that this optimal control
can help save 10% of energy for HVAC systems [21] and up to 50% of energy for lighting
systems [22].

Research on NIM in commercial buildings began in 1996 [23]. The energy consumption
of commercial buildings can be divided into the energy consumption of different subsys-
tems according to the services provided by the buildings, including loads of the HVAC
system, elevator system, plug-in system, and lighting system. A NIM method was pro-
posed to obtain the energy consumption of a lighting system based on virtual submetering
disaggregation [24]. The results showed that the data analytics method can accurately mon-
itor the energy consumption of the lighting system, and the relative difference between the
disaggregation results and monitoring data was less than 5%. A NIM method based on an
event detection algorithm was developed, which identified the state and type of appliances
and then calculated the required electric power of lighting systems [25]. A NIM framework
was developed to identify the energy consumption of HVAC systems [26]. The energy con-
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sumption of plug-in devices and lighting systems was first modeled by the Fourier series,
and then the energy consumption of the HVAC system was calculated by subtracting it
from the total energy consumption. A NIM model was proposed to obtain the plug-in load
in an office building [27]. The model could identify the profiles of the measured appliances
and found those with significant impact in buildings. Most research has focused on one
type of energy-use system, while few have reported the disaggregation of building-level
energy consumption into more detailed subloads. Detailed information is important to
coordinate the operation of the four subsystems and improve the efficiency of buildings.

The above review shows that NIM can be applied to obtain subsystem load informa-
tion for operation optimization. However, system-level NIM needs further exploration due
to the following gaps:

1.  Most research has mainly concentrated on how to identify the states, types, and
energy use of devices in residential buildings. There are limited studies on system-
level disaggregation in office buildings, which can provide detailed information on
system operation optimization.

2. Existing NIM research on commercial buildings has focused on one type of subsystem,
while studies on multiple subsystem load disaggregation from building-level energy
data are limited. Thus, it is necessary to propose a new NIM method to determine the
energy consumption of multiple subsystems (i.e., the four main subsystems).

In this study, a NIM method based on RF was proposed to obtain the energy consump-
tion details of multiple subsystems in office buildings from the total energy consumption
data. RF belongs to an ensemble approach and produces the final result by averaging
the output of a series of independent weak learners. RF was used in the study because
of its stable nonlinear mapping ability with easy parameter tuning [28]. The total energy
consumption of an office building was disaggregated into four parts based on their function
and operation characteristics: the HVAC system, lighting system, plug-in system, and
elevator system. Based on the information provided by this method, the performance of
each subsystem can be determined, and the corresponding energy efficiency measures
can be taken to improve their performance. Feature selection influences the accuracy of
NIM models, so three feature selection methods were used and compared in this study to
improve the accuracy of the NIM model.

The remainder of this paper is organized as follows. Section 2 presents the NIM
method and the steps based on RF. In Section 3, an office building is used as a case study
to verify the proposed method. Section 4 presents the disaggregation results based on
different feature selections. The conclusions is displayed in Section 5.

2. The NIM Approach Based on Random Forest

In this study, RF was applied to perform the NIM. RF is an ensemble learning al-
gorithm that consists of several tree-based weak learners that are built independently
to simultaneously decrease variances and biases [29]. It adopts bootstrap resampling to
generate several training sets. Each tree is developed based on these training sets with
random feature selection at every split, which ensures diverse results for each tree [30].
The final output is the average of the results for all the trees, as shown in Equation (1). RF
is widely applied in classification and regression problems, such as energy forecasting and
load identification [31,32]. The framework of the NIM method based on RF is shown in
Figure 1 and the primary steps are introduced in detail.

y==7¢ @

where x are the inputs of every tree, C is the number of developed trees, Ti(x) are the
outputs of every tree, and y are the results of RE.
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Figure 1. The framework of the NIM method based on RF.

2.1. Data Collection

The first step is to collect the data including the weather data and energy consumption.
Weather data include dry-bulb temperature and relative humidity because they are related
to the cooling/heating demand of buildings and influence the energy consumption of
HVAC systems. Energy consumption includes the total energy consumption and the
energy consumption of subsystems. The total energy consumption can be used to extract
features to disaggregate subsystem load while the energy consumption of subsystems is
applied to train and test the approach.

2.2. Feature Selection

The total energy consumption was disaggregated into four types of subsystem loads
(i.e., loads of the HVAC system, elevator system, plug-in system, and lighting system).
Time is an influential factor and was included in the inputs because it is closely related to
the utilization of these subsystems. These subsystems are frequently used during, instead
of after, working hours. For the HVAC system load, weather conditions significantly
influence the heat gain and loss into the indoor environment. Hence, weather data should
be considered as another input. However, weather data may not be monitored in practice,
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in which case wavelet analysis and PCA are applied to extract features from the total
energy consumption. Therefore, three types of inputs are discussed in this study.

(1) Approach I

If weather data are monitored, the total energy consumption, dry-bulb temperature,
relative humidity, and the time and days of the week are taken as inputs. This approach
considers factors that are directly related.

(2) Approach II

Wavelet analysis is used to extract information hidden in the total energy consump-
tion. Wavelet analysis is a common tool to disaggregate the original series and improve
model accuracy in load forecasting [33]. A series of functions are used to represent data
or functions [34]. The theory behind this is to obtain information at different scales or
resolutions by high-pass and low-pass filters and to produce a series of wavelet coefficients
that contribute to extracting characteristics in the frequency domain. In this approach, the
total energy consumption is disaggregated into low-frequency coefficients (approximation)
and high-frequency coefficients (details) using wavelet analysis at level 1, as shown in
Equation (2) [35]. Then, the wavelet coefficients from the total energy consumption, time,
and days of the week are taken as inputs.

y(t) = ;Sjn,k¢jn,k(t)+ Yo Y dikgi(t) 2)

i>jn k

where @;, 1(t) and ¢; () represent the bases of scaling functions and wavelets, and S;, x
and d; ; represent low-frequency and high-frequency coefficients.

(3) Approach III

PCA is used as the feature extraction method. PCA is a general approach to handle
multivariate problems in raw data for load prediction and NIM [36]. PCA transforms the
observed values into nonlinearly correlated principal components, which are sorted in
descending order according to their variability [37]. The theory of PCA can be expressed
in Equation (3). In this approach, the daily total energy consumption is considered as
24 features that are then projected to a lower-dimensional space spanned by four principal
components obtained from PCA. The rationale behind the four principal components is that
these can represent the four types of subsystem loads without increasing the computational
complexity. The new data transformed from daily energy consumption, time, and days of
the week are considered as Approach III.

X =SL'+R

Q 3
= ZSZ‘Z; + R @)
1
where X represents an (M N) matrix, s; is the ith principal component’s score vector, /; is
the ith principal component’s loading vector, and R represents an (M N) residual matrix. S
is an (M Q) matrix of M scores on Q principal components, and L is an (N Q) matrix of N
loadings on Q principal components.

2.3. Model Construction

The NIM method based on RF was modeled in the scikit-learn [38] module in Python.
The adjustable hyperparameters included the number of estimators, the maximum depth
of individual trees, the number of features, the minimum samples for a split, and the
minimum sample leaf. The RF models are relatively sensitive to the number of estimators
and the maximum depth of individual trees, so they were adjusted for improved model
performance [39]. The remaining hyperparameters were set to the default values. The
number of estimators is relevant to the number of weak learners and the computation
requirements. The maximum depth of individual trees depends on the data characteristics
and deeper trees can have better performance [40]. A grid search was applied to identify
the optimal hyperparameters [41]. More detailed hyperparameters are listed in Section 3.
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To evaluate the NIM results, two evaluation indices (MRE and RMSE) were used, as
shown in Equations (4) and (5). The MRE measures the relative bias of the models, while
the RMSE quantifies the absolute deviation.

1

N
RMSE = | = Y (0 — )’ 4)
N =
N |5 _ o).
MRE = W ®)
Zi:1|yi\

where j; is the disaggregation load of the NIM model, y; is the actual value, and N is the
number of samples.

2.4. Implementation of the Method

When all necessary data are collected, the whole implementation of the method works
as the following process:

Step 1: The obtained data are preprocessed to extract the features used for model input.
For Approach I, the total energy consumption, dry-bulb temperature, relative humidity,
and the time and days of the week are integrated as the inputs. For Approach II, the total
energy consumption is disaggregated into low-frequency coefficients and high-frequency
coefficients using wavelet analysis at level 1 first. The wavelet coefficients from the total
energy consumption, time, and days of the week are taken as inputs. For Approach III, the
daily total energy consumption is projected to a lower-dimensional space spanned by four
principal components obtained from PCA. The new data transformed from daily energy
consumption, time, and days of the week are considered as inputs.

Step 2: The extracted features are integrated with the corresponding subsystem load
to form the sample set. Then, 80% of samples are used as the training set and the remainder
are used as the testing set.

Step 3: The RF model is trained based on the training set and the hyperparameters are
adjusted using grid search.

Step 4: The model is tested based on the testing set and RMSE, and MRE is used to
evaluate the accuracy of the model.

3. Case Study

An office building located in a hot summer and cold winter region was chosen to
demonstrate the performance of the load disaggregation approach. The building covered an
area of approximately 32,000 m?, with 23 floors above the ground, and the physical model
of the building was modeled in Google Sketchup, as shown in Figure 2. The window-wall
ratio of the whole building was approximately 74% and the story height was 4 m.

Figure 2. The physical model of the building in Google Sketchup.
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In the office building, there are four main subsystems, namely the HVAC system,
the lighting system, the elevator system, and the plug-in system, and related parameter
settings, including building physical information and internal heat gain, are shown in
Table 1. Considering the randomness of occupant behavior, £20% of perturbations were
added to the daily basic schedule.

Table 1. The related parameter settings in the building.

Building Envelope
Item Model Thermal Property (W/m? K) Reference
Interior floor 15
Interior wall 0.16
Interior ceiling 15
Exterior door 1.2 [42]
Exterior floor 0.23
Exterior window 2.3
Exterior wall 0.45
Internal heat gain
Item Design density Schedule Reference
Weekdays:
1:00-600: 0%
7:00: 10%
8:00: 20%
9:00-12:00: 95%
13:00: 50%
Occupant Office: 8 m2/ person 14:00-17:00: 95%
Hall: 20 m2/ person 18:00: 30%
19:00-22:00: 10%
23:00-00:00: 5%
Weekends:
1:00-6:00: 0%
7:00-18:00: 5%
19:00-00:00: 0%
Weekdays:
0:00-5:00: 5%
6:00-7:00: 10%
8:00: 30%
- 2 9:00-17:00: 90%
Lighting (ﬁgl“lelllsv‘\;"/nf; 18:00: 50% [42-44]

19:00-20:00: 30%
21:00-22:00: 20%
23:00: 10%
Weekends:
0:00-23:00: 5%

Plug-in devices

Office: 13 W/m?
Hall: 5 W/m?

Weekdays:
0:00-8:00: 2%
9:00: 40%
10:00-14:00: 90%
15:00: 80%
16:00: 70%
17:00-18:00: 50%
19:00-20:00: 30%
21:00-23:00: 2%
Weekends:
0:00-23:00: 20%

Elevator

30 W/m?

Weekdays:
0:00-8:00: 32%
9:00-20:00: 100%
21:00-23:00: 32%
Weekends:
0:00-23:00: 34%
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The energy consumption of the HVAC system was estimated based on cooling /heating
load and terminal equipment, while the energy consumption of the lighting system, the
elevator system, and the plug-in system was calculated based on the design level and the
schedule. For the calculation of the energy consumption of the HVAC system, the cooling
and heating loads were simulated in EnergyPlus first. The energy consumption of the
HVAC system consists of the energy consumption of chillers, chilled water pumps, and
cooling water pumps. They are calculated based on Equations (6)-(11) [45].

Qcooling/heating

Ecpitter = COP ©)
COP = ax® + bx* + cx +d )
Echitled_pump = p8f 1 = gmh (8)
Qcooling/heuting
T et 9
" cAt 9)
Echitter + : .
Ecooling pump = chiller Echmlmg/heatzng 10)
chiller
Envac = Ecitter + Echitiea_pump + Ecooling_pump (11)

where E jiijer, Echitied_pump» Ecooling_pump, and Epyac are the energy consumption of the chillers,
chilled water pumps, cooling water pumps, and HVAC systems, respectively; Qcooling/heating
is the cooling and heating loads of the office building; COP is the coefficient of performance
of the chillers; x is the part load ratio of the chillers; a, b, ¢, and d are fitting coefficients
between the COP and part load ratio of the chillers; g is the gravitational acceleration;
m is the mass flow rate; / is the pump lift; ¢ is the heat capacity of water; and At is the
temperature difference between supply and return water from the chillers.

The related parameters about the energy consumption of the HVAC system were
chosen as follows: for Equation (7), a, b, ¢, and d were 3.9, —11.9, 12.1, and 1.1, which were
obtained from a fitting of a chiller sample. For Equation (8), ¢ was 9.8 m/s? and h was 60 m.
For Equation (9), c was 4.2k]J/kg K and At was 5 K.

The energy consumption of the elevator system, plug-in system, and lighting system
was calculated by schedule, design density, and floor area, as shown in Equation (12).

E = cof x density x area (12)

where E is the energy consumption of the elevator system, plug-in system, and lighting
system; density is the design density of the elevator system, plug-in system, and lighting
system; and area is the related area of design density.

The annual hourly energy consumption is shown in Figure 3. The load varies greatly
during the entire year, i.e., higher in summer than in winter, with a peak of 2099.9 kW.
Figure 4 shows the total loads and four subsystem loads in a typical week for winter
and summer. The total load peaks at 9:00-18:00. The valley periods are 1:00-7:00 and
22:00-24:00 because of the working hours. The loads from the HVAC system vary signifi-
cantly and are influenced by the weather and schedule. The profiles of the total load and
HVAC system load are similar because the load fluctuations mainly result from the HVAC
system. Loads of lighting, plug-in devices, and elevators regularly fluctuate owing to the
periodic schedules of occupants.
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Figure 3. Annual hourly energy consumption of the building.
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Figure 4. The total loads and loads of four types of subsystems in a typical week for (a) summer and (b) winter.

The NIM models based on RF for the building were built in Python. A single RF
model was built for every approach to obtain the individual energy consumption of each
subsystem. A grid search was conducted to search for the optimal hyperparameters, where
the number of estimators and the maximum depth of individual trees ranged from 10 to
200 and 1 to 30, respectively. All optimized hyperparameters applied in the study are listed
in Table 2. For reproducible results, the random state (the seed used by the random number
generator) was fixed at a certain value.

Table 2. The RF-optimized hyperparameter setting for three approaches.

Setting
Hyperparameters
Approach I Approach II Approach III
The number of estimators 152 143 181
The maximum depth of individual trees 13 18 21
The number of features auto
The minimum samples for a split 2
The minimum sample leaf 1

4. Results and Analysis

The performance of the proposed NIM method is discussed in this section. The
disaggregation results based on three feature selection approaches are first introduced, and
the accuracy for each subsystem load is analyzed. Then, the performance of the models
based on the three approaches is compared and discussed.
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4.1. Disaggregation Results Based on Approach I

The training and testing results of the NIM model based on Approach I are shown in
Table 3. The approach takes the total energy consumption, dry-bulb temperature, relative
humidity, and the time and days of the week as the inputs. The RMSEs and MREs of
the training results of the four disaggregated subsystem loads range between 1.3 kW and
7.8 kW, and 1.3% and 3.4%, respectively. The RMSEs and MREs of the testing results of
the four disaggregated subsystem loads range between 4.4 kW and 28.8 kW, and 7.1% and
11.0%, respectively. The results imply that the approach can accurately disaggregate the
total energy consumption. For the four subsystems, the disaggregation results of the HVAC
system load have the highest accuracy, followed by the elevator system load, plug-in system
load, and lighting system load. The high accuracy of the disaggregation results of the
HVAC system load is attributed to the strong correlation between the climate parameters
and the HVAC system load, which enhances the mapping capability of the model.

Table 3. Training and testing results of NIM models based on Approach L

Training Results Testing Results

Item
RMSE (kW) MRE (%) RMSE (kW) MRE (%)
Lighting 4.4 3.4 16.8 11.0
Plug-in 4.0 3.0 12.7 8.2
Elevator 1.3 2.3 4.4 7.2
HVAC 7.8 1.3 28.8 7.1

The comparison between the calculated loads from the software and the disaggre-
gation results was analyzed. The calculation loads were marked as Actual load, while
the disaggregation loads were marked as NIM load. The test results for the whole test
set are shown in Figure 5. Overall, most of the points evenly distribute on both sides of
the line y = x, which indicates that the disaggregation results obtained by Approach I
are accurate. Among the four types of subsystem loads, the disaggregation results of the
lighting system and elevator system loads mainly concentrate on both ends of the line,
while the disaggregation results of the plug-in system and HVAC system loads evenly
concentrate on the whole line. This indicates that the lighting system and elevator system
loads mainly consist of two types of high and low load levels, while the plug-in system
and HVAC system loads have more states.

450 350
= - — s .
2360 Y- Z 280 F . .
—~ oo X ° 24, w o oo
g . . ‘ — (1) >
2270 | R E 210 } o eua R,
b[) . . o 00 DD .:o 4 ‘.’
£ 1 2 :
= 180 o SR 2140 F 5 QTN
= . ° = P (R
Z =) - <l
g 90 F 3 70 Fe- °
Q
< 0 . . 0 B 2 2 2 2
90 180 270 360 450 0 70 140 210 280 350
NIM (lighting load) [kW] NIM (plug-in load) [kW]
(a) (b)

Figure 5. Cont.
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Figure 5. Testing results of the NIM model based on Approach I: (a) the comparison results of lighting system load; (b) the

comparison results of plug-in system load; (c) the comparison results of elevator system load; (d) the comparison results of
HVAC system load.
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The test results for a typical week (Figure 6) show that the disaggregation results
closely follow the actual loads, with limited absolute differences between them in most
cases. Large differences mainly result from a sharp change in loads, such as the start and
end of working hours. For the lighting system, plug-in system, elevator system, and HVAC
system loads, most of the relative differences range between —5.69% and 6.90%, —7.32%
and 5.04%, —6.51% and 4.81%, and —1.64% and 6.94%, respectively. Most of the relative
differences are less than 8%, which indicates that the NIM models based on Approach I can
obtain the subloads accurately. Figure 6 shows that the MREs can be large in some cases
(i.e., the start or end of work) because the absolute values of these loads are very low, and
small deviations lead to large relative errors.
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Figure 6. Testing results of the NIM model based on Approach I in a typical week: (a) the comparison results of lighting
system load; (b) the comparison results of plug-in system load; (c) the comparison results of elevator system load;
(d) the comparison results of HVAC system load.
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4.2. Disaggregation Results Based on Approach II

The training and testing results of the NIM models based on Approach Il are presented
in Table 4. The approach applies the low-frequency and high-frequency coefficients from
the disaggregated total energy consumption, the time, and the days of the week as inputs.
The RMSEs and MREs of the training results of the four disaggregated subsystem loads
range between 1.8 kW and 13.5 kW, and 2.3% and 5.0%, respectively. The RMSEs and
MREs of the testing results of the four disaggregated subsystem loads range between
5.5 kW and 46.2 kW, and 8.8% and 12.7%, respectively. These results indicate that the
approach can achieve accurate load disaggregation of the total energy consumption. For
the four subsystems, the disaggregation results of the elevator system load are the most
accurate, followed by the plug-in system and HVAC system. The disaggregation results of
the lighting system load are not as accurate as those of the others.

Table 4. Training and testing results of NIM models based on Approach II.

Training Results Testing Results

Item
RMSE (kW) MRE (%) RMSE (kW) MRE (%)
Lighting 7.1 5.0 24.0 12.7
Plug-in 49 4.0 16.5 10.1
Elevator 1.8 3.1 5.5 8.8
HVAC 13.5 2.3 46.2 12.1

The comparison between the calculated loads from the software and the disaggre-
gation results was analyzed. The test results for the whole test set are shown in Figure 7.
There are differences in distribution between the disaggregation results and actual loads,
although most of the points distribute on both sides of the line y = x, which indicates that
Approach II can disaggregate energy consumption accurately. Overall, the disaggregation
results of elevator system load are more concentrated than other subsystem loads with
more accurate results. The possible reason is that the energy consumption patterns of the
elevator system are easy, contributing to learning the mapping relationship.
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Figure 7. Testing results of the NIM model based on Approach II: (a) the comparison results of lighting system load; (b) the

comparison results of plug-in system load; (c) the comparison results of elevator system load; (d) the comparison results of

HVAC system load.
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The test results for a typical week are shown in Figure 8. The disaggregation results
match well with the actual loads in most cases, with a small gap between them. A sharp
change in load sometimes causes large errors. For the lighting system, plug-in system,
elevator system, and HVAC system loads, most of the relative differences range between
—7.41% and 8.88%, —8.25% and 7.30%, —7.80% and 6.57%, and —3.23% and 11.16%,
respectively. Most of the relative differences are less than 12%, which demonstrates that the
NIM models based on Approach II can disaggregate the building-level energy consumption
accurately. Large relative errors mainly occur when the loads are low (i.e., weekends).
These small deviations lead to large relative errors owing to the small real values.
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Figure 8. Testing results of the NIM model based on Approach Il in a typical week: (a) the comparison results of lighting

system load; (b) the comparison results of plug-in system load; (c) the comparison results of elevator system load; (d) the
comparison results of HVAC system load.
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4.3. Disaggregation Results Based on Approach II1

The training and testing results of the NIM models based on Approach III are shown
in Table 5. The approach employs new data transformed from daily energy consumption,
time, and days of the week as the inputs. The RMSEs and MREs of the training results of
the four disaggregated subsystem loads range between 1.4 kW and 10.3 kW, and 1.7% and
3.6%, respectively. The RMSEs and MREs of the testing results of the four disaggregated
subsystem loads range between 6.4 kW and 46.4 kW, and 9.3% and 11.9%, respectively. The
results indicate that the approach can disaggregate the total energy consumption accurately.
For the four subsystem loads, the disaggregation results of the elevator system load are the
most accurate, while those of the lighting system load have the lowest accuracy.

Table 5. Training and testing results of NIM models based on Approach III.

Training Results Testing Results

Item
RMSE (kW) MRE (%) RMSE (kW) MRE (%)
Lighting 55 3.6 25.0 11.9
Plug-in 3.8 2.7 16.8 9.8
Elevator 14 2.3 6.4 9.3
HVAC 10.3 1.7 46.4 114

The comparison between the calculated loads from the software and the disaggre-
gation results was analyzed. The test results for the whole test set are shown in Figure 9.
Opverall, most of the points evenly distribute on both sides of the line y = x and there are no
obvious differences in distribution between the disaggregation results and actual loads.
This indicates that the disaggregation results obtained by Approach III are accurate and
the selected features are roughly suitable for the four types of subsystem loads.
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Figure 9. Testing results of the NIM model based on Approach III: (a) the comparison results of lighting system load;

(b) the comparison results of plug-in system load; (c) the comparison results of elevator system load; (d) the comparison
results of HVAC system load.
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The test results for a typical week in Figure 10 show that the disaggregation results
and actual loads are well-matched in most cases, with limited absolute errors. Large
errors mainly occur when the subsystem loads are at a high level. For the lighting system,
plug-in system, elevator system, and HVAC loads, most of the relative differences range
between —8.54% and 8.02%, —8.28% and 6.07%, —8.48% and 6.41%, and —3.22% and
9.68%, respectively. Most of the relative differences are less than 10%, which demonstrates
that the NIM models based on Approach III can disaggregate the building-level energy
consumption accurately. Large relative errors mainly occur when the loads are low (i.e.,
weekends). This is because the small deviations lead to large relative errors owing to the
small real values.
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Figure 10. Testing results of the NIM model based on Approach III in a typical week: (a) the comparison results of
lighting system load; (b) the comparison results of plug-in system load; (c) the comparison results of elevator system load;
(d) the comparison results of HVAC system load.

4.4. Performance Comparison of the Three Approaches

The subsystem loads can be identified precisely by the NIM methods based on the
three approaches. The performance of these three approaches is compared in Table 6
and it indicates that the performance of Approach I is better than those of the other
two approaches. One possible reason is that the outdoor weather variables are highly
relevant features for the HVAC system load, which contributes to improving the accuracy
of the overall disaggregation results. The dry-bulb temperature and relative humidity
are considered in Approach I, and extra sensors for monitoring the two variables should
be installed. Although the accuracy of the other two approaches is not as high as that
of Approach I, they reduce the difficulty of data collection because only the total load is
required. When weather data are inaccessible, the NIM methods based on Approach II and
Approach III are recommended with acceptable accuracy.

Loads of the HVAC system, elevator system, plug-in system, and lighting system can
be categorized as nonperiodic and periodic loads, which results in various performances
for the three approaches. For periodic loads (loads of the elevator system, plug-in system,
and lighting system), the differences in the accuracy of the three approaches are limited.
The possible reason for this is that the characteristics selected in all three methods are
similar to the correlations of these three types of loads. For the nonperiodic HVAC system
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load, Approach I outperforms Approach II and Approach III because outdoor weather
variables, which are strongly related to the cooling loads of HVAC systems, are used as
inputs in Approach L

Table 6. Comparison of the MREs of testing results of the NIM models between Approach I

and others.
Item Difference of MRE between Difference of MRE between
Approach I and Approach II (%) Approach I and Approach III (%)
Lighting -17 -0.9
Plug-in -1.9 -1.6
Elevator —-1.6 -21
HVAC -5 —4.3

5. Conclusions

A NIM method based on RF was proposed to disaggregate the building-level energy
consumption into the energy consumption of subsystems. Given the services provided
by the buildings, four subsystem loads were disaggregated: loads of the HVAC system,
elevator system, plug-in system, and lighting system. Three types of features were chosen
to realize the NIM depending on the availability of weather data. By considering the case
study of an office building, the following conclusions can be drawn:

1.  The proposed NIM method based on RF can achieve subsystem load disaggregation
accurately. The RMSEs and MREs of the NIM results are less than 46.4 kW and
12.7%, respectively.

2. All four subloads can be disaggregated with high accuracy. For the lighting system,
plug-in system, elevator system, and HVAC system loads, the RMSEs (MREs) range
from 16.8 kW to 25.0 kW (11.0% to 12.7%), 12.7 kW to 16.8 kW (8.2% to 10.1%), 4.4 kW
to 6.4 kW (7.2% to 9.3%), and 28.8 kW to 46.4 kW (7.1% to 12.1%), respectively.

3. The three proposed approaches can achieve subsystem load disaggregation accurately.
When weather data are obtained, Approach I achieves the most accurate NIM results
with RMSEs and MREs of less than 28.8 kW and 11.0%, respectively. When weather
data are inaccessible, the NIM method based on Approach II and Approach III is
recommended with acceptable accuracy, with RMSEs and MREs of less than 46.4 kW
and 12.7%, respectively.

4.  For periodic loads (loads of the elevator system, plug-in system, and lighting system),
the differences in the accuracy of the three approaches are small. For the nonperiodic
HVAC system loads, Approach I outperforms Approach II and Approach III.

The proposed NIM method can perform the NIM of subsystem loads and it is based
on supervised algorithms. The collection of training samples is significant for supervised
algorithms. Obtaining the subsystem loads and the total load is a problem when the
method is used. In addition, to promote the application of the NIM method, unsupervised
methods without training the models should be developed, which would be addressed in
the future study.
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