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Abstract: Obtaining reliable and detailed energy consumption information about building service
(BS) systems is an essential prerequisite for identifying energy-saving potential and improving energy
efficiency of a building. Therefore, in recent years, energy sub-metering systems have been widely
implemented in public buildings in China. A majority of electrical systems and equipment can be
directly metered. However, in actual sub-metering systems, the terminal units of heating, ventilation
and air conditioning (HVAC) systems, such as fan coils, air handling units and so on, are often
mixed with the lighting-plug circuit. This mismatch between theoretical sub-metering systems and
actual electricity supply circuits constitutes a lot of challenges in BS system management and control
optimization. This study proposed an indirect method to disaggregate the energy consumption of
HVAC terminal units from mixed sub-metering data based on the CART algorithm. This method was
demonstrated in two buildings in Shanghai. The case study results show that the weighted mean
absolute percentage errors (WMAPE) are within 5% and 15% during working hours in the cooling
and heating seasons, respectively.

Keywords: electricity sub-metering; HVAC terminal units; hourly energy use; classification and
regression tree

1. Introduction

Buildings are one of the world’s largest energy consumers and carbon emission
producers. According to the tracking report from the International Energy Agency (IEA),
the operation of buildings accounted for about 30% of global final energy consumption
and 27% of total energy system emission in 2021. About 19% of energy-related carbon
emission came from the generation of electricity and heat used in buildings. Compared
to 2010, electricity consumption increased by 30% in 2021 [1]. With the widespread use of
central heating, ventilation and air conditioning (HVAC) systems, the energy consumption
per unit area of public buildings in China increased from 17 kgce/m? in 2001 to more
than 24.7 kgce/m? in 2020 [2]. Various energy conservation measures need to be adopted
to improve building energy efficiency and reduce carbon emission, which increases the
possibility of achieving carbon neutrality in China by 2060.

At the building operation stage, accurate building system operation data are indispens-
able for optimizing HVAC system control strategy and analyzing building energy-saving
potential. Therefore, it is very important to obtain accurate building energy consumption
data, especially data of HVAC units.

1.1. The Status Quo of Sub-Metering Systems

In recent years, energy sub-metering systems have been widely implemented in
various buildings. A majority of electrical systems and equipment can be directly monitored
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and metered. Electricity sub-metering was first proposed by Dr. Hart in 1992 [3]. In 2008,
the California Public Utilities Commission (CPUC) adopted a resolution to carry out
electricity sub-metering in multi-story commercial buildings [4]. In 2007, the Chinese
government issued document No. 558, declaring that a special compensation would be
used for building energy monitoring platforms [5]. Large-scale investigations on public
building energy consumption have been conducted in Shanghai since 1995 and have then
extended to other cities in China, including Beijing, Tianjin, Changsha and Wuhan [6-8].
Statistical data from Shanghai show that more than 1400 large public buildings (the total
area exceeding 60 million m?) have installed a sub-metering system [9].

The technical guidelines for electricity sub-metering data collection in China’s docu-
ment No. 114 clearly stipulate that an entire building’s electricity consumption should be
recorded by four primary sub-metering circuits, including the lighting-plug circuit, HVAC
circuit, power circuit and other circuit [10]. This electricity sub-metering classification
diagram is illustrated in Figure 1. The technical guidelines also point out that the electricity
consumption of HVAC terminal units (e.g., fan coils and variable air volume (VAV) boxes)
can be recorded in the lighting-plug circuit because, based on existing electricity-supply cir-
cuit design, HVAC terminals are usually plugged in the lighting-plug circuit [10]. Therefore,
there is a grey area between an actual sub-metering model (black lines) and the theoretical
(red lines) sub-metering classification model (shown in Figure 1). Additionally, the HVAC
electricity consumption obtained from a building sub-metering system would be lower
than the actual HVAC electricity consumption. In China, this is a common phenomenon.
We conducted a survey of about 1400 buildings with a sub-metering system in Shanghai
and found that only two buildings had direct sub-meters of HVAC terminal units. In most
buildings, it is still impossible to obtain the electricity consumption of HVAC terminal
units directly.

Actual electricity supply circuit in buildings
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Figure 1. Structure of a sub-metering system and the gap between an actual model and the theoretical
classification model.

However, accurate sub-metering data are extremely significant in many fields, in-
cluding evaluating the energy-saving potential of buildings [11], selecting suitable energy
efficiency technology [12], reducing carbon emissions of building operation [13], and se-
curing the optimal control of HVAC systems [14]. Therefore, it is necessary to establish
an indirect method to acquire the electricity consumption of HVAC terminal units.

1.2. Non-Intrusive Load Monitoring (NILM) Method

In the early 1990s, researchers introduced a method called non-intrusive load monitor-
ing (NILM) to measure the electricity consumption of facilities in buildings [15-18]. This
method can also be used to distinguish equipment’s on/off signals (e.g., current, voltage,
active power and reactive power) and record the power and operational duration. This
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method is eminently suitable for residential buildings with low-power appliances and sim-
ple electricity supply systems [19,20]. Norford et al. applied a NILM method to small-scale
commercial buildings [21]. They proposed a load disaggregation model to distinguish the
load of air-conditioning systems from other electrical appliances with similar power levels
or operation time [22].

NILM methods can be divided into four categories: machine learning method, sparse
coding, dynamic time warping (DTW) and Fourier analysis. Machine learning is one of
the most popular approaches because it is easy to use and has high accuracy. Rafsanjani
et al. combined Density-based Spatial Clustering of Applications with Noise (DBSCAN)
algorithm and quadratic discriminant analysis (QDA) to disaggregate total building energy
loads into individual energy consumption [23,24]. Kaselimi et al. proposed a Bayesian-
optimized Bidirectional LSTM regression model to disaggregate the energy consumption
of residential buildings [25]. Schirmer et al. used feed-forward Deep Neural Networks
(DNNSs), k-Nearest Neighbors (KNNs), Random Forests (RFs) and Support Vector Machines
(SVMs) to disaggregate the electricity consumption of residential buildings separately [26].
Kaselimi M et al. proposed a Convolutional Neural Network (CNN)-based structure to
estimate the current state of appliances in residential buildings [27]. Yang D et al. proposed
an event-driven NILM method based on CNN to extract the energy consumption behavior
of occupants [28]. Faustine A et al. proposed a UNet-NILM method based on multi-label
learning strategy and multi-target quantile regression to detect the state and power of
electrical appliances [29]. Xia et al. presented a deep Long Short-Term Memory (LSTM)
model for load disaggregation. In this model, an encoder—decoder structure was designed
to solve the problem of time dependency in multi-state devices [30]. Guo et al. presented
a load disaggregation method based on combinatorial optimization to disaggregate the
electricity load of residential buildings [31]. Monteiro et al. disaggregated residential
buildings’ electricity load by using Multi-layer Perceptron (MLP), LSTM and Convolutional
Neural Network (CNN) [32]. Samadi and Fattahi used K-means method to cluster the
daily load profiles of buildings and calculated the common load and occupancy load in
different day types [33]. Xiao et al. applied RF for the cooling load disaggregation of
office buildings [34]. Athanasiadis C et al. proposed a real-time NILM method, including
an event detection algorithm, a CNN classifier and a power estimation algorithm, to
estimate the energy consumption of household appliances [35]. Shao et al. proposed a load
disaggregation approach based on temporal motif mining. This approach used a clustering
method to detect the power of household devices [36]. Burak Gunay et al. proposed an
electricity end-use disaggregation method based on regression models for commercial
buildings [37]. Zaeri et al. applied multiple linear regression models to disaggregate the
electricity and heating consumption in commercial buildings. These models were estimated
by a least-square solver with a genetic algorithm [38].

Sparse coding and DTW algorithm are widely used in NILM methods. Elafoudi et al.
proposed a NILM method based on DTW algorithm to disaggregate the electricity con-
sumption of residential building devices [39]. Kolter et al. used a sparse coding algorithm
to train models for each device in a residential building with electricity consumption and
applied these models to predict the electricity consumption of each device [40]. Matsui et al.
applied a 0-1 sparse coding method to disaggregate the energy consumption of electric
appliances from the total energy consumption of residential buildings [41].

Fourier analysis can be used to disaggregate different loads in the frequency domain.
Dhar et al. took advantage of a Fourier series model to simulate real-time energy consump-
tion of some campus buildings in Texas and obtained satisfactory results [42—44]. Ji et al.
applied Fourier series models to disaggregate hourly electricity consumption of HVAC
system terminal units from mixed lighting-plug sub-meters of commercial buildings [45].
The accuracy of the calculation results is high, although, in this study, the division of the
date type is slightly rough, and a standardized and programmed calculation process is not
achieved. Table 1 summarizes the details of above studies.
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Table 1. Summary of existing NILM methods.

No. Author Method Building Type Inputs Output Reference
. . Occupant, minimum numbers of ,
1 Rafsanjani et al. ll\Aachlne Com.mgrmal data points, entry events, and Occupants [23,24]
earning building d power changes
eparture events
2 Kaselimi ot al. Mach}ne Re51.de.nt1a1 Ag.gregaFe energy signals over The consumption of [25]
learning building a time window electric appliances
. Machine Residential Statistical features, line currents, The consumption of
3 Schirmer et al. . 1 . . ; [26]
learning building line voltages, and load angles electric appliances
.. Machine Residential Current, active power, reactive The current state
4 Kaselimi M 1 . o . [27]
earning building power, and apparent power of appliances
Machine Residential Characteristics of The consumption of
5 Yang D 1 . o . : - . : [28]
earning building residential appliance electric appliances
6 Faustine A Il\dachlne Res@eptlal Aggregz?te power signal and The consumption of [29]
earning building power signals electric appliances
. Machine Residential Original main power data and The consumption of
7 Xia et al. 1 . NS, . : ) . . [30]
earning building differential processing data electric appliances
Machine Residential T.WO_Phase current cycle changes, The consumption of
8 Guo et al. 1 . o single-phase voltage cycle changes, . : [31]
earning building electric appliances
and apparent power changes
. Machine Residential Number of con.nected d.evm.e S The consumption of
9 Monteiro et al. learnin. buildin number of device combinations, clectric appliances [32]
& & and labelled current waveforms pp
Ambient temperature, workday, Common and
10 Samadi Machine Institutional time of day, daylight length, occupancy loads, and [33]
learning building intensity of sunlight, number of exterior and o
occupants, and humidity interior lighting
Machine Total load, outdoor weather or Siﬁg?r?ntef‘?gé o
11 Xiao et al. . Office building coefficients of Fourier for § Sverop [34]
learning load, fresh air load,
total load .
and equipment load.
12 Athanasiadis C ll\/lachme RQSI.d e.ntlal Active power transient response Active power [35]
earning building of appliances
. . . The disaggregated
13 Shao et al. Te.mpc.)ra.l Re51.de.nt1a1 Aggrega_ted power observation time series for 36]
motif mining building time series )
each device
AHU schedule, outdoor Occupant-controlled
14 Burak Gunay Regression Commercial temperature, AHU fan state, loads, scheduled [37]
etal. model building chiller pump state, AHU supply distribution loads, :
air pressure, AHU schedule and cooling loads
. Regression Commercial Discharge airflow rate for AHUs Oceupant-controlled
15 Zaeri etal. model buildin, and occupancy data loads and [38]
& pancy distribution loads
Aggregate active power data and The name of
. Dynamic Residential 881€8 X p appliances, and the
16 Elafoudi et al. . . o a library of signatures for . [39]
time warping building P timestamp of
expert classification
the event
. Residential Whole h(?m,e signal and models of The consumption of
17 Kolter et al. Sparse coding P each device’s . . [40]
building - . electric appliances
electricity consumption
. . Residential Modgl (.)f each electrl.c appliance’s The consumption of
18 Matsui et al. Sparse coding 1. electricity consumption over . ! [41]
building electric appliances
a week
Commercial The energy
19 Jietal. Fourier series buildin. Sub-metering data consumption of [45]
v & HVAC terminals

Comprehensive information and detailed monitoring data of HVAC systems are the
basis for building energy analysis and system control [46]. However, most previous studies
have disaggregated the total electricity consumption of residential buildings into individual
devices or the total electricity consumption of public buildings into system levels only. It is
difficult for most existing commercial buildings to obtain the electricity consumption of
HVAC terminal units directly. Therefore, an effective method is still needed to disaggregate
the electricity consumption of HVAC terminal units from mixed sub-metering data.

Previous studies on the characteristics of building electricity consumption have pro-
vided a theoretical basis for the disaggregation of mixed sub-metering data. The research
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conducted by Pandit et al. indicated that the electricity consumption of most commer-
cial buildings follows an obviously periodical pattern [47]. The research by Braun et al.
showed that sinusoidal functions could simulate the electricity demand in buildings [48].
They used a trigonometric formula to simulate the electricity consumption of commer-
cial buildings. Afterward, the research by Claridge et al. indicated that the electricity
consumption of lights and office equipment varied periodically and was not sensitive
to outdoor weather conditions [49]. The investigations by Dhar et al. showed that for
commercial buildings, electricity consumption had clear differences between weekdays and
non-workdays [42-44]. Additionally, electricity consumption in different meteorological
conditions should be treated differently. In our own previous research work, we used Ener-
gyPlus to simulate the energy consumption of HVAC terminal units of a whole building.
However, this method is time consuming because a detailed architectural model needs to
be established and calibrated. When applied in another building, the model needs to be
rebuilt [50].

It is a common practical problem that the electricity consumption of HVAC terminal
units is mixed with lighting-plug sub-metering systems in most public buildings in China.
This is one of the reasons why sub-metering data quality is poor in China. Many previous
research studies focused on electricity consumption disaggregation for residential buildings,
while only few research studies discussed the problem for public buildings. Some existing
research studies adopted a Fourier series model in sub-metering data disaggregation.
However, this algorithm is not suitable for categorical data. Different building types may
require different date-type categorization methods. Therefore, in this study, we adopted
a CART algorithm to disaggregate the real-time electricity consumption of the terminal
units in a HVAC system, and we proposed a general calculation process to make it easier
for other users, which would improve the data quality of sub-metering data in building
energy management. The main novelties of this study are listed as follows:

(1) This study adopts a CART algorithm to disaggregate the real-time electricity con-
sumption of HVAC terminal units. It makes up for the deficiency that the Fourier
series model is not suitable for categorical data.

(2) A general disaggregation framework is proposed. It can be easily extended to different
cases without constructing physical building energy models.

In this article, the methodology and model establishment processes are described in
Section 2. In Section 3, two case studies in Shanghai are used to illustrate how to apply
the proposed method. Discussions and limitations are presented in Section 4, and the
conclusions are outlined in Section 5.

2. Methodology
2.1. Principle of CART Algorithm

Decision tree is a widely used data mining method because of its high interpretabil-
ity [51]. A decision tree model consists of root, internal and leaf nodes. The indicators of
a decision tree model for picking branches are information gain, entropy and Gini impurity.
Figure 2 shows a schematic diagram of a decision tree model. It uses a top-down recursive
method at each node on the sample set to select the branch attribute according to the
given criteria from a root node to a leaf node. A leaf node represents an objective function
value, which is determined by the input variables along the path from the root node to the
leaf node.

Compared to other data mining methods, the decision tree algorithm has some strong
points that make it suitable for both classification and regression problems [52]: (1) it is
simple to understand and interpret; (2) it is able to process both numerical and categorical
data; (3) it requires little data preparation; (4) it can validate a model using statistical tests;
(5) it uses a non-statistical approach that makes no assumptions of the training data or
prediction residuals; and (6) it performs well with large datasets.
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Figure 2. Schematic diagram of a decision tree model.

CART algorithms, first proposed by Breiman in 1984 [53,54], is a specific decision tree
algorithm that is currently widely used. For classification problems, “Gini impurity” is
used as the criteria for choosing branches, while for regression problems, mean squared
error (MSE) is used.

Gini impurity represents the probability that a randomly chosen sample is misclassified
in the sample set. Gini impurity can be calculated as follows:

Gini(A) =1— i P? @
k=1

where A represents node A; n is the number of items in a dataset,i=1,2,3, ..., n; and Py is
the fraction of item 7 in the set.

For regression problems, the goal of CART is to minimize MSE. MSE represents
the difference between the predicted value and the actual value in a leaf node, and the
calculation formula is as follows:

1 n ~ 2
MSE = ;Z(yz‘ — i) )
i=1

where 7 is the number of items in a dataset, i =1, 2, 3, ... , n; y; is the actual value; and ¥; is
the predicted value.

The right part of Figure 3 illustrates the procedure of a CART model, which can be
referred to in [53-55] for details. The CART algorithm has the dual functions of classification
and regression, which meets the research needs of this paper.

2.2. Establishment of an Extended CART Algorithm for HVAC Sub-Metering Systems

Previous studies [42—44,49] have indicated that electricity consumption of lighting-
plug systems in commercial buildings presents periodical changes and is not related to both
outdoor weather conditions and indoor occupancy rate. Hence, electricity consumption
of lighting plugs follows the same pattern over a year, while that of a HVAC system is
seasonal (only in summer and winter). Therefore, during a transition season when the
HVAC system is closed, the electricity consumption measured by lighting-plug circuits is all
lighting-plug electricity consumption. For these reasons, real-time lighting-plug sub-meter
data in transition seasons can be used to train a CART model, which can then be used to
predict the lighting-plug sub-meter electricity consumption in air-conditioning seasons.



Buildings 2023, 13, 967 7 of 21

Lighting-plug sub-

HVAC terminal unit

meter system

electrical system

Thus, the electricity consumption of HVAC terminal units in air-conditioning seasons can
be calculated by the following equation:

Eter = Epix — ELCHZ (3)

where E; _, is the calculated lighting-plug electricity consumption during an air-conditioning
season (kWh); E,,;, is the mixed electricity consumption of the lighting plug and HVAC
terminal units that is directly collected from the sub-metering system(kWh); and E;,, is the
electricity consumption of the HVAC terminal units (kWh).
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Figure 3. The establishment procedure of a CART model.

This procedure is demonstrated on the left side of Figure 3. The model includes two
main modules: (1) the lighting-plug electricity consumption prediction module, and (2) the
calculation module for the electricity consumption of HVAC terminal units. The main steps
are described in the following sections.

2.2.1. Data Pre-Processing

Data pre-processing consists of data cleaning and data transformation. Data cleaning
is an important part of data pre-processing. Due to various faults in data collection,
transmission and storage procedures, there are a lot of abnormal values, such as missing
value, duplicates and outliers, in sub-metering data. Therefore, the data from sub-meters
should be cleaned before training models. In this study, a box graph is used to find abnormal
data, and linear interpolation is used to fill the missing data. For the data cleaning process,
see [55,56] for details.

Commonly, the measurement intervals of sub-metering data are 1-15 min, and the
recorded data are instantaneous power. Therefore, in order to facilitate the use of the
model, instantaneous power should be converted to hourly electricity consumption. The
calculation is shown in Formula (4):

E= (Pixl) @)
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where E is the electricity consumption (kWh); P; is the instantaneous power (kW); and T is
the measurement interval (min).

2.2.2. Input Variable Selection

Because electricity consumption of lighting plugs changes periodically, timestamp
features are selected as the input variables of the CART model. Table 2 demonstrates
different encoding methods and corresponding symbols of timestamp features.

Table 2. Summary of symbols and encoding methods of timestamp features.

Feature Symbol Code Explanation
Date D 1-365 (or 366) Days in one year
Month M 1-12 Months from January to December
T1 0-8 Monday-Sunday (1-7), holiday (8), and compensated workday (0).
Date Type T2 0-2 Weekday (1), weekend (0), and holiday (2)
T3 0-1 Workday (1) and non-workday (0)
H1 0-24 Hours in one day
8170 For office building, service hours (8:00-17:00) are labeled as 8-17,
Hour ! other hours (0)
H2 10-22. 0 For shopping mall, service hours (10:00-22:00) are labeled as 10-22,
’ other hours (0)
8-22 0 For office-shopping complex building service hours (8:00-22:00)

are labeled as 8-22, other hours (0)
The special serve time is adjusted according to the actual building
information

Features in Table 2 can be combined into different input patterns, as summarized in
Table 3. For example, No. 1 means to select D, M, T1 and H1 as the model inputs.

Table 3. Summary of different schedule input combinations.

Z
e

Input Combination

D-M-T1-H1

D-M-T1-H2

D-M-T2-H1

D-M-T2-H2

D-M-T3-H1

D-M-T3-H2

M-T1-H1
T1-H1
T2-H1
T3-H1
Hi1

[EE—Y
TS 0®ONo TGk WN R

In order to select the best input combinations, a CART model was built for each
combination. The coefficient of variability (CV, Equation (5)), the weighted mean absolute
percentage error (WMAPE, Equation (6)) and the mean time of multiple calculations are
chosen as the criteria to select the best input combinations:

[N, (Emi—Epi)’]

N
V= (2K Emi) ®)
N
N
) Exs: — Eps
WMAPE — 21:1 ‘ Mi Pi ‘ (6)

Zfil EMi
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where Ej; is the metered electricity consumption of the ith data point (kWh); Ep; is the
predicted electricity consumption of the ith data point (kWh); and N is the total point
number of the dataset.

2.2.3. Training Period Selection

This section discusses the training period required for model training. Electricity
consumption of the lighting-plug system in a transition season is used for training the
CART model, and the data in an air-conditioning season are used for testing. In China,
cooling seasons are usually from June to September, while heating seasons occur from
December to March in the following year. Therefore, data in April, May, October and
November can be used in the training process. Table 4 shows the different training periods
discussed in this paper.

Table 4. Summary table of the training data size selection.

No. Training Period Description
1 4 months whole transition season data
2 2 months 1-month data in spring and 1-month data in fall
3 4 weeks 2-week data in spring and 2-week data in fall
4 2 weeks 2-week data in transition season
5 1 week 1-week data in transition season
6 2 days 1-workday data and 1-non-workday data

2.2.4. Electricity Consumption Prediction of Lighting-Plug System

In this study, the electricity consumption of a lighting-plug system and corresponding
timestamp features in a transition season are used to train a CART model. The data in
an air-conditioning season are the testing data. CV and WMAPE are chosen to evaluate the
prediction results.

2.2.5. Electricity Consumption Calculation of HVAC Terminal Units

The real-time electricity consumption of HVAC terminal units can be calculated by
using Equation (3). Similarly, CV and WMAPE are chosen to evaluate the disaggregation
results. The relative error is also selected for evaluation, and the calculation formula is

as follows: E E
RE = =Mi — =Pl » 100% )
Emi

3. Case Study

The model established in Section 3 is demonstrated and tested in this section. It is
applied to two actual buildings in Shanghai where the electricity consumption of HVAC
terminal units can be measured directly. Basic facilities and operation information about
the two buildings are shown in Table 5.

3.1. Data Pre-Processing

In this part, the raw data are cleaned by removing outliers and divided into a training
set and a testing set. Table 6 summarizes the data collected from the two buildings and
describes the training data and testing data, respectively. Because the sub-metering system
has not been used since 2014, the latest sub-metering data of Building A could not be
obtained. Therefore, for Building A, data in 2013 are used in the case study, while for
Building B, data in 2021 are used. The training data are then re-organized based on seasons
and periods according to Table 4.
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Table 5. Structural information for the two buildings in Shanghai used in this study.

Building Name Building A Building B
City Shanghai Shanghai
Building type Complex building Shopping mall
Floors Shopping mall (1-4) and offices (5-34) 9
Area (m?) 68,330 40,000

Shopping mall: Full year 10:00-22:00; 100D
Office: Weekdays 8:00-18:00 Full year: 10:00-22:00
HVAC terminal units AHU (shopping mall) and FCU+FAU (office) AHU
Energy type Electric Electric

Service time

Table 6. Selected electrical input data from two buildings studied in Shanghai.

Training Data Testing Data
Building  p,y, of Lighting-Plug Syst i i
Name ata of Lighting-Plug System Data of Transition Season Data of HVAC Terminal Units
Cooling Season Heating Season
1 April-31 May 1 January-31 March
A 1 January-31 December 2013 1 October-30 November 1 June-30 September 1 December-31 December
y 1 April-31 May g 1 January-31 March
B 1January-31 December 2021 1 October-30 November 1June-30 September 1 December-31 December
3.2. Input Variable Selection

The prediction accuracy of the model for the electricity consumption of the lighting-
plug system during air-conditioning on and off time are considered separately. As shown
in Table 5, the working period of Building A are from 8:00 to 22:00, and the working period
of Building B are from 10:00 to 22:00.

Tables 7 and 8 list the WMAPE, CV and a multiple-computing-mean time T (average
time for 1000 runs) for different input combinations. The WMAPE and CV indices are
calculated separately for three periods: working hours in the cooling season (WHC),
working hours in the heating season (WHH), and non-working hours (NW).

Table 7. Test results for lighting-plug system in different schedule input patterns in Case A.

WMAPE (%) CV (%) _
Model No. InPUt . T (s)

Combination WHC WHH NwW WHC WHH NwW

1 D-M-T1-H1 1.00 1.22 1.89 1.39 191 2.75 0.1780
2 D-M-T1-H2 1.00 1.22 5.20 1.39 1.91 7.08 0.1432
3 D-M-T2-H1 1.09 1.18 2.82 1.50 1.79 4.58 0.2503
4 D-M-T2-H2 1.09 1.18 6.09 1.50 1.79 7.94 0.1892
5 D-M-T3-H1 1.09 1.18 2.88 1.49 1.79 4.58 0.2090
6 D-M-T3-H2 1.09 1.18 6.13 1.49 1.79 7.95 0.1706
7 M-T1-H1 1.55 1.88 3.38 2.18 2.81 5.06 0.1394
8 T1-H1 2.30 3.34 4.57 2.99 4.60 6.56 0.0195
9 T2-H1 2.38 3.48 5.96 3.16 4.84 8.30 0.0148
10 T3-H1 2.38 3.48 6.25 3.16 4.84 8.65 0.0140
11 Hi1 12.28 14.02 22.82 15.42 18.23 37.31 0.0130

In Table 7, Models No. 1 and 2, No. 3 and 4, and No. 5 and 6 are considered as three
groups for the comparative analysis. The comparison results show that in each group, the
prediction accuracy in working hours is the same, while in the non-working period, the
WMAPE and CV of the models with the input H1 are 3.31% and 4.33%, respectively, which
are less than those of the models with the input H2. Additionally, when comparing Models
No. 8, 9 and 10, the prediction accuracy is very close, while Model No. 10 has the fastest
calculation speed. Therefore, T3 is chosen as the date-type encoding form. The calculation
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speed of Model No. 11 is the highest with 0.0130 s, but the accuracy is significantly lower
than the other models. When the model operates during working hours, the WMAPE and
CV values of Model No. 11 exceed 12%, while these two criteria of the other models are all
within 5%. Model No. 1 is the most accurate; however, its speed is nearly 14 times slower
than Model No. 11. Taking model accuracy and running speed into consideration, Model
No. 10 is most suitable for Building A. In summary, the electricity consumption prediction
model of the lighting-plug system in Building A is mainly influenced by two variables:
date type and hour.

Table 8. Test results for lighting-plug system in different schedule input patterns in Case B.

Input WMAPE (%) CV (%) _
Model No. . .. T (s)
Combination WHC WHH NwW WHC WHH NW
1 D-M-T1-H1 0.82 0.74 8.15 2.90 1.07 12.41 0.0529
2 D-M-T1-H2 0.82 0.74 20.79 2.90 1.07 32.20 0.0970
3 D-M-T2-H1 0.82 0.75 7.93 2.90 1.09 11.99 0.0508
4 D-M-T2-H2 0.82 0.75 20.80 2.90 1.09 32.20 0.0809
5 D-M-T3-H1 0.83 0.75 7.88 291 1.08 11.95 0.0544
6 D-M-T3-H2 0.83 0.75 20.79 291 1.08 32.20 0.0893
7 M-T1-H1 222 1.58 11.83 6.97 5.55 18.46 0.0653
8 T1-H1 3.26 4.07 16.47 7.54 8.75 23.31 0.0127
9 T2-H1 3.17 4.05 16.53 8.88 7.51 23.50 0.0098
10 T3-H1 3.16 4.08 16.41 8.84 7.71 23.56 0.0101
11 H1 3.14 4.09 16.48 8.84 7.77 23.59 0.0084

The test results of Building B are displayed in Table 8. The evaluation criteria of the
model during the WHC and WHH periods of the two buildings are similar. Additionally,
during non-working hours, the model of Building A performs better than that of Building B.

Similar to Building A, the results of Model No. 1 to Model No. 6 indicate that
in working hours, the predictive accuracy is similar, while in non-working period, the
WMAPE and CV of the models with the input H1 are 12.64% and 17.79%, respectively,
which are less than those of the models with the input H2. The WMAPE and CV of Model
No. 8, Model No.9 and Model No.10 are close. Compared to the above three models,
the performance of Model No. 11 is also satisfactory, and the calculation speed is the
fastest. In working hours, the WMAPE values of all models are less than 5% and the
CV values of all models are less than 9%. Similar to the results of Building A, Model
No. 1 is the most accurate, but the calculation speed is more than six times slower than
that of model No. 11. Model No. 7 has no significant advantage in both accuracy and
calculation speed. Therefore, when comparing the test results of the 11 models, Model
No. 11 has the fastest calculation speed while ensuring predictive accuracy. That means
the electricity consumption prediction model of the lighting-plug system in Building B is
mainly influenced by hour.

3.3. Training Period Selection

Based on Section 3.2, Model No. 10 is selected for Building A and Model No. 11 is
selected for Building B. This section discusses which training period is best for the models
in both buildings. The test results of the models with different training periods are shown
in Figures 4 and 5. The horizontal axis of the picture refers to the training periods used in
the model, and the vertical axis represents the WMAPE and CV of the model with different
training periods.
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Figure 4. Case A test results with different training data sizes: (a) the range of WMPE varies during
the WHC; (b) the range of CV varies during the WHC; (c) the range of WMPE varies during the
WHH; (d) the range of CV varies during the WHH; (e) the range of WMPE varies during the NW;
and (f) the range of CV varies during the NW.
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Figure 5. Test results of Building B with different training periods: (a) the range of WMPE varies
during the WHC; (b) the range of CV varies during the WHC; (c) the range of WMPE various during
the WHH; (d) the range of CV various during the WHH; (e) the range of WMPE various during the
NW; and (f) the range of CV various during the NW.
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The prediction results for Building A displayed in Figure 4 show that training period
has an influence on the accuracy of the model, especially during the NW period. The results
shown in (a) and (b) indicate that the model prediction effect during the WHC period is
the worst when the 2-day data are used to train the model, and the prediction effects with
the other five training periods are close. Figure 4c—e illustrate that during the WHH and
NW periods, when the model uses the 1-week and 2-day data as the model training sets,
the estimation errors are greater than the errors using the other four training periods. The
prediction results of models during the WHC and WHH periods are better than those of
the NW period.

In the case of the 1-week training period, there is an outlier shown in the red circle. This
is caused by using the data during the National Day Holiday (1 October—7 October 2013) as
the training set. The input parameters used by Building A are date type and hour. Since the
days during this period are all non-working time, the data in working hours cannot be trained.
Thus, the model estimation errors are extremely large.

When the model uses the 2-das data as the training set, there are two outliers in
the WMAPE of the model during the NW period. This training set corresponds to the
combination of one day in the National Day Holiday and a shift day, which is on a weekend
but is shifted to a workday (12 October 2013, Saturday). Due to the existence of holidays
and shift days, the electricity consumption of normal workdays shows the features of
non-workdays, while the regularity of electricity consumption on normal weekends shows
the features of workdays, so the estimation errors of the model is relatively high.

Figure 4 shows that the model can achieve good prediction performance when the
training period is four months, two months, four weeks and two weeks. There is no
significant difference among these four different periods. Therefore, the 2-week data are
selected as the training period for Building A.

Figure 5 shows the estimation errors for Building B. Figure 5a,b show that for WHC,
the prediction accuracy of the model trained with the 2-week data is better than the other
models. For WHH, as shown in Figure 5c,d, the model with the 2-week training period
does not performs well. Figure 5e,f show that the model has the worst prediction accuracy
during the NW period, especially when it is trained with the 2-day data. The input variable
of Model No. 11 used by Building B is only hour, so other input patterns do not have
significant impacts on model accuracy. Since Building B is a shopping mall that is open all
year, the building’s electricity consumption does not show significant differences among
different date types. Therefore, when the National Day Holiday data are used as the
training set, the accuracy of the model in Building B does not decrease significantly. To sum
up, the 2-week data are selected as the model training set.

3.4. Electricity Consumption Disaggregation Results of Lighting-Plug System

Based on the results of Sections 3.2 and 3.3, “T3-H1” is selected as the input combina-
tion and the 2-week data are used as the training set for the model in Case A. In Case B,
“H1” is selected as the input variable and the 2-week data are used as the training set. In
order to verify the accuracy of the model established in this study, the data sets with the
best performance and the worst performance are selected to predict the hourly electricity
consumption of the lighting-plug system separately. In Case A, the training set with the
best performance is from 1 November to 14 November 2013, and the training set with
the worst performance is from 15 April to 28 April 2013. In Case B, the training set with
the best performance is from 18 May to 31 May 2021, and the training set with the worst
performance is from 6 April to 19 April 2021.

Table 9 shows the model performance of Building A and Building B. For Case A,
the WMAPE values of the best performance model during the WHC, WHH and NW are
2.50%, 4.42% and 6.59%, and the CV values are 3.35%, 5.75 % and 9.11%, respectively. The
WMAPE values of the worst performance model during the WHC, WHH and NW are
2.94%, 5.62% and 7.15%, and the CV values are 3.82%, 6.87% and 9.75%, respectively. For
Case B, the best WMAPE values during the WHC, WHH and NW are 2.57%, 4.81% and
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16.00%, and the best CV values are 8.59%, 8.23% and 24.13%, respectively, while the worst

WMAPE values are 5.55%, 4.89% and 21.09%, and the worst CV values are 8.27%, 8.54%
and 27.23%, respectively.

Table 9. The input parameters, training periods and disaggregation estimation errors of the model in
Case A and Case B.

Input .. . WMAPE (%) CV (%)
Case p Training Data Size and Performance
Pattern WHC WHH NwW WHC WHH NwW
2 weeks (best)
A T3-H1 (1 November-14 November 2013) 2:50 442 6.59 3.35 5.75 9.11
2 weeks (worst)
(15 April-28 April 2013) 2.94 5.62 7.15 3.82 6.87 9.75
2 weeks (best)
B Hi (18 May-31 May 2021) 2.57 4.81 16.00 8.59 8.23 2413
2 weeks (worst)
(6 April-19 April 2021) 5.55 4.89 21.09 8.27 8.54 27.23

3.5. Electricity Consumption Calculation of HVAC Terminal Units

This section verifies the accuracy of the method proposed in this research to predict
the hourly electricity consumption of HVAC terminal units. The model disaggregation
results of the best training set for the two buildings are shown in Figure 6. Additionally,
Table 10 summarizes the WMAPE and CV values of the electricity consumption disaggre-
gation results of the HVAC terminal units in the two buildings. Figures 7 and 8 show the
probability cumulative curves of the relative error of all data points.
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(b)

Figure 6. Energy consumption disaggregation results of HVAC terminal units: (a) Building A with
the best training set, and (b) Building B with the best training set.
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Table 10. Electricity consumption disaggregation results of HVAC terminal units.

o WMAPE (%) CV (%)
Building Performance
WHC WHH NW WHC WHH NW
A Best 3.79 10.05 21.90 5.09 13.07 30.26
Worst 4.47 12.76 23.75 5.80 15.60 32.39
B Best 2.25 8.34 6.47 7.54 14.28 9.75
Worst 2.24 8.48 5.83 7.50 14.35 11.01
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Figure 7. Building A: the probability cumulative curve of the samples at different relative error levels.
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Figure 8. Building B: the probability cumulative curve of the samples at different relative error levels.

(a) Cooling season. (b) Heating season.

In Figure 6, the red dots are actual electricity consumption of the HVAC terminal units
during working hours in the two buildings, while the black crosses indicate the electricity
consumption during working hours predicted by the CART model established in this study.
It can be seen that the predicted values change consistently with the actual values.

For Building A, the minimum WMAPE values during the WHC, WHH and NW are
3.79%, 10.05% and 21.90%, and the minimum CV values are 5.09%, 13.07% and 30.26%,
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respectively, while the maximum WMAPE values during the WHC, WHH and NW are 4.47%,
12.76% and 23.75%, and the maximum CV values are 5.80%, 15.60% and 32.39%, respectively.
The probability cumulative curve of the samples at different relative error levels is
shown in Figure 7. There are 1274 testing samples for the cooling season and 1227 testing
samples for the heating season. During the WHC, the cumulative percentage of samples
with a relative error lower than 15% is 93.7% when using the best training set, while it is
91.7% when using the worst training set. During the WHH, for the best data set, 75.6% of
the samples’ relative errors are less than 15% and more than 91.8% of the samples’ relative
errors are less than 30%. For the worst data set, 63.9% of the samples’ relative errors are
less than 15% and 93.9% of the samples’ relative errors are less than 30%. Considering
Table 10 and Figure 7 comprehensively, the following conclusions can be drawn for Case
A: (Al) models with the best and the worst training sets have little difference; (A2) the
disaggregation accuracy for the cooling season is better than the heating season; and
(A3) the predication accuracy for working hours is much better than non-working hours.
Similarly, for Building B, the minimum WMAPE values during the WHC, WHH and
NW are 2.25%, 8.34% and 6.47%, and the minimum CV values are 7.54%, 14.28% and 9.75%,
respectively. The maximum WMAPE values during the WHC, WHH and NW are 2.24%,
8.48% and 5.83%, and the maximum CV values are 7.50%, 14.35% and 11.01%, respectively.
The number of testing samples for Case B is 1586 in the cooling season and 1573 in
the heating season. For the model with the best training set, the proportion of the samples
with relative errors less than 15% is 99.1% (during WHC) and 83.8% (during WHH). For
the model with the worst training set, this proportion is 99.1% (during WHC) and 83.4%
(during WHH), respectively. The conclusions for Case B are as follows: (B1) during the
WHC and WHH, the disaggregation resluts of these two models are similar; (B2) the
model accuracy in the cooling season is better than that in the heating season; and (B3) the
disaggregation accuracy of WHC and non-working hours are better than WHH.

4. Discussion

Based on the results of the two case studies, the application effects of the proposed
disaggregation method are further discussed in this section.

The time schedule input pattern of Building A is optimized as “T3-H1” and that
for Building B is “H1”. This means that the model of Building A uses "Date Type" and
"Hour" as the input variables, and the model of Building B only uses "Hour". Building A is
a complex commercial building with both office and shopping areas, while Building B is
purely a shopping mall. Thus, for buildings with office area, "Date Type" should be taken
into consideration because the occupancy pattern on weekdays, weekends and holidays
are quite different. Lighting system is usually off on weekends and holidays. However, for
shopping malls, lighting systems follow the same pattern. Only "Hour" is used as the input.

By comparing the changes in model prediction accuracy under different training sets,
it is determined that the amount of training data required for the two buildings are same.
A 2-week data set can be used to train the models.

Based on the conclusions (A2) and (B2) drawn in Section 3.5, the disaggregation
accuracy in the cooling season is better than in the heating season. During the WHC, the
disaggregation accuracy of the model in two buildings are similar, while during the WHH,
the disaggregation accuracy of the model in Building B is higher than that in Building A.
The on-site survey results show that some other types of heating facilities (such as electric
heaters) are occasionally used during the heating season in Building A, which affects the
energy consumption regularity of the lighting-plug system to some extent. For example,
some staff use electric heaters in the office when it is too cold in winter. This phenomenon
incidentally affects the accuracy of the hourly electricity use calculation of the lighting-plug
system and HVAC terminal units. Therefore, the disaggregation accuracy in the cooling
season is better than in the heating season.

Based on the conclusions (A3) drawn in Section 3.5, the result for working hours is
much better than that for non-working hours. One reason is that the electricity consumption
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of HVAC terminal units is very small during non-working hours. A little difference
could cause large WMAPE and CV errors. Another reason is that during working hours,
occupants have formed a certain behavior pattern and the lighting systems are generally
turned on. However, during non-working hours, occupant behaviors are quite random.
For example, sometimes some people would work overtime. It is difficult to accurately
predict the electricity consumption of the HVAC terminal units caused by these random
occupant behaviors. Compared to the electricity consumption of the HVAC terminal units
during working hours, the consumption during non-working hours only accounts for
a little part of the operating electricity consumption of the HVAC terminal units. Thus, the
disaggregation results in working hours are more importance in practice.

Generally, the HVAC system keeps off during non-working hours. However, the
hourly electricity consumption of the HVAC terminal units in non-working hours is still
considered in this research. Our purpose is to monitor the operating schedule of the HVAC
terminals using the calculated energy data. For example, if energy use appears during
non-working time, it indicates that some HVAC terminal units may not be closed.

5. Conclusions

In order to solve the mismatch problem of sub-metering systems in public buildings,
this research proposes a disaggregation method based on a CART algorithm. This method
performs well in two buildings in Shanghai.

The main conclusions of this study are as follows: (1) Considering the prediction
accuracy and running time of the model, T3-H1 is selected as the input parameter for the
office-shopping mall complex building (Building A), and H1 is selected for the shopping
mall (Building B). (2) The impact of date type on electricity consumption of office buildings
is more significant than shopping malls. (3) The 2-week data set can meet the model
accuracy requirements. (4) For the hourly electricity consumption disaggregation result of
the HVAC terminal units in Building A, the minimum WMAPE values of WHC and WHH
are 3.79% and 10.05%, and the minimum CV values are 5.09% and 13.07%, respectively. For
Building B, the minimum WMAPE values of WHC and WHH are 2.25% and 8.34%, and
the minimum CV values are 7.54% and 14.28%, respectively.

The advantages of this proposed method are the following: (1) It is simple and
convenient to applied. The input variables in the model just need time features, which
are all very easy to obtain and sufficient to support the model accuracy. According to the
case study results, two-week data are enough for training a model, so it is very convenient
in practical application. (2) This method is versatile. Although there are only two case
studies in this paper, this method can be used in other buildings to disaggregate seasonal
sub-metering data with non-seasonal sub-metering data.

The limitations of this proposed method are the following: (1) This method can only
disaggregate seasonal data from non-seasonal data. It cannot disaggregate the electricity
consumption of equipment or devices with the same operation patterns. (2) Other features,
such as weather and occupant behaviors, can be taken into consideration in future works.
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Abbreviations

HVAC Heating, Ventilation and Air Conditioning

VAV Variable Air Volume System

CART Classification and Regression Tree
NILM Non-intrusive Load Monitoring
EDA End-use Disaggregation Algorithm
ANN Artificial Neural Network

Gini Gini Impurity

Ccv Coefficient of Variability

WMAPE  Weighted Mean Absolute Percentage Error
WHC Working Hours in Cooling Season
WHH Working Hours in Heating Season

NW Non-working Hours

EL_cal Calculated lighting-plug electricity consumption in the air conditioning season (kWh)
Enix Mixed electricity consumption of the lighting plug and HVAC terminal units (kWh)
Eter Electricity consumption of terminal units in the air conditioning system (kWh)

E Electricity consumption (kWh)

P; Instantaneous power (kW)

T Count cycle of instantaneous power (min).

D Days in one year

M Months from January to December

T Date types

H Equipment use time

Emi Metered electricity consumption of the i data point (kWh)

Epi Predicted electricity consumption of the ith data point (kWh)

N Total point number of the dataset

T Multiple-computing-mean time (s)
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