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ARTICLE INFO ABSTRACT

Keywords: Fixed loss energy of escalators denotes the energy consumption of an unloaded escalator. Fixed loss energy
Fixed loss energy fluctuates over time indicating varying operation conditions. We propose an algorithm (named the Optimization
Escalators

approach) to compute daily fixed loss energy based on energy consumption sensor data and validate our
algorithm by comparing it to two benchmark methods (named the Classical and Engineering approaches) using
a set of experimental data. Our evaluation includes a discussion of the advantages and disadvantages of each
approach, ultimately recommending our method due to its nearly 20 times smaller bias. Our optimization
approach shows significant improvement (p-value =0.022): error declines from 2.87 for the classical approach
to -0.11 for our approach. To further highlight the practical application within Prognostic Health Management
(PHM), we design an Exponential Weighted Moving Average (EWMA) chart for monitoring the fixed loss over
time and illustrate the potential of this approach in reducing energy usage and costs associated with escalator
operation. We estimate that 5 Wh of energy every minute can be saved, which roughly equals 10% of the
fixed loss energy of the escalator in our example. This study enables us to support health status assessment of
escalators, and provides valuable insights into maintenance effectiveness, as well as identifying excessive energy
consumption.

Energy consumption
Statistical Process Control (SPC)
Prognostic Health Management (PHM)

1. Introduction with transporting passengers. Focusing on fixed loss energy will enable
monitoring the health status of an escalator as fixed loss energy fluctu-

Escalators are widely used in urban transportation systems, particu- ates over time and reflects the escalators operating conditions. Studying

larly within metro stations, where they provide passenger transporta-
tion. The working conditions of these complex engineering systems
should be well-monitored to avoid accidents. A lot of research has been
conducted on the safety regulations of escalators [1][2] as well as using
data to study escalator safety [3]. Another reason for monitoring esca-
lators is to detect changes in their health status as well to ensure energy
efficiency. Monitoring energy consumption directly is a challenge as this
is strongly influenced by passenger load. Al-Sharif [4] showed that the
escalator’s energy consumption can be divided into two components:
variable and fixed loss. Fixed loss energy refers to the energy consumed
when the escalator is unloaded, while variable loss energy is associated
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and monitoring daily fixed loss therefore offers opportunity for improv-
ing energy efficiency.

Nevertheless, studies examining (varying) escalator energy con-
sumption are limited within the existing literature. This scarcity can
likely be attributed to the unavailability of direct and accurate measure-
ments of escalator energy use, a challenge exacerbated by the absence
of connected energy meters on most escalators, as noted by Uimonen et
al., [5]. De Almeida [6] further emphasized that the primary challenge
in enhancing energy efficiency for escalators lies in the absence of ade-
quate energy consumption monitoring. In our project, we are uniquely
positioned to overcome this limitation as we possess direct, minute-by-
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Nomenclature

Prognostic Health Management

t A working day
Minutes of a working day, i € (0, 1440)
Total working minutes on day ¢

F, Fixed loss value for day ¢

F Actual fixed loss value for day ¢

Vi Variable loss value at minute i on day ¢

E,; Energy consumption value at minute i on day ¢

E, Set of energy consumption values {E, ;} on day ¢

6 Tolerance between real-time energy consumption value
and fixed loss value

St Set of minutes for which energy consumption value
E,; is close to but larger(smaller) than F, for upward
(downward) escalators on day ¢

ST Set of minutes for which energy consumption value

E,; is close to but smaller(larger) than F, for upward

(downward) escalators on day ¢

E"f ; p% smallest (largest) value in E, of day ¢

T Absolute mean error

EWMA  Exponential Weighted Moving Average

Z, EWMA statistics for day ¢

A EWMA smoothing constant

UCL Upper control limit

LCL Lower control limit

Onw 25%, median, and 75% quantiles for the past w fixed
loss values, n € {1,2,3}

Hu Mean for the past w days’ data

by Standard deviation for the past w days’ data

d, Unbiasing constant

ARL Average Run Length

k EWMA constant controlling the in-control ARL perfor-
mance

minute data on escalator energy consumption of 24 escalators all in
operation for 2 years. Our primary focus is on assessing an escalator’s
health status, particularly by computing and monitoring the daily fixed
loss energy component. The main challenge is to compute the daily
fixed loss in a robust and reliable way applicable for all escalators op-
erating in a large variety of settings and operating conditions.

The use of real-time data for health status analysis aligns with Prog-
nostics and Health Management (PHM) [7], a concept applied in vari-
ous fields, including aerospace engineering [8], mechanical engineering
[9]1, lithium-ion batteries [10], mechanical design [11], maintenance
policy [12][13], condition-based maintenance [14][15]; it also extends
to assessing escalator components’ vibration [16][17]1[18][19]. How-
ever, there is an absence of studies that specifically apply PHM tech-
niques to escalators with a focus on (fixed loss) energy usage.

The results presented in this paper are part of a larger project fo-
cused on PHM for escalators. The overall objective of the larger project
is to model the remaining useful life of escalators and assess an escala-
tor’s health status in real-time using sensor data [20]. For this purpose
various data are collected including vibration data and energy usage
data of a group of pilot escalators. Our primary focus in this paper is
to assess the escalators health status by computing and monitoring the
daily fixed loss energy component.

Presently, the existing literature predominantly focuses on total en-
ergy consumption when studying energy consumption and energy effi-
ciency of escalators. Researchers either measure the total energy con-
sumption over a single complete round-trip [6] or estimate total energy
using various factors, such as the number of passengers, the vertical
height, and the escalator angle [21][22]. On the contrary, our study
takes an unique approach by focusing on the fixed loss component of
real-time energy data. This allows us to develop a proxy for the health
status of escalators that remains independent of the escalator’s work-
load. This approach provides valuable insights into the effectiveness of
maintenance events, enabling us to differentiate between effective and
less-effective interventions. Furthermore, it enables real-time identifica-
tion of escalators that are consuming excessive energy.

Estimating fixed loss in escalators from energy consumption has
been the subject of several studies. Al-sharif [4] proposed to use the av-
erage of the last 30 minutes of each working day to represent the fixed
loss energy and analyzed its correlation between the passenger numbers
and escalator energy consumption. Another study by Al-sharif [23] con-
ducted manual passenger surveys over a 15-hour period and recorded
synchronized power consumption data, allowing them to establish a
connection between passenger numbers and power consumption to de-
termine fixed loss. Kuutti [24] collected data on pedestrian counts and
power consumption over a one-week period, comparing the power con-

sumption of escalators of different ages. However, the lack of energy
meters usage in practice poses a common challenge, making it diffi-
cult to obtain direct and accurate measurements of energy consumption
over a longer time period.

A drawback of existing fixed lost estimation methods is that they
have been developed for small datasets with only a few observations
gathered during controlled experimental set-ups. In contrast, our ap-
proach is designed for implementation across a diverse range of esca-
lators for a long period of time (currently for 1.5 years already). This
implies a need for robust and scalable algorithms. As energy patterns
vary from escalator-to-escalator and from day-to-day (see Figs. 10 to 13
for examples of outlying energy patterns) we focus on developing one
algorithm which is robust and gives a reliable estimate of the daily fixed
loss for all encountered possible energy patterns.

Therefore we propose a new algorithm to compute time-varying
fixed loss based on total energy consumption data collected minute-
by-minute. Our algorithm draws on optimization techniques known for
their robustness and scalability. To validate its accuracy, we conducted
an experimental study wherein several escalators are operated without
passengers for one hour to obtain precise fixed loss values. These val-
ues were then compared to those obtained using our approach and two
existing benchmark methods. Our approach demonstrates broad appli-
cability across various energy consumption patterns and exhibits ex-
ceptional accuracy. In addition, we also illustrate how the time-varying
fixed loss values can be employed for PHM. We introduce a monitor-
ing methodology to detect changes in fixed loss, facilitating informed
maintenance decisions. This approach translates to reduced energy con-
sumption, minimized energy wastage, and substantial energy savings
throughout an escalator’s operational lifespan.

We illustrate the research process of this study in Fig. 1. The top part
of the figure shows the design stage of our algorithm where we use daily
energy data as well as experimental data. The three methods (our pro-
posal method and two benchmarks) are computed and compared. The
overall result is that the proposed optimization methods show the most
accurate and reliable results. The bottom part of the figure shows the
online implementation of our fixed loss algorithm for PHM purposes.

Summarizing the contribution of this work is that

+ We propose a novel algorithm to model time varying fixed loss
* And we perform experiments to fine-tune and validate the algo-
rithm

This proposed algorithm not only holds the potential to be applied
in Prognostics and Health Management (PHM) for escalators but also
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Fig. 2. Schematic diagrams of an escalator. (For interpretation of the colours in the figure(s), the reader is referred to the web version of this article.)

serves as a tool to enhance the energy efficiency of these transportation
systems.

The rest of the paper is organized as follows. Section 2 presents
the escalator system and the data. In Section 3, we introduce our pro-
posed algorithm as well as two existing benchmark methods for esti-
mating time-varying fixed loss. Section 4 discusses parameter tuning
and comparisons among fine-tuned models. Section 5 illustrates using
time-varying fixed loss for PHM by setting up a monitoring methodol-
ogy and implementing it on a test escalator. Some concluding remarks
are given in Section 6.

2. Energy data description

The energy data is collected using an energy meter attached to the
motor of the escalator. The schematic diagram of an escalator’s op-
erational process is presented in Fig. 2. It illustrates the positions of
major components, namely the gearbox, motor, tension carriage bear-
ings, and main drive shaft bearings. Engineers from MTR Corporation
Ltd. (MTR) identified these four critical elements among these compo-

nents, noting that the others are easier to replace. Specifically, the main
drive and tension carriage bearings are positioned far from the engine,
making them low-frequency components. In contrast, the gearbox and
motor, which directly transmit the escalator’s power from the engine,
are high-frequency components. Additionally, the process of collecting
energy data from the motor is emphasized by highlighting it within a
red rectangle in Fig. 2.

Using energy meters, we collected energy consumption data from
24 escalators installed indoors in several public underground stations
in Hong Kong. The indoor installation ensures the operation conditions
of all escalators are similar and barely affected by the climate, weather
or other factors. Information on these 24 escalators is detailed in Ta-
ble 1. Note that the daily operating time of an escalator is estimated
by averaging the everyday operating hours. For our purpose, we omit
escalators that are bi-directional (#16, #17 and #19) or in operation
for less than 2 hours per day (#10). Therefore, we studied 20 escala-
tors with ten upward-escalators and ten downward-running escalators
in our samples from November 2020 to May 2022. The total energy
consumption is recorded every minute, 24 hours per day (1440 records
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Table 1
Detailed information of the escalators.
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Escalator  Rise Direction Age Station Station Daily Escalator Escalator  Rise Direction Age Station Station Daily Escalator

D (m) (Year) Open Time Close Time Operating Time D (m) (Year) Open Time Close Time Operating Time
(hour) (hour)

0 16.72 Up 7 05:49 01:26 20.32 12 3.567 Up 18.7 05:51 01:13 19.48

1 16.72 Up 7 05:49 01:26 20.31 13 3.567 Down 18.7 05:51 01:13 19.52

2 5.5 Up 24.2 05:40 01:14 19.91 14 6.79 Up 18.7 05:38 01:17 19.56

3 5.5 Down 24.2 05:40 01:14 19.84 15 6.79 Down 18.7 05:38 01:17 19.35

4 8.926 Down 18.7 05:51 01:04 19.30 16 5.35  Bi-Dire 17.7 05:59 01:19 13.48

5 8.926 Down 18.7 05:51 01:04 12.79 17 5.35 Bi-Dire 17.7 05:59 01:19 13.43

6 5.6 Down 13.1 05:47 01:40 20.44 18 8.175 Up 18.7 05:42 01:13 19.70

7 5.6 Up 13.1 05:47 01:40 21.08 19 8.175 Bi-Dire 18.7 05:42 01:13 19.77

8 8.28 Down 18.7 05:45 01:10 14.40 20 6.02 Down 18.7 05:35 01:20 19.64

9 8.28 Down 18.7 05:45 01:10 19.50 21 6.02 Up 18.7 05:35 01:20 19.07

10 5.88 Down 18.7 05:54 01:23 1.90 22 7.635 Up 18.7 05:57 00:58 19.53

11 5.88 Up 18.7 05:54 01:23 18.96 23 7.635 Down 18.7 05:57 00:58 19.45

400 ~
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Fig. 3. Total Energy consumption for upward escalator in one working day.

per day). Most escalators start service at 5:30 am and turn off around
1 am. Therefore, we define every 4 am to the following 4 am as one
working day.

We define the day ¢, the minute i of the day, yielding total energy
consumption E,; at every minute of every day measured in Watt-hour.
We denote the fixed loss energy of day ¢ by F,. The daily energy con-
sumption of day ¢ is a set E, = {E,,,-}, where i = 1,2, ..., n. The escalator
turns on at i = 1 and turns off at i = n, hence n < 1440.

Energy consumption consists of fixed-loss and variable loss energy,
which is influenced by the direction of escalators [4]. Variable loss en-
ergy is the changing energy consumption used by or regenerated from
transporting passengers. Fixed loss energy denotes the unloaded escala-
tor energy consumption, which is used to overcome the friction between
steps, escalator belt, motor and gearbox [25]. Vertical rise and me-
chanical design are important factors influencing the fixed loss. For the
upward escalator, the total energy is the sum of fixed loss E,; and vari-
able energy consumption V, ;, which is E,; = F, + V, ;. Conversely, fixed
loss minus variable loss is considered total energy consumption for the
downward escalator due to gravity, written as E,; = F, — V;,. Figs. 3
and 4 show examples of E, for selected for upward (Fig. 3) and down-
ward (Fig. 4) running escalators. Every data point represents the total
energy consumption at that minute. As shown in the dotted line blocks
in Figs. 3b and 4b, it is evident that there are several waves of passen-
gers mostly, around rush hours and noon. In contrast, in Figs. 3a and
4a, the passenger usage pattern is scattered.

Close inspection of Fig. 4 shows that at the start of the operation,
the escalator is using higher levels of energy for operation (showed
in red block) which then gradually drop to the fixed loss energy level
after about 30 to 60 minutes. This phenomenon is quite well-known and
is caused by the thermal processes in the handrail, gearbox etc. [26].
This effect can be observed in all escalators when they start up, though
the size of the effect varies which makes it less obvious to be spotted,

for example, in Fig. 3. This phenomenon implies that the fixed loss
algorithm should either ignore this first hour of operation or smartly
deal with this increased energy level. Otherwise, the estimated fixed
loss energy could be biased.

3. Methodology
3.1. Proposed method: optimization approach

The objective is to identify an energy value that has the maximum
proximity to a significant number of data points while simultaneously
being as small (or large) as possible when compared to all other data
points. In other words, finding the fixed loss can be formulated as an
optimization problem.

For the upward escalator (e.g., Fig. 3), define the set S} as those
minutes i that energy consumption E, ; is close to but larger than F;.
Similarly, define the set S, as those minutes i that energy consumption
E,; is close to but smaller than F;; for some pre-specified fixed loss
energy F, and threshold é:

Str={i st. 0<E,;—F <6}
€Y

ST ={i st. 0<F,—E,;<35)

Conversely, for the downward escalator, define the set S:’ as those min-
utes i that energy consumption E,; is close to but smaller than F;.
Similarly, define the set S, as those minutes i that energy consump-

tion E, ; is larger than F;; for some pre-specified fixed loss energy F;.
Str={i st. 0<F —E,;<§}

(2)
S;={i st. 0<E,;-F<é}
Now we wish to choose F, such that S} is a large set and S is a
relatively small set, i.e., the F; is a horizontal line that lies close to the
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Fig. 6. Selecting F, for downward escalator using Optimization Approach (Escalator #4).

bottom (top) of the energy profile for upward (downward) escalators.
Hence, the process of finding the optimal F, can be expressed as

maximize | S}|-| S|

3
subjectto F, >0
Figs. 5 and 6 show the process of locating the optimal fixed loss F, for
an upward (Figs. 5) and downward (Figs. 6) escalator. Figs. 5a and 6a
illustrate |S:r | and |S;"|. The values of the fixed loss are visualised in
Figs. 5b and 6b. It is shown that the estimated fixed loss F, fits the en-
ergy consumption profile nicely. The selection of the tuning parameter
6 and the validation of our method will be discussed in Section 4.2.

In the following subsection, we first introduce two existing alternative
approaches for computing F;.

3.2. Benchmark methods

3.2.1. Classical approach

The classical approach was originally proposed by Al-Sharif [4], and
also discussed in other studies [23] [24]. The approach estimates the
fixed loss by computing the average total energy consumption of the last
half hour of operating time. This approach is built on the assumption
that little to no passengers use the escalators in the last 30 minutes of
operating time. The fixed loss energy can be computed as
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3.2.2. Engineering approach

From an engineering perspective, fixed loss energy presents the va-
cant status of a running escalator. And it equals, the minimum value
of total energy consumption for an upward escalator or the maximum
value for the downward escalator. In this approach, we use this easy
heuristic. This method is not directly taken from any papers but rather
it is based on what was used in practice.

The first operating hour is deleted to avoid inaccurate and biased
energy consumption due to the thermal process. Therefore, the daily
energy consumption set becomes E, = {Et,i} where i =61,...,n. We
select, for upward escalators, the p% smallest values in E,, i.e., E£ ;- For
downward escalators, we select the p% largest value in E,, i.e., Et’i i

Then, the fixed loss energy can be calculated as the median of {Ef i)
F, = Median { £, } )

In other words, non-consecutive p% of processed data E, ; will be taken,
as we expect escalators are vacant at varying time points during the
day. We take the median to stay away from dominated outliers, and to
smooth some of the noises. The selection of tuning parameters p will be
discussed in Section 4.2.

To compare the three approaches we visualize them in Fig. 7. We
highlighted the data points used in each algorithm in red. For the Op-
timization approach, we labeled two blue lines representing one of the
dynamic threshold bars. This bar moves along the y-axis to find the po-
sition where the difference in the number of data points between its
upper and lower boundaries is maximized.

4. Comparison analysis

In this section, the performance of the three methods is compared us-
ing an experiment. The experimental data are introduced in Section 4.1.
The selection of tuning parameters (6 for the optimization approach and
p for the engineering approach) is discussed in Section 4.2. Then, in Sec-
tion 4.3, tuned models are applied to the experimental data to obtain
fixed loss estimates and compare the accuracy of the three approaches.
In the final subsection, the comparison results are discussed.

4.1. Experiment data

In Hong Kong, it is challenging to obtain fixed loss energy in daily
operations, as there are always passengers using the escalator. To ob-
tain an accurate label for validation of fixed loss energy estimation, we
conducted an experiment.

In this experiment, we organised for an engineer to go to a station
and escalator outside the station service time and turn on the escala-
tor for an hour. During the experiment, the escalators were turned on.
Since it was outside station operating hours, there were no passengers
using them. We conducted this experiment on 8 escalators. Running
the escalators outside station operating hours ensures that the recorded
energy consumption values represent fixed loss energy, i.e., energy con-
sumed by the escalator running without passengers. Fig. 8 provides a
visual representation of two of the experiments, which were conducted
between 1:30 am to 3:00 am.

During the analysis of the experimental data, it was observed that
the energy consumption was unstable at the beginning due to the ther-
mal process. These energy readings are higher than the actual fixed
loss. To get an accurate label of fixed loss, we need to determine when
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Table 2

Estimated fixed loss from different approaches compared with experimental data value, along with corresponding
error 7 and standard deviation s (*represents upward escalators).

ID Experiment  Classical Approach Engineering Approach (5%) Optimization Approach (0.3)
Fixed Loss Fixed Loss Error 7 ™% Fixed Loss Error v ™% Fixed Loss Error v ™%

#12  51.54* 51.1 -0.44 0.9% 50.3 -1.24 -2.4%  50.5 -1.04 -2.0%
#12 51.12 * 49.27 -1.85 -3.6% 49.4 -1.72 -3.4% 49.6 -1.52 -3.0%
#20  68.82 62.85 -5.97 -8.7%  66.2 -2.62 -3.8%  69.3 0.48 0.7%
#20  67.06 60.75 -6.31 -9.4%  65.2 -1.86 -2.8% 68 0.94 1.4%
#20 67.54 62.33 -5.21 -7.7% 64.9 -2.64 -3.9% 68.1 0.56 0.8%
#20  70.24 63.61 -6.63 9.4%  67.75 -2.49 -3.5% 711 0.86 1.2%
#20  69.86 63.19 -6.67 -9.5% 67 -2.86 -41%  70.9 1.04 1.5%
#1 99.48 * 98.95 -0.53 -0.5% 98.7 -0.78 -0.8% 929 -0.48 -0.5%
#2 97.52 * 97.88 0.36 0.4% 95.4 -2.12 -2.2% 959 -1.62 -1.7%
#3 39.74 * 40.76 1.02 2.6% 38.8 -0.94 -2.4% 387 -1.04 -2.6%
#4 35.63 36.27 0.63 1.8% 36.2 0.56 1.6% 36.2 0.56 1.6%

7=2.87 7=1.70 7=-0.115

s=3.25 5s=0.98 s=0.99

RMSE=4.336 RMSE =1.962 RMSE =0.9967

MAPE=8.2% MAPE=7.8% MAPE=4.8%

the thermal process is finished and the fixed loss becomes stable. As
the actual readings fluctuate, the 5-minute moving average is applied
to smooth the data. Once the moving average converges, we deem the
energy consumption stable. Therefore, the converged moving average
energy consumption EE is considered the actual fixed loss of that day,
which we use as the label for the validation and tuning of our pro-
posed method. The resulting fixed loss values are then used to optimise
parameters, taking both the mean and standard deviation of the estima-
tion errors into consideration.

4.2. Fine-tuning

There are 11 experimental fixed losses (FtE ) considered as the
ground truth (reported in Table 2). They are used to tune parameters
6 and p, such that the fixed loss computed by the two approaches is as
close as possible to FIE with minimum mean and variability of estima-
tion errors across the 11 experiments.

The mean and standard deviation for the optimization approach es-
timation errors are presented in Fig. 9a. It is observed that the mean
error increased as the threshold 6 increased beyond 0.5. Conversely,
when § is smaller than 0.5, the mean error approached 0. Moreover,
the standard deviation and mean are larger for a threshold of 6 = 0.1
than for thresholds of 6 € (0.3,0.5). Therefore, a threshold of 0.3 was
chosen as the optimal threshold due to its small mean error and stan-
dard deviation.

Fig. 9b illustrates the changes in the mean and standard deviation
of the estimation errors as a function of p for the engineering approach.

It can be seen that there is a slight decrease in the mean error as the
value of p increases, and consistently yields an underestimated of about
1 to 2 Wh. In other words, the Engineering approach is slightly biased.
Meanwhile, the standard deviation increased slightly as the parameter
p increased. In addition, the value of p determines the number of data
points in the set Ef ;- In order to have a robust fixed loss estimate we
recommend that this set is not too small hence p should not be too
small either. Therefore, we recommend to set p = 5. Though this is not
the smallest variability observed in Fig. 9, it does ensure a large enough
dataset for a robust fixed loss estimate.

4.3. Theoretical comparison

Next, we assess and compare the accuracy of the three approaches
using the experimental and observation energy data. In Table 2, we
present the fixed loss value based on the experiment as well as the F;
computed with our 3 methods on experiment day during normal work-
ing hour. Table 2 also presents the corresponding absolute mean error,
error percentage, root mean square error (RMSE) and mean absolutely
percentage error (MAPE). The results show that the optimization ap-
proach produces the most precise estimate of the fixed loss energy value
with the lowest mean error (z = —0.11), whereas the classical approach
provides the worst estimation error (7 = 2.87). The RMSE which consid-
ers both bias and variance of the optimization approach is substantially
smaller than that of the other two methods.

Interestingly, the estimated fixed loss energy for upward escalators
is lower than the experimental value, while for downward escalators, it
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Fig. 11. Fixed loss for the three approaches for escalators with energy-saving status (Escalator: #7).

Table 3
Results of Kruskall-Wallis rank sum test.

Kruskall-Wallis rank sum test

Null Hypothesis Hy:71,=1,=13
Statistics 1*>=7.616

Degree of freedom  df=2

p-value 0.0222 (reject H)

Table 4
Results of Wilcoxon signed-rank test.

Wilcoxon signed-rank test

Compared approaches pvalue

Optimization vs. Classical
Optimization vs. Engineering

0.0047 (n=22)
0.0658 (n=22)

Classical vs. Engineering 0.8977 (n=22)

is higher than the actual value. In contrast, the engineering approach
systematically underestimates the fixed loss energy, indicating a bias
in this approach. To assess the statistical significance of these differ-
ences, we employed the Kruskal-Wallis rank sum test, which supports
the notion that the optimization approach differs significantly from the
other two approaches (p-value=0.0222). Furthermore, the Wilcoxon
signed-rank test indicates that the optimization approach outperforms
the classical approach (p-value=0.0047) and also the engineering ap-
proach (p-value=0.0658). However, there is insufficient evidence to
suggest a significant difference between the classical and engineering
approaches (p-value: 0.8977), for details the reader is referred to Ta-
ble 3 and 4.

These findings underscore the importance of selecting an appropri-
ate approach for estimating fixed loss energy values in escalators. The
optimization approach, despite its minor directional biases, emerges as
the most accurate method among the three examined.

4.4. Practical comparison

In addition to experimentally evaluating accuracy, we also study
the reliability and robustness of the three approaches by comparing the
performance in four scenarios based on specific use cases commonly
encountered in daily operation of escalators.

Firstly, we consider the scenario where passengers use the escalators
until they are closed. This is common in Hong Kong where escalators
and subway stations remain busy throughout their operating hours. Po-
tentially this is a challenge for this classical approach which assumes
the last 30 minutes are vacant or near-vacant. Fig. 10 shows a typi-
cal energy profile and the corresponding fixed loss based on the three
approaches. The selected profile is of an escalator with a busy last op-
erating hour. It is evident that the classical approach is less reliable
in accurately estimating the fixed loss, while the engineering and opti-
mization approaches are capable of handling this situation.

Nowadays, modern escalators often come equipped with energy-
saving functions that slow down or stop the escalator when no pas-
sengers are detected, resulting in lower energy consumption. A typical
energy profile is illustrated in Fig. 11. The engineering and optimiza-
tion approaches provide accurate estimates of the fixed loss under these
conditions. However, in this case the classical approach estimates the
fixed loss at the energy saving level as that was the escalator status in
the last operating hour in this example.

In some cases, escalators are manually turned off and restarted mul-
tiple times within a working day to conserve energy. However, due to
the thermal process characteristics of the system, restarting the escala-
tor uses more energy to warm up its components. A typical energy pro-
file is illustrated in Fig. 12. From the result, the classical approach could
not get the accurate value as the last operating hour is non-vacant. The
engineering approach is biased towards the thermal process, leading to
inaccurate estimates. The optimization approach provides a reasonable
estimate in this scenario.
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Fig. 12. Fixed loss for the three approaches for escalators with multiple starting-ups in one day (Escalator: #9).
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Fig. 13. Fixed loss for the three approaches for escalators with a maintenance event (Escalator: #1).

Table 5
Pros and Cons for the three approaches.
Methods  Classical Engineering Optimization
Pros « Easy to understand and calculate « Relatively easy to calculate « Not restricted to operating hour, or passenger number
« No data pre-processing required » Accurate in most daily normal operation « No data pre-processing needed
« Applicable to any specific operating condition
« Robust
Cons « Highly dependent on last 30 minutes being vacant « Dependent on operating time and location « Computationally slightly more intensive

« Heavily affected by specific operating conditions
(maintenance and saving status etc.)

« Heavily affected by specific operating condition
(maintenance event, multiple start-ups etc.)

« Data pre-processing is needed

Regular maintenance events are essential to ensure the proper func-
tioning of escalators. A typical energy consumption during maintenance
event, as a result of the escalator being turned on and off, is illus-
trated in Fig. 13. The estimated fixed loss by the classical approach
is influenced by the number of passengers, while the fixed loss with
the engineering approach is largely affected by the energy consumption
during maintenance time, as demonstrated in Fig. 13b. In contrast, the
optimization approach provides a reliable and reasonable estimate even
in the presence of maintenance events.

To summarize, the classical approach is straightforward and easy to
interpret but highly depends on the last operating hour being vacant,
making it less robust. While the engineering approach is useful in most
situations in normal daily usage, it yields biased estimates when main-
tenance or warming-up periods occur making it less applicable in daily
operation. The optimization approach provides superior accuracy and
is suitable for all situations without requiring extensive data process-
ing. Table 5 provides a summary of the strengths and weaknesses of
each approach. Overall, the comparison of the performance of different
methods shows that the optimization approach is the most accurate and
robust for estimating time-varying fixed loss.

5. Discussion and PHM application: abnormality monitoring

In this section, we discuss the concept of fixed loss energy as it re-
lates to escalator PHM. Specifically, we investigate the monitoring of
daily fixed loss energy for the detection of abnormal changes by using
an Exponential Weighted Moving Average (EWMA) control chart. The
monitoring process is illustrated for two escalators.

5.1. Methodology

Exponential weighted moving average (EWMA) control charts were
first proposed by Roberts [27] as a statistical process control method for
detecting small sustained shifts in the process mean using a weighted
average of all available historical data. EWMA stands as a widely rec-
ognized and frequently utilized tool in process monitoring, especially
when aiming to identify sustained shifts, as highlighted by Montgomery
[28]. In the context of our current study, we deploy the EWMA for the
specific purpose of detecting abnormal variations in the fixed loss en-
ergy, offering a valuable way to assess and reflect the health status of
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Fig. 14. EWMA control chart for upward and downward escalators.

escalators. EWMA'’s recursive property leads to exponentially decaying
weights. The EWMA statistics Z, for day ¢ is defined as:

Z,=AF,+(1-DZ,_,. (6)

The constant A represents the weight where 0 < A <1 and F, is the
fixed loss at day . To compute the Fixed Loss we use the optimization
approach and use a threshold of 5 = 0.3 as recommended in the previous
section.

The fixed loss fluctuates over time due to varying operating condi-
tion (refer to Fig. 14). We are interested in sustained (large) shift in

10

the mean. To accommodate for the gradual changes, we construct a dy-
namic EWMA by apply moving window based control limits and set the
window length to w = 30 days. This enables us to capture the gradual
changes while still detecting large shifts.

The chart signals when Z, > UCL or Z, < LCL. The time-varying
upper and lower EWMA control limits are obtained as:

UCL=;4W+ko'EWMA=/4w+k\/Zjloﬁj,

LCL = py = kopy pa =ty =k

)
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Where 4, and ¢, are the mean and standard deviation based on the
past w = 30 days (a moving window). In order to have robust estimator
we apply the sample trimean, as advised in Zwetsloot et al., [29]. It is
defined as

Ql,w + 2Q2,w + Q3,w
Hy = 7
where Q) , is the 25% quantile of the past w = 30 fixed loss, and Q, ,

is the median and Q3 ,, is the 75% quantile. For o2 we also use a robust
estimator, the Interquantile range:
2 Q3,w - Ql,w

o- =

w dlA,’

®

9

where d,, =0.779 is the unbiasing constant.

The study conducted by Lucus and Saccucci [30] analyzed the prop-
erties of EWMA and presented recommendations for selecting appro-
priate values of A and k. Their study suggests 0.25 for A. Also, we set
k = 2.924 for the in-control Average Run Length (ARL) to be approxi-
mately 400.

5.2. Numerical example

In this section, we monitor the fixed loss of two escalators using the
EWMA chart as introduced in Section 5.1. We calculated the fixed loss
energy for a period of 400 days using the optimization approach. An
EWMA control chart was generated based on the last 30 days of data
for each day. Fig. 14 shows both fixed loss over time (upper panel)
and the corresponding control chart (lower panel). The majority of the
resulting statistics falls within the control limit, indicating that fixed
loss energy consumption was regular during this time period. We anno-
tated all data points that fall out of the control limits with grey lines.
Fig. 14a illustrates fluctuations in the fixed loss, and the monitoring
process successfully detected two sudden changes. In Fig. 14b, the fixed
loss remained relatively stable, with minor fluctuations around an av-
erage value of approximately 45 Wh. Nevertheless, significant changes
were observed early August 2021, indicating a departure from the usual
pattern. Recognizing this change and addressing these anomalies two
weeks later decreased the fixed loss energy from 50 back to 45, hence
saving 5 Wh of energy every minute that the escalator operates, which
roughly equals 10% of the fixed loss energy for this escalator. Proac-
tively detecting and rectifying abnormalities contributes to substantial
energy savings and associated cost savings.

Furthermore, we incorporated maintenance records provided by the
escalator operator into the analysis, marking them in red on the orig-
inal fixed loss energy graph. It is worth noting that there was a drop
in fixed loss energy after some maintenance events. This is evident in
the first abnormal data point in Fig. 14a and the second grey line in
Fig. 14b. This observation emphasizes the impact of maintenance activ-
ities on the energy consumption. It indicates that maintenance can lead
to improved energy efficiency and highlights the importance of consid-
ering maintenance practices in optimizing of escalator performance and
energy saving.

6. Conclusion remarks

The ability to collect and store data has significantly improved,
thus allowing for condition based monitoring. PHM is becoming in-
creasingly important, as it allows for more proactive and cost-effective
maintenance. The energy consumption of an escalator is related to its
mechanical design and health status, making it a suitable application
for PHM processes.

In this study, we analyzed the energy consumption of escalators us-
ing a large dataset collected over a 20-month period. We introduced
a novel approach, the optimization approach by finding the small-
est (largest) value that has the most data points close to it within
a threshold, for accurately estimating the fixed loss energy of escala-
tors on a daily basis. Fixed loss energy is also calculated by two other

11

Energy & Buildings 314 (2024) 114239

approaches (benchmarks): the classical approach (average energy con-
sumption in the last operating hour) and the engineering approach
(median of the 5% lowest (highest) processed energy consumption). Ad-
ditionally, we conducted experiments to fine-tune algorithm parameters
and compare our approach with two benchmark approaches. The opti-
mization approach differs significantly from the other two approaches
(p-value =0.0222). It outperforms the other two approaches; the error
declining from 2.87 for the classical approach to -0.11 for optimiza-
tion approach. We evaluated the performance and robustness of the
approaches in various scenarios commonly occurring in daily operation
of escalators. The results demonstrate that the optimization approach is
highly accurate and robust, making it applicable to a wide range of sce-
narios. In contrast, the two benchmark approaches have limitations in
various common scenarios (working hour, maintenance event, energy
saving status). This performance evaluation is limited by the scenarios
we observed in our 20-month data period. We have not validated the
accuracy and robustness of our approach in scenarios not occurring in
these 20 months.

Prognostic Health Management (PHM) supports energy sustainabil-
ity efforts by optimizing energy usage and identifying opportunities for
energy-saving measures. Monitoring fixed loss energy obtained through
the optimization approach has the substantial potential to improve en-
ergy efficiency and reduce energy costs in escalator operation by 10%
(5 Wh every minute) as shown in our example. By effectively man-
aging and monitoring the fixed loss, improvements can be made to
the overall performance and energy consumption of escalators, reduce
maintenance-associated cost, and prevent unplanned downtime. This
study contributes to the development of efficient PHM processes specif-
ically tailored for escalators. In future studies, it would be beneficial to
explore optimal maintenance schedules in relationship to energy use,
which could enhance energy usage efficiency.

This study scope is escalators in Hong Kong that are uni-directional.
For bi-directional escalators, modified solutions need to be developed
that can take into account the fact that fixed loss depends on the di-
rection of the escalator. The energy consumption of a bi-directional es-
calator is contingent upon its direction of operation. Specifically, when
the escalator descends, less energy is required to operate it due to grav-
ity. Consequently, fixed loss energy for bi-directional escalators is not
constant within a day, fluctuating according to the direction of opera-
tion. Additionally, future studies should consider developing solutions
for escalators that are operational for only a few hours, as they predom-
inantly undergo thermal processes during the total operational times if
operational time per day is very short.
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