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Pno_load_handrail Power consumption of a handrail in no load condition

Pno_load_ref Reference power consumption in no load condition

Pno_load_spec Power consumption of a specific unit in no load condition

Pno_load_step/pallet Power consumption of a step/pallet system in no load condition

Pno_load No load power consumption

Pstep&chain Power demand of unloaded steps

PstepLoad Power necessary to overcome the increase in friction caused by
passenger mass

Ptotal Total power consumption

Pvariable Variable power consumption (or power necessary to pull passengers
on the incline)

R2 Coefficient of determination

S Score

t Time

tq Travel and queuing time

tDR Hour of a demand response event

ttrav Travel time

T D1 Time delay 1

T D2 Time delay 2

v Escalator speed

vnominal Nominal escalator speed

w
(j−1)
i,d

Weight received by neuron i from neuron d in layer j −1
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List of Abbreviations and Symbols

X Vector of input values

x Input value

x ′ Normalized input value

xd Input of the neuron or predictor d

Y Vector of output values

y Output value

z(j)i Linear function for node i in layer j
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1. Introduction

The electricity and power systems are experiencing a large-scale transformation
enforced by the actions that are taken to combat the climate change [1]. The
increase in the CO2 emissions has forced us to shift from the traditional way of
energy generation by burning fossil fuels. This has led to the active research
and development of methods to generate energy using renewable energy sources
(RES) [2, 3]. Improvements in various domains of renewable energy generation
[4] quickly established RES as a solid vector for future development in the
energy field [5]. However, a large-scale solution to reduce the CO2 emissions
has created additional challenges [6].

The increasing share of RES in energy generation [7, 8] paves way for new
challenges in energy balancing due to the intermittent nature of renewable
generation [9, 10]. Electricity generation and consumption must always be
maintained in balance [11]. If the electricity generation surpasses the demand,
the power system frequency rises. On the contrary, if the consumption exceeds
the demand, the frequency drops. Extreme recurring changes in the frequency
may lead to problems with electrical equipment or, in the worst case, with a
major blackout in the region [12]. As a result, the new requirements to power
systems expect it to be proportionally flexible in order not to compromise its
reliability [10].

Balancing of the electric loads takes place on the electricity markets where
the market operators plan the generation and the consumption and market
participants make bids in advance [13]. In the past, the role of balancing solely
lay upon the electricity generation entities, where it was exercised by increasing
or decreasing the generation. Presently, the progress has led to emergence of
demand response (DR) in power systems. DR is a bundle of measures taken on
the customer side to adjust or shift the consumption to improve the matching
with the generation [14]. Governments, for example in the EU, try to increase
participation in DR by providing adequate financial incentives [15]. With help
of DR, both the generation and the consumption units constitute the reserves,
which is the pool of flexible energy that can be procured by the transmission
system operator (TSO) when additional balancing is necessary [16].

One possible way for smaller consumers to take part in the energy markets is
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through an entity called an aggregator. Article 2(45) of the Energy Efficiency
Directive [17] defines an aggregator as a demand service provider that combines
multiple short-duration consumer loads for sale or auction in organised energy
markets. The entity would need to aggregate the electricity consumption sources,
their uncertainties and maximize the attainable monetary benefits [18]. For
allowing this to happen the energy consumption patterns of these sources must
be predictable. This can be performed through simulation-based or statistical
modelling.

Various appliances are studied on their potentials of applicability for DR.
Among the most utilized DR sources presently are ventilation and air condi-
tioning systems (HVAC) [19], electric vehicles (EVs) [20], and residential space
heating [21]. This thesis studies the escalators from the stand point of energy
efficiency and applicability to DR.

1.1 Background

An escalator is considered to be the most efficient way to transport large numbers
of passengers between floors [22]. The escalator is also sometimes regarded as
moving stairs [23]. In general, the major components are pallet steps, chain and
handrails that are propelled by the drive system with an electric motor. The truss
fits breaks and the chain and most of the mechanical components. Escalators can
be divided into fixed-speed and intermittent-operating. Fixed-speed escalators
move with constant speed regardless of the amount of passengers on board,
thus consuming extra energy all the time. Intermittent-operating escalators
can adjust their speed depending on the passenger traffic, significantly reducing
energy consumption.

The escalator is the most popular mean of transportation in commercial and
transportation buildings [24]. In shopping malls the escalator often serves as
the centre of attraction as it efficiently exposes the stores of the mall to the
passengers that are engaged on a journey. In transportation buildings, such as
metro stations and airports, the escalator is often the primary solution for pas-
senger masses delivery between floors [23]. Besides main areas of application,
escalators can be found in hospitals, schools, factories, sport arenas, office build-
ings and museums [24]. According to European Lift Association (ELA), there
were about 137 000 escalators in Europe in 2016 [25] and approximately 9000 in
the Nordics [26, 27], while around 5 000 are being installed every year in the EU
[28]. National Elevator Industry states that escalators carry approximately 105
billion passengers per year in the US alone [29]. Considering the demographic
trends, the expected number of escalators will be rising worldwide, as well as in
EU [30].

According to [31, 27], the energy consumption of vertical transportation sys-
tems, including escalators and lifts is estimated around 3-5% of the total elec-
tricity consumption. According to Almeida et al. [32], in the EU, all the escalator
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installations are divided 75 to 25 percent between the commercial and the trans-
portation sector. Simultaneously, the division of energy consumption between
the sectors is 25 to 75 percent. The estimated energy consumption of escalators
and moving walks is 900 GWh of electricity each year and the potential reduc-
tion by utilizing energy efficient technologies is around 255 GWh, which also
translates into a reduction in CO2 emissions of 100 000 ton per year in the EU
[30]. Thus, the untapped potential in escalator energy efficiency, described in
the literature, also hints at the potential of escalator applicability in DR.

1.2 Research question, scope and objectives of the thesis

The literature review presented in this thesis adequately covers the escalator
energy efficiency technology and its potentials. However, there is little research
on escalator DR potentials. Study [33] indicates that, in practice, escalators
participate in DR events in standalone buildings, where they are switched off
for the whole duration of the event. At the same time, study [34] showed that
switching off escalators for long periods of time to reduce energy consumption
induces substantial costs and proves to be not feasible. Switching off for short
periods of time during high traffic might not provide enough energy saving to
outweigh the costs, while the installed energy efficiency measures already switch
off escalators during low traffic. Therefore, the main research question of the
dissertation can be summarized the following way: "Can aggregated escalator
load be effectively utilized in DR?"

The scope of this thesis is on the potential of the escalator technology in DR and
energy efficiency. The aim is to study speed reduction of an aggregate of escalator
load for achieving additional flexibility in the frequency containment reserve
(FCR) markets. One of the largest reasons for focusing on the FCR markets
is that DR events there are of shorter in length, which helps to reduce the
costs of escalator DR. The thesis analyses compliance of the studied technology
with the technical requirements of the Nordic FCR markets. For successful
implementation of the aggregated load in the markets or in the virtual power
plant (VPP) the load should be predictable. Solution to this lies through power
and energy measurements and modelling.

The first set of objectives focuses on providing a simulation tool for high-
resolution power and energy consumption modelling. Escalator power and en-
ergy measurements, as well as measurements of passenger traffic lay foundation
for the developed models.

The second set of objectives focuses on modelling the escalator power curtail-
ment. It consists of creating a framework for predicting the possible power
reduction and induced cost for an aggregated group of escalators. Additionally, it
is required to select the appropriate amount of participating units to fulfil the set
target of power reduction. The approach should be robust in terms of calculation
speed and be able to incorporate future measurements for improvements in
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accuracy.

1.3 Contributions of the publications

The main results of the doctoral dissertation are published in six peer-reviewed
articles. Five of the articles are journal articles (Publications I, III, IV, V, VI)
and one conference paper (Publications II). The author of this dissertation
is responsible for the theoretical studies, development of methods, computer
simulations and numerical results in the publications. The co-authors provided
help in planning the research, developing some of the methods and revising the
publications. Each article contribution to the research question is presented in
Fig. 1.1.
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The main scientific contributions of the six publications included in the thesis
are summarized below:

• Publication I presents concurrent results of the power consumption and pas-
senger traffic measurements of the commercial intermittent-operating escala-
tor pair. Among the main contributions are the average power consumption
and passenger traffic curves for the escalator pair, which are utilized during
modelling. The article demonstrates the relation between passenger mass
and power consumption. Additionally, the results emphasize the effects of the
installed energy efficiency features.

• Publication II provides methodology for modelling the daily energy consump-
tion of intermittent-operating escalators. The methodology utilizes previous
measurements in the modelling process. The article compares the effect of en-
ergy efficiency features in intermittent-operating escalator to the performance
of the fixed-speed escalator and the composition of energy consumption for
various volumes of passenger traffic.

• Publication III introduces a high-resolution power consumption modelling
approach for intermittent-operating escalators based on power consumption
measurements. The article contributes to understanding how the passenger
traffic flow of different building types affects power and energy consumption
of intermittent-operating escalators.

• Publication IV proposes a method for predicting the annual electricity con-
sumption of escalators based on sample measurements of energy consump-
tion of several day types. The weekly recurring passenger traffic allows the
proposed methods to provide, on average, more reliable estimates of energy
consumption than the ISO standard [35] on escalator energy consumption
calculation.

• Publication V described possibilities and the potential of employing escala-
tors in DR. The study proposed using intermittent-operating escalators for
power reduction by means of reducing the speed of the escalator in frequency
containment reserve markets. The simulation model is updated with a queu-
ing model and a load dependent varying efficiency of asynchronous motors.
The modelling approach allows to simulate an aggregate of a large numbers
of escalators. The article studied the potential compliance of the proposed
power reduction method with the technical requirements of the Nordic reserve
market.

• Publication VI presents a framework for modelling of DR potential of a stock
of intermittent-operating escalators. The main novelty of the article are the
developed statistical methods: the random forest and the neural network re-
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gression models that allow to make frequent and rapid predictions of available
escalator power reduction and induced costs depending on the escalator stock
and hour of DR. The developed framework allows selecting the appropriate
best candidates from a large pool of escalators for the target of power reduction
aiming to reduce the costs. The proposed models utilize the previously devel-
oped methods of escalator power consumption modelling from publications
II, III and V as well as the previously proposed method of speed reduction
from Publication V to model the decrease in the power consumption of the
aggregated escalator load.

1.4 Structure of the thesis

The thesis is organized the following way. Chapter 2 presents the overview
of demand-side management and DR, energy markets and load aggregation.
Chapter 3 introduces the specifics of the escalator technology and its power
consumption. Chapter 4 specifies the modelling methods of power consumption
and DR. A summary of this work, concluding remarks and future work are
discussed in Chapters 5 and 6.

21



Introduction

22



2. Energy efficiency and demand
response

This chapter depicts background information about energy efficiency and DR.
Demand-side management and classification of DR programs are defined in
Section 2.1, energy markets and frequency containment are described in Section
2.2, load aggregation is outlined in Section 2.3.

2.1 Definitions

According to the classification of Palensky et. al [36], DR is a measure of Demand-
Side Management (DSM) categorized by timing and impact presented in Fig.
2.1.

Figure 2.1. Categories of DSM, where the coloured categories indicate methods applicable to the
studied appliance in this thesis. Adapted from [36].

DSM is a package of measures targeted at the improvement of the energy
system on the demand side. It ranges from improvements in energy efficiency
to sophisticated prediction, optimization and control algorithms to shift or tem-
porarily adjust the consumption in the system [36]. Fig. 2.1 divides DSM
into:
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• Energy Efficiency (EE)

• Time of Use (TOU)

• Demand Response (DR)

• Spinning Reserve (SR)

Energy efficiency (EE): EE measures imply permanent changes to the equip-
ment targeted at improved performance, reduction of energy consumption and
emissions. Example of such methods could be changing incandescent light bulbs
with light emitting diodes (LED), improvements to the efficiency of the HVAC
system by monitoring the temperature in the building or retrofitting fixed-speed
escalators with an energy saving drive.

Time of use (TOU): TOU tariffs are designed to have a variable pricing
schedule throughout the day. It is formed to encourage customers to shift the
consumption to times with lower price rather than being affected by high prices
during peak times in accordance with the price schedule. This category of DSM
is out of the scope of the thesis.

Demand response (DR): DR does not necessarily aim to exclusively reduce
the energy consumption, it can also be shifted between the slots in a time frame.
This process is sometimes called "peak shaving". The consequences of such a
process can be delimited to having a "rebound" effect and reducing the quality of
the process or a service that it provides [36]. Fig. 2.2 illustrates the differences
between DR rebound and energy efficiency.

Figure 2.2. Illustration of differences between EE and DR consequences. Adapted from [36].

An example of the rebound effect is shedding of a lift group in the building for
some time. The arriving passengers are queuing up in the lobby and after the
shed is released, the lift consumption might even form a new peak in the next
time slot. An example of reduction of the service quality as a consequence of
DR is dimming of the lights in the building. Of course, illuminance levels are
subjective for each individual, but dimming might cause discomfort.

Spinning reserve (SR): SR generally refers to an unused capacity of reserves
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that are activated exclusively at times of large imbalances. This category of
DSM is out of the scope of the thesis.

2.1.1 Demand response programs

DR programs can be classified in numerous ways. Fig. 2.1 differentiates between
Market DR and Emergency DR, or sometimes also called physical DR. Market
DR implies straightforward connection to energy markets where DR providers
agree to binding contracts with TSO and react accordingly to the incentives
or market signals in exchange for the provided compensations [36]. Energy
markets are further discussed in Section 2.2. Emergency DR takes place when
load shedding cannot be done exclusively by regulating prices, for example in
situations when vital parts of the grid are in a long-lasting maintenance or a
failure. DR programs serve as a tool for electric grid operators for balancing the
supply and demand.

One of the most popular classifications is the division by Han et. al [37], where
they subdivide DR programs by the motivation method into incentive-based
and price-based DR programs. Incentive-based programs are related to the
customers load reduction as a response to a critical event in the power system
while the aggregator can have direct access to customer loads. Price-based
programs imply that customers adjust their consumption patterns in response
to time-varying electricity prices. These programs can include a static price
schedule, such as time-of-use rates (TOU) and critical peak pricing or a varying
price schedule, such as real-time pricing (RTP) [36]. Price-based programs
intend to stimulate consumers to lower the electricity usage at times of high
demand or power systems reliability risks.

Besides the aforementioned motivation-based criteria, DR programs can be
classified by purpose to improve system reliability or to lower the cost, by trigger
factor to react to emergencies in the system or to the changes in the price, by
type of signal response to the load or to the price, and by control method to be
directly or passively controlled by the aggregator [38].

2.2 Energy markets

Developments in the DR and smart grid technologies are coupled with the
liberalization of electricity markets [39]. As a result, energy consumers may
participate directly in the whole-sale energy market and DR. This section shortly
describes energy markets of the Nordic power system.

2.2.1 Overview

Energy markets regulate and allow for different parties to participate in the
process of energy balance maintenance. Presently, demand-side management
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can participate in the market places that can be categorized and grouped into
electricity and reserve markets. These markets function on a wide timeline from
the day ahead to the time after the delivery. Fig. 2.3 depicts the timeline of the
energy balancing process in relation to the time of the electricity delivery.

Figure 2.3. Illustration of the timeline of the energy balance maintenance process in Nordic
energy markets. Adapted from [40].

The initial balance between the generation and the consumption is reached
through the operation of the electricity market, which can be subdivided into
day-ahead and intra-day markets [41]. Day-ahead market allows trading elec-
tricity generation and requires participants to forecast and submit the planned
generation the day before the time of delivery. If there are differences in the
forecast or there are other causes of imbalances, they can be regulated on the
intra-day market, where the offers are submitted till the hour before the delivery
[42].

The reserve market serves as a tool for the TSO to obtain additional resources
to deal with sudden disturbances or deviations from the equilibrium. The
system operator offers premium for the market participants who keep their
reserve source online. The participants must meet the technical requirements
and can offer their reserve capacity in the yearly and/or hourly markets [43].
Both of the markets have the same technical requirements and both trade in
frequency containment in normal operations and in disturbances (FCR-N, -D)
[44]. Frequency containment also includes restoration reserves which are used
to release the reserves. The manual frequency restoration reserves (mFRR) are
traded on the Balancing Power Market (BPM) [45, 46]. More information on
frequency containment is provided in Subsection 2.2.2.

The energy markets allow to plan and control the process of energy balancing
as well as cope with the unpredictable events and deviations from the equilib-
rium. Market participants plan their actions in advance and if there are any
alterations in the operation, the imbalance settlement serves as a mechanism
to manage the unplanned actions between the markets participants [47]. The
settlement bases on the imbalance of power and applies fines based on the
regulating prices.

2.2.2 Frequency containment

The frequency control process consists of frequency containment and restoration
[43]. Frequency Containment Reserve for Normal operation (FCR-N) is con-
stantly used for automatic control of the frequency in the grid [45]. Frequency
Containment Reserve for Disturbances (FCR-D) is used to provide stability to
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the power system in case of a large fault or disconnection of a large production
unit [44].

Automatic and manual Frequency Restoration Reserve (aFRR and mFRR)
returns the frequency to its nominal range of values and releases the activated
reserves back into normal use [46]. The TSO sends the signal to activate the
reserve which is calculated on the base of the frequency change in the area.

Minimum technical requirements must be achieved to participate in the re-
serves [44]. The requirements are provided in Table 2.1.

Table 2.1. Technical requirements for FCR market, adopted from [44].

Type Min. size Load type Activation time

FCR-N 0.1 MW Various loads In 3 min after frequency step change of ± 0.1 Hz

FCR-D 1 MW

Power plants 5s / 50%, 30s / 100% at frequency 49.50Hz

Relay-connected loads
Option 1: 5s / 50%, 30s / 100% at frequency 49.50Hz

Option 2: immediate disconnection when frequency

5s ≤ 49.7 Hz OR 3s ≤ 49.6 Hz OR 1s ≤ 49.5 Hz

aFRR 5 MW Various loads Full activation in 2 min

mFRR 10 MW Various loads 15 min for DSR, 12 h for power plants

The TSO purchases the reserves from the domestic hourly and yearly markets
as well as from other countries. Both hourly and yearly markets have the same
technical requirements for participation [45].

2.3 Load aggregation

While it might be easier for larger flexible loads to participate in DR, small loads
can also make a meaningful impact by participating in the DR programs with
help of aggregators. The aggregator is a third-party company that combines
and coordinates distributed loads with relatively small rated power to operate
as a single larger unit that suits the markets technical requirements [21]. The
aggregator contracts with the consumers, coordinates loads so that they fit the
market technical requirements and trades on their behalf in energy markets.
Overall, loads can be classified into several groups according to [48]:

Uncontrollable loads: Control of such loads provides too large inconve-
niences and discomfort to the customers and, thus, they are out of the scope
for DR programs. In the context of residential appliances these can include
entertainment devices, such as personal computers or television.

Curtailable loads: Loads which consumption can be reduced. Examples
include dimming of lights, reducing the escalator speed and switching off part of
the lifts from the lift group.

Uninterruptible loads: Controllable loads which cannot be interrupted, for
example a washing machine.

Interruptible loads: Loads which operation can be interrupted and shifted
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in time without much discomfort, for example electric vehicle charging.
Regulating loads: Loads that can be momentarily adjusted without discom-

fort, for example thermostatic loads.
This thesis focuses on the escalator energy consumption and DR capabilities.

The escalator can be classified as the curtailable load because of the possibility
to reduce the speed and, thus, the power consumption. In this thesis, the
aggregation of the escalator load mentioned in Publications V and VI implies that
the aggregator can combine the loads of the available escalators and presumably
send signals within a second of operation in the modelled time frame. Publication
VI describes the algorithm developed to select the necessary units which, in
aggregate, meet the pre-defined power curtailment target while minimizing the
cost of DR.
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3. Energy consumption of escalators

This chapter describes principles of escalator power consumption, energy effi-
cient technology, its effect on energy consumption and approach to DR.

3.1 Theoretical approach to escalator power consumption

The theoretical approach to escalator power consumption is presented in Publi-
cation I. The energy consumption consists of energy required for transporting
variable mass on the step band, energy used to move the mechanical system,
and energy required for ancillary equipment. The schematic representation of
energy consumption is presented in Fig. 3.1.

Figure 3.1. Schematic representation of power flow in an escalator.

Electrical energy taken from the grid for the mechanical system is transformed
into rotational energy with losses in the motor efficiency and efficiency of the
gear and transmission. Power demand of the mechanical system is described
in Eq. 3.1. Pmain is formed by Pvariable and Pmechanical, as proposed in studies
[49, 50].

Pmain = Pvariable+Pmechanical
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= (PcarryPeople+PstepLoad)variable+ (Pstep&chain+Phandrail)mechanical

= PcarryPeople+PstepLoad+Pstep&chain+Phandrail︸��������������������������������������︷︷��������������������������������������︸
friction

(3.1)

Pvariable is the power necessary to pull the passenger mass in the incline,
Pmechanical is the power to overcome friction in the mechanical parts. PcarryPeople,
which is the power necessary to carry passenger weight, and the increase in
friction caused by passenger mass, PstepLoad, are presented in Eq. 3.2 and 3.3.

PcarryPeople = FstepLoadincl · v · sinα (3.2)

where FstepLoadincl is the weight of passengers on the inclined steps, v is the
speed of the escalator and α is the angle of incline.

PstepLoad = FstepLoadhor · v · μ+FstepLoadincl · v · μ · cosα (3.3)

where FstepLoadhor is the weight of passengers on the horizontal steps and μ is
the coefficient of friction.

Mechanical power, Pmechanical, in Eq. 3.1 is the power required to overcome
friction in the mechanical parts: steps, chain and handrail. Power required to
overcome friction in the handrail is Phandrail. Power demand of unloaded steps is
presented in Eq. 3.4.

Pstep&chain

=
Nhor

Nhor+Nincl
·Fstep&chain · v · μ+

Nincl

Nhor+Nincl
·Fstep&chain · v · μ · cosα (3.4)

where Nhor is the number of visible horizontal steps at both landings, Nincl is the
number of steps visible on the incline and Fstep&chain is the combined weight of
the step and chain system.

Using the above equations, the instantaneous total mechanical power of the
escalator can be represented with Eq. 3.5:

Pmain

= (v · (μ · (FstepLoadhor+FstepLoadincl · cosα)+FstepLoadincl · sinα))variable

+ (Fstep&chain · v · μ · (
Nhor

Nhor+Nincl
+

Nincl

Nhor+Nincl
· cosα)+Phandrail)mechanical (3.5)

It follows that the variable power demand depends on the mass of the passengers
and subsequent friction. Mechanical power demand depends on the mass of the
escalator parts, their subsequent friction and friction of the handrail. Friction
is a large part of total power consumption, as shown in Eq. 3.1. Fig. 3.2 shows
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a thermal image of an escalator, where the steps and the handrail have higher
than average temperature due to friction.

Figure 3.2. Obtained thermal image of an escalator indicating friction in the heated parts.

All of the components of power demand are proportional to the speed of the
escalator, which means that reducing the speed of the escalator by 20%, for
instance, will subsequently reduce the friction and the power demand by ap-
proximately 20% [51, 49]. These principles are adopted as the foundation of the
proposed power consumption and DR modelling approaches.

3.2 Energy efficiency measures and demand response

Environmental concerns have caused an emergence of numerous energy saving
policy measures to actively propose and implement energy efficient solutions.
The potential reduction in the total electricity use of all EU escalators by in-
stalling energy efficient technology was reported to be around 28% [27].

3.2.1 Energy efficiency

Energy saving technologies make a significant impact in reduction of the escala-
tor energy consumption, the main technological options include:

• Variable Voltage Control (VVC), which uses a VVC controller to reduce the
energy consumption by adjusting the motor voltage and improving the motor
power factor at the times when fewer passengers are using the escalator, while
the speed is kept constant [52].

• Energy efficiency during low load conditions could be increased by using a
Star/Delta controller. During low traffic, usually less than 5 passengers, the
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motor is switched to star operation, where it is supplied with lower voltage,
which results in lower torque. The applicability is limited to escalators with
frequent traffic lower than approximately 5 passengers [53].

• Variable Voltage Variable Frequency drive (VVVF), similar to variable voltage
drive changes the voltage delivered to the motor, directly affecting the energy
consumption of the motor and additionally allows to change the frequency to
affect the escalator speed. VVVF drives are reported to increase the escalator
energy consumption by up to 15% when running at full speed, thus limiting
the use of the technology to situations without dense passenger traffics and
lower volumes [53].

• Power Feedback Unit (PFU) allows to recover and feed back to the grid the
power from the excessive load of the downwards-running escalator, which is
otherwise converted into heat. The regenerative drive is relatively expensive
to install, which results in a long pay back period, especially if there is not
enough passenger traffic in the downwards direction to stimulate constant
energy regeneration [53].

• The most popular solution for energy saving is the Variable Speed Drive (VSD).
VSD enables the escalator to change the speed and to stop, preventing unnec-
essary energy consumption when there are no passengers on the escalator
[30, 53, 27]. Operation of an escalator with a VSD is described in Section 4.2.2.

The E4 study mentioned that, at the time, there were only 30% of the in-
vestigated appliances equipped with a VSD [27]. Another study estimates the
potential energy savings per upgraded escalator with a VSD in the range of
10-40% [30]. Presently, most of the new appliances are installed as intermittent-
operating, while escalator manufacturers also provide the service of modernisa-
tion or retrofitting the old appliances with new technologies to increase reliability
and reduce energy consumption and as a result CO2 emissions and energy costs
for the building owners [54, 55].

Previously, one of the main reasons for not using the VSD was the safety.
According to [56], most of the minor injuries on escalators are caused by acci-
dental falls, which often occur as a result of sudden stopping or rapid change of
the speed of the escalator. Prior to 2010, the use of the intermittent-operating
escalators was prohibited in the US. In 2005, motivated by the potential savings,
a U.S. Representative proposed to allow escalators and moving walks to run
intermittently. The amount of energy consumed by the operation at the time was
approximately equivalent to powering 375 000 homes and cost of $260 million
per year [57]. Despite the concerns in the US, Europe and Asia have adopted the
before mentioned energy efficiency measures for over a decade. The update of the
"Safety Code for Elevators and Escalators" ASME A17.1 permitted the escalator
speed to be changed provided there are no passengers using the escalator [53].
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The E4 study lists among the main barriers for penetration of energy efficiency
measures the lack of awareness of building owners, investors and public au-
thorities, scarcity of information about energy consumption patterns and often
large costs of modernisation and retrofitting [27]. The absence of energy me-
ters manifests itself in the lack of information on energy consumption patterns,
which in turn creates obstacles for assessing the profitability of energy efficiency
measures. Oftentimes, energy cost share in the business is low and investments
in metering equipment and, furthermore, energy efficiency modernisation seems
vague. The same barriers apply to the use of escalators in DR.

Thus, one cost-efficient solution that helps to overcome these barriers is mod-
elling of energy consumption for initial comparison and decision-making.

3.2.2 Approach to escalator demand response

Publication V discusses how an aggregate of escalator units can participate
in the DR events by providing peak load curtailment. Two general ways is to
switch-off the escalator or to adjust the speed.

Switching-off can be potentially used with both fixed-speed and intermittent-
operating escalators. The study [34] researched the potential of switching-off
escalators as the energy efficiency method to reduce the energy consumption
of a specific building. Switching-off provides a lot of discomfort to passengers
and causes large delays in the passenger trips. It is generally considered that
refraining passengers from taking escalator routes correlates with reduction of
sales in retail buildings. When queuing and delays were quantified into currency,
the study shows that switching-off for long periods of time is not feasible.

As shown from Subsection 3.1, power consumption is proportional to the
speed of the escalator. Therefore, reducing the speed will also reduce the power
consumption. Much like the operation of the VSD, the escalator moves slower,
but it is performed under load condition. This approach allows to control the time
of passenger delays with the level of speed reduction and number of escalators
participating in the aggregate. Since speed reduction also induces delays in
passenger trips, the length of its use is advised to be short periods. Thus, this
method is more applicable to DR programs in frequency containment, where the
length of DR program can be a couple of minutes.

There are two ways to perform speed reduction considering the safety require-
ments. One way is to perform speed reduction only when there are no passengers
on board the escalator, which can induce delays in the providing the service. It
may potentially leave some escalators out of the participation as they would not
be able to meet the technical requirements for frequency containment. Another
way is to perform speed reduction with passengers on board. The technical
reports ISO/TR 14799-1 [58], ISO/TR 14799-2 [59], compared the American
ASME A17.1 2010 [60], European EN 115-1 2010 [61] and Japanese escalators
and moving walks safety codes and standards. The technical standards set
limitations in maximum allowed acceleration and deceleration for escalators.
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Table 3.1 provides the comparison, adapted from [62].

Table 3.1. Comparison of maximum allowed acceleration and deceleration in escalators, adapted
from [62].

Property
Safety codes and standards

EN 115-1 (EU) ASME A17.1 (US) Japanese codes

Max. acceleration, m/s2 0.50 0.30 Varying

Max. deceleration, m/s2 1.00 0.91 1.25

If the acceleration and deceleration is performed within the boundaries of the
safety standards, passenger delays may be significantly reduced, however, this
limits the response time of the system. This method is constrained to only
intermittent-operating escalators. One of the main pros of the method is that
most of the necessary power electronic equipment is already installed in the
intermittent-operating escalator.
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This chapter describes employed approaches to escalator parameter modelling,
modelling of passenger traffic, standardized methods of energy consumption
calculation, simulation-based modelling of power and energy consumption, im-
plications of speed change as a DR method, as well as statistical approaches to
DR modelling.

4.1 Escalator measurements and energy consumption estimation
in the international standards

The ISO 25745-1:2012 and ISO 25745-3:2015 are international standards in-
tended for building owners, service companies, developers, maintenance providers,
inspecting authorities, consultants and other parties involved in escalator energy
consumption measurements and calculations. These standards aim to support
and ensure the efficient and effective energy use in escalators [63, 35].

The ISO 25745-1:2012 standard focuses on providing a consistent method of
measuring energy usage of an escalator and a method for periodical verification
of energy usage to support regulatory requirements [63]. Energy and power
consumption measurements conducted in the thesis were performed according to
the standard specified procedures and with compatible energy meters as defined
in IEC 62053 [64] and the power and energy analysers as defined in IEC 61000-
4-30 [65]. Results of short-term high-resolution and long-term power and energy
measurements are provided in Section 5.1.1 and described in Publications I and
IV.

The ISO 25745-3:2015 standard focuses on providing a method to estimate
energy consumption of escalators on a daily and an annual basis, a method for
energy classification of new, existing or modernized escalators and guidelines
for reducing energy consumption that can be used to support building and
environmental and energy classification systems [35].
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4.1.1 Estimation of the energy consumption

The energy consumption is estimated in the standard based on measurements or
calculations of power consumption which is later multiplied with a defined period
of time. The standard provides formulae based on average factors for situations
where a more complete or appropriate method is not available. The two provided
methods for estimation of energy consumption are: the calculation based on
default values of power consumption for planning purposes and the calculation
based on power consumption measurements. The total of energy consumption of
an escalator including ancillary energy is calculated the following way:

Etotal = Emain+Eancillary (4.1)

where Emain is the energy consumption of a unit without ancillary equipment
and Eancillary is the energy consumption of such equipment as lighting, fans,
heating, alarm devices and emergency battery supplies. Calculation of Emain is
presented below:

Emain = Estandby +Eauto start+Eslow speed+Eno load+Eload,up/down (4.2)

where each of the added terms are the energy consumption values of the re-
spected escalator mode. Escalator modes are defined in the standard [35] the
following way:

• Standby - when the escalator is stationary, powered on and can be started by
the personnel

• Auto start - when the escalator is stationary, powered up and ready to start
moving if initiated by passenger detection

• Slow speed - when the escalator is running at reduced speed without passen-
gers

• No load - when escalator is running at nominal speed without passengers

• Load - when escalator is running at nominal speed with one or more passen-
gers

Estandby, Eauto start, Eslow speed, Eno load, Eload,up/down are, in turn, calculated
by multiplying the power consumption in the respective mode multiplied by its
duration. Escalator energy consumption due to the transport of passengers is
calculated for upwards- and downwards-running escalator with Eq. 4.3 and Eq.
4.4, respectively.

Eload,up =
N ·m · g ·H
3 600 000 · η

· (1+
μ

tanα
) (4.3)
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Eload,down =
N ·m · g ·H · η ·CF

3 600 000
· (−1+

μ

tanα
) (4.4)

where H is the vertical height, α is the inclination angle, N is the average
number of passengers in the observation period, m is the average mass of a
passenger, μ is the friction coefficient in load conditions, η is the efficiency in the
load conditions, 3600000 is the time for conversion from Joules to kWh and CF
is the correction factor for the efficiency applied in downward direction.

For estimating the energy consumption for planning purposes based on default
values, the terms presented in Eq. 4.1-4.4 can be calculated using the estimated
values of power consumption and corresponding duration with reference ta-
bles presented in the standard [35]. Otherwise, for a more precise method of
estimation, the described terms can be measured on the installation. Section
5.1.2 compares these approaches to the proposed method in Publication IV and
corresponding long-term measurements.

4.1.2 Energy performance classification

Classification of energy performance in the standard is based on calculating
the energy performance class indicator, operation mode indicator and ancillary
energy performance indicator. Operation mode and ancillary energy performance
indicators are required to be indicated for reporting in the documentation of the
energy assessment. The energy performance class indicator is selected based on
the following steps:

• Calculation of the reference power consumption

• Calculation or measurement of the power consumption of the subjected unit

• Calculation of the energy performance ratio

The specification of the steps in the standard [35] is provided below.

Calculation of the reference power consumption
Reference power consumption of an escalator in no load condition, Pno_load_ref , is
calculated according to Eq. 4.5.

Pno_load_ref = Pno_load_handrail+Pno_load_step/pallet+Pno_load_control, (4.5)

where Pno_load_handrail, Pno_load_step/pallet and Pno_load_control are the power con-
sumption of handrail, power consumption of steps and power consumption of
the control unit under no load condition [35]. The no-load handrail power con-
sumption can be calculated according to Eq. 4.6. The no-load step consumption
can be calculated with Eq. 4.7, while Pno_load_control is given in the standard as a
constant value for modelling [35].
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Pno_load_handrail =
2cos(α) · (As ·

H
tan(α) +Bs) · v

1000 · ηno_load
(4.6)

where As and Bs are the dimensional reference values from [35] and ηno_load is
the no-load efficiency.

Pno_load_step/pallet =
(2 · (

mSB/PB

Ds
+2 ·mchain) ·

g
1000 · μSB/PB · H

tan(α) +Cs) · v

ηno_load
(4.7)

where Cs and Ds are the dimensional reference values from [35], mSB/PB is
the mass of a step/pallet, mchain is the mass of the chain, μSB/PB is the friction
coefficient of the step/pallet band.

Measurement or calculation of the power consumption of the specific unit
No load power consumption of the specific unit, Pno_load_spec, can be either mea-
sured according to the specified in ISO 25745-1:2012 [63] methods, or estimated
by applying the Eq. 4.5-4.7.

Calculation of energy performance ratio
Energy performance ratio is a relation of power consumption of a specific unit to
the reference power consumption (Pno_load_spec/Pno_load_ref ). The classification of
the escalator energy performance can be then obtained from Table 4.1.

Table 4.1. Classification of energy performance class indicator, adopted from [35].

En. perf. ratio ≤ 55% ≤ 60% ≤ 65% ≤ 70% ≤ 80% ≤ 90% ≤ 100% > 100%

En. perf. class indicator A+++ A++ A+ A B C D E

The described approaches to calculation of the no load power consumption and
utilizing the energy performance class indicator were adopted in the simulation-
based modelling process described in Section 4.2.2 and Publications V and VI.

4.2 Simulation-based power consumption modelling process

The length of the modelling process depends on the pursued objectives. If the
objective is to estimate energy consumption or to simulate a power consumption
profile of a specific existing escalator, for example to test a certain existing
escalator in traffic scenarios, most of the parameters are known and could be
utilized in the power consumption model. However, Publications V and VI
required simulation of a large group of escalators, thus, it required to also
model the escalator parameters and the passenger traffic characteristics. The
approach to simulating the escalator power consumption and calculating the
energy consumption developed in Publications II, III, V is presented in Fig. 4.1.
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Figure 4.1. Power consumption calculation process

The process starts with modelling the escalator specific parameters. Then, the
created parameters are utilized in modelling the passenger traffic profile and
in calculating the power demand cycle. These parts of the presented model are
described below.

4.2.1 Escalator parameters

The approach to escalator power consumption requires knowledge about esca-
lator parameters that would define the power consumption specifics. Table 4.2
and Table 4.3 list the parameters employed in the model.

Table 4.2. Modelled escalator parameters, adopted from Publications V and VI.

Parameter Description

Type Fixed-speed or intermittent-operating escalator

Segment Public transportation or commercial building

Direction Upwards or downwards

Regeneration Downwards escalator regeneration capabilities

Ndaily Daily number of passengers

Staircase Escalators may have a nearby staircase

α [°] Escalator angle

H [m] Vertical height of the escalator

vnominal [m/s] Nominal speed

Pno_load [W] No load power consumption

The escalator segment relates to the passenger traffic profile of the specified
building segment. Representative passenger traffic profiles of the commercial
and transportation building segments are specified in the Section 4.2.3. The
escalator type relates to escalator being fixed-speed or intermittent-operating,
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utilized in calculation of no load power consumption. The implication of the
escalator direction and regeneration is reflected in the calculation of variable
power consumption. These parameters in addition to nominal speed, angle and
vertical height are utilized in the power consumption model.

A group of parameters listed in Table Parameters 4.3 were adopted and mod-
elled according to the recommendation of the energy performance standard for
escalators, the ISO 25745-3:2015 [35], which are utilized in power consumption
modelling. The power consumption model is described in Section 4.2.2.

Table 4.3. modelling parameters specified in ISO 25745-3:2015 [35].

Parameter Description

Energy class Energy performance ratio, described in Section 4.1.2

μSB/PB Friction coefficient of step/pallet

mSB/PB [kg] Mass of step/pallet

ηno_load Escalator efficiency at no load (no passengers)

mchain [kg/m] Mass of chain band per meter

When simulating a large group of escalators in Publications V and VI, the
process of modelling involved creating each escalator separately. In the absence
of reliable data, in publications V and VI, escalator heights were modelled with
a gamma distribution. An example is presented in Fig. 4.2.

Figure 4.2. Example of a modelled distribution of escalator heights from Publication V.

As depicted in the process of power consumption calculation in Fig. 4.1, after
obtaining the parameters listed in this section, the simulation proceeds to
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calculation of power consumption and passenger traffic characteristics, which
are described in the following subsections.

4.2.2 Power consumption model

The general approach to escalator energy consumption from Section 3.1 lists
theoretical equations for calculating instantaneous power consumption. Prac-
tical implementation of the equation 3.5 requires knowledge of the escalator
component parameters, listed in Table 4.3. The energy performance standard
for escalators ISO 25745-3:2015 [35] is adopted to the methodology described in
Section 3.1.

In the process of modelling, the escalator power consumption is divided into
variable, mechanical and ancillary power consumption and is expressed with Eq.
4.8.

Ptotal = Pvariable+Pmechanical+Pancillary (4.8)

Variable power consumption is calculated identically for both fixed-speed and
intermittent-operating escalators according to Eq. 4.9.

Pvariable =
Nt ·m · v · g · sin(α)

ηvar
(4.9)

where ηvar is the variable efficiency of the escalator, Nt is the number of passen-
gers on the escalator.

Ancillary power consumption, Pancillary is the power consumption of the lights,
fans and other electronics that may be equipped on the escalator [63, 35], as
defined in Section 4.1.1.

Mechanical power consumption, Pmechanical, together with ancillary power
consumption represent the no load power consumption of the escalator, Pno_load,
which is a required for modelling the corresponding escalator parameter pre-
sented in Table 4.2.

No load power consumption in a fixed-speed escalator is constant in time. In
intermittent-operating escalators, since they are equipped with Variable Speed
Drives (VSD), the no load power consumption varies through different modes
of the escalator. These changes in power consumption can be described with a
power demand cycle, described in Table 4.4 in the subsection below. In Publica-
tions II, III and IV, determination of the no load power consumption of a specific
existing escalator for modelling was performed through power consumption mea-
surements, described in Section 5.1.1, according to the requirements presented
in ISO 25475-1:2012 [63]. In Publications V and VI, while modelling a large
pool of escalators, the calculation of the no load power consumption for each of
the modelled escalator is based on Eq. 4.5-4.7, presented in Section 4.1.2 and
described in ISO 25745-3:2015 [35]. The value of Pno_load is the equivalent of
Pno_load_spec, which is the energy performance ratio of the escalator multiplied
by the reference power consumption in no load condition.
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Power demand cycle
Section 3.2.1 explains how an addition of a VSD on the escalator enables energy
saving by reducing the speed of the escalator when it is not in use. The difference
between modelling the two escalators types, the fixed-speed and the intermittent-
operating escalator specified in Table 4.2, is in modelling of the no load power
consumption.

Fig. 4.3 presents the power consumption profiles of the upwards-running
intermittent-operating escalator in cases of a walking and standing passengers,
from power consumption measurements in Publication I.

Figure 4.3. Power consumption of the intermittent-operating upwards moving escalator while
standing and walking from Publication I.

Fig. 4.3 depicts how a VSD affects the power consumption profile. As soon as
a passenger is detected, the escalator accelerates to the nominal speed, which
creates a spike on the power consumption profile. The acceleration can happen
either from zero or from the reduced speed, depending on how much time has
passed between passengers. After carrying the passenger to the destination the
escalator continues to function at the nominal speed for some time, referred
as time delay (TD1). If no passengers appear within TD1, the escalator drive
decelerates to the reduced speed, which is usually 50% of the nominal speed for
a period of time with length of TD2. Time delays TD1 and TD2 can be separately
configured and various escalators may have different lengths of time delays. If
there are no arriving passengers after TD2 the escalator stops.

Publication II describes the power demand cycle as a modelling approach to
emulate the behaviour of energy saving modes of intermittent-operating escala-
tors by means of a VSD. Table 4.4 lists power demand modes of the escalator
utilized during modelling. In publications II and III, the values of power con-
sumption during different modes of the escalator operation were determined by
measurements. The example of a modelled power demand cycle consists of the
stages presented in Fig. 4.4. In Publication V and VI, modelling a large number
of escalators power consumption values of each mode were calculated based on
multiplication of no load power consumption by an approximate coefficient based
on power consumption measurements as presented in Table 4.4.
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Table 4.4. Power demand cycle modes and modelled power consumption for each mode, adapted
from Publication II and V.

Power demand cycle mode Power consumption

Transient start1 -

Acceleration to nominal speed Pno_load ·2.2

Nominal speed Pno_load

Deceleration to reduced speed Pno_load ·0.2

Slow speed (Reduced speed) Pno_load ·0.5

Auto start Pauto start

Acceleration from reduced speed to nominal speed2 Pno_load ·1.8

Figure 4.4. Example of a modelled power demand cycle under no load condition from Publication
III.

Motor efficiency model
The queuing model, described in Section 4.2.3, redistributes the passenger
groups according to the escalator capacity, thus, simulating the varying escalator
load. At the same time, the changes in the load affect the efficiency of the
asynchronous motor. The most common alternate current (AC) motor seen in
escalators is the induction asynchronous squirrel-cage motor [53]. The power
consumption of a motor is inversely proportional to the efficiency, therefore, the
changes in the load will also affect the power consumption through the variable
efficiency of the motor [66, 53]. The data for the variable motor efficiency model
was derived from previous measurements documented in Publication I and is
depicted in Fig. 4.5.

1The following model omits the transient start, because it was difficult to detect with a
measuring device
2In cases when a passenger appears while the escalator is still in the reduced speed
mode
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Figure 4.5. Example of a scatter plot of the measured escalator efficiency against power con-
sumption of a 7.5 kW rated drive from Publication V.

According to the IEC 60034 [67], efficiency approximately follows the natural
logarithmic function. The empirical model of variable efficiency incorporated in
the modelling process can be described with Eq. 4.10 below:

ηvar =M · ln(Pmain)+ L (4.10)

where coefficients M and L are individually calculated for every modelled es-
calator depending on its energy class and dimensions, Pmain is the momentary
mechanical power consumption of the escalator drive.

4.2.3 Passenger traffic modelling

Passenger traffic plays the key role in modelling the power consumption of
escalators. In intermittent-operating escalators, approaching passengers trigger
the escalator to start operating at their nominal speed, which starts the power
demand cycle presented in Section 4.2.2. Passengers activate the mechanical
power consumption, Pmechanical, and, while they are being transported, variable
power consumption, Pvariable, which both constitute to the power consumption
profile.

Passenger traffic modelling consists of several parts illustrated in Fig. 4.1.
First, the daily number of passengers is assigned for each escalator according to
the distribution presented in Fig. 4.6.
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Figure 4.6. Example of a modelled distribution of daily number of passengers from Publication
V.

Once the number is generated, the escalator is also assigned a building seg-
ment, which is either commercial or public transportation. The building segment
is necessary for selecting the proper distribution of passenger groups along the
timeline of the modelled day. Table 4.5 presents the typical segmentation of
escalator passengers in various building types [35]. Accordingly, in Publications
V and VI, while modelling a large number of escalators, those with more than
10 000 daily passengers were considered to be in public transportation segment.

Table 4.5. Typical amount of passengers in specific building types, derived from [35].

Daily passengers Building type

< 3 000 Shops; museums; libraries; leisure facilities; stadiums

Up to 10 000 Shopping centres; regional airports, railway stations;

Up to 20 000 Major airports, railway stations, underground railways;

> 20 000 Larger airports, railway stations, capital city underground;

Then, the number of passengers is divided into groups of passengers of the
size of 1 to 5 according to a probability distribution, presented in 4.7. The group
size distribution was measured in Publication I.
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Figure 4.7. Passenger group size probabilities measured in Publication I.

After daily passengers are distributed into groups of appropriate sizes, the
groups are then distributed along the timeline of the modelled day. The passen-
ger probability distribution pattern is selected correspondingly to the escalator
segment. Fig. 4.8 presents the passenger arrival probabilities for commercial
and public transportation building segments. First, the groups of passengers
are assigned into 5-min slots according to the selected probability distribution.
Then, each of the groups is assigned a random spot inside the 5-min time bin to
match the 1-sec resolution of the model.

Figure 4.8. Example of passenger arrival probability for escalators in commercial and public
transportation buildings, adopted from Publication II.

Finally, the acquired 1-sec resolution distribution of groups of passengers in
time is redistributed according to the escalators maximum capacity with the
queuing model.

Queuing model
Modelled escalators vary in speed and dimensions and, therefore, so does the
capacity to transfer passengers. Publication V introduced the following queuing
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model. When the passenger arrives, for example, in the peak hour, there may
already be a queue of other passengers willing to board the escalator. Since
the passenger capacity rate of an escalator is proportional to its speed, v, the
number of passengers that are in the queue during time t can be expressed with
Eq. 4.11:

Nq(t,v) =
{
λ(t)+Nq(t −1,v)− μcap(v), Nq(t,v) > μcap(v)

0, Nq(t −1,v) ≤ μcap(v)∨ t = 1
(4.11)

where t ∈ [1 : 86400], v ≥ 0, λ(t) is the arriving amount of passengers in time t(s)
and μcap(v) is the escalator passenger capacity per second.

The queuing model is used in the escalator model to update the passenger
placement after the initial distribution of passengers. It ensures that the esca-
lators are not overloaded more than their rated capacity at any point in time
during the modelling process. Consequently, the queuing model impacts the
escalator instantaneous power demand as defined by the equations 4.8 and 4.9
and the power consumption cycle in Section 4.2.2.

Route choice model for units with a staircase
For escalators that are modelled with a staircase, the passenger route choice
calculation was adopted from [68]. It is considered that each arriving passenger
can evaluate the delay caused by the escalator and choose to remove oneself
from the queue with a calculated probability if walking on the staircase is faster.
The study shows that passengers are less sensitive to a relative delay on the
upwards-moving escalators [68]. The probability of a passenger choosing the
stairs for upwards- and downwards-moving escalators is calculated according to
Eq. 4.12, 4.13, which were determined empirically in [68].

Pstairs up =
1

1+ exp (−5.3441−0.2073Δtdelay)
(4.12)

Pstairs down =
1

1+ exp (−3.1001−0.1745Δtdelay)
(4.13)

where Δtdelay is the measure of discomfort, which is represented as the difference
in time that the passenger would spend standing in the queue and during his
journey on the escalator and walking on the stairs.

4.3 Demand response modelling

This section presents the simulation-based and the statistical approaches to
modelling escalator DR events by speed reduction.
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4.3.1 Simulation-based modelling

The approach to simulating the power consumption profile during the speed
reduction is based on the method presented in Section 4.2. The flowchart of the
modelling process is presented in Fig. 4.1.

Figure 4.9. The flowchart of the simulation-based model of reduced power and induced increased
queuing and travelling times by speed reduction from Publication V. The simulation
is based on the approach described in Section 4.2, Fig. 4.1.

he outputs of the simulation are the reduced power and the increased travel
and waiting times as a result of the DR event. To extract the average of the
reduced power, the simulation of the power consumption profile is carried out
twice, once for the normal operation, and once with the reduced speed for the
duration of the DR event. The power consumption profiles are, then, subtracted
and the simulation returns the average of the reduced power over the duration
of the event. In high traffic, the change of speed may result in increased queuing.
For this reason, travel and waiting times are extracted as output from the
queuing model while establishing 1-sec resolution passenger profiles for both the
normal operation and during the DR event. Subtracting these values constitutes
the model output of increased travel and waiting times as a result of the DR
event.

4.3.2 Statistical modelling

Publication VI introduced the statistical approach to modelling the reduced
power and costs of speed reduction. Statistical models have several advantages
in comparison to the simulation-based approach. First, the statistical methods
greatly increase the calculation speed, which allows to make rapid predictions
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which could be a better fit for the energy market. Secondly, statistical approaches
become the basis that allows to incorporate the measured data as soon as it
becomes available.

This thesis compares the Random Forest and Artificial Neural Networks for
predicting the mean of the reduced power consumption and the increased travel
and queuing times as the result of speed reduction. This section presents the
means to creating statistical models and an approach to their comparison.

Random Forest
The random forest algorithm (RF) was first introduced by Breiman [69] and
has become a standard non-parametric classification and regression tool for con-
structing prediction rules based on various types of predictor variables without
making any prior assumption on the form of their association with the response
variable [70].

The technique became popular because it can be applied to a wide range
of prediction problems, even if they are nonlinear and involve complex high-
order interaction effects. In [71], random forest was used for real-time price
forecasting in electricity markets. Article [72, 73] applied the technique to model
short-term electrical load forecasting. In [74], random forest was used for solar
power forecasting. Furthermore, adding to their benefit, random forests produce
variable importance measures for each predictor variable [75].

Tree-based methods, in a generalized way, partition the feature space into a
set of rectangles, and then fit a simple model, for example a constant, in each
of them. Random forest is a modification of bagging where a large number of
de-correlated trees is created and then averaged. Bagging is a technique of
reducing the variance of an estimated prediction model by averaging, in our
case, many unbiased trees. Each of them plays the role of a nonlinear mapping
from complex input spaces into continuous output spaces. The non-linearity is
achieved by dividing up the original problem into smaller ones, solvable with
simple models. A split node in the tree maintains a test that is applied to a data
sample to send it toward the left or the right child node. The tests are picked by
some criteria to group the training samples into clusters where a good prediction
can be achieved by simple models [76]. If trees are grown sufficiently deep, the
captured interaction structures in the data have relatively low bias [77].

In regression analysis, random forests are formed by growing decision trees
depending on a random vector Θb, independent and identically distributed (i.i.d.)
from the past random vectors Θ1, ...,Θb−1, such that the tree predictor h(x,Θb)

takes on numerical values. The decision tree will traverse down by splitting at
each step into a subset of two until it reaches a leaf. The subsets are chosen
to minimize either the mean squared or the mean absolute errors. Vector Θb

characterises the k-th random forest tree in terms of split variables, cutpoints
at each node, and terminal-node values. The output predictions ŷ are also
numerical and it is assumed that the training set is independently drawn from
the distribution of the random vector Y,X [69].
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Random forest grows trees by recursively selecting mvar ≤ p input variables at
random as candidates for splitting, where p is the maximum number of input
variables. The random forest predictor is formed by taking the average over B of
the trees {h(x,Θb)}

B
1 [69, 77]:

ŷ =
1

B

B∑
b=1

h(x,Θb) (4.14)

The mean-squared generalization error of the forest is [69, 77]:

EX,Y (Y −EΘh(X,Θ))2 (4.15)

Random forest feature importance
The random forest allows to extract feature importance values from the created
models. Feature importance is derived by ranking the features according to how
much they improve the model fit across all created trees on average. However,
in situations where there are multiple highly correlated features, some of the
randomly selected features will be selected first and, therefore become primary
and ranked higher, while the highly correlated features, will later be ranked
lower, as they already give less improvement. Therefore, interpretation of
feature importance from Random Forests must be done with caution [75].

Artificial Neural Networks
Artificial Neural Network (ANN), or Neural Network (NN), is a nonlinear sta-
tistical model, which can be presented as an interconnected group of nodes
or neurons. It can be used in a regression or a classification problem. The
approach is relatively easy to implement and is popular thanks to its ability to
handle non-linear relationships [78]. In article [79], neural networks are used
for classification load curves for demand-side management. Article [80] utilizes
neural networks for price and energy demand prediction in incentive-based DR.
A neural network is schematically depicted in Fig. 4.10.

Figure 4.10. Schematic representation of a NN

NN can consist of a number of layers labelled as: the input layer, the hidden
layer(s) and the output layer. The input layer consists of the features of vector X.
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The output layer consists of the predicted variable ŷ. The main element of a NN
is the neuron, which is sometimes also called a node. Each neuron receives its
input values from either predictor variables of the first later, in case of single
hidden layer in the NN, or from each of the previous hidden layer neurons with
the respected weights and biases. The neuron calculates the sum of the waited
average of the input values and the bias [81]. For neuron i in layer j, the linear
function is calculated according to Eq. 4.16.

z(j)i =
( k∑
d=1

w
(j−1)
i,d

xd
)
+ bi (4.16)

where k is the number of neurons in layer j −1, w(j−1)
i,d

is the weight received
from neuron d in layer j −1, bi is the bias term.

After that, the neuron passes the value to the non-linear activation function in
Eq. 4.17 [81]. Activation of a neuron i in layer j is calculated the following way:

a(j)i = ϕ(z
(j)
i ) (4.17)

The activation function is used to determine if the outside connections should
consider the neuron to be activated or not, which depends if the calculated value
is larger than the activation function threshold [82].

Data normalization
Neural network regression models require to normalize the input data to stan-
dardized values in the same range because scaling of the inputs determines the
effective scaling of the weights in the layers and, therefore, affects the quality
of the solution [77]. In this thesis, unity-based normalization approach was
employed which brings the variable values in the range of [0,1]. This assures
that all input variables are handled equally and allows to choose a meaningful
range for the random starting neuron weights [77]. Unity-based normalization
or min-max scaling normalized values are calculated the following way:

x ′ =
x−min(x)

max(x)−min(x)
(4.18)

where x, min(x) and max(x) are the input value, minimum and maximum values
of the input, respectively.

Model validation
K-fold cross validation (CV) method is employed to validate the predictions of
the proposed regression models. Cross-validation methods are widely used to for
estimating prediction errors and to facilitate the model selection in regression
problems [83, 77].

In K-fold CV method the initial data set is randomly and evenly split into
K −1 parts. Then, a candidate model is built based on the selected K −1 parts,
referred as a training set. The candidate model prediction accuracy is evaluated
on the test set which contains the data in the part which was initially held out.
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The training and evaluation is repeated for each of the K parts as a test set and
the result is the model with the smallest cross-validation score, which is then fit
to all the data. In the thesis the K = 5, which is a typical choice [77].

Figure 4.11. Employed statistical model validation method.

Prediction evaluation
The employed method of the performance comparison of regression models in
the thesis is the mean-squared error (MSE). The MSE is defined the following
way:

MSE =
1

n

n∑
i=1

(yi − ŷi)
2 (4.19)

where n is the length of the output vector, yi is the value of the dependent test
variable and ŷi is the predicted value of the dependent variable. The comparison
of the selected regression models is presented in Table 5.1.

Hyperparameter tuning
Designing a regression model architecture, whether it is a neural network or a
random forest, requires hyperparameter tuning. Presently, the hyperparameters
are selected empirically [84, 77, 70], then tested and adjusted according to
the common practitioners guidelines, for example such as listed in [85, 70].
Hyperparameter configurations for cases presented in this section were selected
through cross-validation as depicted in Fig. 4.11 across a range of possible
configurations. For neural networks it is required to identify the number of
layers, the number of neurons in each hidden layer and the activation functions.
The selected parameters are presented in Table 4.6. Table 4.7.

Table 4.6. Selected hyperparameter configuration for the neural network model.

Variable Reduced power Increased time

Number of hidden layers 1 1

Number of neurons 40 100

Activation function ReLU ReLU

Both of the NN models have one hidden layer and rectified linear unit (ReLU)
activation functions. The rectified linear unit offers an alternative to the previ-
ously most popular sigmoidal [77] nonlinearity function [82]. The rectified linear
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function is mathematically presented the following way:

hi =max(wT
i x,0) (4.20)

where wT
i is the weight vector of ith hidden unit and x is the input. In many

applications, neural networks with rectified nonlinearities outperform sigmoidal
NNs in error metrics and across depth [82, 86].

For a random forest, it is necessary to choose number of trees, maximum
number of features and maximum depth of the tree. The selected parameters
are presented in Table 4.7.

Table 4.7. Selected hyperparameter configuration for the random forest model.

Variable Reduced power Increased time

Number of trees 400 1600

Max. depth 70 None

Max. features 12 12

The default values of the maximum number of features is often set to p/3 for
regression, where p is the number of predictor variables [77]. In the proposed
models, the selected configuration of maximum number of features is set to
the value of p. In [87], lower error rates were observed for higher values of
maximum selected features for both classification and regression problems. The
study recommends to set the value high if there are few relevant variables out
of many, so that the algorithm can find them, which is supported by the results
described in Section 5.3.1.

Generalized approach and data description
Fig. 4.12 depicts the approach to obtaining the predictions from the initial data
source. In the absence of measurement data, the simulation-based model is the
data source for the training and test data necessary to create and verify the
statistical models.
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Figure 4.12. General approach to statistical modelling of escalator demand response

Table 4.8 lists dependent and independent variables that are used in su-
pervised learning. Since both of the dependent variables are continuous, the
statistical models are regression models.

Table 4.8. Columns of variables used in the statistical model, from Publication VI.

Variable Variable type

Independent variables

Segment

Categorical dichotomous

Direction

Regeneration

Speed, v [m/s]

Existence of a staircase

Angle, α [°]

Energy class Categorical ordinal

Daily number of passengers, Ndaily

Continuous

Height, H [m]

Travel time, ttrav [s]

No load power consumption, Pno_load [W]

Hour of DR, tDR [h]

Dependent variables

Mean of reduced power consumption, ΔP [W]
Continuous

Increased time, Δtq [s]

4.3.3 Escalator selection for demand response

Since escalators differ by a multitude of parameters, listed in Table 4.8, each
has a different flexibility potential. Thus, it is beneficial to select escalators that
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would provide most of the reduced power at the least cost. For this reason, we
have created a metric for escalators, denoted as score. The escalator score shows
the increment in the curtailed power consumption per second of the increased
travel and queuing times and calculated as follows:

S =
ΔP
Δtq
, (4.21)

The cost is the inverse of the score, which is the amount of produced delay per
kW of the reduced power consumption. It is calculated according to Eq. 4.22
below:

C =
1

S
=
Δtq
ΔP

(4.22)

Fig. 4.13 depicts the selection algorithm, introduced in Publication VI, which
aims to select the best suitable escalators for DR by minimizing the costs.

Figure 4.13. Selection algorithm from Publication VI.

The input data consists of the reduced power consumption per escalators, ΔP,
the increased travel and queuing time as a result of slowing down the escalator,
Δtq, the score of the escalator, S, and the target value for power curtailment ΔPt .
At each step, the algorithm finds the minimum value of C at the n-th row from
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the input data, excludes that row and saves it in the separate array. The process
is repeated until the sum of reduced power of the selected escalators reaches
the targeted value. The output of the selection algorithm is the set of escalators
with reduced power consumption values and the sum of increased passenger
travelling and queuing times.

Publication VI compares the simulation-based model to the developed statisti-
cal methods and the random selection for prediction of short-term decrease in
power consumption and induced costs for different targets of aggregated power
reduction. The results are presented in Section 5.3.2.
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5. Measurements and modelling results

This chapter presents overview of the obtained measurements and modelling
results. It includes the short- and long-term measurements, the effects of the
energy efficiency measures on energy and power consumption, energy and power
consumption modelling results, including the implications of the escalator speed
reduction modelling for DR.

5.1 Escalator measurements

Escalator field measurements played an important role in creating high resolu-
tion power consumption models of intermittent-operating escalators. Conducting
power and passenger measurements let us obtain the power consumption curves,
passenger traffic curves and assess the energy efficiency measures provided by
the installed VSD.

5.1.1 Escalator power consumption patterns and passenger traffic

Short-term power high-resolution consumption measurements were conducted
concurrently with passenger traffic measurements on the same intermittent-
operating escalator pair in a commercial sector. Fig. 5.1 depicts the average
power consumption curves and passenger traffic from the measured data. In the
figure, peaks of power consumption profiles and passenger traffic match in time
for both of the escalators.
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Figure 5.1. Average power consumption and passenger traffic curves of the upwards- and
downwards-running intermittent-operating escalator during weekdays, from Publi-
cation I.

When considering downwards direction, intermittent-operating escalators with
intense traffic and fixed-speed escalators have the peak of power consumption
when the number of passengers is the smallest, since the escalator is most
of the time running with nominal speed with high Pmechanical and the energy
released by downwards travelling passengers is minimum. In the case study,
the situation is the opposite because the number of passengers is so low that
most of the power consumption is affected by the amount of starts rather than
the effect of loading. In contrast, in a situation where the escalator is constantly
moving, or there is heavy traffic, the main factor that shapes the average power
consumption profile is the carried mass over time. Thus, the power consumption
curves are shaped by the intermittent operation. Concurrent measurements of
passenger arrival allowed to obtain the probability distributions of passenger
arrival rates and passenger groups, which are depicted in Fig. 4.8 and Fig. 4.7
respectively.

5.1.2 Long-term power consumption measurements

Long-term power consumption measurement of an escalator pair in a commercial
building show that the overall pattern of power consumption and passenger
traffic is recurring. The largest deviations are observed during specific day types,
such as holidays. Fig. 5.2 depicts an example of the annual power consumption
pattern for the measured upwards-running escalator.
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Figure 5.2. Measured daily energy consumption of the monitored upwards-running escalator
segmented into day types over one year from Publication IV.

The day type specific energy consumption were found to be largely normally
distributed, and the daily energy consumption on Sundays and during holidays
is consistently lower than during other days. The reason for a lower consumption
is that, during these days, usually, the opening hours in the store are less than
normal.

Based on the measured recurring nature of passenger traffic, Publication IV
proposes to linearly extrapolate the values of energy measurements of several
day types for one year to get the estimate of annual energy consumption. To
decrease the uncertainty in capturing the energy consumption related to the
passenger traffic, working hours and installed energy efficient technologies of
intermittent-operating escalators, the method requires to measure at least three
day types: Saturday, Sunday and a weekday. Measuring more days, or even the
whole week and averaging the energy consumption of the measured weekdays
increases the estimated accuracy.

Publication IV compares the 3-day and 7-day measurement estimation of
annual energy consumption to the estimates calculated according to the ISO
25745-3 [35] and to the actual energy measurement result in Fig. 5.3. From the
proposed the 3-day measurements and the 7-day measurements estimations, the
latter one proves to be more accurate due to possessing more data points and
reducing variance. The described methods showed, on average, better results
than the existing methods presented in the standard.
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Figure 5.3. Comparisons of methods for annual energy consumption estimation proposed in
Publication IV and the ISO 25745-3 standard [35] to the measured values for a
commercial escalator pair. "ISO1" refers to the estimated power demand, "ISO2"
refers measured power demand. Values marked with "A","B" and "C" are refer to the
reference usage profiles. Usage profiles "A" and "B" are listed in the standard, profile
"C" is modelled for the measured escalator pair.

5.2 Power and energy consumption modelling results

The modelling approaches proposed in this thesis are based on simulating the
power consumption profile, according to the description in Section 4.2.2.

5.2.1 Energy efficiency

Publication I shows the effect of the energy efficiency technologies on the mea-
sured escalator pairs, the 5-min average power consumption profile is compared
to a simulated fixed-speed escalator power profile without energy efficiency mea-
sures. Fig. 5.4 below depicts the comparison and the effect of carried passenger
mass.
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Figure 5.4. Average 5-min power consumption profile of an intermittent-operating downwards-
and upwards-running escalators in comparison to the modelled fixed-speed power
consumption and the effect of passenger mass from Publication I.

Fig. 5.4 takes into consideration both weekdays and weekends over the period
of measurements. The figure consists of three graphs representing:

• the average 5-min power consumption curve of a fixed-speed escalator without
the effect of passengers masses

• values of the above graph + the effect of passenger’s mass

• measured average power consumption curve of the intermittent-operating
escalator equipped with a VSD

The average power consumption curve of a fixed-speed escalator was simulated
assuming that an escalator is constantly working consuming 1720 W, which is the
no load power consumption of the measured escalator pair at the nominal speed.
Results of the comparison show that energy efficiency measures are accountable
for reduction of energy consumption up to 52% for downwards-running and
41.6% for upwards-running escalators in the study. Energy efficiency provided
by the VSD has the most significant impact in the morning because of the lowest
traffic during that time.

Publication II compared daily energy consumption of fixed-speed and intermittent-
operating with different traffic volumes. Additionally, regenerative capabilities
were modelled for downwards-running escalators of both types. Fig. 5.5 shows
a comparison of energy consumption of the upwards- and downwards- running
escalators, as well as the cumulative energy consumption of the escalator pair.

61



Measurements and modelling results

Figure 5.5. Modelled daily energy consumption with different escalator technologies as a function
of traffic intensity from Publication II.

Fig. 5.5 supports previous results on the measured escalator showing positive
effects of a VSD on energy consumption. Energy consumption of a fixed-speed
escalator is substantially larger than that of an intermittent-operating escalator.
The greatest difference in daily energy consumption is during low traffic. Re-
sults indicate that regenerative capabilities in modelled low traffic volumes are
negligible.

5.2.2 Implications of passenger traffic characteristics on energy
consumption

Publication III studied the effects of passenger traffic characteristics on escalator
energy consumption. The study examined how four passenger traffic profiles
affect the daily energy consumption of an intermittent-operating escalator with
various traffic volumes. Fig. 5.6 depicts the modelled passenger profiles. Initially,
passengers were counted on two escalators in public transportation building
segment in research [6]. One example of a theoretical passenger traffic profile
of a shopping mall was adapted from [22]. At the same time, the passenger
traffic profile of a commercial building which was recorded during previous
measurements in Publication I has a different shape. Nonetheless, for modelling
purposes, the theoretical commercial passenger traffic distribution was repro-
duced for comparison. Finally, these three passenger distributions are compared
to an even distribution where the probability of passenger arrival is the same
for each minute.
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Figure 5.6. Passenger traffic profiles in 5-min from 06:00 to 21:00 used for different building
scenarios from Publication III.

Fig. 5.7 and Fig. 5.8 depict the modelled daily energy consumption values in
different traffic volumes for passenger traffic profiles in Fig. 5.6.

Figure 5.7. Modelled daily energy consumption of an upwards-running escalator as a function of
increasing traffic intensity from Publication III.

Evenly distributed passenger traffic is consistent in capping the daily energy
consumption for upwards-running escalator because that way, the escalator
spends the least time in slow speed or stop mode. Fig. 5.8 is divided into three
regions where the passenger traffic profile has major effects on the daily energy
consumption.
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Figure 5.8. Modelled daily energy consumption of a downwards-running escalator as a function
of increasing traffic intensity from Publication III.

Modelling results indicate that passenger traffic characteristics have a major
effect on the escalator energy consumption. Depending on the passenger traf-
fic, the difference in the calculated values is up to 11% for upwards-running
escalators and up to 18% for downwards running escalators.

5.2.3 Aggregated power consumption profile

With the use of the proposed high-resolution modelling approach from Publica-
tions II, III, V and explained in Section 4.2.2, it is possible to model and analyse
the aggregate of power consumption profiles when modelling large number of
escalators, like in Publication V.

Fig. 5.9 depicts the aggregated power consumption profile for 3000 modelled
escalators in five scenarios from Publication V. Five scenarios refer to five groups
of escalators with a different ratio of intermittent-operating to fixed-speed
escalators.

Figure 5.9. Aggregated power consumption profile for 3000 modelled escalators from Publication
V. Figure presents five power consumption profiles for five scenarios of intermittent-
operating escalators.

Fig. 5.9 shows that the aggregated escalator load peaks in all scenarios from
around noon until roughly 21:00. In comparison to the morning time, aggregated
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escalators consume a relatively constant amount of power, which dictates the
possibilities of the proposed DR approaches in Publication V and described in
Section 3.2.2.

5.3 Demand response modelling results

Publication V studied the potentials of escalator DR through speed reduction and
compatibility with the reserve market technical requirements. The study focused
on five scenarios, where the aggregated escalator load ratio of intermittent-
operating escalators was from 0% to 100% with intervals of 25%. The approaches
for speed reduction are described in Section 3.2.2.

Speed change when there are no passengers on board
Fig. 5.10 depicts 17 recovered power profiles, one for every hour of the operation,
stacked in one figure. In the figure, the change in nominal speed lasted for an
hour. The profiles are the remainders of the subtractions of power consumption
during the speed change from normal power consumption.

Figure 5.10. Example of the stacked recovered power profiles for each hour of the escalator
operation, where speed is changed only when there are no passengers on the
escalator, a total of 3000 units from Publication V.

Figure shows that during earlier hours the maximum of power reduction is lower
than during the latter hours. At the same time, during the peak of passenger
traffic, at around 18:00, the DR activation time of most of the units is much
slower. This happens because, during earlier hours, there is lighter passenger
traffic on the majority of the escalators. For many escalators, the inability to
change the speed back to nominal until the generated queue is resolved is a real
bottleneck which creates the long-lasting trails of the after-effect. As described
in Table 2.1, one of the requirements for FCR-D market is to have the size of
reserves at a minimum of 1 MW. Moreover, the maximum activation time of the
half of the reserve is five seconds, while the rest of it must be activated within
30 seconds. Fig. 5.11 depicts the power that can be curtailed during the first five
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seconds, 30 seconds and the percent of the maximum power reduction possible
during the hour for all scenarios.

Figure 5.11. A: Possible power reduction in five seconds, B: Per unit value of the maximum power
reduction in five seconds, C: Possible power reduction in 30 seconds, D: Per unit
value of the maximum power reduction in 30 seconds. The figure presents every
hour for four scenarios of the ratio of intermittent-operating escalators of the total
3000 units from Publication V.

The figure shows that achieving 0.5 MW within 5-sec cannot be achieved with
750 intermittent-operating escalators. In case of 1500 intermittent-operating
escalators, the targeted 0.5 MW can be achieved at the time excluding mornings,
late evenings and peaks of passenger traffic at 17:00 and 18:00. During peaks
of passenger traffic, possible power reduction ratio is at its lowest since, in this
method, the requirement for changing the speed is to have no passengers in the
premises, while the density of the traffic is at the highest. With 2250 and 3000
intermittent-operating escalators, most of the time the requirement of 0.5 MW
within five seconds is achievable.

Fig. 5.11 C and D depict the possible power reduction in 30 seconds during
every hour. It shows that the target of 1 MW is not achievable 750 intermittent-
operating escalators, while for 1500 units it is achievable from 10:00 to 16:00
and from 19:00 to 22:00. With 2250 and 3000 intermittent-operating escalators,
the 1 MW is achievable during every hour, except early morning and 23:00.

The requirement for participation in FCR-N is to activate the reserve of
minimum 0.1 MW within 3-min. According to the current data from Fig. 5.10
and 5.11, the requirement can be fulfilled at any hour and in any scenario within
30 seconds window.

Speed change not limited to passenger presence
The alternative approach to escalator change of speed, described in Section 3.2.2,
assumes the possibility to change the speed if acceleration and deceleration
comply with the maximum allowed by the safety requirements, listed in Table
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3.1. Fig. 5.12 depicts 17 recovered power profiles, one for every hour of the
escalator operation time, stacked in one figure. In the figure, the change in
nominal speed lasted for an hour. Similar to Fig. 5.10, the profiles are the
remainders of the subtractions of power consumption during the speed change
from normal power consumption.

Figure 5.12. Example of the stacked recovered power profiles for each hour of the escalator
operation, where the speed is changed regardless of the passenger presence on the
escalator, a total of 3000 units from Publication V.

Here, the speed change takes place within 1 second from the time of initiation.
Maximum reduced power consumption are identical to the ones of the previous
method, but the speed reduction is established with minimum necessary delay.
The compatibility with FCR-D and -N in terms of available power reduction
values remains identical to the one presented in Fig. 5.11 and the activation time
constraint is fulfilled if latency is not taken into consideration. The approach to
changing the speed regardless of the passenger presence on the escalator yields
more stable results and is favorable from the point of view of reliable delivery of
power reduction.

5.3.1 Statistical modelling of demand response

Section 4.3.2 and Publication VI describe the approach to statistical modelling
of DR employed in this thesis. The selected approaches were random forest
and neural network regression models. In Publication VI, the initial training
of statistical models was performed with a data set of 3 120 000 rows, where
the test data is randomly selected, comprising 33% of the whole data set. The
training data set was simulated with a series of 12 000 unique escalators where
the speed reduction was simulated a total of 20 times for each hour from 8:00 to
20:00.

Fig. 5.13 depicts the correlation between the dependent test variable y and
the dependent predicted variable ŷ for the mean reduced power and increased
passenger queuing and travel time during a 5-min DR event for the selected
approaches.
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Figure 5.13. Scatter plots of the dependent variables vs their predicted values with a,b- Neural
Network and c,d- Random Forest, sample size 10 000 from Publication VI.

Table 5.1 presents the comparison statistics for the models. Both fits have a
high coefficient of determination and the fits are considered satisfactory. Random
forest approach outperforms the neural network in both R2 and MSE trained
on the simulated data. The most significance difference in the accuracy is
in the prediction of the increased queuing and travel times, which results in
random forest outperforming the neural network in the task of selecting the
best escalators for DR with a specified target of power reduction in Section 5.3.2.

Table 5.1. Comparison of statistical models from Publication VI.

Variable Increased time Reduced power

Method R2 MSE R2 MSE

Random Forest 0.99 25051.65 0.92 5629.57

Neural Network 0.98 250535.46 0.90 7081.03
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Random forest feature importance
To portray which features contribute the most to the predictions, Fig. 5.14
depicts feature importance for both reduced power and increased time statistical
models. The most important features for predicting the curtailed power and
increased time are the no load power consumption, staircase, direction, travel
time, height and daily number of passengers. In publication VI the results
of statistical tests applied to continuous and categorical variables support the
results of random forest feature importance.

Figure 5.14. Feature importance for reduced power and increased queuing and travel time for
the random forest statistical model from Publication VI.

5.3.2 Comparison of statistical methods and simulation

Publication VI compares the induced costs of DR through speed reduction of
the described in Section 4.3.2 statistical methods to the simulation-based model
for various targets of aggregated power reduction. The targets were selected
in the range from 0.25 MW to 3.75 MW with steps of 0.25 MW and the data
set comprised 4000 unique escalators with modelled speed reduction via em-
ployed methods. For each target of aggregated power consumption reduction,
Publication VI applies the described in Fig. 4.13 selection algorithm to minimize
the costs of DR. Additionally, modelling solutions are compared to the random
selection of escalators.

The simulation-based modelling of one DR event for 4000 escalators takes on
average 41 minute 17 seconds. The statistical model computes the solution in ap-
proximately 0.034 seconds. In comparison to the modelled solutions, randomized
selection is the fastest way to choose escalators, however, randomization induces
substantial errors. Fig. 5.15 depicts the comparison of increased travel and
queuing times depending on the target of power curtailment for the test sample
of 4000 escalators with the compared solutions and the error of the statistical
models compared to the simulation-based approach.

69



Measurements and modelling results

Figure 5.15. Comparison of modelling methods by selecting escalators with minimum cost (left)
and statistical model error in increased travel and waiting time compared to the
simulation-based model solution (right) from Publication VI.

The random selection plot in Fig. 5.15 is the mean of a 100 random selections
for each power reduction target with confidence interval of 95%. Solutions
yielded by statistical models outperform the random selection of escalators by a
large margin. Additionally, the random forest approach surpasses the neural
networks in the case study, which supports the results of Section 5.3.1 where
random forest was favorable for prediction the reduced power and increased
passenger queuing and travel times based on the nature of the training data.
Depending on the target of power reduction, the neural network error from
the simulation-based solution lies within 58 to 10.5%, while the random forest
solution produces errors in the range of 10.5 to 0.2%.

5.3.3 Costs of escalator demand response

The cost of escalator DR is presented in Eq. 4.22. It is the amount of increased
passenger queuing and travelling times per kW or MW of reduced power con-
sumption. Section 4.3.3 described the escalator selection algorithm, which serves
the purpose of minimizing the costs of escalator DR, while still satisfying the
technical constraint of the available flexibility. Essentially, Fig. 5.15 depicts
the cost function of the escalator DR. Since every target of power reduction is
achieved by selecting the best suitable units from the pool of escalators used
as a case study in Section 5.3.2 and Publication VI, the higher the target of
power reduction, the more escalators from the initial pool of 4000 are utilized
and, as a result, causing more delay to the passengers. The implications of
Fig. 5.15 is that the resulting increased passenger travelling and queuing times
significantly depend on how many units are involved in the DR event and the
target of power reduction, thus, the cost is not linear.

The study [34] attempted to quantify the costs of escalator service interrup-
tions in terms of the value of passengers time. In transport economics, the value
of time is the opportunity cost of the time that a traveller spends on a journey.
In other words, it is the amount they would accept as a compensation for the
lost time. The study [34] quantifies the delay of passenger traffic in London
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Metro in terms and uses the figure of £8.82 (e10.14) per hour per passenger. The
value is weighted depending on the activity of the passenger. For the escalator
traffic in the metro the weight was selected equal to 1.5 [34]. Considering the
escalators and their location that are discussed in this thesis, the value of time
should also vary for each of the sectors. For example, a possibility to miss a train,
as a consequence of escalator DR, might be weighted more than being slowed
on the escalator in the shopping mall. Moreover, the concept of value of time
when applied to costs of escalator DR in shopping malls is not straightforward.
Speed reduction, to some extent, might be in the building owners interest. This
way the passengers or potential customers spend more time in the premises,
potentially increasing the chance to make a purchase. The quantification of cost
is, to some extent, an elusive concept for escalator DR since it is highly unlikely
that any of the passengers would be compensated for the lost time. According to
studies [88, 89], the value of time varies not only with trip related characteristics
such as time of the day, trip purpose and comfort, but also with socioeconomic
characteristics, such as income, employment status and others.
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6. Conclusions and future work

This chapter summarizes and discusses the main findings, potential practical
applications and future research regarding modelling escalator DR.

6.1 Summary of the findings

This thesis intended to analyse if the aggregated escalator load could be effec-
tively utilized in DR.

To study the potentials of the aggregated escalator load in DR, it is necessary
to know power consumption patterns of escalators and factors that affect it.
Previously most of the escalator types were fixed-speed, which means that they
operated regardless of the passenger traffic, consuming energy at all times. Ad-
vancements in energy efficiency led to implementation of energy saving modes,
which slow down or stop the escalator when there is no passenger traffic aim-
ing to save energy. This thesis focused on intermittent-operating escalators.
Publication I employed high resolution power consumption measurements of
a commercial intermittent-operating escalator pair to study the power con-
sumption patterns concurrently with passenger traffic measurements yielding
practical understanding of the equations for calculating the power consumption
and producing the traffic statistics both later utilized during modelling. Power
consumption measurements conducted in Publication I allowed to evaluate the
substantial reduction in energy consumption as a result of available energy effi-
ciency features of intermittent-operating escalators. Publication IV described the
results of long-term power consumption measurements of intermittent-operating
escalator pair. The results imply that the intra-day and weekly power consump-
tion pattern and values of daily energy consumption are persistent and recur
throughout the year. Most of the differences in power consumption is a cause
of variations in the passenger traffic during different day types. The proposed
methods for projecting the energy consumption in Publication IV showed, on av-
erage, more reliable results than the proposed methods in the presently applied
standard. The subtext of the highly recurring power consumption patterns and
passenger traffic is that short-term modelling approaches, e.g. simulations of
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daily power consumption curves, are a valid tool to analyse the power consump-
tion of intermittent-operating escalators in various situations, for example a DR
event.

Publications II and III provided the methods for escalator power and energy
consumption modelling, utilizing high-resolution power consumption measure-
ments. Results of Publication II revealed that the relation between passenger
volumes and daily energy consumption is nonlinear. Publication III contributed
to the knowledge of passenger flows in different building types and showed that
the passenger traffic profile affected the daily energy consumption differently
for various traffic volumes and also greatly affected the amount of recovered
energy from the regenerative escalators. The implications are that the daily
number of passengers and building segment significantly affect the effectiveness
of installed energy efficiency, such as regenerative drives, and thus, the affect
the prospected DR potential of the subjective escalator.

Publication V expanded the modelling approach to simulating the power con-
sumption profiles of a large population of escalators. The publication modelled
50% speed reduction to decrease the aggregate of power consumption while
targeting to participate in the frequency containment DR event. The article
employed two methods for the moment of speed change. In the first method,
the speed was changed only when there were no passengers on the escalator,
to accommodate the safety guidelines, which produced a larger bottleneck for
escalators with dense passenger traffic that could last for hours. The second
option employed changing the speed within 1 s from the time of initiation re-
gardless of passenger presence on the escalator. The results show that even
though the action was nearly immediate, there was queuing, which resulted in
slight power increase after the speed was changed back to nominal. Both of the
methods comply with the technical requirements of FCR-N and -D markets if
the maximum reduction of power consumption can be achieved with the existing
share of intermittent-operating escalators in the sample. Overall, both methods
provide nearly the same amount of power reduction. Despite the second methods
activation time was almost instant and minimized post-DR queuing.

Publication VI presents a framework for rapid selection of the best fitting
escalators for DR by speed reduction from a large pool of available units. Not
all escalators contribute the same way to a DR event. Depending on time of the
day, escalator parameters and traffic parameters, the escalator ratio of possible
decrease in power consumption to the increased, as a result, queuing and travel-
ling time varies drastically. The article compares the simulation-based model
to the developed statistical methods and the random selection for prediction of
short-term decrease in power consumption and induced costs. The compared sta-
tistical methods were the random forest regression and the neural network. The
results show that the statistical methods are beneficial for prediction of avail-
able DR because they allow rapid predictions in contrast to simulation-based
models, additionally statistical methods are built to utilize the measurement
data when it becomes available. In the case study, the error ranges from 10.5 to
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0.2% for random forest and 58 to 10.5% for neural network approach compared
to the simulation-based model value. Comparing the proposed methods to the
random selection, the cost in terms of increased travel and queuing times is
many times larger. The article also defines escalator parameters that affect
the resulting selection of best-fitting escalators. It can be expected that the
best candidates among the modelled escalators for DR by speed reduction are
upwards-running escalators with slower speed (0.5 m/s), with the larger angle.
They also have lower than average daily passenger numbers, height and travel
time while having an average no load power consumption.

Publications V and VI suggest that escalators are flexible in terms of DR
potential, which creates more reasons for modelling. The amount of available
power reduction and induced costs depend on constraints such as the target of
necessary power reduction and the number of available units. In these articles,
the speed reduction was fixed at 50%, in reality variable speed drives installed
on every intermittent-operating escalator allow to change the speed anywhere
in the available range and, thus, there is room for optimization in this domain.
Additionally, the DR potential can be optimized in terms of maximum allowed
costs compared to provided benefits.

6.2 Practical applications

The dissertation provides several approaches that can be employed in practice for
assessment or acting in energy efficiency and DR. As stated in the literature, the
lack of information on energy consumption patterns and general unawareness
of building owners about potential energy savings or other benefits constitute to
the main barriers for penetration of energy efficient technologies and enabling
DR.

Regarding energy efficiency, multiple comparisons conducted through mea-
surements and modelling in the presented publications show drastic energy
savings in favor of using energy efficient technologies. The developed modelling
approaches can be utilized as a supportive tool in decision making processes for
diverse stakeholders in buildings sector, which includes designers, managers
and investors. Modelling approaches can be used to justify the installation
of energy efficiency measures, such as a regenerative drive, or retrofitting an
escalator with a variable speed drive through comparing energy savings to costs.
Modelling can assist in calculating of the number and placement of escalators in
the building or adopted in calculating the effective maintenance intervals and
escalator life-cycle costs.

In terms of DR, the proposed simulation-based and statistical modelling ap-
proaches could be a starting point for assessing the possibilities of a particular
set of escalators before the actual tests and measurements for enhancing the
accuracy of the model. From the stand point of the aggregator, the developed
approaches allow estimating if there is enough flexibility in the stock of available
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escalators. From the standpoint of a standalone building, the results could be
used to assess the contributions and the potential costs of utilizing escalators in
the planned DR event, while taking into consideration the time of the scheduled
DR event.

Theoretically, the approximate minimum number of units for participation in
exclusively escalator DR is possible with the size of around 50 units, when speed
reduction is around 50%, when the average escalator consumption is around 2
kW. However, this number can vary depending on the parameters of utilized
units and the value of acceptable speed reduction. It is possible to decrease the
speed even more, increasing the total costs and sacrificing the passenger comfort.
This allows to achieve the power reduction goals with much fewer units. On the
other hand, with more available units, it might be useful to decrease the speed in
lesser proportion to conserve as much passengers time and comfort as possible.
These rather high costs imply two main conclusions. First, the best way to utilize
escalators in DR is together with other DR sources. For example, if a shopping
mall is participating in any of the DR programs, it makes sense to utilize all
the available sources, thus, also the escalators. For instance, a local shopping
mall in Espoo area that participates in DR has around 30 escalator units. There
is potential to research the applicability of the framework for existing pilots,
additionally experimenting with speed reduction values, time of the day, number
of available units, additionally research compatibility with other DR sources
and applicability to other DR markets. Second, it is preferable to participate in
shorter and less frequent DR events, for example FCR-D.

6.3 Future work

Future work should aim to improve several issues regarding the presented
models. First, the proposed simulation-based model should employ a solution
for optimization of the speed reduction during DR while minimizing the costs.
These measures should additionally increase the flexibility of the provided DR.
Optimization solutions are likely to further increase the calculation time of the
model, which should emphasize the necessity to update the statistical models to
ensure the availability of short-term predictions.

Since the speed of the intermittent-operating escalator can be regulated in
both directions, the future research work could study the possibilities of down-
regulation, referring to the increase in consumption. Some of the escalators
could be stopped because of low passenger traffic, while others are in the slow-
speed mode. Additionally, the scenario of down-regulation should consider the
possibility to increase the nominal speed of escalators without exceeding the
safety limits specified by the safety standards.

Future models should additionally consider the interaction of the presented DR
approaches with the power system, allowing to explore the possible bottlenecks
in the interaction with the grid. Such models could, for example, research the
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implication of latency in the system, which is the time between the moment
when the DR signal was issued and the action.

Moreover, the future work should aim to enrich the available measurement
data. Measurement data should include units with various mechanical designs
of modern intermittent-operating escalators, as well as more detailed passenger
traffic statistics for commercial and transportation building segments. Estab-
lishing a testing environment for the proposed methods would help to verify the
applicability of the proposed methods in various situations as well as enhance
the accuracy of the proposed methods in the field.
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