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Abstract—Extreme weather events disrupt power-system assets,
causing widespread and prolonged power outages. Proper siting
of power-system assets can help stakeholders improve their
resilience (i.e., the ability to withstand hazards and recover
quickly from impacts) at the planning stage. However, resilience
is context-dependent because different regions face distinct
hazards and these damage power system assets differently. As
such, the asset siting schemes for stakeholders involve a complex
process of i) identifying hazards and vulnerable assets, ii)
determining the failure mechanisms of assets under hazards and
iii) weighing up the economic and social effectiveness involved in
resilience enhancement measures. This paper will focus on the first
step of the process, which is to demonstrate how to identify the
most severe hazards (e.g., floods) and affected assets (e.g.,
substations), using Peninsular Malaysia as the study area. The
results of this study can provide research objectives for the
subsequent two steps: determining the failure mechanisms of
assets subject to hazards, and developing resilience enhancement
measures in the third step.

I. INTRODUCTION

Electricity is key to human activities; however extreme
weather events often damage power system assets and have
accounted for 49.6% of major power outages [1]. For example,
the 2014 floods in Malaysia shut down more than 10,000
substations, causing US$4.8 million in damage and affecting
200,000 electricity customers [2]. Typhoon Faxai (2019) saw
severe damage to transmission lines and towers in Japan, leaving
nearly 1 million customers without power [3].

Proper siting of power assets can help stakeholders improve
power-system resilience during the planning phase. Ideally,
assets should be built where they are needed to provide
electricity and away from areas of high disaster risk. However,
development constrains the land available for siting, so assets
are sometimes sited in areas at risk of disasters, and the
resilience of new power assets needs to be assessed at the time
of siting. Moreover, being aware of how climate will change in
the future at a particular location is key to developing long-term
resilience to weather-related disasters.

Asset resilience assessment depends on hazard—
infrastructure interactions, for instance, the impact of wind
speed/path on transmission lines are distinct from the effect of
flood depth/velocity on substations. In this context, the overall
approach to developing a siting strategy consists of three steps:
1) identifying hazards and vulnerable assets; 2) determining the
failure mechanisms of assets under hazards and 3) weighing up
the economic and social effectiveness involved in resilience
enhancement measures. This paper focuses on the first step,

which will then inform the derivation of the failure mechanisms
of assets subject to hazards, as well as the development of
resilience strategies (being investigated in the authors’ other
works).

Overall, this paper chooses Peninsular Malaysia as the study
area (as Malaysia is one of the countries covered by the UKRI’s
Global Challenges Research Fund [4], and our stakeholder TNB
power company locates its business in the western half of
Malaysia, i.e., Peninsular Malaysia), and describes how
information, such as local historical records, topography,
climate, and trusted news reports, were used to identify the
major hazards (Section II) and the severely affected power-
system assets there (Section III). Furthermore, Section IV
briefly introduces subsequent steps of this siting project and how
the approach relates to the wider picture. Note that new assets
are the focus of the present work, the vulnerability of existing
assets in a changing climate needs to be understood to develop
appropriate resilience for the entire power system.

II. DOMINANT HAZARD IDENTIFICATION: FLOODING

As introduced in Section I, different hazards affect the power
system in distinct ways, so it is crucial to identify the dominant
hazard before studying the resilience of vulnerable power assets.

To begin with, local historical records can help give a quick
picture of significant disasters in a particular place. For example,
in Malaysia, statistics on the average annual natural hazard
occurrence from 1980-2020 show that flooding is the principal
and the most frequent disaster (Figure 1) [5], which is also
supported by other records e.g., approximately 48% of disaster
losses can be attributed to flooding in the past two decades [6].

Further, the topography and climate are such that most
floods in Malaysia feature a significant depth (e.g., 1.5 m [7]),
and are attributed to heavy rainfall. Specifically, Malaysia lies
between 1°N and 7°N and has a tropical rainforest climate, thus
recording abundant annual rainfall, e.g., most areas of
Peninsular Malaysia experience 2,000 mm or more rainfall year-
round [8], compared to Earth’s average of 1,000 mm [9].
Throughout one year, the heavy rainfall during the Northeast
Monsoon season (October—March) is more associated with
flooding in Peninsular Malaysia. Figure 2 illustrates the typical
monthly rainfall (1991-2020) for this season, which is higher
than in other periods [5]. Daily or short-duration rainfall over
this season often exceeded the extreme rainfall threshold of 150
mm/day [8], resulting in floods as shown in the first column of
TABLE L.
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Some statistics suggest that the future flooding situation
could be even more critical in Peninsular Malaysia. During
2020-2039, there is a predicted significant rise in the average
monthly rainfall from October (Figure 3), followed by the
Northeast Monsoon season [10]. Such changes could worsen the
monsoonal floods by causing higher flood depths and flows for
the same timescale, this is exacerbated by the regional
topography with plains in coastal areas and forested mountains
in interior Peninsular Malaysia. Having understood that the
dominant hazard in the study area is rainfall-induced flooding
and that it is seasonal, the next section looks at what and how
power assets will be affected, where flood depth and velocity
will be the input data for failure analysis.
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Figure 1. Average annual natural hazard occurrence in Malaysia for 1980—
2020 (redrawn based on [5])
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Figure 2. Average monthly rainfall in Peninsular Malaysia from 1991-2020
(plotted based on [5])
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III. FLOOD-PRONE POWER SYSTEM ASSETS: SUBSTATIONS

The impact of flooding on specific power system assets is
not always clear as few details are documented beyond the
flooding itself. Given the limitations, this study uses a media
search to understand the impact of flooding on power assets. All
the selected news sources are the most popular websites in
Malaysia [ 11 ], including but not restricted to: Bernama,
Malaysiakini, The Star, New Strait Times, Malay Mail, Berita
Harian, Utusan Malaysia, Y64 Kwongwah, 2l Sinchew, %<
77 Oriental Daily. These publications are available in either
English, Malay or Chinese. Hence, when searching for flood-
related news on these websites, the language differences in
keyword searches need to be noted, e.g., flood is ‘banjir’ and
electricity is ‘elektrik’ in Malay; while the flood is ‘77K hong
shui’ and electricity is *H dian’ in Chinese.

The media search identifies that substations are the most
frequently flooded power assets in Peninsular Malaysia. TABLE
I reviews the damage caused to substations in some states by
major floods in Peninsular Malaysia.

TABLE L OVERVIEW OF AFFECTED POWER ASSETS & CUSTOMERS
Date and Region | Affected Power Assets Affected Customers
Dec. 2013, 1,072 a.nd 141 62,907 and 5,272
Terengganu, substations were closed ;

. affected customers in
Pahang, in Pahang, Terengganu, Pah AT u
Johor [12] respectively alanganc Lerenggan
Dec. 2014, . 70,284 residents were
Kelantan, ;;2O§$;:§§a§1§3§izvere left in darkness; >1,000
Pahang, P TNB employers worked

short-circuit : :
in relief centres

152,660, 5,209 and

Terengganu [13]

Dec. 2014, 2,825 customers lost

Kelantan, : energy in Kelantan,

Pahang, ::ulf dilit’)rsltatlons were Terengganu and Perak,

Terengganu, respectively; 1,500

Perak [14] TNB personnel worked
for energy restoration

1,036 substations were
Jan. 2015, shut down; RM10 30,309 customers; 30

million (USD 2.4
million) was lost on
power infrastructure

gen-sets were installed

Kelantan [15] in relief centres

160 technical personnel
worked for restoring
the electricity supply;
33 gen-sets had been
installed in relief
centres and residential

16 of 4,852 substations
could still not be
operational due to safety
reasons

Nov. 2017,
Penang [16]

areas
Jan. 2021, 14 substations were shut

849 customers
Terengganu [17] down
Jan. 2021, . 2,300 customers in
Palhng, 31 substations were shut Pahang and 3,900
Johor [18] own customers in Johor

As seen in TABLE I, major floods were recorded during the
Northeast Monsoon (November-March), again indicating that
most floods in Peninsular Malaysia are attributed to this season.
Moreover, TABLE I shows that flooded substations will affect
a large number of electricity consumers, interrupting electricity
distribution to other critical infrastructures, such as factories and
hospitals. However, the news reports only tell us the result i.e.,
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shut down of substations, rather than which types of substations
are vulnerable to flooding, or how substations fail during a flood.
Thus, the failure mechanisms of substations need to be further
explored.

Substations in Peninsular Malaysia are divided into four
types according to voltage levels: 132/275 kV transmission main
intake (PMU), 33/11 kV main distribution (PPU), 33/22/11 kV
main switching station (SSU), 11 kV/415 or 240 V distribution
substation (PE) [ 19]. Research indicated that, in Kelantan
Peninsular Malaysia, all PMUs have high inundation failure
probabilities, versus PPUs and SSUs (89%) and PEs (84%) [19].
As a result, PMUs are more vulnerable to inundation, while
associated interruption can cause the greatest problems for
power supply and security (e.g., PMU Tanah Merah plays a
major role in the National Grid as it connects the north and east
coasts of Peninsular Malaysia [20]).

In addition to classifying substations by voltage level and
focusing on inundation failures (where the electrical gear comes
into direct contact with water irrespective of depth or velocity),
substations have a chance of structural failure when subject to
fast floodwater flows, which can also be worsened by the
topography mentioned in Section II and interactions with urban
development.

Therefore, to study the structural failure mode, we further
categorise substations into two configurations, chamber-housed
and pole-mounted (Figure 4), based on the Substation Design
Manual published by our stakeholder TNB [21]. Specifically,
masonry walls in chamber-housed substations, where there is a
reasonable level of water-tightness, may be structurally
damaged by even slow-moving or still water if deep enough, due
to hydrostatic pressure. Whereas, pole-mounted substations are
also at risk of structural failure due to overturning in flood flows,
even though the electrical equipment in this type of substation is
elevated on poles and less vulnerable to failure by direct
inundation of water [21].

Based on the above identification of inundation and
structural failure modes, flood depth and flood velocity will be
considered as key inputs to both the analysis of asset failure
mechanisms (step 2) and resilience assessment (step 3)
mentioned in Section I. Other work by the authors focuses on
these issues and a high-level presentation is given in the next
section.
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Figure 4. Common substation configurations in Malaysia: (a) typical pole-
mounted substation; (b) typical chamber-housed substation (unit mm, redrawn
using SOLIDWORKS, based on [21])
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IV. SITING APPROACH FOR ‘FLOOD-SUBSTATION’ RESILIENCE

As stated in Section I, this study provides the first step in
substation siting for flood resilience and gives the research
objectives for subsequent steps 2 and 3, including deriving
failure mechanisms and weighing the economic and social costs
of resilience enhancement measures. Below presents the key
methods used in the subsequent two steps of the siting project.

e Step 2: For future events, flood characteristics, such as depth
and velocity, are obtained not by relying on incomplete
historical records, but through hydrological modelling, using
geo-referenced data (e.g., basins, digital elevation models,
rainfall information for the study area). The inundation
failure and structural failure criteria of the substation under
different flood scenarios can also be determined by
considering its flood protection level and structural capacity.

e Step 3: Based on the two failure modes of substations, i.e.,
inundation of the electrical equipment and structural failure
of the substation housing, corresponding measures can be
developed to enhance the resilience of the power system
(e.g., installation of flood walls of a certain height, additional
drainage facilities). This can help develop optimal siting
solutions, which combine with the needs of the stakeholders
and considers the economic and social benefits (e.g., power
rescue deployment, economic losses from power outages).

Furthermore, the siting approach to ‘flood-substation’
resilience can be applied to locations worldwide. The New York
Times commented that from 2000 to 2019, floods have disrupted
at least 1.65 billion people, which is the highest number of all
disaster categories. The examples listed in TABLE II constitute
extreme flood events occurring during 2021 and underline the
global problem faced by power system assets.

TABLE IL EXAMPLE EXTREME FLOODS WORLDWIDE IN 2021
: . Flood condition (area, rainfall amount
Time Location .
and duration)

Dec. 2021 Eight states in Peninsular Malaysia; 24-
[22]' Malaysia | hour rainfall up to 363 mm; the worst since
the 2014 floods

Northwest region; 750 mm in 12 hours, a
Oct. 2021 » . r +
23] Italy new European high for rainfall intensity

and volume
Sept. 2021 United Central Park, New York; 24-hour rainfall of
[24] States 180 mm; 1-hour rainfall of 80 mm
Jul. 2021 Chi Henan Province; 201.9 mm of rainfall in 1
[25] na hour; maximum flood level of 79.4 m
Jul. 2021 German Almost the whole country; maximum daily
[26] Y| rainfall of 88.4 mm

Existing research shows that there is an upward trend in the
number of extreme events (EM-DAT disaster database [27]). By
2040, 41% of the world’s population will be at risk of flooding,
with South/ Southeast Asia being the worst affected region,
having over 2 billion people at flood risk [28]. The population
in many of these areas are also facing urbanisation and a wider
demand for electricity supply, which requires a resilience
assessment of substation siting. In this paper, the three-step
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siting approach considers the spatial and temporal nature of
flooding and will allow simulations of potentially more severe
or more frequent flooding in the future.

V. CONCLUSIONS

Proper siting of power-system assets can help stakeholders

to enhance power-system resilience at the investment planning
stage. This paper discusses the first step in siting using
Peninsular Malaysia as the study area, i.e., using local historical
records (including climate and topography), popular news
reports, and construction design manuals to identify the
principal hazards there and the most severely affected power-
system assets. The conclusions and implications are summarised
below.

—.
=
=

[11

—

[2

—

[13]

[14

Rainfall-induced flooding during the Northeast Monsoon is
identified as the main hazard in Malaysia. Depth and
velocity are two parameters that characterize flooding. For
the next stage of this work, these parameters will be obtained
via hydrological modelling and will be the input data for
asset failure analysis.

University of Manchester

e The most flood-prone power system assets are identified as
substations. Substations are classified according to their
voltage level and configuration; they may face inundation
and structural failures. Both failure modes are being
investigated in the present authors’ other works, which will
aim to inform stakeholders when, where and which
substations will fail during resilience assessment.

e After completing the above two steps of analysis, the
economic and social effectiveness involved in resilience
enhancement measures can be further assessed to help
stakeholders develop a comparatively optimal asset siting
plan.

o This siting approach for ‘Flood-Substation’ resilience will
relate to the wider picture, as there are many countries
around the world that are also facing the effects of flooding,
and these impacts are likely to become more severe in the
future.
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