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Abstract. Flood damage assessment is a critical aspect in
any decision-making process on flood risk management. For
this reason, reliable tools for flood damage estimation are re-
quired for all the categories of exposed elements. Despite in-
frastructures can suffer high economic losses in case of flood,
compared to other exposed sectors, their flood damage mod-
elling is still a challenging task. This is due, on the one hand,
to the structural and dynamic complexity of infrastructure
networks, and, on the other hand, to the lack of knowledge
and data to investigate damage mechanisms and to calibrate
and validate damage models. Grounding on the investigation
of the state-of-the-art, this paper presents a conceptualization
of flood damage to power grids and reviews the methodolo-
gies in the field for an in-depth understanding of the exist-
ing modelling approaches, challenges, and limitations. The
conceptual model highlights: (i) the different kinds of dam-
age (i.e., direct, indirect, and systemic) the network can suf-
fer, (ii) the hazard, exposure, and vulnerability parameters on
which they depend, (iii) the spatial and temporal scales re-
quired for their assessment, (iv) the interconnections among
power grids and economic activities, and (v) the different re-
cipients of economic losses. The development of the model
stresses the importance of dividing the damage assessment
into two steps: the estimation of damage in physical units
and the consequent economic losses in monetary terms. The
variety of damage mechanisms and cascading effects shaping
the final damage figure arises, asking for an interdisciplinary
and multi-scale evaluation approach. The ultimate objective
of the conceptual model is to be an operative tool in sup-
port of more comprehensive and reliable flood damage as-
sessments to power grids.

1 Introduction

Floods are among the most frequent and destructive natu-
ral hazards worldwide (UNDRR, 2019; IPCC, 2021). They
are responsible for large number of fatalities, widespread de-
struction of property and livelihoods, cause significant eco-
nomic losses, severe damage to infrastructures, and may have
adverse impacts on cultural heritage and the environment.
Besides, there is a growing concern that the frequency and
intensity of flooding events will increase in the future, a trend
that seems to be highly associated with climate change and
socio-economic development (Hall et al., 2014). Hence, there
has been a raising global awareness for flood risk mitigation
over the past decades.

The assessment of flood damage constitutes a key pre-
requisite in any deliberations on flood risk management. It
is fundamentally important for the cost–benefit analysis of
flood risk mitigation and control measures, and the flood
risk mapping of assets, people, and the environment to pri-
oritize the intervention options. Moreover, it is essential for
the comparative risk analysis between different types of nat-
ural hazards for the allocation of financial resources, as well
as for economic appraisals of both the insurance sector and
the governances to estimate premiums and damage compen-
sations, respectively (Merz et al., 2010). The operative tools
used for flood damage assessment are the flood damage mod-
els. They describe the relationship between hazard, exposure,
and vulnerability parameters and the damage itself. Despite
flood damage assessment is a quite recent topic in flood risk
management, there is a wide variety of models now available
in the literature (Pregnolato et al., 2015; Gerl et al., 2016;
Bombelli et al., 2021).

Yet, flood damage modelling has been mainly focused on
the estimation of direct damage to residential buildings and
their contents (Gerl et al., 2016). Current methodologies for
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estimating flood damage to other exposed sectors, such as
infrastructures, are not as well developed (Jongman et al.,
2012). This is mainly due to the structure and dynamics of
their complex networks, the lack of knowledge and scarcity
of data to identify, understand, and analyse damage mech-
anisms, and thereby the absence of validation and calibra-
tion process for the damage models. However, the analysis
of few empirical data shows that flood damage to infrastruc-
tures made up a significant share of the total economic losses,
as compared to economic losses of other exposed sectors
(Bubeck et al., 2011; Jongman et al., 2012; Thieken et al.,
2016).

Infrastructures are large scale, man-made, and complex
systems that operate interdependently, consisting of numer-
ous heterogeneous components that interact with each other
in a network structure. Power grid is one of the most crit-
ical infrastructures (CIs). It constitutes the physical back-
bone of modern societies and economies. It is ever-present
in the daily life of people with majority of essential goods
and services depending, to a greater or lesser extent, on its
safe, secure, and reliable supply and delivery (Council Di-
rective 2008/114/EC). Being simply connected to power grid
does not guarantee reliable services. Power grids are sub-
ject to random failures, natural hazards, or intentional at-
tacks. Natural hazards are a leading driver of power outages
around the world (Panteli and Mancarella, 2015; Mukherjee
et al., 2018). Generally, they are responsible for power inter-
ruptions that last significantly longer, ranging from hours to
days, than those due to non-natural hazards (Rentschler et al.,
2019b). Among other effects, long-term power interruptions
impede the regular performance of household tasks, bring the
activity of businesses, industries, and agricultures to a halt,
and cause the disruption of other CIs (see Sect. 2.1.3). In-
deed, floods may have a significant impact on power grids
functionality in terms of frequency, magnitude, and duration
of the power outage. For example, hundreds of thousands of
people left without power for long periods of time during past
floodings events, such as those in the United Kingdom (Pitt,
2007; Kemp, 2016), or that in Germany, Belgium, and the
Netherlands (Koks et al., 2022), demonstrating in this way
the catastrophic impact that flood-induced power supply dis-
ruptions can have on costumers. The ever-increasing depen-
dency of modern societies and economies on electricity ac-
cess for their proper functioning, combined with the potential
increase in the frequency and intensity of floods, may expose
them to previous unseen risks (Forzieri et al., 2018). Thus,
maintaining the security of power supply under emergency
conditions triggered by natural hazards, such as floods, is be-
coming of utmost importance.

For this purpose, modelling and simulation tools for the
assessment of flood damage can enable stakeholders, author-
ities, and policy makers to formulate effective risk mitiga-
tion strategies. Still, flood damage assessments must take a
comprehensive view of infrastructures that requires the con-
sideration of many more aspects than the physical damage to

components. This is due to the heterogeneity of power grid
components and their interconnections, which makes them
particularly vulnerable to natural hazards. Indeed, large-scale
cascades may be triggered by damage to a single key node,
capable of disabling even almost the entire network (Mot-
ter and Lai, 2002). Furthermore, the vulnerability of an in-
frastructure to a wide range of hazards is shaped by depen-
dencies and interdependencies that lead in cascade effects
across multiple sectors and infrastructures (Rinaldi et al.,
2001). Therefore, it is essential to analyse the hazard vari-
ables, characterize the physical vulnerability of infrastruc-
ture components, analyse the network effects, and analyse
the interdependencies between other sectors and infrastruc-
tures to assess the systemic risks that lead to socio-economic
impacts, in order for flood damage assessment to support
the implementation of effective and efficient adaptation mea-
sures (Dawson et al., 2018).

Despite many research efforts have been made in the last
decade to improve modelling capabilities of flood damage
to power grids, to our knowledge, there is not consolidated
practice to estimate damage in a comprehensive way, that
is by considering all the aspects previously identified (see
Sect. 3).

Drawing from an exhaustive literature review, this paper
presents the first step towards the required standardisation,
that is the development of a conceptual model for the com-
prehensive estimation of flood damage to power grids. The
objective is to supply a general framework to be followed
for the assessment of direct, indirect, and systemic dam-
age, as well as the consequent economic losses, in different
physical and socio-economic contexts. Integrating informa-
tion coming from different disciplines, the conceptual model
identifies which damage mechanisms must be considered (by
means of specific models) for a comprehensive estimation of
flood damage, their explicative variables, the results expected
from their modelling, as well as the required spatial and tem-
poral scale for the assessment, while representing the way in
which the various damage mechanisms are connected to each
other. Key concern of this study is the consistency among
physically based and cost-based sub-models, the consistency
between the different set of input and output variables for the
sub-models at stake, and the integration of multiple scales
of analysis in the assessment of the full damage range. In
this way, the conceptual model develops an entire map of
flood damage propagation, in the support of more effective
risk management.

The reminder of this paper is organized as follows. The
conceptual model is described in Sect. 2, along with litera-
ture sources that supported its development. Section 3 dis-
cusses strengths and weaknesses of existing modelling ap-
proaches in comparison with the one proposed by the con-
ceptual model; in doing so knowledge gaps for its full im-
plementation are revealed. Key challenges and opportunities
that arise from the development of the conceptual model and
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potential future research priorities are finally discussed in
Sect. 4.

2 Conceptual model

The conceptualization of flood damage to power grids de-
rives from a thorough literature review. The conceptual
model has been conceived to handle the complexity of dam-
age mechanisms and identify the full range of cascading ef-
fects by adopting an interdisciplinary and multi-scale evalu-
ation approach (Fig. 1). The model highlights:

– the different kinds of damage for which a model is re-
quired (i.e., direct, indirect, and systemic)

– the hazard, exposure, and vulnerability parameters on
which damages depend on

– the spatial and temporal scales of analysis

– the interconnections among power grids and economic
activities (i.e., residential, commercial, industrial, agri-
cultural sectors and other infrastructures)

– the different recipients of economic losses for which a
model is required (i.e., grid operators and customers)

The conceptual model is distinguished between a physical
and an economic model. While the physical model is com-
posed of sub-models that estimate flood damage to power
grids in quantitative terms (e.g., number of substations af-
fected, service area disrupted, power outage duration), the
economic model consists of sub-models that express losses
in monetary values (e.g., overtime payments, wages loss, rev-
enues loss).

2.1 Physical model

In this subsection, the damage mechanisms and cascading
effects that shape the entire figure of flood damage to power
grids, are summarized. In particular, the physical model con-
sists of sub-models to estimate the direct damage to com-
ponents, the indirect damage to networks, and the systemic
damage to economic activities, specifying the required input
and output variables, and the spatial and temporal scales of
analysis.

2.1.1 Direct damage

Direct damage is here defined as the physical damage and
functional failure that occurs to power grid components
due to their physical contact with floodwater or due to the
riverbank erosion induced by floods. Traditionally, power
grids include the generation in large power plants, the long-
distance transmission network, and the regional distribution
network. Their components, such as lines and cables, tow-
ers and poles, substations and cabins, and power plants, are

highly exposed to natural hazards (Nicolas et al., 2019), con-
taining vulnerable electrical equipment. In fact, water is a
good conductor of electricity, and thus, electrical equipment
suffers significant damage in the presence of even minute
quantities of moisture and dirt. During a flooding event, var-
ious types of incidents at each power grid component can
lead to system disruption (Table 1). It should be noted that,
the conceptual model does not consider the indirect physi-
cal damage to power grid components due to floods, such
as trees failures on overhead lines due to saturated ground
conditions (Slegg and Faiers, 2014), damage to underground
cable crossings due to bridge collapse (Booth et al., 2017), or
hydroelectric power plant failure due to overtopping of dam
spillways (Koskinas et al., 2019). The estimation of direct
damage to power grid components requires an analysis at the
micro-scale, namely the assessment based on single elements
at risk.

Lines and cables

The vulnerability of overhead lines to inundation is rela-
tively low (Nicolas et al., 2019; FEMA, 2022), while to the
best of our knowledge, that of underground cables have yet
to be clarified. Floodwater may cause substantial damage
to the buried ends of overhead lines, found close to towers
and poles, for their transition to underground cables (FEMA,
2022). Underground cables located near the riverbank may
be exposed to floods by the following erosion phenomena
as they are at risk of being swept away by the floodwater
(Holmes, 2012). Damage and failures to lines and cables de-
pend on the flow velocity, the duration of inundation, and the
amount of debris/sediments (hazard parameters), the num-
ber and length of the lines and cables (exposure parameters),
the installation depth and carrying capacity (vulnerability pa-
rameters). Their modelling must supply the number, the spa-
tial location, and the failure state of the affected lines and
cables.

Towers and poles

Floodwater pose a serious threat to steel lattice towers and
steel, concrete, or wooden poles situated close to rivers
(Karagiannis et al., 2017; Feeney et al., 2022). Riverbank
erosion due to saturated ground may severely undermine the
foundations of towers and poles, causing their exposure and
putting in doubt their structural integrity. This has as a poten-
tial consequence their displacement or even worse their sub-
version (Powerlink Queensland, 2011; Booth et al., 2017).
Damage and failures to towers and poles depend on the flow
velocity, the duration of inundation, and the amount of de-
bris/sediments (hazard parameters), the number and height
of the towers and poles (exposure parameters), the installa-
tion depth and carrying capacity (vulnerability parameters).
Their modelling must supply the number, the spatial location,
and the failure state of the affected towers and poles.
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Figure 1. The conceptual model.
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Substations and cabins

Electrical substations, primary, and secondary cabins are at
high risk of flooding due to their ubiquity and vulnerable
equipment. In substations, large amounts of water and mud
may be trapped in electrical equipment following submersion
(Abi-Samra and Malcolm, 2011; Karagiannis et al., 2017).
The inundation in switchyard may cause significant damage
to high voltage equipment items mounted at ground level
such as transformers, switchgears, and circuit breakers. Fur-
thermore, control house may suffer water intrusion causing
damage to protection, automation, and control equipment.
Finally, any damage to the above equipment items may lead
to communication failure between substations and/or opera-
tion centres, de-energization of substations, or even so fire
and explosion (Powerlink Queensland, 2011; Ward, 2013;
Boggess et al., 2014). Cabins are susceptible to flooding due
to water intrusion through the sealing vents that can dam-
age the electrical equipment (Holmes, 2012). Damage and
failures to substations and cabins depend on the inundation
depth and the amount of debris/sediments (hazard param-
eters), the number and area of the substations and cabins
(exposure parameters), the installation height of electrical
equipment and air ventilation holes, the presence of flood
protection system and pumping equipment, and the voltage
level (vulnerability parameters). Their modelling must sup-
ply the number, the spatial location, and the failure state of
the affected substations and cabins.

Power plants

The classification of power generation plants is based on
the type of fuel harnessed. In the event of flooding, diesel,
nuclear, oil, solar, and hydroelectric power plants could be
severely damaged. Among all different types, wind power
generators seem to be less vulnerable (Nicolas et al., 2019).
Diesel generators are often stored in the basement of a facil-
ity or at the ground level. When a flooding event occurs, the
generators may be inundated and thus become inoperable.
Flood damage to diesel generators was a major contributor
to the meltdown of reactors in Fukushima Daiichi nuclear
plant due to the lack of backup power (Srinivasan and Gopi
Rethinaraj, 2013). A typical flood damage mechanism of nu-
clear and oil power plants is the disablement of the cooling
system due to threating of cooling towers by high levels of
inundation depth. These facilities are vulnerable to floods be-
cause they rely on intake water for circulation in the cooling
system (McCall et al., 2016). Solar power plants are vulnera-
ble to floods due to structural damage caused to foundations
by erosion. Hydroelectric power plants may suffer damage to
administration facilities due to water and mud intrusion (New
York Power Authority et al., 2017). Damage and failures to
power plants depend on the inundation depth, the flow veloc-
ity, the duration of inundation, and the amount of debris/sedi-
ments (hazard parameters), the number and area of the power

plants (exposure parameters), the installation height of elec-
trical equipment, the presence of flood protection system, and
the nominal capacity (vulnerability parameters). Their mod-
elling must supply the number, the spatial location, and the
failure state of the affected power plants.

2.1.2 Indirect damage

Indirect damage is here defined as the loss of network func-
tionality due to the physical damage and functional failure
of its components. Since complex networks, and particularly
power grids, are made up of strongly interconnected com-
ponents, the failure of a single component may trigger large
cascade failures, causing even the loss of functionality of the
entire transmission (Bollinger and Dijkema, 2016; Espinoza
et al., 2016; Murdock et al., 2018) and distribution (Vasenev
et al., 2016; Bragatto et al., 2019; Leandro et al., 2021) net-
work (Table 2). Typically, cascading failures are responsi-
ble for extended and long-term power outages. It is worth
mentioning that, in certain circumstances, a power outage
may or may not cause an interruption of service to customers
(Billinton and Allan, 1996).

Transmission and distribution network

Key parameters affecting the network performance concern,
first, the initial topology of power grid, including lines and
cables redundancy, second, the electrical configuration fea-
tures, such as generation/demand layout, third, the control
policies employed in the system throughout the evolution of
the event, as for example re-dispatch strategies (Azzolin et
al., 2018), and fourth, the hierarchical structure of the net-
work, especially when it comes to a distribution network
(Buriticá Cortés et al., 2015; Ferrario et al., 2016). The du-
ration of inundation, and therefore, the lack of access to the
inundated facilities and components is major determinant of
the power outage duration (Slegg and Faiers, 2014). Irre-
spective of the effectiveness of power grid restorative ca-
pacity, many types of repairs cannot start until the waters
recede. Recovery time also depends on the amount of mud
trapped in electrical equipment, as these must be dismantled
and thoroughly cleaned before they can be put back into ser-
vice (Karagiannis et al., 2017).

Modelling cascading failures in power grids requires the
number, the spatial location, and the failure state of the af-
fected components (input variables). Loss of transmission
and distribution network functionality depends on the dura-
tion of inundation and the amount of debris/sediments (haz-
ard parameters), the service area of the network (exposure
parameter), the hierarchy, topology, electrical configuration,
and control policy of the network (vulnerability parameters).
Their modelling must supply the disrupted service area and
the power outage duration. The estimation of indirect damage
to power grid transmission and distribution network requires
the performance of analysis at the meso-scale or macro-scale,
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Table 1. Direct damage mechanisms.

Component Damage mech-
anisms

References Hazard Exposure Vulnerability Scale of analysis

Spatial Temporal

Lines and ca-
bles

Damage to
buried ends of
overhead lines,
sweeping away
of underground
cables

Holmes (2012),
Nicolas et
al. (2019),
FEMA (2022)

Flow velocity,
duration of
inundation, de-
bris/sediments
amount

Number and
length of lines
and cables

Installation
depth, carrying
capacity

Micro Short-term

Towers and
poles

Foundation
structural
damage,
subversion,
displacement

Powerlink
Queensland
(2011), Booth
et al. (2017),
Karagiannis
et al. (2017),
Feeney et
al. (2022)

Flow velocity,
duration of
inundation, de-
bris/sediments
amount

Number and
height of
towers and
poles

Installation
depth, carrying
capacity

Micro Short-term

Substations and
cabins

Cabin and
control house
water intrusion,
switchyard
washing away,
communication
failure, de-
energization,
fire, and explo-
sion

Abi-Samra
and Malcolm
(2011), Pow-
erlink Queens-
land (2011),
Holmes (2012),
Ward (2013),
Boggess et
al. (2014),
Karagiannis et
al. (2017)

Inundation
depth, de-
bris/sediments
amount

Number and
area of sub-
stations and
cabins

Electrical
equipment
height, flood
protection sys-
tem, pumping
equipment
installation, air
vents height,
voltage level

Micro Short-term

Power plants Backup gener-
ators damage,
destruction of
cooling towers,
facilities wa-
ter intrusion,
foundation
structural
damage

Srinivasan and
Gopi Rethi-
naraj (2013),
McCall et
al. (2016), New
York Power
Authority et
al. (2017),
Nicolas et
al. (2019)

Inundation
depth, flow ve-
locity, duration
of inundation,
debris/sedi-
ments amount

Number and
area of power
plants

Electrical
equipment
height, flood
protection sys-
tem, nominal
capacity

Micro Short-term

depending on the level of spatial aggregation units affected
by the power outage (e.g., municipalities, regions, countries).

2.1.3 Systemic damage

Systemic damage is here defined as the damage arises due to
the dependencies and interdependencies between the power
grid and economic activities. Loss of functionality of the
transmission and/or distribution network affect households,
induce the cessation of commercial and industrial activities,
has negative consequences for agriculture (Table 3), and trig-
ger cascading failures in interconnected infrastructure net-
works (Table 4). Indeed, people’s domestic life is strongly

dependent on power supply, businesses, industries, and agri-
culture rely on it for the daily production of goods and ser-
vices, while it is also crucial for the operation of many other
infrastructures (Sebastian et al., 2017). At this point, it is im-
portant to clarify that this study investigates only the infras-
tructure dependencies, naming the unidirectional relation-
ships that exist between them. Dependency is “a linkage or
connection between two infrastructures, through which the
state of one infrastructure influences or is correlated to the
state of the other” (Rinaldi et al., 2001). More specifically,
it only evaluates the disruption of infrastructure services due
to their dependency on power supply. Infrastructure service
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Table 2. Indirect damage mechanisms.

Network Damage mech-
anisms

References Hazard Exposure Vulnerability Scale of analysis

Spatial Temporal

Transmission Power outage Bollinger
and Dijkema
(2016), Es-
pinoza et
al. (2016),
Murdock et
al. (2018)

Duration of
inundation, de-
bris/sediments
amount

Service area Topology, con-
figuration, con-
trol policy, hier-
archy

Meso to macro Medium-term

Distribution Power outage Vasenev et
al. (2016),
Bragatto et
al. (2019),
Leandro et
al., (2021)

Duration of
inundation, de-
bris/sediments
amount

Service area Topology, con-
figuration, con-
trol policy, hier-
archy

Meso Medium-term

disruptions due to other types of dependencies or due to in-
terdependencies even with power grid are not evaluated.

Modelling power interruption impacts to economic activ-
ities requires the disrupted service area of transmission and
distribution network and the duration of power outage (input
variables). The estimation of systemic damage to power grid
customers requires the performance of analysis at the meso-
scale or macro-scale, depending on the level of spatial ag-
gregation units affected by the disruption of sector activities
and infrastructure services due to power interruption (e.g.,
municipalities, regions, countries).

Residential

Power interruptions impedes the regular performance of
household activities. They affect accessibility to work and in-
come (Sullivan et al., 2018), children’s educational outcome
during night (Lenz et al., 2017), social and leisure activities,
and household chores, such as cooking and cleaning, due to
electronic appliances malfunction. Furthermore, they affect
heating and air-conditioning, and result in food spoilage due
to refrigeration failures, which, in turn, may have heath im-
plications (Pasha and Saleem, 2013). Power interruption im-
pacts on residential sector depend on the timing of flood oc-
currence (hazard parameter), the residential area (exposure
parameter), the type and size of residential buildings and the
possession of self-generating power (vulnerability parame-
ters). Their modelling must supply the number and type of
affected residential buildings and the duration of power in-
terruption.

Commercial

Power interruptions restrict the ability to trade goods and ser-
vices. Commercial activities come to a standstill because fi-
nancial transactions cannot be completed due to loss of elec-
tronic services, as for example in banking services. The ever-

growing dependency of business on computer-based systems
makes them particularly susceptible to the failure of sev-
eral key functions due to damage to computers, to their pe-
ripheral equipment, and loss of electronic data (Corwin and
Miles, 1978). Food service facilities must cope with product
spoilage, due to the loss of refrigeration (Kile et al., 2005).
Power interruption impacts on commercial sector depends on
the timing of flood occurrence (hazard parameter), the com-
mercial area (exposure parameter), the type and size of busi-
nesses and the possession of self-generating power (vulnera-
bility parameters). Their modelling must supply the number
and type of affected businesses and the duration of power
interruption.

Industrial

Power interruptions hinder industrial production capacity, af-
fecting the proper functioning of supply chains. Industrial
activities suffer manufacturing shutdown, product spoilage,
and damages on plant equipment (Corwin and Miles, 1978).
Larger industries are prone to experience fewer power inter-
ruptions, whereas at the same time power interruptions are
significantly more common within certain industrial activi-
ties than others, due to the effective measures taken to pre-
vent the spreading of damage and the investment on backup
generators (Rentschler et al., 2019a). Power interruption im-
pacts on industrial sector depends on the timing of flood oc-
currence (hazard parameter), the industrial area (exposure
parameter), the type and size of industries and the possession
of self-generating power (vulnerability parameters). Their
modelling must supply the number and type of affected in-
dustries and the duration of power interruption.

Agricultural

Power interruptions prevent farmers from carrying out many
agricultural activities that rely on electricity. Particularly,
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they disrupt the irrigation of agricultural land and have neg-
ative consequences for the rearing of livestock products
(Doukas et al., 2016). For example, modern dairy farms suf-
fer significant milk production losses (Huitu et al., 2020).
Moreover, long-term power interruptions may cause issues
in the animals’ well-being. In poultry farms, they are respon-
sible for the malfunction of evaporator cooling system due
to fan failures, which is a key determinant of animal wel-
fare (Sarachai et al., 2019). Power interruption impacts on
agricultural sector depends on the timing of flood occurrence
(hazard parameter), the agricultural area (exposure param-
eter), the type and size of agricultures and the possession of
self-generating power (vulnerability parameters). Their mod-
elling must supply the area and type of affected agricultures
and the duration of power interruption.

Water supply

Power interruptions affect water supply networks as pump-
ing stops in lifting stations, thereby leading to a drop in water
pressure and subsequent infections. Exception are parts that
are gravity fed or use backup diesel generators to maintain
their functionality. For example, water tanks can supply wa-
ter to customers even during power interruptions due to the
hydrostatic pressure produced by their elevation (Corwin and
Miles, 1978). However, water supply networks are subject to
long-term power interruptions because the power demand of
lifting stations to pump the water into the tank cannot be met
over the time (Holden et al., 2013). Moreover, rural areas
that rely on drinking wells loss their accessibility on potable
water when power supply is disrupted, as water pumps stop
functioning (Miles et al., 2014). Pressure fluctuations or low
pressures may lead to contamination of water from leakage
orifices and air vacuum valves (Ebacher et al., 2012). In case
of pressure loss, boil-water advisories are issued, although
public confusion may be created due to impaired informa-
tion access and the difficulties in compliance with these ad-
visories without electricity (Kile et al., 2005; Albeverio et al.,
2006; Miles et al., 2014). Power interruption impacts on wa-
ter supply depend on the timing of flood occurrence (hazard
parameter), the service area of water supply network (expo-
sure parameter), the topology and configuration of water sup-
ply network, its interconnections with the power grid, and the
possession of self-generating power (vulnerability parame-
ters). Their modelling must supply the disrupted service area
of water supply network, the number of affected water towers
and pumping stations, and the duration of water shortage.

Information and Communications Technology (ICT)

Although telecommunication networks dispose of a high
level of reliability, they are likely to gradually lose their
functionality over the time during long-term power interrup-
tions (O’Reilly et al., 2006; Petermann et al., 2011). The
consequences are expected to be devastating, including tele-

phone service interruption, Internet breakdown, and failure
of broadcast and press media. In fixed-network telephony,
telephones that do not rely on external power supply stop
working immediately, while telephones capable of operat-
ing on emergency power can still operate until the switch-
ing centres fail. The mobile telephone system seems to be
more resilient to power interruptions than the fixed-network
telephony because mobile switching centres are usually pro-
tected by backup power generation and cell towers go out
of service only when the backup batteries run out (Hiete et
al., 2010). Despite that, mobile telephone system functional-
ity gradually collapses or becomes heavily overloaded after a
while because of the increased traffic volume (Reuter, 2014).

Regarding Internet, digital devices that rely on power sup-
ply and do not have backup batteries (e.g., desktop computer,
servers) stop working immediately, whereas battery-operated
devices (e.g., laptops, smartphones) may still work for a few
more days, depending on their battery charge level. However,
similarly to telephony, the Internet access is not possible if
switching centres have lost their functionality. Data centres
for the Internet provision and data storage stop operating
when there is a shortage of fuel for the emergency power
generation (Hiete et al., 2010). Concerning media, although
television companies can continue broadcasting, it is gener-
ally impossible for households to receive television signals,
as they are unlikely to have emergency power supply. News-
paper publishing houses are in most cases able to maintain
their operation with the aid of emergency power generators,
the extent of which depends on what degree replenishments
of fuel can be ensured. Radio broadcasting proved to be re-
liable source of information, as radio can transmit contin-
uously, and it can be received via battery-operated devices
(Petermann et al., 2011).

Power interruption impacts on ICT depend on the timing
of flood occurrence (hazard parameter), the service area of
telecommunication network (exposure parameter), the topol-
ogy and configuration of telecommunication network, its in-
terconnections with the power grid, and the possession of
self-generating power (vulnerability parameters). Their mod-
elling must supply the disrupted service area of telecommu-
nication network, the number of affected mobile switching
centres, cell towers, and data centres, and the duration of out-
age.

Transportation

Means of transportation are heavily reliant on power sup-
ply due to the complexity of traffic management and sig-
nals. Airlines stop providing transportation services when
power interruptions affect air traffic control centres. Even if
airports remain open, flights may be cancelled, delayed, or
diverted (McMillan, 2014). Ferries, cruise ships, and ocean
liners grind to a halt docking and embarkation to passen-
ger terminal (Corwin and Miles, 1978). Rapid transit comes
to a standstill without electricity, imprisoning thousands of
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Table 3. Systemic damage mechanisms for residential, commercial, industrial, and agricultural sectors.

Sector Damage mech-
anisms

References Hazard Exposure Vulnerability Scale of analysis

Spatial Temporal

Residential Work activity
inaccessibility,
worsen educa-
tional outcome,
social and
leisure activity
loss, household
chores loss,
cooling and
heating loss,
food spoilage

Pasha and
Saleem (2013),
Lenz et
al. (2017),
Sullivan et
al. (2018)

Timing Residential
area

Type and size
of residential
buildings,
self-generating
power

Meso to macro Long-term

Commercial Financial
transaction
interruption,
computer ser-
vice loss, prod-
uct spoilage

Corwin
and Miles
(1978), Kile et
al. (2005)

Timing Commercial
area

Type and size
of businesses,
self-generating
power

Meso to macro Long-term

Industrial Manufacturing
shutdown,
product
spoilage, plant
equipment
damage

Corwin and
Miles (1978),
Rentschler et
al. (2019a)

Timing Industrial area Type and size
of industries,
self-generating
power

Meso to macro Long-term

Agricultural Irrigation fail-
ure, livestock
farming dis-
ruption, animal
welfare issues

Doukas et
al. (2016),
Sarachai et
al. (2019),
Huitu et
al. (2020)

Timing Agricultural
area

Type and size
of agricultures,
self-generating
power

Meso to macro Long-term

people in subways stuck in tunnels (Zimmerman, 2005).
Rail transportation is limited or stopped due to the disrup-
tion of power supply to electrified routes (Chovančíková and
Dvořák, 2019). Buses and cars face safety problems and ma-
jor delays to roads. Traffic lights that do not have backup
batteries switch off or revert to flashing red, causing exten-
sive traffic congestions and collisions. Lastly, filling stations
cannot pump fuel due to lack of electricity, making con-
sumers, repair crews, and law enforcement unable to ac-
cess gasoline and diesel (Albeverio et al., 2006; Miles et
al., 2014). Power interruption impacts on transportation de-
pend on the timing of flood occurrence (hazard parameter),
the service area of transportation network (exposure param-
eter), the topology and configuration of transportation net-
work, its interconnections with the power grid, and the pos-
session of self-generating power (vulnerability parameters).
Their modelling must supply the disrupted service area of
transportation network, the number of delayed commuters,
and the traffic delay.

Wastewater treatment

Power interruptions affect treatment and pumping of wastew-
ater in case of inadequate backup generation. In treatment
plants, wastewater bypasses the treatment process and flow
as raw, while in pumping stations, wastewater is leaking
(Miles et al., 2014) or wastewater does not flow and eventu-
ally returns to lower entry points (Corwin and Miles, 1978).
All phenomena have negative consequences for health and
the environment due to the resulting contamination (Cor-
win and Miles., 1978; Kile et al., 2005; Beatty et al., 2006;
Miles et al., 2014). Power interruption impacts on wastew-
ater treatment depend on the timing of flood occurrence
(hazard parameter), the service area of wastewater treatment
network (exposure parameter), the topology and configura-
tion of wastewater treatment network, its interconnections
with the power grid, and the possession of self-generating
power (vulnerability parameter). Their modelling must sup-
ply the disrupted service area of wastewater treatment net-
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work and the number of affected pumping stations and treat-
ment plants.

Health care

Health care provision in public and private facilities is dis-
rupted by power interruptions. Traditionally, these facilities
have emergency backup generators that are designed to op-
erate during periods of crises and disasters. However, long-
term power interruptions may render emergency backup gen-
erators insufficient to ensure the proper functioning of critical
health care activities, including operating rooms, intensive
care facilities, and emergency rooms. Equally significant are
the effects on other essential facilities that may not be main-
tained by emergency power, namely x-ray rooms, elevators
nurse call systems, air conditioning in emergency and operat-
ing rooms, medical gas and fire alarms, and premature nurs-
eries (Corwin and Miles, 1978). Essential medical devices
used in health care, such as ventilators, oxygen conservers,
nebulizers, and airway suction devices, rely on power supply.
Consequently, power interruptions increase the emergency
medical services calls and emergency department visits from
patients who rely on these electrically powered medical de-
vices (Greenwald et al., 2004; Prezant et al., 2005; Freese
et al., 2006; Klinger et al. 2014). Finally, laboratory speci-
men and vaccine spoilage occur due to loss of refrigeration
(Beatty et al., 2006). Power interruption impacts on health
care depend on the timing of flood occurrence (hazard pa-
rameter), the service area of health care facilities (exposure
parameter), the interconnections between the health care fa-
cilities and power grid and the possession of self-generating
power (vulnerability parameters). Their modelling must sup-
ply the number of affected patients.

Emergency service

Police and fire departments have a vital role to play dur-
ing power interruptions, as they are responsible for respond-
ing to emergency calls from people seeking help. However,
the disruption of power supply severely affects the proper
functioning of emergency services, resulting in long delays
in response actions (Corwin and Miles, 1978). Power inter-
ruption impacts on emergency services depend on the tim-
ing of flood occurrence (hazard parameter), the service area
of emergency service facilities (exposure parameter), the in-
terconnections between the emergency service facilities and
power grid and the possession of self-generating power (vul-
nerability parameters). Their modelling must supply the dis-
rupted service area of the emergency service facilities, the
number of affected police and fire departments, and the emer-
gency response time.

2.2 Economic model

The costs of power outages are broadly divided into two cat-
egories: the one concerning the grid operators and that con-

cerning the society or the customers (Billinton and Allan,
1996). In a similar way, the economic model includes sub-
models for the estimation of both kinds of economic losses
(Table 5). More specifically, economic losses are expressed
as the sum of the costs due to the repair or replacement of
power grid components (RC), the economic losses related to
the loss of power supply services to customers (LSC), the
inconvenience of households (HIC), the disruption of com-
mercial and industrial activities (CIADC), the reduction in
agricultural production (APRC), and the disruption of other
infrastructures services (ISDC).

D = f (RC,LSC,HIC,CIADC,APRC, ISDC) (1)

2.2.1 Operator losses

The costs borne by operators of power grids concern, on the
one hand, the costs due to the physical damage of compo-
nents, on the other hand, the economic losses linked to the
loss of transmission and/or distribution network functional-
ity.

Restoration cost

Physical damage incurs to power grids due to floods lead to
costly repairs or replacements of their components (Chatter-
ton et al., 2016). Floodwater may cause irreversible damage
to electrical equipment of the facilities which needs to be
replaced or complete disassembled and thoroughly cleaned
before it can be put back into service. The amount and type
of equipment affected is a major determinant of restoration
effort (Karagiannis et al., 2017). Operators bear additional
costs arising from the overtime payments of their work-
ers to ensure the restoration of power supply (Corwin and
Miles, 1978). Economic losses due to repair or replacement
of power grid components depend on the number and type of
components affected (input variables). Their estimation re-
quires relevant information regarding the depreciated and/or
replacement values of components and the salary range of
workers.

Loss of service cost

Power interruptions induce economic losses to grid operators
due to the loss of services that they provide. They include
revenue losses due to non-power supply, compensation pay-
ments to customers not served under insurance contracts, and
increased expenditure due to maintenance costs (i.e., renting
of auxiliary power supply generators) to avoid the prolonga-
tion of power interruption (Billinton and Allan, 1996; Chat-
terton et al., 2016). Economic losses due to loss of power
supply services depend on the power interruption duration
and the number and type of customers affected (input vari-
ables). Their estimation requires relevant information regard-
ing the electricity price, the compensation cost to customers,
and the generator rental price.
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Table 4. Systemic damage mechanisms for infrastructures.

Infrastructure Damage mechanisms References Hazard Exposure Vulnerability Scale of analysis

Spatial Temporal

Water supply Water shortage, con-
tamination, boil-water
advisory

Corwin
and Miles
(1978), Kile
et al. (2005),
Albeverio et
al. (2006),
Ebacher et
al. (2012),
Holden et
al. (2013),
Miles et
al. (2014)

Timing Service area Topology, con-
figuration, in-
terconnections,
self-generating
power

Meso to macro Long-term

ICT Telephone service
interruption, Internet
breakdown, broadcast
and press media failure

O’Reilly et
al. (2006),
Heite et
al. (2010),
Petermann
et al. (2011),
Reuter (2014)

Timing Service area Topology, con-
figuration, in-
terconnections,
self-generating
power

Meso to macro Long-term

Transportation Traffic congestion, col-
lisions, transit and rail
transport halt, flights
cancelation, docking
and embarkation stop-
page, filling station
disruption

Corwin and
Miles (1978),
Zimmerman
(2005), Al-
beverio et
al. (2006),
McMillan
(2014), Miles
et al. (2014),
Chovančíková
and Dvořák
(2019)

Timing Service area Topology, con-
figuration, in-
terconnections,
self-generating
power

Meso to macro Long-term

Wastewater
treatment

Unprocessed wastewa-
ter, wastewater leakage,
contamination

Corwin
and Miles
(1978), Kile
et al. (2005),
Beatty et
al. (2006),
Miles et
al. (2014)

Timing Service area Topology, con-
figuration, in-
terconnections,
self-generating
power

Meso to macro Long-term

Health care Health care activities
interruption, emer-
gency medical services
calls and emergency
departments visits
increase, laboratory
specimen and vaccine
spoilage

Corwin and
Miles (1978),
Greenwald
et al. (2004),
Prezant et
al. (2005),
Beatty et
al. (2006),
Freese et
al. (2006),
Klinger et
al. (2014)

Timing Service area Interconnections,
self-generating
power

Meso to macro Long-term

Emergency ser-
vice

Emergency calls in-
crease, response delays

Corwin and
Miles (1978)

Timing Service area Interconnections,
self-generating
power

Meso to macro Long-term
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2.2.2 Customer losses

Power interruption costs from the customer perspective
varies and are related, on the one hand, to the number and
type of customers affected, and, on the other hand, to the du-
ration, frequency, and occurrence time (i.e., day, week, and
season) of power interruption (Wacker and Billinton, 1989b).
For this reason, the separate modelling and analysis of each
customer category is essential.

Household inconvenience cost

Power interruptions entail substantial costs on residences due
to the disruption of household activities. They produce in-
convenience or hassle and imply extra expenses (Billinton
and Allan, 1996; Sullivan et al., 2018). Inconvenience costs
are associated with the use of candles for lighting, alterna-
tive heating, or the use of bottled gas for cooking. Extra ex-
penses include food spoilage due to loss of refrigeration, din-
ing out, or losses of wages due to the lost time in case of
working at home. Economic losses due to the inconvenience
of households depend on the power interruption duration and
the number and type of residential customers affected (input
variables). Their estimation requires relevant information re-
garding the market prices of products and the salary range of
residents.

Commercial and industrial activity disruption cost

Power interruptions impose significant costs on businesses
and industries due to the disruption of their daily activities.
Their productivity rate decreases as the spoilage of raw mate-
rials and damage to manufacturing plant or equipment force
them to stop production or at least slow it down, operat-
ing below their full capacity. Consequently, additional labour
costs arise, such as wages to staff who is unable to work or
overtime payments to restore operations (Billinton and Al-
lan, 1996; Sullivan et al., 2018). In addition, businesses and
industries are subject to sales losses due to the restricted abil-
ity to trade and compete. They usually invest in diesel backup
generators to cope with power interruptions (Rentschler et
al., 2019a), but diesel backup power generation is much more
expensive than conventional power grid supply (Farquhar-
son et al., 2018). Economic losses due to the disruption of
commercial and industrial activity depend on the power in-
terruption duration and the number and type of commercial
and industrial customers affected (input variables). Their es-
timation requires relevant information regarding a gross eco-
nomic measure, the salary range of employees, and the gen-
erator rental price.

Agricultural production reduction cost

The effects of power interruption have a strong impact on
agriculture. This is mainly due to the loss of crop and live-
stock production, damage caused to stored farm goods, and

additional labour costs (Wacker and Billinton, 1989a). Eco-
nomic losses due to the reduction in agricultural production
depend on the power interruption duration and the number
and type of agricultural customers affected (input variables).
Their estimation requires relevant information regarding a
gross economic measure.

Infrastructure service disruption cost

The service disruption of power grids affects the normal op-
eration of other infrastructures causing significant economic
losses. Water supply and wastewater treatment facilities ex-
perience costs due to damage to plant or equipment. Trans-
portation is subject to revenue losses from customers not
served, overtime payments of their employees, and additional
costs to run a backup generation. Hospitals face economic
losses including overtime payments due to increase emer-
gency room activity, costs related to backup generation, costs
of food and medical specimen spoilage caused by the lack
of refrigeration, and revenue losses from patients not served
in case of a private health system. Emergency services are
subject to overtime payments because police and fire forces
are required to be on duty over the period of power inter-
ruption, in the case of private services (Corwin and Miles,
1978). Economic losses due to the disruption of other infras-
tructure services depends on the power interruption duration
and the number and type of infrastructures affected (input
variables). Their estimation requires relevant information re-
garding a gross economic measure, the salary range of em-
ployees, and the generator rental price.

3 Modelling approaches

As fully explained by the conceptual model, modelling the
physical and functional vulnerability of power grid compo-
nents to floods, the consequent power outage of the net-
work, and, in turn, the cascading effects across the economic
activities is complex, asking for multidisciplinary expertise
and multi-scale analysis. In fact, comprehensive modelling
of damage to power grids is still a challenging task. This is
mainly due to, on the one hand, the structural and dynamic
complexity of power grids, and, on the other hand, the lack
of knowledge and data to investigate damage mechanisms
and to calibrate and validate models. Section 3 provides a
review of the methodologies found in literature to improve
the understanding of existing modelling approaches, chal-
lenges, and limitations for the estimation of direct, indirect,
and systemic flood damage to power grids. The investiga-
tion of methodologies for the estimation of the resulting eco-
nomic losses is outside the scope of this study, as more re-
lated to the economic domain.
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Table 5. Economic losses of grid operators and customers.

Cost Economic losses References Recipient

Restoration Repair and/or replacement of power
grid components, overtime payments

Corwin and Miles (1978), Chatterton et
al. (2016), Karagiannis et al. (2017)

Operator

Loss of service Revenue loss from customers not
served, compensation to customers not
served, renting auxiliary power supply
generators

Billinton and Allan (1996), Chatterton
et al. (2016)

Operator

Household inconve-
nience

Candles use, alternative heating, bottled
gas use, food spoilage, dining expenses,
loss wages

Billinton and Allan (1996), Sullivan et
al. (2018)

Customer

Commercial and indus-
trial activity disruption

Reduction in productivity rate, sales
losses, wage and overtime payments,
spoilage of raw materials, damage to
plant and equipment, self-generating
power costs

Billinton and Allan (1996), Farquhar-
son et al. (2018), Sullivan et al. (2018),
Rentschler et al. (2019a)

Customer

Agricultural production
reduction

Loss of crop and livestock production,
damage to stored farm goods, additional
labour costs

Wacker and Billinton (1989a) Customer

Infrastructure service
disruption

Revenue loss from customers not
served, overtime payments, spoilage of
raw materials, damage to plant and
equipment, self-generating power costs

Corwin and Miles (1978) Customer

3.1 Direct damage

The estimation of direct damage to power grids is highly as-
sociated with the assessment of physical and functional vul-
nerability of their components. Physical vulnerability con-
cerns the probability of a network component being phys-
ically damaged, while functional vulnerability refers to the
probability of a network component to suffer functional fail-
ure.

The assessment of physical vulnerability is usually per-
formed with the use of damage functions. Damage functions
describe the relationship between flood hazard parameters
and damage ratio of components (with respect to their ex-
posed value). Several damage functions are now available in
the literature for network infrastructures, which can be dis-
tinguished into two main categories according to their scale
of analysis: meso-scale or micro-scale. At the meso-scale,
damage is computed per homogeneous land use areas (i.e.,
considering the exposed surface area occupied by the infras-
tructures). Typical examples are the Damage Scanner (Klijn
et al., 2007), the Flemish model (Vanneuville et al., 2006),
the Rhine-Atlas (ICPR, 2001), and the JCR model (Huizinga,
2007). However, these models do not distinguish among dif-
ferent types of infrastructures, but a single depth–damage
function is considered for all typologies. The classification
of network infrastructures into different types is allowed
by Hazus Flood Model (Hazus) (FEMA, 2022) and Multi-

Coloured Manual (MCM) (Penning-Rowsell et al., 2013),
which follow object-based approaches at the micro-scale.
The MCM provides an absolute depth–damage function for
wastewater treatment facilities. The Hazus estimates physical
damage to water supply, wastewater treatment, natural gas
networks, and is unique in the physical vulnerability assess-
ment of power grid components, classified as: power plants,
substations, and distribution circuits (i.e., a unified system
including towers or poles and lines or cables).

The assessment of functional vulnerability is performed
with the use of fragility curves. Fragility curves express
the relation between flood hazard parameters and failure
probability of components. Multiple or binary (functionality
thresholds) failure states are assigned which derive from em-
pirical data or expert knowledge. For instance, power plants
manifest multi-state behaviour because their overall perfor-
mance can settle on different levels of the nominal capac-
ity, depending on the portion of operative generators that are
composed of. At the same time, other components such as
overhead lines and underground cables have binary states:
normal or failed. Espinoza et al. (2016) provide fragility
curves that evaluate the multiple failure state of power plants
and substations compared to historical data of accumulated
rainfall. The Hazus, instead, assign binary failure states, de-
rived from a less refined evaluation of the functional vul-
nerability, by determining specific values of water depth
over which substations and power plants becomes inopera-
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ble (functionality thresholds). Fragility curves of binary fail-
ure states (i.e., substations are flood-proofed and fully work-
ing up to a certain water depth) were also applied in the
study conducted by Dullo et al. (2021), who evaluated the
functional vulnerability of substations under potential cli-
mate change scenarios and assessed the adequacy of flood
protection measures.

Despite direct damage is the most investigated one and
considerable research effort has been made to develop depth–
damage functions and fragility curves for the components of
power grid, still major challenges and limitations arise from
the literature review that hamper reliable and comprehensive
estimations. The first is related to depth–damage functions, in
particular, to the absence of separate relationships for com-
ponents with distinct damage mechanisms (see Sect. 2.1.1).
The second concerns fragility curves, as these are still not
able to assess the failure of all components: towers, poles,
and cables which are subject to erosion are not considered
vulnerable and therefore excluded from the assessment. The
third regards the correlation of both with a limited number of
hazard parameters (accumulated rainfall and water depth are
yet the only options): flow velocity, duration of inundation,
and debris/sediments amount may also be considered.

3.2 Indirect damage

The estimation of indirect damage to power grids is strongly
related to the performance assessment of transmission and
distribution networks. On the base of the approaches used
to carry out the assessment, four main categories of models
can be identified that view this complex problem from dif-
ferent perspectives: topological, logical, phenomenological,
and flow methods (Zio, 2016).

Topological methods (e.g., graph theory, statistical
physics, etc.) describe the structural connectivity of power
grids by a graph composed of nodes and links. Logical meth-
ods (e.g., hierarchical logic trees, game theory, etc.) record
the logic of power grid functionality in perturbations and di-
agram all the possible combinations of components failure.
Both approaches assess network performance by consider-
ing discrete failure states for each component, which in most
cases are binary (i.e., fully operative, or completely failed).
They are commonly used to examine network functionality
and cascading failures within it, as well as to identify the
most critical components by estimating centrality measures
of nodes (e.g., degree, closeness, betweenness, clustering co-
efficient) or by highlighting critical links, from a topolog-
ical or logical perspective, respectively. Nonetheless, both
these two approaches are unable to interpret the dynamic
behaviour of the network, which emerge from its functional
properties (i.e., level of power supply services exchange be-
tween nodes in the graph), but only evaluate the structural
and logical relations between the components, based on its
static formulation. To overcome this limitation, phenomeno-
logical or flow methods are preferred. Phenomenological

methods (e.g., input–output models, agent-based models,
etc.) capture the dynamics of interrelated operations between
the components of power grids and with the environment or
society. Flow methods based on simulation models depict,
in a way closer to reality, the power flow between nodes
in the graph, describing the physical processes of network
functionality, monitoring, and control. Power flow analysis is
performed either by Active Current (AC) power flow equa-
tions (i.e., electric current periodically switches direction)
or Direct Current (DC) approximation (i.e., electric current
constantly flows in one direction). Phenomenological and
flow approaches measure the level of power grids response
to threats by relying on metrics that estimate the amount of
power not supplied or the fraction of demand served.

The implementation of the four categories of models to
flood-related problems is, however, limited and unbalanced.
For instance, Bollinger and Dijkema (2016) evaluated trans-
mission network performance against floods adopting a flow
method. In particular, the authors derived water depth val-
ues from publicly available flood risk data (for a dike breach
scenario) and determined binary failure states to substations
with an empirical functionality threshold, based on the height
of flood protection system. The study represented transmis-
sion network by a set of interconnected components assigned
with electrical properties (i.e., generation capacity and peak
demand) and analysed power flow by solving the DC ap-
proximation. Network performance was calculated through
structural vulnerability analysis (i.e., evaluates how the suc-
cessive removal of nodes or edges from a network affects its
performance; Albert et al., 2004), in terms of the fraction of
demand served across the range of flood magnitudes (i.e., de-
fined as the increased number of failed substations).

Likewise, Espinoza et al. (2016) adopted a flow method
within a multi-phase framework to evaluate the performance
of transmission network during flooding events. The authors
characterized flood hazard by defining its magnitude, prob-
ability of occurrence, and spatiotemporal variability, related
to the accumulated rainfall. The failure probability of power
plants and substations was estimated by applying the fragility
curves mentioned in the previous Sect. 3.1. Finally, the net-
work performance was evaluated, carrying out sequential
Monte Carlo simulations and using AC optimal power flows
at each simulation step. The whole process was described in
a time-dependent way by measuring the expected power not
supplied within the event period.

Vasenev et al. (2016) developed, instead, a procedure to
qualitatively investigate the performance of distribution net-
work upon the occurrence of a flood, following a logical ap-
proach. According to the proposed step-by-step process, the
functional vulnerability of components can be assessed us-
ing the functionality thresholds of the Hazus, by essentially
linking the vulnerability parameters of power plants and sub-
stations (i.e., flood protection system and equipment height)
to the hazard parameters (i.e., return period and water depth).
To account for the network functionality, the study captured
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the logical connections of components, taking also into con-
sideration the (inter)dependencies between overhead lines
and underground cables. In doing so, the components that ex-
pected to remain properly in operation during the event are
listed.

Two main drawbacks have been identified to the above-
mentioned methodologies aimed at investigating the loss
of power grid functionality, when exposed to floods. First,
there is an absence of studies that evaluate network per-
formance from a topological perspective or by phenomeno-
logical methods. Studies mainly applied simulation-based
(Bollinger and Dijkema 2016; Espinoza et al., 2016) or even
logical approaches (Vasenev et al., 2016), while some of
them went a step further, by estimating other crucial features,
such as the response and restoration process (Espinoza et al.,
2016). This, however, hamper the analysis of indirect damage
given that the sensitive data required for the complex mod-
elling of power flow are hard to obtain and the computational
cost is extremely high. Second, there is a lack of fragility
curves that are a necessary input for estimating indirect dam-
age. Consequently, the authors are forced to empirically de-
velop their own fragility curves or to make over-simplified
assumptions and approximations that nevertheless introduces
uncertainty into the modelling results.

3.3 Systemic damage

The estimation of systemic damage to power grids focuses on
the assessment of power interruptions impact on costumers
due to the dependencies and interdependencies among power
grids and economic activities.

The (inter)dependencies with the residential, commercial,
industrial, and agricultural sectors can be modelled through
analytical or synthetic approaches. Analytical approaches
rely on the construction of a Voronoi diagram (Poljanšek et
al., 2012) to assign people served by or customers connected
to substations and cabins, where data derive either from spa-
tial information of population densities (e.g., census blocks)
or through geospatial modelling of customer locations (e.g.,
Corine Land Cover (CLC) dataset), respectively. Synthetic
approaches are based instead on simplified assumptions and
hypotheses to fulfil the specific purpose of the study. In both
cases, the resulting socio-economic impact is measured by
the number of disconnected customers or people affected.

In the scientific literature, examples can be found with
respect to both approaches. Bragatto et al. (2019), for ex-
ample, developed a tool to estimate the impact of flood-
induced power supply disruptions on the general connected
customers. The procedure was applied to a real distribution
network where the failure of cabins was predicted by eval-
uating, first, their exposure on different flood return periods,
and second, their probability of failure by an empirical judge-
ment of the operators. Graph theory (topological method)
was adopted to evaluate network performance, providing the
topology, typology of components, and the number of cus-

tomers supplied by each cabin. The impact of power inter-
ruptions was assessed by estimating the number of discon-
nected customers, without however being clear on how this
number was calculated, as well as about the categories of af-
fected customers, probably due to privacy policy of the data
provided by the operators.

Impacts of power interruption caused by floods on resi-
dential customers were investigated by Leandro et al. (2021).
The authors estimated the hazard parameters required to eval-
uate the failure probability of both the outdoor and indoor
network components, respectively, by a 2D flood model, and
as a function of outdoor water depth. Functionality thresh-
olds to cabins and electrical panels of residential buildings
were attributed by field observations and professional expe-
rience. The layout of the synthetic distribution network (in-
spired by a real urban area due to data restriction) was es-
tablished by a hierarchical representation of its components
(logical method) that reflected the failure propagation from
the cabins to the subordinate residential buildings. For the
sake of simplicity, the study uniformly assigned to the cabins
a sub-set of the real number of buildings found in the refer-
ence area, in agreement with the network demand. Finally,
the power interruption impact was measured by the number
of residential buildings remained without electricity during
the event phase.

Karagiannis et al. (2019) approximated the impact of
power interruptions on commercial and industrial customers.
Information on hazard parameters (i.e., water depth, return
period) was extracted from flood hazard maps and combined
with the depth–damage functions provided by Hazus to es-
timate the physical damage. The functional failure of com-
ponents was not assessed, but it was assumed that the opera-
tors switched off the substations located inside the inundation
area once they received the flood warning. The study did not
evaluate network performance, but only defined its structure
by spatially distributing the transmission components (i.e.,
substations, lines). The service area disrupted when a substa-
tion is switched off is roughly estimated by determining its
influence zone, using a Voronoi diagram. The combination
of the affected area with the population density map yielded
the number of people affected. After that, this number was
multiplied by the gross domestic product for the duration of
power interruption to finally express the economic losses in
terms of the activity ceased on a per capita basis.

Similarly, Sánchez-Muñoz et al. (2020) investigated the
power interruption impact on businesses and industries, this
time, however, by assessing the failure probability of com-
ponents, using the fragility curves of Hazus (functionality
thresholds), and regarding a distribution network. Again, the
authors estimated the economic losses in terms of the activ-
ity ceased on a per capita basis, this time, however, by mul-
tiplying this value also with the failure probability of each
affected cabin.

Koks et al. (2019) developed a modelling framework to
analyse the impact that power supply disruptions triggered by
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floods have on commercial activity, industrial production ca-
pacity, and agriculture. The study determined the functional
vulnerability of substations by functionality thresholds that
compare the water depth of different frequency floods (de-
rived from hazard maps) with the height of flood protection
system. No network structure was defined for the power grid,
but only the spatial location of substations. The authors, first,
derived detailed information from openly available dataset
about the local employment levels of businesses, industries,
and agricultures, and then combined this information with
the CLC database to define their spatial location. After that,
their dependency on the substations was mapped by con-
structing a Voronoi diagram. The authors showed that em-
ployment reduction due to power interruptions can be con-
sidered as an alternative measure of impact assessment. Fi-
nally, the economic losses were expressed in monetary terms
through the estimation of the reduction in value added, mak-
ing use of a macro-economic model.

Methodologies implemented to estimate the impact of
power interruptions on interdependent infrastructure net-
works are many and have been detailed reviewed by Ouyang
(2014). The author catalogued the approaches in a six classes
taxonomy, where the methods are not classified on the level
of granularity of the data but on the type of information
used, including: empirical, agent-based, system dynamics,
economic theory based, network-based, and other methods.
Still, only empirical and network-based approaches have
been adopted in flood-related studies.

In empirical approaches the analysis of the interdepen-
dencies is based on historical data or expert experience. An
example is supplied by the study of Murdock et al. (2018)
that proposed a method to quantify transmission network re-
sponse to floods in a real area, accounting for its interde-
pendencies with other infrastructure networks. The authors
combined water depth values of flood hazard maps with func-
tionality thresholds of substations (developed by site obser-
vations and available documentation of case studies) to get
insight into their exposure and functional vulnerability. The
configuration of the transmission network and the spatial lo-
cation of its components were defined using open access
data, without however being clear by the authors how net-
work performance was evaluated. Afterwards, the cascading
effects of power outage to interdependent telecommunica-
tions, rails, and roads were analysed through a tool developed
by researchers following a workshop, in consultation with
stakeholders. Finally, power interruption impact was plotted
by a curve that graph the number of people affected by the
disruption of all the infrastructures multiplied by the disrup-
tion duration versus the flood hazard frequency.

On the other hand, network-based approaches describe in-
frastructures as networks where nodes represent the connec-
tions among them (e.g., topological and flow methods). The
study by Pant et al. (2018) can be quoted as an example. The
authors presented an integrated framework to assess flood
damage to power grids, quantifying the wider spatial im-

pacts to interdependent infrastructures (i.e., water, wastew-
ater, telecommunication, airport, and port). The flood hazard
maps of the study area were extracted from a national as-
sessment and used in the framework to assess the functional
vulnerability of cabins, under the assumption that these fail
once exposed to flood (i.e., binary failure states). Power grid
was represented through a spatial network (i.e., a graph in
which nodes and links are distributed in space), without eval-
uating its performance, where interdependent infrastructure
networks and assets were connected to the cabins. Network
demands were modelled in terms of the number of customers
(derived from spatial population statistics) connected to each
infrastructure asset, using a Voronoi diagram. The impact of
power interruption was expressed in terms of the number of
customers affected by the disruption of all the infrastructures.

Overall, the literature review highlights that extensive re-
search has been conducted in recent years to develop method-
ologies for estimating the systemic damage; however, there
are still knowledge and methodological gaps that should be
addressed in future studies. First, there is no general frame-
work in the literature that performs a comprehensive mod-
elling and simulation analysis, capturing the full extent of
the socio-economic impact on all customers categories. On
average, research studies are concentrated on a specific cus-
tomer category at a time, while some of them are not lim-
ited to evaluating systemic damage in physical units but also
assess economic losses in monetary terms (Karagiannis et
al., 2019; Koks et al., 2019; Sánchez-Muñoz et al., 2020).
Second, the modelling approaches to evaluate network per-
formance, if not neglected, are mainly based on empirical
knowledge, which could however bring their transferability
to different geographical and economic contexts into ques-
tion.

4 Discussion and conclusions

Effective flood risk management requires a comprehensive
knowledge of flood damage to all the exposed sectors. In re-
cent years, there have been significant research efforts in bet-
ter understanding and quantifying the damage mechanisms
of power grids, when exposed to floods. Despite that, the
available methodologies cannot yet be considered conclusive
as they tend to focus primarily on a specific kind of dam-
age, neglecting or estimating with over-simplified assump-
tions and tools the others (Sect. 3). Therefore, the need to
develop a consolidated framework that is coherent and get
the overall picture of the damaging phenomena arises, that is
a tool allowing to (i) estimate flood damage to components,
(ii) analyse the cascading effects and failures in the network,
and (iii) assess the impact of power outage on customers.

In such a context, in this paper, we propose a conceptual
model, derived from a thorough analysis of the literature, that
sheds light on how to exhaustively assess flood damage to
power grids. Its goal is to systemize and broaden the current
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knowledge about: (i) the kinds of expected damage (mecha-
nisms), (ii) the hazard, exposure, and vulnerability parame-
ters on which they depend on, (iii) the spatial and temporal
scales of analysis required, (iv) the interconnections among
the different types of damages, and (v) the different recipients
of economic losses. As such, it can be easily applied to a va-
riety of geographic and socio-economic contexts, for which
specific modelling tools must be developed/implemented for
the different damage components.

The development of conceptual model indicates that flood
damage assessment to power grids requires the adoption of
an interdisciplinary approach and the integration of multiple
scales of analysis to deal with the complexity of damaging
phenomena under investigation and capture the wide range
of cascading effects that emerge; and the problem is even
more complex if dynamic aspects are considered. In fact,
network performance and its interdependencies with eco-
nomic activities and other networks could differ under cli-
mate change conditions (i.e., increase in the frequency and
intensity of floods), due to technological innovations (e.g.,
transformation to smart grids), socio-economic development
(e.g., changes in production–demand balances), and the ever-
changing legislation and policy.

The implementation of the conceptual model (i.e., its
translation in coherent modelling tools) in real contexts pro-
vides decision-makers with a robust and informative tool
that underlines all the expected damages in case of flood-
ing of power grids (orange boxes in Fig. 1), as well as their
explicative variables (blue, green, and red boxes/arrows in
Fig. 1) and interconnections (orange arrows in Fig. 1). In
doing so, it supports the identification of the most critical
components of the grids and, accordingly, of the best mitiga-
tion strategies to be implemented. In detail, it would enhance
the cost–benefit analysis of alternatives of intervention in the
future, by enabling the comparison of ante-operam and post-
operam expected damage. Several actors can take advantage
of the conceptual model (i.e., grid managing operators to se-
cure power supply, civil protection authorities to maintain the
socio-economic order, insurers to reduce their exposure risk)
for the identification of targeted structural (e.g., deployment
of flood protection system, raising electrical equipment, rais-
ing ventilation holes, installing pumping equipment, sealing
cables) and non-structural (e.g., selection of optimal dispatch
strategies, use of mobile substations) actions (Abi-Samra and
Henry, 2011; Costa and McAllister, 2017; Movahednia et al.,
2022).

It is worth noting that, at present, the implementation
of the conceptual model in real modelling tools struggle
with critical challenges regarding the lack of knowledge and
scarcity of data to calibrate and validate the modelling re-
sults. In fact, detailed modelling of infrastructure networks
and damage requires a big amount of data that are usually
difficult to gather, first, because they are related to different
power grid systems (i.e., generation, transmission, and distri-
bution), which span over multiple territories, often allocated

to multiple jurisdictions, and second, because are considered
sensitive by managing authorities as they concern national
CIs (Rinaldi et al., 2001). In this regard, the adoption in the
future of standardized frameworks to collect information is
welcome.
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