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Optimal Distribution System Operation for
Enhancing Resilience Against Wildfires

Dimitris N. Trakas , Student Member, IEEE, and Nikos D. Hatziargyriou, Fellow, IEEE

Abstract—Natural disasters can cause significant damage to
power grids. During summer, in countries with high temperatures,
distribution systems passing through forested areas are prone to
wildfires. This paper proposes a stochastic programming approach
for increasing resiliency of a distribution system exposed to an ap-
proaching wildfire. Dynamic line rating of the overhead lines is
considered in order to model the impact of the wildfire on conduc-
tor temperature and flowing current. The uncertainties associated
with solar radiation, wind speed, and wind direction that affect
the progression of the wildfire and the production of stochastic
distributed generators are taken into account. A scenario reduc-
tion algorithm is applied to reduce the number of scenarios in a
tractable size and subsequently the computational burden. The
proposed model is transformed to a mixed-integer problem with
quadratic constraints, which provides effective solution to the op-
eration of a distribution system against an approaching wildfire. A
modified IEEE 33-bus distribution system is used to illustrate the
applicability of the proposed approach.

Index Terms—Distribution system resilience, dynamic thermal
rating, stochastic programming, wildfire.

NOMENCLATURE

A. Indices and sets

i, j Indices for buses (1 to NB ).
ij Distribution line between buses i and j.
t Index for time periods (1 to NT ).
ω Index for scenarios (1 to NΩ ).
y Index of linearization model of cos(ϑi − ϑj ).
− and − Symbols for upper and lower bounds.

B. Parameters

1) Flame

Lf Flame length [m].
γf Flame tilt angle [rad].
T f Flame zone temperature [K].
εf Flame zone emissivity.
ρb Fuel bulk density [kg/m3].
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2) Weather and Atmospheric Conditions

V w Wind speed [m/s].
ϕw Angle between the wind direction and the conductor

axis [rad].
Φs Solar radiation [W/m2].
Ta Ambient temperature [K].
τ Dimensionless atmospheric transmissivity.
ka Thermal conductivity of air [W/mK].
ρa Density of air [kg/m3].
μa Absolute (dynamic) viscosity of air [kg/ms].

3) Conductor-Line

mCp Total heat capacity of conductor [J/mK].
K Solar absorptivity.
D Conductor diameter [m].
ε Conductor emissivity.
Ll Vertical position of the line [m].
g, b Conductance and susceptance of line [p.u.].
Tmax Conductor maximum permissible temperature [K].

4) Prices, Costs and Values

cU P Price for buying/selling energy from/to the upstream
system [$/MWh].

cD Price for selling energy to consumers [$/MWh].
cG Generation cost of controllable generators [$/MW].
cSU /cSD Start-up/Shut-down cost of controllable generators

[$].
V oLL Value of lost load [$/MWh].

5) Energy Storage System

nST Conversion efficiency of energy storage systems.
EST Energy capacity of energy storage systems [MWh].

6) Coefficients, Constants and Bounds

λ, β Coefficients used in the linearization of radiated
heat loss rate.

κ, ξ Coefficients used in the piecewise linearization
of cos(ϑi − ϑj ).

B Stefan-Boltzmann constant [W/(m2K4)].
Δϑy

min / max Lower/Upper bounds of segments for piecewise
linearization of cos(ϑi − ϑj ).

7) Others

π Probability of scenario.
Δt Duration of time intervals [s].
M1,2,3 Sufficiently big positive numbers.
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C. Variables

1) Flame

V f Fire rate of spread [m/s].
rf Distance of fire from the line [m].
Φf Radiative heat flux emitted from fire [W/m2].
δf View angle between the flame and the conductor [rad].

2) Conductor-Line

T Conductor temperature [K].
pfP /Q Line active/reactive power flow [p.u.].

3) Heat Gain and Loss Rates

ql Resistive heat gain rate [W/m].
qs Heat gain rate from sun [W/m].
qf Heat gain rate from fire [W/m].
qc Convection heat loss rate [W/m].
qr Radiated heat loss rate [W/m].

4) Upstream System, Distributed Generation, Energy Storage
Systems and Loads

pU P Active power to exchange with the upstream sys-
tem [p.u.].

pU PB / S Active power to buy/sell from/to the upstream sys-
tem [p.u.].

pW T /P V /G Active power generation of wind/solar /control-
lable generators [p.u.].

pST +/− Charging/Discharging active power for energy
storage systems [p.u.].

PD
ω , QD

ω Scenario ω active and reactive power for
demand [p.u.].

pD /qD Served active/reactive power [p.u.].
pshed/qshed Active/Reactive power shedding [p.u.].
qG Reactive output of controllable generators [p.u.].
qST Reactive output of energy storage systems [p.u.].
suG, sdG Controllable generator start-up and shut-down

cost [$].
socST State of charge of energy storage systems.

5) Binary Variables

ul Binary variable for determine the status of line.
uζ

ij Binary variable for linear approximation of cos(ϑi − ϑj ).
uU P Binary variable for determine of buying or selling energy

from/to upstream system.
uST Binary variable for determine the charging or discharging

status of energy storage systems.
uG Binary variable for determine the status of controllable

units.

6) Bus

v Bus voltage magnitude [p.u.].
ϑ Bus voltage angle [rad].

7) Others

Kangle Wind direction factor.
NRe Dimensionless Reynolds number.
ζij Piecewise linear approximation of cos(ϑi − ϑj ).

For the calculations, the base values of power and voltage are
used.

I. INTRODUCTION

IN THE light of natural hazards, the necessity for enhanc-
ing power grid resilience is gaining increasing attention.

Resilience is the grid’s ability to withstand extraordinary and
high-impact low-probability events that may have never been
experienced before, rapidly recover from such disruptive events,
and adapt its operation and structure to prevent or mitigate the
impact of similar events in the future [1]. The above definition
of resilience indicates that a resilient grid must be characterized
by fault-tolerance, fast response, recovery and reliability [2].
Natural hazards encompass geological and meteorological phe-
nomena, such as extreme weather events, earthquakes, floods
and wildfires. The impacts and financial costs of such events on
power grids have led in developing strategies to effectively deal
with them [3].

Enhancing power grid resilience can be achieved through
hardening and operational measures [4]. Hardening measures
have been proposed in [5]–[7]. In [5] a coordinated hardening
and distributed generation resource allocation approach is pro-
posed to increase the resilience of the distribution system against
a hurricane. In [6] different hardening measures, such as upgrad-
ing poles and vegetation management are integrated in a tri-level
optimization problem for the minimization of the hardening in-
vestment and the projected load shedding cost under extreme
weather conditions. A transmission expansion planning for en-
hancing power system resilience to earthquakes is proposed in
[7]. References [8]–[11] propose operational measures for en-
hancing power grid resilience. An optimal microgrid schedul-
ing considering the probability of an unintentional islanding has
been proposed in [8] and [9]. The importance of microgrids in
power system resilience enhancement has been highlighted in
[2]. In [10] the distribution system is sectionalized into self-
supplied microgrids to provide power to the maximum loads of
the isolated part in case of faults. An islanded scheme is pro-
posed in [11] to increase power grid resilience against cascading
events that are triggered by line damages due to extreme weather.

In the existing literature, the measures for enhancing power
grid resilience mainly focus on extreme weather events [5], [6],
[11]–[14], while the grids’ ability to withstand a wildfire has not
been adequately investigated. In [15] a methodology to quan-
tify the damage caused by a wildfire to the distribution system
of a city is proposed. However, no measures are proposed for
addressing the threat of the fire. The impact of a progressing
wildfire on line ratings of a transmission system is proposed in
[16]. Moreover, an optimal power flow method for minimizing
the generation cost is applied considering reduced line capac-
ities due to the wildfire. In [17], [18] a method for an optimal
distribution system operation against a progressing wildfire is
presented and the contribution of microgrids and demand re-
sponse is studied. In [16]–[18] the steady-state heat balance
equation is used, that according to IEEE Std 738 [19] it is ap-
plied when the electrical current, conductor temperature and
weather conditions are assumed constant for all times.
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In this paper, optimal distribution system operation for en-
hancing resilience is formulated and solved considering the
varying conditions during the spread of a progressing wild-
fire and its impact on the system. As stated in [20] and [21],
system defense plans and restoration schemes are put in action
during emergency situations, to avoid power interruptions and
to restore electricity, when interruptions are not avoided. Close
coordination between all actors playing an active role in the
defense and restoration schemes is required. Distribution Sys-
tem Operators (DSOs) are responsible to supervise and control
the implementation of emergency actions. Therefore, it is as-
sumed that during the progression of the wildfire the DSO has
full control of distributed generators (DGs) and energy storage
systems (ESSs). In fact, according to the German Guideline for
generating plants [22], in case of potential danger to system
operation security, DSOs are entitled to request a temporary
limit of the DGs power or disconnect the facility. Furthermore,
DSOs in Great Britain have to prepare and maintain plans for
mitigating the effects of an emergency, such as a natural dis-
aster (e.g., wildfire), that may likely disrupt electricity supply
[23]. In this case, the Distribution Operating Code sets out Con-
tingency Planning procedures to enable coordination between
all the users of the distribution system. In addition, in case of
campus or military base, the assumption that the operator is the
owner of system components and responsible for their operation
is fully applicable [8].

A stochastic programming approach is used to determine the
operation of a resilient distribution system exposed in an ap-
proaching wildfire. A wildfire is able to cause a direct damage
to distribution system components or to decrease thermal rating
of the lines due to the increase of the conductor’s surface tem-
perature [16]. Dynamic Line Rating (DLR) of the overhead lines
is considered in order to model the impact of the wildfire on the
conductor’s temperature. The non-steady-state heat balance is
used to calculate conductor temperature for weather conditions
that vary over the time horizon. When the wildfire is within a
close distance from the conductors, it is assumed that it disrupts
their operation for the rest of the time horizon of the study due
to the high rise of their temperature and the violation of their
maximum permissible temperature. This does not necessarily
mean physical damage, but it can also include unacceptable line
sags that leads to the outage of the line.

The main contributions of this paper are:
1) the DLR of overhead lines is integrated in distribution

system operation, in order to enhance resilience against
an approaching wildfire.

2) the impact of the wildfire on the line’s functionality is
considered, not only on conductor’s temperature, as done
in previous publications. This provides a better appraisal
of the wildfire effects.

3) the non-steady-state heat balance equation is used to take
into account the influence of the wildfire on the conduc-
tor’s temperature.

The last two terms are original contributions of the proposed
method.

The rest of this paper is organized as follows: Section II
presents the associated uncertainties. The wildfire model is

introduced in Section III. Section IV describes the calculation
of the conductor’s temperature using the non-steady-state
heat balance equation. The proposed approach is presented
in Section V and is illustrated in Section VI. Section VII
summarizes and concludes the paper.

II. UNCERTAINTIES

Distribution systems consisting of ESSs and DGs are consid-
ered in this paper. The production of wind turbines (WTs) and
photovoltaic panels (PVs) are modeled as stochastic, based on
probabilistic forecasting techniques [24], while microturbines
(MTs) are modeled as controllable sources.

A. Stochastic Parameters

Wind speed and direction are considered uncorrelated.
Weibull and von Mises distributions are used for modelling
wind speed and direction [17]. Solar radiation is modelled us-
ing Beta distribution and Normal distribution is used for load
demand [25]. The parameters of Beta distribution and Weibull
distribution are calculated by using their mean value and stan-
dard deviation of the predicted solar radiation and wind speed
according to [26] and [27], respectively.

B. Scenario Generation and Reduction Algorithm

Monte Carlo simulation (MCs) is used to produce a large
number of scenarios for the stochastic parameters based on
forecasted values and the typical distribution of each param-
eter. The use of MCs, instead of simple mean values, is able
to provide results covering a whole spectrum of most proba-
ble scenario values including worst case probable conditions,
as will be shown in Section VI-B. The Backward Scenario Re-
duction algorithm is then used in order to reduce the number of
scenarios in a tractable size [28]. The algorithm is applied iter-
atively. Based on Kantorovich distance, a scenario is removed
at each iteration and its probability is assigned to the closest
scenario. The algorithm is terminated when the desired number
of scenarios is reached.

III. WILDFIRE MODEL

The heat from wildfire is transferred through radiation and
convection. In this paper, convective transfer is neglected, since
it affects the conductors’ temperature, only when the fire is
directly under the overhead line. It is most likely however, that
a line will already be out of order, when the wildfire is within
close distance [17], as mentioned in Section I of the paper.

For a large fire, the simplified heat flux model of [29] is used.
The radiative heat flux Φf emitted from the fire to a conductor
is computed according to:

Φf
ij,ω ,t =

τεf BT f 4

2
sin

(
δf
ij,ω ,t

)
(1)

δf
ij,ω ,t = tan−1

(
Lf cos

(
γf

)

rf
ij,ω ,t − (Lf sin (γf ))

)
(2)
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where, δf is the view angle between the flame and the object
threatened by the fire for a large fire front. For a better under-
standing of (1) and (2), the reader is referred to the schematic
geometry used in [29].

The wildfire is moving across the forested area with a specific
rate of spread V f that depends on wind speed V w and the
vegetation of the crossing area.

V f
ω,t =

k
(
1 + V w

ω,t

)

ρb
(3)

where, k is equal to 0.07 kg/m3 for a wildland fire [16]. The
bulk density ρb is equal to 40 kg/m3 along a forest floor. The
distance of the wildfire from the conductors at time t depends
on wind direction ϕw and the rate of spread V f :

rf
ij,ω ,t = rf

ij,ω ,t−1 V f
ω,t Δt cos(ϕw

ij,ω ,t) (4)

IV. DYNAMIC RATING OF OVERHEAD LINES

The calculation of overhead lines temperature is based on the
method presented in IEEE Std 738 [19]. The heat transferred
to the conductor from the wildfire is added to the sources that
increase the conductor temperature. The change in conductor
temperature during the time interval Δt is calculated using the
non-steady-state heat balance equation:

(Tij,ω ,t+1 − Tij,ω ,t) =
Δt

mCp

(
ql
ij,ω ,t + qs

ij,ω ,t + qf
ij,ω ,t

−qc
ij,ω ,t − qr

ij,ω ,t

)

(5)
Note that the three first terms, that cause the temperature rise

of the conductor, are the heat gain rates due to ohmic losses ql ,
solar radiation qs and radiative heat flux qf emitted from the
fire. These three terms are given by the following equations,
respectively:

ql
ij,ω ,t = R (Tij,ω ,t) |Iij,ω ,t |2 (6)

qs
ij,ω ,t = DijKijΦs

ij,ω ,t (7)

qf
ij,ω ,t = DijΦ

f
ij,ω ,t (8)

where, R(Tij ) is a function that describes the dependency of
conductor resistance form its temperature and Iij is the line
current.

The last two terms in (5) cool down the conductor. The con-
vection qc for non-zero wind speeds and radiative heat loss qr

rates are calculated according to:

qc
ij,ω ,t =

max

(
Kangle

ij,ω ,t

[
1.01 + 1.35

(
NRe

ij,ω ,t

)0.52
] (

Tij,ω ,t − Ta
ij,t

)

Kangle
ij,ω ,t0.754

(
NRe

ij,ω ,t

)0.6
ka

(
Tij,ω ,t − Ta

ij,t

)
)

(9)

qr
ij,ω ,t = 17.8Dij ε

[(
Tij,ω ,t

100

)4

−
(

Ta
ij,t

100

)4
]

(10)

The magnitude of the convective heat loss qc depends on a
dimensionless number NRe known as Reynolds number and the

wind direction factor Kangle that are given by:

NRe
ij,ω ,t =

Dijρ
αV w

ω,t

μα
(11)

Kangle
ij,ω ,t = 1.194 − cos

(
ϕw

ij,ω ,t

)

+ 0.194 cos
(
2ϕw

ij,ω ,t

)
+ 0.368 sin

(
2ϕw

ij,ω ,t

)
(12)

Equation (9) is used for non-zero winds. In the present paper,
the burst and progression of a wildfire caused by high wind
speeds is modeled, thus zero-wind speed is not considered.

Equations (1)–(4), (11), (12) depend only on problem param-
eters and are calculated after the application of the generation
and scenario reduction algorithm, in order to be used as inputs
to the optimization problem. In addition, the generation of WTs
and PVs that are used as inputs to the optimization problem are
calculated according to [25].

V. PROBLEM FORMULATION

A. Optimization Problem for Resilient Operation Against
Approaching Wildfire

A stochastic programming formulation is used for enhancing
distribution system resilience against an approaching wildfire.
The optimization problem is expressed as:

min
NT∑
t=1

NΩ∑
ω=1

πω

NB∑
i=1

(
V oLLpshed

i,ω ,t − cD pD
i,ω ,t

)

+
NT∑
t=1

NΩ∑
ω=1

πω

NB∑
i=1

(
cGpG

i,ω ,t

)

+
NT∑
t=1

NΩ∑
ω=1

πω cU P
t

(
pU PB

ω ,t − pU PS
ω ,t

)

+
NT∑
t=1

NB∑
i=1

(
suG

i,t + sdG
i,t

)
(13)

pG
i,ω ,t + pW T

i,ω ,t + pP V
i,ω ,t + pST −

i,ω ,t − pST +
i,ω ,t − pD

i,ω ,t

=
NB∑
j=1

pfP
ij,ω ,t (14)

qG
i,ω ,t + qST

i,ω ,t − qD
i,ω ,t =

NB∑
j=1

pfQ
ij,ω ,t (15)

pG
i uG

i,t ≤ pG
i,ω ,t ≤ pG

i uG
i,t (16)

qG
i uG

i,t ≤ qG
i,ω ,t ≤ qG

i uG
i,t (17)

suG
i,t ≥ 0, suG

i,t ≥ cSU
i

(
uG

i,t − uG
i,t−1

)
(18)

sdG
i,t ≥ 0, sdG

i,t ≥ cSD
i

(
uG

i,t−1 − uG
i,t

)
(19)

Tij,ω ,t ≤ Tmax
ij +

(
1 − ul

ij,ω ,t

)
M1 (20)

− M2u
l
ij,ω ,t ≤ pfP

ij,ω ,t ≤ M2u
l
ij,ω ,t (21)
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− M2u
l
ij,ω ,t ≤ pfQ

ij,ω ,t ≤ M2u
l
ij,ω ,t (22)

− M3
(
1 − ul

ij,ω ,t

) ≤
pfP

ij,ω ,t − (gij (vi,ω ,t − vj,ω ,t − ζij,ω ,t + 1)

− b ij (ϑi,ω ,t − ϑj,ω ,t))

≤ M3
(
1 − ul

ij,ω ,t

)
(23)

− M3
(
1 − ul

ij,ω ,t

) ≤
pfQ

ij,ω ,t − (−bij (vi,ω ,t − vj,ω ,t − ζij,ω ,t + 1)

− gij (ϑi,ω ,t − ϑj,ω ,t))

≤ M3
(
1 − ul

ij,ω ,t

)
(24)

ζij,ω ,t =
∑

y

(
κij,ω ,t,yΔϑij,ω ,t,y + uζ

ij,ω ,t,y ξij,ω ,t,y

)
(25)

∑
y

uζ
ij,ω ,t,y = 1 (26)

Δϑy
minuζ

ij,ω ,t,y ≤ Δϑij,ω ,t,y ≤ uζ
ij,ω ,t,yΔϑy

max (27)
∑

y

Δϑij,ω ,t,y = ϑi,ω ,t − ϑj,ω ,t (28)

ul
ij,ω ,t ≤ ul

ij,ω ,t−1 (29)

vi ≤ vi,ω ,t ≤ vi (30)

0 ≤ pshed
i,ω ,t ≤ PD

i,ω ,t (31)

qshed
i,ω ,t = pshed

i,ω ,t

QD
i,ω ,t

PD
i,ω ,t

(32)

socST
i,ω ,t = socST

i,ω ,t−1 +
nST

i pST +
i,ω ,t

Δt
3600

EST
i

− pST −
i,ω ,t

Δt
3600

nST
i EST

i

(33)

SOCST
i ≤ socST

i,ω ,t ≤ SOCST
i (34)

0 ≤ pST +
i,ω ,t ≤ pST +

i uST
i,ω ,t (35)

0 ≤ pST −
i,ω ,t ≤ nST

i pST −
i

(
1 − uST

i,ω ,t

)
(36)

qST
i ≤ qST

i,ω ,t ≤ qST
i (37)

socST
i,ω ,te n d

≥ socthres (38)

pU P
ω,t = pU PB

ω ,t − pU PS
ω ,t (39)

0 ≤ pU PB
ω ,t ≤ PU PB uU P

ω,t (40)

0 ≤ pU PS
ω ,t ≤ PU PS

(
1 − uU P

ω,t

)
(41)

pD
i,ω ,t = PD

i,ω ,t − pshed
i,ω ,t (42)

qD
i,ω ,t = QD

i,ω ,t − qshed
i,ω ,t (43)

and (5)–(10).
The objective function (13) aims to minimize the expected

social cost, expressed as a minimum load shedding during an
emergency situation, such as an approaching wildfire, for the

next hours, in the most efficient way and respecting operating
limits of the system. Although resilience is directly associated
with minimum load shedding [11], [12], the method also consid-
ers operating costs in order to provide the most economic solu-
tions. The first term represents the load shedding cost minus the
retailers’ revenue for selling energy to customers. The second
term represents the generation cost of MTs units. The third term
describes the cost of power exchange with the upstream sys-
tem. The fourth term represents start-up and shut-down costs of
MTs units. The MTs are controlled according to the proposed
scheduling and therefore the MTs’ status is the same at each
scenario. Thus, the start-up and shut-down costs of MTs are
not associated with the scenarios. The value of lost load is set
large enough, in order to prioritize the demand satisfaction. It is
noted that the revenue from selling energy to customers and the
cost of power exchange with the upstream system are attributed
to retailers. DSO does not benefit from system operation and
cannot make revenues.

Constraints (14) and (15) guarantee the active and reactive
power balance at each bus, including the power exchange at the
point of common coupling. Constraints (16)–(19) represent the
active and reactive output limits of MTs and their start-up and
shut-down costs, respectively. Constraint (20) sets the conductor
out of order, when its temperature exceeds the maximum per-
missible temperature Tmax (if ul = 0, the conductor is set out of
order). In this case, it is assumed that the wildfire is very close,
and therefore the conductor is outaged by the fire. Constraints
(21)–(28) represent power flow equations. Constraints (21) and
(22) allow the power flow through the line only when the line is
functional. The selection of M2 should allow the maximum flow
of the line. Equations (23) and (24) are converted to equalities
when the line is functional and relate voltage magnitude and
angle to power flow. The linearization of power flow equations
proposed in [8] is used, where ζij,ω ,t represents the piecewise
linear approximation of cos(ϑi − ϑj ). More details about the
linearization of power flow equations and their accuracy can be
found in [30] and [31]. Constraints (25)–(28) describe the pro-
posed piecewise linearization approximation. The number of
pieces is selected as a trade-off between computation time and
accuracy of the linearized power flow equations. M1 and M3 are
activated when the lines are outaged and are suitably selected in
order to allow the conductor to reach high temperature due to
the fire and the calculation of voltages and angles of the buses at
the ends of lines set out of order. Constraint (29) guarantees that
if a line is outaged due to the fire, it will remain off-line for the
rest of the time horizon. Constraint (30) guarantees that bus volt-
ages are within limits. Constraints (31) and (32) represent the
load shedding bounds considering constant power factor loads.
Equations (33)–(38) describe the operation and limits of ESSs.
The state of charge of ESSs is calculated by (33). Equation (34)
guarantees that state of charge of ESSs is within the permissi-
ble limits. Equations (35) and (36) represent the active power
limits of ESSs depending on their operation mode. Constraint
(37) represents the reactive output limits of ESSs. Constraint
(38) is used in order to maintain the SOC of ESSs above a
prespecified threshold socthres at the end of the time horizon
tend . Constraints (39)–(41) model the power exchange with the
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upstream system. Constraint (39) represents the amount of ex-
changed power with the upstream system. Constraints (40) and
(41) describe the power exchange limits depending on the mode
of the distribution system (exporting or importing electricity).
Constraints (42) and (43) express the actually served load, that
is equal to the scenario load demand minus the load shed.

The problem expressed in (13) is highly non-linear and non-
convex due to (6), (9) and (10). Section V-B presents the proce-
dure for transforming the problem to a mixed integer problem
with quadratic constraints.

B. Convexification of Nonconvex Terms

To convexify the non-convex terms (6), (9) and (10), they are
transformed according to [32]. The heat gain rate due to ohmic
losses, given in (6), is equal to the product of the square of the
current flow and its resistance. The resistance of the conductor
is given by:

Rij,ω ,t (Tij,ω ,t) = Rij,ref (1 + dij (Tij,ω ,t − Tij,ref )) (44)

where, Rij,ref is the conductor resistance at the reference tem-
perature Tij,ref and dij is the conductor thermal resistivity co-
efficient. Considering that the resistance of the conductor is
constant and equal to the one obtained for its maximum permis-
sible temperature Tmax

ij and the voltage is close to 1 p.u., (6)
can be transformed to an inequality given by:

ql
ij,ω ,t ≥ Rij,ω ,t

(
Tmax

ij

) (∣∣pfP
ij,ω ,t

∣∣2 +
∣∣∣pfQ

ij,ω ,t

∣∣∣
2
)

(45)

The heat loss rate, given in (10), is linearized and is given by:

qr
ij,ω ,t = λ Tij,ω ,t + β (46)

The convection heat loss rate in (9) can be expressed as a
function of the difference between the conductor temperature
and the ambient temperature, multiplied by a slope. The maxi-
mum calculated slope in (9) is used as input to the optimization
problem.

In this way, the optimization problem is transformed to a
mixed integer problem with quadratic constraints and can be
solved using a commercial solver.

C. Framework of the Proposed Method

As a first step, MCs is used to produce a large number of
scenarios. The typical distributions of stochastic parameters
(Section II-A) are used for each scenario. Backward Scenario
Reduction Algorithm is then applied to reduce the number
of scenarios and subsequently the computation efforts. In the
next step, using the generated scenarios, the radiative heat flux
emitted from the fire, the generation of stochastic generators
and the parameters of convection heat loss rate are computed
in order to be used as inputs to the optimization problem.
Finally, the optimization problem for resilient operation
against approaching wildfire is solved. The overall proposed
methodology is illustrated in Fig. 1.

Fig. 1. Framework of the proposed approach.

Fig. 2. Single-line diagram of the simulated distribution system and wildfire
progression.

VI. CASE STUDY APPLICATION

A. Test Network and Simulation Data

This section presents the results of the proposed method ap-
plied to a modified IEEE 33-bus distribution system [33]. The
system is assumed balanced and is represented by an equivalent
single-phase circuit. The single line diagram of the modified
network and the progression of the wildfire are presented in
Fig. 2. The peak active demand is equal to 15 MW, constant
power factor loads are considered and the load profile for the
summer season is adopted from [34]. The distribution system
extends to a small geographical region, therefore its components
are exposed to similar weather conditions. The location and ca-
pacity of the system components are shown in Table I. The data
of MTs and ESSs are the same used in [8]. The parameters
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TABLE I
LOCATION AND CAPACITY OF DISTRIBUTION SYSTEM COMPONENTS

Type Bus Capacity (MW)

WTs 14/16/31 0.8/0.8/0.8
PV 11 0.5
MTs 8/13/16/25 3/2/2/3
ESSs 19/26 0.5/0.5

TABLE II
PARAMETERS OF ENERGY STORAGE SYSTEMS

Energy Storage EST pST + /− qST qST

System (MWh) (MW) (MVAr) (MVAr)

ESS (bus 19) 1.5 0.5 0.3 −0.3
ESS (bus 26) 1.5 0.5 0.3 −0.3

of ESSs are shown in Table II. For WTs, the cut-in, cut-out
and rated wind speeds are 4, 20 and 12 m/s, respectively. The
rated illumination intensity of the PVs is 1000 W/m2. The
standard deviation is considered equal to 15% of the mean value
for wind speed and solar radiation and 5% of the mean value for
the loads. A k-factor of 2 is assumed for the von Mises distribu-
tion. The weather parameters and wildfire data are taken from
[16]. A time step of 30 min is selected, that according to [32] is
a tolerable time step for DLR modeling. The wind and the solar
data are obtained from [35] and [36], respectively.

A summer day with high wind speed and ambient temperature
that facilitate the development and spread of a wildfire is consid-
ered. It is assumed that the fire breaks out at t = 1, approaches
and affects only the line between buses 1 and 2 (red dashed
line in Fig. 2). The proposed method can be applied at any time
during the day at which the threat of the wildfire is perceived.
Therefore, in the light of a wildfire threat, the scheduled op-
eration changes to enhance distribution system resilience. The
initial distance from the line is rf

t=1 = 1200 m. The rest of the
lines are considered at a safe distance from the fire. The selected
line is the one that connects the distribution system with the up-
stream network and therefore the power exchange between the
two systems is affected by the fire. The proposed method is
general however and it can be applied for the study of any line
or lines approached by the fire. Assuming that the spatial data
of the distribution system are known, e.g., by a Geographic In-
formation System (GIS), the distance between the fire and the
conductors can be estimated, during the progression of the wild-
fire. Based on the estimated distance, the impact of the wildfire
on the temperature of any line can be computed.

It is considered that at the end of the time horizon, the wildfire
is extinguished, but the affected line remains out of service until
it is repaired. Thus, the SOC of the ESSs is required to remain
greater than 30% of the maximum capacity, in order to contribute
to demand satisfaction for the next hours after the study.

An ASCR type conductor is considered. The diameter and the
maximum permissible temperature of the line is assumed equal
to 21 mm and 353 K, respectively.

Fig. 3. Mean value of active demand and solar radiation.

Fig. 4. Mean value of wind speed at LW T and wind direction.

Twenty pieces are used for the piecewise linear approxima-
tion of cos(ϑi − ϑj ) in the linearized power flow equations. One
thousand scenarios have been generated using Monte Carlo sim-
ulation. The appropriate number of representative scenarios has
been selected taking into account the range of optimization re-
sults (their impact on the objective function) and the required
computation time. In our application, 10 representative scenar-
ios are the best choice, since a higher number has an insignif-
icant effect on the results and the computation time becomes
unacceptably high for on-line application of the method. The
selection of 10 representative scenarios is further discussed in
the Appendix.

The mean value of active demand and solar radiation are
presented in Fig. 3. Fig. 4 presents the mean values of wind
speed and wind direction. The angle is measured with respect
to the axis defined by the fire and the conductor. Wind speed
V w,W T in Fig. 4 refers to the height LW T of WTs. The wind
speed at Ll is given by [37]:

V w,l = V w,W T

(
Ll

LW T

)0.143

(47)

The ambient temperature and the price of power exchange
with the upstream system are presented in Fig. 5. The price of
buying and selling energy from and to the upstream system is
considered equal and is adopted from [9].

The proposed model was solved using GAMS IDE and IBM
CPLEX solver. A PC with Intel Core i7 CPU @3.40 GHz and
4 GB RAM was used. The computation time was 973.074 s.
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Fig. 5. Ambient temperature and power exchange price.

Fig. 6. Distance between fire and line 1-2 in the reduced number of scenarios
and magnified subfigure.

Fig. 7. Conductor 1-2 heat gain rate form fire in the reduced number of
scenarios.

B. Operation Against Approaching Wildfire

The proposed method is applied in order to optimize dis-
tribution system operation for enhancing its resilience against
the approaching wildfire for the next 24 hours. Fig. 6 shows
the distance between the fire and line 1-2. It is observed that the
fire approaches the line during the day reaching zero distance in
the last hours. Fig. 7 presents the conductor heat gain rate from
the fire. By comparing Figs. 6 and 7, it is observed that the con-
ductor heat gain rate from the fire gets values greater than zero
when the distance of the fire from the line is less than 300 m and
increases exponentially, as the fire approaches the line. Figs. 6
and 7 also show the added value of the stochastic analysis. In
Fig. 6, for example, it is observed that the wildfire reaches to a
close distance from the line, (less than 15 m), in different time
steps for each examined scenario. As a result, application of

Fig. 8. Expected energy exchange with the upstream system for Cases I and II.

Fig. 9. Expected discharging power and SOC of ESS at bus 19 for Case I.

a deterministic optimization based on mean forecasted values,
would not consider the line outage at an earlier, yet probable
time step.

Two cases are considered in order to evaluate the effectiveness
of the proposed method. In Case I the distribution system oper-
ation is optimized to minimize social cost without considering
the wildfire progression. In Case II the wildfire progression is
considered and the resilient operation of the distribution system
is optimized.

The expected energy exchange with the upstream system for
both cases is presented in Fig. 8. It is observed that until 16:00
hour, the energy exchange is almost identical for both cases and
energy is bought from the upstream system since the price of
power bought is lower than the cost of the local MTs and the
power from renewable generators does not cover the demand.
After 16:00 hour and until 18:00, the power exchange price
has high values and therefore energy is sold to the upstream
system. For Case I the exchanged energy is higher because
as shown in Fig. 9 the ESS injects active power equal to its
higher capacity in order to maximize the revenues from selling
energy to the upstream system. For Case II, as shown in Fig. 10,
the discharging power of ESSs is lower since it is desired to
maintain the SOC in the necessary level in order the discharging
power of ESSs to be used for minimizing load shedding when
the connection with the upstream system will be disrupted due
to the wildfire. After 18:00 hour and until 19:30, the power
exchange price is lower but still higher than the cost of the local
MTs. For Case I the operator continues to sell energy to the
upstream, while for Case II energy is bought for charging the
ESSs before line 1-2 is outaged due to the wildfire.
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Fig. 10. Expected discharging power and SOC of ESS at bus 19 for Case II.

Fig. 11. Expected load shedding for Cases I and II.

After this time, the power exchange with the upstream system
drops to zero, since the line 1-2 is set out of order due to the
violation of its maximum temperature. As a result of the strategy
that was followed in Case I, the SOC of the ESS at bus 19 is at
its lowest level. Meanwhile, for Case II the ESSs are charged
to the desired levels in order to serve the demand during the
time the distribution system is disconnected from the upstream
system and minimize the load shedding.

Fig. 11. presents the expected amount of load that is shed to
keep the balance between generation and demand, when line
1-2 is outaged. Until 19:00 hour, load is not shed in both cases.
Between 19:30 and 22:30, an amount of load is shed due to the
disconnection of line 1-2 and the inability of the DGs and ESSs
to meet the demand. For Case II the amount of load shedding is
much lower due to the proper operation of the ESSs before the
disconnection of line 1-2. After 23:00 hour, the demand is met
by the DGs and load shedding is not recorded for both cases.
Moreover, the ESSs are charged to reach the required levels.

Fig. 12 shows the voltage at bus 33 for Case II (minimum
recorded voltage). The minimum voltage is recorded during the
disconnection of line 1-2. It is observed that the reactive power
injected by the MTs and ESSs is able to keep the voltage within
permissible limits during the isolation of the distribution system.
After the 22:00 hour, the voltage increases, as the load decreases
(see Fig. 3).

Table III presents the load shedding cost, the revenue from
selling energy to customers, the cost of power exchange with the
upstream system and the generation cost for both cases. Further-
more, Case III is considered, where the wildfire progression is
taken into account, but only load shedding is minimized without

Fig. 12. Bus 33 voltage in the reduced number of scenarios for Case II.

TABLE III
REVENUES AND COSTS FOR Cases I, II, AND III ($×103 )

Case Load shedding Generation Power exchange Revenue from selling
cost cost cost energy to customers

I. 3.16 8.24 4.29 77.16
II. 1.23 8.29 4.43 77.75
III. 1.23 17.82 0.71 77.75

Fig. 13. Objective function value and load shedding cost considering variation
of installed power ratings.

consideration of other costs in (13). The value of lost load V oLL
is set at 1000 $/MWh [17], [38], in order to prioritize demand
satisfaction. Load shedding cost for Case II and III is identical,
since for both cases the priority is to minimize load shedding,
while for Case I load shedding cost is higher, as expected. The
higher load shedding in Case I results in lower revenue from
selling energy to customers. For Case II, power exchange cost
and generation cost are slightly higher than Case I due to the
energy used to charge the ESSs before disconnection of line
1-2. Generation cost for Case III is much higher due to the
formulation of the objective function.

C. Effects of Capacity and Location of DGs and ESSs

The rated powers of the system components in Table I
are varied from 70% to 130% in steps of 10% compared to
Case II. The value of the objective function (social cost) and
the load shedding cost are presented in Fig. 13. As expected,
the value of the objective function and the load shedding cost
decrease as the installed capacities increase. When the overall
capacity exceeds 110%, load shedding cost reaches zero and the
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Fig. 14. Spatial expected load shedding for Case II.

value of the objective function decreases at a much lower rate.
Further decrease of the social cost is mainly due to the increase
of the energy provided to the upstream system before the outage
of line 1-2.

The location of the distribution system components, in com-
bination with the affected lines by the wildfire, have a high
influence on load shedding. In particular, the presence of DGs
and ESSs in an isolated part of the distribution system after the
wildfire, is critical for maintaining demand supply and mini-
mize load shedding. For example, in case the wildfire affects
line between buses 19 and 20, the demand of buses 20, 21 and
22 will not be satisfied following the outage of line 19-20, since
there are no DGs and ESSs in the isolated network.

In order to show the dependence of spatial load shedding on
the affected lines by the wildfire and the location of DGs and
ESSs, an additional case is considered. In Case IV, the line 6-26
(and not line 1-2) is considered as the affected line by the fire.
The same progression of the wildfire, as in Case II, is considered.
Fig. 6 corresponds to the distance between the fire and the line
6-26. In this case, the isolated part of the distribution system
comprises an ESS at bus 26 and a WT at bus 31.

The expected spatial load shedding for Cases II and IV are
presented in Figs. 14 and 15, respectively. The only difference
between the two cases is the affected line. Given that, in Case II,
the affected line 1-2 isolates the distribution system from the
upstream system, the location of DGs and ESSs will not have
critical influence on spatial load shedding, unless network lines
are congested. In Case IV load shedding is recorded at the iso-
lated buses. At the rest of the system, that is connected with the
upstream system, the load demand is met by the DGs, the ESS
at bus 19 and the power imported from the upstream system.
At the isolated part, the ESS at bus 26 and the WT at bus 31
are not able to satisfy the total demand and therefore load has
to be shed. If a MT, similar with the one connected at bus 8,

Fig. 15. Spatial expected load shedding for Case IV.

was connected at bus 28, no shedding would be recorded in the
isolation part. Therefore, it is recognized that the spatial load
shedding depends critically on which lines are affected by the
wildfire.

VII. CONCLUSION

This paper has presented a framework for emergency situ-
ation, where the outburst of a wildfire threatens the operation
of the distribution system. A stochastic mixed integer program-
ming with quadratic constraints is proposed to enhance distribu-
tion system resilience through minimizing load shedding. The
impact of the wildfire on conductor’s temperature and line’s
functionality are considered. The proposed approach has been
illustrated using a modified IEEE 33-bus distribution system.
The results show that the resilience of a distribution system
against an approaching wildfire is enhanced by considering the
progression of the wildfire during distribution system operation.
This is essential due to the dependence of the spatial load shed-
ding on the combination of the affected lines by the wildfire
and the location of distributed system components, mainly of
the DGs and ESSs. Future work will evaluate the contribution
of flexible loads in distribution resilience enhancement.

APPENDIX

Initially, 1000 scenarios have been generated by Monte Carlo
simulation. Next, by applying the reduction algorithm, 50, 40,
30, 20 and 10 scenarios have been obtained. The results of the
stochastic problem for Case II concerning different number of
representative scenarios are shown in Table IV. Table IV shows
the value of the objective function, the load shedding (most
critical variable) and the computation time. Also, the results for
the mean values of the stochastic parameters are presented for
the case of 1 scenario.

Authorized licensed use limited to: b-on: Universidade de Coimbra. Downloaded on January 30,2025 at 22:37:24 UTC from IEEE Xplore.  Restrictions apply. 



2270 IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 33, NO. 2, MARCH 2018

TABLE IV
SIMULATION RESULTS CONCERNING DIFFERENT NUMBER OF

REPRESENTATIVE SCENARIOS

Number of Objective Function Load shedding Computation
scenarios ($×103) (MWh) time (s)

1 −64.51 0.653 317.491
10 −63.81 1.23 973.074
20 −63.84 1.21 5281.147
30 −63.79 1.25 10314.548
40 −63.76 1.27 17934.734
50 −63.78 1.26 22487.856

Taking into account that the proposed method is applied when
the outburst of a wildfire threatens the distribution system and
timely decisions have to be made, 10 scenarios seems to be
the best choice. For 10 scenarios, the optimization problem is
solved in 973.074 seconds, that is less than the time step of
30 minutes, while the results are similar with the cases where
more scenarios are considered.
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