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Abstract: Emergency evacuation planning is a critical task that ensures individuals’ swift
and safe movement from hazardous locations to designated safe zones. This paper proposes a
novel controllable equivalent circuit model (cECM) to capture the flow of traffic in a network.
The model includes switches for flow routing and additional circuit elements to represent the
time lost due to recharging, which is critical for (electric) vehicles with limited driving range.
We embed this cECM into a mixed-integer linear program (MILP) that determines optimal
evacuation routes and recharging strategies to minimize evacuation time while considering road
capacity, limited vehicle energy, and the availability of charging stations. The effectiveness of
the proposed approach is demonstrated through simulations based on an evacuation case study

using the Sioux Falls and Anaheim networks.
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1. INTRODUCTION

Emergency evacuation is a critical challenge in disas-
ter management, where lives depend on moving people
quickly and safely from danger zones. The motivation
behind studying and optimizing emergency evacuation lies
in minimizing casualties, improving response times, and
ensuring efficient resource utilization during natural dis-
asters. There is extensive literature that tries to solve the
emergency evacuation problem by posing it as a network
design problem (NDP) [Bell and Iida (1997)]. NDP for-
mulations are difficult to scale and require meta-heuristics
to solve large-scale emergency evacuation problems [Yang
and H. Bell (1998)]. This work investigates the possibility
of using an equivalent circuit model (ECM) to facilitate
the modeling and optimization of evacuations.

ECMs allow us to apply tools from electrical engineer-
ing, such as circuit analysis laws (Ohm’s and Kirchhoff’s
laws), and circuit elements (resistors, sources, capacitors,
inductors, and switches), to gain insights into the behavior
of non-electrical systems. For example, ECMs have been
widely used to model heat flow, where electrical quantities
such as voltage, current, and resistance are analogs of tem-
perature, heat flux, and thermal resistance, respectively
[Wunsche et al. (1997)]. Other applications that leverage
ECM-based analogies include batteries and fuel cells [Amir
et al. (2022)], structural and mechanical systems [Amanuel
et al. (2021)], biomedical applications, and many more.
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Over the last decades, ECMs have been applied to nu-
merous transportation problems. Most ECMs build on the
analogy of using current to capture the traffic flow and
electrical resistance to model the cost (in time or distance)
of traveling between nodes. These ECM-based models
have been used to i) reduce simulation time of traffic
networks, ii) predict traffic flow, and iii) identify the short-
est distance/time routes. For example, [Furber (1973)]
utilized electric circuits to develop an analog computer
that accelerated traffic network simulations. ECMs can
also be used to predict traffic flow, which is challenging to
model due to the high uncertainty associated with human
driving behavior. To address this, [Furber (1973); Wellin
and Eisenberg (1975); Sinop et al. (2023)] build upon
the hypothesis that traffic flow follows the path of least
travel resistance (analogous to electrical current following
the path of least electrical resistance) to predict flow in
transportation networks. The results of ECM simulations
can also aid in selecting the shortest distance/time paths.
For instance, [Callejas-Molina et al. (2020)] applied the
node-voltage method to efficiently predict traffic (current)
flow between an origin and destination, then identified the
shortest path by searching for branches with the highest
traffic flow (current). This ECM-based route planning re-
duced search time compared to A* search. This concept
has also attracted interest from private industry; for ex-
ample, Google [Sinop et al. (2023)] leveraged electrical flow
principles to determine a diverse set of routes between
a source and destination, providing users with multiple
options rather than a single optimal route.

This work provides two main contributions. First, we
introduce a new controllable equivalent circuit model
(cECM) that extends traffic ECMs with additional circuit
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elements (switches) to regulate the flow of traffic in the
network. This circuit also contains additional elements to
model the time lost during re-charging, which may be
particularly critical for evacuating electric vehicles with a
lower driving range than conventional vehicles [Zhang and
Zhang (2022); Purba et al. (2022)]. We also show how the
principle of superposition [Alexander et al. (2007)] can be
deployed to analyze routing problems with multiple origins
and destinations.

Second contribution: We embedded the cECM into an
optimization framework to generate evacuation routes that
minimize the time to reach the destination while avoiding
congestion on the roads and utilizing charging stations. We
demonstrate that the resulting problem can be formulated
as a mixed-integer linear optimization problem (MILP)
[Gomory (2009)] and efficiently solved using modern nu-
merical solvers.

2. PRELIMINARIES AND PROBLEM STATEMENT

This section introduces the notation and the problem
statement of the paper.

Table 1. List of Key Parameters of the Evacu-
ation Problem

Symbol Description
Transportation Parameters
Vr Set of vertices of the transportation network.
Lt Set of links of the transportation network.
d;j Distance between the nodes i and j.
T;; Free flow travelling time between the nodes ¢ and j.
f{;’nee Free flow capacity of the link.

kij Density of the cars in the link.
Average speed of the cars in the link.

Charging Paramaters
Len Set of links containing charging station.

Ten, (i) Charging duration for station between nodes ¢ and j.
den,(i5) Total driving range gained from the charging station.
Z;‘lagj) Number of EVs per hour that the charger can serve.

Evacuation Requests
oD Set of origin-destination pairs.
Initial driving range of vehicle.
Evacuation time for the mt" od-pair.

2.1 Transportation network

1) Nodes: Vp = {1, ..., Ny } represents the set of vertices of
the transportation network. For example, at a local level,
they can capture intersections; at a regional level, they can
represent a town or a city that the road reaches.

2) Links are formed by two nodes v;, v; € Vp connected by
a road; this is denoted by the link (v;,v;) € L1 C Vprx Vp.
3)Path from node v; to v; is a sequence of nodes p =
[v1,v2, ..., v;] such that (v, vk41) € Ly fork=1,...,1—1,
where [ is total number of nodes visited along the path.
4) Weights: The distance (in miles) between two nodes is
defined as d;; € R. D = [d;;] is a vector that contains the
distances between nodes. Note: if (i,5) ¢ Lp then d; ; =
00. The expected free-flow travel time (in h) between node
i and j is T;;. The vector T = [T};] captures the free-
flow travel time between any two nodes. The maximum
flow of vehicles (in num. vehicles/hour) that the link can

support without congestion is defined as ff;ree. The vector
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Fig. 1. ECM for a transportation link (current -> trans-
portation flow, resistance -> travel time, voltage ->
vehicle concentration).

F/ree = [f17°] captures the free flows between links.

5) Transportation network is denoted as a combina-
tion of the transportation graph and weights Op =
{Vr, Ly, D, Ffree T}

Remark 1. The free-flow capacity (F/7¢¢) of each link
depends on vehicle density and the speed limit. Vehicle
density is influenced by the number of lanes, vehicle
headway, and the typical mix of vehicle types (e.g., small,
medium, heavy-duty). At the same time, speed limits vary
based on the surrounding area (e.g., suburbs, school zones,
highways). By estimating upper bounds for both density
and speed, we can derive the free-flow capacity of each link
[Knoop (2017)].

2.2 Fized Charging Network

1) Charging links: L., C Lp represents a set of links
containing a fixed charging station (FCS), where vehicles
can recharge their batteries. We denote N, as the total
number of charging links in the network.

2) Weights: The vehicles that stop in charger (i,7) € Leon
stay stationary for a time duration T, (; j) and receives
a fixed additional range dcp (; ;) - This means that the
EV charges at a rate of dcp (i ;)/Ten,(i,j) [miles/hour].
The vector dep, = [dep,(;,5)] denotes the additional range
that chargers can provide to an EV, while the vector
Ten = [Ten,i,j)] contains the expected charging time (for
all chargers).

3) Re—charging decision is defined as

Pch = [(Uch,ly /Uch,Q)-“a (vch,lpy Uch,lerl)]

such that (ven iy Ven,k+1) € Len. This vector indicates the
charging stations the vehicle uses during the evacuation;
if vehicles do not need to stop, then p., = 0.

4) We also assume that the chargers have a limit on the
number of EVs they can serve per hour. We use :ﬁa(f])
to denote the number of EVs per hour that the charger
can serve. This value is dependent on the number of
ports available in the charging station (npores) and the
charging time allotted per vehicle (t7;%7), and is calculated
as follows:

mazx _ nports
ch,(i,5) — tmazw
ch
The vector £7% = [f79 ;)] contains the limits of all

chargers.
5) Charging network: The EV charging information is
captured by O, = {Len, den, Ten, £7°%}.

2.8 Fwvacuees, stopping and available range
1) We assume that vehicles need to evacuate from origin

node o € Vr to destination/shelter d € Vr. We assume
that the destination is known in advance. We denote

Copyright (©) by ASME



ASME Letters in Dynamic Systems and Control

OD the set of all possible origin-destination pairs, i.e.,
m = (0,d) € OD C Vr X Vr. Each origin provides a
flow of vehicles fin m.

2) Driving range: The vehicles may have different initial
driving range defined as r, for (0,d) € OD. To account for
this variability, let us assume that we group evacuees based
on their driving range r® = [r{,79,...]7 € R. For example,
Y represents vehicles with a range of at least 20 miles, 9
vehicles with at least 60 miles of range, etc. These driving
ranges r may be present in any of the (o0,d) € OD.

3) Loss of driving range: Additionally, we also need to
account for the loss of range along the path. This loss
of range depends on the path p taken by the vehicles
and the charging stations that are visited (pep). This is
mathematically defined as:

Tod = [Tod,1s -+ Tod,l] (1)
where 7441 = =70 oq 1s the initial driving range of the vehicle,
Tod,k 1S the available driving range after traveling the hnk
k. The path is feasible if r,q > 0.

4) Flow Constraints: When multiple origin-destination
pairs use the transportation/charging network, congestion
may occur. To prevent this, the overall flow of vehicles in
the transportation and charging links needs to be limited:

> @i(Pm) finm < F (2a)
meOD
Z ‘I)ij (pch,m)fin,m < ZZ?&J‘) (2b)
meOD

where (i,7) € Lr and ®;;(.) is an indicator function that
return 1 if the link 4,j is part of the path p,, and zero
otherwise.

2.4 Evacuation problem with constant flows

Assumption 1. We assume that the transportation (O7),
charging (©.4) and evacuee information is known. We also
assume that all evacuees are leaving at the same time.

Remark 2. By stating all evacuees are leaving at the same
time, we mean that the evacuation process begins almost
simultaneously at the origins of all origin—destination (od)
pairs, and vehicle flow starts from each origin accordingly.
This does not imply that all vehicles enter the network
at the same moment, but rather that the injection of
vehicle flow into the network commences nearly simulta-
neously across all od-pairs. This assumption is consistent
with macroscopic evacuation models used for evacuation
planning [Purba et al. (2022); Lim et al. (2012)].

Problem 1. Given Assumption 1, find a optimal path
Pod = [V1,0ds- -, Vl,04] connecting (o,d) € OD and a re-
charging strategy pcn,oq that minimizes evacuation time
(tevac), while complying with energy constraints (r,q > 0)
and traffic and charging flow constraints (2).

Next, we will define the emergency evacuation problem
involving multiple origin-destination pairs.

Problem 2. Given Assumption 1, find optimal path p,, =
[V1,m - -, 0, ,m| and re-charging strategy pep,m by mini-
mizing the worst evacuation time (¢cyq.) while complying
with energy constraints (roq,,» > 0) as well as traffic and
charging flow constraints (2). The worst-case evacuation
time is given by:

= max(tevac,m)a

Vme OD xR.

t@’UG.C
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Fig. 2. (a) Transportation network graph for emergency
evacuation, with node 1 as the origin and node 4
as the destination. (b) Modified transportation graph
including an artificial node 5, representing a charging
station. The two links between nodes 2 and 5 model
the decision to either utilize the charging station or
bypass it. (¢) Controllable ECM model is proposed in
this study, where resistors represent travel time and
electrical current emulates traffic flow, with charged
particles symbolizing vehicles. The binary switch vari-

ables S;;, obtained through optimization, determine
the links selected for evacuation routing.

where tepqe,m represents the minimum evacuation time

along the path p,,.

3. EVACUATION PLANNING WITH ECM

This section introduces ECM to help facilitate the solution
of optimal evacuation problems.

3.1 Transportation Network Laws

Recall the fundamental (macroscopic) relationship [Knoop
(2017)] in a traffic link:

fij = kijui;? (3)

ij
where k;; [in vehicles/miles| is the density of cars in the
link ¢ — j, fi; [in vehicles/hour]| is the flow, and u;; [in

miles/hour]| is the average speed in the link. The previous
relationship can also be rewritten as

fij = (kijdig) (uy /di) = kij /T (4)
The term ki = kijd;; denotes the total number of
vehicles on the link i — j at any given time while

T, = ( av9 /d”) represents the expected travel time
for the hnk Consider the node j with three links and
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corresponding flows f1;, fa;, fi3 (Fig. 1). Links f1; and fa;
are "incoming" links, while link f;3 is an "outgoing link".
They must fulfill the flow balance constraint:

fij 4 fo5 = faj (5)
Note that all the above relations assume steady-state
operation of the traffic.

3.2 Controllable Equivalent Circuit Model (¢ECM)

The fundamental traffic relationship (4)-(5) has the same
structure as Ohm’s law! and Kirchhoff’s current law
(KCL), where,

e Traffic node j is equivalent to an electric node j.

e Traffic link ¢ — j is equivalent to an electric branch
1= .

Vehicle flow f;; equivalent to current I;;.

The number of vehicles k;; = kj;d;; is equivalent to
voltage drop between node i and j (V;;).

Travel time Tj; is equivalent to a resistance R;;.

Table 2. Analogy between traffic network and
electrical circuits

Traffic network
traffic flow (fs;)

Number of vehicles (ki;)
Travel time (T3;)
Fundamental macroscopic relation
fiz = kij /Ty
Flow conservation
f15 + f25 = f35
Route selection

Electrical circuit
current (/;;)
Voltage diff. (V;;)
Resistor (R;;)
Ohm’s Law
lij = Vij [ Rij
Kirchhoff’s current law (KCL)
I+ I = I35
Electrical switches

Fig. 1 depicts the equivalent circuit representing the flow
between node ¢ and node j, which mimics (4)-(5). The
equivalent circuit also contains a switch S;; € {0, 1}, which
allows us to enable/disable the flow of current (traffic flow)
between links.

Fig. 2 depicts an example of a transportation network for
emergency evacuation with 4 links and one charger (lo-
cated between nodes 2 and 4). To facilitate the derivation
of the ECM, we introduce the artificial node 5, which is
connected to both nodes 2 (through two links) and 4,
as shown in Fig. 2b. The two links defined through pa-

rameters (d25,T25,f2qee) and (dep, Ten, fI") represents
the choice of either bypassing the charging station or
utilizing it respectively, while going from node 2 to node
4 through node 5. Here, d., = dep, — dos and Ty, = T +
T5s5. Similarly, we can generalize this for any number of
charging stations through vectors d., = [dcn,,;)] and
T., = [Tch(i,j)]. Fig. 2c depicts the corresponding ECM
with 5 nodes and 7 links. Node 0 = 1 is the origin node. It is
connected with a current source that provides a continuous
flow of vehicles (for the evacuation). The current can then
"flow" in different branches (equivalents of road links). The
current is allowed to flow in the branch (4, j) if the switch
Si; is enabled. The switch indicates whether the path is
used for the evacuation or not. For the two links between
node 2 and 5, the choice of utilizing the charging station
depends on the switch S.p,.

1 Recall I = V/R, where V is the voltage, R is the resistance, and
I is the current.
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Assumption 2. We assume that all the vehicles of an
origin-destination pair travel together without splitting
into multiple routes. Also, all vehicles travel at a constant
free-flow speed in the transportation network.

Decision variables: In what follows, we will treat the
following variables as decision variables:

e S =[S12,513,...]7 € BVL is a set of boolean variables
that indicate if traffic is allowed to flow in a given non-
charging link/branch. Here, B = {0,1} is a Boolean
set and Nj represents links without the charging
stations.

o St = [S¢h gk ]T € BNer is a set of boolean
variables that indicate if traffic is allowed to flow in a
given charging link/branch.

Transportation flow matrix: We will apply KCL to
the nodes of the example depicted in Fig. 2c, where the
current is replaced with vehicle flow multiplied by the link
switches. For example, applying KCL at node 1, we get

fiz+ fi3 = fin (6)
However, utilizing Assumption 2, we know that
Ji2 = finS12, f13 = finS13 (7)
Therefore, utilizing (6) and (7), we get
fin(S12 + S13) = fin (8)

Similarly, applying KCL to all nodes of Fig. 2c allows us
to obtain the following relations:

(node 1) : fin(S12 + S13) = fin (9)
(node 2) fin(S12 4+ S32 — S25 — Sen) =0 (10)
(node 3) fin(S13 —S32 — S34) =0 (11)
(node 4) fin(S5a + S34) = fin (12)
(node 5) fin(Sen + S25 — S54) =0 (13)

This can be compactly rearranged into a matrix form:

AgcrS+ A% 8" =Breor (14)
where Aoy € ]RNVXNL, A%LCL S RNVXN“h', Bkcer €
RNv*1 are matrices that depend on the configuration of
the circuit/transportation network.

Travel time: We can approximate the total travel time in
the network by summing up the resistances that are used
in the circuit. This means

tevac(S,8") = TTS + T, 8" (15)
Driving range: In Fig. 2, we start in node o with a driving
range r%. We then drive dy2, stop in the charger to gain
den, and finally drive ds4, reaching the destination node.
The driving range (re,q) at the end of the journey is given
by:

Tena =10 — di2 + de, — dsy (16)

If reng > 0, then the route is feasible; otherwise, the driver
will need to stop in more places or find a different route.
This can be written compactly in the vector form for all
the links as follows:

% — DTS +d%,8" >0 (17)
which needs to be positive for the path to be physically
feasible for the vehicle. We assume that all the vehicles
considered in this paper have enough ry to reach at least
the nearest FCS location.

Based on this ECM for the transportation network, we can
compute the flows in each branch to minimize the (upper-
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bound) evacuation time in the network. This leads to the
following simplified optimization problem:

i tevac S7SCh ].8
Jnin, ( ) (18)

st. (14), (17) (19)

Remark 3. All the cost terms and equations are linear.
The above problem is an Integer linear programming (ILP)
that can be tackled using modern solvers such as [Gurobi
Optimization, LLC (2024)].

3.8 Multiple origins and destinations

We will extend the previous example to the case with
multiple origins and destinations. Let us consider m =
((0,d), %) € OD x R as an admissible od-pair. We denote
fin,m as the input flow injected at the origin of m.

We propose the use of the principle of superposition to
analyze the problem with multiple od pairs. Let us consider
the od-pair m = ((0,d), ), while disabling the other od
pairs (fin,; = 0, for [ # m). We analyze the contribution
of each current source, one at a time:

AkcrSm+ AP S =Brernm (20)
where S,,, S¢* are the switches for non-charging and
charging routes for vehicles linked with the od pair m.

Bxcr,m is a column vector obtained from injecting a flow
fin,m in the node associated with origin o for m € OD xR.

The overall flows in each transpiration link can be evalu-
ated by adding the contribution of each od-pair: )~ fin,m-
This total flow needs to fulfill the free-flow constraint of
the non-charging link given by

0 S Z fzn,msm S Fg}ree (21)

and the total charging capacity of the charging station
0<> finmSor < £5°7. (22)

We can now compute the optimal paths for each od-pair
using the following formulation :

min ¥ 23

Sm,Seh Y tevae,m (

st (20) — (22) (24
TS, + T5,S0 = tevacms tevacm <Y (25
r) - DTS, +dL8" >0, m cODxR (26

m ch
where tcyqc,m is the expected evacuation time of the od-
pair m and 7 is a slack variable.

)
)
)
)

This problem aims to minimize the worst-case evacuation
time among all the od pairs. The first set of constraints
evaluates each od-pair’s flows and evacuation times. The
last set of equations relies on the superposition principle
to evaluate the overall flow in each link and ensure that it
does not exceed the link’s free-flow limit. The input flows
fin,m represent the input parameters that can be varied.

Remark 4. The above problem is an MILP.

Up to now, we have been focusing on minimizing the worst-
case evacuation time among all the evacuees (J™M** =
tevac). In what follows, we will consider two additional cost
functions: average evacuation time (J**9) and worst-case
variation in evacuation time (J*):
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1
JI = M Z tevac,vm JA = mrgx |tevac,m - Javg| (27)

where M is the total number of od-pairs in the set OD x R.
The cost function for the evacuation problem can be posed
as the weighted sum of these three cost terms, leading to
the following general optimal evacuation planning:
P :min Wyap J ™ + Wayg0J 9 + wa(l — 0)JA
s.t. (24) — (26)

where Wmaz, Wavg, wa > 0 are user-defined weights, and
6 € [0,1] is a trade-off parameter that allows the de-
signer to penalize (worst-case) variance. This last term is
motivated by fairness in the route allocation, since some
evacuees may be reluctant to follow routes with longer
evacuation times. This work considers three types of plan-
ning strategies that penalize:

e P%: max. evacuation time among all OD pairs
(wmaac = 17w(wg =wa =0= O)

e P?9: average evacuation time (wavg =
WA = 0= O)

e Pe9tA: average and max. variation in evacuation
time (Wavg = WA =1, Wpaa = 0)

]-v Wmaz =

4. SIMULATION RESULTS

To validate the evacuation plans, we considered the trans-
portation networks of Sioux Falls [Ukkusuri and Yushim-
ito (2009); Purba et al. (2022)] and Anaheim [Network
(2025)]. The locations of the fixed charging stations (FCS)
for both networks were obtained from [PlugShare (2025)].
We will be utilizing only the location of FCS with DC
fast charging capability that can provide a charging rate
(den /Ter) of 200 miles/hour corresponding to the DC fast
charging speed (to facilitate fast evacuation). We perform
all the simulations using Python 3.19 on a Dell computer
with 32 GB of Random Access Memory (RAM) and an
Intel(R) 19-13900HX processor (2.20 GHz). We use Gurobi
12.0 as our optimization toolbox.

4.1 Sioux Falls

The Sioux Falls transportation network has 24 nodes and
38 edges (see Fig. 3). This section discusses the evacuation
problem, containing six evacuation od-pairs. We use the
modified map of Sioux Falls, which is based on the region’s
geography, but with an extended range seven times the
original topography [Tang et al. (2024)]. The edges of the
network have a free flow capacity ( fifjme) ranging between
1800 and 2200 vehicles/hour [Ukkusuri and Yushimito
(2009)]. We assume that the initial state of charge (SOC)
of vehicles participating in the emergency evacuation for
the Sioux Falls network corresponds to a driving range
(ro) of 50 miles (i.e., 20% of full battery capacity). This
assumption is conservative and ensures a realistic lower-
bound estimate for available energy during evacuation. We
also assume that the input flow (f;,) at all six od-pairs is
equal to 50 vehicles/hour. This is consistent with the EV
population of Sioux Falls for the year 2024, which observes
close to only 300 electric vehicles [Survey (2024)].

Fig. 3 showcases the optimal route (shown in blue) for
one of the od-pairs of the Sioux Falls case, obtained by
solving P The black nodes represent network nodes.
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Fig. 3. (Left) The optimal route (shown in blue) for the od-
pair, m = (3,20) and P™**. The black nodes represent
network nodes. The grey/red nodes represent FCS.
The red (grey) nodes indicate the FCS is unused
(used) for that route. (Right) ECM of the evacuation
problem.

The grey/red nodes represent FCS. The red (grey) nodes
indicate the FCS is unused (used) for that route.

Fig. 4 provides a sensitivity study of the impact of the ini-
tial range (o) in the cost functions of the three evacuation
strategies ( P™9* P9 and P*9+2). When comparing
P9 and P™%*) one can observe that P9 reduces the
average evacuation time by around 4% for ro = 50 miles.
Closer inspection for g = 50 miles reveals that 3 od-pairs
require more than 1.7 hrs to evacuate with P™*. On the
other hand, only 2 od-pairs? exceed 1.7 hrs with P9,
Overall, P?"9 reduces the evacuation time for most of the
od-pairs when compared to P™%*. The results obtained
with P#9+4 show that this evacuation strategy can reduce
the spread in the evacuation, especially for ry > 60 miles.

Fig. 5 shows the impact of 6 on the cost functions. One can
observe that when 8 — 0, the worst-case variation in evac-
uation time shrinks, which "equalizes" the time needed
to reach the destination among all evacuees. The price to
pay for this equalization is an increase in evacuation time:
when 6 = 1, we need (on average) 1.45 hrs to evacuate,
while § = 0 requires 1.78 hrs average evacuation time (a
22.7% increase).

Fig. 6 shows the normalized flow values of different edges
for the Sioux Falls network for various values of input
flow (fin). We can observe that as f;, increases, the flow
values approach the (free-flow) capacity of the link. For
high input flows, the optimizer splits traffic among more
links (e.g., links 26-32) to prevent violating the free-flow
constraints. These results illustrate the "traffic-aware"
evacuation planning offered by P.

Finally, Fig. 7 shows normalized flow values (fi;/ [,

of FCS for the Sioux Falls network for various values of
initial range (ro). We observe that as ¢ decreases, more
and more FCS are being utilized to overcome the deficiency
in the traveling range of the vehicles.

Figures 8 and 9 compare ECM-based evacuation planning
with shortest-path routing using the A* algorithm. The

2 two od-pairs are overlapping at 1.31 hrs
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Fig. 4. Comparison of different performance indices for the

Sioux Falls case. The red dots in the plot represent the
evacuation times for the six od-pairs.
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Fig. 5. Values of the performance indexes for different
range of 6 (ro = 80 miles) obtained with P94,

A* algorithm determines the shortest path between the
origin and the destination. However, if the vehicle lacks
sufficient 7y to reach the destination, the algorithm will
first identify the shortest path to the nearest FCS. Once
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Fig. 6. The normalized flow values (f;/f;;") of different
edges for the Sioux Falls network for various values of
input flow (fin).
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Fig. 7. The normalized flow values (fi;/f2,; ;) of fixed

charging stations (FCS) for the Sioux Falls network
for various values of initial range (rg).

the vehicle reaches the FCS, the algorithm will then find
the shortest path from the FCS to the final destination.
The scenario considers a traffic incident that reduces the
free-flow capacity of the link between nodes 3 and 4 from
1800 to 200 vehicles/hour due to lane blockages. Figure 8
presents the normalized flow across each link. The A*
algorithm results in congestion on the affected link, as
it forms part of the shortest route for all six od-pairs.
In contrast, ECM-MILP generates evacuation routes that
respect the reduced capacity of each link.

Figure 9 shows the normalized flow rate at each of the
four FCS in the Sioux Falls map. The normalized flow
rate is defined as the ratio of the vehicle arrival rate to
the total service rate of the FCS. Under the A* routing
strategy, 4 out of 6 od-pairs require charging to reach
their destinations, and all are routed to the same FCS
located on the link between nodes 3 and 4. Consequently,
the normalized flow rate at this FCS exceeds 1, indicating
that the vehicle arrival rate surpasses its service capacity,
leading to queuing delays. In contrast, the ECM-MILP
approach distributes traffic more evenly across the net-
work by utilizing all available FCSs. This ensures that the
normalized flow rate at each station remains below 1, effec-
tively eliminating queuing and reducing overall evacuation
time. These results highlight the advantage of ECM-based
optimization in enabling more efficient and traffic-aware
evacuation planning.
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Fig. 8. Comparison of normalized flow values (fi;/f;")
of different edges for the Sioux Falls network between
A* algorithm and ECM-MILP. Here, f;“ = 200
vehicles/hour for the link connecting nodes 3 and 4
due to a traffic incident blocking most of the lanes of
this road section.
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Fig. 9. Comparison of the normalized flow rate at each of
the four FCS used in the Sioux Falls map.

4.2 Anaheim Network

The Anaheim transportation network has 416 nodes and
914 edges (See Fig. 10). This section discusses the evac-
uation problem, containing four evacuation od-pairs. The
edges of the network have the free flow capacity (f;;"“)
ranging between 1800 to 12600 vehicles/hour [Network
(2025)]. We assume that the SOC of vehicles participating
in the emergency evacuation for this network corresponds
to a driving range (rg) of 6-50 miles (i.e., 2% — 20% of full
battery capacity). We also assume that the input flow (f;,,)
at all four od-pairs is equal to 1500 vehicles/hour. This
is consistent with the EV population of Orange County,
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Fig. 10. (a) Anaheim network with all the start and goal nodes as well as the location of all fast charging FCSs. (b)
Optimal route (shown in blue) for the od-pair, m = (18,10) and P**9. The vehicles for this od-pair are divided
into two groups based on whether their rq is sufficient. Vehicles with sufficient range proceed directly to the goal
via the shortest travel-time route (shown in navy blue). In contrast, vehicles with insufficient range take a detour
(shown in sky blue) to the nearest FCS, where they recharge to gain the required range before eventually merging

with the main route taken by the sufficient group.

California, where the Anaheim network is located, which
was estimated at approximately 134,000 electric vehicles in
2024 [Survey (2025)]. Since Anaheim constitutes roughly
1/10 population of Orange County, the same can be as-
sumed for the EV population. Fig. 10a showcases all the
start and goal nodes as well as the location of all fast charg-
ing FCSs. Fig. 10b showcases the optimal route (shown
in blue) for one of the od-pairs of the Anaheim network,
obtained by solving P*¥9. The yellow (orange) nodes indi-
cate the FCS is unused (used) for that route. In this case,
some vehicles have an initial range of ro = 6 miles, which
is insufficient to reach the destination. As a result, the
vehicles for this od-pair are divided into two groups based
on whether their rq is sufficient. Vehicles with sufficient
range proceed directly to the goal via the shortest travel-
time route (shown in navy blue). In contrast, vehicles with
insufficient range take a detour (shown in sky blue) to
the nearest FCS, where they recharge to gain the required
range before eventually merging with the main route taken
by the sufficient group.

A comparison of the computation time with respect to
the number of od-pairs can be found in Table 3 for the
Sioux Falls and Anaheim networks. Therefore, in terms of
scalability, the MILP framework for ECM-based optimiza-
tion can generate solutions within 1.42 hours for networks
comprising 416 nodes and 914 links for up to 15 od-
pairs. When considering implementation at the county or
state level, the solver’s computational time will primarily
depend on the size of the network, specifically the number
of nodes and links. One approach to mitigate this challenge
is to simplify the network. For instance, the Anaheim case
study discussed earlier can be significantly reduced by
aggregating certain road segments and assuming conserva-
tive estimates for road capacity. Such simplifications can
significantly reduce the solver’s computational burden.
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Table 3. Computation time comparison

# OD-pairs Sioux Falls Anaheim
24 nodes, 38 links 416 nodes, 914 links
2 0.32 seconds 30.75 seconds
4 0.34 seconds 55.184 seconds
8 0.56 seconds 1.85 minutes
10 1.2 seconds 2.01 minutes
15 2.2 seconds 1.42 hours
20 3.7 seconds > 5 hours

4.8 Tool for evacuation planners

The results presented in this paper can be used for plan-
ning evacuations before the occurrence of a natural disas-
ter, especially in communities that are prone to wildfires,
floods, and hurricanes that usually trigger evacuations.
Some of the ways in which ECM-based optimization can
be used for planning an emergency scenario are as follows:

(1) By utilizing ECM-MILP, we can generate evacuation
routes and analyze traffic congestion under various
vehicle flow scenarios (Fig. 6). This allows us to iden-
tify bottlenecks both along road segments (Fig. 8a)
and at different FCS locations (Fig. 9). Early identi-
fication of these issues will enable us to modify the
network proactively, helping to prevent disruptions
during an actual emergency, such as deploying mobile
charging stations at high traffic routes.

By simulating various evacuation scenarios (Fig. 4),
first responders can identify which od-pairs require
the most time to evacuate under different conditions,
such as SOC, population density, and the pace of
disaster progression. This insight enables emergency
personnel and traffic authorities to better coordinate
vehicle flows, prioritize critical areas, and ultimately
reduce total evacuation time.
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(3) Urban planners can use such tools to pre-position
mobile chargers or design resilient charging networks,
while smart city developers can embed these strate-
gies into real-time traffic and energy management
systems.

5. CONCLUSION AND FUTUREWORK

We presented a novel approach to formulating the emer-
gency evacuation problem using a new controllable equiv-
alent circuit model (cECM). We have shown that the
optimization of the cECM for the evacuation problem can
be posed as a mixed-integer linear program (MILP) to
provide routing and re-charging strategies that minimize
the overall evacuation time, while complying with flow and
energy constraints. Numerical simulation results with the
use cases inspired by Sioux Falls and Anaheim networks
demonstrated the effectiveness of the proposed approach
under different evacuation scenarios.

Future extensions of this work will explore the integration
of the cKCM with mobile chargers and real-time evacu-
ation planning. We also intend to relax the assumption
that all evacuees depart simultaneously by incorporating
time-varying current sources, allowing us to model varying
traffic flows at the origin. Additionally, the assumption
that all vehicles travel at the same free-flow speed will be
refined by introducing the Bureau of Public Roads (BPR)
function [Mtoi and Moses (2014); Maerivoet and De Moor
(2005)], which captures the nonlinear relationship between
travel time and traffic congestion. Further research will
consider stochastic behavior and partial compliance among
evacuees, with validation performed using high-fidelity
traffic simulators.
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