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Abstract

This study examines how Vehicle-to-Grid (V2G) can either strengthen or weaken
the resilience of electric demand-responsive transport (e-DRT) under blackout risk.
We develop a blackout-aware resilient operation framework that evaluates fleet deci-
sions over a 16-hour horizon under blackout uncertainty. Before blackout realization,
the operator chooses routing, charging/discharging, reserve state of charge, and ve-
hicle pre-positioning; after the disruption materializes, the fleet adapts to emergency
power supply and priority transport under the realized outage conditions. The un-
derlying formulation uses a preparedness-response decomposition with scenario-based
post-disruption evaluation. Numerical experiments on a 20-node system with four
EVs and four critical facilities report a representative 14:00-18:00 blackout realization,
in which a resilience-aware V2G policy outperforms a profit-oriented V2G strategy.
Compared with profit-oriented control, the proposed policy increases passenger service
from 46.8% to 54.8%, priority-trip fulfillment from 60.0% to 80.0%, and critical-load
supply from 38.4% to 42.6%, while also improving blackout-onset fleet SOC and the
day-level objective value through faster recovery. The results indicate that V2G sup-
ports urban resilience only when reserve energy and vehicle positioning are explicitly
coordinated across preparedness and post-disruption response.

Keywords: Blackout uncertainty, Resilient operation, Demand-responsive transport,
Electric vehicle, Vehicle-to-Grid

1 Introduction

Recent regional conflict has renewed attention to the Strait of Hormuz as a critical oil
chokepoint (U.S. Energy Information Administration, [2025), underscoring the need for
mobility-energy systems that remain functional under blackout and fuel-security risk. This
study develops a blackout-aware resilient operation framework for V2G-integrated electric
demand-responsive transport (e-DRT) under outage uncertainty. Figure [l{summarizes the
core mechanism: the same EV fleet serves transport demand in the preparedness period,
then shifts to emergency mobility and direct power support after blackout onset, so pre-
outage charging, routing, and vehicle positioning determine post-disruption capability.
This study focuses on low-density areas, where DRT is increasingly used to maintain
accessibility when fixed-route transit is difficult to sustain (Vansteenwegen et all 2022;
Lu et all 2023)). Electrification improves the long-run feasibility of these services, but
it also makes the battery both a mobility constraint and a distributed energy resource,
motivating recent work on V2G and integrated mobility-energy operation (Kempton &
Tomid, 2005alb; [Ma & Fang, [2022)).

Most e-DRT and electric dial-a-ride studies optimize routing and charging to preserve
service feasibility or reduce operating cost (Bongiovanni et al., [2019; May, 2021} Li et al.,
2022; Lian et al., [2023). Shared-mobility V2G studies likewise emphasize price arbitrage
under known electricity-price trajectories (lacobucci et al., 2018, 2019; |Liao et al., 2021;
Zeng et al.;2023; |He et al., [2025)), leaving the disrupted-power context largely unaddressed.
This omission matters for urban resilience. If an operator discharges EV batteries before
a possible outage to exploit a temporary price spike, the fleet may lose the ability to
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Figure 1:  Conceptual illustration of blackout-aware V2G-integrated e-DRT operation
under blackout uncertainty. The left panel shows the pre-disruption preparedness period,
in which the fleet serves users on the transportation network while buying electricity
from and selling electricity to the grid through EV chargers. The right panel shows
the post-disruption response period, in which grid exchange is disrupted and the same
fleet is repurposed to provide emergency power and emergency transport. The contrast
emphasizes that pre-outage routing, charging, and pre-positioning decisions determine how
much mobility and backup energy service can be sustained after blackout onset.

support hospitals, shelters, or telecommunications facilities when blackout occurs. The
design problem is therefore not only how to earn V2G revenue in normal times, but how
to balance revenue, mobility service, and emergency functionality under outage risk.

We treat EVs as dual-purpose assets that can transport passengers during normal op-
eration and serve as portable power sources when outages occur. The operating day is
partitioned at a contingency decision boundary t¢ = 14:00. Before that boundary, the
operator chooses routing, charging, reserve-SOC, and vehicle pre-positioning decisions
without knowing when or in what form a blackout contingency may materialize within
the modeled uncertainty set. Once a blackout occurs, the fleet is reallocated through
contingency-specific post-disruption response to support priority mobility and emergency
power service under the realized disruption. For numerical exposition in Section [4], we in-
stantiate the general formulation on a representative singleton blackout realization w* with
unit probability, in which the blackout window spans 14:00-18:00. This framework explic-
itly evaluates how reserve state of charge, vehicle pre-positioning, and grid unavailability
shape functional continuity after disruption.

The contributions are threefold. First, we extend the conventional routing-and-charging
formulation by introducing blackout uncertainty, critical facilities, reserve-SOC targets,
and unmet critical-load penalties. Second, we model how preparedness decisions before
blackout realization determine mobility and emergency-power performance under the re-
alized disruption. Third, we show numerically that the resilience-aware policy improves
performance relative to a profit-oriented V2G policy on a representative blackout realiza-
tion, thereby exposing the paradox that V2G can either enhance or undermine resilience
depending on how energy reserves are managed.

2 Methodology

System setting

We consider an electric DRT fleet operating on a spatial network (N, .A) over the service
period from 6:00 to 22:00. Time is discretized into 5-minute steps. The vehicle set is
denoted by K, the pre-disruption regular passenger-demand set by RP™, and the subset



of charging-capable nodes by NP& C N

To model blackout resilience under uncertainty, we split the day at a contingency de-
cision boundary t¢ = 14:00. The pre-disruption stage 7P spans 6:00-14:00 and the
post-disruption stage 7P%' spans 14:00-22:00. At t¢, one disruption pattern w € Q
may materialize from a finite outage set with probabilities p,. Each scenario specifies
a blackout-response window 72 C TPt a blackout-affected facility set NPk C Arerit)

scenario-specific emergency loads chrt”;, scenario specific post-disruption regular requests
reg

, and scenario-specific priority requests R Preparedness decisions must be chosen
before the realized disruption is known. In the numerical section, the finite-scenario for-
mulation is instantiated on a singleton benchmark Q = {w*} with p,~ = 1, where the
blackout spans 14:00-18:00 and affects all four critical facilities.

We further define a set of critical facilities A" C N, consisting of one hospital, two shel-
ters, and one telecommunications node. During the blackout-response window of scenario
w, each affected facility ¢ € /\/;E’H‘ requires an emergency load Dfrtlz] [kWh]. In addition to
the pre-disruption regular requests RP™, each scenario contains a set of post-disruption
regular requests Ri,® and a set of priority requests RL". The former represent regular
passenger service that resumes after blackout onset and grid recovery, whereas the latter
represent evacuation and medical-access trips.

Before t¢, vehicles may charge from or discharge to the grid at nodes in A", During
the blackout-response window, grid transactions are suspended at all charging nodes, and
EVs can discharge only by directly supplying electricity to critical facilities when physically
present at those nodes. Consequently, stored energy has two different values over the day:
arbitrage value before 14:00 and resilience value after 14:00.

Preparedness-response formulation under blackout uncertainty

We represent one operating day through a preparedness-response formulation under black-
out uncertainty. The pre-disruption layer consists of regular passenger assignment, routing,
charging/discharging, and pre-positioning decisions executed over TP before the blackout
outcome is known. The post-disruption layer consists of contingency-specific reallocation,
post-disruption regular passenger service, priority passenger service, and emergency supply
to critical facilities once a blackout occurs. The day-level objective is
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Here, 2, indicates whether pre-disruption regular request r is served in the preparedness
layer. The variable u™5 denotes unmet regular demand; when unmet demand is modeled
in binary form, it is linked to service acceptance by u™** = 1 — z,. The terms dF and 5d
denote the pickup and drop-off delay for request r, respectively. Moreover, 25 and zprl
denote the served fractions of post-disruption regular and priority request 7 in scenario w,
respectively, while ureg’mlss and ul™* denote the corresponding unmet-demand fractions.
The variable s;;,, is the unmet critical-load slack at facility 7+ and time ¢ in scenario w,
and & represents the shortfall from the minimum reserve SOC required at the contingency
boundary. To preserve the validity of the dual-based decomposition in Section [3} the post-



disruption recourse layer is evaluated through an LP relaxation:

,reg  .pri -, regmiss

pri,miss post
rw?r “rwr Urw ’ ur,a; ’ xkﬂt,i,w € [07 1] (2)

They should therefore be interpreted as service and location intensities in the recourse
approximation rather than binary dispatch commitments. The coefficients «, 3, 7, and
p govern the trade-off among transport performance, pre-disruption profit, and expected
emergency capability.

The emergency supply decision is represented by vzl’lf: iw = 0, i.e., the electricity delivered
by vehicle k to critical node i at time ¢ in scenario w. Critical-load satisfaction is written

as

Vptiew T Sitw = Dyt (Vw € Q, Vi e NP& vt e TPk, (3)

ke
Emergency supply is feasible only when the vehicle is located at the corresponding critical

node:
0< o™ < MaPo (Vw e Q, Vk € K, Vi e NP vt e TPIK), (4)

k,ti,w k,t,i,w

where azg(fzt- . € 10,1] is the LP-relaxed post-disruption presence intensity of vehicle & at

node ¢ and time ¢ in scenario w.
Grid transactions are disabled during the blackout-response window:

v =vt, =0  (VweQ, Vkek, vte TPK). (5)

Battery dynamics in scenario w follow

dis sup
post __ post + ch ch Uk,t,w + ZiGNEIk Uk,t,i,w . (6)
Chttlw = Chtw T Tk Vktw v Gk tws
k

subject to ¢, < cg(fl < €. To preserve emergency capability, each vehicle must retain at

least ¢;® kWh at the contingency boundary. The soft reserve constraint is

Ek > c]l;es - szfm gk > 0 (vk S IC)? (7)

so the model may violate the reserve target only by paying a penalty.

3 Benders Decomposition for the Preparedness-Response Model
Compact preparedness-response form

This section presents a computational decomposition of the preparedness-response model.
It should not be interpreted as assuming that the operator knows the outage in advance;
rather, it separates pre-disruption decisions from contingency-specific evaluation after a
disruption materializes.

Let x collect all pre-disruption preparedness decisions over 7P™. These decisions include
regular-passenger acceptance, route selection, waiting, pre-disruption charging/discharg-
ing, and reserve-positioning decisions. After a blackout contingency w € {2 materializes
at the contingency boundary t¢, the model solves a contingency-specific recourse LP. This
recourse problem is the LP relaxation of the post-disruption dispatch layer introduced

. . . . . re i .
in Section the service-allocation variables zrﬁ and z?,fi, the unmet-demand variables

reg,miss i,miss . . ost .
urg™ and uly, ™, and the location variables 277,  are continuous on [0, 1] when cuts
EASAS)
are generated. The overall preparedness-response model can be written in compact form

as

max P00 + 3 puQu(), (®)
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where fP™(x) denotes the pre-disruption contribution of . For a fixed x, the recourse
value under contingency w is

Qu(x) = max g, W, 9)
s.t. Aypw, < b, — Bux,
w, > 0.

The vector w,, collects contingency-specific continuous emergency-supply, post-disruption
vehicle-state, regular-service, priority-service, and slack variables. The matrix B, maps
the pre-disruption route, vehicle positions, and SOC at t¢ into the contingency-specific
initial conditions and resource limits. Importantly, the discrete regular-passenger routing
and assignment decisions remain in x; once x is fixed, each scenario subproblem is linear.
Because @ is an LP, its dual representation is

Qu(x) = min 7 (by — Bux), I, = {Ww >0:Alm, > qw} . (10)

€Iy

Equation makes clear that the value of preparedness is transmitted to recourse
through the pre-disruption state embedded in B, x.

Master problem and Benders cuts

Introduce one auxiliary variable 6,, for each scenario to approximate @, (x). At iteration
m, the restricted master problem is

max [P+ pab (1)

o
o weN
s.t. x e AP

.
6. < al, + (55;) X (VweQ, Ve Oym),
0<a)+ (BZ)TX (Vw € Q, Vn € Fum).

The set O, contains optimality cuts for scenario w, and F,, ,, contains feasibility cuts

generated from dual extreme rays when the scenario subproblem is infeasible.

For a candidate preparedness plan x, an optimal dual solution 7} of yields the cut
0, < (m)' (o — Bux)  (VweQ), (12)

w

which is equivalent to the affine upper bound stored in . If the contingency-w recourse
problem is infeasible, a dual ray r]}' generates the feasibility cut

0< (™" (b, — Bux)  (Vw € Q). (13)

Equations and show directly what the decomposition prices: the scenario-
weighted marginal value of reserve, charging posture, and pre-positioning before the dis-
ruption is known.

Benders solution process

The overall solution process is summarized in Algorithm |1l We use a multi-cut Benders
scheme: at each iteration, the master problem proposes a candidate preparedness plan,
every scenario subproblem @D is solved independently, and one cut per violated contin-
gency is added. Because x contains routing binaries, the master is a MIP, so the procedure
can also be interpreted as a branch-and-Benders-cut scheme.



Algorithm 1 Multi-cut Benders decomposition for blackout-aware resilient planning

1: Initialize lower bound, upper bound, and cut sets O, = 0, F,, = 0 for all w € Q

2: while termination gap is above tolerance do

3 Solve the restricted master problem

4 Extract the candidate preparedness plan x™

5: for each scenario w € 2 do

6 Solve the scenario subproblem Q,,(x™) in (9)

7 end for

8 if any scenario subproblem is infeasible then

9: Generate feasibility cuts of the form for the infeasible scenarios and add
them to F,

10: else

11: Update the incumbent bounds using fP™(x™) + > .o PwQuw(x™)

12: Generate optimality cuts of the form for all scenarios and add them to O,

13: end if

14: end while

15: Return the preparedness plan and the contingency-specific recourse policies

4 Numerical Experiments
Experimental settings

The proposed framework is evaluated on a stylized 20-node network with four charging/dis-
charging nodes and four EVs. The operating horizon is 6:00-22:00, and time is discretized
into 5-minute intervals. The resilience-aware policy is obtained from the preparedness-
response model introduced in Sections [2| and For numerical exposition, the finite-
scenario formulation is instantiated on a singleton benchmark Q = {w*} with probability
pwx = 1. In the general model, the uncertain elements are the blackout window, the af-
fected critical facilities, the emergency-load trajectory Df?fu, the post-disruption regular
requests R °, and the priority requests R, For the reported representative blackout
realization w*, a blackout starts at 14:00 and lasts until 18:00, affecting all four critical
facilities simultaneously. This realized event is used for the tables and figures below; the
operator is not assumed to know the exact outage onset when making pre-outage routing
and charging decisions.

Each vehicle has a 50 kWh battery, an initial SOC of 35 kWh, a charging/discharging
limit of 7 kW, and a reserve-SOC target of 20 kWh at blackout onset. Over the day,
40 regular passenger requests are generated; the requests realized before 14:00 belong to
RPr¢ whereas the regular trips evaluated after the contingency boundary are counted in
R_£. After the blackout begins, 10 additional emergency requests appear in w*, including
five priority trips to hospitals or shelters. The outage affects four critical facilities—one
hospital, two shelters, and one telecommunications node—with hourly emergency loads of
20, 8, 8, and 5 kWh/h, respectively.

Electricity prices follow a volatile time-of-use profile with a pronounced selling-price spike
during 13:00-14:00. This setting creates a direct conflict between pre-outage arbitrage and
post-outage preparedness, because discharging before 14:00 can increase short-run revenue
while weakening blackout-response capability if the outage materializes. Because |Q2] = 1 in
the reported benchmark, the results below should be read as representative realized-event
outcomes rather than probability-weighted averages across multiple blackout realizations.
The monetary parameters in are set to a = 10 JPY/min, 5 = 3000 JPY /request,
v = 5000 JPY/kWh, and p = 2000 JPY/kWh. The term F, denotes fare revenue: for
regular requests, F,, = ¢, x 500 JPY, while priority requests are valued at 1800 JPY
for hospital trips and 1200 JPY for shelter trips. All reported day-level objective values
are therefore evaluated on a common monetary scale. The preparedness master MIP and



contingency LPs were solved with Gurobi on an Apple M3 Mac, and the Benders procedure
was terminated at a relative optimality gap of 1%.

Table 1: Baseline blackout settings

Setting Value
Spatial nodes 20
Charging/discharging nodes 4
Vehicles 4
Daily passenger requests 40
Scenario count 1
Scenario probability Por =1
Critical facilities 4 (hospital, 2 shelters, telecom)
Time step 5 min
Outage start 14:00
Blackout window 14:00-18:00
Battery capacity 50 kWh
Initial SOC 35 kWh
Reserve SOC target 20 kWh
Emergency requests after blackout 10
Priority emergency requests )

Case comparison

We compare three cases:

o Case 1 (Blackout, No V2G): the representative blackout realization is imposed,
but emergency power support through V2G is disabled.

o Case 2 (Blackout, profit V2G): V2G is enabled under a profit-oriented control
logic.

o Case 3 (Blackout, resilient V2G): the proposed resilience-aware V2G policy
explicitly values reserve SOC and blackout-onset vehicle positioning.

The three cases differ in how the operating policy is generated. Case 1 disables direct
emergency supply by imposing UZ?EW = 0 for all k,7,t,w. Case 2 retains V2G capabil-
ity but applies a profit-oriented control logic without resilience-aware reserve protection,
whereas Case 3 activates the full resilience-aware control with reserve-SOC protection and
pre-positioning incentives. Unless otherwise noted, all metrics in Table [2, including the
day-level objective, are evaluated ex post under the common accounting criterion in ,
so the reported values are directly comparable across cases.

Table 2: Results of case comparison. 1 indicates that higher values are better, and |
indicates that lower values are better.

Case Day-level objective Service Crit. sup. Priority Reserve SOC  Unserved
TIPY] %] %] 1[%] T[kWh] HkWh]
C1: Blackout, No V2G 43,209.0 74.2 0.0 60.0 34.11 164.00
C2: Blackout, profit V2G 28,450.8 46.8 38.4 60.0 28.43 101.10
C3: Blackout, resilient V2G 30,761.5 54.8 42.6 80.0 30.56 94.14

Table |2 reports six indicators: day-level objective value, passenger-service ratio, critical-
load supply ratio, priority-trip fulfillment ratio, average fleet SOC at blackout onset, and
blackout-period unserved critical load. Figure 2| complements these metrics with vehicle
schedules, fleet SOC trajectories, and the electricity-price profile. Because only Cases 2
and 3 allow V2G-based emergency support, the core policy comparison is between them,
while Case 1 serves as a mobility-only benchmark. The passenger-service ratio is defined as
the share of all passenger requests served in the representative blackout realization, with



denominator |RP™| 4 |R£| + |RPY|. It therefore counts pre-disruption regular service,

post-disruption regular service after recovery, and priority trips together, whereas the
priority-trip fulfillment ratio isolates only RY..

Case 1 highlights the limitation of operating the fleet only for mobility. It achieves the
highest day-level objective value (43,209.0 JPY) and passenger-service ratio (74.2%), but
because direct emergency support is disabled, it supplies none of the critical load and
leaves all 164.00 kWh of blackout-period demand unmet. High transport performance
alone therefore does not indicate blackout resilience.

Case 2 shows that enabling V2G alone does not guarantee resilient operation. Under
profit-oriented control, the fleet has an incentive to discharge during the 13:00-14:00 price
spike, which lowers average fleet SOC at blackout onset to 28.43 kWh. The fleet can
then supply 38.4% of critical load, reducing unmet demand to 101.10 kWh, but mobility
performance deteriorates: passenger service falls to 46.8%, priority-trip fulfillment remains
at 60.0%, and the day-level objective declines to 28,450.8 JPY. V2G thus creates emergency
capability, but an arbitrage-oriented policy can still weaken the inherited state at blackout
onset.

Case 3 demonstrates the effect of explicitly managing reserve energy and vehicle position-
ing before the blackout. Relative to Case 2, it enters the outage with a higher average
fleet SOC (30.56 versus 28.43 kWh), which raises passenger service to 54.8%, priority-trip
fulfillment to 80.0%, and critical-load supply to 42.6%, while reducing unmet critical load
to 94.14 kWh and increasing the day-level objective to 30,761.5 JPY. Although Case 3 still
serves fewer passengers than the mobility-only benchmark in Case 1, the relevant design
comparison is between Cases 2 and 3, and the resilience-aware strategy dominates the
profit-oriented V2G strategy on both blackout-service and day-level measures.

Figure [2| clarifies the mechanism behind these aggregate results. Before 14:00, Case 3
allocates more time to charging and less to grid discharge than Case 2, thereby preserving
a larger energy buffer. During the blackout window, both V2G-enabled cases redirect
vehicles toward direct supply to critical facilities, but Case 3 can sustain more priority
transport because it starts the outage with more usable charge and a more favorable
vehicle distribution. After grid recovery at 18:00, Case 3 returns more quickly to a mixed
pattern of charging and passenger service, whereas Case 2 remains operationally thinner
for longer. The figure therefore shows that blackout performance is determined not only
by post-outage recourse, but also by the pre-outage charging/discharging pattern that
shapes the state inherited from the preparedness period.

Overall, the numerical results support two conclusions. First, V2G should not be evaluated
only through short-run market revenue, because aggressive pre-outage discharge can erode
emergency capability. Second, the proposed resilience-aware policy improves performance
mainly by changing the blackout-onset state of the fleet, thereby improving critical-load
coverage, priority mobility, and post-outage recovery.

5 Conclusion

This study developed a blackout-aware resilient operation framework for V2G-integrated
e-DRT under unknown blackout risk. The model evaluates how pre-outage routing, charg-
ing, reserve-SOC, and vehicle-positioning decisions shape feasible mobility and emergency-
power service once a disruption materializes. By introducing blackout-period grid restric-
tions, reserve-SOC requirements, and direct modeling of critical-load shortfalls, the frame-
work shifts the evaluation axis from pure operational profit to functional continuity during
disruption.

The numerical experiments showed that this shift in evaluation matters, but the mecha-
nism is not a simple profit-for-resilience trade-off. In the representative 14:00-18:00 black-
out realization, the resilience-aware policy enters the disruption with a stronger inherited
state, raising outage-start fleet SOC from 28.4 to 30.6 kWh. Relative to profit-oriented
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Figure 2: Representative vehicle-activity patterns derived from the computed policies. (a-
1) Vehicle schedules for profit-oriented V2G (Case 2). (a-2) Vehicle schedules for resilience-
aware V2G (Case 3). Colors indicate vehicle activities, with the main ones being charging
(green), regular trips (blue), and critical supply (red). The vertical dashed line marks the
blackout onset at 14:00. (b) Time series of fleet SOC for each case. (c¢) Time series of
electricity prices over the day. The post-disruption layer reflects the LP-relaxed recourse
approximation used to evaluate the realized disruption.

V2G, this improves passenger service from 46.8% to 54.8%, priority-trip fulfillment from
60.0% to 80.0%, and direct critical-load supply from 38.4% to 42.6%. More broadly, the
no-V2G blackout case shows that the day-level objective value can remain high even when
emergency functionality collapses. Without explicit coordination of reserve energy and ve-
hicle positioning, the arbitrage logic that is attractive in normal operation can still weaken
emergency response and delay service recovery after disruption.

Future work should extend the preparedness-response framework to rolling-horizon and
online-updating variants and combine it with richer distribution-network constraints and
larger fleet instances in order to better represent infrastructure interdependence at urban
scale.
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