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Motivation

@ It is expected to continue electrification of individual and public
transport in order to reduce CO, emission in densely populated urban
areas.

@ Advances in battery technologies and continuously decreasing prices of
electric vehicles may soon increase the interest in converting fleets of
vehicles serving urban areas into electric.

@ High purchase costs of a new electric vehicle can be more easily
compensated by lower operational costs.

@ To overcome problems with insufficient changing infrastructure or to
avoid delays in charging, caused by interaction with other electric
vehicles, a choice of a fleet operator can be to build their own
charging infrastructure.
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Motivation

We focus on the efficient design of a private charging infrastructure for a

fleet of electric vehicles operating in large urban areas (currently operating
using ICE vehicles).

Typical examples:
o fleet of taxi cabs,

o fleet of vans used in the city logistics,

o fleet of shared vehicles.

Sources:https:// pixabay.m, © Mariordo Mario Robcr‘{o Duran Ortiz
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Literature review

Literature review
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Methodology

1.Set of candidate locations

We use a practical procedure where the outcomes can be simply controlled
by setting few parameter values.

2. Mathematical model

Mathematical model that combines location and scheduling decisions to
ensure the maximum number of vehicles that can be recharged.

3. Role of available information

We evaluate the role of available information on the number of vehicles
that can be re-charged.

The proposed methodology allows studying the proportion of vehicles that
could be transformed to electric vehicles without significantly affecting
their operation.
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Methodology Data requirements

Data requirements

Dataset

o historical low frequency GPS data describing the mobility patterns of individual
vehicles of the fleet,

@ data should be collected for several, typical and sufficiently long time periods,

+ much easier to collect,

+ no need to use expensive GPS trackers,

- not precise enough to determine the travel distances.

Map matching procedure

@ more precise positions of vehicles and travel distances,

@ the graph model of the road network including data about nodes, edges and their
elevation is needed

@ estimation of the travel distances much more precisely by inducing them from the
road network

Rahmani, M. and Koutsopoulos, H. N. (2013). Path inference from sparse floating car data for urban
networks. Transportation Research Part C: Emerging Technologies, 30:41-54.
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WL EYSAN  Candidate set locations

Determine candidate set locations

Basic idea

We use the historic GPS data to identify the set of suitable candidate locations for charging stations.
We aim to identify locations where the large number of vehicles frequently parks for long
enough time.

Procedure

Input: GPS traces, Output: set of candidate locations /, Parameters: V., Tmins Rmaxs Mmin
Process all GPS traces by executing the following steps:

1: Identify in the GPS trace the traversals that have the average speed below the speed limit Viax.

2: Identify in the GPS trace the maximum connected sequences of traversals longer than the time
period Tppin-

3: Identify as a candidate location the last node of each connected sequence if there is no other
candidate location within the distance Rpax.

After processing all GPS traces we remove all candidate locations that are associated with less than
Mpin parking events.

t1 =3 t3=6 ts =9
=006 / \\%=003 /
1 =005 =1 /v =15
1 1 ViSVmax
th=15 t, =45 t =75 By
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\ELEY LA Mathematical model

Mathematical model: Notation

C - the set of vehicles,

| - the set of candidate locations to locate

charging stations,

R - ordered sequence of parking events for

vehicle ¢ € C,

N, - the list of time intervals t € T that overlap

with parking event r € R,

uec - driving distance of the vehicle c € C

between parking events r — 1 and r,

Bitc € {0,1} - Bitc = 1 when vehicle c € C is

parking at location i € / during the time interval

teT. s vehicle is being charged
=1 vehicle is not being charged

act € (0,1) - the fraction of the time interval ‘ eveeee traversal - mpossible o charge

t € T while vehicle ¢ € C is parking,

Candidate locations

B - capacity of battery (maximum driving range),

S - the set of charging speeds (here we consider |S| = 3),
ps - the price to build a charging point of type s € S,

G - upper limit on available budget,

~ - large positive penalty constants,
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\ELEY LA Mathematical model

Mathematical model: Decision variables

® wis € ZT represents the number
of charging points of speed
s € S allocated to station i € /,

Bt it ity it teit telte

Candidate locations

e z. € {0,1}, where z. = 1 when
vehicle ¢ € C exceeds driving
range and thus cannot be
successfully converted to
electric, otherwise z. = 0,

m— yehicle is being charged
=1 vehicle is not being charged
-------- traversal - impossible to charge

@ xcs € {0,1}, if vehicle ¢ € C is being charged at speed s € S during
the time interval t € T, then x+s = 1, and otherwise x5 = 0,

@ qcts > 0 represents the part of interval t € T when vehicle c € C is
being charged at speed s € S,

@ d. > 0 corresponds to the state of charge of the vehicle ¢ € C at the
beginning of the parking event r € R..
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\ELEY LA Mathematical model

Mathematical model

The number of vehicles that exceed driving range is minimized.

Minimize E Zc

ceC

subject to

At each station and time interval we cannot use more charging points of a given type than available.

subject to Z BitcXcts < Wis foriel,te T,se$S
ceC

Initial (final) state of charge of each vehicle is not more (less) than 50% of the battery capacity.

deo <055+ zy force C
de,r. + 27 > 0.56 force C

When charging vehicles, the battery capacity cannot be exceeded.

dert Y, Guss<fB for c€ C,r e R.— {0}
s€S,teN.
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\ELEY LA Mathematical model

Mathematical model - Continuation

The contiguity in charging and discharging of vehicles.

der < dc,r—l — Ucr + Z QetsS + 2c7Y force C,re Re — {0}
seS,teNe -1

A vehicle cannot be charged simultaneously at more than one speed.

megl forceC,teT,seS$
seS

A vehicle can be charged only a part of the time interval t € T when it is parking and when xc = 1.

Gets < Xctsact force C,teT,se$

The costs to set up the charging infrastructure are less or equal than the budget limit G

Z wisps < G

iel,seS
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WL HIEEAAN  Evaluation of the role of available information

Role of available information

o Mathematical model assumes that complete information about the demand to charge vehicles
has been available.

o The reality is often different. To evaluate designs of charging stations we consider two
approaches, which work with various levels of information (coordinated and uncoordinated
charging strategies).

Additional notation:

T -the set of charging stations found by solving the mathematical model,

K; - the set of charging points placed at station i € | (we suppose that 0 & K;),
sk - the charging speed of point k € K;,

R = UcecRc - the set of possible charging events,

P - the set of movements of taxicabs (E = R U P is the set of all events),

I(e) - the driving distance for e € P,

c(e) - the vehicle associated with e € E,

b(e) and z(e) - the start time and the end time, respectively, of the event e € E,
Pmax - the maximum acceptable proximity of a vehicle from a station to make the charging still
possible,

T - the end time of the most recent charging event at point k € K;, for i € 1,
dc - the level of the battery of vehicle c € C
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WL HIEEAAN  Evaluation of the role of available information

Role of available information

We evaluate the performance of charging infrastructure by running the following
algorithm:

Step 1: (Initialization)

For ¢ € C set d. = /2. Order events from E ascendingly with respect to b(e). Set
Ti=0for ke Kiand i€ l.

Step 2: (Event list processing)

For each e € E do:

If e € R, then order the set | descendingly with respect to the sum of speeds s, over
charging points k € K; that are free in time b(e).
For i € I do:

If the distance of vehicle c(e) at time b(e) from station i is less than pmax, then
process the charging event following a strategy.

If e € P, then set d(c) = dc(e) — I(e).
Step 3: (Evaluation)

If d. > 0 all the time during the run of the algorithm and d. > /2 at the time when the
algorithm is terminated, then ¢ € C is feasible.
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Evaluation of the role of available information
Strategy 1: Coordinated charging:

Coordinated charging assumes that drivers, when selecting the charging point, know the
departure times of other vehicles and unplug their vehicle when it is fully charged.

Identify the set Kgy = {k € Kil(z(e) — max{b(e), Tx})sk > B — dc(e)} of charging points that
allow for recharging battery to full capacity.
If Ky # 0
Choose element ki, € argmin(si)? , where k € Kgy and set
Thein = b(e) + (ﬂ - dC(e))/(Skmfn) and dc(e) =3,
else:
Find kmax € argmax((z(e) — max{b(e), Tx})sk), where k € K;.
If kmax # O:
If z(e) — max{b(e), Tk, } > 0:
Set dc(e) = de(e) + (2(€) — max{b(€); Thpa })Skmas-
Set Ty,.. = z(e) and kmax = 0. Continue with step 2 and process the next event.

?If argmin (argmax) returns a non-empty set, then kmin (kmax) can be an
arbitrary element from this set.
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WL HIEEAAN  Evaluation of the role of available information

Strategy 2: Uncoordinated charging:

When using uncoordinated strategy drivers have only information about the

actual occupancy of charging points and unplug their vehicles at the time
of departure for the next trip.

Find kmax € argmax(sk)!, where k € K; and Ty < b(e).
If kmax 7 0:

Set dc(e) = min{ﬂ? dC(e) + (Z(e) - b(e))skmax}' Set Tkmax = Z(e)’
kmax = 0 and continue with step 2, and process the next event.

Y1f argmin (argmax) returns a non-empty set, then kmin (kmax) can be an arbitrary
element from this set.
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Numerical experiments

Numerical experiments - Data

@ Area: Stockholm region,

S i 7] Stockholm Region/Stockholm City Center e Time period: 28/05/2014

3 = - 30/06/2014 ,

@ Vehicles: 500 (1526),

@ each vehicle reported on
average every 90 seconds its
ID, GPS position,
timestamps and information
whether it is hired or not,

@ mathematical model was

ay
2

9 ~ % Usage Frequency solved using IP solver FICO
NP LA B Xpress IVE 7.3,
B ‘i';"'\ &N 120033000 @ we used a personal computer
§K {25 AL B e 76500- 140000 equipped with CPU Intel (R)
-— — Core i7-5500U CPU with
two 3 GHz cores and with 8
GB RAM.
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Numerical experiments

Results: Experiment 1

Stockholm Region

@

o Period: 28/05/2014-03/06/2014
(1 week),

_;\_ « ‘Stockhxc:lm C/ity\Center o Vinox = 0.1 m/s, Toin = 900's,
] t e e S Rmax = 500 m, Mumin = 300 cars,

e |l| =5,

o Speeds: S = {5.3,21.3,74.6}
km/hour,

e Costs: § = {500, 2500, 25000}
usD,

e 5 =300 km.

Charging speed: Charging points at stations:
W Fast MEMedium MlSow 01 02 (O3 ()4

o Charging points: 9 (slows: 0, medium: 1, fast: 8),

o Coverable vehicles: 42,

o Costs: 202 500 USD,

o t; = 20.5 s (minimal number of uncovered vehicles, when the budget is unlimited),

@ tr = 123.3 s (minimal infrastructure, while satisfying the maximum number of covered vehicles),
@ t3 > 3 days (minimal infrastructure, while satisfying budget limit G).
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Numerical experiments

Results: Experiment 2

Stockholm Region

Stockholm City Center

Kunpl'lg!

2 W

Charging speed:
Il Fast IlMedium Il Slow

Charging points at stations:

o1 03 Q6 ()8

Costs: 648 000 USD

vehicles)

Charging points: 35 (slows: 1, medium: 9, fast: 25)
Coverable vehicles: 195

o Period: 28/05/2014-03/06/2014
(1 week)

0 Viypax = 0.1 m/s, Tpin=900s,
Rmax = 500 m, M, = 110 cars

e |/|=20

o Speeds: S ={5.3,21.3,74.6}
km/hour

o Costs: S = {500, 2500, 25000}
usD

o B =300 km.

t; = 23.1 s (minimal number of uncovered vehicles, when the budget is unlimited)
= 14.4 hours (minimal infrastructure, while satisfying the maximum number of covered

@ t3 > 3 days (minimal infrastructure, while satisfying budget limit G)
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Numerical experiments

Results: Experiment 4
200 I T I T I T I
- (@)
o—o opt.

e—e coor.
| e—e uncoor,

150

Number of feasible vehicles
Number of charging points

0 I S I
XQ‘> x@ ng x@ &
R ng of N \6&
G, Budget limitation G, Budget limitation

o Period: 1 day, Vehicles: 500,

o || =20 (Mmnin),

@ Viax = 0.1 m/s, Trin =900 s, Rmax = 500 m, 5 = 300 km,
e Speeds: S ={5.3,21.3,74.6} km/hour,

e Costs: S = {500, 2500,25000} USD.
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Conclusions: Summary

o If |/] is large enough, the optimization model has the tendency to select the large
set of charging stations with only few charging points more frequently than locating
only few charging stations with many charging points. Such design can be favourable for
the electricity network as it will not load the network largely at few locations, but the
load is spatially more distributed.

o Charging points are typically located at parking lots in the vicinity of airports, railways
stations and other public spaces, which seem to be natural locations for them.

@ Optimization is able to serve significantly larger number of vehicles than coordinated and
uncoordinated charging, while the difference between coordinated and uncoordinated
charging is small. Thus, the possibility to postpone the charging for later and
prioritization of vehicles plays an important role (not so many cases of interrupted
charging were observed).

@ Our results indicate that if the problem size is limited this approach can be used to
determine the minimal infrastructure that meets the demand, however, to determine
minimal requirements to set up the charging infrastructure when the budget is limited
becomes quickly computationally very costly.
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Conclusions: Future work
Simplified model:

Network flow problem
Minimize " s; w 2 w

i€l B V12 V13 V14 vis
j Ao Y S A - C—"
subject to s > i ® o
E 0 i e s
Bitexct < siViel,t € T . K vz
ceC u?."" "1‘4 :
der + E Xts < B Vece C,re R.U{r, iz‘i ewi w4
i HEP ’ e U{re} L X — o @
teNe,, V2,1 Va2 Va3 Vo a5
der < dCa’—l — Uer + E XctS w W w
(e © vehicles ~———— vehicle traversals

Yee C,re ReU{r}
deo <058 Vce C
de,. > 058 VceC

Solving algorithms:

@ path augmenting heuristic,
@ convex optimization to find sparse flows.

© charging nodes
auxiliary nodes

»- charging flows
discharging flows

Czimmermann, P., Kohani, M., Buzna, L., (2017) The design of charging infrastructure for electric vehicles and its
properties, The 14th International Symposium on Operations Research in Slovenia, 27th — 29th September 2017,
Bled, Slovenia o = = E DA
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