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Parking Pricing vs. Congestion Pricing: A Macroscopic Analysis of their

Impact on Traffic

As traffic congestion gets worse year by year in metropolitan areas, cities search for solutions to
improve their traffic performance and reduce their environmental impacts. This paper focuses on
parking pricing and congestion pricing and their short-term effects not only on traffic congestion but

also on the potential revenue for a city.

We develop an easy to implement multimodal macroscopic traffic and parking search model for a
central area based on aggregated data at the network level. Our methodology allows us to analyze how
introducing parking pricing inside a network, or a congestion toll combined with a park and ride (P+R)
scheme can affect the drivers’ decision between entering the network by car (private vehicle) or using
P+R instead. This decision directly influences the number of drivers using P+R, and this impacts, in
turn, the traffic performance. Based on such analysis, a city can get valuable insights to evaluate
whether congestion pricing is a necessity or if the traffic improvements resulting from implementing
parking pricing strategies are sufficient when combined with P+R facilities. A search algorithm is used
to find the best trade-off between the parking fees and the congestion toll. Any additional revenue
collected through these schemes can then be used to improve public transport or the P+R facilities
themselves. With minor data collection efforts and little computational costs compared to most
existing parking and congestion pricing models, we illustrate our proposed framework in a case study
of an area with a high parking demand for public parking spaces within the city of Zurich, Switzerland.
Results show that parking pricing combined with P+R is indeed a viable option compared to
congestion pricing for improving traffic performance, even if parking pricing schemes do not target

all the drivers.

Keywords: parking pricing; congestion pricing; park and ride; dynamic macroscopic traffic and

parking model; cruising-for-parking
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1. Introduction

Traffic congestion is a growing challenge for cities worldwide. Therefore, many city councils have considered
introducing a congestion charge to improve speeds and reduce congestion in downtown areas. The first cities to
introduce an electronic road pricing system with a combination of cordon and corridor pricing schemes were Singapore
([28], [41]) and London ([38], [45], [46]). Other cities such as Stockholm, Bergen, Oslo and Milan ([19], [32]) also
implemented similar schemes. However, the introduction of congestion pricing has not been successful so far in other
areas such as Hong Kong ([33]). New York City rejected its congestion pricing proposal in 2008, but new efforts in
2019 will lead New York to become the first city in the U.S. to implement a traffic congestion fee by 2021 ([29], [31],
[47]). Overall, the actual implementation of congestion pricing schemes is rather limited due to the controversial issues
regarding the high initial costs, problems of discrimination, and where to start the border. There are also many debates
in relation to the disposition of the revenues raised, undesirable distribution effects, and the social and political
acceptability of the congestion charge ([8], [15], [49]). In this research, we analyze the differences in traffic
performance driven by parking pricing policies as a comparable option to congestion pricing. Parking pricing
strategies can be easily installed and maintained by a city, and they normally face much less political opposition ([5]).
In addition, their introduction can lead to remarkable traffic performance improvements ([5], [12], [34], [51]).
However, parking pricing policies only affect drivers using public parking in the area compared to congestion pricing
policies affecting a larger group of drivers in the network (e.g., drivers using private parking, drivers passing through
the central area, drivers picking up and/or dropping off passengers). That being said, when the share of drivers
searching for public parking is large enough, parking pricing could indeed be considered as a viable alternative to
congestion pricing. In this paper, we take these trade-offs into account, so cities can use our methodology to evaluate
the parking and congestion pricing policies especially in areas with a high parking demand for public parking spaces.
We propose a macroscopic framework to evaluate the short-term performance of an urban network under the

implementation of parking pricing policies as an alternative to a congestion pricing scheme.

All the congestion pricing methodologies implemented so far are based on the principle of marginal cost pricing. A
comprehensive literature summary of congestion pricing models can be found in [56]. Some models determine the
congestion charge focusing on the time loss externalities for drivers not entering the network ([4], [49], [54]). If a city
introduces congestion pricing, alternative transportation options should also be offered. Therefore, it is reasonable for
cities to reinvest the income from congestion pricing onto other modes. [38] and [44] investigated the impact on the
traffic performance and the changes in congestion driven by the changes in modal split triggered by the congestion
pricing. These studies used aggregated traffic indicators, but did not take into account any parking related phenomena.
The methodology we propose in this paper allows us to model the decision of entering the area and paying the
congestion charge or not entering and changing the transportation mode at a park and ride (P+R) facility outside the
area. In the latter case the drivers then use some form of public transportation (PT) to enter the protected area, e.g.,
buses, trams and/or trains. [1] examines the sensitivity of drivers’ attitudes towards parking fees and congestion tolls
and their effect on travel habits such as demand changes for the considered network. In comparison to our macroscopic
methodology, a numerical simulation model is developed in [13] to study the efficiency gains from various parking
policies with and without a simple cordon pricing scheme. [2] used empirical data from loop detectors and automated
vehicle location (AVL) devices from May 2016 to analyze the impacts of London’s congestion pricing using the
multimodal extension of the macroscopic fundamental diagram (MFD ([25], [26], [27])), the 3D-MFD ([17], [39],
[43], [60]). [2], [30], [50] and [57] accounted for bi-modal interactions such that a macroscopic traffic analysis inside
and outside the congestion pricing area could be made. Our research, in comparison, studies the short-term
interdependencies between traffic congestion, P+R and parking pricing within the area. The aggregated bi-modal

interactions in [2] were observed for a large-scale network, and they did not account for the parking impacts within
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the area nor any P+R. In contrast, our methodology considers networks with traffic and parking systems that are
affected by the drivers entering the area and searching for a parking space to get to their desired destination. These
destinations can be within or outside our area of interest and since the cars start to search for parking within the area,
their origin is irrelevant. Additionally, our macroscopic model can be easily solved with a simple numerical solver

such as Excel or Matlab without the use of complex simulation software.

The contributions of this paper are fourfold. First, we evaluate how parking and congestion pricing affect the traffic
and parking system (i.e., traffic performance, parking availability, revenue for the city, etc.) and how the traffic and
parking system (i.e., traffic congestion, parking pricing, etc.) affect the drivers’ decision between entering the network
by car or using P+R instead. Second, we propose a decision model and integrate it into a multimodal macroscopic
traffic and parking framework focusing on parking and congestion pricing. This decision is faced by multiple user
groups with respect to their value of time (VOT). This allows us to evaluate the distributional effects of different VOTs
on the drivers’ decision between entering the area by car or switching to P+R instead. Third, we not only provide a
framework to compare parking and congestion pricing scenarios, but also to find the best relation between the parking
fee and the congestion charge in order to improve the traffic performance in the network or the total revenue for the
city (which could be used to improve the P+R facilities). Fourth, we illustrate our parking and congestion pricing
methodology in a central area with a high parking demand for public parking spaces within the city of Zurich,
Switzerland, and show that parking pricing is indeed a viable option compared to congestion pricing, potentially

leading to traffic performance improvements inside the protected network.

The paper is organized as follows. Section 2 shows the overall decision model associated with the introduction of
parking and congestion pricing to a central area. Section 3 illustrates the multimodal macroscopic traffic and parking
framework including our decision model. Section 4 presents a case study of an area within the city of Zurich. Section

5 concludes this paper.

2. Introducing parking pricing vs. congestion pricing policies for a central area

In this section, we build the framework to compare the traffic performance impacts of different parking and/or
congestion pricing policies. When introducing/increasing parking pricing within an area with no congestion pricing
combined with P+R facilities, the drivers face a new choice between entering the network and leaving their car outside
the area, potentially using the available P+R facilities and PT (i.e., bus, tram and/or train) to reach the center. A similar
decision happens for drivers when congestion pricing gets introduced to a central area. Please note that we assume

P+R facilities exist in both policies.

In this research, we analyze the influencing factors (section 2.1) and the mathematical decision model (section 2.2)

for two policies: parking pricing (policy 1) and congestion pricing (policy 2).

2.1. Factors affecting the decision framework

The main variables and parameters for our framework, and basic model assumptions are briefly described below.

Main variables and parameters:

All policies are modeled macroscopically using a logistic function based on the cost of entering the network by car
and the cost of using the P+R facility outside the network. Some factors including the congestion or parking charges
have only an impact on the cost of entering the network, some factors including the P+R pricing only affect the cost
of not entering the network, and others (i.e., the number of parking spaces for P+R and spaces inside the network)

impact both cost variables by directly influencing the decision. Table 1 introduces the main variables and parameters
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used in our methodology.

Table 1. List of main variables and parameters.

Notation  Definition

L Size (length) of the network in link-km.

Ligne Size (length) of the network in lane-km (is used to measure traffic density).
b Average length of a block in the network.

T Length of the simulation’s time horizon.

Length of a time slice.

A Total number of existing parking spaces inside the area (for public use).

Al Number of available parking spaces inside the area at the beginning of time slice i.

P Total number of existing P+R spaces outside the area.

P! Number of available P+R spaces outside the area at the beginning of time slice i.

K Total number of user groups for the network’s demand input. Each user group has a different value of time (VOT).
vork VOT for user group k € K.

Py Hourly parking fee in the area.

De Congestion toll rate to enter the area by car.

Dpr P+R fee outside the area. It is considered as a fixed fee over the time horizon T.

Ppr Round-trip PT fare paid to enter the area from the P+R facility by PT.

Pa Price per kilometer driven (i.e., external costs as petrol, wear and tear of cars).

ut Average PT speed in time slice i, i.e., average speed of buses, trams and/or trains, including PT dwell time.

Ucar Coefficient capturing the aspect that PT vehicles typically move slower than cars due to frequent stops.

Upr Coefficient capturing the aspect that PT speeds might exceed car speeds during congested times due to dedicated lanes.
vt Average travel speed of cars in time slice i, including stopped time at intersections.

Free flow speed of cars, i.e., maximum speed on the network.

Dear Coefficient capturing the marginal effects of car density on car speeds in the area.

Ipr Coefficient capturing the marginal effects of PT vehicle density on car speeds in the area.

kiar Density of cars in time slice i.

kb Density of PT vehicles in time slice i.

dt Maximum driven distance per car in time slice i.

w Walking speed.

Bt Proportion of new arrivals during time slice i that corresponds to traffic that is not searching for parking.
ik, /s Average distance driven by a car from user group k € K before it starts to search for parking.

l}‘ Average distance driven by a car from user group k € K before it leaves the area without having parked.
l’,j / Average distance driven by a car from user group k € K before it leaves the area after it has parked.

lpr Average distance driven by using PT from the P+R facility to the area.

tag Parking duration of cars parking inside the area (p) or using P+R (pr), ¢ € {p,pr}.

h Average headway of PT from the P+R facility to PT stops.

S Total number of PT stops in the area.

Cé"‘ Total cost of entering the area by car (car) or by using P+R (pr) in time slice i for user group k € K, ¢ € {car,pr}.
8Lk Share of drivers that enter the area by car in time slice i for user group k € K.

ACT! Average cruising time for on-street parking in time slice i.

ADDpy Average distance travelled using PT from P+R space to PT stop in the network.
AWDy Average walking distance from parking space (p) or PT stop (PT) to destination, ¢ € {p, PT}.
ts Average searching time per car to find an available parking space for all user groups K over T.

Lot Total revenue resulting from parking fees, P+R and congestion pricing (tolls) for all user groups K over T.

Our traffic model analyzes a homogeneous, compact urban network of length L (in link-km) and L4y, (in lane-km)

representing a central area with standard parking policies (e.g., downtown areas or portions thereof) and a high parking
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demand for public parking spaces. The network’s average block size is represented as b. It is simulated over a total
time horizon T (e.g., a day). This time period is divided into time slices t (e.g., 1 minutes) such that the traffic and
parking conditions are steady within each time slice, but they can change over multiple time slices. Drivers have
different VOTs, VOT¥, according to their individual user group k € K, with the total number of user groups denoted
as K. This can be dependent on the drivers’ residence location, income, career, working state, etc. Due to our
macroscopic modelling approach it is not necessary to record the individual location of each car and parking space
throughout time. Instead, our multimodal macroscopic traffic model (section 3.1) tracks the average number of cars

during every time slice and the average searching times and traveled distances in the area.

Assumptions about homogeneity:

For simplicity, the area contains A identical parking spaces inside, and P P+R spaces outside the parking and
congestion pricing area. A differentiation between on-street and garage parking can be added using the macroscopic
modelling approach in [35], but here, for simplicity, we obviate that. All drivers searching for parking are assumed to
be homogenously distributed within the overall traffic, and all parking spaces (not necessarily the available ones) are

assumed to be uniformly distributed on the network.

Assumptions about PT and mode choice:

The PT route is assumed to be unidirectional (i.e., it goes on a loop around the network). The total number of PT stops
is assumed to be uniformly distributed across the network and the actual travel distance of each PT passenger is on
average uniformly distributed over time. Once the drivers have entered the network by car, it is assumed that they
continue their trip with their car and do not change towards PT within the network. This is reasonable since the drivers

already paid the congestion toll. We also assume that drivers do not cancel their trip.

Assumptions about walking:

After parking in or riding a bus into the area, the drivers require some walking distance to reach their final destination.
The drivers’ walking speed, w, is assumed to be constant. At an earlier stage, the drivers switching to P+R already
require some walking distance between the parking space and the PT stop near the P+R facility which is assumed to

be negligible for our decision framework.

Assumptions about pricing and toll delays:
The hourly parking fee p,,, the congestion toll rate p;, the P+R fee p,,., and the round-trip PT fare ppr are assumed

to be constant over time. There is no traffic delay assumed while paying the congestion toll.

2.2. Mathematical model for the parking and congestion pricing decision framework

This section illustrates the mathematical decision framework for drivers entering the network by car or choosing to
use P+R instead. The model can be used for both policies explained before, so that we can compare and analyze the

traffic performance under different scenarios.

Drivers’ choice, 55;;, for entering the area by car is modelled in Eq. (1a-b) using a logistic function based on A and
P (the total number of existing parking and P+R spaces, respectively), Cci‘,fr (the total cost of entering the area by
car, modelled in section 2.2.1), and C;;‘f (the total cost of using P+R, modelled in section 2.2.2) in time slice i for

user group k € K.

eni,k
i,k
o = e o
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where

A_ ik __P ik
ni_k _ A + P pr A + P car (1b)

ik ik
mm{A P CPT'A P Ccar}

The drivers’ choice between entering the area by car or by using P+R is based on the comparison between the weighted

. A nik P ik . P ; - ' i bk P ik
cost variables v Cpr and 7 C.or 1n Eq. (1b). Their difference is set in relation to min {A > CPT'A+p Cmr}

as the drivers’ choice is based on a relative weighted cost difference. Using the minimum here is necessary to set a

reference to the lowest cost value. The weight parameters A% and ﬁ in Eq. (1b) illustrate the parking supply

dependency incorporated into the parking choice. An underlying assumption for Eq. (1a-b) is that all drivers have
access to information about A, P and the basic data to estimate C C’fr and C;;‘f . However, drivers have, for
simplicity, no access to real-time parking usage information, i.e., we only consider the total number of existing parking
and P+R spaces, A and P, respectively; and we do not use the time-dependent parking availabilities in Eq. (1b). This
information could, however, be added to this model as per the methodology proposed in [35] to account for the value

of real-time parking information.

2.2.1 Cost of entering the network by car

Eq. (2) describes the cost of entering the network by car, Cci;fr, for each user group k € K in time slice i.

. , . l’,ﬁg busys 2-AWD, Ly,
Cite = 1y +Dp B (f(tap)) +pa- v - ACT! +VOT* - FACT 4+ g @)
term 1 —terr, term 3

term 4

Term 1 represents the congestion toll rate (policy 2), p;. Term 2 represents the total parking charge (policy 1),
which is dependent on the hourly parking fee, pj,, and the expected parking duration, E ( f (td,p)). While this fee will

be fixed here, it is also possible to make it variable using a responsive parking pricing scheme ([34]). Term 3
represents the average cost associated with the cruising distance for parking (i.e., external costs as petrol, wear and
tear of cars) converted to price units ([35]). The average cruising time ACT"® is determined as in [34] using a queueing
diagram. The price per kilometer driven is denoted as p; and the average travel speed in time slice i is represented
as v'. Here, for simplicity, we assume that v' is representative of the average network speed during the future search
process. Term 4 represents the time-related costs based on the drivers’ VOT expressed in price units for k € K. It
includes the costs associated with the average distance before starting to search for parking ¥, /s» the average cruising
time ACT', the average walking distance AWD,, from the parking space to the final destination, and the average
distance to leave the area after parking l;f - We multiply AWD,, by 2 to account for the return trip to the car as well.
Notice that the longer the drivers search for parking, the higher ACT! is, and consequently also Cci;fr. In this case, it
is more likely that the drivers might decide to use P+R instead of entering the area by car. Using the abstraction of the
network as a square grid, its total length, L, is equivalent to joining all blocks of average known length b together.
As parking spaces are uniformly distributed throughout the arca, AWD,, is determined in Eq. (3) as the average

Manhattan distance between two random points in the square grid ([35], [42]).
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AWD, ==-b-

wl N

@)

term 1
Term 1 represents the side length of the square grid.

2.2.2 Cost of using P+R

Eq. (4) describes the cost of not entering the area by car and using P+R instead, C;‘f, for each user group k € K in
time slice i. Notice that for a case where there are different areas with large variations in P+R and PT properties (e.g.,
in PT stops, P+R fees, PT fares, or dwell times), one can use different adjacent subnetworks, each modeled as the

network presented here.

2 * ADDPT n 2 - AWDPT)
ul w
term 2

CH¥ = ppr + ppr +VOTE - (h +

term 1

(4)

Term 1 represents the total fee, including the P+R fee, p,,, and the round-trip PT fare, ppr, for buses, trams and/or
trains from the P+R facility. Note that the P+R fee is fixed over the time horizon T. This is often the case, for example
in cities like Zurich, Switzerland. However, this is not necessary for our model, as we can adapt term 1 according to,
e.g., an hourly P+R pricing rate. In some instances, p,, could also be zero. Term 2 represents all the time-related
costs expressed in price units to reach the driver’s destination within the network and to return back to the parked car
at the P+R facility. Once the driver has parked the car at the P+R space, he/she has to wait until the next PT vehicle
arrives. This average waiting time is reflected by h/2 for the one-way trip (h for the two-way trip), where h is the
average headway of the PT line connecting the P+R facility to the area. The average round-trip travel time for the PT
ride is modelled by 2-ADDpy/ut, where ADDp; represents the average distance travelled using PT and u'
describes the average PT speed in the network (including dwell times). We model u’ in Eq. (5) as a function of the
car speed v’ using the statistical model for the vehicle based 3D-MFD in [39]. The coefficients ., and upy are
to be estimated and calibrated depending on the network of interest. p.q,, captures the reduction of speed for PT
vehicles compared to cars due to frequent stops. ppr adjusts the PT vehicle speed based on network topology and PT
network design (e.g., whether the PT vehicles use dedicated lanes and exceed car speeds during congested times or

not).

u' = Hear vl + Hpr ®)

ADDpy is computed in Eq. (6) by using the mean based on the round-trip PT travel distance in Fig. 1a. Given that the

total length of the network is L and the average block size is b, the network side is b - <— ; + & + 2L_b> S is the
o3+

unidirectional PT route. The round-trip PT travel distance in Fig. 1a is computed according to [16] as the surface of

total number of PT stops with an average distance of between any consecutive stops along the

2 1 1 L
. 1, [1, 1L . b'('?}]z*’%) _ _ '
the square grid [b - | — stHat Py divided by — Q5 Term 1 (Eq. (6)) is then determined as half of this

result representing the average PT passenger’s journey. Term 2 shows the average driven distance, lpr, by using PT

from the P+R facilities to the area (Fig. 1a), which is a function of the network size.
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VS 1 1 1L
ADDpr =b - — | —=+ |-+ — l
PT 2 2T 3t |t = (6)
term 2
term 1

As S is limited, people are expected to require, on average, some walking time. The average round-trip walking time
from the PT stop until the destination is modelled by 2 - AWDpr/w interm 2 (Eq. (4)), where the average walking
distance, AW Dpr, is determined in Eq. (7).

AWD,p, = zb 1+ 1+L (7)
PT = am-s| 2 |4 2b
2

To obtain Eq. (7), the surface [b : (— % + E + i)] is divided by the number of PT stops, S, to estimate the area

served by each PT stop (Fig. 1b). Assuming the drivers’ destinations are uniformly distributed in the area we determine
the average walking distance as % of the radius (average distance from the center of a circle) of each of the areas

surrounding one PT stop.

* | PT stops |
— | Round-trip PT travel distance I > | PT stops

b 1+ 1+L
2 \[4 2b
I

= -.:....:...-...,-...:-.........:........1:“
s : : i
fi-L =
b.<—%+\%+217) lll:
VS =
gue ll:ll*ll:
. = = [
:lll lll: b <_%+J%+;_b
I})Tﬁ:lnilnl IIEII‘#IIE
P :Ill III:IIII:IIIEIIIEIIIEIII IIIE
o s o oo, F
e [N D e A
(a) Distance travelled using PT. (b) Average walking distance for PT.

Fig. 1. Simple example of an abstracted square grid with uniformly distributed PT stops to illustrate ADDpr and AW Dpr.

It is possible to add a discomfort term to Eq. (4) for drivers using PT instead of using their more comfortable car to
enter the area according to [59]. However, we omit such term in this paper for brevity.

3. Parking and congestion pricing

Introducing parking and congestion pricing can lead to traffic performance and/or revenue changes for an area. To
compare and analyze these impacts both policies are integrated into a macroscopic urban traffic and parking

framework.

In section 3.1, we propose a multimodal macroscopic traffic and parking model including the option of using P+R

instead of entering the network by car. In sections 3.2 and 3.3, we determine the traffic performance in the area and
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the total revenue for the city, respectively.

3.1 A multimodal macroscopic traffic and parking framework focusing on parking and congestion pricing

Increasing the parking fees or introducing a congestion toll might lead to less traffic within the area of interest. Our
multimodal macroscopic traffic and parking model uses the 3D-MFD framework from [39] and [61] as a foundation
to analyze that. We combine this 3D-MFD model with insights from the parking-state-based matrix framework, and
the methodology to determine the likelihood of finding parking from [10]. The matrix is used to capture the system
dynamics of urban car and P+R traffic, i.e., it allows us to evaluate, for example, how the cars searching for parking

or the drivers deciding to enter the area using P+R affect the traffic performance and the congestion in the network.

Our model uses the five traffic states summarized in Table 2. Updating the traffic states is an iterative process until
the end of the time horizon, or until a defined criterion is reached (e.g., all the cars leave the network). Notice that all

state variables need an initial condition as an input to the model. That value can be measured, assumed or simulated.

Table 2. Traffic states for our multimodal macroscopic traffic and parking framework in an area of interest.

Notation ~ Name Definition
N Non-searching Number of cars not searching for parking with external destination (i.e., outside the area) for user
e (external destination)  group k € K at the beginning of time slice .
Nk Non-searching Number of cars not searching for parking with internal destination (i.e., within the area) for user group
st (internal destination) k € K at the beginning of time slice i.
i Number of car: rching for parking within the area for user gr € K atth inning of tim
NIk Searching for parking u b.e of cars searching for parking within the area for user group k at the beg g of time
slice i.
N;"" Parking Number of cars parking within the area for user group k € K at the beginning of time slice i.
N;"r" Park + Ride (P+R) Number of cars using P+R for user group k € K at the beginning of time slice i.

The traffic states are determined based on the transition events depicted in Fig. 2 and defined in Table 3.

ik
nl.

nse/
area : Traffic state
— Transition event
Enter network by car
. ik
Nossearching My /nse Parking
> (external destination) |« ik
ik NiE N,
/nseE nse :
H 7'y E
: ik :
) nik o Non-searching s/p :
n}',’fs /23] (internal destination) ik :
H ik Npsifs :
2 Niei \ Searching for :
T . . parl'(ing H
ik E N E
Wpr s
— ——— — ™
Park + Ride
NiK

pr

Fig. 2. The transition events in-between different traffic states in an area.

Fig. 2 illustrates two groups of drivers. The first group shows the drivers using a car to enter the network, with an
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internal or an external destination. The latter represents the through-traffic. For each user group k € K, the through-
traffic enters the area and drives some distance l}‘ (“non-searching (external destination)”) before leaving the area.

Once the cars focusing on internal destinations enter the area, they drive some distance [ ; /s

towards their
destination (“non-searching (internal destination)”) before they search for an available parking space (“searching for
parking”). After having parked for a given duration (“parking”), they travel some distance l’zf / toleave the area (“non-

searching (external destination)”). The second group of drivers decides to use PT to reach their destination inside the

area from the P+R facility (“Park + Ride”). They leave the P+R spaces after having returned by PT from the area.

Table 3. Transition events for our multimodal macroscopic traffic and parking framework in an area of interest.

Notation ~ Name Definition
nl/’;S Enter the area Number of cars entering the area by car and by P+R for user group k € K during time slice i.
nik Enter the area by car Number of cars entering and having their destination outside the area for user group k € K
/nse (external destination) during time slice i.
ik Enter the area by car Number of cars entering and having their destination inside the area for user group k € K during
/nst (internal destination) time slice i.
ni/'];r Enter the area by P+R Number of cars using P+R to enter the area for user group k € K during time slice i.
ik Start to search for Number of cars starting to search for parking within the area for user group k € K during time
nsi/s parking slice i.
ni’}‘p Access parking Number of cars accessing parking within the area for user group k € K during time slice i.
ik . Number of cars departing from parking and moving towards a destination outside the area for user
n Depart parking L L
p/nse group k € K during time slice i.
ntk / Leave the area by car Number of cars leaving the area by car for user group k € K during time slice i.
n;;,'f/ Leave the area by P+R Number of cars leaving the area by P+R for user group k € K during time slice i.

The traffic states (Table 2) are modelled in Eq. (8a-¢) using the transition events (Table 3) according to Fig. 2.

K
i+1 _ i+1k i+Lk _ aik ik ik ik
NiE = z Npse' ,where Ny, = Ny, + Nnse T Myymse — Mnse) (8a)
k=1
K
i+1 _ i+1k i+Lk _ aik ik ik
ani - z ani ,where ani - ani + n/nsi nnsi/s (Sb)
k=1
K
i+1 _ i+1k i+1k _ ppik ik ik
Nt = N ", where Ny =Ng" + Nygi/s — Ny (8¢c)
k=1
K
i+1 _ i+1k i+Lk _ aik ik ik
Nyt = Z Np™ ™", where N," 7" = Ny™ + 1y, — 0y, (8d)
k=1
K
i+1 _ i+1,k i+Lk _ pik ik ik
Nyt = ZNpr ,where Ny ™" = N,,© +n Jor — Ty (8e)
k=1

All traffic states are determined for each user group k € K before aggregating them. The total number of cars parked
for all user groups at the beginning of time slice i is Nz‘; + Nlﬂr (Eq. (8d-¢)), whereas the total number of cars driving
in the area at the beginning of time slice i is Nig + Nl + N¢ (Eq. (8a-c)). The calculation of the traffic states in

Eq. (8a-e) could be advanced by using an MFD simulator model approximating the dynamic user equilibrium
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conditions in large scale networks ([58]). These improvements, however, are considered out-of-scope for this paper.
The traffic composition change (i.e., the change of the number of cars in each parking-related state) between two
consecutive time slices can be illustrated in queuing diagrams for cars entering the area (Fig. 3a) and cars switching
to P+R (Fig. 3b).

Time slice i Time slice i E K .
| > S
=4 Cumulative f s
number of
J . 1 vehicles Gice
i, T aitLk g
2 Mg NL nsi/s
/
ik A 2 5 T ike
Nz% , ik ! K
nsi | N, i+1k s/p
Y . nsi/s Ns
% % 5
ik 4 ik ike ik
NS ,/ n;'/p i+1k p/nse = M nse
’ N
1] p
ike
ik ¥ " nse/
Ny J - .
ik ik "
4 nle + M i+1k
; ,/ p/nse /nse Niie -
ik _ Y ik - 5
N; . /—/‘-—/ - Time
nse i n;{:e/ Nyse -
Traffic composition  Transition events Traffic composition
at the beginning during time slice i at the beginning
of time slice i of time slice i+1
(a) Ilustration of traffic composition and queuing diagram for cars entering the area.
Cumulative Time slice i N,
number of z z n;':f
vehicles e=1k=1
E K
ike
20
e=1k=1
Time slice i
|
ik
" pr Ntk
N;,f ik o Time
Mpr/
Traffic composition  Transition events Traffic composition
at the beginning during time slice i at the beginning
of time slice i of time slice i+1

(b) Hlustration of traffic composition and queuing diagram for cars switching to P+R.

Fig. 3. Traffic composition between consecutive time slices and queuing diagrams for cars entering the area or switching to P+R.

The average travel speed of cars, v', during time slice i is formulated in Eq. (9a) based on the statistical model for
the vehicle based 3D-MFD in [39]. It uses the free flow speed of cars, v, when traffic is not congested, and includes
the marginal effects of each mode (9,4, and Jpy for cars and PT vehicles, respectively) on car speeds when traffic
starts to be congested. The density of cars, klg,., is determined in Eq. (9b) based on the total number of cars on the
road network (consisting of non-searching, N\, + N,‘;Sl-, and searching cars, N&), and the network length, L;g,, in
lane-km ([10], [12], [39]). The density of PT vehicles, kb, is computed in Eq. (9¢) using the number of PT vehicles
in the area divided by L;gy,.. The number of PT vehicles can be obtained as the cycle for one PT run, 2 - ADDpy/ut,

divided by the average headway, h.
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V' =0+ O~ klar + 9pr Kby (9a)
ki = w (9b)
lane
Ky = % (90)

Below, we model each of the transition events. The total number of cars, nj’,’fs, entering the network for user group
k € K during time slice i is considered as the known input demand to the model. Based on the proportion of through-
traffic (input to the model), B, and the choice of drivers entering the area by car or PT, 5Ci;fr, the demand n%‘s is

split based on three transition events (Fig. 4), Eq. (10a-c).

Vehicles entering e
area with external |71/,

destinations
Ll Drivers using -
e Suk vehicle to enter | 1/
Vehicles entering the area
area with internal
destinations ] ]
iR Drivers using ik
1—0en P+R to enter Moy
the area

Fig. 4. The transition events with internal/external destinations using cars or P+R to enter the area.

e = B i (109
nik = 1-BYH- n/ns 5é¢}fr. if 1-pYH- n/ns (1 5&’;) < pi o)
" (1 B B ) ' n;:lcs - Pl lf (1 - .B ) n/ns (1 - 6éc’1(r) > Pl
o (@B s (A=), if (1=pY: n/ns (1-6c) < P! (100)
/pr Pt if (1- l /ns (1 5%;) S pi

In Eq. (10b-c) we differentiate between enough (i.e., (1 —f%)- n/ns (1 - Séfr) < P') and not enough (i.e.,

(1-pBYH-nY /ns (1 é‘ci'fr) > PY) available parking spaces, P', at the P+R facility. The proportion of through-traffic,
B¢, is assumed to be independent of the individual user group k € K. For cars entering the area we assume that they
can be fixed

start searching for parking after driving a distance [¥ which is a function of the network size. ¥

nsi/s» nst/s
or follow any given probability density function. The number of cars starting to search for parking, n,; /s, for user
group k € K are modelled in Eq. (11).
i-1
ik k K
n";lSl/S = Z n;nsz y‘:LSl/S (11)
i'=1

where

j=i—-1 j=i—-1 .
i’_k _ 1, lf l?”clSl/S S Z o d] and Z d < l‘nSl/S + dl_l
}=l Jj= i’

nsi/s —
0, otherwise
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ynSl /s in Eq. (11) indicates whether the cars n' /nsz have driven long enough, i.e., they cover a distance L%, such

nsi/s»
that they start searching for parking in time slice i.

The number of cars finding, accessing and paying for parking, n.; , is modelled in Eq. (12) using the finding parking

5/17’
likelihood formulations from [10], [11] and [12]. It is a function of the number of available parking spaces A’, the
number of competing cars searching for parking Nsi'k, and the distance an average searcher can drive in a single time

slice in reference to the network length v' - t/L.

R
Nk (- (1=t feelo——
§ L ’ i 'v"~Nsi'k
Al logNSi'k vt L LA -
) ) ) ) e £ Al < Nb
AL+ | AL — N+ NPE — | | — A L el —— s Jif A< N
Ny log A* vi-Ng© v Ny
Al if t € L. A )
L —_——, 00
ik ’ Pl ik’
sl = o s (12)
Nk (1=t feelo—t
3 L ' d | vl NFK
i Ui't . :
ik aik 1\ [log ) L L Jif A > NFK
Ns™ 4+ N\ 1=k i | ifte |yt
Ny log Ny’ vt-Ng° Vv
_ L
K .
Ng*, lftE[;,OO)

When Al < Nsi’k, the number of cars accessing parking is low as there are not enough available parking spaces for all
drivers searching for parking. When A’ > Nsi‘k, the number of cars accessing parking can potentially be high
depending on the drivers’ distance driven in one time slice. The number of cars accessing parking might, however, be
low in the latter case, if the length of a time slice, t, is very short. Notice that all drivers decide to access the first
available parking space they find, as all parking spaces have the same price. More details on ni’fp can be found in

[10] with its simplified version in [11].

Once the cars depart from parking they move towards an external destination (n modelled in Eq. (13) for user

p/nse

group k € K during time slice i).

l 1

. (i+1-i'
n;/nse = s/p j f(td p) dtdp (13)

._1 @i-i"

nzi;’;nse is based on the distribution of parking durations f (td,p) and on the number of cars having accessed parking

spaces, n' % in a former time slice i’ € [1, i — 1]. The likelihood that these cars depart from the parking spaces in

S/p’

time slice i equals the probability of the parking duration being between (i —i')-t and (i +1—i')-¢t, ie
(i+1-i")t

fi—i’)-t f(td,p) dtd,p'

The transition event n / in Eq. (14) describes the number of cars departing from the P+R spaces. It is modelled

analogously to Eq. (13) depending on nj;;f and the distribution of P+R durations f (td,pr)-
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=1 (i+1-i")t
pr/ Z n/pr f (td pr) dtd ,pT (14)
(i—i’

After cars access or depart the parking spaces in the area and the P+R facilities, the number of available parking spaces,
A!, and the number of available P+R spaces, P!, are updated in Eq. (15a-b). Neither A’ nor P! can surpass the total
number of existing parking/P+R spaces, i.e., A' <A and P' < P for any time slice i.

A'=A—- N} (15a)
P!=P— N}, (15b)

The cars heading towards external destinations, n“* . leave the area after having driven a given distance l}‘ or l;f /

nse/’

depending on whether they have parked or not. The distances ¥ p, and I ; are — analogously to ks /s — considered

as fixed or taken out of any given probability density function. They both depend on the network size and average trip

lengths. nnse , is modelled in Eq. (16) for user group k € K based on n’ /nse and np /nse.
i-1
ik _ i’ k i’ k K k
nilse/ - z (n;nse ’ y/l +n ;)/nse yzi/ ) (16)
i'=1
where

Jj=i-1 j=i-1 )
v 1 s andz & < 1f + dit
v, = j=t’
0, otherwise

jei-1 j=i-1 ,
vk )L i< dland ) <l +d
Yo/ j=i j=i'

0, otherwise

y/i”k and y;;’/‘ in Eq. (16) indicate whether the cars n' /nse and n' have driven ¥ ; and 1%, respectively, to

p/nse D/’

leave the area in time slice i.

3.2 Traffic performance in the area

The average searching time per car, tg, in Eq. (17) reflects the traffic performance in the area and shows whether the
network is congested or not. A high average searching time, for example, might occur due to a small number of

available parking spaces in the area. This will lead to traffic congestion in the network.

T ZK t- Ni,k
ty= el s 17)
Zl 1Zk 1 s/p

t is determined by computing the total searching time for all user groups k € K in the network, Z K Lt Nsi’k,

and dividing it by the total number of cars having searched for parking in the area, YI_, ¥X_ n¥ | over the time

S/p’
horizon T.
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3.3 Total revenue for the city

Introducing parking and congestion pricing schemes are options for generating revenue I,,; (Eq. (18)).

T K
IfOt - Z Z(n/nse + n/nsz) pe t+ Z Z pT/ (pPT + pPT) + Z Z np/nse Pp-: tdp (]_8)

i=1k= i=1k= i=1k=1
term 1 term 2 term 3

Term 1 represents the revenue from the congestion toll for all k € K during all time slices i. Term 2 shows the
revenue from the P+R and the round-trip PT fees for all user groups k € K during all time slices i. Term 3
illustrates the revenue from parking in the area for all user groups k € K during all time slices i, depending on the

average parking duration g .

4.  Applications

In this section, we illustrate the use of the proposed methodology by comparing different parking and congestion
pricing scenarios for a central area with a high parking demand for public parking spaces within the city of Zurich,
Switzerland. Our results help answering the question whether introducing congestion pricing is a necessity or
implementing parking pricing strategies are sufficient to improve the area’s traffic performance. Our case study uses
real traffic and parking data obtained and validated in [12], which is based on historical data collections and an agent-
based model in MATSim ([55]). It was proven reasonable and validated in [12] using the parking occupancy data over
a working day based on a local monitoring system (PLS Zurich), and the cruising time based on survey results that
were conducted during May 2016. Note that we use MATSim to estimate the demand, i.e., daily traffic data arriving
to the network and the distribution of parking durations, and we do not use it for traffic modelling purposes. The

framework is implemented with the aid of a simple numerical solver such as Matlab.

4.1. Case study of an area within the city of Zurich, Switzerland

We concentrate on the study area in Fig. 5a around the shopping district Jelmoli (0.28 km?) in the city center of

Zurich ([12]).
- II\ < 635» ad
s 06 %25- \
° é ] } % 1
57 ! ‘U
% 151 q
E
205 W“ 'Vv M N
!
n/M’W'
O 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Hour of the day
(a) Case study area in the city center of Zurich. (b) Number of cars entering the area over one day.

Fig. 5. Case study area and parking demand per minute computed as a moving average over 10 min (Source: [12]).

This central area with many stores and offices mostly from the financial sector attracts 39 % of all trips related to
shopping, 35 % related to leisure, and 26 % related to business activities (survey from May 2016 ([12])). The total

length of all roads is L = 7.7 km, and b = 76 m. As most of the streets have two lanes (either one lane per direction
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or two lanes in a one-way street), the total network length is L3, = 15.4 lane-km. There are 539 public parking
spaces in the area. As the policy of removing on-street parking spaces without necessarily downsizing the overall
parking supply has been evaluated in the inner-city of Zurich since the 1990°s (Zurich parking supply cap system in
[20]), we assume that 200 on-street parking spaces can be moved out of our network and turned into P+R spaces, i.e.,
P = 200. The remaining A = 339 parking spaces stay in the area. It is assumed that the recovered road space while
removing on-street parking spaces in the inner-city area has no influence on the traffic flow, and can be used for other
activities (e.g., to create pedestrian zones or bicycle lanes). The P+R fee outside the area is a fixed lump-sum for
parkingup to T = 1440 min. The average P+Rail fee around the city of Zurich including the round-trip PT fee paid
to enter the area from the P+R facility by PT equals py,, + ppr = 10 CHF ([48], [53]). Both P+R outside and parking
spaces inside the area have no parking time limit, i.e., drivers can park there for the whole time horizon of 24 hours.
The working day is divided into time slices of 1 min, i.e., t = 1 min. To model the traffic, we use traffic properties
(i.e., v =27.93 km/h) and model parameters .4, Ipr, Ucar, and ppr are based on the 3D-MFD of the city of
Zurich ([3], [18], [39], [40]). We assume the price per distance driven as pgis = 0.3 CHF/km, the average distance
driven from the P+R facility to the area as lpr = 5b = 380 m, and the walking speed as w = 5 km/h ([7]). The
average headway of PT lines from the P+R facility to the PT stops is A = 7.5 min and the total number of PT stops

in the area is S = 2. Here we use bus line 31 and tram lines 2, 7, 9, 10 and 13 in Zurich as a reference for h and S

([14)).

The parking demand in Fig. 5b, the distribution of parking durations in Fig. 6, and the initial conditions are based on
an agent-based model in MATSim, which is in turn, based on previous measurements. This has been validated for the
city of Zurich in [55]. The parking demand (Fig. 5b) of 2687 trips is split into K = 4 different user groups (892/
956/ 838/ 956 trips) associated with different VOTs (VOT! = 29.9 CHF/h; VOT? = 25.4 CHF/h; VOT? =
25.8 CHF/h; VOT* = 17.2 CHF/h) which are based on the estimated VOT mean values for car journeys in
Switzerland ([6]). Note that the parking demand (Fig. 5b) is a deterministic demand that changes throughout the day.
23% (618 trips) of the daily traffic (i.e., 8= 0.23,Vi) does not search for parking (through-traffic), and the
remaining 77% (2069 trips) searches for parking. The parking durations (Fig. 6) are described by a probability
density function following a gamma distribution with a shape parameter of 1.6 and a scale parameter of 142. The
average parking duration is 227 min ([12]). We assume that parking durations at P+R spaces are longer than parking
durations in the area as they additionally account for the drivers’ PT time, i.e., we add the average round-trip PT

waiting and travel time to the parking durations in the area in order to determine the parking durations at P+R spaces.

500
Eligammaparameters = 1.6191 1421816

450

400

Frequency

200 §

L 4 = E=m
0 200 400 600 800 1000 1200
Parking duration (minutes)

Fig. 6. Distribution of parking durations.

The initial conditions include Nz(r) = 113 cars already parked in the area and N;?r = 70 cars parked at P+R facilities

at the beginning of the working day. All further initial conditions are considered as zero, i.e., N, = NJ; = N2 = 0.

k

The travel distances Iy /s,

{1,..4}.

l}‘ and l’zf/ follow a uniform distribution between 0.1 and 0.7 km for all k €
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4.2. Impact of parking and congestion pricing

This section focuses on the traffic impacts from different parking and congestion pricing scenarios. First, we explain
the status quo in the city of Zurich (scenario (a) in Table 4). Currently, there are no P+R facilities (besides the ones at
rail stations around Zurich) and there is no congestion toll around this case study area. The hourly parking pricing fee
of 2.25 CHF approximates the average value in the city center of Zurich ([12], [35]). We compare this reference
scenario to the assumed scenarios (b)-(e) in Table 4 in terms of traffic performance (average time spent) in the network

and total revenue for the city.

Table 4. Scenarios and their pricing strategy.

Scenarios Pricing strategy

Scenario (a):
Reference scenario:
No P+R facilities

No P+R facilities, no PT and no congestion toll are considered. Hourly parking pricing is set to 2.25 CHF in the area
for all time slices.

P+R facilities and PT are introduced, i.e., 200 on-street parking spaces are moved outside the area as P+R spaces.
:ﬁgr}?;?é_?_): Free P+R P+R and PT fees are set to 0 CHF. No congestion toll is considered. Hourly parking pricing is set to 2.25 CHF in the

area for all time slices.

P+R facilities and PT are introduced, i.e., 200 on-street parking spaces are moved outside the area as P+R spaces.
P+R fees including round-trip PT fees are set to 10 CHF for up to 24 hours. Congestion pricing is set to 0 CHF in the
area for all time slices. Hourly parking pricing is doubled and set to 4.5 CHF in the area for all time slices.

Scenario (c): Parking
pricing (policy 1)

Scenario (d): P+R facilities and PT are introduced, i.e., 200 on-street parking spaces are moved outside the area as P+R spaces.
Congestion pricing P+R fees including round-trip PT fees are set to 10 CHF for up to 24 hours. Congestion pricing is set to 12 CHF in the
(policy 2) area for all time slices. Hourly parking pricing is set to 0 CHF in the area for all time slices.

Scenario (e): Parking
and congestion pricing
(combined policies 1
and 2)

P+R facilities and PT are introduced, i.e., 200 on-street parking spaces are moved outside the area as P+R spaces.
P+R fees including round-trip PT fees are set to 10 CHF for up to 24 hours. Congestion pricing is set to 12 CHF in the
area for all time slices. Hourly parking pricing is set to 4.5 CHF in the area for all time slices.

Table 5 shows the results for the traffic criteria including traffic performance (i.e., average/total searching and non-
searching time), congestion (i.c., average/total delay, and queue reflected as the average number of cars searching for
parking), traffic state volumes, and total revenue for the different scenarios in Table 4. The delay is determined as the
difference between the actual and ideal travel time in the area. The latter is the time the cars spend under free-flow
conditions in the network. Recall that the parking and P+R revenues come only from the cars that park in the area or
at the P+R facilities, but the revenue from congestion pricing includes every single car that comes into the network,

whether they park or not.

The reference scenario (a) requires the longest average/total searching and non-searching time, and the longest
average/total delay compared to all other scenarios since there are no P+R facilities outside the area, i.e., all assumed
scenarios (b)-(e) improve the traffic performance in the area. However, different policies lead to different results (Table
5). Scenario (b) analyzes the policy of moving 200 on-street parking spaces outside the area as free P+R spaces with
free PT, while the hourly parking pricing in the area is kept at 2.25 CHF. The results show a lower boundary for the
average time values in Table 5, i.e., how much we can reduce the average searching and non-searching time by
encouraging drivers to use the available free P+R facilities (32.1 % and 43.8 %, respectively). The average delay
decreases significantly by 56 %, as on average at any given time we have 164 cars using the P+R facility instead of
parking in the area. This brings down the usage of parking spaces in the central area from an average of 338 to 172
at any given minute. Note that the average delay refers only to the traffic within the area, which explains this significant
reduction compared to the reference scenario. Scenario (c) considers the parking pricing policy (policy 1 in section 2)
with an increased hourly parking fee of 4.5 CHF in the area. The P+R fees including round-trip PT fees are set to

10 CHF for 24 hours. This decreases the average searching time by 27.2 % compared to scenario (a) as on average


https://doi.org/10.20944/preprints202006.0257.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 June 2020 d0i:10.20944/preprints202006.0257.v1

Manuel Jakob, Monica Menendez Page 19

141 drivers decide to use P+R instead of entering the area by car. In addition, the average non-searching time and the
average delay significantly decrease by 37 % and 46.7 %, respectively. Compared to scenario (b) (free P+R
facilities and free PT) more cars enter the area due to higher costs using P+R including round-trip PT fees (10 CHF
for 24 hours), which results in an increased searching time and delay in the area. The P+R and PT fees, as well as the
higher parking fees lead to an increased revenue of 28,999 CHF.

Table 5. Comparison of different policies in terms of traffic performance, congestion, traffic state volumes, and total revenue for
the city. Value within parenthesis represents the percentage change with respect to the reference scenario.

. . . . Scenario (e):
Scenario (a): Scenario (b): Scenario (c): Scenarloi(d). Parking and
. Reference . N Congestion . .
Scenarios scenario: No Free P+R and Parking pricing ricin congestion pricing
L free PT (policy 1) pricing (combined policies
P+R facilities (policy 2) 1and 2)
Average time for cars searching 268 1.82 1.95 2.09 1.89
for parking (min/veh) ' (-32.1 %) (-27.2 %) (-22 %) (-29.5 %)
Total time for cars searching for 6.036 4,099 4,395 4,710 4,244
parking (min) ' (-32.1 %) (-27.2 %) (-22 %) (-29.7 %)
Average travel time for cars non- 297 1.67 1.87 1.97 1.78
searching (min/veh) ' (-43.8 %) (-37 %) (-33.7 %) (-40.1 %)
Total travel time for cars non- 6.679 3,751 4,205 4,434 4,006
searching (min) ' (-43.8 %) (-37 %) (-33.6 %) (-40 %)
. 1.28 1.55 1.75 1.43
Average delay (min) 291 (-56 %) (-46.7 %) (-39.9 %) (-50.9 %)
. 3,764 4,513 5,057 4,164
Total delay (min) 8,628 (-56.4 9%) (-47.7 %) (-41.4 %) (-51.7 %)
Average number of cars non- 164 177 184 171
searching (external destination) 2.62 a7 A0 a5 A0 00 a1 70
(veh/min) (-37.4 %) (-32.4 %) (-29.8 %) (-34.7 %)
cening (o desinator) | 202 057 L15 124 Lo7
: - 0, - 0 . 0, - 0,
(veh/min) (-52 %) (-43.1 %) (-38.6 %) (-47 %)
Average number of cars 419 2.85 3.05 3.27 2.95
searching for parking (veh/min) ' (-32 %) (-27.2 %) (-22 %) (-29.6 %)
Average number of cars parking 337.99 172.27 195.47 207.85 185.1
in the area (veh/min) ' (-49 %) (-42.2 %) (-38.5 %) (-45.2 %)
Average number of cars using 0 164.16 141.05 128.76 151.36
P+R (veh/min)
Revenue from P+R facilities and
PT (CHF) 0 0 8,886 7,989 9,693
Revenue from congestion tolls
(CHF) 0 0 0 22,657 20,612
Revenue from parking pricing 17,628 8,438 20113 0 18,738
(CHF)
Total revenue created
by P+R facilities, PT, parking 17.628 8,438 28,999 30,646 49,043
pricing and congestion tolls ' (-52.1 %) (+64.5 %) (+73.9 %) (+178.2 %)
(CHF)

Scenario (d) describes the congestion pricing policy (policy 2 in section 2) with a congestion toll set to 12 CHF
(comparable to London, U.K. ([52])) and free parking in the area for all time slices. It considers the same P+R
conditions as in scenario (c). As the congestion toll (scenario (d)) is cheaper than the parking fee for the drivers’
expected parking durations (scenario (c)), more drivers would like to enter the area by car. This leads to a higher

searching and non-searching time, and a higher delay/queue in scenario (d) compared to scenario (c). When comparing
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both scenarios (policy 1 and 2), then introducing parking pricing not only leads to better traffic performance and
congestion results, but also to a similar increase in revenue for the city council. In addition, parking pricing (policy 1)
might be the preferred scenario as it is not only easier to implement, but also socially and politically more accepted
than congestion pricing. The significant traffic performance improvements of policy 1 compared to scenario (a) also
support a decision towards a parking pricing implementation. Notice that this is in part possible because in this case
the majority of the traffic coming into the area is searching for parking (i.e., 1 — B¢ = 0.77 for all time slices i).
Even if the total revenue in scenario (c) is slightly less than in scenario (d), we would like to highlight that this revenue
is mainly dependent on the hourly parking fee rate. It can increase with a higher parking fee, but this in turn, might
raise social acceptability issues in the city. Scenario (¢) combines the parking and congestion pricing policies 1 and 2.
The traffic performance improves compared to both scenarios (c) and (d) and it comes close to the best performance
in scenario (b). The resulting daily revenue of 49,043 CHF is the highest compared to all other scenarios in Table 5.
Nevertheless, this high revenue comes along with all the negative aspects of introducing congestion pricing to an area.
The relative difference between the cost of using P+R and the cost of entering the area explains the changes in traffic
performance and congestion between the scenarios (b)-(e). Our parking and congestion pricing decision framework is
based on a logistic function (Eq. (1a-b)) which results in more drivers entering the network in case of a higher gap

between these relative cost variables.

In the following, we present more details about policy 1 (scenario (c)) in comparison with the status quo (reference
scenario (a)). Most drivers are searching for parking between the 11th and 16th hour due to a low number of available
parking spaces, i.c., there are more searching cars in the area than available parking spaces (Fig. 7b, scenario (c)).
66 % of the cruising-for-parking traffic occurs in this time period due to shopping, leisure and/or business activities
([12]). This leads to a high average searching time (Fig. 7a). Applying policy 1 reduces the average searching time
during the peaks at the 12th and the 14th hour by more than 2.5 min compared to the reference scenario (a). The
highest peak happens at the 12th hour, when 28 cars are cruising for parking while at the same time only 2 parking
spaces are available (Fig. 7b). The parking system in the area remains full between the 11th and the 15th hour. After
the 15th hour, parking spaces become available again as cars gradually leave the area. Note that the number of available

parking spaces before the 10th and after the 16th hour exceeds 30 and is not visible in Fig. 7b.
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(a) Average searching time before parking. (b) Searching cars vs. available parking spaces (scenario (c)).

Fig. 7. Cars searching for an available parking space in the area over a typical working day.

4.3. Sensitivity analysis

In this section, we conduct a sensitivity analysis for policy 1 (scenario (c) in section 4.2) to quantitatively evaluate the

effects of some influencing factors (Table 6) on the traffic and parking model outputs.
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Table 6. Influencing factors and their reference values for this sensitivity analysis.

Influencing factors Reference values

VOT! = 29.9 CHF/h; VOT? = 25.4 CHF/h;
VOT® = 25.8 CHF/h; VOT* = 17.2 CHF/h

VOTs, VOTk, for all user groups k € K

Total number of existing parking spaces inside the area, A A =339

Total number of existing P+R spaces outside the area, P P =200

P+R fee, py,, and round-trip PT fee, ppr Ppr + Dpr = 10 CHF

Fig. 8 shows how the average searching time (Fig. 8a) and the total revenue (Fig. 8b) change as a function of each of

these four factors (each shown with a different line).

«+@++VOT for all user groups 32,000 ~ @+ VOT for all user groups
—+—Total number of existing parking spaces inside the area g i —+—Total number of existing parking spaces inside the area
== Total number of existing P+R spaces outside the area o . I o= Total number of existing P+R spaces outside the area
= 100‘& =+ Hourly P+R and round-trip PT fee = S ~+—Hourly P+R and round-trip PT fee
£ o Ry
£ o= {30,000 BR
o z e
2 g .o S /
o = - \-
5 Sl
° g i S
g1 8 S
o f s i
2 g Se
<
1k
ol ; : - . - S - 25,000
-50% -40% -30% -20% -10% 0% 10% 20% 30% 40% 50% -50% -40% -30% -20% -10% 0% 10% 20% 30% 40% 50%
% Change of influencing factor % Change of influencing factor
(a) Sensitivity analysis of the average searching time (log scale). (b) Sensitivity analysis of the total revenue.

Fig. 8. Sensitivity analysis of the traffic performance over the peak period between the 10th and the 16th hour of one working day
and the total revenue over one full working day (for an independent A and P).
Fig. 8a shows that VOT* for all k € K, and Ppr + Ppr have no influence on the average searching time over the
peak period between the 10th and the 16th hour of one working day. However, there is a clear dependency between
the number of parking and P+R spaces, A and P, and the traffic performance. Decreasing A or P significantly
increases the average time searching for parking. It decreases faster for A, as our case study considers 69.5 % more
parking spaces in the area than P+R spaces outside the area. On the other hand, increasing A or P leads to a small
decrease in the average searching time. This indicates an asymmetric relation between changes to A or P and the

resulting changes in searching times.

Fig. 8b illustrates the sensitivity analysis of the total revenue from one working day. The VOT* for all k € K, Ppr
and ppr have only a marginal influence on the total revenue collected — compared to both A and P. Interestingly,
the revenue increases when the number of P+R spaces, P, decreases and it decreases when P increases. In case of
fewer P+R spaces, more drivers have to decide for a parking space in the area. The higher hourly parking fees in the
area in comparison to P+R explain this gain in revenue. Additionally, less parking spaces, A, inside the area lead to a

decline in revenue, and a higher A lead to a small raise in revenue.

Evidently, changesto A and P have a significant impact on the traffic performance and the total revenue for the city.
In Fig. 8 we treated both A and P independently from each other. However, Zurich introduced a parking supply cap
system in the inner-city in 1990 ([20]): for every newly introduced parking space an existing on-street parking space
must be removed such that the parking supply is kept the same ([37]). Thus, we assume now A and P are dependent
on each other, i.e., A + P = 539, and conduct a sensitivity analysis of the average searching time over the peak period

between the 10th and the 16th hour of one working day and the total revenue from one full working day (Fig. 9).
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Fig. 9. Sensitivity analysis of the traffic performance over the peak period between the 10th and the 16th hour of one working day
and the total revenue over one full working day (for a dependent A and P,i.e., A+ P = 539).
Fig. 9 shows that converting up to 80 % of the parking spaces inside the area, A, into P+R spaces, P, leads to less
drivers entering the network and significantly lowers the searching times. Interestingly, this reflects an opposite
relation between reductions of A and the resulting changes in searching times than that shown in Fig. 8a. The reason
is the increases in P+R facilities, which create opportunities for people to park outside the area and avoid the whole
searching for parking phenomenon. Notice, also, that the relation between the conversion rate and the reduction in
searching times is not monotonically decreasing. Beyond a certain point, ~80 %, the average searching time in the
area increases with further conversions. In other words, we can always expect that some people would prefer to park
inside the area, and reducing the parking supply too much will just increase the searching times. The higher P+R
capacity affects the drivers’ decision between entering the area by car or switching to P+R instead. This leads to more
drivers switching to P+R, such that the P+R occupancy increases faster. The very low availability of P+R spaces leads,
in turn, to some drivers entering the area by car. Due to the low capacity of parking spaces in the area (caused by a
high conversion rate), the drivers face a longer time searching for an available parking space. From the revenue
perspective, the relation is quite intuitive. Less parking spaces inside the area lead to a decline in revenue. Such a

decline is lower than the one shown in Fig. 8b as it is partially compensated by an increase in the revenues from P+R.

In [9], an in-depth sensitivity analysis ([23]) was conducted to analyze the effects of ¥ ; Jss l}‘ and l’zf , on the model

outputs. The outcomes show that the model results are not sensitive to these distance variables as long as they are
within a reasonable range. It is also possible to use more advanced sensitivity analysis methods ([21], [22], [24]) in

future research to have a deeper understanding of the relations between the different influencing factors.

4.4. Trade-offs between parking fee and congestion toll

When introducing congestion pricing, it is often a challenge for city councils to find the best relation between parking
pricing and the congestion toll. Since all variables in our framework are based on average values and not on random
values, every simulation run returns the same results as long as the input variables to the model are not changed. This
means that the number of cars of all transition events and the number of available parking spaces on the network are
deterministic at the beginning of each time slice. We run a simulation-based search algorithm based on multiple

simulation runs to understand the effects of all possible relations Pt on the average searching time (Fig. 10a) and

Pp

revenue (Fig. 10b).
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(a) Average searching time. (b) Revenue based on congestion toll = 12 CHF.

Fig. 10. Relation between congestion toll and parking price vs. traffic performance and revenue over a typical working day.
Increasing the relation ;’—t leads to an increasing average searching time. The higher ?, the lower is p,, for a fixed
D 14
congestion toll, and the higher the number of drivers that decide not to use P+R and drive into the area. The traffic
performance impacts are more severe for low congestion tolls as drivers face less costs entering the network by car.

Interestingly, the average searching time for low congestion tolls stays low up to a certain Pt value. For example, the

Pp
average searching time for p, = 9 CHF in Fig. 10a equals about 1.8 — 2.1 min per car up to ;J—t = 12 before it
P
jumpsup to 3.1 min per car (% = 30). Lower relations of S—t and consequently, higher p,, values lead to the highest
p 14

revenue values (Fig. 10b). The total revenue results are mainly driven by the parking pricing revenue as the parking

fees are charged hourly.

In summary, low relations between the congestion toll and parking pricing, %, might not only lead to the best traffic
P

performance in the network, but also to the highest revenue for the city. With a higher congestion toll, p;, the parking
price, p,, turns out to be less important for the drivers’ decisions and thus, the traffic performance becomes more and

Pt However, this might evoke social and political acceptability problems and

more independent of the relation )
D
changes to the drivers’ behavior in the long-term. As our research focuses on short-term effects, demand changes are

considered out-of-scope in this paper.

4.5. Distributional effects of our heterogeneous VOT model

This section investigates the capabilities of our multi-VOT framework considering several user groups associated with
different VOTs. Compared to other single-VOT models, our methodology can analyze the impacts of different VOTs
on the drivers’ decision between entering the area by car or switching to P+R instead. The VOT is used in our decision
framework (section 2.2) to convert time-related costs into price units. In reality, the drivers’ VOTs also affect their
willingness to pay for parking, congestion tolls, P+R and/or PT fees. However, here we focus on the decisions related
to travel times. Thus, we relax all pricing (i.e., p, = p; = Ppr = Ppr = 0 CHF) and explore a scenario focusing on

the time-related VOT impacts for different user groups.

Fig. 11 presents the percentage of drivers switching to P+R compared to those entering the area by car.
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Fig. 11. Distributional effects of different VOTs on the drivers’ decision between entering the area by car or switching to P+R as a
moving average over 10 min.

Lower VOT user groups are more likely to switch to P+R. The user group associated with the lowest VOT, VOT* =
17.2 CHF/h, reaches the highest rate, with up to 98 % of the drivers switching to P+R during the 12.5 hour (peak
of the day). This rate decreases for the drivers with a higher VOT. However, these reductions do not seem to be too
drastic. This is due to significant increase in searching times during this peak hour, even after the lowest VOT user

groups here switched to P+R.

5. Conclusions

In this paper, we develop a multimodal macroscopic traffic and parking search model that allows us to evaluate
whether parking pricing can be considered as an alternative to the more controversial congestion pricing schemes,
especially in areas with a high parking demand for public parking spaces. Our easy to implement methodology is
based on aggregated data at the network level over time. Based on small data collection efforts and low computational
costs, model outputs can be generated with a simple numerical solver and without complex simulation software. Our
general framework only uses very limited data inputs, including travel demand, VOT, the traffic network, parking and
P+R capacities, and initial traffic and parking specifications. We illustrate our methodology using real data from an

area within the city of Zurich, Switzerland. Below, we summarize the main contributions of this study.

e Our framework not only evaluates the short-term impacts on the traffic and parking system (i.e., traffic
performance, parking availability, revenue for the city, etc.) resulting from implementing parking pricing
and/or congestion pricing strategies, but also the impacts of the traffic and parking system (i.e., traffic
congestion, parking pricing, etc.) on the drivers’ decision between entering the area by car or using P+R
instead.

o We propose a decision model based on multiple user groups with respect to their VOT and integrate it into a
multimodal macroscopic traffic and parking framework that allows us to assess different parking and
congestion pricing policies. This framework allows us to analyze the impacts of different VOTs on the drivers’
decision between entering the area by car or switching to P+R instead.

e Besides comparing parking and congestion pricing scenarios, our study uses a simulation-based search
algorithm to find the best relation between the parking fee and the congestion toll in order to improve the
traffic performance in the network or the total revenue for the city (which could, in turn, be used to improve
the P+R facilities). Low relations between the congestion toll and parking pricing (i.e., a high enough parking

fee in comparison to the congestion toll) might not only lead to the best traffic performance in the network,
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but also to the highest revenue for the city. However, due to the high costs for drivers actually entering the
area by car, a lot of drivers might prefer staying at a P+R facility outside the area. The traffic performance
impacts might be more severe for low congestion tolls as drivers face less costs entering the network by car.
e  Our results for Zurich show that parking pricing policies are indeed a viable option compared to congestion
pricing, potentially leading to traffic performance improvements even if parking pricing policies only affect
drivers using public parking in the area. Furthermore, parking pricing strategies are socially and politically

more accepted and easier to implement than introducing a congestion toll in a metropolitan area.

Overall, the usage and contributions of the framework are far beyond the illustration in the presented case study. The
framework could be extended to include tiered parking/P+R and congestion pricing. This scheme allows drivers to
pay a low parking/P+R rate for the first hours, and then the rate jumps up significantly to promote higher parking
availability and to increase turnover. Alternatively, the congestion toll might be low when you enter the area for only
a limited amount of time. This ensures that cars do not stay forever in the area and congest the central streets. As some
cities are developing parking policies aiming to maintain certain occupancy rates throughout the day, we could also
investigate the impacts of parking and congestion pricing decisions on the optimal parking occupancy rates ([36]). A
further consideration is to enhance the parking fees and the congestion toll using responsive pricing schemes. The
purpose of these time-dependent fees is to move the traffic demand for the central area away from the daily peak.
Congestion pricing might be more expensive during the peak hours of the day compared to off-peak hours, and it
might be free on Sundays as the example in London shows ([38], [45], [46]). In future research, parking fees might
not only be dependent on the parking demand of each user group over time, but also on the available parking supply
in the network ([34]). This could only affect a portion of the traffic demand, i.e., the parking fee for all parking spaces
could follow a lower fixed (subsidized) charge for a portion of the demand and the remaining demand could be treated
responsively, reflecting the external costs for parking. Similarly, future studies can investigate the impacts of only a
portion of the demand being obliged to pay the congestion toll when entering the area. These differentiations within
the traffic demand can be motivated by, e.g., the subsidy by a company or a city for their residents. In reality, drivers
might prefer some parking spaces or PT stops in a central street or area of the network. Future research could
investigate non-homogeneous environments (e.g., where parking spaces or PT stops are inhomogeneously distributed)
by developing different subnetworks connected to each other. Each subnetwork could have, for example, a different

distribution of parking spaces and PT stops.

In summary, our model helps cities to investigate the short-term influences of both parking and congestion pricing
policies on the traffic performance, and how the traffic performance in the area impacts the number of cars deciding
between entering the network by car or using P+R instead. Our framework offers quick evaluation possibilities for
cities in terms of introducing new policies (e.g., P+R, parking pricing, and congestion charge) in an area and their

impacts on the traffic and parking system, and the potential revenue over a defined time horizon.
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