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Deployment of Cooperative Intelligent Transport
System Infrastructure along Highways: A Bottom-up
Societal Benefit Analysis for Flanders

Abstract

The arrival of specific telecommunication technologies has enabled road users
and traffic managers to use shared information to coordinate their actions. Co-
operative Intelligent Transport Systems (C-ITS) aim to improve road safety, re-
duce environmental impacts and congestion, and optimise transport efficiency.
For this reason, the European Commission and its Member States are explic-
itly looking forward to connected vehicles to help reach major societal goals
in terms of traffic safety (Vision Zero) and traffic emissions (Green Deal). As
the necessary roadside infrastructure requires substantial investments from road
authorities, societal benefit estimation of C-ITS on these domains is essential
within efficient public budget allocation. Therefore, this paper investigates to
what extent the societal benefits of roadside unit (RSU) investments in Flan-
ders contribute to obtaining the societal goals, for the upcoming 15 years. It
is shown that the contribution of C-ITS with regard to societal goals is rather
limited. Adoption of C-ITS in passenger cars is found to be the major limiting
factor for benefits.

Keywords: cost-benefit analysis, cooperative systems, socio-economics,
techno-economics

2011 MSC: 00-01, 99-00

1. Introduction

In December 2019, the European Commission (EC) made public its ambi-
tious plan to become the first climate-neutral continent by 2050 [1]. This “Euro-
pean Green Deal”, among other things, focuses on smarter transport, as almost
15 percent of the global greenhouse gases and over 20 percent of energy-related
CO;, emissions are produced by the transportation sector [2]. Another ambition
of the Commission is to move (close) to zero traffic fatalities and serious injuries
by 2050 (“Vision Zero”) [3]. At the current pace, however, reaching the objec-
tive of zero road fatalities will be very challenging. Therefore, the EC counts on
technology for connected and autonomous mobility (CCAM) and smart traffic
management systems for helping in the realisation of both ambitions. The EU
transport system and infrastructure will be made fit to support new sustainable,
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compatible, secure and inter-operable mobility services that can reduce mortal-
ity, congestion and pollution. Also in Flanders, Belgium, the government relies
on current technological developments within CCAM to achieve these societal
objectives.

Despite the promise of numerous socio-economic benefits, Cooperative Intel-
ligent Transport Systems (C-ITS) deployments require substantial investments
from European Member States in Road-side Units (RSUs) and in central traffic
management systems, and therefore should be planned carefully. Though sev-
eral frameworks have already been put forward to perform benefit analyses with
regard to C-ITS in Europe, these analyses approach the benefits in a top-down
fashion for Europe as a whole, and often fail to discuss the potential of C-ITS
with regard to the specific conditions of an individual Member State. There-
fore, this paper will assess the socio-economic impact of C-ITS on safety and
emissions. More in particular, this paper investigates the societal benefits of
roadside unit (RSU) investments in Flanders for a 15-year time horizon, in a
bottom-up fashion. As mentioned, safety and environmental benefits, specifi-
cally, are being discussed and quantified. The outcome of this analysis provides
a methodology that helps answering following research questions: what are the
expected non-market impacts of C-ITS, and to what extent can C-ITS technol-
ogy help to realise the safety and environmental ambitions of Europe and its
Member States?

In Section 2 and 3, some background is given on previous work on C-ITS
benefits, public appraisal methods, and network effects and adoption. Next,
Section 4 discusses the methodology this work uses to quantify benefits. The
results for safety, environment and total benefits are then discussed in Section 5,
6 and 7, respectively. Section 8 discusses the benefits in the light of the policy
goals. Finally, Section 9 concludes.

2. Background on C-ITS benefits

Connected Intelligent Transport Systems (C-ITS) aim to deploy a fully con-
nected transportation system in order to improve road safety, reduce environ-
mental impacts and congestion, and optimising transport efficiency [4]. [5] lists
benefits for (1) society at large, (2) businesses, (3) public authority and (4)
citizens. Within this work, societal benefits (category 1) will be focused upon,
and more specifically, societal benefits of Day-1 Vehicle-to-Infrastructure (V2I)
services. The aim is to evaluate the investments in C-ITS roadside units (RSU)
in the light of the European ambitions on reducing societal costs. Table 1 shows
the full list of Day-1 services, as well as the subselection of V2I highway services
used within this work.

(Social) Cost-Benefit Analysis (CBA) is the standard methodology to per-
form public investment appraisal. CBA has become the standard method to
ex-ante evaluate policy options over the last decades. For instance, the Dutch
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Table 1: Day-1 C-ITS services list: highly beneficial and technologically mature services [6].
Services in bold are categorized as V2I highway services and used within this work.

Category Service

Hazardous location notification  Slow or stationary vehicle(s)
Road works warning
‘Weather conditions
Emergency brake light
Emergency vehicle approaching
Other hazards

Signage application In-vehicle signage
In-vehicle speed limits
Signal violation/intersection safety
Traffic signal priority request
by designated vehicles
Green light optimal speed advisory
Probe vehicle data
Shockwave damping

government decided to make CBA mandatory for supporting large transporta-
tion infrastructure project decisions [7]. The European Commission also pro-
poses this technique and standardized the methodology for evaluation of projects
in different domains, including transport [8].

Though, several challenges are inherent to this method, such as (1) how to
quantify each of the different impacts, and (2) how to subsequently translate
impacts to monetary values. With regard to the transportation domain, for
instance, some benefits depend on the estimated traffic volume. To quantify
the investment benefits, an estimation of the traffic volume has to be made,
which is found to be highly controversial. This concern, however, is in partic-
ular true for new road infrastructure, such as a new highway or bridge, where
data on traffic volume is non-existent and thus should be estimated. For this
work, where roadside units are reviewed for existing highways with historic data
on actual traffic volumes, this concern thus is less relevant. Secondly, different
economist and spatial planners also mention the different challenges related to
obtaining the monetary values of impact [7]. For that reason, only commonly
used monetary values from literature will be used in this work, such as the ones
reported in the Handbook on External Costs of Transport [9].

Several frameworks have already been put forward to perform benefit anal-
ysis with regard to public transportation investments, both in general [8, 9],
as specific to C-ITS [10, 11, 12, 13, 14]. Furthermore, several reports discuss
quantitative results for Europe, such as [15, 16, 4]. Since the latter analyses
approach the benefits in a top-down fashion for Europe as a whole, they of-
ten fail to discuss the potential of C-ITS with regard to the specific conditions
of an individual Member State. Indeed, there is large heterogeneity in con-
gestion, safety and infrastructure levels, which determine the “baseline” of the



85

90

95

100

105

110

115

120

125

130

analysis (do-nothing or do-minimum scenario, as defined in [8]). This baseline
is important, since the European Guide on Cost-Benefit Analysis [8] stresses
the importance of incremental benefits compared to that baseline. In contrast,
FEuropean studies on C-ITS appear not to take into account, for instance, the
overlap with existing ITS infrastructure for C-ITS V2I services. An exception
is the work performed in the COBRA project [17, 18, 19, 20], but the correction
for existing infrastructure is also done in a top-down fashion. Finally, positive
benefit-cost ratios are reported in [4, 16], though they include personal devices
and V2V services. However, since this works investigates C-ITS RSU invest-
ments, deployment costs should be compared with V2I benefits, as V2V services
are not dependent on RSUs.

Within the category of societal benefits, DG MOVE [5] lists, consistent with
other work, three main societal benefit categories for C-ITS, being (1) improved
road safety, (2) reduced emissions, and (3) enhanced mobility. As discussed,
these benefit categories are in line with major European ambitions. First, the
ambition of the Commission is to move (close) to zero traffic fatalities and se-
rious injuries by 2050 (“Vision Zero”) [3] Secondly, the European Commission
(EC) in December 2019 made public its ambitious plan to become the first
climate-neutral continent by 2050 [21]. This “European Green Deal” envisions
benefits such as zero pollution and smarter transport, leading the Commission to
propose more stringent air pollutant emissions standards for combustion-engine
vehicles. Finally, congested roads indeed incur huge costs to the EU economy.
Coordinated action across a number of fronts is required to tackle these issues
and prevent them from having strong negative effects on the European popu-
lation, economy, environment and climate [4]. However, no clear ambition for
2050 has been communicated. Next, in case the benefits of smoother and easier
traffic will bring an increase in the overall demand for personal mobility, the
promises they bring to reduce congestion will not necessarily hold, as stated
by [22]. Furthermore, benefits for RSU investments in a highway setting are
the subject of this research, and for the V2I Day-1 services under consideration,
the impact on time benefits are rather limited, as reported by [16]. For these
reasons, benefits with regard to (1) improved road safety and (2) reduced emis-
sions will be the focus of this analysis.

In the next sections, the results from different European projects, as summa-
rized in [16], will be built upon to perform the analysis. In particular, the model
uses the societal impacts for each of the considered services that are documented
in [16]. The impact for the selection of services on safety amounts to a 16.5%
decrease in fatalities and a 10.5% decrease for injuries. The smaller decrease
in injuries can be explained by a shift from mortalities to injuries. Note that
these impacts correspond with a situation of full C-ITS adoption, meaning that
all vehicles are equipped with C-ITS communication capabilities, and roadside
infrastructure is present. The results are in line with results from the United
States [23], which also referred to significant benefits from mandating C-ITS in
terms of crashes prevented, lives saved, injuries prevented and damaged vehi-
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cles spared. Comparable results are also reported by [15], based on the reported
numbers for the individual services. Simulations as performed by [24] even indi-
cated that the Vehicle Speed Limit services can improve safety by approximately
50% at full C-ITS adoption. With regard to environmental benefits, CO, emis-
sions will be the focus of the analysis, as this greenhouse gas is at the center of
the Green Deal ambitions. Based on [16], the services are expected to have a
combined effect of 2.3% reduction on COs emissions, analogously at full C-ITS
adoption of vehicle cars and ubiquitous coverage.

3. C-ITS adoption and network effects

Prior to the assessment of C-ITS benefits, this section aims at providing
some background on the adoption properties and network effects by which C-
ITS technology is characterized. The concepts of adoption and network effects
is important to see how C-ITS benefits are assumed materialize in this work.
In Section 2, the impact of services, as found in related work, was reported,
assuming full adoption. The importance of this adoption specification is non-
trivial. Indeed, the driver of the envisioned benefits of C-ITS is the extent
to which cars and roads are equipped with C-ITS systems. This is because
in C-ITS, the road user perceives only a benefit, if the other vehicle(s) and
road infrastructure in near vicinity (300-400m distance) are also equipped with
short-range C-ITS communication capabilities. C-ITS is thus subject to strong
network effects, and the penetration rate of vehicles equipped with C-ITS is
therefore highly critical for the effectiveness of C-ITS use cases [25]. The latter
reference discusses C-ITS uptake in the Flemish vehicle parc, based on different
policy options under consideration at the European Commission. In this sec-
tion, the main results will briefly be summarized in the light of this work, as
well as the impact of network effects on C-ITS benefits.

Network effects were originally defined as ‘the utility that a user derives from
consumption of the good increases with the number of other agents consuming
the good” [26]. Although other factors such as network structure and conduct
are also cited to have significant impact on a network’s value to users [27], this
section will focus on the effects a growing network generates for its users.

In order to use network effects to analyse the benefits for the users, the net-
work type should be determined and concurrently the users should be defined.
Since the work in this paper assumes homogeneous individual highway users as
users, the network is assumed to meet the four assumptions typically used in
network effect research, being that (1) every member of the network can trans-
act with every other member and benefit equally from transacting with each
member, (2) there is resources/capabilities homogeneity across network mem-
bers and across network providers, (3) all network members are rational and
have identical information about each other and about all possible transactions
within the network and (4) information flows seamlessly from member to mem-
ber [27].
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Figure 1: Network effects of C-ITS benefit: network effects results in rapidly increasing benefits
from 20% penetration onwards (benefits as percentage of impact at 100% adoption)

The main idea of network effects is depicted in Fig. 1. The z-axis repre-
sents the penetration of C-ITS in the Flemish vehicle parc, whereas the y-axis
shows the extent to which theoretical C-ITS benefits (at 100% penetration) are
achieved. The network effects are modeled as logistic function, or sigmoid func-
tion. Eq. 1 shows the general expression of the logistic function, where x( is
the x value of the sigmoid’s midpoint, L the curve’s maximum value, and k the
logistic growth rate or the steepness of the curve.

L

f(x) = 1 _|_ e—k“(l‘—l())

(1)

Indeed, the effect of C-ITS does not linearly increase with penetration. It
is clear that for low penetration rates of C-ITS, little to no effect is to be ex-
pected, since there are only few nodes in the network. As more vehicles are
equiped, benefits are to increase rapidly when reaching the tipping point of
20% penetration. 20% is the penetration rate for which the first effects of a
direct communication technology are perceived [28]. Finally, when C-ITS adop-
tion approaches full penetration, the incremental benefit of an additional C-ITS
equipped car decreases.

Fig. 2 visualises the adoption of C-ITS, based on the findings in [25]. The
wide range of possible C-ITS adoption outcomes (gray curves) reflect the uncer-
tainty with regard to C-ITS uptake, and the related uncertainty about which
C-ITS technology will prevail. To date, two technologies are competing in the
short-range vehicular communication space. For years, IEEE 802.11p-based
standards (ITS-G5) represented the only complete standards for vehicular com-



200

205

210

215

220

0.7 A
= C-ITS total

— [TS-G5
— CV2X

0.6 4

Penetration

2020 4
2021 4
2022 4
2023 4
2024 |
2025 |
2026 -

2027 4

= 2028
2029 4
2030 4
2031 4
2032 |
2033 4
2035 1

o
o

Figure 2: Penetration of C-ITS in Flemish vehicle parc, based on [25]

munications at 5.9GHz. This situation changed in June 2017, as 3GPP in-
troduced the support of V2X services in the long-term evolution (LTE) stan-
dard [29]. This cellular alternative is referred to as Cellular-V2X (C-V2X). Pre-
dicting the outcome of the battle between the different technologies is beyond
the scope of this work. However, the effect of two co-existing, currently non-
interoperable, technologies, compared to a single standard will be reviewed. This
is because, with regard to the network effects discussed above, non-interoperable
technologies must be regarded as two separate networks. It should be noted,
however, that different efforts are ongoing to make the technologies interopera-
ble at radio access level [30].

4. Societal benefit assessment approach

As stated in [8], assessing the public RSU investment case includes the eval-
uation of relevant non-market impacts on safety and the environment. Fig. 3
presents the different elements in the quantification process proposed in this
work, and Table 2 contains the meaning of the different variables used through-
out the methodology and results discussion. The different light grey boxes in
Fig. 3, and their respective inputs, will be discussed in the different subsec-
tions of this section. For each of the benefit categories then, i.e. safety and
environment, this approach will be applied and discussed in Sections 5 and 6,
respectively.

4.1. Annuity approach with annual societal benefit (Be.1)

It should be noted that societal C-ITS benefits refer to avoided societal costs.
Therefore, for the initial estimation of benefits, the current annual societal costs,
in monetary terms, are determined first. As shown in Fig. 3, the sum of the
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and the light grey boxes depict the different correction steps leading to more refined versions
of Be, as discussed in the subsections 4.1 to 4.4.

Table 2: Legend of symbols

Symbol  Explanation

i year index
N total amount of years
j highway segment index
S amount of highway segments
c societal cost category index,
i.e. saf (safety) or env (environment)
t technology index
d societal cost driver
Ce societal unit cost for benefit category c
f C-ITS impact factor

(0]6; overlap of C-ITS with legacy ITS
uptake of technology
societal benefits

W

societal cost drivers per segment (d. ;) over all highway segments, the societal
unit costs (c.), and C-ITS impact factor (f.) determine the initial estimation of
annual societal costs. As discussed in Section 2, the C-ITS impact factors (f.),
reported in [16] for Day-1 V2I C-ITS services, are used to determine the size
of annual C-ITS benefits at full penetration. For the entire timeframe under
study, these annual societal benefits are considered constant, and the present
worth of all benefit cash flows make up the total C-ITS societal benefit for the
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Eq. 2 shows the determination of the total benefits B, for benefit category
¢ in monetary terms over the time period. As mentioned, d. ; represents the
current annual driver of societal cost ¢ on highway segment j, and is expressed
in units such as vehicle kilometers, traffic mortalities or amount of cars. c.
represents the societal cost per unit in monetary terms. As will be discussed
in Section 5 and 6, societal unit costs are obtained from literature. Finally, f.
represents the factor with which C-ITS is expected to reduce the societal cost
¢ at full penetration. The product of the sum of d. ; over all segments, c. and
(1 — f.) determines the size of annual societal benefit. Assuming this annual
benefit to be constant, total net present benefits are obtained by determining
the present worth of this annuity. In Eq. 2 the discounted cash flow method,
based on the amount of years in the time period (V) and the annual discount
rate (r), then results in B.. For the remainder of this work, a discount rate
of 4% is assumed, in line with [31]. Although the annuity approach provides
useful first indications, the different, non-realistic assumptions it implies will be
discussed in the next sections.

4.2. Include societal cost baseline: annual societal cost de j; - cci (Be2)

As discussed in Section 2, incremental benefits should be considered. There-
fore, this subsection will establish the baseline for societal traffic cost, which will
form the benchmark determining incremental C-ITS benefits. In contrast with
previous section, the annual societal costs are thus not assumed constant, but
reflect expected evolutions, independent from the arrival of C-ITS, the so-called
non-project scenario. Indeed, the levels of societal cost drivers are expected to
decrease in the years to come, due to better car technologies, sensor suites, or
targeted policies. The latter refers to, for instance, policies that aim to limit
the (growth of the) amount of vehicle kilometres, an important driver of societal
traffic costs. For instance, new fiscal regulation (e.g. [32]) or kilometre charging,
can contribute to reducing vehicle kilometers by making car use less attractive
compared to alternatives. Furthermore, policies such as home-working reduce
the amount of vehicle kilometers, as demonstrated during the COVID crisis [33].
Based on historical data, societal costs drivers are forecasted for each of the years
in the timeframe under study. The non-project scenario will be discussed sepa-
rately in the respective result sections.

In Eq. 3, the total benefits B, become the sum of the discounted annual
societal benefits, which in turn are determined by the forecasted annual driver
(de,j,;) and the annual societal unit cost (c.,;). The latter refers to the fact that
societal unit costs can change over time. For instance, in line with the historical
inflation as reported on StatBel [34], 1.88% annual inflation for c¢.; could be
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assumed. From a conservative approach, the unit costs will initially be held
constant, though this assumption will be revisited in Section 7.

ﬁ: Zle dejyi* Ceyit (1= fe)
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2 (I+7)

)

(3)

=1

4.3. Include overlap with ITS services: segment overlap correction OC; (Be3)

Specific ITS measures are currently already in place on certain highway
segments. These legacy roadside infrastructure technologies have strongly over-
lapping objectives with C-ITS technologies. Therefore, the baseline for benefits
should also take into account the presence of I'TS roadside infrastructure. In-
deed, “the presence of legacy systems on parts of the network affect how much
additional benefits C-ITS can deliver in these locations in addition to the legacy
systems’ benefits” [20, p.917]. Thus, in order to avoid overly optimistic C-ITS
impact, the extent to which such overlap occurs should be determined and taken
into account. In Eq. 4, the OC) represents the correction factor for I'TS overlap
per segment, with j ranging from 1 to S, the amount of highway segments in
Flanders.

i Zle dejiCei- (1= fe)- (1-0Cj)

B.s = -
: (1+r)

, (4)
i=1
The question arises how to determine the degree of overlap (OC}) between
current ITS infrastructure and C-ITS services. In [35], the authors discussed an
algorithm to determine, per segment, the extent to which existing ITS infras-
tructure impacts incremental C-ITS benefits. This methodology will be used
in this work to correct C-ITS benefits for ITS presence. Fig. 4 depicts the re-
sulting ITS overlap score per segment, where darker segments reflect a higher
overlap score. The average ITS overlap score for the services is, over all highway
segments, around 20%. This means that, if C-ITS services are, at full adoption,
expected to have a certain positive impact on a socio-economic KPI, only 80% of
that potential impact will be taken into account, because existing I'TS services
already address the same socio-economic problem. Note that 899 of the 2661
segments are ‘main highway’ segments, of which 203 (22%) segments are found
to have ITS infrastructure.

4.4. Include C-ITS penetration correction Zle at; (Be)

Finally, results should take into account the uptake of C-ITS on-board units
(OBU) in passenger cars, as benefits only materialize if sufficient vehicle are
C-ITS equipped. As explained in Section 3, separate technologies, when not
interoperable, should be considered as different networks. Therefore, in Eq. 5,

10
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Figure 4: ITS average overlap per segment

the benefits of the two networks are summed to obtain the total benefits.

N Zf:l [a’tﬂ ' Zf:l dCyj,i *Cei® (1 - fc) : (1 — OCJ)
Ba= Z (1+r) (5)

Term a;: stands for the annual correction factor based on the adoption
of technology t. This factor combines both network effects and penetration
numbers, and is illustrated in Fig. 5. The figure shows a single simulation of
C-ITS adoption, and the resulting extent to which theoretical (i.e. at 100%
penetration) benefits can be taken into account. The black curve represents
the C-ITS penetration of the simulation sample, and can be read from the left
y-axis. By using these penetrations values, as depicted in Fig. 1, as an input
to the network effect function, the resulting impact for each penetration, as a
fraction of total theoretical impact, can be read from the right y-axis. Again,
it can be seen that from 20% penetration onwards, benefits start to manifest
themselves, to surpass the penetration rate at the 50% midpoint.

Table 3: Impact percentage for various V2I C-ITS services [16]

Servi Fatalities Injuries COq Overlap

ervice reduction [%] reduction [%] reduction [%)] coefficient
In-vehicle signage (VSGN) 1.04 0.46 0.00 1.00
In-vehicle speed limits (VSPD) 6.90 3.90 2.3 1.00
Probe Vehicle Data (PVD) 3.30 4.90 0.006 0.00
Roadworks warning (RWW) 1.90 1.50 0.00 0.50
Weather conditions (WTC) 3.43 3.35 0.005 0.50
Shockwave damping (SWD) 7.80 5.00 0.005 0.75
Total reduction 16.45 10.53 2.31

11
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Figure 5: Simulation sample of extent to which C-ITS benefit potential is reached, based on
total penetration of C-ITS in Flemish vehicle park

5. Quantification of safety benefits (Bsar)

As mentioned in Section 2, increasing traffic safety is one of the most im-
portant objectives of C-ITS. In this section, the size of these potential socio-
economic benefits is looked into. Fig. 6 presents the average amount of accidents
per kilometer for the period 2016-2018. Though a three-year period is limited
to overcome randomness in accident locations, it is clear from Fig. 6 that high-
way segments close to the major cities is where most traffic accidents occur.
Since in the end, aggregated results are of interest, the impact of this restricted
data availability on traffic accident locations is limited. Traffic accidents per
kilometer represent the societal cost drivers per segment (dgas ), and were de-
termined by matching geospatial information on Flemish traffic accidents with
the geometries of the highway segments. The average annual amount of acci-
dents per kilometer is 4.99, with a maximum of 75 at segments around the ring
of Antwerp. It can be reasoned that separate plots for light, heavy injuries and
fatalities follow a similar trend.

5.1. Annuity approach

Societal costs of traffic accidents have been extensively researched, and in
this work, societal costs for Belgium as reported in the Handbook on External
Costs of Transport [9] will be used, as listed in Table 4, column “Societal unit
cost”. The cost per traffic victim represents the total cost, consisting of human
costs, production loss, medical costs and adminstrative costs [9)].

When combining this information with current statistics of Flemish traffic
accidents, the size of current societal traffic safety costs can be determined.

12



340

345

350

355

Figure 6: Average amount of accidents per km (2016-2018)

Historical numbers by StatBel [36] on traffic victims on Flemish highways, are
extrapolated to estimate the amount of victims in 2021, as listed in Table 4,
column “2021 estimations”. Resulting yearly societal costs amount to €334 M.

As reported in Section 2, many European projects have researched the safety
impact of C-ITS services. These findings were discussed in [16], and are summa-
rized in Table 3. Table 3 provides an overview of the relevant C-ITS services,
completed with expected impact numbers for safety at full C-ITS adoption.
Taken into account internal overlap, this results in 16.45% safety cost reduction
for fatalities, and 10.53% reduction for injuries (fsaf). Assuming the latter for
both light and heavy injuries, the annual societal benefits of C-ITS in terms of
safety are, in theory, €45 M. Assuming constant, the total net present value
of the safety benefits amount to approximately €520M over the investigated
period (Bsaf).

5.2. Safety costs baselines

The mobility tool by Statistics Flanders' reports that the amount of acci-
dents on highways has decreased by 37.95% between 2000 and 2018. There are
several reasons to believe that traffic safety will continue to increase in the years
to come. Firstly, the Flemish road authority is investing in different measures to
increase safety. For instance, the Flemish government is strongly increasing its

Lhttps://statistieken.vlaanderen.be

Table 4: Estimated societal costs of traffic accidents in Flanders (2021)

L. 2021 estimations  Societal unit cost  Societal cost
Traffic victim

Zle dsaf,j Ce [€] [M €]

Fatality 46 3,582,968.00 166
Heavy inury 178 550,056.00 98
Light injury 1658 42,488.00 70
334
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amount of trajectory controls, instead of measuring speed at a single point [37].
It is estimated that 10 to 15% of all crashes and 30% of all fatal crashes are
the direct result of speeding or inappropriate speed [38]. Trajectory controls
are reported to decrease the amount of traffic accidents, before, in and after the
supervised area [39]. In this work, speed limit enforcement is considered uni-
formly present across the investigated highway setting, and the effect of speeding
in particular segments is not further discussed. Secondly, car manufacturers are
constantly increasing the safety of their vehicles, e.g. by incorporating multiple
sensors that can aid the driver of the vehicle. To improve road safety and reduce
accidents, European Parliament adopted new measures in April 2019, making a
number of those safety features compulsory in new cars [40].

Based on historical data, traffic victims have been forecasted (Zle dsat ji)
for each of the victim categories, assuming a (continuing) downwards trend.
Historical data has been fitted with exponential functions in the form of e™*, and
these functions are used to forecast. Since it can be assumed that the decrease
of victims will slow down, the more numbers decline, exponential functions are
highly suitable. By using the annual mean predictions for each of the victim
categories, the net present value of societal benefits, assuming full adoption,
is approximately €472M. Adjusting the victims baselines thus leads to a 10%
decrease compared to the annuity approach.

5.8. Correction for ITS overlap

As discussed in Section 4, the extent to which existing ITS infrastructure
services overlap with C-ITS safety services, should be taken into account. In-
deed, legacy ITS systems affect how much additional benefits C-ITS can deliver
on these parts of the road network. In Flanders, it can be seen that existing
ITS infrastructure is deployed there, where the highest societal costs are histor-
ically incurred. Without considering a correction for ITS service overlap, the
ITS equipped segments represent a potential of 30.2% of all theoretical C-ITS
societal costs reductions in terms of safety. Note that they represent only 22.5%
of the total length of the highways. By applying the ITS overlap correction
factor per segment, as discussed in Section 4, the legacy ITS equipped segments
only represent 8.9% of C-ITS societal benefits, and a total NPV of €365 M was
found. This is a correction of 22% compared to the benefits after baseline correc-
tion. Remark that due to the overlap correction (OC'), the segments equipped
with legacy ITS on average yield around 4% incremental societal cost reduction,
instead of 10-15% C-ITS impact without ITS overlap correction. This means
that legacy ITS services are assumed to reduce societal costs already for around
10%, which is in line with findings on ITS benefits in the United States, as
reported in [41].

5.4. Correction for C-ITS penetration

Finally, yearly C-ITS penetration levels (a; ;) should be taken into account.
Assuming one single, or interoperable short-range C-ITS technologies, the net
present benefits on average drop to €12.8 M (96% decrease), mainly due to
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Figure 7: Average amount of vehicles per day per segment (2019)

low expected uptake in the first half of the research period. However, the two
competing technologies are, as of now, not interoperable at radio link level [42].
This means that each communication technology forms its own network, and
benefits from both networks should be calculated separately and summed, as
outlined in Eq. 5 by the Z?zl term. Because of the strong network effects,
the impact of having two non-interoperable technologies on the net present
value of the benefits is large: if the road authority deploy only one of both
technologies, an additional 80% decrease in benefits is expected on average.
Table 5 summarizes the findings of this section. Only around 0.5% of the NPV
of the annuity approach is remaining, resulting in total net present expected
safety benefits for Flanders of €2.54 M, over the period 2021-2035.

6. Quantification of environmental benefits (Beny)

As discussed in Section 2, transportation is responsible for an important deal
of CO5 emissions, and the European Commission therefore announced its am-
bition to reduce transport emissions. In this section, the contribution of C-ITS
in of terms of reduced COs will be quantified, as well as the monetary value of
those benefits. The 2019 volumes of passenger cars on the Flemish highway seg-
ments were retrieved via the Flemish traffic Center and are visualized in Fig 7.
Results are as expected, with higher volumes on the segments that connect the
“Flemish Diamond”, i.e. the four metropolitan areas of Ghent, Antwerp, Brus-
sels and Leuven. An average volume of cars of 15k per day per segment was
found, with peaks up to 85k vehicles on the ring road of Antwerp.

6.1. Annuity approach

Analogous to the methodology of safety benefits, the current environmental
societal costs of COs emitted by passenger cars on Flemish highways will be
quantified first. Given the length of, and the volume on each of the highway
segments, the total amount of vehicle kilometers can be determined, the driver
of COy emissions (denyv,;). This bottom-up calculation results in around 18.7
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billion vehicle kilometers on Flemish highways, which is in line with reported
numbers of passengers cars by the Flemish Department of Mobility [43]. Next,
it is important to know the fuel types of the vehicles, since fuel type has a de-
terminative impact on the emission per kilometer. Based on data provided by
VITO?, an independent Flemish research organisation, the distribution of vehi-
cles by fuel type in the Flemish vehicle fleet is shown in Fig. 8. In 2019, 48% of
vehicles were powered by diesel fuel, as much as gasoline (48%). The remaining
4% is divided amongst electric vehicles and the hybrid, plug-in intermediate
types, as well as alternative fuel types such LPG, CNG and H2. This distribu-
tion is assumed to be uniform the Flemish highways. Fig. 8 depicts the gram
COs emitted per km per fuel type on the left y-axis. For the translation into
monetary values, €0.10 per kg COs is used (c.), as reported by [9, 44]. Note that
other local emissions, such as NO,, VOC, CO and PM are not taken into ac-
count, for the reasons specified in Section 2. Combining vehicle kilometers, fuel
type distribution and carbon emissions per fuel type, total yearly societal en-
vironmental costs of traffic on Flemish highways was found to be around €250M.

The impact of different V2I Day-1 services on CO5 emissions was discussed
in [16], and summarized in Table 3. Taking into account overlap between ser-
vices, an impact of 2.3% is expected (fenv). The yearly benefit annuity is thus
at €6 M. Over the 15-year lifespan, the net present value of the benefits (Beny)
amounts to approximately €70 M.

2See: https://ecoscore.be/
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6.2. Environmental costs baseline

The base case assumed the amount of total vehicle kilometres (Zle denv ;)
to be constant. This is a conservative assumption, since the total amount of
vehicles kilometres on highways in Flanders has been increasing for multiple
decades. However, a stagnation in growth is seen latest years [45]. Moreover,
as explained in the baseline discussion of Section 4, the government is increas-
ingly installing measures that aim at reducing the amount of vehicle kilometers,
driven by the high level of congestion of Flemish highways, as well as safety and
environmental objectives. Together with a expected lasting impact of COVID
on home working, the assumption of constant vehicles kilometers is considered
justifiable.

The second driver of environmental costs is the amount of COs emitted
per kilometer. Based on historical trends on both the distribution of vehicle
power train and their respective emissions, the total average amount of gram
CO02 emission per kilometre in Flanders used to forecast the average emission for
the lifetime of the project. The motivation for maintaining a strong decreasing
trend is twofold, being (1) fossil fuel efficiency and (2) power train shift. First, in
line with European targets on carbon neutrality, the European Commission has
installed the new Worldwide Harmonised Light Vehicle Test Procedure (WLTP)
tests to more accurately estimate COy emissions. The average emissions used
in this work are assumed to be WLTP values for the motorway measurement
cycle. As such, the effect of the high average highway speed, and its effect
on emissions, is included. Higher reported CO; increases car ownership costs,
as in Flanders the fiscality of cars is based on CO4 emission. In Flanders, new
legislation will only accept emission-free vehicles to be tax-deductible as of 2026.
Next, European binding targets have been set for car manufacturers to reduce
carbon emissions per kilometre, with fines up to €95 per COq g/km [46, 47].
This context is expected to continue the development of more efficient fuel
combustion engines. Secondly, the share of eco-friendly vehicles (EV, plug-in,
H2, CNGQG) is expected to continue to grow significantly in the years to come. The
Flemish government reported an significant increase of eco-friendly cars in new
car inscriptions between 2013-2020 [48]. Furthermore, strong fiscal incentives
are in place that encourage a shift towards electric vehicles by the second half
of the decade. Taking into account the resulting forecasts on the evolution
in CO9 emissions for the Flemish vehicle parc, the total net present value of
environmental benefits for the project lifetime (B.y,) amounts to €54 M, a
21% correction compared to the annuity approach.

6.3. Correction for ITS overlap

In analogy with the safety benefits, the overlap of the Day-1 V2I services
with current ITS infrastructure is analysed by applying the OC; correction
factors, as determined in Section 4.3. Resulting benefits are reduced to a net
present value of environmental benefits over the project lifetime (Bepy) of €39
M, a further 28% correction compared to the baseline approach.
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6.4. Correction for C-ITS penetration

The environmental benefits discussed in this section so far assume 100%
C-ITS adoption. Taking into account C-ITS adoption in general, or adoption
of only one of ITS-G5 and C-V2X, results in €1.34 and €0.27 M NPV for
Flanders over the lifetime, respectively. Findings on environmental benefits are
summarized in Table 5.

7. Total C-ITS benefits for Flanders, Belgium

7.1. Non-project scenario

FEuropean ambitions with regard to societal costs reduction are expressed in
target values for the cost drivers, being (1) zero fatalities, and (2) zero emissions.
As mentioned in Section 2, the European Guide on Cost-Benefit Analysis states
that benefits should be compared to the do-nothing scenario [8]. Therefore, the
expected non-project decline in these societal cost drivers is an inherent part of
the methodology presented in this work. In addition, this section discusses the
non-project scenario societal cost impact in monetary terms.

In total, societal costs related to traffic in terms of safety and COs emissions
are estimated to be €550 M in 2021. Societal costs of traffic victims (safety)
represent close to 60% of that amount. Assuming this annual societal cost con-
stant, the project lifetime (2021-2035) NPV of societal costs amounts to €6500
M. However, declining numbers for the drivers of societal costs, i.e. traffic vic-
tims and vehicle emissions, are to be expected. Extrapolating historical data
for societal cost drivers results in a project lifetime NPV for the societal costs of
€5800 M. This means that in the non-project scenario, a reduction of approxi-
mately 10% in societal costs is to be expected in the 2021-2035 period, compared
to the assumption of constant societal costs. Note that, if an annual inflation for
societal costs of 1.88% applies, the expected decline in societal costs is offsetted
completely. The question thus arises what impact is to be expected from the
introduction of C-ITS in vehicles and roadside infrastructure. Therefore, the
next sections will discuss the findings for safety and environmental benefits of
C-ITS, for the Flemish highway network.

7.2. Total societal C-ITS benefits, Flanders

Table 5 provides an overview of the total net present C-ITS safety and
environment benefits for Flanders. In the current situation of non-interoperable
ITS-G5 and C-V2X short-range technologies, the NPV of the benefits amount
to €2.81 M over the lifetime of the project. Approximately 90% of total benefits
stem from avoided traffic accident costs, due to increased safety. Recall that
in the preceding section, the NPV of the total societal costs over the project
lifetime without C-ITS, was determined to be €5800 M. As societal benefits,
i.e. the reduction of these societal costs as a result of C-ITS technology, over
that period, amount to €2.81 M, C-ITS thus only brings a 0.05% reduction.
Note that, at full C-ITS adoption, C-ITS benefits would amount to €400 M,
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Figure 9: Annual total benefits per year, ITS-G5 RSUs, average adoption

or a 7% reduction of societal costs, see the ‘Incl. ITS overlap’ line in Table 5.
Total estimated C-ITS benefits are, however, reduced to less than 1% of that
amount, due to the lack of adoption in the first half of the project lifetime. Fig. 9
shows the total benefits per year for Flanders at average adoption, with a single
technology (ITS-G5) installed in RSUs. It is clear that, due to low adoption
in the first years, significant benefits are only expected from over halfway the
investigated time window onwards.

7.8. Sensitivity of results

The methodology and resulting quantification of societal benefits of C-ITS in
Flanders requires a number of assumptions that impact final results. Therefore,
this section will evaluate the impact of some of the assumptions. First, impact
of variations of the societal costs drivers and the adoption of C-ITS will be
discussed. Second, the impact of changing the monetary value per societal unit
costs will be looked into. Finally, the impact of infrastructure variations is
investigated.

Table 5: Overview of C-ITS benefit corrections, Flanders scenario (NPV for 2021-2035, in M
EUR)

Total benefits Fatalities I—‘Iea‘vy .ng.ht Total . C.02 Total % of {n1t1al

Injuries Injuries safety emission benefits estimate
Initial estimate (annuity) 315.42 119.34 85.83  520.59 67.81 588.40 100%
Incl. baseline 287.69 105.65 78.76  472.1 53.51 521.61 89.3%
Incl. ITS overlap 230.24 80.19 54.58  365.01 39.31 404.32 68.7%
Incl. avg. C-ITS penetration 8.12 2.74 1.94 12.8 1.34 14.14 2.40%
Indl. TN 1.61 0.55 038  2.54 0.27 2.81 0.48%

C-V2X penetration
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7.8.1. Variations of baselines and adoption (dc;:, at;)

The forecasting of the cost drivers (d.,;;) and in particular, C-ITS adoption
as input for a;;, inherently entails uncertainty. Therefore, total C-ITS benefits
were simulated 10k times with varying adoption and societal costs baselines to
evaluate the impact of different forecasts. Fig. 10 shows the resulting distribu-
tion of the total net present C-ITS benefits (Biot). If one of the two technologies
is implemented in RSUs, the mean net present benefit amount to €5.4 M. Im-
plementing both non-interoperable technologies in RSUs then thus, on average,
lead to €10.8 M, as both separate networks are to be summed. In contrast,
when a single standard is agreed on, or both technologies become interoperable,
benefits results amount to €18.8 M, since network effects come into play.

Remark that simulating adoption has a large impact on the expected ben-
efits. Due to the network effects, a higher adoption compared to the average
adoption results in substantially higher benefits: for some scenarios, total soci-
etal benefits are more than ten times higher than at average adoption. There-
fore, the mean of the benefits, as observed in the Monte Carlo simulations, is
above the reported numbers in the first paragraph of Section 7.2.

In terms of environmental societal cost, drivers are (1) the average CO,
emissions per vehicle kilometer and (2) the total amount of vehicle kilometers.
As discussed in Section 6, the second driver, the annual amount of vehicle
kilometers (denv,ji), is assumed constant. If, however, the average growth rate
over the period 2013-2018, 1.45%, is assumed, net present environmental benefits
amount to €0.31 M (15% increase), and total benefits for Flanders €2.85 M (1%
increase).

7.8.2. Variations of societal unit costs (c;)

As discussed in Section 6 and 5 this work uses the societal unit costs for
Belgium from the Handbook on External Costs of Transport [9]. In this section,
the sensitivity of the results to changes in the societal unit costs is analysed.
First, the conservative approach of assuming societal costs constant over the
lifetime over the project is reviewed. If an annual inflation rate of 1.88% is
assumed for societal costs, as discussed in subsection 4.2, total net present
benefits for Flanders at average adoption rate grow by 17% to €3.3 M. Next,
it is important to note that the definition and estimation of the societal unit
costs strongly impacts the results. For traffic safety costs, for instance, the
Belgian Vias Institute recently reported a societal unit cost per traffic mortality
of €6.8 M [49], approximately 90% higher than the value used in this work. For
environmental costs, a unit cost of €180 per ton COs is reported in [50], 80%
higher than the €100 reported in [9]. As unit costs are directly proportional to
the respective societal cost category benefit, it is clear that the translation from
non-monetary cost drivers to monetary societal costs is subject to assumptions
that have non-trivial impact on the result.

7.8.3. Variations of study infrastructure
Up to this point, ubiquitous C-ITS coverage on Flemish highways has been
assumed to determine C-ITS benefits. Of course, the extent to which the high-
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Figure 10: Density histogram of Monte Carlo simulation (10k) of total net present societal
benefits for Flanders (Biot = Bgsay + Benw). ‘Both’ represents both technologies present in
RSUs, ‘Single technology’-scenario refers to either interoperable standards, or the existence of
one single standard.

ways are equipped with roadside infrastructure (roadside units, RSUs) is highly
determinative in the assessment of V2I service benefits. In [31], a cost model for
C-ITS RSU investments in Flanders was proposed, in which three deployment
scenario were identified, being (1) the whole Flanders highway network, (2) lo-
cations were currently Dynamic Lane Signalling (RSS) and Variable Message
Sign (VMS) gantries are installed, and (3) locations were currently roadside
equipment for induction loops are present (Cabin). Since this work determines
the societal benefits of V2I services in a bottom-up fashion, the segments that
are covered by the RSUs in the RSS-VMS and Cabin scenarios can be subs-
elected. Combined, the segments in those scenarios amount to €1.84 M and
€0.65 M societal benefits over the investigated time period, respectively.

7.8.4. Sensitivity analysis: conclusions

In this section, some of the underlying assumptions of the benefit model
have been reviewed. It was found that variations of study infrastructure soci-
etal baselines and societal unit costs result in an expected outcome. Indeed, for
the different infrastructure levels, a subset of benefits is found, driven by the
covered segments and the associated societal costs on each of those. As there is
heterogeneity in societal costs per segment, subselection that focus on segments
near the big Flemish cities deserve specific attention. In terms of unit costs
and societal cost baselines, changes result in a proportional impact on the total
societal achievable benefits.

In contrast, the impact of adoption on results is highly determinative. For
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different adoption curves, end results amounted to a tenfold of benefits com-
pared to the benefits at average adoption. The network effects contribute to
the outspoken impact of C-ITS penetration in the Flemish fleet: when all cars
adopting C-ITS are using the same standard, or interoperable standards for
short-range communication, the total expected societal benefits are 80% higher
than when the same number of cars are choosing between two non-interoperable
technologies.

8. Implications for policy makers

In 2018, the Flemish government explicitly stated that “Vision 2050 ex-
plicitly subscribes to the internationally shared "Vision Zero’ strategy with the
target of zero fatal or severe injury traffic casualties by 2050 - explicitly looking
forward to connected, and possibly self-driving vehicles” [51, p.2]. Furthermore,
“Accelerating the transition to sustainable and smart mobility” is one of the
corner stones in the interpretation of the European Green Deal by the Flemish
government [52, p.9].

This work has investigated to what extent the C-ITS reduction can con-
tribute to reaching the societal goals described above. The dotted lines in
Fig. 11 depict intrapolated annual goals for societal costs, in order to reach the
2050 goals. As the investigated timeframe for this study ends at 2035, the in-
tersection of the European goal and the vertical lines represent the desired level
of societal costs in 2035. It is found that C-ITS contribution towards realisation
of European goals in Flanders will be limited. By 2035, V2I services in C-ITS
are expected to reduce the annual gap between the Vision Zero intrapolated
yearly goal for Safety, and the mortality baseline, by 10%. For environment,
C-ITS is found to reduce only 1.5% of the gap between the COy baseline and
the intrapolated annual CO4 goal stemming from the European Green Deal.

These results do not mean that C-ITS, and RSU investments in particular,
cannot contribute in a more substantial fashion. First, only a limited set of V2I
C-ITS services is taken into account. Future services can bring additional bene-
fits and RSUs might also contribute to the seamless operation of V2V services,
that also increase road safety. Second, an important assumption made in previ-
ous paragraph is that RSUs are equipped with either ITS-G5 or C-V2X. Both
technologies are assumed to have equal opportunity of being adopted, hence re-
sulting in 50% average market share over multiple adoption simulations. When
a single short-range communication standard would emerge out of the ongoing
technology battle, the benefits C-ITS brings are, due to the network effects,
substantially larger (80%).

Closely related to the selected technology in RSUs, is the adoption of C-ITS

in passenger cars. The impact of C-ITS adoption in passenger cars was found
crucial in the success of C-ITS in obtaining societal goals. The findings are in
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Figure 11: Baselines and C-ITS results in the light of European goals for (a) Vision Zero and
(b) Green Deal

line with the authors of [24], who also found that market penetration of con-
nected vehicles has the most significant impact on the performance of the traffic
network. Adoption of C-ITS in new cars, and subsequent penetration of C-ITS
in the Flemish vehicle fleet, are the key drivers of the societal benefits of C-
ITS. As reported, the benefits quantified are severly impacted by the expected
low penetration of C-IT'S-equipped cars in the first half of the investigated time-
frame. When aiming at maximizing C-ITS impact, European authorities should
therefore focus on mandating car manufacturers to install C-ITS communica-
tion capabilities, in line with other safety features [40]. Next, local authorities
can incentivize the purchase of safer cars, as well as penalizing non-safe cars on
the longer term, similar to the approach for carbon-emitting cars.

Finally, quantifying the societal benefits on these relevant policy domains is
useful for Flanders in investment decision making. Equipment of highway road-
sides, as well as central traffic management systems, requires substantial public
funds, and quantification of public benefits thus helps in adequate investment
appraisal.

9. Conclusions

In this paper, the societal benefits of Cooperative Intelligent Transporta-
tion Systems (C-ITS) capabilities at highway roadsides in Flanders have been
investigated. Safety and environmental benefits, in particular, were discussed
and quantified, as they respresent the major impact areas of C-ITS, and align
with important European goals on traffic safety (Vision Zero) and environment
(Green Deal).

First, a framework for determining benefits was introduced, in which a maxi-
mal potential was corrected to more realistic results. Corrections entailed taking
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into account (1) the baseline for societal costs, (2) the overlap of C-ITS services
with legacy ITS infrastrustructure and (3) the adoption of C-ITS technologies
in passenger cars. It was found that those corrections reduced the initial esti-
mate by over 97 % if a single C-ITS technology standard is assumed, and over
99 % if non-interoperable C-ITS technologies are considered. The adoption of
C-ITS in the Flemish vehicle fleet is the main limiting factor for benefits, as low
C-ITS penetration is expected for the first half of the investigated timeframe.
For a single C-ITS technology standard, total benefits over the study period
(2021-2035) amount to EUR 14.14 M, consisting of EUR 1.34 M environmental
benefits, and EUR 12.8 M safety benefits. With non-interoperable technologies,
these amounts are reduced 2.81, 0.27 and 2.54, respectively, due to the strong
network effects.

Next, this paper looked into the extent to which C-ITS technology can help
Flanders to realise the ambitions set out by the European Commission. The
contribution of C-ITS towards the realisation of European goals in Flanders is
found to be limited. By 2035, Vehicle-to-Infrastructure (V2I) services in C-ITS
are expected to reduce the annual gap between the Vision Zero intrapolated
yearly goal for Safety, and the mortality baseline, by 10%. For environment,
C-ITS is found to reduce only 1.5% of the gap between the COy baseline and
the intrapolated annual CO4 goal stemming from the European Green Deal.

As other countries have different levels of societal costs and infrastructure
levels, the proposed benefit methodology can be valuable for other countries
investigating the roll out of C-ITS road infrastructure, provided that geospatial
information on highway segments is available, as well as information on ITS
infrastructure, accidents and traffic volumes on these segments. Results can
be used to appraise the RSU investment case, as well as to determine addi-
tional measures needed to obtain societal goals. The paper has focused upon
safety and environmental benefits, and future work could include more detailed
estimations for accidents and emissions, for example by including speed as an
explanatory variable or societal cost driver. Additionally, future work could
benefit from incorporating other areas of societal benefits, generated by C-ITS,
in the analysis. Next, the appraisal of investing in subsets of RSU, on segments
with high societal costs, deserves further attention. Furthermore, the 15-year
period of 2021-2035 is being investigated. As reported, however, adoption in
the first half of this timeframe is uncertain and low. Finally, there exists uncer-
tainty on the choice of C-ITS technology, while interoperability between C-ITS
technologies is key for leveraging network effects. Therefore, future work should
include quantifying the managerial flexibility to counter the project uncertainty,
by modeling the options to act on developments in the technology domain, as
well as, for example, in scenarios for which adoption turns out to be lower than
anticipated.
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Highlights

e Societal C-ITS benefit quantification should take into account the correct baseline
e Incremental C-ITS benefits are reduced if legacy ITS infrastructure is present

e The penetration of C-ITS in passenger cars is most determinative for benefits

e The impact of a single, or interoperable technologies on benefits is substantial

e Contribution of C-ITS in reaching European societal goals is limited
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