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ABSTRACT Macroscopic traffic models represent a promising tool to design strategies for ecological
routing. To benefit from this tool, we must first characterize the relationship between path emissions and
distance traveled or travel time on aggregated networks, i.e., a regional network. This paper investigates
this relationship between two toy networks and a real urban network representing the city of Innsbruck
(Austria). We utilize an accumulation-based model based on the Macroscopic Fundamental Diagram to
mimic the traffic dynamics in the network and utilize the COPERT IV model to estimate the travel
emissions, focusing on the carbon dioxide CO2. We show that there is a linear relationship between the
total emissions of CO2 and the average travel time of internal paths, i.e., paths that take place completely
within a single region. We also show that in some cases, there is a linear relationship between the total
emissions and the average travel distance or travel time of paths that cross multiple regions in the network.
However, the latter is not always true as traffic dynamics play an important role in path emissions. In
other words, eco-friendly paths on regional networks do not necessarily follow the shortest paths in terms
of distance or time.

INDEX TERMS Eco-friendly paths, regional networks, macroscopic fundamental diagram, travel time,
travel distance.

I. INTRODUCTION

ROAD transportation has a non-negligible effect on the
emission of atmospheric pollutants of carbon dioxide

CO2. Carbon dioxide is responsible for the increase of the
greenhouse effect and, therefore, global warming. Hence,
there is a need for designing innovative strategies to help
mitigate traffic emissions. One example is the deployment of
sustainable transportation policies, like low-emission zones.
Another example relies on traffic management strategies
through the concept of green routing, where drivers choose
routes that minimize energy and/or fuel consumption and

The review of this article was arranged by Associate Editor Margarida
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therefore exhaust emissions. This concept was early intro-
duced by [1]. Many scholars have studied and designed
various green-routing models where traffic emission costs
are incorporated ([2], [3], [4], [5], [6], [7], [8], [9], [10], [11],
[12], [13], [14], [15], [16]). These models have had limited
applicability due to the large computational power and time
required for running dynamic traffic simulations in large
metropolitan areas. The aggregated traffic models based on
the Macroscopic Fundamental Diagram (MFD) [17] present
promising prospects in this regard [18], [19]. However, the
application of MFD-based models for studying and mon-
itoring exhaust emissions resulting from traffic is still an
underdeveloped field of research.
One of the key elements in the development of efficient

green-routing strategies is understanding the relationship
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FIGURE 1. Example of trips in the urban network, and their corresponding paths on
the regional network. Source: [28].

between travel distance or travel time of routes and the
total exhaust emissions. The question is how to design
efficient incentive policies to make drivers choose routes
that are potentially longer than the shortest one in distance
or time for their journey, but that are also ecologically
friendlier (i.e., eco-friendly). Interestingly, several seminal
works ([13], [20], [21], [22]) showed that choosing eco-
friendly routes can come at the expense of longer travel
times for drivers. Intuitively, one might think that the shortest
path or fastest path would also be the most environmentally
friendly. However, there is still some debate in the litera-
ture about this question. Some scholars have pointed out
that routes with minimal travel times also often minimize
energy consumption and emissions ([23], [24], [25]). Other
studies ([9], [13], [20], [26], [27]) have demonstrated that
the shortest paths in distance or the fastest paths might not
necessarily be the most environmentally friendly. The short-
est paths in distance might be highly congested, where the
stop-and-go waves become more frequent, resulting in an
increase in exhaust emissions. On the other hand, the fastest
paths are usually associated with highways, leading drivers
to take long detours to avoid the congested areas in the city.
The characterization of eco-friendly paths becomes more

complex in the case of MFD-based traffic models. This is
because the definition of the path for this kind of aggre-
gated model is different from the one of trips in urban
networks [28] (see Figure 1). The application of the MFD-
based models requires the aggregation of the urban network
into a set of regions ([29], [30]), within which vehicles
circulate at the same average speed. This enables the defi-
nition of a regional graph (or regional network). The nodes
of this graph represent the regions. The links between
adjacent regions depend on the urban network topology,
i.e., on the allowed travel directions in the urban network
between adjacent regions. Figure 1 depicts the difference
between trips in the urban network and paths on the regional
network. From the origin (o) to the destination (d) nodes, the
ordered sequence of traveled links defines a trip in the urban
network. These trips are also characterized by a fixed physi-
cal length [31]. Reference [28] defines a path on the regional
network as an ordered sequence of traveled regions from the
Origin (O) to the Destination (D) regions. As depicted in
Figure 1, both green trips cross the same sequence of regions
following the definition of network partitioning. This means
that they are associated with the same path on the regional

network, even though each of these trips travels a different
distance inside each region, and has a different origin (o) and
destination (d) node within the Origin (O) and Destination
(D) regions, respectively. This leads to an explicit distribu-
tion of travel distances [32] that characterizes each region
of each path in the regional network.
Using a simulation-based approach, this paper investi-

gates the relationship between the average travel distance
or travel time and the level of total exhaust emissions of
paths on regional networks. Understanding this relationship
is important for deploying appropriate network-wide optimal
eco-routing strategies using the MFD dynamics. There are
three important key aspects that might play a role in the
characterization of eco-friendly paths in regional networks:

• the speed homogeneity assumption of the MFD, i.e.,
all vehicles travel at the same mean speed in any given
region independently of their path;

• the heterogeneity of travel distances in each region that
results from all paths that cross this region; and

• the interactions between different OD pairs.

Therefore, we analyze the existence of the relationship
between travel exhaust emissions and travel distance and/or
travel time. To that end, we first focus on a 1-region network
with multiple paths. In such a case, we consider that all
paths are internal, i.e., they take place completely within a
single region. Second, we calculate the Deterministic User
Equilibrium (UE) [33] and Deterministic Bounded Rational
User Equilibrium (BR-UE) on a 4-region network, consid-
ering a scenario with a single OD pair and another one
with 2 OD pairs. Third, we apply the previous equilib-
rium conditions to a real urban network representing the
city of Innsbruck (Austria), partitioned into 4 regions. Note
that, we consider in our experiments the calculation of the
Deterministic User Equilibrium and the Bounded Rational
User Equilibrium so that we can cover different network
loading conditions for the demand profiles we considered in
each scenario. Evidently, it would also be possible to only
consider fixed path assignments in our analysis. However, by
considering the dynamic network equilibria, we account for
drivers switching paths dynamically when travel distances
increase or when they perceive congestion in the network.
In this analysis, we utilize an accumulation-based MFD
model [34] to mimic the traffic dynamics on these regional
networks and the aggregated COPERT IV [35] model to
estimate the regions’ emissions. We focus on the carbon
dioxide CO2 emissions in this study. However, we expect
the findings to be relevant for the estimation of other types
of emissions as well.
The remainder of the paper is organized as follows.

Section II describes the formulation and solution algorithm
for the calculation of the Deterministic User Equilibrium and
Bounded Rational User Equilibrium on regional networks.
Section III introduces the COPERT IV emission model.
Section IV analyzes the relationship between the travel dis-
tance and travel time and the total exhaust emissions along
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paths on regional networks, under different scenarios, and on
small toy networks. Section V analyses the same relationship
but on a real urban network representing the city of Innsbruck
(Austria). Section VI outlines the main conclusions of this
paper.

II. DYNAMIC USER EQUILIBRIUM ON REGIONAL
NETWORKS
This section presents the mathematical formulation and solu-
tion algorithm for calculating the Dynamic Deterministic
User Equilibrium and Dynamic Bounded Rational User
Equilibrium on regional networks.

A. DETERMINISTIC USER EQUILIBRIUM
As discussed in the Introduction, paths on regional networks
are characterized by an explicit distribution of travel dis-
tances. Such distributions can be estimated using the method-
ology proposed by [32]. Using these explicit distributions of
travel distances, [36] defines the travel time of a path p,
TTODp , on a regional network as:

TTODp =
∑

r∈X

Lrp
vr(nr(t))

· δrp,∀(O,D) ∈ W (1)

where W denotes the set of all regional OD pairs; nr is the
accumulation of region r; and δrp is a binary variable that
equals 1 if path p goes through region r, and 0 otherwise; Lrp
denotes the explicit distribution of travel distances in region
r of path p; vr is the distribution of mean-speeds in region r;
X denotes the set of all regions within the regional network;
and t represents the simulation time. For ease of notation,
in the equations that follow, we omit the dependence of the
accumulation nr and mean speeds vr on t. Note that, the
total average travel distance of a path p, Lp, is determined
as Lp = ∑

r∈X Lrp · δrp, where Lrp represents the average
travel distance of path p in the region r.
Based on Eq. (1), [36] approximates the path travel times

TTODp by calculating the first-order Taylor series expan-
sion around the average value of the explicit distributions
of travel distances (Lrp) and the mean speed (vr(nr)). In
the Deterministic User Equilibrium, none of the terms are
considered to be distributed, and Eq. (1) becomes:

TT
OD
p =

∑

r∈X

Lrp
vr(nr)

· δrp,∀(O,D) ∈ W (2)

where vr(nr) represents the spatial average of the mean speed
over a time interval.
In this paper, we assume that under the Deterministic User

Equilibrium conditions, drivers aim to minimize their own
travel times as given by Eq. (2).

B. BOUNDED RATIONAL USER EQUILIBRIUM
The idea of bounded rationality was initially introduced
by [37] and later adapted to the route choice context by [38].
The bounded rationality of drivers arises from habits or pref-
erences for their route choices. This concept relaxes the travel

time minimization assumption of the Deterministic User
Equilibrium [39]. Instead, drivers choose satisficing routes,
i.e., routes that have a perceived travel time shorter than a
pre-defined threshold or aspiration level (see, e.g., [39], [40]).
The term satisficing introduced by [37] comes from the com-
bination of the words “suffice” and “satisfy”. Reference [41]
was the first to apply the bounded rational behavior for path
choices on regional networks considering the MFD dynam-
ics. Under the bounded rational behavioral assumption,
drivers choose paths that satisfy the following condition:

TT
OD
p ≤ ALOD,∀(O,D) ∈ W (3)

where ALOD represents the Aspiration Level for the regional
OD pair. Note that all drivers traveling on the same OD pair
have the same ALOD.

The aspiration ALOD is determined based on the indiffer-
ence band �OD [38] as:

ALOD = min
( �TTOD

)(
1 + �OD

)
,∀(O,D) ∈ W (4)

where
−→
TTODp is a vector that contains all the values of the

average travel times TT
OD
p of all paths connecting the OD

pair; and �OD ∈ [0,+∞) is the indifference band that is
exogenously defined. Note that when �OD = 0, the Bounded
Rational User Equilibrium is equivalent to the classical
Deterministic User Equilibrium.
In this paper, we also consider that drivers have an indiffer-

ence preference for their path choices based on [41], which
means that the demand is equally split over all paths that
are perceived as satisficing.

C. SOLUTION ALGORITHM
In this paper, we utilize the classical Method of Successive
Averages to determine the network equilibrium, with a
descent step of 1/j and where j denotes the descent step
iteration. As stopping criteria [41], we utilize the Gap func-
tion, the number of violations N(φ) or a maximum number
of descent step iterations (Nmax). The number of violations
indicates how many paths per OD pair have the difference
between the path flows of two consecutive descent steps,
superior to the pre-defined threshold Phi. The convergence
is achieved when N(φ) ≤ Phi. The Gap function monitors
how far a given set of travel times is from the network
equilibrium conditions [42]. In the case of the Deterministic
User Equilibrium, the Gap is:

GapUE =
∑

O
∑

D
∑

p∈�OD QODp
(−→
TTODp − min

(−→
TTOD

))

∑
O

∑
D Q

OD min
(−→
TTOD

)

(5)

where QOD denotes the total demand for the OD pair; QODp ∈
[0, 1] represents the path assignment coefficient; and �OD

denotes the regional choice set that lists all paths connecting
the OD pair. Note that, under perfect Deterministic User
Equilibrium conditions, the GapUE equals 0.
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In the case of the Bounded Rational User Equilibrium,
the Gap is:

GapBR =
∑

O
∑

D
∑

p∈�OD QODp · max
(−→
U OD − ALOD, 0

)

∑
O

∑
D Q

OD · ALOD
(6)

where
−→
U OD is a vector that contains all utility values of all

paths that connect the same OD pair.
We determine the network equilibrium using a quasi-static

approximation, where the total simulation period T is split
into smaller intervals of duration δt = 6 [min]. We calculate
the network equilibrium for each of these time intervals. The
path flows are maintained constant during each time interval.
This quasi-static approximation permits us to account for
changes within the traffic dynamics in the regions and the
evolution of the demand.

III. COPERT EMISSION MODEL
In this paper, we utilize the COPERT IV [35] aggregated
emission model to estimate the regions’ emissions using the
MFD dynamics. The COPERT IV model is a suitable choice
for this study since it is applicable to a neighborhood or a
small region (see, e.g., [43], [44]). Moreover, this model
estimates the total exhaust emissions based on mean speeds
vr and aggregated travel distances per neighborhood, which
we approximate by the travel production Pr. The MFD-based
models yield these two variables.
The total exhaust emissions Ep,y, during a given time

interval δt, of a given pollutant y are determined as:

Ep,y =
∑

r∈X
EFr,y(vr) × Pr(nr, vr) × δt,∀r ∈ X (7)

where Pr(nr, vr) denotes the travel production of region r;
and EFr,y is the unitary emission factor of pollutant y and
region r. Note that, we approximate the total distance trav-
eled by all vehicles in the region r and during the time
interval δt, by the travel production Pr(nr, vr). In this paper,
we focus only on carbon dioxide, i.e., y = CO2.
The unitary emission factor of pollutant y is a convex

function of the region’s mean speed vr(nr). These unitary
emission factors are defined for each class of vehicles (i.e.,
private cars, trucks, etc.), but in this paper, we only focus
on private cars. The unitary emission factors already account
for the accelerations and decelerations of vehicles, i.e., driv-
ing cycles, for each mean speed value. Here, we consider
the calibration of the unitary emission factors as discussed
in [43]. For this calibration, [43] utilized reference emission
data collected in intervals of δt = 6 [min], using dynamome-
ters installed on a fleet of vehicles. This fleet consisted of
30% EURO 5 and 24% Euro 4 diesel vehicles, which repre-
sents the French urban fleet for the year 2015. Based on this
data, [45] fitted a fourth-degree polynomial for the unitary
emission factor of CO2:

EFCO2(vr) = β1v
4
r + β2v

3
r + β3v

2
r + β4vr + β5 (8)

where β1 = 4.15 × 10−6, β2 = −1.04 × 10−3, β3 = 1.00 ×
10−1, β4 = −4.47 and β5 = 123.54 are the regression
coefficients.

IV. CHARACTERIZATION OF ECO-FRIENDLY PATHS ON
REGIONAL NETWORKS
This section analyzes the relationship between the total
exhaust emissions of CO2 along paths on regional networks
and the travel distance and travel time. The numerical experi-
ments are conducted on two regional toy networks composed
of 1- and 4-region.

A. NETWORK SETTINGS AND SIMULATION SCENARIOS
This section describes the experimental design setup of our
test scenarios. Figure 2 depicts the 1-region and 4-region
networks. Traffic is modeled using an accumulation-based
MFD model [34]. We consider a total simulation time of 3
[hr] for all simulations. We design six different scenarios:
Scenario 1: The single-region network depicted in

Figure 2 (a) represents the test network, having 20 internal
paths with different travel distances ranging from approx-
imately 1 to 14 [kms]. Figure 3 (a) shows the demand
traveling on each internal path. This demand profile is similar
for all internal paths. Figure 3 (b) shows the production-
MFD of this network. The MFD function has a maximum
production of 30000 [veh.m/s], a critical accumulation of
4000 [veh], a jam accumulation of 10000 [veh], and a
free-flow speed of 15 [m/s].
Scenario 2: Figure 2 (b) shows the second test network,

which has four regions and a single OD pair: region 1 is
the Origin, and region 4 is the Destination. There are two
regional paths connecting this OD pair: p1 = {124} and
p2 = {134}. The average travel distances in all regions,
except region 2, are equal to 1 [km]. The average travel dis-
tance of region 2 ranges between 0.1 and 3 [km], increasing
step-wise by 0.1 [km]. Figure 3 (c) depicts the demand pro-
file for the unique OD pair 14. In this scenario, we equally
split the demand on both regional paths throughout the whole
simulation period. We also consider a concave production-
MFD function for all regions as depicted in Figure 3 (b), but
with different parameters. The MFD function has a maxi-
mum production of 4000 [veh.m/s], a critical accumulation of
533 [veh], a jam accumulation of 3000 [veh], and a free-flow
speed of 15 [m/s].
Scenario 3: This scenario is similar to the previous one,

except that we determine the path flow distribution corre-
sponding to the Deterministic User Equilibrium conditions as
described in Section II. The network is under Deterministic
User Equilibrium conditions when the Gap is inferior to a
tolerance of 0.1. We also consider a maximum number of
20 descent-step iterations.
Scenario 4: This scenario is similar to the previous one

plus an additional internal path in region 3, as depicted
in Figure 2 (b). This internal path has an average travel
distance of 1 [km]. Besides, we consider a constant demand
of 1 [veh/s] for the whole simulation period for this path.
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FIGURE 2. (a) 1-region network with several internal paths. (b) 4-region network.

FIGURE 3. (a) Demand [veh/s] profile as a function of the simulation time t [hr], used
for the 1-region network. (b) Production MFD is considered for all regions of both
networks. (c) Demand [veh/s] profile as a function of the simulation time t [hr], used
for the 4-region network.

Scenario 5: This scenario is similar to Scenario 3, but
we determine the path flow distribution corresponding to
the Bounded Rational User Equilibrium. We consider the
following values of the indifference band �OD: 0; 0.1; 0.2;
and 1.0. Similar to Scenario 3, the network achieves the
Bounded Rational User Equilibrium when the Gap is also
inferior to a tolerance of 0.1.
Scenario 6: This scenario is similar to Scenario 4, but

we determine the path flow distribution corresponding to
the Bounded Rational User Equilibrium conditions as in the
previous Scenario 5, and consider the same values for the
indifference band �OD.

B. 1-REGION NETWORK WITH SEVERAL INTERNAL
PATHS
This subsection discusses the results for Scenario 1. Figure 4
depicts the total carbon dioxide emissions (Ep(CO2)) as a
function of the travel distance and travel time of all 20
internal paths in the 1-region network (Figure 2 (a)). As
one can observe, there is a clear linear relationship between
the level of CO2 emissions and the average travel distance
of a path as well as the average travel time. This happens
because of the MFD assumption of homogeneous traffic
conditions in the region, where all vehicles travel at the
same average speed independently of their path. Since the

FIGURE 4. Total emissions of carbon dioxide (Ep (CO2)) as a function of the internal
paths (a) average travel distances Lp [km], and (b) average travel times TT p [s]. The
results correspond to Scenario 1.

average speed is the same for all vehicles, the average travel
time TTp is proportional to the average travel distance Lp of
a path, i.e., TTp ∝ Lp. Therefore, vehicles traveling on longer
internal paths also require more time to complete their trips.
A longer average travel distance Lp also leads to a larger
travel production Pr. This explains the linear relationship
observed in Figure 4 also based on Eq. (7).

C. 4-REGION NETWORK WITH FIXED NETWORK
LOADING
This subsection analyzes the results for Scenario 2, tested on
the 4-region network (Figure 2 (b)). Figure 5 (a) depicts the
path flows Qp,∀p = 1, 2 as a function of the average travel
distance L1 [km] of path 1. Figure 5 (b) shows the total
emissions of carbon dioxide (Ep(CO2),∀p = 1, 2) also as a
function of the average travel distance L1 [km] of path 1.
In this scenario, the demand is equally assigned to paths

p1 = {124} and p2 = {134}, independently of their travel
distance. One can observe that as the average travel distance
L1 [km] of path 1 increases, the total emissions of carbon
dioxide E1(CO2) increase. The increase in the average travel
distance in region 2 means that drivers require more time to
complete their trips in this region. This increases the region’s
accumulation and reduces the mean speed v2, therefore lead-
ing to an increase in the total emissions of carbon dioxide
CO2 of the path p1 = {124}. On the other hand, as the
average travel distance of path 2 remains unchanged, the
average travel time TT2 and the total emissions of carbon
dioxide E2(CO2) are constant (Figure 5 (c)). One can also
observe that as the average travel distance L1 [km] of path 1
increases, the total network emissions E(CO2) also increase
(Figure 5 (d)). Recall that both paths flow Qp remain unal-
tered in this Scenario. The increase of L1 leads to an increase
in the total distance traveled by vehicles in the network and
therefore to the increase in the travel production, which in
turn increases the accumulation in the network, reducing the
mean speed vr. Based on Eq. (2), a larger travel production
and a lower mean speed vr lead to an increase of the total
emissions of CO2.

D. 4-REGION NETWORK UNDER UE CONDITIONS
This subsection analyzes the results for Scenarios 3 and 4,
tested on the 4-region network (Figure 2 (b)). Figure 6 (a)
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FIGURE 5. Path flows Qp, ∀p = 1, 2 and total path emissions of carbon dioxide
(Ep (CO2), ∀p = 1, 2) as a function of the average travel distance L1 [km] of path 1. The
path emissions of carbon dioxide (Ep (CO2), ∀p = 1, 2) as a function of the average
path travel times TT p, ∀p = 1, 2 [s], and the total network emissions of CO2 (E(CO2))
as a function of the average travel distance L1 [km] of path 1, are also depicted.

and (b) depict the path flows Qp,∀p = 1, 2 as a func-
tion of the average travel distance L1 [km] of path 1.
Figure 6 (c) and (d) show the total emissions of carbon diox-
ide (Ep(CO2),∀p = 1, 2) also as a function of the average
travel distance L1 [km] of path 1. Figure 6 (e) and (f) show
the total emissions of carbon dioxide (Ep(CO2),∀p = 1, 2)

as a function of the average path travel times TTp,∀p =
1, 2 [s]. The first path is p1 = {124} and the second one is
p2 = {134}.

In Scenario 3, we calculated the User Equilibrium con-
ditions of the network for all values of the average travel
distances L1 [km] of path 1. Figure 6 (a), (c), (e) and (g)
depict these results. We observe that for low values of L1,
all drivers choose path 1, i.e., p1 = {124}. As L1 increases,
the total emissions of carbon dioxide E1(CO2) also increase
until some drivers start to switch to path 2, i.e., p2 = {134}.
Drivers start to switch to path 2 when the average travel time
of this path becomes more attractive, leading to an increase
of the total CO2 emissions on this path and the consequent
reduction on path 1. For larger values of L1, the average
travel time of path 2 is shorter than that of path 1, and
all drivers switch to path 2. As all the demand switches to
path 2, the total emissions of CO2 converge to a constant
value as L1 increases. A similar trend is observed in the total
emissions of CO2 as a function of the path’s average travel
times. The total network emissions of CO2 also increase as
a function of L1 until L1 ∼ 3 [km], i.e., until all drivers
switch to path 2. The increase in the total emissions of CO2
happens due to the increase in the travel production in the
network, as in Scenario 2. When all drivers choose path 2,
the total network emissions remain constant as L1 increases.
This happens because, for this demand scenario, we do not
observe congestion in the network.
In Scenario 4, we also target the User Equilibrium of

the network for all values of L1. The difference concerning

FIGURE 6. Same as in Figure 5, but for Scenarios 3 and 4. Panels (a), (c), (e), and
(g) show the results for Scenario 3. Panels (b), (d), (f), and (h) show the results for
Scenario 4.

Scenario 3 is that we include an additional internal path
in region 3, which has a constant demand of 1 [veh/s].
This internal path increases the travel time of the second
path p2 = {134} due to the speed homogeneity assumption
of the MFD, acting as a potential bottleneck. Figure 6 (b),
(d), (f) and (h) depict these results. We observe that thanks
to the inclusion of this internal path in region 3, drivers
start to switch from path p1 = {124} to p2 = {134} at
a longer average travel distance L1 when compared to the
previous Scenario 3. Until the point when drivers start to
switch their paths, the total emissions of CO2 increase lin-
early with L1. The maximum total emissions of CO2 for the
path p1 = {124} is larger than in the case of Scenario 3. This
shows that not only the average travel distance of paths but
also the interactions with demand from other OD pairs can
influence the total path emissions of CO2. In Scenario 3, we
also observe that the linear decrease of E1(CO2) for path
p1 = {124}, also results in a linear increase of E2(CO2) for
p2 = {134}. However, this is not observed in the case of
Scenario 4 between L1 ∼ 3 − 4[kms] (see Figure 6 (d)) or
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between the paths average travel times between 2000 and
2700 [s] (see Figure 6 (f)). When region 3 becomes more
congested due to drivers traveling on p3 = {3}, the accu-
mulation of vehicles increases, leading to a decrease in the
region’s mean speed and an increase in the travel time for
path p2 = {134}. This changes the User Equilibrium con-
ditions compared to Scenario 3, leading to the fact that a
lower fraction of drivers switches from path p1 = {124} to
path p2 = {134} as a function of L1 in Scenario 4 than in 3.
The inclusion of an internal path in region 3 has a clear
impact on the total network emissions of CO2 as depicted
in Figure 6 (h). The increase of congestion in the network
reduces the mean speeds v which together with an increase
in the travel production (i.e., the increase of L1) leads to an
increase in the total network emissions of CO2.
Figure 7 shows the evolution trend of the total exhaust

emissions of carbon dioxide E3(CO2) for the internal path
p{3}, as a function of the average travel distance L1 and
the average travel time TT3. For lower L1 values, no one
chooses path p2 = {134} as all drivers choose to travel on
path p1 = {124}. Since the demand traveling on the internal
path is constant, both the total exhaust emissions E3(CO2)

and the average travel time TT3 are also constant. This hap-
pens until drivers start switching from path p1 = {124} to
p2 = {134}, increasing the number of vehicles traveling in
region 3, i.e., n3. Thanks to the MFD assumption of speed
homogeneity in the regions, an increase of the accumulation
n3 leads automatically to a reduction of the mean speed of
all vehicles traveling in all paths in region 3. This natu-
rally includes the internal path p3 = {3}. The decrease of
the mean speed v3 leads to an increase in the average travel
time TT3 and of the total exhaust emissions E3(CO2) as well.
Following the discussion of Section IV-B, we also observe
the linear increase of the total exhaust emissions E3(CO2) of
the internal path as a function of the average travel distance
L1 and average travel time TT3. This relationship happens
as long as the accumulation of vehicles in region 3 also
increases. For larger values of L1, all drivers choose path
p2 = {134}. The accumulation n3 remains constant as L1
increases, which leads to constant total exhaust emissions
E3(CO2) of the internal path.

E. 4-REGION NETWORK UNDER BR-UE CONDITIONS
This subsection analyzes the results for Scenarios 5 and 6,
tested on the 4-region network (Figure 2 (b)). Figure 8
depicts the results for these two scenarios, and the four
settings of the indifference band �OD: 0; 0.1; 0.2; and 1.0.
The left panels refer to the results of Scenario 5, while the
right panels refer to the results of Scenario 6. For simplicity,
we only show the results for path p1 = {124} as the analysis
for the other path is similar. Panels (a) and (b) show the
evolution of the flows Qp of path p1 = {124} as a function
of the average travel distance L1 [km]. Panels (c) and (d), as
well as (e) and (f), show the evolution of the total exhaust
emissions Ep(CO2) of carbon dioxide of path p1 = {124}
as a function of the average travel distance L1 [km] and

FIGURE 7. Evolution of the total CO2 emissions of the internal path p3 = {3} as a
function of the: (a) average travel distance L1 [km]; (b) path travel time TT

OD
p . The

results are depicted for Scenario 4.

FIGURE 8. Same as in Figure 6, but for the Bounded Rational Deterministic User
Equilibrium and Scenarios 5 and 6.

average travel time TT1 [s], respectively. Panels (g) and (h)
depict the evolution of the total network exhaust emissions
E(CO2) as a function of the average travel distance L1 [km].

In Scenario 5, we calculated the Bounded Rational User
Equilibrium conditions for all values of the average travel
distances L1 [km] of path 1. Recall that we consider that
drivers are indifferent towards any path as long as it is
perceived as satisficing. For �OD = 0, we obtain similar
results as the Deterministic User Equilibrium as depicted in
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Figure 6. This is expected as for �OD = 0, only the path
with the minimum travel time is perceived as satisficing, i.e.,
drivers are travel time minimizers. As �OD increases, drivers
start to perceive path p2 = {134} as satisficing also and start
to switch to this path for lower L1 values. This has a natural
influence on the total exhaust emissions of path p1 = {124},
which start decreasing at lower values of L1 since drivers
start to switch to the other path p2 = {134}. On the other
hand, as we increase the average travel distance L1, the total
exhaust emissions of path p1 = {124} also increase linearly
until all drivers start shifting to path p2 = {134}. When
�OD = 1.0, both paths are perceived as satisficing until
L1 ∼ 4.3 [kms]. In this case, the demand is equally split on
both paths, and the total exhaust emissions Ep(CO2) increase
linearly as a function of both the average travel distance L1
and average travel time TTp. As �OD increases, the total
network exhaust emissions E(CO2) increase as L1 does. This
is because drivers have to travel a longer travel distance on
path p1 = {124}, i.e., an increase in the travel production
leads to an increase in the total network exhaust emissions.
This linear trend happens until all drivers start switching to
the other path p2 = {134}.

In Scenario 6, we also calculated the Bounded Rational
User Equilibrium conditions as in Scenario 5. However, in
this scenario, we also consider the internal path p3 = {3}.
The inclusion of this internal path acts as a bottleneck, which
increases the travel time of path p2 = {134} as the accu-
mulation in region 3 also increases. This changes the path
choices of drivers traveling on the OD pair 14, and therefore
the equilibrium dynamics of the network. For example, com-
pared to Scenario 5, when �OD = 1.0 both paths p1 = {124}
and p2 = {134} are now perceived as satisficing for all val-
ues of L1. The demand is then equally split on both paths.
Given the path flow Qp = 0.5, the total exhaust emissions
of path p1 = {124} increases linearly as a function L1, as
expected. This also leads to a linear increase of the total
network exhaust emissions E(CO2), as the increase of L1
also increases the total travel production of the network.

F. DISCUSSION
All in all, we observe that in some cases there is a lin-
ear relationship between the total path emissions of CO2
and the average travel distance or the average travel time.
However, in more complex scenarios when there are interac-
tions between different OD pairs, the traffic dynamics also
play an important role in the relationship between the total
path emissions of CO2 and the average travel distance or the
average travel time. Moreover, we can see how these different
factors also affect the overall network emissions of CO2. The
most ecological-friendly paths in the regional network are
not necessarily the ones with minimal average travel times
or travel distances. Nevertheless, the linear trend observed
between the total exhaust emissions of internal paths and
the average travel time TTp is a general result. This lin-
ear trend is a direct consequence of the speed homogeneity
assumption of the MFD.

V. CHARACTERIZATION OF ECO-FRIENDLY PATHS IN A
REAL TEST NETWORK
This section discusses the relationship between the total
exhaust emissions of paths on regional networks and
the average travel distance and travel time on a real
urban network representing the city of Innsbruck (Austria).
Figure 9 (a) depicts the test network. The map data was
retrieved from OpenStreeMaps [46]. This network has 1992
nodes and 4448 links. We partition the network into four
regions. This partitioning considers geographical features as
discussed in [47]. The Inn river separates regions 2 and 3
from regions 1 and 4. The main railroad separates regions
1 and 4. Figure 9 (b) shows the production-MFD functions
associated with each region. We also set a demand sce-
nario consisting of 9 OD pairs, leading to 19 paths. The
latter includes 15 regional paths and 4 internal paths. To
calibrate the travel distances of these paths, we determine
a synthetic set of trips in distance considering all possible
trips between all potential origin and destination nodes in
the urban network. Based on this set, we follow the method-
ology proposed by [32] to determine average travel distances
per region and path. Figure 9 (c) shows the demand, defin-
ing the inflow of vehicles per second that travel on each
of the OD pairs. We consider a total simulation period
of T = 6 [hr]. We determine the Bounded Rational User
Equilibrium conditions for different values of the indiffer-
ence band �OD: 0; 0.1; 0.2; and 0.5. The network achieves
the equilibrium conditions when the Gap is inferior to a pre-
defined threshold of 0.1. We set a maximum of 20 descent
step iterations for the Method of Successive Averages. We
also utilize an accumulation-based MFD model to mimic the
traffic dynamics in the network.
Figure 10 shows the evolution of the regions’ mean speeds

vr,∀r = 1, . . . , 4 as a function of the simulation time t [hr].
The results are depicted for the different values of the indif-
ference band. As �OD increases, drivers perceive paths with
longer travel distances as satisficing. This results in more
congestion in the regions. A longer distance to be traveled
in a region means that drivers require more time to com-
plete their trips in the region as all vehicles travel at the
same average speed. In this case, congestion lasts longer
in the regions as �OD increases. This can be observed in
regions 1, 2, and 4 in Figure 10, where the mean speed
decreases as �OD increases. As drivers also choose paths
with longer travel distances, this increases the total travel
production in the network, leading to an increase in the
total network exhaust emissions as the indifference level of
drivers toward their path choices also increases. To show this
effect, we determine the relative differences ε [%] between
the total exhaust emissions of carbon dioxide of the network
under Deterministic User Equilibrium conditions (i.e., equiv-
alent to �OD = 0), EUE, and under Bounded Rational User
Equilibrium (BR-UE), EBRUE:

ε = EBRUE − EUE

EUE
× 100% (9)
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FIGURE 9. (a) Innsbruck network partitioned into four regions. (b) MFD functions.
(c) Demand scenarios.

FIGURE 10. Evolution of the mean speed vr , ∀r = 1, . . . , 4 [m/s] as a function of the
simulation time t [hr]. The results are depicted for different levels of the indifference
band �OD = 0, 0.1, 0.2, 0.5.

where the total network exhaust emissions of the BR-UE
equilibrium correspond to the following settings of the
indifference band �OD: 0.1; 0.2; and 0.5.

FIGURE 11. Relative differences ε [%] between the total network emissions of CO2

related to the UE (i.e., �OD = 0.0), and the ones resulting from the BR-UE conditions
for the three different values of the indifference band �OD = 0.1, 0.2, 0.5.

FIGURE 12. Total CO2 emissions per path as a function of the average path travel
distance Lp [km], and the average path travel time TT

OD
p [s]. The results are depicted

for the Innsbruck network, and different levels of the indifference band
�OD = 0, 0.1, 0.2, 0.5.

Figure 11 depicts the results of the relative differences ε

[%]. As one can observe, when drivers are completely indif-
ferent, i.e., �OD = 0.5, the total network exhaust emissions
increase by ∼ 14% when compared to the Deterministic
User Equilibrium conditions.
Figure 12 depicts the total exhaust emissions Ep(CO2) of

carbon dioxide of all 15 regional paths as a function of the
average travel distance Lp [km] and the average travel time
TTp [s]. Each point represents the total exhaust emissions
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FIGURE 13. Same as in Figure 7, but for the four internal paths. The results are
depicted for the same four values of the indifference band.

Ep(CO2) of each path. The results are depicted for the four
settings of the indifference band �OD, which represent dif-
ferent traffic dynamics in the network as shown in Figure 10.
As one can observe, there is no clear relationship between
the total exhaust emissions Ep(CO2) and the average travel
distance of paths Lp or the average travel time TTp, as the
complex traffic dynamics play an important role on the total
exhaust emissions.
Figure 13 shows the total exhaust emissions Ep(CO2) of

the 4 internal paths as a function of the average travel dis-
tance Lp [km] and the average travel time TTp [s]. Each point
represents the total exhaust emissions of each internal path
for each setting of �OD. For each internal path, the point
found more to the left corresponds to �OD = 0, while the
point that is the most to the right corresponds to �OD = 0.5.
As one can observe, there is a linear trend between Ep(CO2)

and the average path travel time TTp. As drivers choose
paths with longer travel distances in the regions as �OD

increases, the total travel production in the region also
increases and therefore leads to an increase in the Ep(CO2)

(see Eq. (7)).

VI. CONCLUSION
In this paper, we investigate the relationship between the total
emissions of CO2 (Ep(CO2)) of paths in regional networks
and their average travel distance or travel time. We recall
that paths on regional networks present different features
than trips in urban networks. In particular, there are three
main variables that explain such differences, and lead to the
relationships or lack thereof between total exhaust emissions
and travel distance or travel time shown and discussed in this
paper: (i) the heterogeneity of travel distances of all paths
that travel in each region; (ii) the speed homogeneity assump-
tion of the MFD, which together with the heterogeneity of
travel distances of all paths in one region have a significant
influence in the modeled network dynamics; and (iii) the
complex interactions between the demand traveling on dif-
ferent OD pairs. We conducted tests on two toy networks
composed of 1 and 4 regions respectively, and a real urban
network representing the city of Innsbruck (Austria). We
utilized an accumulation-based MFD model to mimic the
traffic dynamics and determined the CO2 path emissions
using COPERT.

The results of this paper clearly show that:

• There is a clear relationship between the distance trav-
eled (or the travel time) in a region and the traveling
exhaust emissions. Thanks to the speed homogeneity
assumption of the MFD, a longer travel distance in the
region requires a longer travel time for drivers to com-
plete their trips. This increases the congestion in the
region, leading to higher travel exhaust emissions.

• Internal paths show a clear relationship between travel
emissions and travel times or travel distances thanks to
the MFD speed homogeneity assumption.

• There is no clear relationship between the path travel
distance (or travel time) and the traveling exhaust emis-
sions. We verify the existence of a relationship only
under very simplified scenarios. However, in more real-
istic scenarios where the number of OD pairs is larger,
the interactions between the demand traveling on dif-
ferent OD pairs and the traffic dynamics become more
complex. Therefore at the path level, there is no clear
relationship between the distance traveled (or the travel
time) in a region and the traveling exhaust emissions
due to the complex dynamics.

The findings discussed in this paper provide important
guidance for designing green-routing strategies using the
MFD-based traffic models, with control systems that monitor
travel exhaust emissions for example in downtown regions of
cities (see, e.g., [48]). Following the insights of this paper, if
only a single region is controlled, then the controlled should
penalize paths crossing this region that have longer travel
distances. If multiple downtown regions are monitored, then
the controller should penalize paths not only with longer
travel distances but also that travel through regions that tend
to be more congested. All in all, these insights are important
for the adoption of eco-routing strategies linked with tolling
systems or perimeter control schemes [49]. In the follow-
up of this paper, we plan to: (i) investigate the relationship
between the Dynamic System Optimum in regional networks,
in terms of minimizing the total travel time and the total
exhaust emissions of the system; and (ii) develop a Dynamic
Social Optimum route guidance system with perimeter con-
trol feedback that monitors the travel exhaust emissions.
Such systems could bring significant benefits compared to
the current user equilibrium conditions [50]. Furthermore,
we note that the partitioning of urban networks into regional
(or aggregated) networks for applying the aggregated traffic
models based on the MFD is still a question of research in
the literature. Several efforts have been made in the last years
in this direction. As the authors in [30] mentioned, the par-
titioning/clustering of urban networks should yield, on one
hand, regions that are topologically well-separated, compact,
and fully connected, while on the other hand, the traffic con-
ditions should be approximately homogeneous in each one
of the regions. In this paper, we partitioned the Innsbruck
network taking into account geographical features [30]. As
a future research direction, more efforts should be put into
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developing approaches to partition urban networks while
accounting for the appropriate topological features and the
homogeneity of traffic conditions.
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