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Abstract: The aim of the research is to identify and quantify the direct sustainable effects resulting
from the improved road infrastructure in the local urban-port transport system. This case study
considers the city port of Szczecin (Poland). The effects are identified for the local road transport
system by comparing freight road transport performance in two options: with the investment and
without the investment. The sustainable effects are quantified in terms of money and physical units.
Sustainable economic, social, and environmental effects concern generalized freight road transport
cost, i.e., truck operating costs and costs of truck drivers” working time, as well as freight transit
time, energy consumption, greenhouse gas emissions, and environmental savings. To capture effects,
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the forecast of truck traffic demand, as well as unit vehicle operating costs, values of time, and air
pollution and climate change, values are elaborated and revealed in freight road transport. The
investigations show that the primary effect of investment is the reduced traffic congestion, which
enhance the velocity of trucks in the transport system. The increased trucks’ speed affect freight road
traffic performance, time of delivery, and environmental externalities.
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1. Introduction

Relations between city and port are a dynamically evolving area of multifaceted

Paulo Fernand| . . . o
Ao Temandes studies. After analyzing megatrends in the development of cities and seaports, the compet-

itiveness of port cities, and management of interactions at the interface between cities and
ports [1,2], studies have focused on the relations between road freight transport, facility
location, logistics, and urban form [3], as well as the interactions between seaports and
urban logistics [4].

The interactions between ports and their cities are subject to significant and dynamic
changes. It is no longer evident that well-functioning ports have a net positive impact on
the port—city interface [5]. The rapid growth of international trade (and resulting container
traffic) has imposed tremendous pressure on the intermodal transportation system. The
bottleneck of such intermodal chains has shifted from the ship—port interface to the port-
city interface [6]. New areas of tension in the relationship between ports and cities have
emerged as a result of conflicts over the environment, congestion, pollution, and other
impacts resulting from port-related traffic [7]. Transport congestion in port cities is a
crucial problem and results both from port-related cargo traffic and from the fast-economic
development of such cities [8]. The concentration and combination of port-related and
city-related traffic flows result in considerable congestion at port—city interfaces.

City-related road traffic includes passenger transport and freight traffic supplying
Attribution (CC BY) license (https:// ~ §00ds and serving businesses operating in the city and its surroundings, while goods traffic
creativecommons.org/licenses /by / is generated by seaports located in urban spaces. As a result, the urban road system must
40/). cope with mixed passenger-freight traffic of high intensity and general road congestion.
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From a port perspective, road congestion raises travel times and fuel costs, lowers
the reliability of commercial truck operations, increases the risk of missed schedules, and
hinders efficient usage of port assets. From a city perspective, traffic congestion results
in reduced population mobility, loss of working time, and increased environmental costs,
which, overall, have a negative impact on social welfare [2].

The hinterland traffic of most ports is dominated by trucks, and it is truck traffic
that causes most of the congestion in and around port areas and generates most external
costs [9].

There are numerous quantitative methods of evaluation for public projects, such as
cost assessment analysis, standard cost model, cost-effectiveness analysis (ACE), cost—
benefit analysis (CBA), risk assessment, risk-risk analysis, and multi-criterion analysis
(MCA). To assess the sustainability of transport infrastructure projects, new integrated
methods of sustainability appraisal have been proposed [10], while the approach defined
as sustainability assessment with an incorporated set of predefined sustainable indicators
is emerging [11].

However, in the transport sector, cost-benefit analysis (CBA) and multi-criterion
analysis (MCA) predominate; the former is an advanced and standardized analytical
tool widely applied for social and economic appraisal of transport (road) infrastructure
projects [12].

A historical and cross-cutting review of the concept of sustainability [13] proves that
this is a multifaceted and still advancing phenomenon, although it was originally developed
based on the three pillars of social, economic, and environmental (or ecological) aspects
and is commonly represented by three intersecting circles with overall sustainability at the
center. In the absence of theoretical descriptions of the three pillars and solid foundations of
conception, the operationalization of sustainability and the distinction of social, economic,
and environmental aspects is the subject of pragmatic approaches and various solutions
applied by scholars and politicians.

In the transport sector, these three dimensions (pillars) of sustainability, namely eco-
nomic, environmental, and social, are the subject of elaboration in an overall economic
appraisal of transport intervention. Rigorous elaboration of transport appraisal practice
and advances in economic, environmental, and social impacts of transport sustainability
are presented in research [14-16]. Quantified sustainable effects are assigned a monetary
value and included in the cost-benefit analysis of transport investment projects. However,
these three dimensions of sustainability are mutually dependent and overlap each other.
Therefore, in the transport sector, the common distinction between economic, environ-
mental, and social aspects is as follows. Economic effects are investigated through the
transport user and transport operator benefits and changes in transport operating costs
and travel times. Environmental effects relate typically to environmental externalities such
as transport-related air pollution and greenhouse emission. The social dimension is mostly
streamlined to issues of transport congestion, traffic noise, and transport accidents.

Reviews on methodologies and measurements of the transport economics sustainable
effects are found in several studies [17-20], while issues of environmental and social
transport developments are extensively elaborated in [21-24].

These effects can be expressed in monetary terms and/or measured in physical units.
However, there are monetary values that allow for the coherent and consistently compre-
hensive appraisal of intervention and comparable assessment of magnitude and structure of
sustainable effects and hence evaluation of sustainable gains of the intervention. The latter
is of the utmost importance for policymakers in their decisions for public funding. While
making decisions, public agents must take into consideration a proper balance between
economic, social, and environmental outcomes of intervention. Additionally, they must
consider transport policy strategies goals and recommendations for limiting the effects of
global warming and reduction of emissions in the transport sector, sustainable develop-
ment of freight transport, socially fair transition towards low-emission, competitive, and
connected mobility [25-28]. While considering interrelations between seaports and cities
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from the sustainability viewpoint, it is underlined [29] that seaports have a considerable
impact on surrounding cities. There is an urgent need for cooperation between ports and
cities in all sustainable aspects, especially in the mitigation of road congestion [30,31].

Empirical findings on port-related road traffic flow developments are scarce. In [32],
some aspects of the relationship between road accessibility and port performance are
analyzed and the opportunities for freight flows bundling for neighboring EU ports and
their hinterland regions are investigated. For each transport mode, academics calculated
the generalized costs and focused on business models to identify bundling projects that
would lower the direct, generalized, and environmental costs of the contestable hinter-
lands’ connectivity.

In [33], a social cost-benefit research framework was developed for a large road project
to improve the hinterland links of the port of Zeebruges. The study presents findings on
economic benefits to the port region and the hinterland, and analysis concerned contestable,
long-distance markets, road transport, and feasible modal shifts induced by enhanced
hinterland access to the port.

The relations between road investment and the local urban-port road transport perfor-
mance have not been sufficiently investigated. Additionally, the effects of investment in the
port-captive hinterland have not been adequately addressed. There is a lack of evidence on
the sustainable effects of intervention in the port—city interface.

This manuscript fills these research gaps and elaborates the link between the provision
of road infrastructure and the sustainable effects in the port-related freight road traffic.
With the use of the cost-benefit concept, economic, environmental, and social sustainable
effects are measured in monetary terms and in absolute, physical units.

The main research problem addressed by this study is as follows.

What are the economic, environmental, and social effects in monetary and non-
monetary terms induced by the enhanced capacity of the port-urban road system?

Our study elaborates on the local urban-port road transport system in the (Baltic) port
city of Szczecin (Poland), and it concentrates on the captive market (first-last mile urban-
port road system) and the road freight traffic. The empirical analysis is performed with
the bottom-up approach. With the use of primary traffic measures, the long-term freight
road traffic forecast is elaborated in terms of interaction with other traffic types. The effects
of investment are identified by comparing transport performance in two scenarios—with
the investment and without the investment—while the analysis addresses freight road
transport performance as a result of the increased truck traffic velocity in the reconstructed
road transport. Next, as results of congestion mitigation in the local road transport system,
savings are quantified in terms of generalized freight road transport costs, in freight transit
time and in externalities.

This manuscript is structured as follows. Section 2 briefly outlines the case study.
Section 3 presents the materials and data used. Section 4 describes the research framework,
while in Section 5, inputs and parameters are presented. Sections 6 and 7 contain measure-
ments and results. Section 8 draws conclusions and discusses research limitations as well
as further research avenues.

2. Brief Outline of Port-City Interface

Szczecin is a city covering an area of 300.6 km?, located in northwestern Poland
in the West Pomeranian Province. At the end of 2017, the population of Szczecin was
403.9 thousand, and the average population density of the city was 1347 inhabitants
per km?. The Odra River separates the city into two parts, namely the Left and the Right
Banks. The basic transport routes in Szczecin are determined by the bisected layout of the
city centers on the Left and the Right Banks, which are connected by State Road No. 10
(DK10). Due to the location of industry (jobs) and schools on the Left Bank of Szczecin, and
the numerous housing estates on the Right Bank, there is a massive flow of people daily on
the east-west axis. The urban transport system with a marked course of DK 10 is shown in
Figure 1.
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Figure 1. State Road DK10 and port areas in the city of Szczecin. Source: Own study based on
www.openstreetmap.org (accessed on 22 June 2021).

The urban transport system is based on the main collector State Road No. 10 with an
aggregate of high-intensity traffic, mainly comprising (1) intra-city passenger traffic, pre-
dominantly individual cars supported by public transport (buses, streetcars); (2) passenger
cars and bus traffic connected with tourist transit; (3) truck traffic between Szczecin’s port
and its hinterland; and (4) truck traffic serving the needs of the city and businesses based
on the Left (western) Bank of the Odra River. Simultaneously, the DK10 is the main road
linking with the A6 freeway and the S3 expressway used by long-distance truck traffic to
and from the city and the port hinterland. All entry roads to the port reloading areas are
interconnected with the urban section of the DK10.

The port of Szczecin is located 65 km south of the Baltic Sea and is connected to it by a
waterway and located in the city. It is a universal port and the cargo volume of 9 million
tons per year qualifies it as a minor Baltic seaport. Poor maritime accessibility is the main
deficiency of the port. Recently, investments are being made to improve nautical access to
the port. This will enable the port to handle larger vessels and will also increase the cargo
handling capacity.

The subject of research is 17 roads and road sections in the local transport system,
with a total length of 9.812 km. The investment project consists of the reconstruction of
the infrastructure in the existing urban-port system of roads. The length of the roads
will remain unchanged, but they will be resurfaced, their axle load will be increased,
some sections of road will be widened, entrance/exit lanes will be reconstructed, the road
curvature will be reduced, entrance/exit ramps will be reconstructed, intersections will
be reconstructed or built, and, lastly, the number of parking spaces for trucks will be
increased. In Figure 2, the critical components of the urban-port road system planned for
reconstruction are displayed.


www.openstreetmap.org

Energies 2021, 14, 6512 50f 23

3’ Grodzka Island Ostrow
Grabowski

Wyspa Grodzka Island

Kanat
Grodzki

Duriczyca
Constructionfof the
intersectigh of
C ion of the i ion of iecki a
Energetykow Street and|Saint Florian LogistyczndlStre R,
St Mielenski
Cut =i
: Mielenska
Construction of the L Meadow
tersection of Slaski Bivd Ostrow
and Bytomska Street Mielenski
Island
Parnica’ <
Parnica Canal
Construction of
intersection héfow
Strengthening the ReRg-allca
load-bearing Basen jver
capacity of the Kaszubski
Pomorska Overpass
Cz
DK10 - A6/S3
Regalica

1 Names of the geographical environment are generic and untranslatable.

Figure 2. Scope of intervention in urban-port road system. Source: own study based on www.
openstreetmap.org (accessed on 24 June 2021).

The modernized road system is scheduled to be operational from 2024, and the effects
of its improved capacity have been set for 20 years (between 2024 and 2043).

3. Materials and Data Used

Primary road traffic flow measurements in the urban-port road system in the port
city of Szczecin were made in line with the General Directorate for National Roads and
Motorways methodology [34], and motor vehicles included cars, vans, light vehicles, trucks
with and with out trailers, and buses.

Annual Average Daily Traffic (AADT) is the average number of vehicles passing a
given section of a road per day. It is calculated according to the formula:

Mg;-Ny + 0.85-Mg;-Na + My;-N3

AADT; = <

+ Ryji

where:

AADT;—Annual Average Daily Traffic of motor vehicles at the i-th road;

MR;—Annual Average Daily Traffic on working days (from Monday till Friday between
6 a.m. and 10 p.m.) on the i-th road;

0.85-MR;—Annual Average Daily Traffic on Saturdays and days before holidays (between
6 a.m. and 10 p.m.) on the i-th road;

MN;—Annual Average Daily Traffic on Sundays and holidays (between 6 a.m. and 10 p.m.)
on the i-th road;

RNj—Annual Average Traffic in the night (between 10 p.m. and 6 a.m.) on the i-th road;
Nj—the number of working days within a year (in 2016, 252);

Np—the number of Saturdays and days just before holidays (in 2016, 53);

N3—the number of Sundays and holiday days within a year (in 2016, 61); and

N—the total number of days in a year (in 2016, 366).

The Average Annual Traffic (AAT) is a product of AADT multiplied by 365 days.
When calculating the individual transport effects, the engineering relations between
the speed and traffic flow were applied. The engineering relationships between speed
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and (road) traffic flow was derived from the “Instruction for Assessing the Economic
Efficiency of Road and Bridge Projects—Verification of the Research Method According to
EU Recommendations and Update of Unit Prices as of 2007, Part II, Tables of Speed” [35].

The relationships include the vehicle traffic speed depending on the type of roads
(urban double or single carriageways), their cross-section (width of the road), and their
traffic flows measured by the number of vehicles passing urban road section per hour
(Figures 3 and 4).
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Figure 3. Speed-traffic flow curves for urban single carriageways. Source: Adapted from “Instruction
for assessing the economic efficiency of road and bridge projects 2008”.
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Figure 4. Speed-traffic flow curves for urban double carriageways. Source: Adapted from “Instruc-
tion for assessing the economic efficiency of road and bridge projects 2008”.

In the city-port transport system, the speeds of trucks were measured on a road with a
high level of technical wear and tear. The truck speed was measured on three road sections:
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the 396.5 m long section No. 1, the 280.5 m long section No. 2, and the 394.5 m long section
No, 3. A total of 34 truck transit time measurements were made, and then the average
truck speed was calculated. The estimated average truck speed was 15.58 km/h, which
corresponds to the speed on roads with a high degree of technical wear and tear.

As shown in the traffic flow tables (Tables A1 and A2), the average speed of vehicles
on the roads in good technical conditions was 35.4 km/h. By comparing vehicle speed
measured on roads with a high degree of wear and tear (15.58 km/h) with the average
speed of vehicles derived form the traffic flow tables (35.4 km/h), the speed correction
index (44.0%) was calculated for roads with high degree of technical wear and tear. The
speed correction indices for medium and low levels of road technical wear and tear were
obtained by enlarging the basic speed reduction index by 1/3 and 2/3, respectively, of the
remaining part that completed the index to 100%. The values of truck speed correction
indices depending on the degree of technical road wear and tear are depicted in Table 1.

Table 1. Truck speed correction indices depending on technical road wear and tear.

Average vehicle speed determined based on speed-traffic flow

relations—road in good technical condition 354 km/h
Average vehicle spev::‘d determinesi based on statistical 15.58 km/h
study—road in poor technical condition
Speed correction index for high level of road wear and tear 44.0%
Speed correction index for medium level of road wear and tear 62.7%
Speed correction index for low level of road wear and tear 81.3%

Source: own study.

Additionally, degree of wear and tear for each of the road/road section within the
city-port local transport system was estimated with corresponding truck speed correction
indices (Table 2).

Table 2. Degree of roads wear and tear estimation with corresponding speed correction indices.

Speed Correction Indices

Nr of Road/Road Section Road Type, Road Width (m) Degree of Road Wear and Tear Due to Wear and Tear Degree
1 Dual carriageway 2 x 7.00 m Low 81.3%
2 Single carriageway 7.00-7.40 m High 44.0%
3 Single carriageway 7.00-7.40 m High 44.0%
4,5 Single carriageway 6.50-6.90 m High 44.0%
6,7 Single carriageway 7.00-7.40 m High 44.0%

8 Single carriageway 6.00-6.40 m High 44.0%

9 Single carriageway 7.00-7.40 m Medium 62.7%
10 Single carriageway >7.50 m Medium 62.7%
11 Single carriageway 6.50-6.90 m High 44.0%
12 Single carriageway 6.00-6.40 m High 44.0%
13 Single carriageway 7.00-7.40 m Low 81.3%
14 Dual carriageway 2 x 7.00 m Low 81.3%
15 Single carriageway 6.50-6.90 m High 44.0%
16 Dual carriageway 2 x 10.50 m Low, lowered bearing capacity 81.3%
17 Single carriageway 6.50-6.90 m Medium 62.7%

Source: own study.

In the forecasting works, we used GDP forecasts of the Ministry of Development
and Finance recommended for the Polish transport sector (Table A3). The GDP forecast
for 2019-2043 is expressed in the annual average constant prices as growth indicators
(calculated year-on-year, previous year = 100) and in corresponding values; however, the
economic impact of the COVID-19 pandemic is not considered. The GDP forecast was
applied for predicting truck traffic flow in the system.
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Both the developed traffic forecasts’ values of inputs and coefficients refer to the year
2019 as a base year for calculations. The sustainability effects are calculated for 20 years
(2024-2043). Accounts are made with a discount rate of 4.5%, with fixed prices from the
base year and without considering inflation in the analysis time horizon. Unit values of
monetized benefits are presented in net terms (excluding VAT).

4. Research Framework

The research framework of the sustainable effects induced by the capacity improve-
ment in the urban-port road system is depicted in Figure 5.

[: (e )
N P [ Truck uaﬂkibwloncaﬁs ]

[ Truck speed adjustment indices due to roads wear and tear J

Operational l’
parameters [ Truck traffic in with/ the ]
1 I | 1
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Unit economic cost (VOC) drivers time shipment cost pollution emission
parameters
Truck operating Drivers working Freight shipment
Sustainable [ &5 ] [ T ] [ = ] [ Alr pollution ] [ Climate change J
total effects P ¥ 3 ¥ ¥
[ Net sustainable gains ]

Figure 5. Research framework. Source: own study.

The analysis was carried out using the incremental method by calculating the net
difference in transport effects that appear in the two options: with the reconstruction of the
urban-port transport system (hereafter WI) and without the rebuilding of the urban-port
transport system (hereafter W0), i.e., in the incremental calculus (WI-W0). This approach is
commonly used when assessing the impacts of transport infrastructure projects [36-39].

The study concentrates on direct effects in the transport system as a consequence
of intervention [40-42]. Road infrastructure investments reduce distances, travel time,
and/or congestion. Direct benefits for transport operators and shippers are related to time
(time savings and reliability) and vehicles” operating costs. Savings in operating and time
costs and thereafter in related externalities increase the surplus of consumers and hence
the welfare.

The main input in the research is the elaborated long-term demand for capacity
services of the local road transport system. With the use of traffic primary surveys, the
freight road traffic forecast is related to the growth of GDP, and prediction is made for truck
flow, i.e., trucks/day passing in the urban-port road system.

The average truck speed, shown in the traffic flow tables for the WI option, varies
depending on the road type and the change in traffic flow volume in each year of the
analysis. Thus, the average speed of trucks in the W0 option in individual years of the
analyzed period varies as well. Here, the average truck speed in option W1 is multiplied
by the speed correction index selected depending on the degree of technical road wear
and tear.
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Considering the interaction between different types of road users, traffic flow intensity,
and technical wear and tear of roads, traffic congestion relief has been translated into an
increase in trucks’ speed.

Increases in trucks’ speeds affect traffic performance in terms of truck trip time (vehicle-
hours, v-hs), truck drivers” working time (working hours, w-hs), road transport time
(tonnes-hours, t-hs).

In the economic calculus, we applied the notion of transport generalized cost, which
is widely elaborated in transport economics [43—48]. Limited to the main components and
related to freight road transport, the generalized transport costs are the sum of the vehicle
operating costs (VOC) and the value of time (VOT), which is limited to the value of drivers’
working time. Additionally, the valuation of externalities in terms of money has been
accounted for, but it is limited to climate change and air pollution costs.

To capture economic effects, values of time and truck operating costs, as well as
marginal external costs, have been validated in freight road transport. Next, as re-
sults of congestion mitigation in the local road transport system, savings in net terms
(WI-WO0) are quantified for trucks operating costs, drivers working time, freight transit
time, and externalities.

5. Inputs and Parameters
5.1. Forecasted Truck Traffic

Road traffic forecasting has been a subject of numerous investigations. As per the
literature [49-52], the main forecasting aspects relate to prediction methods (parametric
or non-parametric), prediction horizon, prediction scale (single location, road segment,
whole or part of network), prediction context (urban, rural, freeway), predicted variables
as traffic flow (vehicles/hour), traffic density (vehicles/km), average speed, and travel
time [53]. It was concluded that there is no universal method that fits every situation better
than the rest [54]. In the context of our cost-benefit analysis, the freight road traffic forecast
is related to the growth of GDP and prediction is made for truck flow, i.e., trucks/day
passing in the urban-port road system. The long-term freight traffic forecast was elaborated
since investments made in road infrastructure have a long economic lifetime and a long
pay-back period.

The benefits of adding capacity to the road system may be reduced by the induced
traffic of passenger cars and freight transit. Determining this effect of road capacity
expansion is a complex problem and is concerned with interrelated system components:
transportation supply system, land use, accessibility, and travel demand. Based on a review
of the literature [55], we conclude that there are no empirical indications that added capacity
to the road system generates a significant volume of induced traffic. Additionally, the
benefits to port-related traffic may outweigh the negative effects of the induced commuters
and freight transit traffic [56]. Because of the complexity of the problem, the trip-inducing
effect of added road capacity is disregarded in the standard travel demand forecasting
procedure [57,58].

Estimated Annual Average Daily Traffic (AADT) on road sections was a basis for
a long-term prognosis of AADTs up to the year 2043. Forecasts of AADT were devel-
oped in the reference period for each road segment separately according to the following
equation [59]:

GDP;y1 — GDP

k k
AADTZ,t+1 - AADTZ,t < GDPt

E*(GDP) + 1)

where:

AADT¥; ,—Annual Average Daily Traffic for k-th category of vehicle in year ¢;

GDPy, GDP;,1—Gross Domestic Product in year f and ¢t + 1 in constant prices from base

. . GDP, 1 —GDP, o . .
period, wherein ==L~ represents a relative increase in GDP in year t + 1 compared

to year t (dynamics indicator); and
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E* (GDP)—elasticity coefficient for k-th vehicle category.

The annual average truck traffic forecast (AAT) was made as below:
AAT;, = 365 -AADT;,

where:

AADT; —Annual Average Daily Truck Traffic; traffic flow on the i-th road section in year ¢
of forecast.

When analyzing the relationship between road freight transport demand and eco-
nomic activity variables such as Gross Domestic Product, Gross Final Expenditure, index
of industrial production, as well as commodity sectors are under investigation [60]. For the
elasticity of freight transport demand in the UK with respect to the aggregate commodity
sector, values in the range from 0.72 to 1.49 were found [61], while in another study [62],
elasticity of freight road demand related to GDP was estimated at 0.66. In the research [63],
the elasticity of road haulage with respect to the index of GDP (for 11 EU countries for the
period from 1970-2010) amounted to between 1.0 and 1.2. As recommended [64], the elastic-
ity coefficient of GDP for trucks with trailers for Poland amounts to 1.00, and this elasticity
coefficient was used when predicting the truck traffic in the urban transport system.

The long-term prediction of truck traffic was made for every year in the forecasting
period and for each road out of a total of 17 roads and sections of road in the transport
system. Forecasting results limited to the first and last year of the prediction horizon are
depicted in Table 3.

Table 3. Forecasted truck traffic on roads in urban-port road transport system in the selected years of the forecasting period

(no. of trucks).

. Average Annual Daily Traffic Average Annual Traffic
Number of Road/Road Section Year AADT AAT
1 2020 8711 3,188,319
2043 13,299 4,854,223
5 2020 65,187 23,858,375
2043 101,393 37,008,450
3 2020 34,094 12,478,360
2043 52,404 19,127,597
4 2020 6203 2,270,454
2043 9352 3,413,373
5 2020 3608 1,320,572
2043 5471 1,996,761
6 2020 4054 1,483,846
2043 6274 2,290,049
” 2020 6973 2,552,014
2043 10,858 3,963,040
8 2020 7025 2,571,299
2043 10,921 3,986,067
9 2020 1083 396,529
2043 1541 562,576
10 2020 7014 2,567,032
2043 10,459 3,827,948
1 2020 7174 2,625,716
2043 10,938 3,992,338
1 2020 3014 1,102,975

2043 4661 1,701,364
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Table 3. Cont.

) Average Annual Daily Traffic Average Annual Traffic
Number of Road/Road Section Year AADT AAT
13 2020 3105 1,136,283
2043 3524 1,286,144
14 2020 467 170,949
2043 707 258,066
15 2020 5042 1,845,429
2043 5783 2,110,824
16 2020 906 331,665
2043 1962 716,254
17 2020 844 308,970
2043 1152 420,639

Source: own study.

5.2. Unit Truck Operating Costs (VOC)
Vehicle Operating Cost (VOC) of trucks includes the following costs:

Fuel costs: being a function of the road alignment and traffic conditions,
Other costs: road quality affects the wear and tear of vehicles, including costs of oil,
tires, and vehicle maintenance, as well as its depreciation.

VOC for trucks depends on travel speed, differentiating the type of terrain (flat, rolling,
and mountainous) and road condition (pavement after reconstruction/rehabilitation or de-
teriorated pavement) and is estimated as the sum of fuel costs plus other costs. Applications
of the calculation of unit truck operating costs are presented in Table A4.

It is assumed that there will not be any real increase in unit VOC over time as a
potential increase in energy prices would be compensated by improved efficiency of
vehicles [64].

5.3. Values of Travel Time (VOT) in Freight Road Transport
5.3.1. Unit Value of Truck Drivers’ Time

The unit value of truck drivers’ time corresponds to the marginal gross cost of labor,
including labor-related overhead of commercial drivers in Poland. Evolution over time
is based on Polish GDP per capita growth, with an elasticity of 0.5 [65]. Therefore, unit
values applied in research of truck drivers’ working time increase over time. In the base
year of 2019, it amounts to EUR 21.83, while in the last year of calculation 2043, increases to
EUR 30.93. Vehicle occupancy for trucks is assumed as equal to one driver.

5.3.2. Unit Value of Freight Shipments Time

The unit time values applied in the study come from the estimations made for the
Netherlands [19,20] with the measure of willingness-to-pay (WTP) for freight time savings.
In our calculations, converted into Polish values and indexed for 2019, the value of time for
the average shipment in freight road transport amounts to EUR 0.88 per tonne-hour [65].
The time value of shipment is subject to escalation over time, with an elasticity of 0.5 to
Polish GDP per capita growth, and in the last year of calculation, 2043, it increases to
EUR 1.25.

5.4. Unit Costs of Trucks Air Pollution

The most important air pollutants related to transport are dust (PM10, PM2.5), nitrogen
oxides (NOx), sulphur dioxide (S5O;), volatile organic compounds (VOCs), and ozone (O3)
as an indirect pollutant.

Costs of air pollution depend on speed, vehicle category, as well as condition, slope,
and location (urban or non-urban area) of the road. Unit values of air pollution for trucks
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are based on the emissions evaluation method [65]. Applied in the calculation are unit
trucks’ air pollution costs, as presented in Table A5. Unit air pollution costs” evolution over
time is based on GDP per capita growth with an elasticity of 0.8.

5.5. Unit Costs of Climate Change

The calculation method is in line with the approach described in the European Invest-
ment Bank Carbon Footprint Methodology [66].

Greenhouse gas emission (GHG), converted into emission factors of equivalent tonnes
of CO; (tCO,) depend on fuel consumption and therefore on the speed, on the vehicle
category as well as on the pavement condition and geometry of the road, and these volumes
of emissions are presented in Table A6. These emission factors are multiplied by a unit cost
of COy, i.e., the economic (“shadow”) cost of equivalent emission tonne of CO,. In 2010
the unit costs of GHG emission amounted to EUR 25.0 [66], while the growth of CO, value
applied in the calculation in the reference period are presented in Table A7.

6. Sustainable Effects Measured in Monetary Terms
6.1. Cost Savings as Result of Reduced Truck Operating Costs

Truck operating costs are represented by total operating costs of all trucks travelling
in the relevant road system whereas costs savings are calculated for each option (W0 and
WI) and each year throughout the entire reference period as in the formula:

17
VOC; =365-)  AADT;-Li-c(V, S, P)
i=1

where:

VOCi—annual vehicle operating costs in EUR;

AADT—annual average daily traffic on the i-th road section in vehicles/day;

Li—length of the i-th road section in km;

¢t (V,5,P)—unit operating costs in the function of travel speed V, slope of terrain S, and
technical condition of pavement P in EUR/veh km.

The total nominal cost savings of trucks operating costs for the period of 20242043
will amount to EUR million 8.31.

6.2. Cost Savings as Result of Reduced Truck Drivers” Working Time

The cost savings of drivers” working time are calculated for each option (W0 and WI),
and each year throughout the entire reference period according to formula:

17
L:
CoT; = 365- 2 #'AADTti'MtCt
i=1 "1t

where:

CoTi—annual cost of truck drivers” working time in EUR;

Li—length of the i-th road section in km;

AADT;—annual average daily traffic on the i-th road section in vehicles/day;
utc—unit value of truck drivers” working time in EUR/h;

Vi—travelling speed on the i-th road section in km /h.

The total nominal cost savings of truck drivers” working time for the period of
2024-2043 will amount to EUR million 78.3.
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6.3. Cost Savings as Result of Reduced Freight Shipment Time

Costs of freight shipment time are calculated for scenarios with and without the
investment for each year of the reference period as follows:

17
L,
CoFST; = ::21 FStlez-co fst

where:

CoFST—annual cost of freight shipment time in EUR;

FSj—forecasted annual freight shipment on the i-th road section in tonnes;

Li—length of the i-th road section in km;

Vi—travelling speed on the i-th road section in km/h. cofstr—unit cost of freight shipment
time in EUR/t km.

As a result of the investment, the total cost savings in freight shipment time in the
years 2024-2043 will amount to EUR million 30.4.

6.4. Cost Savings as Result of Reduced Air Pollution

The costs savings of air pollution are calculated for each option (W0 and WI) and each
year throughout the entire reference period according to formula

17
APCy =365- ) _ Li-apcy(V, S, P)-AADTy;
i=1

where:

APCi—annual air pollution costs in EUR;

apc(V,S,P)—unit air pollution costs in the function of travel speed V, slope of terrain S and
technical condition of pavement P in EUR/veh km;

AADT;;—annual average daily traffic on the i-th road section in vehicles/day;

Li—length of i-th road section in km.

As a result of the investment, the total cost savings in air pollutions in the years
2024-2043 will amount to EUR million 20.4.

6.5. Cost Savings as Result of Reduced Climate Change

Savings in greenhouse gas (GHG) emissions (equivalent to CO,) are calculated for
each option (W0 and WI), and each year throughout the entire reference period according

to the formula:
17

GGE; =365- ) AADT;;-L;-gge
i=1

where:

GGE;—annual greenhouse gas emission in tonnes of CO»;

AADT—annual average daily traffic on the i-th road section in vehicle/day;
Li—length of the i-th road section in the urban-port road system in km;
gge—unit greenhouse gas emission in tonnes of CO;/t km.

Savings in costs of climate change are calculated following the formula below.
17
CCCy =365- Y  cecyi(V, S, P)-Li-AADTy;
i=1

where:

CCCy—annual climate change costs in EUR;
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ccey; (V,S,P)—unit climate change costs in the function of travel speed V;, slope of terrain S
and technical condition of pavement P of i-th road sections in the urban-port road system
in EUR/veh km;

AADT;;—annual average daily traffic on the i-th road section in vehicle/day;

Li—length of i-th road section in km.

The total cost reduction resulting from the climate change will amount to EUR
1.85 million.

Total and discounted (with a discount rate of 4.5%) sustainable monetized effects
induced by the investment are summarized in Table 4.

Table 4. Total and discounted sustainable monetized effects induced by the investment in 2024-2043.

Effects Induced by Investment Project

Net Savings in: Discounted Value (Million EUR) Structure (%)
truck drivers working time 38.24 55.55
freight shipment time 14.80 21.48
trucks operating costs 433 6.29
air pollution costs 10.55 15.32
climate change costs 0.94 1.36
total 68.86 100.0

Source: own study.

Effects of the road infrastructure rehabilitation in the urban-port local market relates
for the most to the savings in drivers working time as well as to savings in freight shipment
time, and together they constitute 77.0% of the total discounted sustainable effects. Reduced
truck operating costs amounts to 6.29%, while reduced environmental externalities (climate
change and air pollution) constitutes 16.68% of the total sustainable monetized result of
the investment.

The structure of monetized sustainable gains resulting from the reconstruction of the
urban-port local road system is depicted in Figure 6.

Net savings in:
climate change

costs trucks
air pollution 1.4% operating costs
costs \ 6.3%

15.3%

freight
shipment time
21.5%

truck drivers
working time
55.5%

Figure 6. Structure of sustainable gains resulting from the reconstruction of the urban-port local road
system. Source: own study.
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7. Sustainable Effects Measured in Absolute Units

Applying the rearranged formulas from the former chapter, the results of the calcula-
tion for the transport and traffic performance induced by the intervention and accumulated
in 2024-2043 are depicted in Table 5.

Table 5. Transport and traffic performance effects induced by the reconstruction of the urban-port
road system.

Transport and Traffic Performance WI WO WI-W0
in-service work (vehicle kilometers, v km) 95,007,071 95,007,071 0
truck trip time (Vehicle-hours, v-hs) 3,636,717 6,414,004 —2,777,287
truck drivers” working time (Working hours, w-hs), 3,636,717 6,414,004 —2,777,287
freight road traffic time (Tonne-hours, t-hs) 34,854,504 61,520,413 —26,665,909

Source: own study.

Because the forecast of truck traffic is an exogenous variable and the length of roads
in the system remains unchanged, the projected in-service operation of trucks (measured
in truck kilometers) in the port-city transport system will grow at the same rate regardless
of investment options, and thus incrementally, the in-service operation of trucks will be 0.

However, improvement of the technical state of roads and the reconstruction or
construction of new intersections, exit/entrance ramps, and lanes will increase the speed
of trucks and reduce vehicle maneuvers. This leads to a reduction in trucks’ trip time
(measured in truck-hours) and truck drivers’ working time (expressed in working hours).
Since the number of trucks and the number of drivers is the same (1 truck = 1 driver),
savings in travel time of trucks and in working time of truck drivers are the same in physical
terms (i.e., 2,777,287 units). However, in economic terms, these quantities are different. In
the former, there are the vehicle kilometers, while in the latter there are working hours of
truck drivers. The monetary values of vehicle kilometers and the drivers” working hours
vary, and this is reflected in the reduced vehicle operating and labor costs incurred by road
transport operators. As a result of the increase in truck speed and smoother traffic flow,
trucks’ freight transit time will be reduced by 26,665,909 tonne-hours.

Savings in greenhouse gas (GHG) emissions (equivalent to CO, emissions) are calcu-
lated for each option (W0 and WI), and each year throughout the entire reference period

according to formula:
17
GGE; =365- ) AADT;;-L;-gge
i=1

where:

GGE;—annual greenhouse gas emission in tonnes of CO»;

AADT;;—annual average daily traffic on the i-th road section in vehicle/day;
Li—length of the i-th road section in the urban-port road system in km;
gge—unit greenhouse gas emission in tonnes of CO;/t km.

Results of calculations of trucks’ emission in equivalent tonnes of CO, in 2024-2043
are presented in Table 6.

Table 6. Trucks'’ traffic savings in the emission of CO; (in equivalent tonnes tCO,).

Trucks” CO, Emission WI WO WI-W0

(tonnes of CO,, tCO,) 75,378.2 106,977.2 -31,599.0
Source: own study.

Savings in equivalent CO; emissions in 2024-2043 will amount to 31,599 tonnes.
If one tonne of diesel produces 2.63 tonnes of CO, [67,68], gains in the consumption
of fuel (diesel) will account for 12,014.8 tonnes or 14.1 million liters.
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8. Conclusions

In this manuscript, the cost-benefit research concept has been applied to investigate
the possible sustainable effects of the capacity improvement in the local urban-port road
system. The sustainable effects are quantified in money terms and in physical units.
Considering the interaction between different types of road users, traffic flow intensity
and technical wear and tear of roads, traffic congestion release has been translated into an
increase in trucks’ speed. The primary effect of investment is the reduced traffic congestion,
which enhances the velocity of trucks in the transport system. The increased trucks’ speed
affects freight road traffic performance, time of deliveries, and environmental externalities.

The investigated sustainable effects of the urban-port road system reconstruction are
as follows.

Effects of economic sustainability; truck travel time in the system is reduced by
2,777,287 vehicle-hours, and the truck drivers’” working time is reduced by 2,777,287 h.
In terms of money, this corresponds to a reduction in generalized freight road transport
costs: vehicles operating costs and drivers working time by EUR 4.33 and 38.24 million,
respectively. The efficiency of resource use will increase, and cheaper transport services
will be offered by the total EUR million 42.57, and it will be to the benefits of haulage
operators and consumers.

Effects of social sustainability; the time of road freight shipments will be reduced by
26,665,909 tonne-hours, while monetized savings of time reduced deliveries by EUR 14.80
million. Time-efficient and reliable deliveries ensure better accessibility of consumers to
goods and enable better availability of goods at lower costs/prices. These benefits will
go to exporters and importers, as well as consumers. Social benefits originate from the
reduced congestion in the urban-port road system.

Effects of environmental sustainability, in physical terms, corresponds to reduced
emission of CO, with the total amount of 31,599 tonnes and savings in the consumption of
fuel (diesel) of 12,014.8 tonnes. In monetary terms, it relates to a reduction in air pollution
by EUR 10.55 million and greenhouse gases emission (GHG) by EUR 0.94 million. Through
the reduction of truck-related GHG emissions and air pollution, the quality of societal
well-being and health will be improved. The final beneficiary of these effects will be
the community.

Research results are consistent with findings of intervention aimed at capacity ex-
pansion in the road infrastructure [12,39], where the prime effect is the release of traffic
congestion. Transport congestion in transport is regarded as a socially sustainable effect
and in freight transport, it enhances consumers availability of goods and reliability of
deliveries/shipments. Furthermore, less congestion leads to time savings and reduction
in transport generalized costs, which translates into a substantial increase in efficiency of
transport services, the main economic sustainable effect of intervention. Reduced conges-
tion impacts other social sustainable dimensions through the increased safety of transport
users and reduced annoyance of transport noise. Increased velocity of vehicles in the
road system and smoother traffic leads to savings in terms of fuel consumption, which
in turn diminishes pollution and reduces a release of greenhouse gases. It is reflected in
environmentally sustainable effects of intervention, limited air pollution, and reduced
adverse climate change.

In this research, the sustainable impact of road capacity expansion is limited to the
direct effects which occur in the road transportation system.

Moreover, because of a lack of data, the social effects related to the safety of transport
users and noise annoyance nuisance are not specified.

Furthermore, research results depend heavily on forecasted truck traffic. Historical
elasticities between truck traffic development and Polish GDP used in our research may
change in the future with unknown magnitude and directions. Therefore, the question of
the elaborated truck traffic forecasts’ reliability, as well as estimated values of sustainable
effects, remains valid.
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The proposed further research relates to the extension of social and environmental
effects to be incorporated in the evaluation of intervention in the transport sector. The
recent advances [22] aimed at inclusion in appraisal such effects as well-to-tank emissions,
habitat damage, soil and water pollution, externalities in sensitive areas, and separations
in urban regions are of great importance.

Another research avenue is the elaboration of sustainable evaluation methods of
intervention in the transport sector. In [69,70], the application of monetary methods (cost—
benefit analysis) and the non-monetary method (multicriteria analysis) in the evaluation of
intervention in transport (road) infrastructure is contemplated and validated.
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Definitions and Abbreviations:

AADT, Average Annual Daily Traffic—the number of motor vehicles travelling through
a given road cross-section within 24 consecutive hours; annual average is expressed in
terms of the actual number of vehicles per day calculated according to relevant guidelines.

CUPT, The Centre for EU Transport Projects supports beneficiaries in the preparation
and implementation of transport investments co-financed by the European Union.

Transport work—product of the number of kilometers travelled (the length of roads)
and the number of vehicles (expressed in vehicle kilometers [veh km]) or product of the
number of vehicles and the travel time (expressed in vehicle-hours [veh-h]).

Traffic Flow Capacity—the greatest number of units (vehicles) that can pass through a
road section (street, intersection entry) during a given unit of time. Traffic flow capacity is
expressed in terms of actual vehicles per hour [veh/h].

Road in flat terrain—a road on which the gradient is less than or equal to 2%. Road in
rolling terrain—a road on which the gradient is between 2% and 6%.

Road in mountainous terrain—a road on which the gradient is bigger than 6%.

JASPERS, Joint Assistance to Support Projects in European Regions is an initiative
operating within the structures of the European Investment Bank and aimed at improving
the preparation of projects, including transport projects, by applying for EU funding.

Port hinterland presents the inland area surrounding a port from which the goods are
either distributed or at which they are collected for shipping to other ports.

Captive hinterlands consist of all regions where one port has a substantial competitive
advantage because of lower generalized transport costs to these regions. Consequently,
this port handles most of all cargoes to/from these regions.

Contestable hinterlands consist of all regions where there is no single port with a
clear cost advantage over competing ports. Therefore, various ports will have a share of
the market.
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Appendix A

Table A1. Vehicle travel speed (km/h) on urban dual carriageways depending on vehicle traffic flow
N1 (vehicles/hour).

Dual i Width of Wi
N1 No of Vehicles/Hour Urban Dual Carriageway and Width of Way

2 x 10.50 m 2 X 7.50 m 2 x 7.00 m

1000 62.4 65.1 % 61.8
1100 62.2 63.3 * 60.1
1200 62.0 62.2* 59.1
1300 62.0 61.5 58.4
1400 62.0 61.1 58.1
1500 62.0 60.9 57.9
1600 61.9 60.8 57.7
1700 61.8 60.6 57.5
1800 61.6 60.3 57.3
1900 61.3 60.0 57.0
2000 60.9 59.5 56.5
2100 60.5 58.9 56.0
2200 60.0 58.3 55.3
2300 59.4 57.5 54.6
2400 58.7 56.6 53.7
2500 58.0 55.6 52.8
2600 57.2 54.4 51.7
2700 56.4 53.1 50.5
2800 55.5 51.6 49.0
2900 54.6 49.7 47.2
3000 53.6 47.3 45.0
3100 52.5 444 422
3200 51.3 40.6 38.6
3300 49.9 35.8 34.0
3400 48.3 29.6 28.1
3500 46.5 21.6 20.6
3600 444 11.6 11.0
3700 41.8 10.0 10.0
3800 38.7

3900 35.0

4000 30.6

4100 25.2

4200 18.7

4300 10.9

4400 10.0

4500

Source: Instruction for assessing the economic efficiency of roads and bridges (2008, 84-86). * Unknown measure-
ment errors.

Table A2. Vehicle travel speed (km/h) on urban single carriageways depending on vehicle traffic
flow N1 (vehicles/hour).

Urban Single Carriageways

N1Number of Vehicles/hr. — ~7 500 700740m  650690m  6.00-640m  5.50-5.90 m
20 454 131 365 31.2 26.3
40 452 43.0 359 30.6 26.1
60 451 238 356 302 26.1
80 450 07 354 29.9 26.0
100 1449 07 353 2938 26.0
120 449 26 352 29.8 25.9
140 148 26 352 2938 2538
160 448 26 352 29.8 25.6

180 44.8 425 35.2 29.7 254
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Table A2. Cont.
. Urban Single Carriageways
N1 Number of Vehiclesthr. ;50 700740m 6.50690m o 600-640m  5.50-5.90m
200 447 05 35.1 29.7 25.0
220 44.7 425 35.0 29.6 246
240 447 04 349 295 24.0
260 446 024 34.7 293 232
280 445 03 344 29.1 2.1
300 45 03 34.1 288 20.6
320 44.4 022 33.7 285 185
340 443 01 333 282 157
360 442 420 329 27.9 11.8
380 44.0 418 324 275 10.0
400 439 417 31.9 27.0
420 437 415 315 26.6
440 435 414 30.9 26.0
460 433 412 304 254
480 431 409 29.9 24.6
500 08 407 293 236
520 25 404 28.6 24
540 02 401 27.9 21.0
560 418 39.7 27.1 19.1
580 414 39.3 26.1 16.8
600 409 388 24.9 139
620 403 383 235 100
640 39.7 37.7 217
660 39.0 37.0 195
680 382 36.3 168
700 372 35.4 136
720 36.2 344 10.0
740 35.0 333
760 33.6 32,0
780 32.1 305
800 304 288
820 28.4 27.0
840 26.2 249
860 237 25
880 208 19.8
900 17.7 16.8
920 14.1 13.4
940 10.0 10.0

Source: Instruction for assessing the economic efficiency of roads and bridges (2008, 84-86).

Table A3. GDP growth forecast for 2019-2043 (selected years only) expressed in GDP growth
indicators (calculated year-on-year, previous year = 100) and in million PLN in constant annual

average prices.

Year Change in Polish GDP Polish GDP Forecast (In Annual Average
(In Annual Average Constant Prices) Constant Prices in PLN Millions)
2019 104.0 2,273,556.0
2020 103.7 2,357,677.6
2025 103.0 2,754,472.2
2030 102.7 3,165,373.7
2035 102.2 3,563,877.0
2040 102.0 3,946,388.7
2043 101.9 4,179,731.6

Source: Polish Ministry of Development and Finance; macroeconomic forecasts of May 2019.
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Table A4. Unit truck operating costs (EUR/veh km), prices 2019.

Flat Terrain (Pavement after

Speed (veh/km) Rehabilitation/Construction) Flat Terrain (Deteriorated Pavement)

0-10 0.530 0.630
11-20 0.506 0.588
21-30 0,487 0.556
3140 0.474 0.532
41-50 0.467 0.517
51-60 0.465 0.511
61-70 0.468 0.514
71-80 0.477 0.526
81-90 0.492 0.547
91-100 0.512 0.576
101-110 0.538 0.614
111-120 0.538 0.614
121-130 0.538 0.614
131-140 0.538 0.614

Source: Tables of unit costs to use in cost-benefit analyses, July 2019, CUPT, www.cupt.gov.pl (accessed on

13 June 2021).

Table A5. Unit costs of truck air pollution (EUR/veh km), prices 2019.

Flat Terrain (Pavement after

Speed (veh/km) Rehabilitation/Construction) Flat Terrain (Deteriorated Pavement)
0-10 0.495 0.695
11-20 0.447 0.612
21-30 0.409 0.547
31-40 0.382 0.499
41-50 0.366 0.469
51-60 0.362 0.456
61-70 0.368 0.461

Source: Own study based on Blue Book. Road Infrastructure, Jaspers, July 2015, and materials from Research
Institute of Roads and Bridges (IBDiM).

Table A6. Climate change unit emission factors tCO;/vehicle km, flat terrain: road surface after

reconstruction/construction and degraded road surface.

Vehicle Travel Speed (km/h)

Climate Change Unit

. Climate Change Unit
Emission Factors— Emission Factors—
Road Sustace afier tCO;Vehicle km-—

Degraded Road Surface

Reconstruction/Construction

Heavy Goods Vehicles (HGV)

0-10
11-20
21-30
31-40
41-50
51-60
61-70
71-80
81-90
91-100
101-110
111-120

0.000,999
0.000,900
0.000,825
0.000,772
0.000,741
0.000,732
0.000,746
0.000,783
0.000,842
0.000,923
0.001,027
0.001,154

0.001,399
0.001,232
0.001,101
0.001,006
0.000,946
0.000,921
0.000,933
0.000,980
0.001,063
0.001,181
0.001,335

Source: Blue Book. Road Infrastructure, Jaspers, July 2015 and based on materials from the Institute of Roads and

Bridges (IBDiM).
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Table A7. Unit value of tCO, emission (EUR/tCO;).

Years Value of tCO, (EUR/tCO,)
2019 40.63
2020 41.82
2021 43.02
2022 44.21
2023 45.41
2024 46.60
2025 47.80
2026 48.99
2027 50.19
2028 51.38
2029 52.58
2030 53.77
2031 54.97
2032 56.16
2033 57.36
2034 58.55
2035 59,75
2036 60.94
2037 62.13
2038 63.33
2039 64.52
2040 65.72
2041 66.91
2042 68.11
2043 69.30
Source: Tables of unit costs to use in cost-benefit analyses, July 2019, CUPT, www.cupt.gov.pl (accessed on
13 June 2021).
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