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80-233 Gdańsk, Poland
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Abstract: Based on new policies of the European Union, green technologies are to be mostly consid-
ered for power generation. Hydropower generation is one of the essential elements of sustainable
energy production. Therefore, specific attention, both economically and technically, needs to be
given to this sector of energy production. The Vistula River in Poland is considered an international
waterway. The power production potential of the river has been taken into account over the years.
However, further configurations are needed to obtain a more in-depth ecological knowledge-base
and economic plans, which are socially approved. In an attempt to make the project environmentally
friendly, specific attention was put into sustainable transport. Different methods of transport were
researched to find the most renewable transport combination, mainly based on waterways. Having
performed a cost–benefit analysis related to the economic aspects of the project, it was found that
such an investment is highly profitable (B/C = 2.81).
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1. Introduction

Based on new European Union policies, there are set regulations, for the member
states, in regard to substituting energy originating from fossil fuels with energy from more
sustainable origins. Resources should be renewable, safe, and non-harmful towards the
environment, as well as affordable and resilient to climatic changes [1]. Electric power is the
key energy sector is since it boosts the other sectors. A number of countries have already
begun progress, e.g., shutting down thermal and nuclear power plants and generating
perpetual sources of energy [2]. Wind energy and energy produced by photovoltaics are
examples of these kinds of energy sources, yet they are not reliable, nor synchronized
with energy demands. Hydropower energy production goes beyond these types of power
generation due to flexibility in creating and storing energy. Public demand for this type of
energy production is rising, not only in Europe, but also in other continents. Regarding the
aforementioned advantages of this energy source, it seems to be a potential key source of
power production [3]. Only 19% of the hydropower technical potential of Polish rivers is
currently used. The value of this technical potential is estimated to be 12,000 GWh [4], and a
normalized value reported by Eurostat was 2310 GWh in 2020 [5], which means Poland still
has a long journey in order to achieve higher efficiency in exploiting this renewable source
of energy. According to the EU directive, the normalized renewable electricity contribution,
generated by all hydropower plants in a specific year, is calculated as the installed capacity
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of the latest year for hydropower plants, multiplied by the sum of electricity generated
divided by the installed capacity for the last 15 years for hydro energy. The generated
electricity and net capacity exclude the portions related to the pumped storage plant units
using water that has previously been pumped uphill [6].

The State Water Holding Polish Waters currently has 19 hydropower plants with a
total capacity of 30.99 MW. In 2020, 60,132 MWh of energy were produced, and in the
period from January to August 2021, it was 60,291 MWh. According to the strategy of State
Water Holding, 13 hydropower plants are to be modernized.

This paper investigates the Vistula River for its connection with the Martwa Wisła
to Dęblin, i.e., the section taken into account after the river’s adaptation to the E-40 In-
ternational Waterway [7]. Both national and international classes of waterways are to be
defined based on the European Agreement on the Main Inland Waterways of International
Importance (AGN) and UNECE resolution 30 [8,9], and determined by the horizontal
dimensions of vessels or pushed units [10]. The Vistula River from Warsaw to Dęblin,
120.0 km long in its entirety, has been classified as class I. The 161.8-km long section from
the Włocławek Dam to Warsaw is classified as class Va (about 40 km) within the impact
range of the Włocławek Dam (Włocławek–Płock), and class I (about 120 km) upstream
of Płock. The 264.2-km long section downstream of the Włocławek Dam currently has
variable parameters of the bed and fairway features, allowing the Vistula to be classified
into three different classes of waterway: III, II, and I.

The hydropower potential of the Lower Vistula is about 50% of the hydropower
potential of rivers throughout Poland [11]. Hydroelectric power plants located on dams,
due to their pro-ecological nature (renewable energy sources—RES), will be important
elements of the new national energy system in the future. The low variability of flow in the
analyzed area is beneficial for the development of inland water transport. The Vistula has
an average annual maximum of water levels in March and a minimum in September [12].
This is due to the winter retention of water in the form of snow and ice, and its runoff in
early spring. In wet years, the average annual flow for the water gauge in Toruń is about
1300–1450 m3/s, while in dry periods, the average annual flow decreases to 570–640 m3/s.

The first concept of regulating the Vistula was prepared by the Polish hydro-technician
Tadeusz Tillinger in 1919, who developed a project for navigating the Vistula while working
as the head of the Department of Artificial Waterways at the Ministry of Public Works of
the Republic of Poland [13]. Due to numerous problems faced by Poland in the interwar
period, the concept could not be implemented. The idea of building barrages along the
Vistula was also analyzed during World War II as part of the work of the team of Professor
Antoni Hansen from the Gdańsk University of Technology [14]. This concept, due to the
fall of Nazi Germany, was not implemented to any extent.

After World War II, Tillinger presented a project for the comprehensive development
of the Vistula River, in which he proposed the development of the river with 42 barrages
with a total capacity of 1.18 GW, which would produce 5.2 TWh of electric energy in an
average hydrological year [15]. The concept of this cascade solution was based on the
following assumptions: (1) the minimalization of inundation; (2) the highest possible heads
for hydropower; and (3) the adaptation of the project to the terrain and infrastructure as far
as possible. The location of the axes of the dams and the pool levels resulted from utilizing
the barrage structure for road and rail crossings, as well as ensuring, over the entire length
of the cascade, navigable depths of no less than 2 m. In addition, the project envisaged the
minimal impact of the proposed facilities and water devices on cities or settlements, and
the gravitational drainage of river valleys [16].

In the following years, the project was subject to further modifications related mainly
to the change of location of individual dams and variations in the pool levels [17]. These
studies were the basis for the Water Management Committee of the Polish Academy of
Sciences in 1956 to create the assumptions of a perspective water management plan for the
country [18]. In 1970, the Włocławek Dam on the Lower Vistula was put into operation,
which was to constitute the first element of the Lower Vistula cascade [19]. There were
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plans to build further steps, i.e., directly above the Wyszogród barrage and below the
Ciechocinek barrage. In the case of the Ciechocinek barrage, the works were advanced
to such an extent that the land was purchased and the construction site was prepared.
These plans were interrupted as a result of the economic crisis in the 1980s and growing
environmental awareness in society aimed at preserving rivers in a close-to-natural state.
In the following years, the issue of hydro energy development on the Vistula River was
also not in line with the declaration of Natura 2000 protected areas covering practically the
entire Vistula valley.

After the construction of the Włocławek Dam was finalized, work on the cascade
was suspended, but the possibility of building new dams on the Vistula was still being
analyzed. The reason for the resumption of works was that grounds were created for
making a decision on the future development of the Vistula, and at the same time, seeking
a solution to growing problems related to the maintenance of the Włocławek Dam. The
project of developing the Lower Vistula with barrages was commissioned by the District
Water Management Authority in Warsaw. A study was prepared by the "Hydroprojekt"
company in Warsaw in 1999.

All previous concepts focused mainly on the analysis of the construction of dams in
the context of using the energy potential of the Vistula River, as well as on its transport
functions. However, due to significant bed erosion of the river below the Włocławek Dam,
other solutions were considered. In order to avoid a catastrophe related to the potential
rupture of the dam in Włocławek, in 2005, the Hydroprojekt company presented a program
and spatial concept for a planned investment in the area of Nieszawa–Ciechocinek [20].
This dam was treated as the second element of the cascade.

In 2009, the main electricity producer in the northern part of Poland (ENERGA)
submitted a declaration to the Ministry of the Treasury and the Ministry of the Environment
to build another water barrage on the Vistula River, which initiated further research [21].
In 2014, a research team from Gdańsk University of Technology made a hydrodynamic
model of the Lower Vistula cascade. The model included 10 barrages from Warsaw to the
mouth of the Vistula [11]. At the present stage, the development of the Lower Vistula is
planned for implementation according to the concept presented by the DHV Hydroprojekt
consortium together with the Institute of Meteorology and Water Management [22].

The hydropower production capacity of the existing dam in Włocławek is 160 MW,
and the annual energy production is to reach 700 GWh per year. It can be assumed that
with eight dams planned on the Lower Vistula section, the energy production potential will
be approximately 3000 GWh per year. The estimated energy potential of the five planned
dams corresponding to the section of the Middle Vistula will be 650 GWh per year (Table 1).

The main goal of this paper is to investigate the possible solutions considered for the
middle and lower sections of the Vistula River. Different alternatives will be considered,
and the effects of technical, environmental, and economic factors are discussed in order to
identify the most effective approach. The discussion is based on meritorious input to the
feasibility analysis performed by “State Water Holding Polish Waters” [23].

2. Site and Method Description
2.1. Prerequisites and Proposed Development

Earlier studies and analyses indicate three possible methods of navigating the Vistula
River [16]. The first assumes mixed regulatory development, using alternately longitudinal
dams on the concave edges and spur dikes on the remaining sections. The second nav-
igating method for the river is a modification of the Vistula River by using the method
of ecological river stabilization (ERS). This method consists of the regulation of the river
with a system of low head dams (up to 4.0 m) and maintaining the water in the river at the
medium and high-medium levels [24]. The third method involves river regulation achieved
by building a series of run-of-river hydropower plants to maintain water levels.

If the river channel engineering works considered for river regulation are limited to
training structures, built in order for the stabilization and protection of banks, technical in-
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terference in the river is the lowest, and the Vistula maintains its continuity as an ecological
corridor for fish. However, river channelization will still lead to the loss of river channel
margin interactions and the reduction of habitat diversity [25]. Additionally, based on the
analyses, not only will it not be possible to obtain the parameters of an international class
waterway, but an inefficient class II waterway will not fulfill expectations.

The solution with the use of low head dams (ERS) has many advantages, including
limiting changes to ecosystems. There is the possibility of preserving naturally valuable
riverside areas, such as riparian forests and ecological corridors, as well as organic areas
of the lagoon in the inter-embankment zones, i.e., areas subjected to yearly floodwater
overflows. Additionally, thanks to the use of inflatable weirs, the ERS method provides
good conditions for the continuity of sediment transport and, thus, for the organic silting
of reservoirs. In addition to many advantages, this solution also has many disadvantages,
which are mainly related to economic (a greater number of dams, and no bridges), adminis-
trative (more procedures), environmental (more construction sites), and technical (difficult
ice-breaking and sluicing) aspects.

A system of reservoirs will be built in such a way that the backwater at the lower
reservoir reaches the tailwater of the upstream dam. The dams have been designed as
multi-purpose facilities, consisting of navigable locks, hydroelectric power plants, bypass
channels, fish ladders, and bridge crossings, which are supported by the power plants,
and spillway pillars. The merits of the placement of the structures related to the dam,
including environmental, technical, transport, as well as economic and social features could
be discussed in view of many aspects [26–28]. The reservoir section of the river provides an
impound and facilitates the transport system of the river. Furthermore, the establishment
of fish ladders as bypass channels mitigates problems concerning the diversity of aquatic
species [29]. However, regarding the drawbacks of positioning a dam on the river channel,
these are mainly related to the environmental aspects, by way of a blockage in the river
path affecting fish breeding [30,31]. Moreover, this causes confusion in the migratory bird
journey [32]. Places for foraging, resting, nesting, and breeding are vital for birds. The
impoundment established by the construction of the dam may affect these crucial areas re-
lated to the life cycle of birds [33–35]. Additionally, variations in the hydrodynamic aspects,
i.e., the velocity resulting from water level increases, will affect the thermal conditions and,
as a consequence, the quality of the water [36].

To remedy the occurring environmental problems, ecological compensation seems
advantageous, i.e., positioning mitigating structures, allocating specific funds, setting
regulations, and societal education [37]. Ensuring an environmental flow runs in the
channel for the duration of drought periods is one worthy ecological remedy. Adapting the
regulations in dam design for the storage and release of the occasionally high flow is a key
element in managing the environmental flow [38,39].

One of the eco-engineering aspects in the rehabilitation of structures is the design
of environmentally friendly structures with locally synchronized materials, i.e., logged
or boulder structures [40,41]. Fish passages are structures directly related to dams and
classified in different groups, for instance, ladder and bypass channels. Artificial islands are
important from the ecological aspect to provide suitable habitats for nesting birds [42–44].
All of the above-mentioned measures are of importance for the enhancement of environ-
mental conditions in the Vistula River, and they will be widely implemented in the process
of ecological remedy.

As a result of the broadly understood analyses carried out as part of Phase I of the
Feasibility Study for the Comprehensive International Inland Waterway Management [23],
some of the solutions identified in the "long list" were eliminated and, thus, the number of
alternative options for the modernization of the waterway was limited in each section [45].
The solutions that met the conditions for obtaining a minimum class IV of navigability and
seemed realistic from the point of view of other conditions were developed in the form
of the so-called “short list of alternatives”. All of the choices were developed in such a
way to additionally guarantee the possibility of continuous and effective navigation on
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the Lower and Middle Vistula River. The development also ensured the connection of
the Vistula River with the Elbląg sea port and the Vistula Lagoon and, furthermore, as
a result, conditions for routing with Gdańsk Sea Port. Based on EU development plans
for inland waterways in Poland, to mitigate the impact of transport on the environment,
environmentally friendly modes of transport, and more sustainable combination modes
of transport, need to be applied. Thus, the share of Gdańsk and Elbląg sea ports, in terms
of inland waterway transport (more sustainable combination provision), was enhanced,
enabling a connection to the East (the so-called “bottleneck” in the European water transport
network will be eliminated).

A multi-criteria analysis based on the main and indirect factors was identified for the
“short list of alternatives”. The three best alternative options for the modernization of the
Vistula River Waterway (VRW) were selected. For the analysis, the technical, environmental,
transport, economic, social, and functional criteria were taken into account. This allowed
the creation of a ranking list.

All three alternatives that were at the top of the ranking list provided for the con-
struction of a cascade of 14 dams (13 new dams and the existing Włocławek Dam) on the
Vistula River from the city of Dęblin to the Martwa Wisła river route system, within the
E-40 waterway. Alternative number 1 assumes a system of dams on the E-40 waterway of
the Vistula River, similar to alternative number 2. While option number 3 differs in the
location of three dams (Płock Dam, Wyszogród Dam, and Warsaw North Dam). Alternative
2 has been schematically presented in Figure 1.

The inland waterway created as a result of the investment will be almost 730 km long,
and its entire length will meet the parameters of an international waterway. As part of
the waterway, in addition to the aforementioned barrages, a series of other hydrotechnical
facilities will be built, including a 154-km long navigation canal, six locks, and retention
reservoirs allocating water to the canal. In addition, a number of engineering structures
will be constructed, such as 32 new road bridges and 2 railroad bridges [46]. The new
investment will drastically change the current situation on Polish waterways. The inland
waterway transport load is about 7 million tons per year, which is only 0.4% of the transport
market share. One-fourth of this number comprises transport between ports located outside
the territory of Poland [47].

Within the multi-criteria analysis, every main criterion is classified and attributed with
a number of sub-criteria, i.e., the economic criterion consists of investment and maintenance
costs (Figure 2). The criteria are weighted, based upon their effect on the decision-making
process, with the aim of selecting different alternatives (the summation of the weights is
considered to be one for each main criterion and sub-criterion. In Figure 2, an overview of
the different criteria and sub-criteria is provided in a flowchart description.
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(Włocławek) and proposed dams on the Vistula River [48].

The main goal of regulating the Vistula is to adjust the river parameters to the re-
quirements of international inland waterways, and to create conditions sufficient for cargo
shipping [49]. The basic criterion determining the scope of activities is the required transit
depth. In practice, regulation consists of building a system of dams. Their task would be
to control the depth of water. These objects are located along the river section at certain
distances from each other. The longitudinal profile of the water table in such an arrange-
ment takes a stepped shape. The passage of the transport of bulk goods in a flat-bottomed
barge between dams is possible thanks to locks. This method of adapting inland waters
to navigation assumes that the depths and cross-sections of the navigable route will be
independent from the flows and the slope and shape of the river bottom.

The cascading of the Vistula should be considered as a necessary condition for the acti-
vation of river transport. Due to the terrain and the hydrographic characteristics of the river,
it is not possible to obtain the appropriate navigational parameters for effective (technically
and economically) navigation on the entire section under consideration of the Vistula River
by any other means (e.g., through regulation) than through hydrotechnical development.

Apart from navigating the Vistula River, which is the main goal of this task, cascading
will fulfill several other important functions from the point of view of water management.
The most important problem at the moment in the Lower Vistula valley is safety related
to the bottom erosion downstream of the Włocławek Dam. The solution to this problem
will undoubtedly be the construction of another dam downstream of the existing one,
which will provide the adequate hydraulic support. River regulation with a series of
run-of-river impoundments will also improve the level of flood protection in the Vistula



Energies 2022, 15, 1711 7 of 14

valley. This will take place mainly through the modernization of the embankment system
of the Vistula River, closely related to the implementation of water dams and ensuring
appropriate water depths for the operation of icebreakers and, thus, reducing the risk of
jamming. The mere reduction (flattening) of the flood wave through reservoir retention
(although it is not possible to be eradicated), will have less impact on reducing the risk of
flooding. The dams will also be used for the production of renewable energy, and where
the terrain conditions allow, they will also act as road crossings, supplementing the local
communication infrastructure system (Figure 3).
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The building of barrages is also an improvement in water management and limits the
effects of drought in the adjacent areas, which is in line with drought counteraction plans.
As a result of damming, the water level in the river increases, which is important in periods
of low flow. This process, in turn, raises and stabilizes the groundwater table. The dams do
not reduce the magnitude of the outflow from the river basin, but they lead to more steady
flow during rainy and dry periods. The stabilization of water levels between the sites also
makes it possible to develop adjacent areas that may be attractive locations, e.g., for ports,
marinas or shipyards.

The initial concept of cascading the Vistula River on the section from the Martwa
Wisła to Dęblin was implemented in two stages. The section from the Martwa Wisła to the
Włocławek Dam was the subject of the study “Analysis of the adaptation of the Vistula
River in the section from Włocławek to the mouth of the Gulf of Gdańsk for large and
small cascades–modeling” by DHV Hydroprojekt, Ltd. (Warsaw, Poland) and the Insti-
tute of Meteorology and Water Resources, National Research Institute, Gdynia Maritime
Branch [22]. The section from the Włocławek Dam to Dęblin was developed as part of
the “Feasibility Study for Comprehensive International Inland Waterway Management”
by the Jacobs Halcrow Group Ltd. (Włocławek, Poland) [23]. The basis for the solutions
proposed here was archival documentation at various levels of detail created in the years
1945–2014. The result of the work of both teams was a proposal to develop the section of
the Vistula River from the Martwa Wisła to Dęblin with 13 new dams, 5 of which will be
located downstream of the Włocławek Dam.

2.2. Hydropower Potential of the Vistula River Cascade

Due to the fact that the functionality of the proposed river cascade should not be
limited only to ensuring the transit depths required for navigation, the construction of a
hydroelectric power plant was planned at each of the dams. The construction of the dam
system will allow the exploitation of the hydropower potential of the Vistula River by
producing renewable energy. The construction of the run-of-river reservoir and parallel
hydropower plants were initially adopted. Dam power plants have many advantages,
but as with all technical solutions, they also have some disadvantages. The greatest
disadvantage of a power plant located on the site of a dam is the concentration of the flow
on one bank for most of the year, which may cause increased erosion and is associated
with the need to apply appropriate technical measures in the form of heavy bottom and
bank protection.

According to the above list shown in Table 1, the capacities of all planned power plants
in the Vistula cascade are in the range of 15–100 MW, which means that they are classified
as medium-sized hydropower plants. However, the installed discharge (Qinst) has been
provided based on the Feasibility Study [13], and must be considered as an estimation
only, based on the information of the average multi-year flow (Qave). In the case of more
detailed analyses, the installed flow is selected as a result of iterative optimization. The
installed flow obtained in this way is usually much higher than the average annual flow.
This type of verification calculation should be performed at further design stages, together
with the selection of the minimum and maximum energy levels. It is assumed that the low
energy level will be taken at the normal pool level since maintaining this level at low flows
is the main assumption of water management in reservoirs in relation to their navigational
function. More detailed analyses should decide on the selection of the maximum energy
level. The data for the correct selection of the installed flow, thus the actual power of
the plant and the average annual energy production, are provided by the cumulative
flow curve. The calculations should take into account the necessity to provide lock water
and adequate flow in fish passages, including the circulation channel. The method and
conditions of power plant operation should be strictly defined in the water management
manual for the facility.
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Table 1. Technical parameters of the proposed and existing dams on the Vistula River [45].

Location (Name)
Pool Head Qave Qinst Capacity Energy

Production Issued Year

(m) (m) (m3/s) (m3/s) (MW) GWh/year

Kozienice II 111.30 6.62 507.15 608.58 31.63 151.92 2060
Ostrów II 104.30 4.09 514.78 617.70 19.80 90.24 2058

Gusin 98.00 5.00 563.19 675.80 26.50 127.20 2055
Karczew 91.80 5.22 564.34 677.20 27.70 132.96 2053

Warsaw South 86.00 5.71 575.95 691.20 31.00 148.80 2050
Warsaw North II 77.00 5.61 606.00 727.20 32.00 156.00 2048

Wyszogród II 70.50 6.49 888.00 1065.60 54.24 260.16 2045
Płock II 63.00 4.81 932.00 1118.40 42.22 202.56 2049

Włocławek * 57.14 8.80 921.00 2190.00 160.20 700.00 1970
Siarzewo 46.00 7.82/4.86 939.00 1800.00 80.00 384.00 2029

Solec Kujawski 37.50 7.50 1014.00 2300.00 79.00 379.20 2040
Chełmno 29.00 8.00 1052.00 2350.00 68.00 326.40 2038

Grudziądz 22.00 4.00 1070.00 1800.00 56.50 271.20 2035
Gniew 15.00 5.70 1075.00 1700.00 76.00 364.80 2033

* Existing dam.

For energy dissipation, a basin downstream of the power plant is designed to produce
uniform flow distribution across the channel. For this purpose, it is proposed to shape the
river bed to a basin with a slope in the range from 1:5 to 1:10. Downstream of the exit of the
power plant, as with the spillway, the river bed will be armored with caged riprap (gabions)
and the river banks with riprap placed on geotextile. The purpose is to eliminate erosion of
the bed and banks, which may be affected by flow convergence. Detailed parameters of the
energy dissipation basin will be designed based on the geometry and equipment of each
individual power plant.

3. Economic Analysis of the Project

Based on the feasibility study [13], an economic analysis was developed [45], which
indicated alternative number 2 as the recommended investment (Figure 1). Alternative
number 2 was compared with the “no project implementation” (Table 2), which led to a
comparison with the case of no improvement in the Vistula River conditions. As part of the
performed cost–benefit analysis, it was shown that all of the analyzed investment alterna-
tives are economically effective, which leads to the conclusion that the implementation of
the project is economically profitable and, therefore, it is equally socially justified.

In the feasibility study [45], the possibility of estimating project revenues from various
sources was analyzed. Project operating income was limited to two subcategories:

• Revenues from the use of inland waterways and their sections—passenger transport
and freight transport;

• Revenues from the sale of electricity.

The limitation in the scope of calculating the project’s revenues is due to the fact that
the calculation of other revenue categories (such as, for example, rental fees and use of land
covered with water) is very difficult, as it is impossible to define the basic assumptions for
calculations at the present stage of the project. In the paper, the discussion will be limited
to revenues from the sale of electricity.

The implementation of the investment in question provides for the construction of
hydroelectric power plants. Revenues from the sale of electricity were estimated as the
outcome of the annual production of electricity, expressed in MWh, and the unit price of
1 MWh of electricity. The calculation was divided into the calculation of revenues from the
sale of electricity from hydroelectric power plants (HPPs) with installed capacity below
and above 20 MW. This is because HPPs below 20 MW may apply for financial support
in an auction system (guaranteed income from the sale of electricity), while HPPs with an
installed capacity above 20 MW cannot apply for financial support and, therefore, there is a
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need to differentiate the sale prices of electric energy. As part of the planned investments,
only the Ostrów II power plant (19.8 MW) will be able to apply for support; therefore, the
selling price of electricity was estimated based on auctions for the purchase of electricity.

The calculation for the Ostrów power plant (below 20 MW) was based on the average
price of the announced auction result of the guaranteed price for the purchase of electricity
for 2018, considering inflation. The selling price of electricity for HPPs above 20 MW is the
average selling price of electricity in the competitive market for 2019 and has been indexed
by inflation to the base year (2022). The amount of electricity produced was calculated
based on technical analyses and the capacity of individual power plants, taking into account
a correction for efficiency and actual power use. Due to the distribution of investment
projects over time, individual power plants are to be commissioned in stages, and thus
the value of revenues will increase along with the commissioning of hydropower plants
until 2059.

Table 2. Differential revenues from electricity sales for no project implementation and for alternative 2
of the project [45].

2029 2030 2040 2050 2060
(Million PLN)

No project implementation 0.13 0.14 0.18 0.23 0.28
Alternative 2 95.95 95.95 431.15 619.57 763.43

The economic net present value (NPV) is positive, which means that the economic
flows of the project, expressed in present value, over the entire period of the analysis
reached a cumulative positive value, and therefore the economic benefits are higher than
the costs related to the implementation of the project. Table 3 presents the discounted costs
and benefits resulting from the implementation of the investment in question. The largest
share in total benefits is shown by savings in transport costs for cargo owners, while in the
case of costs, these are investment outlays.

Table 3. Summary of the cost–benefit analysis [45].

Benefits Total value (PLN
billion) discounted % of total benefits

Savings in transport costs for cargo owners 24.81 22.80%
Savings in accident costs 6.79 6.24%
Cost saving for atmospheric pollution 0.56 0.51%
Savings in climate change costs 2.01 1.85%
Noise cost savings 1.41 1.29%
Savings in congestion costs 9.19 8.44%
Savings in the cost of flood losses 21.25 19.54%
Savings in forest fire costs 5.48 5.04%
Savings in drought costs in agriculture 0.10 0.10%
Revenue from the sale of electricity 7.16 6.58%
Savings in CO2 emissions in electricity production 3.43 3.15%
Benefits due to increased expenses in tourism 9.51 8.74%
Economic residual value 17.10 15.72%
Overall 108.79 100%

Costs Total value (PLN
billion) discounted % of total costs

Investment outlays 24.49 63.23%
Maintenance and operation costs 14.24 36.77%
Overall 38.73 100%

Economic net present value (NPV) 70.06
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The benefit–cost (B/C) ratio shows the ratio of economic benefits resulting from
carrying out the project to the costs incurred. If the B/C ratio for the project is greater than
one—the project benefits the community. In all investment variants, this condition is met.
The value of the indicator greater than one indicates an achievement in the effectiveness of
the project in generating socioeconomic benefits, expressed in money. This value should
be interpreted as a return on investment in social terms higher than the funds involved,
i.e., each PLN of expenditure allocated to the project generates PLN 2.81 in alternative
number 2.

The internal rate of return (IRR) is higher (4.50%) than the social discount rate (SDR)
used for the analysis. This means that the investment has the ability to generate benefits—it
will bring higher-than-expected benefits in terms of society. IRR in alternative 2 is 12.31%.

4. Summary and Conclusions

The analysis of economic effectiveness shows that the project is profitable from a
socioeconomic point of view, generating a surplus of benefits over costs in the amount
of approximately 177–181% depending on the analyzed condition. The project to be im-
plemented is of a transport nature (modernization of waterways) and, therefore, as much
as about 41.1% of the benefits generated by the project are transport benefits (savings
in accident costs, pollution of the atmosphere, climate change, noise, congestion, and
transport costs for cargo owners). As part of the project, a range of anti-flood measures
are also implemented, which generate savings in the cost of flood losses, constituting
approximately 19.60% of all benefits generated by the project. The above is due to the
fact that the implementation of embankments along the Vistula River will make it possi-
ble to eliminate direct and indirect flood losses, estimated at the level of approximately
PLN 2 billion per year. Another significant benefit is economic growth resulting from
the stimulation of collective and individual tourism in connection with the possibility of
using the water infrastructure for tourist purposes (approximately 8.7%), revenues from
the sale of electricity because of the construction of hydroelectric power plants on the
dams (approximately 6.6%), and the reduction of losses resulting from forest fires (approxi-
mately 5.1%). Additionally, savings in CO2 emissions in electricity production account for
approximately 3.2% of all benefits. The remaining categories of benefits are the economic
residual value (approximately 15.7%) and the reduction in losses caused by drought in
agriculture (approximately 0.1%). On the other hand, in the case of costs, the largest share
are investment outlays of approximately 63.2% as well as maintenance and operation costs
of approximately 36.8%.

The main objective of this project is to conduct a profitable water management plan,
taking into account the ecological and social approval conditions. Thanks to decent in-
vestment in the project, the abovementioned goals seem likely to be achieved. From a
socioeconomic point of view, the project is therefore beneficial and will have a positive
impact on various aspects of the economy and the life of citizens. Good transport growth
as a result of shifting the means of transport from land vehicles to watercraft, flood loss,
and drought reduction can be considered among the positive results. Apart from the
aforementioned achievements, an improvement in hydropower generation is evident, due
to more advanced water system management.

Following the evaluation of the project requirements, one of the most important
aspects to be considered is the economic aspect. Any lack of attention to the Vistula
River Waterway will lead to the marginalization of the inland water area and irreversible
degradation. Therefore, profound investment is needed to remedy the situation and,
subsequently, obtain an adequate transport area, and social and economic benefits. To
cover the expense of this large project, it is recommended to divide the program into
various stages, each of which can be financed through different financial outlays, funds
and instruments. This results in more efficient coordination and communication and, thus,
better economic and financial results are obtained. It must also be noted that to finalize the
execution of this planned project, a long timeframe is required. During the implementation
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of the investment, there may be a need to adapt the designed solutions to climate changes
(hydrological conditions in the investment area), and the geopolitical or political situation,
or to take into account the impact of new technologies on the transport system.
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11. Szydlowski, M.; Gąsiorowski, D.; Szymkiewicz, R.; Zima, P.; Hakiel, J. Hydropower Potential of the Lower Vistula. Acta Energetica

2015, 1, 18–25. [CrossRef]
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