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Abstract: Poland is actively exploring the application of nuclear power as a substitute for its present
reliance on fossil fuels for the generation of heat and electricity. This change reflects a calculated
attempt to reduce carbon emissions, diversify the nation’s energy sources, and enhance the sustain-
ability of its energy infrastructure. However, the implementation of nuclear technology faces many
challenges, such as radiation exposure, the production of radioactive waste, the off-site effects of
nuclear accidents, and high capital costs. Addressing such nuclear-safety-related issues is crucial for
nuclear technology’s successful deployment. An extended analysis of the “coal-to-nuclear” process in
terms of its safety has to be performed. Therefore, this review paper covers multidisciplinary studies
related to the rollout of nuclear energy in Poland. The first stage of this study was the identification
of the key areas of analysis, which included (i) formal requirements and recommendations imposed
by international and national organizations on the process of designing and operating nuclear power
systems; (ii) potential nuclear hazards for the personnel working at a nuclear reactor unit and the
local population; (iii) the applied solutions of the security systems of a reactor itself, the steam turbine
cycle, and the auxiliary infrastructure; and (iv) the management of spent nuclear fuel and radioactive
waste. This methodology, developed based on a review of the literature and international standards,
was tested for the selected country—Poland.

Keywords: small modular reactors (SMRs); coal-to-nuclear; site assessment; site selection

1. Introduction

Coal played a crucial role in the industrial revolution and continues to play such a
role in economic growth worldwide. Even though coal remains a significant contributor
to the modern economy, it is also the dominant cause of global climate warming. Coal
combustion is responsible for 44% of global CO, emissions from fuel combustion, while
coal-fired power stations emit around 73% of CO; in the power sector [1]. Even though the
economies of developing countries rely on coal, there is enormous political and financial
pressure to substitute this fuel with clean energy technologies. Therefore, many countries
have undertaken initiatives to reach net zero emissions in recent years. Moreover, the
Russian invasion of Ukraine disrupted fossil fuel supplies, which impacted the energy
market. In response to the energy crisis, several nations have revised their strategies for
energy security, emphasizing the creation of a wide array of energy sources from national
resources. All these factors contribute to the perception of nuclear power as a strategic
source of energy. The source is projected to be important to the decarbonization process and
the accomplishment of the 2050 zero net emission target while maintaining energy security.

Currently, the nuclear energy produced by 436 power reactors provides around 10% of
the world’s electricity, while 59 new nuclear reactors are under construction [2]. Neverthe-
less, among the most important issues that should be taken into consideration in the nuclear
power plant (NPP) construction process are safety, site selection, and public opinion. It is
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important to prevent environmental contamination, protect workers, and mitigate potential
hazards, ensuring the reliable and safe operation of a facility. Additionally, proper site
selection has to be performed. This process is complex since it involves the assessment of
many different environmental, economic, social, and political factors. Moreover, society
at large has to be considered because negative public perceptions of nuclear power can
become a hurdle for its realization [3].

An increasing interest in small modular reactors (SMRs) has been observed in recent
years. These technologies, involving simplification and standardization, can be easier
and more economic to deploy than conventional large units. Their use is a promising
alternative for the process of decarbonizing coal-fired power stations [4,5]. According
to the recommendation from the International Atomic Energy Agency (IAEA), the site
selection procedure for SMRs should cover all aspects included in the Environmental Impact
Assessment (EIA) for large reactors [6]. Therefore, the site preferred for NPP construction
should be selected after the evaluation of all factors related to radiation accidents and the
installation of NPPs. To reach this goal, a procedure for the multi-parametric analysis of
many aspects related to environmental and legal issues needs to be developed. Such spatial
analysis is a crucial step that should validate the construction of NPPs and their operational
safety for the selected location.

2. Energy Market from the Perspective of Reducing CO, Emissions—Polish Case

The Polish power sector heavily relies on fossil fuel combustion, with over 70%
consisting of brown and hard coals. Around 70% of such hard coal is mined in Poland. At
the current level of consumption, Poland’s coal resources are projected to be enough to
meet its needs for hundreds of years. However, coal is buried deep underground, making
its mining more complex and less economically viable [7]. Other fuels used in Poland are
mainly imported because natural gas production constitutes approximately 22% of the
national demand, while crude oil production only accounts for ~3.7% of this demand [8].
According to a report from the Polish Transmission System Operator (PSE) issued in June
2023, electric power production in Poland amounted to 11,811 GWh, while consumption
reached 12,704 GWh. The largest market share corresponds to commercial power plants
based on hard coal (44.07%) or lignite (22.90%). Wind power plants produced 7.02% of
green energy, and 15.83% was generated from other renewable resources (Figure 1) [9].

Hydropower, 2.15%

Hard coal, 44.07%

Lignite, 22.90%

Figure 1. Breakdown of electric power production in Poland in June 2023.
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The production of electric power from coal harms the environment. Poland was ranked
second amongst the International Energy Agency member countries for CO, emission
intensity for energy supply and fourth for CO, emission intensity for the economy in
2022 [10]. Therefore, the energy sector is responsible for the greatest proportion of CO,
emissions (Figure 2).
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Figure 2. Breakdown of greenhouse gas emissions in Poland in 2021.

The CO; emission intensity (kg CO,/MWh), calculated as the share of CO;, emissions
from electricity production, in Poland was found to be 750 kg of CO,/MWh in 2021. This
value was the second highest in the EU [11]. This indicates that reducing CO, emissions
in the energy sector is essential and inevitable. Fulfilling the obligations mandated by the
EU will also be important. The Paris Agreement signed by Poland in 2016 highlights the
regional steps for mitigating climate change, including continuously reducing emissions
to net zero by the middle of the 21st century [12]. Long before this treaty was adopted,
the United Nations Framework Convention on Climate Change (UNFCCC) was estab-
lished to combat climate change, which resulted in the adoption of the Kyoto Protocol.
This initiative obliged developed countries to reduce their greenhouse gas emissions [13].
Poland ratified the protocol together with the EU member states in May 2002. Besides
the environmental aspects, the decarbonization process is also driven by economic factors.
This is because the cost of carbon emissions increased dramatically from EUR 31 at the
start of 2021 to around EUR 100 in 2023 [14]. However, it should be emphasized that the
decarbonization of the electric power sector is an indispensable requirement for reducing
CO; emissions. Nevertheless, the decarbonization of industries, transport, and heating at
large can be effective.

Coal-Fired Units in Poland

The current Polish power and heat sector analyzed in this study consists of around
300 larger coal units with a combined installed capacity of 32.9 GWe [15]. Most of these
coal-fired power plants contain several units. It is worth noting that not all of them are
suitable for decarbonization. According to the Polish Economic Institute, the average time
for operating a coal-fired power plant is 47 years, while the average for the EU is 35 years.
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The time limit for new units in service no longer than 20 years is one of the relevant
criteria in this field. Older units equipped with depleted and outdated infrastructure are
difficult to modernize. By applying this condition to the data from Polish coal power
plants, only 55 units, totaling 16.9 GWe of capacity, were found to meet the requirements
for the decarbonization process. The rest of the coal-fired power stations will be shut down
gradually. More than half of the units applicable for retrofit decarbonization are units with
a capacity of 200 to 400 MWe. More than 75% of them operate with steam cycles with
peak temperatures in the range of 530 to 570 °C. Additionally, four units operate with
steam temperatures exceeding 600 °C. About two-thirds of the applicable Polish coal power
plants operate using subcritical (<22.1 MPa) steam cycles [4]. These data were taken as
the starting point for choosing a coal-fired power plant, which was further analyzed for
preliminary site selection.

3. Energy Sector Decarbonization Pathways

The integration of NPPs in the decarbonization process is a response to the impending
need to replace aging coal-fired power plants. It will also increase the stability and flexibility
of energy generation and supply. The following standards should be met by coal-fired
power stations after adopting different carbon reduction technologies:

e  The life cycle of greenhouse gas emissions should be below 50 g of CO5eq/kWh. This
represents the average emission level for electricity production systems that must be
accomplished by 2050 in compliance with the terms of the Paris Agreement.

e Annual energy production (electricity and/or heat) should be maintained at a level of
at least 50% of the reference value of a coal-fired unit. This corresponds to an aerial
energy generation capacity of ~1 MWh/m?/y [4].

Due to climatic conditions, energy production from renewable energy sources (RESs)
cannot satisfy the demand in Poland. The main obstacles preventing the more efficient
exploitation of RESs include prolonged periods of low wind and reduced sunlight during
the autumn and winter. The fluctuation in electricity from RESs can be partially offset by
enhancing the balancing of energy sources, advancements in energy storage, and the more
efficient recycling of surplus power. Another important consideration is the selection of sites
and infrastructure ideal for the decarbonization process, with the retrofit application being
accessible and representing a minimum of 5% of the original plant’s capital expenditure [4].
Several carbon reduction techniques, including the use of solar photovoltaic (PV) panels,
carbon capture systems (CCS), wind turbines, geothermal power, biomass conversion,
and NPPs, are being evaluated. NPPs, in particular, are emphasized for their small area
footprint, requiring around 3.4 square km per 1000 MW of energy. This means they produce
more power with less land occupation compared to renewable sources (31 times less than
solar facilities and 173 times less than wind farms) [16]. Moreover, nuclear energy is a clean
source of energy that is independent of climatic conditions.

Nevertheless, nuclear energy faces many challenges, such as radiation exposure, the
generation of radioactive waste, the off-site effects of nuclear accidents, and high capital
costs. In regard to this aspect, nuclear-safety-related issues regarding decarbonizing the
power sector are crucial for the effective implementation of nuclear energy. Therefore, in
this work, an extended analysis of the “coal-to-nuclear” process was performed regarding
its safety. The first stage consisted of the identification of the main important areas for
analysis, which include the following;:

e  Formal requirements and recommendations imposed by international and national
organizations on the process of designing and operating nuclear power systems;

e  Potential nuclear hazards posed to the personnel of a nuclear reactor unit and the local
population;

e The applied solutions of the security systems of a reactor, the heat cycle of a steam
turbine, and the auxiliary infrastructure;

e The management of spent nuclear fuel and radioactive waste.
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Afterward, critical criteria that may be an obstacle to the modernization of existing
coal-boiler units in different locations in Poland were identified. This approach enabled
the compilation of a list of locations where the carbon reduction process should be applied,
prioritizing the ones that are paramount for nuclear safety.

4. Legal Aspects of the “Coal-to-Nuclear” Implementation Process

Preparation for the NPP construction process, further operation, and finally decom-
missioning must meet the highest safety standards due to an NPP’s environmental impact.
International and national legal acts regulate all these safety aspects. The basic effective
legal clause is the Atomic Law Act, which constitutes laws governing all nuclear activities
in Poland [17]. The second important legal document act on the preparation and execution
of investments in nuclear power facilities and associated investments was amended in
2023 to accelerate the construction of the first Polish NPP [18]. Moreover, other applica-
ble complementary provisions include executive acts, acts of European Union law, and
international law [19-23].

The evaluation of a site’s suitability for nuclear installation is the most crucial part
of the preparatory stage. This process can significantly affect the construction time (and
related costs) and safety of an NPP over its operating lifetime, translating into the level of
public acceptance for the installation. Comprehensive analyses of different site parameters
and external factors influencing the NPP construction process and safe NPP operation
contribute to the success of a project.

The site selection process should be guided by an established set of criteria consistent
with relevant regulatory requirements. Generally, the IAEA safety standards are applied as
guidance for the proper selection of parameters, which should be analyzed in the process
of evaluating potential sites for an NPP [22,24]. There are three main aspects that should be
considered in the selection process:

1.  The characteristics of a site and its environment could affect installation and further
contribute to the spread of radioactive material in a situation wherein its release
takes place;

2. The effects of external hazards that may occur at the selected site, including both
natural risks and those induced by human activity;

3. The density and distribution of a population, together with other features of the
external zone, may affect the enactment of emergency management planning and
further lead to risks for individuals and the whole population.

There is a long list of natural hazards and site parameters that have to be carefully
studied in the site selection process. The specifics of evaluating a potential site for the
installation of an NPP are clearly outlined in Polish law (Figure 3) [19]. All the areas
included in the assessment of a potential NPP site selection cover a wide spectrum of
studies and data precisely described by Polish legal regulations.
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Figure 3. Components of the site assessment process used to select a site at which to situate an NPP
specified by Polish legal regulations.

4.1. Seismic and Tectonic Data

The great East Japan earthquake, with a magnitude of 9.0, and the corresponding
tsunami that struck a wide area of coastal Japan occurred on 11 March 2011. Several nuclear
plants located in this region were affected by this disaster. The majority of them were shut
down safely. However, the catastrophe happened at the Fukushima Daiichi NPP, where
nearby operational and safety equipment was severely damaged by the tsunami. The
earthquake also destroyed the electric power supply line for the site [25]. As a result of the
disruption in cooling water circulation, the reactor cores in three units overheated, leading
to core melt accidents and the explosions, leading to the release of radionuclides into the
atmosphere and their deposition in soil and seawater.

Standards for the design of an NPP meant to prevent the harmful influence of natural
disasters have been employed. Power plants are sometimes installed in areas affected
by earthquakes. The case of the Fukushima Daiichi nuclear power only confirmed the
importance of seismic and tectonic data in the site selection process [26].

According to Polish law, not only natural but also human-induced seismic activity
should be analyzed. The presence of fault and land stability should be taken into account.
Moreover, if an earthquake with an intensity level of VIII or higher on the European macro
seismic scale (EMS-98) has been observed in the last 10,000 years or there is a probability
that such an earthquake may happen more than once over 10,000 years, the corresponding
area should be excluded from the list of potential NPP sites. Additionally, even if an
earthquake below an EMS-98 intensity level of VIII may occur with a probability lower
than once in 10,000 years, this natural disaster may influence the safe operation of an NPP,
so the area should be excluded as well. The presence of an active fault line within 20 km of
the site is another exclusion parameter.

4.2. Geological-Engineering Data

The building housing the reactor, turbines, steam generators, and auxiliary infras-
tructure needs stable ground due to its heavy construction. The containment building’s
average ground stress is typically about 0.5 MPa, while the other plant structures experi-
ence stresses of about 0.25 MPa on average [27]. Soil-structure interactions, groundwater
conditions, liquefaction potential, bearing capacity, potential settlement and swelling, soil
piping, heave, and construction settlement are all important factors to take into account
when analyzing geological and engineering data. Additionally, data on surface faulting or
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landslides and ground stability during earthquakes and meteorological and hydrological
natural events should be provided. Moreover, a site with geological conditions that could
affect the safety of an NPP and that cannot be corrected using a geotechnical treatment
or compensated for by constructive measures is unacceptable [27]. If there is a risk of
geological phenomena such as soil piping and landslides occurring or karst within 30 km
below the site that cannot be compensated for in the installation design, the site should
also be excluded.

4.3. Data on Hydrogeological Conditions

Groundwater systems should be characterized within a radius of 30 km from a planned
NPP. The analyzed characteristics should include groundwater’s physicochemical param-
eters, groundwater migration dynamics, and changes in groundwater after an NPP has
been erected. The permeability of different soil layers and the influence of groundwater
characteristics on concrete and steel corrosion should be also analyzed.

4.4. Data on Hydrology and Meteorology

It is important to address meteorological phenomena, including strong winds, flooding,
intense precipitation, and low-temperature extremes like hoarfrost, ice floes, or frazil ice
production. The characteristics of an NPP’s cooling systems and how they affect the
balance of surface water must be addressed. The effect of drought on the surface water and
groundwater systems in relation to the effectiveness of an NPP’s cooling system should
be analyzed. The influence of metrological conditions on surface water and groundwater
systems, ground stability, and an NPP’s cooling system must also be studied [28]. Finally,
the site exclusion criterion is the risk of flooding that cannot be compensated for in the
installation design.

4.5. Data on External Natural Hazards

Areas at risk of fire or other natural hazards ought to be scrutinized to confirm the
safety of the planned installation. The effect of natural events such as clogging by leaves,
ice floes, or other materials on the flow in cooling systems should be taken into account.
The possible adverse effects of aerosols and particulate matter on nuclear installation must
be examined.

4.6. Data on Hazards Induced by Human Activity

The distance from the planned and existing military facilities, such as airports or
training zones has to be taken into account. Also, the presence of industrial plants that may
affect the NPP through mechanical, chemical, and biological means (especially if there is
a risk of a serious accident) necessitates their inclusion in the evaluation. Potential risks
related to the damage of water facilities and telecommunication facilities existing in the
planned NPP vicinity need to be evaluated. The presence of the listed above facilities in the
vicinity of NPP that can affect negatively nuclear infrastructure and cannot be compensated
in the installation design requires an exclusion criterion. In this part, it is essential to
consider terrorist threats and the available transport infrastructure.

4.7. Analysis of the Migration of Radioactive Release and the Possibility of the Implementation of
Emergency Measures

Population density and distribution, public utility facilities, industrial plants, rural
and cattle-breeding areas, woodlands, and transport infrastructure should be character-
ized. Moreover, future employment levels and land development over the entirety of the
operating and decommissioning periods should be determined. The condition of the popu-
lation, including regarding the presence of diseases related to radiation exposure, should be
monitored. One of the most important factors that may jeopardize even the best-planned
investment (because of the attitude of the local population and ecological organizations)
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is the presence of protected landscape areas near the scheduled NPP; therefore, this issue
should also be analyzed very carefully.

4.8. Distribution of the Radioactive Isotope Concentrations in Air, Soil, and Surface and
Underground Waters and Analysis of the lonizing Radiation Dose Rate

Radionuclide concentrations and migration rates and paths outside nuclear installa-
tions need to be studied [29]. The distribution of radioactive isotope concentrations in air,
soil, and surface and underground waters should be determined. Ionizing radiation dose
rates ought to be provided. All these factors must be included in the assessment of the
possibility of implementing effective intervention measures in the case of a radiological
emergency during regular operations or with respect to anticipated radiological conditions
or emergency conditions.

4.9. Diagnosis of Bedrock Geology

The presence of mineral and ore deposits should also be considered. Moreover, if ore
or minerals were excavated in the area 30 km below the planned NPP in the last 60 years,
the site should also be excluded.

5. Approaches in Site Selection: Large-Scale NPP Units vs. SMRs

The various requirements introduced by national law and international organizations
stipulate that multicriteria analysis must be employed in the process of NPP site selection.
In addition to helping to cut down on building time and expenses, this will guarantee the
safety of a site. This analysis includes decision-making procedures, such as figuring out
how important each criterion is for the location under study.

Different approaches have been applied for site selection in various countries. A
multicriteria decision-making model (MCDM), including a fuzzy analytic network process
(FANP) and the technique for order preference by similarity of ideal solution (TOPSIS), was
proposed for NPP site selection in Vietnam [30]. The disadvantage of the FANP model is
its limitation in the number of site selections due to the number of pairwise comparisons
that need to be made. Moreover, in the FANP approach, the baseline data depend on the
experience of decision makers and thus involve subjectivity. A common approach is the
application of spatial-weighted multicriteria analysis. A geographic information system
(GIS) can be applied alone or in combination with analytical hierarchical processes (AHPs)
to determine the preferred NPP site [31-36]. Recently, this approach was additionally
supported by Weighted Linear Combination (WLC), which provides more flexible and
reliable results for site selection [37,38]. A Korean example confirmed that the APH model
can also be implemented to analyze items of strategic importance, urgency, and business
feasibility for four significant fields related to nuclear energy: nuclear safety, decommission-
ing, radioactive waste management, and strengthening industrial competitiveness [39]. A
quantitative model was developed to analyze optimal locations and scales for power plants,
considering CO, reduction targets and several demand scenarios [40]. Another method,
the Fuzzy Decision-Making Trial and Evaluation Laboratory (DAMATEL), which helps
to create a structural model and visualizes relationship by providing a cause-and-effect
diagram, was studied as a tool for NPP selection in Bushehr, Iran [41]. Twenty-two factors
related to safety, the environment, economy, and local society were analyzed and scored
using GIS, MCDM, and APH methods to select suitable sites for an NPP in Egypt [42]. A
combined fuzzy MCDM model that includes Interval type-2 fuzzy AHP for the determi-
nation of the weights of criteria and an interval type-2 fuzzy TOPSIS model for ranking
the sites were applied to select the most suitable site for NPP construction in Turkey [43].
A preliminary analysis of the energy demand for different provinces in Turkey resulted
in the recommendation of the Bursa region as a potential area for developing an NPP.
Then, GIS was integrated with MCDM to evaluate nine potential locations and choose
two priority sites [44]. A multi-criteria evaluation (MCE) based on GIS was applied to
select potential NPP sites in Ghana [45]. Gray theory designed for handling situations
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in which only limited data are available was applied to choose an NPP site in the inland
part of China [46,47]. A feasibility study on NPP siting in El-Dabaa, Egypt, was carried
out with the technical assistance of the IAEA in the period of 1999-2001. This survey
also included an investigation of the possibility of water desalination on site. Natural
freshwater resources that are fit for industrial use are mainly limited to isolated and distant
locations [48]. This problem is explicitly present in the Middle East region [49]. SMRs
were also considered for use for electricity generation and water desalination in the Middle
East and North Africa [50,51]. Such an analysis must be supported by the environmental
assessment of radioactivity levels and radiation hazards in soil [52].

Even though SMRs have not yet left the concept and design phase, more and more
studies on SMR site selection are being published [53-56]. However, different approaches
have been proposed. The SMR-induced environmental input-output model (SEIOM) was
presented to simulate the environmental consequences of SMR development and provide
suggested schemes for SMR deployment in Saskatchewan, Canada [57]. Nevertheless, the
application of IAEA guidance and national provisions valid for large-scale NPPs constitute
a widely recommended pattern for site selection in the case of SMRs [58,59]. However, the
cited study was conducted to determine the potential of reducing the size of emergency-
planning zones (EPZs) for SMRs when lower risks for these units are expected [60,61].

The idea of employing nuclear power in decarbonizing power production in Poland
reflects both the need to replace aging coal-fired power plants and the necessity of increasing
the stability and flexibility of energy generation and supply. The smaller footprints and
higher safety margins of SMRs make them more likely to be installed in place of older
coal-fired boilers in conventional power plants. However, the switch from coal to nuclear
power should happen as smoothly as possible to avoid long-term power plant exclusion
from the energy supply [62]. Therefore, after a nuclear reactor replaces a coal-fired power
plant, the more existing infrastructure (cooling towers, grid lines, turbines, etc.) that
can be used, the easier and more affordable the retrofitting process. More than 80 SMR
designs are under development and being deployed at different stages [63]. The III/III+
generation SMRs, in which water is the heat carrier in the primary circuit, are based on
well-developed and well-understood technologies previously applied in large-scale units.
However, these nuclear reactors use relatively low temperatures and high pressures [64].
Using steam characterized by such parameters in a steam turbine would be challenging,
requiring different designs compared to the those of steam turbines used in supercritical
coal-fired units. A more promising idea is using IV-generation nuclear reactors, which are
cooled with gas, salt, or liquid metal to generate steam with a temperature of up to 600 °C.
This is because the turbines applied in supercritical coal-fired units can be maintained.
Moreover, the application of IV-generation nuclear reactors enables heat production apart
from electricity [65]. However, these advanced reactors employing non-conventional
cooling mediums and new materials dedicated to operation in very high temperatures
can pose challenges to regulators [66]. In any case, technologies that will be selected for
retrofitting current coal-fired units in each separate site should be selected based on an
in-depth technical and economic analysis, considering environmental and social aspects
as well.

The U.S. Department of Energy (DOE) released a report demonstrating that 157 retired
coal plant sites and 237 operating coal plant sites are potential candidates for a coal-to-
nuclear transition. The corresponding study indicated that 80% of analyzed plants are
good candidates for hosting advanced reactors operating under the gigawatt scale [67].
Analyses of the technical and economic effects of the integration of nuclear units based
on a fluoride-salt-cooled high-temperature reactor, KP-FHR, on repowering an existing
coal plant in Poland have already been presented [68]. A similar approach was applied to
analyze the same coal-fired plant repowered with a pressurized water-reactor-type small
modular nuclear system (PWR SMR) [69]. A study examining the factors affecting site
readiness for different energy technologies, including SMRs within Poland, was published
recently [70].
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6. Safety of Nuclear Reactors

Globally, there is a fundamental principle of running an NPP: the operator is respon-
sible for safety [71]. The national regulatory authority is accountable for assuring the
safe operation of plants by the licensee and the approval of their design. Another crucial
rule states that the primary objective of a regulator is to safeguard individuals and the
environment. National regulators are also responsible for the design certification of reactors.
International collaboration exists among these entities to different extents, and there are
multiple sets of mechanical rules and standards on quality and safety [71-73].

Since the 1990s, establishing new reactor designs on an international scale has prompted
the industry and regulators to pursue increased standardization in design and regulatory
harmonization. A 2010 report by the OECD-NEA [74] highlighted that the calculated
frequency of a significant release of radioactivity resulting from a severe NPP accident
decreased by a factor of 1600 from the early Generation I reactors to the current Generation
II/III+ plants under construction. On the other hand, previous designs have undergone
continuous improvements throughout their lifespan.

A required safety indication is the estimated likelihood of core degradation or core
meltdown events. The US Nuclear Regulatory Commission (NRC) mandates that reactor
designs must adhere to a core damage frequency of 1 in 10,000 years [75]. However,
contemporary designs surpass this requirement. The recent values are set at a frequency
of once per 100,000 years. The existing plants with the highest level of performance
now achieve a frequency of almost one occurrence in one million years [76]. The plants
expected to be constructed in the next ten years are projected to achieve a frequency of
nearly one occurrence probability in 10 million years. Although the calculated probability
of core damage frequency has traditionally been a key measure for evaluating reactor
safety, European safety authorities prioritize a deterministic approach emphasizing backup
hardware’s physical availability. However, they also conduct probabilistic safety analysis
(PSA) to assess core damage frequency and mandate a 1 in 1 million core damage frequency
requirement for new designs [77]. The primary safety issue has consistently been the
potential for an uncontrolled discharge of radioactive substances, resulting in contamination
and subsequent exposure to radiation outside a facility. Previously, it was hypothesized that
this outcome would be probable in the case of a significant cooling failure incident (LOCA)
leading to the melting of the reactor core [78,79]. With a deeper comprehension of the
physics and chemistry of the materials within a reactor core during extreme circumstances,
it became clear that a severe core meltdown combined with a breach of containments
would probably not result in a significant radiological catastrophe in most Western reactor
designs. Current licensing regulations mandate that in the event of a core melt catastrophe,
the consequences must be limited to the plant’s premises, eliminating the necessity of
evacuating neighboring residents [80].

Nuclear reactor accidents have consistently been seen as prime examples of danger
characterized by a low chance of occurrence but a great potential for severe consequences.
Naturally, considering this, certain individuals are reluctant to embrace this risk, regardless
of how minimal the likelihood is. Nevertheless, the intricate interplay between the physics
and chemistry of a reactor core, which is partially influenced by engineering, implies
that the potential repercussions of an accident are expected to be considerably less severe
compared to accidents arising from other industrial and energy sources [74].

Philosophy of the Defense-In-Depth Strategy

To ensure maximum safety, NPP operators in the Western world employ a “defense-
in-depth’ strategy. This involves utilizing numerous safety measures in addition to the
inherent characteristics of a reactor core [81,82]. This technique encompasses several crucial
elements, which can be summed up as prevention, monitoring, and action to mitigate the
consequences of failures; the details are provided below:

e  Superior design and construction, ensuring excellent quality;
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e  The use of equipment that effectively stops operational disturbances, human failures,
and errors from escalating into problems;
Using comprehensive monitoring and testing to detect equipment or operator failures;
Implementing redundant and diverse systems to control damage to the fuel and
prevent significant radioactive release;

e The implementation of measures to contain the consequences of significant fuel dam-
age (or any other issues) within the boundaries of the power plant.

The safety safeguards encompass a range of physical barriers that separate the radioac-
tive reactor core from the surrounding environment [82,83]. Additionally, various safety
systems are in place, each equipped with backup mechanisms and designed to account
for potential human errors. In addition to the physical components of safety, institutional
factors are just as significant. The primary obstacles in an NPP are twofold: Firstly, the
fuel is composed of compacted ceramic pellets made of uranium dioxide (UO;). Secondly,
the radioactive byproducts of fission reactions are predominantly contained within these
pellets during the combustion process. The pellets are enclosed within hermetically sealed
tubes made of zirconium alloy, thus creating fuel rods. The mentioned objects are enclosed
within a sizable steel pressure container, including walls that can reach a thickness of 30 cm.
The accompanying principal water-cooling pipes are also of significant size. The building
mentioned above is further encased within a sturdy container made of reinforced concrete,
with walls with a minimum thickness of one meter. Three key barriers surround the fuel,
which remains stable even at very high temperatures. These barriers are constantly moni-
tored. The level of radioactivity in the cooling water is measured to monitor the condition
of the fuel cladding. The high-pressure cooling system is monitored by detecting the rate at
which water leaks. However, the containment structure is periodically assessed by measur-
ing the rate at which air leaks at approximately five times the atmospheric pressure. From
a functional perspective, a nuclear reactor’s three fundamental safety functions are the
regulation of reactivity, fuel cooling, and the confinement of radioactive materials [84-86].

The primary safety characteristics of the majority of reactors are inherent, namely, the
negative temperature coefficient and negative void coefficient [87]. The former indicates
that beyond an optimal threshold, the effectiveness of a reaction diminishes as the tempera-
ture rises. This phenomenon is utilized in specific modern designs to regulate power levels.
The latter implies that the presence of steam in the cooling water leads to a reduction in
the moderating effect, resulting in a decreased ability of neutrons to induce fission [88].
Consequently, the reaction naturally decelerates.

Beyond the control rods, which are inserted to absorb neutrons and regulate the fission
process, the main engineered safety provisions are the back-up emergency core-cooling
system (ECCS) designed to remove excess heat and the containment [89]. Conventional
nuclear reactor safety systems are considered ‘active’ since they rely on electrical or me-
chanical operation when instructed. Certain engineering systems function in a passive
manner, such as pressure relief valves. Both necessitate the integration of parallel redun-
dancy systems [90,91]. The inherent or full passive safety design relies solely on physical
phenomena, such as convection, gravity, or resistance to high temperatures, rather than
the operation of manufactured components [92,93]. All reactors possess certain inherent
safety characteristics, as previously indicated. However, passive or inherent features are
employed in more contemporary designs to replace active systems for cooling and other
functions. Such a design can prevent accidents by mitigating the loss of electrical power,
which leads to the loss of cooling function [94,95]. The basis of this design presupposes a
scenario in which there is a risk of core melting and a breach of containment, either as a
result of an accident or malicious intent, such as terrorism [96,97]. The dual potential of
this situation has been thoroughly studied and provides the basis for exclusion zones and
contingency plans. In addition, NPPs use seismic sensors that trigger automatic shutdown
mechanisms in the event of an earthquake, making this a crucial factor in numerous regions
worldwide [98,99].
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The highest safety standards characterize primarily modern-generation III/III+ re-
actors and emerging modern SMR designs. Many of the benefits of SMRs are inherently
linked to the nature of their design—small and modular [63]. Due to their compact size,
SMRs can be placed in areas that are unsuitable for larger NPPs. SMRs can be produced as
pre-made modules and subsequently transported and installed at the desired place, result-
ing in lower construction costs compared to larger power reactors. The latter are sometimes
tailored to specific sites, which can cause delays in the construction process [100]. Small
modular reactors provide cost and time savings as well as the ability to be implemented
gradually to meet growing energy needs. Compared to current large-scale reactors, the
suggested designs for small modular reactors are typically less complex [101]. The safety
approach for SMRs often depends more on passive systems and the inherent safety features
of the reactor, such as its low-power and operating pressure [102]. In these circumstances,
passive systems operate without the need for human interaction or external power sources
to shut down systems. They rely on physical processes, such as natural circulation, convec-
tion, gravity, and self-pressurization. These enhanced safety margins, in certain instances,
eradicate or substantially reduce the possibility of the release of hazardous emissions of
radioactivity into the environment and the general population in the event of an acci-
dent. Moreover, SMR designs benefit from incorporating existing safeguards and security
prerequisites [103].

The engineering process for designing new SMRs includes integrating facility pro-
tection systems, which consist of barriers that can withstand potential aircraft crashes
and other specific threats. Most small modular reactors are built underground to enhance
safety and security protocols, effectively mitigating possible hazards arising from deliberate
sabotage and natural calamities [100].

Furthermore, there has been a reduction in the fuel consumption of small modular
reactors. SMR power plants require less-frequent refueling, often needing to be refueled
every 3 to 7 years, in contrast to the refueling cycles of standard plants, which must be
refueled every 1 to 2 years [104]. Certain SMRs will be engineered to function for prolonged
durations without refueling. These SMRs have the potential to be manufactured and
powered in a controlled environment, securely transported to designated locations for
electricity production or heat generation, and subsequently brought back to the factory
for the safe removal of fuel at the end of their operational lifespans. This technology has
the potential to reduce the transportation and handling of radioactive material. Light
water-based small modular reactors SMRs are anticipated to utilize low-enriched uranium
as fuel, which is comparable to the fuel used in current large-scale NPPs [105,106]. Further,
IV-generation SMRs based on non-light water reactor coolants could be more effective at
dispositioning plutonium while minimizing the amount of waste requiring disposal and
offering high operating temperatures suitable for the industry and the direct retrofitting of
conventional power plants [63,107,108].

Because of SMRs’ safety advantages, there are considerations regarding the shrinking
the size of the emergency planning zone (EPZ) surrounding an SMR plant from the current
standard of 30 km to as little as 400 m, making it easier to site the plants near population
centers and in convenient locations such as former coal plants and military bases [109,110].
On the other hand, safety and security improvements are critical to establishing the viability
of nuclear power as an energy source for the future, so the nuclear industry and regulators
should focus on developing safer reactor designs rather than weakening regulations. Ul-
timately, the national regulator is responsible for ensuring the plants are operated safely
by the licensee and that the design is approved. This means that safety considerations
play a key role. In the Polish “coal to nuclear” program, all of the technological safety
measures have been taken into account. All of the examined reactor designs fulfill the
safety and licensing standards. The main differences between the technologies are the
results of the offered parameters, such as the temperature of the coolant for electricity
production [4,62,68]. Some of the technologies are better scored because they are already in
operation, produce less nuclear waste, or have a lower demand for cooling water. The first
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stage of the concept aimed at exchanging the existing coal power plants with NPPs is site
assessment for existing Polish coal-fired plants.

7. Proposed Methodology for Assessing Nuclear Safety of “Coal-To-Nuclear” Process
in Poland

This work presents the site assessments for 24 existing Polish coal-fired plants slated
to be retrofitted with various types of nuclear reactors. This study includes the assessment
of 23 sites dedicated to being repowered with a Gen III/III+ nuclear reactor and 9 sites
expected to be retrofitted with a Gen IV nuclear reactor. Based on formal requirements and
recommendations imposed by international and national organizations on the process of
designing and operating nuclear power systems, the following aspects for site assessment
and selection were developed:

e  Potential nuclear hazards regarding the personnel of a nuclear reactor unit and the
local population;

e The applied solutions of the security systems of the reactor itself; the heat cycle of the
steam turbine and the auxiliary infrastructure;

e The management of spent nuclear fuel and radioactive waste,

The regulations described above and included in Polish legal acts were the starting
point for developing a list of the hazards excluding an area from being considered a
potential nuclear plant site (Table 1).

Table 1. List of the hazards excluding an area from being considered a potential nuclear plant site.

No Hazards Excluding an Area from being Considered a Potential Nuclear Plant Site
1 Geological conditions that could affect the safety of a nuclear power plant and that cannot be corrected through a
' geotechnical treatment or compensated for by constructive measures.
2. The presence of an active fault line within 20 km below the site.
An earthquake of an intensity level of VIII or higher according to the European macro-seismic scale (EMS-98) observed
3. in the last 10,000 years or a probability that such an earthquake may happen more than once in 10,000 years in the area
30 km below the site.
4 The possibility of an earthquake below the intensity level of VIII according to EMS-98 happening with a probability
’ lower than once in 10,000 years but which may influence the safe operation of the NPP.
5 A risk of a geological phenomenon, such as soil piping, landslides, or karst, occurring within 30 km below a site that
' cannot be compensated for in the installation design
6 A risk of flood or flooding occurrence that cannot be compensated in the installation design in the area within 5 km
’ from the site.
7. Excavation of ores or minerals within 30 km from the site in the last 60 years.
8. The implementation of effective intervention measures in the case of a radiological emergency will not be possible.
The presence of military facilities or military zones; industrial plants that may affect the NPP by mechanical, chemical,
9. and/or biological means; and water facilities that can negatively affect nuclear infrastructure if this negative impact
cannot be compensated for in the installation design.
10 The presence of a civilian airport within 10 km from the site, unless the probability of an airliner crashing into the

nuclear facility is lower than once in 10,000,000 years.

The population density 30 km from a site is one of the most important criteria. It is
even more crucial if we consider societal exposure to ionizing radiation in the case of a
radiological emergency. Additionally, it is essential to develop transport infrastructure,
which enables efficient evacuation and rescue operations in case of an emergency. If
analyzing the migration of released radioactive material outside an NPP, hydrological and
wind conditions within 30 km from the site should be taken into account. The presence of
protected landscape areas around the planned NPP has been selected as one of the most
decisive factors in the process of site selection. Such criteria are of particular importance in
the assessment of sites that can be excluded.
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Results

To assess the nuclear safety of power units planned to be modernized through the
installation of nuclear reactors, a catalogue of basic organizational and design solutions
was developed. As part of the preparation of the catalogue, the following areas, important
from the point of view of the safety of the entire modernization process (licensing, design,
commissioning, operation, and decommissioning processes) were analyzed:

1.  Formal requirements and recommendations imposed by international and national
organizations on the process of designing and operating nuclear power systems;

2. Potential nuclear hazards posed to the personnel of the nuclear reactor unit and the
local population;

3. The applied solutions of the security systems of the reactor itself, the heat cycle of the
steam turbine, and the auxiliary infrastructure;

4. Management of spent nuclear fuel and radioactive waste.

In each of these areas, a set of criteria has been identified (Table 2), which must
be considered when assessing the safety of the entire modernization process of existing
coal units.

Table 2. Lists of parameters identified for each safety area and weights of these parameters given in
brackets: (x/y), separately for Gen III/III+ (x) and Gen IV (y) nuclear reactors.

No Area of Analyses Criteria and Their Weight for Third- and Fourth-Gen Reactors
Mechanical parameters of soils (5/5);
Occurrence of natural seismic activity (5/5);
Occurrence of floods or inundations potentially threatening the safety of the
nuclear facility in the area (5/5);
Formal requirements and e  The presence of mineral deposits in the region or the existence of a mine or
recommendations imposed by mining activity in the last 60 years (5/5);

1 international and national e  The existence of a military facility or military restricted area (5/5);
organizations on the process of e  The existence of a facility that may affect the nuclear facility chemically,
designing and operating nuclear biologically, or mechanically (5/5);
power systems e  The presence of a water facility fitting the definition of the Act of July 18,

2001—Water Law (5/5);
e  The existence of a civil airport less than 10 km from a nuclear facility (5/5);
e  The existence of naturally and culturally protected areas (2/2).
e  Number of security systems (5/5);
The applied solutions of the security 4 Cooling systems’ redundancy (4/4);

9 systems of the reactor itself, the heat ¢ Access to local water sources sufficient for cooling the nuclear facility (4/2);
cycle of the steam turbine, and the e  Consequences of a severe reactor accidents (2/2);
auxiliary infrastructure. e  The degree of technology advancement (4/2).

e  Population density (5/4);
Potential nuclear threats to the e  The degree of development of communication infrastructure (3/3);

3. personnel of the nuclear reactor unit 4 Hydrogeological conditions (3/2);
and local population. e  Windiness of the region where the nuclear facility is located (3/2).

e  Availability of RW management technology (4/4);
A Management of spent nuclear fuel ) Availapility of SF management technology (4/4);
‘ and radioactive waste. *  Quantity of SF and RW (3/3);
e RW from decommissioning (3/3).

Measurable and quantifiable parameters were assigned to individual evaluation crite-
ria. A six-point grading system was adopted for each area, ranging from zero to five points,
where five points meant that very favorable features were found for a given criterion,
and zero points means that no promising characteristics were noted. Moreover, weights
(ranging from one to five) were proposed for these parameters, which were intended to
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reflect the importance of a given guideline in the context of nuclear safety. A weight of “5”
means that a given measure was considered very important for the overall assessment. A
weight of “1” means that a given parameter was considered to be of little importance for
the overall assessment. The weights of individual criteria were considered separately for
III/1II+ generation nuclear reactors and separately for IV-generation reactors.

Based on this method, 23 coal blocks were examined, taking into account the parame-
ters of areas number (No) 1 and 3, as they are site-specific and allow a rough assessment
of coal blocks considered for modernization using nuclear reactors. All of the criteria
sets for the four areas (Nos. 1 to No. 4) were then used, and only a small subset of the
coal-fired units that were chosen for this preliminary rough assessment were subjected
to more thorough examinations. The results of the evaluation of the 23 coal blocks are
presented in Figure 4.

Grade [-]
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Coal block number

Figure 4. Results of the assessment of the 23 coal blocks considering site-specific parameters (Area
No 1 and No 3).

Moreover, experts from Energoprojekt-Katowice assessed the technical aspects of the
infrastructure of the coal assets of these 23 coal blocks. They took into account the location
and ease of access to cooling water, the features and state of the power output system,
the layout and accessibility of the cooling water unit, the space needed to organize the
construction site and develop the reactor system, and the local demand for decarbonized
heat. A common ranking of coal blocks was established as a result of these two simultaneous
assessments.

Based on this ranking, four coal blocks (ST1-ST4) were selected for further analysis,
considering the use of generation III/III+ reactors. In the case of generation IV reactors, the
two coal-fired units (ST5 and ST6) were chosen for deeper examination. The locations of
the individual coal blocks are shown in Figure 5.

Detailed analyses of key requirements and recommendations regarding nuclear safety
were carried out for the units mentioned above. The assessment covered all four areas,
vital for the safety of the whole modernization process. It concentrated on commissioning,
licensing, design, operation, and decommissioning. The evaluation followed a prepared
catalogue of important design and organizational solutions regarding nuclear safety for a
modernized power unit. The results of the assessment are given in Table 3.
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Figure 5. Location of the assessed coal blocks.

Table 3. Ranking of coal blocks regarding the safety of their modernization with nuclear reactors (a)
for Gen III/II1+ nuclear reactors and (b) Gen IV nuclear reactors.

(a)

Number of points in each area: ST1 ST2 ST3 ST4

AreaNo 1 186 147 177 147

Area No 2 87 83 87 87

Area No 3 41 64 29 56

Area No 4 60 60 60 60

Total 374 354 353 350

(b)

Type of reactor HTR-PM IMSR400 KP-FHR Xe-100
Number of points in each area: ST5 STé6 ST5 STé ST5 STé6 ST5 STé
AreaNo 1 152 122 152 122 152 122 152 122
Area No 2 64 64 62 62 61 61 60 60
AreaNo 3 30 33 30 33 30 33 30 33
Area No 4 25 25 21 21 21 21 25 25
Total 271 244 265 238 264 237 267 240

The adopted evaluation criteria showed that the key safety aspects are related mainly
to the location where the planned modernization was slated to take place. Due to the high
standards and nuclear safety requirements, all the assessed technologies are comparable
(Table 3b).

It should be emphasized that in the current legal system, SMR structures are assessed
in a manner exactly like that applied to large-scale reactors (LNR). This results in a lack
of an undoubted advantage of SMRs, namely, the ability to limit exclusion zones around
reactors. Therefore, the main differences between the individual reactors assessed result
from the type of coolant (Gen IV reactors are cooled with gas or molten salts), the type of
fuel used, and the level of technological advancement in developing a specific reactor. In
the second criterion, known and operational third-generation designs and the HTR-PM
reactor have a significant advantage.
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8. Conclusions

The Polish decarbonization program needs nuclear reactors and safety site assessment,
constituting some of the first stages of coal-fired boilers’ replacement with nuclear reactors.
Site selection is a complex procedure that involves the assessment of many different
environmental, economic, and political factors. The various requirements introduced by
national law and international organizations stipulate that multicriteria analysis must be
employed in the NPP site selection process to ensure the location’s maximal safety. The
analysis carried out in this study was based on the national and international requirements
and allowed us to analyze many factors grouped into four different areas essential for the
safe construction, operation, and decommissioning of NPPs. It is important to underline
that all the SMR designs that meet licensing and safety requirements were evaluated as
potential technologies that can be used to retrofit coal-fired boilers. Starting from the
comprehensive analysis of a large number of sites located in all parts of Poland where coal-
fired power plants currently operate and that fulfill the criteria for being retrofitted with
nuclear reactors, six of the most promising sites were selected for further, more detailed
analysis. Taking into account different criteria that were assessed for Gen III/III+ and Gen
IV reactors, four preferential locations for retrofitting with Gen III/III+ nuclear reactors
were evaluated, and the two most promising locations for replacing coal-boilers with IV
Gen reactors were determined.

This complex analysis resulted in a ranking list, which gives directions regarding
the sites for which the implementation of the “coal-to-nuclear” approach would be the
most economical and problem-free. No industry is immune from accidents, including
nuclear power. The enormous energy density of nuclear power makes the potential dan-
ger evident, and this has always been taken into account when designing nuclear power
facilities. Nevertheless, the safety of nuclear power relies on meticulous planning, con-
servative design with ample margins and backup systems, top-notch components, and a
well-established safety culture in operation. The longevity of reactors is contingent upon
preserving their safety margin, rendering the utilization of nuclear energy for electricity
generation exceedingly secure.

Author Contributions: Conceptualization, DK.C-S.,AM., TS, G.Z-K.and A.G.C.; methodology,
DK.C-S,AM, TS, G.Z-K.and A.G.C; writing—original draft preparation, DXK.C-S., AM. and
T.S..; writing—review and editing, G.Z.-K. and A.G.C.; supervision, G.Z.-K. and A.G.C. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Center for Research and Development under
the program “Social and economic development of Poland in conditions of globalizing markets”
GOSPOSTRATEG (Contract No.: Gospostrateg VI/0032/2021-00 dated 15 March 2022) “Plan of decar-
bonization of the domestic power industry through modernization with the use of nuclear reactors”.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

1. IEA. Greenhouse Gas Emissions from Enerqy Data Explorer; IEA: Paris, France, 2023.
2. World Nuclear Association. Nuclear Power in the World Today; World Nuclear Association: London, UK, May 2023.
3.  Devanand, A.; Kraft, M.; Karimi, I.A. Optimal site selection for modular nuclear power plants. Comput. Chem. Eng. 2019, 125,

339-350. [CrossRef]

4. Quist, S,; Gladysz, P; Bartela, L.; Sowizdzat, A. Retrofit Decarbonization of Coal Power Plants—A Case Study for Poland. Energies

2021, 14, 120. [CrossRef]

5. Al-tabatabaie, K.F.; Hossain, M.B.; Islam, M.K.; Awual, M.R,; Towfiqullslam, A.R.M.; Hossain, M.A.; Esraz-Ul-Zannat, M.; Islam,
A. Taking strides towards decarbonization: The viewpoint of Bangladesh. Energy Strategy Rev. 2022, 44, 100948. [CrossRef]

6.  International Atomic Energy Agency. Considerations for Environmental Impact Assessment for Small Modular Reactors; International
Atomic Energy Agency: Vienna, Austria, 2020.


https://doi.org/10.1016/j.compchemeng.2019.03.024
https://doi.org/10.3390/en14010120
https://doi.org/10.1016/j.esr.2022.100948

Energies 2024, 17, 1128 18 of 21

10.
11.
12.
13.
14.
15.

16.
17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

Pospolita, W.; Cholewiriski, M. Selected Issues of Coal-fired Power Generation in Terms of Maintaining Its High Share in the
Future Structure of Electricity Generation in Poland. Energy Policy Stud. 2018, 2, 62-80.

Wojcik, K.; Zacharski, J.; Lojek, M.; Wroblewska, S.; Kiersnowski, H.; Waskiewicz, K.; Wojcicki, A.; Laskowicz, R.; Sobien, K,;
Peryt, T.; et al. New Opportunities for Oil and Gas Exploration in Poland—A Review. Energies 2022, 15, 1739. [CrossRef]

Polish Power System Operation—Basic Data. Operator; P. T. S.; PSE (Eds.) June 2023. Available online: https://www.pse.pl/
web /pse-eng/data/polish-power-system-operation/basic-data (accessed on 10 November 2023).

International Energy Agency. Poland 2022; International Energy Agency: Paris, France, 2022.

Forum Energii. Energy Transition in Poland, 2023rd ed.; Forum Energii: Warsaw, Poland, 2022.

United Nations (Ed.) Paris Agreement; United Nations: Paris, France, 12 December 2015.

United Nations (Ed.) Kyoto Protocol to the United Nations Framework Convention on Climate Change; United Nations: Paris,
France, 1998.

Trading Economics. EU Carbon Permits. Available online: https:/ /tradingeconomics.com/commodity/carbon (accessed on 10
November 2023).

Akcyjna, A.R.E.S. Informacja Statystyczna o Energii Elektrycznej. June 2023; 254. Available online: https://www.are.
waw.pl/badania-statystyczne/wynikowe-informacje-statystyczne/publikacje-miesieczne#informacja-statystyczna-o-energii-
elektrycznej (accessed on 10 November 2023).

Stevens, L. The Footprint of Energy: Land Use of U.S. Electricity Production; Strata Policy: Logan, UT, USA, June 2017.

The Atomic Law Act Official Journal of Laws of the Republic of Poland. 29 November 2000; Vol. Dz. U. z 2012, r. poz. 2641908 oraz
z 2014 r. poz. 587. Available online: https:/ /isap.sejm.gov.pl/isap.nsf/download.xsp/WDU20010030018 /U /D20010018Lj.pdf
(accessed on 10 November 2023).

Act Amending the Act on the Preparation and Implementation of Investments in Nuclear Power Facilities and Associated
Investments. Official Journal of Laws of the Republic of Poland: 9 March 2023 Vol. Dz. U. z 2023 r. poz. 595. Available online:
https:/ /isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20230000595 (accessed on 10 November 2023).

Rozporzadzenie Rady Ministrow z dnia 10 sierpnia 2012 r. w sprawie szczegétowego zakresu przeprowadzania oceny terenu
przeznaczonego pod lokalizacje obiektu jadrowego, przypadkéw wykluczajacych mozliwos¢ uznania terenu za spetniajacy
wymogi lokalizacji obiektu jadrowego oraz w sprawie wymagan dotyczacych raportu lokalizacyjnego dla obiektu jadrowego.
Dziennik Ustaw Rzeczypospolitej Polskiej: 10 August 2012. Available online: https:/ /isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?
id=WDU20120001025 (accessed on 10 November 2023).

Rozporzadzenie Rady Ministréw z dnia 31 sierpnia 2012 r. w Sprawie Wymagan Bezpieczenistwa Jadrowego i Ochrony
Radiologicznej, Jakie Ma Uwzglednia¢ Projekt Obiektu Jadrowego. Dziennik Ustaw Rzeczypospolitej Polskiej: 31 August 2012.
Available online: https:/ /isap.sejm.gov.pl/isap.Nsf/DocDetails.xsp?id=WDU20120001048 (accessed on 10 November 2023).
Rozporzadzenie Rady Ministréw z dnia 31 sierpnia 2012 r. w Sprawie Zakresu i Sposobu Przeprowadzania Analiz Bezpieczenistwa
Przeprowadzanych Przed Wystapieniem z Wnioskiem o Wydanie Zezwolenia na Budowe Obiektu Jadrowego, Oraz Zakresu
Wstepnego Raportu Bezpieczeristwa Dla Obiektu Jadrowego. Dziennik Ustaw Rzeczypospolitej Polskiej: 31 August 2012.
Available online: https:/ /isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=wdu20120001043 (accessed on 10 November 2023).
International Atomic Energy Agency. Site Survey and Site Selection for Nuclear Installations; International Atomic Energy Agency:
Vienna, Austria, 2015.

International Atomic Energy Agency. Site Evaluation for Nuclear Installations; International Atomic Energy Agency: Vienna,
Austria, 2019.

Basu, P.C. Site evaluation for nuclear power plants—The practices. Nucl. Eng. Des. 2019, 352, 110140. [CrossRef]

Wu, Q.; Wu, J.; Gao, M. Correlation analysis of earthquake impacts on a nuclear power plant cluster in Fujian province, China.
Environ. Res. 2020, 187, 109689. [CrossRef] [PubMed]

International Atomic Energy Agency. Seismic Design for Nuclear Installations; International Atomic Energy Agency: Vienna,
Austria, 2021.

International Atomic Energy Agency. Geotechnical Aspects of Site Evaluation and Foundations for Nuclear Power Plants; International
Atomic Energy Agency: Vienna, Austria, 2005.

International Atomic Energy Agency. Meteorological Events in Site Evaluation for Nuclear Power Plants; International Atomic Energy
Agency: Vienna, Austria, 2003.

Jakimavicitité-Maseliené, V.; Cidzikiené, V. Variability of hydrogeological parameters in the environment of new nuclear power
plant in Lithuania. Appl. Radiat. Isot. 2019, 147, 35-39. [CrossRef] [PubMed]

Wang, C.-N.; Su, C.-C.; Nguyen, V.T. Nuclear Power Plant Location Selection in Vietham under Fuzzy Environment Conditions.
Symmetry 2018, 10, 548. [CrossRef]

Eluyemi, A.A.; Sharma, S.; Olotu, S.J.; Falebita, D.E.; Adepelumi, A.A.; Tubosun, L. A,; Ibitoye, F.I.; Baruah, S. A GIS-based site
investigation for nuclear power plants (NPPs) in Nigeria. Sci. Afr. 2020, 7, e00240. [CrossRef]

Wollberg, D.; Morast, E. Investigation of the Siting Process of Swedish Nuclear Power Plants Using GIS. Bachelor’s thesis, KTH,
Stockholm, Sweden, 2020.

Susiati, H.; Dede, M.; Widiawaty, M.A.; Ismail, A.; Udiyani, P.M. Site suitability-based spatial-weighted multicriteria analysis for
nuclear power plants in Indonesia. Heliyon 2022, 8, €09088. [CrossRef]


https://doi.org/10.3390/en15051739
https://www.pse.pl/web/pse-eng/data/polish-power-system-operation/basic-data
https://www.pse.pl/web/pse-eng/data/polish-power-system-operation/basic-data
https://tradingeconomics.com/commodity/carbon
https://www.are.waw.pl/badania-statystyczne/wynikowe-informacje-statystyczne/publikacje-miesieczne#informacja-statystyczna-o-energii-elektrycznej
https://www.are.waw.pl/badania-statystyczne/wynikowe-informacje-statystyczne/publikacje-miesieczne#informacja-statystyczna-o-energii-elektrycznej
https://www.are.waw.pl/badania-statystyczne/wynikowe-informacje-statystyczne/publikacje-miesieczne#informacja-statystyczna-o-energii-elektrycznej
https://isap.sejm.gov.pl/isap.nsf/download.xsp/WDU20010030018/U/D20010018Lj.pdf
https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20230000595
https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20120001025
https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20120001025
https://isap.sejm.gov.pl/isap.Nsf/DocDetails.xsp?id=WDU20120001048
https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=wdu20120001043
https://doi.org/10.1016/j.nucengdes.2019.06.002
https://doi.org/10.1016/j.envres.2020.109689
https://www.ncbi.nlm.nih.gov/pubmed/32474309
https://doi.org/10.1016/j.apradiso.2019.02.005
https://www.ncbi.nlm.nih.gov/pubmed/30798203
https://doi.org/10.3390/sym10110548
https://doi.org/10.1016/j.sciaf.2019.e00240
https://doi.org/10.1016/j.heliyon.2022.e09088

Energies 2024, 17, 1128 19 of 21

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Tanter, R.; Imhoff, A.; Von Hippel, D. Nuclear power, risk management and democratic accountability in Indonesia: Volcanic,
regulatory and financial risk in the Muria peninsula nuclear power proposal. Asia-Pac. ]. Jpn. Focus 2009, 50, 1-15.

Yuliastuti, Y.; Setiadipura, T.; Wicaksono, A.B.; Alhakim, E.E.; Suntoko, H.; Sunarko, S. High-resolution probabilistic seismic
hazard analysis of West Nusa Tenggara, Indonesia. J. Seismol. 2021, 25, 937-948. [CrossRef]

Idris, R.; Latif, Z.A. GIS multi-criteria for power plant site selection. In Proceedings of the 2012 IEEE Control and System Graduate
Research Colloquium, Shah Alam, Malaysia, 16-17 July 2012; pp. 203-206.

Jafari, H.; Karimi, S.; Nahavandchi, M.; Balist, ]J. Nuclear power plant locating by WLC & GIS (case study: Iran, hormozgan
province). Int. J. Basic Appl. Sci. 2015, 4, 132-139.

Baskurt, Z.M.; Aydin, C.C. Nuclear power plant site selection by Weighted Linear Combination in GIS environment, Edirne,
Turkey. Prog. Nucl. Energy 2018, 104, 85-101. [CrossRef]

Lee, Y,; Son, S.; Park, H. Analysis of Korea’s nuclear R&D priorities based on private Sector’s domestic demand using AHP. Nucl.
Eng. Technol. 2020, 52, 2660-2666.

Shiraki, H.; Ashina, S.; Kameyama, Y.; Hashimoto, S.; Fujita, T. Analysis of optimal locations for power stations and their impact
on industrial symbiosis planning under transition toward low-carbon power sector in Japan. J. Clean. Prod. 2016, 114, 81-94.
[CrossRef]

Shahi, E.; Alavipoor, ES.; Karimi, S. The development of nuclear power plants by means of modified model of Fuzzy DEMATEL
and GIS in Bushehr, Iran. Renew. Sustain. Energy Rev. 2018, 83, 33-49. [CrossRef]

Abudeif, A.M.; Abdel Moneim, A.A.; Farrag, A.F. Multicriteria decision analysis based on analytic hierarchy process in GIS
environment for siting nuclear power plant in Egypt. Ann. Nucl. Energy 2015, 75, 682-692. [CrossRef]

Erdogan, M.; Kaya, I. A combined fuzzy approach to determine the best region for a nuclear power plant in Turkey. Appl. Soft
Comput. 2016, 39, 84-93. [CrossRef]

Akar, A.U.; Uyan, M.; Yalpir, S. Spatial evaluation of the nuclear power plant installation based on energy demand for sustainable
energy policy. Environ. Dev. Sustain. 2023. [CrossRef]

Agyekum, E.B.; Amjad, F; Aslam, F,; Ali, A. Application of Weighted Linear Combination approach in a Geographical Information
System environment for nuclear power plant site selection: The case of Ghana. Ann. Nucl. Energy 2021, 162, 108491. [CrossRef]
Liu, G.; Yu, J. Gray correlation analysis and prediction models of living refuse generation in Shanghai city. Waste Manag. 2007, 27,
345-351. [CrossRef]

Wu, Y.N,; Tan, L.; Xu, RH.; Yang, Y.S. In Study on grey comprehensive evaluation based on the APH of the site selection of China
inland nuclear power station. Appl. Mech. Mater. 2013, 357-360, 2810-2817. [CrossRef]

Megahed, M.M. Feasibility of nuclear power and desalination on El-Dabaa site. Desalination 2009, 246, 238-256. [CrossRef]
Ghazaie, S.H.; Sadeghi, K.; Fedorovich, E.; Sokolova, E.; Makhuhin, S. Assessment of the integrated nuclear plant for electricity
production and seawater desalination in Iran. Desalination Water Treat. 2020, 188, 20-30. [CrossRef]

Khan, S.U.D.; Khan, S.U.D.; Haider, S.; El-Leathy, A.; Rana, U.A.; Danish, S.N.; Ullah, R. Development and techno-economic
analysis of small modular nuclear reactor and desalination system across Middle East and North Africa region. Desalination 2017,
406, 51-59. [CrossRef]

Ingersoll, D.T.; Houghton, Z.]J.; Bromm, R.; Desportes, C. Integration of NuScale SMR With Desalination Technologies. In
Proceedings of the ASME 2014 Small Modular Reactors Symposium, Washington, DC, USA, 15-17 April 2014.

Monged, M.H.E.; Abu Khatita, A.M.; El-Hemamy, S.T.; Sabet, H.S.; Al-Azhary, M.A.E. Environmental assessment of radioactivity
levels and radiation hazards in soil at North Western-Mediterranean Sea coast, Egypt. Environ. Earth Sci. 2020, 79, 386. [CrossRef]
Zhang, X.Y.; Huang, G.H; Liu, L.R.; Chen, J.P,; Luo, B.; Fu, Y.P,; Zheng, X.G.; Han, D.C,; Liu, Y.Y. Perspective on Site Selection of
Small Modular Reactors. 2020. Available online: http:/ /www jeiletters.org/index.php?journal=mysé&page=article&op=viewé&
path[]=202000026 (accessed on 15 November 2023).

Locatelli, G.; Mancini, M. A framework for the selection of the right nuclear power plant. Int. J. Prod. Res. 2012, 50, 4753-4766.
[CrossRef]

Luo, B.; Huang, G.; Chen, J.; Zhang, X.; Zhao, K. A chance-constrained small modular reactor siting model—A case study for the
Province of Saskatchewan, Canada. Renew. Sustain. Energy Rev. 2021, 148, 111320. [CrossRef]

Omitaomu, O.A.; Belles, R.; Roberts, N.; Worrall, A. Methods and system for siting advanced nuclear reactors and evaluating
energy policy concerns. Prog. Nucl. Energy 2022, 148, 104197. [CrossRef]

Zhang, X.; Huang, G.; Liu, L.; Song, T.; Zhai, M. Development of an SMR-induced environmental input-output analysis
model—Application to Saskatchewan, Canada. Sci. Total Environ. 2022, 806, 150297. [CrossRef]

Kamarudin, S.; Mohd Muzamil Mohd, H.; Mohamad Syahiran, M.; Nazran, H.; Abdul Rahman, N.; Hasnulhadi, K. Assessment
of Siting Study for Small Modular Reactor (SMR). In Proceedings of the Research and Development Seminar Nuklear Malaysia
2018 Nuclear Technology Towards Sustainable Development, Bangi, Malaysia, 30 October—1 November 2018; Malaysian Nuclear
Agency: Bangi, Malaysia, 2019; p. 275.

Shrestha, R.; Wagner, D.; Al-Anbagi, I. Fuzzy AHP-based Siting of Small Modular Reactors for Power Generation in the Smart
Grid. In Proceedings of the 2018 IEEE Electrical Power and Energy Conference (EPEC), Toronto, ON, Canada, 10-11 October
2018; pp. 1-6.

Moe, W.L. Opportunities in SMR Emergency Planning; Idaho National Lab.: Idaho Falls, ID, USA, 2014.


https://doi.org/10.1007/s10950-021-10000-9
https://doi.org/10.1016/j.pnucene.2017.09.004
https://doi.org/10.1016/j.jclepro.2015.09.079
https://doi.org/10.1016/j.rser.2017.10.073
https://doi.org/10.1016/j.anucene.2014.09.024
https://doi.org/10.1016/j.asoc.2015.11.013
https://doi.org/10.1007/s10668-023-03061-y
https://doi.org/10.1016/j.anucene.2021.108491
https://doi.org/10.1016/j.wasman.2006.03.010
https://doi.org/10.4028/www.scientific.net/AMM.357-360.2810
https://doi.org/10.1016/j.desal.2008.03.054
https://doi.org/10.5004/dwt.2020.25338
https://doi.org/10.1016/j.desal.2016.05.008
https://doi.org/10.1007/s12665-020-09131-y
http://www.jeiletters.org/index.php?journal=mys&page=article&op=view&path[]=202000026
http://www.jeiletters.org/index.php?journal=mys&page=article&op=view&path[]=202000026
https://doi.org/10.1080/00207543.2012.657965
https://doi.org/10.1016/j.rser.2021.111320
https://doi.org/10.1016/j.pnucene.2022.104197
https://doi.org/10.1016/j.scitotenv.2021.150297

Energies 2024, 17, 1128 20 of 21

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.
75.

76.

77.

78.

79.

80.

81.

82.
83.

84.

85.

86.

87.
88.

Belles, R.J.; Flanagan, G.F.; Hale, R.E.; Holcomb, D.E.; Huning, A.J.; Poore Lii, W.P. Advanced Reactor Siting Policy Considerations;
Oak Ridge National Lab.: Oak Ridge, TN, USA, 2019.

Haneklaus, N.; Qvist, S.; Gladysz, P,; Bartela, L. Why coal-fired power plants should get nuclear-ready. Energy 2023, 280, 128169.
[CrossRef]

International Atomic Energy Agency. Advances in Small Modular Reactor Technology Developments A Supplement to: IAEA Advanced
Reactors Information System (ARIS) 2020 Edition; International Atomic Energy Agency (IAEA): Vienna, Austria, 2022; p. 414.
Bartela, L.; Gladysz, P.; Andreades, C.; Qvist, S.; Zdeb, J. Techno-Economic Assessment of Coal-Fired Power Unit Decarbonization
Retrofit with KP-FHR Small Modular Reactors. Energies 2021, 14, 2557. [CrossRef]

Vanatta, M.; Patel, D.; Allen, T.; Cooper, D.; Craig, M.T. Technoeconomic analysis of small modular reactors decarbonizing
industrial process heat. Joule 2023, 7, 713-737. [CrossRef]

Eom, S.; Riznic, J.; Nitheanandan, T.; Kirkhope, K. Chapter 22—Regulatory and licensing challenges with Generation-IV nuclear
energy systems. In Handbook of Generation IV Nuclear Reactors, 2nd ed.; Pioro, I.L., Ed.; Woodhead Publishing: Sawston, UK, 2023;
pp- 837-864.

Hansen, J.K.; Jenson, W.D.; Wrobel, A.M.; Stauff, N.; Biegel, K.; Kim, T.K; Belles, R.; Omitaomu, F. Investigating Benefits and
Challenges of Converting Retiring Coal Plants into Nuclear Plants; Idaho National Lab.: Idaho Falls, ID, USA, 2022.

Bartela, L.; Gladysz, P.; Ochmann, J.; Qvist, S.; Sancho, L.M. Repowering a Coal Power Unit with Small Modular Reactors and
Thermal Energy Storage. Energies 2022, 15, 5830. [CrossRef]

Lukowicz, H; Bartela, L.; Gladysz, P.; Qvist, S. Repowering a Coal Power Plant Steam Cycle Using Modular Light-Water Reactor
Technology. Energies 2023, 16, 3083. [CrossRef]

Zarebski, P.; Katarzynski, D. Small Modular Reactors (SMRs) as a Solution for Renewable Energy Gaps: Spatial Analysis for
Polish Strategy. Energies 2023, 16, 6491. [CrossRef]

European Atomic Energy Community; Food and Agriculture Organization of the United Nations; International Atomic Energy
Agency; International Labour Organization; International Maritime Organization; OECD Nuclear Energy Agency; Pan American
Health Organization; United Nations Environment Programme; World Health Organization. Fundamental Safety Principles; IAEA
Safety Standards Series No. SF-1; IAEA: Vienna, Austria, 2006. [CrossRef]

Nuclear Regulatory Commission, Principles for a Strong Nuclear Safety Culture. 2004. Available online: https://www.nrc.gov/
docs/ML0534/ML053410342.pdf (accessed on 15 November 2023).

PRINCIPLES | PL 2013-1 Traits of a Healthy Nuclear Safety Culture. Available online: www.wano.info (accessed on 10 November
2023).

OECD. Comparing Nuclear Accident Risks with Those from Other Energy Sources; OECD Publishing: Paris, France, 2010.

U.S. Safety Goals for Nuclear Power Plant Operation. Nuclear Regulatory Commission, NUREG-0880 Revision 1; U.S. Nuclear
Regulatory Commission: Washington, DC, USA, 1983.

Bengtsson, L.; Holmberg, J.-E.; Rossi, ].; Knochenhauer, M. Research 2010:35, Probabilistic Safety Goals for Nuclear Power Plants
Phases 2—4 /Report Number: 2010:35. ISSN: 2000-0456. Available online: www.stralsakerhetsmyndigheten.se (accessed on 15
November 2023).

Regulatory Review of Probabilistic Safety Assessment (PSA) Level 1, IAEA-TECDOC-1135, Vienna. 2000. Available online:
https:/ /www-pub.iaea.org/MTCD /Publications/PDF/te_1135_prn.pdf (accessed on 15 November 2023).

Tregoning, R.; Abramson, L.; Scott, P. Estimating Loss-of-Coolant Accident (LOCA) Frequencies through the Elicitation Process; U.S.NRC:
Rockville, MD, USA, 2000.

OECD. Nuclear Fuel Behaviour in Loss-of-Coolant Accident (LOCA) Conditions State-of-the-Art Report; OECD NEA No. 6846, OECD
Publishing: Paris, France, 2009; ISBN 978-92-64-99091-3.

International Atomic Energy Agency. Licensing Process For Nuclear Installations Specific Safety Guide; IAEA Safety Standards Series
No. S5G-12; International Atomic Energy Agency: Vienna, Austria, 2010.

International Atomic Energy Agency. Defence In Depth In Nuclear Safety INSAG-10; A Report by the International Nuclear Safety
Advisory Group; International Atomic Energy Agency: Vienna, Austria, 1996.

Nuclear Reactor Safety. Nuclear Energy; Springer: New York, NY, USA, 2004. [CrossRef]

International Atomic Energy Agency. Objective and Essential Elements of a State’s Nuclear Security Regime; Nuclear Security Series
No. 20; International Atomic Energy Agency: Vienna, Austria, 2013.

International Atomic Energy Agency. Assessment of Defence in Depth for Nuclear Power Plants; Safety Reports Series 46; International
Atomic Energy Agency: Vienna, Austria, 2005; ISBN 92-0-114004-5. Available online: https:/ /www.iaea.org/publications /7099
/assessment-of-defence-in-depth-for-nuclear-power-plants (accessed on 10 November 2023).

International Nuclear Safety Group. Defence in Depth in Nuclear Safety—INSAG 10; IAEA: Vienna, Austria; INSAG: Vienna,
Austria, 1996; ISBN 9201025963. Available online: http://www-pub.iaea.org/MTCD/publications/PDF/Pub1013e_web.pdf
(accessed on 10 November 2023).

OECD Nuclear Energy Agency. Implementation of Defence in Depth at Nuclear Power Plants: Lessons Learnt from the Fukushima Daiichi
Accident; Regulatory Guidance Report 7248; OECD Nuclear Energy Agency: Paris, France, 2016. [CrossRef]

Singh, O.P; Singh, R.S. Inherent safety concepts in nuclear power reactors. Sadhana 1989, 14, 1-20. [CrossRef]

Martensson, A. Inherently safe reactors. Energy Policy 1992, 20, 660—-671. [CrossRef]


https://doi.org/10.1016/j.energy.2023.128169
https://doi.org/10.3390/en14092557
https://doi.org/10.1016/j.joule.2023.03.009
https://doi.org/10.3390/en15165830
https://doi.org/10.3390/en16073083
https://doi.org/10.3390/en16186491
https://doi.org/10.61092/iaea.hmxn-vw0a
https://www.nrc.gov/docs/ML0534/ML053410342.pdf
https://www.nrc.gov/docs/ML0534/ML053410342.pdf
www.wano.info
www.stralsakerhetsmyndigheten.se
https://www-pub.iaea.org/MTCD/Publications/PDF/te_1135_prn.pdf
https://doi.org/10.1007/0-387-26931-2_14
https://www.iaea.org/publications/7099/assessment-of-defence-in-depth-for-nuclear-power-plants
https://www.iaea.org/publications/7099/assessment-of-defence-in-depth-for-nuclear-power-plants
http://www-pub.iaea.org/MTCD/publications/PDF/Pub1013e_web.pdf
https://doi.org/10.1787/9789264253001-en
https://doi.org/10.1007/BF02745340
https://doi.org/10.1016/0301-4215(92)90008-P

Energies 2024, 17, 1128 21 of 21

89.

90.

91.

92.

93.
94.

95.
96.

97.

98.

99.

100.
101.
102.
103.
104.
105.
106.
107.
108.

109.
110.

Westinghouse Technology Systems Manual Emergency Core Cooling Systems. Nuclear Regulatory Commission. Available online:
https:/ /www.nrc.gov/docs/ML2005/ML20057E160.pdf (accessed on 10 November 2023).

U.S. Standard Review Plan. Nuclear Regulatory Commission, NUREG-0800. 2007. Available online: https://www.nrc.gov/
reading-rm/doc-collections/nuregs/staff/sr0800/index.html (accessed on 16 November 2023).

Fujiwara, Y.; Goto, M; ligaki, K.; Iyoku, T.; Ho, H.Q.; Kawamoto, T.; Kondo, M.; Kunitomi, K.; Morita, K.; Nagasumi, S.; et al.
Design of high temperature engineering test reactor (HTTR) High Temp. Gas-cooled React. High Temperature Gas-Cooled Reactors
2021, 5, 17-177. [CrossRef]

Adamov, E.O.; Orlov, V.V.; Rachkov, V.I; Slessarev, L.S.; Khomyakov, Y.S. Nuclear energy with inherent safety: Change of outdated
paradigm, criteria. Therm. Eng. 2015, 62, 917-927. [CrossRef]

OECD. Passive Safety Systems; OECD Publishing: Paris, France; NEA: Washington, DC, USA, 2020.

Passive Safety Systems and Natural Circulation in Water Cooled Nuclear Power Plants IAEA-TECDOC-1624 Vienna. 2009.
Available online: https:/ /www-pub.iaea.org/MTCD/Publications/PDF/te_1624_web.pdf (accessed on 17 November 2023).
Wade, D. LMR core design for inherent safety. In Proceedings of the NEACRP Meeting, Paris, France, 17-19 September 1986.
International Atomic Energy Agency. National Nuclear Security Threat Assessment, Design Basis Threats and Representative Threat
Statements Implementing Guide International; Nuclear Security Series No. 10-G (Rev. 1); International Atomic Energy Agency:
Vienna, Austria, 2021.

Chapin, D.M.; Cohen, K.P; Davis, W.K,; Kintner, E.E.; Koch, L.J.; Landis, ].W.; Levenson, M.; Mandil, LH.; Pate, Z.T.; Rockwell, T.;
et al. Nuclear Power Plants and Their Fuel as Terrorist Targets. Science 2002, 297, 1997-1999. [CrossRef]

Backgrounder on Seismic Reviews at U.S. Nuclear Power Plants, Seismic Reviews at U.S. Nuclear Power Plants. U.S. NRC
2018. Available online: https://www.nrc.gov /reading-rm/doc-collections/fact-sheets /fs-seismic-issues.html (accessed on 10
November 2023).

International Atomic Energy Agency. Earthquake Preparedness and Response for Nuclear Power Plants; Safety Reports Series No. 66;
International Atomic Energy Agency: Vienna, Austria, 2011.

Kessides, I.N.; Kuznetsov, V. Small Modular Reactors for Enhancing Energy Security in Developing Countries. Sustainability 2012,
4,1806-1832. [CrossRef]

Lloyd, C.A.; Roulstone, T.; Lyons, R.E. Transport, constructability, and economic advantages of SMR modularization. Prog. Nucl.
Energy 2021, 134, 103672. [CrossRef]

Cognet, G.; Bartak, J.; Bruna, G. SMR Safety—Advantages and Challenges. In Proceedings of the International Conference
Nuclear Energy for New Europe, Bled, Slovenia, 6-9 September 2021.

Sam, R.; Sainati, T.; Hanson, B.; Kay, R. Licensing small modular reactors: A state-of-the-art review of the challenges and barriers.
Prog. Nucl. Energy 2023, 164, 104859. [CrossRef]

Available online: https://ife.no/en/project/small-modular-reactors-smr/ (accessed on 10 November 2023).

Available online: https:/ /nuclear.gepower.com/bwrx-300 (accessed on 10 November 2023).

Available online: https://www.nuscalepower.com/en (accessed on 15 November 2023).

Tuek, K. Overview of Gen-IV developments and Generation IV International Forum (GIF). In Proceedings of the SNETP Forum,
Virtual Event, 2—4 February 2021.

Slessarev, LS. Intrinsically secure fast reactors for long-lived waste and proliferation resistant nuclear power. Ann. Nucl. Energy
2008, 35, 636—646. [CrossRef]

Available online: https://www.orlen.pl/en/sustainability / transition-projects /smr (accessed on 15 November 2023).

Carless, T.S.; Talabi, S.M.; Fischbeck, P.S. Risk and regulatory considerations for small modular reactor emergency planning zones
based on passive decontamination potential. Energy 2019, 167, 740-756. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://www.nrc.gov/docs/ML2005/ML20057E160.pdf
https://www.nrc.gov/reading-rm/doc-collections/nuregs/staff/sr0800/index.html
https://www.nrc.gov/reading-rm/doc-collections/nuregs/staff/sr0800/index.html
https://doi.org/10.1016/B978-0-12-821031-4.00002-6
https://doi.org/10.1134/S0040601515130029
https://www-pub.iaea.org/MTCD/Publications/PDF/te_1624_web.pdf
https://doi.org/10.1126/science.1077855
https://www.nrc.gov/reading-rm/doc-collections/fact-sheets/fs-seismic-issues.html
https://doi.org/10.3390/su4081806
https://doi.org/10.1016/j.pnucene.2021.103672
https://doi.org/10.1016/j.pnucene.2023.104859
https://ife.no/en/project/small-modular-reactors-smr/
https://nuclear.gepower.com/bwrx-300
https://www.nuscalepower.com/en
https://doi.org/10.1016/j.anucene.2007.08.012
https://www.orlen.pl/en/sustainability/transition-projects/smr
https://doi.org/10.1016/j.energy.2018.10.173

	Introduction 
	Energy Market from the Perspective of Reducing CO2 Emissions—Polish Case 
	Energy Sector Decarbonization Pathways 
	Legal Aspects of the “Coal-to-Nuclear” Implementation Process 
	Seismic and Tectonic Data 
	Geological-Engineering Data 
	Data on Hydrogeological Conditions 
	Data on Hydrology and Meteorology 
	Data on External Natural Hazards 
	Data on Hazards Induced by Human Activity 
	Analysis of the Migration of Radioactive Release and the Possibility of the Implementation of Emergency Measures 
	Distribution of the Radioactive Isotope Concentrations in Air, Soil, and Surface and Underground Waters and Analysis of the Ionizing Radiation Dose Rate 
	Diagnosis of Bedrock Geology 

	Approaches in Site Selection: Large-Scale NPP Units vs. SMRs 
	Safety of Nuclear Reactors 
	Proposed Methodology for Assessing Nuclear Safety of “Coal-To-Nuclear” Process in Poland 
	Conclusions 
	References

