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Abstract: The near and mid-term future of the existing Polish coal-fired power fleet is uncertain. The
longer-term operation of unabated coal power is incompatible with climate policy and is economically
challenging because of the increasing price of CO2 emission allowances in the EU. The results of the
techno-economic analysis presented in this paper indicate that the retrofit of existing coal-fired units,
by means of replacing coal-fired boilers with small modular reactors, may be an interesting option for
the Polish energy sector. It has been shown that the retrofit can reduce the costs in relation to greenfield
investments by as much as 35%. This analysis focuses on the repowering of a 460 MW supercritical
coal-fired unit based on the Lagisza power plant design with high temperature small modular nuclear
reactors based on the 320 MW unit design by Kairos Power. The technical analyses did not show any
major difficulties in integrating. The economic analyses show that the proposed retrofits can be
economically justified, and, in this respect, they are more advantageous than greenfield investments.
For the base economic scenario, the difference in NPV (Net Present Value) is more favorable for the
retrofit by 556.9 M€ and the discounted payback period for this pathway is 10 years.

Keywords: supercritical steam cycles; retrofit decarbonization; small modular reactors; techno-economic
assessment

1. Introduction

Policymakers of many countries, even those that have taken a more passive approach
toward decarbonization, have started to define the dates by which their countries will
completely abandon coal as an energy source. In the specific case of Poland, there is no
such target defined yet, but the government has started to take decisive steps towards
decarbonization and to ending the reliance on coal. On 25 September 2020, after
consultations with miners” unions, it was decided that the last coal mine in Poland will
close by 2049. Such developments raise many questions regarding the direction of the
energy transformation of this large economy, where coal has been determining the
dynamics of economic development for many decades. Exploring viable techno-economic
solutions that meet the above policy objective is key to achieving its goals and mission.
One family of possible decarbonization options is the “retrofit decarbonization” of
existing coal power plants. Retrofit decarbonization is an umbrella term that includes
adding carbon capture, fuel conversion, and the replacement of coal boilers with new low-
carbon energy sources, in each case re-using as much of the existing equipment as
economically practicable while eliminating emissions [1].
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In this paper, we study the retrofit decarbonization of coal units using a low-carbon heat
source to an existing brownfield coal site. It is proposed that an advanced small modular
reactor (SMR), the Kairos Power Fluoride-salt-cooled High-temperature Reactor (KP-FHR,
currently under development by Kairos Power in the USA) will replace the coal furnace and
boiler of a Polish coal fired power unit (the 460 MW unit at Lagisza power plant). In the
literature, there is no detailed analysis assessing the feasibility of such a conversion and the
associated range of issues (economic effectiveness, local capacity potential, construction
possibilities, matching the parameters of integrated systems). The motivation for carrying out
the analyses, the results of which are presented in this paper, is the potential possibility of the
significant decarbonization of centralized energy production in Poland, while maintaining a
high degree of use of the infrastructure of large coal-fired units, which have been put into
operation in in large numbers in Poland in the last dozen years. The need to look for options
for decarbonizing this type of systems results from the increasing costs of electricity
production, which is a direct result of the increasing price of greenhouse gas emission
allowances [1]. The positive environmental impact of proposed retrofit, besides the
elimination of greenhouse gasses emissions, are associated with other pollutants emissions
(PM, NOx and SO:) exclusion. This is of great importance to countries like Poland, which
struggle with a low quality of air. Although the centralized power plants are equipped with
advanced flue gas treatments plants which reduce pollution significantly (up to 99.5%),
removing the remainder of these emissions still constitutes an important positive
environmental impact.

The first section of this paper provides the background of the Polish coal power sector,
the available retrofit options of coal units, and a brief overview of SMRs and the selected
KP-FHR. The second section provides the technical, performance estimation, and economic
assessment methodology. The third section provides the results of the techno-economic
analysis. Finally, the summary and concluding remarks are provided in the fourth section.

1.1. Coal Power Sector in Poland

Poland is one of the world’s most coal-dependent economies. The energy obtained
by burning lignite and hard coal accounts for about 75% of the annual electricity
production, and the installed capacity in coal-fired units accounts for 67% of the total
capacity of all generation sources [2]. Renewable energy sources (RES) investments have
been increasing in the last decade; at the end of August 2020, wind farms in Poland had
an installed capacity of 6039 MW, while the installed capacity of PV installations was 2261
MW [3]. Despite this increasing investment in RES, energy security in Poland is still
provided by coal-fired units [4]. The currently installed capacity of coal power in Poland
is 31.5 GW out of a total installed capacity of all sources of 46.8 GW. The Polish power
system is facing a major investment challenge, which results from the considerable age of
many currently operating power generation units. It is estimated that almost half (48.5%)
of the installed capacity in coal-fired units over 50 MW is over 20 years old. Among these
units, the majority are “200 MW-class” and “360 MW-class units”, with an installed
capacity of 12,300 MW and 5776 MW, respectively, at the end of 2019. Many of these low
efficiency generating units are over 40 years of age. Due to the low energy performance
and high maintenance costs, many of these units are scheduled to be decommissioned in
the coming years. The need for investments, due to the increasing environmental
requirements and the increasing costs of CO2 emissions, contribute to the rapid decrease
of their competitiveness. However, for the moment, these units must be kept at the
disposal of the national energy system operator, due to the lack of the implementation of
new reliable generation sources in the energy sector. Among the coal-fired units
commissioned in the last decade, large units with supercritical parameters dominate (a
total of 6083 MW of installed capacity). All the Polish supercritical units in operation are
summarized in Table 1. Only three of these units have capacity lower than 560 MW, i.e.,
the level of installed capacity in the two largest subcritical hard coal units, i.e., units B9
and B10 at the Kozienice power plant, commissioned in 1978 and 1979, respectively.
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Table 1. Polish supercritical coal-fired power units [1].

Unit Capacity, MW Net Efficiency, % lee,ﬁi‘;j?cdlos Cteam Com]z:iiZi:)fning Fuel
Patnéw 2 B9 474 41.0 544/568 2.2008 Lignite coal
Lagisza B10 460 42.8 560/580 6.2009 Hard coal

Betchatow B14 858 42.0 554/582 10.2011 Lignite coal
Kozienice 2 B11 1075 45.6 603/621 12.2017 Hard coal
Opole B5 905 45.6 600/610 5.2019 Hard coal
Opole B6 905 45.6 600/611 10.2019 Hard coal
Jaworzno 2 B7 910 459 600/620 11.2020 (planned) Hard coal

Turéw Bl11 496 43.0 565/600 11.2020 (planned) Lignite coal

The supercritical units listed in Table 1 are characterized by high efficiency, ranging
from 41.0% to 45.9%, and directly translating into lower CO:z emission rates compared to
subcritical units. Despite the fact that this somewhat mitigates the impact of the increasing
prices of greenhouse gas emission allowances, even at the current allowance price, the
imposed CO»x-costs are already comparable to the most important cost in the cash flow
structure—the cost of fuel. The increase in cost forces a significant increase in electricity
prices, which in turn reduces the competitiveness of the entire economy.

It can be expected that the two coal-fired units launched in 2020, a 910 MW unit in
Jaworzno and a 496 MW unit in Turéw, were the last investments in the coal-based power
generation sector in Poland. The total installed capacity in supercritical coal-fired units in
Poland constitutes approximately 13% of the total installed capacity in the system.
Keeping these sources at the disposal of the national energy system operator for the next
several decades may be a key element in providing energy security to the power system
during its transformation.

1.2. Options for Decarbonizing Polish Supercritical Coal-Fired Power Units

It can be assumed that regardless of the condition of the Polish economy and the
technical status of coal-fired units, their unabated operation in the current state will not
be possible in the next decades. This is determined to a large degree by the EU’s
commitments formulated by international agreements. According to the Paris Agreement,
the goal for the European Union is to achieve climate neutrality by 2050, signifying an
economy with net-zero greenhouse gas emissions. The overall goal of the agreement is to
keep the global temperature rise well below 2 °C and aim to keep it at 1.5 °C [5]. In
addition to implementing RES, the European Commission specifies the idea of a circular
economy as an effective method of carbon abatement, promoting clean mobility,
developing smart network infrastructure, reaping the full benefits of bioeconomy and
creating essential carbon sinks. A technology that can potentially enable the continued use
of fossil fuels in the energy sector is carbon capture and storage.

Based on global experience, it can be assumed that the expected lifetime of
supercritical coal-fired units may be from 35 to over 50 years [6-9]. This means that the
decommissioning of the newest coal-fired units in Poland could take place even after 2070,
i.e., more than 20 years after the planned achievement of climate neutrality. For this to
happen, however, the amount of CO: emitted by these units must be limited. For this
purpose, it is necessary to implement appropriate modernization programs, which could
generally run in the following directions [1]:

e  integrating coal-fired units with Carbon Capture and Storage (CCS) installations;

e replacing coal boilers with bio-energy based boilers (and possibly additional
integration with CCS installations, which may lead to obtaining negative CO:
emissions by the units [10]);

° retrofitting coal boilers with a nuclear reactor or nuclear reactors system, or,
potentially high-temperature deep-drill geothermal heat sources.
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The factors that determine the most suitable pathway for the modernization and
decarbonization of supercritical units are mainly: (i) access to the technologies and fuels,
(if) social acceptance of the technological solutions, (iii) the amount of investment
expenditure incurred for modernization, and (iv) the environmental policy determining
the costs incurred for greenhouse gas emissions. In this paper, the analysis covers the case
of retrofit and replacing a coal boiler with a system of nuclear reactors. This direction is of
particular importance as there is significant progress worldwide in the development of
this technology and strong local policy support in Poland. Advanced reactors (generation
IV) enable obtaining high steam parameters, corresponding with the highest parameters
that are currently used in supercritical coal-fired power units. Retrofit Decarbonization by
repowering coal plants with advanced nuclear reactors appears to align well with
scientific evidence and political targets within the European Union both in regard to
reducing emissions of greenhouse gases as well as the aspect of a “just transition”, since
the idea allows for a large share of existing local power plant jobs to be retained. In terms
of general sustainability, a 2021 Science for Policy report by the Joint Research Centre
(JRC), the European Commission’s science and knowledge service, concluded that nuclear
is no more harmful to human health or to the environment than any other energy
technology considered to be sustainable, such as wind or solar power [11].

1.3. Development of SMR Technology

Three basic structural elements can be identified in the structure of nuclear power
units: a nuclear island (NI), a turbine island (TI) including a steam turbine, electricity
generator, condenser, pumps, and heat exchangers, and the balance of plant equipment
(BOP). TI and BOP are elements that also occur in the structure of coal-fired power units.
Moreover, the machines and equipment identified in these groups do not have to differ
from each other in the case of both technologies, although some differences do occur, e.g.,
resulting from safety requirements for the operation of nuclear power plants. The level of
similarity of these elements determines the possibility of carrying out a nuclear retrofit for
a coal-fired unit and the amount of investment required for this purpose.

Currently, out of 441 nuclear units in operation globally, there are 424 water-cooled
reactor units [12]. The technology in which water is the heat carrier in the primary circuit
of a nuclear reactor requires the use of relatively low temperatures and high pressures.
Regardless of the reactor technology used, the temperature of the steam feeding the steam
turbine does not exceed 290 °C, and the pressure does not exceed 7.5 MPa. The use of such
parameters within a steam turbine requires different designs as compared to steam
turbines used in supercritical coal-fired units. The higher specific volume of the steam
supplying the turbine requires the use of much larger outlet cross-sections in order to
obtain similar capacity. The operational safety criterion requires the use of indirect dryers
on the expansion line to obtain the appropriate quality of steam directed to the condenser.
Thus, the retrofit of coal-fired units, and replacement of the coal boiler with a nuclear
reactor or a system of reactors, requires deep changes in the design of the steam turbine
cycle, including the need to eliminate some of the blade stages. These changes would
result in a significant decrease in the efficiency of the steam turbine assembly and a
significant associated retrofit cost. The SMRs that are closest to commercialization, for
example from NuScale [13,14] (commercialization planned before 2030) or GE-Hitachi
(BWRX-300— commercialization planned for 2027 or 2028) are also water-cooled designs.
Although these reactors can be heat sources for small systems, the temperatures of the
coolant obtained at the reactor outlet do not exceed 300 °C, which makes them less
attractive in terms of decarbonization of supercritical units.

The expected commercial implementation of new generation nuclear reactors
provides the opportunity for more favorable adaptations of the steam turbine units of the
currently operating coal-fired units, and thus their decarbonization. The most promising
from the perspective of coal plant repowering are the SMRs under development where
the primary coolant instead is a gas, a liquid metal or salt. In the case of these high-
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temperature reactors, the steam turbine working medium can be heated to a temperature
of up to 600 °C. The steam of the steam turbine cycle can receive heat directly from the
reactor's primary coolant or from secondary coolant in the intermediate heat transport
system, or from a thermal storage system separating the heat source and the coal plant
steam cycle. Taking into account the wide range of thermal capacities of the planned
reactors, it seems that the SMR technology may contribute not only to the area of
electricity production, but also in the district heating systems and in the chemical industry
sector [15,16]. Many countries are currently working on the development of high-
temperature SMRs. Among the currently developed reactors, the following can be
mentioned: HTR-PM (country: China, cooling medium: gas, thermal power: 250 MW,
expected first operation: 2021), Kairos Power KP-FHR (USA, salt, 320 MW, 2030 or earlier),
Terrestrial iMSR (Canada, salt, 400 MW, late 2020s), ThorCon (USA, salt, 557 MW, late
2020s or early 2030s), X-Energy (USA, gas, 200 MW, by 2027), Seaborg (Denmark, salt, 250
MW, 2027), USNC (USA/Canada, gas, 15 MW, mid 2020s), U-Battery (gas, 10 MW, 2028),
Moltex SSR-W/U/Th (salt, 330 MW, early 2030s), Terrapower MCER (salt, 600-2500 MW,
early 2030s), SINAP TMSR-LF150 (China, salt, 357 MW, 2030). In a broader scope, the
maturity of the SMR technology and aspects related to the licensing of reactors were
discussed by Qvist et al. [1].

1.4. Kairos Power KP-FHR

The analysis presented in this paper used the Kairos Power Fluoride-salt-cooled
High-temperature Reactor (KP-FHR), developed by the US-based company Kairos Power,
as a baseline design. The KP-FHR is a Generation IV advanced nuclear reactor design,
utilizing a novel fuel and coolant combination relative to current commercial LWRs. The
primary coolant FLiBe, is a eutectic salt mixture of LiF and BeF, has a boiling point of
1430 °C, allowing for high temperature operation at low pressure. FLiBe also has a similar
volumetric heat capacity to water. Low pressure operation and high volumetric heat
capacity enable the use of thinner-wall, lighter, and more compact components, in turn
reducing physical footprint and cost. Additionally, FLiBe has excellent chemical solubility
with major fission products, acting as a barrier to radiological release. The KP-FHR uses
tristructural isotropic (TRISO) high-assay low-enrichment uranium (HALEU) fuel in
pebble form for a continuously recirculating bed. TRISO fuel has excellent fission
retention capabilities to above 1600 °C and therefore acts as another safety feature in the
defense-in-depth design of the KP-FHR. The reactor design also utilizes passive safety
features, requiring little to no operator intervention in case of a transient in order to
remove decay heat.

In the case of retrofit aimed at replacing the coal boiler with a system of SMRs, the
use of a steam generator is required. The technology assumes the use of two closed loops
for heat transfer from the reactors to the steam turbine cycle through the steam generator:

e  aprimary heat transport system where FLiBe salt (LiF/BeF2) is used as heat carrier;

e  an intermediate heat transport system where solar salt (NaNOs/KNOs) is used as a
heat carrier.

In the primary heat transport system, hot FLiBe is pumped by the pump at the outlet
of the reactor. FLiBe is then circulated through an intermediate heat exchanger,
transferring heat to solar salt, which in turn is pumped and circulated through the steam
generator. Here, solar salt transfers heat to hot feedwater from the feedwater heater train.
The steam generator is not part of the reactor module and is an element that requires
design for the specific steam turbine unit being retrofitted.

A more detailed description of technology is presented by Blandford at al. [17,18]. A
list of basic parameters for the technology is shown in Table 2.



Energies 2021, 14, 2557

6 0f 26

Table 2. Main parameters of KP-FHR.

Parameters Value
Total thermal power, MW 320 %
Auxiliary power, MW 3
LiF/BeFz:
Flow rate, kg/s 1200-1400
Pressure, MPa <0.2
Temperature, °C 650/550
NaNOs/KNO:s (solar salt):
Flow rate, kg/s 2080
Temperature (in/out), kg/s 500/600

* see Appendix A.

The selection of the KP-FHR reactor to carry out the retrofit analyzes of the coal-fired
power unit, which in turn was adopted for the analyses based on the technical criteria listed
in Section 2.1.1, took place after considering the possibility of meeting the following criteria:

° the possibility of matching the thermal power of the reactor or reactors system and
the heat demand of the steam turbine unit,

e the possibility of obtaining the live steam and reheated steam temperatures required
by the steam turbine unit.

As shown by the results of the analyses presented in Section 2.2.2, the system of three
KP-FHR reactors perfectly meets the mentioned criteria. The authors also analyzed other
cases of Polish coal-fired units in the context of the possibility of carrying out SMR retrofits,
for which, based on the analyses performed, such reactors as HTR-PM and ThorCon were
selected as reference. Selected conclusions from the analyses can be found in Qvist et al. [1].

2. Methods
2.1. Case Study Selection

The analyses conducted as part of the study were aimed at assessing the technical
feasibility of carrying out a nuclear retrofit for a selected coal unit working with
supercritical parameters. As part of the study, economic analyses were also carried out, in
order to compare the economic trade-off between the continued operation of the coal-fired
units to the newly retrofitted ones.

The starting point for the formulated analyses was the selection of a reference coal-
fired unit from among all supercritical units currently operating in Poland (see Table 1).
It was assumed that the selected reference unit would be retrofitted by replacing the coal-
fired boiler with the system of reference KP-FHRs, described in Section 1.4.

2.1.1. Criteria for the Reference Coal-Fired Power Unit Selection

The basic technical criteria taken into account when selecting the coal-fired units for
nuclear retrofit are:
e  TCI: technical condition of the coal-fired unit and expected remaining lifetime;

e TC2: the operating parameters of the feedwater and steam in the coal-fired unit (at
the inlet and at the outlet of the boiler) matching the operating parameters of the
nuclear reactor, replacing the coal boiler;

e  TC3: the thermal efficiency of the steam turbine unit, which determines the efficiency
of primary energy conversion;

° TC4: the thermal power capacity of the coal boiler which determines the number of
reactor units required for the nuclear retrofit;
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e  TC5: the physical arrangement of the power plant, deciding on the construction
schedule and the possibility of carrying out and completing the reactor construction
and retrofit process in parallel with continuous operation of the coal-fired unit.

Considering the above technical criteria, the supercritical units currently operating
in Poland seems to be the most advantageous for potential retrofit with KP-FHR units.
First of all, they are characterized by a short total operation time, and thus a long expected
remaining lifetime (TC1). Even the oldest supercritical unit, which was commissioned in
2008, will be of a moderate age in 2030, when commercialization of the first advanced
SMRs is expected. As mentioned before, the parameters of steam generated within boilers
included in supercritical coal-fired units are similar to the parameters that can be obtained
by steam within steam generators integrated with nuclear reactors (TC2). Nevertheless, it
should be noted that the retrofit of the newest units, starting with the B11 unit in
Kozienice, may be difficult, or may require the change of live and reheated steam
temperatures that exceed the design temperatures that can be achieved by SMR systems.
Taking into account the temperature level of the solar salt at the outlet of the Kairos KP-
FHR reference reactor, it should be assumed (see Table 2) that if a system of such reactors
is used, it is possible to properly design a steam generator that will enable the production
of steam with optimal parameters for steam turbines of supercritical units commissioned
in Poland between 2008 and 2011. Thus, it should be concluded that the TC2 criterion
limits the number of units that can be retrofitted to three units. The TC2 criterion is better
met by subcritical coal-fired units, for which steam temperatures generally do not exceed
540 °C. Considering the TC3 criterion, each of the supercritical units is characterized by
high efficiency in relation to the efficiency of the coal units currently operating in Poland.
Among the units positively verified by the TC2 criterion, the B10 unit operating at the
Lagisza power plant is characterized by the highest efficiency. This unit should also be
positively assessed, similarly to the B9 unit operating at the Patnéw power plant, using
the TC4 criteria. These units are characterized by the lowest heat demand among all the
supercritical blocks considered. In the case of these units, the thermal capacity requires
the use and coupling of three KP-FHR units. In the case of unit B14 at the Betchatéw power
plant, with a capacity of 858 MW, there would be a need to use as many as six reference
reactors. In practice, the use of a smaller number of reactors with a thermal power that
best matches to the needs of the steam turbine unit will reduce initial investment costs
and complexity. The last criterion, TC5, concerns the ability of the area surrounding the
supercritical unit to accommodate the required construction, installation, and retrofit
work. It is also important to enable the parallel operation of the supercritical coal-fired
units during development and construction work of the nuclear reactor system, until the
final integration of the steam turbine cycle with the reactors system is carried out, to
reduce the opportunity cost of the retrofit. In close proximity to the newest supercritical
units, there is high potential for carrying out such construction works, resulting from the
“CCS (Carbon Capture and Storage) ready” design requirement of these blocks. This
requirement provisions for space for the possible future development of a carbon dioxide
separation and compression system. In addition, for both the 460 MW unit (at Lagisza)
and the 474 MW unit (at Patnéw), it can be assumed that a suitable site in 2030 will be
available due to the need to decommission the subcritical units currently operating at
these power plants in close proximity to supercritical units.

The analyses were aimed at determining the technical possibilities and economic
profitability of replacing steam boilers in the structures of coal-fired units with a nuclear
reactor or a system of nuclear reactors. The reference coal-fired unit used for the above
analyses was the 460 MW unit-10 of the Lagisza Power Plant. The 460 MW power unit is the
smallest supercritical generation unit currently operating within the Polish power system.
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2.1.2. Reference Coal-Fired Power Unit

The 460 MW power unit (Unit No 10) operating at the Lagisza power plant, owned
by the Tauron Polska Energia SA Group, was commissioned in 2009. Lagisza Power Plant
is located in Bedzin, in the Slqskie Voivodeship, in southern Poland. Tauron Polska
Energia SA is the second biggest company in terms of energy production in Poland.
Tauron owns many power plants, mainly located in southern Poland. The 460 MW power
unit was the world’s first supercritical unit with a Circulating Fluidized Bed (CFB) boiler.
The gross unit efficiency is 45%, while net efficiency is 42.8%, making it one of the most
advanced and efficient power generation units in Poland. Its specific CO: emissions are
about 830 kg/MWh. The boiler was designed and built by the Foster Wheeler company.
The boiler is fed with hard coal as its basic fuel, with additional fuel in the form of coal
sludge. The boiler is a sensitive element and is a major factor in the unit’s availability. For
its first few years of operation, the unit suffered outages due to problems resulting from
intense erosion of boiler components. Improvements introduced in recent years have
significantly increased the unit’s availability. The steam turbine was provided by Alstom
Power. According to current plans, the unit is to operate until at least 2046 [19].

2.2. Modeling and Design
2.2.1. Model of Reference Coal-Fired Unit

The model of the power unit is based on the use of mass and energy balance
equations for individual components of the steam-water cycle and the steam expansion
line computational algorithm in subsequent stages of the steam turbine. The model was
developed in Engineering Equation Solver software [20] and it makes use of the IAPWS-
IF97 steam tables. The flow diagram of the power unit is shown in Figure 1. The CFB boiler
is equipped with a steam reheater. The steam turbine is a three-pressure machine,
consisting of a high-pressure (HP), intermediate-pressure (IP), and double-exhaust
symmetric low-pressure (LP) sections. The low-pressure turbine has four extraction ports
for low pressure feedwater heating. Preheat condensate takes place in the leaks cooler
(LC). The low-pressure regenerative feedwater heaters (FWH) LR1, LR2 and LR3 are
supplied with steam taken from the extraction ports of the LP section of the steam turbine.
The LR4 FWH is supplied with steam taken from a bleed port located between the IP
section (I) and LP sections (L1, L2) of the steam turbine. After the heat transfer in the
diaphragm heat exchangers, the condensate is directed to the deaerator, which is fed with
steam taken from the extraction ports of the IP steam turbine. The HP regeneration
consists of three regenerative heat exchangers and a steam cooler (SC). The HR3 FWH is
supplied with steam taken from the extraction port of the HP section of steam turbine.
The HR2 FWH is supplied with steam taken from a bleed port located between a HP
section and reheater. The HR1 FWH is supplied with steam taken from an extraction port
of the IP section steam turbine, after its initial cooling in the steam cooler. The feedwater
train includes feedwater and condensate pumps.
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Figure 1. Simplified diagram of the Lagisza 460 MW unit.

A thermodynamic model of the power unit was developed to analyze the retrofit and
replacement of the boiler with a system of nuclear reactors. Among the most important
parameters are the live steam parameters, the temperature and pressure at the inlet of the
steam turbine, 560 °C and 27.5 MPa, respectively. The reheated steam parameters at inlet of
the steam turbine are 580 °C and 4.95 MPa. Other assumptions which serve as inputs to the
balance calculations are thermodynamic parameters at characteristic points of thermal cycle,
as well as the specific differences and increments in temperature, pressure drop and
efficiency of steam cycle components. All these assumptions determine the design
conditions for the Lagisza 460 MW unit and are summarized in Table 3. The adopted values
were obtained from power unit operator.

Table 3. Assumed operating parameters for the development of the Lagisza 460 MW unit model.

Parameter Value Unit
Live steam flow 361 kg/s
Live steam temperature (at CFB outlet/at ST inlet) 563/560 °C/°C
Reheated steam temperature (at CFB outlet/at ST inlet) 583/580 °C/°C
Live steam pressure (at ST inlet) 27.50 MPa
Reheated steam pressure (at ST inlet) 4.95 MPa
Deaerator operating pressure 1.15 MPa
Condenser operating pressure 0.005 MPa
Feed water temperature 290 °C
Internal efficiency of HP ST stage —points 2-12 89 %
Internal efficiency of IP ST stage groups—points 5-15 92 %
Internal efficiency of LP ST stage groups—points 618 90 %
Internal efficiency of LP ST stage groups—points 18-19 85 %
Pressure drop of working medium in steam boiler 11 %
Pressure drop of steam in reheater 6 %
Pressure drop in live steam pipes 1 %
Pressure drop in reheated steam pipes 1 %
Pressure drop in pipes of steam fed to FWHSs and steam coolers 1 %
Pressure drop of water in FWHs o
1 %o
and steam cooler
Pressure drop of hot medium in FWHs 1 %
and steam cooler
Specific flow fraction of steam leaks 0.5 %

Temperature increase in LP FHWs (LR1-LR4) 30 K
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Terminal temperature differences for all FWHs 3 K
Temperature increase in steam cooler 5 K
Subcooling of the condensate leaving the HP FWHs 10 K
CFB thermal efficiency 94.0 %
Generator efficiency 98.8 %
Mechanical losses (0.1% of reference gross power capacity) 0.46 MW
Internal efficiency of pumps 85.0 %
Efficiency of FWHSs and steam coolers 99.5 %
Boiler island auxiliary power 12.60 MW
Other auxiliary power (1.5% of reference gross power capacity) 6.9 MW

The model validation was based on the use of three quantities: gross power capacity,
net power capacity, and gross efficiency. Table 4 compares values obtained from the power
unit operator and model results for the above parameters. Differences between gross power
capacity and gross efficiency values are not significant. Respective relative differences
(model error) are equal to less than 0.087% and slightly more than 0.311%. The model error
in determining the net power is equal to 0.107%. The model is deemed to sufficiently
accurate in reflecting the performance characteristics of the unit at nominal load.

Table 4. Basic characteristic quantities of the Lagisza 460 MW unit.

Parameter References Model Model Error
Gross power capacity 460.0 MW 459.60 MW 0.087%
Net power capacity 439.0 MW 439.47 MW 0.107%
Chemical energy flux - 1018.2 MW -
Boiler heat output - 957.1 MW -
Unit fuel COI‘lSL‘lmPthl‘l per net i 83408 kJ/kWh i
production
Gross efficiency 45.00% 45.14% 0.311%
Net efficiency 42.80% 43.16% -
Steam cycle thermal efficiency - 48.02% -
Steam turbine cycle auxiliary power
(only the pumps auxiliary powers are - 0.64 MW -
included)
Auxiliary power of boiler island 12.60 MW 12.60 MW -
Other auxiliary power - 6.89 MW -
Auxiliary power index - 4.38% -

The analyses regarding the Lagisza 460 MW unit retrofit were focused on replacing
the CFB boiler with KP-FHR nuclear reactors. Based on the results of calculations carried
out using the power plant model, it was determined that the CFB and RH thermal powers
are 957.1 MW and 83.9 MW, respectively.

2.2.2. Steam Cycle Integration

Figure 2 shows the proposed integration of the steam turbine unit (STU) of the
Lagisza 460 MW power unit with a system of three KP-FHR units. It has been assumed
that one steam generator (SG) is used in the system for the purposes of heat transfer from
the three reactors. Solar-salt receives heat from FLiBe within three intermediate heat
exchangers (IHE), that are an integral part of the reactor modules. It was assumed that in
the high-temperature part of the steam generator, two heat exchangers, i.e. the
superheater and reheater, are installed in parallel on the solar-salt stream. Division of the
whole stream into two streams feeding these two parallel exchangers is carried out so that
the salt temperatures in the two streams leaving the individual exchangers are the same
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(ts = tp). It was also assumed that the steam generator efficiency is 99%. Further, each
reactor is assumed to deliver a thermal power of 319.8 MW. The above two assumptions
result in a steam generator thermal power of 949.8 MW, which is 7.3 MW lower than the
thermal power of the CFB boiler (957.1 MW). This implies that the integration of the 460
MW steam turbine unit with the proposed configuration of three reactors is feasible in
terms of matching the nuclear system production potential with the thermal needs of the
steam turbine unit.
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Figure 2. Integration diagram of KP-FHR system with the reference steam turbine unit.

According to the data shown in the Table 2 it was assumed that the reactor system
works with the following solar-salt parameters:

mscin = 3 x 2080 kg/s = 6240 kg/s, (€))
fNRout = 600 °C, 2)
fnrin = 500 °C. (3)

Additionally, it was assumed that the pressure losses occurring within the steam
generator on the primary- and secondary-side fluids are analogous to the CFB boiler,
which is a replaced element in the system. In fact, it can be assumed that the pressure loss
on the working medium side will be reduced due to the significant reduction in the heat
exchange surface are a required for heat transfer to the water and steam, due to the
improved heat transfer characteristics of the solar salt relative to flue gas. The reduction
of the heat exchange surface area will be most pronounced within the water heater. If the
reactors are to be operated with nominal power, then a decrease in the steam turbine unit
capacity is necessary. To adjust the load of the steam turbine unit to the production
potential of reactors operating at nominal load, a slight correction on the steam cycle side
is required. Such an adjustment can be made with a slight decrease in the capacity of the
feed water pump. The consequence of this procedure are slight changes in the operating
characteristics of the steam turbine cycle. In the analysis it was assumed that the steam
turbine operates with sliding pressure. Such small changes in the steam turbine load range
do not require the use of a steam turbine throttle valve.

2.3. Economic Assessment
2.3.1. Assessment Indicators

An assessment of economic effectiveness for investment in the retrofit of the power
unit (retrofit pathway —RET), in accordance with the above technical assumptions, was
carried out. The RET case was compared to a case without an investment path, i.e., for the
continued operation of the power plant as a coal unit (reference pathway—REF) and a
Greenfield type investment (Greenfield pathway —GF) based on economic indicators.

The economic analysis was carried out assuming that the analyzed retrofitted unit
equipped with SMRs operates in a regulated electricity market, with loan guarantees, and



Energies 2021, 14, 2557

12 of 26

with regulated prices, similar to the coal-fired unit, which was the reference unit in the
scope of economic analyses.

The economic assessment of the RET case was based on the evaluation and difference
between the Net Present Value (NPV) of alternate cases. Additionally, the Discount
Payback Period (DPP) was determined in the analysis.

In general, the NPV can be calculated as:

NPV =30, —

=1 (1417

—TCIC, 4)

where n is the plant lifetime, NCFt is the nominal cash flow in year T and TCIC is the total
capital investment cost over the construction time (including the financial costs).
The nominal cash flow can be calculated as:

NCF, = OMC, + DEC, ©)
where OMC: are the operations and maintenance costs in year 7, DEC: are the
decommissioning costs in year 7. Thus, for the retrofit of the existing plant, in order to
assess the value for all investors, the ANPV can be calculated as:

ANPV = 374 (NGFaets-NCrRges) _ TCICggr, (6)

1+t
where subscript RET refers to retrofitted power unit and REF to reference coal power unit.
The DPP for the retrofit can be assessed from:

ANPY = 0 = pprp S ttiens) _ pgycy, %

2.3.2. Assumptions

Conducting the above analysis with the use of defined assessment indicators
required making assumptions relating to the economic factors of RET and REF. This
section presents the assumptions adopted for the analysis. All base assumptions
correspond to predicted values for 2031, which is considered the first year of operation of
the unit after the investment process.

Lifetime

The construction time, annual operation time, and total operation time (TOT) from
commissioning to decommissioning are the quantities that significantly determine the
economic efficiency of investments in the energy sector. SMR technology allows for a
significant reduction in the construction time of nuclear power plants, which may be a
factor that significantly reduces the investment risk, and thus also encourages potential
investors [21]. The expected construction time for the first-of-a-kind SMRs is 4 years. It is
estimated that ultimately the construction time can be reduced to 2 years. According to
entities currently working on the development of SMRs, including Kairos Power, the first
units could be put into service in the early 2030s. This would mean that investment
procedures should start toward the end of the current decade. According to some SMR
suppliers, the annual working time of SMRs may exceed 8000 hours. These high-capacity
factors, exceeding 95% [21], is the result of minimized time required for refueling and
planned maintenance. For the purposes of the analyses, a base capacity factor of 90% was
assumed. The total operational lifetime of nuclear units can exceed 60 years [22], with
several US reactors already licensed for 80 years of operation and discussions regarding
100 years of operation in progress. For the purposes of the analyses, a working time of 30
years was assumed specifically as a base for the purposes of the NPV comparison
calculation, which is performed at 30 years for both continued operation of the existing
coal plant as well as the other analyzed options (retrofit with SMR and greenfield SMR).
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Capital Costs

The total capital investment cost (TCIC) is the sum of the overnight capital cost (OCC)
and interests during construction (IDC). The expected SMR unit OCC (1OCC) is broadly
discussed by Mignacca et al. [21], with values varying from around 2000 US$/kWe to 7000
US$/kWe for greenfield (GF) new power plants. This topic was also addressed by Qvist et
al. [1]. The value of 3500 €/kWe was taken as the base value for the #OCCcr. The analyses
were carried out with a wider range of uOCC values (from 2000 to 5000 €/kWe). The
assumed level of 5000 €/kWe can be expected for FOAK (first-of-a-kind) investments. The
main subject of interest in the analysis is the investment concerning the retrofit of the
supercritical power unit, consisting of replacing the boiler island with a system of nuclear
reactors. When estimating the amount of OCC for the retrofit of the unit, it should be noted
that a large part of the structure of the existing power unit, including the steam turbine,
feedwater heat exchangers, generator, condenser cooling system and grid connection, will
be part of the nuclear unit. It leads to very significant cost savings compared to greenfield
power plants. Figure 3 shows the overnight capital cost breakdown, and the potential cost
savings introduced by retrofitting relative to a greenfield SMR project. The value of 32%
was taken as the base value for retrofit saving (RS) in overnight capital costs. For the
purposes of economic analysis for the RET case, the total investment was calculated using
the following Equation (8):

TCICgrgr = OCCer(1 — RS) + IDCriy- (8)
The IDC were calculated based on [23]:

N [OCCGF(l—RS)

IDCRET =; N

1+ n)N—1 _ OCCGF(l—RS)]

N

©)

where N is the number of years of construction and 7, is the interest rate on the
construction loan.

. Pre-construction costs

- Non-EPC indirect costs

. Owner's costs
Supplementary costs

. Contingency

. Fuel Core Load

. Reactor

Minimal Possible Retrofit Savings: "
9 I Primary heat transfer system
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. Intermediate heat transfer system
Steam cycle
Reactor Aux Systems

. Instrumental and control
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Electrical
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Figure 3. Overnight capital cost breakdown of an advanced SMR.

Operation and Maintenance (O&M) Costs

Operation and maintenance costs (OMC) calculated in the analyses can be divided
into variable costs (VOMC, dependent on electricity production) and fixed costs (FOMC,
dependent on installed capacity). Variable costs are mainly associated with refueling and
setting aside funds for spent fuel handling and plant decommissioning. The assumptions
were obtained from the literature [23-28]. The base values adopted for fuel costs and spent
fuel costs, respectively, were 7 and 5 €/ MWh. The spent fuel and decommissioning cost
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values are based on the Swedish system of nuclear decommissioning and spent fuel
management financing, the fees of which are currently (in 2020) between 3.2 and 6.2
€/MWh [28]. Fixed costs were assumed to be 100,000 €/MW/y.

Fuel costs for coal-fired power unit was assumed at the level of 3.2 €/GJ. For a coal-
fired unit, a significant cost in cash flow is the cost related to the requirement to purchase
allowances for the emitted carbon dioxide. A base value of 30 €/ton-CO: was assumed.
For the reference coal fired power unit the fixed operation and maintenance costs were
assumed as 40,000 €/MW/y [29], and the non-fuel and non-emission variable operation
and maintenance cost was assumed to be 3 €/MWHh. In the coal-fired power unit, the boiler
island is responsible for 60% of operation and maintenance costs (fixed and variable). The
remainder of these costs are for the operation and maintenance of the turbine island. The
above shown levels of fixed O&M costs and non-fuel and non-emission variable O&M
costs for coal-fired relate to the greenfield investment case. These costs, due to the higher
age of the boiler island and the turbine island, were increased by 25% in the analyzed
period of operation for RET and REF investments.

The OMC were calculated using the equation:

OMC = FOMC + VOMC, (10)

for reference coal- fired power unit:

FOMCrgp = [uFOMC(BDggr + uFOMC(TDger](Netg) (11)
VOMCrgr = [(Cea “€coz t Ccoal) ) (Ecoal)REF (12)
+ (WVOMC(nnBI) ggr + uVOMC(nnTI)REF)(Nel,n)REF] CFrer - 8760,
and for retrofit investment pathway:
FOMCrgr = [uFOMC(NI) ggr + uFOMC(TI)RET](Nel_g)RET. (13)
VOMCgrgr = [uVOMC(RC) + uVOMC(SFC) + (uVOMC (nnTI)ggt) (Nel'n)RET] CFrer * 8760. (14)
All assumptions are presented in Table 5.
Table 5. Base economic parameter assumptions.
Investment Pathway
GF RET REF
P t Symbol Ref
arameter ymbo (Nuclear  (Nuclear (W/O eferences
Greenfield) Retrofit) Investment)
Lifetime
Construction time, years CcT 4 4 - [24]
Capacity factor, 12% CF 90 90 70 [25], *
Total tion ti for the NPV
otal operation 1me.assumed or the N. TOT 30 30 30
analysis, years
Capital costs
Unit overnight capital cost (GF investment LOCCor 3500 3500 ) [24]
type), €/kW
Retrofit savings, % RS - 32 - [1]
Interest rates on construction loan, % i 5 5 - [24]
Variable O&M costs
Refuelling costs, €/ MWh uVOMC (RC) 7 7 - [26,27]
Spent nuclear fuel costs, €/ MWh uVOMC (SFC) 5 5 - [28,29]
Coal price, €/GJ Ceoal - - 3.2 *

Electricity price, €/ MWh Cel 75 75 75 *
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CO:2 emission allowance price (Ce,), €/tCO:2 Cea - - 50 *
Non-fuel and non-emission costs for boiler .
island, €/MWh uVOMC (nnBI) - - 2.25
Non-fuel and non-emission costs for turbine .
island, €/MWh uVOMC (nnTI) 1.20 1.50 1.50
Fixed O&M costs, €/ MW/y uFOMC 100,000 104,000 50,000 [24], *
Boiler island, €/ MW/y uFOMC (BI) - - 30,000 *
Turbine island, €/ MW/y uFOMC (TI) 16,000 20,000 20,000 *
Nuclear Island, €/ MW/y uFOMC (NI) 84,000 84,000 - [24]
Others
Discount rate, % r 6 6 6 *
Annual inflation rate, % 2 2 2
Tax rate, % 19 19 19

*—Dbased on experience and recommendations of authors.

As part of economic analyses, a sensitivity analysis of the ANPV to a change in the basic
indicators determining the economic environment of the compared energy systems was also
conducted. The indicators that were changed as part of the sensitivity analysis and the
ranges of values for which the studies were conducted are summarized in Table 6.

Table 6. Indicators selected for the sensitivity analysis and ranges of variable values.

Range of Values *
Low Value High Value
Unit overnight capital cost (GF investment type), € kW 2000 (0.571) 5000 (1.429)

Parameter

Coal price, €/GJ 1.6 (0.5) 6.4 (2.0)
Electricity price, €/ MWh 50 (0.667) 100 (1.333)
CO2 emission allowance price, €/tCO2 25 (0.5) 75 (1.5)
Fixed O&M costs for boiler island, €/ MW/y 15,000 (0.5) 45,000 (1.5)
GE:8000 (0.5) GFg‘g?OO
Fixed O&M costs for turbine island, € MW/y RET:10,000 RET- 3 0,000
(0.5) (15)
Fixed O&M costs for nuclear island, €/ MW/y 42,000 (0.5) 126,000 (1.5)

Variable O&M costs for retrofit case (refuelling), €/ MWh 3.5(0.5) 10.5(1.5)
Variable O&M costs for retrofit case (spent fuel), € MWh 2.5(0.5) 7.5(1.5)

Variable O&M costs for boiler island (non-fuel and non- 1125(05)  3.375 (15)

emission), €/ MWh
Variable O&M costs for turbine island (non-fuel and non-  GF:0.6 (0.5) GF:1.8 (1.5)
emission), €/ MWh RET:0.75 (0.5)RET:2.25 (1.5)
Construction time, years 2 (0.5) 6 (1.5)
Project lifetime, years 20 (0.667) 60 (2.0)
Capacity factor for retrofit case, % 80(0.889) 95 (1.056)
Capacity factor for reference case, % 50 (0.714) 95 (1.357)

* absolute and relative (X/Xbase, in brackets) values.

3. Results
3.1. Technical and Energy Performance Assessment Results

Table 7 displays the solar salt and steam turbine unit (STU) working medium parameters
for the steam generator. The main results of the analysis are presented in Table 8.
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Table 7. Salt and steam/water parameters in SG for system 3xKP-FHR and 1xSTU (Reference 460
MW unit).

Relative
REF RET Change, %
. m, kg/s - 6240.0 -
SGin t, °C - 600.0 -
A m, kg/s - 3955.2 -
t, °C - 600.0 -
B m, kg/s - 3955.2 -
t, °C - 540.5 -
Salt
C m, kg/s - 2284.8 -
t, °C - 600.0 -
D m, kg/s - 2284.8 -
t, °C - 540.5 -
m, kg/s - 6240.0 -
SGout t,°C - 500.0 -
m, kg/s 361.0 358.0 0.8
H_STUin t, °C 290.0 290.0 0.0
p, kPa 31212.0 30952.6 0.8
m, kg/s 361.0 358.0 0.8
H_STUout t, °C 563.0 563.0 0.0
Steam/ p, kPa 27778.0 27547.8 0.8
Water m, kg/s 309.0 306.6 0.8
L_STUin t, °C 311.6 311.8 0.1
p, kPa 5319.0 5278.5 0.8
m, kg/s 309.0 306.6 0.8
L_STUout t, °C 583.0 583.0 0.0
p, kPa 5000.0 4961.8 0.8

Table 8. Main results of analysis for system 3xKP-FHR and 1xSTU (reference 460 MW unit) before
and after retrofit.

REF RET
Gross power Neig, MW 459.60  456.06
Net power Neln, MW 43947  439.58
Auxiliary power of STU Naux_stu, MW 0.64 0.64
Auxiliary power of boiler island Naux s, MW 12.60 -
Other auxiliary power Naux_o, MW 6.89 6.84
Auxiliary power of NR Naux Nk, MW - 9.00
Gross thermal efficiency of STU nestu, % 48.02  48.02
Thermal power of HHECFB/HHESG Quue, MW 74795 742.62
Thermal power of LHECFB/LHESG Quue, MW 209.16  207.07

In the case of the analyzed integrated system, there are very favorable conditions for
coupling the KP-FHR with the STU. This is primarily due to the similar thermal power
demand of the STU and the thermal power of the nuclear reactor system. In addition, the
temperature levels of the STU working medium, required by two integrated subsystems,
are beneficial for planning and designing a steam generator that is an element integrating
these subsystems. The coupling, although requiring a slight reduction in the capacity of
the STU, does not contribute to the degradation of the performance characteristics.
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Before making a decision to invest in retrofitting, a very important issue is the
assessment of the physical footprint provided for the reactors, as well as the assessment
of the possibility of carrying out the required construction works without interfering with
the heat cycle of the supercritical unit during construction, which could force its
shutdown. The change from coal to nuclear fuel can be expected to significantly increase
the amount of electricity obtained from the site, due to the lower marginal power
production costs and the higher capacity factors of nuclear units as compared to coal
plants [1]. Nuclear reactors do not require a larger building footprint than a coal-fired
boiler for the same power rating. The main challenge for retrofitting a coal-fired unit may
be to organize the required space for the construction site. For a large nuclear power plant,
a minimum of ~0.3 km? of area is required for organization of working and storage areas
for the contractors [30]. Construction sites for coal-fired units are most often located at
future coal storage sites. In the case of the investment in question, during the installation
of nuclear reactors and their auxiliary infrastructure, the coal-fired unit will be operated,
therefore, the coal storage facility will be required during this period. However, in the
reference case of retrofitting the unit at the Lagisza power plant, the potential for the
organization of the construction site is present in the areas where 120 MW generating units
were located of which the last two are to be decommissioned within the next few years.
The approximate footprint of new reactor building, as well as the available construction
area site at Lagisza power plant is shown in Figure 4.
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Figure 4. Lagisza unit B10 retrofit with 3xKP-FHR footprint comparison, while unit remains in
operation [1].

Another important aspect that should always be taken into account when planning
investments in nuclear units is the seismic hazard. Poland is one of the safer regions in
Europe in this respect. Seismic activity may potentially only result from nearby mining
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activities. However, such a threat may occur mainly in the vicinity of large lignite mines,
such as Betchatow [31].

3.2. Economic Assessment Results

The results of the analyses obtained for the base assumptions are shown in Figure 5.
The results indicate the economic benefit of investment for nuclear decarbonization of the
coal-fired unit, which is important regardless of the chosen investment pathway. Due to
the savings resulting from taking over part of the production infrastructure from the coal-
fired unit, the retrofit case is the most advantageous investment pathway. The continued
operation of the 460 MW unit without changing its primary energy source will result in a
loss of €169.3M for the base assumptions made. The greenfield investment in a nuclear
power unit will allow for an NPV of €648.6M (ANPV = 817.9 M€). An NPV value of
€1205.5M (ANPV = €1,374.8M) was obtained for the retrofit pathway with the base retrofit
saving value (32%). The NPV value may be higher by 4.16% for a higher retrofit savings
(35%) or lower by 5.55% for lower retrofit savings (28%).

1,400

1,200 I REF
Bl GF

1,000 +— W RET

800
600 4
400
200 A
0-
-200

NPV, M€

Investment pathways

Figure 5. NPV for base assumptions for three investment pathways (retrofit investment pathway
for three different values of retrofit savings).

The price of electricity is a significant determinant of the economic effectiveness of
investments in the energy sector. In the case coal combustion-based power plants, an
additional cost adder is the price of greenhouse gas emission allowances. A comparison
of potential investment pathways using the NPV index, taking into account the electricity
price and the price of emission allowances, for different investment TOT, is shown in
Figure 6. At a low electricity price (50 €/ MWh), positive NPV values were obtained only
for the RET investment pathway, and only for the TOT of 40, 50 and 60 years. For the base
electricity price (75 €/ MWh), positive values for the NPV index were obtained for the RET
and GF pathways for TOT of 20 years and more, and for the REF pathway for all analyzed
TOTs, but under the condition that the emission allowance price remains low. At the
higher electricity price, the most profitable pathway is the RET pathway with operating
periods of 20 years or more.
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Figure 6. NPV for selected electricity prices, emission allowance prices and different total
operation times for the analyzed investment pathways.

Figures 7 and 8 show the results of the sensitivity analysis of the ANPV index to the
change of base assumptions (Xvase) for the GF and RET pathways, respectively. For
individual quantities determining the investment environment, the values were changed
within the ranges defined in Table 6. Taking the ANPV index as the evaluation criterion,
it should be stated that the most important parameters are the price of emission
allowances and the price of coal. The value of the unit overnight capital cost adopted for
analyses also has a large impact, but due to the identified savings in the case of the RET
pathway, the impact of changing this quantity is lower in this case. Despite the significant
impact of the electricity price on the NPV index, this quantity remains insignificant when
assessing investment pathways by using the ANPV index. Among the O&M costs, the
most important component is the fixed O&M costs for the nuclear island. The components
of variable O&M costs related to nuclear fuel are also important.
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Figure 7. The results of the ANPV sensitivity analysis to changes in the main parameters determining the investment
environment for the GF investment pathway.
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Figure 8. The results of the ANPV sensitivity analysis to changes in the main parameters determining the investment
environment for the RET investment pathway.

For the RET pathway, the discounted payback period for the base assumptions is 10
years. For the GF path, the DPP is longer and amounts to 17 years. As shown in Figure 9,
the DPP significantly depends on the prices of greenhouse gas emission allowances. The
adoption of the allowance price at the level of 25 €/tCOz, instead of the nominal price of
50 €/tCOy, results in obtaining a DPP of 19 years for retrofit investments and a DPP of 35
years for greenfield investments. Increasing the price of allowances to 75 €/tCOz results in
a reduction of the DPP to 6 years for retrofit and 10 years for greenfield investments. Table
9 shows an additional impact on the DPP based on the assumed electricity price and coal
prices. While DPP index is slightly influenced by the price of electricity, the price of coal
has a much more pronounced impact. The results show that the low price of allowances
and the low price of coal may lead to a situation in which the required payback period
may exceed even 60 years.
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Figure 9. ANPV as a function of project lifetime for the GF and RET investment pathways.
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Table 9. Discount payback period for different electricity and coal prices for two investment

pathways.
Pathway of Investment
GF RET
Cea, €/tCO2 Cea, €/tCO2
25 50 75 25 50 75
50 33 14 8 18 8 4
Cel, €/ MWh 75 35 17 10 19 10 6
100 33 17 12 19 11 8
1.6 >60 26 9 41 15 14
Ceoal, €/GJ 3.2 35 17 10 19 10 6
6.4 13 8 6 8 5 3

Based on the presented results of the analyses, it can be concluded that the price of
emission allowances, the price of coal, and the investment cost are the most important
parameters in determining whether decarbonizing coal units by nuclear reactors are a viable
investment option. Figures 10 and 11 depict the isolines of values for the ANPV index as a
function of the emission allowance price and the coal price for the GF and RET pathways,
respectively. The corresponding charts display three different values of the uOCC index.
The yellow colour marks the areas represented by these allowance prices and coal prices for
which the ANPV > 0 condition occurs, justifying nuclear decarbonization.

In the case of a high value for the uOCCcr index (5000 €/kW), the GF pathway results
in a slightly positive ANPV index value using base assumptions. Due to the possibility of
lower coal prices and emission allowance prices, which could result in a negative value of
the assessment index, this investment variant is deemed to be a risky option.
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Figure 11. ANPV as a function of price of emission allowance and price of coal for three values of unit overnight capital
costs for RET investment pathway.

4. Discussion and Summary

Polish coal-fired power plant capacities range between 120 MWel to 1075 MWei. From
at least two technical points of view, the retrofit of existing coal-fired units with SMRs is
most suitable for small units in the range of 120 MW to 200 MWa. Firstly, the existing
coal boilers can be replaced with just one or two reactor modules of typical advanced SMR
thermal power output (150-500 MW,). Secondly, the potentially replaced coal boilers are
rather outdated, have low efficiency and high unit emissions of harmful substances and
CO2. However, most of these units are planned to be decommissioned in the next few
years, mainly due to the industrial emission standards defined in BAT (Best Available
Technology) reference documents [32,33]. Thus, taking into account the above factors and
the time needed to deploy the SMRs for commercial deployment, it might be concluded
that the potential for retrofit of these smaller and older units is rather small and will
depend on a case-by-case analysis.

Over the last two decades in Poland, aging power plant assets and increasing
maintenance and renovation costs incentivized the construction of new coal-fired power
units. Those investments were oriented to maintain the reliability of the centralized
energy system, by means of adding new large units with supercritical steam parameters
with capacities ranging between 460 MW and 1075 MW, replacing already
decommissioned plants. Increasing pressure to adapt climate change mitigation actions,
combined with other factors such the increased price of coal and increased share of non-
dispatchable renewable energy sources in the energy system, renders the future of these
units in question as well. One of the potential solutions might be their retrofit with SMRs,
in some instances requiring the coupling of up to six SMRs. At the stage of designing of
the reactors, great care should be taken when choosing and adapting the operating
parameters of the primary and secondary reactor circuits. The restrictions imposed in this
area, is dictated mainly by the safety criterion and result in the need to use specific
parameters for the primary circuit. Of course, this also affects the parameters of the heat
carriers ultimately transferring heat to the steam turbine unit cycle, which is to be
integrated. This fact may cause a mismatch mainly in the use of nuclear reactors for their
integration with supercritical steam turbine units.

Systems with the use of steam generators with significant physical separation from
the construction and safety case of the reactor modules (KP-FHR, MSR-ThorCon,
Terrapower Natrium etc.) are flexible in terms of integration with existing steam turbine
units at specific operating parameters. These heat exchangers (being part of the steam
generator) can be designed taking into account the specific requirements of the steam
turbine unit. An additional advantage of this is the ability to include within the steam
generator an additional heat exchanger that allows the reception of excess heat in relation
to the needs of the existing steam turbine unit. This heat can be used for industrial heat
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supply. Although the parameters used for the KP-FHR reference reactor under
consideration proved to be sufficient to obtain steam at the temperature level that is
required by the analyzed Lagisza 460 MW reference unit, they would be insufficient for
integration with supercritical power units operating in Opole power plant (603 °C, 611
°C), or with a supercritical power unit being commissioning in Jaworzno (600 °C, 610 °C).
Due to the large number of supercritical power units working in the world, where the
steam parameters exceed 600 °C, it seems reasonable to direct the design of small modular
reactors towards obtaining temperatures for the coolant medium at the reactor-side of the
steam generator above 600 °C. It is important to note that maintaining this temperature
for SMRs is based on the use of widely commercially available materials to maintain
reasonable component costs. At the integration planning stage, an important challenge
will be the development of an optimal steam generator design.

An argument for starting a serious discussion on the legitimacy of investments aimed
at carrying out SMR retrofits of coal units is the unquestionable chance of achieving a
significant reduction of CO: in the energy sector. In 2019 the CO: emission in Poland
reached 309 Mt overall and 151 Mt in energy sector [34]. The results of the analyzes
indicate that the retrofit of the reference unit with a capacity of 460 MW may allow for an
annual CO:z emission reduction of about 2.1 Mt, which, in relation to the reported CO:
emissions in Poland, means a relative emission reduction of 0.7% in relation to the overall
emission and 1.4% in relation to emissions in the energy sector. Potentially, carrying out
retrofits of all supercritical units operating in Poland could lead to annual emission
reductions: 9.7% in relation to the total emission and 19.9% in relation to the emissions in
the energy sector. Based on the obtained economic assessment results it can be concluded
that retrofit of existing coal-fired units with SMRs can be economically justified, in
comparison with the continuous operation of the reference plants. The economic
performance of such retrofits depends on several factors, some of them associated with
the technical side of integration and operation (e.g., share of potential savings resulting
from utilization of existing infrastructure or capacity factor) and others with costs of
construction, operation and maintenance of nuclear plant, as well as costs of coal and CO:
emission allowances for the referenced coal-fired units. For the base scenario, the discount
payback time of the investigated retrofit option, compared with continuous operation of
coal-fired units, is 10 years. The respective calculated discount payback time for a
greenfield investment is 17 years. The nuclear retrofit of coal-fired unit may be
advantageous due to the possibility of significantly extending the lifetime of the unit, since
the coal boiler, which often is the lifetime-limiting component in a coal unit, is removed.
In addition, carrying out a retrofit may reduce the dynamics of technical degradation, and
thus the risk of failure of the turbine island itself, due to the reduced time with operation
at variable load, which is currently widely practiced in the case of coal-fired units. Taking
into account the standard long lifetime of a nuclear island, it should be expected that with
proper operation, including servicing of the power unit, its lifetime after retrofitting can
be up to 60 years.

Detailed studies of the Polish energy system with SMRs should be conducted to
provide the level of acceptable costs for such projects, in comparison with alternatives like
variable renewables with long-duration storage, or coal and natural gas-fired units with
CCS installations.

The recommendations for the decarbonization of the Polish power plant assets
through retrofit with SMRs from technical and economic perspective can be summarized
into following points:

e  Technical dialog with SMRs vendors, engineering companies active in energy sector
and power plant operators should be started as soon as possible to assess the detailed
technical feasibility of retrofits at preselected locations.

e  The decisions regarding the retrofit should be made within this decade, due to the
aging of the assets and planned decommissioning.
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Although beyond the scope of this paper, other important factors such as public
acceptance, spent fuel handling, infrastructure security, and technology transfer should
also be considered [35]. It should be noted that retrofit of the existing fleet with SMRs
should not replace the planned first nuclear power plants but would rather be
complementary in terms of development and role in energy system. Taking into account
the expected increase in electricity consumption in Poland (for example due to transport
electrification), planned decommissioning of coal-fired assets and climate change
mitigation actions, both Gen III+ and SMR nuclear plants could find a place in the future
decarbonized Polish energy mix. Another important issue is environmental protection,
where in the case of SMR nuclear plants, the environmental impact assessment procedures
need to be followed to comprehensively assess the impacts. Such studies should engage
members of the public, which also include the transboundary impacts. They will also be
determined on a case-by-case basis [36], but at the current state they are beyond the scope
of the paper.
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Appendix A

For determination of thermal power of reference reactor, characteristic parameters of
solar salt have been used. For this purpose, a respective equation has been used:

: . t
QsmRr = Msolar salt f solar saltout Cp () dt, (A1)

tsolar salt,in

The following relationship was used to determine specific heat capacity [37]:

cp(t) = 1443 +0.172¢, J/kgK, (A2)
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The value calculated using the relation was 319.8 MW. This value was adopted as the
reference for the SMR reactor module.
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