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Master’s thesis presents a study of the energy efficiency and economy of a power unit with 

the VVER-1200 reactor of the AES-2006 design and the Alstom Arabelle K-1200-6.9/25 

turbine unit for the conditions of the Hanhikivi NPP (Finland). 

In addition, the analysis of the electricity market of Finland with the justification of the 

relevance of the construction of a nuclear power plant in the country is presented. 

Furthermore, the thesis describes the main technical and technological features of the AES-

2006 design, the VVER-1200 reactor plant and the K-1200-6.9/25 turbine unit by Alstom. 
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SYMBOLS AND ABBREVIATIONS (may be included, but not relevant for all theses) 

 

p/P pressure  [Pa] 

T/t temperature  [ºC] 

V  volume   [m3] 

v  specific volume [m3/kg] 

E amount of energy [J] 

η efficiency factor [%] 

H/h specific enthalpy [kJ/kg] 

D steam flow rate [kg/s] 

Q heat    [kW] 

q heat rate  [kJ/kWh] 

ρ  fuel enrichment level [%] 

N  amount of electricity [W] 

C  cost  [$], [€] 

CPU Average unit cost [(€ cent)/kWh] 

m  mass  [kg] 

∆  ratio of the calculated unit costs 

𝛿  ratio of the total capacities of the Olkiluoto and Loviisa units 

  

 

Abbreviations 

CFD Computational Fluid Dynamics 

ATWS Anticipated transient without scram 



BMI Business Monitor International 

CHP Combined heat and power 

CW Circulating water 

DSO Distribution system operator 

ECCS Emergency core cooling system 

EMA Electricity Market Act 

ENTSOE European Network of Transmission System Operators for Electricity 

EU European Union 

FCR-D Frequency containment reserve for disturbances 

FCR-N Frequency containment reserve for normal operation 

FRR-A/aFRR Automatic frequency restoration reserve 

FRR-M/mFRR Manual frequency restoration reserve 

FWP Feed water pump 

HLW High-level radioactive waste 

HPC High pressure cylinder 

HPP High-pressure part 

IAEA International Atomic Energy Agency 

ICUF Installed capacity utilization factor 

ILW Intermediate-level waste 

LLW Low-level waste 

Lo-1 Loviisa 1 

Lo-2 Loviisa 2 

LPC Low pressure cylinder 

LUT Lappeenranta University of Technology 



MCP Main circulation pump 

MEE Ministry of Employment and the Economy 

MPP Medium-pressure part 

MSR Moisture separator-reheater 

NNPP Novovoronezh Nuclear Power Plant 

NPP Nuclear Power Plant 

NUF Neutron utilization factor 

Ol-1 Olkiluoto 1 

Ol-2 Olkiluoto 2 

Ol-3 Olkiluoto 3 

R&D Research and development 

REMIT Regulation on Wholesale Energy Market Integrity and Transparency 

RW Radioactive waste 

SH Superheater 

SNF Spent nuclear fuel 

SWU Separative work unit 

TSO Transmission system operator 

TVO Teollisuuden Voima Oy 

VAT Value added tax 
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1. Introduction 

 

Currently, one of the main world problems is global warming, where a significant 

contribution is made by emissions of greenhouse gases, in particular carbon dioxide (CO2). 

In the context of the constant impact of industrialization on the environment, higher 

requirements are imposed on the environmental and energy efficiency of the technologies 

used at the generation facilities under construction. Trends to reduce carbon emissions and 

environmental impact create additional conditions and requirements for the construction of 

nuclear power plants.  

Finland is a country with a predominant share of nuclear power generation and plans for the 

development of the nuclear industry. To understand the role of the environmental factor in 

the economic efficiency of the nuclear power plant and its share in relation to the fuel 

consumption factor, this master’s thesis analyzes the energy efficiency of the Hanhikivi NPP 

and presents a new approach to calculate the gross margin using the example of this power 

plant. 

The construction of the new power plant in Finland is performed by a subdivision of the 

Russian State Corporation Rosatom, using the AES-2006 project with a pressurized water-

cooled power reactor VVER-1200. The so-called Hanhikivi NPP at this stage is planned as 

a plant with one power unit with an electric capacity of 1200 MW. At the same time, there’s 

an opportunity for the construction of a second power unit on the territory of the Hanhikivi 

NPP. This power plant has passed all the procedures of state approval and feasibility study, 

although at the moment there is a percentage of opponents of the construction and 

introduction of new nuclear power, both on the part of the population and in the professional 

environment. There are two main factors for this position - economic and environmental. 

Both of these factors are interrelated, as the organization of environmental safety that meets 

growing standards requires increasing capital and operating costs. 

In the standard calculation of the gross margin for the fuel-fired power plants, most often 

only the fuel component is taken into account. For nuclear power plants, the fuel component 

occupies a small share in the economic balance of the enterprise, due to the relatively low 

fuel consumption during the operating life of the power plant in relation to capital 
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construction costs. At the current stage of development of the nuclear energy market, the 

environmental component is beginning to have an increasing impact on operating costs. 

The master's thesis explored the electricity market in Finland, legislation in the field of 

environmental standards and safety. Based on the initial data of the reactor plant of the AES 

2006 project and one of the operating modes of the turbine unit K-1200-6.9/25 of the Alstom 

company, the calculations of the heat balance diagram were performed for the climatic 

conditions of the Hanhikivi NPP construction area for the main seasons of the year. 

Calculated estimation of fuel consumption (fuel burnup) and monetary equivalent has been 

performed. The analysis of the calculated data was carried out with subsequent conclusions. 

Modelling of energy processes, energy and economic efficiency is performed in Mathcad 

and Excel.  
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2. Analysis of electrical energy industry and the market of electrical 

and heat energy of Finland 

 

This chapter introduces a starting point of the presented master’s thesis.  

The chapter gives general information about the state energy policy of Finland, the structure 

of the energy market, including transmission and distribution networks. A separate 

subchapter describes the nuclear industry of Finland. 

 

2.1 Introduction 

Finland is one of the largest consumers of energy per capita among the EU countries, second 

only to Denmark and Sweden by this indicator (BMI, 2017). The main reasons for this are 

the cold climate, high standard of living and low population density. Due to the lack of both 

its own energy resources and electric power capacities, Finland has to import a significant 

share of electricity from the countries of the Nord Pool, as well as from Russia.  

 

Finland is located in northern Europe, covers an area of 338,432 square kilometres, of which 

72 % is forest, 10 % is water, and 8 % is cultivated land. The population of the country is 

5.5 million people, the average population density is 18 people per square kilometre. 

Average temperatures in the northern part of the country are -14.1 °C in January and 12 °C 

in July, in the southern part are -0.9 °C in January and 16.4 °C in July. In 2015, energy 

consumption in the country amounted to 1301 PJ, electricity - 82.5 TWh (Statistics Finland, 

2016). In 2016, electricity consumption was 85.1 TWh, showing an increase of 3.1 % 

compared to the previous year. (Wilhelms, 2016)  

 

In the long term, the state’s energy and climate strategy suggests a transition to a society 

with a zero balance of carbon emissions to the atmosphere, which corresponds to the Paris 

Agreement, as well as the energy and climate strategy of the European Union until 2030. 

Under the Kyoto Protocol, Finland has accepted and fulfilled, since 2011, commitments to 
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reduce greenhouse gas emissions to the 1990 level and maintain them at this level and below 

for subsequent years. (Kuuva, 2017)  

 

2.2 State Energy Policy 

The Finnish northern climatic conditions, geographically isolated location, relatively high 

energy consumption and targeted promotion of the use of renewable energy sources have 

played an important role in the development of the electricity sector. Ensuring uninterrupted 

power supply, competitive energy prices and meeting the European Union’s common energy 

and climate goals - the main elements of the policy of the Finnish electricity sector. 

Finnish electricity policy in recent years has been focused on the continuous market 

liberalization, energy efficiency of generation and integration of the Finnish electricity 

market into the Scandinavian and later into the European markets. Finland aims to achieve 

self-sufficiency in electricity production in the 20s of this century when the new nuclear 

power plant units projects will be commissioned. 

Legislation in the field of the electric power industry is mainly represented by the new 

Electricity Market Act (Electricity Market Act, 588/2013, hereinafter EMA), which entered 

into force on September 1, 2013. The EMA implements the third energy package (EU 

Energy Package) and, most importantly, Directive 2009/72/EC concerning the general rules 

for the functioning of the EU internal electricity market. Current government decrees and 

orders are based on the EMA and its previous version. 

Other important state laws in the electricity sector are the Electricity and Natural Gas Market 

Supervision Act (590/2013), Act on the Promotion of Electricity from Renewable Sources 

(1396/2010) and the Competition Act (948/2011). 

Also for Finland, as a Member State of the EU, EU legislation such as Regulation on 

Wholesale Energy Market Integrity and Transparency (EU Regulation No. 1227/2011, 

REMIT), is directly applicable. Depending on the type of facility, various notifications, as 

well as building and operating permits, environmental permits are required to build and 

operate power generation facilities in Finland. The Energy Authority must be notified of the 

plans for the construction and commissioning of all generating capacities with an installed 

capacity from 1 MW. Legislation regarding licensing and admission, among other things, is 

presented by the Land Use and Building Act (132/1999), the Environmental Protection Act 
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(527/2014), the Act on Environmental Impact Assessment Procedure (468/1994) and the 

Water Act (587/2011). (Joenpolvi, 2016) 

The most important public authorities in environmental permits and construction 

authorization, depending on the required permits, are municipal construction supervision 

authorities, regional economic development, transport and environment centres, regional 

state administrative bodies, the Energy Management Department and the Ministry of 

Employment and the Economy (MEE). (Joenpolvi, 2016) 

 

2.3 The structure of the energy market 

The electricity market has been completely liberalized. Since 1998, about 70 energy sales 

companies and all retail buyers, including consumers, have had the opportunity to freely buy 

electricity from any supplier of their choice. Most of the electricity wholesale trade takes 

place on the Nord Pool Spot energy exchange, where Elspot (day ahead) and Elbas (intraday) 

markets set the market price for electricity in the Scandinavian countries. On the wholesale 

market there are numerous counterparties. In addition, electricity is traded on the over-the-

counter market and directly between buyers and sellers. (Nord Pool, 2017. About Us – Nord 

Pool)  

Power line networks are operated by Fingrid Oyj (Fingrid), the national transmission system 

(transmission network) operator (TSO). Since 2011, the Finnish state holds a controlling 

share in Fingrid. 

There are more than 80 regional and local operators in Finland. Distribution networks are 

regional and local energy companies, public organizations, such as municipalities, and, in 

increasing proportion, private domestic and foreign investors who specialize in 

infrastructure investments. 

 

2.4 Electricity generation 

With the total electricity consumption in 2015 reaching 82.5 TWh, the total amount of 

electricity produced in the country was 66.16 TWh, which implies the presence of 20 % of 

imports in the country’s overall electricity balance (Appendix 1). 
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The main sources of electrical energy are the nuclear power industry (approximately 27 % 

of electricity produced in total in 2015), hydropower (about 20%) and biofuel power plants 

(about 13 %), as presented in Table 2.4.1. (Statistics Finland, 2016). Electricity is also 

produced at power plants using coal, natural gas, fuel waste, peat, wind and solar energy. 

About 79 % of electricity is generated using carbon dioxide-free energy sources (Oesch, 

2017). A detailed historical summary of the structure of electricity generation in Finland is 

presented in Appendix 2. (Statistics Finland, 2016)  

In 2017, the installed capacity of electricity generation facilities with a capacity of 1 MW in 

Finland amounted to 16004 MW (Finnish Energy Authority, 2017). At the same time, 

according to the data of the Energy Authority, recently, a large proportion of generation 

facilities were decommissioned - 1,876.7 MW. One of the factors that affected this was the 

actual lack of use of these generating facilities even for backup purposes, due to the high 

cost of electricity production, low manoeuvrability, and low energy and environmental 

efficiency (which also has a direct impact on the cost). Therefore, according to the European 

Network of Transmission System Operators for Electricity (ENTSOE), the actual available 

market volume of generating capacities (excluding TSO reserves) is equal to 11600 MW, 

with a peak power consumption of 15,100 MW, which indicates a lack of available capacity 

within the country (not counting flows) equal to 3500 MW. at peak power consumption at a 

level 15100 MW, that shows a shortage of available capacity inside of the country (not 

including overflows) equal 3500 MW. (ENTSOE, 2017) 

To reduce the imbalance of consumption and generation in the domestic market, as well as 

to replace capacities planned for decommissioning, 10 large generating facilities are planned 

to be commissioned in Finland by 2024 with a total installed capacity of more than 3300 

MW. The bulk of the new capacity will be represented by two nuclear power facilities-

Olkiluoto 3 (1600 Mw after the year 2018) and 1 Hanhikivi (1200 Mw after the year 2024). 

A table with a forecast of the prospects for the development of generation in Finland from 

the research agency BMI Research is presented in Appendix 3. (BMI, 2017) 
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Table 2.4.1: Generation and import of electricity and heat in Finland in 2015. 

 
Electricity 

[GWh] 

District heat [GWh] Industrial heat 

[GWh] 

Fuels used 

[TJ] 

Separate 

production of 

electricity 

        

- Hydro  

power 

16,584 - - - 

- Wind power 2,327 - - - 

- Solar power 10 - - - 

- Nuclear 

 power 

22,326 - - - 

- Condensing 

power  

4,062 - - 42,393 

- Total 45,309 - - 42,393 

Combined heat 

and power 

production 

20,846 24,473 42,869 382,098 

Separate heat 

production 

- 10,558 8,975 78,692 

Total  

production 

66,155 35,031 51,844 503,183 

Net imports of 

electricity 

16,337 - - - 

Total 82,492 35,031 51,844 503,183 

 

 

Figure 2.4.1. Electricity generation by energy source from 2000 to 2015. (Statistics 

Finland, 2017) 
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2.5 Nuclear energy 

More than a quarter of the electricity consumed in Finland is produced using nuclear energy. 

According to the forecasts of the Business Monitor International (BMI) agency, nuclear 

generation will provide 34.05 % of electricity generation in the country, producing 22.69 

TWh of electricity in 2017 (BMI, 2017). The nuclear industry is seen as an important way 

of ensuring the security of supply and self-sufficiency in electricity production in the future. 

All projects in the field of nuclear energy must comply with the fundamental principle of 

Finnish policy and legislation in the field of nuclear energy – nuclear energy is safe and 

conforms to the common good of society. Currently, the main political forces do not 

encourage or hinder the development of the new NPP. (Joenpolvi, 2016) 

According to the Finnish climate and energy strategy, nuclear power is one of the possible 

generation methods, but the initiative for its application should come from industry. As 

stated in the Nuclear Energy Act, an environmental impact assessment of a project must be 

carried out before filing an application for a decision-in-principle by the Government. Each 

permit to build a new nuclear power plant ultimately requires parliamentary ratification. 

Currently, there are 4 nuclear power plants operating in Finland: Olkiluoto 1,2, Loviisa 1,2. 

The total net supply capacity of the power plants is 2764 MW, the installed capacity is 2872 

MW. The plant capacity factor is one of the highest in the world at 85 %. (Joenpolvi, 2016) 

Olkiluoto units 1,2 belong to the Finnish corporation Teollisuuden Voima Oy (TVO) and 

were built by ASEA-Atom.  

Commissioning: 

• Olkiluoto 1 - 1979  

• Olkiluoto 2 - 1982  

Equipment: Swedish boiling-water reactor manufactured by ASEA-Atom. 

The installed capacity of each unit is 690 MW (660 MW net). After several modernizations, 

the current capacity of each unit is - 910 MW (890 MW net). 

Operating License Renewal: In January 2017, the company submitted a request for a 20-year 

license renewal at STUK, until 2038 for both units. 
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Total electricity generation in 2016: 14.35 TWh, which is about 22 % of all electricity 

produced in the country. (TVO, 2017. Key figures of TVO Group) 

Loviisa units 1,2 are owned by the Finnish company Fortum (Fortum Oyj). 

Commissioning  

• Loviisa 1 - 1978  

• Loviisa 2 - 1980 

Equipment: 2 Soviet VVER-440 reactors, with the initial installed capacity of 465 MW (420 

MW net) each.  

After the modernization in 2017, the net capacity of each unit was increased to 507 MW.  

Operating License Renewal: in 2007 for 20 years for each unit (Radiation and Nuclear Safety 

Authority, STUK) until 2027 and 2030, respectively, subject to safety assessment in 2015 

and 2023. 

Total electricity generation in 2016: 8.33 TWh. This is about 13 % of all electricity produced 

in Finland. (Fortum, 2017. Loviisa power plant)  

At the moment, the construction of two new NPP units with a total installed capacity of 2800 

MW is in progress - Olkiluoto 3 (1600 MW) and Hanhikivi 1 (1200 MW). 

• Olkiluoto 3 is equipped with an EPR (European Pressurized Water Reactor) (TVO, 2017. 

Olkiluoto 3). 

• Hanhikivi 1 will be equipped with a VVER-1200 reactor with a thermal output of 3200 

MW (Fennovoima, 2017. Hanhikivi 1 Project). 

Construction of the Olkiluoto 3 unit began in 2005 and was ordered on a turnkey basis by 

TVO from a consortium formed by three companies - AREVA GmbH, AREVA NP SAS, 

and Siemens AG, with commercial power generation scheduled to begin in 2009. At the end 

of 2011, the readiness of the power plant was estimated at 82 %, then by the end of 2012 all 

the components of the main circuit of the unit were installed, and in July 2012, when the 

construction was already 4 years behind the plan, it was announced that the start of electricity 

production was delayed for at least until the end of 2015 (World Nuclear News, 2012). In 

2015, the automation operating systems were delivered to the site and installed. Testing of 
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automation systems began in January 2016 (YLE, 2017). According to the latest updates to 

the project implementation schedule, electricity production will begin at the end of 2018 

(TVO, 2017. Olkiluoto 3). According to various resources, the delay is caused by the funding 

issues - the baseline cost of the project has been estimated and agreed at 3.2 billion euros, 

while the final cost is currently approaching 8.5 billion. Billions of financial claims of 

construction participants to each other are the reason for lengthy litigation in the 

International Arbitration Court (World Nuclear Association, 2017. Nuclear Power in 

Finland). At the moment, the project is going through all the final stages of implementation 

and approval in MEE and STUK to obtain a License for 20 years of operation, after which 

it will be possible to start loading fuel into the reactor (World Nuclear Association, 2017. 

Nuclear Power in Finland). 

Construction of the Hanhikivi 1 power plant will begin in 2018 after obtaining the 

Construction License and will continue until 2024 when it is planned to start generating 

electricity. The NPP will be located in the municipality of Pyhäjoki in Northern Ostrobothnia 

on the shores of the Baltic Sea. From 2015 to the end of 2017, work is underway to prepare 

the site for the construction of the power plant (Fennovoima, 2017. Hanhikivi 1 Project). 

The Finnish company Fennvoima Oy will be involved in the operation of the power plant, 

licensing issues, as well as the construction of infrastructure, auxiliary buildings and 

buildings of support systems. In December 2013, Fennovoima signed a contract with RAOS 

Project Oy, a subsidiary of Rosatom Overseas, part of the Russian state corporation 

Rosatom, for the construction of a nuclear power plant based on the AES-2006 project. 

Rosatom, in turn, will provide a share of financing for the project by purchasing a 34 % stake 

in Fennovoima. Rosatom Overseas signed a contract with Atomproekt to create the design 

documentation required for the subsequent receipt of the Construction License (World 

Nuclear Association, 2017. Nuclear Power in Finland). The general contractor for the 

construction of the NPP is Titan-2, the main equipment supplier is Atomenergomash, and 

Gidropress is the chief process designer. 

In June 2016, the Regional State Administrative Agency of Northern Finland granted an 

environmental permit for the project. Atomstroyexport states that despite the planned 

capacity of 1200 MW, the actual capacity of Hanhikivi 1 unit will be 1250 MW due to the 

low temperature of the cooling water in the condenser circulation loop and the use of the 

Arabelle slow-speed turbine. The project implementation cost is set at 6 billion euros. At the 
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same time, 2.4 billion euros, but not more than 150 billion rubles, will be allocated from the 

state National Welfare Fund by the government of the Russian Federation as a loan. 

(Rosatom State Corporation, 2017. NPP under construction - Hanhikivi-1) 

The uranium industry in Finland should also be mentioned. There are no uranium mines in 

the country, nevertheless, there are plans to extract uranium as a by-product of nickel and 

zinc production. In 2010, Talvivaara Mining Company announced its intention to extract 

360 tonnes of uranium from sulphide black shale using bacterial heap leaching in Sotkamo 

municipality annually for 46 years. Talvivaara has signed a contract with Cameco to build a 

€ 45 million uranium recovery plant using selective solvent extraction. But over time, 

Talvivaara started to have problems with obtaining all the necessary permits, in 2013 it 

announced liquidity problems and in 2014 Talvivaara's subsidiary Talvivaara Sotkamo, 

which was involved in this project, was declared bankrupt. At the same time, the construction 

of the plant was 98 % completed and the total investment amounted to $ 70 million. In 2015, 

the Finnish Ministry of Employment and Economy announced that Talvivaara Sotkamo's 

assets would be acquired by the state-owned Terrafame Oy from Talvivaara. In November 

2016, Terrafame intended to begin extracting uranium, in case of getting an approval from 

the Radiation and Nuclear Safety Authority (STUK) and obtaining a new license from the 

Council of State. (World Nuclear Association, 2017. Nuclear Power in Finland) 

 

2.6 State support and subsidies for the development of generation sources 

Finland has traditionally strived to produce as much electricity as possible through combined 

heat and power generation (CHP generation). The country occupies one of the leading places 

in the world in terms of the share of electricity generation at thermal power plants. Finnish 

tax legislation is aimed to support the development of CHP plants - its key feature is the 

exemption from the fuel tax on fuel used in the production of electricity. At the same time, 

the fuel consumed in the production of heat is taxed. Also, in accordance with the Act on 

Excise Duty on Electricity and Certain Fuels (1260/1996) in cases where fuel oil, biofuels, 

coal or natural gas are used in combined heat and power generation, the tax on carbon 

dioxide is 50 percent of the current tax rates. 

The Finnish energy policy is based on the principles of environmental, social and economic 

sustainability (resource balance) and predictability. In recent decades, Finland has become 
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one of the leading industrialized countries in the use of renewable energy sources, 

particularly bioenergy. In accordance with the State Strategy until 2030, the country intends 

to increase the share of renewable energy sources in the balance of energy consumption to 

50 % by 2030, as well as achieve a zero balance of carbon emissions into the atmosphere 

(Sjoberg, 2017). Until 2020, the target for the production of renewable energy in total energy 

consumption is 38 percent, which in the current market situation seems to be achievable even 

in a shorter time frame, since in 2015 the share of renewable energy in total energy 

consumption was 33 % and 36 % in electricity supply, as seen on the Figure 2.6.1. (Statistics 

Finland, 2016) 

Finnish tax legislation provides incentives for enterprises using alternative energy sources 

in the form of, for example, simplified excise taxation (for small biofuel producers) and the 

possibility of filing a tax deduction (for energy-intensive enterprises). 

The policy of subsidizing “green” tariffs in force until 2015 contributed to the construction 

of generating capacities and electricity production using wind energy, forest biomass, timber 

and landfill gas, which made it possible to achieve, for example, the total electricity 

generation by wind energy facilities of more than 2.3 TWh in 2015 (Statistics Finland, 2016). 

However, some other renewable energy sources such as solar energy were not covered by 

any subsidy schemes. In order to create a favourable treatment for such properties, the 

Energy Authority is currently administering and providing preferential tariffs. 

In the fall of 2015, due to the expiration of the previous subsidy scheme, the development 

of a new subsidy package aimed at the growth of renewable energy and based on 

technological neutrality and economic affordability began. The new subsidy scheme will be 

developed in accordance with the European Commission's Guidelines on State Aid for 

Environmental Protection and Energy 2014 – 2020, 2014 / C 200/01 (Joenpolvi, 2016). In 

addition, on November 24, 2016, the Finnish Government published the Climate and Energy 

Strategy for 2030, according to which it is planned to increase the production of electricity 

from renewable sources by 2 TWh until 2020, which can be presented as the commissioning 

of new electric power capacities with a total volume of 600 - 800 MW. Considering that, 

according to preliminary information, subsidies will cover the production of 2 TWh, and the 

projects already approved by the supervisory authorities of only wind power plants are 

available for 6 TWh per year, it can be assumed that most of the new facilities will not be 

able to receive support in the form of subsidies. Also, if we compare the data on the previous 
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tariff subsidy scheme, which cost the state budget 245 million euros annually, and the cost 

of the new subsidy scheme, which is estimated by the Finnish Government at 278 million 

euros for the period from 2010 to 2030 (13 million in 2020 and 265 in the period from 2021 

to 2030), it can be concluded that state financial assistance in the areas of renewable energy 

will be significantly reduced. Presumably, the choice of recipients will be based on a 

qualitative principle, in other words, according to indicators of profitability and 

competitiveness. The final scheme will become known after its approval. (Eerola, 2017) 

 

Figure 2.6.1. The share of various energy sources in total energy consumption and 

electricity supply. 

 

2.7 Transmission networks 

Issues related to the operation of networks and transmission lines are primarily regulated by 

the Finnish Energy Authority, which provides general supervision and issuance of licenses 

and permits. In particular, a license and certification of independence are required for the 

operation of power transmission networks. Construction of new high-voltage transmission 

lines (110 kV and above) requires permission not only from the Energy Department but also 

from environmental authorities. (Joenpolvi, 2016) 
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In mainland Finland, the transmission network license was granted to Fingrid, the sole 

operator of the transmission network in the area. Fingrid has been certified in accordance 

with the EMA and applicable EU regulations. (Joenpolvi, 2016) 

Fingrid was formed in 1996 and 50 % of the company was equally owned by Fortum Power 

and Heat Oy and Pohjolan Voima Oy. The third package of EU directives for the domestic 

energy market requires transmission system operators to be separated from generation and 

supply. Thus, the same persons do not have the right to exercise control or any other 

authority, directly or indirectly performing the functions of generation and/or supply in 

relation to the system operator of the transmission networks. For this reason, on a voluntary 

basis, the abovementioned companies sold their shares to the state and the insurance 

company Ilmarinen Mutual Pension Insurance Company in accordance with the 

requirements of the Electricity Directive. (Energy Authority, 2016) 

The transmission system operator (TSO) is required to provide access to the networks to all 

third parties on a transparent and non-discriminatory basis. The operator and the network 

users enter into separate contracts for connection to the network and its use. Parties wishing 

to connect to the transmission networks shall meet the technical requirements set by Fingrid 

and pay the applicable fees. These requirements are approved by the Energy Authority, 

which guarantees that there is no discrimination and that connection fees are reasonable. 

The transmission system operator is responsible for ensuring the safety, reliability of power 

supply and the efficiency of transmission networks. Thus, Fingrid must not only operate but 

also develop the transmission network: every two years, the company is obliged to publish 

a network development plan for 10 years. It should include an investment plan of the 

necessary measures to ensure the fulfilment of obligations for the development of the system, 

an investment plan for cross-border links, as well as other related information (Joenpolvi, 

2016). There is no incentive for this activity from the state. Investments in the transmission 

system are supported by funding through the rate-of-return model applied by the Energy 

Authority. (Joenpolvi, 2016) 

Fingrid's investment program for 2015-2025 is designed for investments in the amount of 

1.2 billion US dollars. In the second half of this decade and the beginning of the 2020s, 

investments in network infrastructure will mainly focus on the renewal of outdated 

transmission lines and substations. (Fingrid, 2017. Grid projects) 
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In order to ensure the reliability of the system, Fingrid carries out: 

• Operational safety assurance 

• Frequency maintenance (using capacity reserves) 

• Voltage maintenance 

• Communication for operational safety 

The Scandinavian power grid is synchronized and the normal frequency range is 49.9 to 50.1 

Hz. There are capacity reserves that are activated automatically when the frequency changes: 

the frequency containment reserve for normal operation, the frequency containment reserve 

for disturbances (deviation up to 0.5 Hz) and the automatic frequency restoration reserve. 

Also, there is a reserve for manual frequency recovery. Table 2.7.1 presents data on 

redundancy systems. 

 

 Table 2.7.1: Reserves for ensuring the operational safety of the system in 2015 in Finland. 

RESERVE TYPE CONTRACTUAL CAPACITY COMMITMENT 

Frequency containment reserve for 

normal operation (FCR-N) 

 - Power plants, 165 MW 

 -   Vyborgskaya ETL, 90 MW  

 -   Estonian ETL, 35 MW 

140 MW 

Frequency containment reserve for 

disturbances  

(FCR-D) 

 - Power plants, 604 MW  

 -   Loan reduction, 40 MW 
260 MW 

Automatic frequency restoration 

reserve (FRR-A/aFRR) 

 - Power plants, 300 MW            

 -   Only in the morning and in the 

evening 

70 MW 

Manual frequency restoration 

reserve (FRR-M/mFRR) 

 -  Gas turbines (GT), 1230 MW  

 -   Load shedding, 354 MW 
880 MW 

 

The transmission network, operated by Fingrid, covers 14,600 km of transmission lines and 

120 substations. This network transmits about 77 percent of all electricity transported in 

Finland. (Fingrid, 2017. Grid projects) 

Also, Finland has cross-border connections with Sweden, Norway and Estonia, which are 

part of the single Nord Pool market. The capacity of interconnection between Finland and 

neighbouring countries at the end of 2015 was 5100 MW (Energy Authority, 2016). The 
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transmission capacities of the interconnecting power lines of the countries within the 

Scandinavian energy system are shown in Figure 2.7.1. 

 

Figure 2.7.1. The capacity of interconnecting power lines between the Nordic countries. 

(Energy Authority, 2016) 

Fingrid provides 1,300 MW of transmission capacity from Russia through its 400 kV 

transmission lines connected to Russia while having a reserve of 100 MW for the Finnish 

grid reserve. In addition to the import of electricity, since 2014 there has been a technological 

opportunity to export to Russia at the level of 350 MW (European Commission, 2014). 

Electricity imports from Russia in 2016 increased significantly compared to 2015, from 3.9 

TWh to 5.9 TWh, but remains relatively low due to the fact that in the period from 2011 to 

2015 it fell overall by 60 % because of a change in the market model of the power industry 
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in Russia and an improvement in the state of hydropower in Norway and Sweden. (Fingrid, 

2016) 

 

2.8 Distribution networks 

The operation of distribution networks requires a license from the Energy Authority. The 

applicant must meet certain technical, financial and organizational requirements, which may 

differ depending on the location of the networks. For example, grids located in closed 

industrial areas may be subject to looser regulation than licensed closed distribution systems. 

Small networks located in the territory of private property owned or controlled by the same 

persons can be completely exempted from licensing and regulation. 

The Energy Authority is responsible for the regulation of 80 distribution network operators, 

12 regional high voltage distribution network operators and one transmission network 

operator. 

The construction of new high-voltage transmission lines (110 kV and above) requires 

permits from the Energy Authority, as well as environmental agencies. At the same time, 

distribution system operators (DSOs) have the exclusive right to develop distribution 

networks in their operating area. 

Access to distribution networks, as well as to transmission networks, should be provided to 

third parties in a transparent and non-discriminatory manner. Parties wishing to connect to 

the distribution system shall meet the necessary technical requirements and pay the 

applicable fees. These requirements have been approved by the Energy Authority, which 

controls access to the grid, the absence of any discrimination and the validity of connection 

fees. The distribution system operator and the regular network users enter into two contracts 

- for connection and use of the network. The cost of services for the transmission of 

electricity through distribution networks is estimated in general by the Energy Authority 

through the rate of return regulation model. The validity of pricing is evaluated every 4 years. 

The current assessment methodology has been applied since 2016 and will be valid for the 

next two four-year periods. At the same time, each distribution system operator has the right 

to set its tariffs within the specified limits. 
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Parties who believe that the system operator does not comply with the specified requirements 

may contact the Energy Authority to initiate an investigation of this issue. The Energy 

Authority handles disputes on a case-by-case basis. (Joenpolvi, 2016) 

In March 2009, a Decree of the Government came into force, which required that by the end 

of 2013 at least 80 % of the points of consumption of each distribution system operator 

should be equipped with intelligent metering systems. However, most of the system 

operators have tried to install such meters for all consumers. Thus, the obtained hourly 

consumption data is used to calculate and forecast the balance in more than 90 % of 

consumption points in Finland. 

According to the Electricity Market Act, the operation of electric networks shall be legally 

separated from trading and electricity generation if the annual amount of electricity 

transmitted through the 0.4 kV grid exceeds 200 GWh for three consecutive calendar years. 

At the end of 2015, 35 distribution system operators exceeded the threshold value for 

electricity transmission and, according to the requirements of the Act, this required them to 

legally separate the operation of electrical networks. Nevertheless, some system operators 

that are below the threshold have also implemented legal separation. A total of 46 

distribution system operators in Finland had been legally separated by the end of 2015. 

Under Finnish law, network system operators have the following obligations: 

• develop the electrical network 

• connect consumers 

• transmit electricity 

Besides, since September 2013, the legislation has also included obligations for distribution 

system operators to plan and develop their network infrastructure in such a way that limits 

power outages in stormy weather conditions to 36 hours in rural areas and up to 6 hours in 

urban areas by the end of 2028. According to the Electricity Market Act, each distribution 

system operator must develop a network development plan to meet these requirements and 

update it every 2 years, submitting all information to the Energy Authority. The regulatory 

model provides for two ways to stimulate this activity: 

• inclusion of network investments in the capital base 
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• accounting of financial losses of customers caused by interruptions with subsequent 

payment of compensation. 

In accordance with the Electricity Market Act, network system operators must pay 

standardized compensations to customers if the time of power outages is 12 hours or more - 

in this case, the standard compensation is 10 percent of the annual payment for access to the 

network and the compensation increases proportionally the duration of the outage. The 

maximum compensation is 200 % of the annual network payment when the power 

interruption time exceeds 12 days, but not more than 1000 euros per consumer per year. 

From January 1, 2016, the threshold was raised to € 1,500, and from January 1, 2018, it will 

be increased to € 2,000. (Energy Authority, 2016) 

Table 2.8.1: Power outages on the transmission and distribution networks. 

  Power outages in minutes per consumer per year 

Year 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 

Transmission  2,1 2,02 2,1 1,5 1,55 2,7 5 6,9 1,3 2,3 8,3 

Distribution 103 180 145 103 129 96 279 366 175 343 130 

 

2.9 Electricity market functioning 

Electricity wholesale in Finland is carried out either through bilateral agreements or through 

the Power Exchange. On the Power Exchange, the wholesale electricity market price is 

determined by the intersection of supply and demand curves. 

The term “retail market” refers to the sale of electricity primarily to small end-users at the 

national level. Consumers can choose their electricity supplier among sellers. 

Market: power exchange   
and bilateral contracts

Wholesale
market

Retail 
market

Producer

Producer

Producer

Network 
company

Network 
company

Network 
company  

Figure 2.9.1. The structure of the Nordic electricity market. 
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2.9.1 Retail market 

Customer service for about 3.3 million electricity consumers (as of the end of 2015) is 

provided by the 72 retail suppliers in Finland, of which 51 companies offer their products 

throughout the country. The Energy Authority estimates that four retail companies have a 

retail market share of more than 5 % (each). Accurate information on the market shares of 

retailers is not available, but, according to general estimates, the 3 largest companies together 

account for 35-40 % of the market among small and medium consumers. (Energy Authority, 

2016) 

At the end of 2015, there were 8 electricity retail companies without supply obligations, the 

remaining 64 are obliged, at the request of the Energy Authority, to supply electricity to 

consumers within specific territories (regions), which is associated with the dominant 

position of these companies within these territories. The electricity supply price for such 

consumers must be reasonable. At the same time, there are no regulated tariffs for retail 

suppliers set by the Energy Authority or other government bodies. Also, electricity retail 

activities are not subject to licensing or registration with the Energy Authority. (Energy 

Authority, 2016) 

Customer

Electricity
supplier

Network 
company

Network 
service 

contract

Electricity 
sale 

contract

CompetitionMonopoly

 

Figure 2.9.1.1. Retail market model in Finland. 

In order to develop a competitive environment, in 2006 the Energy Authority created an 

Internet platform for the convenience of comparing prices of and choosing among electricity 
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retail companies on the market. All power supply companies are obliged to update and 

maintain the relevance of the information presented on the site regarding their proposals. 

Besides, from January 1, 2014, all suppliers using or selling renewable energy in their 

promotion must certify the origin of electricity. Such a guarantee of the electricity origin is 

the only way to confirm that electricity was generated using renewable energy sources. 

(Energy Authority, 2016) 

Following the Electricity Market Act, to develop the exchange and public availability of 

information necessary for electricity trading and balance settlement, Fingrid in December 

2014 proposed the development of a centralized information exchange system with an 

accompanying database, which should be implemented by 2019. 

The final price for the consumer consists of 6 main components:  

• VAT (Value Added Tax) 

• Electricity tax  

• Service charge for transmission networks  

• Service charge for distribution networks  

• Electricity sale  

• Electric supply 

 

 

Figure 2.9.1.2. Electricity price formation for private consumers in Finland. (LUT, 2017. 

Electricity Market. Lecture 2. Restructuring of the electricity markets.) 
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Industrial enterprises do not pay VAT, have lower network charges and fees for sales and 

electricity supplied. The last points are explained by the market environment when the price 

decreases in proportion to the volume of purchased products. The average price of electricity 

(final) for consumers in the 2nd half of 2016 was: for private consumers with an annual 

consumption of 2.5-5 MWh - 15.5 € cent/kWh; for small industrial consumers 500-2000 

MWh/year - 6.9 € cent/kWh, as presented in Table 2.9.1.1. (Eurostat, 2017) 

Table 2.9.1.1: Electricity prices for reference customer bands (1.7-31.12.2015). (Energy 

Authority, 2016) 

[Euro/MWh] 

Band 

Dc 

Band 

Ib 

Band  

Ie 

Network charges (excl. levies) 4,82 3 0,59 

Levies included in network charges - - - 

Energy costs and supply margin 5,27 4,65 3,98 

Non-recoverable taxes 5,21 0,7 0,7 

Total 15,3 8,35 5,27 

Dc Band - 2500-5000 kWh/year (household customers);                                                                                             

Ib - 20-500 MWh/year; Ie - 20-70 GWh/year (commercial customers) 

 

Figure 2.9.1.3 presents a graph of changes in the final cost of electricity during the period 

from 2007 to 2017 for various groups of consumers : 

• Apartments (2 MWh/year)  

• Single-family house (5 MWh/year)  

• Single-family house with electric heating (18 MWh/year)  

• Medium-scale industrial enterprise (2-19,999 GWh/year)  

The smallest increase in the cost of electricity is observed for industrial enterprises. It 

amounted to about 30 % compared to 2007 prices, while for other categories it was about 50 

% compared to 2007 prices. 



31 
 

 

Figure 2.9.1.3. Price of electricity by type of consumer (€ cent/kWh). (Statistics Finland, 

2017) 

 

2.9.2 Wholesale market 

On the Scandinavian and Baltic wholesale electricity markets, electricity is traded in a two-

way form: direct trade between market participants and trading through the electricity 

exchange. The Nord Pool AS energy exchange is used for physical electricity trading, and 

the Nasdaq OMX for financial electricity trading (Energy Authority, 2016). The result of 

trading on the energy exchange is the supply of electricity, while on the financial exchange 

the result is only financial calculations. (LUT, 2017. Energy Department of Electrical 

Engineering. Power Exchange Game for Electricity Markets.) 

Finland, together with Denmark, Norway, Sweden, Estonia, Lithuania and Latvia, forms the 

Nordic integrated wholesale electricity market (Nordic power market), which has been part 

of the Northern European market since 4 February 2014. Since December 2015, Nord Pool 

AS has been appointed by the Energy Authority as the operator of the electricity market in 

Finland. Also, since January 2016, EPEX SPOT SE (European Energy Exchange) has 

announced its interest in offering trading services on the intraday and day-ahead markets. 

(Energy Authority, 2016) 

The market share of Nord Pool AS in the total consumption of the Scandinavian and Baltic 

countries reached 87 percent in 2014. The share of electricity purchased through Nord Pool 

AS in Finland's consumption in 2015 was 67 percent, showing a slight increase. 
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The Nordic power market operates based on a zonal pricing model (market division) divided 

into 15 price zones. In the price zone model, the free functioning of the markets is limited 

by the transmission possibilities between price zones. Limitations in the transmission 

capacity of the transmission lines between zones cause deviations of the zonal prices from 

the system price - the average total price valid within the Nord Pool AS energy exchange. 

There are 2 electricity markets for the physical purchase of electricity on the energy 

exchange - the day-ahead market (Elspot) and the intraday market (Elbas). In addition, to 

ensure the balance of purchase/production and consumption/sale of electricity between 

market participants, existing imbalances are carried out through the settlement procedure. 

In the Elspot market, the object of trade is the supply of electricity in a multiple of 0.1 MWh 

from 1 to 24 hours of delivery the next day. The form of trading is closed bidding, where 

participants leave bids for the price and volume of electricity. The trading cycle ends once a 

day at 12 o'clock on the day preceding the delivery, and bids for buying and selling are made 

on an hourly basis and are interdependent on price and volume. 

Final hourly electricity prices are determined by the intersection of supply and demand 

curves. The intersection of the two curves is the system price for the Nordic Power Exchange 

area. The system price is the same for all parties in the market, subject to the assumption that 

there is no capacity limitation between the zone markets. (LUT, 2017. Energy Department 

of Electrical Engineering. Power Exchange Game for Electricity Markets.) 

 

Figure 2.9.2.1. Percentage of hours in 2015 during which prices in the designated areas were 

the same. (Energy Authority, 2016) (The zones mentioned are marked in dark blue) 
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In 2015, the daily average annual system price of the Nord Pool Spot was 29 percent lower 

than in 2014, reaching 20.98 €/MWh, but in 2016 the price rose to 26.91 €/MWh. At the 

same time, the Finnish area price in 2015 was at the level of 29.66 €/MWh, showing a 

decrease of 18 % in comparison to the previous year, and in 2016 it rose to 32.45 €/MWh. 

In 2015, about 47 percent of the time, Finland and Sweden belonged to the same price area, 

and 88 percent of the time, Finland had the same price as Estonia. (Energy Authority, 2016) 

 

Figure 2.9.2.2. Changes in the average monthly market price on the Nord Pool Spot power 

exchange. (Statistics Finland, 2017) 

Elbas is a secondary market to the Elspot market where electricity can be sold or bought 

after the close of trading on Elspot. The hallmark of Elbas is continuous real-time electricity 

trading. This market provides an opportunity to correct transactions made on Elspot by 

making new trading operations. Likewise, bids are made for hourly contracts on the delivery 

date. Buy / Sell orders are satisfied by the interested counterparty. On the energy exchange, 

the volatility of Elbas market transactions is expressed by the High and Low curves, as 

presented in Figure 2.9.2.3. The High curve shows the trade with the highest price during 

the hour in question, the Low - with the lowest. 
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Figure 2.9.2.3. An example of the trading prices on the Elspot and Elbas markets. (LUT, 

2017. Energy Department of Electrical Engineering. Power Exchange Game for Electricity 

Markets.) 

The balance settlement is not part of the Nordic power exchange and takes place at the 

national level. In Finland, Fingrid, as the transmission system operator, is responsible for 

balance settlement. 

To guarantee an uninterrupted power supply, each buyer and seller of electricity has an open 

supplier responsible for maintaining the power balance. The open supplier undertakes to 

supply electricity to its client according to the actual consumption of the client and receives 

financial compensation after the balance is settled. 

The following groups of goods are presented on the financial wholesale electricity market: 

futures contracts - DS Futures and Futures, and options. Futures are usually short-term 

instruments for a day or a week, DS Futures most often have terms for a month, quarter, 

year. Futures are often used to hedge risks by retailers, sometimes pure speculation for profit. 

The electricity options of the Nordic countries have not been presented on the financial 

market lately. 
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3. Technical specifications of the VVER-1200 reactor plant of the 

AES-2006 project and the Alstom K-1200-6.9/25 turbine 

 

The chapter presents a description of the AES-2006 project and its main objects: the VVER-

1200 reactor plant and Alstom Arabelle 1200-6.9/25 turbine unit. In relation to AES 2006 

project, the chapter gives a description of the Hanhikivi-1 NPP project. 

 

3.1 Analysis and a brief description of the AES-2006 project 

The scale of the problem of accelerated development of the nuclear energy complex and 

ensuring the pace of development of nuclear energy set in the middle of the two thousand by 

the President of the Russian Federation demanded the adoption of the Federal Target 

Program " Development of the Russian Nuclear Energy Complex for 2007-2010 and for the 

Future to 2015 " (hereinafter - the "Program" ) (Federal program, 2010). 

In accordance with the Program, in order to achieve modern safety and reliability indicators 

with CapEx optimized construction costs for the power plant, a 3+ generation project with 

improved technical and economic indicators was developed, which was named AES-2006. 

The AES-2006 project is based primarily on the experience of the construction of the 

Tianwan NPP in China, the design of which was verified by the IAEA experts and assessed 

as one of the safest modern NPP projects. 

The evolution of VVER-based NPP designs since 1980 is schematic as follows: 

As a result, the AES-2006 project represents the next stage in the development of NPPs with 

pressurized water reactors (VVER), primarily based on VVER-1000/320 and VVER-

1000/428, developed by Russian (Soviet) organizations, which have proven their reliability 

throughout thousands of reactor-years of accident-free operation (Yershova, 2015). 
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Figure 3.1.1. Evolution of the VVER NPP projects.  
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Main technical characteristics of the power plant of the project NPP-2006 (on the example 

of Leningrad NPP-2) (JSC SPBAEP, 2011) 

Table 3.1.1: Brief technical specifications of AES-2006. 

Description of specifications, unit measure Parameter value 

General parameters of the unit 

Nominal reactor thermal output, [MW] 3200 

Nominal electric power, [MW] 1198,8 

Effective number of hours of use of the installed capacity, [hour / year] 8065 

NPP life cycle, years 50 

Seismic resistance 

Safe shutdown earthquake, [g] 0,25 

Design-basis earthquake, [g] 0,12 

Number of fuel assemblies in the reactor core, [pcs] 163 

Fuel residence time in the reactor core, [years] 4-5 

Basic parameters of the primary circuit 

Number of loops of the primary circuit, [pcs] 4 

Coolant flow, [m3/h] 85600 +/- 2900 

Coolant temperature in the inlet / outlet of the reactor, [Co] 298,6/329,7 

Nominal steady-state pressure in the core outlet (absolute), [MPa] 16,2 

Basic parameters of the second circuit 

Turbine: 

Speed, [1/s] 50 

Design arrangement 2LPC+HPC+2LPC 

Nominal steam pressure in the turbine inlet, [MPa] 6,8 

Feedwater temperature in nominal conditions, [C] 225 +/- 5 

Generator:  

Nominal voltage, [kW] 24 
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From the point of safety, the AES-2006 project meets Russian requirements and takes into 

consideration the IAEA recommendations. An important distinguishing feature is the use of 

additional passive safety systems along with traditional active systems. It also provides 

protection against earthquakes, tsunamis, hurricanes, plane crashes and other large-scale 

mechanical damage. 

As improvements, a double containment shell of the reactor hall (containment), a "trap" of 

the core melt and a passive system for removing residual heat located under the reactor vessel 

are provided (JSC Atomenergoprom, 2017). 

Nowadays, the AES-2006 project today can be confidently called successful and in-demand. 

Many nuclear power plants are being delivered on its basis (Belarusian NPP, Leningrad 

NPP-2, Nizhegorodskaya NPP-2), several more are in the planning stage (Kurdish NPP-2, 

NPP Akkuyu, Kursk NPP-2). The Hanhikivi NPP, which is the subject of the analysis of this 

thesis, is also being implemented under this project. 

 

3.2 A brief description and technical specifications of the VVER-1200 

reactor plant. 

The VVER-1200 is the flagship solution for nuclear power plants from Rosatom Corporation 

(JSC RAOS, 2017). The VVER-1200 has a 20 % increase in power with similar dimensions 

to VVER-1000, longer service life - 60 years, the ability for power manoeuvres for the 

benefit of the power system, the installed capacity utilization factor of 90 percent, the ability 

to operate for 18 months without refuelling and other improved qualitative adjectives 

(Rosatom State Corporation, 2017. Modern reactors of Russian design). 

The basis of the VVER-1200 technology is a double-circuit nuclear steam generating vessel 

installation with a thermal neutron reactor. The coolant and moderator is ordinary 

pressurized water. The design includes four cooling loops with a steam generator, the main 

circulation pump (MCP), a pressure compensator, relief and emergency fittings on steam 

pipelines, and tanks for the emergency core cooling system (ECCS) of the reactor. 
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In general, the plant flow diagram of a double-loop reactor is as follows: 

 

Figure 3.2.1. Plant flow diagram of a double-circuit reactor. 
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Thus, only the primary circuit of the VVER-1200 is radioactive, the more detailed diagram 

of which is as follows: 

 

Figure 3.2.2. Diagram of the VVER-1200 unit critical components. 

1. Steam generator 

Designed to remove heat from the primary coolant and generate saturated steam. VVER-

1200 provides for a horizontal single-shell steam generator with a submerged heat exchange 

surface from horizontally arranged pipes, a main and emergency feed water distribution 

system, a submerged perforated sheet and a steam header. 

2. Emergency reactor core cooling system 

3. Pressurizer 

Designed to limit the pressure deviation during operation at the power and in transient 

modes, to protect equipment and pipelines of the primary circuit from overpressure above 

the allowable pressure, as well as to create pressure in the primary circuit during heating and 

reduce pressure during cooling down of the reactor plant. 
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4. Reactor 

Converts the fission energy of nuclear fuel into thermal energy and transfers it to the coolant 

of the primary circuit of a two-circuit reactor plant. The VVER-1200 design provides for a 

pressurized water-cooled reactor with thermal neutrons. Low enriched uranium dioxide is 

used as fuel in the core. 

5. Coolant pump 

Designed to create a circulation of the coolant in the primary circuit of the system. 

The second circuit is non-radioactive. It includes steam generators, steam lines, steam 

turbines, separator-superheaters, feed water pumps and lines, deaerators and regenerative 

heaters. 

The basis for ensuring safety in the design is the principle of defence in depth in the form of 

a system of barriers to the spread of ionizing radiation and radioactive substances into the 

environment, as well as technical and situational measures to ensure the effectiveness of the 

barriers, as well as directly to protect people. 

Thus, to ensure the constant integrity of the barriers, protection and interlocking systems are 

provided, as well as backup means of normal operation. 

Protective, control, localizing and providing safety systems within the framework of the 

design are meant to prevent the development of equipment failures and employee errors into 

design basis accidents, and design basis accidents into beyond design basis accidents, as well 

as to retain radioactive products within the containment system. 

The safety system diagram of the VVER-1200 reactor plant is shown in Figure 3.2.3 

(Yershova, 2015). 
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Figure 3.2.3. Safety system diagram of the VVER-1200 reactor plant. 

(1 - reactor, 2 - steam generator, 3 - MCP, 4 - pressure compensator, 5 - ECCS tanks, 6 - 

containment, 7 - outer containment, 8 - low concentration borated water storage tank, 9 - 

sprinkler system (spray) pump, 10 - heat exchangers, 11 - low pressure emergency injection 

pump, 12 - high pressure emergency injection pump, 13 - high concentration borated water 

storage tank, 14 – boric acid emergency injection pump, 15 - chemical supply tank, 16 - 

chemical injection pump, 17 - spray header, 18 - passive hydrogen recombiner, 19 - bubbler, 

20 – core melt localization device, 21 - emergency alkali supply tank, 22 – containment pit, 

23 - ventilation unit for emergency creation of vacuum in the vessel annulus, 24 - filter, 25 - 

ventilation pipe, 26 - demineralized water storage tank, 27 - emergency feed water pump, 

28 - containment ARPS condenser, 29 - ARPS tank, 30 - ARPS air heat exchanger, 31 - ARPS 

air ducts) 
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Below is a brief description of the six main protection systems for the VVER-1200 reactor: 

1. Emergency injection system 

Designed for an instant injection of borated water into the primary loop of the reactor in case 

of reactor accident with loss of coolant. 

2. Emergency heat removal system 

Designed to remove residual heat and cool the reactor during normal reactor shutdown and 

design basis accidents. 

3. Boric acid emergency injection system 

This system aims to inject water with a high concentration of boric acid into the primary 

loop to diversify the shutdown function in the event of an anticipated transient without scram 

(ATWS) transient. 

4. Emergency feed water system 

The system is installed to provide steam generators with feed water in cases where water 

supply from conventional and additional systems is impossible. 

5. Accident localization system (containment system) 

The specified system consists of an internal prestressed steel containment designed to 

localize accidents inside the primary circuit. 

6. Containment spray system 

Designed to reduce pressure in containment in case of reactor accidents with loss of coolant 

and to remove decay products from the containment atmosphere. The design additionally 

provides for off-site emergency measures in the event that an accident has already occurred. 

Their purpose is to reduce the consequences of the release of radioactive substances into the 

environment. 

For example, the reactor is highly protected from the following types of mechanical stress: 

• Protection from hurricanes and wind. VVER-1200 components are designed to take into 

account possible wind load at a wind speed of 30 meters per second at a height of 10 meters. 

The design is ready for loads caused by the vortex class 3.60 on the Fujita scale. 
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• Direct crash of an aircraft at a nuclear power plant. 

• Earthquake with a maximum horizontal acceleration at the ground level of 0.25g. 

• Protection against external explosions allows a blast wave, the pressure in the front of 

which is equal to 30 kPa, taking into account the duration of the compression stage of 1 

second. 

The main functional elements of the reactor protection: 

• double containment that meets national and international requirements for modern nuclear 

power plants; 

• equipment for localizing the core melt outside the reactor vessel, excluding penetration of 

the foundation slab of the reactor building; 

• passive system of heat removal from the containment. (JSC SPBAEP, 2011) 

The reactor protection systems also ensure the minimum radiation dose for personnel and 

the public, the values of which for Leningrad NPP-2 are given in the table below: 

Table 3.2.1: Radiation dose limits for personnel and population for VVER-1200 reactors. 

Standard values for personnel and population Value 

Individual effective dose limit for 5 years average for personnel 20 mSv/year * 

Operational limit of the average effective dose for personnel 5 mSv/year 

Operational limit of the average individual effective dose for personnel 2 mSv/year 

Individual effective dose during abnormal operations and replacement of large pieces of 

equipment, extremely radiation hazardous work  

10 mSv 

Operational limit of the collective effective dose during abnormal operations and replacement 

of large pieces of equipment 

5 mSv/year 

Operational dose limit for public exposure 10 mSv/year 

Dose limit for population exposure in case of violation of normal operation 100 mSv/year 

Notice - * not more than 50 mSv/year 
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For projects based on VVER-1200, the following probabilistic safety indicators are also 

provided  

• The total frequency of severe core damage less than 10E-6 (1/year);  

• The frequency of the maximum accidental release is less than 10E-7 (1/year). (Yershova, 

2015) 

 

3.3.  Brief description and technical characteristics of the Alstom Arabelle 

1200-6.9/25 turbine unit 

A turbine plant is one of the most important, technically and technologically complex parts 

of a nuclear power plant. The Hanhikivi-1 NPP, which is the subject of this work, will use a 

low-speed turbine unit with a rotor speed of 1500 rpm. The tender for its supply was won by 

a subsidiary of the French engineering giant Alstom, now part of the international 

corporation General Electric (RIA News, 2016). Similar turbines are used at Chooz B NPP, 

Civaux NPP, Ling Ao NPP and others. Their total operating time is over 300,000 hours. 

The Alstom Arabelle turbine unit is shown in the figure below: 

 

Figure 3.3.1. Exterior view of the Alstom Arabelle turbine. 
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Table 3.3.1: The main characteristics of the Alstom Arabelle turbine plant. (Tsvetkov, 2011) 

Parameter Value 

Electrical capacity: 1197 MW 

Efficiency: 37,30 % 

Technical availability 97,50 % 

Reliability: 99,97 

Power maneuvering range: Within  100-20-100 % 

Long-term service: 60 years 

Seismic resistance: 6 points in MSK-64 scale 

Safety classification: 04.03.17 

Heating unit capacity: 27 MW 

 

The turbine unit has the following distinctive characteristics: 

• 1750 mm - the longest blade of the last stage; 

• gross efficiency over 37 % ensures maximum efficiency; 

• low CapEx and OpEx; 

• compactness: length - 37.5 meters, weight of the turbine - 1,880 tons. 
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There is also a special feature of the turbine unit in the combination of high and medium 

pressure parts according to the scheme shown in the figure below: 

 

Figure 3.3.2. Simplified diagram of the Arabelle K-1200-6.9/25 turbine. 

MSR – moisture 

separator-reheater 

HPP – high-

pressure part 

MPP – medium-

pressure part 

LPC – low-pressure 

cylinder 

 

The movements of the outer casing are carried out independently of the movements of the 

inner casing due to the design features: 

 

Figure 3.3.3. Cross-section of the low-pressure cylinder of the Alstom Arabelle turbine. 
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In the turbine design, a four-pole turbo-generator under the Gigatop technology is used. 

According to the manufacturer, the design features of the Arabelle turbine provide maximum 

efficiency and high reliability, as well as reduce repair time and reduce maintenance and 

repair costs (Tsvetkov, 2016). 

 

3.4.  Description of the Hanhikivi-1 NPP project  

In October 2011, the Finnish authorities decided to locate the nuclear power plant at the 

Hanhikivi Cape in Pyhäjoki. The nuclear power plant, called Hanhikivi-1, will be located 

close to the sea, which will allow the use of cold seawater for its operation.  

In December 2013, Rusatom Energo International (a subsidiary of the Russian state 

corporation Rosatom) and the Finnish company Fennovoima signed a construction contract. 

Together with the contract for the construction of the nuclear power plant, a 10-year fuel 

contract was concluded for the future plant with JSC TVEL for 450 million euros. At the 

end of March 2014, Rosatom acquired a 34 % stake in Fennovoima. The amount of the 

transaction amounted to 35.9 million euros. (Russian nuclear community, 2017. The 

Rosatom structure is looking for a consultant) The general contractor for the construction is 

the Russian company Titan-2. A total of 360 companies will be involved in the construction, 

of which 343 are Finnish (Fennovoima, 2017. Hanhikivi 1 Project). 

 

Figure 3.4.1. Hanhikivi NPP construction site plan. 
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Hanhikivi NPP construction site plan:  

1. Contractor's area 

2. Training center 

3. Main gate 

4. Administrative management 

5. Fire station 

6. Warehouses 

7. Equipment suppliers site 

8. Pier 

9. Reactor and turbine area 

10. Workers accommodation premises 

In September 2014, the Finnish Government approved the project for the construction of the 

Hanhikivi-1 NPP with the participation of the Russian State Atomic Energy Corporation 

Rosatom after the changes in the several project shareholders. The Finnish nuclear power 

company Fennovoima acts as the customer for the project. (Fennovoima, 2017. 

Environmental Impact Assessment Report for a Nuclear Power Plant) 

The Hanhikivi nuclear power plant will be the first nuclear power plant built on the territory 

of the European Union based on the AES-2006 design and the VVER-1200 reactor. The 

reactor electrical power will be 1200 MW. 

For the Finnish Government, the most important aspect when deciding on the construction 

of the plant was the assessment of the risks associated with the construction. For these 

purposes, Fennovoima has carried out a comprehensive in-depth analysis of various risks, 

from economic and environmental to social. The study did not reveal significant negative 

factors for the environment, and the economic effect was recognized as positive. Moreover, 

the majority of citizens living near the construction site of the plant supported the 

construction plans. 
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Table 3.4.1: The main technical characteristics of the Hanhikivi NPP. 

Parameter Value 

Reactor VVER-1200 

Electrical capacity Approx. 1200 MW (1100 - 1300) 

Thermal power Approx. 3200 MW 

Efficiency Approx 37 % 

Fuel Uranium dioxide UO2 

Fuel consumption 20-30 tons per year 

Thermal energy released during cooling Approx. 2000 MW 

Annual energy production Approx. 9 TWh 

Cooling water consumption Approx. 40-45 m3/s 

 

The Hanhikivi NPP project includes the following features: 

• all elements of the nuclear island are located around the reactor; 

• plant personnel are exposed to minimal radiation exposure; 

• buildings are physically separated from each other and protected by fire-resistant barriers; 

• the reactor is protected from damage by objects thrown from the turbine; 

• shortened utility lines between buildings (Ilyinsky, 2015); 

• the number of administrative personnel has been minimized (Romanova, Gileva, 2015). 

The initial construction schedule for the Hanhikivi NPP approved by the companies involved 

was as follows and preparatory work was performed following it until 2017  

(Yemelyanenkov, 2017): 
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2016 2017 2018 2019 2020 2021 2022 2023 2024 

Site preparation, 

earthworks, 

infrastructure and 

utilities 

       

Design and construction    

  Preparation of equipment, components and 

automation 

  

    Installation and starting up 

Figure 3.4.2. Hanhikivi NPP initial construction schedule. 

It was planned that in 2024 the plant will start supplying electricity to the Finnish market. 

But since 2018, the schedule has been constantly updated due to the changes in the date of 

obtaining a construction license.  

As of April 2021, Fennovoima is expecting to obtain a license by summer 2022 and start the 

construction in 2023 to be able to start the operation of the NPP by 2029.  

The total cost of construction of the Hanhikivi NPP is estimated at 7-7.5 (previously 6.5-7) 

billion euros. A significant part of this amount (up to 150 billion rubles) will be financed by 

the Russian National Welfare Fund. Approximately 25 % of this amount will be financed 

from the share of the owners of Fennovoima (Voimaosakeyhtio – 66 %, RAOS – 34 %), and 

the rest - from borrowed funds, the responsibility for attracting which has the Russian 

corporation Rosatom. 

  



52 
 

4. Alstom K-1200-6.9/25 turbine unit heat balance diagram 

modelling and calculation for climatic conditions of the Hanhikivi 

NPP construction area 

 

The chapter presents the modelling of the Alstom K-1200-6.9/25 heat balance diagram, as 

well as verification calculation and calculation of operating modes. Both modelling and 

calculations take into account the conditions of Finland, and specifically the conditions of 

the Hanhikivi NPP construction area. 

 

4.1 Verification calculation of the K-1200-6.9/25 turbine heat balance 

diagram. 

Due to the lack of other suitable publicly available data, for modelling and calculating the 

heat diagram of the Alstom K-1200-6.9/25 turbine for the conditions of the Hanhikivi NPP 

in Finland, it was decided to use the heat diagram of the Alstom Arabelle turbine designed 

for Novovoronezh NPP-2 (NNPP-2) which was obtained from a reliable source. the 

scientific supervisor provided the thermal diagram of the Arabelle turbine unit manufactured 

by Alstom, designed for Novovoronezh NPP-2 (NNPP-2). The turbine unit for NNPP-2 is 

designed to operate with a VVER-1200 reactor with a stated capacity at the generator 

terminals of 1193,4 MW. The diagram for NNPP-2 shows the parameters of the reactor plant 

secondary circuit coolant, including parameters of steam at the turbine inlet, turbine and in 

heat exchangers steam path, full-flow (main) condensate and feedwater parameters, pressure 

in condensers and cooling water temperature. The turbine diagram is presented in Figure 

4.1.1. 
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Figure 4.1.1. Alstom Arabelle turbine unit diagram for Novovoronezh NPP-2. 

The first step in solving the assigned task was the verification calculation of the existing 

diagram, as a result of which the following necessary data were obtained: 

• Refined values of the coolant parameters in the flow path of the turbine, heat exchangers, 

in the lines of the turbine condensate and feedwater; 

• Pressure losses in the steam extraction lines to the regenerative heaters, along the turbine 

steam path between the cylinders and in the turbine stop-and-control valve; 

• Efficiency of the turbine sections; 

• Heat dissipation coefficients in heat exchangers; 

• The consolidated balance of the coolant at the inlet and outlet of the condenser and the 

updated values of steam leaks along the steam path of the turbine unit, the flow rate of 

makeup water into the condenser; 

• Heat consumption for the turbine unit – 3200 MW; 

• Electric power at the terminals of the turbine generator – 1202,1 MW; 

• Electric power of the turbine unit, taking into account the power consumption for the FEN 

drive and other auxiliary needs – 1183,3 MW; 

• The efficiency of the turbine for power generation (gross) - 37.566 %; 
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• Specific heat consumption by the turbine unit (heat rate) for the supplied electricity 

(excluding the auxiliary needs of the reactor) - 9865.345 kJ / kWh. 

In addition to the above, a graph of steam expansion in the flow path of the turbine was 

plotted in the h-s diagram and the optimal unified blade length of the last stage of two low-

pressure cylinders was selected equal to 1750 mm. These blades are used in low-speed 

Arabelle turbines with direct cooling systems in the condenser and provide minimal energy 

losses with the outlet steam velocity, allowing a decrease in the pressure in the condenser 

with a decrease in the circulating water (CW) temperature (Tsvetkov, 2012). Due to the lack 

of publicly available detailed technical data of the turbine unit and, accordingly, all the 

geometric characteristics of the cylinders stages, the mean diameter of the last stage was 

visually assessed from a photograph of the turbine section. The value of the mean diameter 

of the last stage is necessary to determine the annular area at the outlet of the rotor blades 

row, which is used in calculating the losses with the outlet velocity. Nevertheless, the visual 

assessment was checked based on a comparison of the known geometric characteristics of 

other nuclear power plant turbines and the known optimal ratio of the mean stage diameter 

to the blade length for the last stages of the LPC, which is in the range of 2.5-3. (Kostyuk 

2002) 

The turbine electric power value, obtained as a result of the verification calculation, is higher 

than the declared in the original heat diagram of the turbine by about 8 MW. This result is 

within 1 % of the error, and the deviations are primarily due to the lack of data on the 

generator efficiency and geometric characteristics of the last stage used in the initial 

calculation of the diagram. 

The calculation method is the method of energy and physical balances of the coolant. The 

calculation was performed in the Mathcad software environment using the WaterSteamPro 

software, which provides sufficient functionality necessary to obtain high-quality results. 

The results of the verification calculation, as well as the initially available data, are displayed 

in tabular form in Table 4.1.1. Detailed calculations performed in a specialized software 

environment. (Appendix 4) 
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Table 4.1.1: Tabulated parameters of steam and water (full table is available in Appendix 4). 

Line 

number 

Process 

points 

Heat 

diagram 

elements 

Sections 

efficiency 

Medium in turbine/heater 

extraction 

Steam in a heat exchanger Medium behind a heat exchanger 

η P t/x H 𝑃ℎ 𝑡ℎ ℎℎ
′ (ℎℎ

′′) ℎ𝑑 Θ 𝑃𝑤 𝑡𝑤 ℎ𝑤 

[%] [MPa] [0C/%] [kJ/kg] [MPa] [0C] [kJ/kg] [kJ/kg] [0C] [MPa] [0C] [kJ/kg] 

− − − 1 2 3 4 5 6 7 8 9 10 11 12 

1 0 SH2 − 6,8 283,9 2767,54 6,395 279,8 1235,51 1235,51 9,4 1,016 270,4 2987,4 

2 0' ─ − 6,392 − 2767,54 − − − − − − − − 

3 1 SH1 89,135 3,058 91,1 % 2644,82 2,876 231,5 1045,94 1045,94 9,4 1,025 222,1 2879,21 

4 1 H6 89,135 3,058 91,1 % 2644,82 2,906 232,1 1000,8 905,35 2,1 8,3 230 991,34 

5 2 H5 85,114 2,033 88,5 % 2582,59 1,93 210,6 900,467 800,771 5 8,395 205,6 880,257 

6  FWP − − − − − − − − − 8,5 183,3 772,931 

7 3 D 83,279 1,053 85,5 % 2489 1,001 179,9 762,875 − − − 179,9 762,875 

8 SSH’’ SSH − 1,043 85,6 % 2489 1,034 181,3 769,127 769,127 − 1,034 99,5 % 2768,33 

9 SSH’ D − 1,043 181,3 769,127 1,001 179,9 762,875 − − 1,001 179,9 762,875 

10 SH1’ H5 − 2,876 231,5 1045,94 1,93 210,6 900,467 800,771 5 8,395 205,6 880,257 

11 SH2’ H6 − 6,395 279,8 1235,51 2,906 232,1 1000,8 905,35 2,1 8,3 230 991,34 

12 4.0’ − − 1,006 − 2986,53 − − − − − − − − 

13 4 H4 94,193 0,6265 216,9 2886,04 0,595 158,5 669,057 594,496 1,4 1,346 157,1 663,44 

14 MIX MIX − − − − − − − − − 1,396 − − 

15 5 H3 96,2 0,3499 156,3 2771 0,328 136,6 574,619 574,619 1,2 1,398 135,4 570,194 



56 
 

4.2 Calculation of operating modes of the power-generating unit 

 

The condenser pressure is dependent on the temperature of the circulating water. When using 

a direct-flow water supply, the temperature of the circulating water changes seasonally 

depending on the temperature in the source. The northern climatic conditions of the 

Hanhikivi NPP construction area and the future use of direct-flow water supply at the plant 

increase the relevance of studying the effect of the temperature factor on the plant’s operating 

modes throughout the year. For this reason, the annual changes in seawater temperature in 

the coastal zone of the Pyhäjoki region – the plant’s construction territory – were studied. 

The maximum temperature in the last few years has reached 19 ˚C. During four months of 

the year, the average temperature is at 0 ˚C. (World Sea Temperature, 2017) 

With the values of the circulating water temperature used in the calculation of the base-load 

operating mode of the turbine unit equal to 20 ˚C and 26 ˚C, the presented actual values of 

the seawater temperature conditions in the construction zone show the necessity to 

recalculate the operating modes of the turbine unit when the nominal pressure in the 

condenser is reduced to obtain the actual operational characteristics. The calculation of the 

operating modes is carried out based on the condition of maintaining the electric power value 

obtained in the verification calculation at a constant level within the deviations of 0.01 %. 

Accordingly, the main thing in the task of assessing the operating modes is the thermal power 

change indicator of the steam generator with the pressure changes in the condensers. 

The calculation of the operating modes was carried out using the simplified Stodola-Flyugel 

formula, which takes into account the change in pressure along the turbine path with a change 

in the steam flow rate. Also, it was assumed that the circulating water entering the condenser 

has a temperature 1 degree Celsius higher than the temperature of the seawater, due to the 

circulating water (CW) heating in the circulation pump and reducing the water pressure in 

the pipeline and condenser tubes due to friction drag. Therefore, the maximum CW 

temperature at the condenser inlet was chosen equal to 20˚C (19˚C annual maximum), and 

the constant electric power, taking into account the auxiliary needs for the FWP drive, was 

1183,36 MW ± 0.01 % (found in the verification calculation). 

To find the dependence of the pressure in the condensers on the CW temperature the 

characteristic of the K-1000-5.9 / 25-2 turbine condenser, presented in Figure 4.2.1, was 
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used, due to the absence of other reliable sources. To make this characteristic possible for 

application, the presented graphical values were extrapolated taking into account the 

performance indicators of the K-1200-6.9/25 turbine condenser known from the original 

scheme (for NNPP-2). Also, the pressure in the LPC-2 condenser (C-2) was taken to be 

changing in proportion to the change in pressure in the LPC-1 condenser (C-1), due to the 

use of the outward flow of the circulating water from the C-1 in the C-2. 

During the calculation of the operating modes, the boundary conditions for the pressure 

reduction in the condenser were found. At a pressure below 3.1 kPa and a steam flow rate in 

the last stage at the level of 451 kg/s, the Mach number, which reflects the ratio of the 

calculated steam velocity at the outlet of the last stage to the speed of sound at the outlet of 

the rotor blades rows, reaches 1, and the flow regime becomes critical, which leads to a 

decrease in the steam mass flow rate in the condenser and an increase in pressure in the upper 

part of the flow (at the outlet of the rotor blades row), which, at least, reduces the thermal 

efficiency of the LPC (Kostyuk, 2002). Therefore, for the normal operation of the turbine, it 

is required to reduce the thermal load of the reactor and the amount of steam entering the 

turbine inlet. 

 

Figure 4.2.1. Dependence of the specified pressure in the condenser of the K-1000-5.9 / 25-

2 turbine on the exhaust steam flow rate and the CW temperature. (Trukhny, 2011) 

Also, during the calculations, it was found that a decrease in the pressure in the condenser 

below 3.22 kPa, while maintaining the set power value, leads to a deterioration in the 

efficiency indicators of the power unit, due to the excess of the effect from an increase in 
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losses with the outlet steam velocity over an increase in the available heat energy. 

Accordingly, the minimum pressure in the LPC-1 condenser required for the efficient 

operation of the power unit under the given conditions is 3.22 kPa, at which the Mach 

number is 0.962 (which, nevertheless, exceeds the optimal value of 0.85 recommended to 

ensure minimum energy losses in the outlet nozzle). (Sterman et. al., 2008) 

According to the extrapolated characteristic of the condenser, the pressure of 3.22 kPa 

corresponds to the CW temperature value equal to 13.1˚C. According to the meteorological 

services, the water temperature in the coastal zone of the Pyhäjoki region reaches values 

above 13.1˚C during July and August, as well as 18 days in September (World Sea 

Temperature, 2017). Accordingly, during all the remaining days of the year, the CW 

temperature in the condenser is maintained at 13.1˚C by heating the seawater entering the 

condenser. Heating is carried out by recirculation of warm wastewater. Also, the vacuum in 

the condenser is reduced by reducing the CW consumption as a result of the use of circulation 

pumps with variable frequency drives. 

There is another more efficient way to use the advantages of a cold marine source of process 

water supply - to increase the number of LP cylinders to three. This measure will reduce the 

steam consumption through each cylinder, increasing the number of steam flows by two, 

which will lead to a decrease in the steam flow rate at the outlet of the rotor blades row of 

the LPC, and thus avoiding the need for heating the CW, which will ultimately lead to an 

increase in the efficiency of the entire power unit due to deepening vacuum of condensers 

and reduction of losses with the outlet steam velocity. But, this option was not considered 

within the framework of the presented work. 

It is also worth mentioning the problems of maneuverability of nuclear power plant reactors, 

caused by the technological features of operation. For this reason, the step of changing the 

CW temperature during operation is assumed to be 1˚C. The calculation results for the power 

unit operating modes are presented in Table 4.2.1 and include: temperature of the CW (tCW); 

condenser pressure (pk1) corresponding to the CW temperature; the number of days within a 

year with a given CW temperature; steam flow to the turbine inlet (D0); Mach number at the 

outlet of the last stage of the LPC-1 (M); losses with the outlet velocity in the last stage of 

the LPC-1 (∆h); heat consumption for power generation (Qtu); turbine power generation 

efficiency (gross) (ηtu); specific heat consumption (heat rate) for the supplied electricity (qtu). 
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Table 4.2.1: Indicators of the power unit depending on the pressure in the condensers. 

tCW,[˚C] 

Days       

(in a 

year) 

Pk1, 

[kPa]  

D0, 

[kg/s] 
M 

∆h, 

[kJ/kg] 
Qtu, [kW] ηtu,[%] 

qtu, 

[kJ/kWh] 

12,5 - 3,09 1791,828 1,001 66,909 3175432,12 37,853 9789,81 

12,6 - 3,1 1791,828 0,998 66,514 3175432,18 37,853 9789,664 

12,9 - 3,17 1791,693 0,976 63,838 3175093,65 37,857 9788,621 

13,1 285 3,22 1791,693 0,962 62,032 3175093,65 37,858 9788,491 

14 5 3,35 1791,828 0,926 57,701 3175432,14 37,854 9789,611 

15 12 3,5 1792,333 0,888 53,28 3176701,57 37,838 9793,676 

16 7 3,7 1793,513 0,842 48,185 3179663,69 37,803 9802,813 

17 19 3,9 1795,299 0,802 43,841 3184149,46 37,754 9815,686 

18 23 4,1 1797,068 0,765 40,082 3188593,21 37,699 9830,199 

19 11 4,3 1799,241 0,731 36,822 3194053,1 37,635 9847,023 

20 3 4,5 1801,6 0,701 33,969 3199979,09 37,566 9865,345 

 

A detailed calculation was performed in the software environment for the mode with the 

maximum efficiency indicators of the power unit (at a pressure of 3.22 kPa in C-1). 

Calculations of the remaining modes were performed using an identical methodology and 

calculation model. 

Also, Figure 4.2.2 shows a graph of the dependence of the specific heat consumption by the 

turbine unit (heat rate) for the supplied electricity (excluding the auxiliary needs of the 

reactor) on the pressure in the LPC-1 condenser. This graph shows the economically justified 

limits for the pressure reduction in the condenser, associated primarily with the increase in 

energy losses with the outlet steam velocity. At pressures below 3.22 kPa, the positive effect 

of decreasing pressure is inferior to the negative effect of increasing energy loss. 
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Figure 4.2.2. Specific heat consumption by the turbine unit with the pressure changes in 

the  LPC-1 condenser. 
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5. Estimation of fuel consumption and monetary value 

 

Chapter 5 describes processes of fuel production for VVER-1200 reactors. As a separate 

subchapter, presented calculation methodology of fuel consumption and associated costs for 

the Hanhikivi NPP. 

 

5.1 Production of fuel for VVER-1200 reactors 

The production of fuel for nuclear power plants is a technologically complex and multi-stage 

process, which includes the extraction of uranium, its enrichment, the production of fuel 

pellets, as well as fuel rods, bundles and assemblies. 

The VVER reactor with a capacity of 1200 MW uses enriched uranium as fuel. It requires 

20-30 tons of fuel annually. The contract for the supply of fuel to the Hanhikivi-1 NPP in 

2013 was signed by a subsidiary of the state corporation Rosatom - TVEL, the contract value 

is more than 450 million euros. The contract covers the supply of fuel for the first charging 

of the reactor and the next 10 years of operation of the nuclear power plant. (Seogan, 2013) 

The purchase of uranium as a raw material for subsequent enrichment is carried out on the 

global raw material (commodity) markets. Uranium mining currently covers about 85 

percent of the fuel needs for nuclear power plants around the world. The remainder comes 

from reprocessing of spent uranium and other sources. 

 Uranium is a fairly common chemical element, found in varying concentration ratios almost 

all over the world. The main deposits are located in Kazakhstan, Canada, China, Russia and 

Nigeria. Key uranium processing and enrichment plants are located in France (Areva), Great 

Britain (Urenco), Russia (Tenex) and the United States (USEC). 

Natural uranium exists in the form of various isotopes, but only uranium-235 or U-235, 

which decays arbitrarily, simultaneously releasing energy, is used as fuel at nuclear power 

plants. So, when a relatively fast neutron hits the nucleus of an atom of U-235, it breaks up 

into 2 large parts and several small parts, including, as a rule, into 2 or 3 neutrons. As a 

result, the addition of the mass of large parts and elementary particles gives a smaller mass 

than the mass of the original nucleus before decaying under the influence of a neutron 

impact. It is the missing mass that is released in the form of energy distributed among the 
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resulting decay products. Thus, in the nuclear power plant reactor U-235 decays under the 

influence of neutron bombardment. After such a bombardment, as a rule, 2.5 neutrons are 

released from the U-235 nucleus, each of which causes the decay of another 2.5 nuclei, and 

the so-called chain reaction with the release of energy is triggered (Portal Elements, 2017). 

The following steps in the production of fuel from uranium ore will be described below: 

1. Mining and concentration of uranium ore 

2. Processing of ore into uranium hexafluoride (UF6) and enrichment to the isotope U-235 

3. Production of fuel pellets 

4. Production of fuel bundles 

Mining of uranium ore is carried out both by open and closed methods, depending on the 

depth and other geological characteristics of the deposit. High-quality ore is sent to special 

enterprises for concentration. They separate pure uranium from the ore, usually with the help 

of sulfuric acid. Then uranium is concentrated by separation, after which the uranium is 

processed into U3O8 (triuranium octaoxide) using ammonium. The result is a uranium 

concentrate called "yellowcake". (Fennovoima, 2017. Environmental Impact Assessment 

Report for a Nuclear Power Plant) 

Natural uranium contains 0.7 percent of the isotope U-235, and for use in a VVER-1200 

reactor, the required isotope content is 3-5 percent. For enrichment, uranium concentrate is 

converted into gaseous form, i.e. into uranium hexafluoride (UF6) by chemical processes in 

a reprocessing plant. Enrichment can be done by two methods: 

• Gas diffusion 

It is carried out to separate uranium hexafluoride (UF6) into molecules containing U-235 

and U-238 isotopes by means of their enhanced passage through semipermeable membranes. 

This method is much more energy-intensive than centrifuge methods. 

• Methods using centrifuges (Cole-Parmer, 2017) 

The enrichment process with gas centrifuges uses a large number of cylinders rotating at 

significant speed in series and parallel designs. Each cylinder as it rotates creates a 

significant centripetal force, which forces the heavier U-238 molecules to move towards the 

exit of the cylinder, and the lighter U-235 molecules to the center of the cylinder. This 
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method is much less energy-consuming, and the most popular in the world for uranium 

enrichment (it is involved in the production of more than half of all enriched uranium). 

Is done to separate the uranium hexafluoride (UF6) for molecules with the content of the 

isotope U-235 and U-238 by an enhanced run through a semipermeable membrane. This 

method requires much more energy than methods using centrifuges.  

An improved version of the gas centrifuge is the Zippe centrifuge, shown in Figure 5.1.1.,  

the main difference of which is the use of energy to heat the bottom of the cylinder. Its 

operation scheme is shown in the figure below: 

 

Figure 5.1.1. Zippe centrifuge scheme. 

In this figure, the U-238 molecules are highlighted in dark blue and the U-235 molecules are 

highlighted in blue. 

Other methods include enrichment with the use of laser, aerodynamic and electromagnetic 

methods, however, they have not yet found common use in the market due to low economic 

efficiency. 

The enrichment process produces 10-15 percent of enriched uranium and 80-90 percent of 

depleted uranium. 

After obtaining enriched uranium in the form of hexafluoride, it is processed into uranium 

dioxide in the form of a powder, from which fuel pellets are produced by compression. Each 
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pellet is 1 centimeter in diameter and 2 centimeters thick. Cylindrical pellets are loaded into 

metal pipes covered with zirconium alloy 3-4 meters long. Thus, fuel rods are formed, which 

are filled with helium and sealed tightly. Next, the fuel rods are mounted in fuel bundles 

with a diameter of about 30 centimeters. 

After the rods are formed, the fuel must be delivered to the nuclear power plant. Delivery is 

carried out using special containers that protect the fuel elements during transportation. Due 

to the low radioactivity of fuel elements, no special radiation protection is required during 

transportation. 

The main fuel characteristics of the VVER-1200 reactor are presented in Table 5.1.1. 

(Beckman, 2017). 

Table 5.1.1: The main fuel characteristics of the VVER-1200 reactor. 

Indicator Value 

Average enrichment of fresh fuel, %  4,71 — 4,85 

Quantity of fuel assemblies in an active zone  163 

Quantity of fuel rods in a fuel assembly  312 

Maximal linear load on a fuel pellet, W/cm 420 

Maximum fuel burn-up, average in fuel assemblies, MWd/kgU < 70 

Fuel cycles 
4×1; 3×1,5; 

5×1; 2×2 

 

For nuclear power plants, the issue of the cost of fuel is extremely important, given the 

complex process of its production. Two factors play a critical role in cost estimation: 

• the amount of work required for the uranium enrichment process; 

• the amount of natural uranium required to obtain the desired amount of fuel. 

The amount of work for enrichment is defined in separative work unit - SWU, measured in 

kilograms. This is a complex quantity that depends on the percentage of U-235 in the 

enriched uranium that is required to operate the reactor, as well as how much U-235 remains 

in the depleted uranium after enrichment (natural uranium initially contains 0.7 % U-235). 
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SWU is actually the amount of work required to achieve a given uranium enrichment target. 

The less isotope U-235 remains in the depleted uranium at the end of the enrichment process, 

the more SWU is required to achieve the desired enrichment level. The amount of SWU 

produced by the processing equipment is directly dependent on the amount of energy that 

this plant consumes. 

In addition to SWU, an important indicator is the mass/quantity of natural uranium required 

to provide the desired amount of enriched uranium. As in the case of SWU, the required 

amount of natural uranium depends on the required enrichment level and the desired fraction 

of the U-235 isotope in the depleted uranium remaining after processing. 

The formula for determining the amount of SWU (WSWU) required to enrich the initial mass 

of natural uranium (F) with the level of U-235 isotope (xf) with the total amount of enriched 

uranium (P) with the enrichment level (xp) and the amount of depleted uranium (T) with the 

remainder of the uranium isotope (xt) (UxC, 2017): 

𝑊𝑠𝑤𝑢 = 𝑃 ∙ 𝑉(𝑥𝑝) + 𝑇 ∙ 𝑉(𝑥𝑡) − 𝐹 ∙ 𝑉(𝑥𝑓) 

where P is the amount of enriched uranium, V(x) is a cost function, T is the amount of 

depleted uranium, F is the initial mass of natural uranium. 

In this case, V(x) is a cost function determined by the formula: 

𝑉(𝑥) = (1 − 2𝑥) ln (
1 − 𝑥

𝑥
) 

The ratio of the initial amount of natural uranium (F) to the enriched product (P) is defined 

as: 

𝐹

𝑃
=

𝑥𝑝 − 𝑥𝑡

𝑥𝑓 − 𝑥𝑡
 

where P - is the amount of enriched uranium, F - the initial amount of natural uranium 
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In this case, the formula for the ratio of the amount of depleted (T) uranium to the amount 

of the product of enriched uranium (P) is as follows: 

𝑇

𝑃
=

𝑥𝑝 − 𝑥𝑓

𝑥𝑓 − 𝑥𝑡
 

where T – is the amount of depleted uranium, P – is the amount of the product of enriched 

uranium. 

Thus, an important task is to determine the optimal ratio of SWU and the amount of natural 

uranium, depending on the cost of each of these elements. 

An equally important indicator of the fuel utilization efficiency at nuclear power plants is 

the fuel burn-up factor. Basically, the burn-up factor is an estimate of the amount of energy 

released from the primary fuel source. This coefficient is measured both in the fraction of 

fuel atoms that have undergone the decay process and in the volume of energy per mass of 

the initial fuel, for example, in gigawatts per day / metric ton of heavy metal, etc. This 

coefficient is expressed as a percentage - if, for example, 5 percent atoms in the initial 

volume of fuel have undergone a decay process, which means that the burnup coefficient is 

5 %. Also, the coefficient is expressed in terms of a specific value - megawatt-days per kg 

of fuel. 

At nuclear power plants, a high fuel burnup factor is required for: 

• reducing downtime for replacing fuel elements; 

• reducing the number of new fuel elements required to produce a given amount of energy. 

The maximum fuel burnup factor for VVER-1200 reactors is 70 megawatt-days per kilogram 

of uranium fuel (Rosatom State Corporation, 2017. Modern reactors of Russian design). 

The next important indicator for a reactor is the installed capacity utilization factor - ICUF, 

which is defined as the ratio of the energy actually generated by the reactor for a given period 

of time to the theoretically possible volume of energy generation with the constant operation 

of the reactor at nominal power (Russian nuclear community, 2017. Capacity utilization 

factor). The importance of this indicator lies in the fact that when calculating it, NPP 

downtime during fuel element overloads, repair work, equipment failures, and, in addition, 

other factors due to which the NPP does not operate at its design capacity in certain periods 

of operation are taken into account. In fact, the ICUF, despite the apparent simplicity of the 
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calculation, is a complex indicator, for the correct calculation of which it is necessary to take 

into account many technical, natural and administrative factors. 

The ICUF, averaged over the entire life of a nuclear power plant, for VVER-1200 is 

approximately 92 % (OKB Gidropress, 2017). 

Apart from the indicators, it would be good to consider such a term as the fuel cycle. In a 

broad sense, this is the entire chain of production processes, which begins with the extraction 

of fuel and ends with the removal of radioactive waste. From the point of view of NPP 

operation in relation to fuel cycles, it is important to understand that after the initial loading 

of the reactor, fuel burnup does not occur simultaneously and the replacement of spent fuel 

elements with new ones is carried out gradually. 

A special feature of the AES-2006 project and the VVER-1200 reactor plant is the flexibility 

of the fuel cycles. At the customer's option, one and a half years (3x1.5, total cycle duration 

is 3 years, make-up of a part of the fuel rods once every one and a half years) or annual (5x1 

or 4x1) cycles are possible (Troyanov, 2010). The cycle time affects the number of fuel 

elements in the reactor, the operation time of the fuel load and other characteristics. Based 

on the duration of fuel cycles, an arrangement of fuel rods is defined with an annual make-

up of one or another number of fuel rods (36 or 42 for annual replacement cycles, 78 for 

replacement rods every 18 months). The base case for VVER-1200 is the annual make-up 

of 42 rods, which provides a higher fuel burnup (Kurakin et al., 2017). 

 

5.2 Calculation of fuel consumption and associated costs for the Hanhikivi 

NPP 

The calculation of the fuel cost for the conditions of the Hanhikivi NPP begins with the 

determination of the amount of fuel constantly present in the reactor. To find this value, it is 

necessary to indicate that on the territory of Finland, in accordance with the requirements of 

state supervisory authorities, in particular - STUK, the maximum allowed average fuel burn-

up in the entire reactor is 45 megawatt-days/kg. These requirements are related to radiation 

safety and SNF disposal. Nevertheless, proposals are currently being considered to increase 

the average burnup rate to 50 megawatt-days/kg, which, first of all, requires a high-quality 

feasibility study and compliance with all radiation safety standards existing in Finland. 

(TVO, Operating licence application for OL3) 



68 
 

Also, it is necessary to choose the optimal duration of the fuel cycle and the periods between 

refueling. Of all the options presented above for VVER-1200 reactors, we will choose a 4-

year fuel cycle with annual refueling. 

Knowing the amount of heat generated by the reactor in the nominal conditions, the fuel 

burn-up factor, the duration of the fuel cycle and the ICUF (0.92), we calculate the amount 

of fuel in the reactor equal to 95516 kg of uranium dioxide using a simplified estimation 

method (Paajanen, 2017).  

The next step is to estimate the average fuel enrichment over the cycle, choose the percentage 

of fresh fuel enrichment loaded into the reactor annually, and estimate the amount of fresh 

fuel needed to be loaded into the reactor after each period. From the presented range for fuel 

enrichment, used in VVER-1200 reactors, a value of 4.71 % is chosen. For the first 

calculation of the amount of annually consumed fuel, as well as its average enrichment value, 

the base-load operating mode of the power unit is used, calculated with the nominal 

parameters of the heat diagram. 

The calculation methodology is determined by the following steps: determination of the total 

amount of heat generated per cycle; designation of the average amount of energy released in 

a single fission reaction (200 MeV); determination of the number of fission reactions; 

recalculation of the amount of required heavy metals (in moles); designation of the average 

mass of heavy metals (237 g/mol); designation of the neutron utilization factor (NUF); 

calculation of the mass of U-235 taking into account the NUF. It is worth explaining that 

NUF is an indicator of the ratio of the total mass of isotopes subjected to fission reactions to 

the sum of the mass of U-235 “lost” in the course of fission reactions and the mass of U-235 

removed from the reactor at the end of the cycle (this sum is equal to the loaded mass of U- 

235 during the cycle, depending on the degree of fuel enrichment and its total amount). 

Subsequently, to determine the average value of the fuel enrichment in the reactor, the found 

amount of fuel in the reactor is divided by the amount of U-235, which ultimately gives a 

result of 3.58 %. To estimate the amount of fuel with 4.71 % enrichment loaded into the 

reactor annually, the found mass of U-235 consumed for the entire cycle is divided by the 

cycle duration and by the fraction of U-235 in the fuel (4.71 % = 0.00471). As a result, we 

get 18147.7 kg. 
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Next, it is necessary to determine the unit cost of a kilogram of fuel, calculated according to 

the following components and an algorithm: the cost of triuranium octaoxide per pound; 

conversion cost and a conversion factor of pound U3O8 to kg UF6; determination of the final 

cost of UF6; the designation of the concentration of the isotope in the initial, tail and final 

fractions with the determination of the potential of the functions for them; determining the 

ratio of the amount of initial material to the amount of enriched; determination of the 

required amount of separative work units (SWU); SWU cost per unit; cost of conversion and 

fabrication into UO2 pellets; the cost of manufacturing and assembling of fuel assemblies; 

summation of the necessary values found. The cost of the original parts described above was 

obtained from the exchange quotations as of May 29, 2017 (UxC, 2017). A detailed 

calculation for fuel enriched by 3.58 % (average enrichment) was performed, and the final 

unit cost is 839.76 $/kg. For fuel with 4.71 % enrichment, the calculation results with 

division into constituent elements are presented in Table 4.2.1. Also, the calculation of the 

cost of the initial fuel loading of the reactor was performed (with an average fuel enrichment 

of 3.58 % and a total amount of 95516 kg), which is 80,2 M$, and the calculation of the cost 

of fuel loading before each new period with constant reactor operation in nominal mode - 

19,6 M$. 
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Table 5.2.1: Determination of the unit cost of fuel with 4.71 % enrichment. 

Specified initial values and design factors 

ICUF P 0,92   

Amount of energy released in a single fission reaction  Ef 200 MeV 

Energy Units Ratio z 1,60217733 J*10-13/MeV 

Avogadro number NA 6,02214086 1*1023/mole 

Neutron economy index NEI 1,334   

Average molar mass of heavy metals M 237 g/mole 

Electricity supplied by the NPP N 1167716,36 kW 

Fuel enrichment level (degree) ρ 4,71 % 

 Determination of  SWU and mix ratios  

Concentration of isotopes in the tail fraction xt 0,002   

Concentration of isotopes in the initial fraction xf 0,00711   

The ratio of the amount of the initial mixture to the amount of 

enriched 
F/P 8,8258317 

  

The ratio of the amount of the tail mixture to the amount of 

enriched 
T/P 7,8258317 

  

Separation potential function for the initial fraction Vf 4,86888339   

Separation potential function for the tail fraction Vt 6,18775567   

Separation potential function for fraction in product Vp 2,72395524   

Number of required SWU WSWU 8,1763444   

Calculation of the unit cost of fuel with division into component parts 

Cost of one pound of triuranium octaoxide CU3O8 19,85 $/pound 

 U3O8 to UF6 Conversion Cost CU3toUF6 5,25 $/(kgU UF6) 

Conversion factor in 1 kg of UF6 (losses ≈0.5 %) k 

2,612828 poundU3O8/kgUF6 

Final cost of UF6 CUF6 57,1146358 $/(kgUF6) 

SWU cost CSWU 44 $ 

Cost of 1 kg of enriched hexafluoride CU 863,843317 $/kgU 

Cost of fabrication and conversion to UO2 pellets CUO2 43,1921658 $/kgU 

Cost of manufacturing and assembling of fuel assemblies CAs 172,768663 $/kgU 

Unit cost of fuel ready for operation CF 1079,80415 $/kgU 

 

The subsequent calculation includes an assessment of fuel costs, taking into account the 

operating modes of the NPP, considered in Chapter 3. When the pressures in the condensers 
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change and the supply of electricity is maintained in the amount of 1167,7 MW, calculated 

for the nominal mode, the thermal load of the reactor and the specific heat consumption for 

the supplied electricity change, what is taken into account in the fuel calculation. The 

calculation algorithm is identical to the above calculation of the annual fuel load, only the 

calculation of the amount of heat performed for each mode, taking into account the duration 

of the mode and the specific heat consumption indicators, changes. The calculation results 

are presented in tabular form and include data on the total amount of heat generated during 

the duration of the mode (E); the number of reactions required to release the amount of heat 

(Np); the amount of required heavy metals in terms of moles (n); the amount of U-235 

(mU235); the amount of fuel (mU); the total cost of fuel consumed during operation in the 

mode (CF). In addition, annual values were calculated taking into account the ICUF. The 

results of the calculation are presented in Table 5.2.2. 

Table 5.2.2: Calculation of fuel cost consumed under various operating modes during a year. 

Days       

(/year) 

pk1 

 [kPa ] 

qtu, 

[kJ/kWh] 
E, [J*109] Np, 1*1022 

n, 

[mole] 

mU235, 

[kg] 

mU, 

[kg] 

CF,       

[mil. $] 

285 3,22 9788,491 78182438,3 243988,1 4051,52 719,797 15282,3 16,50191 

5 3,35 9789,611 1371778,7 4281,0 71,09 12,629 268,1 0,28954 

12 3,5 9793,676 3293635,9 10278,6 170,68 30,323 643,8 0,69519 

7 3,7 9802,813 1923080,1 6001,5 99,66 17,705 375,9 0,40590 

19 3,9 9815,686 5226643,3 16311,1 270,85 48,120 1021,7 1,10318 

23 4,1 9830,199 6336344,1 19774,2 328,36 58,336 1238,6 1,33741 

11 4,3 9847,023 3035611,9 9473,4 157,31 27,948 593,4 0,64072 

3 4,5 9865,345 829434,6 2588,5 42,98 7,636 162,1 0,17507 

Sums taking into account ICUF (average values for pk1 and qtu) 

335,8 3,374 9795,391 92183049,35 287680,54 4777,05 848,696 18019,0 19,45701 



72 
 

6. Estimation of costs for environmental safety measures of NPP 

 

In this chapter, the central object is radioactive waste treatment and storage. In general 

presented information about different types of radioactive waste and related activities in 

Finland.  

Additionally, introduced the approximate costs of activities for the treatment and disposal of 

radioactive waste at the nuclear power plants of Finland, including Hanhikivi-1. 

 

6.1 Introduction 

Traditionally in the nuclear power industry, most of the costs and significant share of the 

electricity production costs are associated with base investments in the construction of 

nuclear power plants. At the same time, the costs of fuel for nuclear power plants are 

significantly lower (no more than 20 %), than costs for conventional power plants, if 

compared in terms of the fuel consumption per kWh production. Concerning the operation 

of nuclear power plants, a significant part of the costs is dedicated to measures for ensuring 

environmental safety. This chapter shows the overview of the most significant of them, 

related to the disposal of spent nuclear fuel (SNF) - its temporary storage, transportation and 

final disposal. Additionally, the following aspects were taken into account: the disposal of 

incidental radioactive waste and other activities related to the operation of nuclear power 

plants, waste from the decommissioning of nuclear power facilities. 

The studies mentioned above were carried out under the conditions of Finland, which uses 

an advanced approach in matters of environmental and nuclear safety. In this matter, the 

fulfilment of all the requirements by the legislation of the country leads to a significant 

increase in operating costs. 

The calculation of the cost of measures related to ensuring environmental safety was carried 

out for the Hanhikivi 1 NPP, which is currently under construction. At the same time, for 

such a calculation, the chapter uses the relevant information on other nuclear power facilities 

in Finland, analysis of publicly available financial data, calculation of the specific values of 

financial costs and the cost of individual elements of environmental activities of existing 
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enterprises. The analysis and calculations are subsequently extrapolated according to the 

design and conditions of the NPP under construction. 

 

6.2 General information about radioactive waste from nuclear power plants 

The scope of measures related to ensuring environmental safety at a particular facility is 

determined by legal requirements. The main regulatory acts in this area are: 

• The Nuclear Energy Act 990/1987, which regulates the treatment (disposal) of nuclear 

waste 

• Nuclear Energy Decree 

• Government decrees 

After added amendments in 1994, the Nuclear Energy Act states that all spent nuclear fuel 

(SNF) produced in Finland must be disposed of on the territory of Finland. Until 1996, spent 

nuclear fuel was exported to Russia. The same law prohibits the import and disposal of 

foreign nuclear waste on the territory of the country. Also, Finnish legislation stipulates that 

each nuclear power producer is responsible for the treatment and disposal of its nuclear 

waste. 

To comply with legal requirements, Fortum (Fortum Power and Heat Oy) and TVO 

(Teollisuuden Voima Oyj) have established Posiva Oy to manage the research and 

development activities necessary for the disposal of spent nuclear fuel produced at their 

power plants, and also for the implementation of activities within the framework of the 

selected disposal method. 

The companies that have obligations to treat and dispose of nuclear waste plan costs and pre-

include them in the price of electricity, subsequently depositing them in a special 

governmental fund, which is a public guarantee of processing nuclear waste under any 

circumstances. (Avolahti, 2017) 

The state fund for the treatment and disposal of nuclear waste was established in Finland in 

1988 in accordance with the requirements of the Nuclear Energy Act. The fund is separate 

from the state budget and is controlled by the Ministry of Employment and Economy. The 
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purpose of the fund is to collect, preserve and safely invest the funds necessary for the 

treatment and disposal of nuclear waste in the future. 

The capital of the fund consists of the annual payments of the companies responsible for the 

treatment and disposal of nuclear waste, as well as the income of the fund from financial 

activities. The Ministry annually decides on the amount of financial obligations of 

companies at the current price level, based on their reports on activities. The total funds 

raised should at any given time be consistent with the costs of nuclear waste treatment and 

disposal activities that have not yet been implemented. Waste treatment and disposal fees 

collected in the fund cover all research and development costs as well as supervisory and 

administrative costs. (Fortum, 2017. Final disposal responsibilities) 

At the end of 2014, the fund had accumulated 2.38 billion €, derived from fees included in 

the cost of electricity production and constituting about 10 % of the total cost of electricity. 

The Ministry of Employment and Economy stated that after payments in 2013 and 2014 with 

the amount of 83 million € and 91 million €, respectively, the accumulation of the fund will 

be sufficient to cover all costs associated with the elimination of the entire accumulated 

amount of nuclear waste and spent nuclear fuel at the present moment, as well as for the 

decommissioning of all operating reactors. Fees in 2015 also amounted to 91 million €. The 

annual income from the investment activities of the fund is approximately 25.5 million € 

(World Nuclear News, 2015). The amount of funds transferred to the fund by Fortum and 

TVO in 2014 amounted to 1.039 and 1.3242 million €, respectively (Fortum, 2017. Fortum’s 

Annual Report 2014). 

The main and the most expensive measures to ensure environmental safety are associated 

with the disposal of spent nuclear fuel - the fuel removed from the reactor containing a 

significant amount of radioactive substances that decay, producing decay heat and 

electromagnetic radiation. The complex of measures includes the following stages: 

• Primary cooling: bundles of fuel rods containing fuel are transferred from the reactor to 

pools filled with water and located in the reactor building, where they cool down for several 

years. After one year of location in the pool, the radioactivity of the fuel assemblies is 0.01 

of the radioactivity at the time of removal from the reactor. Additionally, the fuel can be 

cooled using gas or air. 
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• Cooling in an interim storage facility: bundles of fuel assemblies are placed in transport 

containers and transported to an interim storage site located on the territory of the station, 

where they wait for the final burial in a bedrock. The cooling time in intermediate storage is 

several decades. 

• Burial in a bedrock. In some countries, the spent fuel is reprocessed. During the 

reprocessing, the used uranium and plutonium are separated from the spent nuclear fuel for 

further use. Reprocessing does not satisfy the need for final disposal, as the reprocessing 

process always leaves a certain amount of waste with a high level of radioactivity that must 

be disposed of. 

Finland doesn’t have the required conditions for the reprocessing of nuclear fuel, and the 

construction of such facilities is not economically feasible. 

In addition to the spent nuclear fuel (SNF), which is classified as high-level radioactive waste 

(HLW), there are other types of waste: intermediate-level (ILW) and low-level (LLW). 

Disposal measures are also carried out within the framework of measures to ensure 

environmental safety. 

 

6.3 Low-level and intermediate-level radioactive waste 

Low-level waste has radioactivity not exceeding 4 GBq per ton (GBq/t) of alpha activity 

(alpha-emitting nuclides) or 12 GBq/t of beta-gamma activity. Although, in Finland, the 

radioactivity rate for LLW does not exceed 1 GBq/t. LLW does not require shielding during 

storage and transportation and they are suitable for disposal in near-surface facilities. LLW 

mainly consists of insulating materials, tools, work clothes, filters, plastics, oil and other 

maintenance waste containing mainly short-lived radionuclides. LLW is often pressed and 

burned in order to reduce the volume. LLW makes up about 90 % of the volume, but only 1 

% of the radioactivity of all radioactive wastes (RW). 

Intermediate-level waste is more radioactive than LLW, but the heat from this waste (less 

than 2 kW/m3) is quite small, and it is not taken into account in the design or selection of 

storage facilities and disposal facilities. At the same time, the handling of ILW requires some 

shielding, due to the higher level of radioactivity. The range of the radioactivity of ILW in 

Finland is 1 – 10 000 GBq/t (STUK, 2017. Categories of radioactive waste and emissions). 

ILW include ion-exchange resins from the water treatment system, chemical sludge from 
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wastewater treatment, metal cladding of fuel elements, and contaminated reactor disposal 

materials. Small objects and non-solids undergo a cementation process into concrete 

cylinders in solidification plants. After that, they are transported to a waste storage facility 

at the station. ILW makeup about 7 % of the volume and have 4 % of the radioactivity of all 

radioactive wastes. (World Nuclear Association, 2017. Radioactive Waste Management) 

At the present moment, Finland has two radioactive waste storage facilities - at Olkiluoto 

and Loviisa nuclear power plants, which started operation in 1992 and 1998 respectively. 

The storage capacity is following:  

• Olkiluoto (VLJ) - 4960 m3 for the LLW and 3472 m3 for the ILW; 

• Loviisa - 2400 m3 for the LLW and 3000 m3 for the ILW (Nuclear Energy Agency OECD, 

2017) 

The VLJ storage facility consists of two stone bunkers connected by a hall and ancillary 

facilities located about 60-100 meters underground on the Ulkopää Peninsula of Olkiluoto 

Island. It’s possible to get inside the structures through a mine or a transport tunnel. LLW is 

stored in a concrete box inside the first stone bunker, and in the second bunker, there is a 

steel-reinforced concrete structure for storing ILW, as shown in Figure 6.3.1. Waste is stored 

in 200 liter drums, which determine the total storage capacity. (Posiva, 2012) 
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Figure 6.3.1. Scheme of the Olkiluoto radioactive waste storage facility. 

A preliminary design was prepared in 2012 for the expansion of the VLJ storage facility to 

meet the post-2030 radioactive waste management needs. The expansion is related to the 

increase in the service life of the Olkiluoto 1-2 NPP units from the initial 40 years to the 

current 60 years, as well as the implementation of the radioactive waste disposal plan of the 

Olkiluoto-3 unit, which is under construction. (Posiva, 2012) 

• In 2016: 86 m3 of LLW and 9 m3 of ILW were placed in the storage facility (TVO, 2017. 

Interim Storage Phase). 

• In 2014: 132 m3 of LLW were placed into storage and by the end of the year the total 

loading of the storage was 5898 m3 (TVO, 2017. Key figures of TVO Group). 

The average calculated value of the annual replenishment of the LLW and ILW storage 

facilities is 224 m3 (Nuclear Energy Agency OECD, 2017). 
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6.4 Intermediate storage of spent nuclear fuel 

After sufficient cooling of the spent nuclear fuel in the pools of the reactor hall, the fuel 

assemblies are transported to an interim storage facility located on the territory of the power 

plant. The storage is a pool of water. The depth of the pool is sufficient to provide 8 meters 

of water above the top of the fuel assemblies, located below ground level. The water in the 

pools isolates the radiation from the spent fuel and cools it down for a long time. 

The storage is designed in such a way that equipment failure or fire will not threaten the 

operation of the refrigeration systems or the integrity of the storage. The safety systems for 

the interim spent fuel storage are designed redundant and equipped with redundant systems, 

as well as the systems of operating nuclear power plants. (TVO, 2017. Interim Storage 

Phase) 

At Olkiluoto NPP, spent fuel pools have been in operation since 1987 and they are called 

KPA repositories. Repositories are presented in Figure 6.4.1. The storage facility is designed 

to store spent nuclear fuel for about 50 years before their deep geological burial. The original 

capacity of the KPA was 1270 tons of heavy metals and could provide storage of a volume 

of fuel waste corresponding to 30 years of operation of the Olkiluoto units 1-2 (IAEA, 2017). 

In 2014, the storage capacity was doubled with the commissioning of three new pools. The 

cost of expanding the storage facility was approximately 30 million €. (TVO, 2017. Nuclear 

Fuel Cycle Information System) 

In 2012, the 33rd refuelling was carried out at Olkiluoto-1 and the 31st at Olkiluoto-2. At the 

end of the year, the amount of spent fuel stored amounted to 7886 fuel assemblies containing 

about 1327 tons of uranium. Of the total number of assemblies, 6556 were placed in the 

storage, 670 and 660 fuel assemblies were stored in the pools of Olkiluoto-1 and Olkiluoto-

2 units respectively (Posiva, 2012). 240 fuel assemblies are replaced annually in the reactors 

of both units (TVO, 2017. Key figures of TVO Group). 
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Figure 6.4.1. Interim spent nuclear fuel storage facility at Olkiluoto NPP. 

 

6.5 Disposal of spent nuclear fuel 

About 65 tons of spent nuclear fuel is produced in Finland annually. By the end of 2015 as 

a result of the use of nuclear energy, Finland had accumulated 13500 fuel assemblies, 

corresponding to approximately 2040 tons of uranium. According to the Finnish Nuclear 

Energy Act, spent nuclear fuel produced in Finland must be disposed of (buried) internally. 

(Kumpula, 2017) 

The spent nuclear fuel disposal facility is managed by Posiva Oy, established in 1995 as a 

joint venture – 60 % owned by TVO and 40 % by Fortum. The company plans to build a 

deep geological repository for the encapsulated spent fuel at Olkiluoto Island, more than 400 

meters below ground level in a 2 billion-year-old igneous rock. (World Nuclear Association, 

2017. Nuclear Power in Finland) 

The waste disposal facility includes a facility for the disposal of containers with spent 

nuclear fuel and associated underground and aboveground auxiliary facilities. The 

radioactive waste encapsulation facility, shown in Figure 6.5.1, is located above the ground 

level and is connected to an underground disposal facility, elevator and cargo shafts, and a 

separate access tunnel. The processing of nuclear waste mainly uses remotely controlled 

equipment. 
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Figure 6.5.1. Longitudinal section of the encapsulation plant. (Posiva, 2017) 

1 - Room for receiving and storing of new containers, 2 - Room for working with highly 

active substances, 3 - Room for welding copper lids 4 - Quality control of welds, 5 - 

Cleaning of container surfaces, 6 - Elevator for transferring containers to the storage 

The disposal facility consists of an access tunnel reaching a depth of about 450 meters, 

technical structures located at a depth of 437 meters, and central and disposal tunnels that 

will be built in stages during the operation of the facility. Starting from 2004 Posiva is 

building the underground research facility Onkalo, the premises of which are intended to 

operate as part of a waste disposal facility. The facility is presented in Figure 6.5.2. (STUK, 

2017. Disposal of spent fuel in Finland) 

 

Figure 6.5.2 Onkalo spent nuclear fuel disposal facility. (Ryhänen, 2012) 
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In December 2012 Posiva applied for a license to build an encapsulation facility and spent 

fuel disposal facility at Olkiluoto and Loviisa nuclear power plants. Posiva received the 

license in November 2015 with an approved storage capacity of 6500 tons. The construction 

of the storage facility was scheduled to begin at the end of 2016. The start of operation is 

planned for 2023, after receiving a license for operation in 2020. Current plans are aiming 

to have a complete containment of the storage facility in 2120, although discussions are 

underway to expand the storage facility to service new reactors, that are under construction 

and planned for construction after the Olkiluoto unit 3. The total cost of spent nuclear fuel 

disposal from five reactors is 3.3-3.5 billion € according to various estimates. (World 

Nuclear Association, 2017. Nuclear Power in Finland) 

The disposal system consists of a sealed iron-copper container, bentonite buffer containing 

the container, tunnel backfill material made of swelling clay, sealing structures for the 

tunnels and rooms, and enclosing rock, as presented in Figure 6.5.3. (STUK, 2017. Disposal 

of spent fuel in Finland) 

 

Figure 6.5.3 Multi-barrier disposal principle. (Posiva, 2017) 

In total, it is planned to dispose of about 2800 containers, which is equivalent to 5486 tons 

of spent nuclear fuel. The containers differ in their geometrical and capacitive 

characteristics, depending on the structure of fuel assemblies by type of reactors. For Loviisa 

units 1-2 it is planned to dispose of 950 tons of spent nuclear fuel located in 650 containers 

(1.4 tons of spent nuclear fuel in each container), 12 fuel assemblies in each container. For 

Olkiluoto units 1-2 it is planned to dispose of 2500 tons of spent nuclear fuel in 1200 

containers (2.2 tons in each), 12 fuel assemblies in each container. And for the Olkiluoto-3 

unit, it is planned to dispose of 2030 tons of spent nuclear fuel in 950 containers (2.1 tons in 
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each), 4 fuel assemblies in each container. The average total disposal cost for each container 

is 1.3 million €. (Posiva, 2017) 

 

6.6 The cost of activities for the treatment and disposal of radioactive waste 

In Finland information about the cost of activities for the treatment and disposal of 

radioactive waste is not presented widely enough for the public. Most of the data are outdated 

or incomplete and require analysis and correction of the information received for current 

economic conditions. For this reason, all the obtained values of financial costs and their 

distribution for individual activities are inaccurate, but sufficient for an approximate display 

of the data necessary for conducting a qualitative study as of 2017. 

As of 2012 the total cost of radioactive waste treatment and disposal measures for the Loviisa 

1-2 and Olkiluoto 1-2-3 NPP units was estimated at 6.5 billion €, of which 3.5 billion € 

accounted for the disposal of spent nuclear fuel. The cost of treating and disposing of the 

operational waste is around 100 million €. Nuclear power plant decommissioning activities 

account for 1 billion €. (Nuclear Transparency Watch, 2016) 

In general, the cost of activities for the treatment and disposal of radioactive waste includes: 

• Interim storage of spent nuclear fuel 

• Transportation of spent nuclear fuel 

• Disposal of spent nuclear fuel 

• Treatment and disposal of operational LLW and ILW in storage facilities on the territory 

of the NPP 

• Safe fencing, dismantling, decommissioning and disposal of nuclear waste associated with 

these processes 

• R&D works and administration 

• Government oversight obligations and taxes 

In 2005, VTT conducted a cost analysis of all the activities described above for the amount 

of waste in 2005, and at year-end prices. The results of the analysis are presented in Table 
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6.6.1. As of 2005, the data on the amount of radioactive waste is not publicly available. 

(Vuori, 2007) 

Table 6.6.1: The cost of activities for the treatment and disposal of radioactive waste (2005). 

Disposal activity Share of the cost for 

TVO (Olkiluoto 1 and 2 

units), [M€] 

Share of the cost for 

Fortum (Loviisa 1 and 

2 units), [M€] 

Annuity of RW 

management costs in 

relation to the electricity 

generation for the entire 

operating cycle (4 %, 

€c/kWh) 

Intermediate storage of 

SNF 

83,8 47,7 A rough estimate of the 

impact of the cost of 

described activities on 

the cost of electricity 

generation is 0.2 euro 

cents / kWh 

Transportation of SNF 7 3,1 

Disposal of SNF 454,2 247,6 

Treatment and disposal 

of LLW and ILW 

12,3 19 

Decommissioning 

measures 

149,8 220,6 

R&D works and 

administration 

77 51,3 

Government oversight 

obligations and taxes 

42,4 28,3 

Total 826,5 617,6 

Sum 1444,1  

 

The average annual amount of generated SNF: at the Olkiluoto units 1-2: 36 tons, at the 

Loviisa units 1-2: 21 tons, in total: 57 tons (Buddas et al., 2015). According to Posiva Oy, 

the amount of spent nuclear fuel stored at the Loviisa and Olkiluoto NPPs was: in 2011 - 

1290 and 522 tons, respectively (Posiva, 2011); in 2012 - 1327 and 543 tons (in total - 1870 

tons). (Posiva, 2012) At the end of 2015, the amount of spent nuclear fuel stored in Finland 

amounted to 2040 tons. When summing up the numbers of 2012 for the stored SNF at the 

power plants and the three-year average production of SNF by the power plants (57 tons per 

year), we get 2041 tons of SNF by the end of 2015. As a result, based on the acceptable 

accuracy of the averaged data on SNF production, the data on the amount of fuel waste for 

2005: 1075 tons of SNF for the Olkiluoto NPP, 396 tons of SNF for the Loviisa NPP. The 

sum is 1471 tons. These actions allow us to get the specific value of the cost for disposal of 

1 ton of spent nuclear fuel by 2005 prices. As of 2005, the cost of disposal of spent nuclear 

fuel from the four units amounted to 701,8 million €. The unit cost of disposal was 

approximately 477,09 thousand € per ton. 

To re-check the resulting value, let us take the data of Posiva Oy for 2005 on calculating the 

cost of SNF disposal for the entire life cycle of 5 described units. The total estimated cost of 
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construction and operation of disposal facilities for disposal of 5643 tons of spent nuclear 

fuel amounted to 2.542 billion €, which equals 450.55 thousand € per ton. Deviation from 

the previously calculated value is less than 10 %. (Kukkola et al., 2017) 

Estimated in 2012, the budgetary cost of disposal of spent nuclear fuel is relevant to the 

present moment, therefore, with the total amount of spent nuclear fuel (5500 tons), we get a 

specific value: 636.364 thousand € per ton. 

From the ratio of the calculated unit costs for 2005 and 2012, we get the required coefficient 

of the change in cost from 2005 to 2017: 

∆=
636,364

477,0905
= 1,333 

In the following, the indexation of values for 2005 will be calculated taking into account the 

ratio of the plant operation period at the time of the assessment of the cost of activities for 

the maintenance and disposal of radioactive waste to the total plant operation period 

throughout the entire NPP life cycle and using the cost change factor. The ratio of the periods 

of operation: for the Loviisa units - 0.5, for the Olkiluoto units - 0.42. Also taken into account 

that the data provided by VTT does not include future waste accounting for the Olkiluoto-3 

unit. For this reason, to get the general data for 5 units, a coefficient will be added derived 

from the ratio of the total capacities of the Olkiluoto-1,2,3 and Loviisa-1,2 units to the total 

capacities of the Olkiluoto-1,2 and Loviisa-1,2 units. (for Olkiluoto-3 - design data, for the 

rest - as of 2005). 

A coefficient:  

𝛿 =
880 ∙ 2 + 488 ∙ 2 + 1600

880 ∙ 2 + 488 ∙ 2
= 1,593 
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Table 6.6.2 below presents the values obtained by dividing the data on the cost of activities 

for the power plants by the ratio of the periods of operation (one by one), further summing 

the obtained values and multiplying by the power factors and cost changes (C - the cost of 

the event, Ol - Olkiluoto-1, 2, Lo - Loviisa-1,2): 

(
C(Ol)

0,42
+

C(Lo)

0,5
) ∙ 𝛿 ∙ ∆ 

where C(Ol) – the cost of the event at Olkiluoto 1 and 2, C(Lo) - the cost of the event at 

Loviisa 1 and 2, 𝛿 - a coefficient derived from the ratio of the total capacities of the 

Olkiluoto-1,2,3 and Loviisa-1,2 units to the total capacities of the Olkiluoto-1,2 and Loviisa-

1,2 units, ∆ - coefficient of the change in cost. 

Table 6.6.2: Calculated cost of activities for the processing and disposal of radioactive waste. 

Disposal activity Extrapolating data of 2005 for 

receiving data for the whole 

operational life cycle  

Total values, 

taking into account 

the coefficients, 

[M€] 

Shares of the total 

sum 

For Ol-1,2 ,  

[M€] 

For Lo-1,2 ,  

[M€] 

Intermediate storage 

of SNF 

199,5 95,4 623,4 0,0921 

Transportation of 

SNF 

16,7 6,2 48,3 0,0071 

Disposal of SNF 1081,4 495,2 3332,8 0,4922 

Treatment and 

disposal of LLW and 

ILW 

29,3 38,0 142,2 0,2410 

Decommissioning 

measures 

356,7 441,2 1686,6 0,2491 

R&D works and 

administration 

183,3 102,6 604,4 0,0893 

Government 

oversight obligations 

and taxes 

101,0 56,6 333,0 0,0492 

Total 1967,9 1235,2 6770,8 1,0 

Sum 3203,1 6770,8 1,0 
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The obtained financial values for individual activities differ from the values from the data 

source for 2012, in particular: decommissioning (1 billion € according to 2012 data), 

treatment and disposal of LLW and ILW (100 million €), SNF disposal (3.5 billion €), as 

well as the total values of the cost of disposal activities (6.5 billion €) (Nuclear Transparency 

Watch, 2016). For this reason, a reallocation of costs will be carried out between these three 

activities, bringing them to the values for 2012. The remaining imbalance will be distributed 

in proportion to the shares (shares of the total cost minus the data known for 2012) among 

the remaining activities to obtain the required total cost value equal to 6.5 billion €, as 

presented in Table 6.6.3. The large deviation of the decommissioning costs of nuclear power 

facilities from the values determined in 2012 is due to the fact that these costs are weakly 

influenced by the ratio of the service life by the design date to the total service life throughout 

the entire life cycle (the percentage of the power plant's resource utilization). 

Table 6.6.3: The final estimated distribution of costs for activities for the treatment and 

disposal of radioactive waste. 

Disposal activity The total 

value taking 

into account 

the 

coefficients, 

[M€] 

Shares 

of the 

total 

sum, 

[M€ ] 

Values 

of 

2012, 

[M€] 

Values 

when 

using 

data of 

2012, 

[M€]  

Shares of 

activities 

that were 

missing 

in data of 

2012, 

[M€] 

Reassessment 

of values and 

reduction to 

the required 

results 

Total 

shares 

Intermediate 

storage of SNF 

623,4 0,0921  623,4 0,3874 736,1 0,113 

Transportation of 

SNF 

48,3 0,0071  48,3 0,0300 57,1 0,009 

Disposal of SNF 3332,8 0,4922 3500,0 3500,0  3500,0 0,538 

Treatment and 

disposal of LLW 

and ILW 

142,2 0,0210 100,0 100,0  100,0 0,015 

Decommissioning 

measures 

1686,6 0,2491 1000,0 1000,0  1000,0 0,154 

R&D works and 

administration 

604,4 0,0893  604,4 0,3756 713,6 0,110 

Government 

oversight 

obligations and 

taxes 

333,0 0,0492  333,0 0,2070 393,2 0,060 

Total 6770,8 1,0 6500,0 6209,2 1,0 6500,0 1,0 

Sum 6770,8 1,0  6209,2 1,0 6500,0 1,0 

Deviation 290,8  

 

For further calculations, it is necessary to separate the activities by cost type into semi-fixed 

and semi-variable. Semi-variable costs are activities that depend on the amount of annually 
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used fuel, in other words on the production of spent nuclear fuel: intermediate storage, 

transportation and disposal. 

Additionally, we assume that the treatment, disposal and production of LLW and ILW are 

constant throughout each year, but differ by unit. For the Olkiluoto-1,2 units, the amount of 

generated LLW and ILW is in the range of 150-200 m3, for the Loviisa-1,2 units:100-150 

m3. The commissioning of the Olkiluoto-3 unit will increase the annual values of the LLW 

and ILW amount for all Olkiluoto units, approximately 300 m3 (Nuclear Transparency 

Watch, 2016). Knowing the average waste production at the power plants and the total costs 

of the utilization of LLW and ILW during the entire life cycle of the units, we can calculate 

the unit cost of recycling one m3 of LLW and ILW. For the Olkiluoto units, we take the 

annual output of the LLW and ILW equal to 300 m3, for Loviisa - 125 m3. The duration of 

operation of NPP units throughout the entire life cycle: Olkiluoto units - 60 years, Loviisa 

units - 50 years. The total production of LLW and ILW for the entire period of operation of 

the units is 24250 m3. The unit cost of disposal of ILW and LLW: 

 

CLI =
100000000 €

24250 m3
= 4123,711 

€

m3
 

 

The rest of the semi-fixed costs are reduced to specific costs per MW of installed capacity. 

The total installed capacity of the five units, taken into account in the previous calculations, 

is 4336 MW. The amount of the semi-fixed costs without the disposal costs of the LLW and 

ILW is 2106,9 million €. The unit cost of semi-fixed costs is: 

C𝑆F =
2106,9 M€

4336 MW
= 485909 

€

MW
 

The unit cost of semi-variable costs per ton of fuel (equal to a ton of spent nuclear fuel) is 

calculated based on the total fuel consumption of five units and, accordingly, the total 

amount of spent nuclear fuel for the entire operational life cycle of the units, which is equal 

in previous calculations to 5500 tons. 

CSNF =
4293,1 M€

5500 ton
= 780056 

 €

ton
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6.7 The cost of activities for the treatment and disposal of radioactive waste 

for the Hanhikivi NPP 

The expansion of the Olkiluoto storage facility to allocate the waste from the Hanhikivi 

nuclear power plant will cost 200 million euros, while the construction of a separate facility 

will cost between 900 and 1 billion euros. The price cap applies to scenarios in which 

Fennovoima is unable to utilize the experience, skills and technology that Posiva has 

developed during more than 30 years of their business. Funding for the costs covering will 

be generated during the 60 years of plant operation, making it a minor factor in the plant's 

economy. Confirming the viability of the various approaches that need the licensing and 

approval by the local and state governments, the Energy Market Authority's expert report 

states that the "most feasible and economically viable" option would be to expand the 

Olkiluoto site plans. In April 2016, the Minister of Economic Affairs called on TVO and 

Fennovoima to agree on the handling and disposal of radioactive waste. (World Nuclear 

Association, 2017. Nuclear Power in Finland) 

Taking into account the above-mentioned reasons, the calculations assume a scenario for the 

implementation of SNF disposal on the territory of the Olkiluoto storage facility. The result 

of the calculation model of the unit costs for the disposal of 1 ton of SNF presented above is 

used to calculate the costs of SNF management for the entire service life of the Hanhikivi 

NPP. According to preliminary estimates, the total amount of used nuclear fuel at the 

Hanhikivi NPP for the entire operational period will not exceed 1800 tons. We can define 

the maximum possible estimated costs of SNF disposal: 

CSNF = 780056 
 €

ton
∙ 1800 ton = 1404,1 M€ 

In 2014, Fennovoima submitted the Environmental Impact Assessment Report for the 

Hanhikivi NPP. This report presents the values of the predicted annual production of LLW 

and ILW and the total production of waste of two groups of radioactivity for the entire life 

cycle of the NPP. The forecast is presented in Table 6.7.1. (Fennovoima, 2017. 

Environmental Impact Assessment Report for a Nuclear Power Plant). As we have the 

calculated values of the average cost of disposal of one m3 of LLW and ILW, we can 

determine the total costs of Hanhikivi NPP for these activities for the entire operational 

period: 
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CLI = 4123,711 
€

m3
∙ 4638 m3 = 19,126 M€ 

Table 6.7.1: Forecasted production of LLW and ILW at Hanhikivi NPP. 

 Amount of waste 

 [m3 /year] [m3 /60 years] 

Dry waste   

Compressable   

Low level  12,1 726 

Intermediate  4 240 

Uncompressable   

Low level  22,5 1350 

Intermediate  3,6 216 

Sum 42,2 2532 

Liquid waste   

Low level  16,8 1008 

Intermediate  18,3 1098 

Sum 35,1 2106 

Total 77,3 4638 

 

The remaining semi-fixed costs for the activities for the treatment and disposal of radioactive 

waste are determined based on the installed capacity of the Hanhikivi NPP, equal to 1200 

MW, and the calculated unit cost of the semi-fixed costs: 

CSF = 485909 
€

MW
∙ 1200 MW = 583,091 M€  

The total cost of all activities for the treatment and disposal of radioactive waste for the 

conditions of the Hanhikivi NPP is: 

C = (583,091 + 19,126 + 1404,1) M€ = 2006,317 M€ 
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7. Algorithm and program for calculating the gross margin of the 

power unit operation depending on the operation modes 

 

The chapter describes the applicable method for the calculation of the gross margin of the 

power unit operation. The calculation takes into account different modes of operation of the 

power unit.  

Calculation results for the Hanhikivi NPP case are presented at the end of the chapter.  

 

7.1 Determination of the cost of electricity 

In addition to the data presented in the previous chapters, it is necessary to calculate the 

average cost of electricity on the wholesale market (Nord Pool Spot) during the periods of 

operation of the power unit in different modes, to calculate the gross margin of a nuclear 

power plant during the year and during the period of different operating modes of the power 

unit. Also, it is necessary to determine the period of outage of the power unit during the year, 

when the fuel assemblies are replaced and when other operational activities are performed, 

that require the termination of the normal operation of the power unit. 

With a given load factor (0.92), the duration of the reactor operation during the year in the 

nominal mode is 336 effective days. It is necessary to select 29 days a year when the power 

unit stops generating electricity. To accomplish this task, it is necessary to conduct a 

technical and economic analysis, but in a simplified form, the main criteria for choosing the 

outage period are the cost of electricity on the market, the utilization of electricity production 

capacities in the country (electricity consumption in the current period compared to the peak 

periods of consumption) and indicators of power unit’s normal operation. 

The calculations presented in Chapter 3 demonstrate low changes in the economic indicators 

of the power unit under various operating modes (no more than 3 %). For this reason, the 

choice of the period is influenced by the remaining two criteria. 

Traditionally, the periods of NPP power units’ outage in Finland are the summer season, the 

end of spring and the beginning of autumn, when the average load of production electric 

power capacities by consumers is about 60 % (or less) of the installed (available) capacity. 

(Svenska Kraftnat, 2017) The only month without outages of the operating NPPs during the 



91 
 

abovementioned period is July, but it is assumed that the Olkiluoto 3 unit will have its future 

outages in July right after the outages of units 1 and 2.  

The assumption about Olkiluoto 3 was taken into account when choosing the outage period 

for the Hanhikivi NPP. What is more, it is not financially and technically feasible to perform 

outages outside of the May-September period as the electricity prices increase as well as the 

overall consumption of electricity in the region. After analyzing the cost of electricity in 

May, June, July, August and September on the wholesale market over the past 4 years, May 

1-29 was chosen as the outage period for the Hanhikivi NPP due to the lowest average 

electricity prices during the period (Nord Pool, 2017. Nord Pool Elspot Prices). 

The next step is to define the periods of different modes of operation of the power unit, 

formed depending on the temperature of seawater and the temperature of the circulating 

water in the condenser of the LPC - 1. 

• 13,1 ˚C (tcw): from January 1 to April 30, May 30 and 31, from September 19 to December 

31 - 256 days; 

• 14 ˚C: from 14 to 18 September - 5 days; 

• 15 ˚C: from 6 to 13 September, from 1 to 4 July - 12 days; 

• 16 ˚C: from 1 to 5 September, 5, 6 July - 7 days; 

• 17 ˚C: from 21 to 31 August, from 7 to 14 July - 19 days; 

• 18 ˚C: from 15 to 18 July, from 2 to 20 August - 23 days; 

• 19 ˚C: from 19 to 29 July - 11 days; 

• 20 ˚C: from July 30 to August 1 - 3 days. 

According to the NordPool Spot wholesale market, we find data on the average cost of 

electricity in Finland during 2016 by months, as presented in Table 7.1.1 (takes into account 

the outage in May), as well as days of the year when the power unit is operated at a CW 

(circulation water) temperature other than 13,1 ˚C, as presented in Table 7.1.2. Next, we find 

the average electricity prices on the wholesale market for various operating modes projected 

on the market indicators of 2016, as presented in Table 7.1.3. 
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Table 7.1.1: Average cost of electricity by months. 

Month Days €/MWh 

Jan.16 31 37,83 

Feb.16 28 26,09 

Mar.16 31 27,09 

Apr.16 30 27,25 

May16 31 28,06 

Jun.16 30 35,41 

Jul.16 31 30,97 

Aug.16 31 31,38 

Sep.16 30 32,52 

Oct.16 31 37,54 

Nov.16 30 41,02 

Dec.16 31 34 

 

Table 7.1.2: Average electricity costs during the operation of a power unit in different modes. 

tcw, ˚C Days €/MWh 

13,1 285 32,73 

14 5 32,21 

15 12 32,50 

16 7 30,16 

17 19 32,26 

18 23 30,52 

19 11 32,85 

20 3 27,55 
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Table 7.1.3: Electricity cost by days of NPP operation in different modes. 

Date €/MWh Date €/MWh Date €/MWh 

30.09.2016 30,67 31.08.2016 33,12 31.07.2016 25,79 

29.09.2016 30,47 30.08.2016 35,43 30.07.2016 27,84 

28.09.2016 29,32 29.08.2016 33,66 29.07.2016 35,66 

27.09.2016 34,59 28.08.2016 27,17 28.07.2016 35,63 

26.09.2016 35,98 27.08.2016 26,24 27.07.2016 36,04 

25.09.2016 25,73 26.08.2016 32,57 26.07.2016 34,93 

24.09.2016 28,24 25.08.2016 31,4 25.07.2016 34,39 

23.09.2016 34,12 24.08.2016 35,64 24.07.2016 29,28 

22.09.2016 35,12 23.08.2016 35,48 23.07.2016 30,12 

21.09.2016 34,09 22.08.2016 36,94 22.07.2016 31,55 

20.09.2016 34,2 21.08.2016 29,75 21.07.2016 31,07 

19.09.2016 35,11 20.08.2016 31,13 20.07.2016 30,77 

18.09.2016 26,68 19.08.2016 35,86 19.07.2016 31,88 

17.09.2016 27,06 18.08.2016 32,49 18.07.2016 29,89 

16.09.2016 33,21 17.08.2016 32,71 17.07.2016 26,04 

15.09.2016 35,13 16.08.2016 31,31 16.07.2016 28,35 

14.09.2016 38,99 15.08.2016 32,58 15.07.2016 31,23 

13.09.2016 37,45 14.08.2016 25,41 14.07.2016 31,56 

12.09.2016 34,86 13.08.2016 24,18 13.07.2016 35,09 

11.09.2016 24,92 12.08.2016 35,03 12.07.2016 33,23 

10.09.2016 30,75 11.08.2016 33,88 11.07.2016 35,59 

9.09.2016 40 10.08.2016 33,05 10.07.2016 27,11 

8.09.2016 35,46 9.08.2016 27,81 9.07.2016 26,73 

7.09.2016 33,3 8.08.2016 32,53 8.07.2016 32,87 

6.09.2016 37,01 7.08.2016 24,17 7.07.2016 33,3 

5.09.2016 36,64 6.08.2016 27,42 6.07.2016 28,17 

4.09.2016 26,03 5.08.2016 31,87 5.07.2016 29,77 

3.09.2016 28,36 4.08.2016 29,26 4.07.2016 38,91 

2.09.2016 31,48 3.08.2016 32,63 3.07.2016 23,53 

1.09.2016 30,66 2.08.2016 33,15 2.07.2016 23,09 

1.08.2016 29,03 1.07.2016 30,71 

 

7.2 Calculation of the gross margin 

 

The steps of further calculation actions combine the results and methodologies presented in 

Chapter 4, Chapter 5 and Chapter 6. Knowing the amount of electricity supplied to the grid 

(1167,7 MW) and the specific heat consumption of the turbine unit for the supplied 

electricity, we define the fuel consumption required to produce the required power amount, 

according to the methodology identical to that described in Chapter 5. Further, using the 

values of the unit cost of fuel calculated in Chapter 5, we find the purchase cost. 
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In Chapter 6, the costs associated with the disposal of radioactive waste from nuclear power 

plants were separated into semi-variable and semi-fixed. Semi-fixed, including the costs of 

disposal of operational waste (LLW and ILW), were calculated for the entire life cycle of a 

nuclear power unit, equal to 60 years. To apply these costs in further calculations, they were 

divided by the number of days of operation of the reactor in the nominal mode (effective 

days, 336 days per year) during the entire life cycle of the nuclear power plant, and daily 

semi-fixed costs were obtained, excluding periods of outage. 

Further, using the specific value of semi-variable costs associated with SNF disposal 

obtained in Chapter 5 and the obtained values of fuel consumption, we find the total semi-

variable costs for each period of operation modes. 

The next step is to calculate the NPP income in each operating period at the known average 

electricity prices on the wholesale market. Having the values of income and costs, we obtain 

the values of the gross margin (in the narrow sense) of operating the NPP in different modes, 

reflecting the influence of the considered environmental factors related to the radiation safety 

and the fuel component on the economy of the Hanhikivi NPP. Also, we calculate the 

specific gross margin for each MWh of supplied electricity for each mode of operation. The 

final results are the total and average values of the considered values obtained for the 

conditions of one operating year (the period between fuel loads). Results are presented in 

Table 7.2.1. 

Table 7.2.1: Calculation of the NPP gross margin and main intermediate calculated values. 

tcw, 

[˚C] 

Days Ce,  

[€/MWh] 

qt,  

[kJ/kWh] 

mU, 
[kg] 

CF,  

[k€] 

CSF+LI, 

[k€ ] 

CSNF,  

[k€] 

Y,  

[k€] 

MP,  

[k€] 

MPsp, 

[€/MWh] 

13,1 256 33,31 9788,491 13727,3 13246,4 7647,0 10715,1 238991 207382 28,91 

14 5 32,21 9789,611 268,1 258,7 149,4 209,3 4514 3897 27,81 

15 12 32,50 9793,676 643,8 621,3 358,5 502,5 10930 9447 28,09 

16 7 30,16 9802,813 375,9 362,7 209,1 293,4 5916 5051 25,75 

17 19 32,26 9815,686 1021,7 985,9 567,6 767,5 17176 14825 27,84 

18 23 30,52 9830,199 1238,6 1195,2 687,0 966,8 19673 16824 26,10 

19 11 32,85 9847,023 593,4 572,6 328,6 463,2 10126 8762 28,42 

20 3 27,55 9865,345 162,1 156,5 89,6 126,6 2317 1944 23,12 

Summarized and average values 

14,1 336 32,88 9795,986 18030,8 17399,3 10036,7 14074,4 309643 268132 28,47 
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Based on the received results, we can conclude that the unit cost of activities to ensure 

radiation safety (discussed above) and the fuel costs when operating in a mode with the 

maximum energy efficiency of the power unit are: 

CPU(tcw=13,1˚C) = Ce − MPsp = 33,31
€

MWh
− 28,91

€

MWh
= 4,4

€

MWh
 ;  

where Ce- electricity cost, MPsp- specific marginal profit, tcw -temperature of circulation 

water  

when operating in nominal mode: 

CPU(tcw=20˚C) = 27,55
€

MWh
− 23,12

€

MWh
= 4,43

€

MWh
  

The difference in the unit costs between operating in maximum energy efficiency and 

nominal modes is quite low because the energy efficiency changes are less than 1 %. 

To get significant changes in energy efficiency it would be beneficial to add the third LPC 

to the turbine unit as was previously mentioned in Chapter 4 (Section 4.2). 

In order to fully analyze and compare the results obtained with other nuclear power plants, 

it is necessary to have data and results of similar studies on other nuclear power facilities. 

Unfortunately, in practice, most of the initial data that are the basis for such studies are not 

available in open sources of information. A detailed breakdown of operating costs, nuclear 

fuel production costs, heat balance diagrams of turbine units and other relevant information 

are often commercially confidential or highly classified. Information indicated in publicly 

available sources is often not linked to a specific facility, is aggregated or averaged, or 

outdated, does not demonstrate how it was obtained and does not provide a detailed 

breakdown of the data used. 

As an example, we can use the results of the study "Economics of Nuclear Power", which is 

one of the most extensive publicly available sources of information (World Nuclear 

Association, 2021). The data presented in this study on the final cost of nuclear fuel 

correspond to the data obtained in Chapter 5 within the margin of error with adjustment for 

regional differences in the cost of certain components of the nuclear fuel production 

processes. However, the average specific cost of nuclear fuel obtained in the study is 0.33 
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¢/kWh. (or 0.29 € cent/kWh), and the average unit cost obtained from the calculations in this 

chapter for the nominal mode is: 

CPU𝐹(tcw=20˚C) =
CPU(tcw=20˚C)

CF + CSF+LI + CSNF
∙ CF =

4,43
€

MWh
∙ 156,5k€ ∙ 10−1

(156,5 + 89,6 + 126,6)k€
= 0,186

€ cent

kWh
 

where CF - cost of fuel ready for operation, CSF+LI - semi-fixed costs and cost of disposal of 

ILW and LLW, CSNF - costs of SNF disposal.  

The possible reason for the difference in the results: many different parameters, such as unit 

efficiency, average fuel enrichment, accounting of the neutron economy index, etc., which 

are not presented in the study under consideration. 

Regarding the activities to ensure radiation safety, the study under consideration provides 

data on the overall assessment of the unit cost of compensation and elimination of 

environmental impact. The research methodology includes broader impacts than the 

activities discussed in Chapter 6. Nevertheless, it can be said that the obtained value of the 

specific cost of measures to ensure radiation safety for the nominal mode, equal to: 

CPU𝑅𝑆(tcw=20˚C) = (0,443 − 0,186)
€ cent

kWh
= 0,257

€ cent

kWh
, 

is within the unit cost of compensation and elimination of environmental impact provided in 

the study and equal to 0.4 € cent/kWh. 
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8. Conclusions 

 

Presented master’s thesis studied the energy efficiency and economy of a power unit with 

the VVER-1200 reactor of the AES-2006 design and the Alstom Arabelle K-1200-6.9/25 

turbine unit for the conditions of the Hanhikivi NPP (Finland). 

The verification calculation of the available heat balance diagram made it possible to obtain 

all the key parameters and characteristics of the turbine unit, steam reheat systems and 

regenerative heating of the main condensate and feed water. The efficiency of the turbine 

for power generation (gross) is 37.566 % in the nominal mode. 

Based on the calculation of the heat balance diagram, the operating parameters of the power 

unit during the year were obtained. The power generation efficiency of the turbine plant 

(gross) reaches 37.858 % during the year. 

Based on the limitation of the average fuel burnup factor in Finland at the level of                                     

45 MWd/kg of nuclear fuel, the amount of fuel in the reactor, its average enrichment 

indicator and the amount of 4.71 % enriched fuel annually loaded into the reactor were 

calculated. 

Using market data on the cost of fuel components and associated production activities, the 

financial costs for the first fuel loading into the reactor and subsequent annual loads are 

estimated at 80,2 M$ and 19,6 M$, respectively. 

To assess the impact of measures to ensure environmental safety on the NPP economy, a 

technological and financial analysis of measures to ensure the radiation safety of nuclear 

power facilities in Finland related to the disposal of spent nuclear fuel, disposal of 

operational radioactive waste (LLW and ILW), decommissioning of nuclear power plants 

and scientific research is presented. The semi-fixed and semi-variable categories of costs are 

highlighted and their values are obtained. 

At the final stage of the work, the period of the outage was determined, data on the cost of 

electricity during the year on the wholesale market were presented. Based on all of the above, 

the gross margin indicators of the power unit were calculated, taking into account the 

environmental and fuel components, for various operating periods during the year, the total 
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annual values, as well as the specific profit values per each MWh in various operating modes 

and seasons. The unit cost of environmental and fuel costs is 4.4 - 4.43 €/MWh. 
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Appendices 

 

Appendix 1. The distribution of electricity generation during the day. 

 

Figure 1. The distribution of electricity generation during the day (June 26, 2016). 
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Figure 2. The distribution of electricity generation during the day (February 7, 2017). 

 

 



 

Appendix 2. Historical data on the production, import and export of electricity in Finland by 

source type. 

Table 1: Historical data on the production, import and export of electricity in Finland by 

source type. 

TWh   2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 

Net 

production   
81,9 81,2 77,1 71,6 80,4 73,5 70,3 71,2 68,1 68,6 

  

PPs 

consumption 
3,3 3,4 2,9 2,9 3,4 3 2,6 2,9 2,6 2,5 

                        

Production   78,6 77,8 74,2 68,7 77 70,5 67,7 68,3 65,5 66,1 

  Hydro power 11,3 14 16,9 12,6 12,8 12,3 16,6 12,6 13,2 16,6 

  Wind power 0,1 0,2 0,2 0,2 0,3 0,5 0,5 0,8 1,1 2,3 

  Nuclear power 22 22,5 22 22,5 21,9 22,2 22,1 22,7 22,6 22,3 

  Thermal power 45,1 41,1 34,9 33,3 42 35,4 28,6 32,2 28,5 24,9 

  

Combined 

H&P 

production 

27,6 26,8 26,7 24,2 28,5 25,9 22,8 23,4 22,1 20,8 

  

Separate heat 

production 
14,5 14,4 15,5 14,8 17,4 14,9 13,5 13,7 12,9 12,1 

  Production 13,1 12,3 11,2 9,4 11,1 10,9 9,3 9,7 9,3 8,7 

  

Condensing 

power 
17,5 14,4 8,2 9,1 13,5 9,6 5,7 8,8 6,3 4 

  Traditional 17,5 14,4 8,2 9,1 13,5 9,6 5,7 8,8 6,3 4 

  GTU 0 0 0 0 0 0 0 0 0 0 

                        

Import   15,4 15,4 16,1 15,5 15,7 17,7 19,1 17,6 21,6 21,5 

  Sweden 3,7 3,1 2,8 1,9 2 5,1 14,2 12,4 18,1 17,4 

  Norway 0,2 0,2 0,2 0,1 0,1 0,1 0,08 0,05 0,06 0,03 

  Russia 11,5 10,2 10,9 11,7 11,6 10,8 4,4 4,7 3,4 3,9 

  Estonia - 1,9 2,2 1,8 2 1,7 0,42 0,45 0,04 0,17 

                        

Total supply   94 93,2 90,3 84,2 92,7 88,2 86,8 85,9 87,1 87,6 

                        

Export   3,8 2,9 3,3 3,4 5,2 3,8 1,6 1,9 3,7 5,1 

  Sweden 3,7 2,7 3,3 3,2 4,8 3,2 0,03 0,2 0 0 

  Norway 0,1 0,1 0 0,1 0,2 0,1 0,09 0,1 0,1 0,06 

  Russia 0 0 0 0 0 0 0 0,03 0 0,02 

  Estonia - 0 0 0 0,2 0,5 1,5 1,5 3,5 5 

                        

Net 

consumption   
90,2 90,3 87 80,8 87,5 84,4 85,2 84 83,4 82,5 



 

Appendix 3. Actual, calculated (e) and forecasted (f) data on electricity production in Finland by source type. 

Table 1: Actual, calculated (e) and forecasted (f) data on electricity production in Finland by source type. 

Generation 2015 2016e 2017f 2018f 2019f 2020f 2021f 2022f 2023f 2024f 2025f 2026f 

Total, TWh  66,232 66,742 67,145 68,431 69,566 82,814 83,132 83,394 83,631 83,914 84,311 84,872 

Thermal, % of total  19,161 18,116 17,094 16,203 15,403 12,255 11,764 11,175 10,610 10,064 9,499 8,966 

Coal, TWh 6,377 5,930 5,485 5,211 4,940 4,644 4,319 3,887 3,459 3,044 2,618 2,225 

Coal, % Y/Y -0,350 -7,010 -7,504 -4,995 -5,201 -5,992 -6,998 -10,002 -11,011 -11,998 -13,995 -15,011 

Coal, % of total  9,628 8,885 8,169 7,615 7,101 5,608 5,195 4,661 4,136 3,628 3,105 2,622 

Natural Gas, TWh 6,129 5,976 5,808 5,692 5,590 5,505 5,461 5,432 5,414 5,401 5,391 5,385 

Natural Gas, % Y/Y -6,000 -2,496 -2,811 -1,997 -1,792 -1,521 -0,799 -0,531 -0,331 -0,240 -0,185 -0,111 

Natural Gas, % of total  9,254 8,954 8,650 8,318 8,036 6,647 6,569 6,514 6,474 6,436 6,394 6,345 

Oil, TWh 0,185 0,185 0,185 0,185 0,185 0,000 0,000 0,000 0,000 0,000 0,000 0,000 

Oil, % Y/Y 0,000 0,000 0,000 0,000 0,000 -100,000 0,000 0,000 0,000 0,000 0,000 0,000 

Oil, % of total  0,279 0,277 0,276 0,270 0,266 0,000 0,000 0,000 0,000 0,000 0,000 0,000 

Nuclear, TWh 22,648 22,653 22,687 22,721 22,993 35,697 35,708 35,715 35,719 35,726 35,737 35,751 

Nuclear, % Y/Y 0,010 0,022 0,150 0,150 1,197 55,252 0,031 0,020 0,011 0,020 0,031 0,039 

Nuclear, % of total  34,195 33,941 33,788 33,203 33,052 43,105 42,953 42,827 42,710 42,575 42,387 42,123 

Hydropower, TWh 16,610 16,195 16,389 16,605 16,971 17,174 17,380 17,613 17,874 18,164 18,483 18,834 

Hydropower, % Y/Y 25,236 -2,498 1,198 1,318 2,204 1,196 1,199 1,341 1,482 1,622 1,756 1,899 

Hydropower, % of total  25,079 24,265 24,408 24,265 24,396 20,738 20,907 21,120 21,372 21,646 21,922 22,191 

Other Renewables, TWh 14,284 15,804 16,591 18,017 18,887 19,796 20,444 21,097 21,677 22,246 22,895 23,630 

Other Renewables, % Y/Y 7,763 10,641 4,980 8,595 4,829 4,813 3,273 3,194 2,749 2,625 2,917 3,210 

Other Renewables, % of total  21,567 23,679 24,709 26,329 27,150 23,904 24,592 25,298 25,920 26,510 27,155 27,842 
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Appendix 4. Tabulated parameters of steam and water. 

Table 1: Tabulated parameters of steam and water. 

Line 

number 

Process points Heat diagram 

elements 

Sections 

efficiency 

Medium in turbine/heater extraction Steam in a heat exchanger Medium behind a heat exchanger 

η P t/x H 𝑃ℎ 𝑡ℎ ℎℎ
′ (ℎℎ

′′) ℎ𝑑 Θ 𝑃𝑤 𝑡𝑤 ℎ𝑤 

[%] [MPa] [0C/%] [kJ/kg] [MPa] [0C] [kJ/kg] [kJ/kg] [0C] [MPa] [0C] [kJ/kg] 

− − − 1 2 3 4 5 6 7 8 9 10 11 12 

1 0 SH2 − 6,8 283,9 2767,54 6,395 279,8 1235,51 1235,51 9,4 1,016 270,4 2987,4 

2 0' ─ − 6,392 − 2767,54 − − − − − − − − 

3 1 SH1 89,135 3,058 91,1 % 2644,82 2,876 231,5 1045,94 1045,94 9,4 1,025 222,1 2879,21 

4 1 H6 89,135 3,058 91,1 % 2644,82 2,906 232,1 1000,8 905,35 2,1 8,3 230 991,34 

5 2 H5 85,114 2,033 88,5 % 2582,59 1,93 210,6 900,467 800,771 5 8,395 205,6 880,257 

6  FWP − − − − − − − − − 8,5 183,3 772,931 

7 3 D 83,279 1,053 85,5 % 2489 1,001 179,9 762,875 − − − 179,9 762,875 

8 SSH’’ SSH − 1,043 85,6 % 2489 1,034 181,3 769,127 769,127 − 1,034 99,5 % 2768,33 

9 SSH’ D − 1,043 181,3 769,127 1,001 179,9 762,875 − − 1,001 179,9 762,875 

10 SH1’ H5 − 2,876 231,5 1045,94 1,93 210,6 900,467 800,771 5 8,395 205,6 880,257 

11 SH2’ H6 − 6,395 279,8 1235,51 2,906 232,1 1000,8 905,35 2,1 8,3 230 991,34 

12 4.0’ − − 1,006 − 2986,53 − − − − − − − − 

13 4 H4 94,193 0,6265 216,9 2886,04 0,595 158,5 669,057 594,496 1,4 1,346 157,1 663,44 

14 MIX MIX − − − − − − − − − 1,396 − − 

15 5 H3 96,2 0,3499 156,3 2771 0,328 136,6 574,619 574,619 1,2 1,398 135,4 570,194 
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Line 

number 

Process points Heat diagram 

elements 

Sections 

efficiency 

Medium in turbine/heater extraction Steam in a heat exchanger Medium behind a heat exchanger 

η P t/x H 𝑃ℎ 𝑡ℎ ℎℎ
′ (ℎℎ

′′) ℎ𝑑 Θ 𝑃𝑤 𝑡𝑤 ℎ𝑤 

[%] [MPa] [0C/%] [kJ/kg] [MPa] [0C] [kJ/kg] [kJ/kg] [0C] [MPa] [0C] [kJ/kg] 

− − − 1 2 3 4 5 6 7 8 9 10 11 12 

16 6.1 H2 89,496 0,1072 96,6 % 2601,45 0,104 100,7 422,053 422,053 2,4 1,448 98,3 412,95 

17 6.2 H2 89,725 0,1072 96,6 % 2601,45 0,104 100,7 422,053 422,053 2,4 1,448 98,3 412,95 

18 7.1 H1 87,528 0,06039 95,5 % 2549,96 0,026 65,8 275,428 275,428 3,4 1,498 62,4 262,428 

19 7.2 H1 87,513 0,06038 95,5 % 2549,95 0,026 65,8 275,428 275,428 3,4 1,498 62,4 262,428 

20 8.1 H1 88,506 0,02692 94,3 % 2486,85 0,026 65,8 275,428 275,428 3,4 1,498 62,4 262,428 

21 8.2 H1 88,305 0,02681 94,3 % 2486,85 0,026 65,8 275,428 275,428 3,4 1,498 62,4 262,428 

22  GSC − − − − − − − − − 1,553 − 150,363 

23  CnP − − − − − − − − − 2,023 − 148,935 

24  C2 83,71 0,00563 90,4 % 2332,38 0,00563 35 146,663 − − 0,00563 35 146,663 

25  C1 81,291 0,0045 90,5 % 2326,09 0,0045 31 129,981 − − 0,0045 31 129,981 

 


