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Climate change challenges make governments shift to practical measures in order to mitigate the 

irreparable consequences of climate change. In June 2019, the Finnish Government introduced its 

programme, where one of the targets was to achieve nearly emission-free energy generation by the end 

of the 2030s. In terms of district heating, Small Modular Reactors can be employed as an emission-

free heat source. The studied district heating nuclear plant concept RUTA represents high safety 

features and reliable technical solutions that are supported by sufficient operational experience. 

Moderate temperature of the cermet fuel cladding and atmospheric pressure in the reactor vessel make 

the probability of a design basis accident extremely low. The reactor core utilises mostly constructive 

and technical solutions of the VVER technology that has already proven its reliability and accumulated 

rich operation experience. However, some novel and innovating solutions as well as siting close to 

densely populated areas create legal and regulative obstacles to the realisation of the RUTA concept 

in Finland. Due to reliable safety features and referent reactor core solutions, RUTA-70 can be 

evaluated as a strong candidate to replace fossil and biomass-fuelled power plants, but changes to the 

nuclear energy legislation and regulations are necessary.   
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Preface 

When writing this Master’s Thesis, I have become finally convinced that the era of hydrocarbons is 

going to be over. Further progress of the humankind is not possible any longer, if the progress stands 

on energy generation by oil and coal firing. The rapidly-increasing energy demand is causing climate 

changes, the consequences of which we cannot even estimate. Unfortunately, today we are able to 

notice the actual results of climate change. These results will initiate a long and complicated chain of 

events, and we do not even know what will happen in the end. The only thing we can be sure about is 

that these consequences of climate change are irreparable, and the further situation is quite 

unfavourable. Without evaluating the quality of the climate change consideration, I am sure that the 

main problem of the climate change concern has been set up correctly: the present-day way of life will 

lead the contemporary civilization to the problem of survival if we keep on living in the same manner. 

Nuclear power is one potentially strong candidate to replace energy generation by burning CxHx-fuel. 

Today we do have nuclear technologies that are safe enough to generate energy and support the 

progress of the society. However, this does not reflect in changes in people’s attitude to nuclear power. 

People are still afraid of nuclear power; Fukushima, Chernobyl and Three Miles Island accidents are 

still fresh in our memories. In my opinion, the fear of nuclear power is comparable to the Neanderthal’s 

fear of fire. Although fire is dangerous and causes many deaths every year, we cannot live without fire 

anymore. Nuclear power may have its dangers, but with due diligence and responsibility it is perfectly 

safe. Co-living with nuclear power is possible, but it requires the society to be well disciplined, seeing 

the benefits of nuclear power in the first place, and, in doing so, understanding its threats.  

While writing this Master’s Thesis, I met many interesting people. I’d like to thank the “fathers” of 

RUTA-70 from the Institute of Power and Physics Engineering (IPPE) in Obninsk: Yuriy Baranaev, 

for providing sobering criticism of my excessive enthusiasm for the concept of RUTA-70, and 

Aleksandr Glebov for encouraging me to go further. Thanks to IPPE’s Irina Moskovchenko for a 

proactive attitude and for making real co-operation with IPPE. Thanks to examiner Prof. Juhani 

Hyvärinen for supporting my efforts.      

 

            

 

 



5 

 

TABLE OF CONTENTS 

 

ABSTRACT .........................................................................................................................................2 

ABBREVIATIONS ..............................................................................................................................3 

Preface ..................................................................................................................................................4 

TABLE OF CONTENTS ....................................................................................................................5 

LIST OF SYMBOLS ...........................................................................................................................7 

1. INTRODUCTION........................................................................................................................8 

1.1. Influence of Finnish Energy and Climate Policies on District Heating Energy Production ....9 

1.2. Key Issue and Methodology of Research ..............................................................................10 

1.3. Structure of the Thesis ...........................................................................................................12 

2. DISTRICT HEATING IN FINLAND ......................................................................................14 

2.1. Determination of the DH Maximum Load Capacity .............................................................15 

2.2. District Heating Energy Production ......................................................................................17 

2.2.1 Combined Power and Heat (CHP) ...............................................................................18 

2.2.2 Heat-Only Boiler Plants ...............................................................................................20 

2.2.3 Heat Pump Plants .........................................................................................................21 

2.3. District Heating Transmission and Distribution Grids ..........................................................23 

2.4. Forecast of Changes in DH Demand .....................................................................................24 

2.4.1. Population Change Projection in Finland ...................................................................24 

2.4.2. Improving Energy Efficiency of Buildings ................................................................27 

2.5. Emission-Free Production Modes of District Heating .......................................................... 28 

2.5.1. Large-Scale Heat Pumps (LSHP) ...............................................................................29 

2.5.2. Solar and Direct Electric Heating ...............................................................................30 

3. NUCLEAR DISTRICT HEATING BY SMALL MODULE REACTORS ..........................31 

3.1. Heat Generation and Transfer in Nuclear Reactors ...............................................................31 

3.2. Small Modular Reactors ........................................................................................................31 



6 

 

3.2.1. Classification of SMRs...............................................................................................33 

3.2.2. SMR Operating Parameters ........................................................................................34 

3.2.3. SMR Design Safety ....................................................................................................35 

4. RUTA-70 AS A HEAT SOURCE FOR DISTRICT HEATING ...........................................39 

4.1. RUTA-70 Thermal Hydraulics ..............................................................................................49 

4.2. RUTA-70 Safety ....................................................................................................................52 

5. RUTA-70 IN FINNISH DISTRICT HEATING SYSTEMS ..................................................62 

5.1. Applicability of RUTA-70 for the Finnish DH Systems .......................................................62 

5.1.1. Technical Aspect ........................................................................................................62 

5.1.2. Legal Aspect ...............................................................................................................64 

5.2. RUTA-70 Licensing ..............................................................................................................76 

5.3. Manufacturing of RUTA-70 equipment in Finland ...............................................................86 

5.3.1. Reactor Vessel ............................................................................................................87 

5.3.2. Other Equipment ........................................................................................................89 

6. CONSIDERATIONS .................................................................................................................91 

7. CONCLUSIONS ........................................................................................................................95 

REFERENCES ..................................................................................................................................97 

APPENDIX 1. Table 4. CHP Power Plants by Installed DH Power Over 100 MW and their Fuel 

(Finnish Energy 2017). ....................................................................................................................103 

APPENDIX 2. Heat-Only Boiler Power Plants by Installed Power (Over 100 MW), Number of 

Units and Fuels (Finnish Energy 2017) ..........................................................................................104 

APPENDIX 3. Population Changes in Main Municipalities (Aro, R. 2019, 6) ..........................105 

 

 

 

 

 



7 

 

LIST OF SYMBOLS 

γGd Concentration of gandolinium [%] 

XU235 Fuel uranium enrichment grade [%] 

Keff Reactivity 

Kq Linear heat generation variability factor 

Ky Radial heat generation variability factor 

∂ρ/∂γ Reactivity feedback by coolant density [1/0C] 

∂ρ/∂ТТ Reactivity feedback by coolant temperature [1/0C] 

∂ρ/∂ТU Reactivity feedback by fuel temperature [1/0C] 

D  Diameter [m] 

H Height [m] 

ΔT Temperature difference [0C] 

P Pressure [Pa] 

Re  Yield stress of steel [N/mm2]  

Rm  Tensile strength of steel [N/mm2] 

A  Elongation of steel [%] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



8 

 

1. INTRODUCTION 

The idea of using nuclear power reactors to generate heat energy for district heating is not new. The 

Magnox reactor in Calder Hall (Sellafield, United Kingdom), after a decision on its construction in 

1953, started producing heat for its internal needs and supplying electric power into the grid in 1956. 

Sweden started building its first nuclear Combined Heat and Power Plant (CHP) in Ågesta in 1954; its 

commercial operation lasted from 1964 to 1973, mostly for DH needs (Hedberg et al. 2008, 3). Ågesta 

Nuclear Power and District Heating (DH) Station was designed to produce 65 MWth, split to 10 MWe 

and 55 MWth for district heating of the Farsta suburban area near Stockholm. Being part of the tertiary 

circuit of the heavy water high pressure nuclear reactor, Ågesta Nuclear Power and its district heating 

station supplied hot water at various temperatures from 780C up to 1150C to consumers, depending on 

the outdoor temperature. The maximum flow rate of DH water was 667 kg/s. (Sandström 1966, 6).   

Bilibinskaya Nuclear Power Plant (NPP) in the Russian Far East has been supplying electric power 

and hot water for DH since 1974, when the first reactor was commissioned into commercial operation. 

There are four similar reactors with the summary output of 48 MWe and 78 MWth.. (Petrosyanz 1987, 

67). At the moment, there are three units in operation, which should be finally replaced by the 

Academic Lomonosov floating NPP in 2021.  

The operation of conventional NPPs has allowed accumulating enough practical experience to design 

heating-only NPPs. Despite this fact, the heating-only reactors have never been commissioned, 

although the Swedish-Finnish SECURE project and the Soviet ACT-500 made great progress towards 

heat-only nuclear plant deployment.  

The ACT-500 was designed in 1978-1979 by OKBM to replace fossil and biomass fuelled DH plants 

in four cities in the Soviet Union. The decision to construct two DH nuclear power plants was made 

in 1979 for the city of Gorky (currently called Nizhny Novgorod) and the city of Voronezh, including 

two ACT-500 reactors for each power plant. The light water PWR ACT-500 is designed to generate 

500 MWth with a pressure of 2.0 MPa in the pressure vessel. The temperature of the primary circuit 

“hot leg” is 2080C and of the “cold leg” 1310C, and of the secondary circuit 1600C and 900C 

respectively with a pressure of 1.2 MPa. The inlet temperature of the tertiary DH circuit is 1500C, with 

the DH pipelines pressure being 2.0 MPa. The ACT-500 had an integral configuration with the primary 

circuit heat exchangers placed inside the reactor vessel, which corresponds to actual SMR ideology 

(Mitenkov et al. 1985, 310-313). The ACT-500 contains several typical safety and security solutions 

of the VVER technology, such as similar Rod Cluster Control Assembly (RCCA) mechanism, boron 

injection system, and residual heat removal systems. International Atomic Energy Agency (IAEA) 

carried out a security and safety assessment in 1989 with a positive inspection report. The construction 
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of two DH nuclear plants was completed to a degree of 90-95% by April 1986, interrupted after the 

Chernobyl accident and finally cancelled in early 1990 due to the state-level economic problems and 

social anti-nuclear position. 

The Swedish-Finnish SECURE (abbreviation of Safe Environmentally Clean Urban Reactor) heat-

only nuclear reactor concept had been started with the basic design stage in 1977-1978 to produce DH 

energy in the amount of 200-400 MWth for Helsinki. Trying to simplify the SECURE configuration, 

several brand new solutions of the nuclear reactor reactivity control and shut-down systems were 

found. Reactivity control was designed to be executed by increasing and decreasing the boron 

concentration, and shut-down was designed to be executed by flooding the core by cold borated water 

ensured by placing the neutron absorbing metallic balls inside the reactor core (Lemmetty 2/2012, 11). 

Many of the main nuclear security and safety principles had not been defined in the concept; overall, 

the price of the DH nuclear plant based on the SECURE concept was not competitive as compared to 

the traditional DH production methods. However, Lemmetty assesses the potential prospect of the 

SECURE concept positively, developed as a consequence of changing global tendencies towards 

climate issues. (Lemmetty 3/2012, 23).  

There are less known concepts of heat-only nuclear reactors, like the Canadian SLOWPOKE, the 

French CAS and TERMOS and the German KWU (Podest 1986, 13-41). None of the heat-only nuclear 

power plant projects reached sustainable commercial operation due to the cumulative factor effect 

combined with the public distrust of nuclear power, insufficient safety and security features of the DH 

NPP design and a strong position of the traditional fossil and biomass fuelled boiler and CHP plants. 

1.1. Influence of Finnish Energy and Climate Policies on District Heating Energy Production           

Without considering the Kyoto Protocol and the European Union’s Energy and Climate Policy 2020 

and 2030, the Finnish National Energy and Climate Policy should be studied in order to predict 

particular actions in DH power production in Finland. Being part of the Finnish National Energy and 

Climate Policy 2000, the DH-related energy targets of the Sipilä Government (2016-2019) were as 

follows: 

• Increasing the use of renewable energy sustainably, meaning bioenergy and other emission-

free renewable energy 

• Lowering the costs of renewable energy 

• Meeting the sustainability criteria for biomass fuel 

• Emission trading as a compensation system  
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• Phasing out coal as an energy source, halving use of imported oil for domestic and industrial 

needs 

• Encouraging the public sector to introduce carbon-neutral energy solutions 

• Promoting new technologies in the cleantech sector 

• Decentralised energy production and its self-sufficiency.  

Nuclear power has been identified as a significant part of the Finnish carbon-neutral energy production, 

especially in the future. Nuclear power is intended to improve Finland’s self-sufficiency in electricity 

production. Chapter 5 “Examination of an Energy System Based on 100% Renewable Energy” also 

includes nuclear power as a tool of reducing the greenhouse gas emissions along with the renewable 

energy sources. (Hiltunen 2017).  

According to the new Government program (since June 2019), Finland has set an objective to achieve 

carbon neutrality by 2035, accelerating the reduction of emissions and strengthening carbon sinks. 

Heat pumps and data centres are mentioned as district heating generation facilities. The Government 

promises to support investments in new energy technologies. The most important statement of the 

respective program is a target to achieve nearly emission-free electricity and heat production in Finland 

by the end of the 2030s and to introduce support for the new methods of producing district heat and 

heat storage without burning fuel. (Finnish Government 2019, 34-36) 

Assessing both Government programs in terms of the DH energy production, it can be concluded that 

the existing national governmental requirements allow for the implementation of all emission-free, 

sustainable, self-sufficient and decentralised modes of DH energy production, including the nuclear 

one.  

This Master’s Thesis considers the Government program’s wording “emission-free electric and heat 

energy production” as any energy production process except for carbon fuel combustion. In this 

Master’s Thesis, all carbon-neutral fuels (including biomass and forest industry waste and biogas) are 

classified as a hydrocarbon fuel. 

1.2. Key Issue and Methodology of Research 

The goal of the Master’s Thesis is to examine the advantages of the heat-only pool-type nuclear reactor 

of Russian design – RUTA-70, to highlight its safety features, and to identify the RUTA-70 technology 

points of improvement. This Master’s Thesis contains an attempt to consolidate accurate and correct 

technical data for the evaluation of the technical feasibility of RUTA-70 as an emission-free, 

sustainable, self-sufficient energy source for decentralised DH production. 
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Nuclear reactors for heat-only needs have been developed for decades; their technology has been 

finalised and is ready for implementation. If the Finnish Government’s target is to make electricity and 

heat production in Finland in a nearly emission-free manner by the end of the 2030s, will the heat-only 

pool-type nuclear reactor replace the fuel-fired CHP and boiler plants?      

Nuclear safety will become the most important assessment criteria due to the placement of DH reactors 

near residential areas. Thus, the social acceptance of nuclear power will probably have the strongest 

impact on the future of local nuclear reactors for heating needs. Does the heat-only pool-type RUTA-

70 prototype have convincing safety features and is it capable of achieving social acceptance to be 

implemented within the new Finnish climate and energy policy? 

If yes, does the nuclear power legislation allow it, and is the national regulatory authority STUK able 

to respond to the new licensing demands that come from the SMR sector? The existing licensing model 

“one license for multiple reactors to one owner” is challenging for commercial SMRs due to their 

innovative technologies, long processing period and the risk of design modification impacts on the 

validity of the already issued license. The last point of the Thesis is whether the RUTA-70 will be 

licensed as a typical reactor that enables its serial production, and does the Finnish industry have pre-

conditions to manufacture the RUTA equipment and bring RUTA-70 to commercial operation? 

RUTA-70 is a concept of the pool-type low-temperature reactor for DH only and some power plant 

configuration propositions. There is little information about RUTA in the English language, although 

it has been described in IAEA’s “Advances in Small Modular Reactor Technology Developments, A 

Supplement to: IAEA Advanced Reactors Information System (ARIS) 2018 Edition”.  

Despite the lack of common information about RUTA, this concept provides a designed and far-

elaborated reactor for district heating, desalination and isotope production for medical needs. More 

information about RUTA is available in the Russian language. In 2003, the Institute of Physics and 

Power Engineering (IPPE) elaborated and presented a Technical and Economic Statement for using  

RUTA-70 to improve the DH system in Obninsk, Russia. The last edition (2005) of the respective 

statement consists of 174 pages of fully-detailed description of the RUTA-70 DH power plant, and 

may contain the DH NP design information required by the YVLs. Unfortunately, said statement is 

not a public document. Visiting and studying RUTA with its developers Mr. Yuriy Baranaev and Mr. 

Aleksandr Glebov at IPPE in Obninsk, Russia, is a significant part of the research process. Best 

understanding of RUTA has been achieved while visiting IPPE on September 5 and 6, 2019.    
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1.3. Structure of the Thesis 

Since the considered heat-only pool-type nuclear reactor RUTA-70 is in the course of assessment to 

replace traditional fuel burning within existing DH systems, the introduction of the Thesis contains a 

brief historical review of nuclear power in district heating. Heat was utilised in DH as a secondary 

product in several nuclear power plants; there were few attempts to build and operate heat-only nuclear 

plants. Chapter 1 considers the contemporary state of decarbonisation tendencies as well as measures 

planned in Finland on the governmental level. Two government programs demonstrate the trend to 

activate the changing process to launch measures to decrease energy generation by carbon fuel burning 

and replace it with emission-free generation modes. The latest government program does not prioritise 

wood-based energy generation like the previous government program did. Chapter 1 of the Master’s 

Thesis states that nuclear power can be considered as an optional emission-free energy source for DH.        

The second chapter considers special features of DH in Finland, starting from an overview of heat 

power production as part of the CHP process by heat-only boilers and heat pumps. Chapter 2 briefly 

considers the contractual relationships between an energy supplier and consumer to determine the 

obligations of the supplier and the DH water parameters that the supplier is obligated to guarantee to 

each customer. Chapter 2 makes an evaluation of the existing DH systems in Finland using statistics 

of the Finnish Energy ry. A conclusion is made that more than 92% of the heat power generation must 

be replaced by emission-free sources by the end of the 2030s. In Chapter 2, an attempt is made to 

predict the population growth and migration trends, what technologies can be used to replace the 

existing carbon fuel plants and the scope of the utilisation of such technology. A short assessment of 

the heat pump technology and its potential allows placing heat pump power plants within small DH 

systems; however, they are not capable of replacing all generation facilities. Direct electric heating is 

a DH concept, and it would render other concepts unnecessary, if it can be provided at a competitive 

cost with supply certainty.   

The third chapter is dedicated to a brief overview of SMRs that are based on IAEA’s SMR Handbook 

issued in 2018. At the moment, the Handbook represents a reliable and independent description of 

SMR concepts worldwide.  

The fourth chapter contains an analysis of the essence of the RUTA-70 concept, configuration of the 

DH nuclear power plant, and important features for implementation of the RUTA concept. Focus was 

on RUTA’s safety functions, including the reactor behaviour during the residual heat removal in 

design-based accidents. Chapter 4 lists and highlights RUTA’s details, which make the heat-only pool-

type reactor based on RUTA a strong candidate for use in heat production for medium-sized and large 

DH networks. 
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Chapter 5 considers the compliance of RUTA-70 with national legal and technical requirements as 

well as RUTA’s possibilities to be implemented as a national nuclear power plant project.  

Chapter 6 generally considers the readiness of Finnish legislation and industrial capacity to initiate and 

implement main equipment manufacturing and procurement activities within district heating nuclear 

plant EPC supply as a Finnish national nuclear project.  

Chapters 7 and 8 include a consideration of the obstacles for implementation as well as the pre-

conditions for the deployment of district heating nuclear plant in Finland.      
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2. DISTRICT HEATING IN FINLAND 

District heating is centralised production of heat energy and its transfer to clients in heated liquid mode, 

mostly for heating buildings and providing hot process water to clients’ sites. Normally, district heating 

supply is a commercial activity of enterprises. By contrast, local area heating means heating energy 

production and distribution on a small scale to the owners or for internal use without the features of 

commercial activities. (Koskelainen et al. 2006, 25-26) 

District heating in Finland is a very challenging business, as the demand depends sensitively upon 

changes in outside temperature. In the summer period, when temperatures are approximately around 

+200C, district heating energy is only used for the heating of service water. In these periods, the 

demand for DH energy might amount only to 10% of the maximum capacity of DH production and 

distribution. In intermediate seasons, with outside temperatures of -50C, the DH energy demand could 

reach 50% of the maximum production capacity. (Koskelainen et al., 2006 41-43). Due to a great 

power demand fluctuation in Finland throughout the year, Koskelainen (2006, 259) deems it expedient 

to consider the production capacity at different levels as follows: 

- DH base load, permanently in use without adjusting the power  

- DH middle load, permanently in use, with adjusting the power  

- DH peak load, normally out of use, but quick activating  

This three-level consideration is feasible for bigger DH systems, but, in any case, base load power and 

peak load power are reasonable to produce by different power units.  

According to the DH statistics of Finnish Energy ry, the Finnish DH business in 2017 is as follows: 

- Sales, 2017   2 964.540 M€ 

- Sold DH power   36 600 GWh 

- DH energy consumers  2 839 144 persons 

- Market share    52% 

Finnish Energy ry is a non-profit organisation of Finnish companies that produce, distribute and sell 

energy to their customers. According to Finnish Energy ry, one of its tasks is “supporting the reform 

of the energy sector by producing and distributing information”. 

Statistics and data provided by Finnish Energy ry are used in this Master’s Thesis as a fact database, 

and recommendations of Finnish Energy are considered as a reliable guide for the DH market 

companies.   
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2.1. Determination of the DH Maximum Load Capacity 

In order to assess the relevant figures for the DH maximum load capacity during peak demand in the 

Finnish DH market, the obligations of the DH supplier arising out of the supply contract with every 

customer are considered in this chapter. 

In 2017, Finnish Energy ry released Recommendation T1/2017 “General terms of contract for district 

heating”. The recommendation has been elaborated by a group of the DH energy suppliers and 

approved by the Energy Market Committee. During elaboration, the recommendation had been 

commented on by different official bodies and other sectors of the energy market. Overall, DH supply 

contract documentation includes three parts: 

- Individual Terms of Contract. This is a technical part of the DH supply contract that contains 

technical data defining the power demand of every consumer 

- Price List. This list contains the price formula and actual prices for supplied energy 

- General Terms of Contract that contain general data about DH, which are the same for all 

consumers.   

In order to elaborate the Individual Terms of Contract, the consumer’s HVAC designer calculates the 

overall power of heating equipment required to provide a sufficient amount of heat for the consumer’s 

building, normally within the range of 18-220C, and to supply service water within the temperature 

range of 55-650C. The outside air temperature strongly affects the needed DH power; its minimum 

value should ensure the guaranteed DH parameters to keep the consumer’s building warm.  

The minimum temperatures for the calculation of the DH power demand of buildings are defined in 

the Construction Normative Codex, part D3 (Suomen Rakentamismääräyskokoelma, osa D3) that 

determines four weather zones in Finland, as indicated in Table 1 below: 

Table 1: Measured and Annual Average Temperatures in the Different Weather Zones (Ministry 

of Environment 2012, 29)  

Table L2.1.              Measured and average outdoor temperatures in the different weather zones 

Weather zone Measured outdoor temperature,0C  Annual average outdoor temperature,0C  

I -26 5.3 

II -29 4.6 

III -32 3.2 

IV -38 -0.4 
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The requirements of Table 1 and part D3 of Construction Normative Codex establish the obligation of 

the DH energy supplier to provide a sufficient amount of DH power to the consumer to maintain the 

indoor temperature parameters (defined above) for an undefined period, normally with the outdoor 

temperature going down to the figures in the Table. Thus, knowing all individual terms of contract 

regarding the maximum DH power demand, we can summarise the maximum power load of the DH 

supplier required to fulfil the demand of all customers at peak consumption moments.   

The statistics of Finnish Energy ry for 2017 (Finnish Energy ry 2017, Table 4) reflect the valid 

contractual powers of every listed DH supplier in Finland. According to the statistics, different DH 

suppliers have different approaches to their obligations and their own installed power, see Table 2. A 

record of the maximum demand for the DH heat energy announced on the power companies’ websites 

is as follows:  

Table 2. Comparison of Peak Power, Contract Power and Installed Power of Several DH 

Suppliers. 

DH supplier Date Peak 

demand 

MW, 

registered 

 

 

Outdoor 

t, 0C 

Power MW, 

contract 

Power MW, 

installed  

Helen Oy 

7 January 

2016 2 650 -28 3 390.3 
3517 

Tampereen Sähkölaitos Oy --- 872 --- 11 14.4 1051 

Turku Energia Oy 

7 January 

2016 820 -22 1 229.0 685 

Oulun Energia Oy February 2012 627 --- 800.5 688 

Kuopion Energia Oy 

18 January 

2016 365 -30 365 613 

 

The data in the Table above show that Helen Oy (installed power is 3% more than contractual power 

and 33% more than peak demand) and Kuopion Energia Oy (installed power is 68% more than 

contractual power and 68% more than peak demand) are self-sufficient suppliers, whose own installed 

production capacities exceed the obligatory contractual power. Thus, Helen Oy and Kuopion Energia 

Oy are self-sufficient in production and are capable of reacting to demand peaks by using their own 

production facilities.  
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Oulun Energia Oy and Tampereen Sähkölaitos Oy are not self-sufficient suppliers (installed power is 

14% and 6% less than contractual power respectively), but both are capable of reacting to demand 

peaks by using their own production facilities (installed power is 9% and 21% respectively more than 

peak demand). 

Turku Energia Oy is neither a self-sufficient supplier (installed power is 44% less than contractual 

power), or is it capable of reacting to demand peaks by using its own production facilities (installed 

power is 16% less than peak demand).  

The problem of self-sufficiency will rise during a consideration of the replacement of production 

facilities. Independent suppliers are currently managing the peak load by existing fuel-fired plants. If 

conventional CHPs or boiler plants as energy source must be shut down, independent suppliers will 

probably consider providing supplies to energy companies that are not self-sufficient.      

2.2. District Heating Energy Production     

According to statistics of Finnish energy ry (2017), there are 1 346 units producing and supplying DH 

energy directly to the consumers through separate DH pipeline systems with an overall length of 

14 916 km. Additionally, DH energy is produced for resale by more than 171 DH units. Emission-free 

production covers 9% of all produced DH energy, and 68% of all produced DH power is a secondary 

product of the CHP power plants. Diagram 1 represents the shares of emission-free production, CHP 

and boiler plants in DH production.  



18 

 

 

Figure 1. District Heating Production in 2017. (Finnish Energy ry 2017) 

2.2.1 Combined Power and Heat (CHP)  

 

There are a number of definitions of Combined Power and Heat production, especially in terms of 

primary and secondary energy. CHP recovers heat that is wasted during the production of electricity, 

so electric power generation can be considered as the primary process. At the same time, a CHP plant 

can be run only to produce heat energy with a turbine and generator unit. In this mode, heat is the only 

and primary product. Also, the area and season of the CHP plant operation determines the ratio of the 

heat (cool) and electricity production. In northern countries, heat and electricity are mostly required in 

winter. Therefore, energy production units tend to optimise the balance between heat and electricity. 

In regions with a mild climate without significant changes of the outdoor temperatures, the CHP plant 

runs almost constantly with a permanent balance between electricity and heat output. In any case, 

currently, Combined Power and Heat is the most efficient and flexible process of heat and electric 

power utilisation from a single fuel (Figure 2).  

68%

23%

9%

DH PRODUCTION, TOTAL 36 600 GWH

DH production by CHP, 24 888 GWh

DH production by boiler plants, 8 412 GWh

DH emission-free production, 3 300 GWh
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Figure 2. CHP Production, Sample of KMW Energi CHP Plant. (European Commission 2014, 

1)  

CHP production can be based on steam process (electric power generation by steam turbine and 

generator), gas turbine process (electric power generation by gas turbine and generator) or engine 

power plant (mechanical electric power generation with the utilisation of engine coolant heat and 

exhaust gases). (Mäkelä et al. 2015, 25)   

According to statistics (Finnish Energy ry 2017, sheet 1), the share of CHP of the total DH production 

in Finland is 24 877.3 GWh that consists of 17 883.6 GWh produced by energy companies with  

contractual supply obligations, and 6 ,993.7 GWh produced by independent energy companies. 

Table 3. Biggest (over 1 000 GWh) Contract-Obligated Suppliers of DH Energy Produced as 

CHP in 2017 (Finnish Energy ry 2017) 

Supplier, name (CHP) 

Supplied DH energy 

(GWh) 

Fortum Power and Heat Oy 2 548.10 

Helen Oy 5 945.40 

Lahti Energia Oy 1 030.30 

Oulun Energia Oy 1 149.00 

Tampereen Sähkölaitos Oy 1 361.70 

Turku Energia Oy Ab 1 921.90 

Vantaan Energia Oy 1 388.10 
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Table 4. Biggest (over 500 GWh) Independent Suppliers of DH Energy Produced as CHP in 

2017. (Finnish Energy ry 2017) 

Supplier, name (CHP) 

Supplied DH energy 

(GWh) 

Jyväskylän Voima Oy 644.90 

Jyväskylä Energiatuotanto Oy 522.10 

Kaukaan Voima Oy 539.10 

Turun Seudun Energiatuotanto Oy 1 559.90 

 

Appendix 1 reflects the DH suppliers’ CHP production plants with an installed power of over 100 

MW. There are 27 power plants with a rated power of 100 MW or more and the net total is 5 089 MW. 

These plants include the two biggest power plants Helen Oy Vuosaari B and Helen Oy Hanasaari B, 

429 MW each, and the smallest in this range are Lannilan Voima Oy Oulu, Pori Energia Oy Aittoluoto, 

Kainuun Voima Oy Kainuu and Alholmens Kraft Oy Pietarsaari, 100 MW each.  

2.2.2 Heat-Only Boiler Plants 

The heat-only boiler plants are designed to produce heat energy in the mode of hot water or steam 

without electric power generation applications. The heat-only plants are a flexible solution to react to 

demand either on a large scale in the capital region, or on a small scale in the local DH system. Since 

Finland has almost 200 separate DH systems with different demands of the DH power, there are power 

plants of 6 boiler units such as Helen Oy’s plants in Hanasaari (282 MW), and the smallest 1 boiler 

0.2 MW unit plant of Savon Voima Oyj in Nikulanmäentie, Pieksämäki. The most frequently used 

fuels for DH energy production in heat-only applications are heavy fuel oil (HFO), light fuel oil (LFO), 

peat, coal, natural gas or liquified natural gas (LNG), and wood. There are three active emission-free 

electric boiler plants: in Joensuu (Fortum Power and Heat, 35 MW), in Vaasa (Vaasan Sähkö, 20 MW) 

and in Lappeenranta (Lappeenrannan Lämpövoima, 40 MW).      

According to statistics (Finnish Energy 2017a, sheet 1), heat-only boiler plants produce 23% of annual 

DH energy, approx. 8 412 GWh. The burned fuel energy amounts to 9 407 GWh, with wood-based 

fuel accounting for 2 969 GWh (31.6%), natural gas & LNG 1 284.2 GWh (13.7%), and industrial 

wooden waste 1 258 GWh  (13.4%). The biggest suppliers of heat-only produced DH energy are 

presented in Table 5 and Table 6. 
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Table 5. Biggest Contract-Obligated Suppliers of DH Energy Produced in Heat-Only Fuel Boiler 

Plants in 2017 (Finnish Energy ry 2017) 

Supplier, name (heat-only boiler plant) 

Burned fuel energy for DH 

(GWh) 

Fortum Power and Heat Oy 455.90 

Helen Oy 597.10 

Lahti Energia Oy 340.90 

Savon Voima Oyj 428.60 

Tampereen Sähkölaitos Oy 629.60 

Vantaan Energia Oy 552.30 

 

Table 6. Biggest Independent Suppliers of DH Energy Produced in Heat-Only Fuel Boiler 

Plants in 2017 (Finnish Energy 2017) 

 Supplier, name (heat-only boiler plant) Burned fuel energy for DH (GWh) 

Lappeenrannan Lämpövoima Oy 91.40 

Lohjan Biolämpö Oy 105.30 

Marienhamns Bioenergi Ab 114.80 

Nokianvirran Energia Oy 156.20 

Tornion Voima Oy 210.70 

Turun Seudun Energiatuotanto Oy 157.20 

 

2.2.3 Heat Pump Plants 

Heat Roadmap Europe research carried out by Aalborg University forecasts that DH energy production 

by large-scale heat pumps will rise to 20-30% by the 2050s. The main energy sources for heat pumps 

are the renewable ones, such as industrial and municipal excess heat (25%) and geothermal and solar 

thermal heating (5%). (Paardekooper et al. 2018, 22).  

In the 1980s, large-scale heat pumps had not been designed to supply a high-temperature working 

agent, thus the normal output temperature reached 650C maximum. However, the large-scale pump 

plant in Sweden reached the level of 900C with COP > 3.  

The coefficient of performance (COP) represents the efficiency of a heat pump, determining the 

relationship between input work and output heat. Normally, the COP value is between 3 and 4, and it 

depends upon the temperature difference between the inlet and outlet temperatures of a device. The 

large-scale heat pump in Denmark with NH3  refrigerant has COP = 6.3 at a temperature difference of 

300C. Nevertheless, two geothermal heat pumps in Milan show the COP characteristic down to 2.65 
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at a temperature difference of 750C. (David 2017, 8). The relationship between the temperature 

difference and COP is shown in Figure 2. 

 

 

Figure 3. Heat Pump COP as a Function of Temperature Difference. (Spurr 2014, 54). 

The popularity of large-scale use of heat pumps in Finland is growing due to many factors, such as: 

• Low market price of electricity 

• Official support of renewable energy use 

• Uncertainty in trend of fuel prices 

• Increasing demand for district cooling 

• Improvement of heat pump technologies 

• Uncertainty in DH energy demand in different years 

• Increasing knowledge about waste heat 

• Economically and technically succesful projects  
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Finnish Energy ry’s statistics report (Finnish Energy ry 2017a, table 4) lists 11 DH heat pump plants 

as presented in Table 7: 

Table 7. Heat Pump DH Plants in Finland in 2017.  

Supplier's name, heat pump plant name 

Input 

power 

(MW) 

Output 

power 

(MW) Energy source 

Fortum Power and Heat, Suomenoja 4 11 40 waste heat, municipal 

Helen Oy, Katri Vala 30 90 waste heat, municipal 

Laitilan Nuuka Lämpö Oy, recuperation plant 0.1 0.6 waste heat, industrial 

Nivos Energia Oy, Yandex LTO 1.2 3.6 waste heat, industrial 

Nurmeksen Lämpö Oy, LTO 1 1 waste heat, industrial 

Nurmeksen Lämpö Oy, LTO 0.8 0.8 waste heat, industrial 

Orimattilan Lämpö Oy, Artjärvi HP 0.1 0.2 waste heat 

Saarijärven kaukolämpö Oy, absorption HP 0.7 0.7 waste heat 

Turku energia Oy Ab, Itäharju 2 6 waste heat industrial 

Turku energia Oy Ab, Biolaakso 1 3 waste heat industrial 

Vierumäen infra, Jäähalli 0.2 0.5 geothermal 

Turun Seudun Sähkötuotanto Oy, Kakola 6.5 21 waste heat, municipal 

TOTAL 54.6 167.4   

 

The three biggest large-scale heat pump plants – Suomenoja 4 (COP 3.63), Katri Vala (COP 3.00) and 

Kakola (COP 3.23) – utilise waste heat energy of the municipal sewage network. The average 

temperature difference is 750C. 

2.3. District Heating Transmission and Distribution Grids 

The DH transmission and distribution grid is the most expensive part of the DH systems due to the 

high costs of construction and maintenance of the pipelines. Also, the distance between the DH 

production plant and consumers defines the reasonability of supply. The DH grid design temperature 

is 1200C and pressure 1.6 MPa. (Mäkelä et al. 2015, 56). Chapter 2 of the General Terms of contract 

for district heating recommended by Finnish Energy ry (Finnish Energy ry 2017 b, 2) obligates the 

supplier to distribute DH water with the minimum temperature of 650C and the maximum temperature 

of 1200C under a minimum pressure differential of 60 kPa between the inlet and outlet flows. 

There are more than 200 separate distribution grids in Finland with the total length of 14 916.8 km 

(Finnish Energy ry 2017a, Table 1).  
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2.4. Forecast of Changes in DH Demand 

The considered DH nuclear plant lifetime is expected to be 60 years. Population change, and the energy 

demand of buildings should be studied with reliable accuracy for a proper estimation of the production 

capacity. While the energy consumption of buildings varies evenly across Finland and can be 

considered a country-wide tendency, population change is a more sensitive subject. Climate change 

and an average temperature increase are not taken into consideration due to the uncertain behaviour 

thereof until 2070.  

2.3.1. Population Change Projection in Finland 

According to official statistics, Finland’s population amounts to 5 517 919 people at the end of 2018. 

The year 2018 was the third consecutive year when the number of deaths exceeded the number of 

births. Net immigration has driven the population increase of 4 789 people (+0.08679%), despite the 

lengthened average lifetime. Anyway, this is the lowest overall population growth rate since 1970.  

 

Figure 4. Projection of Births and Deaths. (Statistics Finland 2018, 2) 

According to the projection, Finland’s population will keep on growing until 2035, when the 

population will amount to 5 620 000 people. Even the difference between fertility and mortality will 

keep on growing, with the net immigration sustaining the growth of the population. After 2035, the 

Finnish population will start to decrease and in 2070 will go down to 5 370 501 people, which is 

2.745%; see Figure 4. (Statistics Finland 2018, 2). 
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Figure 5. Finnish Population Change Projection and Age Structure Until 2065. (Statistics 

Finland 2018, 1) 

Statistics Finland issued the latest official comprehensive report about population projection by 

municipalities in 2014. It estimated the population of Finland by 2018 to be 5 580 931; it actually 

amounts to 5 517 919. The report predicts a population of 6 227 635 by 2060, showing smooth and 

constant growth throughout the entire period; an updated estimation shows a decrease in the population 

from 2035. Due to this reason, the forecast in the official statistics is questionable and is not reliable 

enough to be used in this Master’s Thesis. Instead of that, the Consultancy Agency for Regional 

Development MDI report “Ennuste 2040” (Aro 2019) and the own forecasts of municipalities will be 

considered further. 

The main trend in population changes inside the country is urbanisation and a moderate movement of 

the population from the countryside to the administrative capitals of regions. At the same time, 

movement of population from the countryside and administrative capitals of regions to Finnish 

growing urban centres will be stronger than movement inside the regions. Consequently, population 

in Finnish growing urban centres will increase strongly, population changes in the administrative 

capitals of regions will be moderate, and population in the countryside will decrease dramatically, 

see Table 8. (Aro 2019, 20-112)  
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Table 8. Population Change Percentage Inside the Regions and the Main Cities Thereof (Aro 

2019). 

Region   Main cities   

Southern Karelia -10.40% Lappeenranta -5.50% 

Southern Ostrobothnia -10% Seinäjoki 6.60% 

Southern Savo -17.2% Mikkeli -9.70% 

Kainuu -17.9% Kajaani -12.50% 

Tavastia Proper -8.4% Hämeenlinna -4.00% 

Central Ostrobothnia -6% Kokkola 1.40% 

Central Finland -3.40% Jyväskylä 6.60% 

Kymenlaakso -11.90% Kouvola -15.10% 

Lapland -9.20% Rovaniemi 1.40% 

Pirkanmaa 3.80% Tampere 11.10% 

Ostrobothnia -3.80% Vaasa -0.80% 

Northern Karelia -9.60% Joensuu  -1.50% 

Northern Ostrobothnia -2.40% Oulu 7.60% 

Northern Savo -6.80% Kuopio 2.30% 

Päijänne Tavastia -5.90% Lahti  -1.50% 

Satakunta -14.00% Pori -10.50% 

Uusimaa 16.60% Helsinki 20.80% 

    Espoo 22.70% 

    Vantaa 23.20% 

Southwestern Finland 1.00% Turku 9.00% 

 

The population projection until 2050 made by the city of Helsinki estimates drastic changes in the 

population of Helsinki, reaching the number of 782 741 people, which makes a growth of 21.7% 

(nearly the same estimation as made by MDI) and 822 618 by 2050, which makes +27.8% compared 

to the situation as of 1 January 2018. (Vuori et al. 2018, 37). 

The population projection until 2045 made by the city of Vantaa estimates a population growth to 287 

931 by 2040, which makes +29% (instead of 23.2% predicted by MDI) and to 296 227 by 2045, which 

equals to +32.8% rated to the situation in 2018. (City of Vantaa 2018, 19). 

The city of Espoo estimates the growth of population to be +32% by 2040 and +53.8.% by 2060. 

(Laakso 2019, 29). The population of Tampere will grow by +21.7% by 2035, of Lahti by +7.9% by 

2035, and of Turku by 9.7%. These numbers are comparable to the country-wide trends reflected in 

the MDI report. The fact is that the population of Helsinki, Vantaa, Espoo, Tampere, Turku, Kuopio, 
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Rovaniemi, Jyväskylä, Kokkola and Seinäjoki will grow. Other cities and regions will show negative 

tendency. 

According to Vuori (Vuori et al. 2018, 17), room density that determines the area of an apartment in 

square metres available to one person has stopped growing in Helsinki as well as in the capital region 

after 2005, see Figure 6. 

 

Figure 6. Apartment area available to one person in Helsinki, Cities of Growth and Average in 

the Country. (Vuori 2018, 16)  

Unlike the capital region tendency, cities of growth are showing the trend to increase the apartment 

area available to in one person, which obviously will follow the trend of Helsinki. We have to assume 

that room density will stay unchanged for this Thesis study period until 2060 and will not affect the 

building heating demand.      

2.3.2. Improving Energy Efficiency of Buildings 

Proper assessment of the impact of improved energy efficiency of buildings on the consumption of 

heating energy can be problematic due to many factors. These include relationships between new 

buildings stock, reduction of old buildings stock and energy repair activities, uncertain situation with 

industrial buildings stock due to variations in economic growth, owners’ readiness to invest in the 

energy efficiency of the existing building stock, renovations etc. (Mattinen 2016, 14-16). 

City of Helsinki 

City of Espoo 

City of Vantaa 

Growing cities 

Helsinki Region 

All country 
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In order to estimate the impact of the improved heat energy efficiency of building stock, we use the 

data in Mattinen’s report – estimation of energy consumption for all building stock (Mattinen 2016, 

38) as follows: by 2020, total heat energy consumption for all building stock in Finland is estimated 

to be 76 365 GWh within the baseline scenario. Estimation for 2050 is made to 67 672 GWh, so the 

energy efficiency of buildings will be raised by 11.4%.  

According to the report “Low Carbon Finland 2050”, the consumed energy by the old and new building 

stock has been separated from each other. Within the period of 2012-2050, a new building will 

consume 70 kWh/m2, while an old building will consume 160 kWh/m2 (Koljonen et al. 2012, 25-25).  

Due to the reduction of the old buildings stock,  building erected before 2020 with low energy 

efficiency will take 70% share of all building stock in 2050 (Ministry of the Environment 2020, 26).     

According to these two factors, energy efficiency improvements would theoretically lead to a 50% 

reduction in static energy consumption. Due to the repair of the energy efficiency of old buildings and 

the natural reduction and replacement with energy efficient construction of the old building stock, we 

can approximate the impact of energy efficiency improvement by 20%.  

Taking two different estimations of the energy efficiency improvement of the building stock in terms 

of the heat energy demand, the resulting values are between 11.4% and 20%; the average value is 15%. 

However, this should be studied more accurately in the future.  

Targeting emission-free heat energy generation by the end of the 2030s, heat energy suppliers must 

replace their heat energy generation facilities within the total scope of 22 282 MW of the country-wide 

installed capacity (Finnish Energy ry 2017, Sheet 4). Taking into account the tendencies of the 

population to migrate from areas outside of the DH grids and the significant growth of population 

inside the DH grids, the installed power of the DH production facilities could be the same 20 GW.  

2.5. Emission-Free Production Modes of District Heating  

There are studies on how to produce DH in Finland without nuclear power. The Heat Roadmap Finland 

report predicts that the future energy sources could be distributed as shown in Figure 7 (Paardekooper 

2018, 73)  
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Figure 7. District Heating Energy Sources by 2050 (Paardekooper 2018, 73) 

Paardekooper has assumed that by 2050, the large-scale heat pumps (LSHP) in Finland will produce 

36% of the overall heat demand, and CHP 41% respectively; a large undefined share of excess heat is 

from various industrial activities. The shares of the geothermal and large-scale solar thermal sources 

could be 8% each. (Paardekooper 2018, 25). 

According to the report “Global Energy System Based on 100% Renewable Energy”, heat energy in 

Europe will be mostly produced by individual heat pumps (approx. 25%), direct electric heating 

(approx. 20%), and LSHP (approx. 15%). (Ram 2019, 43) 

2.5.1. Large-Scale Heat Pumps (LSHP) 

In this chapter, the report “Large-Scale Heat Pumps in the DH System” made by VALOR Partners Oy 

in 2016 is considered. This report overviews the Finnish practices and is based on the large-scale heat 

pump plant projects implemented in Finland; thus it is used as a reliable knowledge base for studying 

the large-scale heat pumps. Passi estimates the share of the DH energy produced by LSHP to be 9-

13% within contemporary relations between different modes of heat energy production, including 

conventional CHP and boiler plants. (Passi 2016, 4).   

Using LSHP as an energy source in the DH systems provides a number of advantages: 

• Fast reaction to the changing demand of the system. Normally, LSHP can reach its operation 

capacity in one minute. Due to such reaction, base load plants do not need to adjust their 

power; 



30 

 

• Support of decentralisation of DH energy production;  

• Utilisation of cheap electricity if LSHP is connected to the heat storage;  

• Utilisation of the free waste heat of sewage water, or industrial heat waste, or geothermal, or 

solar energy. 

At the same time, there are several risks connected to using LSHP: 

• Starting power of LSHP is 7 times higher than that in normal operation. This may cause 

troubles for the electric grid in certain city areas; 

• Conventional LSHP heats the agent to 85-900C, while the peak load DH water is heated to 

1200C; that is economically unprofitable. 

In the entire report, Passi considers the role of LSHP as part of the DH heat source system. Katri Vala 

LSHP plant (90 MW, heat source sewage water, owned by Helen Oy) serves the surroundings in 

connection with the CHP plant Hanasaari. During the coldest periods, Hanasaari CHP plant superheats 

Katri Vala heated water from 850C to 1150C. Moreover, Katri Vala LSHP plant stabilises fluctuations 

of heat demand and allows for an earlier downshifting of Hanasaari CHP plant in the spring and later 

uprunning in the autumn. Katri Vala LSHP plant generates 5-7% of the DH heat in Helsinki.  

Kakola LSHP (40 MW, heat source sewage water, owned by Turun Seudun Energiatuotanto Oy) 

follows the same operation model as described above. LSHP will play a significant role as a heat 

source for DH, but as a supporting system. Heating of the DH water by LSHP from 1000C to 1200C is 

also challenging because of low COP in the mentioned temperature range. Thus, heating DH water to 

1200C is commercially unreasonable, COP in the temperature range 1000C-1200C approaches 1.  

2.5.2. Solar and Direct Electric Heating 

Solar and wind, as well as other pure electricity generation modes, are important for the consideration 

of electricity production, but not for DH. These types of electricity generation do not include a thermal 

process, so they cannot be used in the DH heat production in its traditional understanding. Storing of 

excessive electricity in any mode nowadays cannot guarantee adequate and sufficient supply for DH 

needs. Considering technologies of electricity storing, this subject has a great potential in the future, 

when reliable and efficient storing technologies will be in use. Until that moment and in this thesis, 

the utilisation of excessive electricity in DH production remains unassessed.  

Direct heating of buildings with electricity makes the idea of DH unnecessary and expensive due to 

the high costs of operation of the transmission and distribution pipelines. In case of direct electric 

heating, any building can be easily equipped with an electric boiler, and DH will not be required. 
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3. NUCLEAR DISTRICT HEATING BY SMALL MODULE REACTORS 

According to the Finnish National Nuclear Energy Act 990/1987, “Nuclear power plant means a 

nuclear facility for the purpose of electricity or heat production, equipped with a nuclear reactor, or a 

complex consisting of nuclear power plant units and other related nuclear facilities located on the same 

plant site.” (FINLEX 1987, 2) All nuclear facilities, including those for DH purposes, should be 

considered based on definitions of the Nuclear Energy Act and Decree for Nuclear Energy Safety on 

a legislative level and based on STUK’s guides, instructions and recommendations on national nuclear 

safety regulations.    

3.1. Heat Generation and Transfer in Nuclear Reactors 

In nuclear power reactors, the heat generated in the nuclear fuel is a result of nucleus fission reaction 

transferred by circulation of a coolant through the reactor core. Nuclear fuel contains isotopes that are 

thermally fissile and undergo fission due to the impact of low energy neutrons on nucleus. Nowadays, 

four isotopes are classified as the fissile ones: U235, U233, Pu239 and Pu241. Unlike the three last isotopes, 

which are the product of nuclear reaction and do not occur in the natural environment, U235 is a natural 

isotope, and its relative abundance in natural uranium is 0.72%. (Cameroon 1982, 125-126). Mostly 

often enriched to U235 uranium in different chemical compounds, mostly in UO2 mode, it is a burning 

component of the fuel, which is mostly formed into pellets, installed in claddings, put into fuel rod 

assemblies and loaded into the reactor core.  

Heat from nuclear energy is transferred by a coolant into the steam generators or heat exchangers for 

its further utilisation in steam turbines or as a heat.  

3.2. Small Modular Reactors 

In “Advances in Small Modular Reactor Technology Developments, Edition 2018”, IAEA defines 

Small Modular Reactors (SMR) as “newer generation reactors designed to generate electric power up 

to 300 MW, whose components and systems can be shop fabricated and then transported as modules 

to the sites for installation as demand arises”. (IAEA 2018, 7) Small Modular Reactors have all or few 

of the attributes below: 

a) Nuclear reactor power is typically <300 MWe or <1000 MWth;  

SMR has smaller plant footprint and lower power density of the reactor core. SMRs aim to utilize 

reliable OE of conventional NPPs, as well as an inherent safety features in their safety concept.   

b) Designed for wide commercial use, like electricity generation, desalination of sea water, process 

heat, but not for research and scientific purposes; 
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c) Designed to allow the multiplication of units near the same infrastructure (modular reactors); 

Modular design is one of the most important features of SMR. Due to the compact and simplified 

configuration, some SMR designs reduce some accidents virtually to zero, especially BDAs. Modular 

design also has a negative influence regarding a new type of initiating events on the level of the 

module-to-module interactions. Modularity introduces a different approach to the plant control and 

control room staffing. Several advanced designs of SMRs provide for one control room for several 

plants in different locations, with remote operation and safety control. There are different solutions for 

arrangement of SMR NPP, like aboveground, underground, sea, submerged arrangement. There are 

also movable SMR NPP concepts. Serial production, assembly and testing of reactor modules improve 

their reliability and quality; some reactors are designed to be removed from the place of location for 

refuelling and installed back refuelled for the heat generation to proceed. 

d) Light or non-light water cooling; 

Various SMRs are currently developed: water-cooled reactors, high temperature gas-cooled reactors, 

fast neutron spectrum reactors, molten salt reactors. A very wide range of power, types, temperatures 

and pressures complicate the consideration of SMR as a whole. 

e) Use of innovative designs that have not been widely analysed or licensed by regulators; 

SMRs widely use a passive cooling system of natural circulation and gravity-initiated shut-down 

system, as well as the boron injection mechanism. Most SMRs have an integral design, when the 

primary circuit components (reactor and steam generators) are located in the same vessel. The design 

of most SMRs includes a traditional number of barriers to fission product release, at least there are 

three main barriers: fuel, primary circuit and containment. Some designs offer fuel solutions of which 

there is not sufficient operational experience (OE). Even though IAEA’s SMR book states that SMRs 

are designed to generate electric power, desalination, and industrial heat, there are two nuclear reactor 

designs developed for district heating purposes only: DHR (China, 400 MWth) and RUTA-70 (Russia, 

70 MWth). 

 

IAEA’s respective report considers over 50 different designs of SMRs, with output powers from 0.2 

MWth (eVinci by Westinghouse, U.S.) to 900 MWth (Stable Salt Reactor by Moltex Energy, UK), 

dividing all SMRs into LWR (PWR and BWR), High Temperature Gas Cooled Reactors, Fast Neutron 

Spectrum Reactors and Molten Salt Reactors. Most of these designs are at the conceptual stage, some 

are at the detail design stage of the pilot plant. Most likely, many of these designs will never be built 

and commissioned into commercial operation. But a few of SMR designs have a strong potential to be 

implemented. (Partanen 2019, 12)  



33 

 

During the past decade, SMRs have been considered as replacement facilities of aging fossil power 

plants, power and heat generation facilities in the separate local electric and DH grids. Although the 

sizes of listed SMRs vary significantly, there are suitable designs that could replace common CHP or 

boiler plants without renovation of the DH piping. Also, SMRs support the tendency of power 

production decentralisation.  Nowadays SMRs are less economically profitable compared to 

conventional NPP with the capacity over 3 000 MWth. Even though NuScale has calculated the costs 

of its unit, the calculation numbers are valid for the mass production phase of the equipment.  Today 

SMRs have the following advantages in potential that could make the economy of SMRs more 

attractive compared to conventional NPPs: 

• Economy of large numbers, if serial production of equipment and construction of NPP could 

be possible 

• In case of flexible legalisation, fast licensing, tailored solution for local fast-changing demand 

• Simplified configuration. 

Light Water Reactors demonstrate the most significant progress towards the implementation of their 

concept. A CAREM (100 MWth, Argentina) prototype is under construction, RITM-200 (175 MWth, 

Russia) is in progress. American NuScale Power presented an initial concept of NuScale SMR power 

plant in early 2000; today the total investment into the NuScale prototype is evaluated to be 800 million 

dollars. NuScale Power Module ™ (NPM) includes the reactor vessel, steam generators, pressuriser, 

and containment in an integral package of simple design that eliminates reactor coolant pumps, large-

bore piping and other systems and components found in large conventional reactors. A single module 

generates 200 MWth of heat with a production speed of 68.06 kg/s of 3000C steam. The start of 

operation of NuScale Power Module is planned in 2026. Designers state that a small core size and 

exceptional safety make the EPZ for NuScale limited to the site boundary. (Kollar 2019, 1-20)      

3.1.1. Classification of SMRs 

Neutron physics define what energy can be obtained from the fission reaction, so this is the most 

important parameter defining the power capacity of a reactor and the entire NPP. For further general 

consideration of SMRs by their neutron physics parameters, we divide SMRs by neutron energy groups 

as follows: 

a) Thermal and resonance neutrons (0.025 eV – 1 keV). 

b) Fast neutrons (1 keV – 10 MeV). 

A spectrum of thermal neutrons is used in all PWRs with light water as a coolant/moderator, and in 

HTGRs also generally known as pebble bed gas-cooled reactors. The moderation of HTGR is carried 
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out in different ways; graphite is a commonly used material both in coating the fuel pebbles or 

granules, and in fuel blocks. Both reactor types use UO2 fuel in pellets in PWRs and pebbles or pellets, 

and some of the HTGR fuel consists of thorium and weapon plutonium. 26 different solutions of PWR 

SMRs are presented in the IAEA booklet; almost all SMR power plants that are close to realisation 

belong to this group. 10 HTGR SMRs are at different stages of their development. NuScale, KLT-40, 

and RITM-200 are already in use or close to physical deployment. 

 

A fast neutron spectrum is used in the FB reactors. Fast neutron reactors do not have a moderator, and 

the coolant is usually sodium. Interesting fast neutron spectrum utilisation is demonstrated in the EM2 

concept, which is a HTGR. FNRs have long OE in military applications, SVBR-100 is an updated 

version of the nuclear submarine reactor. IAEA’s booklet describes 9 different types of FNRs.  

 

Molten Salt Reactors (MSR) stand separately from the classification above. Molten salt is a method of 

fuel handling; a molten salt fuel is a liquid. The fuel liquid also serves as a coolant. Molten salt reactors 

can use the thermal neutron spectrum with moderation by graphite, like Terrestrial MSR; also, it can 

be a reactor without moderator, like Seaborg MSR. MSR is the most interesting innovation in the SMR 

technology due to the universal nature of MSR in fuel compositions and other interesting features. 

However, MSRs do not have an OE to be seriously considered as a practical prototype in the 

foreseeable future. 10 different designs are described in the IAEA booklet. 

  

3.1.2. SMR Operating Parameters 

The combination of pressure and temperature of the coolant in the reactor vessel is the second most 

important parameter in the NPP basic design values. This combination defines how nuclear power 

generated in the reactor core will be safely transferred from the reactor core. 

As far as SMRs have the thermal hydraulic characteristics of conventional large NPPs, we will not 

focus on traditional thermal hydraulics. All PWR SMRs demonstrate typical coolant temperatures of 

approx. 3200C on the core outlet and 2600C on the core inlet at a pressure of 12 - 17 MPa. There are 

two designs of pool-type reactors presented; unpressurised state of the reactor requires the water 

boiling point not to exceed 1000C. The Russian RUTA-70 and the Chinese DHR demonstrate a core 

outlet temperature of 1020C and 980C at the coolant hydrostatic pressure in a core. The Japanese DMS, 

the Russian KARAT-45 and KARAT-100 represent the type of boiling water reactors, with the core 

temperatures on the outlet being an average of 2800C under a pressure of 7 MPa. 



35 

 

The thermal hydraulic parameters of the FNRs and HTGRs are equal to the conventional NPPs of their 

types. For MSRs, its typical hydrostatic pressure in the core is coupled with the extreme 7000C 

temperature in the reactor vessel.   

3.1.3. SMR Design Safety 

Finnish nuclear power legislation does not classify the power plants according to their power range. 

The legislation considers SMR as an ordinary power plant with the same safety level requirements 

(consequences to people or environment) as expected from other nuclear power facilities. However, 

this does not mean that SMRs should fulfil all the same detailed requirements as conventional large 

nuclear power reactors, because there are no special safety rules for SMRs.   

The Finnish nuclear power safety regulations are based on IAEA’s general requirements with national 

adjustments. IAEA’s nuclear safety approach is stated in Fundamental Safety Principles, Safety 

Fundamentals No. SF-1. According to this document, “fundamental safety objective of protecting 

people — individually and collectively — and the environment must be achieved without unduly 

limiting the operation of facilities or the conduct of activities that give rise to radiation risks. To ensure 

that facilities are operated, and activities conducted to achieve the highest standards of safety that can 

reasonably be achieved, measures have to be taken: 

• To control the radiation exposure of people and the release of radioactive material to the 

environment; 

• To restrict the likelihood of events that might lead to a loss of control over a nuclear reactor 

core, nuclear chain reaction, radioactive source or any other source of radiation; 

• To mitigate the consequences of such events if they were to occur.” (IAEA 2006, 4) 

This means that the radiation impact on people and environment must be minimised both during the 

normal operation of the power plant and under conditions of accident, as Figure 8 demonstrates. The 

vendor is obligated to apply all reasonable efforts to minimises the probability of an uncontrolled state 

in the reactor core. 
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Figure 8. Defence in Depth principle. (Yllera J. 2016, 22) 

The design safety for both SMRs and conventional nuclear facilities includes three points of 

consideration: preventing accidents resulting from uncontrolled reactor core state; ensuring that 

reaction to accident state is relevant; ensuring that the likelihood of any reactor core uncontrolled state 

accident is extremely low. 

The Defence-in-Depth concept is the primary instrument to provide safety in a nuclear facility and in 

a SMR. Five levels of the Defence-in-Depth concept are defined in IAEA’s “Safety of Nuclear Power 

Plants: Design. Specific Safety Requirements. No. SSR-2/1 (Rev. 1)”. 

Level 1: Sound and conservative location, design, construction, maintenance and operation of the 

nuclear facility site. Due to small amount of nuclear fuel, location of the SMRs can be more flexible, 

including areas near dense population centres (Partanen 2019, 77). Serial production of SMRs allows 

for sustainable improving measures, when the same model is developed to achieve maximum safety. 

Repeating operation and maintenance measures allows for standardisation of the best SMR practices.  

Level 2: Control of nuclear reactor normal operation states and instant detection of anticipated 

operational occurrences. This is the same as the requirements for conventional nuclear power plants; 

SMR is in the same conditions.  

Level 3: Evident and constant preparedness to the fact that anticipated operational occurrences could 

turn, although very unlikely, into an accident condition. In terms of operation activity, SMRs resemble 

conventional nuclear power plants. Most SMRs have the same general safety features. Unlike 

conventional NPPs with their complex safety systems and procedures, SMRs aim to exploit firstly the 

inherent safety characteristics of the reactor, secondly the efficient passive safety systems and thirdly 

most simplified active systems.  
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Level 4: Mitigation of the consequences of the reactor core destruction, when level 3 of defence fails. 

On this level, a large radioactive release is required to be eliminated,, so the release of radioactivity 

must be limited in the integration shell or, at least, to the SMR NPP containment.  

Level 5: Mitigation of radioactive release outside the NPP. Requirements for adequate emergency 

response of SMR NPP on-site and off-site should be defined by deterministic safety analysis. SMRs 

normally have significantly less nuclear fuel, so, in the worst case, radioactive releases are not as large 

as in the case of ordinary nuclear power plants, thus any emergency response off-site might be 

unnecessary.  

To implement the Defence-in-Depth concept, the vendor designs a series of physical barriers as well 

as a combination of active and passive safety systems. Since SMRs do not have well-established 

design, construction and operation practices, there is a great opportunity to implement Safety 

Fundamental Principle 4: “Facilities and activities that give rise to radiation risks must yield an overall 

benefit”. 

When studying SMRs for the purposes of district heating, Requirement 35 (Nuclear power plants used 

for cogeneration of heat and power, heat generation or desalination) of the “Safety of Nuclear Power 

Plants: Design” is important: “Nuclear power plants coupled with heat utilisation units must be 

designed with excluding of possibility for radionuclides transport from the plant to the district heating 

network. If SMRs for CHP generation already have separation barrier between reactor circuit and 

district heating network through turbine circuit, DH-only power plants must include an option that 

separates two circuits”. (IAEA 2016, 33) 

Since some SMR NPPs are designed as unmanned units, Requirement 37 (Communication systems at 

the plant) must be considered with special attention. During the basic design stage, communication 

between several unmanned plants and one operational room, which could be situated within the range 

of hundreds of kilometres from the power unit, receiving operational commands from operational room 

in power unit should be ensured. (IAEA 2016, 34). 

For the reason above, Requirements 38 and 39 regarding control of access and prevention of 

unauthorised access to the plant must be considered.  

There are three problem points when considering the general safety issues of SMRs. 

Graded Approach. This is a tool to assess safety and control measures in terms of their efficiency in 

meeting requirements necessary to ensure safety and to confirm that safety and control measures are 

functioning exactly as they have been designed. In practice, the Graded Approach is exploited to 
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maintain the vendor’s quality assurance systems and qualification methods during design, equipment 

manufacturing and construction activities. The SMR vendor on the licence application level should 

provide all evidence that their measures and activities are arranged correctly to meet the requirements 

of IAEA’s regulations. Using the Graded Approach, the vendor makes sure that its resources are 

sufficient and focused on the execution and management of the maximum safety level and control 

activities. In future, hopefully, when SMR NPP components and structures would be manufactured as 

serial products, the Graded Approach could be an instrument to justify the use of industrial grade 

equipment and structures instead nuclear ones. 

It is clear that even though SMRs have a smaller size than conventional NPPs, the hazards and risks 

caused by nuclear reactor parts and energy are great enough to require a wide Graded Approach 

measurement of safety and control to minimise risks and consequences of realised hazard situations. 

It is also clear that conventional NPP safety requirements should be applied to SMRs on a smaller 

scale. 

As stated above, many SMR concepts or structures are first-of-a-kind, and the concept safety solutions 

need the evidence to demonstrate their provenness normally based on proven practices. Numerous 

tools can be used to support the Graded Approach and document decision making in terms of meeting 

the regulatory requirements. However, there is no common understanding or guidance of appropriate 

applications in specific cases. The core of the problem is uncertainty of determination of the technical 

data that finally proves the safety of the new concept.  The newest SMR concepts offer a number of 

invalidations such a new cermet fuels and   the components compacted into the same containment. The 

intent of vendors is to collect required OE to further support safety claims and effectiveness of the 

plant features. In addition to that, interaction between the novel features should be considered within 

the Graded Approach. 

    

Defence-in-Depth. The DiD is a fundamental principle for ensuring nuclear safety; the DiD concept is 

valid for SMRs and is a fundamental basis of the design and safety of SMRs.  

However, the DiD principles were developed for and mainly applied to conventional large NPPs, so 

SMR design specifics and the safety requirements associated with SMRs should be compared to large 

NPPs. The SMRs have different design specifics that include different facility sizes, modular design, 

use of innovative technologies, and SMRs applications. In the case of conventional NPPs, all five DiD 

levels as defined for typical large Generation III NPPs are also applicable to the SMRs. The appropriate 

features must be included in the SMRs design at each level. (IAEA 2018 (2)) 
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Independence between the DiD levels is a problem for both: for conventional large reactors and for 

the SMRs, too. Compact integral design, small footprint of the SMR plant and multiplying modules at 

the same location make the requirement “as far as practicable” difficult to implement in the case of 

SMRs. The location of the SMR plant should be thoroughly considered. A commercially flexible way 

of use assumes that an SMR can be sited in different places, including inside industrial zones of 

populated areas and even in cities. Underground siting of the SMR inside cities is theoretically 

possible, but an assessment of this solution within the DiD concept is uncertain. Variations in siting 

result in new hazards and environmental phenomena. If SMRs are intended to become an easy-to-

licence solution, all safety features required by the location should be present in the licensed unit, 

which could be challenging. 

All inherent safety characteristics, sometimes being a part of novel technologies, which are stated by 

the vendors and performed in the safety demonstration, should be reliably proven by the SMR 

designers. The use of innovative passive systems in new SMR designs may become a problem due to 

the new innovative technologies without enough OE. The postulated initiating events in accident 

conditions and prevention of the events are the subject to consider, because many designs assume that 

some BDA could be excluded from the safety consideration due to design solutions without OE, even 

if they are present in NPPs with sufficient OE. 

The emergency planning zone for SMRs should be scalable depending on the results of a hazard 

assessment, the technology, innovating features and specific design criteria, as well as local factors. 

For an SMR with heat-only function, EPZ is the most important issue. The heat source for DH should 

be located as close as possible to customers to avoid heat losses during heat transportation and 

unnecessary investments into pipeline extensions to arrange connection points. As a result, any 

accident with potential propagation to populated areas would quickly affect people and environment, 

so the EPZ and response to accident initiating events should be faster than those in conventional NPPs; 

this is also true for SMRs sited outside populated areas. For heat-only SMRs sited in densely populated 

centres, the vendor of the SMR heat-only power plant and the local community should discuss sharing 

of emergency preparedness and elaborate a common action plan within the EPZ for cases of operation 

accidents. (IAEA 2018, 6-23) 

4. RUTA-70 AS A HEAT SOURCE FOR DISTRICT HEATING 

Pool-type nuclear reactors are used worldwide mostly for research purposes. Pool-type nuclear 

reactors are commonly deployed within urban residential areas due to their high safety features. High 

safety and reliability of the pool-type nuclear reactors are achieved by means of their design features, 
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which make it possible to resolve some of the major safety problems resulting from the natural 

properties of the reactor. Generally, this reactor type is characterised by the following advantages: 

• No reactor pressure vessel, as there is no excessive pressure in the reactor pool. This excludes a 

possibility of instantaneous Loss of Coolant Accidents. 

• Large amount of the reactor pool water. Thanks to this, slow change of the coolant parameters during 

transients and emergencies gives enough reaction time and secures reliable heat removal from the fuel 

elements. 

The pool-type nuclear reactor TRIGA Mark II FiR (250 kWth) was in operation in Finland during a 

period of 1962 - 2015. During operation, FiR has generated important and useful OE in terms of safety 

and security of pool-type reactors built in an urban environment as a precedent for further building and 

operation of pool-type reactors in populated areas.  

Basic RUTA-70 is a water-cooled water-moderated pool-type reactor of 70 MWth power for district 

heating purposes. The simplicity, high reliability and excellent safety features of the RUTA are caused 

by the atmospheric pressure in the reactor and the primary coolant temperature below boiling point 

(IAEA 2018, 55).  

 

The RUTA power plant has a two-circuit layout. The primary circuit is a pool-type reactor core cooling 

circuit and the secondary circuit transfers heat from reactor to the district heating transmission grid. 

The function of the second intermediate circuit is to separate the primary circuit from the customer’s 

circuit. Heat is transferred from the primary circuit to the secondary circuit and from the secondary 

circuit to the third circuit through the traditional heat-exchangers (IAEA 2018, 55). The coolant does 

not boil in the RUTA reactor in the operational state, and all heat generation and transfer are designed 

for a non-pressurised state. 

RUTA is a concept of the DH heat source elaborated by the Russian Institute of Physics and Power 

Engineering in Obninsk for the DH needs in territories with logistics problems with fossil and biomass 

fuel. The basic design documentation for the DH power plant has been elaborated by NIKIET, 

Moscow. Concept development begun in 1990, the last time when RUTA has been under feasibility 

evaluation and at the stage of decision making on the construction of a prototype of a commercial heat 

source for the DH system of Obnínsk. There is neither a prototype or an active reactor based on the 

RUTA design at the moment.     

The main principles of the RUTA concept are as follows:  
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• Pressure-free state of the coolant in the primary circuit,  

• High heat-accumulating capacity of the water in the pool due to its significant volume,  

• Integral configuration, 

• Low energy density in the core, 

• Negative reactivity feedback on temperature as well as positive density reactivity factor, 

• Heat transfer from the core in the natural circulation mode with power below 30% of the nominal 

capacity. 

In a deterministic approach, the above factors of aggregate impact prevent severe accidents with fuel 

degradation (Cherepnin 2007, 1-21).  
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Figure 9. The RUTA-70 DH Power Plant Primary Circuit with Radiation Therapy Option. 

(Baranaev et al. 2011. 7)  

1 – distribution chamber, 2 – reactor core, 3 – reactor RCCA section with 42 control rods, 4 – reactor 

hot leg, 5 – primary heat exchanger, 6 – outlet of the primary heat exchanger, 7 – collector chamber, 
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8 – piping to the circulation pump, 9 – circulation pump, 10 – reactor cold leg, 11 – reactor downcomer 

section, 12 – interconnection valve between the reactor vessel and the pool, 13 – interconnection valve.  

Table 9. RUTA-70 Main Parameters (Cherepnin Y. et al 2007, 8) 

Parameter  Value 

Technology developer IPPE & NIKIET, Russia 

Reactor type Pool-type 

Coolant/Moderator Light water / Light water 

Thermal capacity N, MWth 70 

Coolant circulation Natural in range below 30% of N 

Forced in range 30%...100% of N 

Reactor vessel pressure Atmospheric pressure at the pool water surface 

Core inlet/outlet temperature (0C) 75/101 

Mass flow through the core (kg/s) 642 

Fuel composition  Uranium dioxide or Cermet (60% UO2 and 40 Al 

alloy) 

Number of FA 91 

Fuel enrichment (%) Uranium dioxide 3.0 / Cermet up to 6.0 

Fuel cycle (months) 36 

Coolant volume in the reactor vessel/pool (m3) 250/450 

Design life (years) 60 

 

The reactor core with the beryllium reflector belt is located at the bottom of the pool, while the other 

equipment, including heat exchangers between the primary and second circuits, are located in dry 

boxes outside the reactor pool. See figure 9. The forced circulation of the primary circuit coolant is 

arranged by two circulating pumps – one per each loop. RUTA-70 main parameters are demonstrated 

in Table 9. 

In the cross-section of the reactor core, the design of the RUTA-70 reactor FA is geometrically similar 

to VVER-440 and differs from it only in length. Two variants of the fuel composition have been 

considered: fuel pellets of uranium dioxide (as in VVER-400) and fuel rods with cermet fuel (60% 

UO2 and 40% Al alloy). In case of the cermet fuel, the fuel pellet is in close contact with the fuel rod 

cladding. Since the cermet fuel matrix creates an additional safety barrier, we also consider the cermet 

fuel variation of RUTA with safety being the most important feature of the nuclear reactors. Another 
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advantage of this type of fuel is its low operating temperature due to the high thermal conductivity of 

the fuel composition. 

Cermet fuel - uranium dioxide pellets (volume fraction of UO2 is up to 70%) mixture of a metal matrix 

(manufactured usually from Al or Zr alloys) and uranium oxide as shown in Figure 10. 

 

Figure 10. Cermet Fuel Rod Cross-Section (Gavrilin et al. 2013. 11). 

Fuel particles are distributed evenly in the metal matrix. This is achieved by using spherical fuel 

particles, pre-covered with matrix material, and their isostatic pressing into the cores. Benefits of the 

cermet fuel in comparison to traditional UO2: 

• Ability to compensate for the thermal expansion and shrinking of the UO2 granules. The soft 

metal alloy reacts elastically to fuel granules, neutralising pressure on the cladding internal 

surface. Due to the matrix structure, a fuel pellet has neither a hole in its centre or a gap 

between the pellet and the cladding internal surface; 

• Localisation of 90% of the fission products inside the UO2 cermet fuel pellets;  

• Average burnup 69.3 MW ·d/kgU; 

• Low temperature in the pellet core and on the rod surface. Smooth radial heat distribution 

inside the rod; 

• Low heat accumulation in the fuel pellet; 

• High strength, which provides geometric stability along the fuel rod. 

The cermet fuel designed for RUTA contains 60% of UO2 and 40% of Al alloy. The declared average 

enrichment level is 4.2%, but it can be even higher. (Baranaev et. al 2011, 4) 
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At the beginning of the fuel cycle, the reactivity reserve in the core is partially compensated by a 

burnable poison (gadolinium Gd). The burning poison also moderates deviation in the reactor core 

energy density. 

The RUTA-70 reactor core can be studied through one of six identical sections. The reactor core 

includes 91 hexagonal FAs (15 FAs x 6 sections + 1 non-symmetric FA) which have an overall length 

of 1 450 mm, with the effective FAs length of 850 mm, and with 120 rods (cladding of 9.1 mm with 

the wall thickness of 0.69 mm) in each assembly. The FAs for RUTA-70 have been developed on the 

basis of the FAs for VVER-440 reactor by shortening the fuel rod effective section to 850 mm. Thus, 

the physics and neutronic features of the reactor core with oxide fuel are nearly similar to those of 

VVER-440. However, a smaller core size causes more intensive neutron leaking from the core, and a 

bigger portion of Gd makes a difference in the neutron distribution in comparison with VVER-440. 

The shorter fuel rod only causes adjustment of a coolant flow through the reactor core to achieve the 

requested temperature, in this case it is 1010C. Stabilisation of the initial excessive reactivity is 

implemented by burning poison; every tenth fuel rod contains gadolinium in a concentration as shown 

in Figure 11. 

 

Figure 11. Concentration of Gadolinium in the RUTA-70 Core 600 Section. (Baranaev et al. 2011, 

6) 

Each FA includes 6 casing pipes (11.2 mm with a wall thickness of 0.6 mm) for the Rod Cluster 

Control Assembly (RCCA) and one casing pipe for instrumentation. In the core there are overall 42 

RCCA rods composing two shut-down systems with separate actuators. One of these systems is 
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intended separately for core emergency protection, it includes 12 rods. The actuator for emergency 

shut-down is a two-position hydrodynamic switch. The second system, which performs the functions 

of shut-down and control, includes a group of six automatic reactivity regulators and four groups of a 

total of 24 control rods.(IAEA 2018, 57).  An absorber material for the RUTA reactor concept is not 

defined in the available sources; traditional for VVER 440, boron carbide B4C or boron steel could be 

considered as a main option for the absorber material (NEA 1999, 11).           

The RUTA reactor has two primary circulation hot legs on the top of the reactor vessel to prevent the 

loss of the coolant by pumping the coolant out of the primary circuit in case of breakage in the heat 

exchanger equipment. Also, circulation pumps are placed after heat exchangers to prevent coolant 

pumping out in case of breakage of pipes or heat exchanger before the pumps. Due to the features 

below, there is a minimal probability of instant Loss of Coolant Accidents with heavy damage of the 

reactor core. 

RUTA is divided into two sections in terms of coolant distribution: the reactor section within the 

reactor vessel, and the pool section above the reactor vessel. During forced circulation, only the reactor 

section is involved, with the interconnection valves 12 and 13 closed. In this configuration, the reactor 

section and the pool section are not connected, and there is a temperature difference between the two 

sections. When RUTA is under operation with natural circulation, and pumps are not running, 

interconnection valves 12 and 13 are open, and the reactor coolant and the pool coolant mix together. 

RUTA-70 has been also designed to maximise the cermet fuel cycle in order to avoid risks during 

recharging of fuel or unauthorised access to nuclear material while recharging the core. The most 

important requirements of the optimised model are as follows: 

- Fuel enrichment grade can be 20% maximum 

- Burnup of maximum 100 MW·d/kgU 

- No partial reloading of the fresh fuel 

- Minimum of excessive initial reactivity, moderated by RCCA 

Complying with the requirements above, the optimised RUTA-70 demonstrates the following energy 

parameters: 
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Table 10. RUTA-70 Optimised Parameters 

# Parameter 

Характеристика 

 

РУТА-70 

1 Fuel load (including U235), kg 

 

4 165.0 (391.5) 

 

2 Fuel enrichment grade, ХU235 % 9.4 

3 Burning poison Gd, kg 

поглотителя – гадолиния, кг 

124.6 

4 Initial / maximum reactivity keff  1.016/1.043 

5 RCCA rods, pcs 42 

6 FA reload frequency, days 

Calendar years (utilization rate 0,65) 

3 700 

15,5 

7 Hot channel factor, maximum: 

Kq along FA 

Kv by volume 

 

1.56 

2.20 

8 Average burn-up of removed FA, MW ·day/kg(U) 69.3 

9 Maximum temperature of fuel/coolant in the end of fuel cycle, ˚С 160/114 

10 Reactivity factors in the beginning / end on fuel cycle: 

∂ρ/∂γ, сm3/g (by coolant density)   

∂ρ/∂ТТ ∙10-4, 1/˚С (by coolant temperature) 

∂ρ/∂ТU ∙10-5, 1/˚С (by fuel temperature) 

 

 

0.199/0.239 

-2.24/-1.93 

-2.39/-2.42 

 
 

The optimisation results shown above provide attractive operation parameters, especially in the case 

of fuel reloading frequency. Theoretically, it could be implemented for experimental testing; however, 

the behaviour of the fuel rod cladding material and RCCA components inside the reactor core for the 

period of 15 years could be questionable. Also, linear and radial variability factors Kq and Kz should 

be carefully examined. Still, calculation of the maximum efficiency is useful for the assessment of the 

RUTA-70 characteristics and potential capacity. 

RUTA-70 reactor core design parameters RUTA-70 designers have used the referent reactor core 

configuration solutions with the same main parameters as those of the VVER-440 reactor (IAEA 2018, 

56). However, physically the RUTA-70 and VVER-440 reactors are different in the number of the FAs 

and length of fuel rod as well as diameter of the reactor vessel at its core section. Also, there is a 

difference in the operation condition due to the higher density of RUTA’s moderator.   

The main parameters of the reactor geometry obtained as a result of physical calculations are given 

below:  
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Table 11. RUTA-70 Parameters for Core Calculations 

Parameter   

Thermal power N, MWth 70 

Coolant volume in the vessel and the pool, m3 700 

Coolant mass flow, kg/s 642 

Coolant temperature in the core, inlet / outlet, 0C 75/101 

Coolant pressure in the core, inlet / outlet, MPa 0.27/0.24 

Core dimensions, D / Н, сm 147.2 / 140 

Number of FA, pcs 91 

Energy density N0, kW/(m3 ·10-3) 29.3 

Linear thermal load on the fuel rod surface, W/cm 50.87 

 

Although a FA in the RUTA and VVER-440 reactors has the same dimensions excluding the length 

and the same fuel burning component, the thermal hydraulic parameters of the two reactors are 

significantly different. The process of determining a reactor’s maximum thermal power includes 

assessment of a fuel melting possibility as well as an assessment of a heat transfer crisis at the most 

power dense fuel rods (Ovchinnikov 1988, 130). Also, fuel temperature is a main criterion in the 

determination of a design basis accident (DBA) level (YVL B.4, §416).  

The maximum fuel temperature of UO2 fuel in a VVER-440 reactor is theoretically 1 9400C at its 

nominal thermal power rate of 1 375 MW. In practice, the fuel temperature is lower, approx. 1 6000C.  

As far as the oxide fuel melting temperature is 26700C at the end of the fuel cycle, traditional uranium 

oxide fuel for VVER-440 has a reliable temperature reserve of 7300C until the lowest fuel melting 

point (Ovchinnikov 1988, 130-132).   

Error! Not a valid bookmark self-reference.The RUTA-70 concept employs two types of fuel, 

traditional uranium oxide UO2, as the VVER technology does, and cermet nuclear fuel with an 

aluminium filler. In the cermet fuel, grains of the UO2 are bound inside the pellet matrix, and 

aluminium keeps fuel grains separated from each other.  Having a better thermal conductivity 

parameter of 240 W/m·K compared to the thermal conductivity of 1.4 W/m·K of uranium oxide UO2, 

the aluminium filler secures significantly better temperature gradient between the centre and the edge 

of the pellet. Hence, cermet fuel could be designed with a lower temperature in the fuel pellet than 

traditional UO2 fuel. 

The maximum thermal parameters are measured in RUTAs in the most effective FA at the node 19. 

(Baranaev et. al 2011, 12). In the operational state of the reactor, the fuel pellet temperature in the 

centre is 1330C, when the rod cladding surface temperature is 1250C and the coolant temperature is 
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1170C. The melting point of aluminium is 660.60C, thus the temperature gap between the maximum 

temperature of the fuel and the melting point of the cermet fuel is 5270C. Simulation of an accident 

demonstrates a maximum temperature of 1720C in the fuel pellet (Figure 14), which means exclusion 

of accidents of a fuel melting in the core with coolant. Even more, in terms of YVL B.4 §416, RUTA-

70’s fuel does not heat up to the thermal criterion of 1st level Design basis accident with coolant in the 

reactor. Nevertheless, LOCA should be considered separately.                            

 Regarding coolant temperature, the RUTA-70 concept differs from the VVER technology due the 

different types of reactors. The RUTA-70 concept stands on open-end reactor pool with atmospheric 

pressure on the pool water surface.  Thus, the coolant depth is the only factor, which has influence at 

the coolant boiling temperature in the reactor core. As a result of this, coolant temperature in the reactor 

core outlet is mostly 1010C, even though it increases over the saturation temperature of water.  Instead 

of a pressure-free pool-type reactor, the VVER is a pressurised water reactor, where water, as a coolant, 

is kept under the saturation temperature. The coolant in VVER-440 at the operational state does not 

boil at the temperature of 3000C under a pressure of 12.5 MPa (Ovchinnikov 1988, 9). Anyway, 

VVER-440 and RUTA-70 have a comparable temperature gradient between the inlet and outlet, 300C 

and 260C respectively.     

4.1. RUTA-70 Thermal Hydraulics 

Since we consider the cermet fuel in this Master’s Thesis, all thermohydraulic features of RUTA will 

be considered for the cermet fuel and on the RUTA-35 prototype, which is assumed to behave like 

RUTA-70. The temperature parameters of the studied FAs on RUTA-35 are as follows: 

- Mass flow through the core: 325 kg/s 

- Max. temperature on the fuel rod surface: 1330C 

- Max. temperature inside the fuel pellet: 1720C  

These temperature parameters cause the thermohydraulic parameters shown in Table 12.  

Table 12. Coolant Temperatures in Different Zones of the Core. 

Reactor vessel section Coolant parameter 

Temperature, С Pressure, Pa 

Distribution chamber 75.8 1.76 ·105 

On the core top 101.2 1.50 ·105 

Reactor vessel top 101.2 1.21 ·105 
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Since RUTA is a conceptual model, it has been studied in terms of thermal hydraulics with the different 

composition of 10 shorter FAs in 600 sectors, instead of 16 longer FAs as designed for the RUTA-70 

unit. 

  

As stated previously, the reactivity factor by the coolant density is positive ∂ρ/∂γ = 0.239 in the end of 

the fuel cycle, so increasing the coolant density causes a reactivity growth. Thus, boiling of the coolant 

water, void generation and negative reactivity feedback by coolant specific volume should be studied 

to ensure reactivity stability. To assess the void generation parameters, the most energy-dense FAs 

have been calculated using DYN3D/RELAP5, DYN3D/ATHLET, ACADEM simulation applications 

(Baranaev et. al 2011, 5). Figure 12 shows the results of simulation, where the top number is an order 

number of the FA, the middle number is a burn-up of FA and the bottom number is an energy density 

factor.  
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Figure 12. Energy Generation Simulation Results (Baranaev et. al 2011, 10). 

 

The highest radial energy density was detected on FA 3, where Kq = 1.44. The FA No. 3 was studied 

in linear energy density with the results shown in Table 13.  Temperature 376.4 K at the node 0.105 

stands out of the temperature trend line. Void fraction is 0 at this check point, so reactivity feedback 
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by coolant specific volume cannot be considered as a trigger of the temperature drop at this exact 0.105 

node. As far as a plot of this simulation is not available, the cladding surface temperature at the node 

0.105 is assessed as a record mistake.  

 

Table 13. Thermohydraulic Parameters of the FA No. 3 (Baranaev et. al 2011, 13).  

Check point height of 

FA effective zone, 

starting from the 

bottom of the core (m) 

 

Cladding surface 

temperature, Тcl 

(К) 

 

Saturation 

temperature, 

Тs,(К) 

 

Тcl - Тs 

 

Void fraction  

 0.025 

 0.075 

 0.105 

 0.155 

 0.225 

 0.325 

 0.425 

 0.525 

 0.625 

 0.695 

 0.745 

 0.775 

 0.825 

 0.850 

382.3 

388.3 

376.4 

393.7 

400.7 

397.7 

398.5 

399.2 

399.5 

402.6 

398.5 

393.9 

397.3 

396.3 

   387.3 

   387.2 

   387.1 

   387.02 

   386.9 

   386.7 

   386.5 

   386.3 

   386.06 

   385.9 

   385.7 

   385.6 

   385.5 

   385.4 

  -4.98 

  1.07 

  -10.7 

    6.68 

    13.8 

    10.7 

    12.02 

    12.9 

    13.5 

    16.7 

    12.8 

    8.2 

    11.7 

     10.9 

      0.0 

      0.0 

      0.0 

      0.0 

      0.0 

      0.0  

      0.0 

      0.0 

      0.0 

    0.042 

   0.065 

   0.056 

   0.138 

   0.170 

  

 

According to the results above, void generation begins in the reactor core at the height of 0.695 m from 

the bottom when ΔT = 16.7 K and continues up to the top of the reactor core. Thus, coolant at the top 

of the reactor core loaded by the cermet fuel demonstrates a void fraction of 0.17. Void generation is 

also detected in two more FAs.  

 

Results of the calculations demonstrate that the use of the cermet fuel increases the uneven energy 

distribution Kq and Kv, because a higher grade of the fuel enrichment is needed (3.6% - UO2 vs 5.4% 

- 9.2% of the cermet), which leads to coolant boiling on the cladding surface. Anyway, further 
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calculations demonstrate that the void fraction goes down and practically disappears in the upper 

plenum of the reactor, according to Table 14.  

 

Table 14. Changes in Coolant Parameters in the Reactor Vessel with Void Generation. 

Height of 

reactor vessel 

(m) 

Pressure (Pa) 

 

 

Water fraction 

 

Void fraction 

 

3.00                 

3.50                 

4.00                 

4.50                 

5.00 

6.00 

1.50126 ·105    

1.44571 ·105    

1.39002 ·105     

1.33425 ·105     

1.27842 ·105      

1.20865 ·105    

0.98954       

0.98770       

0.99053       

0.99130       

0.99128       

0.98384     

0.0157579 

0.0123048 

0.0104621 

0.00946626 

0.00870485 

0.0161558  

4.2. RUTA-70 Safety 

Since RUTA is a concept with a potential for development, all the necessary, newest and most actual 

safety and security functions can be implemented on the basic design level.   

In general, as provided by Level 1 of Defence-in-Depth, the safety of the reactor plant is defined by 

technical perfection of the design, the required quality of manufacturing, installation and testing of the 

safety-critical equipment, components and systems of the reactor unit, their reliability in operation, 

comprehensive preventive equipment maintenance and repair, competent management for operational 

and maintenance measures (IAEA 2012, 7) . 

 

Safety of the reactor unit is ensured by a system of technical and organisational measures, including: 

• Internal safety features of the reactor due to negative reactivity feedback by the temperature 

of coolant and fuel; 

• Systematic implementation of the Defence-in-Depth concept; 

• Safety systems configuration based on principles of multi-channelling, reservations, spatial 

and functional independence, single failure and diversity. 

The RUTA safety concept is based on a maximum improvement of the inherent properties and the 

passive safety tools ensuring its self-protection. The RUTA reactor units are designed to be operated 

within cities, which is why an acceptable level of safety during normal operation and in case of any 

accident state should provide for the overall (due to the influence of a nuclear energy source and natural 

radiation background) effective annual dose of internal and external radiation exposure of the 



53 

 

population not exceeding the normal radiation dose established by radiation standards, over the natural 

background level. At the same time, as RUTA is developed as an installation designed for the DH 

networks, the technical solutions adopted in the reactor unit design provide the necessary "cleanliness" 

of the heat network. RUTA includes the following mechanical barriers against spreading of the 

radioactive materials:  

• Fuel matrix. Fuel granules are fused inside the soft Al alloy, fission products are localised 

inside the fuel pellet. At the same time, the Al alloy compensates for the thermal expansion 

on the UO2 eliminating its impact on the cladding. 

• Hermetic cladding serves as a barrier to fission products as in the ordinary VVER-440 fuel 

rods. 

• Steel-lined reinforced concrete pool of the reactor with an airtight lid. This feature could still 

be considered in two ways: 

a) Steel lining of the pool is an independent reactor vessel, as we consider in the Master’s 

Thesis. 

b) Concrete pool. 

• Hermetic surface of the primary heat exchangers. 

• Doubling of the primary to secondary circuit heat exchangers  

• Intermediate secondary circuit for compliance with the Requirement 35 of IAEA SSR-2/1, 

preventing the transportation of the radionuclides into the DH networks. 

• “Locking” the pressure ratio between the primary, secondary and tertiary circuits. 

 

 

Figure 13. Diagram of the RUTA Nuclear Power Plant (IAEA 2018, 58) 

1 – reactor unit, 2 – reactor core, 3 – 1/2 heat exchanger, 4 – reactor unit concrete structures, 5 – natural soil, 6 – primary 

circuit purification system, 7 – residual heat removal system, 8 – secondary circuit piping, 9 – containment, 10 – residual 
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heat removal systems from secondary circuit, 11 – secondary circuit circulation pump, 12 – bubbler, 13 – 2/3 heat exchanger, 

14 – peak load boiler plant with heat exchanger, 15 – interconnection equipment of peak load plant, 16 – DH network 

circulation pumps, 17 – DH piping, 18 – DH consumers. 

 

As the reactor unit has an atmospheric pressure on the pool water surface, the pressure in the secondary 

circuit is 4-6 bar. At this pressure proportion, the reactor coolant with radioactive fission products 

concentration will not pass into the secondary circuit, since P1<P2. On the practical side, if the 1/2 heat 

exchanger is mechanically damaged and the physical barrier fails, the radioactive material will be kept 

in the primary circuit.  

 

If the 2/3 heat exchanger is damaged simultaneously with the 1/2 heat exchanger, the DH pipe network 

pressure of 8-10 bar will cause flow into the secondary circuit, since P2<P3. (Baranaev et al. 2018, 1-

12). 

 

The RUTA concept has been assessed in terms of its behaviour in the case of the heat transfer design-

based accidents for two scenarios. In all other respects, the study has concerned the RUTA-70 model, 

while the accident simulation has been done for the RUTA-35 model.   

The first scenario is the instant stoppage of heat transfer in the primary heat exchangers on both 

circulation parts. The calculation has been made in the initial state (0.00 s) as described below:  

• Reactor unit is in the normal state, the initial power is 35 MW; 

• Temperature difference in the primary heat exchangers ΔT is 260C; 

• Reactor unit is in operation in the self-regulation mode, the automatic reactivity control system 

is not active; 

• Emergency reactor shut-down function is not active; 

• Both circulation pumps are running; 

• Interconnection valves between the reactor vessel and the water pool are closed. 

 

This situation is possible in the case of a simultaneous breakage of the heat exchangers at the same 

time with an active security system malfunction. The goal is to study the reactivity feedback efficiency 

in the reactivity control during a period of 400 s. An instant stoppage of teat transfer leads to an increase 

in the coolant temperature on the heat exchangers outlets. The coolant temperature in the distribution 

chamber at the entrance of the reactor core rises. Within 30 s after a simulated accident, reactivity 

begins to go down abruptly within the period of 30 s + 200 s to 7.5 MW, and the power decrease 
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becomes smooth within the period of 200 s – 400 s with the final detected power of 1.44 MW. Despite 

the power decrease, the coolant temperature in the reactor core increases due to the increase in the 

input temperature of the coolant in the distribution chamber. The coolant temperature gets closer to 

the saturation temperature of water. After an undefined period of time, the entire volume of the reactor 

coolant will reach the evaporation temperature of water, and the coolant will start boiling. Driven by 

the residual heat of the core with circulation pumps still running, the coolant will evaporate totally in 

18-20 days even when the reactor is practically shut down.   

 

Figure 14 shows that after 400 s, the temperatures of fuel, cladding and coolant in the distribution 

chamber and at the outlet of the reactor core reach 1200C. 

 

0.00 100.00 200.00 300.00 400.00

40.00

80.00

120.00

160.00

200.00

 (сек)

T (C)
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Рисунок 4  -Температуры теплоносителя и твэл при прекращении теплоотвода
из первого контура во второй контур при отказе всех систем регулирования
 и при продолжении действия насосов

Coolant temperature in the distribution chamber 

Coolant average temperature at the outlet of the reactor core 

Coolant maximum temperature at the outlet of the reactor core  

Maximum temperature of the fuel rod cladding surface 

Fuel maximum temperature 

 
Figure 14. Temperature Progress in Case of Heat Removal Accident, Scenario 1 

(Baranaev et al. 2011, 8)  
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The final state of the reactor at the 400 s checkpoint is as described below: 

• Reactor unit is practically shut down, power is 1.44 MW and continues decreasing; 

• Temperature difference in the primary heat exchangers ΔT is 00C; 

• Reactor unit is in operation in the self-regulation mode, the automatic reactivity control system 

is not active; 

• Emergency reactor shut-down function is not active; 

• Both circulation pumps are running; 

• Interconnection valves between the reactor vessel and water pool are closed.  
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Рисунок 5 - Мощность реактора при прекращении теплоотвода из первого
контура во второй при отказе всех систем  регулирования   и  продолжении
 действия насосов

Figure 15. Reactor Power Progress in Case of Heat Removal Accident, Scenario 1 

(Baranaev et al. 2011, 10) 
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Negative reactivity feedback by the coolant and fuel temperature causes the shut-down state of the 

reactor, but the coolant is intensively boiling and evaporating due to missing residual heat removal.    

The second accident scenario is instant stop of the heat transfer in the primary heat exchangers on both 

circulation parts. The calculation has been made in the initial circumstances (0.00 s) as described 

below:  

• Reactor unit is in the normal state, the initial power is 35 MW; 

• Temperature difference in the primary heat exchangers ΔT is 260C; 

• Reactor unit is in operation in the self-regulation mode, the automatic reactivity control system 

is in the stand-by state; 

• Emergency reactor shut-down function is active; 

• Both circulation pumps are running; 

• Interconnection valves between the reactor vessel and the water pool are closed.  

The difference from Scenario 1 is that the RCCA shut-down function is activated when the mass flow 

rate reaches 250 kg/s, the circulation pumps stop and the interconnection valves between the reactor 

vessel and the pool open. The pool water temperature is 800C. According to calculations, the 

emergency systems react to an accident in 236 s. Due to the increase of the coolant temperature in the 

distribution chamber, the average temperature in the reactor core also increases. Negative reactivity 

feedback by temperature reduces the power of the reactor in the same way as in Scenario 1. In 236 s, 

the reactor power goes down to 5 MW, the RCCA activates and enters the reactor core, the reactor 

power instantly drops to 1 MW and continues decreasing. The interconnection valves are open, and 

the circulation pumps stop launching the natural circulation process of the entire coolant volume of 80 

m3 in the reactor vessel (model RUTA-35) and the pool.  
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Figure 16 demonstrates that after opening the interconnection valves between the reactor vessel and 

the pool, the coolant temperature drops to 1050C in the distribution chamber and to 1070C at the outlet 

of the reactor core. 6000 s after the accident, the respective temperatures stay within the same ranges. 

Driven by residual heat, the coolant boils and evaporates, but not as intensively as in Scenario 1.   

 

 

 

 

Coolant temperature in the distribution chamber 

Coolant average temperature at the outlet of the reactor core 

Coolant maximum temperature at the outlet of the reactor core  

Figure 16. Temperature Progress in Case of Heat Removal Accident, Scenario 2. 

(Baranaev et al. 2011, 11) 
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Thus, the final state of the reactor in 400 s is as follows: 

• Reactor unit is shut down, the actual power is approx. 1 MW; 

• Temperature difference in the primary heat exchangers ΔT is 00C; 

• Reactor unit is in the operational state, the RCCA is fully inserted into the reactor core; 

• Reactor emergency shut-down is completed; 

• Both circulation pumps are not running; 

• Interconnection valves between the reactor vessel and the water pool are open.  

Comparing these two scenarios, we can conclude that the reactor power rate is nearly the same in both 

scenarios, 1.44 MW and approximately 1 MW respectively in 400 s after the accident. When using the 
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Рисунок 9 - Изменение мощности реактора при прекращении
теплоотвода из первого контура во второй и при срабатывании 
АЗ по достижении расхода в первом контуре величины 250 кг/сек

Figure 17. Reactor Power Progress in Case of Heat Removal Accident, Scenario 2 

(Baranaev et al. 2011, 12) 
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emergency shut-down mechanism, the power drops instantly; power is decreasing only by negative 

reactivity feedback that makes the shut-down process even. Anyway, from a safety perspective, 

keeping the reactor core in the subcritical state is one of the most important measures in case of 

emergency. 

Residual heat removal in both scenarios causes the coolant to boil and evaporate, although opening of 

the interconnection valves and involving the pool water into the residual heat removal process 

decreases the temperature of coolant in the core and makes boiling and evaporating more extensive. 

Thus, the volume of the coolant in the pool is an important value to control the coolant temperature in 

the case of a heat transfer accident.  

Studying RUTA-70 in terms of Fundamental Safety Principles, RUTA’s pool-type design, low 

temperatures, low power density inside the core and small amount of nuclear fuel increase RUTA’s 

overall safety in comparison with any other PWR SMR (IAEA 2006, 5-15). The pool-type reactor with 

low temperature allows the designer to consider the exclusion of BDA with core melting from the 

safety assessment. According to the designer’s estimation, in the case of a heat removal accident 

described above, boiling of the pool water could last two weeks until the water surface goes down to 

the level of the core top. This accident should be simulated and thoroughly calculated in order to define 

the operational reaction time to an accident and to calculate the minimum volume of the coolant, which 

will decrease the fuel residual heat at the temperature of the coolant boiling.  

 

Coolant boiling requires the removal of the vapour outside the reactor pool. In the case of a multiplied 

accident with a damaged cladding, the coolant vapour can potentially transport the radionuclides 

outside the reactor pool. These simultaneous multiplied accidents and their consequences are studied 

during the probabilistic risk analyses of the concept safety and security, as, for example, Finnish YVL 

A.7 defines.  

 

Slow boiling and non-intensive evaporating of the coolant inherently keep the fuel temperature in a 

safe range. Of course, there is an alternative way to remove residual heat by cooling the secondary 

circuit and returning the reactor back to normal operation or anticipated operational occurrences. 

Anyway, this feature already belongs to the active safety systems.  

 

The BDA conditions without significant fuel degradation are always possible due to a damage of the 

fuel rod cladding. This aspect is especially important in the case of RUTA because of the long fuel 

recharge cycle. Even though the low frequency of refuelling the RUTA reactor increases safety in 

terms of refuelling errors and risks of unauthorised access to nuclear materials, at the same time it 
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increases the risk of cladding damage and radioactive material spreading outside the fuel rod into the 

coolant and the primary circuit. For such cases, RUTA has three circuits with locking pressure, when 

the customer’s circuit pressure is higher than the pressure of the secondary circuit, and the secondary 

circuit pressure is higher than the primary circuit pressure. Thus, in the case of damaged fuel rod 

cladding, radionuclides will stay inside the primary circuit and will be treated in the coolant 

purification system.  

 

The probability LOCA and its consequences is significantly low. Due to inherent safety features that 

are caused by negative reactivity feedback by temperature and coolant density, RUTA-70 remains in 

the self-control mode. Slow shut-down is guaranteed by stopping the forced circulation; the reactor 

shifts to the subcritical mode, and reactivity decreases. In 400 s, the reactor power goes down to 

approx. 1.4 MW. Both shut-down ways, the forced circulation stop and emergency shut-down with the 

RCCA, cause short-term instability of the reactor during the first 10 seconds, so the main method of 

reactor shut-down must be calculated in the future. 

 

In situations that require instant shutdown of the reactor, the SCRAM function causes a decrease in 

the reactor power to approx. 1.1 MW in 400 s after its activation. RUTA-70 is not equipped with a 

boron injection system typical of conventional NPPs. Taking into account the inherent shut-down 

features, there is no technical need for an additional boron injection shut-down option; however, it 

could be useful to multiply and ensure the shut-down function.  

 

Mitigation of the accident consequences has not been considered in the RUTA concept; this subject 

refers rather to the RUTA power plant solution. However, mitigation of the accident consequences 

must be considered along with the EPZ issue. RUTA-70 has been designed as a heat source for DH 

systems, and its location cannot be similar to the conventional NPP emergency planning zone for two 

reasons. Firstly, it requires great investments in transmission pipeline systems to deliver heat to the 

existing distribution grid; secondly, there is a loss of power during its transmission.  

 

The RUTA-70 concept has not been examined as a certain nuclear facility with chosen parameters and 

characteristics; deep and wide hazard assessment has not been implemented. Scaling RUTA’s EPZ to 

conventional NPPs, strong influence of reliable passive safety and security systems as well as RUTA’s 

inherent feedback features surely prevent spreading of radioactive material outside the reactor primary 

circuit. Adding the boron injection system to the configuration of the RUTA-70 power plant will 

support the tendency to narrow EPZ for RUTA-70. Other innovating systems must be analysed to 

improve RUTA’s safety for populated areas.     
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5. RUTA-70 IN FINNISH DISTRICT HEATING SYSTEMS 

According to the statistics of Finnish Energy 2017, there are 28 CHP plants with a DH power of over 

100 MW (Appendix 1) and 25 DH boiler plants with a DH power of 100 MW (Appendix 2) that should 

be replaced with emission-free heat sources by the end of the 2030s, as the Governmental Program 

states. Smaller DH sources could be replaced by other technologies, such as Large Scale Heat Pumps. 

The heat pump plant Katri Vala in Helsinki generates 90 MW of power, so this concept could be 

multiplied in other DH systems. The LSHP vendor should ensure a sufficient source of initial heat, 

and a reliable electric grid that withstands the electric power peaks during the plant start-up phase. The 

population projection shows a growth in urban areas that are the main consumers of DH. Thus, we 

expect that the demand for DH would slightly grow or, at least, stay at today’s level.   

RUTA-70 could be a strong candidate for replacing the existing DH generation facilities within the 

power range over 100 MW. RUTA-70 could, in principle, be connected directly to the existing DH 

distribution or transmission grid.  

5.1. Applicability of RUTA-70 for the Finnish DH Systems 

Nowadays, the overall installed DH power of the fossil and biomass fuelled DH power plants of over 

100 MW per plant is 9 184 MW, see Appendix 1 and Appendix 2. In the case of successful licensing 

of the RUTA-70 type power plant, there is a potential demand for more than 100 RUTA-70 units to 

cover the need for replacement of the heat generation facilities. The rest of 13 000 MW of current 

capacity could be replaced with smaller DH plants, based on heat pump technologies and electric boiler 

plants. DH nuclear power plants are expected to have an unmanned, unattended and remote-controlled 

operational state. This subject must be considered as a separate problem, by analysing the risks of 

connection losses between a power plant and a control room, as well as of unauthorised access inside 

an unmanned power plant. However, moving on to the remote control of the power plants, it is 

necessary to address the technical requirements of the existing supply contracts and DH systems for 

peak load temperature parameters. These matters are discussed in chapter 6.1.1 below. In addition, the 

legal aspect should be taken into account when considering applicability; this is considered in chapter 

6.1.2. 

5.1.1. Technical Aspect 

As we have mentioned in Chapter 2, the DH supplier is obliged to deliver the heat agent with the 

temperature of 1200C during the peak load period. RUTA-70 warms the coolant up to 1010C at the 

heat exchanger inlet. Heat losses in heat exchangers 1/2 and 2/3 depend on the heat exchanger 
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configuration, surface contamination and other factors. It can be suggested to follow a conservative 

approach when the temperature of water in the DH pipeline in the RUTA-70 connection point could 

be 900C.  

The temperature of the RUTA-70 reactor coolant cannot be increased as a matter of principle. As we 

have seen in the thermal hydraulics part, the coolant boils in the most energy rich FAs; the boiling 

process stops at the RCCA section. Thus, increasing the FA power and the coolant temperature could 

cause boiling in the entire reactor vessel and consequent instability of the whole concept of the pool-

type reactor. 

Keeping the boiling point of coolant at over  1010C is possible by increasing the pressure by either 

hermetic encapsulation of the reactor vessel or by increasing its height. The hermetic encapsulation of 

the vessel will move RUTA-70 to the class of PWRs with a different approach to the reactor vessel 

strength and probability of the instant loss of coolant, new reactivity feedbacks and all other 

parameters. Increasing the coolant pressure by a higher coolant depth will not lead to desirable results 

and could not be reasonably implemented.     

Transmission of the heating power to consumers in DH, like in other cases of heat transfer, can be 

regulated in either a qualitative or quantitative way. Currently, the qualitative method of power 

regulation is topical. The DH grid water temperature parameter is being adjusted according to the 

consumer demand. The traditional approach of the peak load power is the most expensive and 

inefficient factor of the DH system operation. Start-up of the peak load boilers and stand-by 

preparedness for this in a short period of time have a significant influence on the total DH costs. 

Additionally, the heat accumulation inertia of heated buildings makes peak load supply even less 

efficient.    

In order to resolve a problem of achieving the required temperatures complying with the requirements 

of supply contracts, 1200C can be achieved by heating the secondary circuit of the RUTA-70 DH 

power plant to 1250C. In the case of qualitative regulation, the RUTA-70 reactor will serve as a 

classical base load power plant, and the secondary circuit heating will perform functions of the peak 

load plant. Since the Finnish Government seeks to achieve nearly emission-free power and heat 

generation, peak power must also be generated from an emission-free source. Heat pumps demonstrate 

a COP close to 1 at operation temperatures of above 900C, so their use is not reasonable. Direct electric 

superheating would probably be the only technology to achieve 1200C in the DH grid. However, for 

large DH grids, like those in Helsinki, Vantaa, Espoo and Tampere, superheating of the DH water 

would cause a peak in the electric power consumption, which will cause operational risks for electricity 

supply.  
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The quantitative method allows increasing the supplied power by regulating the DH water mass flow. 

By maintaining a stable water temperature, the pumping speed can be adjusted in response to increased 

demand. This method seems more reasonable as the water pumping costs should be lower than those 

of the peak load heating. The quantitative regulation method for DH has a good potential to be 

implemented in the DH grids. In this case, there is no division of the heat power source in base and 

peak load sides. 

The quantitative regulation method also has a negative feature that makes it realisation questionable. 

Increasing the DH mass flow at a stable seasonal temperature requires different dimensions of the DH 

pipelines as well as of the heat exchanger equipment on the consumer’s side. Moving from the 

qualitative method of the DH adjusting to the quantitative one must be considered for each DH system 

separately.  

In 2015, Valor Oy made an assessment of possible demand-side management for district heating in 

Finland. The purpose of the study was to optimise the DH systems by decreasing the share of the peak 

load production facilities. The most interesting item of this assessment was that using the demand-side 

management system, power demand during the peak load period had been forecasted and reacted to in 

advance. As a result, the customer’s existing heat exchange equipment, which was measured for 

qualitative adjusting, had requested the DH water temperature to be 200C lower than it could be without 

the demand-side management system. (Valor Oy 2015, 23). As the maximum temperature of DH water 

during the peak demand is 1200C, we can estimate the requested temperature in the TUAS building in 

Otaniemi, Espoo, to be a max. of 1000C. Thus, the power of RUTA-70 needs to be increased in a 

quantitative way, which is the same as the power increase in a qualitative way in an amount comparable 

to the temperature difference of 100C. 

5.1.2. Legal Aspect 

The general legal basis for the use of nuclear energy and the general safety requirements are given in 

the Nuclear Energy Act (990/1987) and Nuclear Energy Decree (161/1988). The Nuclear Energy Act 

provides the general guidelines that must be followed during the entire lifetime of a nuclear facility. 

The Nuclear Energy Decree elaborates on the general guidelines with more precise details and an 

instruction to proceed. Any nuclear facility project is implemented according to the procedure shown 

in Figure 18. 
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Figure 18. Finnish Licensing Model (STUK 2019, 3)  

The licensing model is divided into the energy policy and nuclear safety parts. Although the licensee 

has an opportunity to influence the nuclear safety issues and, by doing this, to control the process of 

the license granting, the consideration of the implementation of the nuclear facility project on the level 

of energy policy is beyond the licensee’s control. 

According to Chapter 4, Section 11, “Construction of a nuclear facility of considerable general 

significance shall require a Government decision-in-principle on that the construction project is in line 

with the overall good of society”. (Nuclear Energy Act 1987, 11) This requirement is applicable to any 

facility that is operated for the generation of nuclear energy and has a thermal power of over 50 MW. 

RUTA-70 with 70 MW of thermal power is also obligated to apply for the decision-in-principle; 

therefore, the application process should consider special features that facilitate or prevent the progress 

of the RUTA-70 development throughout the energy policy level. 

The decision-in-principle process is carried out according to the algorithm below: 

a) A decision-in-principle must be applied for by submitting an application to the Government, 

represented by the Ministry of Economic Affairs and Employment. This authority must obtain a 

preliminary safety assessment from STUK and a statement from the Ministry of the Environment as a 

reaction to the Environment Impact Assessment made by the applicant. In addition, decision by the 

municipal council of the municipality where the facility will be situated, and hearing of its 

neighbouring municipalities is needed. 

As established in the Nuclear Energy Act, each nuclear facility with a power capacity of over 50 MWth 

should pass the decision-in-principle level. The Nuclear Energy Decree Chapter 4, Section 23 says 
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that “a nuclear facility project for which the Government’s decision-in-principle referred to in section 

11 of the Nuclear Energy Act is applied for, can comprise one or more nuclear facilities which for 

operational or other reasons make up an integrated whole. The application can also concern two or 

more alternative nuclear facility projects” (Finnish Government 1988, 11). This clarification supports 

RUTA-70s as well as all SMR industry and simplifies the application for the decision-in-principle for 

a power plant consisting of several reactors. According to this paragraph, one DiP could be enough for 

a power plant of 6 x 70 MWth to replace the biggest CHP plants like the 429 MWth Helen Oy’s 

Hanasaari B or Vuosaari B plants.   

b) The Ministry of Economic Affairs and Employment requests statements from the Ministry of the 

Interior, the Ministry of Defence, from the State Provincial Office, Regional Council and Regional 

Environment Centre regarding the impact of the planned nuclear facility on the state social security, 

military defence, regional politics and regional environment. At the same time, the Ministry of 

Economic Affairs and Employment requests from STUK a preliminary safety assessment of the 

applied nuclear facility. 

The Ministry of Economic Affairs and Employment shall also consider the applicant’s plans of the 

methods of nuclear fuel and waste management.  

One of the most sensitive reports for the RUTA-70 evaluation for a decision-in-principle is a special 

review of the importance of the nuclear facility for Finland’s energy supply submitted to the 

Government. Large NPPs generate a significant share of all electricity, thus the importance of a new 

conventional NPP shall be measured, and its importance for the electricity market shall be proved. 

RUTA-70, like all SMRs, is a solution suitable for local needs, but the SMR concept supports the 

Governments’ target to produce emission-free energy diversely. Instead, in the consideration of the 

importance of one RUTA-70 power plant, as well as of any other SMR power plant, DiP should cover 

a decision-in-principle of the replacement of current energy production facilities with nuclear plants. 

This does not mean that the SMR technology will automatically receive a preference in comparison 

with other energy production modes that are not restricted by legislation. A positive DiP could give 

one more technical option to achieve the goal of emission-free energy production, if the SMR power 

plants prove their safety at the licensing stage.   

c) After compiling the statements as described above, the applicant proceeds to the level of public 

hearings with understandable documentation that contains sufficient information about the planned 

nuclear facility, its impact on the environment, and safety features. The Ministry of Economic Affairs 

and Employment also arranges the public hearings and makes a report based on such hearings.  



67 

 

d) Final consideration of the decision-in-principle is carried out in the Ministry Economic Affairs and 

Employment by analysing the statements and the public hearing reports according to the principle of 

“overall good of the society”.  

e) The last level of the decision-in-principle is a notification of the Parliament and the Parliament’s 

decision. This decision depends mostly upon the political situation at the moment of making the 

decision.  

The Radiation and Nuclear Safety Authority’s Regulation on the Safety of a Nuclear Power Plant 

Y/1/2018 is considered as a part of nuclear energy legislation. Also, regulation Y/1/2018 represents 

the highest level of technical requirements. The respective regulation aims to reflect the changes and 

definitions of the provisions of the Nuclear Energy Act. Regulation Y/1/2018 contains more detailed 

descriptions regarding the safety of nuclear facilities, specifying the provisions of the Nuclear energy 

Act. Table 15 contains a basic assessment of RUTA-70 compliance with the safety requirements of 

regulation Y/1/2018. Only selected parts of regulation Y/1/2018, applicable to the consideration of the 

basic design of a power plant, will be assessed. 

Table 15. The RUTA-70 design details compared with requirements of regulation Y/1/2018  

  

Chapter 2 General safety 

Section 3 Demonstration of compliance with 

safety requirements 

1. The safety of a nuclear facility shall be 

assessed when applying for a construction 

licence and operating licence. The safety 

assessment shall cover the operational states and 

accidents of the plant. 

 

 

 

 

 

2. The nuclear facility’s safety and the 

technical solutions of its safety systems shall be 

 

 

 

1. RUTA-70 has been assessed by its 

inherent safety features. A large volume of the 

pool water, natural circulation of coolant and 

reactivity feedbacks have been classified as 

inherent safety features. RUTA-70 was 

simulated for the case of reactor emergency 

shut-down. Efficiency calculation for the 

passive safety system has not been implemented. 

Active safety systems are not designed (IAEA 

2018, 55).  

2. Safety assessment is made analytically 

only.  
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assessed and substantiated analytically and, if 

necessary, experimentally. 

3. The analyses shall be maintained and 

revised as necessary, taking into account 

operating experience from the plant itself and 

from other nuclear facilities. 

4. The analytical methods employed to 

demonstrate compliance with the safety 

requirements shall be reliable, verified and 

validated for the purpose. 

 

3. The analyses have not been considered. 

 

 

 

4. RUTA-70’s operational parameters as 

well as parameters in the accident conditions 

have been studied by DYN3D coupled with 

Athlet, also DYN3D coupled with Relap5 codes. 

These two coupled system codes allow complex 

analysis of the interaction between neutron 

kinetics of DYN3D with thermal hydraulics of a 

core and coolant system modelled by ATHLET 

and Relap5.  

Section 4 Safety classification 

1. The safety functions of a nuclear facility shall 

be defined, and the related systems, structures 

and components classified on the basis of their 

safety significance. 

 

2. Requirements set for and the actions taken to 

ascertain the compliance with the requirements 

of the systems, structures and components 

implementing safety functions and connecting 

systems, structures and components shall be 

commensurate with the safety class of the item 

in question. 

 

 

1. The safety functions of RUTA-70 have 

been defined and classified as inherent safety 

functions and passive safety systems (IAEA 

2018, 56). 

 

2. Division of RUTA-70’s components on 

the basis of their safety significance has not been 

implemented. Readiness for classification is 

evident.    

 

 

 

Section 5 Ageing management 

1. The design, construction, operation, condition 

monitoring and maintenance of a nuclear facility 

shall provide for the ageing of systems, 

structures and components important to safety in 

order to ensure that they meet the design-basis 

 

No aging analysis has been done for RUTA-70.   
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requirements with necessary safety margins 

throughout the service life and decommissioning 

of the facility. 

 

2. Systematic procedures shall be in place for 

preventing such ageing of systems, structures 

and components which may deteriorate their 

availability, and for the early detection of the 

need for their repair, modification and 

replacement. Safety requirements and 

applicability of new technology shall be 

periodically assessed in order to ensure that the 

technology applied is up to date, and the 

availability of the spare parts and the system 

support shall be monitored. 

Section 6 Management of human factors relating 

to safety 

1. Human factors relating to safety shall be 

controlled with systematic procedures 

throughout the entire life cycle of the nuclear 

facility. Human factors shall be taken into 

account in the design of the nuclear facility and 

in the planning of its operations, maintenance 

and decommissioning in a manner that supports 

the high-quality implementation of the work and 

ensures that human activities do not endanger 

plant safety. Attention shall be paid to the 

avoidance, detection and correction of human 

errors and the limiting of their effects. 

 

 

Human factors and their impact on safety and 

security over the entire life cycle of the plant 

have not been considered by designers in the 

design concept of RUTA-70.    

Section 7 Limitation of radiation exposure and 

releases of radioactive substances 

1. Section 2 a(1) subparagraph (1) and Section 7 

c of the amendment to the Nuclear Energy Act 

(862/2018) contain provisions regarding the 

 

 

1. Although limiting of the radiation 

exposure of the workers of the nuclear facility 

and the public in the surroundings  has not been 
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limiting of the radiation exposure of the workers 

of the nuclear facility and the public in the 

surroundings of the nuclear facility. 

 

2. Repealed. 

 

3. Radiation exposure and emissions of 

radioactive substances shall be limited through 

layout design and component placement of the 

nuclear facility, material choices and planning of 

the working methods for operation and 

decommissioning of the facility and by using 

systems, structures, components, special 

radiation shielding and workers’ equipment. 

considered as a separate chapter, RUTA-70 

demonstrates readiness to be assessed by 

radiation exposure risks on the entire life curve 

of NPP. There are many structural barriers and 

radiation shielding solutions by materials and 

structures against radiation exposure.     

Chapter 3 Nuclear safety 

Section 8 Site safety 

1. The impact of local conditions on safety and 

on the implementation of the security and 

emergency arrangements shall be considered 

when selecting the site of a nuclear facility. The 

site shall be such that the impediments and 

threats posed by the plant to its surroundings 

remain extremely small and heat removal from 

the plant to the environment can be reliably 

implemented. 

 

 

1. Siting of RUTA-70 has not been 

considered yet, so the impact of local conditions 

on safety has not been assessed. However, DH 

NPP siting near densely-populated areas is an 

important subject for further analysis.   

Section 9 Defence-in-depth 

1. In order to prevent anticipated operational 

occurrences and accidents, and to mitigate the 

consequences thereof, the functional defence-in-

depth principle shall be implemented in the 

design, construction and operation of a nuclear 

facility. 

 

1. No functional DiD declaration has been 

made.   

Section 10 Engineered barriers for preventing 

the dispersion of radioactive substances 
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1. In order to prevent the dispersion of 

radioactive substances, the structural defence-in-

depth safety principle shall be implemented. 

 

2. Structural defence-in-depth design shall 

prevent dispersion of radioactive substances into 

the environment by means of successive barriers 

which are the nuclear fuel and its cladding, the 

reactor cooling circuit (primary circuit) and the 

containment. 

1. Structural DiD levels are: 

- Cermet fuel pellet matrix with the 

aluminium alloy filler 

- The leak-tight fuel rod cladding 

- The leak-tight reactor vessel  

- The leak-tight heat exchangers 

- Primary circuit heat exchangers leak-

tight rooms 

- Coolant pressure deviation between 

primary and secondary circuits 

- The NPP containment 

RUTA-70 has a reliable number of engineered 

barriers for preventing the dispersion of 

radioactive substances. 

Section 11 Safety functions and provisions for 

ensuring them 

1. In ensuring safety functions, inherent safety 

features attainable by design shall be primarily 

utilised. In particular, the combined effect of a 

nuclear reactor's physical feedback 

characteristics shall be such that it mitigates the 

increase in reactor power. 

 

 

 

 

2. 2. If inherent safety features cannot be utilised in 

ensuring a safety function, priority shall be given 

to systems and components which do not require 

a power supply or which, in consequence of a 

loss of a power supply, will settle in a state 

preferable from the safety point of view. 

3. In order to prevent accidents and 

mitigate the consequences thereof, a nuclear 

 

 

1. Inherent safety functions must 

guarantee controlled state of RUTA-70 in any 

conditions. Reactivity feedback by fuel 

temperature as well as by coolant density 

mitigates the increase in reactor power.  

Natural circulation of the coolant prevents 

theoretical overheating of the reactor core.  

A large amount of the coolant makes changes in 

the reactor thermal dynamics very slowly 

(Baranaev et. al, 2).  

2. RUTA-70 is only equipped with RCCA 

that represents a level of passive safety systems. 

 

 

 

 

3. RUTA-70 is provided with RCCA.   
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power plant shall be provided with systems for 

shutting down the reactor and maintaining it in a 

sub-critical state. 

4. In a nuclear power plant, the most 

important safety functions necessary to bring the 

plant to a controlled state and to maintain it must 

be ensured in postulated accidents even if any 

individual component of a system providing the 

safety function is inoperable and even if any 

other component of a system providing the same 

safety function or of a supporting system 

necessary for its operation is simultaneously 

inoperable due to the necessity for its repair, 

maintenance or testing. 

5. Common cause failures shall only have 

minor impacts on nuclear power plant safety. 

6. A nuclear power plant shall have off-site 

and on-site electrical power supply systems to 

cope with anticipated operational occurrences 

and accidents. It shall be possible to supply the 

electrical power needed for safety functions 

using either of the two electrical power supply 

systems. 

7. A nuclear power plant shall have the 

necessary components and procedures for 

securing the removal of residual heat from the 

nuclear fuel in the reactor for a period of three 

days independently of the off-site supply of 

electricity and water in a situation caused by a 

rare external event or a disruption in the on-site 

electrical distribution system. 

8. The systems needed for reaching and 

maintaining a controlled state and the 

monitoring of the progress of an accident and the 

 

 

 

4. RUTA-70 is provided with inherent 

safety characteristics and passive safety systems. 

Both must guarantee sub-critical state of the 

reactor (Baranaev et. al 2011, 2).  

Analysis of safety functions in the case of safety 

system or characteristic failure has not been 

implemented.  

 

 

 

 

5. Assessment of common cause failure 

has not been done.   

6. Off-site electrical power supply is 

premised, on-site power supply source is not 

designed.  

 

 

 

 

7. Boiling of the coolant in the case of an 

accident will be not intensive. Officially there is 

no calculation of the coolant boiling till 

uncovering of the reactor core.  Approximation 

of the respective period demonstrates that 

residual heat removal will be ensured in a period 

of 18-20 days independently of any type of 

electricity and water supply (IAEA 2018, 57).  

8. RUTA-70’s RCCA has been designed to 

implement two functions: for reactivity control 

while reaching the critical state as well as for 



73 

 

plant’s status in severe reactor accidents in a 

nuclear power plant shall be independent of the 

systems designed for normal operation, 

anticipated operational occurrences and 

postulated accidents. 

 

9. The nuclear power plant shall be 

designed so that it can be reliably brought into a 

safe state after a severe reactor accident. 

normal operation, anticipated operational 

occurrences and postulated accidents. 

 

 

 

 

9. Severe reactor accident is assessed as an 

improbable event (Baranaev et. al 2011, 20)  

 

  

More consideration of safety functions is 

demonstrated in this Master’s Thesis in Section 

5.2. regarding YVL Guides.  

Section 12 Safety of fuel handling and storage 

1. The defence-in-depth safety principle 

shall be applied in the storage of nuclear fuel. 

When storing nuclear fuel in water pools, the 

cooling of the fuel shall apply redundancy, 

separation and diversity principles that ensure 

the implementation of the function even in the 

event of a malfunction. 

1a. It shall be possible for the electrical power 

needed in the cooling function to be supplied 

from an off-site and an on-site electrical power 

supply system. 

1b. A nuclear facility shall have the necessary 

components and procedures for securing the 

removal of residual heat from the nuclear fuel in 

the storage pools for a period of three days 

independently of the off-site supply of electricity 

and water in a situation caused by a rare external 

event or a disruption in the on-site electrical 

distribution system. 

 

1. Nuclear fuel management has not been 

described in the RUTA-70 concept. The goal is 

to store used FA in the water pools inside NPP 

containment.  

 

 

 

1a. Not considered 

 

 

 

1b. Not considered 

 

 

 

 

 

 

 

2. Not considered 



74 

 

2. Nuclear fuel storage conditions shall be 

maintained such that the leak-tightness or 

mechanical endurance of fuel assemblies is not 

substantially degraded during the planned 

storage period. 

3. Damage to the cladding of the fuel rods 

during handling and storage must be prevented 

with a high degree of confidence. 

4. The possibility of criticality shall be 

extremely low. 

5. The possibility of a severe accident shall be 

extremely low. 

 

 

 

 

3. Not considered 

 

 

4. Not considered 

 

5. Not considered 

Section 13 Safety of handling and storage of 

radioactive waste 

Safety of handling and storage of radioactive 

waste is not considered. 

Section 14 Protection against external hazards 

affecting safety 

The RUTA-70 concept has not been considered 

regarding protection against external hazards.  

Section 15 Protection against internal hazards 

affecting safety 

The RUTA-70 concept has not been considered 

regarding protection against internal hazards.  

Section 16 Safety of monitoring and control The RUTA-70 concept has not been considered 

regarding a monitoring and control function. The 

reactor core is monitored by instrumentation in 

the central rod of the FA. However, I&C 

architecture has not been described. Functions of 

RCCA are reflected above.   

Section 17 Taking the decommissioning into 

consideration in the design 

Decommissioning of the RUTA-70 NPP has not 

been taken into consideration in the design. 

Chapter 4 Safety of the construction and 

commissioning of a nuclear facility 

Section 18 Safety of construction 

Construction phase has not been considered in 

the concept design. 

Section 19 Safety of commissioning Commissioning phase has not been considered 

in the concept design.  

Chapter 5 Safety of the operation and 

decommissioning of a nuclear facility 

Section 20 Safety of operation 
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1. Repealed. 

2. The control room of the nuclear power 

plant shall be constantly manned by a sufficient 

number of operators aware of the status of the 

nuclear power plant, systems and components. 

2a.        The control and supervision of a nuclear 

facility shall utilise written procedures that 

correspond to the existing structure and the 

operational state of the nuclear facility. Written 

orders and related procedures shall be provided 

for the maintenance and repair of components. 

3. For operational occurrences and 

accidents, appropriate procedures for the 

identification and control of circumstances shall 

be available. 

4. Operational measures concerning the 

nuclear facility, as well as events having an 

impact on safety, shall be documented so that 

they can be verified and assessed afterwards. 

5. The holder of the nuclear facility’s 

operating license shall ensure that the 

modifications to the nuclear facility are designed 

and implemented in conformity with the safety 

requirements and using approved plans and 

procedures. 

 

2. Originally RUTA-70 NPP is designed to 

be controlled by an operation shift of 4 persons. 

The control room is an integral part of the NPP 

(IAEA 2018, 58). 

In case of deployment of tens of RUTA-70 DH 

NPs, unmanned plants controlled from a united 

local control and security centre could be a 

reasonable solution.  

The number of the units controlled from the 

same united centre could be determined by the 

arrival time of physical security personnel to the 

DH NP after receiving an alarm signal.    

Section 20 a Safety of decommissioning Safety of decommissioning of the RUTA-70 

NPP has not been considered.  

Section 21 Taking operating experience and 

safety research into consideration in order to 

improve safety 

1. Safety-significant operational events 

shall be investigated for the purpose of 

identifying the root causes as well as defining 

and implementing the corrective measures. 

 

 

 

1. The designer has enough evidence to 

identify the root causes and to define the 

corrective measures. The designer maintains an 
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2. For further safety enhancement, 

operating experience from the facility and from 

other nuclear facilities, the results of safety 

research and technical developments shall be 

regularly monitored and assessed. 

3. Opportunities for improvements in 

technical and organisational safety, identified 

from operating experience, safety research and 

technical developments shall be assessed and 

implemented to the extent regarded as justified 

on the basis of the principles laid down in 

Section 7 a of the Nuclear Energy Act. 

OE library that reflects operation and accident 

conditions on Russian-designed NPPs.  

2. Further safety enhancement has not 

been considered in the RUTA-70 concept.  

 

 

 

3. Opportunities for safety improvements 

have not been considered in the RUTA-70 

concept.     

 

 

 

 

Section 22 Operational Limits and Conditions Operational Limits and Conditions have not 

been considered. 

Section 23 Condition monitoring and 

maintenance to ensure the safety of the facility 

Condition monitoring and maintenance have not 

been considered.  

Section 24 Radiation measurements and 

monitoring of releases of radioactive substances 

at a nuclear facility and estimation of radiation 

doses to the public and workers 

Radiation measurements and release monitoring 

have not been considered. 

Chapter 6 Organisation and personnel 

Section 25 Ensuring safety by management, 

organisation and personnel 

 

Ensuring safety by management, organisation 

and personnel has not been considered. 

5.2. RUTA-70 Licensing 

According to the IAEA Specific Safety Guide SSG-12 “Licensing Process for Nuclear Installations”, 

a licence is a legal document issued by the regulatory body granting authorisation to create a nuclear 

installation and to perform specified activities. A licence is a resulting document of the authorisation 

process that covers every stage of the lifetime of a nuclear installation, as shown in Figure 19. 
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Figure 19. Nuclear Installation Lifetime with the Regulator’s Hold Point Arrows (IAEA 2010, 2) 

The licensing process is regulated as a technical process; political consideration ends after making the 

decision-in-principle. The term “licencing process” includes all licencing and authorisation processes 

for a nuclear installation and its activities. (IAEA 2010, 3). The licence may be granted temporarily 

for a specific time period, if the construction, operation and decommissioning periods are defined. This 

is a conventional solution for large NPPs when the plant lifetime is specified in the design, and the 

decommissioning period can also be established.  

The licence may also be granted for an indefinite period of time. (IAEA 2010, 5) Such permanent 

licence is valid under certain conditions of the Regulator, until it is terminated by the Regulator. This 

type of licence could be the most favourable solution for the standard design of the SMR DH NPP. A 

design certificate with a limited time period would also be an acceptable solution. The possibility and 

applicability of a certificate with a limited time period granted for the standard design SMR DH NPP 

should be considered with the Regulator.  

A successful licensing process must include participation of the local, national and international 

community. (IAEA 2010, 17) According to the respective Specific Safety Guide, the community 

should be given an opportunity to present its point of view of the licensing process. As we mentioned 

previously, the SMR DH NPP will be sited close to densely populated areas, probably in industrial 

zones of big cities. This point has a strong influence on the results of the licensing process for a separate 

SMR DH NPP, as well as for all SMR ideology. The requirements of the local and national 

communities involved in the licensing process are considered fulfilled if: 



78 

 

a) The Regulator and the licensee provide an access to relevant information about nuclear facility 

safety and security as well as to the process and its activities. Such information should be available in 

easy accessed sources, like the Internet and mass media. 

b) The licensee arranges regular meetings, hearings and other appropriate events open to public, media 

and all other interested parties. The licensee must announce the places of meetings or hearings in good 

time before the event. 

c) The licensee must give an opportunity to express the public opinion and concerns at the meetings 

and hearings, and communicate with the community via transparent and open channels. 

d) Public comments must be taken into account during all steps of the licensing process. All events 

providing for public participation in the licensing process must be processed, documented and archived 

in a proper way. (IAEA 2010, 17) 

Most of the general requirements of IAEA’s Guide SSG-12 are reflected and described in detail in the 

Finnish National Regulatory Body requirements. The Finnish National Regulatory Body STUK has 

elaborated and is keeping updated the NPP requirement guide “YVL Guides”. The YVL Guides 

contain all requirements that the licence applicant must fulfil during the lifetime of the applied nuclear 

facility. The YVL Guides are divided and structured as Table 15 reflects:  
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Table 15. Division and structure of national YVL guides 

A: Safety management of a nuclear facility (YVL-A.1-A.12) 

This part mostly contains the requirements for the applicant’s organisation and systematic approach 

to nuclear safety and security. Site requirements and NPP siting are described in this part, as well 

as general approaches to the ownership, decision-in-principle, construction licence and operational 

licence application process of the nuclear facility. 

B. Plant and system design (YVL-B.1-B.8) 

It contains the general description of the main features of a nuclear facility, safety and security 

related components and requirements for their selection. 

C: Radiation safety of a nuclear facility and environment (YVL-C.1-C.7) 

This part contains the description of measures for the radiation impact mitigation regarding people 

and the environment. 

D: Nuclear materials and waste (YVL-D.1-D.7) 

It contains the requirements for the supply and transportation of the fresh nuclear fuel, fuel handling 

and storing in a nuclear facility, temporary storage of the used fuel within the facility, and final 

disposal of the used fuel. 

E: Structures and equipment of a nuclear facility (YVL-E.1-E.12) 

This part contains the detailed requirements for the NPP components. 

 

 

Studying the concept of RUTA-70 for the assessment of compliance with the YVL Guide design 

related requirements, it is enough to check the RUTA-70 concept in terms of some chosen 

requirements of YVL.B-1 “Safety Design of a Nuclear Power Plant (Revision 15.06.2019)” as Table 

16 demonstrates.  
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Table 16. Comparison of YVL B series requirements with respective characteristics of the 

RUTA-70 concept.   

YVL B series requirements Respective features of the RUTA-70 concept 

YVL.B-1 §322: 

All systems and equipment at a nuclear facility 

shall be divided into sufficiently small sub-

assemblies (configuration units) in order to 

ensure that they are readily identified and easy to 

monitor and manage. 

 

RUTA-70 has a simple configuration without the 

steam circuit, and details of the design of RUTA-

70 are known. Use of the VVER-440 

components provides for a transparent and 

understandable configuration. 

Complies evidently but needs more 

demonstration.  

YVL.B-1 §348: 

The solutions and methods chosen during the 

course of the design shall be based on proven 

technology and operating experience, and they 

shall be in compliance with the applicable 

standards. The design shall strive for simplicity. 

If new solutions are proposed, they shall be 

validated through tests and experiments. 

 

The RUTA-70 reactor core is based on the 

VVER-440 components that have accumulated 

enough OE from Loviisa-1 and Loviisa-2 NPPs, 

among other, to justify its reliability. 

Complies evidently but needs more 

demonstration. 

YVL.B-1 §350: 

Probabilistic risk assessments (PRAs) shall be 

used to assess the probability of severe reactor 

core damage; the probability of a major release 

of radioactive substances, the balance of the 

design; and the risk significance of systems, 

structures and components. Detailed 

requirements concerning the probabilistic risk 

assessment are given in Guide YVL A.7. 

 

RUTA-70 must be analysed in terms of risks of 

reactor core damage with core melting by using 

probabilistic risk analyses. 

 

YVL.B-1 §402: 

According to Section 11(1) of STUK regulation 

STUK Y/1/2018, in ensuring safety functions, 

inherent safety features attainable by design 

shall be primarily utilised. In particular, the 

combined effect of a nuclear reactor's physical 

 

The RUTA-70 negative reactivity feedback by 

fuel and by coolant specific volume fulfil the 

respective requirement. 

Complies provably.  
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feedback characteristics shall be such that it 

mitigates the increase in reactor power. 

YVL.B-1 §445a: 

The reactor shall have a fast shut-down system 

employing solid neutron absorbers that alone, or 

in combination with the reactivity poison 

provided by the emergency core cooling system, 

is capable of shutting down the reactor into a 

controlled state and keeping it subcritical for a 

prolonged period of time after any anticipated 

operational occurrence or postulated accident in 

such a way that the limits set forth for fuel 

integrity, radiological consequences and primary 

circuit pressure in class 1 or class 2 postulated 

accidents are not exceeded. 

 

RUTA-70 is equipped with RCCA that performs 

instant shut-down of the reactor. The RCCA 

shut-down system makes use of gravity.  

Complies provably. 

YVL.B-1 §446: 

In addition to the fast shut-down system based 

on solid neutron absorbers, the reactor shall have 

a diverse shut-down system capable of shutting 

down the reactor into a controlled state and 

keeping it subcritical for a prolonged period of 

time following an initiating event of any 

anticipated operational occurrence in such a way 

that the limits set forth for fuel integrity, 

radiological consequences and overpressure 

protection in design extension conditions. The 

shut-down system that complies with the 

diversity principle shall satisfy the (N+1) failure 

criterion. 

 

RUTA-70 is not equipped with a parallel reactor 

shut-down system. However, there is no 

technical obstacles to stipulate a parallel reactor 

shut-down system based on a boron injection 

solution. 

Does not comply.   

YVL.B-1 §448a 

It shall be possible to carry out fuel cooling in 

the reactor and the removal of residual heat from 

the reactor and containment in anticipated 

operational occurrences so that the limit values 

 

States that the residual heat removal system 

(N+2) should autonomously prevent spreading 

of the radioactive material for 72 hours. RUTA-

70 is stated to stay safe regarding residual heat 
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set for fuel integrity, radiological consequences 

and overpressure protection are not exceeded. 

removal for a much longer period than the 

respective paragraph requires, with the separate 

air heat sink system for emergency shut-down 

which is a part of passive safety systems. 

Residual heat removal could also be carried out 

with the natural circulation of coolant as an 

inherent pool-type reactor feature. 

Complies provably, but needs improvement.    

YVL.B-1 §454: 

The reactor shall be kept subcritical in all its 

possible temperatures without a scram system 

based on solid neutron absorbers. Subcriticality 

can also be ensured with merely solid neutron 

absorbers in situations where they are operable. 

The function shall fulfil the single failure 

criterion. 

 

RUTA-70 can be switched to the subcritical state 

without the RCCA-based shut-down system. 

The actual concept of RUTA-70 does not 

describe a plant automation architecture. 

However, during its design, the following 

requirements must be considered, especially in 

terms of unattended operation. 

Complies provably. 

YVL.B-1 §5206: 

No solutions based on wireless data transfer may 

be used in the safety functions. 

 

Wireless data transfer is not allowed for use for 

the security and safety functions. This restrictive 

requirement could be interpreted as a 

requirement for a signal from instant shut-down 

button to be transferred from the control room 

only by wires. The RUTA-70 power plant is 

planned to be operated remotely from a 

consolidated control room, which is located at a 

distance of tens of kilometres. Thus, the RUTA-

70 design must provide for wiring between 

power plants and a control room. A signal cable 

for the safety functions of RUTA-70 is a 

sensitive subject in terms of the risks of its 

damaging or unauthorised access to it, so the 

concept of unattended control must be 

considered with the national regulator. 
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Complies provably.  

YVL.B-1 §5216: 

The nuclear reactor instrumentation shall be so 

designed as to provide sufficiently accurate and 

reliable input data for the determination of the 

reactor power distribution and the reactor’s 

thermal margins. Necessary calculations of these 

reactor parameters shall be conducted 

automatically and with a frequency necessary to 

ensure the maintenance of the operating 

conditions of the reactor. 

 

The core instrumentation must be designed to 

instantly reflect information about fails or 

malfunctions. In VVER-440, each FA is 

equipped with the required instrumentation in 

the central rod of the FA. OE of Loviisa NPP 

must be used in RUTA’s fuel design stage. 

Complies provably. 

 

As stated in §5.1.2, RUTA-70, like any other power plant with a thermal power exceeding 50 MW, 

must follow two stages of the pre-construction period: the decision-in-principle and construction 

licensing stages. Nuclear Energy Decree 1988) According to the Nuclear Energy Decree 1988/161 

§32, application for the construction licence, in addition to vendor transparency declaration, must 

include the following:  

1) Proof of the applicant's right to use the site planned for the nuclear facility. 

Site ownership or rental evidence must be delivered to STUK. Normally, this is expected to be a site 

of the energy company, which will be the owner of the RUTA-70 plant in the future. 

The RUTA-70 project is capable of fulfilling this requirement prior to the start of the licensing process. 

 

2) A description of the design and other activities and planning arrangements at the planned nuclear 

facility site and in its immediate vicinity. 

RUTA-70 will have the typical configuration solution, so each RUTA-70 plant will have the same 

features and same configuration, layouts and architecture.  

The RUTA-70 project is capable of fulfilling this requirement prior to the start of the licensing process. 

  

3) A description of the type of the nuclear facility to be constructed, and the planned suppliers of the 

essential parts. 

The RUTA-70 plant must be designed within the frame of Basic Design before application for the 

construction licence. The RUTA-70 plant must be designed within the frame of Detail Design when 

the suppliers of essential parts are selected, before applying for the licence. RUTA-70 has quite a 

simple configuration, long produced equipment only includes the reactor vessel, the reactor core 
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internal equipment and the RCCA with its mechanisms. Piping, valves, pumps and heat exchangers 

are serial production equipment.  

The RUTA-70 project is capable of fulfilling this requirement prior to the start of the licensing process. 

 

4) A description of the quality and maximum amounts of the nuclear materials or nuclear waste that 

will be fabricated, produced, handled, used or stored at the nuclear facility. 

The RUTA-70 core configuration, fresh fuel component masses, burn-up parameters, downloaded fuel 

components and radionuclides with radioactivity features are already known. This requirement does 

not include the Used Fuel Management plan.  

The RUTA-70 project is capable of fulfilling this requirement prior to the start of the licensing process. 

 

5) An outline of the technical operating principles and features and other arrangements that are used 

to ensure safety of the nuclear facility. 

At the moment, RUTA-70’s safety is ensured by its inherent features, which include negative reactivity 

feedbacks and a natural circulation option, as well as instant shut-down by the SCRAM system. 

Currently, RUTA-70 does not have a second shut-down system, which could be a boron injection 

system to fulfil the YVL.B-1 requirements. 

The RUTA-70 project is capable of fulfilling this requirement prior to the start of the licensing process. 

 

6) A description of the safety principles that the applicant intends to observe, and an evaluation of the 

fulfilment of the principles. 

RUTA-70 is a technical concept that has not been developed based on the safety principles described 

in Chapter 5.3. Although RUTA-70 has all required safety features and options, this subject shall be 

organised and systemised to elaborate a transparent and understandable safety and security concept of 

the RUTA-70 DH power plant.  

The RUTA-70 project is capable of fulfilling this requirement prior to the start of the licensing process. 

 

7) A description of the nuclear facility impact on the environment and a description of the design 

criteria that will be observed by the applicant in order to avoid environmental damage and to limit the 

environmental load. 

Description of the nuclear facility impact is the 5th level of the DiD principles. The RUTA-70 DH 

power plant design should be considered through the DiD ideology; all required initial data are 

available. 

The RUTA-70 project is capable of fulfilling this requirement prior to the start of the licensing process. 
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8) An outline of the operating organisation planned for the nuclear facility. 

As previously considered, RUTA-70 will be designed for a remote operation mode. At the moment, 

unmanned and unattended remote operation is not practically possible within the existing YVL guides. 

The unmanned RUTA-70 project is not capable of fulfilling this requirement prior to the start of the 

licensing process if the YVL Guides are not changed. 

 

9) A description of the applicant's plans for arranging the nuclear fuel management. 

As described previously, RUTA-70 burns the cermet or UO2 fuels with the same design, components 

and materials as the VVER-440 reactor does. Nuclear fuel production, transportation, reloading 

measurements follow the same fuel management algorithm as Loviisa NPP does.  

The RUTA-70 project is capable of fulfilling this requirement prior to the start of the licensing process. 

 

10) A description of the applicant's plans and available methods for arranging the nuclear waste 

management, including decommissioning of the nuclear facility and disposal of nuclear waste, as well 

as a description of the schedule of the nuclear waste management and its estimated costs. 

According to the Nuclear Energy Act, nuclear waste generated in connection with or as a result of use 

of nuclear energy in Finland shall be handled, stored and permanently disposed of in Finland. At the 

moment, spent fuel is being temporarily stored by Fortum Oyj and TVO Oy at their NPP sites; the 

permanent disposal site Onkalo is under construction for the needs of Fortum Oyj and TVO Oy. The 

applicant must resolve the problem of spent fuel, decommissioning of the RUTA-70 power plant and 

the nuclear wastes.  

The RUTA-70 project is capable of fulfilling this requirement prior to the start of the licensing process. 

Storing and final disposal of the used cermet fuel must be studied regarding compliance with actual 

requirements.   

 

11) A description of the economic viability of the nuclear facility project and its other financial 

prerequisites. 

Economic assessment of the RUTA-70 power plant must be performed, and the implementation cost 

must be calculated during the stage of Basic Design. Due to a simple configuration and significant 

share of serial production components, certain implementation costs will be calculated. 

The RUTA-70 project is capable of fulfilling this requirement prior to the start of the licensing process. 

 

12) The cost estimate and financing plan of the nuclear facility project. 

Similar to the requirement 11 above. 

The RUTA-70 project is capable of fulfilling this requirement prior to the start of the licensing process. 
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13) The applicant's financial statements for the last five years. 

Organisation of the applicant, shareholders and management of the project company must be arranged 

since the Basic Design stage. 

The RUTA-70 project is capable of fulfilling this requirement prior to the start of the licensing process. 

 

14) A description of the expertise available to the applicant and the organisation implementing the 

construction project. 

Similar to the requirement 13 above.  

The RUTA-70 project is capable of fulfilling this requirement prior to the start of the licensing process. 

 

15) Any other description considered necessary by the authorities.  

Depends on the nature of descriptions considered necessary by the authorities.  

 

It is important to understand that for the construction and operation of the same RUTA-70 power plant 

in different locations, only requirement 1 will be different for different power plants. All other 

technical requirements for the construction licence are nearly the same for each new power plant. 

Theoretically, when the national regulator approves the documentation items 2-15, there is only a 

formal need for approving this documentation for a new power plant. This situation could mean that 

the national regulator considers all application documentation for each new power plant within the 

existing legislation, but evaluation efforts, taken by STUK, will be focused on selecting the power 

plant site and inspecting the new application for alternation of typical solutions.      

5.3. Manufacturing of RUTA-70 equipment in Finland 

As we have described in Chapter 5, RUTA-70 has a simple configuration in comparison to 

conventional NPPs. The evaluation of the manufacturing quality of RUTA’s components is feasible 

after the development of safety classification for each component (SC1, SC2, SC3 and Class EYT); 

anyway, there is a probability of successful equipping of RUTA with EU-made components. The most 

important mechanical parts are the nuclear reactor vessel with the internal equipment, the RCCA with 

the drive mechanism, piping with the valves, the coolant pump and the heat exchanger. 
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5.3.1. Reactor Vessel 

In contrast to a conventional reactor vessel, RUTA-70 is a pool-type vessel without pressure on the 

pool water surface. Due to this conceptual difference, the criteria of the reactor building should be set 

with a different priority than in case of pressurised reactors. For the material of the reactor vessel, the 

following requirements are set in terms of chemical composition: 

a) High strength of structural steel 

The VVER type vessel steel has a sufficient OE to be selected also for the RUTA-70 vessel. 

Mechanical characteristics of 15Х2НМФА, 15Х2НМФА – А and 15Х2НМФА class 1 grades are 

listed below in Table 15.  

Table 17. The Main Mechanical Properties of the VVER-440 Pressure Vessel Steel. 

 

Steel grade 
Mechanical properties (200C) 

Re (N/mm2) Rm (N/mm2) 

A 

(%) 

15Х2НМФА 

460 610 15 15Х2НМФА – А 

15Х2НМФА class 1 

 

where  Re (N/mm2) is the yield stress  

Rm (N/mm2) is the tensile strength 

A (%) is elongation  

 

The steel grades listed above differ in their components, especially in Ni and Cu. Both cause radiation 

embrittlement of the reactor vessel in the case of activation, however, in the case of RUTA-70, the gap 

between the reactor core and the reactor vessel is big enough to minimise the embrittling influence of 

neutron flux on the reactor vessel. 

The yield strength of structural steel is too high for the RUTA-70 vessel, but OE could be a valuable 

feature that should be taken into consideration. Thickness of the vessel walls for RUTA-70 must be 

scaled. Alternatively, ASME A508 class 3 steel grade could be used, since the respective grade is used 

by AREVA and Westinghouse for their reactor pressure vessel structure steel and has gathered almost 

the same OE as the VVER-440 steel did. 

   

b) Good weldability of structural steel 

Weldability of structural steel is evaluated with the coal equivalent that is calculated with equation  
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𝐶𝐸𝑉 = 𝐶 +
𝑀𝑛

6
+
𝐶𝑟 +𝑀𝑜 + 𝑉

5
+ (𝑁𝑖 + 𝐶𝑢)/15 

 

 

 

According to Russian technical requirements for nuclear reactor structure steel ТУ 0893-013-

00212179-2003, the percentage values of respective additives inserted into the equation are as below.  

 

𝐶𝐸𝑉 = 0.18 +
0.60

6
+
2.3 + 0.7 + 0.12

5
+
1.5 + 0.3

15
= 1.024 

Thus, the carbon equivalent for the VVER steels is over 1, which means difficult weldability overall. 

After scaling the vessel walls, the problem of weldability could be solved with an appropriate complex 

of pre-heating and after-heating of the vessel during production welding.   

 

c) High corrosion resistance of structural steel 

The VVER steel as it is does not resist corrosion by itself. The VVER reactor vessels are also coating-

welded on all internal vessel surfaces with two layers of austenitic stainless steel. Св-07Х25Н13 

coating material has 23-26%Cr and 12-14Ni.  

  

d) High radiation resistance and poor activation of structural steel  

Being a problem for big reactor vessels, resistance to activation and initiation of radiation 

embrittlement do not have influence in the case of RUTA-70. As declared above, the neutron flux does 

not reach the vessel wall with a degree of intensity required to cause radiation damage to structural 

steel. Despite that, YVL-E.3§629 requires avoiding of welds in the belt of a strong neutron flux, so 

manufacturing details of the RUTA reactor vessel must be discussed with STUK. 

 

The manufacturing of a reactor vessel for large reactors is clearly limited by the production of 

prefabricated rings that is done properly in Japan and Russia. Due to high temperatures and pressures, 

the part of the reactor vessel opposite to the reactor core is made as one solid ring at Japan Steel Works 

and Russian Atomenergomash. Instead of that, the RUTA-70 pool-type reactor design temperature and 

pressure parameters allow manufacturing of the reactor vessel in Finland. Wide experience in the paper 

industries with cellulose production could be used for the manufacturing of the RUTA-70 reactor 

vessel. For example, ViaFin Terästorni Oy manufactures cellulose reactors for aggressive substances, 

pulp, chemicals and steam. The design lifetime of paper mill reactors could be decades, and they are 

intended for higher temperatures and pressures than RUTA’s corresponding parameters. The RUTA-
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70 reactor vessel has a design diameter of 2 200 mm, which makes it easy to manufacture, transport 

and install. 

 

Even though the reactor vessel could be manufactured in Finland, the reactor’s internal structures, 

mostly the FA holders, should be manufactured in Russia by an experienced supplier to match with 

the delivered FA. This activity is monopolised by GK Rosatom, and equipment could be delivered by 

Rosatom along with nuclear fuel and RCCA. Fuel production is in competence with TVEL Ltd, and 

the manufacturing of the RCCA drives mechanism is a responsibility of NIKIET Ltd, both are 

subsidiaries of Rosatom. YVL Guides E.3§637-642 should be applied, and the VVER-440 experience 

must be used to the fullest.   

5.3.2. Other Equipment 

 

RUTA-70 is designed to be assembled of components of serial production except for the reactor vessel 

and its interior. The piping, valves, pumps and heat exchangers must be selected from a typical 

production supply line with appropriate quality requirements, quality assurance and quality control 

procedures. Some features that come from the YVL Guides should be taken into account as follows: 

  

Heat exchangers (YVL-B.2§307) 

Heat exchangers with one side connected to the piping classified with a higher safety class and the 

other side connected to the piping classified with a lower safety class are, in their entirety, classified 

as the higher safety class.   

 

Piping (YVL-E.3§643-650) 

The primary circuit piping must be designed and calculated. RUTA-70 has already requested the 

calculations, so hydrodynamic dimensioning is already performed with consideration of losses in the 

piping. 

 

Valves (YVL-E.8§501-525) 

During the selection of valves for the primary circuit, YVL-E.8§508 and 509 must be considered. 

Safety class 1 and 2 valves shall be monitored in real time. Also, valve position data significant for the 

nuclear facility’s safety shall be available in real time in the control room. 
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Pumps (YVL-E.9§502-513) 

The structural design and dimensioning of pumps shall be based on standard ASME Boiler & Pressure 

Vessel Code (Section III, Division 1), relative to Safety Class 1 – on Subsection NB-3400, and relative 

to Safety Class 2 – on Subsection NC-3400. Performance of the Safety Class 1 and 2 pumps shall be 

monitored in real time.  

 

The KELPO project was launched in 2018 to suggest ways to develop the licencing and qualification 

practices in Finland. The project was co-operation of the Finnish licence holders/licensees as 

Fennovoima Oy, TVO Oy and Fortum Oyj, in which the Finnish nuclear authority STUK has also 

participated. As a result, certain changes in order to make the licensing and qualification practices 

more functional are proposed to the regulator. The project is focused mostly on mechanical equipment 

of lower safety classes as well as on the Finnish licensing framework. (Palo et al. 2018, 4) At the 

moment, there are no certain results of this project’s activities, and there is still a need for typical 

approval of low safety class equipment, and licensees together with national regulator are working on 

it. 
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6. CONSIDERATIONS 

The discussion on climate change is constantly getting more and more active. On September 24, 2019, 

Russia, known as one of the biggest producers and users of crude oil and coal, joined the Paris 

Agreement. The previous Finnish Government had announced measures to decrease CO2 emissions 

by accelerating carbon neutral energy generation. The present Government has set the target to make 

Finland nearly emission-free in energy production by the end of the 2030. In the global climate context, 

this goal should be supported in the near future by practical measures aimed at achieving an emission-

free society. 

The problem of becoming emission-free does not stand alone. Electric power generation in Finland is 

self-sufficient only for 80%, more than 20% of the consumed electric power has been imported from 

abroad. The domestic growing demand for energy as well electricity in the form of heat are being 

fulfilled by the deployment of new CHP and boiler plants, despite the recognition by energy companies 

of changes in electricity production over the next 20 years. Moreover, today’s energy is generated 

mostly as a combination of electric power and heat by conventional CHP power plants. If energy 

generation must be emission-free in 20 years, Finland must build a separate entity for electric power 

generation, whether it is a combination of wind, solar and nuclear generation. Wind and solar energy 

do not generate heat; nuclear power production at conventional “large” power plants rules out the 

utilisation of the heat due to too long a distance between an NPP and consumers’ DH transmission and 

distribution grids. As we described in Chapter 2.4, population tends to migrate to big cities, so the 

countryside with a decentralised heat demand fulfilled by small boiler plants will become empty, and 

the big city agglomerations with the demand fulfilled by large DH plants will keep on growing. The 

building of a conventional NPP with 80 tons of UO2 in the core as close to a city agglomeration as 

necessary to deliver heat power into DH networks is nearly impossible due to contemporary legislation 

and understandable social fear of nuclear hazards coming from large NPPs. This could mean that the 

energy companies of growing cities, as well as the Finnish Government, must resolve the problem of 

heating of cities as an entity that is separated from electric power generation. There are some 

theoretical solutions to this problem, but they are still uncertain and raw. We assume that LSHPs can 

serve DH grids with a maximum power of 100 MW, but the DH production of existing power plants 

such as Helen Oy’s Hanasaari B and Vuosaari B, 429 MW each, cannot be sustainably and securely 

covered by LSHP. The city of Espoo has introduced its carbon-neutral DH program “Espoo Clean 

Heat” that includes the Kivilahti biomass-fired boiler plant of 49 MW (commissioning in 2020), 

Otaniemi Geothermal Heat Plant of 40 MW (commissioning in 2020), Suomenoja LSHP plant of 20 

MW (commissioning in 2021), with the total capacity of 109 MW. Today Fortum Power & Heat Oy 

operates Suomenoja 1 & 2 CHP plants on natural gas fuel taking 375 MW heat power, and heat-only 



92 

 

boiler plants in Kivenlahti, Tapiola, Suomenoja 1 and Otaniemi with the overall heat power of 570 

MW, see Appendices 2 and 3. Being a self-sufficient energy company, Fortum Power and Heat will 

be forced to replace all fuel-fired plants, which only in Espoo are estimated to be 905 MW. Now there 

is a solution for replacing 109 MW, but the Kivilahti biomass boiler is not even emission-free, it is 

carbon-neutral. Thus, an imbalance between the emission-free future and the actual tool to respond to 

the growing demand for energy is evident. 

SMR is a growing trend within nuclear power generation. Most of the SMR designs use features of 

large NPPs, such as neutronic, thermal hydraulic and safety parameters. For PWR SMRs, thermal 

spectrum neutrons sustain the nuclear fission reaction controlled by RCCA. Coolant temperature at the 

core outlet is within the range of 285-3450C with a vessel pressure of 6.9 – 15.5 MPa, which is close 

to typical parameters of large conventional NPPs. The most common innovation in PWR SMRs is its 

integral configuration where the reactor pressure vessel and steam generators are put inside the 

containment together. Such configuration again follows that of conventional big NPPs; thus, PWR 

SMR is a scaled copy of a large NPP with innovations and novel technologies that have little previous 

operating experience.  

RUTA-70 is designed according to a different ideology in comparison to other SMRs. RUTA-70 is a 

pool-type reactor with atmospheric pressure on the pool water surface, so the RUTA-70’s pressure 

parameters differ from those of typical SMRs. This means that the reactor pressure vessel equipped 

with a leak detecting system, as YVL Guides require, cannot be damaged technically by a pressure 

that causes the rapid LOCA. An unpressurised reactor vessel state most probably cannot cause any 

cracks in the structural steel of the vessel. Negative reactivity feedback by coolant density, coolant 

temperature and fuel temperature together with RCCA generally keep the reactor in a critical state; a 

reactivity control accident is virtually impossible.  

RUTA-70’s temperature parameters differ from a typical PWR SMR. The maximum coolant 

temperature of 1010C in a normal operational state can increase up to 1180C in a reactor shut-down 

state. According to the failure criterion N+2, if the reactor shut-down is combined with a complete 

power outage, the forced circulation of the coolant will be replaced by natural circulation. There are 

no calculations of the coolant evaporating time to the water surface level of the reactor core, but we 

can estimate it being sufficient to initiate additional residual heat removal measures for the next 72 

hours, if these measures are needed in principle. Additionally, the cermet fuel temperature is not going 

over 1800C, so the temperature of cladding material melting of 18600С cannot be achieved if the 

coolant remains in the reactor vessel. That makes a probability of the BDA with the reactor core 

melting to be zero. The reactor core has been built based on the technical solutions of VVER-440, 
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which are referent for the Finnish nuclear industry and collected from an accident-free OE during the 

past 40 years. 

Due to the reactor’s unpressurised operating state, very low temperature, inherent safety features and 

referent core configuration, RUTA-70 can be referred to as one of the safest nuclear power plants. 

STUK’s position regarding safety fundamentals is clear: all new approaches, which include 

innovations in safety and novel technologies, require demonstration; in other words, either reliable 

experimental evidences or provable OE (IAEA 2018(2), 39). Since the Finnish nuclear industry 

manages the VVER-440 technologies used in RUTA-70, and the OE with the pool-type research 

reactor TRIGA Mark II in Espoo among a densely-inhabited area is positive, RUTA-70 could be a 

trustable base load heat power source for the existing DH systems with qualitative adjustment. 

However, in this role RUTA-70 does not resolve the problem of replacing the heat generation facilities 

by itself; a peak load power plant is needed. At the moment, either direct electrical heating or peak 

demand burning-based boilers are a reliable solution to meet the peak load demand.  

RUTA-70 is an emission-free, sustainable, efficient and self-sufficient heat source for DH grids with 

the quantitative adjusting method of power. The change in the way in which district heating is 

consumed based on anticipating heating and smoothing of demand peaks is relevant at any moment. 

Preventive and anticipating DH adjusting during the coldest periods makes extremely expensive peak 

load production unnecessary; thus, a trend to switch over to anticipating DH consumption is evident. 

RUTA-70, as a strong candidate to replace hydrocarbon and carbon fuel fired power plants, with six 

RUTA-70 blocks in a row and a united control room, can replace the production of Vuosaari B or 

Hanasaari B without investments in transmission pipelines. Four RUTA-70 blocks in a row designed 

and built into an underground coal storage could replace the heat generation share of 300 MW of the 

Salmisaari B power plant.  

Before considering the development of the RUTA-70 concept, two non-technical problems must be 

solved. The first is the political acceptability of nuclear power in general and SMRs in particular. The 

second problem is EPZ. As we have stated earlier, RUTA-70, as well as any other DH power plant, 

must be sited near consumers, i.e. in compactly inhabited city areas. EPZ lies in the responsibility of 

the National Regulator. RUTA-70’s design and technical features rule out the possibility of radioactive 

material spreading outside the power plant due to zero-probability of core explosion or melting. A 

mechanical failure in the fuel rod cladding could be classified as a postulated event for radioactive 

material spreading into the primary circuit. However, the higher pressure of the secondary circuit and 

the reactor coolant purification system will prevent the spreading of radioactive materials outside the 

power plant. Defining the EPZ for RUTA-70 in Finland, STUK “can review how the licensee has 
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evaluated the matter, what are the major safety requirements that the licensee has identified for the 

application and how the safety requirements are fulfilled” (IAEA 2018(2), 39). Thus, the minimisation 

of the EPZ area is the result of a Probabilistic Risk Assessment, and RUTA-70 has excellent pre-

conditions to be approved for siting in densely inhabited city areas. 

There are no unsolvable technical problems for the development of the RUTA-70 concept for its 

realisation in Finland. Under the guidance of the Government program and emission-free targets, there 

is room for about 70 RUTA-70 reactor units for the replacement of new capacities of existing CHPs 

and 60 RUTA-70 reactor units for the replacement of boiler plants. 
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7. CONCLUSIONS 

SMRs offer a reliable option for a massive and rapid decarbonisation of energy generation in Finland. 

In terms of DH, either heat-only DH NPPs or heat-and-power NPPs based on the SMR concept seem 

to be a competitive, sustainable and long-term solution to replace DH energy generation facilities. Due 

to tendencies of population migration to mid-size and large cities, DH demand is projected to stay at 

the same level or to grow. Taking into consideration LSHPs as an alternative heat production 

technology, DH NPPs could be the only opportunity to respond to the DH demand within over 100 

MW power plants.  

The studied RUTA-70 DH NPP concept is a technically feasible option for deployment in most mid-

size to large Finnish cities. The double-reactor RUTA-70 DH NPP could generate 140 MW at the peak 

demand period. For the low demand period, one unit of the pair could be shut down, and the active 

unit could be adjusted to the required power level. The RUTA-70 concept complies with most technical 

requirements of legislation. Due to the reactor type, moderate temperature and inherent safety 

characteristics, RUTA-70 can be deployed near cities with a high population density. The RUTA-70 

concept, in terms of the reactor core, exploits technical solutions of the VVER reactors that have 

sufficient OE and their safety is demonstrated and proved.  Technical improvements in design in terms 

of the parallel shut-down system and the residual heat removal system can be implemented within 

normal design measures without essential changes to the concept.  

However, the implementation of the RUTA-70 concept will meet severe obstacles at its DiP and 

licensing stages. The Nuclear Energy Act requires a political decision for any nuclear facilities with a 

thermal power of over 50 MW. Applying for the DiP dozens of times makes the rapid formation of the 

RUTA-70 DH NPP fleet almost impossible. A new procedure for the design certification for SMRs 

could be a working solution for the DiP stage. Also, actual EPZ requirements block out the deployment 

of the RUTA-70 DH NPP fleet due to a lack of proper sites for NPP construction. The actual size of 

an EPZ has been determined for conventional NPPs with a thermal power of over 1000 MW. Despite 

severe consequences of a postulated accident in a conventional NPP, the RUTA-70 concept 

demonstrates highest safety characteristics that make it possible to limit an emergency zone to an 

actual 5 km radius of the power plant zone. Of course, a comprehensive PRA should be implemented 

first.  

Due to the atmospheric design pressure, moderate coolant temperature in a pool-type reactor as well 

as moderate cermet fuel temperature, the RUTA-70 DH NPP components could be manufactured in 

Finland, including the reactor vessel. The small size of the reactor core brings the neutron flux impact 

to a minimum; hence cracking of the reactor vessel because of the radiation embrittlement of structural 
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steel is limited, especially in the reactor with atmospheric pressure on the pool surface. By this, the 

requirement of a seamless section opposite to the reactor core in the reactor vessel could be eliminated.  

Thus, RUTA-70 DH NPP is a technically feasible solution for the replacement of DH energy 

generation, with insignificant improvement of the design solutions. The obstacles in the deployment 

of RUTA-70 NPPs are evident in DiP and EPZ considerations as well as in the requirement of manned 

control room for each NPP.      

This Master’s Thesis is intended for existing energy companies that operate in cities with the projected 

population grow, as well as for new DH operators who are planning heat production and trading within 

a discussion about third-party access (TPA) to DH networks.   
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APPENDIX 1. Table 4. CHP Power Plants by Installed DH Power Over 100 MW and their Fuel 

(Finnish Energy 2017).  

DH Supplier, CHP plant name 

Installed DH 

power (MW) Fuel 

With contractual obligations     

Elenia Lämpö Oy, Vanaja 110.00 wood 

Fortum Power and Heat, Suomenoja 1 162.00 natural gas 

Fortum Power and Heat, Suomenoja 2 213.00 natural gas 

Fortum Power and Heat, Joensuu 101.00 peat 

Helen Oy, Salmisaari B 300.00 coal 

Helen Oy, Hanasaari B 429.00 coal 

Helen Oy, Vuosaari A 158.00 natural gas 

Helen Oy, Vuosaari B 429.00 natural gas 

Kuopion Energia Oy, Haaapaniemi 2 and 3 235.00 peat 

Lahti Energia Oy, Kymijärvi 185.00 coal 

Oulun Energia Oy, Toppila 2 170.00 peat 

Oulun Energia Oy, Toppila 1 157.00 peat 

Pori Energia Oy, Aittaluoto 100.00 peat 

Tampereen Sähkölaitos Oy, Naistenlahti 264.00 natural gas 

Tampereen Sähkölaitos Oy, Lielahti 160.00 natural gas 

Vantaan Energia Oy, Martinlaakso 2 145.00 coal 

Vantaan Energia Oy, jätevoimala 117.00 waste 

Independent      

Alholmens Kraft Oy, Pietarsaari AK2 100.00 peat 

Jyväskylän Energiatuotanto Oy, Rauhalahti RAI 1 140.00 peat 

Jyväskylän Voima Oy, Keljonlahti 250.00 peat 

Kainuun Voima Oy, Kainuu 100.00 wood 

Kaukaan Voima Oy, Lappeenranta 110.00 industrial wood waste 

Laanilan Voima Oy, Oulu 100.00 peat 

Turun Seudun Energiatuotanto Oy, Na 4 230.00 wood 

Turun Seudun Energiatuotanto Oy, Na 3 174.00 coal 

Turun Seudun Energiatuotanto Oy, Na 2 175.00 coal 

Vaskiluodon Voima Oy, Seinäjoki, Sevo 100.00 peat 

Vaskiluodon Voima Oy, Vaasa, Vaskiluoto 2 175.00 coal 
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APPENDIX 2. Heat-Only Boiler Power Plants by Installed Power (Over 100 MW), Number of 

Units and Fuels (Finnish Energy 2017) 

DH Supplier, heat-only boiler plant name 

Installed DH 

power (MW) Units Fuel 

With contractual obligations       

Etelä-Savon Energia Oy, Pursiala 120.00 3 peat 

Fortum Power and Heat, Kivenlahti 130.00 2 HFO 

Fortum Power and Heat, Tapiola 160.00 2 natural gas 

Fortum Power and Heat, Suomenoja 1 160.00 1 coal 

Fortum Power and Heat, Otaniemi 120.00 3 natural gas 

Helen Oy, Alppila 136.00 4 LFO 

Helen Oy, Munkkisaari 235.00 5 HFO 

Helen Oy, Ruskeasuo 248.00 4 HFO 

Helen Oy, Lassila 324.00 4 natural gas 

Helen Oy, Patola 228.00 6 natural gas 

Helen Oy, Salmisaari 190.00 1 coal 

Helen Oy, Myllypuro 240.00 2 natural gas 

Helen Oy, Vuosaari 120.00 3 natural gas 

Helen Oy, Hanasaari 282.00 6 HFO 

Napapiirin Energia ja Vesi Oy, Suosiola power plant  107.00 1 peat 

Seinäjoen Energia Oy, Hanneksenrinne 120.00 2 pellets 

Tampereen Sähkölaitos Oy, Nekala 120.00 3 natural gas 

Tampereen Sähkölaitos Oy, Hakametsä 120.00 3 LFO 

Turun Energia Oy, Linna boiler 160.00 4 HFO 

Vantaan Energia Oy, Koivukylä  145.00 4 natural gas 

Vantaan Energia Oy, Maarinkunnas 200.00 5 natural gas 

Independent       

Kainuun Voima Oy, Kajaani 105.00 1 wood 

Kainuun Voima Oy, Kajaani 100.00 1 HFO 

Kainuun Voima Oy 105.00 1 HFO 

Stora Enso Oulu, K3 120.00 1 peat 
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APPENDIX 3. Population Changes in Main Municipalities (Aro, R. 2019, 6) 

 

 


