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A constantly growing demand for industry decarbonization is reflected in European Union 

legislations and national law of each European country. Finland is one of the leading 

countries in this transformation, with a new objective of carbon neutrality declared by the 

Finnish government by 2035. Considering that the industry sector is this country's most 

significant heat consumer, the government's objective can only be met by decarbonizing the 

energy and industry sectors. The bio-industry has a unique role in this field because 

biorefineries deliver carbon-neutral products, allowing fossil fuels to phase out. However, 

they are so far powered by burning their own feedstock and using fossil fuel power 

generation. The solution to this concern could come from small modular reactors (SMR) 

because they are meant to deliver energy to smaller and more separate grids and consumers, 

offering carbon-free, highly dense energy. The assessment provided in this thesis reveals the 

technical and economic integration possibilities of currently offered SMR and microreactor 

applications with specific biorefining technologies, allowing for investment payback in less 

than six years.  
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SYMBOLS AND ABBREVIATIONS  

 

Measure units 

Pressure  [bar, Pa, MPa] 

Calorific heating value [MJ/kg] 

Capacity  [kg/h] 

Fuel burnup   [GW·d/t] 

Power  [GW, MW, kW] 

Weight  [kg, tonne] 

Temperature  [ºC] 

Volume   [m3] 

 

Abbreviations 

ALARA As Low As Reasonable Achievable 

APR Aqueous-phase Reforming 

ASME American Society of Mechanical Engineers 

ATR Autothermal Reforming 

ASCWR Autothermal Super Critical Water Reforming 

BoP Balance of Plant 

BWR Boiling Light-Water Cooled and Moderated Reactor  

COM Commercial 

CRD Control Rod Drive 

CPS Control Protection System 

DBC Design Basis Conditions 



DEC Design Extension Conditions 

Demo/PT Demo plant/Pilot plant 

DHRS Decay Heat Removal System 

DiD Defence in Depth 

DME Dimethyl-ether 

ECCS Emergency Core Cooling System 

EPSS Emergency Power Supply System 

EDG Emergency Diesel Generator 

EPR European Pressurised Reactor 

EPZ Emergency Planning Zone 

EU European Union 

FBR Fast Breeder Reactor 

FCC Fluid Catalytic Cracking 

FCM Fully Ceramic Micro Encapsulated  

FHR Fluoride-salt cooled High Temperature Reactor 

FHTR Fluoride High Temperature Reactor 

GCR Gas Cooled, Graphite Moderated Reactor 

GFR Gas-cooled Fast Reactor 

GWP Global Warming Potential 

HP High Pressure 

HTGR High Temperature Gas Cooled Reactor  

HTR High Temperature Reactor 

HVAC eating Ventilation Air Condition 

HWGCR Heavy-Water Moderated, Gas Cooled Reactor 



HWLWR Heavy-Water Moderated, Boiling Light-Water Cooled Reactor 

HWR Heavy Water Reactor     

I&C Instrumentation and Control 

IAEA International Atomic Energy Agency 

LBE Lead-bismuth Eutectic 

LB LOCA Large Brake Loss of Coolant Accident 

LFR Lead-cooled Fast Reactor 

LMFR Liquid Metal Cooled Fast Reactor 

LOCA Loss of Coolant Accident 

LOOP Loss Of Offsite Power 

LP Low Pressure 

LWGR Light-Water Cooled, Graphite Moderated Reactor 

LWR Light Water reactor 

MCR  Main Control Room 

MOX Mixed Oxide Fuel 

MR Micro Reactor 

MSFR Molten Salt Fast Reactor 

MSR Molten Salt Reactor 

NCBJ National Centre for Nuclear Research 

NI Nuclear Island 

NOx Nitrogen oxides 

NPP Nuclear Power Plant 

NRG Dutch Nuclear Research & Consultancy Group 

NSSS Nuclear Steam Supply System 



PHWR Pressurized Heavy-Water Moderated and Cooled Reactor  

PSA Pressure Swing Adsorption 

PWR Pressurized Light-Water Moderated and Cooled Reactor 

R&D Research & Development 

RPV Reactor Pressure Vessel 

SA Severe Accidents 

SCF Super critical Fluid 

SCWR Super Critical Water Reforming 

SFR Sodium-cooled Fast Reactor 

SGHWR Steam Generating Heavy-Water Reactor 

SMR Small Modular Reactor  

SR Steam Reforming 

STUK Radiation and Nuclear Safety Authority 

TUKES Finnish Safety and Chemicals Agency 

UB Utilities Building 

VHTR Very High Temperature Reactor 

VVER Water-Water Energy Reactor 
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1  Introduction 

The world population has grown fast through the last centuries, reaching 7.888 billion in 

2021. This growth is a consequence of industry development and has been based mainly on 

non-renewable energy and carbon sources from fossil fuels, meaning coal, crude oil, and 

natural gas. Fossil fuels are known for their high energy content and relatively simple supply 

chain, so they have been unlimitedly harvested, burnt, and converted to obtain energy, heat, 

and diverse chemical compounds that are present in most of the products we use daily. 

However, such a significant dependency on fossil fuels has revealed the main drawbacks of 

their use. Many European countries, such as Finland, do not have their own fossil fuel 

deposits and are forced to rely on external supplies, being vulnerable to interfaces from fossil 

fuel-rich countries. Burning such fuels comes with a rise in CO2 content in the atmosphere 

and consequently limits change, which many countries regulate now through restrictive laws 

banning fossil fuel use. The world's natural deposits of fossil fuels are not renewable and 

will eventually deplete. Therefore, Europe's market for renewable biofuels, hydrogen, and 

clean nuclear energy has grown in recent years. This movement has rapidly accelerated in 

the face of military conflict in Ukraine and resulted in sanctions put on Russian import of 

fossil fuels. The earlier idea of decentralized nuclear power in the form of Small and micro 

modular reactors started to attract more and more investors and governments. Several 

countries have already been working on implementing small and micro modular reactors, 

including their integration with the existing infrastructure of coal power plants being phased 

out.  

Nuclear energy and biorefining have been clear courses chosen by Finland to substitute fossil 

fuels and reach full sustainability. With more than 70 % of the land area covered with forest, 

the country is rich in lignocellulosic biomass, so wood processing is a critical part of its 

industry. However, as a Nordic country with cold, long, and dark winters, it needs much 

more energy than can be obtained from woody biomass. On the other hand, the Government 

of Finland has set an objective to make Finland carbon-neutral by 2035. The most significant 

portion of this objective will come from nuclear power and woody biomass refining. Finland 

has a well-established nuclear licensing process and several nuclear reactors being in 

operation. However, the recent experience with large nuclear reactor construction in this 

country could be more positive in terms of the construction process and deadlines. The 1600 
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MW European Pressurised Reactor (EPR) Olkiluoto 3 was connected to the grid on March 

12, 2023, almost 17 years behind schedule. Since then, the reactor has been working quite 

well despite a few unplanned maintenance breaks. Also, the contract for the construction of 

1200 MW Water-Water Energy Reactor (VVER) Hanhikivi 1 was canceled in May 2022, 

just before the construction license, due to the owner's claim of unaccepted delays. The plant 

was supposed to cover 10% of electricity production in Finland.  

According to Statistics Finland (2022a), 30 % of this country's energy consumption is still 

covered by fossil fuels. This includes electricity production, district and industrial heat, and 

the import of transportation fuels. In order to meet its carbon-neutral goal, Finland should 

concentrate on the decarbonization of fuels and diversification of its technologies, producing 

carbon-free energy. Small and microreactors, with their modular technology, simplified 

licensing of subsequent reactors, and expected short construction time, appear as a solution 

to fill this gap. Many major nuclear players in Finland, such as LUT University and VTT, 

are already investigating different technology options and their fit into the local market.   

The production of liquid fuels from biomass or fossil fuels is energy-consuming. However, 

biofuels are considered low-carbon fuels because they do not increase carbon dioxide 

content in the atmosphere, considering the capacity of biomass to recycle CO2 during its 

lifetime. Therefore, substituting fossil fuels with biofuels would eliminate releases of carbon 

dioxide to the atmosphere related to fuel burning and chemical processing. However, we 

must remember that biomass transformation into liquid fuels consumes much of the energy 

of the resulting product; according to Forsberg (2009), it is 70-80% in the case of the fuel 

produced from corn. Providing this energy from small nuclear reactors would upgrade 

biorefining into a fully sustainable and carbon-free process. This thesis aims to analyze, from 

Finland's perspective, the technical possibilities of biorefinery integration with currently 

available technologies of small and micro modular reactors and propose an integration 

concept with economic analysis for one integration variant. The conclusions can also be 

applied to other countries abundant with biomass. 

2  Energy market in Finland 

A part of the Finnish modern heritage is education at school, care for the environment, and 

sustainable society development. Having more than 40 % of consumed end energy produced 
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from renewable sources, Finland is one of the European Union (EU) leaders in fulfilling the 

Renewable Energy Directive. Declared by the Finnish government, the carbon neutrality 

objective is exceeding by 15 years the expectations of the European Green Deal set by the 

EU. Supporting local industry in meeting those goals, the Ministry of Economic Affairs and 

Employment published 2021 a roadmap prepared by 13 leading industry sectors describing 

the current status, emission-reducing measures, and estimation of expected results. Most 

expected measures involve a change to low-emission energy production, biofuels, hydrogen, 

and electrification with the simultaneous ban on coal, natural gas, oil, and peat. 

2.1  Energy share 

Finland has a low population density, which reached 16.38 persons per square kilometer in 

2023. It has 338478 km2 of total area, of which 73.7 % is covered with forest and around 10 

% with water, including more than 187000 lakes. Finland is one of the world’s most north-

located countries, and it is affected by a cold polar climate and short daylight time during 

winters. Figure 1 presents the location of the most prominent Finnish municipalities with 

their electricity consumption rate. As can be seen, most of the population concentrates in the 

southern part of the country, with no large municipalities above the Arctic Circle.   

 

Figure 1 Largest Finnish municipalities with electricity consumption rate (Statistics Finland, 

2022a) 
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Finland has no natural resources of fossil fuels for energy production. It relies to a large 

extent on indigenous wood resources but also hydropower, peat, and wind. Nuclear energy 

also plays a vital role in delivering clean energy in this country. Table 1 presents the 

electricity and heat production status depending on fuel source in 2021. As can be seen, 

nuclear power has been the primary source of electric power in 2021, which is currently even 

larger after connecting the Olkiluoto 3 Nuclear Power Plant (NPP) to the grid in 2022. 

However, this low-carbon energy source does not provide heat for households and industries 

in this country. Wood fuel is the primary heat source for district heating, followed by fossil 

fuels burnt in combined heat and power plants and separate heat production plants. Nearly 

80 % of heat energy in the industry comes from wood fuels, typically used as a feedstock or 

by-product reused in the paper mill industry. The industry is Finland's largest energy 

consumer, taking around 45 % of energy in total for the last three years. Household heating 

is the second largest consumer, accounting for nearly 30 % of total energy use. 

  
Electricity production District heat production 

Industrial heat 

production 

  

Quantity, 

GWh 
Share, % 

Quantity, 

GWh 
Share, % 

Quantity, 

GWh 
Share, % 

NUCLEAR POWER 22646 32.7         

Oil (Fossil fuels) 151 0.2 1234 3.0 1598 3.1 

Hard coal (Fossil fuels) 2523 3.6 4894 12.0 536 1.0 

Natural gas (Fossil fuels) 3732 5.4 4372 10.7 3781 7.2 

FOSSIL FUELS TOTAL 7572 10.9 12008 29.4 6728 12.9 

Peat 1952 2.8 3886 9.5 1968 3.8 

Hydro power  
15624 22.5 . . . . 

Wind power  
8180 11.8 . . . . 

Solar power 
298 0.4 . . . . 

Black liquor  
6298 9.1 190 0.5 27364 52.4 

Other wood fuels 
5841 8.4 17161 42.1 12890 24.7 

TOTAL RENEWABLE 

FUELS 
12809 18.5 19219 47.1 41223 78.9 

TOTAL PRODUCTION  
69324   40798   52222   

Table 1 Status of electricity and heat production depending on fuel source in 2021 (Statistics 

Finland, 2023). 
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Finland does not solemnly cover its electricity and heat needs with its own resources. 15 % 

of total consumed electricity in 2022 was imported primarily from Sweden, Russia, and 

Norway. Finland also imports crude oil and coal, mainly from Norway and Russia. As can 

be seen in Figure 2, the gap between electricity production and consumption is shrinking 

slowly. Considering two nuclear reactors are being built in 2022, nuclear power is meant to 

be a primary source of electricity in Finland. The cancelation of the Hanhikivi 1 project has 

delayed this process and brought other technologies back to the pool regarding the future of 

the already started Hanhikivi 1 construction site. 

 

Figure 2 Changes of supply and consumption of electricity in Finland (Statistics Finland, 

2023) 

3  Liquid hydrocarbons  

The actual process of fossil fuels phase-out depends on their properties and the form of their 

application in our daily lives. Coal, natural gas, and shale oil are predominantly feedstock 

for energy production (space heating, cooling, and power generation). They have limited use 

and are relatively easy subjects for substitution. Oil shale can be used in other applications, 

but it has yet to be proven economically feasible and is not popular worldwide. Regarding 

crude oil, the variety of its applications in today’s world is nearly unlimited. Crude oil plays 

a critical role in most industry sectors, including transportation, pharmaceutical, cosmetics, 

food, and petrochemical ones, where it is used with its by-products as a feedstock for diverse 
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items production. So, as much as we want to decrease crude oil use, we must find technically 

and economically competitive substitutes; otherwise, this change will not happen. 

Hydrocarbons are the most valuable components of crude oil and other fossil fuels that give 

them so much attention. However, with a little more of an environmental protection focus, 

they can also be obtained from biomass processing or carbon dioxide and hydrogen. 

3.1  The desirable applications of liquid hydrocarbons  

Next to small amounts of sulphur (S), nitrogen (N), and oxygen (O), crude oil is composed 

mainly of liquid hydrocarbons, which define its leading characteristics. Hydrocarbons are 

simple organic compounds containing only hydrogen (H) and carbon (C). Generally, 

hydrocarbons with high molecular weight are solids, and low molecular weight are gases. 

Hydrocarbons with intermediate molecular weight, such as hexane, heptane, and octane, are 

liquids (Speight, 2011). The common characteristic of all hydrocarbons is the release of 

carbon dioxide (CO2), water (H2O), and energy during combustion. As the amount of energy 

required to break hydrocarbon molecules' covalent bonds is significantly smaller than the 

energy released during the formation of CO2 and H2O, the reaction with oxygen during 

combustion releases a significant amount of thermal energy. This process is typical for all 

fossil fuels, and it has caused the industrial revolution, opening new industry directions. 

Hydrocarbons from crude oil or gas are liable to steam cracking in petrochemical plants. The 

process results in the production of polypropylene and ethylene as a by-product. Both 

products are the feedstock for producing all synthetic organic compounds, meaning plastics 

that are nowadays predominant materials surrounding us in daily life. As can be seen in 

Figure 3, other refinery processes involve distillation, treating, conversion, and blending, 

which result in the production of diverse products such as fuels, hydrogen, lubricants, 

solvents, sulphur, waxes, coke products, and asphalt (Al-Salem et al., 2017). Petrochemical 

products generally fall under olefins, aromatics, and synthetic gas. Olefins serve as a base 

for polyolefins and further polyesters. Aromatics provide solvents and feedstock for 

numerous chemicals. Synthesis gas is a base for producing methanol, ammonia, and 

synthetic fuels. 



18 

 

Crude oil hydrocarbon products are important feedstock for pharmaceutical production (Hsu 

& Robinson, 2019). They also contribute heavily to the food industry by providing cheap, 

long-lasting packaging material. 

 

Figure 3 Refinery process flow diagram (Al-Salem et al, 2017). 

3.2  The demand for liquid hydrocarbons  

Hydrocarbons can be made from different feedstock, but they are currently predominantly 

produced from fossil fuels, serving as a source of the world’s electrical and heat energy. 

Liquid hydrocarbons are considered a dense, easy-to-transport, and storage energy source. 

They are mainly produced from crude oil, the most economically feasible feedstock, but they 

can also be produced from coal, biomass, and natural gas. 

62% of world’s electricity is produced from hydrocarbons originating from fossil fuels, as 

presented in Figure 4. South Africa is the country that relies most on fossil fuels, particularly 

coal. The country has the power generated by nuclear reactors, but the share of this energy 

source, similar to renewable energy, is minimal. At the bottom of the chart in Figure 4, 

Norway has nearly all its energy produced from renewable fuels, particularly water. Finland 

is the fourth country with the largest share of renewable energy consumption.  
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Figure 4 Electricity consumption form fossil fuels, nuclear and renewables, 2021 

Countries with fossil fuel resources, such as coal, for example, South Africa, Poland, and 

the Netherlands, have most of their energy sourced from fossil fuels. Finland relies on 

hydrocarbons from fossil fuels only 14 %, but 21.3 % of its electricity (Table 1) comes from 

renewable sources, including biomass. Figure 5 presents the transformation of energy 

consumption in Finland.  

 

Figure 5 Energy consumption by source in Finland in 2017-2021 with estimation for 2022*.  
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Heat demand for industry and households is provided to a large extent in this country by 

burning fossil hydrocarbons, which is reflected in the overall energy consumption. 

Hydrocarbons for energy are critical in this country's energy sector strategy.  

Next to the energy industry, hydrocarbons are in demand in the transport industry. Alkanes, 

alkenes, and cycloalkanes are significant components of jet fuel, naphtha, and gasoline. 

According to Statistics Finland (2022b), the transport industry was the third largest source 

of greenhouse gases in 2021 in Finland, coming from petroleum. The greenhouse gas 

reduction policy must include an increase in bioethanol and electric vehicle use by 2030 to 

keep the energy policy expectations for this country (IEA, 2023).  

Hydrocarbons are an excellent feedstock for the production of diverse chemicals. They are 

used as lubricants for producing solvents, plastic materials, rubbers, fibre explosives, and 

chemicals such as olefins, waxes, and oxygenates (e.g., aldehydes, ketones, and alcohols). 

They are utilized to produce daily life and industry-use products such as ammonia, 

refrigerants, cosmetics, building materials, drugs, washing products, electronics, clothes, 

tools, and many more. The abundance of biomass feedstock in Finland is a solid base for 

developing the chemical industry and substituting all fossil hydrocarbon-based products with 

bio hydrocarbon ones.  

4  Overview of biorefineries 

Biorefining is based on the same principles as traditional refineries, where petroleum is 

converted into a range of fuels and chemical products. In biorefining, plant biomass 

feedstock undergoes analogical processes to obtain diverse products.  

4.1  The purpose of biorefining  

Since the beginning of humankind and the discovery of fire, we have been always burning 

available biomass feedstock to warm our houses, cook, and provide heating energy for 

different purposes. Industry development has progressed fast since the great industrial 

revolution based on cheap and easily accessible fossil fuels. The economic benefits became 

the main priority, leading to unreversible environmental degradation caused by waste 
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products and increased greenhouse gases in the atmosphere. This situation required global 

change through the implementation of bio-economy principles. Biorefineries were the 

response to all concerns regarding fossil fuels. Despite adding CO2 to the atmosphere during 

processing, biorefineries leave a positive CO2 footprint through the biomass growing phase, 

which consumes much larger CO2 than is produced in biorefining. Biorefineries can also 

utilize biowaste, including the fraction of by-products and waste from the biorefining 

process. 

4.1.1  Energy production 

One of the leading roles in current biorefining is the extraction of energy products. 

According to Eurostat (2023), the EU's share of biofuels, waste and electricity, and heat 

production was 43.4 % in 2019. Biorefinery energy production can be performed by directly 

incinerating feedstock or biowaste to produce heat for space heating, industrial process heat, 

and electricity in steam turbines. Energy can also be produced through chemically and 

biologically driven production of gas and liquid biofuels as well as solid energy products 

such as pellets. Biomass wastes can also be converted into fuels using enzymatic or chemical 

treatment. Due to the abundance of lignocellulosic biomass, Finland relies extensively on 

energy production from that source for electricity and heat production, as per Table 1. The 

percentage share of energy consumption in Finland in 2021 by specific primary renewable 

energy sources is presented in Table 2. 

Share of renewable energy consumption in Finland by fuel type in 2021 

Percentage in 

total primary 

energy  

 % 

All below renewable energy sources 42.1 

Hydro power 4.1 

Wind power 2.2 

Wood fuels 29.6 

Black liquor 12.2 

Wood fuels used in industry and energy production 12.8 

Small-scale combustion of wood 4.6 

Solar energy 0.1 

Biogas 0.2 

Heat pumps 2.2 
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Motor gasoline (bio) 0.4 

Diesel fuel (bio) 1.7 

Light fuel oil (bio) 0.2 

Recovered fuel (bio) 0.9 

Demolition wood (bio) 0.2 

Other renewable energy 0.3 

 

Table 2 Share of renewable energy consumption in Finland in 2021 by fuel type (Statistics, 

Finland) 

4.1.2  Other products 

The same as petroleum, and apart from fuels, biomass can be transferred into various 

products. Depending on the feedstock and chosen biorefinery technology method of 

processing, we can obtain different platform chemicals and by-products that serve as 

feedstock for various end products. Table 3 presents typical platform chemicals and their 

products. 

Platform biorefining 

product 

End products 

C5, C6 sugars, lignin, 

starch 

Diverse chemicals, ethanol, polymers, syngas, aromatics, pyrolytic liquid, 

plastics 

Oil, organic fibers and 

juice, biogas 

Glycerol, fatty alcohols, fatty acids, lactic acid, amino acid, nutraceuticals, 

organic fertilizer, biodiesel, cannabinoids, biomethane, ethanol 

Syngas Hydrogen, methanol, olefins, waxes, diverse fuels 

Bio-crude Variety of chemicals, fuel 

Biochar, pyrolytic liquid Pyrolysis oil as a base for other chemicals, syngas, biofuels or food 

flavorings 

Spent liquor, pulp Paper, fibers, furfural, ethanol, methanol, vanillin, turpentine, tall oil, acetic 

acid, lignin 

 

Table 3 Biorefining platform chemicals and their end products (IEA, 2022) 

The most visible part of the biorefining field in Finland belongs to the pulp and paper 

industry, with major players such as UPM, Stora Enso, or Metsä Group owning dozens of 

plants, including the ones that function as biorefineries. The pulp and paper industry is vital 
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for the Finnish economy, making this country one of the world's largest producers of those 

products. 

4.2  The feedstock  

Anything of bio-origin can be a feedstock for biorefining, but the type of available feedstock 

defines the technology of biorefinery plants. The most common biorefining feedstock 

involves edible biomass, including crops with biomass rich in oil, starch, and sugar, which 

serve mainly as a source of sugars.  

Lignocellulosic woody biomass plays a significant role in Finland, and it appears, in general, 

as one of the most optimal feedstocks for future biorefining. The most significant concerns 

in biorefining are the potential impact on the food supply chain of edible feedstock 

biorefineries and land use change when replacing forests with edible feedstock crops. 

Lignocellulosic biomass has no impact on food supplies, and it does not have that much of 

an impact on land use change when adequately regulated. A similar approach concerns 

energy crops, including high-yield sorghum or perennial grasses such as Miscanthus.  

Another important feedstock is all types of residues, such as residues from agriculture, 

aquatic biomass, the forest industry, recycled products, and landscape activities. Microbial 

biomass and bio-based waste streams and products are also a base feedstock.  

4.3  Biorefineries classification and technology paths 

No description of biorefinery's most desirable process and technology path exists. The whole 

idea of biorefining depends on what products we want to obtain, what feedstock is available, 

and the significant benefits we expect from the process in a business case. Biorefineries have 

a broad spectrum of products, co-products, and their potential use within the process. 

4.3.1  Classification 

There are different forms of biorefinery classification which rely on: 

-         Expected product (e.g., bioethanol, biodiesel) 
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-         Feedstock (e.g. wood biorefinery, grass biorefinery, algae biorefinery) 

-         Main process (e.g. biotechnology biorefinery, thermochemical biorefinery)  

-         Intermediate platforms (e.g. lignocellulosic biorefinery, synthesis gas biorefinery) 

In all the classification paths, the process is based on primary refining with pre-treatment 

and separation into intermediate products (platforms) and secondary refining with chemical 

or biotechnological conversion of platforms into products and by-products. The 

classification based on the platforms used distinguishes mainly sugar, starch, vegetable oil, 

lignocellulosic, and synthesis gas biorefineries. Lignocellulosic ones are of particular 

interest in Finland, as can be seen in Appendix 1 and further in Table 10. 

4.3.2  Technology paths 

Biorefineries can be based on mechanical, biomechanical, chemical, or thermochemical 

processes. Table 4 presents the main streams of each of those processes. 

Mechanical processes Biochemical processes Chemical processes Thermochemical 

processes 

- Pre-treatment 

- Separation 

- Extraction 

- Fiber separation 

- Mechanical 

fractionation 

- Pressing/disruption 

- Fermentation 

- Aerobic conversion 

- Anaerobic digestion  

- Enzymatic processes 

- Catalytic processes 

- Pulping 

- Esterification 

- Hydrogenation 

- Hydrolysis 

- Methanization 

- Steam reforming 

- Water electrolysis 

- Waster gas shift 

- Combustion 

- Gasification 

- Hydrothermal 

upgrading 

- Pyrolysis 

- Supercritical 

Table 4 Main biorefinery processes with subprocesses (IEA, 2022).  

There are more than 40 biorefineries in Finland (Appendix 1). This country's main bioenergy 

application is for district heating and direct heating in the industry. According to IAE (2021), 

biomass has provided 75.9 GJ of energy per capita in 2021. The country has a large paper 

and pulp mill industry sector. Biorefineries apply predominantly lignocellulosic-oriented 

technology, reflecting the country's abundance of forest feedstock and residues. The list of 

leading Finnish biorefinery companies is presented in Appendix 1, and the information on 
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the type of feedstock used by Finnish plants and the types of products they obtain are 

provided in Table10.   

4.3.3  Inputs for biorefineries 

Regardless of the technology path, all biorefineries require specific external input at different 

processing stages. This concerns primarily heat and cooling, electric power, chemical 

elements and compounds such as hydrogen to serve as process catalysts or enzymes, water, 

and technical gases. All thermochemical processes such as gasification, pyrolysis, 

hydrothermal liquefaction, organosolv process, delignification, acid-catalyzed hydrolysis, 

auto-catalyzed hydrolysis, base-catalyzed hydrolysis require higher temperatures. Table 5 

presents the temperature range for the most demanding processes. 

Process Temperature [0 C] Remarks 

Drying 40-2202 Hot water or/and steam heat the air-drying 

biomass 

Gasification 700 -16003 Method of hydrogen production, it requires 

oxygen and steam. 

Pyrolysis Hemicellulose: 210-310  

Cellulose: 300-380  

Lignin: 200-1000 

No oxygen during heating, products are char, 

pyrolysis oil, and syngas. 

Hydrothermal 

liquefaction 

200 - 400 High pressure required (10-25 MPa), Main 

products biocrude and biooil. 

Organosolv sprocess 160-220 Organic solvent required with acid catalyst for 

lignin and hemicellulose bonds braking. 

Delignification Main stage of cooking: 

 ≥ 140 

Different methods can be applied. Process 

used in pulp and paper plants. 

Acid-catalysed 

hydrolysis 

80-200 Typically, sulphuric acid used as catalyst 

Base-catalyzed 

hydrolysis 

450  

Supercritical ≤ 801  

Table 5 High temperature biorefinery processes (1-Escopbar et al, 2020, 2-Jewiarz et al, 2020, 

3- Wagemann &Tippkötter (eds), 2019) 
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Each biorefining technology path contains a high-temperature process that requires an 

external energy source. This type of energy is usually provided from fossil fuels or burning 

own feedstock.  

Biorefinery also requires utility supplies such as electricity, water, compressed air, and a 

cooling medium. Electricity demand depends highly on plant technology set for different 

products. Farzad et al. (2017) have analyzed six scenarios of biorefineries converting sugar 

cane residues in 5 tonnes of dry mass per hour (tDM/h) into different products, showing the 

differences in energy demand as presented in Table 6. 

Energy 

demand 

Product types 

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6 

Bioethanol, 

electricity 

Bioethanol, 

lactic acid, 

electricity 

Ethanol, 

furfural, 

electricity 

Butanol, 

electricity 

Methanol, 

electricity 

Fisher-Tropsch 

syncrude and 

electricity 

MW MW MW MW MW MW 

Heating 69.10 66.60 66.30 61.70 2.60 2.40 

Cooling 50.70 45.50 52.00 73.10 26.20 33.90 

Power 2.00 2.00 2.30 13.70 14.20 13.70 

Table 6 Energy demand for biorefineries depending on technology set for different products 

(Farzad et al, 2017). 

In all the above cases, the energy from the feedstock was used for its own process needs and 

electricity production. However, we could also provide the utilities and electricity demand 

from an integrated nuclear reactor and centralize the biorefinery's cooling loads into the 

reactor's cooling reactor. 

4.3.4  Potential for development 

According to Long et al. (2015), the principal crops for biofuel production worldwide belong 

to 1st generation edible feedstock. This involves sugarcane, maize, oil palm, rapeseed, and 

soybean. In Europe, bio-oil from rapeseed constitutes 80 % of biofuel production. 

Considering the projected world population growth and the threat of a global hunger crisis, 

we should decrease the usage of edible feedstock for biorefineries and concentrate on second 

technologies utilizing different wastes and residues as well as lignocellulosic parts of plants 
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as feedstock. In 2021, Germany declared a stop to producing biofuels from food crops due 

to food prices. However, many countries still need to define the regulatory framework 

covering bioenergy and its products from national and international perspectives, as is being 

done in the case of nuclear power. 

Integrated biorefining appears as the future of sustainable economies. By developing 

biorefinery assimilated with other industrial and non-industrial processes, we can benefit 

from sharing mutual intermediate products, energy, and utility services (Schieb, 2015). We 

can apply integrated industry heat for biorefinery needs and stop burning biomass; we can 

also simplify the waste management process by developing centralized, advanced, 

technological wastewater treatment plants. Synergies like that also have significant 

economic potential as they can reduce supply chain and procurement to the minimum. 

However, there are few research studies on this topic and insufficient existing integrated 

plants that would enforce the elaboration of national legislation and international guides 

regulating the process. 

We grew to think that energy from nuclear reactors or conventional boilers is bunded solely 

with turbine generators for electricity production. However, other highly demanding 

industrial processes, such as biorefining, can use steam energy and provide utility services 

or chemical compounds required for reactor-safe operation. 

There is also significant development potential in optimizing biorefinery processes and 

technology paths regarding cost savings and difficulties processing lignocellulosic 

feedstock. This concerns especially the application and recovery of enzymes in converting 

lignocellulose, applying and retrieving effective catalysts in all bio-conversion processes, 

and optimizing final product purification methods that require additional Research and 

development (R&D). 

4.4  The biorefining market drivers 

Biorefining is one of the answers to the demand for more energy carriers with due 

consideration of the environment and climate change. We need the energy in a dense, 

transportable, and storable form. Such energy form is a clear market driver of biorefining, 

and there are more ideas with that potential if handled correctly. We can distinguish the main 
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general types of market drivers established based on the primary force driving them. They 

include economic, social, political, and environmental drivers presented in Table 6. 

Economic Social Political Environmental 

Lower taxation for 

producers and users of 

renewable energy, 

electricity and 

chemicals as biorefinery 

products 

Sustainable bioeconomy 

mindset of population if 

this was educational 

path in the country  

Renowable energy share 

policy of EU and other 

countries 

Possibility to phase out 

non-renewable fossil 

materials and pollution 

they cause to the 

environment 

Table 7 Market drivers of biorefining 

Considering the above market drivers, the future of bioproducts depends on the world’s 

ability to secure renewable feedstock in amounts that guarantee cost competitiveness with 

petroleum without impacting ecosystems and land use for food production.  

4.5  Economic values  

The fossil fuel market has been developed for the last two centuries, resulting in a well-

established infrastructure with a global supply chain and low fuel prices. Biorefining is a 

relatively young industry that developed bio-fuel technology in the late 90s. Therefore, the 

economic aspect has been considered the biggest drawback of substituting traditional 

refineries with biorefining. 

4.5.1  Costs of biorefineries products  

The economic profitability of the final product depends highly on the type and abundance of 

the feedstock but also on the technology chosen to process it to obtain the specific product. 

The cost calculations of six biorefining technology scenarios that Farzad et al. (2017) 

evaluated have shown significant differences in partial costs, as presented in Table 8. 
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 Type of process Total capital 

investment 

(million $) 

OPEX 

(million $/year) 

Total sales 

(million $/year) 

IRR 

(%) 

Scenario 1 Enzymatic hydrolysis, 

fermentation, evaporation 

240 18.3 58.6 14.7 

Scenario 2 Enzymatic hydrolysis, 

fermentation, evaporation 

288 33.9 99.5 20.5 

Scenario 3 Enzymatic hydrolysis, 

fermentation, evaporation 

321 26.8 54.1 7.5 

Scenario 4 Enzymatic hydrolysis, 

fermentation, distillation 

269 23 40.2 4.8 

Scenario 5 Allothermal gasification  233 16.4 56.5 16.7 

Scenario 6 Fischer–Tropsch synthesis 234 16.3 12.6 11.5 

Table 8 Results of economic evaluation of different biorefinery scenarios (Farzan et al, 2017) 

Regarding lignocellulosic biomass feedstock, fast pyrolysis is one of the most promising 

thermochemical refining methods. It has a high technology readiness level with several 

commercial plants in operation and offers low production costs of pyrolysis oil. Abrar et al. 

(2022) have compared several research analyses studying the economics of fast pyrolysis 

with a conclusion of the most significant bio-oil yield of 77% at 500°C using conical spouted 

bed reactor for sewage sludge and 70 % of bio-oil yield at 550-700°C using rotating cone 

reactor for feedstock made of pinewood, oak wood, and rice husk. Table 9 presents the costs 

of products from different fast pyrolysis projects. 

Feedstock Technology Capacity Bio-oil cost Reference 

Napier grass 

bagasse 

Pyrolysis 

Hydrodeoxygenation 

49 kg/h 1.33 €/L  Mohammed et al. 

(2019) 

Sludge Integrated system with 

pyrolysis 

265 dry tons of 

sludge daily 

0.45 €/L Xin et al. (2018) 

Pine Pretreatment, fast 

pyrolysis, catalytic 

upgrading, heat integration 

1,000 dry metric 

tons per day 

0.97-1.66 €/L  Winjobi et al. 

(2017) 

Red oak Fast pyrolysis 

Five-stage fractioning  

2000 dry metric 

tons per day 

0.75 €/L Hu et al. (2016) 

Table 9 Costs of bio-oil from different fast pyrolysis projects 
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Bio crude oil has a calorific heating value of 19 MJ/kg, while diesel oil reaches a much 

higher value of 46 MJ/kg. Bio-oil heating value makes 41,3 % of diesel oil heating value, so 

to obtain heat equivalent of 1 m3 of diesel oil, we must burn 2,39 m3 of bio-crude oil. 

Consequently, considering the current price of diesel oil, 1.93 Euros per liter, the equivalent 

price of crude oil will be 0.80 Euros per liter. So, to be competitive with diesel fuel, the price 

of biodiesel needs to fall below 0.8 Euros per liter. As shown in Table 9, this price can be 

achieved with the best results for processed sludge feedstock and woody biomass with 

fractionation. However, bio-oils can have slightly different content and heating values 

depending on the feedstock used and the production process. So, there may be some 

differences in bio-oil prices case by case.  

A promising bioethanol value of 0.25 €/L has been reported by Bbosa et al. (2018), where 

2000 dry metric tonnes of corn stover was transferred into bioethanol. The resulting lignin 

was used to produce the chemicals (mainly catechol, phenol, formic acid, acetic acid, 

furfural, and cresols). The processes used for bioethanol production involved feedstock 

pretreatment, enzymatic hydrolysis, and fermentation; for lignin treatment, h, hydrothermal 

liquefaction, and distillation were used. 

When it comes to Finland, this country already has a profound experience in biorefining 

operations. It is reflected in the number of biorefinery projects, extensive R&D activities, 

cooperation between companies and institutions, and existing infrastructure set to ease the 

biorefining supply chain and lignocellulosic feedstock processing. Among plants described 

in Appendix 1, we have, for example, the UPM biorefinery located in Lappeenranta, 

producing 130 tonnes per year of diesel and naphtha from wood-based tall oil (Lehto et al., 

2013). UPM investment costs reached 179 million euros, but the operational costs decreased 

significantly using feedstock from UPM's plants, for example, the Kaukas mill located next 

to the plant. In general, the existing plants reflect the abundance of feedstock in Finland, 

mainly from the forest industry. Several bio plants utilize fast pyrolysis to produce bio-oil 

from forest residues, sawmill by-products and stem. This concerns Fortum's bio-plant in 

Joensuu, with a production capacity of 50,000 tonnes/year from 10,000 kg/h of feedstock, 

the Metso plant in Tampere, with a capacity of 300 kg/h of feedstock, the Green Fuel Nordic 

plant in Lieksa, with a production capacity of 24,000 tonnes/year and 2 MW R&D facility 

of VTT (Lehto et al, 2013; Lehto et al 2014, Green Fuel Nordic). 
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4.6  Biorefineries deployment status 

The demand for cellulose-based biorefining products is constantly growing worldwide, and 

more and more stress is put on using non-edible lignocellulosic biomass. According to the 

European Commission (2020), there have been 2362 biorefinery plants operating in the EU 

in 2020. Figure 6 presents the distribution of different EU bio plant categories by 2020. 

 

            Pulp and paper mills 

 Biomethane plants 

 Starch and sugar plants 

 Biochemicals 

 Timber 

 Liquid biofuels 

 Fibres and composites 

 Diverse products 

 

 

 

Figure 6 Biorefineries distribution in EU (European Commission, 2020) 

According to the European Commission (2020), the above distribution presents 569 pulp 

and paper mills, 528 chemical plants, 491 timber plants, 379 biomethane plants, 339 plants 

producing liquid biofuels, 202 starch and sugar biorefineries and finally, 147 plants 

producing fiber and composites. With 158 bio facilities, Finland is fifth among EU countries 

with the most bio plants. Detailed information about Finnish biorefineries is in Appendix 7. 

From the product category perspective, timber is the number one bioproduct of the Finnish 

forest industry, with 77 operating commercial plants around the country. Finland also has a 

powerful fleet of 37 pulp and paper mills, including one pilot plant in Oulu. Regarding 
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biorefining, 23 plants produce liquid biofuels, and nearly 20 produce biochemicals. The 

production is often set to more than one product, together with feedstock diversification. The 

biorefineries producing chemicals and other products using diverse non-edible feedstock, a 

waste product of other industries, represent the most sustainable bio-industry that benefits 

the environment and society.  

However, biorefining is an investment that must bring a sure economic profit by responding 

to biomass feedstock abundancy and meeting particular product market needs. Therefore, 

the land and climate parameters define the biorefinery industry in different countries. 

Forestry products and waste are the primary feedstock sources in Finnish biorefineries, and 

more than half of the resulting products represent timber. However, in the Netherlands, 

where the number of plants is similar, agriculture products and waste are the primary 

feedstock source of biorefineries, and biochemicals form more than half of the products.  

Before establishing a specific technology approach, much research needs to be performed to 

test the results via small-scale piloting before commercial plant construction. In 2020, there 

were 4 R&D facilities in Finland investigating the production of chemicals, biofuels, and 

composites from forest, agriculture waste, and grass crops. There were also six operating 

pilot plants with biofuels as a product in 5 of them and 1 set for bio-chemical production. 

5  Overview of nuclear power reactors and their deployment status 

Nuclear energy can be released by either the fission of heavy nuclei or by the fusion of light 

nuclei. Nuclear reactors have been invented mainly to initiate and control nuclear fission 

chain reactions, such as splitting nuclei into lighter nuclei and combining two lighter nuclei, 

which release enormous amounts of energy. Energy generation from fission reactions has 

been the primary purpose of using nuclear reactors worldwide. Nuclear reaction energy 

appears as kinetic energy of reaction products, which is distributed into the surrounding 

cooling medium as heat. The energy is then transferred as steam to the turbine generator for 

electricity generation and can be reused from waste heat to feed the external network for 

heating purposes. Nuclear reactors are also used for research purposes, collection of 

radioactive isotopes for medical and industrial needs, or even for the production of weapons-

grade material. According to the International Atomic Energy Agency (IAEA) database, 410 

power generation reactors and 223 research reactors are currently operating worldwide. 
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However, the energy of research reactors is not significant enough for this thesis purpose. 

Between 1950 and 2030, nuclear power reactors have evolved and are now categorized. into: 

-         Generation 1 of early prototypes 

-         Generation 2 of commercial power reactors such as BWR 

-         Generation 3 of advanced liquid water reactors 

-         Generation 3+ of reactors with improved safety and economics, such as VVER 1200 

-         Generation 4 with significantly improved features planned since 2030  

Nuclear power reactors can be distinguished also based on the range of electric energy 

production (Liu, 2023): 

Micro modular reactors – up to 10 MWe (sometimes referred to as SMRs) 

Small modular reactors – 10-300 MWe 

Large nuclear reactors – above 700 MWe 

However, the division of existing power reactors based on the differences in the technology 

features is more distinctive. Table 10 presents all the types of nuclear reactors operating, 

constructed, and shut down during 2022. 

Abbreviation Reactor type Constructed Operated Shutdown 

BWR Boiling Light-Water Cooled and Moderated 

Reactor 

2 61 52 

FBR Fast Breeder Reactor 3 3 8 

GCR Gas Cooled, Graphite Moderated Reactor  11 41 

HTGR High Temperature Gas Cooled Reactor  1 4 

HWGCR Heavy-Water Moderated, Gas Cooled Reactor   3 

HWLWR Heavy-Water Moderated, Boiling Light-Water 

Cooled Reactor 

  2 

LWGR Light-Water Cooled, Graphite Moderated 

Reactor 

 11 13 

PHWR Pressurized Heavy-Water Moderated and 

Cooled Reactor 

3 47 10 

PWR Pressurized Light-Water Moderated and 

Cooled Reactor  

48 303 63 

SGHWR Steam Generating Heavy-Water Reactor   1 

Table 10 Overview of reactor types in 2022 (International Atomic Energy Agency, 2022a) 
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PWR's large reactor type, with 303 operated units, has been the most widely chosen for 

operation in recent years, followed by 61 BWR units and 47 PHWR units. PWR reactors are 

also predominant in the construction phase in 2022. According to the INTERNATIONAL 

ATOMIC ENERGY AGENCY (2022a), the PWR technology is the most widely chosen for 

planned reactor units. By the end of 2021, 41 PWR units were planned worldwide, followed 

by 6 BWR units planned in Japan, 4 PHWR units planned in India, and 3 FBR units planned 

in China and Russia. The planned units were in different progress phases, but none had yet 

obtained construction licenses.  

Further analysis will distinguish reactor technologies into water-cooled, gas-cooled, fast 

cooled, molten salt, and small modular reactors. 

5.1  Water cooled reactors 

Light water reactors are the most common worldwide. They are powered by uranium 

enriched up to 5 % of isotope U-235. Their name comes from the medium used for neutron 

moderation and fuel cooling, which is normal water. The chemistry control of the cooling 

medium plays a critical role in those types of reactors in terms of plant lifetime and reactor 

power control. 

Pressurized water reactors  

The basics of PWR technology involve division into 1 high-temperature and pressure 

primary reactor circuit and 1 high-temperature and intermediate-pressure secondary circuit 

producing the steam to feed the turbine generator. Primary circuit water is circulating under 

the pressure of around 155 bars using primary circuit pumps between the reactor and steam 

generators. It absorbs reactor fission energy through fuel cladding reaching 3150 C, acts as 

a fission reaction moderator, and releases the energy absorbed in the reactor into steam 

generators. Steam generators are heat exchangers acting as the boundary between 2 circuits. 

Secondary circuit water absorbs the energy from the primary circuit inside the steam 

generators, changing into steam. This highly pressurized steam is then transferred to feed the 

turbine, expanding against the turbine blades, giving mechanical energy to the shaft to pass 

it to the generator. After that, it is cooled down and liquified in a condenser to be circulated 

back to steam generators. The condenser heat is released into the ultimate sink, which can 



35 

 

be air or natural water reservoirs. In this technology, everything in contact with primary 

coolant is typically protected by a controlled zone boundary and included in accident 

management analyses. The turbine and systems supporting it do not impact the reactor's 

safety nor participate in radioactive materials containment. Different companies from 

different countries have elaborated specific versions of PWR reactors (e.g., American AP 

1000, Russian VVER 1200, French EPR), which differ from each other by many details, 

such as the number of safety trains, primary and secondary circuit chemistry regime, way of 

radioactive waste treatment, amount and passiveness of safety systems, plant cooling 

strategy or human factor engineering level.  

Boiling water reactors 

In the boiling water reactor technology, the fission reaction of the reactor core heats the 

cooling water pressurized to 75 bars to boil it at 285°C and turn it into steam. There is no 

separation of primary water from the turbine using steam generators. The steam formed 

inside the reactor pressure vessel (RPV) is transported straight to the turbine. Therefore, the 

turbine falls under controlled zone jurisdiction and is included in specific accident 

management scenarios. Reactor coolant demineralized water also has a moderating function 

5.1.1  Heavy water reactors 

Heavy water reactors can use fuel that does not need enrichment, meaning natural uranium. 

This is because heavy water, deuterium oxide, is used as a moderator. Hydrogen atoms in 

heavy water are predominantly deuterium, significantly lowering neutron absorption and 

improving reactor neutron economy during operation. Heavy water-moderated, gas-cooled 

reactor technology was tested in the seventies by France, Czechoslovakia, and Switzerland. 

However, the units appeared vulnerable to accidents and were no longer pursued. A similar 

situation concerns Heavy-Water Moderated, Boiling Light-Water Cooled Reactors 

(HWLWR) prototypes. Pressurized Heavy-Water Moderated and Cooled Reactors (PHWR) 

were the most successful, with 47 operated units, three under construction, and many 

planned. Canadian CANDU design is the most recognizable technology used as a basis for 

newly built PHWR plants. It does not require enriched fuel and allows the refuelling of 

single-fuel tubes without shutting down the reactor. 
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5.2   Gas-cooled reactors 

Gas-cooled reactors use gas as a coolant (typically helium or CO2) and graphite as a neutron 

moderator. Currently, GCRs are operated only in the United Kingdom, and no units are under 

construction or new units are being planned. However, there is a big international interest in 

developing advanced High Temperature Gas Cooled Reactors (HTGR). This type of 

generation 4 reactor is expected to use helium as a coolant and graphite as a moderator. The 

reactor core can be configured as graphite prismatic blocks, pebbles, or sleeves. HTGR can 

increase fuel utilization and increase temperatures up to 1000°C. This will allow flexibility 

in the cogeneration of electricity production with high-temperature heat utilization for 

diverse needs such as hydrogen production, water desalination, or the chemical industry. 

According to International Atomic Energy Agency (2012), these types of reactors are the 

future of nuclear power due to higher thermodynamical efficiency, lower waste amount, 

higher safety, and burnup rate of ~100 GW·d/t of uranium. 

5.3  Fast reactors 

The main benefit of fast reactors is the capability to convert abundant isotopes such as U-

238 to fissile fuel isotopes like U-233 or Pu-239, producing more fuel than they consume 

and applying a fast neutron spectrum. Fast reactors are expected to minimize the radioactive 

waste generation during the process. Reactors of this type do not require neutron moderators 

to control the neutron's behavior in the same manner as it happens in water-cooled reactors. 

Fast-breeder reactor technology has been studied extensively for many years. Sodium-

cooled fast reactor technology has gained the most attention, from experimental and 

demonstration to commercial units in several countries experienced in developing nuclear 

technologies. However, attention has also been given to molten salt, lead, and lead-bismuth 

cooled fast reactors. They can all theoretically provide the unreachable by traditional neutron 

spectrum reactors benefits for smoother integration with the chemical industry. However, 

every increase in working parameters in nuclear reactors comes with more considerable 

safety risks and challenges in decommissioning issues, as in the case of salt-cooled fast 

reactors. Therefore, the research results over generation 4 reactors are most likely to be put 

in the commercial phase only in well-developed and educated countries that form politically, 
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economically, and culturally sustainable societies. Benefiting from the most feasible power 

source on earth can severely impact many future generations; therefore, investors and 

national regulation bodies must ensure every citizen's proper nuclear education and 

consequences awareness in lifetime actions. Consequently, in the case of generation 4 

reactors, there is no space for the subjective economic priority of business holders, but a 

sustainable approach must be applied.  

5.4  Small modular reactors (SMR) 

Small nuclear power reactors were created to solve issues with traditional large units. They 

simplify technology, construction, manufacturing, and lifetime operation and maintenance. 

Table 11 summarizes the drawbacks of large reactors and how SMRs address them. 

Large reactors concerns 

 

SMR application 

Large special size of the unit and the plot Small size compared often to football field 

High energy yield requiring active systems with 

human interface to control reactor operation and safe 

shutdown after accidents. 

Low energy yield and tendency to secure the reactor 

safe state with passive means and no need for human 

interface for several days 

Long construction and manufacturing time and high 

costs raising profitable energy production price. 

Modularity of main components, short construction 

time 

Severe impact on population and environment in 

case of accidents enforcing (after Fukushima) more 

and more complicated safety futures.  

Small units are based on modular licensed 

technology with simplified passive safety features 

and much smaller emergency planning zones than 

large ones. This allows the placement of the SMR 

plant in rural city areas. 

Limited compatibility with small power grids (single 

failure of different systems and failure combinations 

lead to reactor trip that must be handled by grid 

without issues) and heat consumers requiring 

especially in case of non-nuclear countries existing 

infrastructure modifications. 

Small reactors are compatible with both large and 

small grids. In case of countries with small grids 

without grid connections with surrounding countries 

small units are the only possible nuclear power 

option.  

National level importance enforcing highest safety 

and security demand. 

Small multiply units decentralize energy supply and 

importance of single unit, from the point of view of 

terrorism and cyber security. 

Table 11 Main issues with large nuclear power. 
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According to the International Atomic Energy Agency (2022b), 80 SMR technologies were 

developed or deployed in 18 countries last year. The mentioned report indicates the most 

significant progress of the Chinese HTR-PM demonstrator and ACP100 commercial unit, 

the Russian BREST-OD-300 unit and KLT-40S floating unit, the Argentinian Carem-25, 

and the American NuScale Power Module. However, other technologies are just a little 

behind. For this thesis, I will investigate only land-based reactors further. In this chapter, as 

well as in subsequent chapter 5.5, dividing the status of current SMR and microreactor 

projects into one of the below phases: 

-         in operation  

-         in the construction/manufacturing phase 

-         detailed design phase 

-         basic design phase 

-         conceptual/preliminary design phase 

For further analysis, only projects with the status in operation, and in the 

construction/manufacturing phase will be primarily considered. In addition, a detailed design 

phase will also be included if the project reflects a well-proven operation of large-scale 

reactor technology. After that, the analysis will concentrate on the remaining specific 

technologies. This approach aims to evaluate only technologies that are mature enough and 

technologically accepted by authorities. The idea is to build an integral plant example cases 

based on one of the most promising technologies. 

5.4.1  Water cooled SMRs 

Water-cooled reactors represent mature technologies of large reactors and are the most 

widely reflected in small modular reactors. Appendix 8 describes the most critical features 

of water-cooled SMRs.  

Twenty five water-cooled SMR technologies were in progress at different stages of project 

maturity by 2022. Eighteen of those reactors represent PWR technology, of which eleven 

utilize RPV design integral with steam generators. Integral PWR is the most often chosen 

SMR technology that benefits PWR regular design by avoiding large break loss of coolant 
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accident (LB LOCA), providing passive safety and modularity. BWR technology is 

developed by four suppliers with main benefits over traditional BWR in natural circulation, 

passive safety systems, and modular design. The most advanced projects in 

construction/manufacturing by 2022 were integral PWR reactors: Carem, ACP100, and 

VOYGR. 5 PWR and 2 BWR reactor technologies have been in the detailed design phase, 

which in case BWRX-300 and Ontario Power Generation entered the construction licensing 

phase in 2023. 

5.4.2  High temperature gas cooled SMRs 

High temperature gas cooled reactors represent the benefits of generation IV design. They 

are capable of producing heat of ≥750°C, increasing their range of use and the possibility of 

integration with other industries. Appendix 9 presents the status of different projects 

collected by IAEA by 2022. 

Seven of all sixteen introduced technologies represent prismatic HTGR, and six pebble bed 

HTGR. This technology brings the most interest of researchers, resulting in new project ideas 

such as HTGR-POLA, announced by Polish NCBJ in the summer of 2023. HTGR-POLA is 

a 30 MW thermal power SMR concept hosting prismatic type core with TRISO-type fuel 

enriched in 8-12%. The reactor is supposed to be moderated with graphite and cooled with 

forced 6 MPa pressure and 750°C outlet temperature helium circuit. According to NCBJ, the 

reactor will be based on passive and active safety systems and have a cogeneration potential 

with 540°C steam. 

5.4.3  Liquid metal cooled fast neutron spectrum SMRs  

In the case of fast neutron spectrum reactors, the fission is sustained by fast neutrons. In 

practice, this means the production of more neutrons and more energy, fuel rich in fissile 

material, a shorter time to reach reactor criticality, and a lack of neutron moderation need. 

Reactors using liquid metal coolants such as sodium, lead, and lead/bismuth eutectic are a 

good match for a fast neutron spectrum. Due to high thermal conductivity, metal coolants 

are very effective at removing heat. Having very high boiling points, they can be kept at a 

very low pressure, excluding most NSSS accident scenarios of water-cooled reactors. All 
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the above features significantly reduce reactor size and weight, putting this technology in 

the spectrum of small modular reactors' potential. Appendix 10 presents eight technologies 

reported by IAEA adopting a fast neutron spectrum with liquid metal as a coolant. 

The main challenges of LMFRs involve the necessity of careful investigation of thermal-

hydraulic phenomena considering mechanisms of turbulent heat transfer, mechanical and 

thermal fluctuations, and striping. These phenomena are also crucial for the coolant 

chemistry regime in perspective of passivation and activation layers in the primary circuit, 

oxygenation and hydrogen impact with steel components dissolving and corrosion products 

formation and its effect on heat transfer. 

5.4.4  Molten salt SMRs  

Small modular reactors cooled and fuelled with molten salt fall under the most advanced IV 

generation reactor technology. Molten salt offers the capability of flexible storing and 

transferring energy. In this type of technology, the reactor coolant can be kept in a single 

phase at low pressure. This allows for significant containment size reduction with no threat 

of pressure affecting its integrity. Similarly, as in the case of liquid metal, the coolant can be 

kept at high temperatures, increasing the reactor's efficiency and fuel cycle flexibility. This 

technology separates primary coolant salt from loops, delivering heat to the turbine and other 

consumers through the intermediate salt circuit. Appendix 11 introduces 13 SMR 

technologies introduced by IAEA in 2022. 

Molten salt reactors require careful programs for material selection and performance as 

molten salts tend to exhibit corrosiveness in reactor environmental conditions. One of quite 

promising paths for molten salt reactors is the use of thorium as a fuel. 

5.5  Micro reactors 

Due to their small size, microreactors can be very compact with a simplified design, allowing 

greater flexibility in types of coolant. So far, recognized solutions include light water, molten 

salt, liquid metal, and helium cooling, but heat pipes are also being utilized. Micro reactors 
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have the potential to power very small and off-site grids with a reliable energy source. 

Appendix 12 introduces twelve technologies introduced by the IAEA (2022). 

Among the 12 technologies described in Table 16, four represent high temperature gas 

cooled reactors, making this technology the most often chosen for microreactors. The next 

most often chosen technology is a liquid metal fast reactor. HTGR and LMFR are, except 

for a Luxemburg project, developed predominantly by English-native-speaking countries: 

the USA, the UK, and South Africa. Russia, on the other hand, delivers two types of PWR 

microreactors.  

LUT University has become a Finnish pioneer of SMR development by signing a 

memorandum of understanding with Ultra Safe Nuclear Corporation to deploy a micro-

modular reactor in Lappeenranta, Finland. The reactor will serve as a research, training, and 

demo facility being connected to Lappeenrannan Energia for district heating supply. 

5.6  Economic values 

Nuclear power generation has always carried risks that limited the general population's trust 

in this energy source. Following the accident in Fukushima, additional safety features had to 

be applied in nuclear power plants to eliminate such accidents in the future, keeping this 

power source in the investment interest zone. However, the additional protection measures 

increase operation costs and investors' dilemma of safety improvements, limiting the 

possibility of profit. On top of that, the recent problems with delays in newly built projects 

have raised nuclear electricity production costs much above other renewable sources, 

making the environmental aspects the main reason for nuclear power in so far fossil fuel-

oriented countries. One of the benefits expected from SMRs and microreactors is the 

reduction of costs by small plant design standardization followed by more simple licensing, 

shorter manufacturing, and construction, as well as operation with the decreased human 

factor. SMRs can be economically competitive due to simplifying the systems and structures, 

modularity of main components, and reducing construction time. Modularisation transfers a 

part of construction labor and material costs into the factory. This transfer increases the 

manufactory costs but eventually decreases the total costs of the modularised unit (Asuega 

et al., 2023). Table 12 presents some of the plant's investment costs introduced in 2020 by 

the manufacturers. 
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Plant name Type Investment costs 

USD2020/MWel 

BWRX-300 BWR 2,250,000 

UK-SMR PWR 5,216,000 

SMR-160 PWR 6,313,000 

SMART PWR 10,187,000 

NuScale PWR 3,466,000 

RITM 200M PWR 4,212,000 

ACPR 50S PWR 8,532,000 

KLT-40S PWR 13,531,000 

CAREM PWR 23,187,000 

EM2 HTR/GFR 4,373,000 

HTR-PM HTR 5,400,000 

PBMR-400 HTGR 1,550,000 

ARC-100 SFR 5,050,000 

CEFR SFR 23,034,000 

4S SFR 2,500,000 

IMSR (300) MSR 4,054,000 

SSR-W MSFR 1,950,000 

e-Vinci MR 5,771,000 

Brest-OD-300 LFR 4,160,000 

Table 12 Investment costs of specific SMRs (Appendix 5) 

The initial costs of different plants vary significantly for the same type of technology and 

similar plant sizes. This may be explained by the competitive attitude of technology 

suppliers, especially in the case of the most popular technologies. Among light water 

reactors, BWRX-300 is advertised to have the lowest initial costs, while the ten times smaller 

Carem presents the highest initial costs.  

To estimate plant profitability correctly, we also need to evaluate OPEX costs. The 

estimation of operational and maintenance costs for the same plants is provided in Table 13.  

Plant name Type Operating costs 

USD2020/MWel 

BWRX-300 BWR 144,365 

UK-SMR PWR 518,242 

SMR-160 PWR 146,645 

SMART PWR 65,025 
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NuScale PWR 179,595 

RITM 200M PWR 170,980 

ACPR 50S PWR 146,645 

KLT-40S PWR 170,980 

CAREM PWR 146,645 

EM2 HTR/GFR 104,340 

HTR-PM HTR 168,920 

PBMR-400 HTGR 136,630 

ARC-100 SFR 130,750 

CEFR SFR 130,750 

4S SFR 130,750 

IMSR (300) MSR 180,512 

SSR-W MSFR 130,750 

e-Vinci MR 130,750 

Brest-OD-300 LFR 130,750 

Table 13 Operation and maintenance cost estimation for specific SMRs (Appendix 6). 

It is challenging to compare economically the technologies that are currently in the 

development stage with no operational experience. Steigerwal et al. (2023) analyzed the 

above technologies using a large-scale Monte Carlo tool with net potential current values 

and unified electricity costs. Their results concluded that currently offered SMR 

technologies are not an economical alternative to other low-carbon technologies. They also 

pointed out a significant difference between costs advertised by manufacturers and cost 

estimation resulting from the theory applied in their research. Steigerwal et al. (2023) also 

pointed out that the costs of leading PWR technologies have risen with time, with reactor 

capacity decreasing (NuScale) and rising again for the same capacity (RITM 200M). Among 

all the estimated plants, only the costs of CAREM match the initial cost estimation provided 

by the manufacturer. However, the project has quite significant delays. The first concrete 

was poured on the construction site at the beginning of 2014; it will be ten years since then. 

The owner communicated several reasons justifying the delay. However, the project delays 

are often related to a golden project management triangle and the principle of keeping at 

least two project variables intact, as per Figure 7.  
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Figure 7 Golden project management triangle 

6  Potential of biorefining and nuclear power integration 

Nuclear cogeneration, meaning the non-electrical application of nuclear power, has been 

investigated by many worldwide entities since the first reactors development. In 1990, the 

IAEA initiated a program investigating the application of cogeneration, which is being 

continued nowadays. The program concentrates mainly on district and process heat 

production, seawater desalination, and nuclear hydrogen use. There have also been interests 

in coal gasification, the steel industry, and hydrocarbon production from CO2 and water. 

However, the topic of decarbonization of hydrocarbons production from biomass has not 

been prioritized much in Europe so far.   

Small modular reactors are a fresh discovery in the nuclear market, invented to simplify 

nuclear technology, shorten the construction time of nuclear units, and respond to the needs 

of the smallest and most distant power grids and countries with no nuclear power experience. 

SMRs do not yet have operational experience, considered critical in nuclear power 

generation, so it is the right moment to elaborate on all possible integration paths. Except for 

straight fission heat use, the integration ideas with other industries do not have to affect the 

reactor core nor jeopardize the safety functions of its supporting systems. Depending on the 

feasibility, the integration path may impact only the ultimate use of nuclear energy products, 

including electricity sources and BoP facilities that accommodate the utilities supporting the 

reactor plant during normal operation. There are several integration potentials, and their 

benefits will be evaluated further. 
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6.1  Technical readiness of SMRs and micro reactors 

Currently, available projects of small modular technology and microreactors are at different 

stages of development, and they have different flexibility in accommodating cogeneration. 

Table 14 presents technologies that represent the most mature progress, and they will be 

further evaluated in terms of applicability for deployment in Finland and UE. 

Name 
Reactor 

type 
Status 

Coolant 

/moderator 

Core 

outet 

temp 

Design 

life 

Refueling 

cycle 

months 

Footprint 

m2 

Cogeneration 

CAREM 
Integral 

PWR 

Under 

construction 

Light water/ 

light water 
326 40 14 36000 

 

ACP100 
Integral 

PWR 

Under 

construction 

Light water/ 

light water 
319.5 60 24 200000 

 

HAPPY200 PWR 
Detailed 

Design 

Light water / 

light water 
120 60 18 1150 

 

SMART 
Integral 

PWR 

Detailed 

Design 

Light water / 

light water 
322 60 30 90000 

 

RITM-

200N 

Integral 

PWR 

Detailed 

Design 

Completed 

Light water / 

light water 
321 60 60 – 72 

~ 60 000, 

for NPP 

with 2 

reactors ~ 

90 000, for 

NPP with 

4reactors 

Yes 

VK-300 

Simplified 

passive 

BWR 

Detailed 

Design 

Light water / 

light water 
285 60 72 40000 

Yes 

Rolls-Royce 

SMR 

3-loop 

PWR 

Detailed 

Design 

Light water / 

light water 
325 60 18 40000 

Yes 

VOYGR 
Integral 

PWR 

Equipment 

manufactury 

Light water / 

light water 
316 60 18 140000 

Yes 

BWRX-300 BWR 
Detailed 

Design 

Light water / 

light water 
288 60 12-24 9800 

 

Open20 
I loop 

PWR 

Detailed 

Design 

Light water / 

light water 
312 

40+ 

years 
72 2023 

 

HTR-PM 

Modular 

pebble bed 

HTGR 

In operation Helium/graphite 750 40 On-line 256100 

 

JIMMY 
HTGR 

(prismatic) 

Detailed 

Design 
Helium/Graphite 700 10 to 20 

No 

refueling 
150 

 

HTR-10 
HTGR 

(prismatic) 
In operation Helium/graphite 700 20 On-line 100x130 

 

HTTR 
HTGR 

(prismatic) 
In operation 

Helium / 

graphite 

850 

(950 

max.) 

20 660 EFPD 
~200m×30

0m 

 

BREST-

OD-300 
LMRF 

Under 

construction 
Lead 535 30 36 – 78 80 × 80 

 

4S 

LMFR 

(pool 

type) 

Detailed 

Design 
Sodium 510 60 - 157 000 

 

SVBR LMFR 
Detailed 

Design 

Lead-bismuth 

eutectic alloy 
485 60 84-96 150000 

Yes 

IMSR400 MSR 
Detailed 

Design 

Fluoride Fuel 

Salt/graphite 
700 56 

84; before 

Core-unit 

change 

45000 

Yes 
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Copenhagen 

Atomics 

Waste 

Burner 

MSR 
Detailed 

Design 

Fuel salt/heavy 

water 

650-

700 

5 years 

for 

reactor 

vessel, 

 50 other 

buildings 

NaN 2500 

 

Aurora LMFR 
Detailed 

Design 

Liquid metal / 

no moderator 

not 

given 

40+ 

years 

120 – 240 

months 

Less than 

10,000 

 

HOLOS-

QUAD 
HTGR 

Detailed 

Design 

Helium / 

Graphite 
855 40 96 

30 (reactor 

comprised 

in ISO 

container) 

 

MARVEL LMFR 
Equipment 

manufactury 

Sodium-

potassium 

eutectic, 

hydrogen in fuel 

548 

2-40 

(dependi

ng on 

transient

s) 

> 60 - 

 

Table 14 SMR and micro reactors projects in advanced progress (IAEA, 2022). 

As seen in Table 14, there have been 22 plant technologies at the advanced stage of project 

progress (at least detailed design) by the end of 2022. All of those technologies besides 

Happy 200 provide enough heat for cogeneration with biorefineries, but only 6 of those 

already include the possibility of cogeneration. It means that in 16 cases, additional efforts, 

time, and costs are required to integrate with biorefining if technically feasible. 

6.2  Bio refining heat demand 

Due to the significant demand for thermal processes in biorefining, nuclear heat has excellent 

potential for use in this industry. At each stage of biorefining, a specific heat load with 

relevant control measures is required. Table 15 presents the specific process heat demand 

parameters in 3 main technology paths for the production of biofuels, chemicals, and bio-oil 

from lignocellulosic feedstock.  

Process Heat source Temperature 

[°C] 

PressureMPa     

[MPa] 

Biochemical conversion: 

• pretreatment 

• saccharification 

• fermentation  

• product recovery 

Presteamer Steam 115a 0.17a 

Prehydrolysis reactor Steam 268-190a 1.3-1.22a 

Beer column Steam 190-101a 1.22-0.1a 

Saccharification and co‐

fermentation 

Steam 164-148a 0.45a 

Seed fermentor heater 

coils 

Hot water 41a 0.1a 

Distillation column Steam 164-148a 0.45a 
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circulating fluidized bed 

combustor 

combustion 510a 86a 

Thermochemical conversion 

• Gasfication 

• Catalytical conversion 

• Gas treatment 

Gasifier Steam/electricity 195/889a 0.17a 

Amine reboiler Steam 202a-110a 4.4-4.06 

Syngas compression Steam 482a-202a 57.8a-4.42a 

Recycle syngas 

compression 

Steam 482a-202a 57.8a-4.42a 

Alcohol reboilers and  Steam 202a-144a 4.42a-4.08a 

Lo-Cat preheater Steam 377a-110a 4.4a-4.06a 

Thermochemical conversion 

• Pretreatment 

• Liquefication in fast pyrolysis 

• Upgrading 

Drying District heating 135-70 up to 1.6 

Drying Steam Per 

availability 

Per 

availability 

Fast pyrolysis  Fluidized bed ∼ 500c Depending on 

heat source 

Upgrading-distillation Steam < 140b Depending on 

heat source 

Upgrading- FCC Steam 340b ~500b Depending on 

heat source 

Table 15 Heat demand in major biorefining processes, (a - Greene et al, 2009, b - Yang et al, 

2014, c – Bimbela et al, 2013) 

Part of the heat in biorefining processes is a waste product from those processes. However, 

the initial heat load must be provided from an external source or from burning the feedstock, 

causing energy waste. Biomass gasification for energy and hydrogen production produces 

volatile NOx, SO2, CO, and solid and liquid emissions of char and wastewater.  

6.2.1   Glycerol thermo-chemical valorisation for hydrogen 

Glycerol is a by-product of the bio-oil production process. According to Yang et al. (2012), 

the production of 3.78 l of biodiesel generates around 0.45 kg of glycerol. This by-product 

has many possible uses; one of them is hydrogen production through steam reforming, as 

per Reaction 1. The process starts with glycerol decomposing in Reaction 2 and is followed 

by a water gas shift, as per Reaction 3.  

C3O3H8 + 3H2O ↔ 3CO2 + 7H2    Reaction 1 

C3O3H8 ↔ 3CO + 4H2    Reaction 2 
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CO + H2O ↔ CO2 + H    Reaction 3 

The ratio of hydrogen amount depends on reaction conditions and the type of catalyst used. 

According to Sad et al. (2015), the optimal conditions for hydrogen production are a 

temperature of 652-702°C and a ratio between water and glycerol of 9-12 at atmospheric 

pressure. The process requires at least one type of catalyst, such as Pt-based catalysts. 

However, according to Galera & Gutiérrez (2015), the application of supercritical water 

reforming (SCWR) and autothermal supercritical water reforming (ASCWR) is a choice 

better suited than steam reforming (SR), autothermal reforming (ATR) and aqueous-phase 

reforming (APR). The arguments to support this view involve no catalyst need, lower heat 

demand, and the possibility of converting product pressure into electrical energy, which, 

combined with analysis, gave Galera & Gutiérrez (2015) results of competitive hydrogen 

prices. The water at the temperature of 373°C and 22MPa pressure will be further assessed. 

6.2.2  Reforming of bio alcohols and other hydrocarbons for hydrogen. 

Steam reforming of bioethanol or butanol is an endothermic process that requires a 

temperature above 500°C. Reforming of methanol could already be performed at 300-350°C. 

Subramani (2015) points out that n-butanol represents a specific advantage over methanol 

and butanol reforming, including the highest hydrogen content (13.5 wt %), higher tolerance 

to water, and lower vapor pressure. Also, according to Submarini (2015), 12 mol of H2 can 

be produced from 1 mol of butanol as per the reaction: 

C4H10O + 7H2O ↔ 4CO2 + 12H2   Reaction 4 

N-butanol can be produced by simple biomass fermentation, but its further SR requires 

choosing a correct catalyst and optimizing process parameters. Different researchers dispute 

proposing optimal pressure in the range of 0.1-5 MPa and temperature in the range of 300-

800°C.  

Dimethyl-ether (DME) has the potential to be used in diesel engines and gas turbines. It can 

be produced as per reactions: 

CH3OCH3 + H2O → 2 CH3OH    Reaction 5 

2 CH3OH + 2 H2O → 6 H2 + 2 CO2   Reaction 6 
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Due to the application of catalyst (Cu–Zn/Al2O3H2) hydrogen production requires quite low 

temperature of 285–300°C.  

6.3  Nuclear power heat potential  

Nuclear reactors are an excellent opportunity to provide heat, even if they are out of 

operation. Once the fission has started, it is all about transferring the heat. Fission reaction 

heat, turbine waste heat, critical processes heat, and spent fuel heat are the most essential 

heat sources in nuclear reactors, and all of them are usually wasted to a large extent and will 

be evaluated here. The power generation industry is based mainly on Rankine steam cycles, 

except for hydro plants and windmills. Figure 8 presents an overview of the nuclear power 

plant heat cycle in different cooling circuits based on PWR.  

 

Figure 8 NPP heat balance (WB-Water building, GB-gas building, TB-turbine building, 

TIC-turbine island cooling, NIC-nuclear island cooling, SB-safeguards buildings, CB-

control building, WB-nuclear waste building, RB-reactor building, AB-auxiliary building 

with fuel, CIB-chiller building, EDG-emergency diesel generators, FB-fire building, OB-

office building, WB-workshop, SG-steam generator (1 train), RPV- vessel, TG-turbine 

generator. 
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6.3.1  Fission reaction heat  

Nuclear reactors use fissile fuels to sustain the chain reaction; this concerns mainly enriched 

uranium-235, but also uranium 233, plutonium-239, or natural uranium are used. U-235 is a 

naturally occurring and thermally fissile primordial nuclide containing 98 protons and 143 

neutrons. After absorbing extra neutron, it splits into two parts releasing more neutrons to 

sustain chain reaction and around 200 MeV of heat energy. A single U-235 pellet can create 

nearly 5000 kW of power, and for this reason, uranium pellets are typically used to form a 

fuel rod assembly in the reactor core. Next to continued split and rapid energy release, fuel 

rods' chain reaction produces unstable and highly radioactive isotopes such as cesium, 

iodine, barium, xenon, and around 200 other isotopes. Many fission products rapidly decay, 

releasing more heat and radioactive emissions. With no coolant available, the radioactive 

decay heat of fission products could not be removed, so the fuel rods would continue to heat 

up to more than 2000°C. Eventually, the reactor core would melt, resulting in a severe 

accident state followed by corium formation, a lava-appearing substance consisting of 

melted fuel, fuel rods, fission products, and surrounding structural and process materials. At 

this point, the integrity of containment and the safety of living organisms will no longer be 

maintained. Therefore, nuclear safety is an unquestionable priority over all other design 

bases, and the reactor core must at all times be: 

-         kept under constant contact with a circulating cooling medium that absorbs the 

produced heat 

-         protected by different reactivity control and safety mechanisms and structures for any 

probabilistically and deterministically postulated accident case 

-         securely contained together with fission products apart from the environment, and 

internal and external hazards postulated for nuclear reactors 

The reactor coolant absorbs all the heat from the reactor core, and in specific cases, it may 

absorb a portion of produced radioactive isotopes. Depending on the reactor technology, 

reactor coolant may be kept from only 49°C for an open pool reactor, 330°C in PWR, and 

up to 1200 for HTGR. This is a primary energy carrier with hypothetic potential for unlimited 

use in the biochemical industry. However, due to high radiation levels and radioactivity, it 

falls under a controlled containment strategy meant to keep nuclear hazards contained in the 
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nuclear island (NI) area. The coolant in pressurized water-cooled reactors has a temperature 

between 290-325°C, and it is typically highly pressurized up to 16 MPa to raise the water 

boiling point and prevent it from boiling. Together with fission, this creates a harsh 

condition, putting the reactor coolant under restricted accident control, chemistry regime, 

and purification means to keep the coolant in place and clean from fission residues and 

corrosion products. The coolant must be nonreactive and non-destructive for the core and 

the piping; therefore, demineralized water is used for this purpose. This water is also 

enchased with additives that increase its pH, injections of moderators allowing reactivity 

control, oxygen scavengers, and if needed, fuel cladding protection additives. BWR reactors 

are kept at a lower pressure of around 7.6 MPa to allow boiling at a temperature of 285°C. 

The resulting saturated steam is dried and directed straight to the steam turbine. 

Reactors using heavy water or graphite as a coolant are capable of operating with natural 

uranium. The heavy water coolant is an oxide of deuterium (D2O) containing a stable 

hydrogen isotope instead of regular hydrogen, which allows it to absorb fewer neutrons. The 

temperature of this coolant is up to 310°C for pressurized circuits, and it also requires a 

specific chemistry control regime and purification from fission and corrosion products.    

Different reactor technologies have specific temperature ranges of reactor coolant. Gas 

cooled reactors offer the highest core outlet temperatures between 630-1200°C, liquid metal 

cooled evolve around 500°C, and core outlet temperature in molten salt reactors is between 

625-795°C. 

6.3.2  Secondary circuit  

Except for the hydro turbines and windmills, the power generation industry nowadays is 

based mainly on steam cycles. Due to the physics of the steam cycle and transferring the 

heat energy into the mechanical one in the turbine generator, only around one-third of fission 

energy is converted into electricity. The remaining energy is rejected into the ultimate heat 

sink in a once-through cycle if it is not used for cogeneration. The configuration of the plant 

heat cycle depends on the priorities set in a business case that defines the reactor's purpose 

and expected outcome from its operation. The plant heat cycle configuration will reflect the 

needs of the business case, choosing the technology best fitted in geo-environmental 

conditions. The secondary circuit will be a barrier between a radioactive coolant and a non-
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radioactive cooling medium, which may be an ultimate heat sink or an intermediate circuit. 

In BWR reactors, a once-through circuit cools the steam turbine condenser and returns to the 

ultimate heat sink. It is similar to research reactors that release heat via heat exchangers 

straight into the available heat sink.  

Water circuits, which reject heat into the river, sea, or other water reservoir, are subject to 

strict restrictions. These include allowable return temperature or a maximum temperature 

difference between plant intake and outfall channels, as set in the environmental permit. This 

underscores the industry's responsibility to secure the temperature limits with a large enough 

flow. The use of waste heat transferred into this form is no longer feasible, highlighting the 

need for more sustainable solutions. A similar situation arises with the air ultimate heat sink 

in the form of cooling towers, further emphasizing the importance of environmental 

considerations in the power generation industry.  

In the case of PWR reactors, the steam generator is a border separating the turbine from the 

primary circuit fission products. The secondary cooling water changes phase in the steam 

generator, absorbing the heat from the primary circuit. The heat energy carried via 275°C 

supercritical steam is then transferred to the turbine generator, after which the steam water 

mixture is condensed and returned to pressurized at a temperature of 220°C back to the steam 

generator. A secondary circuit here comprises demineralized water enchased with oxygen 

scavengers and pH control additives such as ammonia and hydrazine for corrosion product 

control. It undergoes continuous purification at the steam generator blowdown and ad hoc 

purification during plant start-up and normal operation at the turbine condensate polishing 

plant.  

One of the intriguing aspects of the power generation industry is the versatility of different 

reactor types. For instance, gas cooled reactors can be coupled with a gas turbine combined 

cycle or a steam cycle, with conditions similar to those of today's fossil fuel power plants 

supplying the turbine with 566°C and 13.25 MPa pressure steam of the secondary circuit. 

This adaptability and flexibility in reactor design is a testament to the industry's continuous 

innovation and evolution. 

Liquid metal (sodium) cooled reactors often utilize an additional intermediate high-

temperature liquid metal circuit as a secondary circuit meant to safely transfer the heat from 

the liquid sodium pool into the sodium-water steam generators where superheated steam 
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with approx. 350°C is produced in the Rankine cycle. Lead-bismuth cooled reactors offer 

heat supply to the turbine in the Rankine superheated steam cycle and Brayton gas cycle, 

resulting in the possibility of reaching higher secondary temperatures and a more efficient 

heat cycle. 

6.3.3  Intermediate circuit 

The intermediate circuit is a tool to separate the reactor's radioactive coolant from the 

secondary circuit, which carries the heat to the turbine or co-generated heat to other 

consumers. For example, an intermediate circuit filled with secondary side liquid metal is 

used in liquid metal reactors. This solution eliminates the risk of carrying fission products 

into the turbine through the steam generator bundles under failure. The steam generated in 

the steam generator forms a secondary circuit loop between the turbine and the generator. 

The heat from the turbine condenser requires an additional once-through water cycle from 

the ultimate heat sink. With the reactor closed loop serving as the heat source and once 

through loop releasing heat into the ultimate heat sink, the secondary cooling circuit in PWR 

reactors can also be considered as an intermediate loop. 

6.3.1  Other cooling circuits. 

Water cooling circuits are also used to remove the heat accumulated in main processes and 

supporting equipment. This includes lower temperature cooling loops removing the heat 

from essential and non-essential for reactor safety consumers in NI, turbine, and BoP.  

The loop meant for NI essential consumers is located only inside NI and can cover diverse 

important consumers such as the equipment of reactor coolant, chemistry, and volume 

control, radioactive waste, containment pressure control during accidents, spent fuel cooling, 

reactor emergency power equipment or safety I&C. Another low-temperature loop for 

important consumers can cover the safety function of NI space cooling for protected 

equipment, the needs of staff meant to bring the reactor into a controlled state or securing 

radioactive spillage containment. This involves reactor building and safeguards ventilation, 

main control room and secondary control room habitability systems, primary equipment 

cooling, and reactor protection I&C equipment needs. Although, the two above loops don't 
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necessarily need to be separated. Redundancy, physical separation principles, and safety 

classification of those circuits depend on their functions during Design Basis Conditions 

(DBC1,2,3,4), Design Extension Conditions (DEC A, B, C), and Severe Accidents (SA) that 

dictate further systems qualification and availability measures. 

The loop designed for non-important consumers is equally important, as it covers all the 

equipment necessary for our plant's normal, uninterrupted operation. This comprehensive 

coverage includes non-essential NI consumers, turbine auxiliaries, turbine emergency 

equipment if provided, I&C equipment, and plant utility equipment needs. It also extends to 

space cooling, wherever feasible, ensuring the comfort and safety of the staff. 

6.4  Nuclear hydrogen for and from bio products 

Hydrogen can be produced from fossil fuels and biomass by steam or carbon dioxide 

autothermal reforming, as well as by their gasification. Hydrogen can be produced through 

electrolysis and thermochemical cycles from water and steam. Due to the current 

environmental goal of decarbonizing the energy sector, R&D activities have been put by 

different countries to the hydrogen production from fossil fuels in combination with 4th 

generation reactors, as presented by the International Atomic Energy Agency (2013). The 

Generation IV International Forum has selected the six most promising hydrogen production 

technologies to continue the research. This includes gas cooled fast reactor (GFR) system, 

lead cooled fast reactor (LFR) system, Molten salt cooled reactor (MSR) system, Sodium 

cooled fast reactor (SFR), Supercritical water cooled reactor (SCWR) system and Very high 

temperature reactor (VHTR).  

The GFR reactor is based on a fast-spectrum helium-cooled reactor with a closed fuel cycle 

and temperature output of 850°C for a direct Brayton cycle helium turbine, which can 

provide heat for hydrogen production.  

LFR is a natural circulation Pb or Pb–Bi alloy-cooled reactor with a fast neutron spectrum, 

closed fuel cycle, and output temperature of 550°C. It needs raising in order to suit the 

hydrogen market, and more research is needed to mitigate Pb corrosiveness and aging 

management associated with higher neutron flux. 
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MSRs are based on uranium or plutonium fuel dissolved in a mixture of molten fluorides. 

Coolant with an outlet of ~700°C transfers heat to the intermediate, secondary, and tertiary 

circuits. MSRs can work with different fuels and refuel without outages. They can also use 

salts limiting tritium development to support hydrogen production and have proven 

operation experience. 

SFRs can operate on MOX fuel and mixed U–Pu–Zr metal alloy to obtain core outlet 

temperatures of 530–550°C at nearly atmospheric pressure and transfer the heat to the 

secondary sodium circuit. They have operational proven experience and can work with 

hydrogen production. However, more research is needed on fuel options, post-accident 

decay heat removal, and the hazards of open-air primary coolant. 

SCWRs are capable of working on the thermal or fast neutron spectrum, depending on the 

core design. Operating above the thermodynamic critical point, they can reach 25 MPa of 

pressure temperatures from 280°C to about 510°C at the core outlet or, with distributed 

pressure tubes, 625°C. SCWRs are considered an evolution of today’s water-cooled reactors, 

with a simplified design without steam dryers and separators, steam generators, and 

recirculation pumps.  

VHTR is cooled with helium, graphite-moderated, and reflected thermal neutron spectrum 

reactors that reach 900–1000°Cat core outlet. They are expected to be predominantly 

passive-safe, with no fission products released during multiple failures associated with 

Design Extension Conditions (DEC). VHTRs are considered by the International Atomic 

Energy Agency (2013) as the future of cogeneration and integration with industries of high 

temperatures demand, including petrochemical, refineries, and steel industry.  

6.4.1  Biomass and its products thermochemical conversion in HTGR 

The thermochemical conversion process through gasification starts with biomass 

decomposition by reforming and cracking the volatile products, followed by the production 

of tar and char. After that, the carbon and hydrocarbon gases react with H2, CO, CO2, and 

H2O. Process efficiency with hydrogen rate and dry gas yield depends highly on temperature, 

estimating around 25-50% efficiency between temperatures 600 to 900°C (International 

Atomic Energy Agency, 2013). Generally, the energy yield from biomass to syngas should 
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evolve around 70-80 %. The Fisher-Tropsch synthesis has a lower yield, but using additional 

heat from the reactor with oxygen limitation could improve it significantly. 

HTGR reactors are considered one of the most attractive technology options for integration 

with high-temperature demand industrial processes. The concept of HTGR integration with 

methanol thermochemical conversion was proposed many years ago by Barnert (1995). 

Methanol has a carbon-to-hydrogen ratio (C:H) equal to 4, which is very high compared to 

1.5 for biomass such as wood. Therefore, the thermochemical conversion of this alcohol 

requires additional hydrogen atoms. In the proposed process, the energy from the reactor is 

transferred to the secondary helium circuit at the temperature of 1000°C to enable 

lignocellulosic biomass gasification. Additional hydrogen required for the reaction is 

proposed to be provided through water electrolysis, as seen on a schematic diagram in Figure 

9. For methanol synthesis, the input gas is provided by a recuperator, and an electrolyzer 

powered by the reactor generates hydrogen. The process efficiency was assessed by Barnert 

(1995) to be around 52%.  

The proposed process offers the potential for the reuse of oxygen. This oxygen can be 

recycled and utilized in the gasification reactor, contributing to the sustainability of the 

process. Alternatively, it can be collected and used in the nuclear reactor for a controlled 

burning of the contaminated hydrogen if this method is applied in a nuclear reactor. It can 

also be used to fill breathing apparatuses, which are a safety measure for the operators and 

maintenance staff. 

 

Figure 9 Scheme of wood gasification with HTGR rector (Barnert, 1995).  
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Pyrolysis could also be applied for biomass decomposition accompanied by autothermal or 

allotehrmal steam reforming. There are two potential ways of providing the reactor heat for 

this process. Steam reforming equipment could be built inside the reactor, or the reactor heat 

could be delivered to a gasifier/pyrolysis reactor located outside the nuclear reactor. 

Considering the problem with remaining char and the impact on reactor safety, the 

endothermic need of reforming using nuclear heat or electricity outside of nuclear power 

plants is a more feasible solution. The analysis of nuclear heat application will be provided 

in chapter 7.  

Similarly, the biorefinery's products and by-products could be utilized as feedstock for 

hydrogen production, as already mentioned in Chapter 6.2.2. Fukushima and Ogawa (2003) 

have proposed combining nuclear reactors with the steam reforming of dimethyl-ether 

(DME). Figure 10 shows the scheme proposed by them to apply Fast reader Reactor (FBR) 

at around 300°C and low pressure for this purpose. 

  

Figure 10 Scheme of hydrogen production in FBR and LWR from dimethyl-ether 

(Fukushima & Ogawa, 2003) 
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According to an International Atomic Energy Agency (2013) report, Japanese Toshiba has 

already tested the production of hydrogen at 300°C temperature steam reforming of 

dimethyl-ether (DME) originating from biomass in an LWR unit.  

Shiina and Nishihara (2004) estimated the cost of DME and hydrogen production from the 

heat generated by HTGR. They claim that the utilization of nuclear heat for DME production 

together with hydrogen has lowered the prices of both products by 17 % compared with 

commercial prices. 

6.4.2   Nuclear hydrogen for biofuel 

Nuclear reactors can produce hydrogen via electrolysis in situ or deliver electrical input to 

perform hydrolysis. Water-cooled reactors can also achieve this by providing electrical input 

for low-temperature electrolysis. High-temperature electrolysis presents a great potential for 

HTGR and liquid metal reactors. Several countries have researched the application of high-

temperature electrolysis of steam to establish the configuration of the cells, materials capable 

of withstanding harsh conditions, and relevant coupling measures (International Atomic 

Energy Agency, 2013).  

Large amounts of nuclear heat and hydrogen combined with biomass can be converted into 

biofuels and water by direct hydrogenation of biomass or by the Fischer-Tropsch process 

(Forsberg & Dale, 2022), following the below formula: 

CH1.44 O0.66 + H2 + Heat → (CH2) x H2 + H2O  Reaction 4 

According to Hannula (2016), the potential of additional hydrogen supply to the gasification 

process in enhancing biofuel production is significant. However, this potential can only be 

harnessed if the price of hydrogen falls below 2.2-2.8 €/kg. This price point is crucial, as it 

determines the economic viability of the process. Hannula further suggests that if all the 

wastes and residues produced in the EU were converted to biofuels with hydrogen 

enhancement, the daily production of oil equivalent barrels could reach 1.8-2.8 million. This 

could potentially displace 41-63 % of the EU's road transport needs by 2030, underscoring 

the importance of the hydrogen price in the biofuel production landscape.  
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Nuclear-originated hydrogen could also be supplied to enable catalytic hydrogeneration to 

purify the bio-crude resulting from pyrolysis. This process would remove from bio-oil CO2 

and oxygen in the form of water (Yang, 2014).  

6.5  Nuclear ammonia production 

Ammonia (NH3) is a crucial chemical additive for many industries. More than 80 % of its 

production is used for fertilizers (International Atomic Energy Agency, 2013). The rest is 

used for explosives, fibers and plastics, pharmaceuticals, and pulp and paper industry 

refrigerants. Ammonia is also a vital component of the water chemistry regime of PWR 

reactors. It is added to the water to significantly raise primary and secondary circuit water 

pH and limit the development of corrosion products. Ammonia is typically produced from 

nitrogen and hydrogen produced in Haber–Bosch process based on steam reforming of 

methane and coal. The primary reaction is as follows: 

3H2 + N2 ↔ 2NH3    Reaction 5 

Combined with biorefinery, nuclear ammonia can be produced by biomass gasification and 

steam reforming, glycerol reforming, and hydrogen.  

Nitrogen required for NH3 production is already present in most reactors used as an auxiliary 

working medium or, in BWR case, for its containment inerting capabilities. So, nuclear 

power plants are provided either with liquid nitrogen gasification plants or in situ nitrogen 

production plants. Hydrogen, in turn, is commonly used for cooling the main electricity 

generators. Therefore, for the estimated plant size and integration configuration, both 

hydrogen and nitrogen production in situ could be used together with power plant electrical 

power to benefit the ammonia production plant.  

6.6  Biorefinery feedstock and products in nuclear reactor 

The main benefit of nuclear reactor integration with biorefineries is the decarbonization of 

the biochemical industry, but several biorefinery inputs can boost profits from NPP 

operation, affecting its business case objectives. 
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6.6.1  Radiation chemical synthesis of chemicals  

The consequence of a neutron strike on a uranium nucleus is the release of heat and radiation. 

The radioactive decay radiation involves gamma rays together with alfa and beta particles. 

Alfa particles have high kinetic energy and weight but cannot penetrate the tissue. Beta 

particles are much lighter and can penetrate the skin, causing burns. Gamma rays are pure 

energy that can easily penetrate the tissue and other materials, changing their molecular 

structure through ionization events. The radiation hazard of gamma rays still emitted by 

spent fuel is the reason for constantly cooling the spent fuel by placing it in a water pool for 

a few years, which is allocated in the reactor. Spent fuel casks can also be transferred to the 

separate intermediate storage facility to allow the mid-lived radionuclides to decay enough 

not to produce the heat. This type of radiation can have a positive impact on specific 

materials. Many research reactors and universities have an irradiation facility for research 

programs on materials degradation and aging management.  

Glycerol, a by-product of biodiesel production, can be a valuable resource. Plant et al (2021) 

have explored the potential of ionizing radiation to transform glycerol into solketal and 

acetol, offering a new avenue for its use. Their study proposed the application of a closed 

loop piping system for glycerol, utilizing the radiation from a spent fuel pool and the cavity 

between the RPV and the concrete. The feasibility of this idea, which could significantly 

enhance the value of glycerol, will be further investigated in chapter 7. 

Schmeda-Lopez et al (2018) have presented a techno-economic analysis of a novel approach, 

combining a chemical plant with a large-scale molten salt reactor to utilize gamma radiation 

for propylene production. Their study suggests using a volatile off gas waste stream from 

the reactor as a radiation source for partial oxidation of propane. This innovative idea, with 

the potential to obtain radioactive noble gases from the reactor system, requires further 

investigation to determine the extent to which molten salts can dissolve fission products, 

particularly volatile gases. This underscores the importance of ongoing research and 

evaluation in this field.  

According to Driscoll et al. (2014), ionizing radiation has particular benefits in wood 

biorefinery. In order to allow cellulose to hydrolyze into sugars in a bioprocess, 

lignocellulosic biomass requires pretreatment with enzymatic or acidic catalysts with steam. 

This is an energy-consuming process with a risk of fermentation inhibitors development that 
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can poison the water, terminating its reuse and with particular environmental concerns over 

the types of catalysts used. Driscol et al. (2014) pointed out that the crystallinity, degree of 

polymerization, and consequently, the molecular weight of cellulose in pretreated raw 

biomass can be reduced using irradiation, for example, in electron beam treatment. They also 

recognised numerous studies proving the increased efficiency of enzymatic hydrolysis 

performed on irradiated biomass. 

6.6.2  Bio diesel for nuclear plant accident protection systems 

In order to prepare the plant for the consequences of postulated accidents according to 

defense in depth principles, each nuclear reactor is provided with the Emergency Power 

Supply System (EPSS). The system is capable of fast and efficient delivery of electrical 

power to safely shut down the reactor after specific anticipated operational occurrences and 

design basis accidents. It involves accidents that do not affect the reactor core integrity, such 

as loss of coolant accident (LOCA) requiring activation of emergency core cooling system 

(ECCS) or/and containment heat removal system (CHRS). It also involves loss of Offsite 

Power (LOOP). Defense-in-depth principles (DiD) described in SSR-2/1 of IAEA set 

specific requirements for EPSS, typically represented by Emergency Diesel Generators 

(EDGs). Diesel generators are chosen for this purpose as their startup time from a cold state 

can be as little as 15 seconds, the shortest time of all available engines. EDG sets must be 

organized in 100 % redundant and physically separated safety trains and provided with fossil 

diesel fuel onsite storage tanks large enough to keep the reactor energized for several days 

of plant operation.  

Bio-oil produced from edible feedstock such as sunflowers, soya beans, and corn is widely 

produced around the world. It provides several environmental advantages compared with 

fossil diesel. The substitution of diesel generator fuel with this type of biodiesel should be 

possible after consideration of enhanced storage requirements and measures against deposit 

formation. However, Finland does not produce this type of bio-oil; it concentrates mainly on 

the bioindustry, which is adjusted to the forest industry, involving biofuels production.  

Biodiesel, a potential alternative fuel for emergency power systems, can be produced from 

lignocellulosic biomass through thermochemical conversion. This process primarily 

involves gasification or pyrolysis. The obtained product has significantly different 
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parameters from regular diesel. Therefore, its applicability to emergency power systems 

requires additional measures and a detailed analysis of the benefits and drawbacks. 

6.7  Utility systems and structures share 

Each large industrial plant requires specific external input to enable its work. Potable water, 

electricity supply, and waste disposal are common external needs for all newly built 

facilities. However, nuclear reactors have much more sophisticated and significant demands 

that make many of them required to be produced in situ. 

6.7.1  Water systems 

The primary water demand in nuclear power comes from process cooling needs. The cooling 

water must be of the highest quality for reactor coolant and secondary closed-loop circuits 

in water-cooled reactors. Table 16 presents typical water systems in nuclear power plant. 

Type Quality Purpose 

Reactor coolant Demineralised water Reactor cooling 

Secondary 

cooling circuit 

Demineralised water Working medium for energy conversion. 

Intermediate 

cooling loops 

Demineralised water Heat exchangers of reactor safety system and 

auxiliary systems incl. process HVAC 

Ultimate heat 

sink 

Mechanically filtered river, sea or 

lake water  

Cooling of condenser secondary loop, process 

and HVAC chiller secondary loops, and reactor 

coolant via heat exchangers.  

Chilling loops Demineralised water/Drinking 

quality enhanced 

HVAC  

Potable water Drinking quality Toilets, bathrooms, safety equipment, controlled 

zone clothes laundry, laboratory needs 

Service water Demineralised water/Drinking 

quality 

Equipment refilling, cleaning 

Fire water Drinking quality 

enhansed/Demineralised water 

Fire protection 

District heating Potable water with softeners and 

corrosion inhibitors if needed 

Space heating 

Table 16 Typical water systems in nuclear reactor  
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All the water delivered to the plant is either consumed or returned as a waste to one of the 

following systems: 

- Liquid radioactive waste 

- Sewage 

- Conventional process drains 

- Non-conventional equipment drains 

- Chemical drains 

- Rain water drainage 

When SMR is integrated with a biorefinery, the combined plant can share most of its utilities, 

including process gases, distribution network, collection tanks, sewage and rainwater 

treatment structures. Chemical drains should be neutralized in situ to avoid complications in 

waste treatment and permit violations. Controlled zone drains are handled within the nuclear 

island. 

6.7.2  Process gases 

Process gases play a critical role in nuclear power station. They keep reactor systems in safe 

conditions, allow performance of processes and radioactive waste treatment, enable proper 

maintenance and save lives. Table 17 presents gases most commonly used in nuclear 

reactors. 

Type Purpose Remarks 

Nitrogen Inerting, purging, explosion protection, different 

purpose cooling, fire protection 

Stored in liquid and or 

gaseous form 

Oxygen Controlled burning, experiments, breathing masks  

Hydrogen Main generator cooling Stored liquified 

Compressed air Pneumatic control and isolation, containment 

tests, breathing equipment, flushing, servicing 

May be built of separate 

different parameters systems. 

Helium Core cooling in gas-cooled reactors, experiments  

Carbon dioxide Reactor core cooling in some gas-cooled reactors, 

fire extinguishing, turbine cooling 
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Argon Inerting, purging, cover over liquid coolant in 

metal cooled reactors, experiments 

 

Neon Experiments  

Zero air Experiments  

Inergen, halon, HFC-

227ea, FK-5-1-12 

Fire extinguishing  

Table 17 Most common gases in nuclear reactors 

Gases like nitrogen, hydrogen, oxygen, and compressed air are also valuable in biorefineries. 

Nitrogen stations can serve both reactor and refinery consumers, as can compressed air 

station, and hydrogen generated in a reactor can cool both plants. Other gases are typically 

stored in bottles, so combining them depends on plant layout. 

7  Assessment of nuclear heat use for biorefining  

Most of the heat produced and rejected from nuclear reactors have a potential of utilisation 

in biorefining and other industries. Figure 11 presence integration range for six 4th generation 

technologies described in chapter 6.4. 

 

Figure 11 Temperature ranges in production and use for Generation IV reactors 

(International Atomic Energy Agency, 2013).  
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VHTR, GFR, MSR, and LFR technologies have the most diverse heat range for high-heat-

demand industries. However, not all of this heat is accessible now, and it's not economically 

feasible to use it in currently offered SMR and microreactor technologies.  

7.1  The analysis of specific technology benefits from integration  

Many potential integration paths are not necessarily feasible or economically profitable to 

implement. However, some represent high potential, and I will evaluate them in this chapter. 

7.1.1  Reactor coolant heat 

Upon reviewing Tables 17 and 18, it becomes evident that the primary heat of the currently 

available HTGRs and MSRs can adequately meet the heat demand of all biorefining 

processes, provided the gasification temperature is kept low. This is particularly true for 

gasification, which requires the highest temperatures. Most other bioprocesses, including 

pyrolysis, operate at temperatures significantly lower than 500°C, a range that is also 

available in the secondary non-radioactive circuit of HTGRs.  

When it comes to gasification, depending on the biomass gasifier type and feedstock used, 

the gasification process may require 700-1700°C (Basu, 2013), which seems to be available 

from the HTGR primary circuit. However, considering the safety functions of the primary 

circuit and its radioactivity, it is impossible to deliver this coolant outside of NI. It would 

also not be safe to bring dried biomass hazard with its potentially explosive atmosphere in 

the gasifier to the reactor. There is also a concern regarding gasifier maintenance frequency 

and decontamination process if it would be located in the controlled zone. Therefore, 

integrating the gasification process with HTGR reactor coolant is not feasible.  

The reactor coolant temperature of LMRs and molten salt reactors is still below the limit for 

gasification, so this path will not be analyzed further. However, those reactors' 

secondary/tertiary circuit side could heat all other bioprocesses. 

Molten salt reactors offer high temperatures and non-radioactive secondary and tertiary heat. 

Russian IMSR400 is already set for cogeneration with a tertiary salt loop offering 585°C, 

and its application would not require additional costs. Fuji offers a temperature of 633°C in 



66 

 

a secondary loop between a steam generator and turbine and 5380C in the tertiary loop. 

However, it would require modification for cogeneration or a dedicated steam loop. There 

are no preconditions for using a primary radioactive loop for integration. 

On the other hand, the usage of primary heat outside of the reactor has been successfully 

implemented in BWR reactors. In this technology configuration, the cooling water is heated 

in the reactor core and changed into a steam/water mixture that migrates through the chimney 

into water separators. From there, as a dry steam, it is transferred to feed the turbine. 

However, unlike conventional power generation and other nuclear reactor technologies, the 

turbine in BWR falls under radiation control with limited access and is located in the same 

building or attached to the nuclear island building to limit the spread of radioactive 

contamination. Regarding BWRX-300 technology, the reactor coolant available steam 

temperature of 285°C is almost equal to the 275°C temperature of steam coming out of the 

steam generator on the secondary circuit of the PWR reactor. Such a narrow temperature gap 

does not make any difference for bioprocesses. However, it is essential to note that BWRX-

300 steam contains active fission products (nitrogen -16), making the turbine inaccessible 

during operation and right after its trip. The same conditions would apply to any other 

equipment heated with this steam. Therefore, using BWRX-300 reactor coolant heat for the 

needs of biorefinery would be too challenging. The application of an intermediate loop at 

275°C could be a solution. On the other hand, N-16 present in reactor coolant has an 

irradiation potential that could benefit the yield of bioprocess with additional products. More 

studies should be performed to evaluate this potential fully. 

7.1.2  Secondary heat 

HTGRs secondary heat loop offering 566°C gas/steam temperature, MSRs, and LMFRs with 

secondary metal coolant could be used in biochemical conversion instead of a fluidized bed 

heat source for combustion. They could also be used for syngas compression in 

thermochemical conversion. Secondary superheated steam of sodium-cooled reactors, 

LMFRs steam loops, the same as secondary circuit heat of traditional PWR, could be utilized 

in most processes of biochemical conversion with extra electrical support for fluidized bed 

combustor. They can also be applied to support amine and alcohol reboilers in 

thermochemical conversion with gasification, to dry biomass at the initial conversion stage, 
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and, ultimately, for bio-oil upgrading. Upgrading bio-oil would allow the use of it as a 

substitute for emergency power supply fuel. All the above applies to cooling circuits located 

only outside of the reactor. 

7.1.3  Intermediate circuits 

Intermediate circuits are typically a part of the nuclear island process because they separate 

coolant loops with activated fission products from ultimate heat sink loops or the consumers. 

The utilization of intermediate loops that are meant to separate primary coolant and steam 

loops used in LMFR units is not justified from a nuclear safety point of view nor feasible 

because, in such cases, the system is a pressure buffer between the reactor and steam 

generator and is located inside the reactor. Applying an intermediate circuit in a BWR 

technology located in a turbine area would be beneficial, especially for district heating 

generation.  

A similar situation involves an intermediate NI loop for essential consumers. It’s not feasible 

to use it for other purposes. The system was developed to serve only nuclear equipment and 

is meant to diversify the allocation of safety functions into different DiD levels. 

On the other hand, an intermediate circuit for non-important consumers is well suited for 

cooling integrated plant equipment. A similar situation concerns chilling and heating 

networks for conventional HVAC if separated. If having such a loop is feasible for SMR 

buildings, then all the facilities should benefit from that.  

7.2  Safety 

Nuclear reactors require a systematic safety assessment during their entire lifetime. It 

involves evaluating and managing internal and external hazards stipulated for the plant. 

Table 18 presents typical hazards suggested by the IAEA in Specific Safety Guide No. SSG-

77 for further evaluation. 

Internal hazard External hazard 

Internal fires Seismic hazards 

Internal explosions External floods (i.e. storm surges and tsunamis) 
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Internal missiles External floods (i.e. flooding of rivers and streams, and floods due to 

extreme precipitation events) 

Pipe breaks (including 

secondary consequences such 

as pipe whip, jet effect, 

flooding and pressure buildup) 

Extreme winds 

Other extreme meteorological conditions 

Internal flooding Volcanism 

External fires 

Heavy load drop External explosions 

Hazardous substances (e.g. toxic, radioactive, flammable, corrosive or 

asphyxiant chemicals, and their air and liquid mixtures, including 

inadvertent releases from nuclear or other installations in the 

neighbourhood or on the nuclear power plant site) 

Electromagnetic interference Aircraft crashes 

Electromagnetic interference, including solar storms 

Release of hazardous 

substances inside the plant 

Biological phenomena 

Hazards from floating objects and hazardous liquid on water intakes and 

components of the ultimate heat sink 

Table 18 Typical hazards suggested by IAEA in Specific Safety Guide No. SSG-77. 

It is essential to ensure that all initiating events with resulting accidents and consequences 

postulated in safety analysis from the applicable hazards and their combination are either 

prevented, handled, or mitigated. Therefore, hazard management decisions must align with 

the accident management program and emergency preparedness and response plan. This 

means that reactor fundamental safety functions cannot be jeopardized for all plant states. 

The subsequent protection levels of DiD principles require first prevention, then protection, 

and finally mitigation of consequences. 

Considering the conclusions from Chapter 7.1, the most considerable concern regarding 

integrating NPP and biorefinery heat cycles involves using reactor coolant heat and an 

intermediate or secondary buffer circuit between the reactor and steam generator. Such a 

possibility was neglected in the previous chapter, but to evident the process of safety 

evaluation, the safety risks will be recognized, and a proposal of mitigative action will be 

given in Table 19.  
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Safety risk Possible protection measures Mitigation means comment 

Increased risk of LOCA due to 

gasifier as an additional heat 

consumer 

 

Piping overpressure protection.  

Emergency reactivity control 

Quick isolation of ruptured 

component 

 

Primary circuit hydrocarbons 

contamination risk in case of 

gasifier leak 

 

Gasifier to operate in lower 

pressures than the primary 

system. Coolant treatment system 

capable of removing 

hydrocarbons 

Quick isolation of leaking 

component 

Reactor must be shutdown  

 

Fire and explosion hazard for 

reactor if gasification is 

performed in reactor building 

 

No biomass pretreatment in 

reactor building allowed - no 

explosion risk. Additional fire 

protection measures needed. 

Automatic activation of fire 

systems 

Radioactive contamination risk if 

primary coolant is delivered to 

separately located gasifier 

 

Extension of controlled zone 

including pipeline route and 

gasifier location 

Protection measure mitigates the 

risk but it is not practical. 

Reactor flooding in case of 

secondary circuit large pipe break 

or gasifier rapture 

Flooding protection measures Quick isolation of steam 

generator and ruptured pipeline. 

 

Table 19 Safety concerns with mitigative measures 

Other integration possibilities do not pose a nuclear safety risk, but it must be remembered 

that any disruption or failure of the secondary circuit outside the containment will initiate 

turbine and reactor trip, and failure in the infrastructure of cooling loops of non-essential 

process equipment will also eventually lead to plant shutdown. 

Many research reactors are of an open pool type with water serving as coolant, moderator, 

and shield. Those reactors are considered to be of the lowest maintenance need and accident 

risk, but their heat production is not large enough for the applicability of integration. 

8  Assessment of nuclear hydrogen applications 

According to the International Atomic Energy Agency (2013), the future nuclear reactors of 

4th generation will be best accommodated to meet the requirements of hydrogen production. 

They are expected to have a low probability of core damage accidents, limited consequences 
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of DiD level 4 events, and accident management procedures enhanced enough that 

emergency preparedness will almost not be needed. Along with safety, security 

strengthening and robust requirements preventing theft, war, and terrorism are expected. 

Promotion of prolonged fuel availability or its re-use, together with a reduction of 

radioactive waste amount, is one of the main priorities, along with plant design 

simplification, optimal layout, size, and lifecycle. New plants must also be able to 

accommodate other energy products beyond electricity, as is the subject of this thesis.  

8.1  Biomass and its products thermochemical conversion.  

Among Generation 4 reactors being evaluated by different countries as a part of the 

Generation IV International Forum, HTGR shows the most flexibility in supporting other 

energy products beyond electricity. The integration of biomass gasification with HTGR, 

presented in Figure 7, offers very high efficiency, which is possible using a primary helium 

circuit to feed the gasifier. However, this approach would mean placing the gasifier inside 

the reactor, limiting access to it and making regular maintenance impossible, or placing it in 

the same building within a controlled zone with limited access. This solution would also 

bring the risks of coolant contamination with biomass particles together with fission products 

built up in the gasifier, and, therefore, for all the above reasons, it is not feasible. Considering 

the availability of high-temperature secondary circuits in HTGR reactors, the heat energy 

for gasification could be provided from the secondary loop. Integration would require the 

gasifier building to be located within the plant double fence. However, biomass-feeding 

structures with enhanced security provisions could be located between the fence or outside 

the fence. 

The steam reforming of DME, as proposed by Fukushima and Ogawa (2003), is a process 

that requires a temperature of 300°C. It can be performed in all reactors with a steam or gas 

secondary cycle, provided the temperature is at least 50°C above this threshold for efficiency 

margin. The profitability of DME steam reforming is contingent on the DME yield in the 

biorefinery. If the yield is too low, DME could still be used as a fuel for EDGs, albeit with 

some effort to address its high viscosity. 

Despite biomass's high conversion rate, hydrogen production this way is not the most 

efficient method, and it is considered an expensive process. As hydrogen production has 
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other more efficient processes, biomass is utilized for heat and electricity production. The 

production of biofuels and valuable chemicals appears to be the most favorable option. 

8.2   Nuclear hydrogen for biofuel  

Nuclear reactor cogeneration for hydrogen production can also be integrated with 

biorefineries providing hydrogen for biofuel production. Hannula (2016) has analyzed the 

thermochemical path of obtaining biofuels from biomass using allotermal gasification with 

steam and autothermal gasification with steam and air together with fuel conversion 

enchased by hydrogen, as presented in Figure 12.  

 

Figure 12 Synthesis gas plant based on oxygen gasification and hydrogen enhancement 

(Hannula, 2016).  

Additional hydrogen supply can be provided from all SMR technologies with hydrogen 

cogeneration, and the heat for gasification and reforming processes can be supplied by 
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HTGR, LMRs, and molten salt reactors' secondary circuits with the addition of an extra 

burner. Currently, no technologies provide a temperature range that meets the gasification 

heat demand from SMRs and microreactor cooling circuits.  

Integrating the above process with hydrogen and steam produced by a nuclear reactor does 

not require the biorefinery to be located within the reactor plant's double fence or near the 

plant. However, the proximity reduces heat transfer losses and allows for more integration.  

If integrating a gasification plant and a nuclear plant is under consideration, conducting a 

thorough economic assessment is crucial. This assessment should particularly focus on the 

catalytic hydrogenation upgrading method, which can remove oxygen from crude oil using 

hydrogen. This step ensures the practicality and viability of the proposed integration. 

8.3   Nuclear safety and availability 

Utilizing cogenerated hydrogen and steam from a non-safety-classified cooling loop does 

not directly impact the reactor's nuclear safety. In case of the failure of tertiary circuit 

coolant, the automatic protection systems will isolate the line, trip the turbine, and notify the 

Main Control Room (MCR) operators to initiate the transition to cold shutdown.  

Nevertheless, the potential hazards from biorefinery within the plant will have to be included 

in the hazard assessment. All industrial accidents need to be assessed in terms of nuclear 

safety and, if required, postulated as initiating events in the Preliminary Safety Assessment 

Report. The primary hazards from biorefinery involve fire and explosion, and they may 

indicate the necessity of safety zoning to be applied. Independence or reactor plant operation 

from biorefinery is an expected approach. 

The common control strategy for dealing with transients at both nuclear and biorefinery sides 

must be adapted considering integration with large-size biorefinery. This means that 

biorefinery transient loads must match the reactor's capability during both normal operation 

and accident state, and the scenario must be adapted for buffer in case of biorefinery trips 

following failures and accidents. The buffer needs to address also the difference in 

operational capacity when, after 20 years of biorefinery operation, the reactor will need to 

utilize this capacity for the next 40 years of its operation. 
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9  Assessment of nuclear ammonia production 

Finland is not a significant ammonia producer; it relies to a high extent on this element's 

import. Russia is the world's 2nd ammonia producer, with extensive exports of this 

compound. Although the Finnish import from Russia of inorganic compounds and fertilizers 

has dropped significantly, Finland imported from Russia 239.72 M tonnes of inorganic 

metals, precious metal compounds, and isotopes in 2022 (Trading Economics, 2023). At the 

same time, there are active movements in this country for industrial self-efficiency involving 

the production of green hydrogen and ammonia, such as the planned 2023 hydrogen and 

ammonia units in Kokkola.  

Biorefineries and nuclear reactors combined have potential for sustainable ammonia 

production. 

9.1  Ammonia production by biomass thermal conversion 

Biomass gasification involves heating biomass with oxygen and steam to produce gas, ash, 

and char. The reaction yields hydrogen, carbon dioxide, and carbon monoxide, which react 

with water to form more carbon dioxide and hydrogen. The presence of steam stimulates the 

conversion of tar and char into nitrogenous gases, increasing the likelihood of ammonia 

formation. However, air gasification could make nitrogen sourcing even more feasible, so it 

should be evaluated in terms of a need for additional air separation unit. A small-scale 

production plant has been evaluated using a fluidized bed gasifier, equilibrium reactor, and 

steam as a gasifying medium). 

Figure 13 Scheme of biomass gasification plant for ammonia (Arora et al, 2016). 
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Syngas must be reformed with steam as an oxidizing agent to remove high methane content 

and hydrocarbons in the above concept. The heat sustaining this process is provided from an 

external source, giving space for nuclear steam. The syngas undergoes a purification process 

to scrub inorganic compounds, 3-stage compression, and CO and CO2 conversion by water 

gas shift reaction, desaturation, PSA removal of remaining CO2, CH4, and other remaining 

and final methanation of those gases into methane. Once this stage is finalized, syngas is 

dried and transferred to an ammonia loop to be cooled in counter reactor with an ammonia 

catalyst operated at 400°C and low pressure. Economic assessment of investment revealed 

a conclusion of 54−68% GWP reductions compared with traditional ammonia plants. CO2 

was much lower than in conventional plants and mainly caused by fossil fuel electricity. 

Integration with nuclear steam and electricity would eliminate this issue. The availability of 

heat from specific reactor technologies is as per chapter 7.1 

Idaho National Laboratory (2010) has developed a project analyzing integrating 450 MW 

HTGR with an ammonia production plant from natural gas. The economic estimations for 

the project confirmed the possibility of producing 3,360 tons of ammonia daily with this 

reactor capacity. Additionally, the process was set for producing urea and nitric acid. Nitric 

acid can be used to regenerate ion exchange demineralisers wherever applicable in the plant. 

The project assumed the ammonia facility to be located at small distance from the HTGR 

reactor but not within a nuclear plant plot.  

9.1.1  Integration benefits 

The concept of ammonia production from biomass, as presented by Wang et al. (2022), 

offers clean use of biomass compared with so far burning for electricity and heat production, 

reducing significantly CO2 emissions from ammonia production with comparable costs to 

traditional ammonia plants. The concept of Idaho National Laboratory (2010) offers a 

cleaner possibility for producing ammonia from natural gas than using fossil-sourced heat, 

as it is practiced in conventional ammonia plants. Both concepts offer a partial reduction of 

CO2 emissions but, when combined, could eliminate fossil fuels footprint from ammonia 

production completely. 
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9.1.2  Safety aspects and technical challenges 

The Idaho National Laboratory project (2010) assumed the location of the ammonia plant 

off-site from the HTGR reactor plot. However, it did not study the safety concern regarding 

transferring the 700⁰C helium pipeline of the reactor's secondary circuit beyond the plant's 

double fence. The safety concerns also involve the technical and security aspects of 

organizing the heat transfer without losses and breaches to keep this solution economically 

feasible. As much as expected in generation 4th reactors, plants have not applied this solution 

so far. 

The secondary helium circuit has the potential for radioactive contamination in case of 

leakages in the steam generator. This hazard needs to be evaluated by the nuclear safety team 

in the early phase of the project. 

9.2  Steam reforming of glycerol 

Methane steam reforming releases around 2–3 tons of CO2 per ton of ammonia into the 

atmosphere, forms 72 % of ammonia world production and contributes heavily to global 

warming changes (Anderson et al., 2008). Therefore, there has been much interest in 

developing more environmentally friendly solutions. Glycerol forms 10 % of the total 

product from biomass thermal transformation. As much as steam reforming of glycerol is an 

effective way to produce hydrogen, it can also decrease biodiesel production costs by 

ammonia side stream production. In an ideal state of chemical reaction occurring while 

steam reforming conditions, every mole of glycerol can produce 7 moles of hydrogen.  

C3H8O3 + 3H2O↔ 7H2+ 3CO2    Reaction 6 

However, in practice, this process could be better, and next to CO2 also, CH4 is produced 

with a risk of release into the atmosphere. One of the ways to overcome this challenge is to 

use a CO2 sorption-enhanced steam reforming process with a catalytic reaction. However, 

as much as this process is efficient for CO2 removal, it requires sorbent regeneration in a 

separate reactor, increasing the capital costs (Yang, 2020). However, as Khademi & Lotfi-

Varnoosfaderani (2021) pointed out in their analysis, the exhaust gas stream from a glycerol 

steam reformer with all remaining CO2 and methane can be used as a feedstock of methane 
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tri-reforming reaction and for glycerol reforming Khademi & Lotfi-Varnoosfaderani (2021) 

applied temperature of 723–823°C, atmospheric pressure and Ni/Al2O3 catalyst. They used 

a temperature of 800–1,700°C, 10–30 bar pressure, and Ni/MgO/CeZrO2/Al2O3 catalyst for 

methane steam reforming.  

Khademi & Lotfi-Varnoosfaderani (2021) reported several benefits of using the heat-

integrated process for ammonia production from biomass glycerol compared with the 

traditional natural gas method. This includes cost reduction due to the removal of several 

treatment steps with equipment, simultaneous ammonia and syngas production, auto-

thermality of the process by coupling different stages for heat reuse, volatile releases 

reduction, and use of by-products of glycerol steam reforming (CO2, CH4, and H2O) as the 

methane tri-reforming feedstock. Glycerol steam reforming requires the highest available 

steam temperatures, so all the conclusions from chapter 7.1 apply to this case. 

9.2.1  The analysis of integration potential 

The simulation performed by Khademi & Lotfi-Varnoosfaderani (2021) provided promising 

results for using glycerol produced in biorefinery in the ammonia production plant. 

However, the conclusions reflect the simulation conditions, so to verify this process in a pilot 

plant, more research analyses are needed, including economic assessment. The proposed 

concept concerned new ammonia production technology with feedstock delivered from 

biorefinery. Integrating ammonia production within a biorefinery with a nuclear reactor is 

possible, but it remains in theory for now. The safety concerns would be similar as presented 

in chapter 9.1.2. 

10  Assessment of biorefinery feedstock and products use in 

nuclear reactor 

Chapter 6 introduces several possibilities for chemicals used in nuclear reactors. They 

involve the application of bioproducts to benefit nuclear reactors and the use of the nuclear 

processes for bioproducts to benefit bio plants. The use of biochemicals in the nuclear reactor 

is one of many reasons to integrate a reactor with a biorefinery. However, as there are other 
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preconditions to do so, it is sensible to analyze all the possibilities for the possible benefits. 

According to the results of Schmeda-Lopez (2018), using an off-gas waste stream from the 

molten salt reactor as a tool for propane irradiation did not show an acceptable return on 

investment for SMRs but only for large reactors. Therefore, the application of bioproducts 

irradiation with this method will not be analyzed. 

  

10.1  Irradiation of glycerol 

Glycerol is a subproduct of bio-oil production, so biorefinery technology is particularly 

required for bio-oil. Its irradiation has proven to produce valuable chemical compounds. As 

presented in Figure 14, the irradiation process requires placing a fixed system inside the 

spent fuel pool for glycerol steady transfer through the spent fuel casks. 

 

Figure 14 Biorefinery combined with spent fuel pool for glycerol irradiation (Plant et al, 

2021) 

The presented configuration requires glycerol piping to enter either the spent fuel pool 

located in the reactor building or the Interim storage building spent fuel pool. The I&C of 

pumps and valves in the glycerol system would have to be provided with dedicated I&C 

coupled with MCR. Proper isolation and leak detection should also be provided, and the 

system should be qualified for assumed harsh conditions, aging management, and integrity 

seismic resistance. 

Plant et al. (2021) have analyzed different glycerol mixtures and radiation doses, basing their 

research on the TRIGA Mark II reactor. However, they have also scaled the results to match 
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the 2 GW PWR unit spent fuel pool with 1780 fuel elements. Extrapolating the results to the 

PWR plant, they estimated that using 57 ± 8 t per year of glycerol and 25 ± 2 t per year of 

acetone, we should obtain 57 ± 6 t per year of solketal and 13 ± 2 t per year of acetol. Because 

glycerol forms around 10 % of biodiesel production (for every 10 tonnes of biodiesel 

produced, we have around 1 tonne of glycerol), the integrated bio plant would produce 570-

650 t of biodiesel per year. It is a tiny amount for a bio plant capacity compared to 50,000 t 

per year in the Joensuu bio plant. 

SMRs and microreactors may not be efficient enough for integration due to their capacity. 

More research is needed on reactor cavity and capacities to obtain conclusive results. It is 

doubtful that glycerol/acetone piping could be accepted by nuclear authorities for SMRs 

anytime soon without collecting the operational experience of SMRs. A more probable 

course would be a pilot-scale research reactor or application inside interim storage where 

applicable in the plant.  

10.2  Irradiation of raw biomass 

Proposed by Driscoll et al. (2014) irradiation of wood pellets and other lignocellulosic 

material with electron beams has shown auspicious values for biomass pretreatment and 

enzymatic hydrolysis. However, it is impossible to use irradiation of the reactor's spent fuel 

pool for this process. It would require some conveyor routing biomass separately but in the 

vicinity of the pool, bringing fire and explosion hazards into the pool and significantly 

impacting its size. The efficiency of that solution is questionable, and as it poses high safety 

risks, it will not be continued further in the analysis. 

10.3  Bio diesel for nuclear plant accident protection systems 

The composition of bio-crude originating from lignocellulosic biomass is much more 

complex than regular diesel. Originating from plants, it contains diverse organic substances, 

including aromatic hydrocarbons, sugars, alcohols, esters, ketones, phenols, amines, sugars, 

furans, ether, carboxylic acids such as acetic and formic acids, water, and lots of oxygen. 

Typical parameters of bio-crude are presented in Table 20. 
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Parameter Bio crude Heavy fuel oil 

Moisture content (wt%) 15-30 0.1 

pH 2.5 - 

Specific gravity 1.2 0.94 

Elemental composition 

(wt%) 

 

C 54-58 85 

H 5.5–7.0 11 

O 35–40 1 

N 0–0.2 0.3 

Ash 0–0.2 0.1 

Heating value (MJ/kg) 16–19 40 

Viscosity (at 50 1C) (cP) 40–100 180 

Solids (wt%) 0.2–1 1 

Table 20 Typical parameters of wood pyrolysis oil and heavy fuel oil (Oasmaa & Czernik, 

1999). 

Presented above are standardized values describing bio-crude; they may differ depending on 

the biomass content used for pyrolysis. Bio crude has quite a low heating value and high 

viscosity and oxygen content. Carboxylic acids in bio-oil lower its pH and make it very 

corrosive. Processing bio-oil in this form at high temperatures would devastate pipping and 

equipment materials. Therefore, it cannot be used to power engines in this form. Bio-oil 

requires complicated upgrading processes to become suitable for the use in engines.  

10.3.1  Bio diesel upgrading  

Fast pyrolysis applied by a bio plant in Joensuu, Finland, is a process of incomplete burning 

of biomass at a temperature of 450-650°C that lasts less than 2 s. This process yields char, 

fuel gas, and liquid oil. There are several methods for upgrading bio-crude to transportation 

fuel, such as hydro-treatment, catalytical cracking, esterification, emulsification, 

supercritical fluid (SCFs), hydrogenation, molecular distillation, hydrodeoxygenation, and 

catalytic pyrolysis. The features of main upgrading methods are presented in Appendix 13. 
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As of today, no single upgrading method is capable of obtaining bio-oil with diesel oil 

parameters. Solvent addition is the most practical and cost-effective way. However, mixing 

with solvents with higher heating values reduces viscosity and raises heating value, but it 

does not correct the oil's corrosive content. 

Emulsification offers the possibility to utilize bio-oil in engines as an emulsion with a 5-40 

% bio-oil mixture with diesel oil, similar to gasoline. The benefit of this solution is a 

decreased amount of burnt diesel oil in nuclear plants, but it would still have to be burnt and 

delivered to the plant. Before the actual application of this option, more research is needed 

to clarify the optimal emulsion content rate. Once this data is established, fluid transfer and 

storage parameters would need to be set, and emergency diesel manufacturers' guarantees 

would be developed for new fuel. If perusing with the application would be possible, the 

emulsifying installation would have to be designed in bio plant and piping to deliver 

emulsion to the diesel storage tank provided in the shortest possible way. The fuel tank and 

installation would follow the principles of a system classified as EYT/STUK with seismic 

S1 level resistance. Piping and bio plant equipment could be of class EYT. 

When considering the abundant content of bio-crude, the most environmentally conscious 

and promising option would be to extract valuable chemicals from the bio-oil. However, 

upgrading with emulsification also presents a viable option, as the emulsion parameters can 

meet the requirements of a diesel generator. The decision to upgrade bio-crude in this manner 

must be based on a comprehensive assessment of the expected yearly production to evaluate 

the supply chain. It's likely that the diesel generators would only be able to accommodate a 

small portion of the product. Therefore, it's crucial to identify potential customers and 

evaluate the costs of fuel transportation to build a solid business case. 

11  Assessment of utility systems and structures 

When combining a biorefinery with an SMR or microreactor, the unification of infrastructure 

and supporting systems and structures is a natural consequence, especially if the biorefinery 

owner is the client who will own and operate the reactor. The feedstock's availability dictates 

biorefineries' capacity, and its power demand in practice is smaller than the production 

capacity of microreactors and much smaller than SMR. Also, the need for utilities is much 

more demanding for nuclear reactors than for biorefinery. Therefore, nuclear reactor utility 
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needs are the priority, and they should be flexible enough to accommodate the needs of the 

bio plant.  

Due to a nuclear facility's safety and security requirements, the production plant area must 

be located within a double fence, highly restricting the traffic of people and materials. The 

plant-associated infrastructure is typically located within the double fence, but it is not 

mandatory. Regarding SMRs and microreactors' modularity and the tendency to limit their 

footprint, the supporting infrastructure can also be located outside the fence. No matter the 

approach, the infrastructure can be shared with biorefinery; also, it is not located with the 

reactor plant site.  

No particular nuclear safety requirements are applied for utility systems and structures 

except for hazard assessment, so the integration with biorefinery should not impose 

additional nuclear safety requirements. The exact parameters and types of infrastructure 

depend on the plant size and the technology chosen. Therefore, the exact configuration will 

be presented, for example, in case only. 

12  Summary of assessments in terms of specific technologies 

There are many potential ideas for integrating biorefining with nuclear power generation. 

However, the ideas will remain only on paper if they do not represent a particular benefit. 

The potential benefits need to be in line with technical feasibility and the potential for 

economic gain. 

12.1  Biorefinery parameters for integration 

The main factors impacting the decision to build a biorefinery are feedstock availability, 

infrastructure to deliver it cost-effectively, plant estimated production capacity, and 

economic profit. From the economic perspective, none of the above market drivers is 

prevailing because biorefineries are meant to utilize, in a more environment-friendly way 

than so far, the feedstock that is already available in specific amounts and form, provide the 

proper technology to transfer the feedstock valuable products and profit from it. However, 

the available amount and feedstock type define plant size, preconditions for choosing 
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technology, and overall product parameters. The more extensive feedstock is available, the 

bigger the plant capacity can be. Presented in Appendix 3, pyrolysis biorefineries that are 

based on 10-21000 kg/h woody feedstock have a much smaller supply need and 

consequently feedstock than bioethanol plants presented in Appendix 4 with 29000-50000 

kg/h of different feedstock. To estimate the approximate electrical demand of bioethanol 

biorefinery processes from SMRs and microreactors, we can use the electricity consumption 

values to process 1 t/h of woodchips from Appendix 2 with values estimated for the plants 

from Appendix 4. For bioethanol production in the largest plant owned by Range Fuels, we 

need approximately 26 MW of electrical capacity. This demand is compatible primarily with 

microreactor Aurora or Carem SMR. The smallest plants, such as Stora Enso, require only 

1.5 MW, which matches the capacity of Aurora, Westinghouse, or Holos-Quad 

microreactors. The results are inconclusive because the primary energy demand of bioplants 

is thermal energy. 

Greene et al. (2009) analyzed the needs of biochemical and thermochemical biorefineries in 

the US, processing 2000 tonnes daily of feedstock to obtain 69 million gallons per year of 

ethanol in the biochemical course and 70 million gallons per year in the thermochemical 

course. The biochemical plant based on hydrolysis required 103.6 MW of thermal power 

and 11.8 MW of electric power. The thermochemical plant based on gasification required 

97.8 MW of thermal power and 8 MW of electric power. Even though those biorefineries 

utilize very different equipment with marginal temperature demands, the thermal and 

electrical power ratios are not very far from each other for both plants. The electrical demand 

of biochemical refinery forms approximately 11 % of its total heat, and in gasification plants, 

the electrical power constitutes 8 % of its total heat demand. The conclusion will be 

extrapolated to obtain overall demands for different biorefinery sizes and technologies.  

Finnish biorefineries have small to middle-size feedstock capacity, so their needs in terms 

of integration match reactor capacities such as MMRs or the smallest SMRs except for cases 

such as Hamina by Fintoil with a maximum feed load of 200 000 tonnes per year. However, 

considering the capital costs of a purpose single microreactor unit and the limited lifetime of 

biorefineries, it is necessary to find other configurations. The needs of larger biorefineries 

could be secured with several modules of microreactors to match their capacity. Similarly, 

large-capacity SMRs can serve the purpose of several biochemical plants and provide high-

temperature heat to the nearby municipality. However, the founding of such investment 
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would require cooperation agreements between the beneficiaries, similarly as it was made 

for the Hanhikivi 1 nuclear power plant owned by Fennovoima, whose ownership belonged 

in larger scope to Voimaosakeyhtiö SF that was composed of 44 shareholders such as Fortum 

Oyj or Lahti Energia Oy. Another approach is to utilize large-capacity SMR.  

12.2  Geopolitical aspects 

The geopolitical aspect of projects with international impact is one of the critical factors of 

this assessment. Given the current political situation in Europe and the ongoing war in 

Ukraine, it's unlikely that we'll see any investments in Russian technology in the EU in the 

near future, at least not within the next ten years. Despite the fact that Russian technology 

has proven to be very effective and ready for cogeneration with biorefining, it will not be 

included in further assessment due to these geopolitical constraints. 

We also need to evaluate the geo aspect in terms of the supply chain readiness of specific 

technologies. Russian technologies had potential in that sense with an established supply 

chain and no need for shipments of main equipment, but this path is currently frozen. There 

are also no specific challenges due to the freezing of the Russian supply chain. Many 

countries produce uranium, which is enriched by several countries. Additionally, Finland 

already has a fuel supply demand established by the US, Russia, Canada, Australia, and other 

countries (International Atomic Energy Agency, 2005). The modularity of SMRs and 

microreactors allows for shortening the main components supply chain and simplifies 

licensing in the view of standardization of subsequent units. 

12.3  Outage compatibility 

The schedule of nuclear reactor refuelling is essential in defining reactor and biorefinery 

compatibility. For the refuelling, the reactor needs to be shut down to move part of the spent 

fuel assemblies into the spent fuel tanks, replacing them with fresh fuel. During this 

procedure, all necessary inspections and maintenance need to be scheduled to use the 

availability of non-in-service inspectable equipment and to limit staff operational exposure 

following ALARA principles. Necessary inspections mainly concern the equipment not 

being accessible during operation due to high radiation doses, components that do not fall 
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under in-service inspections, or those with a short maintenance sequence. However, 

naturally, all possible maintenance is scheduled for that time. Scheduled maintenance breaks 

must be foreseen if outage intervals significantly exceed the equipment maintenance 

required intervals. All activities must be arranged optimally for the equipment specifics, 

safety, and availability time frame. The outage should be planned on three levels. Ten-year 

long-term plans must balance the reactor's outage activities, biorefinery maintenance 

intervals, and plant modifications to optimize the time in the critical outage path. Every three 

years, follow-up shall be done to accommodate unexpected flaws and optimize preventive 

scheduled breaks. Short-term planning is required to optimize prepared activities for 

upcoming outages.  

If the reactor power is based only on the needs of integrated biorefinery, then the outage and 

biorefinery maintenance should match. Considering manufacturers' typical one-year 

recommendations for the equipment maintenance intervals, the outage every 12-18 months 

appears optimal. This time can be extended if a power buffer is foreseen. Nevertheless, the 

time foreseen for outage duration should be optimized for small reactors to be less than a 

month, and activities planned for integrated plant outage should be presented in the planning 

schedule, including the schedule of reactor safety systems availability during the outage. 

12.4  Integration path  

Based on conclusions from the assessment of integration paths provided in chapters 11 and 

12.1, there are several promising configurations of biorefinery integration with small nuclear 

reactors, with the most variety of options in 4th generation high-temperature technologies 

and the most operational experience in PWR reactors. HTGR and PWR small reactors form 

equally more than half of currently offered small reactor technologies. HTGRs can provide 

the heat range needed in all bioprocesses. However, the primary purpose of this thesis is to 

find an integral way of biorefining decarbonization with the more efficient use of nuclear 

power energy. The efficiency of PWR and integral PWR reactors of around 31-33 % is much 

lower than HTGR reactors, meaning that the rest of the heat generated by those reactors is 

wasted in the ultimate heat sink. Considering the temperature range of PWR units, the most 

suitable configuration of these reactors with biorefining involves lower temperature heat 
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demand processes performed in the biochemical routes. Therefore, the following path is 

proposed to be verified in detail from the technical and economic points of view. 

Hydrolysis plant for bioethanol production with integration of PWR reactor including: 

• Steam from secondary circuit or turbine extractions of Integral PWR  

• Intermediate cooling circuit share with biorefinery 

• Utility systems share (if feasible) 

• Irradiation facility application (if feasible) 

Additionally, the technical aspects of a secondary case will be evaluated in general to address 

HTGR reactor integration with a thermochemical plant and its product use in the nuclear 

plant. 

13  Primary example case  

The example case will present the integration possibilities of a large-scale second-generation 

bioethanol production plant with an SMR plant of Integral PWR type. The biorefinery 

parameters will utilize the values that Greene et al. (2009) obtained in enzymatic hydrolysis 

of 2000 tonnes daily of lignocellulosic biomass by extracting 29774 l/h of pure ethanol. 

Integrated SMR will be represented by four modules VOYGR of NuScale Power 

Corporation with 308 MWe capacity (77 MWe per module). The assumption is made that 

constructing a single-module reactor plant for the needs of biorefinery would not prove to 

be economically feasible. Therefore, a standard 4-module reactor plant was chosen for the 

integration. 

13.1  The hydrolysis bio plant 

The primary bio process analyzed by Greene et al. (2009) involves the separation of lignin, 

cellulose, and hemicellulose, followed by cellulose enzymatic hydrolyzation. Sugars are 

extracted this way and transferred to the distillation column for ethanol extraction. Corn 

stover bales (weight approx. 0.75 t) will be delivered to the plant by trucks. After mechanical 
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crushing, biomass stays in a steamer for 20 min to be heated to 100°C. From there, it is 

transferred to spend two minutes in a pretreatment reactor, operated at 190°C and 1.22 MPa 

using superheated steam, where high-temperature hydrolysis with acid brings xylose, 

mannose, arabinose, and galactose to a soluble form. Lime conditioning and flash cooling 

remove fermentation inhibitors such as furfural, acetic acid, or hydroxymethyl furfural to be 

collected and sold. 53 kg/h of 100 0C vapor released in flash cooling preheat the distillation 

column. 

Further, cellulase enzymes allow cellulose to convert to glucose at 60°C, provided by low-

pressure steam, and microbial catalysts allow sugar fermentation into ethanol at 45°C. 

Distillation columns require 164°C and 0.45 MPa steam. The general scheme of the entire 

process is presented in Figure 15. 

 

Figure 15 Biochemical course biorefinery (Greene, 2009). 

In the initial configuration, a part of lignin wastes and syrup from distillation were burnt in 

a circulating fluidized bed to produce electricity. In the example case, this stream will be 

considered a byproduct waste to be transferred for offsite gasification plant or chemicals 

recovery. The main characteristics of this biorefinery are presented in Table 21.  
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Parameter Value 

Bioethanol production l/h 29774 

Plant construction time (site preparation, construction, 

commissioning) 

2.5-3 years 

Feedstock delivery way By rail, by truck 

Thermal power need 103.6 MWt or 89.08 MM 

kcal/hr  

Electrical power need 11.8 MWe 

Water supply for cooling wet tower < 227.125 m3/h 

Process steam needs  268°C, 1,3 MPa  

164°C, 0.45 MPa 

115°C, 0.17 MPa 

Plant availability 96 % 

Plant life 20 years 

Table 21 Parameters of evaluated hydrolysis bio plant (Greene, 2009). 

Greene et al. (2009) also estimated the biorefinery's staffing requirements, which included 

five managers, five shift supervisors, ten technicians, 20 operators, 32 field laborers, and 

five secretaries. No on-site engineering staff was foreseen except for the operators, whose 

number is relatively high compared with nuclear power plants. 

Biorefineries with forest residue as a feedstock have the smallest fossil fuels-originated 

global warming potential (GWP) of around 64 kt CO2 eq./yr. Wheat straw and miscanthus 

have higher GWPs of 141 and 89 kt CO2 eq./yr respectively. Total GWP of biorefineries per 

liter of produced ethanol ranges from -401 g CO2 eq./l for forest residues to -144 g CO2 eq./l 

for wheat straw. 

13.1.1  Economic values 

The prosperity of the biorefinery depends on its size, the technology applied, and the costs 

of feedstock manufacture and delivery. According to Greene et al. (2009), the investment 

costs for the proposed biorefinery size form around 73 % of all plant costs, with a value of 

197.4 million dollars. 50.6 million dollars was a prize for the feedstock, including the 

feedstock price and delivery form, which comprised nearly 19 % of total plant costs. 

Operation and maintenance costs are estimated to form the smallest value of $ 23.2 million. 

However, considering the analysis time Greene et al. (2009) performed, we need to adjust 
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the prices to current values. The dollar price in 2009 was equal to 1.39 euro; now it is 0.90 

euro (meaning a 54 % rise). The price for a kilowatt hour of electricity in 2009 was $ 9.82, 

and in 2022, it was $ 12.49 (27 % rise), the price for a gallon of gasoline in 2009 was around 

$ 2.27, and now it is $ 5.68 (50 % rise). We can assume that the prices given by Greene et 

al (2009) went up at least 40 %, and those values will be used further in the analysis. 

13.2  NuScale small modular reactor plant 

VOYGR power plants are based on NuScale Power Module™, which utilizes pressurized 

water-cooled reactor technology well proven in operation worldwide. The proposed plant 

configuration utilizes 4, 6, or 12 module plants to suit different industry’s needs. The scheme 

of a single reactor module is presented in Figure 16. 

 

Figure 16 Scheme of a NuScale power module (Ingersoll et al, 2014b). 



89 

 

The reactor modules are fueled with UO2 pellets organized in standard for PWR fuel bundle 

17x17 array geometry. Each module’s reactor vessel has a nuclear core containing 37 fuel 

assemblies and 16 control rod clusters. Unlike a standard PWR, all primary circuit 

components are enclosed in a steel containment 24.6 m high and 4.6 m wide. The area above 

the core contains a hot riser tube, a helical coil steam generator, and a pressurizer. The 

circulation of primary coolant is maintained by natural buoyancy forces and different 

behaviors of lower-density water leaving the reactor core and the higher density of water 

cooled in the steam generator. Secondary circuit feedwater is pumped into the tubes before 

it turns into superheated steam. The pool containing all the reactor modules is submerged 

and located next to its spent fuel pool area. The entire reactor plant is located below the 

ground, as can be seen in Figure 17.    

 

 

Figure 17 VOYGR-4 SMR plant (NUSCALE, 2023, Ingersoll et al, 2015).  

Each power module with its power conversion system is independent from the rest of the 

modules. Therefore, this plant configuration allows using different modules for different 

purposes and locations under a joint operating feature. The four-module configuration allows 

the total splitting of the entire unit's thermal power in terms of load-following challenges. 

Nuclear reactors are base-load power units, so such a modular configuration can support 

reaching the optimal load-following factor (Locatelli et al., 2015). We can utilize one or a 

few modules for electricity production and another just for industrial heat production without 

requiring complex I&C to extract the heat from different turbine stages. Another option 

involves district heating production for a specific municipality, such as Espoo, referred to 
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by Tulkki et al. (2017). Overall parameters of applied 4 module VOYGR are provided in 

Table 22. 

Parameter Value 

Plant construction time (from the first safety concrete to 

mechanical completion) 

39 months first plant, 30 months 

subsequent plants 

Thermal power production  1000 MWt (250 per module) 

Gross electrical power production 308 MWe (77 per module) 

Primary circuit design temperature 343°C 

Primary circuit operating pressure  13.8 MPa 

Secondary circuit design temperature 343°C 

Feedwater temperature 93°C 

Turbine inlet pressure 3.5 MPa 

Plant capacity factor > 95 % 

Plant life 60 years 

Operating cycle 18 months 

Outage duration 10 days 

Table 22 Parameters of evaluated NuScale plant (NuScale Power, 2022). 

An essential factor in SMR commercial success is plant modularity and scalability, which 

are supposed to shorten and ease licensing, manufacturing, shipment, and construction time 

and costs. In the NuScale solution, each power module is contained within a factory-

manufactured containment vessel, and plant design allows for flexible choosing of plant 

power from 1 to 12 modules. The entirely off-site fabricated steam supply system can be 

delivered to the site by general transport paths, reducing the amount of construction 

activities. In this solution, every reactor module has fully separated safety systems, but a 

common spent fuel storage is located next to the reactor hall. If an intermediate storage 

building for spent fuel is not foreseen in the design, it is considered unfeasible to arrange an 

irradiation facility in the spent fuel pool. Pursuing this idea would impose reactor building 

layout modifications by implementing hot cells, a laboratory for the irradiation facility, and 

different equipment traffic, not to mention the impact on reactor safety and plant availability. 
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13.2.1  Safety approach 

The reactor pool has two safety functions: providing passive containment cooling in case of 

LOCA and removing post-accident decay heat. The pool capacity is determined to be a heat 

sink capable of absorbing all the post-accident decay heat from up to 12 reactor modules for 

at least 30 days. After that time, long-term accident management of the vessel employing air 

cooling is secured to avoid fuel damage, as seen in Figure 18. It is a function of an emergency 

core cooling system (ECCS) with three independent reactor vent valves and two reactor 

recirculation valves. The system is activated in case of feedwater loss combined with a loss 

of both trains of decay heat removal system (DHRS). Each steam generator loop is provided 

with redundant DHRS. 

 

Figure 18 NuScale power module decay heat removal followed by station black out 

(Ingersoll et al, 2014a).  

The reactor pool also serves as a shield, reducing staff exposure during normal operation. 

Passive safety systems secure the reactor in all design basis and design extension conditions, 

including severe accidents. 

The spent fuel pool is designed to accommodate the spent fuel pool for ten years and 

temporarily store the fresh fuel. The spent fuel pool has a connection with the ultimate heat 

sink and cooling water reserve to secure up to 150 days of passive cooling in case of loss of 

offsite power (LOOP) and total loss of electrical power. 
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13.2.1  Economic values 

The capital costs of the NuScale flag plant, composed of 12 reactor modules with 924MW 

of electrical power, have considerably changed along with the project's progress. In 2016, 

the expected electricity price was announced to be $55/MWh. Next, in 2021, together with 

the downsizing of the plant to 6 modules with 462 MW of electrical power, the price rose to 

$58/MWh. However, after a more detailed cost estimation, the predicted price rose again in 

January 2023 to $89/MWh. Looking at the conclusions of Steigerwal et al. (2023) quoted in 

chapter 5.6, it does not seem surprising, having in mind building a first-of-a-kind small 

power plant.  

According to Appendix 5, the overall capital costs of a 4-module VOYGR should reach 

1,067,528,000 $. However, having in mind just canceled the Idaho 6 module project that in 

2021 was expected to cost $5.3 billion but rose to $9.3 billion in 2023, it seems highly likely 

that the $1,07 billion presented in this thesis for the four modules plant is strongly 

underestimated. On the other hand, it is expected that the construction of standardized 

subsequent VOYGR plants will cost much less than the first-of-the-kind project.  

13.3  Integrated plant 

One module in the integrated four power modules of VOYGR SMR will be used for 

biochemical biorefinery needs. The remaining three modules will produce heat and 

electricity for the surrounding municipalities. Therefore, this example case requires more 

stakeholders interested in nuclear energy sources and ideally interested in bioethanol easy 

access. Considering the biorefinery heat demand of 103 MW and its electrical demand of 

11.8 MW that reflects in the Rankine cycle up to 33 % of thermal power, the biorefinery 

total heat demand of around 140 MWt leaves still 110 MW of thermal energy for an 

additional consumer of this reactor module such as another smaller biochemical plant, 

thermally processing residues from this biorefinery or a more significant production of 

carbon-free electricity to be sold to the grid. The scheme of a combined plant with a steam 

turbine as a primary heat consumer 147 MW with process heat for biorefinery from steam 

turbine two stages bleed is presented in Figure 19. 
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Figure 19 SMR process integration with biochemical plant (NuScale power module photo 

taken from Ingersoll, 2014a).  

The integrated process does not burn lignin; therefore, it can be collected and sold. Any 

unfermented C5 sugars could also be separated if economically feasible. 

13.4  Safety impact 

Several safety aspects need to be analyzed for the chosen integration path. In PWRs, the 

secondary steam circuit is blown down to maintain the chemistry regime; the blowdown, 

like the main steam lines, is provided with automatic radiation monitoring. In the actuation 

of one of the radiation detectors, indicating a large leak in the steam generator, the impacted 

steam generator is automatically isolated to prevent radioactive primary coolant from 

entering secondary side equipment. However, some coolant will enter the system before this 

happens. So, because the provided steam may be in contact with biomass in a specific 

bioprocess, an additional heat exchanger should be applied for such equipment to keep 

returning steam clean, or the used steam should be considered lost and compensated by 

make-up water. 
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Another safety concern involves the increase of fire and explosion hazards. The most 

significant flammable hazard in traditional reactors comes from diesel fuel storage for 

emergency diesel generators. The bioethanol plant contains a large fixed roof tank that 

collects produced alcohol before further delivery off-site. Ethanol has a much lower flash 

point than diesel fuel, and its large storage tank will be an even more significant fire hazard. 

Unfortunately, there are not many lessons learned from this type of fire, but the small 

evidence shows total burnout rather than extinguishing success (Lauria et al., 2017). The 

experience with small-scale alcohol fire tests shows that the impact on surroundings is 

smaller for alcohols than for hydrocarbon fuels, and these results are often extrapolated for 

large fire designs (Sjöström et al., 2015a). However, the tests conducted by Sjöström et al. 

(2015b) have shown a significant difference in fire behavior between large- and small-scale 

ethanol fires. They have proven that small laboratory-size tests cannot be extrapolated for 

large fires, especially when estimating the heat exposure of surrounding areas based on the 

heat flux. Fire suppression of alcohol fires is difficult, so separation by distance plays an 

essential role in a fire strategy. 

Nevertheless, bioethanol is a water-miscible fuel causing category B fires. It requires several 

protection methods, including hydrants required by law, alcohol-resistant aqueous film-

forming foam extinguishing system, and water sprinklers for surface cooling. Therefore, bio-

ethanol tanks should be located outside the nuclear plant fence for safety reasons, 

considering wind direction. Small modular reactors tend to cut the need for local fire 

brigades as a part of the simplification process. However, this does not seem justified for 

plants with several accessible reactor modules and supporting infrastructure with multiple 

fire hazards. NuScale proposed a way to shrink the emergency planning zone (EPZ) size to 

the plant's boundaries, which is a space reservation benefit. However, it also allows for 

collocating other plants without needing full integration. A local fire brigade for a plant with 

four reactors and a neighboring biorefinery trained to hold the duties of an emergency 

response team could be a good fit. However, as much as technology suppliers decrease the 

size of EPZ, it will still be a part of regulator evaluation during the licensing process. The 

Finish regulatory process as of today is not constructed for small reactors' modularity and 

standardization, and each, even the smallest reactor plant, must follow the licensing 

procedure set for the large water reactors.  
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For an appropriate safety case description, PSAR should cover hazards introduced by a 

neighboring plant, and topical reports supplementing it should cover their mitigation 

techniques. 

13.4.1  Safety authority concerns in terms of integration 

The NuScale standard design has been issued for certification to the Nuclear Regulatory 

Commission (NRC) and certified positively with few comments. The main technical issues 

related to the design should be addressed in the integration project.  

a.      Comprehensive vibration assessment program 

According to NRC, the helical coil steam generators' shell organization of primary coolant 

is a risk of density wave oscillations on the secondary side, causing vibrations and limiting 

tube leak tightness. A comprehensive vibration assessment was required, including fluid-

elastic instability and vortex shedding of steam generators.  

This concern is crucial for integration as it stresses the criticality of primary/secondary side 

leak tightness and steam generator internal design features. The components free from vortex 

and vibrations can be qualified seismically to limit the accidents initiating events. 

Considering the shortest possible time of 3 seconds for the steam generator isolation and the 

possibility of small leak transfer to biomass pretreatment, additional heat exchangers at the 

biorefinery could be required. 

b.     Containment safety 

This concern does not pose any transient risk for the integrated plant other than the specified 

earlier steam generator leakage, so it will not be analyzed further. 

c.      ECCS actuation block valve 

The issue addresses the complexity of high point vents releasing the steam into upper 

containment and recirculation valves, returning the condensate to RPV from the point of 

view of failure tolerance in their valves and actuators. This resulted in some design 

modifications, seismic qualification requirements with ASME, and case-by-case evaluation 

of single failure criterion. The primary concern here is the protection of reactor fuel from 

damage by ECCS, and except for steam delivery break, it does not correlate with biorefinery. 

In general, steam generator tube failure and secondary side contamination with fission 

products are the only safety cases affecting the biorefinery.   
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13.5  Plant layout 

In this example, the Nuscale plant is a primary investment fulfilling the needs of different 

owners and stakeholders, with only half of the single reactor production covering the 

biorefinery's needs. Therefore, the biorefinery plant will not be fully integrated with the 

NuScale site, and only a single unit's reactor heat and electrical power, together with coolant 

from the cooling tower, will be shared with that biorefinery. The proposal for an integrated 

plant layout is presented in Figure 20. 

 

Figure 20 Site layout of integrated Nuscale plant with bioethanol plant (NuScale site is based 

on impressions from Palmer et al (2018), Black and Peterson (2019) and Saenz (2022) with 

stipulation of dimensions and layout). 
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NuScale plant safety is the most critical factor in the layout coordination of the integrated 

plants. For that reason, the sites have been allocated to separate their fire and explosion 

hazards by distance. A 37 m gap between both sides allows a 300 m distance between the 

switchyard and bioethanol tanks and 320 m between the reactor building and bioethanol 

tanks. The distance is applied to separate fuel from the ignition source and limit external fire 

impact on the ventilation system of the reactor building. The cooling tower part designated 

to supply the biorefinery will be separate from the safety classified tower serving the 

reactors. If needed, it can be moved to the biorefinery site without the integration. 

13.5.1  Process utilities, service compounds and systems 

Reactor plant and biorefinery require different utility systems and chemical compounds to 

maintain operation. The proposal for main supplies is presented in Table 23.  

Supply PWR Biorefinery 

Cooling water Make up water for cooling 

tower 

Make up water for cooling 

tower 

Heat Auxiliary steam for process 

needs, space heating 

HP and LP steam, space 

heating 

Compressed air Service air, breathing air, 

instrumentation and reactor 

testing air 

Service air 

Potable water Staff needs, safety 

equipment 

Staff needs, safety 

equipment 

Fire water Firefighting and 

extinguishing water storage 

reserve from potable water 

Firefighting and 

extinguishing water storage 

reserve from potable water 

Demineralised water Production from potable 

water for reactor plant 

 

Nitrogen NI process, turbine (if 

determined by supplier) 

 

Hydrogen turbine (if determined by 

supplier) 

 



98 

 

Oxygen NI process Pyrolysis 

Sulphuric acid NI process  Pretreatment, hydrolysis 

Nitric acid NI process (if needed)  

Boric acid NI process  

Table 23 Demand for utilities in both plants 

Process gaseous utilities are produced in UB building and are common for all the reactors. 

Compressed air will not be shared with biorefinery due to low demand and difficulties 

sharing benefits. Demineralized water for the needs of the reactor will be produced in the 

Annex building from potable water. There are no consumers of demineralized water in a 

biorefinery. Potable water will be delivered to both sites separately, based on the number of 

staff working in each plant with an extra load for Nuscale plant demineralized water 

production. Sulphuric acid will be delivered to both plants separately.  

13.5.2  Waste streams 

Liquid radioactive waste from the NuScale plant will be solidified and transferred offsite to 

a final storage location. This plant's liquid conventional process waste stream will be treated 

chemically and transferred to a domestic waste stream. Depending on the parameters of the 

chosen site location, the conventional process streams of both plants could be combined and 

treated in a common plant before disposal to a domestic stream delivered by the service 

provider. Rainwater streams will be handled on each site separately and disposed to surface 

water.  

13.6  Transition impact to costs 

Considering that 1 module would be used for biorefinery heating and electrical needs with 

excess electricity sold to the grid, the remaining three reactor modules would supply other 

consumers. Therefore, a biorefining company would provide 25 % of Nuscale plant 

construction costs. Table 24 summarises the most critical economic values required for 

investment profitability evaluation, using the dollar to euro course 0,90 as of 30.12.2023. 
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Variable Bio plant SMR plant General 

market 

NuScale minimum electricity price 

(€/MWh) 

 80.18   

Finland wholesale electricity price 

November 2023 (€/MWh) 

  66.281  

 

Helen electricity retail price for medium 

businesses for December 2023 (c/kWh) 

  12.471 

Capital costs of entire plant (€) 248,724,0005* 997,920,0006  

Operation and maintenance costs of 

entire plant (€) 

29,232,0005* 49,783,7347  

Feedstock total costs 63,756,0005*   

Fuel €/MWh  

€ in 20 years 

 9.012*  

486,140,054 

 

Current district heating price from Helen 

€/MWh (0% VAT) 

  89.521 

Ethanol price in Finland in Q1 of 2023 

$ per metric ton / € per liter 

  787/0.563 

Ethanol price in Sweden $/liter by 

25.12.2023 

  1.3314 

Table 24 The economic values for integrated plant 1-Helen (2023), 2-Ingersoll (2014a), 3- 

Intratec Solutions (2023), 4- Globalpetrolprices.com (2023a), 5- Greene et al (2009), 6- 

Appendix 5, 7-Appendix 7, 8- Gardner & Mishra (2023). 

The capital costs of the biorefinery are close to 4 times smaller than for the NuScale 4 module 

VOYGR plant. Considering that the bio plant owner will provide the biorefinery investment 

costs and 0.25% shares for the NuScale plant investment costs, the initial investment costs 

would be 498,204,000 €, not including additional railway construction costs. In this case, 

the profit from bioproducts would have to be above 4,139.11 €/h to pay back both investment 

costs, including costs of 20 years of biorefinery operation and 60 years of NuScale plant 

operation. Therefore, with the bioethanol production of 29,774 l/h and price of only 0.56 € 

per liter of this fuel, the return would be 16,673.44 €/h with a profit of 12,534.33 €/h in 20 
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years of biorefinery operation without costs of shipment. Regarding biorefinery feedstock 

delivery, considering the standard capacity of a semi-trailer truck of 25 tonnes, we need 80 

truck transport rounds a day to the plant. 

Similarly, for final product delivery to customers using a 3-axle tanker semi-trailer with 36 

m3 capacity, we need 20 tanker transports daily. Considering the current price of diesel in 

Finland, 1.958 € (Globalpetrolprices.com, 2023b), the distance of up to 600 km to the 

feedstock source and the bioethanol consumer, and diesel consumption of 35 l/100 km would 

still be 233,390.28 € of daily profit left after shipment costs deduction. Electricity production 

from the module during 20 years of integration with biorefinery, considering 33% efficiency, 

will be 48.31 MWe, and with a deduction of own needs assumed to be 1/3 of total production, 

it will leave around 22.65 MW. When sold to the grid at wholesale price, the produced 

electricity will profit in 20 years 561,011,311 €. It can be expected that the biorefinery and 

NuScale needs will be purchased back at the producer's price as a part of the agreement with 

the grid owner with a cost of 434,298,374 €. This would leave an electricity yearly income 

of 6335646 €. If it is not possible, then the wholesale costs of bio and Nuscale's own 

electricity would be 126,712,937 €, leaving a yearly loss of 12,804,147 €. Therefore, a proper 

agreement with the grid is a vital income factor.  

 After biorefinery decommissioning, there would be a yearly income of 13,186,877 € from 

selling all module energy to the grid during the remaining 40 years of NuScale operation. 

The investment in the analyzed configuration appears to be very profitable, even if it does 

not include income from selling the remaining lignin. The total yearly income is expected to 

be 91523099 €, and the payback time of the investment costs is around 5,5 years. However, 

considering that none of the NuScale reactors has been built and operated yet, there is a 

considerable uncertainty risk of cost underestimation. For that reason, the detailed cost 

estimation will need to be performed based on updated data from NuScale.  

 

14  Secondary example case  

This case study analyzes the integration of large-scale bioethanol production plants with 

microreactor plants of HTGR type. The biorefinery parameters are based on Greene et al.'s 
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(2009) gasification of 2000 tonnes of lignocellulosic biomass per day, which resulted in the 

extraction of 30205 liters per hour of pure ethanol. The bio plant will require 97.8 MWt of 

heat energy and 8 MWe of electrical power. Among the HTGR reactors with the most 

advanced progress presented in Table 17, no technologies match this biorefinery's demand. 

Therefore, the integrated SMR will be represented by 4 module Micro Modular Reactor 

(MMR) of Ultra Safe Nuclear Corporation with 120 MWt capacity (30 MWt per module). 

The MMR project is still in its early stages, but the technology has garnered attention from 

investors and research institutes, including the Dutch Nuclear Research & Consultancy 

Group (NRG), which started a fuel qualification program for Ultra Safe Corporation MMR 

fuel in 2019. The gasification plant's configuration will largely meet its demands. 

14.1  The gasification bio plant 

Greene et al. (2009) developed a process to convert plant biomass to bioethanol. The biomass 

is separated, screened, and dried to reduce its moisture content to 5%. It is then gasified at 

889°C, resulting in syngas. The char is burned, and the remaining gas mixture is cooled, 

compressed, and subjected to a water-gas shift reaction to produce ethanol. Finally, the 

ethanol is separated, dried, and recycled to increase ethanol production. See Figure 21 for 

the complete process. 

 

Figure 21 Gasification plant block scheme (based on Greene, 2009) 
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The plant reuses heat from high-temperature processes and utilizes over 25% of feedstock 

for energy. See Table 25 for main plant parameters. 

Parameter  Value  

Bioethanol production l/h  30205 

Plant construction time (site preparation, construction, 

commissioning)  

2.5 years  

Feedstock delivery way  By rail, by truck  

Thermal power need  97.8 MWt 

Electrical power need  8 MWe  

Water supply for cooling wet tower  < 181.7 m3/h  

Process steam needs 482°C, 5.86 MPa   

202°C, 0.45 MPa  

195°C, 0.17 MPa  

Plant availability  96 %  

Plant life  20 years  

Table 25 Parameters of evaluated gasification plant (Greene, 2009) 

The referred gasification technology provides valuable data for comparison, although it may 

not be the most advanced. A hybrid process of biomass gasification can also produce 

methanol, according to Anetjärvi et al. (2023). 

14.2  Ultra Safe Nuclear Corporation MMR 

MMR belongs to 4th generation reactors created to fit the needs of microgrids and highly 

demanding process industries. It is a high-temperature helium cooled and moderated with a 

graphite microreactor that can be configured with several modules as batteries to serve larger 

grids and consumers. The drawing of a single module is presented in Figure 22. 
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Figure 22 MMR nuclear module scheme. 

Ultra Safe has developed its own Fully Ceramic Micro-Encapsulated (FCM) fuel that utilizes 

a TRISO structure, with uranium spheres coated with multiple ceramic layers, securing 

fission products containment and particle stability during all conditions expected during 

plant operation and also during postulated accidents.  

The MMR plant consists of an independent nuclear plant with an underground reactor 

module and, adjacent to it, a separate conventional plant converting the nuclear heat from 

the salt circuit into energy and electricity (International Atomic Energy Agency, 2022b). The 

main parameters of the Ultra Safe MMR plant are presented in Table 26.  

Parameter  Value  

Plant construction time (from the first safety concrete to 

mechanical completion)  

39 months first plant, 30 months 

subsequent plants  

Thermal power  120 MWt (30 per module)  

Electrical power  40 MWe (10 per module)  

Primary circuit outlet temperature  630°C  

Primary circuit operating pressure   3 MPa  

Intermediate circuit temperature  ∼600°C  

Intermediate circuit pressure  0.1 MPa  

Steam temperature  500-600°C  

Plant capacity factor  > 95 %  

Plant life  20 years for fuel/40 for plant 

Table 26 Parameters of 4 module MMR unit   
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14.2.1  Safety approach 

The MMR reactor coolant flow is arranged such that only the cold helium faces the reactor 

pressure boundary. That way, the hot lower-pressure helium is always contained by colder 

lower-pressure helium, reducing the risk of external leaks. The supplier claims that no 

mechanical, electrical, or human input is required for the reactor during accidents. The 

reactor design assures indefinite decay heat removal using only passive means, and 

therefore, core melt is not possible in case of fuel or cooling system failures. Water ingress 

and involved with it accident scenarios are eliminated by the application of an intermediate 

molten salt circuit separating steam from reactor coolant and by circulator magnetic bearings 

(International Atomic Energy Agency, 2022b). The reactor design allows for the elimination 

of the Emergency Planning Zone (EPZ), which in practice means no direct exposure to 

radiation after any accident beyond the nuclear plant fence.  

14.3  Integrated plant 

The integrated plant concepts assume no interference in the MMR nuclear power module. It 

will be a separated double-fenced area hosting a nuclear part with four reactor modules, 

citadel buildings, and heat pipes on pipe racks delivering heat to the adjacent plant. The 

nuclear plant area will take approximately 120x100 m area space. The adjacent non-nuclear 

plant will host four buildings with steam generators and supporting systems. One of the sets 

will provide steam for the turbine generator, and the remaining three will produce steam with 

the required parameters for biorefinery needs. The adjacent plant will also host dedicated to 

each reactor molten salt storage tanks, an integrated plant shared fire pumping station with 

water storage tanks, an emergency power supply unit, integrated plant cooling towers, and a 

common for the entire facility administration building and utilities building. The non-nuclear 

plant will require approx. A space of 180x150 m will serve as the buffer area between the 

nuclear plant and the emissions from the biorefinery stack and hazards from biomass 

processing and bioethanol storage. The biorefinery plant will require the most significant 

space of an approximate area of 220x230 m and will be adjacent to a non-nuclear plant. The 

site arrangement principle is shown in Figure 23. 
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Figure 23 Overall arrangement of integrated biorefinery with MMR 4 module plant. 

The MMR will provide all the heat according to the needs shown in Figure 21. As there are 

no concerns about radioactive leakages and fission materials entering the third circuit of the 

steam cycle, the high-temperature steam can also be used as a heat source, substituting the 

combustor and the boiler with additional electric support to obtain the required temperature. 

The part of the consumed steam needs to be continuously replenished as make-up water on 

the steam return line, and depending on the consumption, maintenance of the chemistry 

regime can be loosened. Applying nuclear steam for all bioprocesses will allow the use of 

the whole biomass load for bioethanol production, increasing the profit.  

The utility building, strategically located at the border of the non-nuclear plant and the 

biorefinery, will play a crucial role as a supply, distribution, and collection point of all 

utilities and chemical compounds required for the integrated plant. It will efficiently 

distribute potable water to the administration building, control stations, safety equipment, 

cooling towers make-up, and heating network, supplying all the facilities. Potable water will 

also supply a demineralized water production unit in the building to feed the steam cycle. 

The utility building will also host a compressor station producing compressed air for 

breathing masks, a service air system, and instrumentation air if required. It will also 

accommodate the storage of helium cylinders, chemical additives, and process catalysts, 

underscoring its vital role in the integration process. 
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Both biorefinery and reactor plants will require certain modifications in instrumentation and 

control systems due to the integration of hazards and operation lifecycle. Control priority 

shall belong to the reactor plant due to the complexity of the process and the risks involved. 

A central main control room (MCR) for all the reactor units and conventional plant shall be 

foreseen. The location of the MCR will depend on the necessity of operators' in situ activities 

during the post-accident state. The bio plant will have its control room, from which signals 

of failures and process disruptions shall be transferred to MCR. Similarly, the signals about 

failures in the reactors shall be shared with the bio control room, and a set of procedures 

specific to the events shall be foreseen as a part of the emergency preparedness plan.  

14.3.1  Nuclear safety and licensing 

The modularity and standardization of the reactor modules are a big step toward simplifying 

the licensing process of MMR units. The biorefinery plant in the chosen configuration will 

also become a part of the NPP licensing process and safety case analysis due to its impact 

on nuclear heat balance, hazard assessment, and the control of the entire unit. Biorefinery 

equipment will not fall under specific qualification procedures, manufactory processes, and 

nuclear authority (STUK) jurisdiction. Similarly, an integrated plant will require a single 

environmental permit from the Finnish Safety and Chemicals Agency (Tukes). The 

integrated plant must fall under the safety classification of systems, structures, and 

components as per YVL B.2, with an expected outcome of the non-safety class. The cooling 

towers serving the reactors will fall under safety class 2, so they will not share functions with 

biorefinery. Separate towers shall be foreseen for the needs of bioplant.  

14.4  The alternative example case. 

The Finnish biorefining industry, primarily composed of small and middle-size plants, is 

keenly interested in fast pyrolysis and crude oil production. This thesis also underscores the 

importance of exploring this alternative. Notably, the heat demands of a fast pyrolysis 

process, which can reach up to 500°C, could be efficiently met by MMR units. This potential 

shift from combined heat and power plants or other high-temperature steam sources could 

benefit the industry significantly.  
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Let us assume that a fast pyrolysis bio plant processing 10000 kg/h of wood waste feedstock 

with a yield of around 7500 kg/h crude oil would have a heat demand of 22 MWt and an 

electricity demand of around 2 MWe. With such parameters, the biorefinery would match 

exactly a single MMR unit's heat and electricity capacity. In this configuration, all the 

utilities would be shared as in the case of a gasification plant, but additional storage for 

nitrogen to control the pyrolysis process would be required. Additionally, a produced bio-

crude could be used as fuel for an emergency diesel generator located within a non-nuclear 

area without needing an additional storage tank. In order to guarantee uninterrupted 

biorefinery operation, both plants should be able to operate for some time without access to 

the grid.   

Another option could be combining secondary and alternative example cases, depending on 

the business case objective. Initially, the biomass could undergo pyrolysis using nuclear 

steam followed by gasification in a reduced oxygen climate to obtain syngas. 

The integration ideas proposed here hold significant promise from a technical standpoint. 

However, it is crucial to delve into their profitability in detail. This thorough analysis will 

provide a comprehensive understanding of the potential benefits and challenges, guiding 

informed decision-making and ensuring the viability of these configurations.  

15  Conclusions 

Small modular reactors have great potential to decarbonize the bio-industry by offering 

highly dense, carbon-free energy. The diverse range of SMR technology types and plant 

capacities allows for flexible accommodation of biorefineries as nuclear power plant 

consumers. It also applies to large nuclear power units with steam cogeneration that can 

supply diverse consumers with steam and electricity on a national scale.   

The competitive analysis of SMR and microreactor technologies has proven that integrating 

specific plants can be technically and economically feasible. In general, all the technologies 

that produce heat with a temperature of at least near 300°C and utilize secondary and 

intermediate cooling circuits separating the reactor and biorefinery consumers can be 

technically beneficial for the integration and capable of being licensed without nuclear safety 

concerns. For that matter, PWR and Integral PWR are potential matches for a biochemical 
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path and the production of bioethanol, diverse chemicals, and plastics. Economic analysis of 

the integration of 4 module VOYGR SMR plant produced by Nuscale with a large-size 

pyrolysis plant, processing daily 2000 tonnes of lignocellulosic biomass, revealed very 

optimistic results of investment payback time of less than six years with 20 years of operation 

costs already included. Due to the size of a nuclear unit and different stakeholders' 

ownership, the biorefinery was integrated only with one Nuscale unit to deliver heat, cooling 

medium, and electricity.   

The temperature needs of large-scale gasification biorefinery, processing 2000 tonnes of 

lignocellulosic biomass daily, can be met by HTGR microreactor plant consisting of 4 MMR 

modules produced by Ultra Safe Nuclear Corporation. As the gasification process requires 

higher temperatures than the MMR steam cycle can offer, additional heat can be provided 

electrically. However, the most promising integration match of technical parameters belongs 

to a single MMR unit combined with a middle-size fast pyrolysis plant processing 10,000 

kilograms of lignocellulosic biomass daily. The single MMR meets complete steam 

temperature requirements and the overall capacity of a bio plant. Detailed cost analysis of 

HTGR cases is needed to conclude this potential economically.   
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Appendix 1. List of Finnish biorefinery companies  

Company Activity 

Billerud Pyrogrot  Pietarsaari plant produces 200 tonnes per year of kraft 

paper and sack paper.  

BioEndev  Torrefaction demonstration plant planned 

Bioreducer. University of 

Oulu  

Bioreducer 

Chempolis  cellulosic 

KCL – Oy 

Keskuslaboratorio-

Centrallaboratorium Ab 

Pilot and laboratory services for the bioeconomy value 

chain 

Finnamyl  Protein and Organic products 

Fintoil Biorefinery in Hamina processing kraft pulp byproduct, 

CTO, to produce feedstock for renewable second-

generation renewable diesel.  

Fortum  • Plant for pyrolysis oil production (50000 t/yr) in 

Joensuu.  

• Pyrolysis oil; preprocessing of raw material, quality 

assurance and combustion tests 

• Wood and biomass boiler plant generating district 

heating for Espoo. It replaces part of the old coal-

based heat production. 

• Unicon Renefluid bubbling fluidized bed (BFB) 

boiler plant in Kievalnahti 

Suomen Biovoima Oy Wastewater treatment plant by Pieksämäen Vesi Oy under 

commissioning. Production of biogas for energy 

(electricity-820 MWh and 984 MWh of heat) 

KCL Pilot and R&D services for bio economy. 
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Green Fuels Nordic  GFN Lieksa Oy (a subsidiary of Green Fuels Nordic) is 

operating bio-oil refinery in the Kevätniemi industrial area 

in Lieksa with 24,000 tons of bio-oil production 

BTG bioliquids Delivery of technology for fast pyrolysis bio-oil production 

from biomass residues (plant for GFN Lieksa in 

Kevätniemi). 

Metso  2 MW pyrolysis R&D plant in Tampere.  

Metsä/Vapo  Ajos BTL. Gasification/FT-plant. 

Metsä Group • Metsä Fibre and EcoEnergy SF own biogas plant 

built by EcoEnergy SF in Äänekoski, Finland.  

• Rauma pulp mill 

• Kemi pulp mill 

• Äänekoski bio product mill 

• Juotseno pulp mill 

NSE Biofuels  Neste Oil and Stora Enso built a wood gasification demo 

(12 MWth) in Varkaus.  

Neste Porvo biorefinery with NEXBTL technology 

St1  St1 biofuels are currently producing ethanol from sugarand 

starch-containing waste in several plants and are 

researching technology for ethanol production from 

celluloses.  

• cellulosic ethanol plant in Pietarsaari 

SUNLIBB  Sustainable Liquid Biofuels from Biomass Biorefining 

SunPine/Preem  Production of diesel (Evolution Diesel) from tall oil 

University of Eastern 

Finland  

Hidaspyro. Development of slow pyrolysis business 

operations in Finland 

University of Jyväskylä  Biorefineries- Future Business Opportunity for Forest 

Cluster 

UPM technologies of 

forest, energy and 

chemical industries 

• Planned gasification/FT plant in either Rauma 

(Finland) or Strasbourg (France). Strasbourg plant 

prioritized for NER support and Rauma plant on the 

reserve list.  
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• Tall oil based diesel (BioVerno) production facility 

in Lappeenranta. Pilot plant for waste based ethanol 

production  

• Future technologies of forest, energy and chemical 

industries 

Vaskiluodon Voima  140 MW gasification plant for CHP under construction in 

Vaasa  

VTT, Technical Research 

Centre of Finland  

• AFORE - added value from chemicals and 

polymers by new integrated separation, 

fractionation and upgrading technologies.  

• BIOVAIKU. Environmental and economic 

implications of second-generation biofuels for 

transportation.  

•  TORREFACTION. Torrefaction of agro and 

woody biomasses as energy carrier for European 

markets 2020 

• Biocoup. Co-processing of upgraded bio-liquids in 

standard refinery units 



 

Appendix 2. Electricity consumption for 1 t/h of woodchips of the biorefinery producing 

ethanol through enzymatic hydrolysis (Bello et al, 2019).   

Process section  Electricity consumption (kW) 

Machinery use and chipping 3.60 

Feed handling  30.00 

Pretreatment 108.00 

Cooking  30.00 

Pulp washing  18.00 

Reject screening 39.60 

Pumps 9.60 

Agitators  3.60 

Compressors, screws, conveyors  7.20 

Hydrolysis, fermentation and ethanol 

recovery 28.80 

Pumps  6.00 

Agitators  14.40 

Compressors, screws, conveyors, mixers  7.20 

Molecular sieves  1.20 

Storage 0.10 

Utilities 62.40 

Cooling water pump and tower system 32.40 

Chilled water system  22.80 

Instrument air 2.40 

Process water  1.20 

Sterile water and CIP/CIS systems  3.60 

Wastewater treatment 88.80 

Enzyme production  1.30 

Total energy consumption (no boiler) 522.2 

 

 

 

 

 



 

Appendix 3. Pyrolysis bio-oils production from wood base materials above 10 kg/h in 2012 

(Lehto et al, 2013). 

Host organisation Country  Technology Capacity 

kg feed/h 

Capacity 

kg bio-

oil/h 

Applications  

ABRITech/ 

Advanced 

Biorefinery Inc., 

Forespect 

Canada  Auger  2 000   Fuel  

Agri-Therm/ 

University of 

Western Ontario 

Canada  Fluid bed 420   Fuel  

Biomass 

Engineering Ltd. 

UK  Fluid bed 250   Fuel and products 

BTG   Netherlands Rotating 

cone 

250 200  Fuel and chemicals 

BTG BioLiquids 

EMPYRO 

Netherlands  Rotating  6 500  5 000  Fuel 

Ensyn 

several  

Canada & 

USA 

Circulating 

fluidised bed 

3–3 100  2–2 350  Fuel and chemicals 

Fraunhofer 

UMSICHT 

Germany  Ablative 250    Fuel 

Fortum    Finland  Fluid bed 10 000   Fuel 

Genting  Malaysia  Rotating cone  2000   Fuel 

GTI USA Hydro 

pyrolysis  

50   Transportation fuel 

Iowa State 

University 

USA  Fluidized bed  10   Fractionated oils for 

fuels and products 

KiOR   USA Catalytic fast 

pyrolysis 

21 000    Transportation fuel 

KIT  Germany  Twin auger  1 000    Transportation fuel 

Metso     Finland Fluid bed 300   Fuel 

Mississippi State 

University 

USA  Auger  200 150  Fuel 



 

National Renewable 

Energy 

Laboratory 

USA  Fluid bed  12 10 Fuels and chemicals 

Pytec    Germany  Ablative 250   Fuel 

Red Arrow/ 

Ensyn several 

USA  Circulating 

fluidised 

bed 

125–1 250    Food products and 

fuel 

Renewable Oil 

International LLC 

USA  Auger/ 

moving bed 

105   Fuel 

RTI International  USA  Catalytic fast 

pyrolysis 

40   Transportation fuel 

UDT   Chile Fluid bed  15    Fuel and chemicals 

UOP   USA Circulating 

fluidised bed 

40   Transportation fuel 

University of 

Science and 

Technology of 

China Hefei 

China Fluid 

bed 

120    Fuel 

Virginia Tech   USA Fluid bed  250    Fuel 

VTT    Finland Fluidised bed 20    Fuel 

 

 

 

 

 

 

 

 



 

 

 Appendix 4. Biorefineries – planned for completion in 2012 in USA (Greene et al, 2009). 

Host organisation Feedstock type Feedstock 

(kg/h) 

Ethanol 

production 

(l/h) 

Technology 

Abengoa 

Bioenergy 

Biomass, 

Chesterfield, MO 

Colwich, KS 

 Corn stover, 

wheat straw, 

milo stubble, 

switchgrass, etc. 

29167 4919 Biothermohybrid 

ALICO, Inc., of 

LaBelle, FL** 

Yard waste, 

wood and 

vegetable waste 

(citrus peel) 

and eventually 

energy cane 

32083 5998 Thermochemical 

pathway to 

syngas, 

followed by 

fermentation 

BlueFire Ethanol 

of Irvine, CA 

Green waste, 

wood waste 

from landfill 

29167 8199 Biochemical 

pathway 

Broin companies 

of Sioux Falls, SD 

Corn fiber, cobs, 

stalks 

35083 53938 Biochemical 

pathway 

Iogen Biorefinery 

Partners of 

Arlington, VA 

Wheat straw, barley straw, 

corn stover, switchgrass, 

rice straw 

29167 7767 Biochemical 

pathway 

Range Fuels 

(formerly Kergy 

Inc.) of 

Broomfield, CO 

Wood residues, wood based 

energy crops 

50000 17260 Thermochemical 

pathway 

ICM, Inc. Agricultural residues, such as 

corn fiber, corn stover, 

switchgrass and sorghum 

2917 1079 Integrated 

Thermo‐ 

Biochemical 

pathway 

Lognol, 

Innovations, Inc. 

Hard and soft 

woods 

2917 1079 Biochemical 

organisolve 

Stora Enso Wood wastes 2917 1079 Fischer‐Tropsch 

diesel fuel 

   



 

Appendix 5. Investment costs of specific SMRs (Steigerwald et al, 2023) 

Plant name Type Investment costs 

USD2020/MWel 

Source 

BWRX-300 BWR 2,250,000 https://www.gevernova.com/content/dam/gepower-

nuclear/global/en_US/documents/product-fact-

sheets/BWRX-300_Fact_Sheet-2020.pdf  

UK-SMR PWR 5,215,937 https://world-nuclear-news.org/Articles/Rolls-Royce-on-

track-for-2030-delivery-of-UK-SMR  

SMR-160 PWR 6,312,500 https://holtecinternational.com/wp-

content/uploads/2019/10/HTB-060-Holtecs-160-MWe-

Nuclear-Reactor-Generic.pdf  

SMART PWR 10,186,916 https://neutronbytes.com/2020/01/18/south-koreas-

smart-smr-gets-new-life/  

NuScale PWR 3600000 https://www.nuscalepower.com/en/news/press-

releases/2020/nuscale-power-announces-an-additional-

25-percent-increase-in-nuscale-power-module-output  

RITM 200M PWR 4,212,000 International Atomic Energy Agency, 2016 

ACPR 50S PWR 8,532,000 International Atomic Energy Agency, 2016 

KLT-40S PWR 13,531,429 https://bellona.org/news/nuclear-issues/2015-05-new-

documents-show-cost-russian-nuclear-power-plant-

skyrockets  

CAREM PWR 23,187,500 https://reneweconomy.com.au/small-modular-reactor-

rhetoric-hits-a-hurdle-62196/  

EM2 HTR/GFR 4,373,300 Faibish 2019 

HTR-PM HTR 5,400,000 Nian & Zhong, 2020 

PBMR-400 HTGR 1,550,000 International Atomic Energy Agency, 2001 

ARC-100 SFR 5,050,000 https://www.reutersevents.com/nuclear/ebr-ii-

experience-aided-arc-100-smr-design-review  

CEFR SFR 23,034,536 Hibbs, 2018 

4S SFR 2,500,000 Holdmann et al, 2011 

IMSR (300) MSR 4,054,266 Samalova et al, 2017 

SSR-W MSFR 1,950,000 Brooking, 2015 

e-Vinci MR 5,771,420 Wang, 2019 

Brest-OD-

300 

LFR 4,160,000 TASS Russian News Agency, 2021 

 

 

https://www.gevernova.com/content/dam/gepower-nuclear/global/en_US/documents/product-fact-sheets/BWRX-300_Fact_Sheet-2020.pdf
https://www.gevernova.com/content/dam/gepower-nuclear/global/en_US/documents/product-fact-sheets/BWRX-300_Fact_Sheet-2020.pdf
https://www.gevernova.com/content/dam/gepower-nuclear/global/en_US/documents/product-fact-sheets/BWRX-300_Fact_Sheet-2020.pdf
https://world-nuclear-news.org/Articles/Rolls-Royce-on-track-for-2030-delivery-of-UK-SMR
https://world-nuclear-news.org/Articles/Rolls-Royce-on-track-for-2030-delivery-of-UK-SMR
https://holtecinternational.com/wp-content/uploads/2019/10/HTB-060-Holtecs-160-MWe-Nuclear-Reactor-Generic.pdf
https://holtecinternational.com/wp-content/uploads/2019/10/HTB-060-Holtecs-160-MWe-Nuclear-Reactor-Generic.pdf
https://holtecinternational.com/wp-content/uploads/2019/10/HTB-060-Holtecs-160-MWe-Nuclear-Reactor-Generic.pdf
https://neutronbytes.com/2020/01/18/south-koreas-smart-smr-gets-new-life/
https://neutronbytes.com/2020/01/18/south-koreas-smart-smr-gets-new-life/
https://www.nuscalepower.com/en/news/press-releases/2020/nuscale-power-announces-an-additional-25-percent-increase-in-nuscale-power-module-output
https://www.nuscalepower.com/en/news/press-releases/2020/nuscale-power-announces-an-additional-25-percent-increase-in-nuscale-power-module-output
https://www.nuscalepower.com/en/news/press-releases/2020/nuscale-power-announces-an-additional-25-percent-increase-in-nuscale-power-module-output
https://bellona.org/news/nuclear-issues/2015-05-new-documents-show-cost-russian-nuclear-power-plant-skyrockets
https://bellona.org/news/nuclear-issues/2015-05-new-documents-show-cost-russian-nuclear-power-plant-skyrockets
https://bellona.org/news/nuclear-issues/2015-05-new-documents-show-cost-russian-nuclear-power-plant-skyrockets
https://reneweconomy.com.au/small-modular-reactor-rhetoric-hits-a-hurdle-62196/
https://reneweconomy.com.au/small-modular-reactor-rhetoric-hits-a-hurdle-62196/
https://www.reutersevents.com/nuclear/ebr-ii-experience-aided-arc-100-smr-design-review
https://www.reutersevents.com/nuclear/ebr-ii-experience-aided-arc-100-smr-design-review


 

Appendix 6. Operation and maintenance costs of specific SMRs (Steigerwald et al, 2023). 

Plant name Type OPEX costs 

USD2020/MWel 

Source 

BWRX-300 BWR 144,365 https://www.reutersevents.com/nuclear/ge-hitachi-

chases-gas-plant-displacement-new-300-mw-

reactor   

UK-SMR PWR 518,242 https://www.power-technology.com/news/uk-first-

smr-rolls-royce/?cf-view  

SMR-160 PWR 146,645 Steigerwald, 2023 

SMART PWR 65,025 Han & Roh, 2015 

NuScale PWR 179,595 Ingersoll, 2014a 

RITM 200M PWR 170,980 Steigerwald, 2023 

ACPR 50S PWR 146,645 Steigerwald, 2023 

KLT-40S PWR 170,980 Nian & Zhong, 2020 

CAREM PWR 146,645 Steigerwald, 2023 

EM2 HTR/GFR 104,340 Faibish 2019 

HTR-PM HTR 168,920 Nian & Zhong, 2020 

PBMR-400 HTGR 136,630 Steigerwald, 2023 

ARC-100 SFR 130,750 Lazard, 2021 

CEFR SFR 130,750 Lazard, 2021 

4S SFR 130,750 Lazard, 2021 

IMSR (300) MSR 180,512 Samalova et al, 2017 

SSR-W MSFR 130,750 Lazard, 2021 

e-Vinci MR 130,750 Lazard, 2021 

Brest-OD-300 LFR 130,750 Lazard, 2021 

 

 

 

 

 

 

 

 

https://www.reutersevents.com/nuclear/ge-hitachi-chases-gas-plant-displacement-new-300-mw-reactor
https://www.reutersevents.com/nuclear/ge-hitachi-chases-gas-plant-displacement-new-300-mw-reactor
https://www.reutersevents.com/nuclear/ge-hitachi-chases-gas-plant-displacement-new-300-mw-reactor
https://www.power-technology.com/news/uk-first-smr-rolls-royce/?cf-view
https://www.power-technology.com/news/uk-first-smr-rolls-royce/?cf-view


 

Appendix 7. Status of bio plants in Finland (European Commission, 2020) 

Product 

category 

Number 

of plants 

by scale 

Plants with single type of 

feedstock 

Plants with mixed feedstock 

  AGR Forest Waste Waste 

forest 

Grass 

forest 

Waste 

grass 

forest 

Grass 

AGR 

forest 

AGR 

forest 

Waste 

AGR 

Waste 

grases 

forest 

AGR 

Timber COM  77         

Pulp and 

paper 

COM  27         

Chemicals COM 1 2   1      

R&D  1   1      

Liqiud 

biofuels 

COM  2 5 1 1    1  

Demo/PT 1 1   2      

R&D       1    

Bio-

methane 

COM 2  10        

Composites 

and fibres 

R&D  1         

Starch and 

sugar 

COM 2       2   

Multi 

product 

(chemicals, 

liquid 

biofuels 

COM  2    1   1  

Multi 

product 

(chemicals, 

liquid 

biofuels, 

composites, 

pulp&paper 

COM      1     

Demo/PT          1 

Chemicals, 

composites, 

pulp&paper 

COM  3         

Multi 

product 

(chemicals, 

cmposits) 

COM 1       1   

R&D        1   

Multi 

product 

(chemicals, 

starch&suga

rs) 

COM 1          

Multi 

product 

(chemicals, 

COM 1          



 

liquid 

biofuels, 

starch&suga

rs) 

chemicals, 

pulp&paper, 

timber 

COM  1         

Multi 

product 

(chemicals, 

pulp&paper) 

COM  2         

Multi 

product 

(composits, 

pulp&paper) 

  1         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Appendix 8. Water cooled SMRs (International Atomic Energy Agency, 2022b) 

Name/phase* Provider Reactor 

type 

Capacity 

thermal 

/electrical 

MW 

Coolant 

/moderator 

Special features 

CAREM CNEA, Argentina Integral 

PWR 

100/30 Light water/ 

light water 

Natural circulation, passive safety systems, 

control via control rods, core inlet/outlet- 

284 / 326oC 

ACP100 CNNC/NPIC, 

China) 

Integral 

PWR 

385 / 125 Light water/ 

light water 

Forced circulation, passive safety systems, 

control via control rods, core inlet/outlet- 

286.5 / 319.5 oC 

CANDU 

SMRTM 

Candu Energy Inc. 

Canada 

PHWR 960 / 300 Heavy Water 

(D2O) 

Natural Uranium, control via Zone 

controllers and mechanical adjusters. 

Passive and active safety systems, core 

outlet- 310 oC 

CAP200 SPIC/SNERDI, 

China 

PWR 660 / >200 Light water / 

Light water 

Forced circulation, control via control rods 

and soluble boron, passive safety, core 

inlet/outlet- 289 / 313 oC 

DHR400 CNNC, China PWR (pool 

type) 

400 / no 

electricity 

Light water / 

light water 

Forced circulation, control via control rods, 

inherent safety features with large water 

inventory in the reactor pool / Passive core 

residual heat removal system, core 

inlet/outlet- 68 / 98 oC 

HAPPY200  SPIC, China PWR 200 / no 

electricity 

Light water / 

light wate 

Forced circulation (2 pumps), Pool-loop 

combined type reactor, heat generator, core 

inlet/outlet- 80 / 120 oC 

NHR200-II Tsinghua 

University and 

CGN, China 

Integral 

PWR 

200 MW(t) Light Water / 

Light Water 

Natural circulation, hydraulic control rods 

drive mechanism, passive safety, core 

inlet/outlet- 232 / 280 oC 

TEPLATORT

M 

UWB Pilsen & 

CIIRC CTU, 

Czech Republic 

HWR < 150 

MW(t) 

Heavy Water 

(D2O)/ Heavy 

Water (D2O) 

Forced circulation, control via Control rods 

and Moderator height, inherent and passive 

safety with built/in decay heat sink. District 

heating zero CO2 source and fuel cost, core 

inlet/outlet- < 175 / < 192 oC 

NUWARDTM EDF, France with 

CEA, Naval 

Group, 

Framatome, 

TechnicAtome,, 

Tractebel-Engie 

Integral 

PWR 

2 x 540 / 2 

x 170 

Light Water / 

Light Water 

Forced circulation, control via control rod 

drive mechanism and solid burnable poisons, 

Integrated NSSS with pool submerged 

containment, boron only for emergency 

injection, semi-buried nuclear island (NI), 

core inlet/outlet- 280 / 307 oC 

IMR Mitsubishi Heavy 

Industries, Ltd. 

(MHI), Japan 

Integral 

PWR 

1 000 / 350 Light water / 

light water 

Natural circulation, control rods drive, 

passive and active safety systems, 2 types of 

integral steam generators, core inlet/outlet- 

329 / 345 oC 

i-SMR KHNP&KAERI 

Republic of Korea 

Integral 

PWR 

540 / 170 Light water / 

light water 

Passive, control via control rods, burnable 

absorber rods, and moderator temperature. 



 

Min. 72 h of passive heat removal, core 

inlet/outlet- 295.5 / 320.9 oC 

SMART KAERI, Republic 

of Korea and 

K.A.CARE, 

Kingdom of Saudi 

Arabia 

Integral 

PWR 

365 / 107 Light water / 

light water 

Forced circulation, control rod drive 

mechanisms and soluble boron. Adjusted for 

desalination and process heat, integrated 

primary system, core inlet/outlet- 296 / 322 

oC 

RITM-200N Afrikantov 

OKBM JSC, 

Rosatom, Russia 

Integral 

PWR 

190 / 55 Light water / 

light water 

CRD mechanisms of CPS, active and passive 

safety systems, form of core catcher, 

modular design, core inlet/outlet- 283 / 321 

oC 

VK-300 NIKIET, Russia Simplified 

passive 

BWR 

750 / 250 Light water / 

light water 

Control via control rods, passive safety 

systems, core inlet/outlet- 190 / 285 oC 

KARAT-45 NIKIET, Russia BWR 180 / 45-50 Light water / 

light water 

Natural circulation, control rod mechanism, 

passive safety and arctic weather resistance, 

core inlet/outlet- 180 / 286 oC 

KARAT-100 NIKIET, Russia BWR 360 / 100 Light water / 

light water 

No pressuriser, control via control rods 

mechanism and burnable poison, passive 

safety systems and cogeneration adjustment, 

core inlet/outlet- 104 / 286 oC 

RUTA-70 NIKIET, Russian 

Federation 

Pool type 70 / NA Light water / 

light water 

Natural circulation below 30 % of rated 

power, fit for radioisotopes production, 

neutron beams and industrial heat, core 

inlet/outlet- 75 / 102 oC 

STAR STAR ENERGY 

SA, Switzerland 

Pressure 

tube light 

water 

reactor 

30 / 10 Light water / 

light water 

Forced circulation, control via Control rods 

and Er / Gd2O3 absorber (boric acid only for 

emergency injection), passive safety 

systems, core inlet/outlet- 270 / 300 oC 

Rolls-Royce 

SMR 

Rolls-Royce SMR 

Ltd, UK 

3-loop 

PWR 

1 358 / 470 Light water / 

light water 

Forced circulation, controlled rods 

mechanism, passive and active safety, core 

inlet/outlet- 295 / 325 oC 

VOYGR NuScale Power 

Corporation, USA 

Integral 

PWR 

250 / 77 

(gross) 

Light water / 

light water 

Natural circulation, control rod drive and 

boron additives, unlimited time for passive 

core cooling, multi-application, core 

inlet/outlet- 249 / 316 oC 

BWRX-300 GE-Hitachi 

Nuclear Energy, 

USA and Japan 

BWR 870 / 270 – 

290 

Light water / 

light water 

Natural circulation, control via control rods 

and solid absorber (B4C, Hf, Gd2O3), RPV 

integral isolation valves, core inlet/outlet- 

270 / 288 oC 

SMR-160 Holtec 

International, 

USA 

PWR 525 MW(t) 

174 gross / 

160 net 

MW(e) 

Light water / 

light water 

Natural circulation, control via boron and 

control rods, passive safety systems, 

integrated dry spent fuel storage and 

transportation system, core inlet/outlet- 243 

/ 321 oC 

Westinghouse 

SMR 

Westinghouse 

Electric Company 

LLC, USA 

Integral 

PWR 

800 / >225 Light water / 

light water 

Forced circulation, control via boron and 

control rods, passive safety systems, core 

inlet/outlet- 294 / 324 oC 



 

mPower BWX 

Technologies, 

Inc., USA 

Integral 

PWR 

575 / 195 Light water / 

light water 

Forced circulation, control via control rods 

and passive safety systems, core inlet/outlet- 

290.5 / 318.9 oC 

Open20 Last Energy Inc., 

USA 

I loop PWR 73 / 22 Light water / 

light water 

Forced circulation, control via control rods 

and passive safety systems, core inlet/outlet- 

286 / 312 oC  

*- gray color - construction/manufacturing phase, green – detailed design phase, yellow- basic design phase, pink-conceptual/preliminary 

design phase 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Appendix 9. High temperature gas cooled SMRs (International Atomic Energy Agency, 

2022b) 

Name* Provider Reactor 

type 

Capacity 

thermal 

/electrical 

MW 

Coolant 

/moderator 

Special features 

HTR-PM INET, Tsinghua 

University, China 

Modular 

pebble bed 

HTGR 

2 × 250 / 

210 

Helium/graphite Forced circulation, control via control rods 

and small absorber sphere, active and 

passive safety features, no need for offsite 

emergency measures, core inlet/outlet- 250 

/ 750 o C 

STARCORE StarCore Nuclear, 

Canada 

HTGR 

(prismatic) 

Block One: 

35 / 14  

Helium/Graphite Forced circulation, passive safety features, 

RPV 30 meters below grade in hardened 

silos, core inlet/outlet- 280 / 750 o C 

JIMMY JIMMY ENERGY 

SAS France 

HTGR 

(prismatic) 

10 to 20 / 

n.a. 

Helium/Graphite Forced circulation, B4C Control rods, 

passive safety features, simple 

manufacturing, flexible operation, core 

inlet/outlet- 300 / 700 o C 

GTHTR300 JAEA Consortium HTGR 

(prismatic) 

≤ 600/ 

100~300 

Helium/Graphite Circulation forced by gas turbine, 

cogeneration of hydrogen, process heat, 

steelmaking, desalination, district heating, 

core inlet/outlet- 587-633 / 850-950 o C 

GT-MHR JSC “Afrikantov 

OKBM”, Russian 

Federation 

HTGR 

(prismatic) 

600 / 288 Helium/Graphite Forced circulation, active and passive safety 

features, no core melt; high temperature 

process heat; small number of safety 

systems, core inlet/outlet- 490 / 850oC 

MHR-T JSC “Afrikantov 

OKBM”, Russian 

Federation 

HTGR 4 × 600 / 4 

× 205.5 

Helium/Graphite Forced circulation, control rods control, 

modular design, meant for hydrogen 

production / high temperature process heat, 

application, core inlet/outlet- 578 / 950oC 

MHR-100 JSC “Afrikantov 

OKBM”, Russian 

Federation 

HTGR 215 / 25 – 

87  

Helium/Graphite Forced circulation, control rods control with 

boron carbide, passive and active safety 

systems, meant for cogenerations of 

electricity, heat and hydrogen; high-

temperature heat supply to oil refinery 

plant, core inlet/outlet- 490 – 553 / 795 – 

950 o C 

AHTR-100 Eskom Holdings 

SOC Ltd., South 

Africa 

HTGR 

(pebble 

bed) 

100 / 50 Helium/Graphite Forced circulation, control via control rods 

and negative temperature coefficient, 

passive safety, no core melt, high 

efficiency, small number of safety systems, 

core inlet/outlet- 406 / 1200oC 

PBMR-400 Pebble Bed 

Modular Reactor 

SOC Ltd 

HTGR 

(pebble 

bed) 

400 / 165 Helium/Graphite Forced circulation, active safety systems, no 

core melt; high efficiency; small number of 

safety systems, core inlet/outlet- 500/900oC 



 

(PBMR®), South 

Africa 

HTMR100 STL Nuclear (Pty) 

Ltd , South Africa 

HTGR 

(pebble 

bed) 

100 / 35 

single 

module 

plant 

Helium/Graphite Forced circulation, control rods in the 

reflector, no core meltdown, no active 

engineered safety systems, core inlet/outlet- 

250 / 750oC 

Energy 

Multiplier 

Module 

(EM2) 

General Atomics 

(GA), USA 

GFR 500 / 265 Helium / none Forced cooling, control rods mechanism, 

convert-and-burn, silicon carbide 

composite cladding, fission gas collection, 

core inlet/outlet- 550 / 850oC 

FMR General Atomics 

(GA), USA 

GFR 100 / 50 Helium / none Forced cooling, silicon carbide composite 

cladding, controlled by control rods, passive 

safety features, core inlet/outlet- 509/800oC 

Xe-100 X-energy, LLC, 

USA 

HTGR 

(pebble 

bed) 

6.0 / 16.5 Forced helium 

circulation 

Control via thermal feedback and control 

rods, passive safety features, no core melt, 

independent radionuclide barriers, potential 

for advanced fuel cycles, core inlet/outlet- 

260 / 750oC 

SC-HTGR Framatome Inc., 

USA 

HTGR 

(prismatic) 

625 / 272 Helium/graphite Forced circulation, control via gravity 

control rods and negative temperature 

coefficient, passive safety, available in a 

range of stationary and mobile power level, 

core inlet/outlet- 325 / 750oC 

PeLUIt / RDE National Research 

and Innovation 

Agency (BRIN), 

Indonesia 

HTGR 

(pebble 

bed) 

40MWt 

and 

10MWt 

(thermal) 

Helium/graphite Forced circulation, control via control rod 

and small absorber sphere, hybrid safety 

features, no need for offsite emergency 

power, core inlet/outlet- 250 / 750oC 

HTR-10 NET, Tsinghua 

University, 

People’s Republic 

of China 

HTGR 

(prismatic) 

10 / 2.5 Helium/graphite Forced circulation, control via control rod 

and negative temperature, combined 

passive and active safety features, core 

inlet/outlet- 250 / 700oC 

HTTR JAEA with MHI, 

Toshiba, IHI, 

Hitachi, Fuji 

Electric, NFI, 

Toyo Tanso, Japan 

HTGR 

(prismatic) 

30 

(thermal) 

Helium / 

graphite 

Gas forcing circulators, control rod 

insertion, active safety features, core 

inlet/outlet- 395 / 850 (max. 950)oC 

*blue color – in operation, gray color – in construction/manufacturing phase, green – detailed design phase, yellow- basic design phase, 

pink-conceptual/preliminary design phase 

 

 

 

 

 



 

Appendix 10. Liquid metal cooled fast neutron spectrum SMRs (International Atomic 

Energy Agency, 2022b) 

Name* Provider Reactor 

type 

Capacity 

thermal 

/electrical 

MW 

Coolant Special features 

BREST-OD-

300 

NIKIET, Russian 

Federation 

LMRF 700 / 300 Lead Forced circulation, reactivity control via 

compensation, emergency protection and 

automatic control, high passive safety due to 

properties of fuel, core and cooling design, core 

inlet/outlet- 420 / 535oC 

ARC-100 ARC Clean 

Energy, Canada 

LMFR 

(pool type) 

286 / 100 Sodium Forced circulation, control via control rods, 

passive approach to safety, metal fuel (U-Zr alloy) 

of enriched uranium, core inlet/outlet- 355 / 510 oC 

4S Toshiba Energy 

Systems & 

Solutions 

Corporation, 

Japan 

LMFR 

(pool type) 

30 / 10 Sodium Forced convection, control via axially movable 

reflectors / fixed absorber, passive and active 

safety features, core lifetime of approx. 30 years 

with no site refueling, core inlet/outlet- 355 / 

510oC  

MicroURAN

US 

Ulsan National 

Institute of 

Science and 

Technology 

(UNIST), 

Republic of Korea 

LBE-

cooled 

Reactor 

60 / 20 Pb-Bi (45-

55% 

Wt.%) 

eutectic 

alloy 

Electromagnetic primary pump, control via control 

rods and shutdown rods, passive safety features 

with iodine and cesium retention, LBE 

solidification by ex-vessel emergency water 

cooling system, core inlet/outlet- 250 / 350oC 

LFR-AS-200 newcleo srl, Italy 

originally 

developed by 

Hydromine S.àr.l., 

Luxembourg 

LMFR 

(pool type) 

480 / 200 Lead Forced circulation, control via m ex-core, 

reversed-flag type B4C rods, rotating B4C rods, 

active and passive safety features, no intermediate 

cooling loops, core inlet/outlet- 420 / 530oC 

SVBR JSC Institute for 

Physics and Power 

Engineering and 

JSC EDB 

Gidropress, Russia 

LMFR 280 / 100 Lead-

bismuth 

eutectic 

alloy 

Forced circulation, control rod drive mechanism, 

passive safety features, Monoblock primary circuit 

with reactor, steam generators, pumps are installed 

in one vessel, core inlet/outlet- 340 / 485oC 

SEALER-55 LeadCold, 

Sweden 

Lead-

cooled 

SMR 

140 MWt / 

55 MW 

Lead Forced primary circuit, passive safety features, 

control via y two B4C control rod assemblies and 

ten WB2 shut-down rod assemblies, nuclear 

battery, core inlet/outlet- 420 / 550oC 

Westinghouse 

LFR 

Westinghouse 

Electric Company, 

LLC, U.S.A 

LMFR 

(pool type) 

950 / ~450 

(Net Avg.) 

Lead  Control via control/ shutdown rods thermally 

/pressure activated, non-rod-based passive 

shutdown, forced circulation, aim of passive safety 

category B, core inlet/outlet- 390 / 650oC 

*blue color – in operation, gray color – in construction/manufacturing phase, green – detailed design phase, yellow- basic design phase, 

pink-conceptual/preliminary design phase 



 

Appendix 11. Molten salt SMRs (International Atomic Energy Agency, 2022b) 

Name* Provider Reactor 

type 

Capacity 

thermal 

/electrical 

MW 

Coolant/moderat

or 

Special features 

IMSR400 Terrestrial Energy 

Inc., Canada 

MSR 440 / 195 

per 

operating 

Core-unit 

Fluoride Fuel 

Salt/graphite 

Forced circulation, control by negative 

temperature coefficient and online fuel 

addition, passive safety features, Core full 

replacement every 7 years, fuel salt reusage, 

core inlet/outlet- 620/700oC 

SSR-W Moltex Energy, 

Canada 

MSR  750 / 300 

continuous 

as baseload 

750 / 900 

as 8-hour 

peaking 

plant 

Molten salt 

MgCl/NaCl as 

coolant/ no 

moderator 

Forced circulation, control by Negative 

temperature reactivity and boron carbide 

shutdown assemblies, passive approach to 

safety, CANDU spent fuel recycled to form 

SSR-W fuel, thermal energy storage, core 

inlet/outlet- 575/625oC 

smTMSR-

400 

CAS/SINAP, 

China 

MSR 400 / 168 LiF-BeF2-ZrF4-

ThF4-UF4 fuel 

salt / Graphite 

Forced circulation, control by control rods, 

online fuel addition and drain off fuel salt, 

passive safety, reactor module replaceable 

(~10 years); Passive safety, approx. 40% 

power contributed by thorium, core 

inlet/outlet- 650/700oC 

CMSR Seaborg 

Technologies 

ApS, Denmark 

MSR 250 / 100 

per CMSR 

Fluoride fuel salt 

/ NaOH salt 

(patented) 

Forced circulation, control by negative 

temperature coefficients, control rods and 

fuel salt draining, active safety systems with 

passive cooling, CMSR integrated into a 

floating non self-propelled Power Barge, 

core inlet/outlet- 600/670oC 

Copenhagen 

Atomics 

Waste Burner 

Copenhagen 

Atomics, 

Denmark 

MSR 100 / NaN Fuel salt/heavy 

water 

Forced circulation, control by heavy water 

level adjustment, low fissile inventory and 

possibility for breeding, core inlet/outlet- 

600/650 - 700oC 

FUJI ITMSF, Japan MSR 450 / 200 Molten 

fluoride/graphite 

Forced circulation, control by Control rod, 

pump speed or fuel concentration, passive 

safety, self-sustaining with FUJI-U3, spent 

fuel reprocessed off-site, core inlet/outlet- 

565/704 oC 

THORIZON THORIZON, 

Netherlands 

MSR 100-300 

MWth / 40- 

120 MWel 

Molten 

salt/graphite (no 

salt-graphite 

contact) 

Plutonium-Thorium fuel, forced circulation, 

control by control rods, burnable poison, 

core draining and strong negative 

temperature, mainly passive safety features, 

core inlet/outlet- 500/800oC 

SSR-U Moltex Energy, 

United Kingdom 

MSR Single unit 

– 40 / 16, 

deployable 

in arrays 

Molten eutectic 

fluoride coolant 

salt / solid 

Natural convection loop, control by fuel 

temperature coefficient and liquid neutron 

absorber thermometer, passive safety with 

hazards reduction, low pressure coolant, 



 

graphite 

moderator 

~700°C heat output, core inlet/outlet- 

725/795oC 

KP-FHR Kairos Power, 

LLC, USA 

FHR 320 / 140 Li2BeF4 (Flibe) 

/ graphite 

Forced Circulation, control by control 

elements and boron, passive safety, more 

than 72 h of passive core cooling time, core 

inlet/outlet- 550/650 oC 

Mk1 PB-FHR University of 

California, 

Berkeley, USA 

FHR 236 / 100 Li2BeF4 / 

graphite 

Forced Circulation, control by negative 

temperature coefficient and control rod 

insertion, fuel and coolant thermal reserve, 

high temperature, core inlet/outlet- 

600/700oC 

MCSFR Elysium 

Industries, USA 

MSR (fast 

spectrum) 

(125 / 50), 

(500 / 200), 

(1 000 / 

400) , (3 

000 / 1 

200) 

NaCl-XClv-

YClz-UCl3/4- 

PuCl3-FPCly 

fuel salt / None 

Forced circulation, molten chloride salt a 

fuel, control by fuel expansion in/out of 

core, fertile fuel addition and passive fuel 

draining, passive safety with air heat sink, 

fast spectrum, no in-core structure, 60 years 

fuel life, core inlet/outlet- 650/750 (Goal: 

950) oC 

LFTR Flibe Energy, Inc., 

USA 

MSR 600 / 250 LiF-BeF2-UF4 

fuel salt / 

Graphite 

Forced circulation, control by negative 

temperature coefficient and control rods, 

passive safety, complete burn up of thorium 

resource for energy generation, core 

inlet/outlet- 500/650 oC 

ThorCon ThorCon 

International, 

USA and 

Indonesia 

MSR 557 / 250 

(per 

module) 

Molten salts / 

graphite 

Forced circulation, control by negative 

temperature coefficient, passive safety, 

short construction time, low cost, core 

inlet/outlet- 560/704 oC 

*blue color – in operation, gray color – in construction/manufacturing phase, green – detailed design phase, yellow- basic design phase, 

pink-conceptual/preliminary design phase 

 

 

 

 

 

 

 

 

 

 



 

Appendix 12. Micro reactors projects stage in 2022 (International Atomic Energy Agency, 

2022b). 

Name* Provider Reactor 

type 

Capacity 

thermal 

/electrical 

MW 

Coolant/modera

tor 

Special features 

Energy Well Centrum výzkumu 

Řež Czech 

Republic 

FHTR 20 / 8 Molten salt 

FLiBe 

Forced circulation. Control rods control, 

active and passive safety systems. FliBe and 

NaBF4 as I and II circuit, core inlet/outlet-

650/700oC 

MoveluX Toshiba Energy 

Systems & 

Solutions 

Corporation, 

Japan 

Heat Pipe 

(sodium) 

10 / 3 – 4 None (Sodium 

heat-pipe 

cooled) / 

Calcium 

hydride (CaH2) 

Natural circulation, control by expansion 

module, passive and active safety systems, 

moderator material property and decay heat 

removal by natural circulation of air, heat 

pipe inlet/outlet temperature 680/685, heat 

exchanger inlet/outlet temperature 

450/680oC 

ELENA National Research 

Centre "Kurchatov 

Institute" (RRC 

KI), Russia  

PWR 3.3 / 0.068 Light water / 

light water 

Natural circulation, control by control rods 
and absorber rods, 25 years without 
refueling, passive reactivity control and 
unattended operation, core inlet/outlet- 
311 / 328oC 

UNITHERM NIKIET, Russian 

Federation 

PWR 30 / 6.6 High purity 

water 

Natural circulation, control by soluble 
boron and control rod insertion, passive 
and active safety systems, passive decay 
heat removal, guard vessel, iron-water 
biological shielding, core inlet/outlet- 249 / 
330 oC 

AMR STL Nuclear (Pty) 

Ltd., South Africa 

HTGR 

(prismatic) 

10 / 3 for 

single 

module 

plant 

Helium, 

graphite 

Forced circulation, control by control rods 
and reflector, passive approach to safety, 
additional barrier, Lead Bismuth Eutectic 
(LBE) heat transfer medium, core 
inlet/outlet- 450 / 750 oC 

LFR-TL-30 newcleo Ltd, 

United Kingdom 

Formerly 

developed by 

Hydromine S.àr.l, 

Luxembourg 

LMFR 90 / 30 Lead / none Forced circulation, control by 6 circular 
sectors of absorber material, passive and 
active safety, compact reactor cooling 
system and reactor building, core 
inlet/outlet- 420 / 530 oC 

U-Battery Urenco, United 

Kingdom 

HTGR 10 / 4 Helium / 

Graphite 

I circuit, forced circulation, nitrogen 
secondary circuit, control by control rods, 
burnable poisons, shut-down absorber 
spheres, simple and established 
technology, core inlet/outlet- 420 / 530 oC 

Aurora Oklo Inc., USA LMFR 4 – 150 / 

1.5 – 50 

Liquid metal / 

no moderator 

Passive safety for decay heat removal, 
multi-layer barriers for fission products 

HOLOS-

QUAD 

HolosGen, USA HTGR 22 / 10 Helium / 

Graphite 

Control by redundant and independent 
banks of control drums and rods, passive 
cooling, fully automatic high efficiency load 
following unit fit for shipping containers, 
core inlet/outlet- 590 / 855 oC 



 

MARVEL Idaho National 

Laboratory, USA 

LMFR 0.075-0.1 / 

0.015-

0.027 

Sodium-

potassium 

eutectic, 

hydrogen in fuel 

Natural convection, control by four ex-core, 
safety control drums and shutdown rod, 
Doppler-based safety in fuel, Primary and 
intermediate cooling by convection, 
passive decay heat removal, loss of on-site 
power leads to passive shutdown, 
accessible core, effective heat extraction, 
core inlet/outlet- 480 / 548 oC 

MMRTM Ultra Safe Nuclear 

Corporation, USA 

HTGR 15 / >5 and 

30 / >10 

Helium / 

Graphite 

Forced circulation, Control by control rods 
and negative temperature coefficient, 
category A passive safety with no need for 
fluids, no core meltdown; modular full unit, 
no EPZ required; load following / fully 
dispatchable, nuclear reactor isolated from 
load via molten salt loop, helium 
inlet/outlet temperature 300 / 630 oC and 
solar salt 560 oC 

Westinghouse 

eVinciTM 

Westinghouse 

Electric Company 

LLC, USA 

Heat pipe 7 – 12 / 2 – 

3.5 

Heat pipes / 

metal hydride 

moderator 

Control by ex-core control drums, passive 
safety for heat removal and shutdown 
mode, reactor unit fit for oversees 
transport, autonomous operation  

*blue color – in operation, gray color – in construction/manufacturing phase, green – detailed design phase, yellow- basic design phase, 

pink-conceptual/preliminary design phase 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Appendix 13. Main bio-oil upgrading methods with parameters (Xiu S & Shahbazi, 2012) 

Process Conditions Mechanism Pros Cons 

Hydrofining 

/hydrotreating  

Approx. 500 °C in low 

pressure, Additives: 

H2/CO and catalyst 

(CoMo, HDS, NiMo, 

HZSM-5) 

Hydrogenation with no 

cracking (removing O, 

N, and S as NH3, H2O 

and H2S) 

High cooking rate 

(8–25%) and poor 

quality of fuels 

obtained 

Inexpensive 

method good for 

commercializatio

n 

Hydro-cracking 

/hydrogenolysis

/catalytic 

cracking  

 > 350 °C, 100–2000 Psi, 

Additives: H2/CO or H2 

solvents, catalyst 

(Ni/Al2O3-TiO2) 

Hydrogenation with 

cracking 

Need for complex 

equipment and high 

costs, catalyst 

deactivation, reactor 

clogging 

Large number of 

light products 

Solvent addition 

(direct or 

esterification 

with alcohol 

and acid 

catalysts)  

Mild conditions, need for 

polar solvents (e.g. water, 

methanol, ethanol, 

furfural) 

Oil viscosity reduction 

by: 

 - molecular dilution or 

- oil structure change 

-  physical dilution  

- chemical reactions 

(esterification and 

acetalization) 

Not enough 

research on 

mechanisms of 

adding solvent  

Low solvents 

costs, practicality 

Steam 

reforming  

High temperature (800–

900 °C), need for catalyst 

(e.g., Ni) 

Catalytic steam 

reforming water–gas 

shift 

Complicated 

method, requires 

steady reactor 

H2 can be 

produced  

Chemical 

extracted from 

bio-oils  

Mild conditions Solvent extracting, 

chemical modification 

or distillation 

Requires additional 

refining 

 

Valuable 

chemicals  

Sub-/super-

critical fluid  

Warm conditions, need 

for organic solvents 

(alcohol, acetone, ethyl 

acetate, glycerol) 

Dissolved feedstock not 

soluble in gaseous or 

liquid phase of solvent 

Expensive solvent Higher bio-oil 

yield, lower 

viscosity and 

lower oxygen 

content in oil 

Emulsification/

Emulsions  

Mild conditions, need for 

surfactant (e.g., 

CANMET) 

Bio-oil is miscible with 

diesel oils with the 

addition of surfactants 

Requires high 

energy  

Simple process, 

corrosiveness 

reduction 

 


