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Abstract – The European HTR R&D project ARCHER (Advanced High-Temperature 

Reactors for Cogeneration of Heat and Electricity R&D) builds on a solid HTR 

technology foundation in Europe, established through former national UK and 

German HTR programs and in European programs. ARCHER runs from 2011 to 

2015 and targets selected HTR R&D subjects that would specifically support 

demonstration, with a focus on experimental effort. In line with the R&D and 

deployment strategy of the European Sustainable Nuclear Energy Technology 

Platform (SNETP) ARCHER contributes to maintaining, strengthening and 

expanding the HTR knowledge base in Europe to lay the foundations for 

demonstration of nuclear cogeneration with HTR systems.  

The project consortium encompasses conventional and nuclear industry, utilities, 

Technical Support Organizations, R&D organizations and academia. ARCHER 

shares results with international partners in the Generation IV International Forum 

and collaborates directly with related projects in the US, China, Japan, the Republic 

of Korea and South Africa. The ARCHER project is in its final year, and the paper 

comprises an overview of the achievements thus far for the different Sub Projects. 

 

 
I. INTRODUCTION 

 

High temperature gas-cooled nuclear reactors 

(HTRs) combine high safety with high efficiency. 

They are particularly suitable for operating in 

cogeneration mode, by supplying heat and electricity 

specifically for the European process industry, as an 

alternative for fossil fuel burning. Europe has a 

strong history of HTR development and has focused 

the developments on robust safety, appropriate size 

and high temperature heat generation. The ARCHER 

[1] project aims to move this technology base 

forward by extending knowledge of state-of-the-art 

European High Temperature Reactors by supporting 

a nuclear cogeneration demonstration.  

The ARCHER project's aims are in line with the 

Sustainable Nuclear Energy Technology Platform's  

(SNETP [2]) plans, which are set out in its Strategic 

Research Agenda (SRA) and Deployment Strategy 

(DS) [3]. The state-of-the-art of HTR technology has 

been established mainly by the former European and 

United States HTR programs, which were active 

until the end of the 1980s. ARCHER builds on this 

and on the large European HTR technology base 

(re-)established in previous EU Framework 

Programmes (FP) such as the FP7 projects 

RAPHAEL [4] and EUROPAIRS [5] and the nuclear 

cogeneration working group in SNETP. Based on the 

historical experience the focus of the project is on, 

but not restricted to, the Pebble-Bed reactor. 

Collaborations with running projects such as 

NC2I-R (Nuclear Cogeneration Industrial Initiative 

– Research and Development Coordination [6]) are 
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also established to keep a broad base for HTR 

technology in Europe. 

The R&D activities in ARCHER are split into 

four key technological areas:  

1. evaluating and assessing the system 

integration of an HTR in connection to industrial 

processes;  

2. resolving open questions regarding 

confirmation of HTR safety, as preparation for a 

licensing framework; 

3. providing a basic insight into fuel behavior to 

support fuel performance code and support robust 

demonstrator design; 

4. progressing HTR and Very High Temperature 

Reactor (VHTR) technology developments on 

materials and component technology by developing, 

building and testing an advanced heat exchanger 

prototype putting Europe at the forefront of 

advances in this technology; 

Next to the technical content of the program, 

another key target is securing the European HTR 

knowledge base accompanied by proper 

dissemination, to facilitate access to the younger 

generation of engineers and scientists. Inform the 

public and politics of the details of this technology 

and the benefit it might bring to society in an 

accessible way, and ensure the R&D performed 

finds its way to the international community. 

 

II. PROJECT STATUS 

 

At the moment of writing, the project enters its 

final half year of the total four year duration of the 

project. This paper focusses on the achievements of 

the different sub-projects so far and looks forward to 

the continuation of HTR research in Europe. 

Approximately half of the deliverables are 

already submitted, and with the combined effort of 

all partners, all deliverables are expected to be 

submitted in the final stage of the project.   

During the projects, many partners from outside 

of Europe were involved. Partners from South 

Africa, China, United States and Russia were all in 

contact or participating in the project. Although 

some international collaborations could not be 

continued due to time constraints or availability of 

facilities, other collaborations were initiated and 

valuable contributions from partners were obtained.  

In the following sections a large number of major 

achievements and results are highlighted. Due to the 

magnitude of the project, it is not possible to provide 

and extensive list of all the results. In case readers 

are interested in more details, the author can be 

contacted for more information. 

 

III. SP 1: SYSTEM INTEGRATION 

 

An HTR can be used for production of electricity 

and process heat. When these two applications are 

combined, a multitude of systems and components 

are needed. Whilst meeting the end user needs, this 

multitude of systems and components has to operate 

safely and economically. Therefore, within SP1 a 

design schematic of a nuclear cogeneration system 

connected to a European and a South African 

industrial process is established and assessed. This 

design schematic takes into account selected end 

user specifications and requirements from a realistic 

case study. Furthermore, apart from the primary 

system characteristics, it includes a secondary 

system design with sufficient detail for an adequate 

assessment. 

In order to provide an objective overview of the 

different indicators important for decision makers, 

the main characteristics with respect to the HTR 

system, the environment, safety, and economics are 

identified and compared to the characteristics of a 

modern gas turbine plant.  

In addition, a technology gap analysis is 

performed based on the European experience base 

and a SWOT analysis of a nuclear cogeneration 

system in Europe and South Africa are presented. 

This SWOT Analysis is performed for elements 

impacting the success of a future nuclear 

cogeneration demonstrator. The result of this 

analysis is expected to serve as a guideline for 

further work towards the successful demonstration 

of nuclear cogeneration. 

In order to enable technical analysis of such a 

nuclear cogeneration system, a multitude of 

computer codes will be needed. Therefore, a code 

inventory is established of codes being used in 

Europe and South Africa for which the requirements 

for integration, development and qualification are 

assessed. 

 

III.A. Coupled System Specification 

 

A conceptual cogeneration steam cycle 

configuration was set up. A thermodynamic analysis 

and performance evaluation of the nuclear 

cogeneration system connected to industrial 

processes was carried out following the design 

schematics determined within the subproject. 

A system analysis has been carried out of the 

ARCHER HTR reference system coupled to a 

secondary system as defined in the ARCHER case 

study based on a fictive but realistic site using a 

suitable secondary circuit configuration selected out 

of the options studied separately before. Thus, this 

provides an example, using real end user data from 

an oil refining and petrochemical complex of how an 

HTR could be used in a cogeneration plant. To this 

purpose, a mass and heat balance of the entire 

system is calculated. 

 The main conclusions are that a nuclear power 

facility will have to be built close to an important 

industrial complex (thus probably adding difficulty 

to the licensing process). The economic viability of 
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an HTR cogeneration project is considered as one of 

the main challenges for the technology in the future. 

As a typical South-African process heat 

application, a coal to liquid process currently in 

operation in Secunda was taken. A reference HTR 

system defined in the ARCHER project was coupled 

to this plant. In the analysis, a techno-economic 

baseline for an existing coal to liquid process was 

performed to determine mass and energy balances. 

The economic performance of a typical 80,000 

barrels per day synthetic crude oil plant was 

determined from first principles. The techno-

economic baseline model was validated with 

reference to published product output data and 

audited financial results of a coal to liquid plant 

located at Secunda which uses relatively cheap 

available South-African coal to provide the required 

process heat and electricity, as reported for the 2012 

financial year. 

A number of schemes were identified to couple 

the reference HTR plant to the coal to liquid case 

study. Two schemes were studied in detail. For the 

study, two key performance indices were used. 

Firstly, the Internal Rate of Return of a nuclear 

supported coal to liquid plant and secondly the 

reduction in CO2 emissions resulting from the 

introduction of nuclear energy. The case where 

nuclear cogeneration replaced electrical power 

bought from the grid and all the steam currently 

produced by plant’s internal coal fired steam plant, 

revealed the following conclusions. 

The case study plant would need a total of 16 

reference HTRs. The coupling scheme would reduce 

the emission by approximately 1650 ton/hr CO2 

(14.5 million ton/yr) or 50% of the current 

emissions. The economic feasibility challenge in the 

specific South-African situation with cheap coal at 

hand for large scale deployment of nuclear energy in 

a coal to liquid application is to construct such a 

facility at an all-inclusive overnight cost not 

exceeding $3400/kWe. It should be noted that for a 

cogeneration system, a cost indication in $/kWe is 

misleading. One should realize that apart from 

electricity also process heat may be produced which 

changes the interpretation of this figure. 

 

III.C. Gap and SWOT Analysis 

 

For the technology gap analysis, the experience 

from the Thorium High Temperature Reactor 

(THTR) was taken as a basis. THTR was built at 

shared site with coal fired power plants and is 

therefore representative of a system which can be 

used for co-generating process heat. The outlet 

temperature of the core was relatively low in order 

to increase the lifetime of the steam generator. 

THTR possessed a pre-stressed concrete reactor 

vessel which is different to many other HTR 

designs. Taking the historic THTR gap analysis as a 

basis, elaborations have been made to generalize the 

conclusions from this gap analysis to other HTR 

designs. In this way, a generic HTR technology gap 

analysis was established. The main findings are 

reported by component and reported in table 2. 

Within this table, a number of gaps are underlined. 

These gaps are dealt with within the EU FP7 

ARCHER project or its predecessors. 

Bredimas et al. [7] explain that a SWOT analysis 

is a prerequisite to deploy a technology. Strengths 

and weaknesses relate to intrinsic features of a 

specific technology while opportunities and threats 

look at the general context. Any innovative 

technology that goes beyond a business as usual 

level significantly impacts the activities of the 

stakeholders, e.g. in the case of HTR regulators, 

operators and the process heat users. Evaluating the 

positive and negative impacts in a complex 

environment like energy including all stakeholders 

like process heat users, vendors, utilities and the 

public at large is a complex task. In table 1, the main 

components of the SWOT analysis are identified. 

In a next step, the SWOT matrix is analyzed with 

the purpose of identifying which weaknesses and 

threats can be answered by which strengths and 

opportunities. As an example: the effect of the threat 

that co-location with industrial sites will complicate 

the licensing process is countered by the strength 

showing the robust passive safety features of an 

HTR. 

 

Table 1: SWOT matrix of HTR deployment in 

Europe 

Strengths Weaknesses 
-Robust passive safety features 

-Proven experience 

-Fuel economy 
-Waste stability 

-Modularization potential 

-High efficiency 
-Low carbon source of energy 

-Reliability of heat supply 

(with multiple small modular 
units) 

-Existing knowledge and 

experience with mostly retired 

experts 
-Requalification of fuel, 

materials and components 

needed 
-Need to re-establish an 

industrial basis 

-High relative construction 
cost 

-Large potential heat market 

-Volatility of prices for natural 
resources 

-CO2 emission reduction 

policies 
-European nuclear industry 

-Potential for cogeneration 

-Unstable public and political 

support 
-Existing reference 

technologies 

-Economic uncertainties for 
end-users 

-Process heat users do not want 

to become nuclear operators 
-Restrictive nuclear policies 

-Co-location with industrial 

sites complicates licensing 
-Competition with other 

resources promoted by EU 

incentive mechanisms (natural 
gas, shale gas, carbon capture 

and storage, concentrated solar 

power) 

Opportunities Threats 
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IV. SP 2: SAFETY ASPECTS 

 

The main purpose of SP2 is to investigate further 

the Key Safety Aspects identified by the Safety 

Advisory Group of the RAPHAEL project and to 

contribute to their resolution. Main focus of the 

work is on air and water/steam ingress into HTR 

reactor cores and on the role of 

graphite/carbonaceous dust in the radiological 

source term analysis chain from the reactor core to 

the environment. 

 

IV.A. Air Ingress 

 

The first task deals with the safety issues related 

to a potential ingress of air into an HTR reactor core 

at operating temperatures or elevated accident 

temperatures. It shall especially enhance the 

knowledge of secondary graphite oxidation in an 

HTR environment by conducting experiments with 

the existing NACOK-II test facility and performing 

respective pre- and post-calculations. The definition 

of the experiment in the NACOK facility has been 

completed and a varity of pre-tests of the facility 

have been performed.  

With the NACOK experiments, the opportunity 

has been taken to look especially at the Boudouard 

reaction in both experiments. The primary reaction 

of graphite with air to carbon dioxide has already 

been widely investigated, but a separate 

investigation of the Boudouard reaction has not yet 

been performed for HTR core conditions. The 

separation of the Boudouard effect will be achieved 

by introducing carbon dioxide instead of air into the 

facility. The experiments will be performed both 

with a stack of graphite blocks (simulating a block 

type reactor core) and with a pebble bed of graphite 

spheres.  

 

IV.B. Water ingress 

 

A second task was to determine flammability 

limits of gas mixtures of hydrogen, carbon 

monoxide and methane which could be produced in 

an HTR after water ingress, when these gas mixtures 

are released into the atmosphere of the reactor 

building.  The experiments have been performed in a 

“spherical bomb” facility (Figure 1) which uses a 

laser for ignition of the gas mixtures. Different gas 

mixtures had been defined in the first reporting 

period, and flammability diagrams have been 

determined for the gas mixtures with various 

mixtures in air and in the presence of the diluents 

carbon dioxide or helium. The flammability 

diagrams have been determined at ambient 

temperature and both ambient and increased 

pressure (5 bar). Originally intended experiments at 

elevated temperatures of 150 °C were cancelled in 

favor of the determination of complete flammability 

diagrams which by far extended the original scope 

of the task. 

 

 
Figure 1: Flammability studies 

 

To improve the capabilities of the engaged 

partners with regard to computational analysis of 

water ingress accidents, existing computer codes 

were to be enhanced with correlations for corrosion 

and also with the capability to treat nuclear 

reactivity effects of the water ingress simultaneously 

with the corrosion effects. 

 

IV.C. Source term 

 

The gaps in the HTR source term analysis chain 

are also addressed, from analysis of fission product 

releases from the fuel elements to the analysis of 

environmental dispersion of fission products and 

activation products including evaluation of dose and 

risk to the public. In a recent licensing process the 

emission of contaminated carbonaceous dust has 

been identified as a potential main contributor to 

early releases from modular HTR after leak breaks 

of the primary pressure boundary. The tasks of this 

work package therefore concentrate on dust 

production, contamination, and deposition in the 

primary circuit as well as dust remobilization in the 

primary circuit and its behavior in the reactor 

building in the course of depressurization events. A 

separate task deals with the potential issue of 

Tritium permeation from the primary to the 

secondary circuit and subsequently to the 

environment. 

 

IV.D. Dust 

 

An extensive study on dust behavior in the HTR 

is part of the ARCHER safety studies. The dust 

production in an HTR core was simulated in a small 

pebble mill with moving graphite spheres (Figure 2). 

The produced dust is characterized with regard to 

shape and size distributions. The abrasion 

experiments will be performed under ambient air 

and under Helium atmosphere.  
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Figure 2: Pebble mill for dust production 

 

The next step was to contribute to the assessment 

of the potential for dust mobilisation in case of an 

accidental leak or break of the primary circuit. The 

planned experiments aimes at providing dust 

mobilisation data for later computer code validation. 

For this purpose a small-scale wind tunnel in which 

a pile of powder is exposed to a horizontal air flow 

was used. In this facility the parameters governing 

the re-suspension phenomena of loose dust 

deposited in eddy zones can be studied. Since it was 

not possible to produce enough graphite dust for the 

task, alumina powder was used. Since the task aimed 

at providing data for code validation, this approach 

is acceptable. For the shape of the heap of powder a 

cone has been selected because flat multi-layer 

deposits can already be sufficiently described with 

existing numerical models. 

For the purpose of providing experimental data 

for future computer code validation, the deposition 

of dust and its remobilisation at increased gas flows 

was studied in a pebble bed. For the experiments an 

existing dust transport facility was used. The aerosol 

particles to be deposited in the pebble bed were 

radioactively labelled with the isotope fluorine 18 

and the spatiotemporal distribution of the particles 

was recorded by means of Positron Emission 

Tomography (PET). With this method the 

resuspension of dust, which had been deposited in 

the pebble bed before, could be monitored online 

and, depending on the characteristics of the 

depositing and of the remobilizing gas flow, 

threshold values for the remobilization could be 

determined. 

In addition to the experimental work, validation 

of the so-called Reynolds Averaged Navier-Stokes 

(RANS) and Large Eddy Simulation (LES) CFD 

approaches for dust deposition and resuspension in 

the geometrically more complex components of 

HTR primary circuits is performed. Currently 

available experimental data, new experimental data 

generated within the ARCHER project and data from 

detailed numerical experiments performed using 

Direct Numerical Simulation (DNS) will be used for 

this purpose. The first part of the task comprised the 

generic validation of the RANS and LES CFD 

approaches to predict the particle transport and 

deposition. In the second part of the task, based on a 

combined system code – CFD code approach, a step 

will be made towards accurate analysis of the 

considered dust phenomena in an HTR, utilizing the 

experimental results from previous tasks. 

 

IV.E. Tritium 

 

The aim of this task was to perform a parameter 

study indicating which combination of the different 

tritium control options are capable of meeting the 

safety requirements, complemented by suggestions 

for a viable tritium control strategy. For this purpose, 

a conceptual steam generator lay-out based on the 

Fort Saint Vrain design has been assumed to 

generate the required steam generator temperature 

profiles and surfaces. On their basis, using also 

assumptions on the tritium source term of an HTR 

core, coolant chemistry, steam generator tube 

thicknesses and tritium permeabilities through the 

concerned materials, the acceptable tritium partial 

pressure in the primary circuit, requirements for gas 

chemistry and helium clean-up systems and 

performance of possible tritium permeation barriers 

have been determined. 

 

IV.F. Thermal safety issues 

 

This task deals predominantly with the issue of 

correct prediction of temperature distributions in 

(pebble bed) HTR cores. 

The objective of this task was to perform 

numerical calculations in order to investigate the 

potential for hot spots respectively hot areas in 

pebble bed reactor cores, either by local variations of 

the pebble bed density or by incidental loading of 

clusters of fresh fuel. The resulting thermal 

hydraulic and nuclear effects should be assessed in 

combination. The calculations should be performed 

with a respectively updated version of the code 

system ATTICA-3D/TORT-TD. The appropriate 

additions to the code have been implemented and 

first calculations have been performed.  

The objective of this task is to calculate the 

pebble distribution in the core of a pebble-bed 

reactor and to explore the possibility of simulating 

the pebble flow in such reactors. The variation in 

density will be investigated in both radial and axial 

directions in the core. Furthermore the stochastic 

pebble-bed stacking calculations will be repeated 

many times to investigate the variations in density 

between different realizations. 
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V. SP 3: FUEL AND FUEL CYCLE 

 

The SP3 on fuel capitalizes on the irradiated 

material available with state of the art PIE, for 

improved fundamental fuel behavior understanding 

and further advancement of fuel performance codes. 

It will promote the preliminary work (irradiation 

feasibility and tailored shape particles) in an 

international framework that would be the backbone 

for an irradiation test CPSTRESS to assess the 

performance of mechanical stress codes for 

irradiated material. The diffusion process of the 

main fission products of interest (Ag, Cs, I) will be 

made possible by different set-ups and fuel 

manufacture. Some specific long term tests and 

discussion with the waste management authorities 

will be introduced to strengthen and extend the 

unique position Europe holds in HTR fuel back end 

R&D. 

 

V.A. Fuel Basic Properties 

 

To study the PyC induced creep by irradiation 

process, XRT measurements have been performed 

on about 500 four layer type particles 

(Kernel/buffer/SiC/PyC) which were made available 

from the RAPHAEL irradiation experiment 

PYCASSO, and achieved a 2 m resolution. The 

data will be analyzed to provide input for 

mechanical codes for TRISO fuel behavior. 

Additionally, a high-temperature nano-indentation 

facility has been put into operation and calibrated 

extensively. Various tests were performed on the 

facility to properly accommodate the particles in the 

system. A suitable mounting procedure with high 

temperature cement was established jointly with 

NRG for the study of TRISO particles at high 

temperatures. An extensive work has been 

performed on the facility to reduce the thermal drift 

and noise that triggered initially some inconsistent 

results. This resulted in a reliable and repeatable 

procedure to measure the Young's modulus and 

hardness of SiC in TRISO particles up to 500°C has 

been developed. Tests were executed on different 

sets of silicon carbide and calibration samples.  

 
Figure 3: 3D reconstruction by XRT 

 

To study SiC properties and fission product 

diffusion, Pulsed Laser Deposition (PLD) has been 

applied for coating of graphite and alumina and 

ZrO2 substrates with Ag and SiC layers. A dedicated 

facility for coating of small spherical particles was 

designed and successfully put into operation. ZrO2 

and Al2O3 kernels were successfully coated with 

Ag, but improvements are to be made, since the Ag 

could not be retained during subsequent 1600 °C 

annealing revealing a very low Ag retention 

capability of the SiC layer deposited at relatively 

low substrate temperatures (TS<950 °C).  

TRISO particles with ZrO2 kernels were 

mechanically treated to remove the external 

pyrolytic carbon and use the SiC layer for diffusion 

experiments. The TRISO particles were introduced 

into a quartz tube in the presence of diffused 

elements mainly I (I2 and NaI), Ag (metallic silver, 

AgI, AgCl) and Cs (CsCl). The sealed tube placed 

under vacuum was heated up in tubular furnace at 

different temperatures. Although the significant 

amount of investigation techniques, the first 

measurements performed on the different batches of 

coated particles do not produce up to now the 

expected profile results. Additional RBS (Rutherford 

Backscattering Spectroscopy) measurements at 

higher energy will be performed.  

The Chemical Vapor Deposition process is 

applied to produce uniform SiC coating on TRISO 

particles. Further work has been undertaken to 

investigate the interactions of SiC with silver for a 

better general understanding of occurring processes. 

A set of experiments using metallic silver trapped 

between two SiC layers and involving powders of 

these two compounds took place and subsequent 

microscopic and spectroscopic analysis revealed a 

new silver migration model outside the conventional 

hypothesis. The silver trapped between two SiC 

layers was heated up between 1450 and 1800 °C for 

a few hours (up to 48 h).The analysis of the results 

achieved led to promote a non-conventional 

approach: a “dissolution/reaction-recrystallization” 

phenomenon that may explain and lead to reconsider 

old silver release dogmas. 

 

V.B. CPSTRESS 

 

A feasibility study was initiated concerning a 

new PYCASSO-type irradiation including internal 

pressurization of the coating by the addition of B4C 

to the kernel to generate helium during the 

irradiation process. A first report providing a 

feasibility study of the irradiation in the HFR Petten 

has been issued and the production of doped B4C 

particles was initiated. 

CPSTRESS benefited in 2013 from strong 

support from INL that contributed to the final 

irradiation objectives. This international support 

proved the importance of such an irradiation in the 

future to qualify mechanical codes assessing the 
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integrity of the irradiated particles at high pressure 

(i.e. 350 MPa and 1200°C). In April 2013, the 

irradiation was approved as an I-NERI project 

between EURATOM and DOE, subject to future 

availability of funding. 

Pulsed Laser Deposition (PLD) process has been 

applied successfully for the coating of B4C on 

alumina substrates with SiC layers (Figure 4). The 

B4C layer thickness ranges up to 15 micrometers. If 

the irradiation seems to be similar to the PYCASSO 

irradiation, the thickness of the B4C layer is a critical 

factor for the success of the future irradiation, and a 

thicker layer is required. Preliminary calculations 

performed by INL, led to the conclusion that the 350 

MPa targeted at the end of the irradiation could only 

be achieved by considering both an enrichment of 

the B4C close to the maximum and a reduction of the 

porous PyC layer in the particle to accommodate 

some extra B4C layer thickness. 

 

 
Figure 4: B4C coated particle 

 

In this context, the already produced B4C 

samples will be scrutinized in terms of porosity and 

other mechanical parameters to ascertain that the 

final objective could be achieved with the already 

fruitful PLD technique.  

 

V.C. Integral Fuel Element Irradiation 

Performance and Safety Testing 

 

The PIE of pebbles irradiated in HFR-EU1 has 

been performed. The pebbles (type GLE4 spheres 

from AVR Reload 21/2) have been investigated by 

gamma spectroscopy. Results were provided and the 

pebbles do not show significant signs of fission 

product release, in line with the results from the 

irradiation test itself. Extra PIE examination, namely 

acoustic microscopy, SIMS and EPMA (if available 

in due time) will follow. 

The KÜFA system is mostly dedicated to gamma 

emitters (deposition of metallic fission products on 

the cold metallic plate and trapping of the 
85

Kr 

fission gas in a liquid nitrogen cooled charcoal 

filter). Some extra measurements must therefore be 

performed to quantify the release of specific beta 

emitters (e.g. 
90

Sr). In the framework of ARCHER 

some dedicated IC-PMS measurements on 

representative cold plates will be performed. 

The experimental data will be used in VESTA 

which is a Monte Carlo depletion interface code 

under development capable of providing accurate 

and complete calculation within an acceptable 

amount of time compared to other Monte Carlo 

depletion codes. This Monte-Carlo depletion module 

was tailored to the user’s needs. The data collection 

of the material required as a basis for the modelling 

was performed and in parallel, all necessary library 

developments for the VESTA code have been made.  

V.D. HTR Fuel Back End 

 

To assess spent fuel performance in a generic 

way, BISO particles (used as received) with kernels 

of Al2O3 and 2 pyrolytic carbon layers and TRISO 

particles (where the pyrolytic carbon was 

mechanically removed) with ZrO2 kernels were 

analyzed for long term disposal conditions in order 

to study the stability of SiC in aqueous solutions. 

Experiments were first conducted in plastic serum 

bottles and then additional experiments were 

conducted in stainless steel autoclaves under 

hydrogen atmosphere to better simulate reducing 

geological disposal conditions encountered in the 

expected French disposal site. The experiments 

conducted in steel autoclaves under hydrogen 

atmosphere showed no alteration of SiC or BISO 

particles, which confirms the high stability of SiC 

under reducing conditions. These results were 

assessed by different techniques (EDX, EPMA,  

Raman spectroscopy) with a quite good consistency. 

Waste acceptance criteria and disposal strategies 

are typically imposed by national scientific and 

socio-technical constraints. The safety case for 

potential implementation of geological disposal must 

therefore be assessed. In this project, the German 

(AVR, THTR) and UK (DRAGON, MAGNOX, 

AGR) situations provide a unique opportunity to 

expose the projects approach in a mixed scientific 

and socio-technological context governed by the 

question of shipping of large quantities of real waste, 

i.e. of irradiated fuel pebbles to an interim storage 

site waiting for geological disposal. The task 

contributors will become involved in a discussion 

with the related waste management authorities on 

the suitability of the irradiated fuel for direct 

disposal. It is expected that the results of the 

discussion will allow the project to identify key 

factors in completing the safety case and R&D gaps. 

 

VI. SP 4: MATERIALS AND COMPONENTS 

 

The main objective of SP4 is to study the 

materials and components that have reached a 

maturity level which promotes them as potential 

candidates for a demonstrator. It will address still 

pending priority materials issues for the HTR 
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deployment. Graphites that should be used for the 

reactor core will be investigated and assessed. It will 

make recommendations and a gap analysis regarding 

nickel based materials and welds, for use in high 

temperature heat exchangers and components where 

the code data is lacking. For components it will 

establish the basis for the introduction of the steam 

generator as the initial HTR primary heat exchange 

component of a demonstrator, and it will test a plate 

IHX mock-up in order to validate a design option 

that would allow for an extension of the application 

of HTR to higher temperatures. 

The choice of graphite for the reactor core is 

limited to those that are currently recommended and 

provided by the manufacturers. These have been 

studied within the RAPHAEL Project with key 

irradiation experiments performed and providing 

results at levels in excess of 22 dpa at 750°C and 

>13 dpa at 950C but only limited resources have 

been available to complete the low dose PIE and 

screening checks. The first objective within 

ARCHER is to complete the PIE of the medium to 

high dose data and then to compile them into a set of 

design curves for use by designers.  Additionally 

micro-structural investigations on irradiated samples 

are to be carried out and also strength tests.  A 

second objective is to carry out a low dose 

experiment at 750°C nominal temperature to provide 

results at <2dpa, in the region where the graphite 

crystalline structure is affected by irradiation. The 

objective during the period is to complete the 

loading and irradiation in HFR and begin the PIE.  

 

VI.A. Graphite 

 

The graphite studies cover the irradiation 

behavior and down-selection of currently available 

graphite grades for use in the core of the 

demonstration HTR. One or more of these grades 

(when fully qualified) may be used in the next 

generation HTR cores.  The first objective was to 

complete the PIE of the high dose experiments 

performed in RAPHAEL at 750°C and 950°C 

(INNOGRAPH-1B and INNOGRAPH-2B) and 

begin to assess the data for each graphite into 

suitable design curves. The PIE of the irradiated 

samples focuses on the key physical property 

changes such as shrinkage and expansion, Dynamic 

Young's Modulus, conductivity and thermal 

expansion and includes an investigation in terms of 

microscopy and strength tests (Figure 5) to 

determine the effect of different irradiation dose 

levels on changes in properties and characteristics.  

These results are then used to produce design curves 

which can be used for the selection process and the 

core design.  

 

 
Figure 5: Strength tests on irradiated graphite  

 

The low dose experiment carried out at 750°C is 

used to obtain information on microscopic changes 

during the first at little dpa exposure when the 

material is more rapidly affected by fast neutron 

irradiation.  The purpose of this is to assist 

modelling developments and to support long term 

selection without the need to carry out extensive 

irradiation experiments. Such information can help 

manufacturers in the development of graphite grades 

for future commercial HTR applications. 

 

VI.B. High temperature Alloys and 

instrumentation 

 

High temperature metallic materials for the HTR 

and heat exchange circuit are investigated, including 

the steam generator (SG), the intermediate heat 

exchanger (IHX), the hot gas duct (HGD), reactor 

pressure vessel and the reactor internals. The 

activities include data base management and links 

with organisations such as EERA plus damage 

characterisation under creep, fatigue and 

creep/fatigue interaction, material performance 

under high temperature corrosion and investigations 

on specific welds. Investigations are included on 

instrumentation covering in-pile and out-of pile tests 

using representative atmospheres on a new 

thermometry device. The overall objective is to 

recommend application limits for materials for use 

in HTR process heat and electricity generation. 

 

VI.C. Intermediate Heat Exchanger 

 

The demonstration of the feasibility of a Plate 

Stamped Heat Exchanger (PSHE) design is covered, 

which offers the most promising solution regarding 

compactness and robustness for the Intermediate 

Heat Exchanger (IHX).  It involves five separate 
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tasks including analysis and design and manufacture 

of a mock-up made from Alloy 800H and tested in 

the CLAIRE loop at operating conditions (750°C – 

800°C). CFD and FEM calculations have to be 

performed, but also tests on Alloy 800H thin sheets 

to determine behavioral laws for the material 

including creep behavior of weld joints samples to 

estimate corresponding weld coefficients for life 

assessment.   

 
Figure 6: Intermediate Heat Exchanger 

 

Welding (Figure 7) and machining processes will 

be optimized to ensure the quality of the component.  

The mock-up has the same dimensions as the 

real IHX module, but contains fewer plates (20 

instead of 300), without loss of representation.  The 

manufactured Mock-up will be tested in the 

CLAIRE Loop and the results of this experiment 

used to confirm the life of the mock-up and full 

sized heat exchanger. 

  
Figure 7: Welding tests on thin plates 

 

VI.D. Heat Transport Circuit 

 

The components associated with the heat 

transport circuit are investigated and in particular the 

Steam Generator Unit (SGU). The work covers an 

evaluation of expected key transients and operating 

conditions, selection of a lead concept and 

identification of the main issues affecting reliable 

operation, design, manufacture and inspection and a 

Cost/Benefit Analysis. The objective is to arrive at a 

concept that will provide reliable operation for the 

HTR demonstration for process heat and electricity 

generation. 

 

VII. SP5: KNOWLEDGE MANAGEMENT 

 

The key objective of the final Sub Project 5 is to 

maximise the impact of the project by ensuring a 

strong link with policy makers, industry, the 

international community, as well as a broader 

audience. It also covers the transfer of knowledge on 

HTR technology. The aim is to capitalise knowledge 

and bring together experts and students who can 

benefit from their experience.  

 

This includes: 

 Organisation of a EUROCOURSE 

 Publication of a textbook on HTR 

technology concerning safety aspects 

 Establishment of a job exchange platform 

 Communication actions: website updates, 

distribution of newsletters 

 Development of a digital library to be 

linked on the ARCHER website 

 

VII.A. Dissemination and Communication 

 

Information on the project is made available to 

the public by the public website, poster and project 

presentations. A brochure on the project giving its 

main highlights and results will be produced before 

the end of the project to allow the continuation of 

ARCHER dissemination after the project. 

The digital library of all publishable documents 

produced in the project and other relevant data is 

currently being developed and data collected. It is 

expected to be published on the ARCHER website 

before the end of the project. 

A TV documentary on HTR technology is work 

in progress. The team has visited the facilities in 

Petten and first shots and interviews have been 

taken. There are some complications due to the 

difficulty to obtain filming authorizations in 

Germany (AVR and THTR), which is a politically 

delicate issue. 

Concerning the capitalisation of knowledge, all 

final deliverables of ARCHER are being uploaded 

on the SINTER network, a knowledge database 

maintained by the University of Stuttgart, where 

results of all European HTR-related programmes are 

kept. Discussions are undergoing with JRC to also 

include the deliverables in their database. 

Additionally, a summaries of the progress of the 

work is presented in different GIF VHTR Project 

Management Boards (PMB). The work on materials 

and components within ARCHER continues to be 

presented at GIF VHTR materials-PMB meetings 

and at its Graphite Working Group (GWG) 

meetings, and the work on fuel is shared in the GIF 

VHTR Fuel and Fuel Cycle (FFC) PMB. 
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Finally the progress of the ARCHER project has 

been shared via the IAEA Technical Working Group 

for Gas Cooled Reactors (TWG-GCR). 

 

VII.A. Education and Training 

 

The goal of this part is twofold. On the one hand 

it is intended to preserve existing knowledge from 

highly recommended experts, in this case Prof. 

Kugeler, in form of a book, this highly relevant and 

accessible technical document provides over 100 

pages of high quality background information on 

HTR technology, with focus on the safety aspects. 

On the other hand the objective is to promote HTR 

technology and bring together students and experts 

in the field of HTR. ARCHER planned to continue 

the highly appreciated EUROCOURSES initiated in 

the RAPHAEL project. The first course has taken 

place in May 2013 in Prague, Czech Republic. The 

course was dedicated to cogeneration and materials 

and components. 

 

VIII. OUTLOOK AND CONCLUSIONS 

 

The ARCHER proposal intends to maintain, 

strengthen, and expand the extensive HTR 

knowledge base in Europe, built by preceding 

national HTR development programs, and recent EU 

FP programs, by performing generic HTR R&D in 

support of demonstration. More than half of the 

research is completed and reported, the other part 

will be finalized in the final part of the ARCHER 

project.  

ARCHER links to European strategic energy and 

nuclear energy activities, such as SNETP, SET-plan, 

and more specifically to the nuclear cogeneration 

working group, the nuclear cogeneration industrial 

initiative, and Europairs. ARCHER links to 

international activities either directly by the work 

proposed in cooperation or via GIF. 

The efforts proposed in ARCHER prepare 

Europe for HTR demonstration. 
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