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Abstract: The scope of this study covers safeguards licensing aspects of a possible future Gen IV 

demonstration facility. As a basis for the investigation, the facility was assumed to be located in Sweden, 

comprising a lead-cooled fast reactor and a reprocessing plant with fuel fabrication. The aim has been to 

identify safeguards requirements that may be set by the IAEA and the Swedish Radiation Safety Authority, 

and also to suggest how the safeguards system could be implemented in practice. 

The changed usage and handling of nuclear fuel, as compared to that of today, has been examined in order 

to determine how today’s safeguards measures can be modified and extended to meet the needs of the 

demonstration facility.  

This work is part of GENIUS, the Swedish Gen IV research and development programme, which 

emphasizes lead-cooled fast reactors. 

 

 

1. Introduction 

In 2009 a national Swedish research and development programme concerning Generation IV reactors was 

started. The programme, called GENIUS (GENeration IV research In Universities of Sweden), is well 

aligned with the European research agenda outlined in the SNETP. By launching this initiative, Sweden 

aims to play a significant role in the development and demonstration of Gen IV reactors in Europe with 

particular focus on lead-cooled fast reactors. The work presented here is part of the safety and security work 

package of GENIUS. 

With the deployment of new reactor types and fuel cycles, the elemental and isotopic compositions of 

nuclear fuel will change and new material flows within and between facilities will arise. In order for the 

safeguards measures to remain relevant, the safeguards approaches implemented today must be revised and 

adapted to the new premises. 

In this study, safeguards aspects of a possible future Gen IV demonstration facility located in Sweden have 

been considered. The facility complex was assumed to comprise a lead-cooled fast reactor (LFR), a 

reprocessing plant and a nuclear fuel factory. It has been assumed that no political or economical obstacles 

for construction or operation of the test facility will be at hand. The underlying safeguards requirements set 

by the IAEA must be fulfilled, but the national authority, in this case the Swedish Radiation Safety 

Authority (SSM), may also choose to significantly sharpen the requirements. The aim has been to identify 

safeguards requirements for such a facility as well as to identify possible additional requirements from the 

national authority and to suggest how this safeguards system could be implemented in practice. 

 



 

Safeguards approaches have been considered for within and between each unit at the demonstration facility, 

with the main focus on system aspects rather than proposing safeguards instrumentation on a detailed level. 

Furthermore, safeguards licensing aspects for the facility units have been investigated. 

The fuel cycle scenario proposed in this work is described in section 2, whereas proposed safeguards 

measures for the facility units are presented in section 3. Section 4 deals with the licensing procedure for 

new nuclear facilities in Sweden. 

2. Description of the Generation IV demonstration facility proposed in this work  

The following fuel cycle scenario has been worked out to represent the Generation IV demonstration 

facility considered in this work: a 100 MWe lead-cooled fast reactor, an interim storage for the spent nuclear 

fuel, a reprocessing plant and a fuel fabrication facility. All of the units will be in a small demonstration 

scale, adapted to process the amounts of nuclear fuel needed to operate the reactor. 

The following prerequisites for the safeguards design have been determined. For more information, the 

reader is referred to [1]. 

2.1 The reactor 

The main purpose of the demonstration reactor is to validate the technological viability of the concept of 

lead-cooled fast reactors. Another objective is to test and evaluate material properties and operating 

conditions for research purposes. A small-scale reactor of approximately 100 MWe is therefore foreseen in 

this work. 

Assuming that the demonstration reactor proposed in this work will be similar to that of ELSY’s type [2], 

but scaled down to 100 MWe (250 MWth), the approach used here has been to simply scale down the fuel 

mass of an ELSY core design, which has a power of 600 MWe, by a factor of six. Indeed this is a rough 

estimation, and the actual viability of such a core has not been analyzed. For this work however, a crude 

assessment will at least give a hint of a possible 100 MW core composition. 

The ELSY core investigated here has been the proposed adiabatic core concept, which is designed to be 

self-sufficient in plutonium and to burn all minor actinides built up during operation, keeping them at an 

equilibrium level [3]. 

Since properties of oxide fuel are well-known, it is considered to be a good fuel type to start operating Gen 

IV reactors with, even though their performance may need to be improved. MOX fuel is therefore the 

reference fuel type chosen for the ELSY core. One aims at introducing minor actinides (MA) to the oxide 

fuel, and the nitride fuel is considered as an option for use in the more distant future.  

2.2 Storage of spent fuel 

For the demonstration facility, the storage time prior to reprocessing will be in the order of a few years, and 

a wet storage can therefore be expected to suit the purpose well.  

2.3 Reprocessing 

Since the demonstration facility will be made for research purposes, its reprocessing plant may well be 

designed to allow for studies of several reprocessing options. The ultimate goal is to run Ganex, which 

extracts all actinides in one step (although with a preceding Urex step). However, the admittedly successful 

combination of Purex and Diamex/Sanex might initially be used to extract the plutonium needed for 

manufacturing new fuel for the fast reactor [4].  

Separation of actinides will be performed using AKUFVE units, which contain centrifuges rotating at high 

speeds [5]. The co-conversion method chosen for the demonstration facility will most likely be the sol-gel 

process, which produces dense, fluid-like microspheres instead of the traditional powder. Since only fluids 

and fluid-like materials are handled, the process is suitable for remote operation. By eliminating the 

handling of radioactive powders, the risks for contamination and incorporation due to dust creation are 

avoided [6]. In addition, the sol-gel path is a continuous process, minimizing the criticality problems [7]. 



 

 

2.4 Fuel fabrication 

The fuel fabrication facility will not be described in depth, due to the existence of several unknown 

properties of the LFR core design. However, the fuel manufacturing should preferably be connected to the 

reprocessing plant in order to avoid unnecessary proliferation risks posed by transports, and also to limit the 

space needed for storage of nuclear material. Applying the sol-gel process facilitates the integration of the 

fuel fabrication with the reprocessing plant [7]. 

 

Core optimization is needed to find out whether a homogeneous or heterogeneous MA fuel design approach 

is best suited for the demonstration reactor, and the amounts of MA in the fuel will therefore not be stated 

here. To cover all possibilities, it is assumed that the fuel fabrication facility must be designed for high MA 

concentrations. 

2.5 Material flows 

By using a crudely scaled down version of the adiabatic ELSY core as a starting point, material flow 

calculations will not reach a high level of accuracy. However, they may give some indications concerning 

the order of magnitude of the material flows in the fuel cycle. The flow calculations, which can be found in 

[1], are performed in order to assess the amounts of nuclear materials in different parts of the cycle. In 

particular the flows of Pu and MA are investigated, since the amount of materials present in a facility 

influences the safeguards measures. 

Each year, one fourth of the core is discharged and replaced with new fuel assemblies. Thus, the fuel 

residence time in the core is 4 years [3]. The amount of fuel discharged and put to storage each year, will 

contain 1328 kg of U, 272 kg of Pu, 19 kg of MA and 72 kg of fission products (FP). This is transferred to 

the interim storage, where it is left for approximately 5-10 years before being reprocessed. At the same 

time, 1400 kg of U, 272 kg of Pu and 19 kg of MA is loaded into the core each year. The Pu and MA 

content is thus kept at an equilibrium level, whereas 72 kg of uranium is each year converted to fission 

products. Consequently, the annual input stream is only 72 kg of natural or depleted uranium. The fission 

products are taken care of properly and put to final disposal. This can be accomplished by using e.g. 

vitrification, or possibly a modified version of the encapsulation method developed by the Swedish Nuclear 

Fuel and Waste Management Company (SKB) [8]. Even though the Pu and MA elemental compositions 

remain in an equilibrium state, the isotopic compositions of the elements will vary with time. The average 

plutonium content in the reactor core is 16%, which is approximately twice the plutonium fraction in spent 

LWR fuel. 

3. Safeguarding the proposed Generation IV demonstration facility 

The previously mentioned conditions and material flow calculations have been used together with 

information on different safeguards techniques and applications obtained from literature studies, in order to 

suggest safeguards measures suitable for the demonstration facility. 

3.1 Safeguards challenges of the demonstration facility 

The basis of the safeguards activities is to ensure that the continuity of knowledge, CoK, is kept. What 

should be discussed is the possible means of achieving CoK at all points of the fuel cycle. The difficulties 

posed by the demonstration facility units in this particular work are dominated by the separated streams of 

plutonium in the reprocessing plant and the inaccessibility of fuel items in the reactor caused by the opaque 

lead coolant. In addition, the composition of new types of fast reactor fuel containing MA puts new 

challenges to the operation and use of equipment in several parts of the fuel cycle. This is due to the highly 

radioactive materials, and requires additional new or modified methods of assay. Having the fuel 

composition well defined prior to development of assay equipment eases the safeguards work. The actinide 

composition in the LFR fuel will however be variable, which makes it difficult to optimize the design of 

equipment foreseen to determine the actinide content.  

An extended use of automated processes and remote monitoring would be a requirement for handling the 

new fuel, because of the high radiation levels. This would also benefit the safeguards work, since the 



 

presence of facility employees poses a proliferation risk [9]. 

One may want to apply several redundant safeguards measures to the same part of the process, in order to 

test the performances of the different systems as well as to obtain as much data as possible from the 

processes in the demonstration facility.  

3.2 Proposed safeguards approaches 

To meet the safeguards challenges posed by new nuclear facilities, the already established methods should 

be improved and supplemented. Dual containment and surveillance (C/S) measures should be used 

extensively, and cross-checks between different types of gathered data could make nuclear material 

verifications more reliable. Non-proliferation issues should be addressed from the beginning, designing all 

new facilities in a way that strengthens the built-in proliferation resistance, i.e. implementing safeguards-

by-design (SBD). 

3.2.1 General approaches 

Extending the use of remote monitoring would reduce the need for inspectors physically present at the 

facilities. To further reduce time spent at the facilities, data collected during facility operation could be 

gathered and accessed from a single location outside the controlled area [10]. The traditional sample taking 

and subsequent destructive assay (DA) in off-site laboratories is not efficient in large, modern bulk handling 

fuel cycle facilities, especially if the number of facilities is increasing. Distributed on-line assay stations 

with data collected and evaluated centrally and on-site, and remotely transmitted to the inspectorate 

headquarters, could however provide the desired efficiency [11]. 

 

If connecting a large system of various sensors to a central network, the development of pattern recognition 

algorithms would be beneficial. Non-approved activities may generate abnormal patterns in the large 

amount of information provided by the sensors. By having adequate software evaluating the data, the 

safeguards system could detect a possible diversion attempt and sound an alert [12].  

3.2.2 Use of equipment for inspections 

It has been suggested that the restrictive policy on joint use of equipment (JUE) should be applied only to 

safeguards instrumentation of primary importance, leaving a wide array of plant instruments that could 

provide complementary information [13]. Using facility equipment jointly could, apart from saving 

financial resources, reduce the intrusion on facility operations. However, the major benefit from JUE would 

be the facilitated acquisition of relevant data [10]. If JUE is to be implemented, one must see that the 

reliability of the instrumentation is not jeopardized.  

3.2.3 Suggested additional approaches 

Nuclear forensic analysis, or nuclear forensics, is a field of increasing importance. Its basic principle is the 

analysis of nuclear or radioactive material samples, together with possible additional information associated 

with the sample, which can be used to determine the history of the material [14]. Successful implementation 

of nuclear forensics requires a combination of technical data, relevant databases, sufficient laboratory 

equipment and specialists able to interpretate the information. The development of an international 

database, with the purpose of consolidating the substantial amount of data relevant to the tracing of fissile 

materials, could perhaps be the next step towards a greater usage of fingerprinting nuclear material for 

safeguards purposes [15].  

For the forensic approach to be practiceable on a large scale, significant resource contributions are needed. 

New laboratories would have to be built and managed if nuclear forensics were to be used in a large number 

of nuclear facilities. The measurement procedures should be worked out in a way to minimize the intrusion 

on facility operations. 

3.3 Safeguards units and activities 

3.3.1 The reactor 

The opacity of the molten lead coolant obstructs the visualization inside the reactor vessel, making the fuel 

assemblies difficult to access for a diverter. However, the opacity induces equally important limitations on 

the in-vessel inspection and monitoring activities for the operators and inspectors. Sealing the area and 



 

applying dual C/S measures is therefore of utmost importance for safeguarding the reactor. Possible C/S 

measures are surveillance cameras monitoring the reactor vessel lid and seals connected to bolts [10]. 

Fuel handling and maintenance operations, e.g. reshuffling of the fuel assemblies in the core, would 

preferably be fully automated, since human interaction with the fuel infers a proliferation risk. These 

operational issues should be addressed well in time before the construction of a reactor, such that robots and 

software can be developed and approved in parallel. 

In an LWR, the fuel contains low-enriched uranium, which has a relatively low proliferation value. The 

plutonium generated during reactor operation is thus the main safeguards concern [16]. The fuel used in the 

demonstration facility will however hold a relatively high share of plutonium even initially, which means 

that plutonium monitoring and surveillance is important throughout the cycle. How this can be done in 

practice must be carefully considered. To strengthen the nonproliferation work for a breeder reactor in 

operation, the plutonium produced should be generated in the same area where it is also burned. 

3.3.2 Storage of spent fuel 

The plutonium content of the spent fuel in the wet storage is expected to be larger than the plutonium 

content of current spent LWR fuel storages. Since reactor-grade plutonium is weapons-usable if separated 

from the spent fuel this could imply a greater risk of proliferation. However, the plutonium would be 

difficult to steal and recover for weapons use, being bound up in massive, highly radioactive spent fuel 

assemblies [17]. The highly radioactive and toxic MA present in the SF reduce the attractiveness of the 

material further. 

3.3.3 Reprocessing 

The reprocessing plant will be the part of the demonstration facility that is most challenging considering 

safeguards. Moreover, in the chosen scenario, the pure plutonium streams that arise in the Purex separation 

process may be highly attractive for a diverter. 

Shifting from using the Purex-Diamex/Sanex process to the Ganex process may allow for a relaxation of the 

safeguards requirements, since no stream of pure plutonium will be present in the latter case. Safeguards 

measures sufficient for the Purex process may thus be excessive when it comes to Ganex. At the 

demonstration facility, overdoing the safeguards approach to some extent is acceptable. Therefore, by 

adopting a conservative approach, safeguarding of the Purex-Diamex/Sanex process will mainly be 

considered in this work.  

The nuclear material concentrations in the main process streams and inventory vessels is of fundamental 

safeguards importance. Developing on-line assay techniques for accurately measuring the actinide content 

of aqueous process solutions would permit remote monitoring of reprocessing plants. An on-site laboratory 

processing destructive assay samples could verify the on-line non-destructive assay (NDA) measurements, 

determining the potential measurement bias. 

To support verification of nuclear material transfers, inventory, and operational status of the reprocessing 

plant, the development of a more effective automated and integrated data collection and review system is 

recommended. This system could account for analyzing process and on-line assay data and surveillance 

imagery. By using automated processes in a hot cell environment, equipment for tracking the movement of 

the nuclear materials could more easily be applied. 

Inspections at the reprocessing plant could be efficiently performed by extending the use of short notice 

random inspections and applying an approach of statistical process control for verification, rather than 

relying on a scheduled systematic verification of all major transfers of plutonium-bearing materials [11]. 

3.3.4 Fuel fabrication 

The radiation arising from the MA content of the fuel requires shielding by e.g. hot cells. This requirement 

benefits the safeguards work at the fuel manufacturing process, since physical barriers and automated 

operations obstruct access to the nuclear material. However, NDA techniques must be developed for more 

accurate actinide measurement results. The MA concentration of the fuel can not be defined at this stage, 



 

but it can be noted that the safeguards measures for homogeneous MA bearing fuel would be comparable to 

that of target fuel assemblies [9]. 

Having the incoming material from the reprocessing plant in the form of microspheres instead of oxide 

powder would likely affect the safeguards work in a positive way due the fluid like behavior of the spheres 

which makes the material flows well adapted to remote handling in hot-cell environments. 

The facility units should be collocated such that the need for transports of nuclear material, which entail 

proliferation risks, is reduced. 

4. Licensing of nuclear facilities in Sweden 

International laws authorizing nuclear activities and regulating the nuclear facilities throughout their whole 

life cycles, from construction to decommissioning, are a necessity. National legal instruments may reinforce 

the international legislation. The two Swedish laws in parallel governing the licensing of new nuclear 

facilities are the Nuclear Activities Act and the Environmental Code. The Nuclear Activities Act regulates 

the nuclear activities within the Swedish facilities, particularly focusing on safety issues and supervision 

and control of nuclear activities. According to the Environmental Code, all nuclear activities are considered 

as injurious to the environment and may therefore not be pursued without permisson from the 

environmental court. Safety and supervision of nuclear facilities are two of the issues covered by the 

Environmental Code [18]. 

4.1 Differences in licensing aspects between Gen II and Gen IV facilities 

In terms of legislation, there are no fundamental differences between licensing of Gen II and Gen IV 

facilities. However, the complete operation of the Gen IV fuel cycle involving MA-bearing fuel and 

reprocessing of spent nuclear fuel, would demand extra attention in licensing procedures, and it must be 

expected that unproven construction designs will call for more comprehensive investigations. In addition, 

the new material flows will increase the amounts of nuclear material transports.  

A demonstration facility is essentially treated as any other nuclear facility, however not connected to the 

power grid as the nuclear power reactors. In the event that the construction principles of a facility are not 

already proven, as will be the case for the demonstration reactor and fuel processing facilities, they must be 

evaluated by the Swedish Radiation Safety Authority to prove the robustness and reliability needed to 

guarantee the safety performance of the facility [19].  

The Swedish legislation requires no amendments in order for the authorities to process the licensing of 

reprocessing facilities, as they exist already in the definition of a nuclear facility. However, the government 

in practice abandoned the reprocessing plans of spent fuel in the 1980’s, in favor of direct disposal [20]. 

This standpoint may possibly be reconsidered in the future, in the light of the new advanced Gen IV fuel 

cycle technologies.  

5. Conclusions and discussion 

Finding the appropriate safeguards measures for new Gen IV facilities is indeed a challenge, but with the 

arrival of the new generation of nuclear energy one may also see opportunities. At this point, there is an 

opening to set the safeguards standards high before the Gen IV technologies have become widely 

implemented. Construction and operation features of new facilities, fuels and fuel recycling processes can 

thus be regulated from the start, such that all parts of the fuel cycle are covered.  

In order to meet the challenges that arise with the Gen IV technology, implementation of safeguards-by-

design is an important element in the planning for new nuclear power plants and fuel cycle facilities. The 

safeguards measures used at nuclear facilities today should constitute the basis for future safeguards 

activities. Nuclear material accountancy, with physical inventory verifications, interim inventory 

verifications and near real time accountancy, will remain important parts of the safeguards approach, as will 

the dual C/S principle. The well-tried methods should be improved and supplemented by modern techniques 

such as nuclear forensics, safeguards-by-design and improved on-line monitoring of streams of nuclear 

material.  



 

The possible implementation of a Gen IV fuel cycle as described in his work, would pose several challenges 

to the safeguards system. Among the reasons for this are the inaccessibility of the reactor, which puts 

limitations on the fuel verification methods, and the extensive recycling of MA bearing fuels. Reprocessing 

is a safeguards challenge and will stay so also in the future, even if group separation of actinides will 

replace Purex as the standard commercial reprocessing technique. In addition, the high plutonium content of 

many fast reactor fuels makes the materials attractive for diversion. Through careful preparations of the 

safeguards systems and processes, the capability of the IAEA and other safeguards organizations to detect 

possible diversions of nuclear materials will be increased.  

Automated processes must be used more extensively in such a demonstration facility than in currently 

existing facilities, since the high MA contents of the LFR fuels require shielding in hot cells and remote 

operation. Measures must be taken to verify that the direction of fuel movement complies with the transfer 

path stated by the operator. In addition, with less facility personnel present in the vicinity of nuclear 

materials, the risk of diversion is reduced.  

A number of areas where there is a need for further research and development have been identified. The 

research on the development of improved NDA techniques should be intensified, since non-destructive on-

line measurements are crucial for safeguarding bulk handling facilities. Apart from the measurements of U 

and Pu, the Am and Np contents should preferably be monitored. Suggestibly, NDA should also be used for 

verification of fuel assemblies containing minor actinides. The use of automated on-line collection of data 

would increase both the efficiency of measurements and the non-intrusion of activities at the reprocessing 

and fuel fabrication units. By having the data evaluated centrally, the need for on-site inspections would at 

the same time be reduced, thus demanding less resources. The large amounts of data produced by the 

safeguards sensors need to be stored in databases. In order to properly evaluate the obtained information, 

one may have to coordinate various systems.  

Extended use of nuclear forensics may be foreseen, in particular if a database comprising the required 

technical data is set up and laboratories and personnel become available at a large scale. With such a 

database, possible illicit trafficking of nuclear materials could be traced to the diverting facility, which 

would have a deterrent effect on a diverter. However, international collaboration is essential in order to 

successfully implement nuclear forensic analyses.  

Joint use of equipment may become practiceable in the future, but only if it can be assured that the IAEA 

will still be able to draw its own idependent conclusions. This would require that the facility operation 

processes are characterized by openness and transparency.  

The construction of a Gen IV demonstration facility in Sweden is currently not prohibited by law. However, 

the licensing of a new nuclear facility is a long process, in which the safety performance and environmental 

impact of the facility should be carefully assessed. It is important that the safeguards approach for the 

demonstration facility is outlined early on in the process, such that the facility units can be designed in a 

way that allows for implementation of adequate safeguards measures with minimal intrusion on the regular 

activities.  

The calculations performed in this work give only rough estimates of the material flows in the fuel cycle, 

especially since the downscaling of ELSY is very crude. Thus, there is room for much improvement in the 

material flow calculations. However, it can be noted that the plutonium contents of both fresh and spent 

nuclear fuel will be relatively high, which could imply a greater risk of proliferation. 

6. Outlook 

Collaboration between researchers and safeguards authorities should be intensified to ensure that the 

relevant safeguards issues are addressed in the design.  

Considering that the reprocessing stage imposes the most significant proliferation risk of the fuel cycle, 

group separation of actinides should be implemented to reduce the diversion attractiveness of the material 

streams. In order to do so, further research on separation methods, e.g. Ganex, is needed.  



 

Detector development is needed for accurate verification of MA bearing fuel assemblies as well as nuclear 

materials dissolved at the reprocessing plant.  

Sensors for safeguards applications should be implemented in a way that ensures continuity of knowledge, 

but with minimum intrusion on the regular operations at the facility and at reasonable costs. One approach 

for accomplishing a functional and efficient safeguards system may be the development of a computerized 

tool, that is able to evaluate various sensor setups and possible diversion scenarios. Its applications may 

include specifying sensors suitable for each part of the fuel cycle, evaluating the optimal placements of the 

equipment and cross-checking the results. In addition, the large amounts of data collected by various 

safeguards devices must be correctly interpreted. It must be assured that the possibility of the safeguards 

system rendering false alarms is kept low, since frequent false alarms could undermine the confidence in the 

measures taken. 
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