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Abstract
This short paper introduces the opportunity for the transfer of existing technology into the UK’s decommissioning capability. The current decommissioning liability is estimated to be £70 billion, [1]. Even though we have a universal algorithm for decommissioning any facility in the world, [2], the technology underpinning its applications is old and outdated. We describe a series of professionally facilitated workshops and meetings that generated over 1000 potential ideas. We describe a rationalized list of high impact and high probability of success ideas.

Introduction
Here we consider the impact that non-nuclear technology might achieve when applied to Nuclear Engineering Decommissioning. The time and cost estimates of UK’s Decommissioning liability are still rising, with the UK at the early stages of preparing a large scale decommissioning program. With current estimates at £70 billion and a duration of 100+ years, the UK possesses some of the most complex decommissioning challenges in the world, [1]. Sellafield Ltd and the University of Manchester have developed a universal model for decommissioning any plant, the General Case Integrated Waste Algorithm, [2]. The University of Manchester and Sellafield Ltd are now in partnership developing an operational research model of decommissioning that will underpin a UK strategy for Nuclear Decommissioning, [3]. When fully developed this model will be capable of replacing current estimating techniques at a national level. However, in the meantime the decommissioning costs and timescales are underpinned by current technologies. To focus on high impact opportunities for new technology import, a series of workshops was undertaken to investigate transferring technologies from other theatres. We generated in excess of 1000 ideas by bringing together a range of experts, clinicians and leading industrialists. The paper describes the workshops and the system of ranking in excess of 1000 ideas.

The Nuclear Decommissioning Authority, NDA, is responsible for the clean up of 20 sites across the UK. Many of these sites house reactors and complex chemical plants which were the first of their kind and built quickly under the pressures of an arms race. They are in a safe but not fully characterized state. This has left the UK with the most diverse and complex decommissioning tasks in the world. In addition, we must always keep in the back of our mind that other industries such as pharmaceutical and oil/gas have large decommissioning liabilities too.

Sellafield, on the west coast of Cumbria, accounts for approximately 70% of all of the cost associated with UK decommissioning. This is largely due to the legacy waste of the 1950’s, a result of the weapons race and subsequent first ever civil nuclear program. The Sellafield site continues to offer the full fuel cycle and deals with nuclear fuel from reactors across the UK. All radioactive material is “triple – wrapped” to provide three barriers between the hazard and the outside world. Firstly there is the all-welded stainless steel plant surrounded by the secondary barrier of concrete cells with walls up to 2m thick. The latter is needed to shield workers from the beta-gamma activity inside the primary containment. Outside the cells the third barrier is the building itself and the workers occupy the space between the outside of the cells and the inside of the building.
In the design of these cells, no need for access to the inside of the cell was envisaged. Therefore, in order to minimize overall plant volume, the stainless steel plant and piping inside these cells are very densely packed.
A major issue when attempting to decommission a fully encapsulated cell is the level of uncertainty that exists. In many cases, the condition of the internal structures and pipework of these cells remains unknown. To further complicate this, as-built records are often inaccurate so the full inventory and positioning of the pipes may also be unknown. Conventional inspection and characterization is very difficult and creates risk as every time a hole is made in the secondary containment concrete wall, a shine path is created. This is a route along which radiation can find its way outside the cell.
Decommissioning has already commenced at some of these sites and there have been some successful campaigns. Plant inside cells can be dismantled either manually (after decontamination) or remotely (using robots). However, across the world decommissioning to date has preferred to use the manual, i.e. hands-on technique whereby operators enter the cell in uncomfortable PPE in order to deploy large agricultural tools. These are more associated with demolition jobs than complex nuclear problems. Tools such as these are essential in decommissioning certain aspects of a nuclear site. They are not suitable, nor capable of decommissioning the more complex and inaccessible cells described above.
University of Manchester Nuclear Decommissioning Engineering Forum (UNDEF)

The University of Manchester appointed Prof Bernard Kelly in 2007 to the first UK Chair in Nuclear Decommissioning Engineering (funded by the NDA and the University). Recruitment is now in progress to build up to a new research group with 7 academic staff and up to 9 PhDs. This Group was awarded £20k from the DIAMOND consortium in November 2008 so as to investigate how non-nuclear technologies could be exploited within nuclear decommissioning. The program has been set up over a 5-year period. Within this time, the Group expects that they will fund several PhD students. In a proposal outlined by Prof Bernard Kelly [4], potential areas of research within Nuclear Engineering Decommissioning are outlined. These include but are not limited to; robotics, demolition techniques, tomography, plant characterization and decontamination. With such a wide range of research opportunities distributed over a number of research establishments, it is important that the appropriate planning is undertaken before making any investment.
In order to provide value for money for DIAMOND and NDA, a Forum was needed to allow cross-fertilisation of ideas from other industries and professions. This Forum (known as UNDEF) was established in November 2008 and to date it has held three meetings. UNDEF acts as a medium through which the University of Manchester ensures that it does not conduct research in ignorance of  technology routinely deployed in non-nuclear sectors.

At present, the transfer of technology within and into the industry is not well developed. The bespoke nature of many of the problems in decommissioning makes it difficult for companies to foresee where investment into research and development will provide maximum competitive advantage. This limits the levels of funding into research and development (R&D) from private companies. It is natural that those companies who do invest into R&D want to protect their intellectual property to maintain their advantage. This clearly induces reluctance amongst companies to share their knowledge. A lack of knowledge sharing causes two problems, firstly it may lead to duplication of research, this is an inefficient use of resources. Secondly, companies are unable to feed from each other’s developments. One of the aims of UNDEF is to open up some of these barriers outlined above and to give the leading R&D companies a better understanding of what others are doing within the industry.
The response to invitations was so successful that two separate workshops were set up in order to accommodate everyone. Both sessions were held at the University of Manchester.
Each session was led by an expert in creative thinking. In total, there were representatives from over 20 companies and institutions. Attendees came from a very wide range of backgrounds including oil and gas, defence, computing, mathematics and finance. Nuclear experts from the private and public sectors were also involved. A list of the organizations involved is given at the end of this paper.

The decommissioning problem was briefly introduced by Prof Bernard Kelly. Immediately the group was encouraged to begin writing down their ideas on potential developments. The entire day was strongly focused on removing all barriers to innovation such as potential cost, legal implications and potential likelihood of success. Through various creative thinking techniques, over 1000 ideas were generated. By removing all barriers to innovation, the range of ideas generated was vast.
In addition to the two UNDEF meetings, the nuclear decommissioning research group at UoM met with members of the University’s medical school. Some technology transfer possibilities between the nuclear and medical sectors have already been documented, [5]. This lists some of the direct relationships, specifically focusing on imagery. The aim of this meeting was to once again to introduce the problem, remove any barriers to thought and then allow the creative thinking from an industry that contains highly intelligent individuals.
Results
Here we describe how the 1000+ ideas were rationalized based on the probability of success and the potential benefit.
The ideas were rated according to their likelihood of success and the potential gains they would offer to decommissioning. The ideas with the highest likelihood of success and greatest benefit were carried forward. There were recurring themes within the results along with many ideas with an extremely specific focus. In the interest of defining PhD topics and further research we have categorized general research areas to be, Robotics, Compaction, Cutting, Decontamination and Imagery, Scabbling, Export, Suits and Knowledge Management. Each of the general categories are described below.
Robotics
The fact that not all cells at Sellafield will be accessible to humans opens up the probability that robots will have a significant role in decommissioning. Robots already feature in the current decommissioning program. However, the capability of these demolition robots is not sufficient to successfully complete the process. 

Many members of UNDEF defined specific features that they thought would be beneficial. Some of these are listed below:

· nano-robots that enter a cell through a small hole in the concrete wall, cut up the steel work into small pieces and are able to “digest” the waste before leaving the cell and consigning to a permanent waste package;

· a “Rhino-Ferret” robot. This would be a robot that has the maneuverability of a ferret in order to access the tight gaps within the cell but then also carries the dismantling and destructive attributes of a rhino;

· a pipe crawler to enter the steel pipes and remove the internal 2 to 5mm of contaminated steelwork. 

The success of UNDEF is already evident. A PhD on the application of robotics within decommissioning has been proposed.

Compaction
There is currently limited storage available for nuclear waste. The final storage requirements are not known in detail but there is no doubt that significant spending is required to build further stores. To minimize these costs, the waste volumes arising from nuclear sites should be minimized where possible. Compaction has already been applied at Sellafield. However, this is still an area where improvements would deliver clear benefits to the program. Examples include:

· melt down the steelwork locally;

· in cell compaction;

· optimize the sizes and sequences of dismantling.

The third point has been a major DIAMOND success. The School of Mathematics at the University of Manchester has developed software to minimise wastage based on how garment manufacturers cut cloth. As a result of our DIAMOND work this has successfully piloted the transfer of this garment technology into cutting the large tanks to be decommissioned at Sellafield i.e. into what shape should the tanks be cut so as to maximise the amount of steel waste in each disposal container? On site decommissioning personnel have been very pleased with this unusual juxtaposition of technology.

Cutting
An enormous amount of cutting is required to complete decommissioning. Many of the current cutting techniques produce a secondary waste stream. Below we set out some of the cutting techniques proposed at UNDEF. Many of them focused on ‘cutting at distance’ techniques. The high radiation levels necessitate this remote approach and inaccessible cells make it impossible for a human to get close. Examples of cutting ideas included:

· endoscopic laser cutting;

· microbe induced corrosion;

· use a Cartesian approach to calculate the optimum penetration thought the concrete walls so as to reach target pipes or vessel inside the cells;
· make the metal brittle so it snaps and collapses.
Characterisation and Decontamination

Uncertainty concerning the inventory in some of the cells prevents systematic and comprehensive planning of the decommissioning process appropriate to each situation. Examples of decontamination and characterization ideas were:

· pipe characterisation;
· develop a biological decontaminant;

· exploit transparent regions in the concrete using tomography.
Scabbling
Contamination can penetrate beyond the surface of a material. The depth of penetration is often unknown. Scabbling is the process of removing the surface of a material to a particular depth. The object is to leave only clean material after removing the contaminated surface. Removing selectively only the contaminated layer of concrete or steelwork minimises waste volumes. Current techniques are time consuming and produce secondary waste. Typically, only concrete surfaces are scabbled. At UNDEF the idea of scabbling the internal surface of steel pipework was explored. Below are some of the ideas proposed on how to do this:

· develop a rotary “food processor” cutting tool;

· magnetic stripping of internal pipework;

· use a guide wire down the pipe (Seldinger technique). Insert a grinding wheel (or other cutting device) to cut away at the inner pipe surface as it moves down the wire. A grinding wheel would be ideal as it would minimise voidage. The airborne steel could be vacuumed directly into a grout matrix to minimise human contact.
The final bullet point above is a technique used in brain surgery. To access the brain, the surgeon often enters through the inner thigh and the ‘pipe’ through which the guide wire is sent is the artery. This is another excellent example of techniques being imported into decommissioning from sectors which initially seem unconnected with our problems.

Waste Export 
Once the steelwork has been cut or processed, it needs to be exported from the cell and placed into a container for transport and storage.  Below are some of the ideas generated on the subject of export:

· use a peristaltic pump to remove waste from cells;

· isolate pipe sections and then wrap within a suitable container;  Pulverise the steel within the bag and then extract through a small hole in the cell wall. 
The final point here is another technique used in surgery. By using this technique, a surgeon is able to remove a kidney through a small hole in the skin.
Suits

A worker can enter contaminated areas if wearing a protective suit. This is a lengthy time-consuming process. It involves changing into and out of the suit. Each time the suit is either washed or discarded. The worker is only allowed to be in the contaminated area for a limited amount of time. An idea was suggested of introducing suit docking stations, where a suit is perhaps Velcroed at the barrier between the contaminated and non-contaminated areas. The suit could therefore be used multiple times and the worker would simply step into it before entering the contaminated area.
Knowledge Management
UNDEF aims to improve the sharing of knowledge and expertise across the nuclear industry. However the meeting of these 26 individuals cannot cover the entire industry. There were several suggestions of improving continued learning within decommissioning:

· use current operators to build the decommissioning plans for their own plants;
· involve wider international “forum” to benefit from other experiences;
· encourage better cumulative learning about designs used in industrial archaeology.
BP are recognized experts in knowledge management. The head of oil and gas decommissioning at BP is a member of UNDEF. The nuclear industry must use this expertise and apply it to decommissioning.
Summary
By bringing together such a wide range of individuals from a variety of industries, the University of Manchester has initiated the opportunity for the nuclear industry to embrace technology transfer. These new technologies can potentially save the taxpayer billions of pounds whilst also shortening the timescale over which the process will take place.
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