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ABSTRACT 

In the nuclear industry a significant proportion of the cost of large power plant vessels 

can be attributed to machining operations, which is largely due to the capital expenditure 

required for the acquisition of machine tool capability on the scale of these components. This 

paper therefore presents a study considering how supplier competiveness and ultimately 

nuclear power economics can be improved by employing a “process-to-part” approach to 

vessel machining using portable machine tools to reduce machining cost. The findings of this 

are that this kind of tools have a proven capability in other industries and can be deployed in 

nuclear power plant manufacturing processes as an off-the-shelf solution offering an 

estimated 88% reduction of machining costs and an improvement in payback period of 74%. 

Over a whole power station, this could amount to a £2-3M saving, meaning that adopting this 

approach has significant potential for improving supplier competitiveness. However, to realise 

these benefits effort should be made to assess this opportunity according to facility-specific 

parameters, validate this with feature-specific capability testing and conduct supplementary 

robotic machining capability research to enhance the state of the technology. 

1 INTRODUCTION 

Large components in nuclear power plants can reach 20m in height and 6m in diameter, 
weighing up to 750 tons, which makes the setup of manufacturing facilities highly capital 
intensive. From an operational perspective this also creates an undesirable health and safety 
risk due to conventional procedures involving lifting these components and their sub-sections 
between work zones. These issues are particularly associated with feature-level machining 
operations on pre-machined forgings as the use of large machine tools limit flexibility and are 
responsible for a significant proportion of component cost. These are typically horizontal boring 
mills costing from £3.5M to £5M which allow for metal cutting operations to be performed in 
working envelopes around 12 x 5 x 2m. This is a major barrier for new entrants to the nuclear 
supply chain and it highlights an opportunity to improve the economic competitiveness of 
nuclear power in the form of “process-to-part” machining using portable machine tools. These 
have potential because conventional machining has an unnecessarily high precision over large 
distances when it is only required at a feature-level as their positional tolerances of features on 
large vessels are relatively low. An alternative approach is to position portable machine tools 
using lower tolerance methods to reduce these costs but still fulfil design requirements. The 
purpose of this paper is therefore to assess the technical feasibility of this concept and to 
quantify its economic benefits. This is done by reviewing portable machining techniques used in 
other industries to determine which are best suited for adaptation to the nuclear industry in 
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Section 2, allowing potential equipment to be identified and benchmarked to select the most 
suitable in Section 3. Economic benefits of portable machining are then assessed in Sections 4 
and 5 where the impact on lead-times and lifecycle costs are considered in comparison to 
conventional machining and impacts on health and safety are briefly commented on. Finally, 
conclusions are made on the overall feasibility of using “process-to-part” manufacturing in the 
production of heavy plant components to improve supplier competitiveness in Section 6. 

2 INDUSTRIAL APPLICATIONS OF PORTABLE MACHINING 

For the current generation of civil nuclear power plants, the manufacture of 

components such as reactor pressure vessels, steam generators, pressurisers, accumulators and 

core makeup tanks begin with ingot preparation and forging of shell and dome shaped sub-

sections. This is followed by a series of reiterated stages of heat treatment, welding, 

machining, materials testing and inspection operations, which currently requires a great deal 

of investment in large machine tools. In the aerospace, automotive, defence, rail, energy, 

marine and oil and gas industries, this has been overcome using a “process-to-part” approach 

to machining for a range of applications and tolerance requirements. Relevant examples of 

these are given in Table 1, where potential for use in the nuclear industry can be found by 

matching up operations, materials and tolerances to those associated with the features on the 

components of interest, as summarised in Table 2. This also allows an initial insight into what 

alternative tools are available, which is expanded on for benchmarking in the following 

section to make more robust selection decisions prior to the economic assessment. 

 

Table 1: “Process-to-Part” Machining Across Industry 

Component/Feature by Industry Operations Materials Tolerance Tool 

Aerospace: Fuselage Skin Panels and 

Stringers, Wing Box Spar, Rib and 

Stringers and Pylons 

Drilling and 

Countersinking 

Composites, 

Aluminium, Titanium 

and Steel 

50μm 
PKM Tricept [1]  

and Exechon PKM [2] 

Automotive: Engine Block, Structural 

Supports and Cylinder Heads 

Deburring and 

Milling 

Cast Iron, Steel and 

Cast Iron 
75-800μm 

PKM Tricept  

and Exechon PKM 

Defence: DASS Pods of Eurofighter and 

Arlane Rocket Body 

Drilling and 

Milling 

Composites, 

Aluminium and 

Titanium 

NA PKM Tricept 

Rail: Wagon Structure and Panels Milling Aluminium and Steel <1000μm PKM Tricept 

Energy: Wind Turbine Blades and Tower, 

Pipe Nozzle Cut Out and Weld Prep, Plate 

Weld Prep and Turbine Casing Faces 

Milling Steel and GRP 50-200μm 
Mirage Gantry and Orbital 

Mill [3] 

Marine: Ship Thruster Flanges and 

Housing, Hull, Deck Plate and Stern Tube 

Milling, 

Trepanning and 

Boring 

Aluminium, Steel and 

Cast Iron 
50-2000μm 

Mirage Gantry and Orbital 

Mill and Hydratight 

Portable Boring Bar [4] 

Oil and Gas: Pipework Weld Crown 

Removal, Motor Mount and Valve Seat 

Milling, 

Bevelling and 

Boring 

Steel 40-800μm 
Mirage Gantry, Orbital Mill 

and Valve Boring Machines 

 

Table 1: Potential for the Nuclear Industry 

Component/Feature Operations Materials Tolerance 

Pipe/Vessel Facing, Nozzle Opening Profiles, 

Circular Weld Preps, Holes and Tapping 

Milling, Drilling 

and Tapping 
Steels 100-1000μm 
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3 PORTABLE MACHINE TOOL OPTIONS 

Given the portable machine tools identified from other manufacturing industries, a 

range of other systems have been selected that provide similar functionality, particularly 

robotics, which are thought to offer a flexible and versatile solution. These are described in 

Table 3, with corresponding images shown in Figures 1-8, and will be used in the 

benchmarking exercises in the following sections to determine which perform best in 

comparison to conventional machine tools from a technical and economic perspective. 

 

Table 2: Potential Portable Machine Tools 

 
Degrees of 

Freedom 

Kinematic 

Design 
Accuracy (µm) 

Repeatability 

(µm) 
Mounting 

Cost 

(£) 

Fanuc  

F200iB [5] 
6 Parallel 140 100 

Wall, Overhead, 

Floor 
30,000 

PKM Tricept 

T9000 [6] 
5 Series-Parallel 50 10 

Wall, Overhead, 

Floor 
225,000 

Exechon PKM 

XT1100S [7] 
5 Series-Parallel 30 3 

Wall, Overhead, 

Floor 
360,000 

Metrom  

PM1400 [8] 
5 Parallel 10 3 Around Part 224,000 

Kuka KR 500-3 

MT [9] 
6 Serial 1200 80 Floor 103,000 

Mirage Portable 

Mill [10] 
3 Serial NA NA On Part 51,174 

Hydratight 

MM180 [11] 
1 NA 127 10 Around Part 455,000 

Sir Meccanica 

FMAX 4000 [12] 
4 Serial NA NA Inside Part 110,000 

 

Figure 1: Fanuc F200iB Figure 2: PKM Tricept T9000 
Figure 3: Exechon PKM 

XT1100S 
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Figure 4: Metrom PM1400 Figure 5: Kuka KR 500-3 MT 
Figure 6: Mirage Portable Gantry 

Mill 

 

 

 

Figure 7: Hydratight MM180 Figure 8: Sir Meccanica FMAX 4000 

 

 

4 TECHNICAL BENCHMARKING 

In this section, options selected as alternatives to conventional machine tools are 

benchmarked against each other to screen their general feasibility and also to identify the 

optimum solution for implementing “process-to-part” machining in the nuclear industry. The 

first stage of the selection process begins with the weighting of the criteria that will be used 

for assessing the portable machine tools. These criteria have been selected based on factors 

specific to portable systems and also to assess how close options can get to achieving the 

capability and functionality of conventional machine tools, although it is accepted that this is 

not reasonably achievable from some perspectives, i.e. material removal rate, accuracy, etc. 

Weighting of these is necessary because, whilst all the criteria are valuable to the decision 

making process, they do not all have equal importance and should only influence final scores 

for each option in proportion to their importance. This therefore serves to make a relatively 

early stage decision on technology selection more objective and is done by systematically 

deciding whether one is more important that another by assigning it a 1 or a 0, respectively. 

The total number of 1’s for each are then used to calculate the weighting, as shown in Table 4. 

Each option is then scored against the criteria out of 100, which are then adjusted according to 

the weights assigned, as shown in Table 5. 
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Table 3: Criteria Ranking and Weighting Matrix 

Criteria A B C D E F G H I Total 
Weighting 

(1/36)*Total 

A) Kinematics Design and Stiffness X 0 0 0 0 1 0 1 0 2 0.0556 

B) Accuracy 1 X 0 0 1 1 0 0 1 4 0.1111 

C) Repeatability 1 1 X 1 0 1 1 1 1 7 0.1944 

D) Machining Geometry Flexibility 1 1 0 X 1 1 0 1 0 5 0.1389 

E) Ease of Setup 1 0 1 0 X 1 0 1 0 4 0.1111 

F) Foot Print 0 0 0 0 0 X 0 1 0 1 0.0278 

G) Portability 1 1 0 1 1 1 X 1 0 6 0.1667 

H) Working Envelope 0 1 0 0 0 0 0 X 0 1 0.0278 

I) Ability to Extend Envelope 1 0 0 1 1 1 1 1 X 6 0.1667 

          36  

Table 4: Scoring and Weighting Matrix 

 

Fanuc 

F200iB 

PKM 

Tricept 

T9000 

Exechon 

PKM 

XT1100S 

Metrom 

PM1400 

Kuka KR 

500-3 MT 

Mirage 

Portable 

Gantry Mill 

Hydratight 

MM180 

Sir 

Meccanica 

FMAX 4000 

Score 
Score X 

Weight 
Score 

Score X 

Weight 
Score 

Score X 

Weight 
Score 

Score X 

Weight 
Score 

Score X 

Weight 
Score 

Score X 

Weight 
Score 

Score X 

Weight 
Score 

Score X 

Weight 

A) Kinematics Design 

and Stiffness 
70 4 60 3 65 4 75 4 40 2 20 1 85 5 75 4 

B) Accuracy 65 7 80 9 90 10 95 11 5 1 0 0 70 8 NA NA 

C) Repeatability 40 8 85 17 95 18 95 18 50 10 0 0 90 17 NA NA 

D) Machining 

Geometry Flexibility 
60 8 80 11 60 8 60 8 70 10 50 7 10 1 20 3 

E) Setup Complexity 80 9 80 9 80 9 40 4 80 9 20 2 10 1 10 1 

F) Foot Print 90 3 90 3 90 3 80 2 80 2 30 1 10 0 20 1 

G) Portability 90 15 90 15 90 15 80 13 80 13 25 4 10 2 20 3 

H) Working Envelope 50 1 60 2 60 2 60 2 70 2 70 2 80 2 80 2 

I) Ability to Extend 

Envelope 
100 17 100 17 100 17 100 17 100 17 40 7 0 0 0 0 

Total Weighted 

Score 
72 86 86 79 66 24 36 14 

 

The final score for each option is the sum of their weighted scores, which in this case 

identifies both the PKM Tricept T9000 and Exechon PKM XT11000S as being the optimum 

compromise in meeting the selection criteria. However, between these two candidates, it is 

thought that there is more potential in the PKM Tricept T9000 as it benefits from having an 

in-situ deflection measurement and compensation system. This offers a considerable 

advantage as it effectively allows for dynamic calibration during machining operations. The 

value of this is two-fold. Firstly, conventional robot calibration methods cannot practically 

offset inaccuracies in every possible robot movement. Secondly, these methods do not take 

into account machining forces and the resulting deflections caused. The closed loop feedback 

and correction of deflections in this model therefore aims to address these issues, which 

potentially gives it the potential to consistently machine to higher tolerances than its 

competitors regardless of geometry because options without this feature are susceptible to 

varying error sensitivity over their working volume. The closest the Exechon PKM 

XT11000S gets to this is its built-in measurement capability used for periodic static 

calibration using built in encoders, although it does not allow for closed loop feedback. It can 
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therefore be concluded that, whilst the Exechon PKM XT11000S is a strong candidate, the 

PKM Tricept is likely to offer the best solution in practice. Nevertheless, this should be 

validated prior to implementation. 

5 IMPACT ON VESSEL LEAD-TIMES 

Technical benchmarking can be supplemented to assess feasibility by considering how 

robotic portable machine tools impact lead-times using conceptual virtual reality factory 

simulations. These estimated times are broken down into generic operations and shown in 

Table 7 for a typical large vessel made up of shell and dome sub-sections and tube and tube 

sheet internals. In terms of machining operations, this example requires weld preparation, 

nozzle opening profiles, holes, tube sheet profiles, facing and hole tapping, which is 

representative of most large components of interest for portable machining. However, it is 

important to note that times will change according to specific components, factory layouts and 

procedural variations, although these do give a reasonable approximation for use in this study. 

 

Table 5: Conventional Large Vessel Manufacturing Times 

Operation % Total Work Time 

L
if

ti
n
g
 

Between Machining 1.91 

Total 6.05 

S
et

u
p
 

For Machining 0.79 

Total 9.91 

Inspection 10.79 

Machining 10.22 

Welding 14.76 

NDE and Testing 19.29 

Heat Treatment 6.84 

Other 22.11 

 

Here it can be seen that heavy lifting and setting up at machining and assembly zones 

accounts for around 2.7% of manufacturing time. Whilst this represents a relatively small 

percentage of the overall process it still creates an undesirable health and safety risk, which 

can be reduced with portable machining as this would be replaced with a lesser degree of 

lifting for part alignment and orientation operations used to access all of the component. 

However, implementing this change would increase machining time meaning that the lead-

time is likely to be longer. Nevertheless, the time-cost of adopting robotic machining is 

minimal in comparison to the benefits offered in terms of economics, which is extremely 

positive in that it does not represent a barrier to achieving these. 

6 ECONOMIC COMPARISON 

For economic comparison, below machine charge-out rates are assessed for the chosen 

portable machine tool and a vertical mill/turn machine tool to give an indication of payback 

period. This considers a range of key factors and allows an appraisal to be made of the 

“process-to-part” approach to machining large nuclear power plant vessel features. For this, 

utilisation-adjusted machining time estimates, including setup time, are based on results of 

virtual reality production simulations and other factors are based on details of the Nuclear 

AMRC, Sheffield and its equipment, which is representative of industrial facilities producing 

the components of interest. Other assumptions made are that robotic machining would take 

30% longer than a machine tool and that the floor space requirement of a robotic machining 
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cell would be sized to fit a typical large vessel assembly or sub-assembly and the necessary 

external axes into it. Other key points to note are that hourly costs are calculated using the 

yearly total machining hours estimate, it is expected that 2 operators are required with a £30K 

salary each and an electricity and utility cost estimates are factored into the facility’s rental 

price, although this will vary with machine usage. However, some costs cannot be reasonably 

estimated, such as those associated with tooling and insurance, which makes estimating 

values less useful to the analysis as they are unlikely to provide reasonable indications their 

true economic influence. This is because tool-life is determined by a vast combination of 

variables specific to the process and the equipment used and insurance costs are determined 

by specific details of facilities and their operations. 

 

Table 6: Economic Comparison 

   BASE CASE PKM Tricept T9000 

C
A

P
E

X
 

Machinery and Accessories 3,500,000 ~225,000 

Work Cell NA 25,000 

External Axes and Integration NA 150,000 

Total 3,500,000 ~400,000 

K
E

Y
 I

N
F

O
R

M
A

T
IO

N
 

Machine Lifetime (Years) 18 18 

Scrap Value (£) 350,000 ~40,000 

Machining Time Per Year (Hours) ~1000 ~1300 

Factory Floor Space (m2) 6000 6000 

Factory Rent (£’s/m2/Year) 20 20 

Floor Space Requirement (m2) 208 200 

O
P

E
R

A
T

IN
G

 C
O

S
T

S
 

(£
’s

/H
O

U
R

) 

F
IX

E
D

 

Staff 60 60 

Depreciation 175 15 

Machine Rent Portion 4.16 3 

Total 239.16 78 

V
A

R
IA

B
L

E
 

Repairs/Maintenance 5 4 

Sundries Cost 2 0.15 

Total 7 4.15 

Charge-Out Rate Per Hour 246.16 82.15 

Payback Period (Years) 14.2 3.7 

 

This analysis shows that by using portable machine tools the cost of machining could 

be decreased by 88%, meaning that for a typical vessel, requiring around 1700 hours of 

machining in total, £278,817 would be saved. Furthermore, it also allows the payback period 

to be cut by around 74%. When considering that a nuclear power plant is made of a reactor 

pressure vessel, steam generators, a pressuriser, a core make up tank, an accumulator and 

several other heat exchangers, large pumps and pipework, all of which require significant 

machining time, the savings per stations could exceed £2-3M per power station. Nevertheless, 

this analysis is done at a high level and, whilst it illustrates the conceptual benefit potential of 

portable machining in the nuclear industry, it should be revisited using detailed and exact, 

facility specific costs before implementation to validate the figures gained here. It is also 

important to consider that, at the current state of robotic machining, it is unlikely that robotics 

could completely replace machine tools due to their inability to machine to the tolerances 
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demanded by components such as reflectors – this represents a range of challenges. 

Nevertheless, this shows great potential for “process-to-part” machining as a means of 

decreasing the cost of nuclear power. 

7 SUMMARY AND CONCLUSIONS 

To summarise, this paper assesses the feasibility of using portable machine tools in the 
nuclear industry as a less capital-intensive alternative to conventional machine tools. This is 
motivated by the desire to cut manufacturing costs associated with large nuclear power plant 
vessel feature machining on components such as reactor pressure vessels, steam generators, 
pressurisers, core make-up tanks, accumulators and various other large components and 
therefore improve supplier competitiveness and reduce the costs of nuclear power. To 
performance this assessment, similar applications in other industries have been reviewed, 
which has shown that the general concept of portable machining has a strong track record for 
successful implementation. Also, examples are found that strongly suggest that some equipment 
options have the capability for machining to the tolerances required in the nuclear industry. This 
is followed by a technical benchmarking exercise that assesses potential portable machine tools 
to identify the optimum choice for further assessment, which is found to be the PKM Tricept 
T9000. An economic analysis is then performed to assess how using this tool as an alternative 
would impact lead times and then machining costs. 

Conclusions that can be drawn from this are that, whilst heavy lifting time and its 
associated health and safety risk can be reduced, overall lead-time is likely to increase due to the 
lower material removal rates likely to be encountered with portable machine tools. However, 
the benefits offered in reduced machining costs have been shown to outweigh this significantly, 
which are estimated at 88%, suggesting that over a whole nuclear power plant £2-3M could be 
saved. Furthermore, a reduction of payback period of 74% has been estimated in comparison to 

conventional machine tools. The overall finding of this work is consequently that “process-

to-part” machining has a great deal of potential for reducing machining costs in the 

production of large vessels in the nuclear industry and therefore in improving supplier 

competiveness. It is therefore recommended that further work towards implementation and 

realisation of the potential benefits include a highly detailed, lower-level facility specific cost 

analysis and feature specific capability testing as well as supplementary research into general 

robotic machining capability improvement. 

ACKNOWLEDGMENTS 

The author of this paper would like to thank the colleagues from all collaborators who 

contributed to this work by providing technical support, supervision and advice throughout 

the study. Thanks are particularly given to The University of Manchester and Rolls-Royce 

Civil Nuclear for the provision of funding and to the Nuclear AMRC for access to knowledge 

on vessel production facilities and equipment. 

  



1009.9 

REFERENCES 

 

[1] PKM Tricept., 2012. Applications. From PKM Tricept: 

http://www.pkmtricept.com/ [Accessed August 2013]. 

 

[2] Exechon., 2012. PKM in Aerospace Structures, Automotive Frames and Other 

Application. From Exechon: 

http://www.exechonworld.com/informationlist.htm [Accessed July 2013]. 

 

[3] Mirage., 2012. Industries. From Mirage: 

http://www.miragemachines.com/industries/ [Accessed July 2013]. 

 

[4] Hydratight., 2012. Machining Products. From Hydratight: 

http://www.hydratight.com/en/products/machining [Accessed August 2013]. 

 

[5] Fanuc Robotics., 2005. Fanuc F200iB Datasheet. Fanuc Robotics, Rochester Hills. 

 

[6] PKM Tricept., 2012. Product Range Catalogue. PKM Tricept, Pamplona. 

 

[7] Exechon., 2013. Technology. From Exechon: 

http://www.exechon.com/ [Accessed August 2013]. 

 

[8] Metrom., 2012. Journal. Metrom, Hartmannsdorf. 

 

[9] Kuka Robotics., 2012. KR 500-3 MT Specification. Kuka Robotics, Augsburg. 

 

[10] Mirage., 2012. GMRF2000 Datasheet. Mirage, Derby. 

 

[11] Hydratight., 2012. Hydratight MM180 Datasheet. Hydratight, Darlaston. 

 

[12] Sir Meccanica., 2012. Sir Meccanica FMAX 4000 Datasheet. Hydratight, Calanzaro. 

 

 

 

http://www.pkmtricept.com/
http://www.exechonworld.com/informationlist.htm
http://www.miragemachines.com/industries/
http://www.hydratight.com/en/products/machining
http://www.exechon.com/

