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ABSTRACT 
 
This working report is an update for an earlier automatic guided vehicle design 
(Pietikäinen 2003). 
 
The short horizontal transfers of disposal canisters manufactured in the encapsulation 
process are conducted with remote controlled movers both in the encapsulation plant 
and in the underground areas at the canister loading station of the disposal facility. The 
canister mover is a remote controlled transfer vehicle mobile on wheels. The handling 
of canisters is conducted with the assistance of transport platforms (pallets). 
 
The very small automatic guided vehicle of the earlier design was replaced with a com-
mercial type mover. The most important reasons for this being the increased load-
bearing requirement and the simpler, proven technology of the vehicle. The larger size 
of the vehicle induced changes to the plant layouts and in the principles for dealing with 
fault conditions. 
 
The selected mover is a vehicle, which is normally operated from alongside. In this ap-
plication, the vehicle steering technology must be remote controlled. In addition, the 
area utilization must be as efficient as possible. This is why the vehicle was downsized 
in its outer dimensions and supplemented with certain auxiliary equipment and struc-
tures. This enables both remote controlled operation and improves the vehicle in terms 
of its failure tolerance. 
 
Operation of the vehicle was subjected to a risk analysis (PFMEA) and to a separate ad-
ditional calculation conserning possible canister toppling risks. 
 
The total cost estimate, without value added tax for manufacturing the system amounts 
to 730 000 euros. 
 
Keywords: Spent fuel encapsulation, disposal canister for spent nuclear fuel, and en-
capsulation plant. 



  



  

LOPPUSIJOITUSKAPSELIN SIIRTOTRUKKI 
 
TIIVISTELMÄ 
 
Työraportti on päivitys aikaisempaan vihivaunun suunnitelmaan (Pietikäinen 2003). 
 
Kapselointiprosessissa valmistuneiden loppusijoituskapselien lyhyet horisontaalisiirrot 
hoidetaan siirtotrukeilla sekä kapselointilaitoksessa että maanalaisissa tiloissa loppusi-
joituslaitoksen kapselin lastausasemalla. Kapselin siirtotrukki on kauko-ohjattava pyö-
rillä kulkeva siirtolaite. Kapselien käsittelyssä käytetään apuna kuljetusalustoja eli palet-
teja. 
 
Aiemman suunnitelman hyvin pienikokoinen vihivaunu korvattiin kaupallisella trukki-
mallilla, suurimpien syiden ollessa laitteen kasvanut kuormankestovaatimus ja yksinker-
taisempi, koeteltu tekniikka. Laitteen suurempi koko aiheutti muutoksia sekä laitosten 
layouteihin, että vikatilanteista selviytymisen periaatteisiin.  
 
Valittu trukki on normaalisti viereltä ohjattava laite. Tässä sovelluksessa laitteen ohjaus-
tekniikka pitää olla etäohjattava. Lisäksi tilankäyttö pitää olla mahdollisimman tehokas-
ta. Tästä syystä laitetta typistettiin ulkomitoiltaan ja siihen lisättiin tiettyjä apulaitteita ja 
rakenteita, joilla mahdollistetaan sekä etäkäyttö että parannettiin laitteen vikasietoisuut-
ta. 
 
Laitteen toiminnasta tehtiin riskianalyysi (PFMEA) ja lisäksi erillinen laskenta kapselin 
mahdollisista kaatumisriskeistä.  
 
Järjestelmän komponenttien ja asennusten arvonlisäverottomaksi kokonaiskustannusar-
vioksi muodostui 730 000 euroa. 
 
Avainsanat: Käytetyn ydinpolttoaineen loppusijoittaminen, loppusijoituskapseli, kapse-
lointilaitos ja loppusijoituslaitos. 
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FOREWORD 
 
The report was made by Optimik Oy on the order of Posiva Oy. 
 
The search of a suitable transfer vehicle was conducted in collaboration with both Rocla 
Oy and Solving Oy. Most of the design work was conducted with SolidWorks 3D soft-
ware. Preliminary strength examinations for the pallet were carried out with SolidWorks 
SimulationXpress calculation software. 
 
Additional equipment design, strength calculation, as well as reporting were conducted 
by Mikko Suikki. The modification design for the remote controlled mover was carried 
out by Solving Oy based on one of their standard products. Assistance on the risk analy-
sis was provided by Andrei Kotliar and Petri Lehto of Cadring Oy.  
 
The orderer and project supervisor from Posiva Oy was Petteri Vuorio. Special thanks 
go also to development work participants; Jukka-Pekka Salo of Posiva Oy, Jouni 
Tiainen of Posiva Oy, Heikki Raiko of Technical Research Centre of Finland, and 
Tapani Kukkola of Fortum Oyj. 
 
English translation was delivered by Paul Suominen and checked by Joel Kuusman of 
Posiva Oy. 
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1 INTRODUCTION 
 
The working report is an update for an earlier automatic guided vehicle design 
(Pietikäinen 2003). 
 
The short horizontal transfers of the disposal canisters (Raiko 2012) are conducted with 
a remote controlled movers both in the encapsulation plant (Kukkola 2012) and in the 
underground areas at the canister loading station of the disposal facility (Saanio et al. 
2012). The canister mover is a remote controlled transfer vehicle. The handling of can-
isters is conducted with the assistance of transport platforms (later pallets).  
 
The earlier design proposal introduced a highly area efficient model of an automatic 
guided vehicle with the capability of free movement in all directions with the help of 
swiveling track assemblies. Another advantage of the vehicle was its ability to be driven 
under the pallets employed in the canister transfers and storage. However, it was con-
cluded in the re-evaluation that, considering a high load applied on the vehicle, the pro-
posed design included solutions of unnecessarily fine mechanics. In addition to this, af-
ter the automatic guided vehicle proposal was presented, the maximum load on the ve-
hicle was increased from 25 tons to 30 tons as the OL3 canister was included in the de-
sign requirements. When searching out new solution models a commercial product was 
discovered with an existing capacity of the presently required 30 t (Figure 1), thus 
providing good justifications for changing the concept of the transfer vehicle. 
 
The new vehicle nevertheless requires considerably more area on transfer routes, espe-
cially as it is necessary to take into account the towing procedures caused by a possible 
failure. The layout of the encapsulation plant has been changed considerably from earli-
er plans regarding the canister transfer routes. On the other hand, this provides straight-
forwardness to the layout and good storage and service areas for the movers. 
 
The selected reference mover manufactured by Solving Oy is a vehicle, which is nor-
mally operated from alongside. In this application, the vehicle must be provided with a 
remote controlled operating system and with area utilization as efficient as possible. 
Therefore, the vehicle will be downsized in terms of its outer dimensions and supple-
mented with certain auxiliary equipment and structures described later in more detail. 
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Figure 1. The earlier proposed automatic guided vehicle (top) and the presently pro-
posed remote controlled mover (below). The figure shows a standard commercial 
model vehicle without the accessories that are needed in this application. 



7 
 

2 DESIGN SPECIFICATIONS AND VALUES 

2.1 General design specifications 

 The application of guidelines and standards are conducted by complying 
with the following hierarchy of regulations. The first to be complied with 
is the Constitution of Finland, second the Nuclear Energy Act, third the 
Council of State Decrees, fourth the YVL guidelines, fifth the IAEA 
guidelines and other nuclear technology standards, as well as sixth the 
technical standards valid in Finland. 

 The equipment has a design operating life of 30 years. For those compo-
nents, which cannot be expected to survive the entire design life, it will 
be necessary to define a safe replacement interval in the preventive 
maintenance schedule. With regard to automation, the design life may al-
so be less than 30 years should the applicable systems not be available at 
the time of designing that specific equipment. The chosen control system 
should be one with a long expected life cycle. 

 The equipment must have its actuators and hoses located or protected for 
preventing the disposal canister from becoming soiled by possible spills 
of the hydraulic or pneumatic system (oil or condensation water). 

 The fire load must be minimized (within practicality).  

2.2 Environmental requirements 

 The gamma dose rate close to the surface of a disposal canister is about 
200 mSv/h and at a distance of one meter 60 mSv/h. The neutron dose 
rate close to the surface of the disposal canister is about 15 mSv/h 
(Ranta-aho 2008, chapter 5.3). 

 The materials must be able to withstand the total radiation dose emitted 
by the fuel assemblies over the designed service life without substantial 
deterioration of the materials or malfunction of the vehicle. This re-
quirement applies primarily to components with organic materials, cable 
insulations, sealants and lubricants, as well as electronics. If the equip-
ment contains components sensitive to radiation, it will be necessary to 
prepare a maintenance schedule defining fixed intervals for the service or 
replacement of these components. 

 The system must have a capability of withstanding an earthquake, which 
generates a horizontal ground acceleration of 0.1 g. 

 The normal room temperature is 20 °C with a temperature range of 18-
27 °C. The maximum relative humidity of air is 80 %. 

 The underground areas with regular working activities, such as the load-
ing station, have a normal working temperature of 20 °C with a tempera-
ture range of 18-24 °C regarded as normal, and the relative humidity 
should be lower than 60 %. The areas have an air exchange rate of 0.5 
1/h. 
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2.3 Control and electrical systems 

 The enclosure class of the electrical equipment is not less than IP55. The 
cabling is conducted with shielded cables. 

 The mover vehicle must be remote controlled. 

 Faulty control operations must be prevented. 

 In failure condition, the vehicle must stop safely. 

2.4 Maintenance requirements 

 The purpose of the condition monitoring and preventive maintenances is 
to avoid malfunctions. A preventive maintenance schedule must be made 
for the vehicle. 

 The need for maintenance and spare parts must be minimized (within 
reason). 

 For all postulated failure or accident situations there shall be reliable re-
covering and repair methods. 

 The vehicle must be reliable during operation as the remote controlled 
mover is inaccessible due to radiation level in case there is a fuel-filled 
canister close to the mover from the standpoint of radiation safety. 

 The structures and components of the vehicle must allow for easy clean-
ing whenever necessary. The structures must avoid nicks or pockets that 
are possible deposits of liquids or solid matter. Materials must be select-
ed for their ability to withstand the short-term corrosive action of decon-
tamination solutions (containing e.g. acids). The required corrosion pro-
tection level can be obtained by surface treatment. 

 The information, set of guidelines, as well as appropriate tools needed 
for carrying out the maintenance operations must be designed in view of 
minimizing the possibility of human errors. In addition, attention must be 
paid to the physical work environment and accessibility of the equip-
ment.  

2.5 Design specifications for a remote controlled canister mover 

 The remote controlled mover must be capable of handling various types 
of disposal canisters (Table 1). The handling is performed in an upright 
position. The canister rests on a pallet by its bottom and remains station-
ary due to gravity. The bottom is identical in all canister types.  

 The mover must be capable of lifting and moving a disposal canister as 
required by the process operations. The transfer mover must be steered 
by remote control and it must be equipped with adequate camera and 
sensor systems. The vehicle must have sufficient motion accuracies for 
the trouble-free handling of a pallet and load. Without hindering the op-
eration, the mover must be capable of tolerating acceptable inclinations 
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and irregularities of the floor. Special attention must be paid to crossing 
the thresholds between the lift and room areas. The floor may not be sub-
ject to a surface pressure which exceeds the accepted endurance limit of 
the concrete and a paint coating. 

 The remote controlled canister mover must be capable of having its op-
erations discontinued at an undetermined moment for an undetermined 
period of time without the incident having a direct influence on any other 
operation or the nuclear safety of an encapsulation or deposition facility.  

 
 

Table 1. Technical nominal dimensional data for disposal canisters. If the copper 
overpack of a canister has its bottom attached by FSW welding, the canister height will 
increase by 75 mm (Raiko 2012) 

 
Canister type Outer diameter / mm Height / mm Mass / t Decay heat power / W 

LO1-2 1050 3552 19 1370 
OL1-2 1050 4752 25 1700 
OL3 1050 5223 29 1830 

 

2.6 Design specifications for the pallet 

 The pallet may not substantially reduce the canister stability (from the 
standpoint of tipping it over). 

 The pallet’s supporting surfaces, which are in contact with the disposal 
canister, may not leave harmful residues on the surface of the copper 
overpack. 
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3 DESCRIPTION OF THE OPERATION 
 
The remote controlled canister movers are wheel-mounted pieces of equipment, 
operating both at the encapsulation plant and in underground facilities (Figure 2). At the 
encapsulation plant, the mover operating area comprises the canister transfer corridor, 
the buffer storage, and the canister lift (Figure 3). At the disposal facility, the mover 
operating area comprises the canister lift, the canister storage, and the loading station 
(Figure 5). 
 
The transfer mover is operated by remote control. Operation control for the vehicle is 
carried out either from the main control site at the operation control room next to a fuel 
handling cell or from the controller located at the service areas for movers. The latter is 
used primarily during the maintenance and testing operations. The operation of the 
mover is monitored not only by the mover’s onboard cameras and sensor system but 
also with cameras mounted on various pieces of equipment and in room areas. The loca-
tion of the mover is always known in real time because of a navigation system included 
in the vehicle. The navigation system makes sure that the vehicle is driven along the 
planned routes. Appendix 3 carries a detailed description of the vehicle operating pro-
cess both at the encapsulation plant and at the disposal facility. 
 

  

Figure 2. A remote controlled mover. The figure shows the grey auxiliary frame used 
for mounting both cameras, flashing attention lights and a laser scanner. Added to the 
right-hand figure is a 180 cm tall person to display the scale of the vehicle. 

 

3.1 Remote controlled mover at the encapsulation plant 

The handover of the disposal canister during the encapsulation process from the canister 
transfer trolley onto the remote controlled mover is done by the help of a canister grip-
per (Figure 4). The gripper is attached to the ceiling of the transfer corridor and is pro-
vided with claws capable of taking hold of the top end of the canister. The canister is 
brought to a position under the gripper and hoisted to the support with the gripper by 
means of the transfer trolley. Once the engagement is secured, the transfer trolley’s lift-
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ing sledge descends and leaves the disposal canister suspended from the gripper. The 
remote controlled mover brings an empty pallet to a position in front of the transfer trol-
ley. While the transfer trolley is backing away from under the hanging canister, the pal-
let is at the same time being moved by the remote controlled mover to a position under 
the canister. The concurrent movement is a way of ensuring a minimal drop height for 
the disposal canister throughout the transfer process. The pallet is set on the ground by 
the remote controlled mover in a centered position under the canister. The transfer cor-
ridor floor is provided with guides to ensure a correct pallet placement. The gripper 
lowers the canister on to the pallet, releases the gripper claws and lifts it up. The dispos-
al canister is left in an upright position on top of the pallet. The mover raises the pallet 
by 10-20 mm and carries the canister to a determined destination. The canister, along 
with its pallet, can be delivered either directly to the shaft leading to the disposal facility 
or into a vacant buffer storage position (Figure 3). Canisters are held in the buffer stor-
age on top of the pallets. 
 
There is a radiation shielded service area for the remote controlled movers, where the 
equipment can be safely serviced and inspected before each work cycle. The service ar-
ea always contains also a spare mover in case of problems in the currently employed 
mover. The area layout is designed in such a way that a faulted mover can be towed 
back into the service area as necessary. 
 
 

 
 

 
Figure 3. The figure shows the part of an encapsulation plant in which the remote con-
trolled mover will be working. The remote controlled mover is shown on the left at the 
door of the canister shaft. In the right-hand bottom corner is the service area for mov-
ers (RCM room). 
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Figure 4. A disposal canister is suspended from the canister gripper. The transfer trol-
ley has been driven away from under the canister. The remote controlled mover has 
parked and lowered a pallet on the ground in a centered position under the canister. 
Next, the gripper lowers the canister on to the pallet. 

 

3.2 Remote controlled mover in a disposal facility 

The disposal canisters are transferred into the underground disposal facilities by way of 
a canister lift. The lift cage is secured in a stationary position for the duration of the 
loading process, in such a way that the lift cage is not able to move when the combined 
weight of the mover and canister are loaded on the lift. The mover places the canister 
inside the lift cage and lowers down the pallet. The mover is driven out of the lift, after 
which the lift can descend into the disposal facilities. 
 
A remote controlled mover located in the disposal facilities is respectively driven to a 
position under the canister and pallet in the lift. The canister is raised and carried to a 
determined destination by the mover. The canister, along with its pallet, can be deliv-
ered either directly to the auxiliary hoist at the loading station or to a free position in the 
buffer storage (Figure 5). 
 
The disposal canister is hoisted inside a radiation shield of the canister transfer and in-
stallation vehicle with the assistance of an auxiliary hoist. The canister is shifted by the 
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mover to a position above the lifting sledge and lowered down. The mover is driven 
away from the auxiliary hoist. This is then followed by lifting the canister into the radia-
tion shield by means of the canister transfer and installation vehicle’s own hoist. This is 
back-upped by the auxiliary hoist from below. The empty pallet is fetched from the de-
scended auxiliary hoist by the mover once the canister transport vehicle has left the 
loading station. 
 
There is a radiation shielded service area for remote controlled movers, which is located 
with the loading station and in which the equipment can be safely serviced and inspect-
ed before each work cycle. The service area always contains a spare mover in case of 
problems. The area layout is designed in such a way that, whenever necessary, a faulted 
mover can be towed back into the service area. In addition, the service area ceiling is 
provided with a hatch which can be used to lift or lower either an entire mover or spare 
parts from the overhead area. 
 
 

 
 

Figure 5. The figure shows the auxiliary canister hoist on the right at a lower level (the 
red structure) at the canister loading station, between the canister lift and canister stor-
age. The loading station is separated from the canister storage by a radiation shield 
labyrinth structure. The service area for movers has its door on the left side of the lift 
opening. 
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4 DESCRIPTION OF THE VEHICLE 

4.1 Remote controlled disposal canister mover 

The remote controlled canister mover is a short-range transfer vehicle, which is capable 
of lifting and carrying a disposal canister from a pickup point to a destination deter-
mined as per assignment. The handling of canisters is performed with the help of pallets 
(Figure 6). The mover can have its forks driven completely under a pallet and it can be 
supported with a maximum vertical lifting action of 50 mm, which raises the pallet from 
floor level by 20-30 mm. The number of movers required is at least four, because the 
encapsulation plant and the disposal facility each require its own mover and a spare. 
The canister lift is not dimensioned for mover transfers. 
 
The mover is operated in the encapsulation plant at level +1.90 meters within an area, 
which encompasses the canister transfer corridor, buffer storage, and the canister lift 
(Figure 3). In the disposal facility, the mover is operated at a level of about -437 meters 
within an area, which encompasses the canister lift, interim storage, and the loading sta-
tion (Figure 5). Both the encapsulation plant and the disposal facility have their mover 
operating areas provided with a mover garage (later RCM room), which includes charg-
ing points for batteries and service areas. 
 
The operation of the remote controlled canister mover is managed from two control 
points. The operation control room is the principal control site, which receives video 
image transferred there from the system operating area, as well as complete information 
about a status of the process by way of the control room software. The other control 
point is a close-range control site alongside the mover in the RCM room. At the close-
range control site, the operation of a mover is managed by means of a close-range con-
trol panel. The controls for actuators are electrical or electro hydraulic. The movements 
are sensor-controlled, the operator then knowing the current status of the actuators. 
 
The wireless control provides an option for driving all necessary routes both in the en-
capsulation plant and in the areas of a disposal facility. The driving routes are precisely 
predefined to eliminate collisions and a possibility of running the vehicle to any location 
from where it would be difficult to tow away in the event of a possible failure situation. 
The onboard navigation system of the vehicle knows the mover location precisely and 
watches to eliminate collisions or incidents if straying off the route. 
 
The energy for the remote controlled mover is provided by batteries. The power source 
for load lifting cylinders is provided by an electrically driven hydraulics gear. The ca-
bles, which are either sensitive to interferences or may cause interferences, are shielded. 
The electrical system has mainly an ingress protection rating of IP65. 
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Figure 6. A remote controlled mover is ready to proceed under a pallet. The pallet car-
ries an OL1-2 disposal canister. 

4.1.1 Basic structure 

The remote controlled mover (Figure 7) comprises a massive body built from steel 
plates mainly by welding. The mover equipment includes a driving motor, a steering 
motor, lifting cylinders (4 pcs), a hydraulics gear, a steering system and batteries. At its 
rear-end, the body carries a traction mechanism with ±90 degree rotation capability, 
having its wheel equipped with a traction motor and reduction gear. The mover has its 
forks equipped with sets of bogie wheels. All wheels of the vehicle have a steel frame 
and are coated with high load capacity polyurethane (PU) coating. The basic vehicle is a 
piece of equipment, which is driven with a side operated control panel and which is de-
signed to transfer loads in the paper or steel industry. In this application, the vehicle 
must be redesigned to be more compact in terms of its outer dimensions, be equipped 
with cameras and navigation equipment enabling remote control, as well as having a 
towing option for the vehicle in failure situations. Appendix 1 includes a dimensioned 
view of the vehicle tailored for the present application. Table 2 contains technical data 
for the vehicle. 
 
The encapsulation plant and disposal facility floors, which lie within the operating range 
of a remote controlled mover, are sufficiently smooth and level for use by a mover run-
ning on wheels. The acceptable change in the inclination of floors is not more 0.5° over 
the distance of three meters. The acceptable maximum height of a threshold is 3 mm. 
The maximum slope is 0.3°. 
 
The remote controlled canister mover is classified as safety class EYT. The safety clas-
sification has been conducted in compliance with YVL-B.2. 



17 
 

Table 2. Technical data for the remote controlled mover. 

 
Object Value / unit 

Unloaded mover mass 3 t 
Mover length 2500 mm 
Mover width 1350 mm 
Mover height 2322 mm 

Motion speed of unloaded mover 0…0,2 m/s 
Motion speed of loaded mover 0…0,1 m/s 

Driving accuracy ± 5 mm 
Driving motor performance 2 kW 

Lifting cylinder’s lifting height 50 mm 
Lifting cylinders’ hoisting rate 0…0,02 m/s 

Mover’s hoisting capacity 30 t 
Hydraulic pressure max. 250 bar 

Load-bearing wheels 8 x ø200 mm 
Drive wheel 1 x ø600 mm 

Battery capacity 48 V / 265 Ah 
Charger 48 V / 50 A 

Power supply to charger 400 V / 50 Hz / 16 A 
 

 

 
 

Figure 7. A remote controlled mover. The figure shows a standard commercial product 
and accessories needed in this application not included. 

4.1.2 Accessories required for the application 

There is an auxiliary frame on top of the mover (Figure 8) for fixing the necessary ac-
cessories. The auxiliary frame has also brackets, which enable towing another vehicle or 
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help attach the tow hitch in failure cases. These are described in more detail in sections 
4.2 and 5. 
 
The auxiliary frame also carries two cameras, which are remote controlled to rotate in 
various directions. The cameras are equipped with zoom optics for enabling the obser-
vation of even small details. The cameras are side-mounted on the vehicle in a way that 
also provides forward visibility on both sides of the canister. 
 
The onboard navigation system of the vehicle detects its location at the precision of a 
few millimeters. In addition, security laser scanners can be used for ensuring not to col-
lide with any obstacles possibly on the floor. 
 

 
 

Figure 8. Surveillance cameras are located at the ends of the frame mounted on top of 
the mover’s rear portion. Flashing attention lights are located above the cameras. The 
highest component is a navigation scanner. 

 

4.1.3 Control system 

The vehicle has its control system divided into three functional segments, namely the 
security system, the machine control system, and the monitoring system. 
 
The security system has a duty of setting the actuators in a safe mode whenever neces-
sary and to make the unit powerless. Making the unit powerless refers here both to the 
discharge of kinetic, pressure and other energies stored in the system and cutting off the 
power supply to the actuators. In addition, the security system takes care of preventing 
an unexpected start-up. 
The machine control system is responsible for carrying out the motions. There is no 
need to ensure the completion of any function in this system, which is why it is not nec-
essary to double any function of the control system. 
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The monitoring system of the remote controlled canister mover comprises two control 
sites, namely a close-range control site in connection with the mover (a cable-linked 
controller) and a main control site in the operation control room next to the fuel han-
dling cell. The main control site communicates by way of a radio link to the remote con-
trolled mover. For its operation, the vehicle only needs three control channels; driving 
motor control, steering, and hoist motion. The remote control is implemented with a 
ready-to-use commercial system. In addition, the system condition can be monitored 
from the encapsulation plant’s control room. 
 
It is only the close-range control site and the main control site, which are able to issue 
commands on the basis of which the remote controlled mover will move. From the en-
capsulation plant control room it is only possible to monitor the vehicle status and to 
perform an emergency stop function. The selection of a control site is controlled; the 
transfer mover is always activated from the operating panel present in the rear portion of 
the mover and if the close-range control is engaged, the commanding over the radio link 
does not work. The emergency stop circuit functions from all control sites regardless of 
which control site is currently in possession of the control function. 
 
The main control site operates under the authority of a higher level process automation 
system. The main control site is provided with a control device similar to the close-
range control site’s operating panel (matching functionalities), whose commands are 
communicated over a radio link to the transfer mover. The passing over of a canister 
from a transfer trolley onto the mover’s pallet is a procedure involving the collaboration 
of several different devices, which is why the execution of this operation is run by a 
process automation system. Other transfers are conducted by operating the vehicle un-
der manual control. 
 
In order to enable a remote controlled operation from the main control site, the plant’s 
access control and cameras are used to make sure that no members of staff are present in 
the encapsulation plant’s transfer corridor (or at the disposal facility’s loading station). 
The main control site provides good visibility over the transfer mover’s operating range. 
 
The security system monitors that the vehicle is working properly and complying with 
the correct driving routes. The vehicle is provided with both anti-collision safety scan-
ners and a laser navigation system for real-time knowledge of the vehicle’ location. If 
there is a risk of collision due to a driving error or unexpected objects on the planned 
route, the vehicle is stopped by the security system. Likewise, if the vehicle is carrying a 
canister, the driving into service areas is ruled out and the driving speed limit becomes 
activated. The vehicle is provided with a load identification system for detecting a can-
ister. The way of recovering from failure situations is considered as per case. If neces-
sary, assistance is provided by another mover, which can be fitted with the towing gear. 

4.2 Towing gear 

The towing gear refers to a structure mounted on the mover as necessary that is useful 
for shifting another immobilized mover (Figure 9). The structure is a bar assembled 
from welded steel plates. The bar attaches to existing brackets in the auxiliary frame, 
making its mounting quite simple. The bar is supported by the mover’s forks, most for-
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ward lifting cylinders generating the lifting motion needed. If necessary, the tow bar 
equipped mover can be fitted with additional weights for added wheel traction. The 
mover’s auxiliary frame has a fixed towing plate in the rear part that can be engaged by 
the tow bar's hook. The towing plate can be done also in a combination with a forced 
lowering valve for the hoist in case there is a need for a separate assurance of the de-
scent motion. The functionality and implementation will be ensured with the vehicle 
prototype. 

 

Figure 9. On the right, a mover fitted with the towing gear. The towing hook height can 
be altered with the mover’s lifting cylinders. The auxiliary frame has a towing plate in 
the rear with several towing brackets. 
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4.3 Transport pallet 

The pallet is a welded steel structure (Figure 10). It is has plastic components for pro-
tecting both the disposal canister and the floor from knocks and dents. The assembly of 
the pallet legs has been designed with the consideration of different failure situations, in 
which the mover cannot be driven away from under the pallet perpendicularly, whereby 
the mover’s forks will have to have enough room to turn under the pallet. Appendix 2 
carries a design and measurement view of the pallet. 

 

     

 
 

Figure 10. A canister transport pallet. The canister landing surface is protected with 
polyethylene strips. The bottom view shows the pallet’s bottom structure and the plastic 
floor-protecting surfaces. 
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5 OPERATIONAL AND MECHANICAL FAILURES 
 
5.1 Failure situations 

5.1.1 Abortion of a canister transfer 

If the canister transfer is aborted in response to a failure situation, the actuating devices 
shuts down and the canister is immobilized wherever it is at that particular moment. 
When the failure situation is over, the mover does not continue the action automatically. 
The continuation of the action has to be approved separately once the vehicle status has 
been ensured. 
 

5.1.2 Mover towing situation 

When a fuel-loaded disposal canister is on the mover area, the vehicle is completely in-
accessible due to direct radiation. A faulted mover is towed by means of another mover 
into a radiation protected place for repairs (Figure 11 and Figure 12). The tow bar 
mounted on the towing mover raises the faulted mover’s drive wheel off the ground, 
and as a result the mover travels on its bogie wheels. In case the pallet is in a raised po-
sition when a fault occurs and it cannot be lowered on the floor because of an equipment 
failure, the tow bar can be used for operating a manual lowering valve. (A noticeable 
option is to modify the lowering valve to be spring-returned, in which case the pallet 
descends whenever the vehicle loses its electric power or control signal.) 

 

 
 

Figure 11. The mover-mounted tow bar can be used for taking hold of the towing plate 
of an incapacitated mover. 
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Figure 12. The figure shows a hauling situation with not enough room to pull the mover 
from under the pallet perpendicularly. In this situation, the tow bar-equipped mover 
swivels in the same spot and simultaneously pulls the incapacitated mover a short dis-
tance at a time from under the pallet. 

5.1.3 Control system 

The vehicle is provided with such a sensor system that the machine control system is 
constantly aware of the transfer trolleys status. The control system monitors the battery 
pack state of charge, the hydraulic pressure, the driving motor values, as well as the 
mover position at a plant. In a failure situation, for example, if the vehicle has ended up 
outside its normal operating range, the security system stops the transfer trolley and 
produces an alarm. The action stoppage is always a safe condition and there is no single 
failure that would be able to prevent the stopping. With the occurrence of a failure situa-
tion, the operating staff conducts a situation assessment and selects the best further ac-
tion. 
 

5.2 Malfunction situations 

5.2.1 Equipment malfunction 

In a worst case scenario, the malfunctions of mechanisms or actuators performing the 
motion and lifting actions of the remote controlled mover prevent the transfer of a dis-
posal canister. When a disposal canister loaded with fuel is in the same area with a 
mover, the vehicle becomes inaccessible due to direct radiation. It is an objective that in 
a malfunction situation that the mover in need of repair can be hauled by means of an-
other mover into a radiation-wise safe area for repairs (section 5.1.2). Another mover 
can also be used for hauling the actual pallet, along with its canister, to canister storage 
if this is considered as the safest course of action in the particular malfunction situation. 
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5.2.2 Equipment malfunction in lifting cylinders 

In a malfunction relating to one or more lifting cylinders, the pallet with its canister may 
develop a tilt. The mover lifts the pallet only 30 mm off the ground. The maximum tilt 
for the pallet only equal to the lifting height until pallet legs make contact with the floor. 
The maximum pallet inclination is less than the angle of inclination that causes a canis-
ter to topple. The position of lifting cylinders is monitored and, if necessary, the vehicle 
is stopped in case the height readings fail to comply with the given values. 
 

5.2.3 Equipment contamination 

The remote controlled canister mover will not get contaminated in normal operation. 
The equipment contamination is possible in the event that radioactive material has been 
released into the canister transfer corridor or elsewhere in the vehicle operating range 
from some other encapsulation process operations as a result of a malfunction or acci-
dent. In this case, the vehicle and a sufficient portion of the environment must be sub-
jected to decontamination. 
 

5.3 Accident situations 

5.3.1 Tipping over or falling of a disposal canister 

The tipping over or falling of a disposal canister is unlikely and such occurrence re-
quires the failure of pallet structures or dynamic external forces (earthquake, cf. section 
5.3.4). The mover’s forks and the pallet are low in construction and, moreover, the han-
dling of a canister is performed at a lifting height that is as low as possible, so that the 
consequences of a canister fall would be as insignificant as possible. 
 
The canister stability analysis (section 5.5 and appendix 4) include calculations of sev-
eral situations that are possible for a pallet and a transfer mover. According to the calcu-
lations, the fall of a canister is highly unlikely and would require a combined effect of 
several disrupting factors. The transfer mover must have its driving motor’s control cir-
cuits in good condition for the vehicle to not perform jerky movements at a specific can-
ister frequency. In response to resonance, the result of this could be the instability of a 
canister on a pallet during transfer. 
 

5.3.2 Collision 

The canister carried by the transfer mover has outside the actual transfer routes a possi-
bility of colliding both with structures present in room areas and with different items of 
equipment in the facilities. During normal operation, the control system does not allow 
of driving anywhere except along the transfer routes while the canister is carried by the 
mover. In addition, the momentum and speed of a mover are limited so that the canister 
will not tip over as a result of a possible collision (section 5.5). 
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5.3.3 Fire 

Being of steel construction, the pallet is in all likelihood capable of resisting possibly 
occurring fires in its operating area without a significant decrease in its load bearing ca-
pacity. The risk of fire within the movers operating range is limited primarily to the 
short circuits of electrical equipment. There is a low fire load in the facilities. The most 
significant fire loads consist of batteries, rubber wheels, paints, seals, insulation materi-
als for electrical wires, and the lubricants for gearboxes. 
 
The selection of the battery system must be conducted by taking into consideration also 
gases, which are generated in the charging operation and which, in the case of tradition-
al lead-acid batteries, are highly explosive (hydrogen). With carefully controlled venti-
lation, this risk can be minimized, but alternative battery types should also be consid-
ered during the vehicle implementation process. 
 

5.3.4 Seismic incidents 

The structures of the remote controlled canister mover and those of a pallet are designed 
to withstand a horizontal ground acceleration of 0.1 g. A remarkably higher acceleration 
may inflict structural damage, but radiation safety will remain unaffected. The toppling 
of a canister standing on a horizontal pallet requires lateral acceleration of more than 0,2 
g (Appendix 4). The pallet is dimensioned to be basically steadier than the canisters 
(Figure 13 and appendix 4). 
 
In facilities, in which the transfer movers are operated, the effect of a seismic incident is 
fundamentally the same as the design acceleration. The reason for this is that the facili-
ties’ floors are in a direct connection with the underground bedrock. 
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Figure 13. The figure shows the smallest pallet support distance from the centerline. It 
can be noted from appendix 4 that, with the lowest LO1-2 canister, the straight line 
drawn as defined by the canister’s own outermost bearing point makes up a 1295 mm 
circle on floor level. In other words, the pallet is more stable than a freestanding canis-
ter from the standpoint of tipping over. 

 
 

5.4 Results of a fault tolerance analysis 
 
The remote controlled canister mover has its operation subjected to a risk analysis (Ap-
pendix 5). In addition, the operation of the transfer corridor equipment has also been 
subjected to a risk analysis (Suikki 2011, Appendix 5, section 14), in which the mover’s 
operation is examined also from the standpoint of canister handling associated with the 
operation of a remote controlled canister mover. According to the risk analyses, the only 
consequence of the anticipated malfunction situations is abortion of the process as long 
as the vehicle is operated as planned. All anticipated situations offer a possibility of 
safely recovering the situation. Attention was paid to the layout-induced area re-
strictions, to the parking of a pallet in the process of lowering a canister, as well as to 
the operation of the load lowering valve. What was also emphasized was the signifi-
cance of inspections and preventive maintenance for providing the vehicle with sus-
tained operating reliability. 
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5.5 Stability analysis of a canister on the mover 

Appendix 4 includes calculations concerning the stability of the canisters and pallet. 
 
Chapter 1 presents the canisters dimensional measures and gravitational constant used 
in these calculations. 
 
Chapter 2 shows calculations of how high force or acceleration/deceleration is needed to 
tip the canisters over. It is not likely that these measures could be exceeded in normal 
use. 
 
Chapter 3 presents canister’s balance factors. Noticeable is the tilting angle; the canis-
ters allows for over a 10° tilted support plane. Variables are shown in the figure above 
the calculations.  
 
In chapter 4 there is calculated a maximum speed, and a comparison of the kinetic ener-
gy to potential energy needed to tip canister over (1). The normal transfer speed of the 
mover is less than 10% of that speed. 
 

½ mv² = ΔEpot <=> v = √ (2 * ΔEpot/m)  (1) 
 

In chapter 5, there is calculated the shortest braking or collision distance allowed that 
will not exceed the maximum horizontal acceleration (2). In other words, this stopping 
distance will cause the same acceleration that a canister can stand without tipping over. 
Short distances show that it is unlikely that a canister swings, because even in a colli-
sion case there is always some flexibility in the structures. And in chapter 4 there is a 
calculation, that a normal speeds kinetic energy is not enough to tip the canister over. 
 

s = v²/2a      (2) 
 

In chapter 6, there is calculated the maximum sliding distance. The kinetic energy of the 
canister is transferred to a sliding distance (3). The friction coefficient between dry steel 
and steel surfaces (pallet/mover) is from 0.2 to 0.8, most references give 0.5-0.8. Be-
tween polyethylene plastic (pallet surface) and copper (canister) the friction coefficient 
is about 0.2, so it is more likely that if there is some sliding, it happens between copper 
and polyethylene-plastic. Notice that if the friction coefficient is as low as 0.1, then it is 
theoretically possible the canister can move so much, that it collides with the edge of the 
plastic guide (clearance of the guide is 5 mm). General decision is that the sliding dis-
tances are expected to be so small that they don’t cause any problems. 
 

s = v²/2gµ      (3) 
 

Chapter 7 shows how much it is possible to lift the pallet edge, before the canister tips. 
In another words, when the pallet’s inclination angle is the same as the canister’s maxi-
mum tilting angle (chapter 3). 
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Additional calculation: 
 
One of the Remote controlled movers lifting cylinder breaks down, unexpectedly. (Pal-
let tilts in this case more than in a two or three cylinder simultaneous failure). Analysis 
is made geometrically with help of a CAD-program and energy principle;  
 

ΔE = mgΔh => ½ mΔ(v²) => mgΔh   (4) 
 

1. Maximum tilting. Because the shortest support distance (point 1) is 713 mm, the 
maximum tilting angle is 2.4°. Lifting height is 30 mm. (see figures 14 and 15). 
 
 

 
 

Figure 14. Shortest support distance of a canister pallet. This is a bottom view of a pal-
let. The red line indicates the tilting axle in case the left uppermost cylinder is broken 
(or the right lowermost cylinder). 
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Figure 15. Tilting of the canister and pallet. The tilting axle goes through to point 3. 
The pallet and canister are schematically drawn. The support width is 2 x 713 mm = 
1426 mm. Lifting height is 30 mm. The max tilting angle is 2.4° when the corner of the 
pallet takes contact with the floor surface. 
 
 

2. Canister support edge is point 4 in figure 15. Figure 16 shows the movement of 
the canister center of mass.  
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Figure 16. On the left, the theoretical movement of canister mass centre is shown. On 
the right, there is an enlargement of the picture. The pallet tilting causes a 2.46 mm de-
scent of mass centre along curve 1 (red), the length of which is 116 mm. The equal as-
cent needs only 0.35° tilting further (curve 2, green), because of a different tilting point. 
Ascent distance to unstable equilibrium point is over 32 mm (8.8°). 
 
 
Result: Pallet tilting due to any of the four lifting cylinder breaking causes less than 
10 % of the falling energy needed to tip over the canister:  
 

(2.46/32.05 * 100 % = 7.6 %) 
 

Floor unevenness and tolerances of the canister’s situation on the pallet do not change 
the case remarkably, so it is quite certain that the canister does not tip over in case of a 
lifting cylinder breakdown. Theoretically, the maximum safe lifting height is 68 mm 
according to the CAD-model (Otherwise static situation). RCM’s maximum lifting 
height is only 50 mm, and only a 20-30 mm lifting height is used in normal operation. 
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6 COST ESTIMATE 
 
The cost estimate for the remote controlled mover has been prepared according to the 
price level of the year 2012. Manufacturer gave a budget price for the mover and auxil-
iary gear. Other costs have been estimated based on experience. The cost bases have 
been itemized in more detail in Appendix 6. Value added tax (VAT) has not been in-
cluded in the cost estimate. 
 
The designing and installation costs of the system have also been included in the cost 
estimate for the share directly related with the actual system. It has been assumed that 
the building already contains the necessary power supply systems. With the control sys-
tems portion there is estimated the costs of the equipment and work, which is not in-
cluded in the actual equipment delivery, and on the other hand is not part of the build-
ings systems (equipments integration costs).  
 
The designing costs will be increased by three items differing from normal designing. 
Firstly, it could be problematic to select suitable components for the control system be-
cause of the radiation level. Another factor increasing costs is the approval protocol and 
the amount of documentation needed for a nuclear engineering plant. Thirdly, the mover 
is a hoisting device, so it has to be considered to follow appropriate standards and regu-
lations in the designing and construction work. The distribution of the equipment into 
several different rooms (two service rooms and operating control room) within the en-
capsulation plant and disposal facility also adds the costs of integration. 
 
The remote controlled mover test run and approval costs have not been included in this 
cost estimate, either. 
 
 

Movers (4 pcs) 460 000 € 

Auxiliary systems for mover 200 000 € 

Towing gear  20 000 € 

Control system 30 000 € 

Manufacturer’s documentation and approval costs 20 000 € 

  

Total cost   730 000 € 
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7 SUMMARY 
 
The earlier design proposal introduced a highly space efficient model of an automatic 
guided vehicle with the capability of free movement in all directions. In reevaluation, 
however, the vehicle was found insufficient in terms of its load-bearing capacity as the 
heavier OL3 canister was included in the design specifications. In the process of search-
ing for a new solution models a commercial product was discovered with an existing 
capacity of the presently required 30 t, giving good justifications for changing the con-
cept. 
 
The area required by the new vehicle along the transfer routes was nevertheless consid-
erably larger, especially having to take into account the towing procedures caused by a 
possible failure of the vehicle. The encapsulation plant layout was changed considerably 
from the earlier designs in terms of the canister transfer routes. On the other hand, this 
provided straightforwardness in the layout and ample areas for the storage and mainte-
nance for the movers. 
 
Considering its capabilities, the vehicle is quite simple in terms of its implementation 
and the concept has several years of operating practical experience as an industrial 
transfer vehicle. Modifications to the basic concept are quite moderate, which is why 
the vehicle can be predicted to have good reliability, especially since the vehicle is only 
operated for a very short periods at a time in normal production. 
 
The remote controlled mover had its operation subjected to a risk analysis (PFMEA). 
According to the risk analysis, the anticipated failure situations make it possible to con-
duct a safe situation recovering procedure, and no serious shortcomings were detected 
in operation. Attention was paid to layout restrictions, to parking a pallet during a canis-
ter lowering process, as well as to the operation of a load lowering valve. Also the sig-
nificance of inspections and preventive maintenance for the upkeep of operating relia-
bility was emphasized. In addition, the tipping over incidents of canister were examined 
with various calculated scenarios. According to the calculations, the tipping is highly 
unlikely and would require a combined effect of several failures. 
 
The next step in developing the remote controlled mover is to verify by means of proto-
type equipment that the operation complies with the requirements. The capability of the 
vehicle of carrying a high load in a controlled fashion, as well as its ability to solve the 
fault situations, can be thereby ensured in practice. 
 
The estimated price of the required transfer movers is 730 000 € (VAT 0 %) according 
to the current cost level. The cost estimate includes the design, manufacturing and in-
stallation of the equipment, but not the design and outfitting of a room area which are 
classified as construction engineering processes. 
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APPENDIX 1 
MAIN DIMENSIONS FOR A TRANSFER MOVER 
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APPENDIX 2 
MAIN DIMENSIONS FOR A TRANSPORT PALLET 
 



43 
 

APPENDIX 3 
DESCRIPTION OF A TRANSFER MOVER OPERATION   1/3 
 
 
Encapsulation plant 
 

1. Once a completed canister comes out of the encapsulation process, the 
transfer mover is activated in a service area intended for the transfer 
movers. The charging cord of the vehicle is unplugged, it is switched 
on, and the vehicle and its functions are checked according to an in-
spection manual. Finally, the vehicle control is passed over to the en-
capsulation process control room. 

2. The vehicle is driven under remote control to a position in front of the 
transfer trolley to receive the canister. An empty pallet is retrieved ei-
ther from the lift or from the buffer storage. (The transfer trolley has 
hoisted the disposal canister to the canister gripper.) 

3. By driving simultaneously both the transfer trolley and the mover, the 
pallet is delivered to a position under the canister. (A simultaneous 
transfer keeps the canister drop height at its minimum through the en-
tire transfer. A synchronous drive can be established by limiting the 
torque of the transfer mover’s motor so as to gently push the transfer 
trolley all the time. The mover motion stops as the movement is re-
strained by the pallet guide.) 

4. The transfer mover lowers the pallet on the floor. (The pallet has be-
come aligned in its position, centered below the canister present in the 
gripper, having been steered by the guides on the floor.)  

5. The canister gripper lowers the canister on to the pallet, opens the 
gripper and hoists the gripper up. 

6. The transfer mover lifts the pallet along with its canister off the floor, 
the lifting height of about 20 mm being enough. 

7. The transfer mover carries the canister and pallet either directly into 
the canister lift or optionally to the canister buffer storage.  

8. The transfer mover lowers the load down, the canister staying on top 
of the pallet in wait for further measures. 

9. The transfer mover backs away from under the pallet and is driven into 
a service area for transfer movers. The control is passed over to close-
range control.  

10. The transfer mover is inspected, shut down, and connected to a charg-
ing device, if necessary. 

 
During intervals or a disposal campaign, the transfer movers and the canister lift keep 
moving empty pallets for making them available for reuse in the encapsulation plant 
when needed by the encapsulation process. Empty pallets can be held in buffer storages 
over the intervals. 
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APPENDIX 3 
DESCRIPTION OF A TRANSFER MOVER OPERATION   2/3 
 
 
Disposal facility 

It is assumed in this description that a canister is first taken from the 
lift to the canister storage and brought from there in a separate step to 
the auxiliary canister hoist. This is the most precise way of complying 
with normal practice. (Alternatively, however, it is possible to take a 
canister from the lift directly to the auxiliary hoist.) 

A. Transfer to canister storage 
 

1. The transfer mover is activated in an underground service area for 
transfer movers, which is located in connection with the loading sta-
tion. The charging cord of the vehicle is unplugged, it is switched on, 
and the vehicle and its functions are checked according to an inspec-
tion manual. Finally, the vehicle control is passed over to the encapsu-
lation process control room. 

2. The vehicle is driven under remote control to retrieve a canister carried 
down by the lift. 

3. The transfer mover proceeds to a position under the pallet and canister 
presently in the lift. 

4. The transfer mover lifts the pallet along with its canister off the floor, 
the lifting height of about 20 mm being enough. 

5. The transfer mover carries the canister and pallet to the canister stor-
age. (The canister lift must be secured in place during the transfer for 
the elongation of hoist cables not to cause a movement of the lift cage 
as the weight passes over the lift threshold.) 

6. The transfer mover lowers the load down, the canister staying on top 
of the pallet. 

7. The transfer mover backs away from under the pallet and is driven into 
a service area for transfer movers. The control is passed over to close-
range control. 

8. The transfer mover is inspected, shut down, and connected to a charg-
ing device, if necessary. 

Process steps 3-8 will be repeated until a sufficient number of canis-
ters are in the canister storage. If several canisters are carried down 
one after the other, the omission of step 8 may be appropriate. 
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APPENDIX 3 
DESCRIPTION OF A TRANSFER MOVER OPERATION   3/3 
 
 
B. Disposal operation, i.e. delivery to an auxiliary hoist 

 
1. At the start of a disposal operation, the transfer mover is activated. The 

charging cord of the vehicle is unplugged, it is switched on, and the 
vehicle and its functions are checked according to an inspection manu-
al. Finally, the vehicle control is passed over to the encapsulation pro-
cess control room. 

2. The transfer mover is used for retrieving a disposal canister from the 
canister storage along with its pallet and to carry the same an auxiliary 
canister hoist. The hoist has loose-fitting guides helping of centering 
the pallet and canister adequately with respect to the hoist. 

3. The transfer mover lowers the load down, the canister staying on top 
of the pallet in the hoist. 

4. The transfer mover backs away from inside the hoist. 

5. The canister is passed over to an installation vehicle and the pallet re-
mains in the hoist. 

6. The transfer mover picks up the empty pallet from the hoist and carries 
it either directly to the lift for an upward ride to the encapsulation plant 
or else it is stored in the canister storage for the time being. 

Steps 2-6 will be repeated until the disposal campaign comes to an 
end. If necessary, the mover can be inspected and charged between 
lifting cycles. 

7. The transfer mover is driven into a service area for transfer movers. 
The control is passed over to close-range control. 

8. The transfer mover is inspected, shut down, and connected to a charg-
ing device, if necessary. 
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APPENDIX 4 
CANISTER STABILITY ASSESSMENT 
 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Canister stability calculations 

LO1-2 OL1-2 OL3
1 Canister diameter D (m) 1.05 1.05 1.05

Canister height H (m) 3.552 4.752 5.223
Mass centre height H/2 (m) 1.776 2.376 2.6115
Canister mass m (kg) 18800 24500 29000
Gravitational constant g (m/s2) 9.81 9.81 9.81

2 Moment balance: 
Minimum force needed to fall over the canister  Fmin (N) 27259 26553 28596
Force needed to fall over the canister (mass center level) F (N) 54518 53107 57192
Horizontal acceleration needed to fall over the canister a (m/s2) 2.900 2.168 1.972
Horizontal acceleration needed to fall over the canister (g) 0.296 0.221 0,201
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3 Canister balance factors: 
Tilting radius r (m) 1.852 2.433 2.664
Mass centre ascent needed to instability h (m) 0.076 0.057 0.052
Potential energy increase to equilibrium  (instability)  
 ΔW = mg(Δh) 

ΔEpot 
(J) 14011 13774 14864

Tilting angle ß(°) 16.26 12.34 11.31 

4 Equivalent speed:   Wkin = Wpot     (½mv² = ΔEpot ) v (m/s) 1.221 1.060 1.012
 Normal speed (0,1 m/s) compared to equivalent speed 8.2 % 9.4 % 9.9 %
( Max speed (0.2 m/s) compared to equivalent speed) 16 % 19 % 20 %

5 Minimum stopping distance without tipping the canister 
 Normal speed (0.1 m/s) compared to max horizontal 
accel. s (mm) 1.72 2.31 2.54
 (Max speed (0.2 m/s) compared to max horizontal accel.) s (mm) 6.90 9.23 10.14

6 Max sliding distance with different friction coefficients 
 Normal speed (0.1 m/s), friction coefficient 0.1 s (mm) 5.10 5.10 5.10
 Normal speed (0.1 m/s), friction coefficient 0.2 s (mm) 2.55 2.55 2.55
 Normal speed (0.1 m/s), friction coefficient 0.3 s (mm) 1.70 1.70 1.70
 Normal speed (0.1 m/s), friction coefficient 0.5 s (mm) 1.02 1.02 1.02
 Normal speed (0.1 m/s), friction coefficient 0.8 s (mm) 0.64 0.64 0.64

7 Pallet stability (1450 x 1500, h= 420): 
Pallet edge ascent to canister's tilting angle, width 1450 mm s (mm) 422 317 290 
Pallet edge ascent to canister's tilting angle, width 1500 mm s (mm) 437 328 300 
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APPENDIX 5 

 
RISK ANALYSIS  
POTENTIAL FAILURE MODE AND EFFECTS ANALYSIS (PFMEA) 
 
Participants: Mikko Suikki, Optimik Oy, Andrei Koliar and Petri Lehto, Cadring Oy. 
Process has been analyzed as simplified, but in a way that it includes all normal work phases. 
 

 Process Func-
tion 

/Description 

Potential 
Failure Mode 

Potential 
Effect(s) 

of Failure 

Potential Cause(s)/
Mechanism(s) 

of Failure 

Current Process Controls Recommended 
Action(s) 

1 Activation of 
Remote 
controlled 
mover RCM). 
 

Does not 
succeed. 

Process 
interrupted. 

Malfunction. Anticipatory mainte-
nance and inspections. 
Maintenance is possible 
at this stage. 
 

 

   Process 
interrupted. 

Misuse. Work instructions, staff´s 
professional skills. 

 

       
2 Drive to 

pallet. 
Does not 
succeed. 

Process 
interrupted. 

Malfunction. Anticipatory mainte-
nance and inspections. 
If in safe position 
maintenance can be per-
formed. 
Towing the RCM to a 
safe position with anoth-
er RCM.   

 

   Process 
interrupted. 

Driving error. Navigation system en-
sures the route. 
Work instructions, staff´s 
professional skills. 
Camera supervision. 

 

   Process 
interrupted. 

Obstacle en 
route. 

Navigation system en-
sures the route. 
Camera supervision. 

 

       
3 Driving 

under the 
pallet. 

Does not 
succeed. 

Process 
interrupted. 

Driving error. Navigation system en-
sures the route. 
Work instructions, staff´s 
professional skills. 
Camera supervision. 
Central mark helps to 
ensure the alignment. 

 

   Pallet or 
RCM is 
damaged. 
 

Driving error. RCM`s slow movement 
speed. 
Work instructions, staff´s 
professional skills. 
Camera supervision. 

 

   Process 
interrupted. 

Damaged pallet. Camera supervision. 
Choose another pallet. 

 

   Process 
interrupted. 

Lifting cylinders 
are in up posi-
tion. 

Lifting height measuring. 
Work instructions, staff´s 
professional skills. 
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 Process Func-
tion 

/Description 

Potential 
Failure Mode 

Potential 
Effect(s) 

of Failure 

Potential Cause(s)/
Mechanism(s) 

of Failure 

Current Process Controls Recommended 
Action(s) 

   Process 
interrupted. 

Obstacle en 
route. 

Camera supervision. 
Navigation system en-
sures the route. 
 
The empty pallet can be 
pushed or towed away 
from the problem area. 
Use of another pallet. 

 

       
4 Lifting of an 

empty pallet. 
Does not 
succeed. 

Process 
interrupted. 

Malfunction. Anticipatory mainte-
nance and inspections. 
If in safe position per-
form maintenance. 
 Driving (or towing) the 
RCM to a safe position 
with another RCM.  

 

    Alignment er-
ror. 

Navigation system en-
sures the route. 
Work instructions, staff´s 
professional skills. 
Camera supervision. 
Central mark helps to 
ensure the alignment. 

 

       
5 Movement of 

an empty pal-
let. 

As in 
RCM´s 
movement, 
but in addi-
tion: 

    

  Does not 
succeed. 

Pallet falls 
when 
reversing. 
 

Too low lifting 
height. 

Lifting height measuring.  

   Pallet falls 
when 
reversing. 
 

Damaged pallet. Camera supervision. 
Work instructions, staff´s 
professional skills. 
 

Pallets should 
be inspected 
after every 
use. 
 

   Pallet hits 
the sill when 
moving 
forwards. 

Too low lifting 
height. 

Lifting height measuring. 
The sill of the elevator 
should be even, because 
the elevator is locked to 
its place. 

 

   Pallet hits 
the sill when 
moving 
forwards. 

Damaged pallet. Camera supervision. 
Work instructions, staff´s 
professional skills. 
 

Pallets should 
be inspected 
after every 
use. 
 

       

6 Descent of an 
empty pallet. 

Does not 
succeed. 

Pallet re-
mains on top 
of the RCM. 

Lifting malfunc-
tion. 

Drive (or tow if needed) 
to a safe position. 
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 Process Func-
tion 

/Description 

Potential 
Failure Mode 

Potential 
Effect(s) 

of Failure 

Potential Cause(s)/
Mechanism(s) 

of Failure 

Current Process Controls Recommended 
Action(s) 

  Succeeds 
partially. 

Process 
interrupted. 
Pallet 
remains 
partially on 
top of the 
RCM. 

Lifting cylinders 
descent valve is 
damaged. 
 

Lifting height measuring. 
Another RCM can open 
the emergency descent 
valve. 
Drive (or tow if needed) 
to a safe position and 
replace with another 
RCM. 

Lifting cylin-
ders forced 
descent with 
external sys-
tem. 
(2 action cyl-
inders and 
additional 
couplings). 

  Descents 
tilted. 
 

No potential 
effect of 
failure. 

Lifting cylinders 
uneven move-
ment. 

Flow divider in hydraulic 
circuit. 
Lifting height measuring. 
 

 

       
7 Moving the 

pallet next to 
canister 
transfer trol-
ley. 

As in mov-
ing an emp-
ty pallet, 
but in addi-
tion: 
 
 

    

  Collision to 
canister 
transfer trol-
ley. 

Possible 
malfunction. 
 

Too fast move-
ment speed and 
(torque). 

Navigation system 
ensures the route. 
Work instructions, staff´s 
professional skills. 
Camera supervision. 
 

 

  Collision to 
pallet guide. 

Possible 
malfunction. 
 

Canister transfer 
trolley in wrong 
position. 

Main level process 
control. 
Pallet guide stops the 
pallet to its right 
position. 
Work instructions, staff´s 
professional skills. 
Camera supervision. 

 

  Collision to 
pallet guide 
causing the 
RCM to stop 
before its 
end position. 

Process 
interrupted. 

Alignment er-
ror. 

Navigation system 
ensures the route. 
Work instructions, staff´s 
professional skills. 
Camera supervision. 
Pallet guides caution 
color ensures visibility. 

 

       
8 Canister 

transfer trol-
ley´s and 
RCM´s syn-
chronized 
drive and 
pallets posi-
tioning under 
the Canister 
gripper de-
vice. 

Does not 
follow the 
canister 
transfer trol-
ley. 

A gap be-
tween the 
canister 
transfer trol-
ley and the 
RCM. 
(Canister´s 
potential 
falling 
height is 
increased). 

Too low torque 
(It´s adjusted 
lower during the 
synchronized 
drive). 

Work instructions, staff´s 
professional skills. 
Control system. 
Camera supervision. 
Navigation system. 
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 Process Func-
tion 

/Description 

Potential 
Failure Mode 

Potential 
Effect(s) 

of Failure 

Potential Cause(s)/
Mechanism(s) 

of Failure 

Current Process Controls Recommended 
Action(s) 

  Pushes the 
canister 
transfer trol-
ley. 

Canister 
transfer 
trolley´s  
drive pulley 
slides. 
At the end 
position big 
forces 
between the 
pallet guide 
and the 
pallet.  
 

Too high torque. Work instructions, staff´s 
professional skills. 
Control system. 
 

From the per-
spective of 
overall pro-
cess, it could 
be easier to let 
RCM to push 
canister trans-
fer trolley 
(shift canister 
transfer trol-
ley to “neu-
tral”). 

  Stops before 
the end posi-
tion. 

Process 
interrupted. 

RCM`s driving 
line is not 
centered enough 
(clearance is not 
sufficient 
between pallet 
and RCM). 

Navigation system en-
sures the route. 
Work instructions, staff´s 
professional skills. 
Camera supervision. 
Pallet guides caution 
color ensures visibility. 

Pallet can be 
put down, 
straighten the 
RCM and lift 
the pallet up 
again. 

       
9 Descent of 

pallet under 
the Canister 
gripper de-
vice. 

Descent 
stops before 
the end posi-
tion. 

Process 
interrupted. 

RCM`s driving 
line is not 
centered enough 
(clearance is not 
sufficient 
between pallet 
and RCM). 

Navigation system en-
sures the route. 
Work instructions, staff´s 
professional skills. 
Camera supervision. 
Pallet guides caution 
color ensures visibility. 

 

   Process 
interrupted. 

Pallet remains 
on top of the 
pallet guide. 

Pallet guides height is 
higher than pallets lifting 
height. 

 

       
10 Canisters 

descent to 
pallet. 

Canister 
does not 
centralize 
with the pal-
let. 

Canister 
remains tilt-
ed on top of 
the plastic 
guide. 

Malfunction or 
alignment error 
either in the 
Canister gripper 
device or in the 
pallet guide. 

Anticipatory mainte-
nance and inspections. 
Camera supervision. 
Return the canister to 
Canister transfer trolley 
if the positioning is 
wrong. 
 

Active posi-
tioning of pal-
let (according 
to canister) 
would in-
crease the reli-
ability. 

  Canister 
remains 
swinging or 
too high. 

Process in-
terrupted 
unstable 
state of the 
canister, 
canisters 
surface 
damage. 

Excessive parts 
on top of the 
pallet. 

Camera supervision. 
 

 

       

11 Lifting of the 
canister and 
pallet. 

Tilted during 
lifting. 

Unstable 
state of the 
canister. 

Lifting cylinders 
uneven move-
ment. 

Flow divider in hydraulic 
circuit. 
Lifting height measuring. 
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 Process Func-
tion 

/Description 

Potential 
Failure Mode 

Potential 
Effect(s) 

of Failure 

Potential Cause(s)/
Mechanism(s) 

of Failure 

Current Process Controls Recommended 
Action(s) 

  Stops before 
the end posi-
tion. 

Process in-
terrupted. 
(Movement 
can´t be per-
formed if the 
pallets 
height is 
unknown). 
 

Malfunction. Lifting height measuring. 
Another RCM can open 
the emergency descent 
valve. 
Drive (or tow if needed) 
to a safe position and 
replace with another 
RCM. 

(Spring return 
lifting valve 
would ensure 
the descent of 
the load dur-
ing loss of 
power.) 

  Does not lift. Process in-
terrupted. 
 

Malfunction. Drive (or tow if needed) 
to a safe position and 
replace with another 
RCM. 

 

       
12 Canisters and 

pallets 
movement in 
the corridor. 

RCM col-
lides. 

Malfunction. 
Canister 
falls over. 

Wrong route. Navigation system en-
sures the route. 
Movement speed is not 
sufficient to tip the canis-
ter over (Appendix 4). 

 

  Canister 
collides with 
the roof. 

Canister is 
damaged. 
Canister 
falls over. 

Wrong route. Navigation system en-
sures the route. 
Work instructions, staff´s 
professional skills. 
Camera supervision. 
Movement speed is not 
sufficient to tip the canis-
ter over. 

 

  Pallet makes 
contact with 
the floor. 

Pallet can 
move on top 
of the RCM.  
Process in-
terrupted. 

Lifting 
malfunction. 

Lifting height measuring. 
 

 

  Pallet 
descents 
rapidly. 
 

Process in-
terrupted. 
Canister 
falls over. 

Lifting 
malfunction. 
 

Lifting height measuring. 
Movement speed is not 
sufficient to tip the canis-
ter over. 

 

  Does not 
succeed. 

Process in-
terrupted. 

Malfunction. Tow to a safe position 
and replace with another 
RCM. 
(Emergency descent 
valve). 
 

 

       

13 Canisters and 
pallets 
movement to 
elevator. 

As in Canis-
ters and 
pallets 
movement 
in the cor-
ridor, but in 
addition: 
 

    

  Tilting of the 
canister. 
 

Process in-
terrupted. 

Sill or inclina-
tion of the floor. 

Elevator´s mechanical 
locking to its place. 
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 Process Func-
tion 

/Description 

Potential 
Failure Mode 

Potential 
Effect(s) 

of Failure 

Potential Cause(s)/
Mechanism(s) 

of Failure 

Current Process Controls Recommended 
Action(s) 

  Does not 
succeed. 

Process in-
terrupted. 

Sill is too high, 
wheels in the 
sill slot.  

Elevator´s mechanical 
locking to its place. 
Lower the load and move 
the RCM slightly. Avoid 
stopping when wheels 
are on the sill area.  
(Work instructions, 
staff´s professional 
skills). 

The structure 
of the sill has 
to be designed 
as even as 
possible. 

       
14 Canisters and 

pallets 
movement to 
the canister 
buffer stor-
age. 

Does not 
succeed. 

Process in-
terrupted. 

Malfunction. Tow to a safe position 
and replace with another 
RCM. 
(Emergency descent 
valve). 
Because of the layout the 
driving routes has to be 
correct. 
In addition, layout af-
fects to the pallets de-
sign. 

More area to 
the layout. 
 

       
15 Canisters and 

pallets de-
scent to the 
floor or to the 
elevator. 

As in de-
scent of an 
empty pal-
let, but in 
addition: 

    

  Descent is 
tilted. 

Unstable 
state of the 
canister. 

Lifting cylinders 
uneven move-
ment. 

Flow divider in hydraulic 
circuit. 
Lifting height measuring. 

 

       

16 Drive away 
beneath the 
pallet with 
canister. 

As in drive 
away be-
neath of an 
empty pal-
let. 

    

       
17 Canisters and 

pallets re-
trieval from 
the elevator. 

As in Canis-
ters and 
pallets 
movement 
to elevator. 
 

    

       
18 Canisters and 

pallets 
movement to 
canisters aux-
iliary hoist. 

Positioning 
and sill as 
in before 
dealt with 
canister 
transfer 
trolley and 
elevator. 
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 Process Func-
tion 

/Description 

Potential 
Failure Mode 

Potential 
Effect(s) 

of Failure 

Potential Cause(s)/
Mechanism(s) 

of Failure 

Current Process Controls Recommended 
Action(s) 

       
19 Towing of a 

damaged 
RCM. 

Does not 
succeed. 

Canister and 
RCM stays 
en route, 
repairing 
actions are 
difficult. 

RCM has been 
driven wrong 
route. 

Exactly defined routes. 
Towing equipment. 
Emergency descent 
valve. 
Because of the layout the 
driving routes has to be 
correct. 
In addition, layout af-
fects to the pallets de-
sign. 

More area to 
the layout. 
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APPENDIX 6 

COST ESTIMATE 
 
 

 
Description  quantity/unit price  total
 
Mover    

Vehicle 4 pcs 115 000 € 460 000 €
Camera system (2 turnable cameras, WLAN 
interface) 4 pcs 15 000 € 60 000 €
Laser scanner  4 pcs 15 000 € 60 000 €
Auxiliary frame 4 pcs 10 000 € 40 000 €
Hydraulic emergency descent valve 4 pcs 10 000 € 40 000 €

Total  660 000 €
  

Towing gear    

Towing beam 2 pcs 10 000 € 20 000 €

  20 000 €
   

Control system   

Integration costs 1 as a whole 30 000 € 30 000 €

  

30 000 €

  

Documentation and approval costs    

Manufacturer’s costs 1 as a whole 20 000 € 20 000 €

  

20 000 €

 TOTAL  730 000 €
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