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ABSTRACT 

This paper outlines the simulation and analysis 
approach taken to address radiation dose reduction usiwg 
robotic automation from the operational and economic 
standpoints for the DOE Civilian Radioactive Waste 
Management system and for the transuranic waste loading 
facilities within the DOE complex. Simulations of the 
robotic operations using validated software are described. 
These simulations provide through-put, capital and 
operating costs for an economic benefit-cost analysis. 
Benefit-cost analysis results are also presented. 

INTRODUCTION 

Robotic systems operating in radioactive 
environments show the potential to substantially reduce 
radiation doses to workers, and in many applications and 
facilities, can be justified on an economic basis. A benefit-
cost approach supported by graphical simulation techniques 
has been developed to support this justification. Using 
this approach, U.S. Department of Energy (DOE) facilities 
were examined for cost-effective robotic operation. These 
facilities include the Monitored Retrievable Storage (MRS) 
facility, designed for interim storage of commercial spent 
nuclear fuel, and existing and conceptual facilities for the 
loading of transuranic waste (TRU) into TRUPACT-II 
transportation containers at the Idaho National Engineering 
Laboratory (ENEL), Hanford, Los Alamos National 
Laboratory (LANL), and Savannah River Site (SRS). This 
paper outlines the simulation and analysis approach taken, 
and summarizes the results from an economic standpoint. 

This work performed at Sandia National Laboratories, 
Albuquerque, New Mexico, supported by the United States 
Department of Energy under Contract DE-AC04-76DP000789. 

A United States Department of Energy Facility 

APPROACH 

The approach taken in each case wa? first to utilize 
the framework suggested by the International Commission 
on Radiological Protection (ICRP)* to determine total 
^osts for optimization of radiation protection, augmented 
by :,-:>'ater simulation of facility operations. The ICRP 
fran-to work sums costs of implementing a given radiation 
protection measure (capital, operating, dose detriment) and 
compares them to costs of current or proposed measures. 
These total costs are then put into a Benefit-Cost Analysis 
using net present value and related outcome measures as 
defined by the Office of Management and Budget (OMB)/ 
Cost and benefit values for robotic operations were then 
compared to current manual operations to determine 
whether robotic operations would be justifiable. 

To calculate the robotic operations values, 
assumptions such as required equipment, dose rates, speed 
of operation and expected throughput must be made to 
generate the cost and dose detriment inputs. Since the 
nuclear field has little data on the use of robotic systems to 
support such assumptions, automated planning and 
programming techniques developed at Sandia National 
Laboratories (SNL) using graphical simulation were 
applied to simulate operations and track through-put. 
These techniques have been benchmarked as a part of the 
control structure of commercial robotic machines of a type 
or similar to those that can be put into service in radiation 
environments. 

In practice, robotic operations are simulated, 
previewed on the graphics screen and approved by an 
operator. The approved motion is then downloaded to the 
robot controller for execution. Movement is then 
monitored by the simulation system and displayed to the 
operator on the graphics screen in real time. This "what-
you-see-is-what-you-get" accuracy of the simulation 
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technique leads to high-confidence when new facilities and 
processes are simulated. Higher confidence in the benefit-
cost analysis overall results from simulation through-put 
and equipment requirements 

Opportunities to utilize the simulation-augmented 
benefit-cost approach in new and developing facilities 
presented themselves within the DOE in 1993. First, 
DOE's Office of Civilian Radioactive Waste Management 
(DOE/RW) developed conceptual designs for the spent fuel 
multi-purpose canister (MPC) system and MRS facility 
that would handle the MPC. Concerns about potentially 
high cumulative doses for manual operations led to 
automation as a possible means to reduce them. 

A second opportunity to apply robotics in waste 
handling arose under DOE's Office of Environmental 
Restoration and Waste Management (DOE/EM), which is 
developing a waste management system for TRU waste 
that includes multiple loading / shipping sites. Though 
dose rates are very low, potential cost savings through 
lower labor requirements were of interest. 

Simulation 

The first simulation was executed for the MRS, 
with the intent to fully automate all necessary operations 
to receive, transfer and store commercial spent nuclear fuel. 
Facility layout and process flow models were developed 
based on the MRS conceptual design report provided by 
TRW Environmental Safety Systems (TESS), Inc., the 
DOE/RW Management and Operating Contractor. 
Modeling and simulation were executed with IGRIP 
software by Deneb Robotics, Inc., on SiliconGraphics 
workstations. Dimensional and kinematic characteristics of 
the robots, facility, casks, and ancillary equipment were 
accurately modeled with a high degree of component detail. 
Programmable machine parameters such as speed and 
motion type matched most commercially-available robotic 
systems. 

Four MPC-related MRS workcells were simulated, 
including the shipping/receiving bay, bare fuel cask 
preparation station, MPC transfer room, and an MPC 
welding station. Figure 1 shows the simulated 
shipping/receiving bay, where location, identification, 
inspections, impact limiter and tiedown removal and 
replacement are automatically executed. The bare fuel cask 
preparation station prepares a spent fuel transport cask for 
unloading by executing cavity gas sampling, purging (if 
necessary), adapter installation for mating with the transfer 

cell, and lid bolt removal / replacement. The MPC transfer 
room executes radiation and contamination inspections, 
dual closure lid removal, lifting adapter installation / 
removal, and MPC transfer from one cask to another. The 
MPC welding workcell welds MPC lids onto the MPC 
body after bare fuel has been transferred into it from 
transport casks, and performs other closure operations. 

Figure 1. Robots and cranes remove impsci . i~ i ^ 
a spent fuel transport caisk in the conceptual MiiJ 
shipping and receiving bay. 

Based on this detailed simulation, lists of the 
equipment required to automate operations and the through
put of each work cell were generated, which in turn led to 
reasonable estimates of capital equipment and operational 
costs^. Table 1 lists assumptions common to all 
MRS/MPC Workcells. Table 2 lists workcell-specific 
assumptions based on simulations, such as capital cost for 
automation and through-put. 

Worst and best case scenarios from the robotic 
application point of view are generated using the range of 
estimates for each of the drivers. "Worst Case" assumes 
those values that place robotic handling in the least 
desirable perspective. "Best Case" assumes those values 
placing robotic handling in its most desirable perspective, 
thus bounding the results of robotic application. 
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Table 1. Common Assumptions For MRS/MPC Workcells 

Assumption 
Worst Cass 

i 

Best Case 
Assumption Manual Method Robotic Method Manual Method Robotic Method 

Project. Life (Years) 34 34 34 34 
Annual Labor Cost (Operator) $50,000 $75,000 $50,000 $75,000 

Annual Dose Limit (mSv) 10 10 10 10 
Dose Cost per Sv $100,000 $100,000 $1,000,000 $1,000,000 

Discount Rate 3.00% 3.00% 3.00% 3.00% 
Annual Maintenance Cost $0 $18,000 $0 $18,000 

Down Time (%) 0.00% 20.00% 0.00% 5.00% 
Minimum Operators / Cell 6 6 6 6 

Energy Cost per kWh $0.08 $0.08 $0.08 $0.08 
Energy Requirement (kW) 0 20 0 20 

Table 2. MRS/MPC Workcell Assumptions 

Assumption Worst Case Best Case 
S/RBay Manual Method Robotic Method Manual iviethud' Robotic Method 

Investment Cost $1,750,000 $4,245,588 - $1,753,000 " ; $4,245,588 
GA Casks: 

Dose Rate (mSv/Cask) 0.88 0.000 2.70 0.000 
Process Time (Hrs.) 2.00 4.50 3.67 • 2.28 

Bare Fuel Prep 
Investment Cost $1,500,000 $6,259,224 $1,500,000 $6,259,224 

GA Casks: 
Dose Rate (mSv/Cask) 0.36 0.000 4.38 0.000 

Process Time (Hrs.) 1.67 1.08 2.87 0.72 

MPC Transfer 
Investment Cost $900,000 $6,052,812 $900,000 $6,052,812 

Transfer MPC-125 
Casks: 

Dose Rate (mSv/Cask) 4.03 0.000 4.03 0.000 
Process Time (Hrs.) 4.18 7.77 4.18 4.85 

Transfer MPC-75 
Casks: 

Dose Rate (mSv/Cask) 4.03 0.000 4.03 0.000 
Process Time (Hrs.) 4.18 7.77 4.18 4.85 

MPC Weld 
Investment Cost $900,000 $1,036,812 $900,000 $1,036,812 
MPC-125 Casks: 

Dose Rate (mSv/Cask) 7.50 0.000 7.50 0.000 
Process Time (Hrs.) 41.17 41.82 41.17 38.40 



The second simulation, for the TRU loading sites, 
also fully automated all processes needed to load the 
TRUPACT-II. INEL provided the design for an existing 
TRU loading facility that was assumed applicable to and 
used as a basis for the other TRU shipping sites. A 
simulation was developed in a manner similar to the MRS 
to show the necessary opening, loading and closing 
operations for the TRUPACT-II transport cask. Figure 2 
shows the simulated workcell with a robotic crane loading 
transuranic waste drums into the TRUPACT-II. 

Figure 2. A robotic crane leads transuranic waste drums 
into a TRUPACT-II transportation cask. 

Special tools were simulated to remove the weather 
seal, manipulate the locking ring and open the vent valves. 
In most cases, the tools were adaptations of those used for 
the manual operations. 

Simulations were executed and tables of 
assumptions similar to those above were developed for the 
benefit-cost analysis of TRUPACT-H loading. Through
put was determined to be approximately 5 hours per 
package, with an investment cost of $1.7 Million. 

Analysis 

As stated in the Introduction, the economic analysis 
method used to compare the robotic and manual handling 
methods is a "Benefit-Cost Analysis" using net present 
value and related outcome measures as defined by the OMB. 
All of the known cost drivers required over the life of the 
project are included in the analysis. The cost drivers, 
described by the ICRP,* are listed below. 

Cost of the practice = X + Y (1) 
= XE + XP + XM + XC + aNfltrHv (2) 

where: 
X = cost of implementing the practice 

= XE + XP + XM + XC (3) 

Y = cost of detriment due to dose 
= afltrHv (4) 

XE= cost of the equipment 

XP= cost of power 

XM= cost of maintenance 

XC= cost of labor 

a = cost per unit collective dose 

N = number of exposed individuals 

fl= occupancy time 

t = installation lifetime • ;'' • ••''," 

r = average to maximum dose ratio 

Hv= maximum dose rate 

The cost of detriment due to dose (Y) for a practice 
or operation is a function of cost per unit of collective dose 
and the total exposure. Cost per unit collective dose varies 
from $100,000 per person-Sv to over $2,000,000 per 
person-Sv, depending upon industry, company or 
government agency policies. Total collective dose is 
determined as the product of the number of people exposed, 
the average dose rate (maximum dose rate times 
average/maximum dose rate ratio), the length of exposure 
(f 1, fraction of full-time occupancy), and the installation 
lifetime (t). In the MRS case, collective dose for manual 
operations was determined as a range by TESS and 
multiplied by $1,000,000 per person-Sv for consistency 
with TESS policy. In the TRU case, collective dose was 
estimated by INEL and multiplied by $100,000 per person-
Sv, consistent with earlier industrial practice. 

The cost of implementing each practice is the sum 
of capital investment and operating costs. To obtain 
capital investment estimates (XE), component lists were 
generated based on the simulations described above and 
price estimates obtained for each. Equipment maintenance 
contract quotes (XM), power requirements (XP) and 
operator labor costs (XC) were included as operating costs. 

It should be noted that the cost of implementing the 
practice may not be independent of the dose rate and dose 



limits; in particular, the cost of labor can be driven by 
these factors for several reasons. 

First, when operators reach or near their dose limits 
they are replaced by new operators. These operators may 
be contract labor or in-house labor. When die operators are 
in-house, they all remain on the payroll, necessitating a 
larger workforce with similar skills. 

Second, contract laborers may be utilized to 
minimize total employees. However, if high dose rates 
result in a short period of time to reach dose limits, the 
labor cost during that short time period will likely rise to 
substantially cover annual contractor salaries and benefits. 

Further, as the entire skilled labor pool reaches dose 
limits for high-volume operations in a short time period, 
labor costs will increase substantially with the dwindling 
supply. An example of this could be a shortage of nuclear-
qualified welders developing as relatively high-dose MFC 
welding operations (10 person-mSv for welders per MPC) 
are executed at a rate of hundreds of MPCs per year. 

Finally, to meet shortages, training costs would 
likely rise and be recovered through higher labor costs. 

For the analyses reported here, the investment costs 
were assumed to be all in the first year. Operating costs 
were discounted to bring all costs into present value. For 
the MRS, a discount rate of 3% was assumed to match 
assumptions made by TESS. For the TRU loading cases, 
6.8% was assumed per OMB guidlines. 

Detailed descriptions of these and other assumptions 
are described in "Economic Analysis Comparing Manual 
To Robotic Loading of TRUPACT-II Containers"4 and in 
"Monitored Retrievable Storage/Multi-Purpose Canister 
Analysis: Simulation and Economics of Automation".^ 

RESULTS 

Results of the combined simulation and analysis are 
clearly favorable for automation in most cases examined. 
Table 3 shows the results of the MRS benefit-cost 
analysis. For each of the workcells, a best case and worst 
case bracket the expected cost (savings) by using robotic 
automation over manual handling methods. Variance is 
due tc factors such as uncertainty in radiation dose rates, 
manual process times and allowable machine speed 
settings. 

For example, the shipping/receiving bay (S/R Bay) 
could save $5.6 to $36.3 Million ov« the facility lifetime, 
with a savings of 3.5 to 12 person-S v This amounts to a 
savings of between $1.6 Million and $2.8 Million per 
person-Sv, accounting for a cost of. $1 Million to eliminate 
each Sv. The majority of this cost savings is due to 
reduction in labor requirements. Of ths four MRS 
workcells examined, all showed the potential to save frc-iii 
$18 Million to $36 Million each over the 34 year life of 
the facility while saving a combined radiation exposure of 
over 42 person-Sv. 

Table 3. Economic Analysis Results By Workcell 
Discounted Total 

Cost (Savings), Robotic 
Amortization 

(Years) 
Dose Savings 

(Sv, Project Life) 
Cost(Savings) 

per Sv 
S/R Bay 

Best ($36,259,822) 1.17 12.82 ($2,828,000) 
Worst ($5,616,105) 9.01 3.51 ($1,600,000) 

Bare Fuel Prep 
Best ($62,048,796) 1.23 20.77 ($2,987,000) 

Worst $4,633,057 - 1.44 $3,217,000 
MPC Trans 

Best ($30,982,263) 2.25 1.33 ($23,295,000) 
Worst ($26,445,555) 3.06 11.20 ($2,361,000) 

MPC Weld 
Best ($18,868,478) 0.16 7.27 ($2,595,000) 

Worst ($17,964,923) 0.17 6.18 ($2,907,000) 



Table 4. Economic Analysis Results of Robotic Loading of TRU Waste 
Location Cost (Savings) Amortization Break-Even Dose Savings 

(Facility Life) (Years) Point (Loads) (mSv Per Year) 
INEL ($5,648,610) 2.8 1845 45 

Hanford ($818,109) 6 2081 24 
LANL ($206,668) 8.6 2285 18 
SRS $408,600 >10 >1864 13 

Undei worst-case conditions, automation costs per 
Sv for the Cask Preparation Station range from a savings 
of nearly $3 Million to a cost of over $3.2 Million, 
roughly three times the design assumption of $1 Million 
per person-Sv. This range is due to a wide range in 
estimates of actual exposure and time required to execute 
the preparation operations manually 

Table 4 summarizes the results of the TRU loading 
benefit-cost analysis. The dose rates and potential dose 
savings are very low for TRU waste loading. However, the 
potential for cost savings due to labor reduction is 
significant. In the case t«f INEL, Hanford and LANL, 
labor requirements and associated costs are sufficiently high 
that partial elimination of ?he.v; costs through robotic 
automation offset the capita* ,<nd operating costs of the 
robotic equipment. Tiiis resulrs ii a. cost savings. 

The number of loads to "Break-Even," that is,, where 
the cost of implementation equals the benefit of the 
practice, is calculated from required through-put, itself a 
product of expected facility lifetime and shipment 
requrements. Amortization occurs when the break-even 
point is reached. 

INEL, Hanford and LANL showed potential savings 
of $5.6 Million, $818,000, and $207,000 over the life of 
each facility, respectively, while saving an average of 45, 
24 and 18 person-mSv/year, respectively. Low through
put rates resulted in SRS showing a lifetime cost of 
$408,000 while saving an average of 13 person-mSv/year. 

CONCLUSION 

Graphical simulations of MRS operations and TRU 
loading scenarios have been created and executed to identify 
operations that can be automated with robotic machinery. 
The results of these simulations showed how those 
operations can be executed automatically, identified 
equipment requirements and operational characteristics for 
the automation, and determined potential process times for 
each automated operation. Cost estimates for the identified 
equipment were used in the economic assessment. 

Benefit-cost analyses were performed for each of the 
MRS workcell and TRU loading operations based on 
simulation results. Most scenarios indicated a substantial 
cost savings over facility lifetime when the processes were 
executed robotically, while drastically reducing doses during 

high-level waste handling operations. Even low-dose TRU. 
loading operations benefit economically when thrcugh-put 
is sufficiently high. 

The economic justification is a powerful argument 
for robotic automation in facilities subscribing to the "As 
Low As Reasonably Achievable" (ALARA) radiation 
reduction philosophy. This, combined with substantial 
dose reduction potential and demonstrated feasibility make a 
compelling case for robotic handling at MRS/MPC, TRU 
loading, and other high-volume nuclear waste handling 
facilities. 
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