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A SYSTEMS ENGINEERING ANALYSIS TO EXAMINE THE ECONOMIC IMPACT 
FOR TREATMENT OF TRITIATED WATER IN THE HANFORD KE-BASIN 

Antonio Villegas, Lavelle Clark, and Andrew Schmidt, Pacific Northwest Laboratory, Richland, Washington 

ABSTRACT 

Federal and state agencies have established a Tri-Party Agreement (TPA) to address some key environmental 
issues faced at the Hanford Site. Under the TPA, the Department of Energy is currently under a consent order 
to reduce the tritium concentration in the spent fuel storage basin for KE-Reactor from 3.0 pCi/L to 0.3 pCi/L 
in the KE spent fuel storage basin, starting in 1996. The lOOKE and IOOKW Area fuel storage basins (K- 
Basins) at Hanford were built in the early 1950s to receive and provide temporary storage for irradiated fuel 
from the now shutdown KE and KW production reactors. In 1977, the =-Basin began to leak at a rate of 13.5 
gpm (51 Wmin.), but, decreased to 0.03 to 0.05 gpm (0.13 to 0.19 L/min.) by 1980. In 1993, the leak 
increased to a rate of 0.42 gpm (1.6 L/min.). This engineering analysis examines the relative costs to reduce 
the tritium concentration =-Basin water using a polyphosphazene polymer membrane under development at 
Pacific Northwest Laboratory. The estimated cost of using the membrane to reduce the tritium concentration is 
compared to three no-treatment alternatives that include 1) disposing of the tritium-contaminated water directly 
to the Columbia River, 2 )  disposing of the contaminated water to the soil at the on-site Effluent Treatment 
Facility, and 3) disposing of the contaminated water by evaporation using solar evaporation ponds. 

INTRODUCTION 

The Department of Energy (DOE), other federal, tribal, and state agencies involved with Hanford Site are 
concerned about the KE-Basin water leakage and its possible effect on the environment. A Tri-Party Agreement 
(TPA) milestone has been established to remove all the spent fuel and sludge from the 100 Area fuel storage 
(KE and KW-Basins) in encapsulated form by December 31, 2002. In 1977, the KE-Basin began to leak to the 
ground at a rate of 13.5 gpm (51 Umin.). but decreased to 0.03 to 0.05 gpm (0.13 to 0.19 L/min.) by 1980, 
In 1993, the leak increased to a rate of 0.42 gprn (1.6 L/min.) Under the TPA, the DOE is currently under a 
consent order to reduce the tritium concentration in the KE-Basin to 0.3 pCilL, starting treatment in 1996. 

There are currently no comercially available methods to separate tritium from large volumes of water with 
relatively low tritium contamination levels. The Pacific Northwest Laboratory (PNL) is conducting a research 
effort to evaluate the use of membrane technology for separation of tritium from sources containing HTO as a 
contarninant.(l) 

, This engineering analysis examines the relative costs to reduce the tritiu-concentration in the basin water using 
a deployment strategy that uses the polyphosphazene polymer membrane. The estimated cost to reduce the 
tritium concentration using the polyphosphazene membrane is compared to three no-treatxhent alternatives that 
include 1) disposing of the tritium-contamiuated water directly to the Columbia River, 2) disposing of the 
contaminated water to the soil column after treatment at the on-site Effluent Treatment Facility. and 3) disposing 
of the contaminated water by evaporation using solar evaporation ponds.(2) 

MEMBRANE DESCRIPTION 

The results from the research conducted thus far indicate that the use of membranes to remove dilute tritium 
from water is achievable.(l) Aromatic polyphosphazenes were chosen as the polymeric material among 
membranes being investigated because they have been shown to possess excellent radiological, thermal and 
chemical stability as well as good tritium separation factors. The membrane system is similar to that of reverse 
osmosis and requires pressure from 10 to 48 psi (6.9 x lo3 N/m* to 3.3 x lo4 N/m*). Research results have 
indicated that the polyphosphazene membrane within the system will provide up to 75% depletion of HTO after 
a single pass through the system. Additional research is being conducted to confirm and extend the usefulness 
of such a membrane separation procedure. 



Based on an evaluation of the KE-basin treatment goals, and a knowledge of membrane system operations from 
research done at PNL, a membrane deployment concept has been identified that would reduce the tritium 
concentration in the KE-Basin. In this concept, water would be pumped from the KE-basin to a cascading 
membrane system made up of cocurrent multiple stages. The tritium-depleted stream from each stage would be 
recycled back to the basin. Concentrate would be used as the feed for the next stage. As the concentrate passes 
through each succeeding stage, the tritium concentration h the concentrate will increase. The total volume of 
concentrate. leaving each stage in the conceptual scheme is set at 25 % of the feed going into that stage. The 
tritium concentration increases in the concentrate stream to 220% of the feed to that stage and contains 55% of 
the tritium in the feed in 25% of the feed volume. When the concentrate leaves the fmal stage, it would then be 
solidified in cement and sent to an on-site DOE-operated low-level radioactive waste disposal facility. 

To estimate the cost to reduce the tritium concentration in the =-Basin using the membrane system, a 
mathematical model was developed to estimate the time required and waste volume generated during the 
different process scenarios. The model was based on the process configuration provided in Figure 1. In this 
configuration, it is assumed that the tritium-depleted stream is continuously returned back to the KE-Basin, 
while the concentrated tritium stream is further processed to increase the tritium concentration and reduce the 
volume. A constant volume of water is maintained in the KE-Basin to ensure that any spent fuel elements that 
may be in the basin are not exposed to the atmosphere. Clean make-up water is added to the basin at the same 
rate that the concentrate stream is leaving the basin. Based on the model results, cost estimates were made for 
capital, operational requirements, and waste disposal. 

MEMBRANE SYSTEM DESIGN CONCEPT ASSUMPTIONS 

The design concept of the membrane system for removal of tritium and cost estimates for the system are based 
upon the following assumptions: 

Tritium concentration in the tritium-depleted stream is 60% of the concentration in the feed stream 
entering each membrane stage for each pass. 
Tritium-depleted stream to concentrate the stream flow ratios in each stage are 75%:25%. 
The membrane system is configured in a cocurrent-flow series such that each succeeding stage will 
increase the concentration of tritium in the brine stream (see Figure 1). 
The system will operate with commercially available membrane technology. 
The tritium-depleted stream is returned to the KE-Basin. 
The starting material in the KE-Basin is I million gallons (3.8 million liters) of water. 
The initial tritium concentration in the KE-Basin is 3.93 ,uCi/L. 
The tritium concentration in the makeup water is 0.001 pCi/L. 
No new tritium is formed or decays during the time the membrane system is operating. 

PLACE FIG. 1 HERE 

A material balance was developed around the KE-Bash, pretreatment, and membrane processes to estimate the 
concentration of tritium in the tritium-depleted stream, concentrate stream, and KE-Basin at any time during the 
process. 

A material balance may be estimated around any given stage: 

FR, = Fp, + Fb, 
where: ' 
FR, = Feed rate entering the nth stage 
Fp, = Tritiumdepieted stream flow rate leaving the nth stage 
Fb, = Concentrate stream flow rate leaving the nth stage 

Based on the given assumptions for tritium removal from each stage, an equation to estimate the concentration 
leaving the nth stage may be derived: 



Cb, = (2.2)'(C0) 
where: 
Cf, = Tritium concentration going into the nth stage 
Cb, = Tritium concentration in brine leaving the nth stage 
C, = Tritium concentration initially in the KE-Basin 

To estimate the size of each stage, its feed rate must first be determined. Based on our assumptions, flow rates 
of the tritiumdepleted stream to the concentrate stream will be 75:25, and the tritium-depleted streams from 
each stage will be returned to the K-Basin. Therefore, each stage receives the concentrate from the previous 
stage (i.e., FR,,, = Fb,,), and the feed rate at each succeeding stage is 25% of the feed rate of the stage up- 
stream of it (i.e., 0.25FRn = FR,,,, or 0.25Fb, = Fb,+,). An equation to estimate the flow rate from each 
stage can be determined by the following equation: 

Fb, = (0.25)'FF, 
where: 
F, = feed rate entering first stage 
Fb, = tritium-depleted stream leaving the first stage 

A differential balance was developed to indicate what is happening in the system at an instant of time. Based on 
the system configuration illustrated in Figure 1 and the previous design equations, a differential balance was 
developed to estimate concentration of tritium in the KE-Basin at any time given initial tritium concentration and 
flow rate through the membrane system. This is shown below. 

dt = V dch 

where: 
n = number of membrane stages. 
V = water volume in the KE-Basin, L. 
vb = flow rate into the first membrane, L/min. 
C, = concentration of tritium in clean make-up water, pCi/L. 
Cb = concentration of tritium in KE-basin water at t-time, pCi/L. 
C, = initial tritium concentration in the =-Basin. 
t = time to reduce tritium concentration from C, to C,, min. 

0.25"*~~*2.2"*[CJ2.2~ - C J 

Solving for t: 

t =  -V In CJ2.2, - C, 
0.25"2.2"*~b CJ2.2" - C, 

This equation estimates the time required to reduce the tritium concentration from C, to c b  at a specified flow 
rate. Cost estimates can then be made based on the time required to operate the system and the volume of 
tritium separated, and the amount of waste resulting from the solidified tritium. 

COST ASSUMPTIONS 

The cost to reduce the tritium concentration in the KE-Basin using the membrane system was compared to other 
cost estimates made for three alternative disposition schemes for the water.(2) The membrane system concept 
and three alternatives considered were evaluated in terms of cost using the Equivalent Uniform Annualized Cost 
(EUAC) methodology that is identified in References 2 and 3. These alternatives are 1) Columbia River 
discharge; 2) ground disposal after treatment at the Effluent Treatment Facility (ETF); and 3) solar evaporation 
at the lOOK Area. 



The KE-Basin currently has an existing pretreatment system to remove most of the dissolved materials and 
suspended solids and radionuclides (except tritium) from the KE-Basin prior to the any alternative action.@) 
The cost for this pretreatment system was included in the total cost for each alternative. The cost for the 
pretreatment system is also included as part of the membrane system to provide a consistent cost analysis. The 
pretreatment system includes a sand filter, an ion exchange module (EM), and an additional 
microfilterhltrafilter and a polishing IXM that operates at 25 gprn (95 L/min.). 

The costs for the alternatives were divided into capital costs and annual operating costs. The total purchased 
equipment cost for the pretreatment system is estimated to be $520,000. The estimates for the membrane 
system are based on the same cost factors and procedures used to estimate the cost estimates for the other 
alternatives. Additional costs include installation, testing, solidification, and disposal. The details for the 
development of the cost estimates for the other alternatives are provided by Hunacek and Gahir.(2) Cost 
estimates made for a membrane system were based on published information.(4,5,6,7) 

To prepare the concentrate stream for final disposition, the stream is solidified into cement inside steel 208-liter 
containers. First, the concentrate stream is mixed with cement in a 208-liter container. Generally, 25 gallons 
(95 liters) is mixed with five 674b (30-kg) bags of cement and aggregate to obtain approximately 1 yd3 (765 L) 
of solidified material. The container is then transported 25 miles to the on-site disposal facility. The 1994 cost 
for on-site disposal of Iow-level radioactive waste is $49.96/ft3 ($1.76/L). The tritium concentration in the 
containers will not exceed the maximum concentration of 5 x 109pCi/m3 allowed at the disposal facility. 

The estimated EUAC methodology estimate for disposing of the tritium-contaminated water to the Columbia 
River, disposing of the tritiated water to the soil at the Effluent Treatment Facility, and disposing of the tritiated 
water by evaporation using solar evaporation ponds was $2.25 million, $3.26 million, and $3.05 million, 
respectively. The cost estimates made for the membrane system range from $79 million to $2 million, 
depending on the number of stages used and variations in operating and feed flow rates. 

The EUAC for the membrane system was calculated using a 7% time value of money and a project life of six 
years. The EUAC methodology estimates provides the annual operating and maintenance costs for the treatment 
system, including the costs associated with capital equipment investment. 

The following assumptions were used to estimate the cost for the membrane system: 

1) 

2) 
3) 
4) 

The maximum concentration of the solidified tritium does not exceed the waste acceptance criteria of 
5 x io9 pCi/L.(2) 
The 95 Llmin. pretreatment system used in this analysis is the same one used in Hunacek.(2) 
The concentrate stream is solidified using cement for final disposition. 
The solidified tritium is transported 25 miles (38 km) to the on-site disposal facility. The waste 
generated will be disposed at the Hanford Facility as DOE-generated low-level radioactive waste. 

RESULTS 

Three scenarios were considered to examine the costs for operating the membrane under different 
circumstances. The frrst scenario compared the cost of a 25-gpm (95-L/min.) system with a different number of 
membrane stages to the three alternatives identified in Hunachek and Gahir.(2) The second scenario examined 
the time effects with the system operated at 5-gpm (21.4 L/min.). The third scenario examined the 
requirements needed to treat the tritium-contaminated water in one year for a different number of membranes 
stages. A brief summary of results are provided in Table I. 

TABLE I HERE. 

The fEst scenario assumed a constant feed water flow rate of 25 gpm (95 Umin.) that is consistent with the 
flow rate of the other alternatives. These three alternatives include discharge of the tritiated water to the 
Columbia River, ground disposal after further treatment at the Effluent Treatment Facility (ETF), and solar 



’ evaporation at the lOOK Area seen in Figure 2. The most expensive system was the one-stage membrane 
system. This system could reduce the tritium concentration to 0.3 pCi/L in 0.4 years with an EUAC cost of 
$79 million. For this option, the volume of solidified waste generated is estimated to be 4.4 million liters. 
Most of the cost is attributed the disposal of the solidified tritium waste. When the tritium concentration is 
increased in the concentrate stream, the disposal cost decreases significantly, but at the expense of treatment 
time. For example, to operate a IO-stage membrane system with a flow rate of 25 gpm (95 L/min.) into the 
first membrane, the EUAC cost is $2 million, 40 times less than the one-stage membrane system. The volume 
of waste generated was estimated to be 63,738 liters. But the process time needed to reduce the tritium 
concentration is 77 years, 190 times longer than a 1-stage membrane system. The optimum number of srages 
required ranges from 4 to 6 stages, with a cost from $9.4 million to $3.7 million, depending on the time 
specified. The cost to operate the membrane system for a different number of stages decreases asymptotically 
due to the increase in labor required to operate the system for a longer period of time. 

PLACE FIG. 2 HERE 

The second scenario assumed that the flow rate into the first stage was 5 gpm (21.4 Wmin.). The reason for 
this scenario was to examine the effect that the flow rate had on the membrane system seen in Figure 3. The 
cost to reduce the tritium concentration in the KE-Basin was similar to the 25 gpm (95 L/min.) for the 
corresponding number of stages. For one- and ten-stage systems, the cost estimates were $79 million and $2.1 
million, respectively. The time required to operate these systems increased significantly, 1.6 years for a one- 
stage system and up to 342 years for a ten-stage system. The volume of waste generated is the same for the 
corresponding number of stages when comparing the 25 gpm (95 L/min.) membrane system to the 5 gpm (19 
L/min.) membrane system, but the process time required to generate the solidified waste increased in direct 
proportion to the decrease in flow rate. The cost to operate the membrane system for a different number of 
stages decreases asymptotically due to the increase in labor required to operate the system for a longer period of 
time. 

PLACE FIG. 3 HERE 

The third scenario assumed a one-year processing time to reduce KE-Basin tritium concentration from 3.93 
pCi/L down to 0.3 pCilL. The economic analysis indicated that the cost ranged from $79 million to $6.5 
million, depending on the number of membranes required to remove the tritium from the KE-Basin water as 
seen in Figure 4. When a one-stage membrane is used to reduce the tritium concentration in one year, a flow 
rate of 9 gpm (34 L/min.) is required. The volume of solidified waste generated is approximately 4,400 m’. 
The capital and operation cost for a 1-membrane system is estimated to be $1.7 million. The disposal cost for 
the resultant solidified waste is estimated to be $77 million. 

When a ten-stage membrane system was considered, a 1,900 gpm (7,200 L/min.) unit was required to reduce 
the tritium concentration to 0.3 pCi/L. The volume of solidified waste generated is estimated to be 0.4 m3. 
The capital and operating cost for a 10-stage membrane system is $25 milIion. The disposal cost for the 
solidified waste based on the estimated waste volume is $64 thousand. 

The optimum cost for a one-year treatment to reduce the tritium concentration is estimated to be $6.6 million, 
and uses and 6-membranes with a flow rate of 177 gprn (670 L/min.). The estimated volume of solidified waste 
generated from this option is 3.9 m3. The capital and operational cost estimated for this system is $5 million. 
The disposal cost for the solidified material is $1.5 million. 

PLACE FIG. 4 HERE 
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Table 1. Summary of Equavalent Uniform Annualized Cost (EUAC) Estimates 

5 5 (21) 17.2 1 90,000 5,300,000 

10 5 (21) 187.8 3,700 2,000,000 

One-Year Treatment System 

1 9 (34) 1 4,400,000 79,000,000 

4 53 (200) 1 420,000 IO, 000,000 

5 97 (367) 1 190,000 7,000,000 

6 180 (670) 1 1,500 6,600, OOO 

7 320 (1,200) 1 39,000 7,900,000 

10 1,900 (7,300) 1 3,700 26,000,000 



4 
Make-up Water Recycle = PI+P2+P3+ ...+ Pn 

Pretreatment System 
MicrofiltedUlIrafilter 

Ion Exchange 
Discharge Tanks 

P 

KE-Bash: 

lnilial Conc. 3.93 uCilL 
Final Conc: 0.3 uCi/L 

I,OOO.OOO gal -F1, CO 

F1, Co 

l-d-kls Stage 1 cl{&kl Stage 2 c 2 d & k 3 ,  Stage 3 c3{&1 Stage n 

I Bn=O 25"n"FI 
Bil 

I Cn=2.2AnCo 

F1= flow rate through the pretreatment system, into the first membrane. 
Bn = flow rate of the concentrate stream out of membrane stage n. 
Pn = flow rate of the tritium-depleted stream out of membrane stage n. 
Cn = concentration of tritium in the concentrate stream out of membrane stage n. 
Co = concentration of tritium in the KE-Basin. 

9. To Solidification, 
then disposal 

Fig. 1. Process Configuration to Remove Tritium from the KE-Basin Water Using a Membrane System. 
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Fig. 2. Cost Comparison of Membrane System to Alternatives A, 6, and C Based on a 25 gpm (95 Llmin) Feed Rate 
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Fig. 3. Cost Comparison of Membrane System Based on a 5 gpm (21.4 L/min) Feed Rate 
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Fig. 4. Cost Comparison of Membrane System Based on One-Year Water Processing Time 
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Fig. 4 Cost Comparison of Membrane System Based on One-Year of Water Processing Time 


