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« Part 1: Performance-Based Optimization of P&T
= Background
» Performance-based optimization
= Computational approaches
* Pre-screening tool framework

« Part 2: Pre-Screening Tool Demonstration
= Hanford 200 West P&T
= Scenario evaluation

» Part 3: Use of Deep-Learning Approaches
= Well performance predictions
* Increasing model efficiency
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» Pump-and-treat (P&T) systems have been used for hydraulic
containment and/or treatment of contaminated groundwater

B A well network for groundwater extraction
B Above-ground ex-situ treatment unit

B Disposal system for the treated water

» Initial designs typically address large-scale
containment and bulk treatment, and may not be an
optimal design for mass removal and long-term
effectiveness

B Early goals focus on volumetric pumping

» Performance diminishes due to factors such as:

B Heterogeneity
B Large and dispersed plumes requiring multiple pore volume flushes
B Presence of source zone and/or diffusion-limited mass transfer

B Recalcitrant/competing contaminants
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» Objective of periodic P&T optimization

B Maintain/increase contaminant removal effectiveness and
efficiency as much as possible throughout remedy lifetime

B Well network and treatment capacity management and > bareciion well nemon
.. . * Treatment process/capacity
Optlmlzatlon * Injection well network
* Monitoring network/strategy

» Performance-based optimization
approach relies on:
B Continuous performance

* Plume/source containment

monitoring eht
. F t d t t CSM Other Site Activities Evolving Site C ;rea.‘gcment process mor}ytormg
I n e.g. site " * Aquifer restoration performance
equent upaates 1o (e-8 Conditions/CSM * Extraction well performance

characterization) Attainment of RAOS
. [

* Injection well performance

based on the new data

B Periodic evaluations of
performance effectiveness
and remedy lifetime
B Computational optimization evaluations
o Capacity & well network effectiveness

CSM = Conceptual Site Model
RAO = Remedial Action Objective
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% ,—L; .. . Transition from P&T
_ 8 £ No optimization ™"
» Interstate Technology Regulatory Council (ITRC) < T X
c o0
T © g
» New performance-based P&T optimization £ 8
. . . = LS
guidance published in 2023 i £ P&T 0&M
gg hnps://p:}icrcweb.org/g = MNA O&M
= \Qr/fﬁnlwacnpe-!g?fedeomimization t 1 t -rlrne
of Pump and Treat Systems Remedy (P&T + MNA) End of End of
Selection Pumping Remedy
Pump & Treat Optimization Home Performance_based
[ optimization of capacity
‘ _ 2 & well network
e SR Adopted 3 -l < >
T from the ] = Transition from P&T
S . @ £
guidance s BB
AN :
m 5| B
w 5 P&T O&M
[
]
- 3
e E e (70 ot it MNA O&M
T 1 1 Time
Q REMPLEX https://pt-1.itrcweb.org/ Remedy (P&T + MNA) End of End of
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» Formal optimization evaluations
require:
B Flow & transport (F&T) model of P&T

system, coupled with optimization
algorithms to run thousands of simulations

B Resource intensive!

» Pre-screening (i.e., scoping)

Range of assumptions/scenarios
Goal setting (e.g., maximizing mass recovery, remedy lifetime reduction)

Reduced-complexity
F&T model coupled

framework :
to formal

B Supports scenario evaluation to feed into optimization
algorithm

decision tools
B Reduced computational burden

Optimization Pre-screening Tool

Comparative assessment of scenarios
Q REMPLEX « Narrower set of potentially successful optimization approaches
CENTER FOR THE REMEDIATION ° Uncertan’]ty evalua‘“on
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» Effective optimization requires a well-crafted problem design, a rapid optimizer, and a fast-executing F&T model

Identify remedial action objectives Evolutionary algorithm
collect site hydrogeology, contamination and management data. / \
_ EA settings
4 )\ | (control parameters and stopping criteria) )
: | 2 ‘ Stochastic
orma c : —— < 3
C L. e Define objectives Select an Generate a random population approach for
o and constraints optimization too .
optimization S d |
; ¥ ' solving both
arameters o et ; : .
p ‘é Evaluate objective function/constraints smgle-
o . . . . v 1 1
F= —»[ Optimization algorithm objective and
.‘E" Update EA search rule parameters ]
E ] multi-
ol Update . — . .
S Decision variables Generate new - Elitist ObJeCtIVE
- population strategy
\& . J problems
4 )
" Input variables and | Not satisfied
€ parameters )
Q
s Satisfied
Reduced S :
€ [ E i i Best solution
- 5 xecute simulation model
complexity fate g \_ )
and transport 2 !
= Output the simulation
mOdeI £ results
< [
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» Historical plutonium production for the
Manhattan Project

» Operating since 2012 in the Central

Plateau (CP) of the Hanford Site
" Will be pumping for 25 years per 200-
ZP-1 operable unit Record of Decision
» Addressing groundwater plumes:
® Carbon tetrachloride (CTET)
" Technetium
" Uranium
® Chromium Waste Management
" Nitrate®

» Current treatment capacity
Is 2500 gpm

® 38 existing extraction wells
® 30 existing injection wells

U.S. DOE Hanford 200 West Groundwater
Pump-and-Treat Facility
(https.//www.usa.skanska.com/what-we-
deliver/projects/57299/)

* Nitrate treatment is currently suspended under an optimization study 10


https://www.usa.skanska.com/what-we-deliver/projects/57299/
https://www.usa.skanska.com/what-we-deliver/projects/57299/
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» Large carbon tetrachloride
plume in the 200-ZP-1 Operable
Unit (OU)

B Slower CTET degradation rate

B More contaminant mass in the
aquifer

B Diminishing performance at
some wells

» 200-ZP-1 OU Optimization Study
Plan to evaluate

B Increasing carbon tetrachloride
removal and treatment

B Evaluating the transition to monitored
natural attenuation (MNA) for nitrate,
consistent with RAOs

’ Injection wells

’ Extraction wells

REMPLEX

CENTER FOR THE REMEDIATION
OF COMPLEX SITES

@PNNL

—l R :
Carbon Tetrachloride Plume
[ ]<34ugt
I =34 and <5 ugiL

e D 25 and <50 pg/L

[ 250 and <100 pgiL
[] 2100 and <500 pgrL
[ =500and <1000 pgiL
[ 21000 and <2000 pgiL

11
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Reduced Complexity Model Setup

Dry Creek

Legend

\ _ __y Area Boundary

! Specified Flux

B River Cell

- Specified Head

D Groundwater Interest Area

Model Cell 0 3,050 6,100 Meters
I Basalt Above Water Table | : '

Columbia River 0 9,000

Rattlesnake
Mountain

\
________ I
1
&

18,000 Feet

eq-
CP-57037 Figure4

Plateau to River (P2R) Version 8.3 Model Extent and Groundwater Flow
Boundary Conditions (source: ECF-HANFORD-22-0114-REV.0)

DIS.mxd)
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» |nitial CTET plume (2015) » Existing extraction and injection wells

Hanford and CCU-
Rif and Rwie #1)- E)c‘rroc’rion—lé
Rif and Rwie (#2)] " Injec’rion—lg
Rif and Rwie @#3)JJ °D>’~
=]
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Northwest Pre-Screening Tool Optimization Setup

Identify remedial action objectives Evolutionary algorithm
collect site hydrogeology, contamination and management data. / \
_ EA settings
4 I | (control parameters and stopping criteria)
Define: ——— — ;
+ Optimization goal (e.g., mass and constraints | | optimization tol Senerate a random population

I I :

Evaluate objective function/constraints

v
Update EA search rule parameters

|

recovery, pumping timeframe
minimization, etc.)
« Constraints
« Treatment capacity

Optimization algorithm

Optimization Components

i i Update
« Well installation rules L Generatenew | | FEiitist
L - ) population X strategy
4 R »
" Input variables and | Not satisfied
. Hanford and CCU- = parameters
mvac'fwlg Rif and Rwie #1)- ()]
wecton ] 2 Rif and Rwie (2] _ g Satisfied
- l Rtf and Rwie (#3* ) a
‘/ , T~ Rifand Rwie ¢ ]~ .
m,k/ R} § Execute simulation model Best solution
| — . ;“‘/4‘/ Rwio o \ J
150\‘ - c
(m) 100“\// O H
= v Define:
i © .
300403 4 S Output the simulation .
S ‘ w 3| E results * Rules for accelerating
- 7 oo o £ D LAt -
e W XS EE L | ) initial populations
134000 566000 Efg §
5 I
132000 it 174000
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Northwest Comparative Evaluation L | o
Current Time End of Pumping
2024 2026 2038

Scenarios I
No Optimization (static well network) End-state Performance Criteria:

Baseline P&T Capacity (gpm) |:> Baseline 95" percentile
3400 concentration level in 2038

2ot Soal #T | Opt Goal #2

Scenario-1 P&T Capacity (gpm) Minimize Maximize
3400 active total CTET
cleanup mass
timeframe recovery

Well Network Optimization

Scenario-2 P&T Capacity (gpm)
3400 4500

15
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Example Realizations from the Evolutionary Algorithm
» Parameterization rules:

Realization #4 Realization #6 Realization #9
' 299-W11-103 { ___ ] 299-W11-103 { ___ o0 299-w11-103{___ —
[ G- 299-W11-104 | _ — 299-W11-104 | _ i 299-W11-104 | _ i
299-W11-49 { _ - ] W | I 299-W11-49 { _ - -~ 299-W11-49 { _ . . ]
. O 299-W11-50 P ells 299-W11-50 L - i 299-W11-50 L i o i
@ Rule 1: One-to-one well = S e
[ 299-W11-92 A . 299-W11-92 A 299-W11-92 A
299-W11-96 tu rnin g 299-W11-96 { _ — 299-W11-96 { _ —
. . e 299-W11-97 4 299-W11-97 1 _ N _ . e 299-W11-97 1 _ p—
q) 200-w12-2 {7 - -] 200-w12-2 {7 - -] 200-w12-2 {7 i
replacement with a maximum o off S el
290-w12-4 L . 299-W12-4 { _ . 299-W12-4 { _ i
Z 200-w12-5 | ~ i 200-w12-5 | ~ i 200-w12-5 | ~ i
. 299-w14-20 L - i 299-w14-20 L - i 299-w14-20 L .
number of active wells (based - e
—_— 299-W14-22 { T i 299-W14-22 1 _ — 299-W14-22 1 _ i
299-W14-27 { ~_ 7] 299-W14-27 { ~_ T 299-W14-27 { ~_ —
. q) 299-w1d-28 L~~~ - 299-w1d-28 L~~~ T 299-w1d-28 L~~~ i
299-w14-30 L~~~ 7] 299-w14-30 L~~~ ] 299-w14-30 L~~~ i
on the total capacity of the
299-W14-32 1 ___ ] 299-W14-324 _ __ — 299-W14-321 S—
299-W14-33 |~ T 299-W14-33 |~ T 299-W14-33 |~ —
299-w14-73 L7 - i 299-w14-73 L7 - i 299-w14-73 L7 i
treatment plant o2 — o eI
299-W15-225 L~ i 299-W15-225 L~ 771 200-w1s-225 {2 —
(- 299-w17-2 {7 7] 299-w17-2 {7 7] 299-w17-2 {7 —
299-W17-3 1 _ __ __ ___] 299-W17-34 _ . . o 299-W17-3 4 _ S
= — 299-W19-111- _ ] 299-W19-1114 _ e 299-W19-1114 _ ]
. e 299-W19-113 1 _ 7 299-W19-113 1 _ 7 299-W19-113 1 _ ]
B Rule 2: Each well only has T
L] - — 299-W19-1254 _ — 299-W19-1254 _ p— 299-W19-1254 _ —
299-W22-90 {7 - 299-W22-90 {7 - 299-W22-90 {7 i
. . >< o 209-W22-91 {7~ i o 209-W22-91 {7~ 7T o 209w22-01 {7 o
E 209-Ww22-92 1 _ 2o E 209-w22-92 2] § 299-w22-92 {~ -]
one operaton perio LLI & Pt [T E— E Pl Il )
T 200W6151 T T 200W6-15{ 771 3 200we1s - i
2 699-40-70A1 ___ o0 2 699-40-70A{ ___ 771 3 699-40-70A1 ___ ]
699-48-70 { - Z"I2IC 699-48-70 699-48-70
. I 0] N
B Rule 3: Each well has a fixed S ew
. Ext 2 {
Ext_3 4
, Bt wells
Ext 5
pumping rate :
Ext_7 A
Bt coming
(7)) Ext 9| .
— Ext_10 { I
B Rule 4: When a new well = Salt e— online
M Ext 124 _______
® Ext_13 -
Ext 144 __ _____
Ext 154 _______
replaces an old we e new ex 16
) Ext 174 _______
Ext 184 _______
[} [} L] Ext_19 1
well inherits the pumpin L —
Ext 214 _______
m Ext 22 4
Ext23{_TTTTTTTIC
Ext 244 __________
rates o e Old Oone Z Bz |
Ext 261 ________
Ext27{ ______""""""
2015 2020 2025 2030 2035 2040 2045 2050 2015 2020 2025 2030 2035 2040 2045 2050 2015 2020 2025 2030 2035 2040 2045 2050
Time (year) Time (year) Time (year)

Historical | Optimization
Simulation Period Simulation Period
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» Concentration-weighted sampling to create the initial population for the optimization
simulation

Realization #4000 Realization #4400 Realization #4800
138000 - - 0.4%
_ 138000 -
E 137000 -
[e)]
<
£ 136000 | 030 T
[] @]
= O
135000 - 137000 - 5
134000 E Z
Realization #6000 Realization #6400 Realization #6800 o ¢ =}
E [ ] I~ 02% g
<
138000 + £ 136000 A T H 3
€ 137000 - = e*° Cesssss o0 o
— 00000 [ ] 000000000 )
o 000000 00 00000000000 a
£ 00000 00000000000000 ~
£ 136000 - 00000 000000000000000 0.1% o
+ 000 000000 000 o0 o
<) 135000 - 000 000000 [ ]
< 135000 - 000000000000000000
.: < [ ] ..
134000
Realization #8000 Realization #8400 Realization #8800 0.0%
134000 l l . .
138000 ~ 565500 566500 567500 568500 569500
g 137000 - Easting (m)
[9)]
=
£ 136000 - 1 1 I
» High concentration locations are more
=
135000 - . . .
likely to be chosen for installing new
134000 1— 1 : . : : e . )
566000 568000 570000566000 568000 570000566000 568000 57000 We”S N |n|t|a| reallzat|ons

Easting (m) Easting (m) Easting (m)
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Northwest  (Minimizing active pumping timeframe) @ | *

» Scenario-1 with well network optimization

_ _ 2039
only (i.e., constant P&T capacity at 3400 - L 1
gpm) achieves ~ 8% reductions in active 310 cenario-
remediation timeframe T WEERIITPEPIIES
= D B B
M Total of 7 new wells are added to the network o Mo
o 2036 -
B Achieves the same 95" percentile e
concentration level as the baseline with 2 2035
2 fewer years of pumping o
ﬁ 2052 s s 8 &8 e & =
» Scenario-2 with well network optimization £, NeEEEEREERRE
and increasing P&T capacity is found to NREREREEEEE
- ‘A 520321 O Basell TSN < :
have relatively more reduction in remedy 8 o e (3400 GPM) ® Scenario-2
lifetime, ~24% 031 | © Optimal solution (3400 GPM)
- Realizations (4500 GPM)
M Total of 17 new wells added to the network O  Optimal solution (4500 GPM)
B Achieves the same 95 percentile 203073 5 10 15 20 25
concentration level as the baseline with Number of new wells (-

6 fewer years of pumping
Relation between # new wells added
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Northwest  (Maximizing CTET Mass Recovery) |
|
. . 29750 1 e” 702033 scenario-2
» Scenario-1 provides about ~ 4% (Tiity .

reduction in pumping timeframe 56500 SRR
B A total of 11 wells added to the network i 3 1ilige
B Achieves the same 95" percentile 29250 - ' ! b

concentration level as the baseline with g ] | | ;

1 year less pumping 2 5000 4 il i

» Scenario-2 provides about ~20% £ 2037
- - . . = 28750 -0
reduction in pumping timeframe G RN
B A total of 13 wells added to the network S titi1.. | Scenario-1
28500 - i . i 2. =

B Achieves the same 95" percentile d.: | | ‘ | | : 1[:0 Baseline

concentration level as the baseline with 5 il |} '+ - Realizations (3400 GPM)

5 fewer years of pumping 28250 1 N R © Ez;'gzllz‘r’]m;‘;g‘ﬁf“’

O Optimal solution (4500 GPM)
0 5 10 15 20 25 30

Number of new wells (-)

Relation between simulated total CTET mass
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Scenario1: Optimal Solution at 3400 GPM
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Year 2025

138000 - v

» Installation schedule and new well locations e

4 4 g4«
4 4 q4«

299-W11-106 A

299-W11-107 A
299-W11-49 A
299-W11-50 A
299-W11-90 A
299-W11-92 A
299-W11-96 A
299-W11-97 A

299-W12-2 A
299-W12-3 A
299-W12-4 A
299-W12-5 A
299-W13-5 A
299-W14-20 A
299-W14-21 A
299-W14-22 A
299-W14-28 -
299-W14-29 A
299-W14-30 A
299-W14-31 A
299-W14-32 A

Northing (m)

A
v

Northing (m)

Existed extraction wells

@ New extraction wells

567500

Easting (m)

137000 -

136000 -

135000 -

134000

A Existed extraction wells
v Injection wells
@ New extraction wells

565

500 566500 567500 568500 569500

Easting (m)

299-W14-734 _ _ _ _ _ ]
299-W14-74
200-wia-75 ] 2 -
299-w15-2254 ] 138000 -
299-W17-2
299-W17-3
299-W19-111 A
299-W19-113 A
299-W19-114
299-W19-123 A
299-W19-125 A
299-W22-90 -
299-W22-91 -
299-W22-92 -
299-W5-1 A
299-W6-15 -
699-40-70A 4 _ _ _ _ _ ]
699-48-70 ________ =~ vy
Ext_0 w
Ext1{______ T~ 135000 - \
Ext_2 A
Ext_3 A
Ext_4 -
Ext_5
Ext_6 -

138000 A

Well name

4 4 qq<«
4 4 qq<«

—————————————————————————————————————————— 137000 -

137000 -

136000 - Y 136000 - Y

Northing (m)
Northing (m)

135000 -

A Existed extraction wells
v Injection wells
@ New extraction wells

A Existed extraction wells
v Injection wells
@ New extraction wells

T 134000 : ; : r 134000 : ; : r
2025 2030 2035 565500 566500 567500 568500 569500 565500 566500 567500 568500 569500

Time (year) Easting (m) Easting (m)

2015 2020
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» Installation schedule and new well locations

Well name

299-W11-106 -
299-W11-107 4
299-W11-49 -
299-W11-50 A
299-W11-90 A
299-W11-92
299-W11-96 -
299-W11-97 A
299-W12-2 -
299-W12-3 4
299-W12-4
299-W12-5 -
299-W13-5 A
299-W14-20 -
299-W14-21 A
299-W14-22 4
299-W14-28 -
299-W14-29 -
299-W14-30 -
299-W14-31 4
299-W14-32 -
299-W14-73 4
299-W14-74 A
299-W14-75 4
299-W15-225 A
299-W17-2 -
299-W17-3
299-W19-111 4
299-W19-113 A
299-W19-114 -
299-W19-123 4
299-W19-125 4
299-W22-90 A
299-W22-91
299-W22-92
299-W5-1 -
299-W6-15 ~
699-40-70A -
699-48-70 -
Ext_0 A

Ext_1 1

Ext 2 A

Ext_3 A

Ext 4 -

Ext 5 -

Ext_6 A

Ext_7 -

Ext_8 -

Ext 9 4

Ext_10 A
Ext_11 A
Ext_12
Ext_13 -
Ext_14 A
Ext_15 A

Ext_16 |

2015 2020 2025 2030 2035
Time (year)

Northing (m)

Northing (m)

138000 A

137000 -

136000 -

135000 -

A Existing extraction wells
v Injection wells
@ New extraction wells

134000 T T T T
565500 566500 567500 568500 569500
Easting (m)
Year 2028
138000 -
137000 -
136000 -
135000 -
A Existing extraction wells
v Injection wells
@ New extraction wells
134000 T T T T
565500 566500 567500 568500 569500
Easting (m)

Scenario2: Optimal Solution at 4500 GPM

Northing (m)

Northing (m)

REMPLEX
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Year 2026
138000 -
137000 -
136000 -
135000 -
A Existing extraction wells
v Injection wells
@ New extraction wells
134000 T T T T
565500 566500 567500 568500 569500
Easting (m)
Year 2030
4 v
138000 v
v
v
v
137000 -
Y
136000 - Y
v
vy
v
v !
135000 -
A Existing extraction wells
v Injection wells
@ New extraction wells
134000 T T T T
565500 566500 567500 568500 569500
Easting (m)
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Predicted plume dynamics Predicted mass recovery
30000
) = Baseline mass recovery
Time: 2022.00 year - QOptimal mass recovery
INew extraction well 28000
= | - 4000
— Old extraction well 26000 4
=
. 24000 H —
o &
g - 3500 &
(@)
E‘ S
v 22000 3
§ ©
3 2
- ") o
‘;§) o 20000 H 3000 £
[l Z >
g B
g 18000 -
B
&
S - 2500
<} 16000 .
E
[aW
- Baseline extraction rate
14000 New extraction rate
1 1 1 2000
2022 2025 2030 2035 2038

Year
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» A deep-learning model was developed for predicting extraction well performance for a given
location in the model domain
B Model relies on existing well performance data (2012-2023) and the data on site geology

Class 1

Class 2

F
I Classification
cnsc?

Multi-Channel Three-Dimensional Convolutional Neural Network (MC3D-CNN) framework
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» The trained deep learning (DL) model was used to predict future well performance ranking on
each 100x100x5 m pixel for entire model domain.
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» An alternative deep-learning model, U-NET application, is currently being developed to replace
parts of the F&T model role in the pre-screening tool framework as surrogate model

Input Material Input Material Input Material
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s 5" g

Input Material  |nput Material
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Our approach: incorporating
analytical solutions as

im Input #1:hydraulic conductivity

Input #2:well location predictors in U-Net models
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Taccari, Maria Luisa, Jonathan Nuttall, Xiaohui Chen, He Wang, Bennie Minnema, and Peter K. Jimack. “Attention
U-Net as a Surrogate Model for Groundwater Prediction.” Advances in Water Resources 163 (May 1, 2022): 104169.
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Modified U-Net Architecture for groundwater plume prediction Concentration _
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Samples of training data images

» Case #1: Input - Groundwater level; Output - Predicted plume state at t=4.
» Case #2: Input - Groundwater level and plume data at t=n-1; Output - Plume state at t=n.
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Model training results
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Model predictions
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- ¢lnput :Thiem solution
« £Target: final plume

* Prediction

: Error

» Training data size: 7000; validation data: 1500; testing data: 1500.

» Both cases exhibit strong performance.

» As expected, case #2 begins with a smaller initial training and validation

error and ends with a lower final error.
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U-Net Architecture for 3-D groundwater
plume prediction
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Conv.
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» Reduced number of convolutional layers
B Enhanced memory efficiency by cutting parameters from ~32M down to ~1.7M

» Switch to plume change predictions

30
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» Model training results » Model predictions
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» The prediction error increased to 1.8 pg/L after 12

- One-to-one comparison in multi-year forecasting
years of forecasting.
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0

Input #1:thiem solution
Input #2:plume at year N

Target: plume at year N+1

Prediction: plume at year N+1
Plume change over year N (row 3-row 2)

Prediction error (row 4-row2)
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CTET (kg)

Multi-year Mass Recovery Prediction
from the U-Net Surrogate Model
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» P&T optimization pre-screening tool
B Readily allows evaluation of system behavior for multiple scenarios
B Leads to proposed active management strategies to achieve the defined optimization goals

» Formal optimization of a P&T well network was demonstrated
B Well network size, well locations, and pumping operational strategy to meet optimization goals
B Can include treatment capacity considerations
B Results show potentially to reduce cleanup timeframe and increase mass recovery

» Optimal outcomes vary with optimization objectives and constraints

B Maximum mass recovery selected as the optimization goal may not provide the shortest cleanup
timeframe

» Deep-learning approaches can significantly improve computational application of the
framework
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