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CHAPTER

ONE

PROJECT GOALS

The goal of the project is to develop a modeling and optimization application, PARETO, that can help organizations
better manage, better treat, and — where possible — beneficially reuse produced water from oil and gas operations.
Specifically, PARETO will help decision-makers with:

buildout of the produced water infrastructure
management of produced water volumes
selection of effective treatment technologies
placement & sizing of treatment facilities
identification of beneficial water reuse options

distribution of treated produced water for reuse

The initiative is committed to viewing produced water management from a “systems” perspective and to building
an inclusive framework that will unite stakeholders from across the produced water community. The vision is that
PARETO will not only help oil & gas but also allow other industries (e.g., agriculture, mining) explore beneficial
reuse opportunities for treated produced water. Figure 1 (below) illustrates the scope of “Project PARETO”.




PARETO, Release 0.9.0rc0

2 Chapter 1. Project Goals



CHAPTER

TWO

COLLABORATING INSTITUTIONS

The PARETO team is comprised of collaborators from the following institutions:
« National Energy Technology Laboratory (Lead)
« Sandia National Laboratory

« Lawrence Berkeley National Laboratory
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CHAPTER

THREE

PROJECT TIMELINE

Project PARETO is a 3-year initiative that has been split into three distinct phases; with each phase taking up exactly
one year. In execution year 2021, PARETO will capture produced water management, i.e., capturing options for
coordinating water deliveries in a given development area. By execution year 2022, the project will shift its attention
towards produced water treatment. Finally, execution year 2023 will be dedicated to produced water beneficial reuse.

Key Project Phases

= Phase |: Water Management (2021)
= Phase Il: Water Treatment (2022)

= Phase llI; Beneficial Reuse (2023)

03/2022
Initial case studies
completed
09/2021
Formation of

stakeholder board 03/2022

Stakeholder review;
DOE Go/No-Go

12/2021
Release of initial water

04/2021 management model

Project Kick-Off

06/2022
Management best
practices report

12/2023
Release of beneficial
reuse-focused model

03/2023
Extended case
studies completed 06,/2024
Beneficial reuse best

ractices report
046/2023 P P

Treatment best

practices report
12/2022

Release of treatment-
focused water model

Key Project Deliverables

= Executable software releases
= Industry-driven case studies

= Detailed best practice reports

Fig. 1: Figure 4. Project PARETO Timeline

In terms of deliverables, PARETO itself will be released as free and open-source software every year of the initiative
- with increasing capabilities and functionality becoming available over time. The project team is also committed to
conducting case studies with industrial and other partners; and where possible findings from those collaborations will
be shared with the produced water community as best practice reports. It should also be noted that the project will
be continuously evaluated by a comprehensive stakeholder board that involves individuals representing upstream
operators, midstream organizations, treatment technology providers, beneficial reuse entities, regulatory agencies
and others — all of which will guide the project team and provide necessary input.
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CHAPTER

FOUR

CONTACT US

General, background and overview information is available at the PARETO main website. Framework development
happens at our GitHub repo where you can report issues/bugs or make contributions. For further enquiries, send an
email to the support email list.



https://www.project-pareto.org/
https://github.com/project-pareto/project-pareto
https://github.com/project-pareto/project-pareto/issues
https://github.com/project-pareto/project-pareto/pulls
mailto:pareto-support@lbl.gov
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5.1 Getting Started

5.1.1 Installation

To install the PARETO framework on Windows operating systems, follow the set of instructions below that are
appropriate for your needs. If you need assistance please contact start a new discussion on our GitHub Discussion
form or send an email to the support email list.

Developer Role
The installation instructions vary slightly depending on the role you will have with Project Pareto. Below are the
roles we’ve identified:

Users: Use the PARETO platform to develop models, but never contribute to development of the framework (i.e.
never commit changes to the project-pareto repo). This includes people who only work with protected data.

Core-dev: Work primarily on PARETO platform development and never handle protected data.

Hybrid: Handle protected data, but also commit changes to the project-pareto repo (even occasionally) - needs
approval from PhD. Markus Drouven

Developer Role Installation Section

Users Users
Core-dev Core-dev
Hybrid Hybrid

Install Miniconda (optional)
1. Download: https://repo.anaconda.com/miniconda/Miniconda3-latest-Windows-x86_64.exe
2. Install anaconda from the downloaded file in (1).

3. Open the Anaconda Prompt (Start -> “Anaconda Prompt”).

Warning: If you are using Python for other complex projects, you may want to consider using environments
of some sort to avoid conflicting dependencies. There are several good options including conda environments if
you use Anaconda.



https://github.com/project-pareto/project-pareto/discussions
https://github.com/project-pareto/project-pareto/discussions
mailto:pareto-support@lbl.gov
https://repo.anaconda.com/miniconda/Miniconda3-latest-Windows-x86_64.exe
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5.1.2 Users

Non-git tracked option

1. Create a Conda environment, named e.g. pareto—env:

conda create —-yes ——name pareto-env python=3.9

. Activate the pareto-env Conda environment. This command must be run every time a new con-

sole/terminal window is opened:

conda activate pareto-env

. Install PARETO with pip by one of the following methods

. To get the latest release:

pip install project-pareto

. To get a specific release, for example 1.6.3:

pip install project-pareto==1.6.3

. If you need unreleased cutting-edge development versions of PARETO, you can install PARETO directly from

the GitHub repo either from the main PARETO repo or a developer’s fork and branch (this installs from GitHub
but does not create a local git clone/workspace):

pip install "git+https://github.com/project-pareto/project-pareto.git"
pip install "git+https://github.com/ksbeattie/project-pareto@feature_1"

. After installing PARETO, install the open-source solvers provided by the IDAES project:

idaes get-extensions —--verbose

5.1.3 Core-dev

Important: For more developer resources, see the PARETO Wiki on GitHub.

. Fork the repo on GitHub (your copy of the main repo)

. Clone your fork locally, with only one of the following commands, creating a workspace (replacing

<githubid> with your github user id):

git clone https://github.com/<githubid>/project-pareto
git clone git@github.com:<githubid>/project-pareto

. Create a dedicated Conda environment for development work:

conda create —-—-name pareto-dev python=3.9 --yes
conda activate pareto-dev

. Activate the pareto-dev Conda environment. This command must be run every time a new con-

sole/terminal window is opened:

10
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conda activate pareto-dev

5. Navigate into the new project-pareto directory, then run the following command to install PARETO in
editable mode and the development-only dependencies:

pip install -r requirements-dev.txt

6. After installing PARETO, install the open-source solvers provided by the IDAES project:

idaes get-extensions --verbose

7. (Recommended) install the pre-commit checks that will run automatically whenever git commit is used,
preventing the commit from being created if any of the checks fail:

pre-commit install

Note: pre—commit can cause commits to fail for reasons unrelated to the pre-commit checks. For more
information, check the related GitHub issue(s).

5.1.4 Hybrid

User that can edit the base code

Important: Unlike a local clone of the repository, ZIP archives of the repository are static snapshots that cannot
be automatically updated, track changes, or publish (push) through Git, while still allowing to modify the PARETO
codebase locally.

1. Create and activate environment:

conda create -n pareto-env python=3.9 pip --yes
conda activate pareto-env

2. Download a ZIP file containing a snapshot of the main branch of the repository by navigating to the follow-
ingURL: https://github.com/project-pareto/project-pareto/archive/refs/heads/
main.zip

Note: The URL can be modified to create a ZIP file for other repositories, branches or commits. e.g. for
the fork belonging to the user myuser and the branch mybranch, the URL would be https://github.
com/myuser/project-pareto/archive/refs/heads/mybranch.zip.

3. Unpack zip files (select directory)
4. Navigate to the directory where the ZIP files were extracted

5. Install pareto-project (non-git tracked repo):

pip install -r requirements-dev.txt

6. After installing PARETO, install the open-source solvers provided by the IDAES project:

5.1. Getting Started 11
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idaes get-extensions --verbose

5.2 Model Library

5.2.1 Optimization Framework

The Produced Water Application for Beneficial Reuse, Environmental Impact and Treatment Optimization (PARETO)
is specifically designed for produced water management and beneficial reuse. The major deliverable of this project
will be an open-source, optimization-based, downloadable and executable produced water decision-support applica-
tion, PARETO, that can be run by upstream operators, midstream companies, technology providers, water end users,

research organizations and regulators.

PARETO is designed as an executable optimization-based decision-support application. In return for specifying
select input data, users will be provided with specific, actionable recommendations as program outputs. The table

below summarizes representative inputs and outputs.

Completion sites for
produced water reuse

g

é/$>

/ Potentialwater

end user industries

o >

\\\\\\\-—__—_______

e .
//*
- |

Candidate water
treatment facilities
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K
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Iil-
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Li
Lithium
thit

Candidate produced
waterreuse options

Well-sitesresponsible for
produced water

Fig. 1: Figure 1. Problem Description

Program Inputs
+ Produced water forecast
— Quantity
— Quality
« Transportation resources
— Water hauling trucks
— Produced water pipelines
« Reuse opportunities
— Demand forecasts
— Quality constraints

« Cost assumptions

Injection sites for
water disposal

/

bia

Legend

:;: Production pad
g Fracturing pad

m Disposal site
h Treatment site

Storage site

End user option

\ Reuse option
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— cost of freshwater

— treatment, production, and storage cost
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Fig. 2: Figure 2. Input Data

Program Outputs
« Infrastructure buildout
- Storage/treatment facilities
— Pipeline network
+ Source-to-sink matches
— Volumetric flows
- Blending/treatment options
« Planning and scheduling
— Water delivery coordination
— Operational and strategic
« Economic performance
— Operational costs

— Capital expenditures
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Fig. 3: Figure 3. Output Data
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It should be noted that PARETO users will be able to choose from a range of objectives for their optimization runs;
these can range from minimizing costs to maximing the ruese of produced water (or combinations thereof).

5.2.2 Water Management Model Library
Operational Water Management

Overview

Given a fixed network of pads (completion and/or production), storage tanks, water forecasts (both consumption and
production), and distribution options (trucks and/or pipelines), the operational water management model provides
insight into the operational costs associated with water management. The operational model allows the user to
explore the tradeoff between minimizing costs (distribution, storage, treatment, disposal, etc.) and maximizing reuse
water.

Sections

Operational Model Mathematical Notation

Operational Model Mathematical Program Formulation
Operational Model Water Quality Extension
Operational Model Terminology

Operational Model Mathematical Notation

Sets

t € T Time periods (i.e. days)

p € P Well pads

p € PP Production pads (subset of well pads P)

p € CP Completions pads (subset of well pads P)

f € F Freshwater sources

k € K Disposal sites

s € S Storage sites

r € R Treatment sites

o0 € O Beneficial Reuse options

n € N Network nodes

I € L Locations (superset of well pads, disposal sites, nodes, ldots )
a € A Production tanks

(p, p) € PCA Production-to-completions pipeline arcs
(p,n) € PN A Production-to-node pipeline arcs

(p, p) € PPA Production-to-production pipeline arcs
(p,n) € CN A Completions-to-node pipeline arcs

(p, p) € CCA Completions-to-completions pipeline arcs

5.2. Model Library 15
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(n,n) € NN A Node-to-node pipeline arcs

(n, p) € NCA Node-to-completions pipeline arcs

(n, k) € NKA Node-to-disposal pipeline arcs

(n,s) € NSA Node-to-storage pipeline arcs

(n,r) € NRA Node-to-treatment pipeline arcs

(n,0) € NOA Node-to-beneficial reuse pipeline arcs
(f, p) € FCA Freshwater-to-completions pipeline arcs
(r,n) € RN A Treatment-to-node pipeline arcs

(r, p) € RCA Treatment-to-completions pipeline arcs
(r,k) € RK A Treatment-to-disposal pipeline arcs
(s,n) € SN A Storage-to-node pipeline arcs

(s, p) € SCA Storage-to-completions pipeline arcs

(s, k) € SK A Storage-to-disposal pipeline arcs

(s,r) € SRA Storage-to-treatment pipeline arcs

(s,0) € SOA Storage-to-beneficial reuse pipeline arcs
(1) € LLA All valid pipeline arcs

(p, p) € PCT Production-to-completions trucking arcs
(f,c) € FCT Freshwater-to-completions trucking arcs
(p, k) € PKT Production-to-disposal trucking arcs

(p, s) € PST Production-to-storage trucking arcs

(p,r) € PRT Production-to-treatment trucking arcs
(p, 0) € POT Production-to-beneficial reuse trucking arcs
(p, k) € CKT Completions-to-disposal trucking arcs
(p, s) € CST Completions-to-storage trucking arcs
(p,r) € CRT Completions-to-treatment trucking arcs
(p, p) € CCT Completions-to-completions trucking arcs (flowback reuse)
(s, p) € SCT Storage-to-completions trucking arcs
(s,k) € SKT Storage-to-disposal trucking arcs

(r,k) € RKT Treatment-to-disposal trucking arcs

(1,]) € LLT All valid trucking arcs

(p,a) € PAL Pad-to-tank links

Continuous Variables

Piped . . .
Fl ilf “‘ = Produced water piped from one location to another location
FIT{ ucked _ produced water trucked from one location to another location
F;‘Z‘;“d = Fresh water sourced from source to completions

16 Chapter 5. Contents
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PadStorageln

Fpy = Water put into completions pad storage
PadSt Out .
pr AT~ Water removed from completions pad storage

F,T[ catment Destination _ \arater delivered to treatment site

F,l{t””sedTr catedWater _ water leftover from the treatment process

Disposal Destinati - . .
Fkt”pma IO — Water injected at disposal site

Bene ficial ReuseDestinati . . .
Fo’f ne ficialReuseDestination _ a7 ter delivered to beneficial reuse site
If the production tanks are separate, water level and water drainage are tracked at each individual pro-
duction tank:

F},?g?;'" = Produced water drained from production tank
LELO’?T“"]‘ = Water level in production tank at the end of time period t
Otherwise, if the production tanks are equalized, the water level and water drainage can be aggregated to

a pad level:
FPD[ @n — produced water drained from equalized production tanks

LgﬁOdT“"k = Water level in equalized production tanks at the end of time period t

Bg;Od”CtiO” = Produced water for transport from pad

S . . . .
Ls,ttomge = Water level in storage site at the end of time period t

PadStorage

Ly = Water level in completions pad storage at the end of time period t

Piped o . .
Cl ll f “‘ = Cost of piping produced water from one location to another location

ClTlf ucked _ Cost of trucking produced water from one location to another location

C?og;ced = Cost of sourcing fresh water from source to completions pad

Di I e . .
Ckfp %% Z Cost of injecting produced water at disposal site

CZ jeatment — Cogst of treating produced water at treatment site

CompletionsReus . . .
Cpf;mp HOTERE _ Cost of reusing produced water at completions site

Storage
s,t

G, = Cost of storing produced water at storage site (incl. treatment)

Si . Lo .
storage = Credit for retrieving stored produced water from storage site

PadStorag . .
Cpff T8¢ = Cost of storing produced water at completions pad storage

cTotalSourced _ Tota] cost of sourcing freshwater

cTotalDisposal _ Tota] cost of injecting produced water

cTotalTreatment _ Tota] cost of treating produced water

cTotalCompletionsReuse _ Tota] cost of reusing produced water

clotalPiping _ Total cost of piping produced water

clotalStorage _ Total cost of storing produced water

cletalPadStorage _ Tota] cost of storing produced water at completions pad

5.2. Model Library 17
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clotalTrucking _ Total cost of trucking produced water

CSlack — Total cost of slack variables

RTotalstorage _ Tota] credit for withdrawing produced water
S;ﬁ“cmmand = Slack variable to meet the completions water demand
Sg’rt“d“m"” = Slack variable to process produced water production

Sg’l{’””b“k = Slack variable to process flowback water production

SPi pelineCapacity _

% Slack variable to provide necessary pipeline capacity

StorageC it . . .
Sy s aPacly _ glack variable to provide necessary storage capacity

Dis posalCapacit . . . .
Sk BPOSAEAPALY _ Slack variable to provide necessary disposal capacity

TreatmentC it . . .
s, rementtapaely _ slack variable to provide necessary treatment capacity

B icial ReuseC. it . . . .
0 ene ficialReuseCapacity _ ), ok variable to provide necessary beneficial reuse capacity
Binary Variables

ylFil‘[’W = Directional flow between two locations

PadSt, .
zpf; 798¢ — Completions pad storage use

Parameters

= Completions demand at a completions site in a time period

If the production tanks are separate, water level and water drainage are tracked at each individual pro-

duction tank:

= Produced water supply forecast for a production pad
= Flowback water supply forecast for a completions pad
= Production tank capacity

= Initial water level in production tank

Otherwise, if the production tanks are equalized, the water level and water drainage can be aggregated to

a pad level:

= Produced water supply forecast for a production pad
= Flowback supply forecast for a completions pad
= Combined capacity of equalized production tanks

= Initial water level in equalized production tanks
= Daily pipeline capacity between two locations
= Daily disposal capacity at a disposal site
= Storage capacity at a storage site

= Storage capacity at completions site

= Daily treatment capacity at a treatment site

18
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= Daily reuse capacity at a beneficial reuse site

= Daily freshwater sourcing capacity at freshwater source
= Daily truck offloading sourcing capacity per pad
= Daily truck offloading sourcing capacity per storage site
= Daily processing (e.g. clarification) capacity per pad

= Daily processing (e.g. clarification) capacity at storage site
= Treatment efficiency for water quality component at treatment site

= Truck Capacity
= Drive time between two pads

= Drive time from a pad to a disposal site

= Drive time from a pad to a storage site
= Drive time from a pad to a treatment site
= Drive time from a pad to a beneficial reuse site
= Drive time from a storage site to a completions site
= Drive time from a storage site to a disposal site
= Drive time from a treatment site to a disposal site
= Initial storage level at storage site
= Initial storage level at completions site
= Terminal storage level at completions site
= Pipeline segment length
= Disposal operational cost
= Treatment operational cost (may include “clean brine”)
= Completions reuse operational cost
= Storage deposit operational cost
= Completions pad operational cost
= Storage withdrawal operational credit
= Pipeline operational cost
= Trucking hourly cost (by source)
= Fresh sourcing cost (does not include transportation cost)

= Big-M flow parameter

5.2. Model Library 19



PARETO, Release 0.9.0rc0

= Slack cost parameter
= Slack cost parameter
= Slack cost parameter
= Slack cost parameter
= Slack cost parameter
= Slack cost parameter
= Slack cost parameter

= Slack cost parameter

Operational Model Mathematical Program Formulation

The default objective function for this produced water operational model is to minimize costs, which includes oper-
ational costs associated with procurement of fresh water, the cost of disposal, trucking and piping produced water
between well pads and treatment facilities, and the cost of storing, treating and reusing produced water. A credit
for using treated water is also considered, and additional slack variables are included to facilitate the identification
of potential issues with input data.
Objective

min CTotalSourced + CTotalDisposal + CTomlTreatment + CTotalCompletionsReuse +

CTotulPiping + CTotalStomge + CTotalPadStorage + CTotalTrucking + CSlack _ RTotalStorage

Completions Pad Demand Balance: Vp € CP,t € T

_ Piped Sourced Trucked
- Fl,p,t + F Dt + FI t
le(L-F)|(l,p)eLLA feF|(f.p)eLLA leL|(l,p)eLLT
PadStorageOut PadStoragel
—‘,—FP)(: oraée U _ p’? ora(ge n + S;"’;acDemand
Completions Pad Storage Balance: Vvp e CP,t € T

This constraint sets the storage level at the completions pad. For each completions pad and for each time period,
completions pad storage is equal to storage in last time period plus water put in minus water removed. If it is the
first time period, the pad storage is the initial pad storage.

PadStorage
pi—1

PadStorage

Storageln StorageOut
ot = +F) &

L pit At

+L

Completions Pad Storage Capacity: Vp € CP,t € T
The storage at each completions pad must always be at or below its capacity in every time period.

PadStorage < ZPadStorage )

Ly < Zpy

Terminal Completions Pad Storage Level: vp € CP,t € T

PadStorage
pt=T

L
The storage in the last period must be at or below its terminal storage level.
Freshwater Sourcing Capacity: Vf € F,t € T
For each freshwater source and each time period, the outgoing water from the freshwater source is below the fresh-
water capacity.

Sourced Trucked
(f.p)EFCA Fz,i,t + Z:(f,p)eFCT Fl,lt <

20 Chapter 5. Contents
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Completions Pad Truck Offloading Capacity: vp € CP,t € T
For each completions pad and time period, the volume of water being trucked into the completions pad must be
below the trucking offloading capacity.
Trucked
Fl : r’lzc e <
leL|(l,p)eLLT
Completions Pad Processing Capacity:
For each completions pad and time period, the volume of water (excluding freshwater) coming in must be below the
processing limit.

Pz ped Pz ped Piped
Z(n,p)eNCA LLt +Z(p p)EPCA llt +Z(s P)ESCA "]t

P zped P 1ped Trucked
+ Z(p,c)GCCA e T Z(r,p)ERCA 1Lt Z(p oyeper L1

Trucked Trucked
+ Z(s,p)ESCT Fl,i,t + Z(p,p)eCCT Fl It =

Note: This constraint has not actually been implemented yet.

Storage Site Truck Offloading Capacity: Vs € S,t € T

For each storage site and each time period, the volume of water being trucked into the storage site must be below
the trucking offloading capacity for that storage site.

Trucked
Fl,s,t <
leL|(l,s)eLLT
Storage Site Processing Capacity: Vs € S,t € T

For each storage site and each time period, the volume of water being trucked into the storage site must be less than
the processing capacity for that storage site.

Pzped Trucked
Fl S,k Z Fl,s,t S
leL|(l,s)eLLA leL|(l,s)eLLT

Production Tank Balance:

If there are individual production tanks, the water level must be tracked at each tank. The water level at a given tank
at the end of each period is equal to the water level at the previous period plus the flowback supply forecast at the
pad minus the water that is drained. If it is the first period, it is equal to the initial water level.

For individual production tanks: V(p,a) € PAL,t € T

Fort =1:

Lo = 3ot o g . gleset _
Fort > 1:

LZ’r;jTank — ngglz?nk + + FpD;atm
For equalized production tanks: vp € P,t € T
Fort =1:

Lgf}odTank _ + n — FDyan

5.2. Model Library 21
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Fort > 1:

ProdTank _ y ProdTank Drain
LhrodTank — p ProdTank + ~ FI

Production Tank Capacity:
The water level at the production tanks must always be below the production tank capacity.

For individual production tanks: V(p,a) € PAL,t € T

ProdTank
Lp,r;,t an S

For equalized production tanks: Vp € P,t € T

ProdTank
Lp,rto ank o

Terminal Production Tank Level Balance:

The water level at the production tanks in the final time period must be below the terminal production tank water
level parameter.

For individual production tanks: V(p,a) € PAL,t € T

ProdTank
Lp,a,t:T <

For equalized production tanks: Vp € P,t € T

ProdTank
L pt=T <

Tank-to-Pad Production Balance:

If there are individual production tanks, the water drained across all tanks at the completions pad must be equal to
the produced water for transport at the pad.

For individual production tanks: Vp € P,t € T

FDrain _ BProduction
= By}

Z(p,a)EPAL pat

Otherwise, if the production tanks are equalized, the production water drained is measured on an aggregated pro-
duction pad level.

For equalized production tanks: Vp € P,t € T

Drain _ pProduction
FPJ - BPJ

Note: The constraint proposed above is not necessary but included to facilitate switching between (1) an equalized
production tank version and (2) a non-equalized production tank version.

Production Pad Supply Balance: vp € PP,t €T

All produced water must be accounted for. For each production pad and for each time period, the volume of outgoing
water must be equal to the produced water transported out of the production pad.

Production _ Piped Trucked Production
Bp,t = Z 3 Lt + Z Fp,l,t + SPJ
leL|(p))eLLA leL|(p,))eLLT

Completions Pad Supply Balance (i.e. Flowback Balance): Vp € CP,t € T
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All flowback water must be accounted for. For each completions pad and for each time period, the volume of outgoing
water must be equal to the forecasted flowback produced water for the completions pad.

Production _ Piped Trucked Flowback
By = Fop + >, F oLt Spi
leL|(p.)eLLA leL|(p,)eLLT

Network Node Balance: Yvn € N,t € T

Flow balance constraint (i.e., inputs are equal to outputs). For each pipeline node and for each time period, the
volume water into the node is equal to the volume of water out of the node.

_ Piped
Fl,n,t - Z Fn,l,t

leL|(l,n)ELLA leL|(n,l)eLLA

Bi-Directional Flow: v(/, Z) t € T such that (], Z) € LLA, (i DelLLA,le L—F-0,and leL-F
There can only be flow in one direction for a given pipeline arc in a given time period.
Flow is only allowed in a given direction if the binary indicator for that direction is “on”.

Flow Flow _ 1

it +yf,l,t
Iiiped < yFlow .

Lt = 7LLt
Storage Site Balance: Vs € S,t € T
For each storage site and for each time period, if it is the first time period, the storage level is the initial storage.

Otherwise, the storage level is equal to the storage level in the previous time period plus water inputs minus water
outputs.

Fort = 1:
Storage _ Piped Trucked Piped Trucked
Lg; = + Z B + Z vt - Z Fop o — Z Fs1s
leL|(L,s)eELLA leL|(L,s)eLLT leL|(s,))eLLA leL|(s,))eLLT
Fort > 1:
Storage _ , Storage Piped Trucked Piped Trucked
Ly = Ls$t71 + Z Fl,s,t + Z Fl,s,t - Z Fs,l,t - Z FSJJ
leL|(l,s)eLLA leL|(l,s)eLLT leL|(s,])ELLA leL|(s,))eLLT

Pipeline Capacity:
V(L) e LLA,t €T

Piped Capacity
- < F~
Fl,l,t = T LLJt]

Pipeline Capacity Construction/Expansion: V(I,]) € LLA, [t € T|
(L) if (I,1) € LLA and (I,]) € LLA:

Capacity Pipeline Pipeline PipelineCapacity
Fim = + + d% Ot *Va TS
€

v(l,1)if (I,]) € LLA and (I,]) ¢ LLA:

Capacity Pipeline PipelineCapacity
i = +) Viid S
deD

Storage Capacity:
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The total stored water in a given time period must be less than the capacity. If the storage capacity limits the
feasibility, the slack variable will be nonzero, and the storage capacity will be increased to allow a feasible solution.

vs€e S, [teT]

XC[(;faczty " S;‘;torageCapacity
VseS,teT
LStorage < XC[a]Dacity
Disposal Capacity:

The total disposed water in a given time period must be less than the capacity. If the disposal capacity limits the
feasibility, the slack variable will be nonzero, and the disposal capacity will be increased to allow a feasible solution.

vk e K, [t € T]

Capauty DisposalCapacity
vkeK,teT
Pi ped Trucked Capacity
Z Fl k.t Z Fl < Dk,[tj
leL|(l,k)eLLA leL|(L,k)ELLT
vkeK,teT
DlsposalDestmanon _ Plped Trucked
Ey, = Fppet > Ei
leL|(l,k)eLLA leL|(L,k)eLLT
Treatment Capacity:

The total treated water in a given time period must be less than the capacity. If the treatment capacity limits the
feasibility, the slack variable will be nonzero, and the treatment capacity will be increased to allow a feasible solution.

VreRiteT

F[l:,lfed Z FTrucked < 4 Z‘reatmentCapacity
leL|(l,r)eLLA leL|(l,r)eLLT

Vre RiteT

Treatment Destination Deliveries: The total water delivered to a treatment site is the sum of all piped and trucked
flows into the site.
FP iped + FTrucked — F]:treatmentDestination

Lrt
leL|(Lr)eLLA leL|(Lr)eLLT

Beneficial Reuse Capacity:

The total water for beneficial reuse in a given time period must be less than the capacity. If the beneficial reuse
capacity limits the feasibility, the slack variable will be nonzero, and the beneficial reuse capacity will be increased
to allow a feasible solution.

YoeO,teT
Pzped Trucked ReuseCapacity
Fl o,t Z Fl,u,t < + 5o
leL|(L,o)ELLA leL|(L,o)eLLT
YVoeO,teT
Pi ped Trucked _ r-BeneficialReuseDestination
Fl 0,f Z Fl o,t =F ot
leL|(l,o)eLLA leL|(l,0)eLLT
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Fresh Sourcing Cost: Vf € F,pe CP,t €T

For each freshwater source, for each completions pad, and for each time period, the freshwater sourcing cost is equal
to all output from the freshwater source times the freshwater sourcing cost.

C?ourced ( th;z;;ced + FTrucked)

TotalSourced _ Sourced
¢ - ZVteT Z f€F,peCP Cf P
Disposal Cost: vk e K,t € T

For each disposal site, for each time period, the disposal cost is equal to all water moved into the disposal site
multiplied by the operational disposal cost. Total disposal cost is the sum of disposal costs over all time periods and
all disposal sites.

Dlsposal _ Izped rucked
C (Z(l,k)eLLA Lkt Z(l k)eLLT )

Dlsposal
CTotalDisposal _ Z Z
vteT keK

Treatment Cost: Vr € Rt € T

For each treatment site, for each time period, the treatment cost is equal to all water moved to the treatment site
multiplied by the operational treatment cost. The total treatments cost is the sum of treatment costs over all time
periods and all treatment sites.

Treatment _ P iped Trucked
o - (Z(l,r)eLLA i T Z(l r)ELLT Fppt )

CTotalTreatment — Z Z Treatment
vteT reR

Treatment Balance: Vr e Rt € T

Water input into treatment facility is treated with a level of efficiency, meaning only a given percentage of the water
input is outputted to be reused at the completions pads.

Piped Piped
-( Z Fl rlltj ¢ Z FlTrr ?Ck‘?d )= Z F. llfe + F)E’ItnusedTreatedWater
leL|(l,r)eLLA leL|(L,r)eLLT leL|(Lr)eLLA

where <1
Completions Reuse Cost: Vp € P,t € T

Completions reuse water is all water that meets completions pad demand, excluding freshwater. Completions reuse
cost is the volume of completions reused water multiplied by the cost for reuse.

CompletionsReuse Piped Flrucked
Cpt = (Z(l,l)eLLA,leF Fl,i,t + Z(l,l)eLLTJél” Lt )

Note: Freshwater sourcing is excluded from completions reuse costs.

T i C ompletionsReuse
C otalCompletionsReuse _ § §
vtel peCP P ¢

Piping Cost: vVl € (L—O—K),vl € (L—F),v(l,]) e LLA,t € T
Piping cost is the total volume of piped water multiplied by the cost for piping.
(L 1) if ] € F:

Piped _ Sourced
Cl Lt Fl Lt
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Otherwise, V(I Z) ifl ¢ F:

Piped _ FPiped . Pipeline

¢ e T

Lit
Total Piping Cost:

TotalPiping _ Piped
¢ 2, X G
tel (1)eLLA

Note: Note: Freshwater piping is tracked through Sourced Flow variable.

Storage Deposit Cost: Vs € S,t €T

Cost of depositing into storage is equal to the total volume of water moved into storage multiplied by the storage
operation cost rate.

Storage Piped Trucked Storage
G =C 3 RBg'+ ) FE*hom

leL|(L,s)ELLA leL|(l,s)eLLT

CTotalStorage — ZWGT ZVSES C;S::Orage

Storage Withdrawal Credit: vs € S,t € T

Credits from withdrawing from storage is equal to the total volume of water moved out from storage multiplied by
the storage operation credit rate.

Storage (

Piped
Rs,t F ipe

Trucked Storage
st + Z Fs,l,t ) - Ps
leL|(s,))ELLA leLI(SDeLLT

RTotalStorage _ ZWET szes R;S‘;orage

Pad Storage Cost: Vp € CP,t €T

PadStorage PadStorage ~ PadStorage
Cp,t = Zpt “Tpt

CTotalPadStorage _ ZWGT vaecp C;”LtzdStomge

Trucking Cost (Simplified)

Trucking cost between two locations for time period is equal to the trucking volume between locations in time
t divided by the truck capacity [this gets # of truckloads] multiplied by the lead time between two locations and
hourly trucking cost.

Trucking Trucking
Tp 7

CTotalTrucking — Z Z ClTirtucked

t€T (1 NeLLT

Cl’]%rtuCkEd = F[Grtu(:kEd . 1/0 T'ruck .

Note: The constraints above explicitly consider freshwater trucking via FCT arcs included in LLT.

Slack Costs:
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Weighted sum of the slack variables. In the case that the model is infeasible, these slack variables are used to
determine where the infeasibility occurs (e.g. pipeline capacity is not sufficient).

CSlack _ Zpecp ZteT FraLDemand + Zpepp ZteT Productlon
+ ZPGCP ZteT SFfbeaCk . " Z([ Be.. PtPelmeCapaczty
" Zses StorageCapaczty " de( DzsposalCapauty
4 ZreR TreatmentCapacity n Zoeo S(J)Bene ficialReuseCapacity )

Operational Model Water Quality Extension

An extension to this operational optimization model measures the water quality across all locations over time. As
of now, water quality is not a decision variable. It is calculated after optimization of the operational model. The
process for calculating water quality is as follows: the operational model is first solved to optimality, water quality
variables and constraints are added, flow rates and storage levels are fixed to the solved values at optimality, and the
water quality is calculated.

Note: Fixed variables are denoted in purple in the documentation.

Assumptions:
« Water quality at a production pad or completions pad remains the same across all time periods
« When blending flows of different water quality, they blend linearly
« Treatment does not affect water quality
Water Quality Sets
w € W Water Quality Components (e.g., TDS)
Water Quality Parameters
= Water quality at well pad
= Initial water quality at storage
Water Quality Variables
Op.+ = Water quality at location
Disposal Site Water Quality vk e K, we W,t €T

The water quality of disposed water is dependent on the flow rates into the disposal site and the quality of each of
these flows.

Plped Plped Pzped
(k)eNKA L11 Q"Wt+Z(sk)eSKA 1t QSW[+Z(rk)eRKA e Qo

Trucked Trucked
+Z(sk)€SKTFIZ Qe + Z(pk)ePKT e pwe

Trucked Trucked

+ Z(p,k)eCKT Fi, Qpows + Z(r,k)eRKT i Qe
Disposal Destination

kit . Qk,w,t

Storage Site Water Quality vs e Swe W,t €T

The water quality at storage sites is dependent on the flow rates into the storage site, the volume of water in storage
in the previous time period, and the quality of each of these flows. Even mixing is assumed, so all outgoing flows
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have the same water quality. If it is the first time period, the initial storage level and initial water quality replaces
the water stored and water quality in the previous time period respectively.

ft;’r?ge Qs wi—1 T (ns)eNSA IPZI;Ded Qn »

+ Z ()ePST FlTirtuCkEd . Qp,w,t + Z (p)eCST lY;rtuCkEd Qp »

= Qe (Lsmmge + Z(s,n)eSNA zilfed + Z(s,p)eSC 4 lPllf ey Z(S beska Flfnged

’ Z(”)ESRA fﬁfed (s0)es0A lPllprd * Z:(s P)ESCT FszrtuCked + Z(s]c)ESKT Fl?rmked)

Treatment Site Water Quality vr e Rwe W, t €T

The water quality at treatment sites is dependent on the flow rates into the treatment site, the efficiency of treatment,
and the water quality of the flows. Even mixing is assumed, so all outgoing flows have the same water quality. The
treatment process does not affect water quality

Pzped Pzped
(Z(n,r)ENRA Lit Q’”’” + Z(sr)ESRA Lit QS"”
Trucked Trucked
+ Z(p,r)ePRT Fi, Qpaws + Z(p,r)ECRT e Qpant)

P 1ped UnusedTreatedW ater
=Qrwt " (Z(rp)eRCA Lit +Fry )

where <1
Network Node Water Qualityvn e Ny we W,t €T

The water quality at nodes is dependent on the flow rates into the node and the water quality of the flows. Even
mixing is assumed, so all outgoing flows have the same water quality.

Plped Plped
Z(p,n)ePNA Lt Qpwt + Z(pn)GCNA Lit “Opawe

+ Z(ﬁ,n)eNNA ll?iped Qnavt + 2u(smesna z}?ipEd Qs
= Onowt - (Z(n,fz)eNNA sziifm (n.p)eNCA fiffw

+ Z(n,k)eNKA z};lf “ Z(n F)ENRA Fz};lf “

(n,s)ENSA Flf;lf “ (n,0)eNOA FlPil;Ded)

Beneficial Reuse Water Quality Vo€ O, w e W,t € T

The water quality at beneficial reuse sites is dependent on the flow rates into the site and the water quality of the
flows.

P iped P iped plrucked
(n,0)eNOA m “Onwe + Z(s 0)ESOA m Qs + Z(po)ePOT LLt “Qpaws

Bene ficial ReuseDestination
- Qo wit *

Operational Model Terminology

Beneficial Reuse Options: This term refers to the reuse of water at mining facilities, farms, etc.

Completions Demand: Demand set by completions pads. This demand can be met by produced water, treated
water, or freshwater.

Completions Reuse Water: Water that meets demand at a completions site. This does not include freshwater or
water for beneficial reuse.
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Network Nodes: These are branch points for pipelines only.

Note: Well pads are not a subset of network nodes.

[t]: This notation indicates that timing of capacity expansion has not yet been implemented.

Terminal Storage Level: These are goal storage levels for the final time period. Without this, the storage levels
would likely be depleted in the last time period.

Strategic Water Management

Overview

Given a set of existing network components (completion pads, storage pads, production pads, and distribution op-
tions like trucks and/or pipelines) and capacity expansion options, the strategic water management model provides
an insight into financial opportunities and mid-long term investment decisions to reduce operational costs or maxi-
mize reuse or reduce fresh water consumption.

Section

Terminology

Strategic Model Mathematical Notation

Strategic Model Mathematical Program Formulation
Strategic Model Water Quality Extension

Strategic Model Discrete Water Quality Extension
References

Terminology

Beneficial reuse options: This term refers to the reuse of water at mining facilities, farms, etc.

Completions demand: Demand set by completions pads. This demand can be met by produced water, treated
water, or freshwater.

Completions reuse water: Water that meets demand at a completions site. This does not include freshwater or
water for beneficial reuse.

Network Nodes: These are branch points for pipelines only.

Note: Well pads are not a subset of network nodes.

[t] or [t € T] : This notation indicates that timing of capacity expansion has not yet been implemented.

Terminal storage level: These are goal storage levels for the final time period. Without this, the storage levels
would likely be depleted in the last time period.

Water boosting: Moving large volumes of water requires water pumps. Water boosting refers to the infrastructure
required to maintain water pressure.
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Strategic Model Mathematical Notation

Sets

t € T Time periods (i.e. days)

p € P Well pads

p € PP Production pads (subset of well pads P)
p € CP Completions pads (subset of well pads P)
f € F Freshwater sources

k € K Disposal sites

s € S Storage sites

r € R Treatment sites

0 € O Beneficial reuse options

n € N Network nodes

I € L Locations (superset of well pads, disposal sites, nodes, ...)
d € D Pipeline diameters

¢ € C Storage capacities

j € J Treatment capacities

i € I Injection (i.e. disposal) capacities

Note: The sets for capacity sizesd € D, c € C, j € ], i € I should also include the 0th case (e.g., 0 bbl) that indicates
the choice to not expand capacity. Alternatively, if it is desired to only consider sizes to build, the Oth case can be
left out.

wt € WT Treatment technologies

(p, p) € PCA Production-to-completions pipeline arcs
(p,n) € PN A Production-to-node pipeline arcs

(p, p) € PPA Production-to-production pipeline arcs
(p,n) € CN A Completions-to-node pipeline arcs

(p, p) € CCA Completions-to-completions pipeline arcs
(n,n) € NN A Node-to-node pipeline arcs

(n, p) € NCA Node-to-completions pipeline arcs

(n, k) € NKA Node-to-disposal pipeline arcs

(n,s) € NSA Node-to-storage pipeline arcs

(n,r) € NRA Node-to-treatment pipeline arcs

(n,0) € NOA Node-to-beneficial reuse pipeline arcs
(f, p) € FCA Freshwater-to-completions pipeline arcs
(r,n) € RN A Treatment-to-node pipeline arcs

(r, p) € RCA Treatment-to-completions pipeline arcs
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(r,k) € RK A Treatment-to-disposal pipeline arcs

(r,s) € RSA Treatment-to-storage pipeline arcs

(s,n) € SN A Storage-to-node pipeline arcs

(s, p) € SCA Storage-to-completions pipeline arcs

(s, k) € SK A Storage-to-disposal pipeline arcs

(s,r) € SRA Storage-to-treatment pipeline arcs

(s,0) € SOA Storage-to-beneficial reuse pipeline arcs
(1) € LLA All valid pipeline arcs

(p, p) € PCT Production-to-completions trucking arcs
(p, k) € PKT Production-to-disposal trucking arcs

(p, s) € PST Production-to-storage trucking arcs

(p,r) € PRT Production-to-treatment trucking arcs
(p,0) € POT Production-to-beneficial reuse trucking arcs
(f, p) € FCT Freshwater-to-completions trucking arcs
(p,k) € CKT Completions-to-disposal trucking arcs
(p, s) € CST Completions-to-storage trucking arcs
(p,r) € CRT Completions-to-treatment trucking arcs
(p, p) € CCT Completions-to-completions trucking arcs (flowback reuse)
(s, p) € SCT Storage-to-completions trucking arcs
(s,k) € SKT Storage-to-disposal trucking arcs

(r,k) € RKT Treatment-to-disposal trucking arcs

(1) € LLT All valid trucking arcs

Continuous Variables

Flpllf “! _ Produced water piped from one location to another location
Flgj'tmke‘i = Water trucked from one location to another location
F;Z’:;C“i = Fresh water sourced from source to completions

F£ ?dswmgdn = Water put into completions pad storage

F;; ?dswmgeom = Water removed from completions pad storage
FsﬁomgeEvap orationsIream _ \arater at storage lost to evaporation

FlpeatmentFeed _ Rlow of feed to a treatment site

Ffteﬂd”“lw“ter = Flow of residual water out of a treatment site

Fthr catedWater _ Flow of treated water out of a treatment site

CompletionsReuseDestination . .
Fp P = Water delivered to completions pad for reuse

Disposal Destinati . . .
B ;Sp OSUEETIAION _ \Water injected at disposal site
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Bene ficial Reuse Destination

Fo; = Water delivered to beneficial reuse option

Fg fmp letionsDestination _ a)) wwater delivered to completions pad

Lf’ttomge = Water level at storage site at the end of time period t

Liidsmmge = Water level in completions pad storage at the end of time period t
plotalTrucked _ Tota] volume of water trucked

plotalSourced _ Total volume of freshwater sourced

plotalDisposed _ Tota] volume of produced water disposed

fpTotalCompletionsReuse _ Tota] volume of produced water reused at completions

fpTotalBeneficialReuse _ Tota] yolume of water beneficially reused

Piped o . .
Cl ;‘f “‘ = Cost of piping produced water from one location to another location
ClTirt”Cked = Cost of trucking produced water from one location to another location
C}i"grtced = Cost of sourcing fresh water from source to completions pad
Di ) e . .
Cy ;SP %% Z Cost of injecting produced water at disposal site
CZ jeatment — Cogst of treating produced water at treatment site
C letionsR . . .
Cpf;mp CHOMSREUSE _ Cost of reusing produced water at completions site
Storage . . .
Csy = Cost of storing produced water at storage site (incl. treatment)
Storage . L. .
R, = Credit for retrieving stored produced water from storage site
B icial R . . .
Rojnef HEREEE _ Credit for sending water to beneficial reuse
clotalSourced _ Tota] cost of sourcing freshwater
cTetalDisposal _ Tota] cost of injecting produced water
cTotalTreatment _ Tota] cost of treating produced water

clotalCompletionsReuse _ Tota] cost of reusing produced water

cTotalPiping _ Total cost of piping produced water

cTotalStorage _ Tota] cost of storing produced water

clotalTrucking _ Total cost of trucking produced water

CSlack — Total cost of slack variables

RTotalStorage _ Tota] credit for withdrawing produced water

RlotalBene ficialReuse _ Tota] credit for sending water to beneficial reuse

Dkfgaaty = Disposal capacity in a given time period at disposal site

Xsﬁf Y - Storage capacity in a given time period at storage site

T rﬁf ey - Treatment capacity in a given time period at treatment site

Fl ia[f]mty = Flow capacity in a given time period between two locations
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DisposalCapEx

G = Capital cost of constructing or expanding disposal capacity
PipelineCapEx . . . .. .
C[[] = Capital cost of constructing or expanding piping capacity
StorageCapEx . . . .
C[t] = Capital cost of constructing or expanding storage capacity
TreatmentCapEx . . . .
o = Capital cost of constructing or expanding treatment capacity
Sg’rt“CD emand _ Slack variable to meet the completions water demand
Sﬂrt"d”“w” = Slack variable to process produced water production
ng{’WbaCk = Slack variable to process flowback water production
PipelineCapaci . . AT .
Sl le eHneCapacily _ slack variable to provide necessary pipeline capacity
St C it . . .
S5 resEEapaely _ glack variable to provide necessary storage capacity
Di IC. i . . . .
Sk BPOALapaity _ lack variable to provide necessary disposal capacity

T tC it . . .
 eamet-apaety - glack variable to provide necessary treatment capacity

B, icial ResueC, it . . . .
So ene ficialResucCapacity _ gjack variable to provide necessary beneficial reuse capacity

Binary Variables

Pipeli T . . . . .

Y ll Ze[;']qe = New pipeline installed between one location and another location with specific diameter
Sio[rggc = New or additional storage facility installed at storage site with specific storage capacity
Treatment

rwtilt] = New or additional treatment capacity installed at treatment site with specific treatment capacity and
treatment technology

y,fﬁ%osal = New or additional disposal facility installed at disposal site with specific injection capacity

yIFZl‘[’W = Directional flow between two locations

Bene ficial Reuse . . .
Vor f = Beneficial reuse option selection

Parameters

= Completions demand at a completions site in a time period

= Total water demand over the planning horizon

= Produced water supply forecast for a production pad
= Flowback supply forecast for a completions pad
= Total water production (production & flowback) over the planning horizon

= Initial pipeline capacity between two locations

= Initial disposal capacity at disposal site
= Initial storage capacity at storage site
= Storage capacity at completions site

= Initial treatment capacity at treatment site
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= Minimum flow that must be sent to beneficial reuse option

= Capacity of beneficial reuse option

= Freshwater sourcing capacity at freshwater source

= Truck offloading sourcing capacity per pad
= Truck offloading sourcing capacity per storage site
= Processing (e.g. clarification) capacity per pad

= Processing (e.g. clarification) capacity at storage site

= Capacity per network node

= Water quality component treated for at treatment site

= Treatment efficiency for technology wt at treatment site
= Removal efficiency for technology wt and quality component gc at treatment site
= Operating capacity of disposal site [%]
= Annualization Rate [%]
= Binary parameter designating the completion pads that are outside the system

= Binary parameter designating which treatment technologies are for desalination (1) and which
are not (0)

= Binary parameter designating which treatment sites are for desalination (1) and which are not (0)

= Binary parameter indicating if expansion is allowed at site k*

= Evaporation rate per week
= Increments for installation/expansion of disposal capacity

= Increments for installation/expansion of storage capacity

= Increments for installation/expansion of treatment capacity
= Truck capacity
= Disposal construction or expansion lead time
= Storage construction or expansion lead time

= Pipeline construction or expansion lead time
= Drive time between two locations
= Initial storage level at storage site
= Initial storage level at completions site
= Terminal storage level at storage site
= Terminal storage level at completions site

= Disposal construction or expansion capital cost for selected capacity increment
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= Storage construction or expansion capital cost for selected capacity increment
= Treatment construction or expansion capital cost for selected capacity increment

The cost parameter for expanding or constructing new pipeline capacity is structured differently depend-
ing on model configuration settings. If the pipeline cost configuration is distance based:

= Pipeline construction or expansion capital cost [currency/(diameter-distance)]
= Pipeline diameter installation or expansion increments [diameter]
= Pipeline segment length [distance]

Otherwise, if the pipeline cost configuration is capacity based:

= Pipeline construction or expansion capital cost for selected diameter capacity [cur-

rency/(volume/time)]
= Increments for installation/expansion of pipeline capacity [volume/time]

= Disposal operational cost

= Treatment operational cost
= Completions reuse operational cost
= Storage deposit operational cost
= Storage withdrawal operational credit
= Credit for sending water to beneficial reuse

= Pipeline operational cost

= Trucking hourly cost (by source)
= Fresh sourcing cost

= Big-M flow parameter
= Big-M concentration parameter
= Big-M flow concentration parameter
= Slack cost parameter
= Slack cost parameter
= Slack cost parameter

= Slack cost parameter

= Slack cost parameter

= Slack cost parameter
= Slack cost parameter

= Slack cost parameter
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Strategic Model Mathematical Program Formulation

Objectives

Two objective functions can be considered for the optimization of a produced water system: first, the minimization
of costs, which includes operational costs associated with procurement of fresh water, the cost of disposal, trucking
and piping produced water between well pads and treatment facilities, and the cost of storing, treating and reusing
produced water. Capital costs are also considered due to infrastructure build out such as the installation of pipelines,
treatment, and storage facilities. A credit for (re)using treated water is also considered, and additional slack variables
are included to facilitate the identification of potential issues with input data. The second objective is the maximiza-
tion of water reused which is defined as the ratio between the treated produced water that is used in completions
operations and the total produced water coming to surface.

min CTotalSourced + CTomlDisposal + CTotalTreatment
+CTotalCompletionsReuse + CTotalPiping + CTotalStorage
+CTotalTrucking + _(CDisposalCapEx
+CStorageCapEx + CTreatmentCapEx + CPipelineCapEx)

+CSlack _ RTotalStomge _ RTotalBeneficialReuse

max FTotalCompletionsReuse /

Annualization Rate Calculation:

The annualization rate is calculated using the formula described at this website: https://www.investopedia.com/
terms/e/eac.asp. The annualization rate takes the discount rate (rate) and the number of years the CAPEX investment
is expected to be used (life) as input.

= (14 rae) )

Completions Pad Demand Balance: vp € CP,t € T

If the completions pad lies outside the system, the demand is optional. Otherwise, if the completions pad is within
the system, completions demand must be met. Demand can be met by trucked or piped water moved into the pad
in addition to water in completions pad storage.

If =1:
Piped Sourced Trucked
=D 7 D DR vk D VR
le(L-F)|(l,p)eLLA feF|(f,p)ELLA leL|(l,p)eLLT
PadSt Out PadSt I .
+Fp’? orage U _ Fp!? orage n + Sg;acDemand
Else if =0:
_ Piped Sourced Trucked
= }Tl,p,t + F Dt + }Tl, Wb
le(L-F)|(l,p)eLLA feF|(f,p)ELLA leL|(L,p)eLLT
PadStorageOut PadSt I .
+Fp’ctz orageOut p,? orageln + Sg’;;acDemand

Completions Pad Storage Balance: Vvp € CP,t € T

Sets the storage level at the completions pad. For each completions pad and for each time period, completions pad
storage is equal to storage in last time period plus water put in minus water removed. If it is the first time period,
the pad storage is the initial pad storage.
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Fort=1:
PadStorage PadStorageln PadStorageOut
Lp,t - + Fp,t — P,t
Fort > 1:
PadStorage _ . PadStorage PadStorageln PadStorageOut
Lp,t = Lp,tfl + Fp,t - Fp,t

Completions Pad Storage Capacity: Vp €e CP,t € T
The storage at each completions pad must always be at or below its capacity in every time period.

PadStorage
Lyy <
Terminal Completions Pad Storage Level: vp € CP

The storage in the last period must be at or below its terminal storage level.

PadStorage

L pt=T

<

The storage in the last period must be at or below its terminal storage level.
Freshwater Sourcing Capacity: Vf € F,t €T

For each freshwater source and each time period, the outgoing water from the freshwater source is below the fresh-
water capacity.

F}Softtrt’ced + FTrugked <
peP|(f.p)eFCA pePI(f.p)eFCT
Completions Pad Truck Offloading Capacity: vp € CP,t € T

For each completions pad and time period, the volume of water being trucked into the completions pad must be
below the trucking offloading capacity.

Trucked
Fpi " S
leL|(l,p)eLLT

Completions Pad Processing Capacity: Vp € CP,t € T

For each completions pad and time period, the volume of water (excluding freshwater) coming in must be below the
processing limit.

Piped Piped
Fypr + DR PR S D o

pipt
neN|(n,p)eNCA PEP|(p,p)ePCA s€S|(s,p)eSCA

Piped Piped
st T Z Ey \pit
PEP|(p,p)eCCA reR|(r,p)eERCA PEP|(p,p)ePCT

Piped
+ + FY:rutcked

+ Z Fs]:!r)z}cked + Z F?”f;ke‘i <
s€S|(s,p)eSCT PEP|(p,p)eCCT

Note: The above constraint has not been implemented yet.

Storage Site Truck Offloading Capacity: Vs € S,t € T

For each storage site and each time period, the volume of water being trucked into the storage site must be below
the trucking offloading capacity for that storage site.

Trucked
Fl St S
leL|(l,s)eLLT
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Storage Site Processing Capacity: Vs € S,t € T

For each storage site and each time period, the volume of water being piped and trucked into the storage site must
be less than the processing capacity for that storage site.

FP iped + Z F[Tgr;zcked <
leL|(l,s)eLLA leL|(l,s)eELLT
Production Pad Supply Balance: Vp € PP,t € T

All produced water must be accounted for. For each production pad and for each time period, the volume of outgoing
water must be equal to the forecasted produced water for the production pad.

— Z F; iied + Z F;:}l’zcked + S}li};oduction
leL|(p,)eLLA leL|(p,))eLLT
Completions Pad Supply Balance (i.e. Flowback Balance): Vp € CP,t € T

All flowback water must be accounted for. For each completions pad and for each time period, the volume of outgoing
water must be equal to the forecasted flowback produced water for the completions pad.

_ Piped Trucked Flowback
= > ES+ ) Flpcked 1 sy
leL|(p,))eLLA leL|(p,))eLLT
Network Node Balance: vn e N,t € T

Flow balance constraint (i.e., inputs are equal to outputs). For each pipeline node and for each time period, the
volume water into the node is equal to the volume of water out of the node.

Piped Piped

Int — n,lt
leL|(I,n)ELLA leL|(n,l)eLLA

Bi-Directional Flow: VI € (L—F—0),l€ (L—F),(L]) e LLA,t €T

There can only be flow in one direction for a given pipeline arc in a given time period. Flow is only allowed in a
given direction if the binary indicator for that direction is “on”.

Flow Flow _
Vit + Yig = 1

Note: Technically the above constraint should only be enforced for truly reversible arcs (e.g. NCA and CNA); and
even then it only needs to be defined per one reversible arc (e.g. NCA only and not NCA and CNA).

Piped < yFlow
Ly — 7Lt

Storage Site Balance: Vs € S,t € T

For each storage site and for each time period, if it is the first time period, the storage level is determined by the
initial storage and storage inputs and outputs. Otherwise, the storage level is determined by the storage level in the
previous time period and storage inputs and outputs. Water outputs include other system nodes (i.e., pipeline nodes
and completions pads) and an evaporation stream.

Fort =1:

Storage
S,k

Piped Trucked StorageEvaporationStream
L - Fope ™ = Fsy

F,

_ Y Ry Y gk N :

st st
leL|(l,s)eLLA leL|(l,s)eLLT leL|(s,])eLLA leL|(s,))eLLT
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Fort > 1:
Storage . Storage Piped Trucked Piped Trucked StorageEvaporationStream
Lg; =Lg, 1" + Z Fo + Z Flgp = Z Fpp — Z Fopp o — Fy
leL|(l,s)eLLA leL|(l,s)eELLT leL|(s,])eLLA leL|(s,)eLLT

Terminal Storage Level: vs € S,t € T

For each storage site, the storage in the last time period must be less than or equal to the predicted/set terminal
storage level.

Storage
Ls,t:T <

Network Node Capacity: vne N,t € T

Flow capacity constraint. For each pipeline node and for each time period, the volume should not exceed the node
capacity.

leL|(L,n)eLLA

Pipeline Capacity Construction/Expansion:

Sets the flow capacity in a given pipeline during a given time period. The set D should also include the Oth case (e.g.
0 bbl/day) that indicates the choice to not expand capacity. Different constraints apply based on whether a pipeline
is allowed to reverse flows at any time. Thus, the following constraint applies to all pipelines that allow reversible
flows:

V(L) e LLA,(I]) € LLA, [t € T]

Capacit Pipeli Pipeli PipelineCapacit
“apacity _ n i Z < ipeline +y ipe me) S ‘ipelineCapacity

Yiid i

F Lld

LL[t
1] deD

The following constraint applies to all pipelines that do not allow reversible flows:
V() € LLA,[t € T]

FC apacity _ " Z i peline SPi pelineCapacity

L[] Yiia 1
deD

Note: While popuplating the input data into the spreadsheet for initial pipeline capacities, users must use the
following guidelines.

1. For uni-directional pipelines, the initial pipeline capacity must be populated only in the direction of flow else,
it will be ignored by the model.

2. For bi-directional pipelines, the initial pipeline capacity should be populated for only one of the allowable flow
directions, not both. The pipeline capacities are aggregated for both directions, so the choice of direction for
the capacity is irrelevant.

Note: can be input by user or calculated. If the user chooses to calculate pipeline capacity, the parameter
will be calculated by the equation below where «,; is Hazen-Williams constant and « is Hazen-Williams exponent
as per Cafaro & Grossmann (2021) and d represents the pipeline diameter as per the set d € D.

See equation:
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V(L)€ LLA,t €T

Piped Capacity
K < F~
Fl,l,t - Fl,l,[t]

Storage Capacity Construction/Expansion: Vs € S, [t € T]

The following 2 constraints account for the expansion of available storage capacity or installation of storage facilities.
If expansion/construction is selected, expand the capacity by the set expansion amount. The water level at the storage
site must be less than this capacity. As of now, the model considers that a storage facility is expanded or built at the
beginning of the planning horizon. The set C should also include the 0th case (0 bbl) that indicates the choice to not
expand capacity.

Ca pactty Storage StorageCapacity
X1 +, Yse EC 4 S
ceC
Vs€S,teT
thorage < X([afacity

Disposal Capacity Construction/Expansion: Vk € K, [t € T]

The following 2 constraints account for the expansion of available disposal sites or installation of new disposal sites.
If expansion/construction is selected, expand the capacity by the set expansion amount. The total disposed water in
a given time period must be less than this new capacity. The set I should also include the 0th case (e.g. 0 bbl/day)
that indicates the choice to not expand capacity.

Capaaty Disposal DisposalCapacity
Dy 1) + Vi + 5
i€l
vke K,teT
P lped Trucked Capacity
Flis Y, Hpneed<pg)
leL|(l,k)ELLA leL|(L,k)eLLT

Treatment Capacity Construction/Expansion: vr € R

Similarly to disposal and storage capacity construction/expansion constraints, the current treatment capacity can be
expanded as required or new facilities may be installed. The set J should also include the 0Oth case (e.g. 0 bbl/day)
that indicates the choice to not expand capacity.

Treatment Treatment Capacity
( " Vrowt,j + " Vrowt,j )=Tr
wteWT,je]
VreRiteT
P IPEd Trucked Capacity
Fl rit Z Fl,r,t < Tr,[t]
leL|(l,r)eLLA leL|(l,r)eLLT

Treatment Feed Balance: vr € Rt € T

At a treatment facility, the inlet raw produced water is combined into a single input treatment feed.

FP iped + Z FTrucked FTreatmentFeed
leL|(l,r)eLLA leL|(L,r)eLLT

Treatment Balance: Vr e R,t € T

At a treatment facility, the input treatment feed is treated and separated into treated water and residual water.

Treatment Feed Resid ualWater TreatedW ater
I = FR +F
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Residual Water: vr € R,wt e WT,t €T
The efficiency of a treatment technology determines the amount of residual water produced.
Residual Water LHS

Fg:;’eatmentFeed . (1 _ ) _ . (1 _ Z yg:cftc?;ment) < FffftesidualWater
jeJ
Residual Water RHS
Frl:treatmentFeed (1- )+ (- Z er,xtzj;ment) > FftesidualWater
jeJ
Treated and Residual Water Balances:

For all piping or trucking arcs (r, ) immediately downstream of a treatment site r, the user must specify whether the
arc carries treated water or residual water away from the treatment site. Moreover,

Treated Water Balance: Vr € R | there exists at least one arc (r,[) carrying treated water away fromr, t € T
FrY:treatedWater — FP iped + lef?cked

rlt
leL|(r,l)eLLA and (r,]) carries treated water leL|(r,)ELLT and (r,l) carries treated water

Residual Water Balance: Vr € R | there exists at least one arc (r, 1) carrying residual water away fromr, t € T

ResidualW ater _ Piped Trucked
Fr,t - Fr,l,t + Fr,l,t
leL|(r,l))ELLA and (r,l) carries residual water leL|(r,)ELLT and (r,l) carries residual water

Note: The user is not required to specify any arcs carrying away treated or residual water immedaitely downstream
of a treatment site. In reality, water that enters a treatment site must eventually leave and go somewhere, but for the
sake of modeling flexibility, it is not required to include such arcs. If the user chooses to omit downstream treated
and/or residual water arcs for a treatment site, then the treatment site acts as a sink within the greater network
model for the water which is not propagated downstream.

Beneficial Reuse Minimum: Vo€ O,t € T

Bene ficial Reuse

If a beneficial reuse option is selected (y,, = 1), the flow to it must meet the minimum required value.
If 0:
Bene ficial ReuseDestination Bene ficial Reuse
F ot 2 Yoy

Beneficial Reuse Capacity: Vo€ O,t € T

If a beneficial reuse option is not selected (yf fnef ielalReuse _ 0), the flow to it must be zero. Furthermore, the specified

capacities of beneficial reuse options must be respected.

It is optional to specify capacities ( ) for reuse options. If a capcity is provided for reuse option o:

Bene ficial ReuseDestination Bene ficial Reuse Bene ficial ReuseCapacity

Foy < Yot +So

Otherwise:

Bene ficial ReuseDestination Bene ficial Reuse Bene ficial ReuseCapacity

Foy < Yot + S

Total Beneficial Reuse Volume:

TotalBene ficialReuse _ Bene ficial Reuse Destination
F =2, 2, For
teT 0€O
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Fresh Sourcing Cost: Vf € F,pe CP,t €T

For each freshwater source, for each completions pad, and for each time period, the freshwater sourcing cost is equal
to all output from the freshwater source times the freshwater sourcing cost.

CSourced ( fo;;ced + FTrucked)

CTotalSourced _ Z CSourced
- t
teT (f.p)eFCA

Total Fresh Sourced Volume: Vf € F,pe CP,t €T

The total fresh sourced volume is the sum of freshwater movements by truck and pipeline over all time periods,
completions pads, and freshwater sources.

TotalSourced _ Qourced Trucked
F =2 2 D, et + e
teT feF peCP

Disposal Cost: Vk € K,t € T

For each disposal site, for each time period, the disposal cost is equal to all water moved into the disposal site
multiplied by the operational disposal cost. Total disposal cost is the sum of disposal costs over all time periods and
all disposal sites.

Dzsposal Pzped Trucked
G =C D, Fyy )y ):
leL|(l,k)ELLA leL|(l,k)eLLT
TotalDisposal _ Disposal
clotbpost = % ¥ G
teT keK

Total Disposed Volume:

Total disposed volume over all time is the sum of all piped and trucked water to disposal summed over all time
periods.

isDOS DzsposalDestmanon
FTotalDisposed _ Z Z F,
teT keK

Treatment Cost: Vr € Rwt €e WT,t €T

For each treatment site, for each time period, the treatment cost is equal to all water moved to the treatment site
multiplied by the operational treatment cost. The total treatments cost is the sum of treatment costs over all time
periods and all treatment sites.

Treatment P ZPEd Trucked Treatment
Cr,t 2 ( Z Fl rit Z Fl,r,t - Z Yrowt,j
leL|(Lr)eLLA leL|(Lr)eLLT jeJ
Treatment p lped Trucked Treatment
Cr,t S( Z Flrt Z Flrt + (1_2 rwt] ))
leL|(Lr)eLLA leL|(L,r)eLLT je€J
CTotalTreatment — Z Z CZ{eatment
teT reR

Completions Reuse Cost: Vp € P,t € T

Completions reuse water is all water that meets completions pad demand, excluding freshwater. Completions reuse
cost is the volume of completions reused water multiplied by the cost for reuse.

CompletionsReuse Piped Trucked
CPJ = ( Fl,p,t + Fl t )
le(L-F)|(l,p)eLLA le(L-F)|(Lp)eLLT
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Note: Freshwater sourcing is excluded from completions reuse costs.

TotalCompletionsReuse _ Reuse
clovalCompletionsfiwse = 5 3, Cpi
teT peCP

Total Completions Reuse Volume:

The total reuse volume is the total volume of produced water reused, or the total water meeting completions pad
demand over all time periods, excluding freshwater.

TotalCompletionsReused _ Piped Trucked
F P = Fpe + D, FED
teT le(L-F)|(l,p)eLLA le(L—F)|(I,p)eLLT

Piping Cost: Vi € (L— O —K),vl € (L—F),v(l,[) e LLA,t € T
Piping cost is the total volume of piped water multiplied by the cost for piping.

Piped _  .Piped Sourced
Cl,i,t - (FleFj,t + FleF,i,t )

TotalPiping _ Pjped
¢ 2, 2 G
t€T (1eLLA

Note: The constraints above explicitly consider freshwater piping via FCA arcs.

Storage Deposit Cost: Vs € S,t € T

Cost of depositing into storage is equal to the total volume of water moved into storage multiplied by the storage
operation cost rate.

Storage Piped .
C g =( Z FP + Z P}T);;}uked).

St

leL|(l,s)eLLA leL|(l,s)eLLT
CTotalStorage — Z Z Cg;orage
teT ses

Storage Withdrawal Credit: vs € S,t € T

Credit from withdrawing from storage is equal to the volume of water moved out from storage multiplied by the
storage operation credit rate.

Storage Piped T
Ry =C D, Fyit+ Y, EED.

leL|(s))eLLA leL|(s,))eLLT
RTotalStorage _ Z Z RsSjorage
teT ses

Beneficial Reuse Credit: Vo€ O,t € T

Credit for sending water to beneficial reuse is equal to the volume of water sent to beneficial reuse multiplied by the
beneficial reuse credit rate.

Bene ficialReuse _ (

Piped
Ro,t F ipe.

Trucked
Lot + Z Fl,o,t ) ’
leL|(l,0)eLLA leL|(lo)eLLT
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RTotalBene ficial Reuse _ Z Z RBeneficialReuse

0,1
teT 0€O

Trucking Cost (Simplified) v(I,]) € LLT, [t € T]

Trucking cost between two locations for time period is equal to the trucking volume between locations in time
t divided by the truck capacity [this gets # of truckloads] multiplied by the lead time between two locations and
hourly trucking cost.

CT]ucked — FT]ucked . .
LLt LLt
TotalTrucking _ Trucked
C - Z Z Cz,z,t
teT (1DeLLT

Note: The constraints above explicitly consider freshwater trucking via FCT arcs.

Total Trucking Volume: vt € T

The total trucking volume is estimated as the summation of trucking movements over all time periods and locations.

pTotalTrucking _ Z Z F[Tjr[ucked

t€T (1 DeLLT

Disposal Construction or Capacity Expansion Cost:

Cost related to expanding or constructing new disposal capacity. Takes into consideration capacity increment, cost
for selected capacity increment, and if the construction/expansion is selected to occur.

DisposalCapEx _ Disposal
CERp r= Z Z ’ Yk,
i€l keK

Storage Construction or Capacity Expansion Cost:

Cost related to expanding or constructing new storage capacity. Takes into consideration capacity increment, cost
for selected capacity increment, and if the construction/expansion is selected to occur.

Storage
CStorageCapEx _ Z Z . Yre g
S€S ceC

Treatment Construction or Capacity Expansion Cost:

Cost related to expanding or constructing new treatment capacity. Takes into consideration capacity increment, cost
for selected capacity increment, and if the construction/expansion is selected to occur.

TreatmentCapEx _ Treatment
c SEDIWNDY : oy

reR jeJ wteWT

Pipeline Construction or Capacity Expansion Cost:

Cost related to expanding or constructing new pipeline capacity is calculated differently depending on model con-
figuration settings.

If the pipeline cost configuration is capacity based, pipeline expansion cost is calculated using capacity increments,
cost for selected capacity increment, and if the construction/expansion is selected to occur.

A Pipeli
CI)zpelme(,apEx — Z Z Z . . yl lee ine

leL Jer, deD
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If the pipeline cost configuration is distance based, pipeline expansion cost is calculated using pipeline distances,
pipeline diameters, cost per inch mile, and if the construction/expansion is selected to occur.

PipelineCapEx _ . . Pjpeline
¢ =202 vih

leL Jer, deD

Seismic Response Area - Disposal Operating Capacity Reduction: vk € Kt € T

Seismic Response Areas (SRAs) can reduce the operating capacity at disposal wells. The operating capacity is set by
the full built capacity and the max percentage of capacity the disposal site is allowed to use.

Dis posal Destination

Capacity
Fis

< Dy

Slack Costs:

Weighted sum of the slack variables. In the case that the model is infeasible, these slack variables are used to
determine where the infeasibility occurs (e.g. pipeline capacity is not sufficient).

CSlack — Z Z Sjlj’r;acDemand . + Z Z S[}irtoduction .

pECP teT pEPP teT
Flowback PipelineCapacity
I Pt
PECP teT (ILDeLLA
n Z SftorageCapacity ) " Z S]?isposalCapacity .
seS keK
4 Z SrTreatmentCapacity . 4 Z Séiene ficial ReuseCapacity )
reR 0e0

Logic Constraints:

New pipeline or facility capacity constraints: e.g., only one injection capacity can be used for a given site. The
sets for capacity sizes should also include the 0th case (e.g., 0 bbl) that indicates the choice to not expand capacity.
Alternatively, if it is desired to only consider sizes to build, the Oth case can be left out.

vk € K
Disposal
D Vin =1
i€l
vseS
Storage
Z ys,c,[t] =1
ceC
v(l,]) € LLA
Pipeline
) Niap =1
deD
vr € R

Treatment _
Z yr,wt,j =1
jeJwteWT

Logic Constraints for Desalination:
Desalination technology is assigned to a pre-determined site.

Vr € R
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if
I
jeJwteWT]|
Clean brine technology is assigned to a non-desalination site.
vr € R
if NOT

Treatment _
Z Yrwtj =1
jeJwteWT)|

Evaporation Flow Constraint Evaporation flow for a given time period and storage site is 0 if it is the first time
period. Otherwise, evaporation is a constant flow set by the parameter

Fort=1:
StorageEvaporationStream
F, st . P =0
Fort > 1:
FStorageEvaporationStream _ Treatment
St - : r,/CB—EV’,j
j€JreR|(r,s)ERSA

Deliveries Destination Constraints:

Completions reuse deliveries at a completions pad in time period ¢ is equal to all piped and trucked water moved
into the completions pad, excluding freshwater. vp € CP,t € T

F

Com pletionsReuseDestination Piped Trucked
it = F Fl t

Lpt
leL|(l,p)eLLA,l¢F leL|(l,p)eLLT lgF

Disposal deliveries for disposal site k at time ¢ is equal to all piped and trucked water moved to the disposal site k.
vkeK,teT
Disposal Destination Piped Trucked
Fk,t - Z Fl,k,t + Z Fl,k,t
leL|(l,k)ELLA leL|(L,k)eLLT

Beneficial reuse deliveries for beneficial reuse site o at time ¢ is equal to all piped and trucked water moved to the
beneficial reuse site 0. Vo € O,t € T

Bene ficial ReuseDestination _ Piped Trucked
Fo,t - Fl,o,t + Fl,o,t
leL|(l,0)eLLA leL|(l,o)eLLT

Completions deliveries destination for completions pad p at time ¢ is equal to all piped and trucked water moved to
the completions pad. Vp € CP,t € T

Fg(t)mpletionsDestination _ F[P;;;ed " FSow;ced
le(L-F)|(l,p)eLLA feF|(f,p)eFCA

PadSt Out PadSt 1

n Z FZ,TIZT;Cked n Fp,? orageOut p,(tl orageln

le(L-F)|(l,p)eLLT
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Strategic Model Water Quality Extension

An extension to this strategic optimization model measures the water quality across all locations over time. As of
now, water quality is not a decision variable. It is calculated after optimization of the strategic model. The process
for calculating water quality is as follows: the strategic model is first solved to optimality, water quality variables
and constraints are added, flow rates and storage levels are fixed to the solved values at optimality, and the water
quality is calculated.

Note: Fixed variables are colored purple in the documentation.

Assumptions:

« Water quality of produced water from production pads and completions pads remains the same across all time
periods

« When blending flows of different water quality, they blend linearly
Water Quality Sets
gc € QC Water Quality Components (e.g., TDS)
plntermediateNode ¢ Cp Intermediate Completions Pad Nodes
pPadstorage ¢ Cp pad Storage
plreatedWaterNodes ¢ R Treated Water Nodes
pResidualWaterNodes ¢ p Regidual Water Nodes

Water Quality Parameters

= Water quality at well pad
= Initial water quality at storage

= Initial water quality at pad storage
Water Quality Variables
Qg = Water quality at location
Disposal Site Water Quality vk € K,qc € QC,t € T

The water quality of disposed water is dependent on the flow rates into the disposal site and the quality of each of
these flows.

Piped Piped Piped
Z Fn,k,t 'Qn,qcst"r Z Fs,k,t 'Qsﬁqc,t“L Z Fr,k,t 'Qr,qc,t

neN|(n,k)eNKA s€S|(s,k)eSK A reR|(r,k)eRK A
Trucked Trucked
+ Z F, skt “Osget + Z F pkt
s€S|(s,k)eSKT peP|(p.k)ePKT

Trucked Trucked

+ Z F pkt + Z E rk,t 'Qr,qc,t
pEP|(p,k)ECKT reR|(r,k)eRKT

_ pDisposalDestination

= Tkt : Qk,qc,t

Storage Site Water Quality Vs € S,qc € QC,t € T

The water quality at storage sites is dependent on the flow rates into the storage site, the volume of water in storage
in the previous time period, and the quality of each of these flows. Even mixing is assumed, so all outgoing flows
have the same water quality. Ifit is the first time period, the initial storage level and initial water quality, respectively,
replace the water stored and water quality in the previous time period.
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Fort =1:

Storage  StorageSite Plped

/1.53/:1 L\ qc + n s,t Qn,qc t
neN|(n,s)ENSA
Piped Trucked Trucked
+ Z Fost *Orget + Z Fp ;;utc o Vpgelt] T Z Fp }.;L;C o Vpqe,[t]
reR|(r,s)ERSA pEP|(p,s)ePST PEP|(p,s)eCST
Stora ge Piped Piped Piped
= Qs qe.t (L Fs,n,t + Z Fs,p,t + Z Fs,k,t
neN|(s,n)eSNA PEP|(s,p)eSCA keK|(s,k)eSKA
Piped Piped St E tionSt
n Z Fs;:it)e i Z FS);ge n Z FTrucked Z Fg:]:f;CkEd n Fs,torage vaporation. ream)
r€R|(s,r)ESRA 0€0|(s,0)€SOA pEP|(s,p)eSCT keK|(s,k)eSKT
Fort > 1:

Storage Pzped

Ls,tfl : Qs,qc,tfl + Z n s,t Qn,qc t
neN|(n,s)ENSA
Piped Trucked . Trucked .
+ Z Fst - Qr,qc,t + Z Fpgutc “ Vpgelt] T Z Fpgutc - Vpqce,t]
reR|(r,s)ERSA pEP|(p,s)ePST PEP|(p,s)eCST
Storage Piped Piped Piped
= Qs qe.t (L Fs,n,t + Fs,p,t + Z skt
neN|(s,n)eSNA pEP|(s,p)eSCA keK]|(s,k)eSK A
Piped Piped St E tionSt
n F rzj;e n F! é;t;e " Fg;,;cked " st"]:?cked n F orageEvaporation ream)
reR|(s,r)ESRA 0€0|(s,0)€SOA PEP|(s,p)eSCT keK|(s,k)eSKT

Treatment Feed Water Quality vr € R,qc € QC,t € T

The water quality at treatment sites is dependent on the flow rates and qualities of the feed streams into the treatment
site. Even mixing is assumed in calculating the quality of the combined feed stream.

Piped Plped
Z Forg *Onget + Z Forp * Osqet

neN|(n,r)ENRA s€S|(s,r)ESRA
Trucked . Trucked .,
D EEe e+ Eprid™ vpgel)
peP|(p,r)ePRT pEeP|(p,r)eCRT

TreatmentF eed
- Qr qet ”

Treated Water Quality vr € R,qc € QC,t € T

All treated water from a single treatment site and single time period will have the same water quality. The following
constraints allow us to easily track the water quality at treated water end points like desalinated water.

Treated Water Quality General Constraint

T Feed T dW ResidualW at
Qr ot Fr’treatment ee F reatedW ater + QchsidualWatmNodes F esidualW ater

= QrTreated WaterNodes qeit

geit

Treated Water Quality Concentration-Based LHS Constraint

Tu itment Removal Concentration Treatment
Qr ,qc,t (1 - &, \\[L e ) +M onee o (1 - yrw t,j ) Z QrTrea[edWaterNodes

,qc,t
je]
Treated Water Quality Concentration-Based RHS Constraint
o) (1 _ T7ulmunr]\mmml) _ \[("r}/zumzlmliun . (1 _ Treatment) <0 !
r.qc, t° € wit 1 y}’ wt,j > Yy TreatedWaterN odas’qc,t
jeJ
Treated Water Quality Load-Based LHS Constraint
0O, i FTreatmentFeed (1- )I(\Lrulmuzl R(mm'u/) + M FlowConcentration (1- Z yg’"‘rjtc,z]t_ment) > Q TreatedWaterNodes g FTreatedWater
jeJ
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Treated Water Quality Load-Based RHS Constraint

Treatment Feed Treatment TreatedW ater
Qr,qC,t ’ Fr,t : (1 - ) - (1 - Z y r,wt,j ) S QrTreatedWaterNodes,qcyt . Fr,t
jeJ

Network Node Water Quality vn € N,qc € QC,t € T

The water quality at nodes is dependent on the flow rates into the node and the water quality of the flows. Even
mixing is assumed, so all outgoing flows have the same water quality.

Piped Piped
Fpnt - + > Bt
peP|(p,n)ePNA peP|(p,n)eCNA
Piped Plped
+ Z Fﬁ,n,t ’ sz,qc,t + Z s n,t Qs qe.t
neN|(fi,n)eNNA s€S|(s,n)eSNA
Plped
+ Z r nt Qr ,qc.t
reR|(r,n)ERN A
Piped Piped
= Qn,qc,t . ( Z Fn,ﬁ,t + Z Fn,p,t
neN|(n,i)eNNA pEP|(n,p)eNCA
Piped Piped
+ Z Fn,k,t Fn,r,t
keK|(nk)eNKA reR|(n,r)ENRA
Piped Piped
+ Z Fn,s,t + Z Fn,o,t )
s€S|(n,s)ENSA 0€0|(n,0)eNOA

Completions Pad Intermediate Node Water Quality vp € P,qc € QC,t € T

Water Quality at Completions Pads

Water that is piped and trucked to a completions pad is mixed and split into two output streams: Stream (1) goes
to the completions pad and stream (2) is input to the completions storage. This mixing happens at an intermediate
node. Finally, water that meets completions demand comes from two inputs: The first input is output stream (1)
from the intermediate step. The second is outgoing flow from the storage tank.

The water quality at the completions pad intermediate node is dependent on the flow rates of water from outside of
the pad to the pad. Even mixing is assumed, so the water to storage and water to completions input have the same
water quality.

Piped Piped Plped
Fn,p,t ) Qn,qc,t + Z Fﬁ,p,t : + Z s Dt Qs qe.t
neN|(n,p)eNCA PEP|(p,p)ePCA s€S|(s,p)eSCA
Piped Piped S, d
+ Z Fﬁ,P,t . + Fr,p,t . Qr’l‘reatedWaterNades qet + F Ource Qf qc,t
PEP|(p,p)eCCA reR|(r,p)eRCA feF|(f.p)eFCA
Trucked Trucked Trucked
X BRE vt X R Qe+ 3L
PEP|(p,p)ePCT seS|(s,p)eSCT PEP|(p,p)eCCT
P dSt T C letions Destinati
+ Z F}’;Cked Qf qct — Qplntermedtau’\odc ( a oragemn + Fp’(t)mp ehonsiestina lUfl)

feF|(f,p)eFCT

Completions Pad Input Node Water Quality Vp € P,qc € QC,t € T

The water quality at the completions pad input is dependent on the flow rates of water from pad storage and water
from the intermediate node. Even mixing is assumed, so all water into the pad is of the same water quality.

PadStorageOut Com pletionsDestination
FP t & QpPadbmrage qo.t + F P Qpln/ernzedla[LNadL ot QP qc, t°
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Completions Pad Storage Node Water Quality Vp € P,gc € QC,t € T

The water quality at pad storage sites is dependent on the flow rates into the pad storage site, the volume of water
in pad storage in the previous time period, and the quality of each of these flows. Even mixing is assumed, so the
outgoing flow to completions pad and water in storage at the end of the period have the same water quality. If it
is the first time period, the initial storage level and initial water quality, respectively, replace the water stored and
water quality in the previous time period.

Fort =1:

PadStorageln
+ Fp,t & : QplrltermadiazeNnde’qc

PadStorage PadStorageOut
= Qp}’adStomge,qc,t . (LS,[ Fp,t )

Fort > 1:

PadStorage PadStorageln
Ls,t—l & : Qpl’adStomga,qC’t71 + Fp,t & : Qplntermcdiatei\'ode’qc

PadStorage PadStorageOut
= Qpl’adStm'age,qC’t . (LS,[ 5 + Fp,t & )

Beneficial Reuse Water Quality Vo € O,qc € QC,t € T

The water quality at beneficial reuse sites is dependent on the flow rates into the site and the water quality of the
flows.
Piped Piped Trucked
Fn,o,t : Qn,qc,t + Z Fs,o,t : Qs,qc,t + Z Flb,g,ltC o
neN|(n,0)eNOA s€S|(s,0)eSOA pPEP|(p,0)ePOT

Bene ficial ReuseDestination

= Qo,qc,t : Fo,t

Strategic Model Discrete Water Quality Extension

In the previous chapter a model for tracking the water quality was shown. Without fixing the flows this model is
non-linear. By discretizing the number of water qualities for all locations over time we can make the model linear
again.

The discretization works as follows.
Take for example this term from the Disposal Site Water Quality:

Disposal Destination
F kit : Qk,qc,t

Both terms are continuous, so this is non-linear.

First we introduce a set, parameter, variables and constraints
Discrete Water Quality Sets

q € Q Discrete Water Qualities

Discrete Water Quality Parameters

= Values for discrete Water Qualities
Discrete Water Quality Variables

Z} 4 ge,q = Binary decision variable for which discrete quality chosen

FDiscreteDis posal Destination
ktgcq

Only One Discrete Quality Per Location vVl in L, t in T, qc in QC

= Water injected at disposal site for each discrete quality
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For each location in time only one discrete water quality can be chosen for a water quality component.

Z Ztgeq =1

(9)eQ

Discrete Max Disposal Destination vVlin L, tin T, qc in QC, q in Q

For each location in time only for one discrete quality there can be water injected at the disposal site and at most
the capacity for that disposal site. For all the others it is equal to zero.

DiscreteDis posal Destination
Fk,t,qc,q < : Zl,t,qc,q

Sum Flow Discrete Disposal Destinations is Flow Disposal Destination vlin L, tin T, qc in QC

For each location in time the sum of the flows for all the discrete qualities is equal to the actual flow going to the
disposal site.

Z DiscreteDis posal Destination _ Disposal Destination

k,t,.qc,q — Ykt
(eQ

We can now rewrite the non linear equation showed before to:
Z FDiscreteDisposalDestination

ktgeq
(@eQ

Rewriting the whole constraints goes as follows:
Disposal Site Water Quality vk in K, qcin QC, tin T

The water quality of disposed water is dependent on the flow rates into the disposal site and the quality of each of
these flows.

Piped Piped Piped
Fn,k,t ' Qn,qc,t + Z Fs,k,t ! Qs,qc,t + Z Frﬁk,t ' Qr,qc,t
neN|(n,k)eNKA s€S|(s,k)eSK A reR|(r,k)eERKA
Trucked Trucked
+ Z Fs,k,t ) stqc,t . Z E pkt
s€S|(s,k)eSKT pEP|(p,k)ePKT
Trucked Trucked
+ ), Ep + D B0
pEeP|(p,k)eCKT reR|(r,k)eRKT

_ pDisposal Destination

= Tkt : Qk,qc,t

Can be rewritten as
Discrete Disposal Site Water Quality vk in K, qcin QC, tin T

The water quality of disposed water is dependent on the flow rates into the disposal site and the quality of each of
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these flows.
FDiscretePi ped
Z nkt.q '
neN|(nk)eNKA (q)eQ
DiscretePiped
+ Z Z F skitq :
s€S|(s,k)eSK A (q)eQ
DiscretePiped
+ Z Z K rktq :
reR|(r,k)eRK A (q)eQ
DiscreteTrucked
+ Z Z Fs,k,t,q :
s€S|(s,k)eSKT (q)eQ
Trucked
+ Z Fp,k,t M
peP|(p.k)ePKT
Trucked
+ F bkt .
pEP|(p,k)eCKT
DiscreteTrucked
+ Z E rktq :
reR|(r,k)eRKT (q)eQ
DiscreteDis posal Destination
< Z i3 kt,qcq '
(9eQ

The constraints for the DiscretePiped and DiscreteTrucked are similar to the DiscreteDisposalDestination.

Note: The = sign in the original constraint is changed to < sign in the discretized version.

References

Cafaro, D. C., & Grossmann, 1. (2021). Optimal design of water pipeline networks for the development of shale gas
resources. AIChE Journal, 67(1), e17058.

Water Treatment

Note: The treatment model discussed in this section primarily applies to the strategic model within PARETO. The
content presented here is therefore focused on its relevance to the strategic model. Although some concepts might be
applicable to PARETO as a whole, it is essential to note that component removal efficiency has not been implemented
for the operational model.

Overview

Treatment systems play a crucial role for achieving desired water quality for various purposes, such as recycling
for hydraulic fracturing, beneficial reuse applications, and critical mineral recovery. Depending on the purpose and
degree of treatment, the costs associated with treatment systems can be significant and greatly impact the investment
cost in a management option. This makes it necessary to carefully consider the treatment models and their costs
when evaluating produced water management strategies. Therefore, it is essential to integrate treatment models into
the PARETO decision-making process. This will enable stakeholders to better understand the trade-offs between
different management options and their associated costs, ultimately leading to more informed decisions.
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Section

Treatment model within PARETO network
Treatment Model Description

Treatment Efficiency (water recovery)
Treatment Component Removal Efficiency
Treatment Cost

Mechanical vapor compression model

Treatment model within PARETO network

The PARETO network identifies treatment plants based on their location (r € R), capacity (j € J), and technology
(wt € WT). The streams that are piped or trucked to treatment plants are represented by arcs ((l,r) € LRA v LRT),
where [ can be any location or node in PARETO network. The indices j and wt are employed in conjunction with

a binary variable to install or expand a treatment plant with a specific capacity (for further details, please refer to
strategic water management).

The following equation describes the flow balance at location r:

eed
Fipy = ]

rt
leL|(l,r)ELRAULRT

d d
Firs - Quges = Qlet - LY
leL|(L,r)eLRAULRT
LRA={(Lr) € LLA|r € R}
LRT ={(I,r) € LLT | r € R}

where F and Q denotes the flow and quality (concentrations) of streams. The units of concentration are typically re-
ported as mass/volume (mg/L, g/m>, kg/L, etc.) and the units of flow rate are reported in volume/time (e.g. bbl/week).

Treatment Model Description

Water treatment systems are modeled using overall water and constituent balances, treatment and removal efficien-
cies, and operating cost and capital cost values/equations. The schematic in Figure 1 depicts a treatment unit that
processes a treatment feed with specific qualities, yielding two output streams: treated water and residual water.
The treated water and residual water streams have distinct qualities, which vary depending on the specific treat-

ment process employed. The overall water and constituent balance equations for water treatment systems are as
follows:

« Overall water balance:

F feed _ Ftreated + Fresidual

« Overall constituent balance:

F feedQ feed _ Ftreatethreated + FresidualQresidual
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treated treated
F ,Q

>

Ffeed Qfeed

Treatment

site (r,wt,))

>
residual residual
F ,Q

Fig. 4: Figure 1. Treatment plant schematic

Treatment Efficiency (water recovery)

Treatment efficiency is defined as the ratio of the treated water volume to the ratio of the feed water volume to the
treatment plant as follows:

treated

Treatment efficiency = W

Note that treatment efficiency can also be expressed as a percentage by multiplying the above expression by 100.

Treatment Component Removal Efficiency

Removal efficiency is a measure of the overall reduction in the concentration or load of a constituent in a treatment
plant, expressed as a percentage'. The removal efficiency of a certain constituent is commonly calculated based on
the influent (feed) concentration and the effluent (treated water) concentration as follows:

PARETO supports both formulations and gives the user the option to choose between the two methods based on their
available data or the technology considered. The two options are expressed as RemovalEfficiencyMethod.
Concentration_based and RemovalEfficiencyMethod.Load_based in PARETO configruation argu-
ment for removal efficiency.

! Von Sperling, M., Verbyla, M. E., & Oliveira, S. M. (2020). Assessment of treatment plant performance and water quality data: a guide for
students, researchers and practitioners. IWA publishing.
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Treatment Cost

The total cost of produced water treatment consist of capital costs and annual operating costs. Capital costs include
the costs associated with the land purchanse, construction, purchasing process equipment, and installation. Annual
operating costs refer to the cost during plant operation such as cost of energy, equimpment replacement, chemicals,
labor, and maintenance. The sum of the unit operating costs and the unit annualized capital costs determines the
total capital cost per unit volume of produced water.

Treatment costs can be incorporated into PARETO with three methods:

1) To begin, users can provide their own estimated capital and operating costs for each treatment technology.
PARETO provides a treatment technology matrix (shown below) with data collected from available literature
on various technologies such as membrane distillation, multi-effect distillation, mechanical vapor compression,
and osmotically assisted reverse osmosis (for further detail regarding selected technologies and references
please refer to the provided sheet: treatment matrix). The technologies considered in this matrix are
capable of treating hypersaline produced water up to saturation limits. Users may use these values to evaluate
treatment options using PARETO. However, we encourage users to provide their own cost data, obtained from
treatment technology vendors, to enable better evaluation of management options. It is important to note that
currently, PARETO incorporates treatment costs for discrete values of treatment capacity expansions. In other
words, the treatment cost calculations are limited to specific capacity levels.
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2) An alternative approach to incorporating treatment costs in PARETO is through the use of surrogate models.
These models allow for linear or nonlinear approximations of treatment costs as a function of treatment ca-
pacity, feed quality, and recovery. This method is currently under development and not yet available in the
current version of PARETO, and it is planned for inclusion in future updates.

3) The third method for incorporating treatment costs into PARETO is through the integration of rigorous tech-
noeconomic optimization treatment models. These models allow for accurate capture of the effect of changes
in input parameters on treatment plant performance and costs. Currently, a technoeconomic optimization-
based modeling approach for single effect and multi-effect mechanical vapor compression (MVC) desalination
systems is being developed for integration with PARETO. The following section will provide a detailed de-

scription of the MVC modeling effort.

Mechanical vapor compression model

Single effect evaporation and multi-effect evaporation has been studied for shale water desalination. Mechanical
vapor compression, uses a compressor to utilize the heat from the evaporated vapor for further evaporation. As
shown in the schematic in Figure (2), for a system with I effects, the produced water is fed into evaporator I. After
evaporation, the brine from the ith effect is sent to the (i-l)th effect and the vapor from the (i-l)th effect is sent to the

ith effect.

Super heated vapor |

A

g

(1)

Brine

) 4

\4 .

Treated water

$

Fig. 5: Figure 2. MEE-SVC treatment flowsheet

The vapor from the ith evaporator is sent to the compressor for compression. The superheated vapor from the
compressor is then sent into the tubes of the 15! evaporator to carry out the evaporation process. The condensate
from all the evaporator effects is sent to the preheater where it preheats the feed and thus aids in heat integration.

5.2. Model Library

57



PARETO, Release 0.9.0rc0

Model Description

The multi-effect evaporator model is built to consider multiple evaporator effects. The user can specify the number
of effects, feed flow rate, TDS concentration in feed and the minimum TDS specification in the brine. The model then
calculates the capital costs, operating costs, compressor work, compressor capacity, evaporator heat exchange area
and the preheater area. The user can also obtain the pressures, temperatures and concentrations of the individual
streams. The model is built in Pyomo and is based on equations Onishi et al’s study” on shale gas flowback water

desalination.

Variable Definitions

Table 1: Variable definitions

Symbol Doc Units Index sets
F Flow rate of the feed kg/s None
Forine Flow rate of brine kg/s i
Fyapor Flow rate of the vapor kg/s i

Fypy Flow rate of super heated vapor kg/s None
Freshwater Flow rate of fresh water kg/s None
Tfeed Temperature of feed water °C None
T; Temperature of water entering the I 7 °C None
Teond Temperature of condensate °C i
Thrine Temperature of brine °C i
Tyapor Temperature of vapor from the evaporators °C i

Tspv Temperature of super heated vapor °C None
Tdeal Ideal temperature in th evaporators °C i

Ty, Temperature of saturated vapor °C i
i Temperature of mixer outlet °C None
T freshwater Temperature of fresh water °C None
BPE Boiling point elevation °C i
Hfeed Enthalpy of the feed water kJ/kg None
H Enthalpy of the water entering the I'" evaporator kJ/kg None
Hpyine Enthalpy of brine kJ/kg i
H,ypor Enthalpy of vapor kJ/kg i
Hqpy Enthalpy of super heated vapor kJ/kg None
H;ff; Enthalpy of condensate vapor kJ/kg None
H_ona Enthalpy of condensate kJ/kg None
Poapor Vapor pressure in the evaporator kPa i

P, Saturated vapor pressure kPa i

Ppy Pressure of the super heated vapor kPa None
Onn TDS concentration of the feed g/kg None
Obrine TDS concentration in the brine g/kg i

Qs pec TDS specification in the outlet brine stream g/kg None
xin Mass fraction of TDS in feed ) None
SR Mass fraction of TDS in brine ) i

E Heat flow in the evaporator kw i
Weompr Work done by the compressor kw None

continues on next page

2 Onishi, V. C., Carrero-Parrefio, A., Reyes-Labarta, J. A., Ruiz-Femenia, R., Salcedo-Diaz, R., Fraga, E. S., & Caballero, J. A. (2017). Shale gas
flowback water desalination: Single vs multiple-effect evaporation with vapor recompression cycle and thermal integration. Desalination, 404,

230-248.
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Table 1 - continued from previous page

Symbol Doc Units Index sets
Ceompr Capacity of the compressor HP None
n Isentropic efficiency of the compressor ) None
Uevap Overall heat transfer coefficient of the evaporator (latent % i
heat)
Us Overall heat transfer coefficient of the evaporator (Sensi- % None
ble heat)

Uph Overall heat transfer coefficient of the preheater n];_WK None
Aevap Area of the evaporator m? i

Aph Area of the preheater m? None
Cgeed Specific heat capacity of the feed water kJ/(kg°C) None
C;ap o Specific heat capacity of vapor kJ/(kg°C) None
™ Specific heat capacity of water from the outlet of the mixer kJ/(kg’C) None
AT Approach temperatures °C None
AP Minimum pressure difference between evaporator stages  kPa None
Colec Cost of electricity kUSD/kWyear  None
CAPEX,yqp Capital cost for all evaporators kUSD None
CAPEXp, Capital cost for Preheater kUSD None
CAPEX ompr Capital cost for compressor kUSD None
OPEX, Annualized operating cost kUSD/ year None
CAPEX,,,, Annualized capital cost kUSD/ year None

Modeling Equations
Evaporator model

Flow balance in the evaporators:

I I
Fin :F() +F1ga?vor

brine
Fi(nl+1) = F) + Féla)por vi<lI

brine

Flow matching between super heated vapor and flow of vapor from the evaporator:

£ D

spv = Lvapor
Mass balance in the evaporators:

(PN )]
FinOin = F brineQbrine
=D 0O yi<I

brine=<brine

F(i+1)Q(i+1)

brine *brine

Calculating mass fraction of salt from salt salinity:
X" = 0.001Q;,
D~ 000102 viefo,.,I}

brine
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Energy balance in the evaporator:

EO 4 g g = FD g0 gD O

brinetbrine + vapor:-vapor
0) (i+1) 1, G+1) _ 0 ;0)
EY +F brine Hbrine =k brineHbrine

+ E o Hpor Wi <
1 1 1
E(l) = Fspvczapor(Tst - Tc(orzd) + FSPV(H;[:II;( ) - Hc(orzd)
ED = FLD2O viefe,..n
Thermodynamic Relations

Relating pressures to temperatures using the Antoine equation:

0) b .

log(Pvapor) =a+ O viedl,., I}

Tideal tc
b

lOg(Ps(ll;z; =a-+ T

Tcond +c

log(PD) =a+ 5 vie{2,.,I}
Ts +¢

Calculating elevation in boiling point due to TDS in the feed water:

BPE®D = 0.1581 + 2.769X — 0.002676T"

idea

,+41.78x% 4 0.134x0TD
Calculating temperature of brine from BPE and ideal temperature in the evaporator:

7, =18, + BPED

brine

Estimating the enthalpies:

Hj, = —15940 + 8787X" + 3.557T;,

HY = —15940 + 8787XY + 35577 vie{1,..I}
HY o = —13470 + 1.84T)  vie{1,..,1}

HOYP = 13470 + 1.84T . vie{1,..1}

cond cond

Hﬁgd = 15940 +3.557T%) | vie {1..1}

C cond

Calculating LMTD:

0?) = Tspv - T(i)

brine fori=1

09 =10 -1 vi>1

brine
@) _ @) (i+1) _
62 - Tcond - Tbrine fori=1
o) =18 — 1D vief2, . 1-1}

Og) = S(f;)—Ti fori=1
LmM1D® = (0560656 + 65)1/3

Heat transfer coefficient for evaporator:

Ulyap = 0.001(1939.4 + 1.40562T") . — 0.002T32, +0.0023T2 )

brine brine brine

Design Equations
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Area of first evaporator calculation:

(0 (Dvap @
A(l) - F vapor (TSPV — Tcond) n Heond ~ — Heond
evap = Tspvep O R ATV IR CO R 6))
Us(LMTD'™Y) UEWP(Tcond - Tbrine)
Total Evaporator Area:
I )
E
total _
A=Y
= UsvopLMTD
Compressor Model
Thermodynamic Relations
Isentropic temperature calculation:
P rt
T = (T, + 2735 (L) v — 2735
vapor
Temperature of the super heated vapor can be calculated as:
Ty =T+ 21, 1)
spv = Lprine T Z( is brine)
The enthalpy of the super heated vapor can be estimated by:
Hypy = —13470 + 1.84T, ,

Design Equations

The compression work is given by:
I
Wcompr = spv(Hspv - H\sa?o)
The compressor capacity in horse power is given by:

%compr = Weompr % 1.34

Mixer Model

Mass balance in the mixer:

1

Z F \i/apor

i=1

F freshwater

Energy balance in the mixer:

I )
Zizl F VaporTbrine(i)

F freshwater

out _
mix
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Preheater Model

Energy balance in the preheater:

i eed
F freshwaterC;me(Tr%; - Tfreshwater) = FinC[]; (Tm - Tfeed )
Thermodynamic Relations

Estimating specific heat capacities:

C},C”d = 0.001(4206.8 — 6.6197Q" + 1.22 x 10720 + (—1.262 + 5.418 x 10720 T feeq)

Cpi™ = 0.001(4206.8 — 1.1262T 54

Preheater heat transfer coefficient calculation:

Upp = 0.001(1939.4 + 1.40562T s — 0.002Tis? + 0.0023T o

mix mix mix
Preheater LMTD calculation:
0y ph = Tr?ztit;i =T
Oaph = Tfreshwater — 1 feed
LMTDpj, = (0501 phph (01 ph + 02 1))/
Design Equations

Preheater area calculation:

i t
_ F freshwaterczux(Tr%x - Tfreshwater)

A

h=
s UphLMTD,y,
Bounds for feasible operation:
Topy > T, + AT
I ..
Tb(ri)ne 2 Tin + ATme
I .
Dy e a7
i—1 i i .
7D 5 7O L AT vie {2, 1}
(i-1) § 70 ] :
Tbrl'ine 2 Tbrl'ine +A ggge vie {2’ "’ I}
i i+1 - ;
70 > 7D Armin i g1, 11}

Tc(gld >TD L AT yie {1, T}

brine
D510 AT vie{1,.. T}
P{Dpor > Pitbor + AP™ Vi€ {l,.,1-1}
I I
CRmaxP\(/azoor 2 PSPV 2 P\(/aioor

(1)
Sbrine 2 SSPEC

mix
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Objective function

The goal is to minimize the total annualized cost (TAC) of the treatent unit. CAPEX of the equipments were calculated
using empirical relations from IDAES costing. Assuming the evaporator is a U-tube heat exchanger, the CAPEX of
the evaporators in kUSD is given by:

Nvevap
Y exp(11:3852 — 0.9186(log(Algp x 1.1)) + 0.0979(log(Alap x 1.1)))
i=1

CAPEXpyqp = ——e ——
VAP CEPClygse 1000

CAPEX of centrifugal compressor in kUSD is given by:

CEPClyyyy ¥

—_— 7.58 + 0.8 x log (G,
CEPCly,, ; exp( x log( compr))

CAPEX jompr =

Assuming the preheater is a U-tube heat exchanger, the CAPEX of the preheater is given by:

CAPEX,, = b Cloz 1'05( (11.3852 — 0.9186(log(A ,, x 1.1)) + 0.0979(log(A .1, x 1.1))2))
= . — 0. x 1. + 0. .
Ph = CEPClyy, 1000 F o8 ph 08 ph >

Note: For CAPEX calculation, the areas have to be in sq. ft.
The total CAPEX is given by:

CAPEX = CAPEX,yqp + CAPEX oy + CAPEX

Annualization factor: The annualization factor for CAPEX is calculated based on fractional interest rate r = 0.1 per
year and amortization period y = 10 years.

3 r(1+r)Y
1+ -1

fac
The annualized CAPEX is calculated by:
CAPEX,,, = fac x CAPEX
The cost of operating the treatment unit comes from operating the compressor using electricity.
OPEXann = Celec X Weompr
The total annualized cost is therefore given by:
TAC = CAPEX,,, + OPEX,,,

This is our objective function which we’ll minimize.

Sensitivity Analysis

To demonstrate the effect of the feed salinity on the TAC, we consider a single effect evaporator without heat inte-
gration using a preheater. The feed flow rate is fixed to 10 kg/s and the outlet brine TDS concentration needs to be
above 250 g/kg. The salt concentration in the feed is varied from 70 g/kg to 190 g/kg. A plot of feed salinity vs TAC
is generated as shown in Figure 3:

For the same conditions, the sensitivity analysis for a multi-effect evaporator with two stages and heat integration
using a preheater is shown in Figure 4:
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Total annualized cost (kUS%/year)

Total Annualized Cost vs Feed salinity

2500

2000 1

1500 1

1000 4

500 1

N OPEX
[ CAPEX

70 &0 110 130 150 170 190

Feed salinity (gfkg)

Fig. 6: Figure 3. TAC vs feed salinity for a single effect evaporator
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Total Annualized Cost vs Feed salinity

1000 1 BN OPEX

I CAPEX
800
600 1
400 1
200 1
0
70 &0 110 130 150 170 190

Feed salinity (gfkg)

Total annualized cost (kUS%/year)

Fig. 7: Figure 4. TAC vs feed salinity for a two effect evaporator with heat integration
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References

Pipeline Hydraulics

Note: The hydraulics module presented below is currently only added as an extension to the strategic model.

Overview

Produced water (PW) network operations are highly affected by the pipeline designs and geographical terrain be-
cause of pressure losses due to friction and elevation changes. PARETO hydraulics module is an extension to the
strategic model that allows the user to compute pressures at every node in the network enabling the user to add
operational constraints such as maximum allowable operating pressures (MAOP) and minimum required pressure
at injection facilities or at 3rd party offtake points. For this, the PARETO model explicitly considers pipeline details
(i-e., length, diameter, material, etc.) and geographic elevations in the model to compute time varying pressures at
each node. The hydraulics module is an extension to the PARETO strategic model and can be accessed through the
following options in the config argument:

a) Hydraulics.false: This option allows the user to skip the hydraulics computations in the PARETO model.

b) Hydraulics.post_process: In this method, the basic PARETO strategic model is solved as step 1, and then using
the optimal flows and network design, the hydraulics block containing constraints for pressure balances and
losses is solved as step 2. In this case, as only the hydraulics model block solved for the objective of minimizing
cost, the optimal values for variables included in the main strategic model and obtained from step 1 remain
unaffected.

¢) Hydraulics.co_optimize: In this method, the hydraulics model block is solved together with the strategic model.
However, as the flow and diameter are variables in the strategic model, the addition of hydraulics block makes
the model a mixed integer nonlinear programming (MINLP) model. In order to solve this MINLP model, the
strategic model without the hydraulics constraints is solved as step 1 to determine a good initial state for all
variables and constraints.

Note: The MINLP as currently implemented requires the following MINLP solvers: SCIP and BARON. The model is
first solved using BARON (if available) to determine a feasible solution and then using SCIP. Some subtle differences
in model components such as in the definition of variables and parameters have been made to avoid nonlinearities
and allow the user to use the same solver for solving the post-process method as used for the strategic model. These
differences will be shown in the description of mathematical notation and formulation below.

Section

Hydraulics Model Mathematical Notation
Hydraulics Model Formulation
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Hydraulics Model Mathematical Notation

Similar to the strategic model, following color coding has been implemented in describing the model notation. All
input are in and all model variables are in red.

Parameters
= Geographical elevation of a Node
= Product of water density and accelaration due to gravity

= Constant for pipeline material in Hazen-Williams equation

= Fixed cost of installing a pump
= Electricity price

= Efficiency of the pump

= Efficiency of the motor for pump
= Minimum allowable operating pressure in a pipeline

= Maximum allowable operating pressure in a pipeline (MAOP)

= Diameter of an existing pipeline

= Well pressure at production or completions pad

Binary Variables

Pump

Vg = New pump installation, 1 if a new pump is installed, 0 otherwise

Continuous Variables

Pump

iy = Pump head added in the direction of flow

HZVZ‘;ZW = Valve head removed in the direction of flow

P . .
Cl iump = Total cost of pumping between given nodes
P;; = Node pressure

zHydraulics _ Tota] cost of all pumps, Objective function variable

Notations specific to the post_processing method:

= Effective pipeline diameter

= Head loss due to friction (using Hazen-Williams equation)

Notations specific to the co_optimize method:
DE;ffective
Ll
[-:riction,H w
LLt

= Effective pipeline diameter

= Head loss due to friction (using Hazen-Williams equation)
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Hydraulics Model Formulation

Objective:

Total cost of pumping in the pipeline network.

; Hydraulics _ Pump
min Z Z Cl,l

(LDeLLA
Max allowable pressure rule: vl € L,t € T
Limits the maximum operating pressure in a pipeline.
Py <
Pump head rule: v,l € LLA,t € T
Allows pumping only if a pump exists in a pipeline.
Pump . Pump
Hl,i,t < i

Equations/constraints specific to the post_process method
Effective diameter calculation: VI, leLLA
Aggregate diameters for all existing pipelines between any 2 locations.

_ Pipeline
- > Yiid|1)
deD

Hazen-Williams based frictional head loss calculation: VI,/ € LLA,t € T

Calculate head loss using Hazen-Williams equation. Note that units for all terms in this equation are in

SI units so, appropriate conversion factors must be added.
( )4.87 =10.704 - (Ff;fed/ )1.85 .

Node pressure rule: VI, le LLA,t €T

Pressure constraint based on Bernoulli’s energy balance equation.

Pu+{-pg=P,+{ pg+ p&+Hyj,

Pump cost rule: Vi, [eLLA
Allows pumping only if a pump exists in a pipeline.

Pump Pump

T i 11t 1Lt

teT

Equations/constraints specific to the co_optimize method
Effective diameter rule: Vi, l[eLLA

Aggregate diameters for all existing pipelines between any 2 locations.

Ef fective Pipeline
bp = + ), Yiial
deD

Hazen-Williams based frictional head loss calculation: VI, le LLA,teT

PN’””P . _ HVﬂlve .

. pg Y HEP gl

68
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Calculate head loss using Hazen-Williams equation. Note that units for all terms in this equation are in
SI units so, appropriate conversion factors must be added.

PIZI}r;CIion,HW . (DZEfoECtive)4_87 =10.704 - (Fll';if)ed/ )1.85 .

Node pressure rule: VI, le LLA,t €T

Pressure constraint based on Bernoulli’s energy balance equation.

_n Friction,HW Pump _ yValve
Py + =P+ + Hlj,t + Hl,i,t Hl,i,t

Pump cost rule: vi, [eLLA

Allows pumping only if a pump exists in a pipeline.

Pump Pump Pump _Piped
T Yiifa 2 H R
teT
5.3 Case Studies
5.3.1 Network schematics
Desalination options CP02
(with multiple technology/sizing options)
( Legend \
O Production pad
_______ ® Completions pad
e Shallow A PW injection option
5 injection well options @ P tretment option

B Treated PW pit option

|:| PW desalination option

O PW sharing option

—— Existing pipeline

Pipeline
construction options

s Clean brine freatment options .
(with enhanced evaporation/sizing options)* Watg:ﬂsit;znng

Fig. 8: Strategic Permian demo network.

5.3. Case Studies 69



PARETO, Release 0.9.0rc0

Strategic toy case study

ﬁegend \

O Production pad
® Completions pad
A PW injection option

@ PW treatment option

ROI

L Treated PW pit option

PW desalination option

Q PW sharing option

Existing pipeline

\ Pipeline option /

Fig. 9: Strategic toy case study network.

CPO3
[ Legend \

O Production pad

Strategic small case study
® Completions pad

A PW injection option

@ PW freatment option

B Treated PW pit option

OPW sharing option

—— Existing pipeline

Completions demand

LR
\ XX start fime /

*

S

Fig. 10: Strategic small case study network.
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[ Legend \

O Production pad
® Completions pad
A PW injection option
@ PW treatment option

IL Treated PW pit option

|:| PW desalination option

Q PW sharing option

- Existing pipeline

====== Pipeline option

Fig. 11: Strategic treatment demo network.
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5.3.2 Comparison table

Strategic model Strategic Strategic model Strategic model treat- Operational model case
Permian demo model  toy small case study ment demo study
case study

In- strategic_pe strategic_ strategic_sm: strategic_treatm operational_generic_case_stud

put xlsx xlsx xlsx xlsx xlsx

file

Mode Strategic Strategic Strategic Strategic Operational

type

De- A representa- A verysmall, Larger network, Larger network, and Generic case study for

scrip- tive  example toy-sized but “small” in disposal and pipeline the operational model.

tion of a Permian network. the sense that expansion are al- Note that this case
system. Nearly Useful for disposal and lowed. Takes a bit study cannot currently
identical to testing and pipeline expan- longer to solve. This be run in PARETO UI -
treatment debugging. sion are not canbe seen asthe “de- it can only be run using
demo, but with allowed, so the fault” case study for the Python command
reduced CAPEX model solves the strategic model. line interface.
options. quickly.

De-  Week Week Week Week Day

ci-

sion

pe-

riod

De- 52 weeks 52 weeks 52 weeks 52 weeks 5 days

ci-

sion

hori-

zon

Net- 28 9 28 28 0

work

nodes

Pro- 14 4 15 14 5

duc-

tion

pads

Pro- N/A N/A N/A N/A 14

duc-

tion

tanks

Com- 3 1 4 3 1

ple-

tions

pads

Ex- 1(CP03) 0 0 1 (CP03) N/A

ter-

nal

com-

ple-

tions

pads’

Dis- 5 2 3 5 2

posal

sites

7£SWD Chapter 5. Contents

Dis- Yes, for K03 and No No Yes, for K03 and K05 No

posal KOo5

ex-
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Abbreviations

+ CB: Clean brine treatment

« CB-EV: Clean brine treatment with enhanced evaporation
« FF: Falling film evaporation

« HDH: Humidification-dehumidification

« MD: Membrane distillation

« MVC: Mechanical vapor compression

« OARO: Osmotically assisted reverse osmosis

« SWD: Salt water disposal

5.4 Tutorials and Examples

PARETO currently has the following Jupyter notebook demonstrations available:
1. Strategic model demo
2. Strategic model - treatment module and sensitivity analysis demo
3. Visualization utility demonstrations:
« Bar charts
« Scatter plots
« Sankey diagrams

Users interested in utilizing PARETO programmatically by writing Python code can download and run these Jupyter
notebooks. Additional Jupyter notebook tutorials and examples are currently under development and will be added
to the examples directory of the PARETO repository when they are available. The above list will be updated as well.

PARETO is an open source project in collaboration with the IDAES and WaterTAP projects. As such, the IDAES
tutorials and WaterTAP tutorials are good ancillary learning materials.

New users of PARETO will also benefit from familiarity with Python and Pyomo. PARETO, IDAES, and WaterTAP
are all built with Python and Pyomo, so we refer users unfamiliar with Python or Pyomo to the following tutorials:

« Short Introduction to Python and Pyomo

« Longer Introduction to Python and Pyomo

5.5 Utilities

PARETO project provides a set of user-friendly utility methods to display and analyze results. These methods include
debugging tools, plotting utilities, and Python-Excel interfaces.

! In the strategic model, external completions pads can be used to model opportunities for water sharing outside of the main network.
2 In the strategic model, disposal capacity expansion is only allowed for SWD sites for which the initial disposal capacity is 0.
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5.5.1 Get Data Functions

The following functions are used to conveniently acquire data.

Function Section

get_data Get Data
set_consistency_check  Set Consistency Check
od_matrix Origin/Destination Matrix

Get Data

Method Description:

This method uses Pandas methods to read data for sets and parameters from an Excel spreadsheet. Sets are assumed
to not have neither a header nor an index column. In addition, the data should be placed in column A, row 2, for
example:

A B C D
1 List of all Production Pad Identifiers [-]
2 PPO1

3 PP02 List should start in
> PP0O3 cell A2

5 PP04

6 PPOS

<

List of elements of
the set

Fig. 12: Figure 1. get_data Set Setup Format

Parameters can be in either table or column format. Table format requires a header (usually time periods) and index
columns whose elements should be contained in a set. Each index column should be labeled with a header starting in
cell A2. Spreadsheet names for sets should be used as headers; however, generic keywords “NODES” and “INDEX”
can also be used. Column format requires that each set be placed in one column, starting from cell A3. Spreadsheet
names for sets should be used as headers in row 2 for each column “NODES” and “INDEX” can also be used. Data
should be provided in the last column, and the keyword “VALUE” should be used as header.

Table format Column format
A B C D A B C D
1 |Table of Production Rate Forecasts by Tanks and Pads [bbl/day] " . . o1
Headers ==#  ProductionPads NODES 1 2 1 Table of Initial Dlspos%il Capacity [bbUday:l
3 PPO1 A01 1058 1029 2 INDEX Value
4 PP A02 1058 1029 3 01 \ 5000
5 PPO A03 466 460 4 P NJ10000 Mandatory
6 PP02 A04 466 460 5 \ \ keyword
7 List starts in Generic %6 460 _ _ Gemeric
cell A3 keyword List starts in
cell A3 keyword

Fig. 13: Figure 2. get_data Parameter Setup Format
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This method outputs a dictionary that contains a list for each set and a dictionary that contains parameters in the
following format: {‘param1’: {(setl, set2): value}, ‘param1’: {(setl, set2): value}}

How to Use:

set_list = ['ProductionPads', 'CompletionsPads'], parameter_list = ['DriveTimes',
»'CompletionsDemand]

fpath = 'path\\to\\excel\\file.xlsx’

[df_sets, df_parameters] = get_data (fpath, set_list, parameter_list)

Set Consistency Check

Method Description:

This method checks if the elements included in a table or parameter have been defined as part of the Sets that index
such parameter. set_consistency_check() raises a TypeError exception If there are entries in the Parameter that are
not contained in the Sets, and prints out a list with all the entries that require revision.

How to Use:

The method requires one specified parameter (e.g. ProductionRates) AND one OR several sets over which the afore-
mentioned parameter is declared (e.g.ProductionPads, ProductionTanks, TimePeriods). In general, the method can
be run as follows: set_consistency_check(Parameter, set_1, set_2, etc)

Origin/Destination Matrix

Method Description:

This method allows the user to request drive distances and drive times using Bing maps API and Open Street Maps
APIL The method accept the following input arguments: - origin:

REQUIRED. Data containing information regarding location name, and coordinates latitude and longi-
tude. Two formats are acceptable:

« {(origin1,latitude”): valuel, (originl,longitude”): value2} or
« {origin1:{“latitude”:valuel, “longitude”:value2}}

The first format allows the user to include a tab with the corresponding data in a table format as part of
the workbook casestudy.

. destination:
OPTIONAL. If no data for destination is provided, it is assumed that the origins are also destinations.

 api:
OPTIONAL. Specify the type of API service, two options are supported:

— Bing maps: https://docs.microsoft.com/en-us/bingmaps/rest-services/
— Open Street Maps: https://www.openstreetmap.org/
If no API is selected, Open Street Maps is used by default

. api_key:
An API key should be provided in order to use Bing maps. The key can be obtained at: https://www.
microsoft.com/en-us/maps/create-a-bing-maps-key

« output:
OPTIONAL. Define the parameters that the method will output. The user can select:

- ‘time’: A list containing the drive times between the locations is returned
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- ‘distance’: A list containing the drive distances between the locations is returned

- ‘time_distance’: Two lists containing the drive times and drive distances between the locations is
returned

If not output is specified, ‘time_distance’ is the default

. fpath:
OPTIONAL. od_matrix() will ALWAYS output an Excel workbook with two tabs, one that contains drive
times, and another that contains drive distances. If not path is specified, the excel file is saved with the
name ‘od_output.xlsx’ in the current directory.

« create_report:
OPTIONAL. if True an Excel report with drive distances and drive times is created

5.5.2 Results Functions

The following functions are used to conveniently display and analyze data.

Function Section

generate_report  Generate Report
generate_sankey  Generate Sankey

plot_sankey Plot Sankey
plot_bars Plot Bars
plot_scatter Plot Scatter

Generate Report

Method Description:

This method identifies the type of model: [strategic, operational], creates a printing list based on is_print, and creates
a dictionary that contains headers for all the variables that will be included in an Excel report. The dictionaries are
used to create separate excel sheets which categorize the data by variable name or type. This same data is put into
excel sheets named after each variable as well as an overview sheet which contains totals and Key Performance
Indicators (KPI) information.

Warning: If an indexed variable is added or removed from a model, the printing lists and headers should be
updated accordingly.

The output of this method prints out each variable’s information in the terminal as specified by the user, as shown
below.

How to Use:
This method requires two parameters:
1.) The model that is being returned from the create_model() method after a solution is found

2.) An array of an “enum” class value specifying which variables to print which are chosen by the user. These values
are:

“PrintValues.Essential” — Specifies that the overview information will be printed

“PrintValues.Nominal” - Specifies that all information from PrintValues.Essential + Trucked, Piped, and
Sourced water information will be printed
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VB_Y DISPOSAL
(‘Disposal Site’, "Injection Capacity’, 'Disposal’)
vb y Disposal('kKel1’, ‘'Ie’) = 1.0
vb y Disposal('kKe2°, 'Ie') = 1.0

vb y Disposal('Ke3", "'Ie") = 1.0
vb y Disposal('Ke4’, 'Ie’) = 1.0
vb y Disposal('Ke5", "'Ie’) = 1.0

Fig. 14: Figure 1. Example of Terminal Output

A B C D

1

2 Disposal Site| Injection Capacity Disposal

3 Ko1 10 1

4 K02 11 1

5 KO3 10 1

6 K04 10 1

7 KOS5 11 1

8

9

10

11

12|

PR T = rage | v_L_PadStorage | vb_y Pipeline vhyDisi vb_y_Storage
Same data as seen in Nofice the variable names
terminal output as the sheet names

Fig. 15: Figure 2. Example of Excel Output
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“PrintValues.Detailed” — Specifies that all information including slack information will be printed
Example of how this method is used:

strategic_model = create_model (df_sets, df_parameters)

results = opt.solve(strategic_model, tee=True)

[model, results] = generate_report (strategic_model, is_print=PrintValues.Detailed, .
ofname="..\\..\\PARETO_report.xlsx")

Generate Sankey

Method Description:

Sankey diagrams are a graphic tool used to easily visualize supply-sink flows across a given infrastructure
(source/destination). The relative width of each “flow” is proportional to the amount of water that is being trans-
ported between locations. Such diagrams are commonly used to visualize the complex nature of money, energy or
material flows.

This method receives the final lists for source, destination, value, and labels to be used in generating the Sankey
diagram. It also receives arguments that determine font size and plot titles. The user can save the Sankey diagram
in the following formats: jpg, jpeg, pd, png, svg, and html. Html format is set by default.

How to Use:

# Creating links and nodes based on the passed in lists to be used as the data for.
wgenerating the Sankey diagram
link = dict (source=source, target=destination, value=value)
node = dict (label=label, pad=30, thickness=15, line=dict (color="black", width=0.5))
data = go.Sankey (link=1link, node=node)

# Assigning sankey diagram to fig variable
fig = go.Figure (data)
fig.write_html ("first_figure.html", auto_open=True)

Plot Sankey

Method Description:

This method receives data in the form of 3 seperate lists (origin, destination, value lists), generate_report dictionary
output format, or get_data dictionary output format. It then places this data into 4 lists of unique elements so that
proper indexes can be assigned for each list so that the elements will correspond with each other based off of the
indexes. These lists are then passed into the outlet_flow method which gives an output which is passed into the
method to generate the sankey diagram.

How to Use:
This method requires two parameters:

1.) An input data dictionary that includes the time periods requested as well as said data. The data is passed in as
‘pareto_var’ and can be in get_data() format, which requires labels, generate_report() format, or 3 separate lists:

“pareto_var” — This parameter can be variable data returned from the get_data() or generate_report()
format

“time_period” — This is used to specify which time periods from the data that the user wants shown in
the diagram. If the user passes no time periods in, then all time periods are used in the data.

“labels” — This is only required if the data being passed in is in get_data() format. The labels are used to
distinguish between the columns.
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Fig. 16: Figure 3. Example of Sankey Diagram Showing Water Production Flows

2.) A dictionary of arguments that include formatting options like font size, title of the plot and output file:

output_file — This parameter is used for creating the file that contains the Sankey Diagram created by
this method

Example of how this method is used:

args = {"font_size": 15,
"plot_title": "Completion Storage",
"output_file": "..\\first_sankey.png"}
input_data = {"pareto_var": df_parameters["v_f_ Trucked"]
"labels": [("Origin", "Destination", "Time", "Trucked Water")]}

plot_sankey (input_data, args)

Plot Bars

Method Description:

This method generates a bar chart based on the variable data that the user passes in. It automatically creates either
an animated bar chart (if the variable is indexed by time) or a static bar chart.

How to Use
This method requires two parameters:

1.) A dictionary including the data and labels that are being used, either in get_data() output format or gener-
ate_report() output format. (Labels only required for get_data() format).

“pareto_var”- This parameter contains the data that the user wants to use
“labels”- This is a tuple that contains the labels for each column of the data provided.

2.) A dictionary of arguments that include the title of the plot, a group by parameter, and an output file. Here is an
example of the arguments:
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Fig. 17: Figure 4. Animated Bar Chart

“group_by” - This specifies what field will be used as the x axis in the plot

“output_file” - This parameter is used for creating the file that contains the Bar Chart created by this
method.

“y_axis” - This specifies if the user wants to take the logarithm of the y axis. If not provided, then the y
axis remains the default(linear).

Example of how this method is used:

args = {"plot_title": "Completion Storage",
"yiaXiS": "log",
"group_by": "Destination",
"output_file": "first_bar.html"}
input_data = {"pareto_var": df_parameters["v_f_PadStorage"]

"labels": [("Completion Pad", "Time", "Storage Levels")]}

plot_bars (input_data, args)

Plot Scatter

Method Description:

This method creates the scatter plot that is generated from the variable data that the user passes in. It creates either
an animated scatter plot(if the variable is indexed by time) or a static scatter plot.

How to Use
This method requires two parameters:

1.) An input data dictionary that include the variables for x and y axis, a size parameter, and labels parameters that
provides a tuple of labels (only required for get_data() format) for x, y, and size variables.

“pareto_var”- This parameter contains the data that the user wants to use.
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Fig. 18: Figure 5. Animated Scatter Chart. Notice the time period slider at the bottom.

“labels”- This is a tuple that contains the labels for each column of the data provided.

“size”- This specifies what will be used for the size of each individual marker on the plot. If the size
parameter is not provided, a default size is given to all the markers. There are 3 options for the size
parameter:

« “x/y” - This specifies that size will be calculated as a ratio of the x variable data over the y variable
data

« “y/x” - This specifies that size will be calculated as a ratio of the y variable data over the x variable
data

« A Pareto variable that contains data for the size of the bubbles. The data must match the column
used for grouping the data in the option “group_by”.

df parameters[”v F Tr

Fig. 19: Figure 6. Options for specifying the bubbles size.

2.) A dictionary of arguments that include the title of the plot, a group by parameter, and an output file. Here is an
example of the arguments:

“group_by” - This specifies what field will be used as the x axis in the plot. The column name should be
used to indicate how to group the data. If “group_by” is not specified, then first column is used.

‘output_file” - This parameter is used to name a file that the figure will be output to. It can be a file path
such as “Mirst_figure.html” or just the file name itself “first_figure.html”. There will always need to be
a specified extension to the file. The accepted file extensions are as follows: .html, .png, .jpg, .jpeg, .svg,
pdf

“print_data” - The PARETO methods allow the user to specify if they want the plotted data to be printed
in the console (default is False):
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« True: The dataframe used for creating the figure is printed in the console

Completion Pad Time Storage Levels
T1 9.0e+03
T1 1.6e-10
T1 1.0e-10
T1 1.0e-10
T2 9.0e+03
T2 1.0e-10
T2 1.0e-10
T2 1.0e-10
13 1.0e-10
T3 1.0e-10
T3 2.0e+02
T3 1.0e-10
T4 1.0e-10
T4 1.0e-10
T4 3.0e+02
T4 1.6e-10

A
B
C
D
A
B
C
D
A
B
C
D
A
B
C
D

Fig. 20: Figure 7. Setting print_data to True will print out a dataframe for easy inspection.

“group_by_category” - This specifies how the color of the nodes will be assigned for easy visualization.
There are 3 options:

« True: This will cause the color of the chart markers to be grouped based on the names of the nodes.
For example: PP, CP, N, R, S, K, etc will be assigned a unique color.

« False: The data won’t be categorized by color, therefore one color will be used for the chart markers.

« A Pareto variable containing a custom categorization. The method will recognize the variable
automatically and the values in this variable will be used for assigning colors to the categories that
are provided. An excel sheet should be created with all Node names, removing all duplicates, and
assigning a numerical value to each specific node with the category the user would like it to be
associated with. This approach is best for the situations where nodes of different types are to be
categorized together.

Example of how this method can be used:

args = {"plot_title": "Trucked Water",
"y_axis": "log",
"group_by": "Origin",
"output_file": "first_bar.html",

"print_data": True,
"group_by_category": df_parameters["plot_scatter_categories"]}

input_data = {"pareto_var_x": df_parameters["plot_scatter_vFPiped"],
"pareto_var_y": df_parameters|["plot_scatter_vCPiped"],
"size": df_parameters["plot_scatter_vSize"], # 'x/y', 'y/x'
"labels_x": [("Origin", "Destination", "Time", "Trucked Water")],

(continues on next page)
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Node |Category
PPO1

PP02
CPO1
CP02
CP0O3
SO1
RO1
RO2

Fig. 21: Figure 8. Data used for custom categories.
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(continued from previous page)

"labels_y": [("Origin", "Destination", "Time", "Cost of Trucked Water

"labels_size": [("Origin", "Destination", "Time", "Size")],

}

plot_scatter (input_data, args)

5.6 Frequently Asked Questions

5.6.1 How to ...

... Run examples?
PARETO project provides examples to run the operational produced water management model and the strate-
gic produced water management model (see pareto/case_studies/). To run the examples, go to:

« pareto/operatinal_water_management/run_operational_model.py
« pareto/strategic_water_management/run_strategic_model.py

... Get more help?
Use the website to register for the PARETO support mailing list. Then you can send questions to the sup-
port email list. For more specific technical questions, we recommend our new PARETO discussions board on
Github.

5.6.2 Troubleshooting

Missing win32api DLL
For Python 3.8 and maybe others, you can get an error when running Jupyter on Windows 10 about missing
the win32api DLL. There is a relatively easy fix:

pip uninstall pywin32
pip install pywin32==225

5.7 License Agreement

PARETO Copyright (c) 2021-2023, by the software owners: The Regents of the University of California, through
Lawrence Berkeley National Laboratory, et al. All rights reserved.

Redistribution and use in source and binary forms, with or without modification, are permitted provided that the
following conditions are met:

1. Redistributions of source code must retain the above copyright notice, this list of conditions and the following
disclaimer.

2. Redistributions in binary form must reproduce the above copyright notice, this list of conditions and the
following disclaimer in the documentation and/or other materials provided with the distribution.

3. Neither the name of the Produced Water Application for Beneficial Reuse Environmental Impact and Treat-
ment Optimization (PARETO), University of California, Lawrence Berkeley National Laboratory, U.S. Dept.
of Energy, nor the names of its contributors may be used to endorse or promote products derived from this
software without specific prior written permission.
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THIS SOFTWARE S PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS “AS IS” AND ANY EX-
PRESS OR IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF MER-
CHANTABILITY AND FITNESS FOR A PARTICULAR PURPOSE ARE DISCLAIMED. IN NO EVENT SHALL THE
COPYRIGHT OWNER OR CONTRIBUTORS BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL,
EXEMPLARY, OR CONSEQUENTIAL DAMAGES (INCLUDING, BUT NOT LIMITED TO, PROCUREMENT OF SUB-
STITUTE GOODS OR SERVICES: LOSS OF USE, DATA, OR PROFITS; OR BUSINESS INTERRUPTION) HOWEVER
CAUSED AND ON ANY THEORY OF LIABILITY, WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (IN-
CLUDING NEGLIGENCE OR OTHERWISE) ARISING IN ANY WAY OUT OF THE USE OF THIS SOFTWARE, EVEN
IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE.

You are under no obligation whatsoever to provide any bug fixes, patches, or upgrades to the features, functionality
or performance of the source code (“Enhancements”) to anyone; however, if you choose to make your Enhancements
available either publicly, or directly to Lawrence Berkeley National Laboratory, without imposing a separate writ-
ten license agreement for such Enhancements, then you hereby grant Lawrence Berkeley National Laboratory the
following license: a non-exclusive, royalty-free perpetual license to install, use, modify, prepare derivative works,
incorporate into other computer software, distribute, and sublicense such enhancements or derivative works thereof,
in binary and source code form

5.8 Copyright Notice

PARETO was produced under the DOE Produced Water Application for Beneficial Reuse Environmental Impact
and Treatment Optimization (PARETO), and is copyright (c) 2021-2023 by the software owners: The Regents of the
University of California, through Lawrence Berkeley National Laboratory, et al. All rights reserved.

NOTICE. This Software was developed under funding from the U.S. Department of Energy and the U.S. Government
consequently retains certain rights. As such, the U.S. Government has been granted for itself and others acting on
its behalf a paid-up, nonexclusive, irrevocable, worldwide license in the Software to reproduce, distribute copies to
the public, prepare derivative works, and perform publicly and display publicly, and to permit other to do so.
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