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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”.
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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: <pareto-support@pareto.org>



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@pareto.org
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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 pareto-support@project-pareto.org.

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@project-pareto.org
https://repo.anaconda.com/miniconda/Miniconda3-latest-Windows-x86_64.exe
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5.1.2 Users

Non-git tracked option
1. Install PARETO with pip by one of the following methods

a. To get the latest release:

pip install project-pareto

b. To get a specific release, for example 1.6.3:

pip install project-pareto==1.6.3

c. 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

5.1.3 Core-dev

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

2. 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

3. In this new project-pareto directory, run the following command which installs PARETO in editable mode so
that developers can make changes and push to their fork/branch:

pip install -e

5.1.4 Hybrid

User that can edit the base code

1. Create environment:

conda create —n pareto-env python=3.8 pip —-yes
conda activate pareto-env

2. Download zip files (project-pareto-main)
3. Unpack zip files (select directory)

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

pip install -r requirements-dev.txt

10 Chapter 5. Contents



PARETO, Release 0.7.0

5.1.5 Building Documentation

We use Sphinx for writing and building our on-line documentation. This is a tool that translates a set of plain text
.rst (reStructuredText) files into various output formats, such as HTML or PDF (via Latex).

After installing as a Core-dev or Users (as described above) you can build the documentation locally on your system
by running the make command in the docs folder, as follows:

$ cd project-pareto/docs/
$ make html

Visit the Sphinx Style Guide for information on syntax rules, tips, and FAQ.

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.
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Fig. 1: Figure 1. Problem Description

Program Inputs
« Produced water forecast
— Quantity
— Quality

« Transportation resources

5.2. Model Library 11
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— Water hauling trucks

— Produced water pipelines
« Reuse opportunities

- Demand forecasts

— Quality constraints
+ Cost assumptions

— cost of freshwater

— treatment, production, and storage cost

© PARETO
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Program Outputs
« Infrastructure buildout
— Storage/treatment facilities
- Pipeline network
« Source-to-sink matches
— Volumetric flows

— Blending/treatment options
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+ Planning and scheduling
— Water delivery coordination
— Operational and strategic

« Economic performance
— Operational costs

— Capital expenditures

© PARETO T—
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S —— . Fioing $170K
| EXPORTRESATS
X )

Disposal, $1208

Truck Count
B2
M ay Tuasday Wedresday Thidrzday

e 4 REVIEW INPUTS & SETTIMNGS

Fig. 3: Figure 3. Output Data

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

5.2. Model Library 13
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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
(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

14 Chapter 5. Contents
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(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

(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

(p,a) € PAL Pad-to-tank links

Continuous Variables
Piped

Fy;; = Produced water piped from one location to another location
Flg)rt”Ck"d = Produced water trucked from one location to another location
F;ZZ;C“{ = Fresh water sourced from source to completions

F;: ?dswmgdn = Water put into completions pad storage

F; ?dswm‘geom = Water removed from completions pad storage

F,Ttr catment Destination _ \arater delivered to treatment site

F%””“dﬂ catedWater _ water leftover from the treatment process

Disposal Destination

F = 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?;‘"F = Produced water drained from production tank
LELO’?T“"]‘L = Water level in production tank at the end of time period t

5.2. Model Library 15
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Otherwise, if the production tanks are equalized, the water level and water drainage can be aggregated to

a pad level:

F£ rainf’ — produced water drained from equalized production tanks

L?F["dT“”k = Water level in equalized production tanks at the end of time period t
Bg’rf’d”m"” = Produced water for transport from pad
Storage . . . .
Ly = Water level in storage site at the end of time period t
Pad$S gy . . . .
Lpf; 1r48¢ _ Water level in completions pad storage at the end of time period t
Piped o . .
G llf ““ = Cost of piping produced water from one location to another location
ClTlr ;‘Cked = Cost of trucking produced water from one location to another location
C;O;‘rfed = Cost of sourcing fresh water from source to completions pad
Di I S . .
Gy ;Sp %%~ Cost of injecting produced water at disposal site
Glyeatment = Cost of treating produced water at treatment site
CompletionsR . . .
CP}?MP CHOMTARE _ Cost of reusing produced water at completions site
Storage . . .
Cst = Cost of storing produced water at storage site (incl. treatment)
Storage . C .
Rg; = Credit for retrieving stored produced water from storage site
PadStorage . .
Cpyi = Cost of storing produced water at completions pad storage
clotalSourced _ Tota] cost of sourcing freshwater

cTotalDisposal _ Tota] cost of injecting produced water

clotalTreatment _ Tota] cost of treating produced water

clotalCompletionsReuse _ Tota] cost of reusing produced water

clotalPiping _ Total cost of piping produced water

cTotalStorage _ Tota] cost of storing produced water

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

clotalTrucking _ Total cost of trucking produced water

CSlack — Total cost of slack variables

RlIotalstorage _ Tota] credit for withdrawing produced water

Sg’rt“CD emand _ glack variable to meet the completions water demand

ngt"d”mo” = Slack variable to process produced water production

55’1{’“’[’“"/‘ = Slack variable to process flowback water production

PipelineCapacity
y/ B

S Slack variable to provide necessary pipeline capacity

StorageC it . . .
o TABCEaPaaly - Slack variable to provide necessary storage capacity

DisposalCapacity

S, = Slack variable to provide necessary disposal capacity
T i . . .
Sr reatmentCapacity _ glack variable to provide necessary treatment capacity

16
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Bene ficial ReuseCapacit . . . .
o f PAY _ Slack variable to provide necessary beneficial reuse capacity

Binary Variables

ylFll?W = Directional flow between two locations

PadSt .
zp’? 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
= 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
= Combined capacity of equalized production tanks
= Initial water level in equalized production tanks
= Flowback supply forecast for a completions pad
= 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
= 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

5.2. Model Library 17
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= 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
= Slack cost parameter
= Slack cost parameter
= Slack cost parameter

= Slack cost parameter

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

= Slack cost parameter

18
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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 +

CTotalPiping + CTotalStorage + cTotalPadStorage + CTotalTrucking + CSlack _ RTotalStorage

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

_ Plped Plped Piped
- Z(n,p)eNCA LLt Z(p P)EPCA m Z(s P)ESCA Fllt
Plped Plped Sourced
+ Z(p,c)eCCA LLt Z(r P)ERCA llt Z( f.p)EFCA Fl Lt

Trucked Trmked Trucked
+ Z(p,p)EPCT F + Z(s pescr Ll + Z(p,p)ECCT Fy iy

Fﬂrtmked n FPad_StorageOut PadStorageln n SggaCDemand

+ Z( £.p)EFCT pi

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

_ PadStorage
pit -

Storageln StorageOut
+F
pi—1

L it Tt

+ 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
Pt

PadStorage

<z

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

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.

Sourced Trucked
Z( ppercatine Z( fperer e S

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 Trucked Trucked
Z(p,p)ePCT Fy + Z(s P)ESCT Fi + Z(f P)EFCT Fy

Trucked
+ Z(p p)ECCT Fll s

5.2. Model Library 19
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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 pcd Piped
Z(n,p)eNCA Lt Z(p p)EPCA llt Z(s p)ESCA Flﬁl,t
P zped P 1ped Flrucked
+ Z(p c)eCCA Fypy Z(r P)ERCA Fypy Z(p p)ePCT Fiiy

Trucked Trucked
Z(s P)ESCT Fyyy + Z(p,p)GCCT Fyiy <

Note: This constraint has not actually been implemented yet.

Storage Site Truck Offloading Capacity: Vpe 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 Trucked
Z(p,s)ePST Fp "+ Z(p,s)eCST Fy " <

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.

Piped Trucked Trucked
Z(n,s)ENSA Fl Lt + Z(p s)eEPST Fll + Z(p $)ECST F” <

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

ProdTank _ ProdTank Drain
Lpat +Lp,a,t—1 + Fpat

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

ProdTank _ ProdTank Drain
L - + LbrodTank 4 o

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
Lpraot ank <

For equalized production tanks: Vp € P,t € T
LgrtodTank <
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.

20 Chapter 5. Contents
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For individual production tanks: V(p,a) € PAL,t € T

ProdTank
Lp at=T <

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

ProdTank
Lprodfank <

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

Drain _ pProduction
Fprain = phr

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
Fpi™ = By

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 _ Pzped Pzped Piped
Byi = Z(p,n)ePNA AT Z(p pepca i+ Z(p pyeppa Llit

Trucked Trucked Trucked
+ Z(p,p)ePCT Fl Lt + Z(p,k)ePKT Fl Lt + Z(p,s)ePST Fl,l,t

Trucked

Trucked Production
+ Z(p,r)EPRT Fp Z(p,o)ePOT F +5pi

LLt

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.

_ Plped Plped
_Z(pn)ECNA LLt Z(pc)ECCA Lt Z(pp)ECCT

Trucked Trucked Trucked Flowback
Z(p peckr e T Z(p gecst e Z(p necrr e+ Spi

Network Node Balance: Vn € N,t € T

Trucked
B

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.

Plped Plped I lped Piped
Z(p,n)ePNA Lt Z(p n)eCNA llt Z(n n)eNNA llt Z(s n)eSNA Fl Lt

_ Z Pzped Z Pzped Z
— Lu(nA)eNNA llt (n,p)ENCA llt (n,k)eNKA
Plped Plped

+ Z(n,r)eNRA 1Lt Z(n SeNsa fLit Z(n o)eNOAFllt
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Bi-Directional Flow: v(I,I) € PCA,PNA,PPA,CNA, NNA,NCA,NKA,NSA,NRA, ...,SOA,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 _
Yie tyg =1

Note: Technically this 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).

Plped Flow |
Fur <V

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.

Storage Storage Pzped Trucked
Lgy - + LS -1 T Z(n,s)GNSA et Z(p $)ePST Fl Lt

Trucked _ Piped Plped Piped
+ Z(p,s)eCST Fiyy Z(s,n)eSNA Fyyp Z(s P)ESCA Fppy Z(s k)eSK A iyt

_ Piped P iped Trucked _ Trucked
Z(s,r)eSRA Fll Z(s,o)ESOA Lt Z(s P)eSCT Fl Lt Z(s,k)eSKT F

Pipeline Capacity:
v(l,1) e PCA,PNA,PPA,CNA,NNA,NCA,NKA,NSA,NRA, ...,SOA, [t € T]

Capacity

_ PipelineCapacity
Fim o~ = +5

v(l,I) e PCA,PNA,PPA,CNA,NNA,NCA,NKA,NSA,NRA,...,SOA,t €T

Piped Capacity
Fl Lt < Fl L[t]

Storage Capacity:

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€ S, [teT]

X;atjtyacity _ 4 SStorageCapaaty
VseS teT
LStorage < XCla]baClty
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]

DCapaczty 4 S[?isposalCapacity

k[]
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vkeK,teT
P iped P iped Trucked Trucked
Z(n,k)eNKA et Z(s weska e+ Z(s weskr fLie T Z(p Kepkt [Lit
Trucked Trucked Capacity
+ Z(p,k)eCKT Fipt + Z(r k)ERKT Fipt < Dy k.[t]
vkeK,teT
Pl ped P iped Trucked Trucked
Z(n,k)eNKA et Z(s peskalile Z(s Weskr LLie T Z(p Kepkr TLit
Trucked Trucked Disposal Destination
+ Z(p,k)eCKT Fe Z(r,k)eRKT Fie " = Ty
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.

VvreRiteT

P lped P lPEd Trucked
Z(n,r)eNRA LLt Z(s r)eSRA l Lt Z(p r)ePRT Fl Lt

Trucked TreatmentCapacity
+ Z(p necrr e < +5

Vvre RiteT

Plped Pzped
Z(n,r)eNRA LLt +Z(sr)€SRA LLt +Z(pr)EPRT

Trucked Treatment Destination
+ Z(p,r)eCRT Fl Lt = Ly

Trucked
Fl Lt

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,t €T

Pz ped Pz ped Trucked ReuseCapacity
Z(n,o)eNOA LLt Z(SO)GSOA LLt Z(po)EPOT Lt < + S

YoeO,t €T

Z Pz ped Z Pz ped Z Trucked FBene ficial ReuseDestination
(n,00eNOA Fiyy (5,0)€SOA Fiyy (p,0)ePOT Fiiy ol

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.

Sourced bourced Trucked
Crpt =(F fot - TIT, )

TotalSourced _ Sourced
¢ - Z\ﬁe’[ Z( f.p)eFCA Cf it

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.

Dis posal Piped

Fllt

Trucked
o F )

+ Z(l,l)ePKT,CKT,SKT,RKT

i DH posal
CTotalDisposal _ Z Z
vteT keK

= (Z(I,I)ENKA,RKA,SKA

5.2. Model Library 23



PARETO, Release 0.7.0

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.

Piped

Treatment _
G Bt

Trucked
- (Z(I,I)ENRA,SRA Fll )

+ Z(l,l)ePRT,CRT
TotalTreatment _ Treatment
¢ - theT ZreR Gt
Treatment Balance: Vr e R,t €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.

P lPEd P lP‘?d Trucked
(Z(n r)ENRA llt Z(s r)ESRA llt Z(p r)EPRT Fl,l,t

Pl ed
P + Fr[,]tnusedTreatedWater

Trucked _
)= Z(rp)eRCA Llt

Z(p r)eCRT ll

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 _ Pzped Pzped Piped
Cp,t - (Z(n,p)ENCA et Z(p p)EPCA l ot Z(r,p)ERCA Fl Lt
P iped P iped Trucked
+ Z(s,p)eSCA e T Z(p,c)eCCA et Z(p pecer Tt

Trucked Trucked
+ Z(p, p)ePCT Fipy + Z(s,p)eSCT iy )

Note: Freshwater sourcing is excluded from completions reuse costs.

i CompletionsReuse
CTotalCompletzonsReuse — E E
vt€T £upeCP P[

Piping Cost: V(I,]) € PPA,...,CCA,t €T
Piping cost is the total volume of piped water multiplied by the cost for piping.

Plped P’Ped Sourced
Cue =y +H-

TotalPiping _ Piped
¢ s = ZteT Zv(l,l)ePPA, Cllt

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 _ } lPEd Trucked rucked
(Z(z DeNsa Tl Z(z pecst fie Z(l sepst )

CTotalStorage — Z ; Z 5 Storage
vte Vs€.
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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

Trucked
Rs,t Fllruc e )

+ Z(z 1)eSCT,SKT

RTotalStorage - ZV ; ZV s Storage
te S€

= (Z(l 1)eSNA,SCA,SKA,SRASOA

Pad Storage Cost: Vp e CP,t € T

PadStorage PadStorage
CPJ ZvreT ZVPECP Pt

CTotalPadStorage _ ZVth vaecp C;’;zdStorage

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.

CTrucked FTruLked
LLt LLt

TotalTrucking _ Trucked
¢ - theT Zv(l,l)ePPA,“.,CCT Cl Lt

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

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 — Zpecp ZteT grtacDemand + Zpepp ZteT grtoductton
+ Zpecp ZteT SF’ltowback i + Z(l be.. SPlPelzneCapaczty
4 Zses StorageCapaczty 4 ZkeK SDlsposalCapacity .
n ZrER TreatmentCapacity n Zoeo Bene ficial ReuseCapacity

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
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« 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
Z(n,k)eNKA LLt Q"Wt+Z(sk)eSKA LLt stt+2(rk)eRKA e Qe

Trucked Trucked
+ Z(s k)eSKT Fiiy Oswe + Z(pjc)EPKT LLt *Qpwe

Trucked Trucked
+ Z(p,k)eCKT Fypy Qpows + Z(r,k)eRKT e Qo

Dis posal Destination
kit Okt

Storage Site Water Quality vse 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
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.

Storage Pzped
+ Ls,tfl ' Qs,w,tfl + Z(n,s)eNSA 11t ant

Trucked Trucked
+ Z(p,s)EPST iy Qpwe + Z(p gecst fiie " Qpowe
Pz ped Pz ped Piped
= Quwe - (Lsp ~ + Z(s mesnafie  + Z(s sescatie Z(s keskA 1Lt

P iped P iped Trucked Trucked
+ Z(sx)eSRA et Z(s 0)eSOA Fp o + Z(s P)ESCT Fiiy + Z(s k)eSKT Fypy )

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

Storage

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 Lt Q’”’” + Z(sr)ESRA Llt Q“’”
Trucked Trucked
+ Z(p,r)ePRT Fae ™ Qpawe + Z(p,r)eCRT e Qpawr)

Piped | UnusedTreatedW at
= Qs - (Z(r,p)eRCA K - Fr)tnuse reatedW ater

where <1

Network Node Water Qualityvn e Nowe W,t €T
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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 e Qpwe ¥ Z(pn)eCNA e Qs

Plped Plped
+Z(ﬁ,n)eNNA e Onwet Z(sn)eSNA e Qe

. Pzped
= Onwy - (Z(n,fz)eNNA et Z(n P)ENCA FZ”

Pzped

+ Z(n,k)eNKA et Z(n renra [Lit
Plped Piped

+ Z(n,s)eNSA 1L Z(n oyenoa fiie )

Beneficial Reuse Water Quality Vo e 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 Trucked
Z(n,o)eNOA LLt Onwe + Z(so)ESOA Lt Qswe + Z(po)ePOT Lt Qpwi

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.

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.
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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.

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

o0 € O Beneficial reuse options

n € N Network nodes

I € L Locations (superset of well pads, disposal sites, nodes, ...)

d € D Pipeline diameters
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¢ € 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
(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
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(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

Flpilf “d _ Produced water piped from one location to another location
Flgft”"k‘fd = Water trucked from one location to another location
F]‘?Z’)’;C‘?d = Fresh water sourced from source to completions

Ff ?dswmgdn = Water put into completions pad storage

F[i?dsmmgeom = Water removed from completions pad storage

Fgesalinate‘iwater = Water removed from system post desalination

StorageEvaporationStream .
Fgy getvap = Water at storage lost to evaporation

Fthr catmentFeed _ Flow of feed to a treatment site

F,I?tmd”“lwater = Flow of residual water out of a treatment site

F,T reatedWater _ Blow of treated water out of a treatment site

Com pletionsReuseDestinati . .
Fp;mp CHOMPABEEETNEON — Water delivered to completions pad for reuse

Dis posal Destination

Fey = Water injected at disposal site

Bene ficial Reuse Destination . .
Fy; f = Water delivered to beneficial reuse

C letionsDestinati . .
prmp ctionsDestination _ All water delivered to completions pad

Bene ficial Reuse Destination . . .
Fpy f = Water delivered to beneficial reuse site

Storage
st

L, = Water level at storage site at the end of time period t

PadStorage

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

plotalTrucked _ Tota] volume of water trucked

plotalSourced _ Tota] volume of freshwater sourced

fplotalDisposed _ Tota] yolume of produced water disposed

fplotalCompletionsReuse _ Tota] volume of produced water reused

Piped o . .
o ilf “? = Cost of piping produced water from one location to another location
ClTir ucked _ Cost of trucking produced water from one location to another location
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Csogrfed = Cost of sourcing fresh water from source to completions pad
Disposal . . .

Gy t”poga = Cost of injecting produced water at disposal site

Glyeatment = Cost of treating produced water at treatment site
CompletionsR . . .

Cpf;mp HOMTEEE _ Cost of reusing produced water at completions site
Storage . . .

Cst = Cost of storing produced water at storage site (incl. treatment)
Storage . . .
Rgy = Credit for retrieving stored produced water from storage site

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

cTotalStorage _ Total cost of storing produced water

cTotalTrucking _ Tota] cost of trucking produced water

CSlack — Total cost of slack variables

RTetalsStorage _ Tota] credit for withdrawing produced water

Dk,([lgamy = Disposal capacity in a given time period at disposal site

Capacity _

X, It] = Storage capacity in a given time period at storage site

s,
Capacit S . . . .
Trﬁf “%Y — Treatment capacity in a given time period at treatment site

C it s . . . .
F Za[f]m ¥ = Flow capacity in a given time period between two locations
DisposalCapEx

C[[] = Capital cost of constructing or expanding disposal capacity

Cﬁ%p clineCapEx_ Capital cost of constructing or expanding piping capacity

Si CapE . . . .
Clttjomge PR Capital cost of constructing or expanding storage capacity

T tCapE . . . .
C[trmmen aPEY Capital cost of constructing or expanding treatment capacity

SgrtaCD emand _ Glack variable to meet the completions water demand

5£’§0d”6ti0" = Slack variable to process produced water production

ngbe“Ck = Slack variable to process flowback water production

SPi pelineCapacity _

17 Slack variable to provide necessary pipeline capacity
S C i . . .
§;1OrAseCapaity’ _ glack variable to provide necessary storage capacity

DisposalCapacity

Sk = Slack variable to provide necessary disposal capacity

T tC\ it . . .
 eamenttapacly’ _ glack variable to provide necessary treatment capacity

B icial ResueC: it . . . .
o ene ficialResueCapacity _ g1, o variable to provide necessary beneficial reuse capacity

5.2. Model Library

31



PARETO, Release 0.7.0

Binary Variables

Y ll 56[1;?6 = New pipeline installed between one location and another location with specific diameter
hA iof;]ge = New or additional storage facility installed at storage site with specific storage capacity
y’T‘rft“j”ﬁej”t = New or additional treatment capacity installed at treatment site with specific treatment capacity and

treatment technology

y,fii’s[gosal = New or additional disposal facility installed at disposal site with specific injection capacity

yl}}l‘[’w = Directional flow between two locations

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
= Initial reuse capacity at reuse site
= 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
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= 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

= 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
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= Storage withdrawal operational credit

= 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

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 CTotalSourc’ed + CTotalDisposal + CTotalTreatment
+CT0talCompletionsReuse + CTotalPiping + CTotalStorage
+CTotalTrucking + .(CDisposalCapEx
+CStomgeCapEx + CTreatmentCapEx + CPipelineCapEX)

+CSlack _ RTotalStorage
max [TotalCompletionsReuse /

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.

T
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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 Piped Piped

> Y Egi+ Yo Fapl > Eb
neN|(n,p)eNCA PEPP|(p,p)ePCA s€S|(s,p)eSCA

Piped Piped S, d

S+ Frpt Fpoce

ppit
PECP|(p,p)eCCA reR|(r,p)eRCA SfEF|(f.p)eFCA
Trucked Trucked Trucked
+ plrucked plrucked %" Fln

+

bips D:Ps
pePP|(p,p)ePCT PECP|(p,p)eCCT s€S|(s,p)eSCT
Trucked PadStorageOut PadStorageln FracDemand
+ ), K +F - +5
Pt pit pi pit
feFI(f.p)eFCT

Else if =0:

Piped Piped Piped
= Z Fopr + ot T Z Fpt
neN|(n,p)eNCA PEPP|(p,p)ePCA s€S|(s,p)eSCA
Piped Piped .

+ Fﬁ lgi + F, lpte + Ff";j;‘e‘i
PECP|(p,p)eCCA reR|(r,p)eRCA fEF|(f.p)eFCA

+ Fgfbukad + Ffru;*ked + Z Fgg?tcked
pPEPP|(p,p)ePCT PECP|(p,p)eCCT s€S|(s,p)eSCT

n FTrucked " FP(tzdStorageOut _ FPadStorageIn S Frtac Demand
it D

P pit
feFI(f.p)eFCT

Completions Pad Storage Balance: Vp € 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.

Fort =1:
PadStorage PadStorageln PadStorageOut
Lyt = + Fpy —Fpy
Fort > 1:
PadStorage . PadStorage PadStorageln PadStorageOut
Lp,t - Lp,tfl + Fp,t —ipt

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
Ly <
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.
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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
Feor + Fy <

fops pit
PEP|(f,p)EFCA PEP|(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.

F[g;?gked + Z FST’;;%cked + ijrpu;‘ked
PEP|(p,p)ePCT s€S|(s,p)eSCT feF|(f,p)EFCT
Trucked
+ Z F p,p.t <
PEP|(p.p)ECCT

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.
FPiped F
n,p,t + Z ppit
neN|(n,p)eNCA PEP|(p,p)ePCA s€S|(s,p)eSCA
Piped Piped

IR LD VI Ak D Y Vi

ppit
PEP|(p,p)eCCA reR|(r,p)eRCA PEP|(p,p)ePCT

Piped Piped

Fs,p,t

+ Z Fg]%Cked + Z F[’m!ttcked <
s€S|(s,p)eSCT PEP|(p,p)eCCT

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.

Fg,ﬁf‘fk“i + Z Fi;f)r;?tcked <
PEPI(p,s)ePST PEP|(p,s)ECST
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.

Piped Piped Trucked
Fn,s,t + Z Fr,s,t + Z Fp,g,béc ¢
neN|(n,s)eENSA reR|(r,s)ERSA pEP|(p,s)ePST
+ Z F;Z%CkEd <
pEP|(p,s)eCST

Production Pad Supply Balance: Vp € PP,t € T
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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.

_ Piped Piped
- Z FP,ﬂJ * Z F t Fp,ﬁ,t

neN|(p,n)ePNA pePl(p.p)ePCA ~ pePl(p.p)ePPA

Piped

Trucked Trucked Trucked
+ F Pt + Z F pkit + Z F DSt
PEP|(p,p)ePCT keK|(p.k)ePKT se€S|(p,s)ePST
+ FTrucked + Z FTrucked + S}I)’;oduction

prit p.ot
reR|(p,r)ePRT 0€0|(p,0)ePOT

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 Piped Trucked
= 20 P+ X, Bat+ o ) R
neN|(p,n)eCN A ceC|(p,c)eCCA PEP|(p,p)eCCT
Trucked Trucked Trucked Flowback
+ > Fpucked 4 > Flutkedy N phrucked 4 gE
keK|(p,k)eCKT s€S|(p,s)eCST reR|(p,r)eCRT

Network Node Balance: Vn € 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 Piped Piped
F Fp,n,t + Z F; + Z Fs,n,t

pnt fint
peP|(p.n)ePNA peP|(p.n)eCNA neN|(A,n)eNNA s€S|(s,n)eSNA

_ Piped Piped Piped
= Z Foie + Z Fopr + Z Fokt
neN|(ni)eNNA pEP|(n,p)eENCA keK|(n,k)eNKA

Piped Piped Piped
+ Z Fn,r,t + Z Fn,s,t + Z Fn,o,t

reR|(n,r)ENRA s€S|(n,s)ENSA 0€0|(n,0)eNOA

Bi-Directional Flow: V(I,]) € {PCA, PNA, PPA,CNA,NNA, NCA,NKA, NSA, NRA, ..., SOA}Lt € 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 _
it + Yig = 1

Note: Technically this 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 Flow
ped - Flow |
Fl,l,t — Lt

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.
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Fort =1:

Storage Storage Piped Piped Trucked

Ls,t = /]Lx,r:l + Z Fn,s,t + Z Fr,s,t + Z Fp,};?tc ¢

neN|(n,s)ENSA reR|(r,s)ERSA peP|(p,s)ePST

Trucked Piped Piped Piped

+ Z Fp,gl,ltc “— Z Fs,n,t - Z Fs,p,t - Z Fs,k,t

pEP|(p,s)eCST neN|(s,n)eSNA PEP|(s,p)eSCA keK]|(s,k)eSK A
Piped Piped Trucked Trucked StorageEvaporationStream
- Fs,r,t - Z Fs,o,t - Z Fs,‘t};?tc - Z Fs,]:zc “— Fs,t
reR|(s,r)eSRA 0€0|(s,0)€SOA PEP|(s,p)eSCT keK|(s,k)eSKT
Fort > 1:

Storage . Storage Piped Piped Trucked

Ls,t - Ls,t—l + Z Fn,s,t Fr,s,t Z Fp,gltc ¢

neN|(n,s)ENSA reR|(r,s)eRSA pEP|(p,s)ePST

Trucked Piped Piped Piped

+ Z Fp,g,%c “— Z Fs,n,t - Z Fs,p,t - Fs,k,t

PEP|(p,s)eCST neN|(s,n)eSNA PpEP|(s,p)eSCA keK|(s,k)eSKA
Piped Piped Trucked Trucked StorageEvaporationStream
- Z Fs,r,t - Z Fs,o,t - Z Fs,[rJg‘C - Z FS,IZ;C - Fs,t
reR|(s,r)eSRA 0€0|(s5,0)€SOA pEP|(s,p)eSCT keK|(s,k)eSKT

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 Storage
st=T <0

L
Network Node Capacity: vn e N,t € T

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

Piped Piped Piped
Font + Y, Fpmr + D Fing
peP|(p,n)ePNA pEP|(p,n)eCNA neN|(n,n)eNNA
Piped Tode
+ Z Fs,rllge < (Tl;\(,tf(
s€S|(s,n)eSNA

Pipeline Capacity Construction/Expansion: v(/, i) € {PCA,PNA,PPA,NKA,CNA,NCA,NSA,NOA, FCA,RCA,SKA,SOA, RSA,

Sets the flow capacity in a given pipeline during a given time period. Different constraints apply depending on if the
pipeline is reversible or not. The set D should also include the 0th case (e.g. 0 bbl/day) that indicates the choice to
not expand capacity.

Capacity _Pipeline " Z SI":/w/mu Pipeline SPipelineCapacity

L[] 9 % Via 1
deD

V(1) € {PPA,CNA,NNA,NCA,NSA, NRA,RNA, RKA,SNA, SCA}, [t € T]

PipelineCapacity

Capacity _Pipeline SJU/)dirw Pipeline Pipeline
i " +2.0 Olig tYa TS
deD
.Pipeline . AT .
Note: J, P 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 r, ; is Hazen-Williams constant and o is Hazen-Williams exponent
as per Cafaro & Grossmann (2021) and d represents the pipeline diameter as per the setd € D.

See equation:

oPipeline

R 1)
¥ = d
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v(l,I) € {PCA,PNA,PPA,CNA,RCANNA,NCA,NKA,NSA,NRA, ..., SOA}t € T

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

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

This constraint accounts for the expansion of available storage capacity or installation of storage facilities. If expan-
sion/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.

Capactty Storage StorageCapacity
X t] 2 Yse T FSs
ceC
VseS,teT
Littomge < XCapacity

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

This constraint accounts for the expansion of available disposal sites or installation of new disposal sites. If expan-
sion/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 Oth case (e.g. 0 bbl/day) that
indicates the choice to not expand capacity.

Capauty Disposal DisposalCapacity
Dy 11 + Vi + 5

i€l

vke K,teT

Piped Piped Trucked Trucked
Z Fn,k,t + Z Fs,k,t + Z Frkt + Z Fskt

neN|(n,k)eNKA s€S|(s,k)eSK A reR|(r,k)eRK A s€S|(s,k)eSKT
Trucked Trucked Trucked Capacity
+ F kot + Z F Kt + Z F; kit < Dk,[t]
pEP|(p,k)EPKT pEP|(p,k)eCKT reR|(r,k)eRKT

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 Oth case (e.g. 0 bbl/day)
that indicates the choice to not expand capacity.

Treatment Treatment Capauty
( * Yrowt,j + Yrowt,j )=
wteWT,je]
VreRteT
Piped Piped Trucked
Fn rt + Z Fs,r,t + Fp,r,t
neN|(n,r)ENRA s€S|(s,r)ESRA peP|(p,r)ePRT
+ FTruLked < Tclat]{)amy
pEP|(p,r)eCRT

Treatment Feed Balance: vr € Rt € T
At a treatment facility, the inlet raw produced water is combined into a single input treatment feed.
Fr{)if;ed + Z Fspri}t)ed + FTrucked + Z FTrucked FTreatmentFeed
neN|(nr)ENRA s€S|(s,r)ESRA pEP|(p,r)ePRT peP|(p,r)ECRT
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Treatment Balance: vr € Rt € 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
Fl} = FR +Fl

Residual Water: Vr e R,be B,t €T
The efficiency of a treatment technology determines the amount of residual water produced.

Residual Water LHS

E{treatmentFeed . (1 _ ) _ . (1 _ Z ercvetajtment) < Frl,?tesidualWater
jeJ
Residual Water RHS
threatmentFeed . (1 _ ) + . (1 _ Z erCveajtment) > Fr})?tesidualWater
jeJ

Treated Water: Vv € Rwt e WT,t €T

Treated water is either reused in the completion pads or stored in ponds or removed for beneficial reuse (if desali-
nated).

TreatedW ater _ Piped Piped DesalinatedW ater
Ei - Z FV,PJ«‘ + Z Fst +E5;

PpeCP|(r,p)ERCA s€S|(r,s)ERSA

Beneficial Reuse Capacity: Vo€ O,t € T
For each beneficial reuse site and for each time period, water sent to a site must be less than or equal to the capacity.

Piped Piped
Fn,(lfte + Z Fs, ;ﬁe + Z FTrucked
neN|(n,0)eNOA s€S|(s5,0)€SOA PpEP|(p,0)ePOT

Bene ficial ReuseCapacity
< o

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.

Céourced ( ;o;;ced FTrucked )

TotalS d _ Sourced
¢TotalSourced _ Z Z Cf,p,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.

FTotalSourced Z Z Z ( ;%Agced + FTrucked)
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.

CDzsposal —(

P 1ped Trucked
Fl k.t Fl,k,t )
leL|(Lk)e{NK A,RK A,SK A} leL|(Lk)e{PKT,CKT,SKT,RKT}
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DlS posal
CTotalDisposal _ Z Z
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.

Dzs posal Destination
FTotalDzs posed _ Z Z
teT keK

Treatment Cost: Vr e 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.

Piped Piped
CrT,[reatment > ( Z pliped Z pliped | Z Fg;u[cked + Z ngfked

nrt st s
neN|(nr)eNRA s€S|(s;r)eESRA PpEPP|(p,r)ePRT PECP|(p,r)eCRT
Treatment
- “(1- Z Yrowt,j
jeJ

Piped Piped
CrT’treatment S( Z F 1pe + Z F 1pe + Z FTrucked + Z F;’%cked

nrt s,rt
neN|(n,r)ENRA s€S|(s,r)ESRA pEPP|(p,r)ePRT PECP|(p,r)ECRT
Treatment
+ (1 - Z Yrowt,j
jeJ

CTotalT) eatment Z Z CTreatment
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 Piped Piped
Cpt =( Fopy + Z ot T Z Eopt
neN|(n,p)eNCA PEP|(p,p)ePCA reR|(r,p)eRCA
Piped Piped
N N
s€S|(s,p)eSCA PEP|(p,p)eCCA PeP|(p,p)eCCT
+ FY:rucked + Trucked)
PEP|(p,p)EPCT s€S|(s,p)eSCT

Note: Freshwater sourcing is excluded from completions reuse costs.

CTotalReuse — Z Z CReuse
pit

teT peCP

Total Completions Reuse Volume:
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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.

FTotalC ompletionsReused _ Z( Z Frf g)’:‘d I Z FPi z)ed

K p.pit
teT (n,p)eNCA (p,p)EPCA
P lPEd p lPE’d Trucked
+ > RS+ Y F Z Fjne
(5,p)ESCA (r.p)ERCA (p.p)EPCT

Piped Trucked Trucked

+ ), FE+ > Fyrucked 4 > Flpckedy
(p.p)eCCA (p.p)eCCT (s,p)eSCT

Piping Cost: V(I,]) € {PPA,...,CCA},t € T
Piping cost is the total volume of piped water multiplied by the cost for piping.

1 ’iped Piped Sourced
llt (Fl Lt + Fl Lt )

CTotalPiping _ Z Z Clpiifegi
teT (LD)e{PPA,.}

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 Piped
Cs,t = ( Fn,s,t + Z Fr,s,t
neN|(n,s)eNSA reR|(r,s)ERSA
T k d Flrucked
+ F run ed | Z p};utc e )
PpEP|(p,s)eCST pEP|(p,s)ePST
Storage
CTotalStorage _ Z Z o
teT ses

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 Trucked
Rs,t = ( Fs,l,t + Fs,l,t ) ’
leL|(s,)e{SNA,SCA,SK A,SRA,SOA} leL|(s,l)e{SCT ,SKT}
S v Storage
RTotalbtoraée Z Z R
teT seS

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.

CTrucked FTrucked
LLt LLt

cTotalTrucking _ Z Z ClTlrtucked

t€T (1 )e{PCT,....RKT}
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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.

FTotalTrucking _ Z Z plrucked
Lt

t€T (1 1e{PCT,....RKT}

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
conp = Z Z ’ ki
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.

reC Storage
(StorageCapEx _ Z Z . Yse

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
¢ DN : e

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.

CPipelineCapEx — Z Z Z . . yPNipeline
1ld

leL jeg, deD

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
¢ - Z Z Z yl,l,d

leL Jep 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.

F/g)tisposall)eslinalion < . D]Sapacily

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 _ Z Z Sg’rtacDemand . + Z Z Sg’r;oduction .

pECP teT pEPP teT
Flowback PipelineCapacity
IS I
peCP teT (LDe...
" Z SftorageCapacity . " Z S]f)isposalCapacity .
SES keK
4 Z SrTreatmentCapacity . n Z SfeneficialReuseCapaCity .
reR 0€0

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 e K
Disposal
D=1
i€l
VseS
Storage
Z ys,c,[t] =1
ceC
vieLlel
Pipeline
)3 Niap =1
deD
Vr € R

Treatment _
Z yr,wt,j =1
jeJ.beB

Logic Constraints for Desalination:
Desalinated water is not reused for completions pad demand or stored in the storage
VreRteT

Piped Piped Treatment
Fr,p,t + Z Fr,s,t < ) (1 - Z yr’cvet?jmen )
PECP|(r,p)ERCA s€S|(r,s)ERSA jeJ weWwT|
Treated water (but not desalinated) is reused for completions pad demand or stored in the storage. If desalination
technology is not selected, then the amount of desalinated water is set to zero.
Vre RiteT
FgesalinatedWater < . Z Treatment

rwi,j
JjeJWteEWT)|

Desalination technology is assigned to a pre-determined site.

Vr € R
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if
S e
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
Fth 8 P - O
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

Com pletionsReuseDestination Piped

¥ = Z Fipy

leL|(l,p)eLLAJgF leL|(l,p)eLLT Il¢F

+ FTrucked

F Lpt

P

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
F kit - 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
Fftene ficial Reuse Destination _ FPiped n FTrucked

Lot Lo,t
leL|(1,0)e{NOA,SOA,POT}

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

F;;)mpletionsDestination _ Z F’fiffd n Z F}I;i;)(;d Fi’;};ed
neN|(n,p)eNCA PEP|(p.p)ePCA s€S|(s,p)eSCA
Piped Piped

+ ) B+ ) R+ Y Fe

PEP|(p,p)eCCA reR|(r,p)eRCA feF|(f,p)eFCA
+ Fg;ufked + Fgf;;%cked + FY:rufked

PEP|(p,p)ePCT s€S|(s,p)eSCT PEP|(p,p)eCCT
PadStorageOut PadSt I
" Z F};Z,fked " Fp,? orageOut Fp,? orageln

feF|(f,p)eFCT
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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
As‘z‘zl " 6s,qc n s,t Qn,qc t
neN|(n,s)ENSA
Piped Trucked ., Trucked |
+ Z Fost - Qr,qc,t + Z Fp gutc - Vpgelt] + Z Fp,g?tc “ Vpqce,t]
reR|(r,s)eRSA peP|(p,s)ePST PpEP|(p,s)eCST

Storage Piped Piped Piped

=0 et (L Fopp  + Z FS,p,t + Z Fs,k,t

neN|(s,n)eSNA PEP|(s,p)eSCA keK]|(s,k)eSK A
Piped Piped St E tionSt
n Z Fs, rlge n Fs, ége " Z Fgr?tcked n Z pTrucked n Fs’torage vaporation ream)
reR|(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 st Qn,qc t
neN|(n,s)ENSA
Piped Trucked Trucked _
+ Z Fost - Qr,qc,t + Z Fp St “Vpgelt] T Z Fp S Vpqe.[t]
reR|(r,s)eRSA pEP|(p,s)ePST PpEP|(p,s)eCST

Storage Piped Piped Piped

- Qs qc,t (L Z Fs,n,t + Z Fs,p,t + Z Fs,k,t

neN|(s,n)eSN A PEP|(s,p)eSCA keK]|(s,k)eSK A

Piped Piped Trucked Trucked StorageEvaporationStream

+ Z Fsrt Z Fs,o,t + Z Fs,rzltc ¢ + Z Fs,lszc ¢ + Fs,t )
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 Pzped
Fn,r,t : Qn,qc,t + Z s rt Qs Lqc.t
neN|(n,r)eNRA s€S|(s,r)eSRA
T k d T k d
LD DI 3 e S R S it
peP|(p,r)ePRT pEP|(p,r)eCRT

— TreatmentFeed
- Qr qe,t * F rt

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. This constraint
allows us to easily track the water quality at treated water end points like desalinated water.

Treated Water Quality General Constraint

Q,- qu‘ . F’?:[eatmentFeed = QrTreatedWataandes’qc’t . Fr’-]:[eatedwater + QchsidualWaterNodes’qc,t . FReszdualWater
Treated Water Quality LHS Constraint
I ) ) 7 e . .

o gt _Fg:treatmentFeed (1-elre atment Aumm[/) + MFlowConcentration (1- Z yg:xgjtment) >0, it FTreatedWater
jeJ

Treated Water Quality RHS Constraint

0, ot FTreatmentFeed (1 Iu;mnuﬁ]wnm<1/) [I'/u\\'( oncentration (1 _ Z yr]"‘r:fta;ment) < Q retedwaterodes FTreatedWater
JjeJ

Network Node Water Quality vn € N,qc € QC,t € T
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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
Fp,n,t ! + Z Fp,n,t !
peP|(p,n)ePNA peP|(p,n)eCNA
Piped Plped
+ Z Fﬁ,n,t ' Qﬁ,qc,t + Z s n,t Qs qce.t
neN|(n,n)eNNA s€S|(s,n)eSNA
Plped
+ Z r nt Qr qe.t
reR|(r,n)eRN A
Piped Piped
= Qn,qc,t . ( Z Fn,fl)t + Z Fn,p,t
neN|(n,n)eNNA peP|(n,p)eNCA
Piped Piped
+ > RS+ ) RS
keK|(nk)eNKA reR|(n,-)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 Vvp € 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 Pz ped
Fn,p,t ’ Qn,qc,t + Z Fﬁ,p,t ’ + Z ,pt Qs qce.t
neN|(n,p)eNCA PEP|(p,p)ePCA s€S|(s,p)eSCA

Piped Piped Sourced
Fﬁ,p,t . + Z Fr,p,t . QrTreatedWalerNudes qeit + Z Ff,p,[ . Qf,qC,t
PEP|(p,p)eCCA reR|(r,p)eRCA feF|(f,p)eFCA

Trucked Trucked Trucked
+ ) Frucked. + > R Quger+ »,  FLruked.

+

\Ds St
PEP|(p,p)ePCT s€S|(s,p)eSCT PEP|(p,p)eCCT

CompletionsDestination
+ F, P )

Trucked
+ F it i

feF|(f.p)eFCT

PadStora eln
Qf qc, t — Qplntcrmcdlatd\lodc ( 8

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 CompletionsDestination
Fp!t & : Qp[’adSIoragc’qC!t + Fp,t P Qplntumcdlale’\ode Qp qc, t

Completions Pad Storage Node Water Quality Vp € P,qc € 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.
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Fort =1:
PadStorageln
+ Fp,f & : Qp[nrermedia[m\"odu’qc
PadStorage PadStorageOut
= QpPadS[orage’qc,t . (Ls,t + Fp,t )
Fort > 1:
PadStorage PadStorageln
LS,[*l & . QpPadStomge!qC’t71 + Fp,t & . Qplnm‘mcdiatd\"ode,qc
PadStorage PadStorageOut
= QpPadS[omge’qC’t . (Ls,t 6 + 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 Fp,ZL}C .
neN|(n,0)eNOA s€S|(s,0)eSOA pPEP|(p,0)ePOT

Bene ficial Reuse Destination

= 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:

Dis posal Destination

Fk,t : Qk,qcﬁt

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]1,ge,q = Binary decision variable for which discrete quality chosen

DiscreteDis posal Destination
k,t,.qc,q

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

= Water injected at disposal site for each discrete quality

For each location in time only one discrete water quality can be chosen for a water quality component.

Z Ztgeqg =1

(9)eQ

Discrete Max Disposal Destination vVl in L, t in T, qc in QC, q in Q
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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.

FDiscreteDis posal Destination

k,t,qc’q S : Zl,t,q(),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.

FDiscreteDisposalDestination _ pDisposal Destination
Z ktgcq — Tkt
(9)eQ
We can now rewrite the non linear equation showed before to:
FDiscreteDisposalDestination
Z k.t.qc.q ’
(9Q
Rewriting the whole constraints goes as follows:
Disposal Site Water Quality vkin 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 Fr,th : Qr,qc,t
neN|(n,k)eNKA s€S|(s,k)eSKA reR|(r,k)eERKA
Trucked Trucked
+ Z F, skt ’ Qs,qc,t + Z F pkt
s€S|(s,k)eSKT peP|(p,k)ePKT

Trucked Trucked

+ Z Fokr - + Z Fre " Orget
peP|(p.k)eCKT reR|(r,k)eRKT

Dis posal 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
these flows.

Z FDiscretePi ped )

nktq
neN|(nk)eNKA (q)eQ
DiscretePiped
+ Z Z Fikq ’
s€S|(s,k)eSK A (q)eQ
DiscretePiped
+ Z Z E rktq :
reR|(r,k)eRK A (q)eQ
DiscreteTrucked
+ Z Z F, s.ktq '
s€S|(s,k)eSKT (q)eQ
+ FT}]'cu;‘ked .
pEP|(p,k)ePKT
+ FTr]’cu;:ked .
pEeP|(p,k)eCKT
DiscreteTrucked
+ Z Z F rkt.q :
reR|(r,k)eRKT (q)€Q
DiscreteDis posal Destination
< Z Fk,t,qc,q ’
(9eQ
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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, L. (2021). Optimal design of water pipeline networks for the development of shale gas
resources. AIChE Journal, 67(1), e17058.

5.3 Case Studies

5.3.1 Network schematics

Desalination options
(with multiple technology/sizing options)

[ Legend \

O Production pad
® Completions pad
Shallow A\ PW injection option
injection well options
@ PW treatment option

B Treated PW pit option

|:| PW desalination option

<> PW sharing option

—— Existing pipeline

Pipeline
construction options

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

Fig. 4: Strategic Permian demo network.
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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. 5: 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. 6: 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. 7: 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
5£SWD Chapter 5. Contents
Dis- Yes, for K03 and No No Yes, for K03 and K05 No
posal KOo5

ex-

TY YY) =
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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

PARETO tutorials are currently under development and will be made publicly available as soon as possible.

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

In particular, new users should be familiar with Python and Pyomo. Because PARETO and IDAES share this common
base, we refer users unfamiliar with Python or Pyomo to the IDAES tutorials Short Introduction to Python and Pyomo
or the Longer Introduction to Python and Pyomo.

PARETO will leverage WaterTAP models for desalination technologies, therefore, WaterTAP tutorials can be found
here: https://watertap.readthedocs.io/en/latest/tutorials/index.html

The IDAES documentation and tutorials can be found here: https://idaes-pse.readthedocs.io/en/stable/

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.

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

! 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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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
- PP03 cell A2

5 PP04

6 PPOS

<

List of elements of
the set

Fig. 8: 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 2l A B C D
1 |Table of Production Rate Forecasts by Tanks and Pads [bbl/day] " . . o1
Headers ==#  ProductionPads NODES 11 2 1 Table of Initial Dlspos%il Capacity [bbUdaY]
3 PPO1 A01 1058 1029 2 INDEX Value
4 PP A02 1058 1029 3 01 \ 5000
5 PPO A03 466 460 4 P \! 0000 Mandatory
6 PP02 A04 466 460 c \ \ keyword
4 List starts in Generic 6 460 _ _ Gemeric
cell A3 keyword List starts in
cell A3 keyword

Fig. 9: Figure 2. get_data Parameter Setup Format

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)
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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
API. 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
- ‘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.
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« 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.

VB_Y DISPOSAL
(‘Disposal Site’, "Injection Capacity’, 'Disposal’)
vb y Disposal('Kel", 'Ie') = 1.0
vb y Disposal('ke2°, '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. 10: Figure 1. Example of Terminal Output

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

58 Chapter 5. Contents



PARETO, Release 0.7.0

0 ~ O A WMN =

Same data as seen in

A C D
Disposal Site| Injection Capacity Disposal
K01 0] 1
K02 11 1
KO3 10 1
K04 10 1
KOS5 11 1

- | v_C_Storage v ¥ Storage v_L Storage | v_L_PadStorage vb_y_Pipeline = vb_y Disposal = vb_y Storage

terminal output

“

Notice the variable names
as the sheet names

Fig. 11: Figure 2. Example of Excel Output
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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

“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.
~generating 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:
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All Unconventional Water Production

Fig. 12: Figure 3. Example of Sankey Diagram Showing Water Production Flows

“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.

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":
"plot_title":
"output_file":

15,
"Completion Storage",
". . \\first_sankey.png"}

input_data = {"pareto_var":
"labels":

df_parameters["v_f_ Trucked"]
[("Origin", "Destination", "Time",

plot_sankey (input_data, args)

"Trucked Water")]}
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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.

Tosct: Dt

Fig. 13: Figure 4. Animated 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:

“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",
lly_axisll: "log",
"group_by": "Destination",
"output_file": "first_bar.html"}
input_data = {"pareto_var": df_parameters["v_f_PadStorage"]

(continues on next page)
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(continued from previous page)

"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.

Test Data

100

Trucked Water

- Time=To2

Fig. 14: Figure 5. Animated Scatter Chart. Notice the time period slider at the bottom.

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.
“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”.
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Fig. 15: 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):

« True: The dataframe used for creating the figure is printed in the console

Completion Pad Time Storage Levels
T1 9.0e+03
T1 1.0e-10
T1 1.0e-10
T1 O
T2 9.0e+03
T2 1.0e-10
T2 1.0e-10
T2 1.0e-10
T3 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 1.0e-10

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

Fig. 16: 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.
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« 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.

B A W NNNRE =

Fig. 17: Figure 8. Data used for custom categories.

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

r

"labels_x": [("Origin", "Destination", "Time", "Trucked Water")],

"labels_y": [("Origin", "Destination", "Time", "Cost of Trucked Water
") 1,

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

}

(continues on next page)
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(continued from previous page)

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 pareto-
support@pareto.org. 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.

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
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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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