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This document presents the outcomes of Activity 2 of the Healthy HeadWaters Coal
Seam Gas Water Feasibility Study.

The Healthy HeadWaters Coal Seam Gas Water Feasibility Study is analysing the
opportunities for, and the risks and practicability of, using coal seam gas water to
address water sustainability and adjustment issues in the Queensland section of the
Murray-Darling Basin.

The study is being funded with $5 million from the Commonwealth Government, with
support from the Queensland Government, as part of the Healthy HeadWaters Program,
which is Queensland’s priority project funded through the Commonwealth
Government’s Water for the Future initiative. The study is being managed by the
Queensland Department of Natural Resources and Mines (DNRM), and is due to finish
in 2012.

This report was prepared by Klohn Crippen Berger for the State of Queensland
(Department of Natural Resources and Mines).

Klohn Crippen Berger acknowledges assistance from Angus Veitch of the Healthy
HeadWaters Coal Seam Gas Water Feasibility Study project team (DNRM) and from
Econnect Communication in finalising this report.

The work described in this report was undertaken during the period October 2010 to
March 2012, and thus reflects the state of knowledge and information available at that
time.

Disclaimers

This document was prepared exclusively for the State of Queensland (Department of
Natural Resources and Mines) and is not to be relied upon by any other person. Klohn
Crippen Berger has made every effort to ensure that the information provided is
accurate but errors and omissions can occur and circumstances can change from the
time that the report or document was prepared. Therefore, except for any liability that
cannot be excluded by law, Klohn Crippen Berger excludes any liability for loss or
damage, direct or indirect, from any person relying (directly or indirectly) on opinions,
forecasts, conclusions, recommendations or other information in this report or
document.

© State of Queensland (Department of Natural Resources and Mines) 2012.

The State gives no warranty in relation to the contents of this document (including
accuracy, reliability, completeness, currency or suitability) and accepts no liability
(including without limitation, liability in negligence) for any loss, damage or costs
(including consequential damage) relating to any use of the contents of this document.
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SUMMARY

Coal seam gas (CSQG) is produced by extracting water from coal seams to release the
pressure that holds the gas in place. This results in water coming to the surface. The
water is known as ‘produced water’, ‘associated water’ or ‘CSG water’.

A major challenge in managing CSG water is predicting how much water will be
produced, and when and where, as the industry develops.

The (then) Queensland Department of Environment and Resource Management
(DERM)' commissioned Klohn Crippen Berger Ltd (KCB) to develop a tool to forecast
where, when and how much CSG water will be produced in the Surat and southern
Bowen basins.

This report describes how the tool was developed, how the tool works and the produced
water estimates based on three industry-expansion scenarios for the period 2010-2060.

Development of the Water Production Tool

Work on this project has been completed in sequential phases. KCB had numerous
meetings with DERM, CSG companies and external reviewers to collect baseline data
and to seek third party review (formal and informal) of the adopted approach to
estimating water production. The main steps in the development of the water production
tool are summarised as follows:

e collect data and develop the conceptual design of the tool

e construct the tool using the GoldSim software platform

e upscale the tool to the basin-wide scale

¢ run initial simulations and assess the output

e develop and integrate unique CSG industry factors

e verify and validate the tool using historically reported water production and
statistical analysis of the validation results

e assess and refine calibration factors
e finalise the tool and develop a user interface

e construct scenarios and use them to assess the functionality of the tool and its
ability to estimate water production spatially and temporally.

The Water Production Tool (WPT) required a robust software platform to accommodate
both quantitative inputs and inferred relationships. The platform needed to be flexible,
transparent and represent the processes inherent in the system with appropriate
recognition of uncertainty in all of the variables. The platform selected for the WPT was

! Following the change of government in March 2012, the Department of Environment and Resource
Management was dissolved and its functions transferred to other departments. Responsibility for the
current project was transferred to the newly created Department of Natural Resources and Mines.
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GoldSim, which permitted construction of a multi-tiered, practical and modifiable tool,
with the additional option of stochastic (Monte Carlo) modelling.

How the tool estimates CSG water production

A simple description of how the WPT estimates CSG water production is:

Individual well pumping responses are assessed using the Theis equation, a non-
equilibrium groundwater flow equation that accounts for the effect of pumping
time on well yield in confined aquifers.

Pumping effects are then projected spatially to assess the effect of each pumping
well on nearby wells. Due to interference effects between wells, less pumping is
needed at an individual well to achieve the same target drawdown performance.

This water production is then upscaled to the basin-wide scale of the currently
projected CSG industry. The geographic extent of the WPT is bounded by the
lateral extent of the Queensland portion of the Surat Basin, and in the north
includes southern areas of the Bowen Basin.

Two modifications are then applied to address:

0 changes to water production rates as gas flow begins to dominate over
water as production wells mature (dual-phase effects)

0 near-edge effects at the margins of the Surat Basin, where production
zones are very shallow and local geological and hydrogeological
conditions can have a greater influence on water production.

It is important to note that the WPT is not a groundwater flow model, and does not in
any way predict effects other than the estimated water production amounts from CSG
activities.

Verifying, validating and calibrating the WPT

The WPT was verified, validated and calibrated by:

comparing a simplified version of the tool to equivalent Theis equations, and by
visual comparisons of results against type curves provided by the CSG
companies (verification)

comparing historical (actual) values of water production for site-specific models
with WPT outputs for periods of time consistent with the reported data
(validation)

running subsequent iterations of the Near-Edge Effects Factor (NEEF) and
refining how it was applied (calibration).
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Estimates of produced water from each of the three scenarios

Three primary scenarios were developed to provide a range of plausible estimates of
future CSG water production and to test the functionality of the tool:

1.

3.

Scenario 1: company-supplied data (e.g. environmental impact statement) and
inferred industry expansion

Scenario 2: simulated industry expansion using geology, infrastructure and
current gas production areas as drivers for growth

Scenario 3: stochastically generated random industry expansion.

It is important to note that these scenarios represent only a small subset of all possible
scenarios and should not be considered as exact representations of how the industry will
evolve. The WPT has been constructed so that users can implement and simulate
specific scenarios without significant effort.

The key results for these three scenarios are:

Scenario 1 (company-supplied data and inferred industry expansion). Data was
sourced from company environmental impact statement (EIS) documents and
information on well field development provided by the companies. Water
production reaches a brief plateau of around 150 gigalitres per year (GL/year),
before rising more gradually to reach an eventual peak of around 180 GL/year in
2030. Cumulative water production of about 4,500 GL is estimated to occur by
around 2050.

Scenario 2 (expansion based on geology, infrastructure and current gas
production). This scenario was based on thematic mapping of coal seam
geology, current gas production areas (already developed/developing well fields)
and proximity to regional infrastructure (roads and towns). This is similar to, but
not a replication of, the approach of Evans & Peck’s industry-wide assessment in
that it considers broad drivers and constraints to industry development and uses
a probabilistic approach. Under this scenario water production is more tempered,
reaching a plateau of around 175 GL/year in about 2020. Cumulative water
production is higher than Scenario 1, reaching about 5,100 GL by 2060.

Scenario 3 (random timing of well field initiation). This scenario is considered
an unlikely development case as it assumes erratic and non-sequential well
development. The scenario is run to observe the WPT response for a scenario
considered to stress many of the input parameters. This is therefore an indicator
of tool performance and not of expected water production. A peak of the order of
120 GL/year is noted early. For the remainder of operations to year 2040, water
production averages around 130-140 GL/year. Cumulative water production is
about 5,100 GL by 2060.
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Comparison of estimated water production with previous estimates

Estimates of CSG water production have been developed by the Centre for Water in the
Minerals Industry at The University of Queensland (CWiMI) in 2008, the CSG industry
itself and by parties on behalf of the CSG industry (University of Southern Queensland,
in 2011). A comparison of the available estimates is given in the table below.

Produced water estimates from the WPT and other studies

Peak production (GL/year) . .
Assessment/source Cumulative production (GL)
[Mtpa: megatonnes per annum]

CSG industry 140 (between 2018 and 2024) 2,500 (~Year 2040)
213 (28 Mt ducti 2,400 (Year 2025
CWiMi (2008) ( pa gas produc %on) , (Year ) .
300 (40 Mtpa gas production) (28 Mtpa gas production)

4,100 (~Year 2040)

Aquaterra/UQS (2011) 200
4,400 (~Year 2060)

4,300 (~Year 2040)

WPT Scenario 1 180 (brief peak of 280 in raw output)
4,500 (~Year 2060)
. 4,500 (~Year 2040)
WPT Scenario 2 175
5,100 (~Year 2060)
. ) ) 3,900 (~Year 2040)
WPT Scenario 3 150 (varying 100-200 in raw output)

5,100 (~Year 2060)

Up to about 2035, all of the estimates except for the CWiMI 40 megatonnes per annum
scenario and the combined industry estimates are in fairly close agreement (although the
CWiMI 28 mtpa scenario only lasts to 2025).

The differences among the various water production estimates are to be expected
because the estimates have been derived using different methods, with access to
different types and amounts of data, and with different assumptions about how the
industry will develop.

Improving the tool

The tool has been designed to be readily updated and modified to incorporate new data
and information about CSG water production and how the CSG industry expands. Four
areas where improved knowledge will greatly assist in the estimation of water
production are:

e Regional geology

Improved knowledge of regional geology, and development of basin-scale
mapping and datasets will develop with the evolution of the CSG industry.
Maintaining regular period ‘gates’ when wholesale updates to the tool’s primary
database can occur is strongly recommended.
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Dual-phase effects and consequential reduction in pumping demand

Due to the general uncertainty surrounding this variable, it is expected that more
detailed assessment and representation will be needed. Further understanding of
the effect of gas flow on water production should evolve with industry maturity.
Important to this is its spatial representation, and quantifying the difference in
dual-phase effects from deep basin sediments to basin-margin strata (if any).

Industry expansion knowledge

Significant uncertainty remains about the long-term evolution of the industry in
terms of areas developed, well density, operational intensity and scheduling.
This knowledge will improve WPT set-up and simulations.

Water quality

The tool is currently populated with a small subset of water qualities derived
from the Queensland Government’s Groundwater Database. Site-specific
monitoring programs are underway, and populating the tool with a more
representative set of water qualities across the domain would provide a far more
accurate estimate of salinity and salt loads.

Regular re-verification is critical to the success of this tool. Verification of the tool
every two years is recommended to take advantage of updated water production data
and to provide time for new base data to be integrated. Once there is enough confidence
in the ability of the tool to estimate produced water in response to industry factors, and
if sufficient data is available, more formal calibration could be considered.
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GLOSSARY

Aquifer
Aquitard

Artesian

Cell
Cell block

Confined aquifer

Confining layer/unit

Coal seam gas

Dissolved solids
Drawdown

Dual-phase effects

GoldSim

Great Artesian Basin
(GAB)

Groundwater

Groundwater flow
model (numerical)

Hydraulic
conductivity

September 2012

A sequence of permeable and transmissive strata that supplies groundwater.

A water-saturated sediment or rock whose permeability is so low it cannot
transmit any useful amount of water. An aquitard allows some measure of
leakage between the aquifer interval it separates.

A condition which applies to aquifers which are confined by layers of low
permeability, and where the hydraulic head in the aquifer is higher than the
overlying ground surface. Wells penetrating such aquifers may result in
groundwater flowing at the surface without pumping.

In the WPT, an area of 10 kilometres x 10 kilometres within a cell block.
In the WPT, a collective of 100 cells in a uniform 10 x 10 configuration.

Exists where the groundwater is bounded between layers of impermeable
substances such as clay or dense rock. When tapped by a well, water in
confined aquifers is forced up, sometimes above the surface.

Geologic material with little permeability or hydraulic conductivity.

A natural gas, consisting primarily of methane, that forms in underground coal
seams. The gas is held within the coal by the pressure of water residing in and
around the coal. When the water is extracted, the gas is released.

Minerals and organic matter dissolved in water.
A lowering of the groundwater level caused by pumping.

The effective permeability of the aquifer or coal seam varies as a function of
the relative amount of each phase (water and gas) present. When gas is
produced in the CSG process, this competes with resident water in the aquifer
or coal seam. The result is a change in the effective hydraulic conductivity of
the rock as gas is produced and dual phase flow from the pumping zone
occurs.

Software platform used to construct the WPT. GoldSim is a graphical program
for carrying out dynamic, probabilistic simulation of systems.

A confined groundwater basin which underlies 1.7 million square kilometres
of Australia. The basin is a multi-layered aquifer system, with aquifers in
Triassic, Jurassic and Cretaceous continental quartzose sandstones.
Intervening confining beds consist of siltstone and mudstone; Cretaceous
marine sediments form the main confining unit (Habermehl, 1998).

The water in the aquifer.

A numerical groundwater flow model is a mathematically constructed
representation of a hydrogeological system that applies accepted theory of
groundwater flow under various forms of groundwater stresses or boundaries.
The model is used to predict the spatial representation of hydraulic heads,
groundwater flow rates and regional hydrogeological gradients, under a
variety of user initiated stress conditions.

The ability of or ease with which water moves through pore spaces or
fractures. It is measured as the volume of water that will move through a
medium in a unit of time, under a unit hydraulic gradient, through a unit area
measured perpendicular to the direction of flow.
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Hydraulic gradient
Hydraulic head
Hydrochemical type
Hydrogeochemistry
Hydrostratigraphic
unit

Impermeable layer

Isopach

Lithology

Near-Edge Effects
Factor (NEEF)

Potentiometric
surface

Salinity

Surat Basin

Stochastic

Storativity

Stratigraphy

Theis equation

The change in hydraulic head or water level over a distance.

The height above a datum (such as sea level) of the column of water that can
be supported by the hydraulic pressure at a given point in a groundwater
system.

The definition of a chemical composition of groundwater based on the relative
percentages of major cation and anion concentrations.

The study of the chemical processes and reactions that govern the composition
of water in relation to its interaction with rocks and the aquifer.

Geological units that are not solely based on lithologic characteristics but also
include characteristics related to water movement, occurrence and storage.

A layer of material (such as clay) in an aquifer through which water does not
pass.

A contour line of equal thickness.

The systematic description of sediment and rocks, in terms of composition,
texture and internal structure.

A factor developed in the WPT to account for observed basin edge effects on
hydraulic properties and hydrogeological response to pumping, which appear
unique to shallower areas of CSG production. It was developed to provide a
mechanism for alteration of hydraulic properties of the production zones,
which translate to changes in predicted water production.

A hypothetical surface representing the level to which groundwater would rise
if not restricted in a confined aquifer. The potentiometric surface is to a
confined aquifer what the water table is to an unconfined aquifer.

The amounts of various types of salt present in water (see also Total Dissolved
Solids).

Basin located in south of Queensland and north of New South Wales. It
contains up to 2500 metres of Jurassic to Lower Cretaceous sedimentary
rocks. It merges eastward with the Clarence-Moreton Basin.

A stochastic model is a tool for estimating probability distributions of
potential outcomes by allowing for random variation (usually within well
constrained bounds) in one or more inputs over time

The storage coefficient or storativity is a measure of the volume of water per
volume of aquifer released as a result of a change in head. For confined
aquifers, the storage coefficient is equal to the product of the specific storage
and aquifer thickness.

A geological term commonly used in describing basinal or layered geology in
terms of distribution, age and depositional environment. A stratigraphic
column is a graphical depiction of stratigraphy commonly showing age of
units, sequence of deposition, contact relationship and sometimes environment
of deposition.

A commonly used equation to describe the transient flow of water a result of
pumping in a confined aquifer. The equation was derived by CV Theis in
1935 and has been widely used to find average aquifer parameters such as T
and S values near a pumping well, from drawdown data or to estimate
drawdown using known aquifer parameters as a function of pumping rate.
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Transmissivity

Total Dissolved Solids
(TDS)

Type curve

Walloon Coal
Measures

ACRONYMS

CSG
CWiMI
DEEDI

DERM

E&P
EC
EIS
GAB
GWDB
LNG
NEEF
QPED
TDS
TRF
WPT

Transmissivity is the rate at which water is transmitted through a unit
thickness of aquifer under a unit hydraulic gradient (Driscoll, 1986). It is the
product of the hydraulic conductivity and the contributing thickness of the
aquifer to flow.

Concentration of all substances dissolved in water (solids remaining after
evaporation of a water sample).

In the context of this report, these curves are water production curves for
specific CSG extraction areas within the study region.

Middle Jurassic coal measures of approximately 200 metres thick consisting
of mudstone, siltstone, fine-grained clayey lithic sandstone and thin seams of
coal. The unit rests conformably with the Hutton Sandstone and Marburg
Formation.

Coal seam gas
Centre for Water in the Minerals Industry

Queensland Department of Employment, Economic
Development and Innovation

Queensland Department of Environment and Resource
Management

Evans & Peck (consultants)

Electrical conductivity

Environmental impact statement

Great Artesian Basin

Groundwater Database

liquefied natural gas

Near-Edge Effects Factor

Queensland Petroleum Exploration Database
Total dissolved solids

Transmissivity Reduction Factor

Water Production Tool (‘the tool’)
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INTRODUCTION
Coal seam gas, produced water and the aim of the Water Production Tool

Coal seam gas (CSQ) is a natural gas, consisting primarily of methane, which is
extracted from underground coal seams. The CSG industry in Queensland is rapidly
expanding as CSG companies develop projects to export the gas as liquefied natural gas
(LNG). CSG extraction in Queensland occurs mostly in the Surat and southern Bowen
basins.

CSG is produced by extracting water from coal seams to release the pressure that holds
the gas in place. This process results in water being brought to the surface. The water is
known as ‘produced water’, ‘associated water’ or ‘CSG water’. It is generally saline and
CSG companies need to manage it in accordance with the hierarchy of disposal and
beneficial-use options set out in Queensland’s CSG Water Management Policy (DERM,
2010).

A major challenge in managing CSG water is predicting how much water will be
produced, and when and where, as the industry develops. While CSG companies are
required to include CSG water forecasts in their environmental impact statements (EISs)
and coal seam water management plans, these forecasts are for individual projects only,
and do not provide a consistent and transparent picture of water production by the
industry as a whole.

The (then) Queensland Department of Environment and Resource Management
(DERM)?* commissioned Klohn Crippen Berger Ltd (KCB) to develop a tool capable of
forecasting where, when and how much CSG water will be produced in the Surat and
southern Bowen basins under various industry expansion scenarios. This is Activity 2
(Modelling and Forecasting of CSG Water Production) of the Healthy HeadWaters Coal
Seam Gas Water Feasibility Study. The feasibility study is a $5 million, three-year
project funded by the Commonwealth Government which is assessing opportunities to
use CSG water to help achieve water sustainability outcomes in the Queensland
Murray-Darling Basin (QMDB). The tool developed in Activity 2 is crucial for
identifying the volumes of water that may be available for this purpose.

The tool will also assist in the management of CSG water more broadly; for example,
by helping to identify when and where efforts to manage CSG water may need to be
focused, and by indicating how alternative industry expansion paths may affect CSG
water production. It will also indicate where and when CSG water may be available for
beneficial use or injection into aquifers.

? Following the change of government in March 2012, the Department of Environment and Resource
Management was dissolved and its functions transferred to other departments. Responsibility for the
current project was transferred to the newly created Department of Natural Resources and Mines.
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1.2 What this report covers

This report documents the development, construction and verification of the CSG Water
Production Tool (WPT or ‘the tool’). It also describes three broad scenarios that were
run using the WPT and presents the estimates of produced water for each scenario.

The report covers:

e the theory and background of the WPT
e the data used to populate the tool
e how data and theory were applied to build a functional forecasting tool

e the process of validating and verifying the estimates and refining the tool based
on these results

e the three CSG industry expansion scenarios used to assess the functionality of
the tool and to provide plausible water production estimates

e the estimates of water produced under each scenario, and how they compare
with other estimates

e how the tool can be improved in the future.
1.3 Scope of the project

This project aimed to construct a readily modifiable tool that:

e permits spatial appreciation of where and how much water may be produced as a
result of CSG activities, based on a systematic and common approach to
predicting water production where CSG extraction is being undertaken

e represents anticipated bulk water quality at these locations and times, based
primarily on source water total dissolved solids (TDS)

e represents the system at a sufficient timescale to consider evolving site
operations, and identify peak and long term rates of water availability.

This project applied an approach developed and founded on fundamental groundwater
flow theory, adapted to the nuances of CSG production. Although the tool is
comprehensive and complex, it has been developed in a manner to avoid the time-
consuming complexity of updating input files typical of more traditional predictive
groundwater modelling techniques. Importantly, the WPT is not a groundwater flow
model, and does not in any way predict effects other than the estimated water
production amounts from CSG activities. Separate studies focused specifically on
impact assessment, groundwater modelling of CSG expansion and other issues should
be consulted for this information.

The spatial domain of the tool is the Surat and southern Bowen basins, shown in Figure
2-3 in Section 2.8. This area covers the majority of currently planned CSG production in
Queensland, although CSG companies are exploring regions outside the current domain
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of the WPT. Temporally, the scenarios assessed in this investigation cover a nominal
50-year period from 2010-2060, which is expected to capture the duration of CSG
activity. However, this is likely to change as the industry develops and matures.

Study approach

Work on this project has been completed in sequential phases. KCB had numerous
meetings with DERM, CSG companies and external reviewers to collect baseline data
and to seek third party review (formal and informal) of the adopted approach to
estimating water production. The main steps in the development of the WPT are
summarised as follows:

e collect data and develop the conceptual design of the tool
e construct the tool using the GoldSim software platform

e upscale the tool to the basin-wide scale

e run initial simulations and critique the output

e develop and integrate unique CSG industry factors

e verify and validate the tool using historically reported water production and
statistical analysis of the validation results

e assess and refine calibration factors
e finalise the tool and develop a user interface

e construct scenarios and use them to assess the functionality of the tool and its
ability to estimate water production spatially and temporally.

Because of confidentiality restrictions, presentation of some key information and spatial
construction of the WPT has in some cases been constrained, or specific details have
been excluded from this report. Confidential data that has been included in model
development and simulations but that is not explicitly shown is listed in Appendix .

Where such data constraint or exclusion occurred, this information has been conveyed
to the reviewers for completeness. In populating the WPT, KCB has made no spatial or
temporal distinction between company-supplied data and assumed or interpolated data.
Nor has a distinction been made between data from different companies. As a result,
certain factors such as tenement boundaries and potential conflicting interests of
neighbouring CSG companies have not been taken into account.
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2. THEORY AND CONCEPTS BEHIND THE WATER PRODUCTION
TOOL

2.1 How CSG water is produced

Generating coal seam gas (CSG) and its associated ‘produced water’ is a complex
process. A summary of the process is provided:

Gas production wells are drilled and constructed to target producing zones
within Surat Basin or southern Bowen Basin strata (e.g. the Walloon Coal
Measures).

These wells are equipped and groundwater is pumped to lower the
hydrostratigraphic head within producing coal seams (the target producing
zones).

Water pumping is maintained at an intensity that depressurises the coal seam(s)
to a design elevation or head above the target producing zone.

This process of head reduction reduces the pressure and liberates the gas, which
is collected at the surface. Through this process the coal seams are
depressurised, not fully dewatered, so water needs to be continually pumped to
maintain gas flow.

With time, the amount of water that needs to be pumped to maintain this flow
declines. This is because:

O Yields naturally decline because of pumping (and the resulting
distributed pumping stress across the aquifer or producing zone). This is
consistent with accepted groundwater pumping theory.

0 Increased gas flow competes with, and replaces, water as it is pumped.
This is called the ‘dual-phase effect’, and is unique to CSG production.

2.2  How the tool works

The WPT estimates produced water by following these steps:

Individual well pumping responses are assessed using the Theis equation, a non-
equilibrium groundwater flow equation that accounts for the effect of pumping
time on well yield in confined aquifers. The Theis equation is traditionally used
to predict drawdown at any time after pumping begins (Driscoll 1986). For the
WPT, the equation was rearranged to solve for the pumping rate instead of
drawdown.

Pumping effects are then projected spatially to assess the effect of each pumping
well on nearby wells. Due to interference effects between wells, less pumping is
needed at an individual well to achieve the same target drawdown performance.
Interference effects need to be calculated iteratively, and this is achieved within
the Goldsim platform.
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e Water production is then upscaled to the basin-wide scale of the currently
projected CSG industry. Upscaling is not a simple matter of adding more wells
in more regions, because of the numerical demands to solve the iterative
equations and the exponential increase in equation complexity with increasing
well count. The approach applied replicates the basin-wide scale of potential
CSG operations while streamlining (and simplifying) the numerical intensity of
the iterating equations.

e Two modifications are then applied to address:

O changes to water production rates as gas flow begins to dominate over
water as wells mature (dual-phase effects)

0 near-edge effects at the margins of the Surat Basin. At the edge of the
basin, production zones are very shallow, and local geological and
hydrogeological conditions are of more influence on water production
than in deeper producing zones.

It is important to note that the WPT does not simulate groundwater flows and also
assumes no recharge or vertical leakage.

These steps are discussed further in the following sections.

Using the Theis equation to estimate water produced by individual wells

The Theis equation® is given by:

S = & W(u)

4 2T
Where:
e s is drawdown, which is the amount of decline in groundwater level caused by
pumping water from the well.

e Qs well production, or pumping rate applied to achieve the target drawdown.

e T is transmissivity, which is a hydrogeological measure of the ability of an
aquifer to transmit water. It is simply derived as the hydraulic conductivity of an
aquifer multiplied by its saturated thickness.

e W (u) is the well function, which is an indicator of steady state groundwater
. . . . rS
cone of depression for the dimensionless time parameter u, (u = T ), where

0 S is storativity of the aquifer, which measures the amount of water
available to pumping that is held in storage

3 The Theis equation assumes the aquifer is confined, homogenous, isotropic and of infinite extent. The
confined conditions assumption is important and is supported by the operational approach to depressurise
and not dewater, thus a remnant head on the producing coal seams is maintained, which in turn maintains
the confined nature of the producing zone.
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0 tis elapsed time since pumping began

O ris the distance from the pumping well the drawdown was observed.

All of these factors are incorporated in the tool and can be varied spatially according to
available information. Further details of this groundwater theory can be found in
recognised hydrogeological texts such as Driscoll (1986), Freeze and Cherry (1979),
Fetter (1999), and Domenico and Schwartz (1998).

By rearranging the Theis equation, changes in pumping rate to maintain a static
pumping water level can be derived from the following:

_ 4xTs

Q= W(u)

The equation is implemented in the tool to solve for pumping rate instead of drawdown.
Using this approach, a pumping curve which decays with time to achieve a constant
desired drawdown for a specific hydrogeological setting, and at any given well location
and time, can be developed.

This scenario matches the premise of CSG operation, where pumping rate is stabilised
to maintain a depressurised condition for gas flow. However, it is important to stress
several aspects which this version of the WPT does not take into account. These
include:

e For this version it has been assumed that non-CSG water abstraction from the
coal seams is negligible compared to the water extracted for CSG production.

e Based on CSG industry assessments and more recent studies such as USQ
(2011), vertical leakage into the coal seams is assumed to be negligible.

e Although the Theis equation is used, the assumptions of isotropy and
homogeneity are only applied at the most local scale (i.e. at the cell scale).
Aquifer parameters are variable at this scale and the most representative values
for each cell are used. However, values of T and S do vary from one cell to the
next.

e The tool currently does not consider the effects of fracking on aquifer
parameters or on the amount of water produced.

Representing well placement and density

Closer to a pumped bore, there are greater impacts on local groundwater conditions
because of drawdown effects. As a single bore or well is pumped, a cone of depression
develops which (in an ideal aquifer) propagates away from the pumping bore as a
conical depression in the potentiometric surface of the aquifer being pumped.
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This concept is fundamental to the design of groundwater supply or dewatering bore
fields, where design requires measured placement of pumping bores to minimise or
maximise pumping impacts of one bore on another (interference).

In the CSG industry, well placement will not be determined as a function of idealised
water production. Wells will be placed based on the gas production potential of the
target zone, which will probably also be affected by access and economic factors (e.g.
drill depth, maturity of field). Regardless, well fields are expected to have a well density
sufficient for wells to impose pumping effects on each other during operation.

For this reason the design of the WPT needs to consider interference effects between
CSG wells, from a water production perspective, and also needs to account for the large
scale and development area expected of the industry.

Simulating well interference effects

One producing well in isolation will need to pump sufficient water to achieve the target
operational drawdown. If there are two wells in close proximity, then the cone of
depression from pumping from each well will extend across and affect the other well.

As a theoretical example, if these two wells need to achieve 50 metres of drawdown
each, and the cone of depression of each extends and imposes the equivalent of one
metre of drawdown at the other well, then the required pumping rate can lower slightly
as the target drawdown is marginally reduced to 49 metres.

In a well field situation, there may be numerous pumping wells affecting each other—
the collective result can be a significant reduction in individual pumping rates needed to
achieve the same target drawdown (shown in Figure 2-1).

Figure 2-1 is not a literal representation of what occurs in the field. In reality, and in the
WPT, pumping reduces the water pressure (represented by the potentiometric surface)
within the coal seam rather than physically lowering the level of the water above the
coal seam.
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Figure 2-1. How individual pumping rates cause interference with other wells in a
well field (schematic representation)

The Theis equation is rearranged to simulate the effect of interference in the WPT. This
permits the prediction of drawdown at distances away from the pumping well. These
distances need only align with the distance to nearby wells to evaluate the effect they
have on each other. (The reader is reminded the intent of this tool is not to predict
drawdown—in this case the drawdown effect away from the pumping well is used to
adjust the desired target drawdown so pumping rates can be determined.)

Logically, a greater density of wells for a given aquifer condition will individually need
to pump less than a more distributed field as each of the wells are ‘closer’ to each other
and ‘deeper’ within the neighbouring cones of depression.
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Accounting for basin-scale complexity

The concept of well interference is relatively straightforward. However, the scale of the
CSG industry and the large number of wells expected complicates the process of
assessing well interference. For example, calculating the effect of 10 wells on each
other requires 100 calculations for a single time step. This might at face value seem
numerically achievable, but the calculations become further complicated with varying
well-to-well distances, residual effects from previous pumping from other wells, wells
switching on and off, forward-looking pumping stress calculations, and variability in
aquifer conditions. Accounting for these complexities for thousands of wells is
impractical because the tool would lose flexibility and speed.

Some numerically intensive elements of the calculation process have therefore been
simplified in order to achieve the project objectives without impractical model
complexity and excessive run times. These are discussed further in Section 4, but in
brief:

e Well density (and therefore distances between wells) is derived from a suite of
matrices (based on information provided by each of the CSG companies) rather
than individually calculated well to well distances. Drawing on matrix-derived
density reduces the millions of calculations that would otherwise be required to
assess inter-well distances on an industry-wide scale. Any lost accuracy in well
densities using this technique is probably offset by the uncertainty in industry
expansion scenarios, and by locations and densities of ultimate operational well
configurations.

e The study area is parcelled into three tiers of assessment, because attempting to
calculate water production at the well-field scale for the whole of the basin in
one step would introduce impractical calculations. The three tiers used in the
assessment process are depicted in Figure 2-2 and explained further in Section
4.4.1. The tiers are as follows:

0 A well-field scale (or cell) is the smallest parcel of study area. Each cell
is 10 kilometres x 10 kilometres, and permits the most detailed
assessment.

0 The well fields are then upscaled to a cell-block scale of 100 kilometres
x 100 kilometres. This scale retains the interference effect calculations.
There are 100 cells to a cell block.

0 Each cell block is then regionally upscaled to the whole basin. The
current model has 15 cell blocks, each with 100 ten-kilometre X ten-
kilometre cells.

e Interference effects are represented similarly to well density. Aquifer conditions,
anticipated pumping requirements and well density were used to develop a series
of matrices to replicate inter-well interference for a suite of generic conditions.
Again, attempting this at the well-to-well scale over the extent of the operating
basins would introduce extreme and unworkable numerical complexity.
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Figure 2-2. Three scales of assessment—the cell, cell block and whole tool domain,
shown with upscaling

Addressing dual-phase and basin edge effects

Until this point in the description of the WPT, the theory used has largely been
consistent with that applied for a typical saturated flow hydrogeological problem of
large scale and moderate complexity.

However, CSG operations are complicated by the dual-phase effects of gas flow and
variability of the Surat and Bowen Basin gas extraction targets. These issues have been
addressed by making two modifications to the WPT:

e Introducing a transmissivity reduction factor (TRF) to address how dual-phase
effects reduce water flow (or pumping demand).

e Introducing a Near-Edge Effects Factor (NEEF) for the Surat Basin margins at
the easternmost edge, where geologically the basin-edge sediments are expected
to react differently to deeper unweathered and less structurally deformed
sections of the stratigraphy.

Correcting for transmissivity

The effect of gas flow (or dual-phase conditions) on water production is generally
observed as a reduction in water yield as gas becomes the dominant product during

pumping.

It is not possible to modify the Theis equation to replicate dual-phase flow. However, a
two stage approach has been applied to represent the end effect of gas flow on the rate
of water production:

e A transmissivity reduction factor (TRF) has been included. This lowers the
effective transmissivity of the producing zone as the wells mature, and reduces
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the amount of water produced to maintain the same target drawdown as the
expected gas-to-water ratio increases.

e The TRF has been used as one of the verification criteria for comparisons with
historical production data from the four CSG companies. In doing this, the use
of the TRF as a surrogate to true dual-phase flow equations is verified against
actual field data.

2.7.2 Factoring in basinal near-edge effects

2.8

Higher historic comparative water production has also been noted along the eastern
edge of the Surat Basin, particularly where target zones appear to be relatively shallow.
This observation was significant enough to have disrupted earlier attempts to validate
the tool.

It is thought that the higher production may be because of higher local transmissivity of
the producing zone. Basin-edge factors that may contribute to this include the shallower
producing zone; possible structural influences being more prominent on basin edges
(such as opening of coal cleats and secondary porosity); and reduced overburden
influences in areas where cover thickness is typically less than 500 metres, and as
indicated in Section 4.4.4, particularly where depths are between 240 and 400 metres.

A factor to account for these near-edge effects (the NEEF) was consequently developed
to provide a mechanism for alteration of hydraulic properties of the production zones
along the shallowest and easternmost margins of the study area. The effect of NEEF on
water production is to increase estimated water production rates in areas of shallowest
gas production. As with the TRF, the NEEF was used to assess the validity of
representing a complex and diverse range of shallow factors with the potential to affect
water production.

Geographic scope of the tool

The geographic extent of the WPT is shown in Figure 2-3. The domain is bounded by
the lateral extent of the Surat Basin, and includes southern areas of the Bowen Basin in
the north.

The WPT is spatially discretised into fifteen ‘cell blocks’ of 100 kilometres x 100
kilometres. Its total area is about 600 kilometres from north to south, and 400 kilometres
west to east. This structure provides improvement in WPT run time, permits areas of no
CSG activity to be ignored (for the present time), and gives flexibility for geographic
tool expansion later.
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Figure 2-3. The area covered by the WPT (each grey square is a cell, each red

square a cell block)
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DATA USED BY THE TOOL
Collecting data

Two significant factors have resulted in the data collection exercise being undertaken
incrementally:

e This project was the first groundwater-related activity to be commissioned under
the Healthy HeadWaters CSG Water Feasibility Study. The context of the
overall study, the role that this project is expected to play and the expected
interaction between the government and CSG companies had to be
communicated to various parties.

e The commercial sensitivity of the data to be provided was such that agreements
on confidentiality terms had to be resolved with each CSG company.

With support from DERM, KCB took an approach that included a combination of
industry-wide meetings, company-specific meetings, and information documents and
data requests to each CSG company. Specifically:

e KCB presented the proposed approach and expected outcomes of the project to
the APPEA Groundwater subgroup meeting (10 September 2010).

e KCB provided each of the attendant companies with a data request for
information.

e KCB held individual meetings with Origin, Arrow Energy, QGC and Santos
between 20 September 2010 and 1 October 2010. DERM was present at several
of these meetings to provide a broader perspective on the context of the project.

e Several companies requested additional information, and raised concerns about
confidentiality and the content of KCB’s data request, especially in terms of
readily available data from each company.

e KCB obtained ‘in principle’ agreement to the approach, and received anecdotal
data about the approach to gas production, factors affecting water production,
considerations to include in the tool and approaches to dealing with future
development scenarios.

e DERM provided follow-up information on the Healthy HeadWaters study, then
KCB distributed a summary of the approach to be followed and a draft
confidentiality agreement to each CSG company.

e KCB updated the data request to each CSG company to clarify uncertainties and
to refine the data request such that no potential commercially sensitive
information was included in this request.

e KCB held follow-up discussions with all the CSG companies to further facilitate
data collection.

e KCB presented the approach to developing the tool and its underlying principles
to CSG companies, DERM and other interested parties.

Page 13
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e KCB had further discussions with CSG companies to obtain clarification about
the context of provided data.

e Meetings with other parties such as the (then) Department of Employment,
Economic Development and Innovation (DEEDI) and Evans & Peck to establish
a base-case of expected CSG industry expansion.

e KCB presented results from the study to an open forum with delegates from
regulators and the CSG industry in December 2011.

Data used to populate the tool

The data required to populate the tool is summarised in Table 3-1. To be incorporated

into the tool, this data needed to be distributed at a resolution of 100 metres x

100 metres. In many cases, the data was not available at this resolution, in which case

data was then interpolated/extrapolated to populate the full extent of the WPT domain.
Details about how the data was interpolated can be found in Appendix .

Table 3-1. Data types, sources and limitations used to populate the WPT (for 100
metre x 100 metre resolution)

Data

Source

Purpose

Limitations

Topography

CGIAR CIAT 3 Second
SRTM Dataset, original
source NASA, post
processed by CGIAR
http://srtm.csi.cgiar.org/

Required to define water
production calculations

Relatively good dataset.
Value per cell is interpreted
as the centre-point for each
10 kilometre x10 kilometre
unit.

Basinal-scale coal
seam geometry,
with focus on

Bowen and Surat Basins
Regional Structural
Framework Study

Dimension of producing
zones for assessment of
drawdown requirements

Relatively intact dataset of
regional scale consistent
across the study area.

depth of seam (DEEDI, 2010) and for water production

calculations
Coal seam Bowen and Surat Basins | Definition of production | Transmissivity/permeability
properties such as | Regional Structural zone properties for data was incomplete.
(bulk) thickness, Framework Study inclusion in water Spatial interpolation was
porosity and (DEEDI, 2010) production calculations required.
permeability
Gas/water Supplied by CSG For tool verification to Limitations to type curves
production companies (multiple compare estimated water | through confidentiality of

profiles for
individual and
multiple wells
(including
possible derivation
of field trends at
the basin to sub-
basin scale)

wells were supplied,
individual wells were
not)

production with actual
field data where available

information resulted in
assumptions for timing and
well densities.

Transmissivity

Interpolated from data
from CSG companies
and DERM
Groundwater Database

Required for water
production calculations

Transmissivity/permeability
data was incomplete.
Spatial interpolation was
required.

KLOHN CRIPPEN BERGER
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Data Source Purpose Limitations

Water quality and | Some data available Required for estimation Water quality data was
hydrochemistry from company EISs; of produced water TDS patchy at best and required
data data interpolated over across the study area interpolation and

study area

extrapolation to populate
the tool.

Data for in-situ
dual-phase
interactions and
impacts these may
have on produced
water yield as gas
replaces displaced
water

Not available—inferred
from other company-
supplied and historical
data

Assumptions based on
multiphase flow diagrams
and curves from
contaminant
hydrogeology (e.g.
Fetter, 1999)

Limited, although some
verification application was
used. Further assessment
needed.

Well density
(population of
wells per cell)

Company-supplied, also
interpreted from
Petroleum Lease maps
(QPED database)

Required for water
production calculations

Company-supplied data is
relatively complete;
Petroleum Lease maps data
is projected.

Further information about these data types and their role in the WPT is provided below.
For additional detail, see the explanatory notes in Appendix I.

e Coal seam elevation is entered as an elevation above mean sea-level in metres.
This value is entered at the cell level4, and each value is assumed to be
representative of the coal seam depth in the centre of that cell.

e Original water level is entered as an elevation above mean sea-level in metres.
This value is entered at the cell level and represents the pre-drawdown value for
the hydraulic head within the coal seam. This data has been obtained from the
DERM database or site-specific data where provided by CSG companies.

e Water pressure required for gas production in metres is entered at the cell
level. In the absence of site-specific data provided by CSG companies, an
assumed value of 35 metres (of head above the producing seam/s) is applied,
which represents a pressure of 50 psi (pound per square inch); reducing pressure
to this level is generally required for gas production to occur. Adjustments to
this value may be dependent on transmissivity (or another parameter), and
should be calculated before populating the tool.

e Transmissivity is populated at the cell level.

e Storativity is assumed to be 0.00025 where data is not available. This value is
assumed to vary minimally between cells and therefore is only required for each
cell block (100 kilometre x 100 kilometre) area.

e Well density is a count of the number of wells which populate each of the cells.
The well density is entered as the maximum density of wells within the cell.
Well density may change, depending on plans to increase or abate production
from a tenement, but generally CSG companies so far have indicated that they

* The discretisation between wells, cells and cell blocks is discussed in Section 4.4.1.
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use 160 acre/well or 320 acre/well spacing, which is then converted to a density
of wells per cell.

e Cell start month is a time period and is entered as the delay from the start date
of the calculation run before a cell becomes active. This is necessarily imprecise
because of confidentiality constraints, so spatially and temporally there remains
uncertainty as to when a cell is likely to become active. This value is entered as
the number of months until that zone starts production (from an assumed model
start date of January 2010).

e Water quality distribution is entered as the representative water quality of total
dissolved solids (TDS) for that cell. The water quality data available for each
area is sporadic, and the data that is available has been interpolated between the
different data sources to provide a map of water quality over the region. The tool
only considers TDS until more representative water quality data becomes
available. This data is limited in extent and temporal duration, and in many cases
the average value for a cell block may be based on very few data points.

Key layers used in the WPT are shown in Figure 3-1, 3-2 and 3-3. The following key
data were provided by CSG companies subject to confidentiality agreements, and
therefore are not reproduced in this report’.

e Site-specific aquifer parameter distributions of hydraulic conductivity,
transmissivity and porosity where they were provided by the CSG companies.

e Site-specific type curves (of water production) for individual areas. This
information was provided at scales ranging from tenement to well field.

e Specific timing associated with the installation and operation of depressurisation
wells. These were provided to KCB as schedules or were inferred through a
secondary process from provided water production estimates.

e Specific number and density of proposed well distributions for each area. Where
this data was not explicitly provided, a general well-spacing for each tenement
was applied.

> Confidentiality agreements were required with each of the companies before information was provided
to KCB. These agreements relate to the data provided, its storage and security, and how the data is used
and presented in the WPT. Because of the legal implications of these clauses, and the commercial
sensitivity of the information provided, much of the baseline data is not explicitly presented in this
document. Data of greatest concern to the companies generally focused on the development scenarios,
and the timing and density of ultimate well fields.
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CONSTRUCTION AND FUNCTIONING OF THE TOOL
Software and simulation framework

The tool required a robust software platform to accommodate both quantitative inputs
and inferred relationships. Furthermore, the platform needed to be:

e flexible, to represent system nuances and changing information, to incorporate
different demand scenarios for CSG industry expansion, and to relate a variety
of variables

e transparent, so it can be explained to stakeholders and peer-reviewed by DERM
and others, and such that relative complexity reflects the accuracy and quality of
the data it is based on

e representative of the processes inherent in the system with appropriate
recognition of uncertainty in parameters and schedules.

The platform selected for the WPT was GoldSim, which permitted construction of a
multi-tiered, practical and modifiable tool, with the additional option of stochastic
(Monte Carlo) modelling. The tiers of assessment and reporting are directly integrated
from the individual well scale through to the regional scale (basin-wide). The WPT is
capable of simulating discrete events (such as wells or well fields turning on and off)
and continuous processes (such as the water pressure response to these events).

The stochastic modelling capability of GoldSim is able to provide an envelope of results
from multiple realisations where predictive uncertainties exist. The magnitude of these
envelopes and the deviation from the average value time-series is subject to the
numerical range assigned to constrain the uncertainties.

In most situations, including CSG water production, the hydrological system is driven
by stochastic variables and involves uncertain processes, parameters and events. The
uncertainty and variability associated with CSG water production is touched on by
CWiMI (2008). In addition to allowing for stochastic variation of the key
hydrogeological parameters, the WPT was constructed to allow representation of
uncertainty in:

e operational duration and timing of well fields

e consequences and effects of carrying out various activities (such as varying
operational schedules through delayed or accelerated production by prioritising
target areas or changing well densities in a target area)

e occurrence of outside events or new developments which would affect the rate
or intensity of development (such as regulatory enforcement effects, a change in
gas demand, changes in legal framework or changes in economic conditions).

All of these parameters are included as stochastic or sequentially changing multipliers.
The distribution and range of each change was based on values obtained from previous
studies (e.g. CWiMI 2008), consultation with stakeholders and the ranges of values in
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the provided datasets. Many of these variables have been included in the WPT as user-
definable inputs. Sections 4.4.3 and 5 give more detail on the implementation and
ranges of these parameters.

A top-down modelling system in conjunction with spatial analysis was applied to
capture interactions affecting water production. Specifically:

e Spatial representation in the WPT is achieved by creating a base grid at the local
scale, and assigning operational wells to respective cells within the cell block.
There are three scales of spatial representation:

0 Individual well representation at the conceptual level that provides a
means of identifying water—gas production relationships, and linking
these to the geology of differing areas of the study area. Assessment of
yield with time is equation based. No assessment of drawdown in
adjacent strata, in any manner, is made.

0 Local well field representation using a regular mosaic or tile overlay to
assess potential well interference effects and the resultant effect on
produced water yields. Again, this does not address drawdown or
regional impacts other than the estimated rate of water production.

0 Regional-scale (lease and basin) assessment aggregates the local-scale
well field representations to identify consolidated areas of peak water
production and estimate yields after considering interference effects.

e Timing of well-field development is on an annual scale to reduce computational
intensity and also to recognise the coarseness of the base data and consequent
tool outputs. This means the resultant water production forecast may have
sharper increases than would occur in reality, as switching wells on/off is not
tempered over several months.

e On the scale of the WPT, water quality data is spatially and temporally sparse.
Mapping of water quality (from coal measures) was spatially extrapolated to the
local and regional grid. Data was obtained from the DERM Groundwater
Database and provided for a selected number of currently producing tenements;
this data was interpolated and the centroid value was assigned an average to each
cell block as a grid. This mapped water quality grid, paired with water
production, provides an indication of how the average water quality changes in
each regional area as peak water production shifts across the basin.

4.2  The tool development process

The WPT was developed through the following steps:

e requesting and receiving CSG companies’ data

e constructing the GoldSim structure and developing internal algorithms and
equations that included appropriate references
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e numerically verifying (using standard Theis drawdown curves, theoretical
effects of dual-phase interaction and applicable factors) and calibrating the
analytical approach based on operational data from CSG companies

¢ having an external review of the verification process and re-calibrating the tool,
focusing on specific areas of tool uncertainty

¢ including industry scenarios as outlined by DERM, and through discussions with
peer reviewers

e including Monte Carlo stochastic modelling and statistical components
¢ including hydrochemistry data

e developing a user interface and operational manual.

The peer review and discussions with industry, DERM and other stakeholders resulted
in additional considerations in developing the tool, such as model
verification/calibration factors and timing of well-field activation.

Confidentiality considerations

The development of the WPT required the provision of confidential and commercially
sensitive data from each of the CSG companies. KCB was required to sign
confidentiality agreements before data was released for use. These clauses prevent
disclosure of some of the information needed to construct the WPT, although general
description of this information is provided throughout this report.

Data provided by the CSG companies was analysed and deconstructed to provide a
consistent suite of base data which maintained confidentiality agreements. The results of
the deconstruction provided (for example) estimates of the timing and distribution of
well densities, but not exact numbers for a particular area. For example, we may know
that there will be approximately 200 wells in a given cell area, but we don’t know the
exact number, nor do we know the order or sequence within the cell that they would be
installed, or their specific timing.

The tool was populated using the best data available. Where no data were available or
where data resolution was too poor to discern detail, assumptions were required to
coarsely adapt input for the WPT while preserving confidentiality of the CSG
companies’ data. It is expected that with time—with publication of increasingly detailed
and better quality operational data—greater accuracy in the WPT construction can be
achieved and therefore predictive capacity can be improved. Further detail is provided
in Appendix I.

Building the GoldSim model

The GoldSim software platform was used to manage and integrate the equations and
algorithms describing the hydrogeological processes in the WPT. These equations were
checked for correctness using comparisons with standard Theis curves to assess
interference effects for uniform environments (all Theis criteria fulfilled), and overall
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tool functioning was verified using historical CSG water production data. Figure 4-1 is a
flow diagram of the calculations performed in each time step. These calculations are
discussed in more detail in Section 4.4.3.

Calculation Schematic
fm——————— 1
1 WellDensity |
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m——————— ) ' well Maturity: &
Activity Delay L ot U, Wiu)
:- ¥ ¥ i >
I e e 1 A 4
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Figure 4-1. Calculations performed by the WPT in each time step

Simply put, the WPT works by:

e reviewing the inputs and checking elapsed time since run started

¢ finding the maturity of the pumped cells based on the elapsed time for which the
cell has been active. It checks a variety of physical inputs (e.g. depth of coal
seam, storativity and transmissivity) then applies the coal measure transmissivity
(a user entry, currently based on CSG company-supplied data across the Basins)
if the first dual-phase transmissivity lag-time has not been exceeded (i.e. if gas is
not yet produced as the overlying water pressure still limits gas mobilisation).
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e beginning the iterative calculations, which are as follows:

0 Water production is calculated based on original transmissivity and the
required drawdown to start gas production.

0 This water production induces a pressure reduction in adjacent wells.
This pressure reduction is then summed, and this total pressure reduction
is checked against the water pressure for which gas mobilisation occurs.

0 If'that pressure is reached, the tool assumes that gas mobilisation is
initiated (the WPT does not calculate gas production but considers the
impact of gas production on target zone transmissivity).

e when the gas mobilisation check is positive, additional calculations are activated
for transmissivity reductions as a function of elapsed time since gas production
commenced. The next calculation adjusts the transmissivity in the vicinity of the
target well, and when the transmissivity is adjusted, the induced pressure as a
result of pumping relationship changes. This change is calculated, and affects
the water production (and therefore the dual-phase corrected or ‘optimized Q).
This closes the iterative calculation loop.

4.4.1 Tiered tool and navigation structure

The WPT is tiered both in navigation and in concept.

The navigable aspect allows drill-down from the top tiers which characterise the
conceptual representation of the CSG basins and the framework of the overall WPT,
down to the calculations which represent the body of technical elements maintaining the
conceptual design.

Similarly, the scale of the tool is tiered, as shown in Figure 2-2 (Section 2.6) which
portrays the three tiers of physical scale applied. At the regional scale, the WPT is a
series of 15 containers, representing 150,000 square kilometres of active domain (Figure
4-2). Each of these containers represents one cell block, which comprises 100 cells in a
10 x 10 configuration, 100 kilometres x 100 kilometres in dimension. The individual
cells which make up the cell block are 10 kilometres x 10 kilometres in dimension, and
are at a scale that permits representation of local uniqueness of well fields (well density,
production zone parameters and interference effects).
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Figure 4-2. The spatial domain of the WPT showing the Surat and Bowen Basin
coal measures (with cell block numbers overlaid).
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Water production and interference calculations extend across and between all cells in a
cell block, and from one cell block to an adjacent cell block. This upscaling permits the
evaluation of interference effects on pumping yield across a very large study area
without generating unmanageable complexity.

The upscaling of interference effects was achieved through the development of a well
density factor. This factor adjusts the water production of a cell based on well field
interference (and lowered production) of multiple wells within a cell. Well field
interference effects were first modelled with a prototype version of the WPT. This
prototype modelled the effects of neighbouring wells, with a ‘well block’ capable of
housing up to 100 wells in a 10 x 10 matrix (similar to the cell block for the WPT). By
running different scenarios with increasing numbers of neighbouring wells (1, 2, 5, 10
and so on up to 100), the interference effects on produced water could be plotted against
the number of interacting wells. This relationship is the basis for the well density factor.
The ratio of water production to well density was calculated before building the WPT
and is implemented as a matrix which allows the range of well densities to be
represented in the WPT. Detail of this process is provided in Appendix II.

4.4.2 Methodology for water production calculations

The fundamental groundwater theory used to calculate water production is based on
application of the Theis solution (Section 2). The equations are not used to predict
drawdown; the target drawdown is a user-defined input of the calculations. The tool
uses the Theis equation as follows:

e The target operational groundwater level and the pre-operational water levels are
used to determine the yield (pumping rate) needed to achieve the required
drawdown.

e The hydraulic properties at the point of calculation are used by the Theis
equation to determine the required water production (or pumping) rate.

o Interference effects are represented in a well field scale to account for the effect
of multiple wells pumping (on each other), and compute total yield required to
achieve the same drawdown target within the well field.

e The interference effects within a cell are a function of aquifer parameters, the
well density and the number of adjacent wells considered in the calculation.

e The well density factor is an externally derived scaling factor based on the
normalised water production for varying densities of wells in a uniform cell.

The hydraulic properties and the evolving water production rates at various scales form
the basis of the overall water production calculation. The drawdown effects from all
nearby cells are summed, in accordance with basic well interference effects theory, to
produce a net drawdown effect and a time-variant Q. The tool does not predict the
drawdown spatially or as a function of interference effects in adjacent aquifers.
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4.4.3 GoldSim algorithm walk-through

GoldSim software platform equations are intuitive but unconventional in the way they
are laid out. The equations that make up the bulk of the technical algorithms for each
sub-model are replicated in each cell block. Therefore, the calculations shown in Figure
4-3 occur 15 times in each time step (once for each cell block) in the WPT.

A walk-through of the calculations in Figure 4-3 is provided below, along with
secondary references in calculation chains. This is not only useful in presenting the
extent and nature of the equations’ interrelationships, but also describes some of the
triggers or delays that have been included in the WPT. The walk-through and the
following sections are crucial to understanding the details of the approach and
uncertainties in the WPT.
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Figure 4-3. The WPT calculations for cell block 12 as an example of the calculation sequence in GoldSim

KLOHN CRIPPEN BERGER



Forecasting CSG water production in the Surat & southern Bowen basins September 2012

The calculations in Figure 4-3 are described below:

1. Distance between cells_ mod — This element references the output from a
calculation in which two 100 x 100 matrices are used to find the hypotenuse
distance between any two cells in the cell block.

L] Equation: sqrt(Cell_row_distance + Cell_column_distance)+Cell_diameter.
e Cell row distance reference: (Distance_Matrix_Rows * Cell_spacing)"2.
e Cell column distance reference: (Distance_matrix_Columns * Cell_spacing)2.

e Distance matrix column and row are matrices which look up the number
of cells between interacting cells along a vertical (row) path, and along a
horizontal (column) path.

2. Cell_u_factor — In this calculation, the Theis p time factor is calculated for
abstraction of water beyond where the dual-phase effects are considered:

e Equation:
(Distance_btw_cells_mod~2) * Storage_coef / (4 * Transmissivity *max(Elapsed_time_matrix
,matrix(Cell_set,Cell_set,1day))).

e The formula calculates p with a one-day delay included to eliminate the
‘divide by zero’ error at start-up.

3. Cell effect W(u)— The p factor is the Theis variable located in a lookup table
for which the value of the W(p) function is returned (outside the dual-phase
affected area):

e Equation: wu_table(Cell_u_factor).

4. Cell u— In this calculation, the Theis p time factor is calculated for well
pressure reduction, which is affected by dual-phase effects.

e Equation:
(Vector(Cell_set,0.1m)”"2) * Storage_coef / (4*Vicinity_water_Transmissivity * Elapsed_time_
since_cell_on).

5. Cell_Wu (dual-phase affected) — The cell p is looked up for the corresponding
W(u) function.

e Equation: wu_table(Cell_u).

6. Vicinity water transmissivity — In this calculation, the tool calculates the
transmissivity in the immediate vicinity of the well as a function of original
transmissivity, and the reduction of transmissivity due to pressure change and
gas mobilisation.

° Equation: Transmissivity-T_reduction_during_Pumping.
7. T reduction_Delay — This calculation applies a time lag between when

mobilisation of gas mobilisation occurs and when the corresponding reduction in
transmissivity occurs. The delay is subject to Erlang dispersion to reduce
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10.

11.

feedback effects. (Erlang is a probability distribution for describing queuing
systems, but has wider applicability as a method of describing variability in a
delayed system; this dispersion does not affect the calculation but serves to
stabilise the calculations so that the iterations can converge.)

This factor is included to reduce feedback loops to allow the solution to the
algorithms to converge.

° Equation: Vicinity_water_Transmissivity applied after T_reduction delay.

Optimised_Cell Q — The ‘optimised’ water production at each cell is calculated
as a function of the required drawdown (or effort needed to reach production
pressure) at the cell minus the drawdown as a result of interference effects
(inter-cell), vicinity water transmissivity and the cell W (u) calculated in the
previous step using the Theis equation.

The ‘optimised’ production is the converged Q as a function of all the preceding
factors. Water production for the populated cell is Optimised Cell_Q multiplied
by the number of wells in the cell and the well density factor.

e Equation: max(Vector(Cell_set,0m3/d),(Reqd_DD-
Effect_of_other_cells)*4*pi*Vicinity_water_Transmissivity/Cell_Wu).

Cell Individual Drawdown — This element recalculates the drawdown in the
coal seam (target zone) of the target cell, as a function of the optimised water
production, the cell W(u) and the vicinity water transmissivity.

° Equation: Optimized_Cell_Q*Cell_Wu/(4 * pi * Vicinity_water_Transmissivity).

DD _Effect (drawdown effect) — The drawdown effect is the total drawdown
effect of all cells at the target cell using the general transmissivity value. (Use of
this value alone underestimates the drawdown at the target cell; the effect at the
target cell 1s amended by the dual-phase effects as shown in the next
calculation).

e Equation: vvmatrix(Optimized_Cell_Q,Online_cells) * (Cell_effect_Wu /
(4 * pi * vvmatrix(Transmissivity,vector (Cell_set,1)))).

Effect of other cells — This calculation determines the interference effects from
all other cells in the 10 x 10 matrix, subject to user limitations on effective
distance (the default is one cell-length [10 kilometres]). This calculation is an
input for the water production calculation.

L] Equation: sumc(Combined_effects_matrix*DD_effect*(Matrix(Cell_set,Cell_set,1)-
Matrix_1)).

e Combined effects matrix — This calculation removes the effects from
inactive cells. It looks up if a cell is active and if it is active it will record
a ‘1’ in that location; if it is not active it records ‘0’. The result is that any
matrix which is multiplied by this value will record a zero if a cell is not
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12.

13.

14.

15.

yet active. This is included to eliminate calculations in inactive cells to
minimise computing run times.

° Equation: vvmatrix(Online_cells,Online_cells).

e Matrix_1 — This is a support matrix that separates a cell’s effect on itself
from the cell’s effect on any other cell. The matrix value for a well is ‘1’
when it is looking at itself, and ‘0’ when looking at any other. This
matrix is used only in this calculation to separate a target cell from the
other cells.

The reason these need to be separated is because the solved-for
drawdown of the non-target cells uses a non-dual-phase effect
transmissivity and the target cells’ solved-for drawdown needs to be re-
solved for current drawdown using the dual-phase affected
transmissivity.

The result is that the total interference-effects matrix and the individual
drawdown-effects matrix can be disassembled and rebuilt for every
iterative step of the algorithm to find the total interference and drawdown
effects for the coal seam (target zone) in each cell.

Cell Effect Delay — This delay is required so that the calculation affecting the
optimised cell Q is not circular (iterative calculations are by definition repetitive,
but there must be offsets in time or references to previous values in order to
advance the iteration without a circular reference occurring). It has no overall
impact on the estimated volumes.

e Equation: Effect_of other_cells.

Drawdown_at each_cell — This calculation maintains the defined drawdown at
each cell using the interference effects and dual-phase effects at the target cell.

° Equation: Cell_Effect_delay+Cell_indiv_drawdown.

T reduction_during pumping — This calculates the reduction in transmissivity
before peak gas mobilisation has occurred. It is a factorised transmissivity
reduction based on the pressure as a fraction of peak mobilisation pressure. It
includes the assumption that gas mobilisation starts prior to achieving peak
production pressure.

e Equation:

min ((Vector(Cell_set,T_reduction_factor),(Drawdown_at_each_well/max(Vector(Cell_set,1m)
,P_change_for_peak_gas_mob))”*0.5)* Transmissivity.

T redn_as result of gas Prod — This calculation determines the maximum
reduction in transmissivity due to the defined transmissivity reduction factor.

° Equation: Transmissivity * T_reduction_factor.

e T reduction_factor — This is a stochastic variable, and samples normally
between 0.95 and 0.999, with a mean of 0.99 and standard deviation of
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0.003. This factor is based on matching of the company-provided type
curves and manually calibrating the transmissivity reduction to match the
real data. Although dual-phase flow would impact on both T and S, this
has been simplified in the Theis formulation as a T-reduction factor only,
with the uncertainty in S accounted for by stochastic sampling of this
parameter.

16. P_change for peak gas mobilisation — This calculation is an extension of the

17.

18.

minimum depth for gas production, but this includes information about the
isopach. Where thickness (isopach) data was available, it was included.

This is of most importance on the edges of the basin where, if the thickness of
the coal seam (target zone) is not included in the calculation, there is a chance
that the tool calculates that gas production depth is reached without pumping—
resulting in no abstraction. Calculations 17, 18 and 19 are supporting equations
which account for the isopach where available.

The reason it is not included in all calculations is that at greater depths, it is more
likely that ground surface, groundwater pressure and coal seam depth errors will
not occur in magnitude great enough to cause non-abstraction.

However, near the basin edge where the coal seam approaches the surface, it
may be below ground level on one edge of the cell, and above ground on the
adjacent cell, the tool may interpret average depths and elevations improperly,
thus causing the tool’s logic to determine that no production will/can occur in
that cell.

° Equation: if(Potential_drawdown_no_isopach<Min_depth_for_gas_prod,Potential_drawdo
wn_no_isopach+Isopach_conversion,Potential_drawdown_no_isopach).

Min_depth for gas production — This calculation determines the pressure
change of water (in metres of head) at each location in the grid required to get to
peak production (target pressure as defined by each CSG company).

° Equation: GS_Elevation_CS -Water_pressure_surface_ WCM +1.1*vector(Cell_set,mhead).

e Mhead is the pressure in metres of water above the coal seam target
depth at which mobilisation of the second phase will occur.

Operation_ CM _elevation — This calculates the elevation of the coal seam (target
zone), or the maximum elevation possible of the coal seam if the depth of the
coal seam is at a depth that is less than the minimum water pressure needed to
retain gas. If the depth is greater than the minimum pressure needed, the
elevation of the coal seam is returned; if the depth is less than the minimum
pressure needed, the elevation of that minimum depth is returned.

e Equation: GS_Elevation_CS-
if(Walloon_Coal_M_Depth_CS<Min_depth_for_gas_prod,Min_depth_for_gas_prod,Walloon_C
oal_M_Depth_CS).
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19. Potential drawdown_no_isopach — This calculation is a supporting equation for
the Min_depth for gas production, and it calculates the drawdown needed in
order to reach peak production when no coal measure isopach data is present.

L] Equation: (Water_pressure_surface_ WCM-Operation_CM_elevation-
vector(Cell_set,Pressure_m_reqd_for_Gas_Prod)).

20. Operation CM_dual elevation — This calculation is a precursor (in cell blocks
where both the Baralaba Coal Measures and the Walloon Coal Measures have a
data value greater than zero) to the Formation consistency check calculation.
The purpose of this calculation is to determine the elevation of the coal seam in
operation, similar to calculation 18; however, in this case, the requirement is to
identify which coal seam is likely to be the one from which gas extraction will
occur—by checking if the Walloon Coal Measures meets the minimum depth
criteria or not. If the Walloon Coal Measures does not meet the minimum depth
criteria, then the Baralaba Coal Measures is selected instead, resulting in
(usually) a deeper coal seam.

e Equation: Gs_Elevation_Cs-
if(Walloon_Coal_M_Depth_CS<Min_depth_for_gas_prod,max(Bandanna_Coal_M_Depth,Min_
depth_for_gas_prod),Walloon_Coal_M_Depth_CS).

21. Formation_consistency check — This calculation looks at two datasets and
establishes whether or not two strata are connected. The logic requires that the
producing coal seam surface is below the Pressure_m_reqd_for_Gas_Prod at which gas
will be kept immobile by water pressure. If the top of the producing coal seam is
above this critical depth, the toggle changes to false for that cell and cell effects
from water production in neighbouring cells will not be considered in the cell in
question.

L] Equation: if(VVMatrix(Formation_cell_set,Formation_cell_set)=Matrix(Cell_set,Cell_set,1)
or VVMatrix(Formation_cell_set,Formation_cell_set)=Matrix(Cell_set,Cell_set,4) or
VVMatrix(Formation_cell_set,Formation_cell_set)=Matrix(Cell_set,Cell_set,9),
Matrix(Cell_set,Cell_set,1), Matrix(Cell_set,Cell_set,0)).

e Formation_cell set — This matrix converts the formation_sub_set cell-
block format to the cell set format.

e Formation _sub_set — This calculation assigns a matrix of different values
depending on whether the Walloon Coal Measures depth plus the
Walloon Coal Measures thickness is greater than zero metres. The reason
for this is that if the value is greater than zero, there is a possibility that
pumping may occur in the cell, however, if it is zero or less than zero, no
pumping will take place. This calculation is a precursor for the
Formation cell set and Formation consistency check.

° Equation:if(WaIIoons_depth+WaIIoons_isopach>Matrix(sub_set,sub_set,Om),matrix(sub_se
t,sub_set,1),Matrix(sub_set,sub_set,2)).
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22. Reqd_drawdown — This calculation provides a trigger to pump. The trigger is
delayed by the cell start date, but once that date is realised, an automatic switch
turns on and the effect of pumping as a result of required drawdown begins. The
element references pressure change for peak gas mobilisation which is the
drawdown which must be met in order to mobilise gas.

e Equation:
if(Vector(Cell_set,ETime)>Cell_start_date,P_change_for_peak_gas_mob,Vector(Cell_set,0m))

23. Cell start date — This is required to initiate a cell within the calculations. A cell
is not included in the calculations until the cell start date is reached. The cell is
active for the duration of the cell life (function of mean well life, which varies
stochastically within bounds provided by the CSG companies).

° Equation: Cell_start_month_cell_set+vector(Cell_set,Start_Time).

24. Cell_start month_cell set — The cell start month cell set equation incorporates
the timing variable factor. The timing variable is the factor which is affected by
potential delayed industry starts.

e Equation: start_month*Timing_variable.

25. NEEF (Near-Edge Effects Factor) — This element is a switch that toggles
between the adjusted transmissivity (if a cell meets the depth criteria), or the
regular transmissivity. This function looks up the depth to the coal seam and
applies a stochastic factor to the efficiency. Anything below the cut-off
NEEF_Depth is ignored. If the NEEF cut off is triggered, the NEEF adjusts the
aquifer parameters for the shallowest coal seams only, based on information
provided to us by CSG companies in these areas.

. Equation: if(NEEF_Depth<Vector(Cell_set,Cutoff_Depth),NEEF_Factor,Vector(Cell_set,1).
26. NEEF Selector — This is the criterion for the element in the previous step. The
selector can be turned on or off from the control panel.

27. NEEF LU Splitter — This element performs a switch based on the pressure of
water above the target seam. Based on the cut-off depth (adjustable on the
control panel of the tool), this switch provides a transmissivity multiplier.

e Equation:
if(NEEF_Depth<Vector(Cell_set,NEEF_Cutoff_Depth),NEEF_Factor,Vector(Cell_set,1))

28. NEEF Depth — This element calculates the water pressure above the target seam
based on the water pressure above datum, the ground surface and the depth of
the target seam.

L Equation: Water_pressure_surface_WCM-(GS_Elevation_CS-Walloon_Coal_M_Depth_CS).

Page 34
KLOHN CRIPPEN BERGER



444

Forecasting CSG water production in the Surat & southern Bowen basins September 2012

Following these calculations are a relatively simple set of calculations for water quality.
Each cell in a cell block has a representative water quality (at this stage limited to TDS)
which is either known at a site-specific scale from company data or interpolated from
regional data. The water quality is multiplied by the respective water production in each
cell to fi