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This study used computer simulation to select appropriate process designs to make coal seam
gas (CSG) associated water comply with beneficial reuse regulations. The hypothesis was that
computational simulation might determine the unit operations required for treatment of CSG
associated water over a wide range of salinities. AqgMB software was for a complete analysis
of water treatment from initial storage pond to final pH and sodium adsorption ratio (SAR)
adjustment. Three samples of CSG associated water ranging from 3650 to 22123 mg/L total
dissolved solids content were evaluated. Common to each process design was a settling pond,
coarse & fine filtration, softening, anti-scalant addition, and reverse osmosis. When the water
hardness was very hard, then a lime softening system may be required. Both microfiltration
and ultrafiltration were considered, and in both cases, the level of suspended solids was
reduced to close to zero. Sodium exchanged WAC resin removed the majority of alkaline
earth ions and inhibited downstream scale formation. The presence of substantial alkalinity
was addressed by use of acid exchanged WAC resin in combination with an air stripper.
However, process economics indicated this option was not favourable. A two-stage Reverse
Osmosis system not only recovered from ca. 74 to 79 % water with all CSG associated water
types but also the water quality was compliant with beneficial reuse regulations. The

computer predictions mirrored actual data from operating industry sites.

Keywords: Coal seam gas; coal bed methane; associated water; reverse osmosis; process

design



*Corresponding Author

Professor Graeme J. Millar

Science and Engineering Faculty, Queensland University of Technology, P Block, 7th Floor,
Room 706, Gardens Point Campus, Brisbane, Queensland 4000, Australia

ph (+61) 7 3138 2377 : email graeme.millar@qut.edu.au



1. Introduction

Development and commercialization of coal seam gas (CSG) deposits have primarily occurred
within the past 30 years in countries such as USA, Australia, Canada, China, and India [1]. CSG
originates from biologically and microbial transformed organic matters that have undergone
geological processes [2]. Typically, the gas reserves are located in coal seams which are
several hundred meters below ground. The extraction process involves depressurization of
the seams [3], which results in the collection of substantial amounts of CSG associated water
which is saline in character [4]. Current estimates indicate that for example, in Queensland,
the associated water volume from the CSG sector is 60.5 GL per annum with a predicted
maximum volume of 70 to 80 GL per annum [5]. The salt content in the associated water is
highly dependent upon the location of the CSG wells and typically ranges from 1,000 to 10,000
mg/L in Queensland [6, 7]. Consequently, the associated water is normally not directly
applicable for beneficial reuse options such as crop irrigation, livestock watering, dust

suppression, aquaculture and drinking water [8].

The most common species in CSG associated water are sodium, potassium, calcium,
magnesium, strontium, barium, iron, boron, aluminium, colloidal and dissolved silica,
sulphate, chloride, fluoride, bromide, and bicarbonate/carbonate [9]. In all reported CSG
associated water samples, the dominant salts are sodium chloride and sodium bicarbonate
[6, 10, 11]. Also present can be organic impurities and microbial/algal matter; for instance, a
high level of algae was measured in CSG associated water produced in New South Wales,
Australia [12]. A recent review has summarized the current methods applicable to the
treatment of CSG associated water [4]. Technologies including coagulation, lime softening,
microfiltration, ultrafiltration, ion exchange softening, anti-scalant dosing, ion exchange
desalination, reverse osmosis (RO), as well as capacitive deionization (CDI) were all discussed.
The central desalination methods were ion exchange and RO, both of which required pre-
treatment of CSG associated water to promote the optimum operation of the treatment plant.
For example, RO membranes are susceptible to fouling due to microorganisms/algae,
dissolved organic matter and particulate/colloidal matter as well as scale deposition from

alkaline earth ions, silicates, carbonate, sulphates and phosphates [13].

In terms of process designs of water treatment plants to remove the contaminants in CSG

associated water, there does not appear to be a standard approach. For example, Le [12]



outlined a treatment strategy for remediating CSG associated water wherein the unit
operations employed included a pond for storage of the water, disc filtration, microfiltration,
biocide addition, two-stage RO and finally calcium addition to adjust sodium adsorption ratio
(SAR) levels to ensure regulation compliance. Alternatively, Pless et al. [14] employed an ion
exchange system comprising of a cation and anion exchange materials (resin and hydrotalcite)
to desalinate CSG associated water from the San Juan basin in the USA. Whereas, Dennis [15]
deployed a single cation resin bed as part of a Higgins Loop configuration for treatment of
CSG associated water from the Powder River Basin in the USA. Carter [16] described the
process layout for the Queensland Gas Company (QGC) CSG associated water treatment
facility located in Queensland, Australia. A 100 ML/day system is in operation which
comprised of pre-treatment (including lime softening) followed by ultrafiltration, ion

exchange softening and RO membrane.

Process modelling using computational tools is an established method in the water treatment
industry. In relation to the RO, various software packages have been implemented such as
ROSA [17], IMS-Design [18], WINFLOWS [19], Toray DS2 [20] and Projection* [18].
Nevertheless, the application of computational methods to determine optimal process
designs for water treatment units in the CSG industry has received minimal attention.
Plumlee et al. [21] developed a software-based screening tool for the CSG industry which
guided users to which unit operations were recommended when treating CSG associated
water for various beneficial reuse options. However, despite the usefulness of this tooal,
detailed process engineering design was not provided. Recently, Vedelago and Millar [22]
used computer simulation to predict the optimal treatment approach for CSG associated
water containing high levels of alkalinity. A strategy involving pH adjustment followed by
chemical amendment using gypsum was evaluated and it was concluded that, if the
bicarbonate concentration was above ca. 1000 mg/L, this methodology was not appropriate.
The additional sulphate or chloride components made the water not suitable for irrigation
purposes, even with highly salt tolerant plants. An alternate approach of using a cation
exchange resin was also studied. It was found that, compared to a weak acid cation (WAC)
resin, a strong acid cation (SAC) resin type was more effective to mitigate levels of
bicarbonate/carbonate, calcium, magnesium and sodium present in the associated water;
although regeneration of SAC resin was more expensive. After a strong acid cation resin bed,

the subsequent processes of degassing and lime dosing were found to adjust pH and SAR



levels suitable for irrigation. Nevertheless, this study only simulated the effect of pH
adjustment and cation exchange resin. Wicks et al. [23] also used AgMB software to
determine when ion exchange of CSG associated water with various synthetic resins was
potentially viable. Venkatesan and Wankat [24] simulated a cation exchange resin to soften
brackish water prior to RO filtration and reported that ca. 90 % water recovery was achieved

without scale formation on the RO membrane.

Notably, there remains a need to design reverse osmosis based desalination plants for the
treatment of CSG associated water. The variable quality of the CSG associated water
necessitates that the process design requires tailoring to meet the challenges of each water
sample. Hence, the use of computational methods to identify the most prospective strategies
is recommended. Therefore, this study aimed to develop a means to screen a range of water
treatment process designs for CSG associated water and provide a basis for the selection of
unit operations. The hypothesis was that computational simulation might accelerate the
selection of appropriate unit operations for the treatment of CSG associated water with
salinity ranging from low (ca. 4000 mg/L) to high values (ca. 22,000 mg/L). Specific research
guestions which were considered included: (1) What are the impacts of the CSG associated
water composition upon plant design and performance? (2) What is the recommended pre-
treatment strategy to maintain RO membrane integrity? (3) Which process configurations are
optimal for CSG associated water treatment of variable quality? The methodology involved
use of AgMB (Agueous Material Balance) software which allowed examination of unit
operations such as storage ponds, coagulation, clarification, media filtration, biocide
introduction, micro- and ultrafiltration; softening; addition of scaling inhibitors; pH

adjustment, nanofiltration and reverse osmosis.



2. Materials and Methods

2.1 CSG Associated Water Composition

Three CSG associated water compositions were investigated, which encompassed a range of

salinities which required desalination with reverse osmosis Table 1.

Table 1: Water characteristics of CSG associated water samples

CSG1 CSG 2 CSG 3 Units
(Low TDS) (Medium TDS)  (High TDS)

(6] [6] [12]
Total Dissolved solids (TDS) 3892 10030 23130 mg/L
Conductivity 5495 17960 23290 uS/cm

pH 8.4 7.9 8.13

SAR 162 80 338
Aluminium 0 0 0.01 mg/L
Barium 0.67 9.38 15.4 mg/L
Bicarbonate 1396 195.8 13110 mg/L
Boron 0.85 0.17 1.3 mg/L
Calcium 3 106 14.6 mg/L
Carbonate 44 7.47 620.5 mg/L
Carbon Dioxide 7.2 2.78 103.5 mg/L
Chloride 1102 5909 2316 mg/L
Fluoride 2.8 0.4 6.5 mg/L
Iron 0.44 3.14 39.5 mg/L
Magnesium 1 33 9.8 mg/L
Potassium 4 20 82.3 mg/L
Silica 21.8 14 25 mg/L
Sodium 1270 3700 6798 mg/L
Strontium 1.05 20.2 3.7 mg/L
Sulphate 0 0 17.8 mg/L
Total Organic Carbon (TOC) 44 138 0 mg/L
Dissolved Organic Carbon (DOC) 37 17 14 mg/L
Total Suspended Solids (TSS) 23 233 130.9 mg/L
Turbidity 8.0 56.1 72.4 NTU

In reality, CSG associated water samples are usually contaminated with algae and other
microbiological species as the storage ponds are exposed to the environment for extended
periods of time. Indeed, Le reported that a CSG associated water sample collected from
northern New South Wales in Australia comprised of >600,000 cells per mL of algae [12]. The
removal of algae and other microbial species was not modelled explicitly in this study, but

provision was made to add a biocide in the treatment process.



2.2 Software

Aqueous Material Balance (AqQMB) water treatment software is provided by Salt Water
Solutions [25]. A wide range of physical unit operations are embedded in the software,
including separation methods, mixing, dosing, splitting, heat, and mass transfer, and rotating
equipment. Accepted equations and theories are used to perform calculations. Economic
evaluation is also built into the software with estimates of chemical and energy consumption

provided.

2.3 Process Design

Process designs were customized to the particular CSG associated water of interest. The unit
operations included: settling pond; coagulation; sand ballasted clarification; microfiltration;
ultrafiltration; ion exchange softening; anti-scalant addition; reverse osmosis; pH adjustment
and chemical dosing to adjust SAR. Guidance in terms of scale formation involved the
application of the Langelier Saturation Index (LSI) or Stiff—Davis Saturation Index (SDSI)
models. While LSI reports saturation level of calcium carbonate for water with TDS < 10,000
mg/L, SDSI determines the potential for calcium carbonate formation in water with TDS >
10,000 mg/L [26]. Inspection of the LSI/SDI data revealed that for all three CSG associated
water types that calcium carbonate formation was possible as the values were all above zero
[Table 2]. Saturation indices also suggested that ferrihydrite was supersaturated in the CSG

associated water samples.

Table 2: Scaling potential and saturation indices for CSG associated water samples 1, 2, & 3

after exiting settling pond

CSG Associated CSG Associated CSG Associated
Water 1 Water 2 Water 3
Langelier Saturation Index (LSI) 1.17 0.63
Stiff-Davis Saturation Index 091 1.90
(SDsSI)
Barium sulphate (Barite) 0.33
Calcium carbonate (Calcite) 0.69 0.17 1.09
Ferrihydrite 1.6 1.6 1.6
Strontium carbonate 0.78 0.95
(strontianite)
Talc 0.12

Barium carbonate (witherite) 0.24




As discussed by Huang and Ma [27], care must be taken when using LSI and SDSI values to
predict the scaling potential of species in aqueous solutions. For example, consideration
should be made of factors such as concentration polarization, carbon dioxide pressure, and
relative activity coefficients of solubility products. AgMB software considers the kinetics of
scale formation in addition to saturation indices. Consequently, ferrihydrite precipitation was
predicted by AQMB to occur for all three CSG associated water samples at rates of 1.01, 10.9,
and 100 mol/h for CSG 1, CSG2 and CSG 3 associated water samples, respectively. In addition,
for CSG associated water sample 3 witherite was also suggested to precipitate at a rate of
15.6 mol/h. Itis also industry practice to locate a settling pond prior to the desalination stage
[4]; hence, a suitable pond was included in all process designs. In addition, as indicated in
Section 2.1, the presence of microbiological species was assumed to be present. As such a

biocide dosing system was also included in all plant designs.

2.3.1 Low TDS CSG Associated Water (CSG 1)

CSG 1 contained suspended solids which can be generally removed by a clarification unit such
as a sand ballasted clarifier [28]. Removal of finer particulates was targeted by the
incorporation of both micro- and ultra-filtration units [29]. As there was potential to form
calcium carbonate scale [Table 2] an ion-exchange softener was included after the UF stage
[30]. The amount of silica dissolved in CSG 1 was significant (21.8 mg/L), which could cause
membrane fouling [31]; thus, anti-scalant addition was warranted [32]. The TDS of the CSG
associated water was less than 10,000 mg/L, which indicated that brackish water RO (BWRO)
units would be suitable for desalination purposes. To make the permeate compliant with
regulations, both pH adjustment and micronized gypsum addition to meet SAR requirements

were also incorporated in the treatment design [Figure 1] [22].
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Figure 1: Process design for treatment of CSG associated water sample 1

2.3.2 Medium TDS CSG Associated Water (CSG 2)

A particular feature of CSG 2 water was the relatively high hardness compared to CSG water
1 & 2 (106 mg/L Ca & 33 mg/L Mg). Consequently, initial treatment of CSG 2 water with lime
softening was considered [33] instead of a sand ballasted clarifier. Further softening using
ion exchange resin was also deemed necessary as the hardness was relatively high. Notably,
lime softening does not reduce the amount of alkaline earth ions present to low levels. The
higher TDS of CSG 2 compared to CSG 1 meant that seawater RO (SWRO) membranes were

required. The remaining operations in the design were similar to those described in Figure 1.

2.3.3 High TDS CSG Associated Water (CSG 3)

CSG 3 was not as hard as CSG 2, but instead, it comprised of a substantial concentration of
bicarbonate species (13110 mg/L). Consequently, the introduction of an ion exchange system
which could not only soften the CSG associated water but also decarbonize it was a potentially
attractive technical solution. The evolved carbon dioxide from the outlined approach would
subsequently require removal by a degassing stage. SWRO membranes were again required

for the desalination stage.
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Figure 2: Process design for treatment of CSG associated water sample 2

Coagulant
Addition

.

Biocide
Addition

Backwash
Recycle Stream

Ultrafiltration

N
Sand Ballasted
Clarifier ~—
Settling Pond Microfiltration S
lon Exchange
Micronized H Adiust t (H+Svl::£(e:nglegsm)
Gypsum Addition pH Adjustmen
B 7 -
VAV IS I | VA
r - N
S T Antiscalant -
( \ { . Addition >~
- Py
First Stage i
Permeate Storage SWRO
B Second Stage Regenerant Degasser
SWRO Waste Stream

Brine Storage Pond

Figure 3: Process design for treatment of CSG associated water sample 3

2.4 Unit Operations

2.4.1 Settling Pond

A settling pond was used in the AgMB simulation as this is standard practice in the CSG
industry for collection of water from the various neighbouring wells. The pond parameters

were as follows: volume = 47.94 ML; 80 % solids removal; no net evaporation rate; rate of



organics increase = 10 mg/L/annum; residence time = 240 h; evaporation surface area = 11560

m?; wind = 20 km/h; and ambient temperature = 25 °C.

2.4.2 Clarification

Use was made of aluminium chlorohydrate (ACH) coagulant as this material not only does not
significantly impact the pH of a CSG associated water sample but also is effective at removing
suspended solids [34]. A sand ballasted clarifier was chosen as a unit operation where
flocculation occurred as this is employed in the Queensland CSG industry [4]. The clarifier
details were as follows: recovery was 98.93 %; overflow solids = 10 mg/L; coagulation tank
detention time = 90 s; maturation tank detention time = 240 s; settling tank surface overflow

rate = 55 m/h; lamella tube settler overflow rate = 74 m/h.

2.4.3 Lime Softening

When the CSG associated water comprised of high levels of calcium and magnesium ions, a
lime softening unit was introduced to the process. In AgMB lime softening was modelled as
a thickener to accommodate the significant solids content of the pH adjusted CSG associated
water. The model included the following assumptions: minimum underflow solids (0.5 w/v %);
overflow solids 10/mg/L; floc/contact zone detention 20 min; and surface loading rate 5 m/h.
Lime addition occurred until the pH was equal to 10 in accord with previous literature which

suggested this was optimal [33].

2.4.4 Biocide Addition

Sodium hypochlorite was selected as a biocide using a nominal 10 mg/L dose rate. This

chemical was added via an inline chemical doser unit.

2.4.5 Microfiltration

A microfiltration system was introduced to control suspended solids in the CSG associated
water in harmony with the approach of Le [12]. The microfiltration system consisted of a 5
micron membrane cartridge filter of length 1.02 m. The number of cartridges required was
83 and the filtration area per cartridge was 1.5 m. The solids retention capacity of

microfiltration filter was 0.15 kg/m?.



2.4.6 Ultrafiltration

There are several experimental studies on the performance of ultrafiltration coupling with RO
in treating the associated water. For example, Nghiem et al. [35] and Qian et al. [36]
conducted a pilot-scale treatment of CSG associated water using both systems in Australia
and China, respectively. Suez ZeeWeed (ZW1500-550) ultrafiltration membranes (51 m? area)
were installed in the ultrafiltration system. These membranes were made of polyvinylidene
fluoride (PVDF) and the nominal pore size cut-off was 0.02 microns. The total number of UF
modules required was 58, and the calculated flux was 62.2 L/m?/h. The recovery rate was
93 % and water backwashing occurred every 21 minutes at 68 L/m?/h. Air scouring also

occurred with a duration of 0.5 min.

2.4.7 lon Exchange Softening

When water hardness was identified as a problem, DOW MAC-3 weak acid cation resin in the

sodium exchanged form was used to soften the water. The details are presented in Table 3.

Table 3: Simulation setup for ion exchange softener

Properties Parameters
Resin form Na* (WAC) H* (SAC)
Working capacity (eq/L) 1.8 1.2
Service velocity (m/h) 30 30
Regeneration interval (hr) 48 48
Regeneration type Reverse-flow Reverse-flow
Regeneration chemical NacCl HCI
Regeneration chemical strength (%) 10 5
Stoichiometry of Regeneration Stage 1.8 2.0
Regeneration/displacement velocity 5 5
(m/h)

2.4.8 Anti-scalant Dosing

A silica anti-scalant was simulated using a dosage of 100 mg/L, which was a value promoted
as the upper limit when minimizing scale formation in the pipework of a power plant [37].

Anti-scalant was assigned a cost of AS5000 per tonne [25].

2.4.9 Reverse Osmosis Configuration

The staging ratio for each CSG associated water type was estimated from Equation 1 [38].

Equation 1: R = [1/(1 - Y)] "



Where R is the staging ratio, Y is the desired system recovery expressed as a fraction and n is
the number of stages. The desired water recovery was set to ca. 75 % in each case [12] which
for brackish water should be achieved using a 2 stage RO system [39]. The number of vessels

(Ny) required in the first and second stages was estimated by using Equations 2 and 3.

Equation 2: N, (1) = 1+1\1’:_1
Equation 3: N,(2) = Nuigl)

Due to the relatively low TDS value for CSG 1 coupled with the fact that the permeate did not
to be of high purity (as applications such as irrigation and stock watering have less stringent
water quality compared to drinking water), DOW FILMTEC™ BW30XFRLE-400/34 elements
were chosen in the first & second stage. These membrane modules were: made of polyamide
thin-film composite material; characterized by a membrane area of 37 m?; could be used up
to a pressure of 41 bar; and had a maximum flux rate of 48.4 L/m?/h [40]. Based upon the
operating experience of DOW the design flux rate was assumed to be 22 L/m?/h, which was
recommended for a micro-filtered wastewater sample. As the flow rate was 200 m3/h and
75 % recovery was targeted, the minimum number of membrane elements was estimated to
be 185. Assuming 6 membrane elements per vessel, then a minimum of 31 pressure vessels
were required. A staging ratio of 2 (calculated from Equation 1) indicated that 21 vessels

should be in the first stage RO unit and 10 vessels in the second stage RO unit.

AgMB has a condition that if the water to be treated is higher than 10,000 mg/L then seawater
RO membranes are required [25]. Therefore, the seawater membrane DOW FILMTEC™
SW30XLE-440 was selected for the first & second stages in the RO unit as it is recommended
for high salinity brackish water treatment [41]. These membrane modules were again: made
of polyamide thin-film composite material; characterized by a membrane area of 41 m?; could
be used up to a pressure of 83 bar; and had a maximum flux rate of 38 L/m?/h [41]. From
DOW guidelines, the design flux rate in this instance was assumed to be 22 L/m?/h as micro-
filtered wastewater was being analysed. Since the flow rate was 200 m3/h and 75 % recovery
was again required, the minimum number of membrane elements was estimated to be 167.

Assuming 6 membrane elements per vessel, then a minimum of 28 pressure vessels were



required. A staging ratio of 2 indicated that 19 vessels should be in the first stage RO unit and

9 vessels in the second stage RO unit.

As with CSG 2 water, the TDS was above the 10,000 mg/L limit in AgMB for the use of a
brackish water RO membrane. Therefore, it was appropriate to employ the same seawater
membrane DOW FILMTEC™ SW30XLE-440 for modelling purposes [41]. Using the same
assumptions as for CSG 2, at a staging ratio of 2, 19 vessels were required in the first stage RO
unit and 9 vessels in the second stage RO unit. Operational costs for RO membranes were
based upon: a unit cost of AS450; life of 3 years; a lifecycle period of 20 years; 6 membrane

changes in a lifetime period; and effective escalation rate (i) of 9.3 %.

2.4.10 pH Adjustment and Addition of Micronized Gypsum to Control Sodium Adsorption

Ratio
An in-line dosing unit was simulated, which facilitated the addition of either sulphuric acid or
lime as required. Calculations were made to ensure the Sodium Adsorption Ratio was

adjusted to < 10 using micronized gypsum addition.



3. Results and Discussion

3.1 Pre-Treatment of CSG Associated Water

3.1.1 CSG Associated Water Sample 1

CSG operations utilize a holding pond as a repository for CSG associated waters from the
various neighbouring wells prior to being passed to the remediation stage [4]. Computational
analysis using AgMB to examine initial changes to the feedwater properties after settling in a

pond for 240 hours is displayed in Table 4.

Table 4: CSG associated water 1 composition following pre-treatment stage

Exit of Exit of UF Exit of lon Units
Settling Pond Modules Exchange
Column
(Na* Resin)
TDS 3760 3747 3747 mg/L
Conductivity 5469 5490 5492 uS/cm
pH 9.08 9.09 9.06
SAR 162.3 162.6 n.a.
Aluminium 0.02 0.03 0.03
Barium 0.67 0.67 0 mg/L
Bicarbonate 1132 1131 1142 mg/L
Boron 0.85 0.85 0.85 mg/L
Calcium 3.0 3.0 0.0 mg/L
Carbon Dioxide 1.20 1.20 1.20 mg/L
Carbonate 169.3 170.3 159.1 mg/L
Chloride 1103 1111 1111 mg/L
Fluoride 2.8 2.8 2.8 mg/L
Iron 0.11 0.03 0.03 mg/L
Magnesium 1.0 1.0 0.0 mg/L
Potassium 4.0 3.6 3.6 mg/L
Silica 21.7 19.9 19.9 mg/L
Sodium 1271 1273 1280 mg/L
Strontium 1.05 1.05 0.0 mg/L
Total Organic Carbon 50.0 16.2 16.2 mg/L
Dissolved Organic Carbon 48.5 16.2 16.2 mg/L
Total Suspended Solids 4.6 0.0 0.017 mg/L
LSl 1.17 1.17 -2.94
Flowrate 214.8 197.6 197.6 m3/h
Turbidity 1.5 0 0.008 NTU

In general, the solution pH increased to 9.08 as did carbonate to 169 mg/L. Alternatively,
total dissolved solids decreased slightly to 3760 mg/L and in harmony, the solution
conductively diminished to 5469 uS/cm. Sedimentation in the storage pond reduced

suspended solids from 23 to 4.6 mg/L as expected for such a unit operation. The rise in



solution pH was ascribed to aeration of the storage pond and consistent with this assumption
was the decrease in dissolved carbon dioxide content. In accord with the well-known
behaviour of carbonate/bicarbonate equilibria as a function of solution pH, carbonate species

instead of bicarbonate ions were promoted by the higher pH conditions [Equation 4].

Equation 4: HCO; + OH™ & (C03~ + H,0

It was also predicted that ferrihydrite (FeOOH) precipitated in the feed at a rate of 1.01 mol/h
and from the exit of the pond at 0.29 mol/h. Passage of the pond water through the sand
ballasted clarifier, microfiltration, and ultrafiltration system was sufficient to reduce the TSS
content to practically zero. Notably, the total flow of the CSG associated water was initially
reduced to 184 m3/h due to losses in the clarifier (2.2 m3/h) and the ultrafiltration unit (13.8
m3/h). The need to extensively backwash the ultrafiltration modules was the primary source
of the water loss. Consequently, one strategy to address this water loss was to recycle the
backwash water to the settling pond. As an outcome, the flow rate from the exit of the

ultrafiltration stage was increased to 197.6 m3/h.

It should also be considered that storage ponds inherently contain microorganisms such as
algae and fungi [12]. Indeed, researchers have considered growing various algae species in
CSG associated water [42, 43] and brine generated from reverse osmosis treatment [44]. For
example, Aravinthan and Harrington [44] concluded that RO brine was a highly suitable
medium for growth of Dunalliella Tertiolecta, which had relevance to biofuel manufacture.
Likewise, Hodgskiss et al. [45] cultivated a green algae from a CSG associated water storage
pond in the Powder River basin (USA) which was classified as a Chlorophyceae organism.
Buchanan et al. [43] noted that the diversity of the microbial community growing in the CSG
associated water was dependent upon the overall salinity and composition. It is also noted
that the propensity for algal bloom formation in groundwater is also well known in regions
such as Queensland [46]. Therefore, a suitable process design for CSG associated water
treatment should encompass a strategy such as dosing appropriate biocides. Le [12]
recommended a mixture of biocides was required to minimize microbiological resistance and
increase effectiveness. This outlined approach should reduce the susceptibility of
downstream membranes to fouling by microorganisms [13]. Hence, an inline dosing facility

delivered 10 mg/L sodium hypochlorite solution post the clarification stage. The cost of the



sodium hypochlorite was estimated to be A$90,388 per annum. It was assumed that the
micro- and ultra-filtration units subsequently removed the microorganisms. AgqMB did not
have the capacity to explicitly monitor the removal of algae from the CSG associated water
but the idea proposed was plausible based upon other studies [12]. The inclusion of
ultrafiltration in the process design for the treatment of CSG associated water 1 was
supported by the studies of both Nghiem et al. [35] and Qian et al. [36]. The CSG associated
water samples were similar to that for CSG 1 water; 1351 mg/L sodium and 1317 mg/L
bicarbonate [35]; and sodium 1852 mg/L and bicarbonate 1796 mg/L [36]. The software
indicated that 62 UF modules were required for this water treatment system. Assuming a
unit cost of AS1800 and lifetime of 5 years for the UF modules, the present value was
AS$385,069 (effective escalation rate = 15.9 %) which equated to an annualized cost of

AS$19,253.

Simulation of an ion exchange unit comprising of a Na*-WAC resin was considered on the basis
that the saturation index for calcite was 0.69, ferrihydrite 1.6, kaolinite 1.56, muscovite
2.996, ), paragonite 2.99, and strontianite 0.78. lon exchange softening with Na*-WAC resin
was sufficient to remove all the calcium and magnesium ions as expected from Equation 5. In

harmony, the concentration of sodium ions in the treated CSG water raised accordingly.

Equation5: Ca?t*(Mg?*) + 2 Na*R & 2Nat + Ca?*(Mg?**) R,

Where R = resin exchange site. Since CSG associated water is invariably alkaline in character
[6], the selection of a WAC resin was preferred over a strong acid cation (SAC) resin. This
decision was based upon the more efficient regenerability of a WAC resin; wherein a
significantly reduced amount of acid is typically required to recover exchange capacity. The
amount of resin required was 1400 L and the sodium chloride consumption per regeneration
cycle was 559.7 kg. Weak acid cation ion exchange did not reduce the concentration of silicate
species present in the CSG associated water. Since the formation of aluminosilicate deposits
on reverse osmosis membranes is a known problem [47], use of a silica anti-scalant was

employed at an annual cost of A$S865,904 per annum.

3.2.2 CSG Associated Water Sample 2




Table 5 shows the pre-treatment results for CSG associated water sample 2. Broadly, the
changes in composition and physical properties in the settling pond mirrored those reported
in section 3.2.1. Addition of a lime softener primarily reduced the concentration of calcium,
and bicarbonate species along with the amount of suspended solids and total organic carbon

present.

Table 5: CSG associated water 2 compositions following pre-treatment stage which included
softening with lime

Exit of Option 1: Option 2: Exit of UF Exit of lon Units

Settling Exit of Exit of Modules Exchange
Pond Lime Soda Ash Column
Softener Clarifier (Na* Resin)
TDS 10020 9887 11060 9885 9909 mg/L
Conductivity 17950 17860 19070 17860 17950 pS/cm
pH 8.23 9.55 9.93 9.61 9.41
SAR 80.9 87.0 145.8 89.0 1607.8
Barium 9.38 9.38 2.3 9.38 0.04 mg/L
Bicarbonate 181.3 42.6 264.1 35.2 46.3 mg/L
Boron 0.17 0.17 0.17 0.17 0.17 mg/L
Calcium 104.2 82.8 10.2 76.8 0.29 mg/L
Carbon Dioxide 1.20 0.01 0.03 0.01 0.01 mg/L
Carbonate 8.77 38.1 530.4 36.3 25.3 mg/L
Chloride 5908 5909 5908 5913 5913 mg/L
Fluoride 0.40 0.40 0.40 0.4 0.40 mg/L
Iron 0.65 0.02 0.02 0.001 0.001 mg/L
Magnesium 33.0 33.0 33.0 33.0 0.09 mg/L
Potassium 20.0 20.0 20.0 20.0 20.0 mg/L
Silica 14.0 14.0 14.0 14.0 14.0 mg/L
Sodium 3700 3700 4256 3703 3866 mg/L
Strontium 20.2 20.2 5.1 20.2 0.08 mg/L
Total Organic 46.7 23.4 19.3 12.1 12.1 mg/L
Carbon
Dissolved 23.4 22.6 18.7 12.1 12.1 mg/L
Organic Carbon
Total Suspended 44.3 10 10 0 0 mg/L
Solids
LSI 0.93 1.97 2.45 1.97 -0.71
SDSI 1.21 2.25 2.69 2.25 -0.42
Flowrate 214.1 201.3 196.6 187.2 187.2 m3/h
Turbidity 10.5 4.6 4.7 0 0 NTU

AgMB indicated that calcium carbonate species precipitated at a rate of 11.36 mol/h in the
overflow and 375.4 mol/h in the underflow. Ferrihydrite also formed at a rate of 0.07 mol/h
in the overflow and 2.25 mol/h in the underflow. This observation explained both the

reduction of calcium and iron ions seen in Table 5 after the lime softening stage. Similar



behaviour was described by Mohammadesmaeili et al. [48] who added lime to reverse

osmosis brine. Calcium carbonate was said to form as illustrated in Equation 6.

Equation 6: Ca(HCO3), + Ca(OH), — 2 CaCO; + 2 H,0

Importantly, the degree of calcium ions removed from CSG associated water sample 2 was
not substantial (ca. 21.6 %); hence, there was uncertainty as to the value of the lime softening
stage. One issue may have been inhibition of calcium carbonate formation due to a lack of
bicarbonate ions in solution. Blinov et al. [49] investigated the softening of oil sands produced
water using combinations of lime, soda ash (Na>CO3) and sodium hydroxide (NaOH). An
outcome of their study was the identification that soda ash could be more effective at

softening produced water [Equation 7] which was in agreement with the data in Table 5.

Equation 7:  Ca?* (aq) + Na,C0O5 (aq) - CaCO; (s) + 2 Na* (aq)

Addition of lime or soda ash resulted in substantial removal of the relatively small quantity of
the dissolved carbon dioxide noted due presumably to a combination of pH raising which
moved equilibrium towards bicarbonate/carbonate and reaction of lime with carbon dioxide

[Equation 8] [50].

Equation 8: CO, + Ca(OH), — CaCO3 + H,0

No removal of magnesium ions was predicted when lime or soda ash was added to adjust the
solution pH to 10. This calculation was consistent with the knowledge that magnesium
hydroxide typically does not precipitate as magnesium hydroxide until pH values above 10
[50, 51]. Similarly, strontium ions were also not decreased by lime addition which was in
agreement with the study of O'Donnell et al. [33] who did not record removal of strontium
from drinking water until a pH of 10 if an excess of calcium ions and inorganic carbon was
present. The observation of 21 % reduction in strontium presence when soda ash was used
to soften the CSG associated water was thus also in agreement with the conclusions of these
authors. Due to the relatively low solubility of barium carbonate, this species was additionally
majorly precipitated after soda ash application. The amount of resin required was 35,660 L,

and the sodium chloride consumption per regeneration cycle was 14,260 kg. These values for



resin and sodium chloride were greatly increased relative to the comparable figures when
pre-treating CSG associated water 1. The significantly higher amounts of calcium and
magnesium present in CSG associated water 2 were in line with the greater softening costs

(annualized cost of A$46,993 for resin).

3.2.3 CSG Associated Water Sample 3

Table 6 illustrates the results obtained from simulating pre-treatment of CSG water sample 3.
The settling pond and filtration systems effectively removed suspended solids and the
majority of organic carbon from the CSG associated water. Aeration of the CSG associated
water in the settling pond raised the pH, reducing the iron content due to ferrihydrite
formation (28.02 mol/h) and diminished alkaline earth ion concentrations (calcite 53.15
mol/h; strontianite 0.995 mol/h; hydrotalcite 0.003 mol/h; witherite 4.29 mol/h). The clarifier
and ultrafiltration units subsequently removed these precipitates. Exploration of the
saturation indices for the species in the filtrate from the UF unit suggested that calcite (SI =
1.132), ferrihydrite (SI = 1.584), muscovite (SI = 2.925), paragonite (SI = 2.219), and
strontianite (1.426) may be problematic. Thus an ion exchange unit was considered as being

one means to alleviate the outlined problem.

Two approaches to ion exchange pre-treatment were considered: (1) softening using a weak
acid cation resin with sodium ions on the exchange sites; (2) demineralization/decarbonation
using a strong acid cation resin coupled with a downstream degassing unit. The second option
was investigated on the basis of the high concentration of bicarbonate ions present in CSG
associated water 3. Employment of Na*-WAC resin was shown to be highly effective at
removing dissolved calcium, magnesium, strontium, and barium ions [Table 6] with minimal
impact upon remaining water quality indicators. The predicted resin volume was 2390 L and

the amount of NaCl regenerant was 955.3 kg (100 % basis) per regeneration cycle.

In contrast, use of the H*-SAC resin removed a substantial proportion of the TDS (18,560 to
6177 mg/L) and the solution alkalinity (bicarbonate 4506 to 1588 mg/L; carbonate 4754 to
23.5 mg/L). The reduction in TDS was in accord with a proven performance of cation resins
to exchange sodium ions [52], and potassium ions [53] and to decarbonize solutions [54].

Wicks et al. [23] demonstrated that demineralization of CSG associated water with an H*-SAC



resin created 1328 mg/L of dissolved carbon dioxide due to decomposition of

bicarbonate/carbonate species under acidic conditions.

Table 6: CSG associated water 3 compositions following pre-treatment stage

Exit of Exit of UF Exit of lon Exit of Units
Settling Modules Exchange Degasser
Pond Column (H* SAC
(Na* WAC Resin)
Resin)
TDS 18560 18560 18570 6177 mg/L
Conductivity 21370 21370 21390 9415 uS/cm
pH 9.60 9.59 9.59 7.97
SAR 346.5 625.2 n.a. 1348.3
Aluminium 0.01 0.11 0.11 0.11 mg/L
Barium 3.43 0.67 0 0.008 mg/L
Bicarbonate 4435 4506 4531 1588 mg/L
Boron 1.3 1.3 1.3 1.3 mg/L
Calcium 13.9 3.9 0 0.06 mg/L
Carbon Dioxide 1.20 1.24 1.24 1.01 mg/L
Carbonate 4841 4754 4732 23.5 mg/L
Chloride 2324 2330 2330 2327 mg/L
Fluoride 6.5 6.5 6.5 6.5 mg/L
Iron 7.7 0.4 0.4 0.4 mg/L
Magnesium 9.4 3.1 0 0.08 mg/L
Potassium 82.5 82.2 82.2 11.25 mg/L
Silica 25 23.9 23.9 23.8 mg/L
Sodium 6822 6816 6830 2145 mg/L
Strontium 1.94 1.54 0 0.025 mg/L
Sulphate 17.8 17.8 17.8 17.8 mg/L
Total Organic Carbon 1.34 0.64 0.9 0.64 mg/L
Dissolved Organic Carbon 1.24 0.64 0.9 0.64 mg/L
Total Suspended Solids 37.0 0 0.01 0.84 mg/L
LSI -1.61
SDSI 3.23 2.72 -0.54
Flowrate 213.9 193.1 180.1 1934 m3/h
Turbidity 18.5 0 0.005 0.42 NTU

A reduction in this value to 1 mg/L was noted after use of the degassing unit. However,
despite the success of the degassing system, it is advisable to evaluate the power
consumption as air stripping can be costly [55]. The required power for the feed pump and
air blower present in the degasser unit was estimated to be 3.279 kWh/kL (out of a total
treatment plant consumption of 4.05 kWh/kL). Hence, degassing may not be favoured due

to economic concerns. In addition, acid exchanged cation exchange resins although effective



at reducing the content of cations in CSG associated water; may not be best used when high
TDS is present. This idea arises from the fact that regeneration chemicals are typically the
major cost when employing ion exchange [56]. As such, ion exchange demineralization is
ideally suited to solutions with relatively low TDS content [56]. Inspection of the resin
demand (1,951,000 L) and HCl regenerant consumption (285,400 kg per regeneration cycle)

confirmed that ion exchange demineralization prior to the central RO stage was not feasible.

3.3 Reverse Osmosis Desalination

3.3.1 CSG Associated Water Sample 1

Application of a two-stage RO process to desalinate CSG associated water 1 was investigated
[Table 7]. Notably, the permeate quality satisfied regulatory requirements for beneficial
reuse for irrigation purposes in Queensland (conductivity <950 mS/cm; pH 6 to 8.5) [57].
Mallants et al. [58] confirmed the minimal impact of using RO treated CSG associated water
upon plant growth. Moreover, Majee et al. [59] demonstrated that even if the RO system did
not treat CSG associated water to the standard shown in Table 7, damage to soil was not

significant.

Shin and Bae [60] used a pilot plant RO unit to treat an “average Queensland” CSG associated
water originally containing 4,450 mg/L TDS. In their study, the final TDS of the treated water
was ca. 70 mg/L, which was similar to the value of 124 mg/L calculated in Table 7. The
predicted water recovery rate of the RO unit was 74 %, and the energy consumption of the
RO system was estimated to be 0.763 kWh/kL. Nghiem et al. [35] also used reverse osmosis
to desalinate a CSG associated water sample at pilot scale and obtained a water recovery of

76 %. Hence, the simulated and actual data were comparable.

The SAR value of the RO permeate was initially infinite due to the lack of either calcium or
magnesium ions in solution. An additional 4.5 mg/L of calcium ions was needed in order to
change the SAR value to approximately 5 (to comply with regulations which indicated SAR <
6 for heavy soils and < 12 for light soils [57]). This amount of calcium ions necessitated dosing

of 15.3 mg/L of micronized calcium sulphate, which corresponded to 2.26 kg per hour of

gypsum.



Table 7: Simulation data for reverse osmosis treatment of CSG associated water sample 1

Brine from Brine from  Permeate Storage  Units
BWRO Stage BWRO Stage Tank
1 2
TDS 7809 15380 124.2 mg/L
Conductivity 10420 19620 185.8 uS/cm
pH 8.90 8.74 8.5
SAR n.a. n.a. n.a.
Aluminium 0.03 0.02 0.03 mg/L
Barium 0 0 0 mg/L
Bicarbonate 2264 4443 47.4 mg/L
Boron 0.76 0.57 0.94 mg/L
Calcium 0 0 0 mg/L
Carbon Dioxide 0 0 0.23 mg/L
Carbonate 303 594.5 0.84 mg/L
Chloride 2203 4343 29.4 mg/L
Fluoride 5.53 10.84 0.11 mg/L
Iron 0.03 0.04 0.025 mg/L
Magnesium 0 0 0 mg/L
Potassium 7.1 13.85 0.14 mg/L
Silica 39.4 77.8 0.47 mg/L
Sodium 2533 4986 38.8 mg/L
Strontium 0 0 0 mg/L
Total Organic Carbon 30.7 58.2 2.10 mg/L
Dissolved Organic Carbon 30.7 58.2 2.09 mg/L
Total Suspended Solids 0.22 0.20 0.25 mg/L
LSl -6.22
SDSI
Flowrate 98.9 49.6 148 m3/h
Turbidity 0.09 0.10 0.12 NTU

3.3.2 CSG Associated Water Sample 2

For CSG associated water 2, a two-stage RO system was again used to desalinate the pre-
treatment sample [Table 8]. The permeate quality was similar to that displayed in Table 7.
However, the impact of the higher TDS CSG associated water composition was apparent when
considering the brine concentration. In this case the brine had a TDS value of 48,340 mg/L
(c.f. 15,380 mg/L for CSG associated water 1). The water recovery rate was 74.25 % which
was close to the target of 75 %. The electricity demand for the two RO booster pumps was
estimated to be 0.769 kWh/kL. The present value of the membranes employed was

AS$415,108, which equated to an annualized cost of AS20,755.



Table 8: Simulation data for reverse osmosis treatment of CSG associated water sample 2

Brine from Brine from  Permeate Storage  Units
BWRO Stage BWRO Stage Tank
1 2
TDS 22070 48340 126.6 mg/L
Conductivity 37740 72160 261.1 uS/cm
pH 8.95 8.73 8.5
SAR 2372.3 3487.0 301.1
Barium 0.08 0.18 0 mg/L
Bicarbonate 118.8 260.9 0.85 mg/L
Boron 0.33 0.59 0.06 mg/L
Calcium 0.63 1.39 0.002 mg/L
Carbon Dioxide 0 0 0.004 mg/L
Carbonate 37.8 82.2 0.015 mg/L
Chloride 12910 28270 74.5 mg/L
Fluoride 0.87 1.91 0.006 mg/L
Iron 0.003 0.007 0 mg/L
Magnesium 0.20 0.45 0 mg/L
Potassium 43.8 96.3 0.08 mg/L
Silica 30.4 66.0 0.42 mg/L
Sodium 8440 18490 48.9 mg/L
Strontium 0.17 0.37 0 mg/L
Total Organic Carbon 253 52.9 1.49 mg/L
Dissolved Organic Carbon 253 52.9 1.49 mg/L
Total Suspended Solids 0 0 0 mg/L
LSl -5.50
SDSI
Flowrate 85.4 38.8 148.5 m3/h
Turbidity 0 0 0 NTU

To reduce the SAR value of the RO permeate to 5, an additional 7.3 mg/L of calcium ions was
required. Consequently, dosing of 24.8 mg/L of micronized calcium sulphate was required

which equated to 3.68 kg per hour of gypsum.

3.3.3 CSG Associated Water Sample 3

Finally, the RO treatment of CSG associated water 3 was simulated. The permeate from the
2-stage RO unit was of high quality [Table 9] with the exception of the SAR value which was
unacceptably high for irrigation purposes [57]. As the permeate pH was 6.1 there was scope
to add some lime to raise the permeate pH to 8.5 and concomitantly decrease SAR due to the
presence of calcium ions. Indeed, the SAR value was reduced from 215.6 to 2.16, and the
amount of lime required was calculated as 3.74 kg/h. The cost for lime used to adjust the SAR

value of the RO permeate was predicted to be AS0.01 per hour.



Table 9: Simulation data for reverse osmosis treatment of CSG associated water sample 3

Brine Brine Combined Permeate Units
from from permeate Storage Tank
SWRO SWRO from RO
Stage 1 Stage 2 stages
TDS 13350 32950 105.4 127.5 mg/L
Conductivity 19470 44050 136.6 194.2 uS/cm
pH 8.04 7.86 6.1 8.5
SAR 215.6 2.16
Aluminium 0.22 0.54 0.006 0.006 mg/L
Barium 0.02 0.04 0 0 mg/L
Bicarbonate 3351 8211 20.98 54.5 mg/L
Boron 2.1 3.1 0.89 0.89 mg/L
Calcium 0.14 0.34 0.0004 12.2 mg/L
Carbon Dioxide 0 0 25.35 0.26 mg/L
Carbonate 88.9 249.3 0.02 1.26 mg/L
Chloride 5035 12430 29.8 29.8 mg/L
Fluoride 14.1 34.7 0.09 0.09 mg/L
Iron 0.84 2.05 0.02 0.02 mg/L
Magnesium 0.18 0.45 0.0005 0 mg/L
Potassium 24.4 60.5 0.05 0.05 mg/L
Silica 51.3 125.5 0.73 0.73 mg/L
Sodium 4640 11460 27.4 27.4 mg/L
Strontium 0.05 0.13 0.0002 0 mg/L
Sulphate 38.7 96.1 0.02 0.02 mg/L
Total Organic Carbon 1.33 3.14 0.08 0.08 mg/L
Dissolved Organic Carbon 1.33 3.14 0.08 0.08 mg/L
Total Suspended Solids 2.21 5.46 0.04 0.04 mg/L
LSI 0.02
SDSI -0.67 -0.40
Flowrate 89.0 35.8 157.5 m3/h
Turbidity 1.11 2.73 0.02 NTU

The water recovery rate was 78.75 % which was slightly above the targeted design value of

75 %. The brine concentration of 32,950 mg/L was in harmony with reported brine

concentrations in the region of ca. 40,000 mg/L when treating CSG associated water with

reverse osmosis [61]. In terms of operational costs the electricity demand for the two RO

booster pumps was estimated as 0.769 kWh/kL. The present value of the membranes

employed was A$429,934, which equated to an annualized cost of A$S21,497.



34 Comparison of Simulation Data with Industry Practice

This study has suggested that the best available technology for the treatment of CSG
associated water is: (1) settling pond; (2) clarification; (3) micro/ultrafiltration; (4) softening
with Na*- resin; (5) reverse osmosis; (6) pH adjustment; and (7) SAR adjustment. Biocide
addition is also recommended and the use of anti-scalants should also be considered.
Australia Pacific LNG (APLNG) have indicated that at their Condabri site that the treatment
operations are: settling pond; disc (200 p)/microfiltration (0.1 W); ion exchange softening
using Na*-resins; two-stage RO; and disinfection using chloramines [61]. With regards to the
settling ponds, the detention time was set to between 24 and 72 hours (whereas this study
used 10 days residence time). However, APLNG aerated the ponds to accelerate degassing of
carbon dioxide and settling of insoluble materials. It is also noted that at the APLNG Talinga
site the residence time in the settling pond was 14 days on average as no aeration was
employed [62]. This investigation included ultrafiltration as a pre-treatment stage to reverse
osmosis as is commonly considered for brackish water desalination systems [63]. However,
its use was not mandatory if a preceding microfiltration unit satisfactorily removed suspended
solids. The RO unit reported by APLNG was a three-stage system as water recovery rates
between 82 and 95 % were targeted. The higher recovery rates was in accord with guidelines
from DuPont Water Solutions that 2 RO stages could recover 70 to 80 % water and addition
of a 3™ stage RO may promote water recovery to ca. 85 to 90 % [38]. Thus it was apparent
that AgMB software predictions mimicked actual industry practice and allowed rapid

refinement/optimization of operational conditions.

4. Conclusions

Simulation of water treatment strategies specific to coal seam gas associated water has been
demonstrated. The hypothesis that computer simulation may promote the selection of
appropriate unit operations was proven, as it was found that the treatment train had to be
tailored to the CSG associated water composition. This situation illustrated the challenges of
the CSG industry wherein RO units and the accompanying pre-treatment operations must be

able to cope with a wide range of CSG associated water conditions over the life of the



treatment plant. In all case the RO plants produced water of high quality, but the stability

and performance of the treatment train depended upon the entire process design.

Pre-treatment of CSG associated water universally involved a storage pond to accommodate
the various incoming streams on a daily basis. Filtration to remove suspended solids and
disinfection to control the presence of microorganisms also were common to all treatment
designs studied. For CSG associated water which is relatively soft, a coagulation/clarifier
system may protect downstream unit operations from clogging with suspended solids.
Practical experience will indicate if a clarifier is necessary or if filtration is sufficient. If the
CSG associated water was very hard, then a lime softening system may be worthy of
consideration. However, for CSG water dominated by chloride ions and not
bicarbonate/carbonate species it may be required to dose sodium carbonate to the CSG
associated water to promote precipitation of insoluble alkaline carbonates. For high TDS CSG
associated water which comprised of substantial amounts of dissolved bicarbonate species,
the implementation of both an ion exchange softening using acidic resins and subsequent
degassing was simulated. Consequently, it was not recommended for use by the CSG industry

on the basis of excessive costs.

The process configuration for treatment of a wide range of CSG associated water
compositions was determined to comprise of: (1) settling pond; (2) disinfection; (3)
micro/ultrafiltration; (4) water softening using Na*-resin; (5) anti-scalant for silicate control;
(6) as a minimum a 2 stage RO unit using either brackish or seawater membranes as necessary
(and a 3-stage system if water recoveries above 80 % were necessary. Final water quality
adjustment to ensure pH and SAR values met regulatory guidelines was also proposed. This

treatment methodology was consistent with data from CSG companies.

Overall, AgMB software was beneficial in that it simulated the entire treatment train for CSG

associated water to make the effluent suitable for beneficial reuse. The robustness of the



outcomes was demonstrated in relation to industry practice and the approach detailed in this

study allowed both water quality and economic considerations to be concomitantly evaluated.

5. Acknowledgements

The technical support of Darren Szczepanski from Saltwater Solutions is recognised as a

valuable contribution to this study.



6. References

[1] I. Hamawand, T. Yusaf, S.G. Hamawand, Coal seam gas and associated water: A review paper,
Renewable and Sustainable Energy Reviews, 22 (2013) 550-560.

[2] T.A. Moore, Coalbed methane: A review, International Journal of Coal Geology, 101 (2012) 36-81.
[3] R.M. Flores, Chapter 7 - Coalbed Gas Production, in: Coal and Coalbed Gas, Elsevier, Boston,
2014, pp. 369-436.

[4] G.J. Millar, S.J. Couperthwaite, C. Moodliar, Strategies for the management and treatment of coal
seam gas associated water, Renewable and Sustainable Energy Reviews, 57 (2016) 669-691.

[5] J.R. Underschultz, S. Vink, A. Garnett, Coal seam gas associated water production in Queensland:
Actual vs predicted, Journal of Natural Gas Science and Engineering, 52 (2018) 410-422.

[6] C.A. Rebello, S.J. Couperthwaite, G.J. Millar, L.A. Dawes, Coal seam water quality and the impact
upon management strategies, Journal of Petroleum Science and Engineering, 150 (2017) 323-333.
[7] H. Jia, J. Poinapen, Coal seam gas associated water treatment and management: Opportunities
and limitations, The Appea Journal, 53 (2013) 185-192.

[8] S.U. Mehreen, J.R. Underschultz, Coexistence Opportunities for Coal Seam Gas and Agribusiness,
Journal of Industrial Ecology, 21 (2017) 1344-1355.

[9] L.D. Nghiem, T. Ren, N. Aziz, |. Porter, G. Regmi, Treatment of coal seam gas produced water for
beneficial use in australia: A review of best practices, Desalination and Water Treatment, 32 (2011)
316-323.

[10] V.A. Mendhe, S. Mishra, A.K. Varma, A.P. Singh, Coalbed methane-produced water quality and
its management options in Raniganj Basin, West Bengal, India, Applied Water Science, 7 (2017)
1359-1367.

[11] W.A. Van Voast, Geochemical signature of formation waters associated with coalbed methane,
Aapg Bull, 87 (2003) 667-676.

[12] H. Le, Innovative commercial and technical solutions for CSG produced water treatment project,
Chemical Engineering World, 52 (2017) 32-40.

[13] L. Malaeb, G.M. Ayoub, Reverse osmosis technology for water treatment: State of the art
review, Desalination, 267 (2011) 1-8.

[14] J.D. Pless, M.L.F. Philips, J.A. Voigt, D. Moore, M. Axness, J.L. Krumhansl, T.M. Nenoff,
Desalination of brackish waters using ion-exchange media, Industrial and Engineering Chemistry
Research, 45 (2006) 4752-4756.

[15] R.S. Dennis, Continuous ion exchange for wyoming CBM produced-water purification: Proven
experience, in: SPE E and P Environmental and Safety Conference 2007: Delivering Superior
Environmental and Safety Performance, Proceedings, 2007, pp. 321-324.

[16] A. Carter, GE Kenya WTP Queensland Water: Journal of the Australian Water Association, 42
(2015) 28-29.

[17] A. Altaee, Computational model for estimating reverse osmosis system design and performance:
Part-one binary feed solution, Desalination, 291 (2012) 101-105.

[18] A. Ruiz-Garcia, I.D.L. Nuez-Pestana, A computational tool for designing BWRO systems with
spiral wound modules, Desalination, 426 (2018) 69-77.

[19] S. Haryati, A.B. Hamzah, P.S. Goh, M.S. Abdullah, A.F. Ismail, M.D. Bustan, Process
intensification of seawater reverse osmosis through enhanced train capacity and module size —
Simulation on Lanzarote IV SWRO plant, Desalination, 408 (2017) 92-101.

[20] M. Kim, J. Jeon, H. Ryu, S. Lee, S. Kim, Assessment of energy saving effects in membrane-based
seawater desalination, Desalination and Water Treatment, 77 (2017) 149-155.

[21] M.H. Plumlee, J.F. Debroux, D. Taffler, J.W. Graydon, X. Mayer, K.G. Dahm, N.T. Hancock, K.L.
Guerra, P. Xu, J.E. Drewes, T.Y. Cath, Coalbed methane produced water screening tool for treatment
technology and beneficial use, Journal of Unconventional Oil and Gas Resources, 5 (2014) 22-34.
[22] R. Vedelago, G.J. Millar, Process evaluation of treatment options for high alkalinity coal seam
gas associated water, Journal of Water Process Engineering, 23 (2018) 195-206.

[23] M. Wicks, G.J. Millar, A. Altaee, Process simulation of ion exchange desalination treatment of
coal seam gas associated water, Journal of Water Process Engineering, 27 (2019) 89-98.



[24] A. Venkatesan, P.C. Wankat, Simulation of ion exchange water softening pretreatment for
reverse osmosis desalination of brackish water, Desalination, 271 (2011) 122-131.

[25] www.agmb.net, AQMB Simulating Water Solutions.

[26] A.A. Al-Ghamdi, Recycling of Reverse Osmosis (RO) Reject Streams in Brackish Water
Desalination Plants Using Fixed Bed Column Softener, Energy Procedia, 107 (2017) 205-211.

[27] Q. Huang, W. Ma, A model of estimating scaling potential in reverse osmosis and nanofiltration
systems, Desalination, 288 (2012) 40-46.

[28] K.A. Benson, J.D. Casey, M.E. Smock, L. Gurnari, C.G. Robinson, J.S. Perri, The use of sand-
ballasted settling technology to improve water treatment results, Iron and Steel Technology, 4
(2007) 156-166.

[29] D. Solley, B. Rhodes, M. Hordern, A. Roux, Pretreatment for micro- or ultra-filtration/reverse
osmosis water reuse: Experience from Mid-Eastern Australia, Water Practice and Technology, 8
(2013) 515-526.

[30] J. Lipnizki, B. Adams, M. Okazaki, A. Sharpe, Water treatment: Combining reverse osmosis and
ion exchange, Filtration and Separation, 49 (2012) 30-33.

[31] M. Badruzzaman, A. Subramani, J. DeCarolis, W. Pearce, J.G. Jacangelo, Impacts of silica on the
sustainable productivity of reverse osmosis membranes treating low-salinity brackish groundwater,
Desalination, 279 (2011) 210-218.

[32] W. Hater, C. zum Kolk, G. Braun, J. Jaworski, The performance of anti-scalants on silica-scaling in
reverse osmosis plants, Desalination and Water Treatment, 51 (2013) 908-914.

[33] AJ. O'Donnell, D.A. Lytle, S. Harmon, K. Vu, H. Chait, D.D. Dionysiou, Removal of strontium from
drinking water by conventional treatment and lime softening in bench-scale studies, Water
Research, 103 (2016) 319-333.

[34] S. Nishat Ashraf, J. Rajapakse, L.A. Dawes, G.J. Millar, Coagulants for removal of turbidity and
dissolved species from coal seam gas associated water, Journal of Water Process Engineering, 26
(2018) 187-199.

[35] L.D. Nghiem, C. Elters, A. Simon, T. Tatsuya, W. Price, Coal seam gas produced water treatment
by ultrafiltration, reverse osmosis and multi-effect distillation: A pilot study, Separation and
Purification Technology, 146 (2015) 94-100.

[36] Z. Qian, X. Liu, Z. Yu, H. Zhang, Y. JU, A Pilot-scale Demonstration of Reverse Osmosis Unit for
Treatment of Coal-bed Methane Co-produced Water and Its Modeling, Chinese Journal of Chemical
Engineering, 20 (2012) 302-311.

[37] G. Topcu, A. Celik, A. Kandemir, A. Baba, H. Sahin, M.M. Demir, Increasing solubility of metal
silicates by mixed polymeric antiscalants, Geothermics, 77 (2019) 106-114.

[38] https://water.custhelp.com/app/answers/detail/a_id/2209/related/1, FILMTEC Membranes -
Steps to Design a Reverse Osmosis System, (2019).

(39]

http://msdssearch.dow.com/PublishedLiteratureDOWCOM/dh 08ca/0901b803808caf76.pdf?filepat
h=/609-02054.pdf&fromPage=GetDoc, FILMTEC™ Membranes System Design: Membrane System
Design Guidelines for Commercial Elements.

[40] http://www.dupont.com/products/FILMTECBW30XFRLE40034.html, FILMTEC™ BW30XFRLE-
400/34.

[41] www.dupont.com/products/FILMTECSW30XLE440i.html, FILMTEC™ Seawater Reverse Osmosis
8" Elements.

[42] I. Hamawand, T. Yusaf, S. Hamawand, Growing algae using water from coal seam gas industry
and harvesting using an innovative technique: A review and a potential, Fuel, 117, Part A (2014) 422-
430.

[43] J.). Buchanan, F.R. Slater, X. Bai, S. Pratt, Algal growth and community structure in a mixed-
culture system using coal seam gas water as the water source, Environmental Technology (United
Kingdom), 34 (2013) 695-701.

[44] V. Aravinthan, D. Harrington, Coal seam gas water as a medium to grow Dunalliella tertiolecta
microalgae for lipid extraction, Desalination and Water Treatment, 52 (2014) 947-958.



file://///Syncplicity/Syncplicity/Capstone%20Engineers/Vimeipha/Submission%20Docs/www.aqmb.net
https://water.custhelp.com/app/answers/detail/a_id/2209/related/1
http://msdssearch.dow.com/PublishedLiteratureDOWCOM/dh_08ca/0901b803808caf76.pdf?filepath=/609-02054.pdf&fromPage=GetDoc
http://msdssearch.dow.com/PublishedLiteratureDOWCOM/dh_08ca/0901b803808caf76.pdf?filepath=/609-02054.pdf&fromPage=GetDoc
http://www.dupont.com/products/FILMTECBW30XFRLE40034.html
file://///Syncplicity/Syncplicity/Capstone%20Engineers/Vimeipha/Submission%20Docs/www.dupont.com/products/FILMTECSW30XLE440i.html

[45] L.H. Hodgskiss, J. Nagy, E.P. Barnhart, A.B. Cunningham, M.W. Fields, Cultivation of a native alga
for biomass and biofuel accumulation in coal bed methane production water, Algal Research, 19
(2016) 63-68.

[46] K.S. Ahern, J.W. Udy, S.M. Pointon, Investigating the potential for groundwater from different
vegetation, soil and landuses to stimulate blooms of the cyanobacterium, Lyngbya majuscula, in
coastal waters, Marine and Freshwater Research, 57 (2006) 177-186.

[47] L. Lunevich, P. Sanciolo, N. Milne, S.R. Gray, Silica fouling in coal seam gas water reverse osmosis
desalination, Environmental Science: Water Research and Technology, 3 (2017) 911-921.

[48] F. Mohammadesmaeili, M.K. Badr, M. Abbaszadegan, P. Fox, Byproduct recovery from
reclaimed water reverse osmosis concentrate using lime and soda-ash treatment, Water
Environment Research, 82 (2010) 342-350.

[49] V. Blinov, S. Mortazavi, K. Volchek, W. Kuang, C.E. Brown, P. Azmi, Chemical softening of the oil
sands produced water, in: 40th AMOP Technical Seminar on Environmental Contamination and
Response, 2017, pp. 319-350.

[50] A.M. Wachinski, Environmental lon Exchange: Principles and Design, Second Edition CRC Press,
2016.

[51] R. Ordéiiez, A. Moral, D. Hermosilla, T. Blanco, Combining coagulation, softening and
flocculation to dispose reverse osmosis retentates, Journal of Industrial and Engineering Chemistry,
18 (2012) 926-933.

[52] G.J. Millar, S.J. Couperthwaite, M. de Bruyn, C.W. Leung, lon exchange treatment of saline
solutions using Lanxess S108H strong acid cation resin, Chemical Engineering Journal, 280 (2015)
525-535.

[53] G.J. Millar, S.J. Couperthwaite, C.W. Leung, An examination of isotherm generation: Impact of
bottle-point method upon potassium ion exchange with strong acid cation resin, Separation and
Purification Technology, 141 (2015) 366-377.

[54] G.J. Millar, S.J. Couperthwaite, S. Papworth, lon exchange of sodium chloride and sodium
bicarbonate solutions using strong acid cation resins in relation to coal seam water treatment,
Journal of Water Process Engineering, 11 (2016) 60-67.

[55] M. Errico, L. Fjerbaek Sotoft, A. Kjeerhuus Nielsen, B. Norddahl, Treatment costs of ammonia
recovery from biogas digestate by air stripping analyzed by process simulation, Clean Technologies
and Environmental Policy, 20 (2018) 1479-1489.

[56] B.K. Pramanik, L.D. Nghiem, F.l. Hai, Extraction of strategically important elements from brines:
Constraints and opportunities, Water Research, 168 (2020).

[57] https://environment.des.qld.gov.au/ data/assets/pdf file/0027/89361/wr-eowc-irrigation-
associated-water.pdf, End of Waste Code, Irrigation of Associated Water (including coal seam gas
water) (ENEW07546918), Waste Reduction and Recycling Act 2011, (2019).

[58] D. Mallants, J. SimGnek, S. Torkzaban, Determining water quality requirements of coal seam gas
produced water for sustainable irrigation, Agricultural Water Management, 189 (2017) 52-69.

[59] U. Majee, G.N. Chattopadhyay, S. Chaudhury, Optimization of the quality of reverse osmosis-
treated coal bed water in relation to its effect on soil health, Environmental Earth Sciences, 76
(2017).

[60] C.H. Shin, J.S. Bae, Usable water production from coal seam gas water with a combination of
pore control fiber filtration and reverse osmosis, Environmental Engineering Research, 23 (2018)
210-215.

[61] https://www.aplng.com.au/content/dam/aplng/compliance/management-plans/Appendix F2-
CSG Water Management Plan Condabri.pdf, Condabri CSG Water Management Plan, (2011).

[62] https://www.aplng.com.au/content/dam/aplng/compliance/management-plans/Appendix F1-
CSG Water Management Plan TalingaP.pdf, Talinga CSG Water Management Plan, (2011).

[63] T. Qiu, P.A. Davies, Comparison of configurations for high-recovery inland desalination systems,
Water (Switzerland), 4 (2012) 690-706.



https://environment.des.qld.gov.au/__data/assets/pdf_file/0027/89361/wr-eowc-irrigation-associated-water.pdf
https://environment.des.qld.gov.au/__data/assets/pdf_file/0027/89361/wr-eowc-irrigation-associated-water.pdf
https://www.aplng.com.au/content/dam/aplng/compliance/management-plans/Appendix_F2-CSG_Water_Management_Plan_Condabri.pdf
https://www.aplng.com.au/content/dam/aplng/compliance/management-plans/Appendix_F2-CSG_Water_Management_Plan_Condabri.pdf
https://www.aplng.com.au/content/dam/aplng/compliance/management-plans/Appendix_F1-CSG_Water_Management_Plan_TalingaP.pdf
https://www.aplng.com.au/content/dam/aplng/compliance/management-plans/Appendix_F1-CSG_Water_Management_Plan_TalingaP.pdf

