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Techno-Economic and Environmental Assessments of Produced Water Treatment Tech-

nologies for Beneficial Reuse 

 

                                                                  Abstract 

Produced water (PW) is a bulk portion of byproduct generated during oil and gas extraction op-

erations and can be potentially reused for various purposes. However, the treatment costs and as-

sociated environmental issues call for a multitude of factors for proper management. This re-

search aims to evaluate the viability of technologies for treating PW in terms of their technical 

performance, cost-effectiveness, and environmental considerations. Technologies evaluated in-

clude well-established processes such as electrodialysis (ED), electrodialysis reversal (EDR), ion 

exchange, chemical oxidation, electrocoagulation (EC), chemical coagulation (CC), nanofiltra-

tion (NF) etc. Associated case studies have been studied. However, except EC and CC, other 

technologies fail to purify highly saline PW for beneficial reuses, such as Permian Basin PW. 

Among those five technologies, EC and CC are most cost-effective processes as their costs are 

$0.44/m3 and $0.26/m3, respectively. They are the most environmentally friendly as they con-

sume less energy and since the treated water is eligible for onsite reuse, there are no air emission 

and traffic issues associated with transportation. Whereas, the most expensive one is the NF pro-

cess and its cost ranges between $0.8337-$4.0407/gallon and the NF process that has been indi-

cated in this paper is not eligible to treat Permian Basin PW up to any of the reuse criteria. Coag-

ulation, flocculation processes and specific electrodialysis setup can be applied as pretreatment. 

However, there is no sufficient evidence to support their success. Two series of operations have 

been proposed. One of them is a combined electrocoagulation-microfiltration-membrane distilla-

tion process and another one is a series operation consisting of hydrocyclone, coagulation/floccu-

lation, MVC, membrane bioreactor, and UV/H2O2 process. The required costs of these technolo-

gies have been discussed and concluded that the PW that contains total dissolved solids (TDS) 

value exceeding 100,000 mg/L, cannot be treated up to the standard for beneficial purposes like 

irrigation, livestock feeding at low cost. The estimated cost for the successful series operation is 

approximately $1.01/bbl. Since such series of operation can provide reusable water for multiple 

purposes, these can be considered as environment friendly technologies.  
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1. Introduction 

1.1. Produced Water 

 

Natural or formation water is always present alongside petroleum in reservoirs. It has a slight 

acidity and remains beneath the hydrocarbons within the porous reservoir media. When oil and 

gas are extracted, the reservoir pressure decreases. To counteract this, additional water needs to 

be injected into the reservoir’s water layer to balance hydraulic pressure and improve oil recov-

ery (Igunnu et al., 2012). Along with the water injected into the reservoir, water can also seep in 

from outside the reservoir area. As oil and gas production progresses, eventually the formation 

water will reach the production well, resulting in the extraction of water along with hydrocar-

bons. This water, referred to as produced water or oilfield brine, constituents the largest volume 

of byproduct produced during oil and gas extraction operations. (Chan et al., 2002; Reynolds et 

al., 2003). 

1.2. Scope of Problems 

Oil and gas production operations generate 20 to 30 billion barrels of produced water each year. 

This is 70 times the volume of all liquid hazardous wastes generated in the U.S. (Otton & Mer-

cier [n.d.] Produced water brine and stream salinity [Otten.pdf (usgs.gov)]). A complex factor for 

water management in oil and gas facilities arises from the emergence of unconventional sources, 

i.e., shale gas, oil, sands, and tar sands. Such sources can demand even greater water usage as 

compared to unconventional methods, especially during drilling and hydraulic fracturing pro-

cesses. Produced water is highly contaminated, and its constituents are highly variable because it 

depends on the technologies utilized during extraction, its geological position, minerals available 

https://water.usgs.gov/orh/nrwww/Otten.pdf
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in that geological formation, types of hydrocarbons being extracted. Produced water is highly sa-

line, ranging from nearly fresh (≤ 1%) to approximately 50% which is almost 15 times saltier 

than seawater (Allison et al., 2018) with a high amount of total dissolved solids (TDS). Volatile, 

non-volatile, and semi-volatile organic compounds like BTEX (benzene, toluene, ethylbenzene 

and xylene) and PAHs (polycyclic aromatic hydrocarbons) are also major constituents. Moreo-

ver, naturally occurring radioactive materials (NORMs) and heavy metals are not uncommon to 

produced water (Rodriguez et al., 2020). Due to vast amounts of contaminants particularly exces-

sive TDS, treating such PW to meet potable, irrigation and livestock watering is not a cost-effec-

tive solution. Consequently, well injection is the most common way to manage produced water. 

According to the Underground Injection Control program, there are six classes of injection wells. 

Partially treated PW is injected into deep underground into a geologically isolated formation. 

Meanwhile, PW could potentially escape from this formation and contaminate surface or ground-

water sources (Alessi et al., 2015). Usually, produced water is injected into the Class II well. 

Deep well injection may be a potential reason for seismic hazards including unexpected tectonic 

activities. In addition to the well injection disposal cost, these costs include transportation, capi-

tal and infrastructure maintenance, which may be as much as $4.00/bbl (Kassab et al., 2021).  

 1.3. Objectives 

The constituents of PW are highly variable as well as the treatment, efficiency, purpose and man-

agement also depend on each particular case. However, a general overview would help to under-

stand the technological options and decide which technology should be pursued for their specific 

purposes. The objectives of this research report are to present key technologies that can treat ex-

tremely high saline water (TDS> 100,000 mg/L), which can be reused in different sectors along 
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with their costs and impact on the environment. Firstly, some simple technologies have been dis-

cussed which were able to treat PW for specific reuse purposes. Afterwards, their removal effi-

ciencies were applied mathematically to Permian Basin PW and observed whether the effluent 

water may meet any reuse criteria. The costs and environmental issues associated with each tech-

nology have also been assessed. Finally, two hybrid multi-stage processes have been discussed, 

which are highly efficient in treating extremely polluted water and can provide quality water by 

reducing the contaminants to be in accordance with U.S.EPA standards of different beneficial 

reuse.  
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2. Literature Review 

Figure 1 shows the seven most prominent oil and gas development locations. The Permian Basin, 

including Midland and Delaware Basin in West Texas and Southeast New Mexico, is one of the 

largest and most prolific oil and gas producing regions in the United States. It has seen signifi-

cant development due to advancements in hydraulic fracturing and horizontal drilling. Other 

O&G development basins include Eagle Ford, Appalachian (including Utica and Marcellus Ba-

sins), Basin in-Pennsylvania, Ohio, and West Virginia, Bakken Play in North Texas, Rocky 

Mountain Basin in-Colorado, Wyoming, Utah, Northwest New Mexico, and Haynesville Basin 

in Arkansas, Louisiana, and Texas. (The GWPC Produced Water Report: Regulations & Prac-

tices, May 2023, Ground Water Protection Council [GWPC Releases 2023 Produced Water Re-

port | Ground Water Protection Council]). 

                      

Figure 1: Seven most prominent oil and gas development regions in the continental US. (Source: Pro-
duced water report Regulations and Practices Updates GWPC, 2023) 

 

2.1 Techno-Economic Data 

 

https://www.gwpc.org/gwpc-releases-2023-produced-water-report/
https://www.gwpc.org/gwpc-releases-2023-produced-water-report/
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2.1.1 ED/EDR 

Coagulation-ED 

An operation was conducted with an integrated approach combining coagulation and electrodial-

ysis to treat PW. In the ED system, ion removal efficiency was analyzed to assess the desalina-

tion effect. The removal rate of ions reached up to 91% with the exception of SO4
2-, which had a 

removal rate of 84.3% (Hao et al., 2014). The treated water met the standards for wastewater rec-

lamation. The PW was sourced from the Shengli Oilfield in Dongying City, Shandong, China. 

Polyaluminum chloride (PAC) and polyacrylamide (PAM), both of analytical grade were used 

directly as a coagulant and a coagulation aid respectively in the pretreatment system without fur-

ther purification.  

The cost for this specific operation is not available. However, the price of PAC is $272.00-

355.00/ton and the price of PAM is $1750/ton. 

 RO-EDR 

A hybrid technology RO and EDR was utilized using PW from a petrochemical industry in 

southern Brazil. This study aimed to enhance water recovery utilizing a hybrid process of RO 

and EDR. The EDR was employed to recover water from the reject generated by RO technology. 

The raw PW initially underwent conventional treatment involving biological processes and stabi-

lization ponds. The results showed that the EDR technology effectively treated the RO reject, 

achieving a removal efficiency of over 90% for chlorides and alkalinity. The recovered water 

met the standards for reuse in cooling towers. Additionally, the overall water recovery was suc-

cessful, with a recovery rate of 87.3%, making the EDR-RO process highly promising. (Venzke 

et al., 2018). 
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The cost of this specific operation is not available. However, a general estimated cost for 

ED/EDR is 8000 bbl/day treatment train of coal bed methane (CBM) produced water is esti-

mated to cost 15 cents per barrel (Igunnu et al., 2014). While, the total costs depend on feed wa-

ter TDS and site location. For RO, the capital cost of BWRO varies from $35 to $170/bpd and 

operating costs are ~0.03/bbl. The capital cost of SWRO varies from $125/bpd (barrel per day) 

to $295/bpd and the operating cost is ~0.08/bbl. 

2.1.2. Chemical Oxidation 

Batch ozone-photocatalytic oxidation (O3/UV/TiO2) and a post-biological treatment using micro-

algae can provide such quality of PW which can be eligible for surface discharge (Corrêa et al., 

2010). The effectiveness of this hybrid advanced process followed by biological treatment was 

evaluated through physicochemical time-course analysis and ecotoxicological tests. Results 

showed that after 5 minutes of treatment with O3/UV/TiO2, phenol concentration decreased by 

99.9%, sulfide by 53.0%, COD by 37.7%, O&G by 5.2% and ammonia by 1.9%. After 60 

minutes of oxidation treatment, reductions were observed in phenols (99.9%), O&G (98.2%), 

sulfide (97.2%), COD (89.2%) and ammonia (15%). Acute toxicity tests with the bacterium Vib-

rio fischeri (Lumistox) and the fish Poecilia vivipara showed high toxicity in raw effluents 

(EC50=1.55% for both species). However, after 60 minutes of treatment, effluents exhibited 

lower acute toxicity toward bacteria (EC50=30.9%), though toxicity toward fish remained high 

(EC50=1.9%). Subsequent PW biotreatment with macroalgae Ulva spp. Significantly reduced 

toxicity (EC50=89.2% for bacteria and EC50=85.7% for fish), attributed to the biosorption and 

transformation of metals and ammonia compounds during biological treatment. Thus, physico-

chemical results indicated that combining 10 minutes of O3/UV/TiO2 treatment followed by 

macroalgae depuration is a promising, cost-effective option for PW stream. 
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The cost of this particular case is not available. However, in general the capital cost is about 

$0.01/gpd. Operation and maintenance costs are about $0.01/bbl for chemical oxidation (Igunnu 

et al., 2014). According to Esplugas et al., (1997), if the contaminant is biodegradable, then capi-

tal and operational expenditures are less for biological treatment than for advanced oxidation 

processes (AOPs). 

2.1.3. EC and CC 

A study was conducted to create cost-effective technologies and optimize systems and operations 

to treat highly saline produced water (120-140 g/L total dissolved solids) for use in hydraulic 

fracturing. Produced water samples were obtained from a saltwater disposal facility in the Per-

mian Basin, New Mexico. The research compared chemical coagulation (CC) using ferric chlo-

ride and aluminum sulfate with electrocoagulation (EC) using aluminum electrodes to remove 

suspended contaminants. It also examined how coagulant dosage, current density, and hydraulic 

retention time during EC affect turbidity removal. During chemical coagulation, alum achieved 

higher turbidity removal compared to ferric chloride at the same molar concentration, leading to 

lower chemical demand and cost. To achieve 60% turbidity removal from the produced water, 36 

mg/L Al (III) (444 mg/L Al2(SO4)3.18H2O) and 134 mg/L of Fe (III) (650 mg/L FeCl3.6H2O) 

were required as coagulants (Rodriguez.et al., 2019). 

The total operating costs, which include both electrical power and chemical expenses, were esti-

mated to be approximately $0.26/m3 for aluminum and $0.37/m3 for iron coagulation. After co-

agulation, the remaining fine particles and contaminants were treated using continuous-flow 

packed columns packed with various filter media including agriculture waste products (pecan 

shell, walnut shell, and biochar), along with new and spent granular activated carbon (GAC). The 
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system’s performance was evaluated by monitoring turbidity, total organic carbon (TOC), met-

als, and electrical conductivity to determine the adsorption capacities of the different media. Bio-

char and GAC were the most effective in reducing turbidity and TOC in the PW. These treatment 

methods effectively removed suspended particles and iron, resulting in clean brine that could be 

reused onsite, such as for hydraulic fracturing (Rodriguez.et al., 2019). 

2.1.4. Ion Exchange in Hybrid Technology 

In the real world, ion exchange, and NF technologies are mostly used in combination with other 

technologies to achieve particular standards for particular purposes. For example, ultrafiltration, 

ion exchange and MOX disinfection. MOX disinfectant can be produced in-situ by the 

NaCl electrolysis process. A study was conducted to document the economic assessments of this 

integrated process. At an ideal Trans Membrane pressure of 1 bar, the removal efficiencies 

achieved were as follows: COD (57%), TDS (80%), Turbidity (94%), SiO2 (67%), Oil (88%), 

and HPC (99%) (Hashemi et al., 2020). The integrated processes effectively reclaimed oily efflu-

ents to supply makeup water for cooling towers.  An overview of the cost parameters and eco-

nomic values used in the economic assessment of full-scale integrated treatment method to pro-

vide 50 m3/h (1200 m3/day) of makeup water. Considering the annual fixed capital expenditure 

(CAPEX) and variable operating expenditure (OPEX), the reclamation cost for 1 m3 of the refin-

ery’s industrial effluent for use as makeup water was calculated to be $0.24. The total initial in-

vestment required for installing this effluent treatment system was estimated at $255,750 (Hash-

emi et al., 2022). The most expensive aspect of this scenario is the use of chemicals for regener-

ating and washing membranes. To produce 1 kg of MOX, 3.5kg of salt and 4.5kW of electricity 

are needed. Annually, the cost of purchasing 12 tons of salt (at $0.05/kg) for producing 3460L of 

MOX is estimated at $600. In comparison, the oil refinery currently uses calcium hypochlorite 
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(perchlorate) at a rate of 15 kg/day for disinfecting makeup water, which is approximately 5.5 

tons per year. The annual cost for this perchlorate, at $1.2/k, is about $6600. This is significantly 

higher than the $600 annual cost for the salt needed to produce MOX. The diagram below shows 

the expense and removal efficiencies in each stage (Hashemi et al., 2022). 
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Figure 2: Ion exchange process with pre-treatment and MOX disinfection step.

Membrane type=Polysul-

fone 

Efficiency: 

TDS=27% 

Turbidity=83% 

COD=47% 

SiO2=19% 

O&G=52% 

capital costs ~$1 - $2/gpd 

O&M costs ~$1 to $2/kgal 

 

Resin type=Mixed bed IX (SBA with 

functional groups –NH3OH) (SAC with 

functional groups: SO3H in down layer) 

Efficiency: 

TDS=80% 

COD=The IX process had no effect on 

COD reduction 

Turbidity=67% 

SiO2=60% 

O&G=63% 

SAC resin:  

Operating Capacity: 18 kgr/Cu.Ft. at 15 

lbs/Cu.Ft. 

Cost per 1000 kgr: $10.80 

 

Resin type=Mixed bed IX (SBA with functional 

groups –NH3OH) (SAC with functional groups: 

SO3H in down layer) 

Efficiency: 

TDS=80% 

COD=The IX process had no effect on COD reduc-

tion 

Turbidity=67% 

SiO2=60% 

O&G=63% 

SAC resin:  

Operating Capacity: 18 kgr/Cu.Ft. at 15 lbs/Cu.Ft. 

Cost per 1000 kgr: $10.80 
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2.1.5. Nanofiltration 

Recently, there have been three projects focused on treating PW with membrane technology. The 

aim is to convert produced water into a usable resource, particularly for drinking water. The first 

project was initiated by Chennai Petroleum Company Limited (CPCL). They installed membrane 

units (UF as a pre-treatment and RO as a post-treatment step) at their refinery in Chennai. The 

refinery provided 60% of its treated PW into the water sources for the nearby Chennai commu-

nity (Alzahrani et al., 2013). The second innovator was the San Ardo water reclamation project 

in California. It stands out as the most extensive use of RO membrane technology (as a post-

treatment step) for treating the upstream processes of the petroleum industry. The facility gener-

ates over 50,000 barrels per day of treated PW. This water is then reused to replenish the   

groundwater basin and provide fresh water. The treatments involve heat exchange, degasifica-

tion, chemical softening, media filtration and ion exchange softening for the RO feed. The third 

project was in Wellington, Colorado, USA. They used membrane technology, such as Ceramic 

MF and RO. The initial treatment phase involved dissolved air floatation, pre-filtration, ceramic 

MF membranes, and activated carbon adsorption. The purified water from the RO membrane 

provided over 93,600 gallons of potable water for the residents of Wellington. The key finding 

from these three case studies demonstrates that membrane technology shows the greatest promise 

in the final phases of PW water treatment either as a pre or post-treatment approach. 

A study was conducted to compare the performance of NF and RO according to their removal 

efficiencies. Based on the evaluation of 103 parameters in produced water treated with NF, it 

was found that post-filtration samples from NF membranes effectively decrease contaminants, 

except for ammonia and molybdenum. This indicates that NF membranes could serve as a pre-
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treatment before RO membranes to recycle treated produced water for indirect drinking pur-

poses. Moreover, NF membranes showed remarkable removal efficiencies, lowering turbidity 

levels to undetectable levels. This effectiveness could help reduce the risk of organic fouling in 

RO membranes. 

The total cost is $0.8337-$4.0407/gallon including capital and operational costs.                                                                      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

First Stage Treatment- Heat exchange, 

degasification, chemical softening, media 

filtration and ion exchange softening 

Removal Efficiencies = Not available 

Degasification cost = Not available 

Thermal degasification = 2.70 -2.99 EUR/m3 ($2.91-$3.22) (Ahmed et al., 2021) 

Membrane degasification-1.58-1.86 EUR/m3 ($1.70-$2.00) 
Media Filtration = Depends 

Ion exchange = $1.9-2.6/kgal at 220 gpm $1.0-1.7/kgals at 880 gpm flow 

rate. (Drewes et al.,2009) 

 

 

 

Second Stage Treatment- NF1 

Pure water permeability* = 7.3 L.m−2 .h−1  

Hydrophobicity** (contact angle) = 23o 

Rejection*** (NaCl, 2000 mg/L) =44.5% 

Removal Efficiencies: 

TDS = 39% (at 6 bar) and 15.58% (at 20 bar) 

Turbidity = 99% 

Metals = As (99%); Fe (96%); Al (92%); Se (87%); Cd (50%); Pb (50%); Zn (50%); 

Mo (28%); Cr (18%); and B (2.2%) 

Organic Compounds = 99% 

Capital costs vary from $0.8 to $4/gpd (or $35 to $170/bpd), depending on various 

factors including size, materials of construction and site location. Operating costs are 

assumed similar to BWRO, approximately $0.70/kgal (or $0.03/bbl).  

 

Last Stage Treatment- RO-BW30 

Pure water permeability* = 3.4 L.m−2 .h−1  

Hydrophobicity** (contact angle) = 37o 

Rejection*** (NaCl, 2000 mg/L) = 88.3% 

Removal efficiencies: 

TDS = 71.4% 

Turbidity = 99% 

Metals = As (99%); Se (99%); Al (97.5%); Fe (94%); Pb (83.3%); Mo (76.2%); Zn 

(51.6%); Cd (50%); Cr (36.3%) and B (24.8%) 

Organic Compounds = 99% 

Capital costs vary from $0.8 to $4/gpd (or $35 to $170/bpd), depending on various 

factors including size, materials of construction and site location. Operating costs 

are approximately $0.70/kgal (or $0.03/bbl). Moderate reductions in energy costs 

can be obtained by implementing energy recovery subsystems 

 

 

Figure 3: NF process with pre-treatment and post-treatment using RO-BW30, including stage-wise removal efficien-
cies and associated costs 
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The five case studies discussed successfully treated PW for a specific reuse purpose. Each case 

study with a corresponding reuse purpose is presented in Table 2. Except for EC and CC, all of 

the PW utilized here had lower salinity and the TDS value was not more than 5000 mg/L. 

Table 1: Techno-economic overview of five key treatment technologies 

Technologies Removal Efficiency 

in associated case 

studies 

Energy Consump-

tion 

Chemical Consump-

tion 

Pre-Treatment/ Post-

Treatment 

 

 Cost 

ED/EDR Ions removal up to 84-

91% for Coagulation-

ED hybrid process 

(Hao et al., 2014) and 

90% for EDR-RO hy-

brid process 

(Venzke et al., 2018) 

Energy type: electric-

ity. 0.14-0.20 

kWh/lb, NaCl equiv-

alent removed 

Scale inhibitor required 

to prevent scaling. Acid, 

caustic disinfectant, 

EDTA and other an-

tiscaling chemicals are 

required for cleaning 

and process control 

Filtration of fouling and 

scaling substances in 

addition to solid parti-

cles is a necessary pre-

treatment. Reminerali-

zation of product water 

is also necessary for 

SAR adjustment and 

disinfection 

Total costs depend on feed water 

TDS and site location. 8000 

bbl/day treatment train of CBM 

produced water is estimated to 

cost 15 cents ($0.15) per barrel 

Chemical Oxi-

dation 

Batch ozone-photo-

catalytic oxida-

tion (O3/UV/TiO2) 

phenols 99.9%, O&G 

98.2%, sulfide 97.2%, 

COD 89.2%, and am-

monia 15% (Correa et 

al., 2009) 

 

Energy consumption 

accounts for ~18 % 

of the total cost 

Chemical such as chlo-

rine, chlorine dioxide, 

permanganate, oxygen 

and ozone are required 

as oxidants  

Not required Capital cost is about $0.01/gpd. 

Operation and maintenance cost 

are approximately $0.01/bbl. 

 

Electro & 

Chemical Co-

agulation 

For EC, 70% of turbid-

ity and an average of 

63% of TOC, For CC, 

80% removal of tur-

bidity (Permian Basin 

Case Study) (Rodri-

guez et al., 2019) 

0.36-0.4 kW/m3 

 

Aluminum sulphate and 

ferric chloride 

 $0.44/m3 (for 63% removal of 

turbidity with Al electrode) & 

$0.26/m3 for Al2(SO4)3·18H2O 

and $0.37 for FeCl3 ·6H2O re-

spectively 

Ion Exchange Nickel and Vanadium 

removal efficiency up 

to 98% (Al-Jaser et al., 

2018), Combined ion 

exchange-nanofiltra-

tion process, chloride 

removal efficiency 54–

Uses electrical en-

ergy. Energy require-

ments only include 

pumping costs, Typi-

cally 0.07 kWh/bbl 

assuming a 200 gpm 

flow rate, 5m pump-

ing head 

Regenerant solution 

may be H2SO4, NaOH, 

HCl or Na2CO3. H2O2 or 

NaOCl cleaning solu-

tions may be used to 

limit fouling 

Pre-treatment is neces-

sary to remove sus-

pended solids, scaling 

mineral and oxidized 

metals. Product water 

may require reminerali-

zation of pH stabiliza-

tion 

Cost for IX resin varies between 

$0.08 and $0.11/bbl at 5bbl per 

minute and $0.04–$0.07/bbl at 

21bbl per minute. Operating 

costs account for 70% of the to-

tal cost at lower flow rate. At 21 

bbl per minute operating costs 

increase to ~80% 
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59% (Hilal et al., 

2015)  

NF Excellent oil removal 

(∼100%) and divalent 

ion retention (∼75% 

for Ca2+ and up to 

∼80% for SO4 
2−) 

(Vigra et.al., 2019) 

Approximately 0.08 

kWh/bbl to power its 

high-pressure power 

pumps 

Caustic and scale inhibi-

tors are required to pre-

vent fouling. NaOH, 

H2O2, Na2SO4, HCl or 

Na4EDTA are required 

for cleaning the system 

Extensive pre-treatment 

is required to prevent 

fouling of the mem-

brane. Product water 

may require reminerali-

zation to restore SAR 

values 

Capital cost ranges from $35 to 

$170/bpd, operating cost is 

~$0.03/bbl  

Total cost= $0.8337-

$4.0407)/gallon 

 

Table 2: Summary of treatment technologies for various reuse options 

Technologies Post Treatment Option Product  Reuse Option 

ED/EDR RO-EDR hybrid technologies Direct efflu-

ent from 

treatment 

Reuse in cooling 

towers 

Chemical Oxi-

dation 

Biotreatment with microalgae Post-treated 

effluent 

Surface dis-

charge 

EC and CC After coagulation, media filtration is able to 

achieve further turbidity removal: up to 97% for 

walnut shell, 95% for new GAC, and 94% for bi-

ochar  

Clean brine Onsite reuse in 

fracking opera-

tion 

Ion Exchange Not required (Zeng et al., 2007) Direct efflu-

ent from 

treatment 

Reuse in blow-

down boiler 

NF Implementation of a nanofiltration system in a 

conventional Steam-assisted-gravity-drainage 

(SAGD) plant (Hurwitz et al., 2015)  
 

Direct efflu-

ent from 

plant 

Reuse in blow-

down boiler 

 

2.2. Environmental Assessments 

2.2.1. Determining Reuse Feasibility Factors 

Since PW exists on the surface, cost-effective and eco-friendly methods for its reclamation are 

better rather than underground disposal. Various factors dictate the feasibility of beneficial reuse 

in different contexts. 
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Figure 4: Options for produced water management. (Source: After American Petroleum Institute [modi-
fied]). This figure presents the range of alternate options for managing produced water. 

 

Figure 4 illustrates the range of alternate options for managing produced water. Options 1 

through 6 show some form of discharge to surface waters, either directly or after treatment in a 

wastewater treatment facility or a centralized industrial wastewater treatment plant. Produced 

water can be used again in the oil and gas process without treatment (Option 9) or after treatment 

(Option 7). Produced water can also be put to other use (Option 8) after treatment. Option 10 

shows produced water directed to injection wells.  

The perfect utilization of PW for particular uses depends on its quality. A key aspect of water 

quality is the practicality and expense of treating PW to meet the desired standards for its in-

tended use. The quality of PW is highly variable depending on its source, making it essential to 
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thoroughly analyze its constituents and their quantity for reuse. This involves assessing the po-

tential health and environmental risks associated with releasing these constituents, establishing 

quality standards necessary to render the produced water fit for purpose and, weighing the costs, 

benefits, and risks entailed in achieving those standards. Water volumes and longevity also mat-

ter. Longevity of supply is particularly crucial when advocating for beneficial reuse beyond the 

scope of the oil and gas sector. Moreover, the reuse may be constrained by logistical and trans-

portation expenses. The treatment facilities and cost associated with the overall procedure in-

cluding transportation are the important factors. Transportation costs can be quite high. For in-

stance, the expenses for trucking a typical load from tank battery to salt well disposal (SWD) can 

range from $1 to $3 per barrel. In addition, construction expenses associated with permanent 

pipelines are typically $1.45 million per mile on average depending upon pipe size, terrain, right 

of way costs and others (Produced water report, Ground Water Protection Council, 2019 

[Groundwater-report-2019-Produced Water Full Report - Digital Use.pdf]) 

2.2.2. Chemical Assessments 

Another consideration is the chemicals that are required for each operation. The data were col-

lected from U.S.EPA and New Jersey Department of Health’s hazardous fact sheet. The chemi-

cals used in each operation have different hazard levels. The hazard data are categorized as haz-

ard levels, flammability, reactivity etc. Other parameters are exposure limits, health effects, and 

the effect of their leakage on the environment. To run, ED/EDR needs EDTA, which is a miscel-

laneous material having hazard class 9, doesn’t burn itself, and may cause several problems to 

the eye, skin, and inhalation. Most importantly, its leakage may cause serious issues to aquatic 

organisms. Chemical oxidation requires chlorine, chlorine dioxide [Cl (OH)2], potassium per-

file:///C:/Users/User/Downloads/research%20project/Groundwater-report-2019-Produced%20Water%20Full%20Report%20-%20Digital%20Use.pdf
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manganate, and ozone. All of these chemicals have different characteristics. Chlorine is a poison-

ous gas, and its leakage is harmful to the environment. The other three chemical hazard classes 

have not been found. However, they should be disposed of as hazardous waste. EC and CC re-

quire aluminum sulfate (Al2SO4) and ferric chloride (FeCl3). Al2SO4 is an environmentally haz-

ardous material, class-9. It is harmful to aquatic life especially to fish. FeCl3 is not that harmful. 

Ion exchange needs sulfuric acid (H2SO4), sodium hydroxide (NaOH), and hydrochloric acid 

(HCl). Both H2SO4 and NaOH have hazard class 8. HCl has hazard class-2.3. All of them are 

harmful to aquatic life. NF requires NaOH, HCl, hydrogen peroxide (H2O2), and sodium sulfate 

(Na2SO4). H2O2 has hazard class 5.1 and should be kept out of confined spaces such as sewers 

because of the possibility of an explosion and Na2SO4 has not been listed as a hazardous sub-

stance.
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Table 3: Chemical assessments 

                                                                                                              Chemical Assessments 

Technologies Chemi-

cals 

                            Hazard Data Exposure Limits Health Effect Spill/Leaks 

 

 

 

ED/EDR 

 

 

 

EDTA 

Hazard Rat-

ing 

Fire Hazards Reactivity PAC-1= 125 mg/m3 

PAC-2=150 mg/m3 

PAC-3= 150 mg/m3 

Eye- Irritation 

Skin- Irritation and rash 

Inhalation-Nose and 

throat irritation with 

coughing and wheezing 

Harmful to 

aquatic or-

ganisms 1-Health 

0-Fire 

0-Reactivity 

Hazard 

Class-9 

Miscellane-

ous Hazard-

ous Material 

 

Itself doesn’t 

burn 

Reacts vio-

lently with 

Lead Oxide. 

It is not com-

patible with 

oxidizing 

agents 

Chemical 

Oxidation 

Chlorine 

Cl2 

4-Health 

0-Fire 

0-Reactivity 

Hazard 

Class-2.3 

(Poison Gas) 

 

Nonflamma-

ble gas 

Strong Oxi-

dizer. Reacts 

with water to 

form acid so-

lution 

OSHA- 1 ppm Ceiling 

NIOSH- 0.5ppm 15-

minute Ceiling 

ACGIH- 0.5 ppm 8-hr, 

1 ppm STEL 

IDLH Level-10 ppm 

ERPG1- 1 ppm 

ERPG1- 2 ppm 

ERPG3- 20 ppm 

 

 

Eyes- Irritation, burns, 

and possible eye damage 

Skin: Irritation, burns. 

Liquid can cause frostbite 

Acute- Nose, throat, lung 

irritation, coughing (Pul-

monary edema), head-

ache, nausea, vomiting 

Chronic- Cancer tested 

(not classifiable), Asthma 

with shortness of breath, 

wheezing, coughing and/ 

or chest tightness. 

Damage to teeth, skin 

blisters and hoarseness 

Toxic to 

aquatic or-

ganisms 

Chlorine 

Dioxide 

ClO2 

Not Found-

Health 

4-Fire 

Highly flam-

mable. Dan-

gerous fire 

Highly Reac-

tive. A power-

ful oxidizer 

OSHA- 0.1 ppm aver-

aged over an 8-hour 

workshift 

Eyes- Irritation, watery 

eyes and seeing halos 

around lights. 

It should be 

disposed as 

a hazardous 
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3-Reactivity 

Hazard 

Class-5.1 

(Oxidizer) 

and explo-

sion hazard. 

Explosive at 

concentra-

tions over 

10% and can 

be ignited by 

almost any 

form of en-

ergy, includ-

ing SUN-

LIGHT, 

HEAT or 

SPARKS. 

Containers 

may explode 

in fire 

and explodes 

on contact 

with Carbon 

monoxide, hy-

drocarbons, 

amines, mer-

cury, organic 

materials, po-

tassium hy-

droxide, phos-

phorus, chlo-

rine, sulfur, 

heat, metals 

and alcohols 

NIOSH: 0.1 ppm aver-

aged over a 10-hour 

workshift and 

0.3 ppm not to be ex-

ceeded during any 15-

minute work period 

ACGIH: 0.1 ppm av-

eraged over an 8-hour 

workshift 

0.3 ppm as a STEL 

Acute- Nose and throat 

irritation causing cough-

ing and wheezing 

Lung Irritation, coughing 

and/or shortness of 

breath. Higher exposures 

can cause a build-up of 

fluid in lungs (Pulmonary 

edema) 

waste. 

Transporta-

tion of pure 

Chlorine Di-

oxide is for-

bidden by 

DOT 

Potas-

sium 

Perman-

ganate 

KMnO4 

Not Found-

Health 

Not Found-

Fire 

Not found-

Reactivity 

Hazard 

Class- Not 

found 

 

May ignite 

combustibles 

(wood, paper 

and oil) 

In contact 

with certain 

sulfoxides; al-

dehydes; 

strong acids; 

amines; or 

glycols may 

result in fires. 

It is not com-

patible with 

strong bases 

OSHA- The legal air-

borne permissible ex-

posure limit is 5 

mg/m3, not to be ex-

ceeded at any time 

NIOSH- The recom-

mended airborne ex-

posure limit is 1 

mg/m3 averaged over 

10-hour workshift and 

3 mg/m3 not to be ex-

ceeded during any 15 

minutes work period. 

ACGIH- The recom-

mended airborne ex-

posure limit is 0.03 

Eyes- Irritation, burn and 

possible eye damage 

Acute- Breathing KMnO4 

can irritate the nose and 

throat, lungs causing 

coughing and/or short-

ness of breath. Higher ex-

posure may cause a build-

up of fluid in the lungs 

(pulmonary edema) 

Reproductive hazard- It 

may decrease fertility 

It should be 

disposed as 

a hazardous 

waste 
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mg/m3 (as the respira-

ble fraction) averaged 

over 8-hour workshift 

 

Ozone 

O3 

Not Found-

Health 

Not Found-

Fire 

Not found-

Reactivity 

Hazard 

Class- Not 

found 

 

Container 

may explode 

in fire 

Not available OSHA- 0.1 ppm aver-

aged over an 8-hour 

workshift 

NIOSH- 0.1 ppm, 

which should not ex-

ceed anytime 

ACGIH- 0.05 ppm, 

heavy work; 0.08 

ppm, moderate work; 

0.1 ppm, light work; 

and workloads of less 

than 2 hours, 0.20 

ppm; averaged over an 

8-hour workshift 

 

Eyes- Liquified ozone 

can cause irritation and 

severe burns 

Skin- Liquified ozone can 

cause irritation and severe 

burns 

Acute- Can irritate nose 

and throat. Higher expo-

sure to ozone can cause 

headache, upset stomach, 

vomiting, and plain or 

tightness in the chest. 

Breathing ozone can irri-

tate the lungs causing 

coughing and/or short-

ness of breath. 

Cancer- It may cause can-

cer of the lungs. 

It should be 

contained 

and dis-

posed as a 

hazardous 

waste 

Electro and 

Chemical 

Coagulation 

Alumi-

num 

Sulfate 

Al2SO4 

2-Health 

0-Fire 

0-Reactivity 

Hazard 

Class-9 

(Environ-

mentally haz-

ardous mate-

rial) 

 

Itself doesn’t 

burn 

Reacts with 

water; mois-

ture; strong 

bases; ammo-

nia; and 

amines. It is 

corrosive to 

metals in the 

presence of 

water and 

moisture 

NIOSH- 2 mg/m3, 10-

hr TWA (as Alumi-

num, soluble salts)  

ACGIH- 1 mg/m3, 8-

hr TWA (as Alumi-

num metal respirable 

fraction) 

The Protective Action 

Criteria values are 

PAC-1=38 mg/m3 

PAC-2=64 mg/m3 

PAC-3=380 mg/m3 

Eyes- Irritation 

Skin- Irritation with rash 

and burning feeling 

Inhalation-Nose, throat 

and lung irritation with 

coughing, wheezing and 

shortness of breath 

It may be 

hazardous to 

the environ-

ment, espe-

cially to fish  
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Ferric 

Chloride 

FeCl3 

Not Found-

Health 

0-Fire 

0-Reactivity 

Hazard 

Class-Not 

Available 

 

Itself doesn’t 

burn 

React with 

water to form 

corrosive Hy-

drogen Chlo-

ride gas and 

contact with 

metals may 

form flamma-

ble hydrogen 

gas. It is not 

compatible 

with strong 

bases; eth-

ylene oxide; 

oxidizing 

agents; sul-

fates and halo-

carbons 

NIOSH- 1 mg/m3 av-

eraged over a 10-hour 

workshift. 

ACGIH- 1 mg/m3 av-

eraged over an 8-hour 

workshift 

Eyes-Severely irritate and 

burn. Prolonged contact 

can cause discoloration of 

the eyes. 

Skin- Severely irritate 

and burn. 

Acute- Can irritate nose, 

throat and lungs causing 

tightness in the chest and 

lungs and /or difficulty in 

breathing 

 

It should be 

contained 

and dis-

posed as a 

hazardous 

waste 

Ion Exchange H2SO4 3-Health 

0-Fire 

2-Reactivity 

Hazard 

Class- 8 

(Corrosive) 

Itself doesn’t 

burn. It is not 

combustible, 

but it is a 

strong oxi-

dizer that en-

hances the 

combustion 

of other sub-

stances 

It reacts vio-

lently with al-

cohol and wa-

ter to release 

heat as well as 

react violently 

and explo-

sively with or-

ganic materi-

als; combusti-

bles, strong 

bases and oxi-

dizing agents. 

It is not com-

patible with 

strong acids. 

OSHA- 1 mg/m3, 8-hr 

TWA 

NIOSH- 1 mg/m3, 10-

hr TWA 

ACGIH- 0.2 mg/m3, 8-

hr TWA 

IDLH-15 mg/m3 

ERPG-1=2 mg/m3 

ERPG-2=10 mg/m3 

ERPG-3=120 mg/m3 

Eyes- Severe irritation 

and burns 

Skin- Severe irritation 

and burns 

Inhalation-Nose, throat 

and lung irritation with 

coughing and severe 

shortness of breath (Pul-

monary edema) 

Headache, nausea, vomit-

ing. 

Chronic- Strong/ Inor-

ganic acid mists contain-

ing sulfuric acid cause 

cancer of the larynx in 

humans 

Harmful to 

aquatic or-

ganisms 
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NaOH 3-Health 

0-Fire 

2-Reactivity 

Hazard 

Class- 8 

(Corrosive) 

Itself doesn’t 

burn 

Reacts with 

strong acids; 

water and 

moisture to 

form flamma-

ble and explo-

sive hydrogen 

gas. It is not 

compatible 

with oxidizing 

agents. 

OSHA- 2 mg/m3, 8-hr 

TWA 

NIOSH- 2 mg/m3, 

Ceiling 

ACGIH- 2 mg/m3, 

Ceiling 

IDLH- 10 mg/m3 

The protective Criteria 

values are 

PAC- 0.5 mg/m3 

PAC-25 mg/m3 

PAC3=50 mg/m3 

 

Eyes- Severe irritation 

and burns and possible 

eye damage 

Skin- Severe irritation 

and burns 

Inhalation-Nose, throat 

and lung irritation with 

coughing and severe 

shortness of breath (Pul-

monary edema) 

It is hazard-

ous to the 

environ-

ment, espe-

cially water 

organisms 

HCl 3-Health 

0-Fire 

1-Reactivity 

Hazard 

Class- 2.3 

(Toxic Gas) 

(Anhydrous)  

8 (Corrosive) 

(Solution) 

Itself doesn’t 

burn 

Reacts explo-

sively with al-

cohols; hydro-

gen cyanide, 

potassium per-

manganate 

etc. It also re-

acts with oxi-

dizing agents. 

OSHA- 5 ppm, Ceil-

ing 

NIOSH-5 ppm, Ceil-

ing 

ACGIH- 2 ppm, Ceil-

ing 

IDLH- 50 ppm 

The protective Criteria 

values are 

PAC- 1.8 ppm 

PAC-22 ppm 

PAC3-100 ppm 

Eyes- Severe irritation 

and burns and possible 

eye damage 

Skin- Severe irritation 

and burns 

Contact with liquid 

causes frostbite 

Inhalation-Nose, throat 

and lung irritation with 

coughing and severe 

shortness of breath (Pul-

monary edema) 

It should be 

covered 

with dry 

lime, sand 

or soda ash 

and placed 

into sealed 

containers 

for disposal 

NF NaOH 3-Health 

0-Fire 

2-Reactivity 

Hazard 

Class- 8 

(Corrosive) 

Itself doesn’t 

burn 

Reacts with 

strong acids; 

water and 

moisture to 

form flamma-

ble and explo-

sive hydrogen 

gas. It is not 

compatible 

OSHA- 2 mg/m3, 8-hr 

TWA 

NIOSH- 2 mg/m3, 

Ceiling 

ACGIH- 2 mg/m3, 

Ceiling 

IDLH- 10mg/m3 

The protective Criteria 

values are 

PAC-1= 0.5 mg/m3 

Eyes- Severe irritation 

and burns and possible 

eye damage 

Skin- Severe irritation 

and burns 

Inhalation-Nose, throat 

and lung irritation with 

coughing and severe 

shortness of breath (Pul-

monary edema) 

It is hazard-

ous to the 

environ-

ment, espe-

cially water 

organisms 
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with oxidizing 

agents. 

PAC-2=25 mg/m3 

PAC-3=50 mg/m3 

 

H2O2 3-Health 

0-Fire 

3-Reactivity 

Hazard 

Class- 5.1 

(Oxidizer) 

It may ignite 

combustibles 

(wood, paper, 

and oil) 

Concentrated 

solutions can 

decompose vi-

olently if trace 

impurities are 

present. It re-

acts violently 

with finely di-

vided metals; 

reducing 

agents; com-

bustibles; 

strong bases; 

oxidizing 

agents and 

metals 

OSHA- 1 ppm, 8-hr 

TWA 

NIOSH-1 ppm, 10-hr 

TWA 

ACGIH- 1 ppm, 8-hr 

TWA 

IDLH- 75 ppm 

The protective Criteria 

values are 

PAC-1=10 mg/m3 

PAC-2=50 mg/m3 

PAC-3=100mg/m3 

Eyes- Irritation, burns 

and eye damage 

Skin- Irritation, burns, 

skin rash, redness and 

blisters 

Inhalation-Nose, throat 

and lung irritation with 

coughing and severe 

shortness of breath (Pul-

monary edema) 

It should be 

kept out of 

confined 

spaces such 

as sewers 

because of 

the possibil-

ity of an ex-

plosion 

Na2SO4 Not listed as 

hazardous 

chemical 

     

HCl 3-Health 

0-Fire 

1-Reactivity 

Hazard 

Class- 2.3 

(Toxic Gas) 

(Anhydrous)  

8 (Corrosive) 

(Solution) 

Itself doesn’t 

burn 

Reacts explo-

sively with al-

cohols; hydro-

gen cyanide, 

potassium per-

manganate 

etc. It also re-

acts with oxi-

dizing agents. 

OSHA- 5 ppm, Ceil-

ing 

NIOSH-5, Ceiling 

ACGIH- 2 ppm, Ceil-

ing 

IDLH- 50 ppm 

The protective Criteria 

values are 

PAC- 1.8 ppm 

PAC-22 ppm 

PAC3-100 ppm 

Eyes- Severe irritation 

and burns and possible 

eye damage 

Skin- Severe irritation 

and burns 

Contact with liquid 

causes frostbite 

Inhalation-Nose, throat 

and lung irritation with 

coughing and severe 

shortness of breath (Pul-

monary edema) 

It should be 

covered 

with dry 

lime, sand 

or soda ash 

and placed 

into sealed 

containers 

for disposal 

Here, OSHA- The Occupational Safety and Health Administration, which adopts and enforces health and safety standards. 
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NIOSH- The National Institute for Occupational Safety and Health. It tests equipment, evaluates and approves respirators, conducts studies of 

workplace hazards, and proposes standards to OSHA 

ACGIH- The American Conference of Governmental Industrial Hygienists. It recommends upper limits (TLVs) for exposure to workplace 

chemicals 
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2.2.3 Electricity Generation and its impact on the environment 

The quantity of CO2 emission from the electric power generation industry depends on the source 

type of energy as well as the efficiency of power plants. Therefore, CO2 emissions from electric 

power plants fluctuate according to the fuel supplied to the power grid during that time. The U.S. 

Energy Information Administration (EIA) tracks and publishes estimates of CO2 emissions from 

electricity production on a monthly and yearly basis. In the US, around 4.23 trillion kilowatt-

hours (kWh) of electricity have been generated, and ~1.65 billion metric tons of CO2 have been 

emitted in 2022. CO2 emissions from electricity generation using different fuel sources are about 

0.86 pounds per kWh.  

The utility-scale power plants that utilized coal, natural gas, and petroleum fuels were contrib-

uted to around 60% of total annual U.S. utility scale electricity net generation in 2022. Whereas, 

they accounted for 99% of CO2 emissions linked with utility -scale electric power production. 

The remaining 1% of CO2 emissions stemmed from other fossil fuels and gases alongside other 

geothermal power plants. The Energy Information Administration (EIA) regards electricity pro-

duction from solar, biomass, hydro, and wind as carbon neutral (U.S. Energy-Related Carbon Di-

Oxide Emissions, 2023 [U.S. Energy Information Administration - EIA - Independent Statistics and 

Analysis]) 

Table 4 shows data on total annual electricity net production and CO2 emissions at utility-scale 

electric power plants as well as a CO2 emission factor (lb of CO2/kWh) for coal, natural gas and 

petroleum, and the average of all energy sources. The amount of CO2 emission for particular 

https://www.eia.gov/environment/emissions/carbon/
https://www.eia.gov/environment/emissions/carbon/


 
 

 

 

23 
 

power grid may differ from the factors in the table. Table 5 presents the possible CO2 emissions 

from five technologies discussed.  

Table 4: U.S. electricity generation and resulting CO2 emissions by fuel in 2022 (Source: U.S. Energy-Re-
lated Carbon Di-Oxide Emissions, 2023) 

Source Electricity Gen-

eration Million 

kWh 

CO2 Emissions 

Million Metric 

Tons 

Million Short 

Tons 

Pounds Per kWh 

Coal 831,512 868 957 2.30 

Natural gas 1687,067 743 819 0.97 

Petroleum 22,931 25 27 2.38 

All Energy 

Sources (Includ-

ing Other Minor 

Sources) 

4230,672 1,650 1,819 0.86 

 

Table 5: Possible CO2 emission from five technologies 

Technologies Electric Energy Consumption CO2 Emission/lb (0.86 Pounds 

per kWh) 

EDR/ED 0.14-0.20 kWh/lb (154 kWh/m3) 132.44 

Chemical Oxidation (Anodic 

Oxidation) 

38 - 46 kWh /m3 (BDD and 

PbO2 electrodes respectively) 

32-39.56 

Electro and Chemical Coagula-

tion 

0.36-0.4 kWh/m3 

 

0.309-0.344 

Ion Exchange 0.07 kWh/bbl (0.44 kWh/m3) 

 

0.37 

NF 0.08 kWh/bbl (0.50 kWh/m3) 0.43 
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3. Methodology 

3.1. Technical Assessments 

Technology evaluation for PW treatment is very difficult as different technologies can effec-

tively remove different types of constituents. For instance, ED can effectively remove anions, 

cations and alkalinity. Coagulation process can eliminate organic and inorganic pollutants, in-

cluding suspended particles, phosphates, and insoluble free hydrocarbons. Compared to other 

treatment processes, coagulation is a cost-effective and efficient method for removing color, 

COD and turbidity (Hao et al., 2014). Meanwhile, advanced oxidation processes can achieve full 

mineralization of oxidizable, non-biodegradable organic pollutants (Esplugas et al., 1997). 

Therefore, the technological evaluation highly depends on what is the ultimate goal of treating 

PW. Since, this research aims to focus on Permian Basin PW, the hybrid technology consists of 

electrocoagulation-microfiltration-membrane distillation and another consists of  hydrocyclone, 

coagulation/flocculation, MVC, membrane bioreactor, and UV/H2O2 are the most efficient tech-

nologies as the effluent from these technologies can be used as irrigation, livestock feeding, indi-

rect potable water, etc. Among the simple technologies, EC and CC are the most efficient tech-

nologies as they meet up on-site reuse standards.  

3.2. Economical Assessments 

 The economic assessments include capital costs and operational expenses. Operational costs in-

clude raw materials like chemicals, energy, apparatus maintenance, and labor costs. A general 

overview of the estimated costs has been presented. No attempt was made to ascribe economic 

factors to these technologies since costs will vary from location to location and may be depend 

on commercial configurations and innovations. A general cost estimate has been presented for 
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each of the technologies. Again, these costs are a general budget for the treatment technologies 

not for those specific case studies that have been discussed. Since the PW from Permian Basin is 

highly contaminated, these costs are not a proper cost estimate for Permian Basin’s PW treat-

ment technologies for beneficial reuse. Firstly, a series of operations need a high amount of 

money for the apparatus setup. Secondly, specific maintenance costs are required in each step. 

Here, the EC and CC are the specific case studies that have treated PW from Permian Basin pro-

duced water samples and successfully treated water for onsite reuse purposes. EC and CC are the 

most effective technology among the five to treat Permian Basin PW even if the cost is higher 

(EC: $0.44/m3 [for 63% removal of turbidity] and [CC: $0.26/m3 for Al2(SO4)3·18H2O and $0.37 

for FeCl3 ·6H2O respectively]) than other technologies. 

3.3. Environmental Assessments 

The environmental assessment in this research has been evaluated mainly in terms of beneficial 

reuse purposes. That means that any technology can successfully treat PW up to the standard of 

any type of beneficial reuse for example onsite reuse, irrigation, potable water or livestock feed-

ing. However, some technologies can meet the target, but their power consumption, and chemi-

cal consumption may have a considerable negative impact on the environment. For instance, if a 

technology needs high power for its operation, such power generation may pollute the environ-

ment with high carbon or other air emission. Moreover, some chemicals are highly hazardous 

and may have strict exposure limits to human beings and discharge on the environment may 

cause serious threat to the environment or ecosystem chain. Therefore, these technologies may 

not be termed as environment-friendly technologies. The very five technologies that have been 

discussed here, need chemicals for their operation. Such chemicals have almost the same level of 

hazards and impacts on the environment and human exposure limits. These are shown in Table 3. 
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The ED/EDR process needs more power for its operation, and the potential CO2 emission is 

132.44 lb. Whereas, possible CO2 emission from EC and CC processes 0.309-0.344 lb. There-

fore, EC and CC are the most environmentally friendly technologies. 



 
 

 

 

27 
 

4. Result and Discussion 

4.1. Data Screening 

According to the five case studies discussed, it has been observed that utilizing the PW in partic-

ular sectors requires extensive pre- and post-treatments. In Texas, the most common practice to 

manage PW is the injection into Class II wells. However, onsite reuse is the best reuse option 

since it reduces fresh water consumption in the operation as well as free from trucking, pipelines, 

associated manpower, air emissions from container vehicles, leakage uncertainties, safety issues, 

traffic problems etc. To evaluate the efficiencies of the five technologies to treat PW of the Per-

mian Basin, the water quality parameters have been assumed to be in the 75th percentile of Table 

7 and Table 8. According to the removal efficiencies of five technologies, a mathematical calcu-

lation has been done to observe if that technology can remove the pollutants of PW from Per-

mian basin up to any of the reuse criteria. The Standards for reuse in irrigation and for livestock 

have been provided by the US Department of Agriculture, Natural Resources Conservation Ser-

vice (Table: 6). The expenditure information of the technologies has been collected from jour-

nals, literature, reports, and Made-in-Chaina.com (manufacturers, suppliers in China). The eco-

nomic evaluation has been done directly by comparing the overall costs of the technologies. The 

overall cost includes capital cost and operation cost. Capital costs include chemical or raw mate-

rial costs and apparatus setup cost. The operation cost includes energy costs, labor costs, and 

maintenance costs. Other costs, like equipment failure, uncertainty, transportation, after-treat-

ment waste management costs, are not a part of this research.  

The environmental data has been collected from U.S.EPA reports. Chemical assessments have 

been done directly comparing the chemical’s impact on the environment which is collected from 
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State of New Jersey department of health and safety, right to know hazardous substance fact 

sheets.  

Table 6: Standards for water reuse for drinking, irrigation and livestock purposes (Source: U.S.EPA) 

Component Drinking(g/m3) Irrigation(g/m3) Livestock(g/m3) 

Li+ - 2500 - 

K+ - - - 

Na+ 200 Based on SAR 2000 

NH3 1.5 - - 

Ca2+ - Based on SAR - 

Mg2+ - Based on SAR 2000 

Br- - - - 

Cl- 250 - 1500 

HCO3
- - - - 

SO42
- 250 - 1500 

TDS 500 2000 5000 

Conductivity(dS/m)  - 2.5 1.5-5 

Sodium adsorption ratio 

(SAR) 

- 0-6 - 

                                 

The characteristics of PW collected from the Permian Basin are summarized below (Jiang et al., 

2022)  

Table 7: Statistical results of general quality parameters of the total 45 PW samples 

Compo-

nent 

Unit Mean Max Min 25th Per-

centile 

50th Per-

centile 

75th Per-

centile 

Alkalinity mg/L as 

CaCO3 

272 870 100 128 207 336 

Ammonia mg/L 432 750 320 330 400 495 

COD mg/L 1626 3100 930 1250 1400 1950 

pH SU 6.6 8.1 3.9 6.3 6.7 7.0 

TDS mg/L 128,641 201,474 100,830 113,441 122,280 134,525 

TOC mg/L 103.5 248.1 2.4 28 90.6 173.3 

TSS mg/L 342.9 790 85 142.5 375 422.5 

Turbidity NTU 116.4 200 23 36 110 200 

MBAS mg/L 1.10 2.1 0.047 0.92 0.97 1.33 
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Table 8: Statistical results of comprehensive elements analyses of the 46 PW samples 

Component Unit Mean Max Min 25th Per-

centile 

50th Per-

centile 

75th Per-

centile 

                                                                          Cations 

Aluminum mg/L 1.09 3.95 0.37 0.63 0.76 1.25 

Arsenic mg/L 3.17 6.04 1.62 1.74 2.64 4.61 

Barium mg/L 2.21 12.00 0.10 0.45 1.69 3.00 

Beryllium mg/L 0.03 0.04 0.01 0.01 0.03 0.04 

Bismuth mg/L 1.02 1.77 0.71 0.72 0.81 1.55 

Boron mg/L 42.34 76.50 17.20 33.29 40.65 51.03 

Cadmium mg/L 0.47 0.81 0.04 0.08 0.63 0.77 

Calcium mg/L 3821 8186 880 1705 3531 5744 

Chromium µg/L 1.7 2.2 1.3 1.3 1.6 2.2 

Cobalt µg/L 7.7 7.8 7.5 7.5 7.7 7.8 

Copper mg/L 0.65 1.46 0.24 0.24 0.45 1.26 

Ferrous iron mg/L 3.09 6.70 0.57 0.73 3.00 5.50 

Iron mg/L 19.35 65.20 0.50 4.60 14.00 25.70 

Lithium mg/L 22.39 52.28 11.74 20.00 21.02 23.40 

Magnesium mg/L 745.0 1877 295.3 472.2 621.3 959.1 

Manganese µg/L 488 1239 10 116 472 781 

Molybdenum mg/L 0.21 0.38 0.10 0.11 0.18 0.35 

Potassium mg/L 923 3637 222 449 808 1171 

Selenium mg/L 2.5 2.5 2.5 n/a 2.5 n/a 

Silica mg/L 107.7 195.4 4.0 29.2 115.7 178.2 

Sodium mg/L 40,896 68,985 25,080 37,000 39,673 42,967 

Strontium  mg/L 449.9 1404 28.9 116.4 325.3 816.5 

Thallium mg/L 0.83 0.84 0.82 n/a 0.83 n/a 

Thorium mg/L 0.048 0.054 0.035 0.035 0.054 0.054 

Uranium mg/L 0.303 0.5 0.19 0.19 0.22 0.5 

Vanadium µg/L 79.6 94.5 61.4 61.4 83.0 94.5 

Zinc mg/L 1.14 1.81 0.17 0.17 1.45 1.81 

                                                                         Anions 

Sulfate mg/L 496 965 151 243 510 690 

Phosphorous as P mg/L 8.5 36.0 1.7 2.5 6.4 8.9 

Nitrate as N mg/L n/a 16 n/a n/a n/a n/a 

Iodide mg/L 88 94 77 82 90 94 

Chlorine mg/L 78,648 120,200 57,543 69,269 75,658 86,979 

Bromide mg/L 431 960 95 238 289 608 

                                                                   Radionuclides 

Gross Alpha pCi/L 1105.6 1630 660 745 863 1630 

Gross Beta pCi/L 874.6 1230 456 748 889 1050 

Radium-226 pCi/L 237.6 970.0 0.7 19.1 72.8 415.5 

Radium-228 pCi/L 231.7 576.0 2.6 137.5 273.0 285.0 

Uranium-234 pCi/L 0.33 0.76 0.20 0.24 0.24 0.24 

Uranium-238 pCi/L 0.17 0.17 0.17 n/a n/a n/a 

Thorium-228 pCi/L 21.5 52.1 3.4 3.7 21.5 30.5 

Thorium-230 pCi/L 0.22 0.39 0.09 0.17 0.21 0.24 
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Polonium-210 pCi/L 3.28 5.38 1.75 2.24 2.72 4.05 

Plutonium-238 pCi/L 0.17 0.17 0.17 n/a n/a n/a 

  

4.2. Technical Assessments of Five Technologies 

ED/EDR system mainly removes ions, and the ion removal range is 84-91% for the coagulation-

ED hybrid process and 90% for the EDR-RO hybrid process. The U.S.EPA report (Table: 6) 

shows the ions standard for drinking, irrigation and livestock feeding. Among the ions mentioned 

in the U.S.EPA report, the largest amount of ion (Table: 8) is chloride (86,979 mg/L), and the 

lowest ion is lithium (23.40 mg/L). Therefore, if the coagulation-ED hybrid process is pursued, 

then the treated water will contain 7,828 mg/L of chloride ion and 2 mg/L of lithium (after 91% 

of removal). If the EDR-RO hybrid process is pursued, the treated water will contain 8,698 mg/L 

of chloride ion and 2.34 mg/L of lithium (after 90% of removal). Therefore, according to 

U.S.EPA standards, only the quantity of lithium can meet irrigation standards but even with 91% 

removal of chloride ion, the PW from the Permian basin cannot attain any of the standards. 

In the case of the chemical oxidation process, the batch ozone-photocatalytic oxida-

tion (O3/UV/TiO2) process can remove up to 99.9% phenols, 98.2% O&G (oil & grease), 97.2% 

sulfide, 89.2% COD, and 15% ammonia. From Table 8, the PW of Permian Basin contains COD 

1950 mg/L COD and 495 mg/L ammonia. Therefore, after treatment the effluent will contain 

214.5 mg/L COD and 420 mg/L ammonia (after 89% and 15% of removal respectively). The 

U.S.EPA standard report (Table: 6) does not mention COD and ammonia as regulated parame-

ters. Therefore, this technology may not be appropriate for these reuse purposes. In the reference 

paper (Correa et al., 2010), the raw PW had COD 2,865 mg/L and ammonia was 47.5 mg/L. 

Therefore, the COD of that sample PW is larger than the PW sample from the Permian basin. 

However, the amount of ammonia is way more in the sample water from the Permian Basin than 
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the water sample from the reference paper (Correa et al., 2010). According to that reference pa-

per, additional biotreatment is required to meet surface discharge standards. However, for the 

PW from the Permian basin, even if the amount of COD can meet the standard utilizing the same 

technology, the amount of ammonia will exceed the limit. Therefore, it may not be a good idea to 

treat the Permian basin’s PW for surface discharge utilizing this technology. 

For EC, 70% of turbidity is achieved and an average of 63% is achieved for TOC; For CC, 80% 

of turbidity is removed. If the 75th percentile is considered from Table:7, then the TDS is 

134,525 mg/L, COD is 1,950 mg/L, and turbidity is 200 NTU. According to the reference paper, 

EC technology utilized in full-scale applications, such as the CleanWave® water treatment mo-

bile device (Halliburton, Houston, TX, USA), can treat up to 26,000 barrels (4100 m3) of pro-

duced water per day with a low energy consumption. This equipment can reduce total suspended 

solids (TSS) by 99% while bringing turbidity to <10 NTU. The TDS range in which the device is 

completely functional is 100–300,000 mg/L. Moreover, this device is mobile. Therefore, it seems 

like EC is a good fit technology to deal with PW of the Permian basin. 

For ion-exchange technology, a hybrid technology consisting of ultrafiltration, ion exchange and 

MOX disinfection has been referred. The aim is to reuse the final effluent in cooling towers. In 

the first stage (UF), the removal efficiencies are TDS at 27%, COD at 47%, and turbidity at 83%. 

If we consider the water sample from the Permian basin, (TDS is 134,525 mg/L, COD is 1,950 

mg/L, turbidity is 200 NTU). After the first stage (after 27% of removal TDS becomes 98,203 

mg/L, after 47% of removal COD becomes 1,033.5 mg/L, after 83% removal turbidity becomes 

34 NTU) the effluent does not meet any of the reuse sector’s criteria (drinking, irrigation, live-

stock watering, surface discharge or cooling tower). In the second stage (ion exchange), the TDS 
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and turbidity can further reduce to 19,641 mg/L (after 80% of removal), and 11 NTU (after 67% 

removal), respectively. COD remains the same in this stage. The water quality in this stage also 

does not meet any of the reuse criteria. In the final stage (MOX disinfection), TDS, COD. and 

turbidity become 3,928 mg/L (80% of removal), 444 mg/L (57% of removal), and 0.66 NTU 

(94% of removal), respectively. In the reference paper, the final effluent had TDS 209 mg/L, 

COD 31.09 mg/L and 0.44 NTU (Hashemi et al., 2019), which met the standard water quality for 

cooling towers. In that case, the feed water also contained significantly less TDS, COD and tur-

bidity. Therefore, this hybrid system may not be eligible to treat the PW from the Permian basin 

for reuse in cooling towers. However, the offshore disposal limit is 25 NTU for turbidity and 125 

mg/L for COD (Khor et al., 2020). Therefore, the effluent water from this operation may be eli-

gible for offshore disposal. 

For NF, a hybrid system (Pretreatment-NF-RO) has been presented, which consists of one or 

multiple pretreatment stages, and this can significantly reduce the contaminants. The NF stage 

can remove TDS at 39% (6 bar) and 15.58% (20 bar), with turbidity removal at 99%. In the third 

stage (RO stage), TDS removal efficiency is 71.4%, and turbidity removal is 99%. The reference 

paper (Alzahrani et al., 2013) aimed to conduct study to treat PW to reach the drinking water 

quality regulated by the U.S.EPA and WHO. Therefore, to address drinking water quality, other 

ions, metals and organic compounds also need to be considered. In that paper, the feed water to 

NF stage had TDS 823 mg/L and turbidity <1 NTU in 20 bar applied pressure (Alzahrani et 

al.,2013). Therefore, to deal with PW from the Permian basin, multiple expensive pretreatment 

will be needed to prepare a feed water for the NF stage to reduce the TDS level similar to the ref-

erence paper. Therefore, treating PW of the Permian basin for drinking purposes may not be a 



 
 

 

 

33 
 

good idea. However, this hybrid technology may be pursued to attain minimal standards for well 

disposal. 

4.3. Economic Assessments of Five Technologies 

The economic evaluation has been done by comparing the overall treatment cost per unit volume 

of PW. The costs are presented in Table 1. NF needs a high budget to treat PW ($0.833-

$4.04/gallon). Whereas, the ED/EDR process needs less budget for all of those five technologies 

and its cost is $0.15/bbl. The costs of EC and CC are $0.44/m3 (for 63% removal of turbidity 

with Al electrode) and $0.26/m3 for Al2(SO4)3·18H2O and 0.37 for FeCl3 ·6H2O respectively. 

Among these technologies, EC and CC are technologically efficient as it is successful in treating 

PW from the Permian basin for reuse purposes even if they are costlier than ED/EDR.  

4.4 Environmental Assessments of Five Technologies  

From Table 3, Table 4 and Table 5, the information has been compared for each technology.  In 

the case of ED/EDR, the effluent water is unable to meet any reuse criteria not even surface dis-

charge criteria. Therefore, any contact of this water with the environment may cause pollution. 

Moreover, the estimated associated CO2 emission is 132.44 lb. The chemical assessments table 

(Table: 3) shows that the consumed chemicals are not much different from other chemicals 

needed for other technologies. For the chemical oxidation process (O3/UV/TiO2), the estimated 

CO2 emission is 32-39.56 lb. Moreover, the effluent water is not reusable. The chemicals needed 

for this operation are almost the same as to other. In the case of EC and CC, associated CO2 

emission is 0.309-0.344 lb, which is the lowest among all technologies presented here. The most 

important thing is the effluent water is eligible for on-site reuse. Therefore, there are no other en-

vironmental issues associated with these technologies. In the case of the ion exchange process, 
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the estimated CO2 emission is 0.37 lb, which is low. The effluent water is not eligible for reuse. 

Moreover, the chemicals have almost the same hazardous levels and exposure limit to humans. 

Associated carbon emission in the case of NF technology is 0.43 lb. The consumed chemicals are 

not highly hazardous. Most importantly, treated water cannot be used for any beneficial pur-

poses. Therefore, among these five, EC and CC are the most environment-friendly processes.  

4.5. Case Studies Analysis 

4.5.1. Pretreatment  

Coagulation and flocculation as a pretreatment  

If the TDS of the influent water exceeds 40,000 mg/L, a pretreatment is necessary. This can be 

achieved by coagulation/flocculation, filtration or scale control by adding acid. (Wang et al., 

2007). A study examined the effectiveness of the coagulation-flocculation-sedimentation (CFS) 

process on 14 produced water samples from the Permian Basin. Initially, the samples were ana-

lyzed for pH, TSS, TDS zeta potential, turbidity, organic matter, and ion concentrations. Subse-

quently, a jar test was conducted to pretreat these wastewater samples in a laboratory setting. 

Ferric sulfate was found to reduce suspended solids by up to 96.6% and turbidity by up to 99%. 

The use of cationic starch as a flocculant, mainly in combination with ferric sulfate, proved to be 

an effective method for removing TDS. Additionally, cationic starch was able to further reduce 

TSS by 3% when used with alum and by 2.37% when used with ferric sulfate (Kaishentayev et 

al.,2021). 

Electrodialysis as a Pretreatment  

Electrodialysis experiments were conducted using an Ameridia EUR2B-10 Skid (Sirivedhin et 

al., 2004). The membrane stack was powered through the anode and cathode by an XHR 40-25 
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programmable DC power supply. The stack comprised of 10 pairs of active cells, each with a 

cationic exchange membrane (Neosepta® CMX-SB) and an anionic exchange membrane (Ne-

osepta® AMX-SB). Additionally, two cationic exchange membranes (Neosepta® CMX-SB) 

were used at the end to prevent contact between the diluate/concentrate and the cathode/anode 

rinse solutions. Each cell had an active area of 200 cm2, making the total area for the stack 2000 

cm2. All electrodialysis experiments were conducted at constant voltage with 3.0, 6.5, and 9.8 V. 

The electrode rinse solution used in all experiments was a 3,000 mol/m3 NaNO3 solution (Fisher 

Scientific, Laboratory grade). The TDS concentrations of five samples were Colorado (5,502 

mg/L), Texas (4,435 mg/L), Wyoming (5,009 mg/L), Utah (~63,000 mg/L), and Oklahoma 

(~97,000 mg/L).  

The effect of applied voltage on TDS reduction was analyzed. Figures 5A and 5B illustrate the 

rate of TDS reduction at each voltage setting for the five water samples in both absolute and per-

centage terms. The results showed that both the absolute and percentage reductions in TDS in-

creased linearly with higher voltages across all feed TDS concentrations. Figure 5A indicates 

that the rate of TDS reduction per voltage increment varied between waters with low (CO, TX, 

and WY) and high (UT and OK) TDS concentrations. Specifically, within the studied range, a 

low TDS waters and 70.9 g/m3 per minute for high TDS waters. 
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Figure 5: Influence of voltage on (A) absolute and (B) percent TDS reduction from low and high TDS con-

tent waters (□) CO, (Ξ) TX, ( ) WY, (О) UT, and (∆) OK. (-----) low TDS (__) high TDS waters. (Source: 
Sirivedhin et al., 2004). 

 

Since a linear trend can be observed, long time of operation (120-180 min or more) and > 9.5 V 

voltage can provide effluent water having TDS and other constituents in such a standard that it 

can be a feed water for the EDR-RO and ED-UF-MOX process. However, there is no guarantee 

that this will work due to unknown variables. 

 4.5.2. Proposed Series Treatment Technologies 

 Combined electrocoagulation-microfiltration-membrane distillation    
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Figure 6: Hybrid process EC-MF-MD. (Source: Jebur et.al., 2021) 

 

An excellent hybrid technology has been designed that can eventually remove all the contami-

nants significantly. As shown in Figure 6, electrocoagulation followed by microfiltration (MF) 

had been employed as pretreatment for the wastewater before membrane distillation (MD). In 

that very experiment the TDS concentration was 245,300 mg/L. After pretreatment the total or-

ganic carbon (TOC) decreased from 120 mg/L to 64 mg/L. In the second step, tangential flow 

MF utilizing a polyethersulfone membrane with 0.1 µm pores was used to isolate particulate 

matter. In this step, the TOC was further reduced to 44 mg/L. Subsequently, MD was employed 

to desalinate the effluent of the MF process, resulting in high-quality treated water with a TDS of 

56 mg/L and TOC 1 mg (Jebur et.al.,2021).  

In the EC step, aluminum electrodes were used. A range of current (1A-9.5 A) and reaction times 

of 5 to 20 min were observed. The best result was found at 9.5 A and 20 mins of operation pe-

riod, which shows 48% of TOC removal. For MD, three types of membranes were tested. 

Among them, the MWCNT PTFE delivered the highest flux and best performance, provided no 

organic compounds can be adsorbed onto the membrane surface. For a rough estimate, MWCNT 
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PTFE costs start from $50 to several hundred dollars per square meter, depending on the specific 

configuration and application requirements. The estimated power cost for 20 minutes operating 

time with a current of 9.5A is approximately $0.0456.          

 

Table 9: Water quality analysis for PW received from the hydraulic fracturing facility and after each wa-
ter treatment operation. 

Parameter Unit PW PW treated 

by EC 

PW treated 

by EC-MF 

PW treated by 

EC-MF-MD 

TDS mg/L 245,300 238,400 239,760 56 

TOC mg/L 120 64 44 1 

TSS mg/L 131 186 48 1 

Turbidity NTU’s 6 13 0.3 0.4 

pH      - 6.7 3.8 3.9 7.1 

Chloride mg/L 156,820 160,250 166,170 5 

Sulfate mg/L 478 419 430 0 

Iron mg/L 0.2 0.6 0.7 0 

Boron mg/L 97 87 85 0 

Calcium mg/L 30,500 30,300 31,700 1 

Magnesium mg/L 5454 5500 5335 0 

Manganese mg/L 0.1 0.3 0.4 0 

Nickel mg/L 0.2 0.4 0.4 0 

Potassium mg/L 4331 4800 4680 0.4 

Aluminum mg/L 0 97 64 0 

Sodium mg/L 63,600 68,600 68,100 4 

Conductivity µS/cm 323,400 228,000 229,000 35 
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Hydrocyclone, coagulation/flocculation, MVC, membrane bioreactor, and UV/H2O2 

Another hybrid technology was built by Chen et al., 2023. The diagram of the multi-stage opera-

tions has been shown below:                                    

 

Figure 7: Hydrocyclone, coagulation/flocculation, MVC, membrane bioreactor, and UV/H2O2 are used to 
remove dispersed oil particles, suspended solids, inorganic constituents, organic constituents, and mi-
croorganisms, respectively (Source: Chen et al., 2023) 

 

The methods for treating Permian Basin PW to make it suitable for domestic use, irrigation and 

livestock watering are illustrated on Figure 7. A hydrocyclone chamber was installed to remove 

dispersed oil particles. Next, coagulation and flocculation were applied to eliminate both TDS 

and TSS. Because of high TDS, MVC is preferred for desalination instead of RO. Based on pre-

vious studies, the water recovery rate of MVC is 20%-40%. Here, in this experiment, the water 

recovery by MVC was assumed to be 30%. The brine disposal cost by evaporation is approxi-

mately $0.40-0.78/bbl. Afterward, the desalinated water was passed to a membrane bioreactor, 

effectively removing organic constituents. Finally, UV/H2O2 were applied for disinfection and 

microorganism removal.  

The overall cost including operation, maintenance, energy, labor and disposal cost of the total 

operation is about $1.01/bbl. 
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5. Conclusions 

Untreated PW is often seen as a large-scale hazardous waste, but with proper management, it can 

be advantageous for beneficial reuse. Treating PW is crucial to complying with regulatory re-

quirements and minimizing environmental impact. In this research, some successful simple PW 

treatment technologies have been presented which are not applicable to highly saline water. 

Therefore, understanding the composition of PW is essential for future plans to reuse it. In the 

Permian Basin, the high salinity restricts reuse outside the energy sector, rather it is cost-effec-

tive to treat PW for hydraulic fracturing. To reuse PW from Permian basin in other purposes like 

in agriculture sector, farm, industry, there is no alternative to a series of operation although they 

are highly expensive. Single treatments cannot remove the contaminants to meet any of the reuse 

standards. Still now, the treatment cost of highly saline PW is higher than the disposal cost, 

which limits its reuse. Even if the series of operations are more expensive, they can prevent 

highly contaminated PW from affecting the environment by contaminating it. Thus, if treatment 

costs can be reduced in the future, the reuse of high-salinity water is likely to become main-

stream. 
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