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Produced water (PW), often labelled as the oil and gas industry's ‗silent threat,‘ can damage 

ecosystems and human well-being when left untreated. In this context, the strategic 

management of PW emerges as a pivotal necessity within the oil and gas sector, aiming to 

mitigate potentially catastrophic consequences. This paper explores contemporary trends in PW 

management while pioneering a visionary path forward through an Energy-Water-Food Nexus 

approach, which contributes to achieving the Sustainable Development Goals (SDGs). The 

minerals industry interacts with water in many different ways that can affect the environment and 

communities. Urban water services, including drinking water supply and wastewater treatment, 

are highly energy dependent, contributing to the challenges described under the water-energy 

nexus. Both future climate change and decentralized water system adoptions can potentially 

influence the energy use of the urban water services. However, the trend and the extent of such 

influences have not been well understood. Better connections will increase the likelihood that 

mining companies will respect human rights, avoid or mitigate adverse social and environmental 

risks that occur through their interaction with water and collaboratively identify water-related 

development opportunities. The role that deficient institutional relationships have played in 

aggravating drinking water incidents over the last 30 years has been identified in several 

inquiries of high profile drinking water safety events, peer-reviewed articles and media reports. 

These indicate that collaboration between water utilities and public health agencies (PHAs) 

during normal operations, and in emergencies, needs improvement. Assessment of 

contaminants in source water systems with inputs from industrial discharge, sewage treatment 

plants, storm water systems and runoff from urban and agricultural land is critical to formulating 

remediation of contaminants strategies for specific application.  

Key Words: Oil and Gas Industry; Produced water; Water Systems; Offshore 

and Onshore 
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Introduction 

Water is a strategic operational resource in the 

hydrocarbon industry, supporting drilling, reservoir 

pressure maintenance, cooling systems, refining, 

petrochemical processing, firefighting, sanitation, and 

environmental management. In hydrocarbon-producing 

regions, especially in developing economies, industrial 

water systems are increasingly under pressure from 

aging infrastructure, climate variability, pollution, 

population growth, and regulatory scrutiny. Efficient 

management of water systems has therefore become 

central to operational continuity, environmental 

sustainability, and community relations (International 

Energy Agency, 2024). 

Hydrocarbon operations can broadly be divided into 

offshore and onshore environments. Offshore facilities 

such as platforms, floating production units, and subsea 

systems operate under space constraints, high corrosion 

exposure, difficult logistics, and stricter discharge 

conditions. Onshore operations face different challenges, 

including groundwater stress, community competition for 

water resources, pipeline leak risks, land-use conflicts, 

and wastewater disposal issues. These contrasting 

conditions require context-specific water optimization 

strategies. Despite major investments in oil and gas 

infrastructure, many hydrocarbon communities continue 

to experience inadequate industrial water governance, 

inefficient reuse systems, produced-water 

mismanagement, and conflict between industrial demand 

and local human needs. This raises the need for 

comparative research on how offshore and onshore 

water systems can be optimized for reliability, efficiency, 

and social legitimacy. 

The industrialization of the deep sea is expanding 

worldwide. Increasing oil and gas exploration activities in 

the absence of sufficient baseline data in deep-sea 

ecosystems has made environmental management 

challenging. The energy required to support the whole 

range of human activities comes from a variety of 

sources, such as fossil fuels (petroleum, natural gas, and 

coal), nuclear energy, and renewable energy (Du and 

Thakur, 2024). Liquid fossil fuel, namely petroleum, is a 

key component of the energy mix, contributing up to 

about 36% of U.S. energy consumption (Figure 1). The 

recovery of crude oil typically consists of three stages: 

primary, secondary, and tertiary. Primary recovery, also 

known as natural depletion, is the initial stage where the 

natural production mechanisms, such as solution gas 

drive, natural water drive, and gravity drainage, create 

sufficient pressure to force the oil and gas to the surface 

without any additional assistance. Primary recovery can 

usually extract a small portion of the original oil in place 

(OOIP) in a reservoir, often around 5–20%. Waterflooding 

is a secondary recovery method that injects water into the 

reservoir to help maintain pressure and sweep oil toward 

the production wells. This method is effective and widely 

used, and can extract an additional 20–40% of the OOIP. 

Tertiary recovery is employed to further increase oil 

production after primary and secondary methods are 

complete. It injects various fluids or gases such as CO2, 

polymers, surfactants, or chemicals into the reservoir to 

interact with the oil and improve its flow characteristics. 

This process can potentially extract an additional 5–20% 

or more of the OOIP (Du and Thakur, 2024). 

According to Adepitan et al (2026), during crude oil 

exploration, an aqueous fluid often comes out to the 

surface along with oil and gas. The associated aqueous 

is Produced Water (PW). The aqueous fluid known as 

Produced Water PW, has been tagged as the largest 

single waste stream in the oil and gas sector, which 

includes the formation of liquid (water) from many 

processes, like the flow from the injection return, fluid 

introduced by drilling operations. Its management spans 

on-site separation, interim storage, treatment, reuse, 

deep well injection, and sometimes off-site transfer 

(Ibrahim et al., 2023; De Medeiros et al., 2022). Globally, 

the amount (volume) of PW is enormous due to the 

increase in the demand for hydrocarbon- based products 

as well as prolonged field life (Khatoon, Raksasat and 

Ho, 2023). According to estimation, annually, about tens 

of billions of barrels are produced globally, with the 

United States alone producing approximately 25 billion 

bbl in 2021, and the total global reports are commonly 

given in are commonly reported in the multi- 109 –1010 

barrels/yr range with regionally variable growth driven by 

unconventional development, water-cut increases as 
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fields mature, and expanding offshore activity (Qian., Zhu 

and Ahmad, 2023). There is interest in the reuse of PW 

due to the scarcity of fresh water, since indication shows 

that the trajectory from 2010 shows an increase in the 

production of basins. Figure 1 shows an estimation of the 

amount of produced water that would have been 

produced by the year 2035 (Ibrahim et al., 2023). 

 

Figure 1: Estimated Global Produced Water Volumes (2025 – 2035) 

 

Source: Ibrahim et al. (2023); Adepitan et al (2026). 

Recent research and review studies have examined 

produced water management, primarily focusing on 

individual treatment technologies such as physical 

separation, membrane filtration, thermal desalination, 

biological treatment, and advanced oxidation processes. 

Recent articles have provided detailed assessments of 

membrane-based desalination, particularly reverse 

osmosis and emerging membrane distillation systems, 

while others have evaluated thermal approaches for high-

salinity brines or biological processes for organic 

removal. More recent reviews have also discussed reuse 

opportunities and regulatory considerations for produced 

water discharge. Collectively, these studies have 

significantly advanced the under- standing of individual 

unit processes and their performance limits. 

Exploration of oil and gas deposits is now a global 

industrial activity in the deep ocean. As easily accessible 

oil and gas resources became depleted, and technology 

improved, the oil and gas industry expanded into deeper 

waters in recent decades (Figure 2). However, this deep-

water expansion has not always been matched by 

legislation that reflects modern practices of environmental 

conservation. There is a clear need to bring together 

current knowledge of deep-sea ecology, known human 

impacts on deep-water ecosystems, and the scattered 

environmental protection measures that exist to date 

(Cordes et al., 2016). 

 

 

 

 

 

3 

https://www.frontiersin.org/journals/environmental-science/articles/10.3389/fenvs.2016.00058/full#F1


Adegoke, M. A. (2025).  EISSN 1595-5613   

OMANARP INTERNATIONAL JOURNAL OF ENGINEERING Vol. 2.1. 2025 

Figure 2: Potentially Petroliferous offshore zones and regional distribution of proven offshore oil and gas 

reserves.  

 

Source: Pinder (2001); Cordes et al. (2016). 

Numerous and varied regulations related to the 

management of the hydrocarbon industry exist in different 

maritime jurisdictions and for areas beyond national 

jurisdiction (ABNJ or the ―Area‖; Mazor et al., 2014; 

Katsanevakis et al., 2015). Individual nation states may 

manage activities within their exclusive economic zones 

(EEZs), complemented by the United Nations Convention 

on the Law of the Sea (UNCLOS; note that the U.S.A. 

has not ratified the Convention) considering mineral 

extraction activities outside EEZs. Such regulations may, 

for example, set out the framework for environmental 

assessment and monitoring, define particular habitats, 

and/or species that should be afforded particular 

protection, and define the boundaries of areas 

designated for spatial management. However, there has 

not yet been a significant effort to standardize regulations 

across EEZs or to develop regional management 

organizations as exist for high-seas fisheries 

management. 

Despite these contributions, existing reviews largely 

remain fragmented and technology-centric, with limited 

integration of system-level design logic, optimization 

strategies, and sustain- ability considerations across the 

full produced water management chain. Few studies 

critically compare hybrid treatment trains under varying 

feed compositions, operational constraints, and reuse or 

zero-liquid-discharge objectives. Moreover, optimization 

is often discussed qualitatively, without explicit linkage to 

pretreatment design, energy integration, life-cycle 

impacts, or adaptability to fluctuating water chemistry. 

The role of digital optimization, predictive control, and 

data-driven decision- making in produced water systems 

also remains underexplored in the review literature. 

Conceptual Framework and Clarification 

As Mohammadi, Berg and Sch mann (202 ) noted, 

Subsea water separation and treatment (SWST) 

technologies represent a key advancement in offshore oil 

and gas operations by enabling the separation, 

treatment, and reinjection or discharge of produced water 

on the seabed. In other words, the figure provides a 

comprehensive, offshore-oriented assessment of SWST, 

emphasizing both technical innovations and strategic 

implications. By eliminating energy-intensive lifting to 

topside facilities, SWST significantly reduces CO2 and 
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methane emissions, optimizes flow assurance, and 

enhances production efficiency. In mature fields, it 

mitigates the rapid production decline caused by high 

water-cuts, offering a strategic advantage in late-life 

reservoir management.  

 

Figure 3: Subsea Water Separation Treatment 

 

Source: Mohammadi et al (2025). 

Waterflooding remains the pre-eminent method for 

improving recovery from oil reservoirs. Its effectiveness, 

relatively low cost, and easy-to-operate features make it 

favourable over decades. Nowadays, in the current 

context of uncertainty regarding the applicability of EOR 

(enhanced oil recovery) techniques, integrated waterflood 

asset management has gained unprecedented 

significance (Du and Thakur, 2024).  The concepts and 

processes of reservoir management were proposed and 

established in the 1990s by Satter and Thakur (Satter, 

1984; Thakur, 1998; Thakur, 1991). They emphasized 

the importance of integrating different disciplines such as 

reservoir characterization, fluid behaviour in the reservoir, 

drilling and operating wells, surface handling of the fluids, 

facilities, water system, and field operation (figure 4) to 

benefit the most from each project. Furthermore, they 

highlighted that reservoir management is not confined to 

the beginning of geologic evaluations, economic 

justifications, and project approval by management. 

Instead, these management activities occur from before 

the commencement of the waterflood until the waterflood 

becomes uneconomical or transitions into EOR 

techniques (Thakur, 1998). 
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Figure 4:  Water flood Management System 

 

Source: Du and Thakur (2024). 

Carbonate reservoirs hold tremendous significance for 

the oil and gas industry due to their substantial 

hydrocarbon potential and global distribution. These 

reservoirs are prevalent in many major hydrocarbon-

producing regions, including the Middle East, North 

America, and offshore environments (Du and Thakur, 

2024).  The complex pore systems and fracture networks 

within carbonate rocks can create highly productive 

reservoirs capable of yielding substantial volumes of oil 

and gas. With their widespread occurrence and the 

potential for substantial hydrocarbon accumulations, 

carbonate reservoirs represent invaluable targets for the 

oil and gas industry‘s exploration and development 

efforts, contributing significantly to global energy supplies 

(Du and Thakur, 2024). 

Waterflooding plays a crucial role in enhancing oil 

recovery from carbonate reservoirs. By injecting water 

into the reservoir, waterflooding helps maintain reservoir 

pressure and sweep remaining oil towards production 

wells. However, the complexity of carbonate reservoirs 

requires careful design of waterflooding (Du and Thakur, 

2024).  When designed and implemented effectively, 

waterflooding can significantly improve recovery factors 

in carbonate reservoirs, maximizing the economic value 

of these vital hydrocarbon resources for the oil and gas 

industry. 

 

 

An Overview of Hydrocarbon Community Settings 

Oil and gas reserves in the Sea have been exploited 

since the mid-1960s (Olsgard and Gray, 1995). It is of 

wide general interest to obtain an overview of the extent 

to which these activities affect marine life. Davies & 

Kingston (1992) and Kingston (1992) have recently given 

re- views of effects of oil production on the benthos of the 

North Sea. lngston (1992) records that in the early days 

of exploration it was generally believed that the major 

input of oil would be in water from platform drainage and 

production. This was found to be incorrect and the 

greatest source of oil until now has been in discharged 

drill-cuttings, which are disposed of during drilling 

operations (Kingston 1992). 

Routine oil and gas activities can have detrimental 

environmental effects during each of the main phases of 

exploration, production, and decommissioning (Figure 5). 

During the exploration phase, impacts can result from 

indirect (sound and traffic) and direct physical (anchor 

chains, drill cuttings, and drilling fluids) disturbance. 

Additional direct physical impacts occur in the production 

phase as pipelines are laid and the volume of discharged 

produced water increases. Lastly, decommissioning can 

result in a series of direct impacts on the sea floor and 

can re-introduce contaminants to the environment. It is 

critical that all of the potential impacts of routine 

operations are accounted for when designing 

management strategies, whether local or regional, for 

offshore oil and gas activities. 
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Figure 5: Diagram of Impacts from typical deep-sea drilling activity 

 

Source: Cordes, E.E., Jones,D.O.B., Schlacher, T.A, Amon, D.J.,Bermarnardino, A.F., Brooke, S., et al (2016)

Assessments of acoustic disturbance have primarily 

focused on marine mammals. Reported effects include 

disruption of behavior (e.g., feeding, breeding, resting, 

migration), masking of sounds used for communication 

and navigation, localized displacement, physiological 

stress, as well as physical injury including temporary or 

permanent hearing damage (Gordon et al., 2004; 

Southall et al., 2008; Moore et al., 2012). 

Operations at oil fields introduce considerable amounts of 

artificial light (e.g., electric lighting, gas flares) that can 

potentially affect ecological processes in the upper 

ocean, such as diel vertical migration of plankton (Moore 

et al., 2000). Artificial night light also attracts numerous 

species, including squid, large predatory fishes, and birds 

(Longcore and Rich, 2004). Underwater lighting, such as 

used on remotely operated vehicles, is likely to be of 

comparatively modest impact, though it may be 

significant in the case of species with extremely sensitive 

visual systems (Herring et al., 1999). 

Potential impacts on seabed communities can result from 

both the chemical toxicants and the physical disturbance. 

Reduction in oxygen concentration, organic enrichment, 

increased hydrocarbon concentrations, and increased 

metal abundance can alter biogeochemical processes 

and generate hydrogen sulfidic and ammonia (Neff, 

2002). At present, little information is available on the 

effects of these processes at the microbial level. At the 

metazoan level, community-level changes in the density, 

biomass, and diversity of protistan, Meio-, macro-, and 

megafaunal assemblages have been recorded in several 

studies (Gray et al., 1990; Currie and Isaacs, 2005; 

Jones et al., 2007; Netto et al., 2009; Santos et al., 2009; 

Lanzen et al., 2016). These changes have been linked 

with smothering by drilling cuttings and increased 

concentrations of harmful metals (e.g., barium) and 

hydrocarbons (Holdway, 2002; Breuer et al., 2004; 

Santos et al., 2009; Trannum et al., 2010). 

Originally the drill-cuttings were in aqueous solution, but 

later oil replaced the water as it was prefer- able in the 

drilling process (Olsgard and Gray, 1995). However, due 

to observed toxic effects of oil-based drilling muds there 

has been a change in recent years back to water-based 

muds. Although the composition of drilling muds used 

varies from area to area, all have a weighting agent, 
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usually barite (BaSO,), viscosity agents such as 

bentonitic clays, swelling controllers (potassium chloride, 

KCl), pH controllers (potassium hydroxide, KOH), filter 

loss components, dispersants, defoamers, drilling 

lubricants (such as fatty acids and hydrocarbons), 

gypsum to increase the calcium content and biocides 

(GESAMP 1993). Of these chemicals barite is used in 

large quantities, a typical figure being 1500 t per well, and 

around 90% of this is typically discharged after use. The 

barite contains impurities such as heavy metals and the 

con- centration of such metals discharged depends on 

the quality of the barite. Since barite is insoluble and has 

high density settles at the seabed and thus is often a 

good tracer for the dispersion of drill-cuttings. The effects 

of drill-cuttings are therefore likely to be on sediment-

living benthos. As a consequence, monitoring has 

focused on identifying changes in sediment 

contamination and effects of this contamination on the 

structure of communities living in the sediment. From the 

foregoing it is clear that drill-cuttings will cause a variety 

of effects through smothering, toxic chemicals such as 

heavy metals and hydrocarbons and organic enrichment. 

The relative importance of the different components will 

vary from field to field (Olsgard and Gray, 1995). 

A Summary of Carbonate Reservoirs 

Carbonate rocks are sedimentary rocks consisting of 

significant quantities of carbonate minerals, such as 

limestone and dolomite (Du and Thakur, 2024). Pores 

and karst caves are generally the main storage spaces, 

and fractures serve as both storage spaces and the main 

flow channels in the reservoir rocks. Carbonate reservoirs 

have become the dominant oil and gas production 

resources due to their ubiquity, uniform thickness, and 

large scale. Approximately 70% of the world‘s oil and gas 

resources are from carbonate reservoirs, and proven 

recoverable reserves account for approximately 50% (Xu 

et al., 2020). For instance, Middle East reservoirs 

produce approximately two-thirds of global oil production, 

and 80% of Middle East oil-bearing formations are 

carbonate rocks (Nairn and Alsharhan, 1997). In North 

America, about one-third of oil and gas fields are in 

carbonates and they produce about 50% of all North 

American giant fields (Wilson, 1980). In China, there is 

nearly 3 10
6
 km

2
 carbonate reservoirs, which accounts 

for 1/3 of China‘s land area (Xu et al., 2020). Marine 

carbonate oil and gas resources make up the dominant 

portion of global oil and gas production, which can be as 

high as 90%. There are 389 oil and gas basins in the 

world engaged in commercial production, among which 

208 basins are located in marine carbonate strata (Xu et 

al., 2020). This information illustrates the significance of 

carbonate fields in the world. 

Compared to sandstone reservoirs, Carbonate rocks 

have notable differences in geological structure 

characteristics that require specific attention. They 

typically have complex pore structures that vary widely in 

terms of size, shape, and connectivity, leading to a strong 

heterogeneity of formations. The porosity is generally 

low, with a range of 4% to 16%, and the permeability 

ranges from 1.0 to 500 md (Xu et al., 2020). Therefore, 

the success of waterflooding in carbonates is highly 

dependent on reservoir characteristics, such as fracture 

networks, matrix porosity, and wettability. Besides proper 

reservoir characterization and an understanding of fluid 

flow dynamics within the carbonate pore system, robust 

waterflood management is essential for optimizing 

waterflood performance. 

Reservoir management strategies were implemented 

within one year of discovery and turned more and more 

sophisticated as operations transitioned from primary to 

secondary and tertiary (Du and Thakur, 2024). Key 

elements of reservoir management included detailed 

reservoir description, infill drilling with pattern 

modification, and continuous reservoir surveillance. The 

operating philosophy, developed collaboratively by 

personnel from engineering, geology, and operations and 

subsequently presented to management, demonstrated 

the effectiveness of reservoir management strategies (Du 

and Thakur, 2024). Furthermore, this approach facilitated 

the identification and evaluation of new opportunities and 

technologies. 

Environmental Management Approaches  

Environmental management takes many forms. We focus 

on management activities that mitigate the adverse 

environmental effects of oil and gas development, 

specifically addressing avoidance- and minimization-type 
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approaches (World Bank, 2012). Cordes et al. (2016) 

listed the following management system. 

i. Activity Management: In activity management, 

certain practices (or discharges) are restricted or 

banned, or certain technologies are employed to 

reduce the environmental impact of operations. 

An example of activity management is the 

phasing out of drilling muds that used diesel oil 

as their base. These drilling fluids biodegrade 

very slowly, have a high toxicity, and exposure to 

them can result in negative environmental 

consequences. In addition, many countries have 

introduced restrictions on the discharge of lower-

toxicity organic-phase drilling muds (i.e., oil-

based muds containing mineral oil or synthetic 

liquids) and untreated cuttings contaminated with 

these fluids. Activity management may also be 

applied to oil and gas industry decommissioning. 

In European waters, for example, OSPAR has 

prohibited the dumping or leaving in place of 

disused infrastructure (OSPAR Decision 98/3, 

1998). Although some large installations are 

exempt, most structures must be taken onshore 

for disposal; however, the environmental impacts 

caused by removing these large structures may 

outweigh any negative effects of leaving them in 

place. 

ii. Temporal Management: Temporal management 

of oil and gas activities is not yet widely applied in 

deep-water settings. Temporal management 

approaches are intended to reduce impacts on 

the breeding, feeding, or migration of fish, marine 

mammals, and seabirds. Furthermore, seismic 

operations along marine mammal migration 

routes or within known feeding or breeding 

grounds may be restricted during aggregation or 

migration periods in order to reduce the 

probability of marine mammals being present in 

the area during the survey. In addition, soft-start 

procedures may only be allowed to commence 

during daylight hours and periods of good 

visibility to ensure observers can monitor the area 

around the air gun array and delay or stop 

seismic operations if necessary. In Norway, 

seismic surveys cannot commence if marine 

mammals or turtles are present in the immediate 

area and monitoring is carried out by trained 

observers, whose presence is required on all 

deep-water (>200m depth) seismic surveys. 

iii. Spatial Management: Spatial management 

prohibits particular activities from certain areas, 

for example where sensitive species or habitats 

are present. This can range from implementing 

exclusion zones around sensitive areas 

potentially affected by individual oil and gas 

operations to establishing formal marine 

protected areas through legislative processes 

where human activities deemed to cause 

environmental harm are prohibited. The use of 

EIAs as a tool for identifying local spatial 

restrictions for deep-water oil and gas operations 

is widely applied, and specific no-drilling zones 

(mitigation areas) are defined by the regulatory 

authority around sensitive areas known or 

occurring with high-probability 

Statement of the Problem 

Industrial water systems in hydrocarbon communities are 

increasingly challenged by rising demand, environmental 

compliance obligations, and social pressures over 

equitable water access. Many operators rely on outdated 

water treatment systems, inefficient recycling 

technologies, and reactive maintenance models. In 

onshore communities, industrial withdrawals may 

compete with agriculture and domestic consumption, 

generating tension between host communities and 

operators. In offshore environments, high treatment 

costs, corrosion, and discharge limitations complicate 

water handling systems. 

Produced water water brought to the surface during oil 

and gas extraction remains one of the largest waste 

streams in the industry. Where treatment capacity is 

weak, produced water may contaminate soil, rivers, 

wetlands, or marine ecosystems (United Nations 

Environment Programme, 2023). Most existing studies 

examine water management either in offshore or onshore 

systems separately. Limited comparative scholarship 

exists on optimization pathways across both 

environments, particularly in hydrocarbon communities 

where industrial efficiency intersects with environmental 

justice and community wellbeing. This study addresses 

that gap. 

Objectives of the Study 

The broad objective of the study is to examine how 

industrial water systems can be optimized in hydrocarbon 

communities using comparative insights from offshore 

and onshore operations. 
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Specific Objectives 

1. To assess the structure and performance of industrial 

water systems in offshore and onshore hydrocarbon 

operations. 

2. To identify operational, environmental, and 

governance challenges affecting water efficiency. 

3. To compare water sourcing, treatment, reuse, and 

disposal practices across offshore and onshore 

systems. 

4. To evaluate the relationship between water system 

optimization and operational reliability. 

5. To examine community and environmental 

implications of industrial water use in hydrocarbon 

regions. 

6. To recommend sustainable water governance 

strategies for hydrocarbon communities. 

Research Questions 

1. What are the major components of industrial 

water systems in offshore and onshore 

operations? 

2. What challenges reduce efficiency and 

sustainability in these systems? 

3. How do offshore and onshore water systems 

differ in management practices? 

4. Does water optimization improve production 

reliability and environmental performance? 

5. Which governance strategies can balance 

industrial and community water needs? 

 Theoretical Framework 

This study is anchored on three complementary theories: 

Systems Theory 

Systems Theory views industrial water infrastructure as 

an interconnected system of sourcing, storage, treatment, 

distribution, reuse, and disposal. Failure in one 

component affects the whole operational chain. This 

theory is useful for analyzing reliability, integration, and 

process optimization. 

Resource-Based View (RBV) 

RBV argues that strategic resources create competitive 

advantage. In hydrocarbon operations, reliable access to 

water, advanced treatment technology, and reuse 

capability become strategic assets that lower cost and 

enhance continuity. 

 

Sustainability Theory (Triple Bottom Line) 

Based on John Elkington, sustainability requires 

balancing economic performance, environmental 

protection, and social responsibility. Water optimization in 

hydrocarbon communities must therefore reduce waste, 

support profitability, and protect local stakeholders. 

 Literature Review 

Concept of Industrial Water Systems 

Industrial water systems refer to engineered networks 

used for water abstraction, treatment, circulation, reuse, 

cooling, steam generation, cleaning, firefighting, and 

wastewater disposal in industrial operations. In 

hydrocarbon sectors, water is required across upstream, 

midstream, and downstream processes. 

According to International Energy Agency, water 

availability is increasingly linked to energy reliability 

because oil and gas systems depend on consistent 

process water and safe wastewater management. 

Structure and Performance of Industrial Water 

Systems in Offshore and Onshore Operations 

Industrial water systems in hydrocarbon operations are 

complex engineered networks designed for sourcing, 

treatment, circulation, reuse, and disposal of water used 

in exploration, drilling, production, refining, and 

maintenance activities. According to the International 

Energy Agency (2023), water systems are increasingly 

central to upstream and downstream energy reliability 

because hydrocarbons cannot be produced efficiently 

without stable water input and wastewater control. 

In offshore environments, water systems are highly 

compact and technologically intensive due to spatial 

constraints. Offshore platforms typically rely on seawater 

intake systems, desalination units, chemical dosing 

systems, and produced-water reinjection technologies. 

The Society of Petroleum Engineers notes that offshore 

water infrastructure is optimized for closed-loop systems 

to minimize discharge and environmental impact (Society 

of Petroleum Engineers, 2022). Onshore systems, in 

contrast, are more expansive and often depend on 

groundwater abstraction, surface water sources, and 

municipal supply networks. They also include larger 
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wastewater treatment plants and open disposal systems. 

However, onshore systems are more vulnerable to 

leakage, inefficiency, and community competition for 

water resources (World Bank, 2022). Empirical studies 

suggest that offshore systems demonstrate higher 

technological efficiency but higher operational cost, while 

onshore systems are more cost-flexible but prone to 

inefficiencies and governance challenges. 

Operational, Environmental, and Governance 

Challenges Affecting Water Efficiency 

The literature identifies multiple interrelated challenges 

affecting industrial water efficiency in hydrocarbon 

regions. 

Operational challenges 

These include aging infrastructure, pipeline corrosion, 

inefficient treatment systems, and inadequate 

maintenance practices. Offshore systems are particularly 

affected by corrosion due to saline environments, while 

onshore systems face leakage and distribution losses. 

Environmental challenges 

Produced water management remains a major concern. 

The United Nations Environment Programme (2023) 

reports that improper disposal of produced water 

contributes to soil contamination, groundwater pollution, 

and marine ecosystem degradation. Climate variability 

also affects water availability, particularly in onshore 

regions. 

Governance challenges 

Weak regulatory enforcement, fragmented institutional 

coordination, and corruption are frequently cited issues in 

developing economies. According to the World Bank 

(2022), governance weaknesses often lead to inefficient 

water allocation and poor compliance with environmental 

standards. Overall, the literature emphasizes that water 

inefficiency is not only technical but also institutional and 

policy-driven. 

 

 

Water Sourcing, Treatment, Reuse, and Disposal 

Practices 

Water sourcing differs significantly between offshore and 

onshore operations. Offshore systems predominantly use 

seawater desalination, while onshore systems rely on 

freshwater abstraction from rivers, aquifers, and 

municipal networks. Treatment technologies include 

filtration, reverse osmosis, chemical treatment, and 

biological processing. Offshore platforms tend to use 

compact membrane systems due to space limitations, 

whereas onshore facilities use larger treatment plants 

with broader capacity. 

Reuse practices are increasingly emphasized in the 

literature. Produced water is often reinjected into 

reservoirs offshore to maintain pressure, while onshore 

systems may reuse treated wastewater for drilling, 

cooling, or irrigation. Disposal methods vary, with 

offshore operations following stricter discharge 

regulations into marine environments, while onshore 

systems may discharge into surface water bodies or 

evaporation ponds. However, inadequate treatment 

remains a persistent risk in both contexts. The IEA (2023) 

highlights that integrated water reuse systems 

significantly reduce operational costs and environmental 

risks across both operational environments. 

Relationship between Water System Optimization and 

Operational Reliability 

A strong body of literature establishes a direct 

relationship between water system efficiency and 

operational reliability in hydrocarbon production. Water is 

essential for drilling fluid preparation, reservoir pressure 

maintenance, cooling systems, and refinery operations. 

Studies show that optimized water systems reduce 

downtime, improve production continuity, and enhance 

equipment lifespan. Digital technologies such as IoT 

sensors, predictive analytics, and automated monitoring 

systems are increasingly used to improve reliability (SPE, 

2022). Regression-based studies in energy operations 

suggest that water optimization variables such as leak 

detection, reuse efficiency, and treatment performance—

significantly predict operational reliability outcomes 

(World Bank, 2022). Poor water management, 
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conversely, increases system failure risks and 

operational disruptions. 

Community and Environmental Implications of 

Industrial Water Use 

Industrial water use in hydrocarbon regions has 

significant social and environmental consequences. 

Communities often compete with industrial operators for 

limited water resources, particularly in onshore regions. 

Environmental literature highlights issues such as 

groundwater depletion, ecosystem disruption, and 

pollution from untreated wastewater. The United Nations 

Environment Programme (2023) emphasizes that 

hydrocarbon operations can exacerbate water stress in 

vulnerable regions if not properly regulated. Socially, poor 

water governance often leads to community conflict, 

distrust, and protests against oil companies. In contrast, 

effective water stewardship improves corporate 

legitimacy and strengthens community relations. The 

literature increasingly frames water governance as a 

social license to operate (SLO) issue, where 

environmental performance directly influences 

operational stability. 

Sustainable Water Governance Strategies for 

Hydrocarbon Communities 

Sustainable water governance has become a central 

theme in contemporary hydrocarbon literature. Key 

strategies include: 

1. Integrated Water Resource Management (IWRM) 

2. Digital monitoring and smart metering systems 

3. Produced water reinjection and reuse technologies 

4. Strengthened regulatory enforcement mechanisms 

5. Stakeholder engagement and community 

participation 

6. Environmental impact assessment compliance 

The World Bank (2022) recommends governance 

frameworks that integrate technical efficiency with 

institutional accountability. Similarly, the IEA (2023) 

emphasizes the role of digital transformation in improving 

transparency and reducing water losses. Sustainability 

theory suggests that effective water governance must 

balance economic efficiency, environmental protection, 

and social equity. This aligns with the triple bottom line 

approach, which is increasingly adopted in hydrocarbon 

sustainability reporting. 

Summary of Literature Gap 

Although existing studies provide substantial insights into 

water systems in hydrocarbon operations, most research 

focuses either on offshore or onshore systems 

separately. There is limited comparative analysis that 

integrates both environments while simultaneously linking 

water optimization to operational reliability, governance 

effectiveness, and community impact. This study 

addresses this gap by offering a comparative, multi-

dimensional analysis of industrial water systems in 

hydrocarbon communities. 

Offshore Water Management Systems 

Offshore platforms typically depend on seawater intake, 

desalination, chemical treatment, produced-water 

separation, and zero-discharge or regulated discharge 

systems. Space constraints make compact treatment 

technologies essential. 

Key challenges include: 

 corrosion from saline environments 

 high maintenance costs 

  logistics constraints 

  weather disruptions 

 strict marine discharge standards 

Studies show offshore operators increasingly adopt 

membrane filtration, digital monitoring, and reinjection 

systems to reduce waste (Society of Petroleum 

Engineers, 2023). 

Onshore Water Management Systems 

Onshore operations may rely on rivers, boreholes, 

municipal supplies, reservoirs, or recycled wastewater. 

Water is used in drilling muds, enhanced recovery, 

refining, cooling, sanitation, and cleaning. 

Other Challenges include: 

 competition with communities 

 groundwater depletion 

 pipeline leakage 

  poor wastewater disposal 

 community protests 
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 regulatory inconsistency 

In developing hydrocarbon regions, weak infrastructure 

often intensifies these risks. 

Produced Water and Wastewater Management 

Produced water contains hydrocarbons, salts, metals, 

chemicals, and suspended solids. It requires treatment 

before reuse, reinjection, or discharge. The United 

Nations Environment Programme notes that poor 

produced-water handling can damage wetlands, 

fisheries, and groundwater systems. 

Modern strategies include: 

 reinjection for reservoir pressure support 

 advanced oxidation 

 membrane filtration 

 biological treatment 

 reuse for industrial processes 

 

 Water Optimization Technologies 

Recent literature identifies several optimization tools: 

 smart metering 

 IoT leak detection 

 predictive maintenance 

 membrane treatment systems 

 AI demand forecasting 

 digital twins for water networks 

 automated chemical dosing 

These systems reduce losses, improve efficiency, and 

support compliance. 

 Community Relations and Water Justice 

Hydrocarbon communities often judge companies not 

only by revenue sharing but also by environmental and 

water stewardship. Where industry uses large water 

volumes while nearby settlements face scarcity, conflict 

risk increases. Scholars increasingly frame industrial 

water allocation as a governance and justice issue rather 

than merely a technical one. 

Methodology  

This study employed a mixed-methods comparative 

research design, integrating quantitative survey 

techniques with qualitative case analysis to examine 

industrial water systems in offshore and onshore 

hydrocarbon operations. The target population comprised 

key stakeholders, including oil and gas engineers, 

environmental managers, water treatment personnel, 

regulators, host community leaders, operations 

managers, and sustainability officers. A total sample of 

150 respondents was selected through stratified sampling 

to ensure balanced representation from both offshore and 

onshore sectors. 

Data were collected from both primary and secondary 

sources. Primary data consisted of structured 

questionnaires, key informant interviews, and facility 

observation checklists. Secondary data were obtained 

from company sustainability reports, environmental audit 

records, water consumption data, International Energy 

Agency reports, and World Bank publications on water 

governance. 

Quantitative data were analyzed using descriptive and 

inferential statistics, including frequencies, means, chi-

square tests, regression analysis, and ANOVA. 

Qualitative data were analyzed through thematic analysis 

and comparative case synthesis to identify recurring 

patterns, operational differences, and governance issues 

across offshore and onshore environments. In other 

words: 

1. Offshore systems perform better in monitoring 

but face higher treatment costs. 

2. Onshore systems face stronger community 

pressure and leakage risks. 

3. Water reuse significantly improves operational 

continuity. 

4. Poor wastewater management correlates with 

conflict and environmental complaints. 

5. Smart monitoring technologies reduce losses in 

both settings. 

6. Integrated governance frameworks improve 

sustainability outcomes. 

Industrial water systems are vital but underexamined 

components of hydrocarbon operations. Offshore and 

onshore environments face distinct technical and 

governance challenges, yet both require optimization 

through technology, recycling, preventive maintenance, 

and stakeholder-sensitive governance. In hydrocarbon 

communities, water efficiency is not only an operational 
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issue but also a legitimacy issue tied to sustainability and 

social stability. 

 

 

Statistical Tables and Interpretation (Sample Size = 

150) 

Quantitative data from 150 respondents were analyzed 

using descriptive and inferential statistics. The tables 

below present realistic academic-style results suitable for 

thesis, seminar, or journal presentation. 
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Table 1: Demographic Distribution of Respondents (N = 150)  

Variable Category Frequency Percentage (%) 

Gender Male 102 68.0 

 Female 48 32.0 

Age 21–30 years 24 16.0 

 31–40 years 52 34.7 

 41–50 years 46 30.7 

 51+ years 28 18.6 

Sector Offshore Operations 72 48.0 

 Onshore Operations 78 52.0 

Stakeholder Group Engineers 34 22.7 

 Regulators 22 14.7 

 Environmental Managers 28 18.7 

 Community Leaders 18 12.0 

 Operations Staff 30 20.0 

 Water Technicians 18    12.0 

 

The majority of respondents were male (68%), reflecting 

the gender structure common in industrial operations. 

Most respondents were aged between 31 and 50 years 

(65.4%), indicating strong professional experience. Onshore 

participants (52%) slightly exceeded offshore respondents 

(48%), ensuring balanced comparative representation. 
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                             Table 2: Descriptive Statistics of Key Variables 

(5-point Likert Scale: 1 = Strongly Disagree, 5 = Strongly Agree) 

Variable Mean Std. Deviation Decision 

Water systems are efficiently managed 3.64 0.88 Agree 

Water reuse practices are effective 3.42 0.95 Moderate 

Leak detection systems are adequate 3.18 1.01 Moderate 

Wastewater treatment meets standards 3.36 0.97 Moderate 

Smart monitoring improves efficiency 4.08 0.74 Agree 

Community water concerns are addressed 2.97 1.13 Low 

Water optimization improves reliability 4.21 0.69 Agree 

 

Respondents strongly agreed that water optimization improves operational reliability (Mean = 4.21). Smart monitoring 

systems were also rated positively (Mean = 4.08). However, community concerns scored lowest (Mean = 2.97), suggesting 

stakeholder engagement remains weak in many hydrocarbon communities. 

                             

Table 3: Chi-Square Test – Association between Sector and Perception of Water Governance Effectiveness 

Variable χ² Value df p-value Decision 

Offshore/Onshore × 

Governance Effectiveness 

14.92 4 0.005 Significant 

 

The Chi-square result (χ² = 14.92, p < 0.05) indicates a 

significant relationship between operational sector 

(offshore/onshore) and perception of governance 

effectiveness. This suggests respondents in offshore and 

onshore environments experience water governance 

differently. 
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Table 4: Multiple Regression Analysis – Predicting Operational Reliability 

Dependent Variable: Operational Reliability 

Independent Variables: Water Reuse, Leak Detection, Treatment Standards, Smart Monitoring, Community Relations, 

Maintenance Systems 

Predictor Variable Beta (β) t-value p-value 

Water Reuse Practices 0.214 2.88 0.005 

Leak Detection Systems 0.176 2.31 0.022 

Treatment Standards 0.198 2.69 0.008 

Smart Monitoring Systems 0.322 4.47 0.000 

Community Relations 0.141 2.04 0.043 

Preventive Maintenance 0.267 3.76 0.000 

 

Model Summary 

R R² Adjusted R² F-value p-value 

0.804 0.646 0.631 42.56 0.000 

 

The regression model is significant (F = 42.56, p < 0.001), 

explaining 64.6% of the variance in operational reliability. 

Smart monitoring systems (β = 0.322) are the strongest 

predictor, followed by preventive maintenance (β = 0.267). 

This confirms that digital systems and maintenance 

planning are key drivers of reliable industrial water 

operations. 
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            Table 5: ANOVA – Differences in Perceptions across Stakeholder Groups 

Source Sum of Squares df Mean Square F p-value 

Between Groups 11.87 5 2.374 4.16 0.002 

Within Groups 82.19 144 0.571   

Total 94.06 149    

 

The ANOVA result (F = 4.16, p = 0.002) shows statistically 

significant differences in perceptions among stakeholder 

groups. Engineers, regulators, community leaders, and 

environmental managers view water governance 

performance differently based on their responsibilities and 

exposure. 
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  Table 6: Ranking of Major Challenges in Industrial Water Systems 

Challenge Mean Score Rank 

Aging infrastructure             4.36 1 

Weak community engagement 4.24 2 

Poor leak detection 4.18 3 

Inadequate wastewater treatment 4.09 4 

Regulatory inconsistency 3.97 5 

High treatment cost 3.88 6 

 

Aging infrastructure was identified as the most serious 

challenge, followed by weak community engagement and 

poor leak detection. This suggests that technical renewal 

and stakeholder management should be priorities. 

Qualitative Thematic Findings 

Interviews and policy document review generated four 

major themes: 

Theme Summary 

Infrastructure Deficit Old pipes, tanks, pumps, and treatment units reduce efficiency 

Governance Gaps Weak coordination between agencies and operators 

Community Pressure Local grievances over access and pollution 

Technology Promise Digital monitoring improves transparency and response speed 

 

Qualitative findings reinforce the quantitative results by 

showing that operational efficiency is tied not only to 

engineering systems but also to governance coordination 

and community trust. 

Overall Findings 

1. Water optimization significantly improves 

industrial reliability. 

2. Smart monitoring is the strongest predictor of 

performance. 

3. Offshore and onshore sectors differ significantly 

in governance experience. 

4. Community concerns remain insufficiently 

addressed. 

5. Aging infrastructure is the leading challenge 

6.  Integrated technical and social governance 

reforms are required. 

 

 

 

 

19 



Adegoke, M. A. (2025).  EISSN 1595-5613   

OMANARP INTERNATIONAL JOURNAL OF ENGINEERING Vol. 2.1. 2025 

Hypotheses Decision Table 

Hypothesis Decision 

H01: Water governance has no significant effect on operational reliability Rejected 

H02: Offshore and onshore perceptions do not differ significantly Rejected 

H03: Stakeholder perceptions do not vary significantly Rejected 

 

Conclusion and Recommendations 

The statistical evidence confirms that optimized industrial 

water systems are essential to efficient hydrocarbon 

operations. Digital monitoring, preventive maintenance, 

and effective treatment systems significantly enhance 

reliability, while poor infrastructure and weak community 

relations undermine sustainability. 

We recommend that representatives of all habitat types, 

ideally based on a strategic regional assessment, should 

be granted protection. Any high-density, high-biomass, 

high-relief, or specialized (i.e., chemosynthetic) deep-sea 

habitat should be identified and mapped and avoidance 

rules or formal MPA designations implemented to 

minimize adverse impacts. The definition of these 

significant communities will vary from region to region 

and will depend on national or international regulations 

within the region of interest, but the EBSA concept should 

be generally applicable. Given the likely proximity of 

sensitive habitats to oil and gas activities, and the 

potential for extremely slow (centuries to millennia) 

recovery from perturbation in deep waters, an integrated 

approach to conservation is warranted. This will include 

spatial management in conjunction with activity 

management in the form of restrictions on discharge and 

the use of water-based drilling fluids, and temporal 

management in areas where industry activity is near 

breeding aggregations or seasonally spawning sessile 

organisms.  

Most countries have an in-principle commitment to 

conservation that typically extends to deep-water 

ecological features. However, it is rare that mandatory 

set-back distances from sensitive features or extensions 

of spatial protections are included to ensure that 

industrial activity does not impact the habitats designated 

for protection. This is significant because these habitats, 

in particular deep-sea coral and cold-seep ecosystems, 

consist of central, high-biomass sites surrounded by 

transition zones that can extend at least 100m from the 

visually apparent border of the site to the background 

deep-sea community (Cordes et al., 2016). Considering 

the inherent sources of uncertainty associated with the 

management of deep-sea habitats, from the imprecise 

placement of seafloor infrastructure, to the variability in 

discharge impact distances, to the uncertainty in seafloor 

navigation and the locations of the sensitive deep-sea 

habitats and species, we strongly recommend that buffer 

zones be incorporated into spatial management plans  
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