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Wastewater Generation and Pollutant Loads in Coastal Regions of Ba Ria–Vung Tau, Southern Viet Nam: Current Status and Future Projections
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ABSTRACT 

	This study quantifies and projects pollutant loads from key wastewater sources in Ba Ria – Vung Tau (BRVT), a rapidly urbanizing and industrializing coastal province in southern Vietnam. An integrated methodological framework combining emission factor analysis, statistical projection, and Vietnamese national discharge standards was applied to estimate current and future pollutant loads across domestic, industrial, aquaculture, and stormwater sectors.
Currently, domestic wastewater is the dominant source, generating approximately 91,343 m³/day, with 95% treated in centralized plants. Industrial discharges totaled 47.3 × 10³ m³/year and are projected to exceed 74.1 × 10³ m³/year by 2035, coinciding with a shift toward stricter effluent standards. Aquaculture produced nearly 18,000 tonnes of fish and mollusks, releasing an estimated 1,800 tonnes of nitrogen and 360 tonnes of phosphorus annually, with production expected to rise by 50% by 2030. Stormwater runoff contributed roughly 12,000 tonnes of suspended solids and hydrocarbons per year, with future increases expected under climate change.
Beyond conventional pollutants, emerging contaminants such as microplastics and pharmaceutical residues are increasingly detected, posing new risks to seafood safety, biodiversity, and human health. Sustainable management requires a multisectoral approach that integrates advanced wastewater treatment technologies, green infrastructure, and capacity-based aquaculture zoning. Enhancing monitoring of emerging contaminants, promoting cleaner industrial production, and improving stakeholder participation are also essential to minimize environmental and public health risks. The findings provide a scientific foundation for adaptive wastewater governance aligned with the Sustainable Development Goals, supporting the province’s transition toward resilient and environmentally responsible coastal development.
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1. INTRODUCTION

The Ba Ria – Vung Tau area (BRVT) in Vietnam faces pressing wastewater management challenges that threaten marine ecosystems, public health, and alignment with Sustainable Development Goals (SDGs). Rapid industrialization, urbanization, and inadequate wastewater infrastructure contribute to a growing crisis that demands an integrated understanding of its environmental and socio-economic implications. BRVT coastal region is of strategic ecological and economic importance, hosting oil terminals, industrial parks, aquaculture farms, and tourism centers. However, these same activities have become dominant sources of pollution to coastal and estuarine environments. Wastewater discharges from these areas deteriorate water quality, disrupt marine habitats, and undermine the livelihoods of communities dependent on fisheries and tourism [1]. Case studies from the Thi River illustrate how industrial effluents contaminate estuarine and coastal waters, leading to biodiversity loss and altered ecosystem services [2,3].

A major driver of this problem is the lack of adequate wastewater treatment facilities. Many industrial plants release untreated or partially treated wastewater directly into the environment, elevating levels of heavy metals and hazardous substances [4]. The Thi Vai estuary exhibits pronounced heavy-metal accumulation, worsened by high sedimentation rates and local hydrodynamics [5]. These findings highlight the urgent need for effective regulatory frameworks, monitoring programs, and the adoption of technological innovations in wastewater treatment.

The need for integrated and sustainable wastewater management is increasingly recognized. According to Burkhard et al. [6], sustainable water and wastewater management requires a holistic balance between technical efficiency, economic feasibility, environmental protection, and social acceptability. Their framework emphasizes the integration of rainwater, domestic wastewater, and reuse systems to minimize mass flux imbalances and recover valuable resources. This concept is particularly relevant to BRVT, where fragmented governance and sectoral planning have hindered cross-sector coordination. Applying integrated approaches - combining centralized treatment with decentralized ecological systems such as wetlands, biofilters, and reuse technologies can enhance resilience while reducing pollutant loads [6,7].

Public health implications are equally concerning. Untreated wastewater not only harms marine life but also exposes coastal communities to health risks such as gastrointestinal and pollution-related diseases [8]. Vulnerable populations living near industrial areas often lack resources to mitigate exposure, which impedes progress toward SDG 6 - clean water and sanitation [9]. As wastewater management problems persist, the burden on healthcare systems increases, underscoring the need for collaborative interventions. These challenges also threaten Vietnam’s progress toward SDG 14, which emphasizes the conservation and sustainable use of marine resources. Persistent contamination undermines ecosystem resilience and constrains economic activities such as aquaculture, fisheries, and tourism. Strategic environmental assessments - particularly for port and industrial areas - can help identify intervention points and improve stakeholder collaboration [10].

Innovative solutions are therefore essential. Ecological practices in industrial processes, the adoption of green technologies, and locally adapted wastewater treatment systems can significantly reduce pollutant loads [11,12]. Community participation and public awareness initiatives are equally critical, enabling affected populations to advocate for better policies and adaptive management strategies in the face of climate change and pollution [13].

This study aims to quantify and project pollutant loads from key sectors,  including domestic, industrial, aquaculture, agricultural, and stormwater, across BRVT. By integrating empirical data, national technical standards, and modeling approaches, it assesses temporal changes and emerging risks to coastal ecosystems and human health. The results contribute to monitoring water quality in critical basins, and combine with scientific investigation, providing the foundation for evidence-based decision-making [14]. Moreover, the findings provide a basis for policy recommendations addressing local stakeholders, including aquaculture farmers, port authorities, and municipal managers, thereby supporting the province’s transition toward sustainable and resilient coastal governance [15]. 

2. material and methods 

2.1 Materials 

This article draws upon data collected from socio-economic survey campaigns conducted under the project “Study on Environmental Carrying Capacity for Building the Master Plan of Sustainable Development of Aquaculture in BRVT” (2021–2024). Additional data sources include the Statistical Yearbook [16], the Master Planning of BRVT for the Period 2021–2030, with a Vision to 2050 [17], as well as key provincial policy documents. These include Decision No. 1073/QĐ-UBND (30 March 2022) of the People’s Committee of BRVT on the “Implementation Plan of the Prime Minister’s Decision No. 1664/QĐ-TTg approving the Scheme for Marine Aquaculture Development by 2030, with a Vision to 2045 in BRVT”, and Decision No. 3678/QĐ-UBND (30 November 2022) on the “Action Plan for the Implementation of the Prime Minister’s Decision No. 985/QĐ-TTg (16 August 2021) issued the National Program for Aquaculture Development for the Period 2021–2030 in BRVT”. 

2.1 Assessment and forecasting of generating waste sources

The estimation and projection of waste loads from various sources were generated and conducted following the framework illustrated in Figure 1.
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Fig. 1. Flowchart for calculation and forecasting of waste load of sources [18]

Generally, the total waste load (CT) is calculated according to Equation (1):
						(1)
where, CTi represents the total waste load from different sources, including industrial and port activities (CTIP), domestic activities (CTDA), agriculture (CTAC), and stormwater-runoff-generated wastewater. The waste load from each source can be estimated using one of the following equations (2-4).
 						(2)
or 					(3)
or						(4)
where, Vi: Total volume of wastewater generated from production activity type i (m³/year); CTi: Average concentration of wastewater from production activity type i (kg/m³); MSPi: Total output of product type i (tons/year); CSPi: Average waste generation coefficient per unit of product type i (kg/tonnes); Si: Production area of type i (m²); CSTi: Average waste generation coefficient per unit area of production activity type i (kg/m²/year). Wastewater components include Biochemical Oxygen Demand (BOD), Chemical Oxygen Demand (COD), Total Suspended Solids (TSS), Total Nitrogen (TN), and Total Phosphorus (TP).

2.2.1 Domestic wastewater load coefficient

According to the Vietnam National Standard TCXDVN 33:2006 on Water supply - Distribution system and facilities - Design standard, the water supply standard per capita is 200-270 L/person/day for medium and small cities and towns, small industrial zones, 80-150 L/person/day for towns, industrial and agricultural centers, industrial and fishing centers, rural residential places. The corresponding wastewater generation factor is assumed to be 80% of the supplied water volume. In the study area, domestic wastewater is partly treated in centralized treatment plants, achieving effluent quality standards of National Technical Regulation QCVN 14:2008/BTNMT and QCVN 40:2011/BTNMT (Table 1a). For wastewater not connected to centralized systems, preliminary treatment is carried out through household septic tanks, with treatment efficiency ranging from 30% to 70%, depending on specific conditions (Table 1b).

Table1. Pollutant concentrations in domestic wastewater

[bookmark: _Toc186174201]a) Treated domestic wastewater from centralized treatment systems
	No.
	Index
	Unit
	QCVN 14:2008/BTNMT
	QCVN 40:2011/BTNMT
	Use value

	1
	BOD
	mg/L
	30
	30
	30

	2
	COD
	mg/L
	
	75
	75

	3
	TSS
	mg/L
	50
	50
	50

	4
	TN
	mgN/L
	
	20
	20

	5
	TP
	mgP/L
	
	4
	4


b) Generated factors for domestic wastewater not connected to centralized treatment systems and corresponding treatment efficiencies [19].
	Index
	Per capita pollutant load
	Cumulative removal efficiency (%)

	
	Unit 
	Value
	Filtration chamber
	Primary sedimentation tank
	Biological treatment

	BOD
	kg/person/year
	10-25 (17.5)
	0-10
	10-30
	50-80

	COD
	kg/person/year
	20-35 (27.5)
	0-10
	10-20
	30-60

	TSS
	kg/person/year
	20-30 (25.0)
	0-10
	50-70
	70-95

	TN
	kg/person/year
	4
	0-10
	20-40
	20-50

	TP
	kg/person/year
	0.5 – 1.1 (0.8)
	0-10
	10-20
	10-30



2.2.2 Pollutant load coefficients of industrial and port wastewater

According to the Vietnam National Standard TCXDVN No. 33:2006, the water consumption standards for industrial production purposes are defined as follows: (1) 45 m³/ha/day for industries such as beer, milk, canned food, food processing, paper, and textile; and (2) 22 m³/ha/day for other industries. In this study, the water supply coefficient for port activities was set at 22 m³/ha/day, whereas the average for industrial land was calculated as (22+45)/2 = 33.5 m³/ha/day. The corresponding wastewater generation coefficient is assumed to be 80% of the supplied water volume. Pollutant concentrations in port wastewater were determined from field survey data collected at representative ports within the study area. For industrial wastewater, pollutant concentrations were assumed to comply with the National Technical Regulation QCVN 40:2011/BTNMT, Column A and Column B (current conditions), and with Column A standards projected for 2030 and 2035 (Table 2).
[bookmark: _Toc186174202]
Table 2. 	Concentrations of pollutants in industrial wastewater

	No.
	Index
	Unit
	QCVN 40:2011/BTNMT 

	
	
	
	Column B
	Column A

	1
	BOD
	mg/L
	50
	30

	2
	COD
	mg/L
	150
	75

	3
	TSS
	mg/L
	100
	50

	4
	TN
	mg/L
	40
	20

	5
	TP
	mg/L
	6
	4



2.2.3 Pollutant load coefficient of agricultural wastewater
[bookmark: _Hlk210138390]Pollutant load coefficient in crop cultivation is applied based on the average fertilizer residual coefficient, as presented in Table 3, whereas pollutant load coefficient in livestock farming was applied according to Table 4.

Table 3. 	Pollutant load coefficient of fertilizer application in agriculture

	No.
	Crop category
	Fertilizer utilization coefficient (kg/ha)
	Fertilizer residual coefficient (%)

	
	
	Range
	Mean
	

	1
	Food crops
	
	
	

	
	Urea
	60 - 210
	119
	65%

	
	Phosphate fertilizer
	56 - 90
	71
	60%

	2
	Annual industrial crops
	
	
	

	
	Urea
	36 - 300
	94
	65%

	
	Phosphate fertilizer
	64 - 150
	96
	60%

	3
	Perennial industrial crops
	
	
	

	
	Urea
	28 - 300
	120
	65%

	
	Phosphate fertilizer
	24 - 120
	70
	60%


Source: Decision No. 18/2022/QĐ-UBND dated September 22, 2022

Table 4. 	Pollution load coefficient in livestock farming

	No
	Index
	Unit
	Buffalo and Cow*
	Pig*
	Poultry*

	1
	BOD
	kg/ind/year
	164.00
	32.9
	4.01

	2
	COD
	kg/ind/year
	233.60
	73.00
	2.73

	3
	TSS
	kg/ind/year
	1.204
	73
	6.65

	4
	TN
	kg/ind/year
	43.8
	7.3
	2.05

	5
	TP
	kg/ind/year
	11.3
	2.3
	0.156**


Source: * [20], **: [21]

For aquaculture activities, including extensive and improved extensive shrimp farming, as well as cage culture in rivers, different pollutant load coefficients are applied. In improved extensive shrimp farming, commercial feed is used with a feed conversion ratio (FCR) of 0.5; therefore, no significant waste generation is assumed. Similarly, oyster cage culture (estuarine oysters and Pacific oysters) is also considered to generate negligible waste. In contrast, fish cage culture involving species such as grouper (Epinephelus spp.), cobia (Rachycentron canadum), Asian seabass (Lates calcarifer), red drum (Sciaenops ocellatus), and snubnose pompano (Trachinotus blochii) can generate measurable pollutant loads, depending on the type of feed applied. Trash fish, typically containing 11.5–16.9% protein and 0.4% phosphorus, or formulated feed, containing 35–42% protein and more than 1% phosphorus, are used in these systems. The corresponding pollutant load coefficients for cultured species are summarized in Table 5.

Table 5. 	Pollution load coefficient in cage aquaculture

	[bookmark: _Toc193873447]Objects
	Unit
	Grouper
	Cobia
	Seabass
	Red drum
	Snubnose pompano

	Seed
	cm/ind.
	>12
	>18
	>12
	>10
	>8

	
	g/ind.
	60-70
	65
	20-30
	10
	10

	Density
	Ind./m3
	25
	3
	25
	25
	25

	Feed
	
	
	
	
	
	

	Protein
	%
	>42
	Trash fish
11.5-16.9
	>35
	>35
	>35

	Total N
	g/kg
	67.2
	22.72
	56
	56
	56

	Total P
	g/kg
	10
	4
	10
	10
	10

	PCR
	
	2
	>12
	1.5
	1.5
	2.3

	Culture period 
	Month
	12
	9
	10
	10
	12

	Survival rate 
	%
	60
	70
	70
	70
	70

	Harvest size
	kg/ ind.
	1.5
	5
	1
	1
	1

	Production
	kg/m3
	>22.5
	>10.5
	>17.5
	>17.5
	>17.5

	Total N
	g/kg
	31.08
	32
	31.36
	29.95
	68.8

	Total P
	g/kg
	4
	4
	4
	4
	4

	Produced waste load

	N load
	g/m3
	2,195.28
	2,492.37
	884.45
	931.14
	1,027.46

	P load
	g/m3
	340.50
	455.95
	185.94
	189.88
	328.48

	N load
	g/kg
	97.57
	237.37
	50.54
	53.21
	58.71

	P load
	g/kg
	15.13
	43.42
	10.63
	10.85
	18.77

	BOD5*
	g/kg
	152.45
	370.89
	78.97
	83.14
	91.74


Sources: Decision No. 18/2022/QĐ-UBND dated September 22, 2022, and [21], for livestock and aquaculture waste, TN/BOD = 0.64 and COD/BOD = 2.3

2.2.4 Runoff pollution coefficient for rainfall-induced flows

Stormwater runoff was estimated based on the Rational method [22], as equation (5):
 		Q=0.001×A×C×I			(5)
where Q is the runoff discharge (m³/year), A is the catchment area (m²), C is the runoff coefficient, and I is the mean annual rainfall (mm/year).

Based on typical runoff coefficients [23], values range from 0.20–0.52 for agricultural land, 0.10–0.30 for forest land, and 0.30–0.75 for urban land (including residential, special-use, institutional, and defense land). For the calculation, the averages of 0.36, 0.20, and 0.53 were selected for agricultural, forested, and urban areas, respectively. The pollutant load coefficient for stormwater runoff is presented in Table 6.

Table 6. 	Runoff pollution coefficient for rainfall-induced flows

	Parameters
	BOD
	COD
	TSS
	TN
	TP

	Mean concentration (g/m3) 
	9,863
	18,665
	8,563
	0,292
	0,071


Source: [24]

3. results and discussion

According to the Master Planning of BRVT for the period 2021–2030, with a vision to 2050 [17], the major pollution load sources in the coastal zone of BRVT (including Bà Rịa City, Vũng Tàu City, and Phú Mỹ Town) are derived from socio-economic activities and include: (1) domestic wastewater; (2) industrial and seaport activities; and (3) other sources such as agriculture, aquaculture, and rainfall-induced flows.

3.1 Pollutant load from domestic wastewater

In 2023, Vũng Tàu City was classified as a Class I urban center, Bà Rịa City as Class II, and Phú Mỹ Town as Class III. According to the Statistical Yearbook [16], the total provincial population was 1,187,501, comprising 723,373 urban and 464,128 rural residents. The combined population of the three major urban centers (Vũng Tàu, Bà Rịa, and Phú Mỹ) was 668,390. Based on the provincial socio-economic development plan, by 2030, Vũng Tàu will remain a Class I urban center, whereas Bà Rịa and Phú Mỹ will be upgraded to Class II. Assuming an average natural population growth rate of approximately 1% per year, the population of the three urban areas is projected to reach 716,605 by 2030, with 619,814 in urban and 96,790 in rural areas. Under the plan, all domestic wastewater will be collected and treated in centralized municipal wastewater treatment plants. By 2035, with the same growth rate, the population is expected to increase to 753,159, with full collection and treatment of domestic wastewater to meet regulatory standards.

The municipal wastewater treatment infrastructure currently includes the Vũng Tàu Urban Wastewater Treatment Plant (capacity: 44,000 m³/day), the Long Sơn–Gò Găng Urban Wastewater Treatment Plant (9,500 m³/day), the Bà Rịa City Wastewater Treatment Plant (12,000 m³/day), and the Phú Mỹ Town Wastewater Treatment Plant (29,700 m³/day). The total design capacity of the system is therefore 95,200 m³/day.

The pollutant load from domestic wastewater in 2023 is presented in Table 7, whereas the estimated pollutant loads for the projection scenarios are summarized in Tables 8 and 9. In 2023, the total domestic wastewater generated in the three urban areas was estimated at 91,343 m³/day, of which 86,283 m³/day was treated in centralized systems and 5,059 m³/day treated locally via household septic tanks. By 2030, the domestic wastewater volume is projected to reach 102,892 m³/day, with complete collection and centralized treatment.

Table 7. 	Calculation and projection of domestic wastewater load in the study area

	[bookmark: _Hlk200308167]Index
	Unit
	Vung Tau
	Ba Ria
	Phu My

	
	
	Urban
	Rural
	Urban
	Rural
	Urban
	Rural

	2023
	 
	 
	 
	 
	 
	 
	 

	Population
	Person
	354,260
	14,422
	82,383
	33,266
	141,469
	42,590

	Water supply standard
	L/person/day
	200
	150
	150
	100
	150
	100

	Domestic water supply
	m3/day
	70,852
	2,163
	12,357
	3,327
	21,220
	4,259

	Domestic wastewater
	m3/day
	56,682
	1,731
	9,886
	2,661
	16,976
	3,407

	Wastewater treatment capacity
	m3/day
	53,900
	12,000
	29,700

	Centrally treated wastewater
	m3/day
	53,900
	12,000
	20,383

	Household-level pretreated wastewater
	m3/day
	4,512
	547
	0

	2030
	 
	 
	 
	 
	 
	 
	 

	Population
	Person
	379,815
	15,462
	88,326
	35,666
	151,674
	45,662

	Water supply standard
	L/person/day
	200
	150
	200
	150
	150
	100

	Domestic water supply
	m3/day
	75,963
	2,319
	17,665
	5,350
	22,751
	4,566

	Domestic wastewater
	m3/day
	60,770
	1,855
	14,132
	4,280
	18,201
	3,653

	Wastewater treatment capacity
	m3/day
	62,626
	18,412
	21,854

	2035
	
	
	
	

	Population
	Person
	415,440
	130,316
	207,402

	Water supply standard
	L/person/day
	200
	200
	200

	Domestic water supply
	m3/day
	83,088
	26,063
	41,480

	Domestic wastewater
	m3/day
	66,470
	20,851
	33,184

	Wastewater treatment capacity
	m3/day
	66,470
	20,851
	33,184



Table 8: Calculation of domestic wastewater volume in 2023

	[bookmark: _Hlk200308247]Index
	Unit
	Vung Tau
	Ba Ria
	Phu My
	Total

	
	
	CT
	DT
	CT
	DT
	CT
	

	Total wastewater volume
	m3/day
	53,900
	4,512
	12,000
	547
	20,383
	91,343

	BOD
	Tonnes/year
	590
	139
	131
	30
	223
	1,114

	COD
	Tonnes/year
	1,476
	131
	329
	28
	558
	2,521

	TSS
	Tonnes/year
	984
	477
	219
	103
	372
	2,154

	TN
	Tonnes/year
	393
	38
	88
	8
	149
	676

	TP
	Tonnes/year
	79
	4
	18
	1
	30
	131


[bookmark: _Toc186174130][bookmark: _Toc200459627]Notes: CT: Centralized treatment; and DT: Decentralized treatment

Table 9.	Forecast of domestic wastewater load in the study area in 2030, with a projection to 2035

	[bookmark: _Hlk200308292]Index
	Unit
	Vung Tau
	Ba Ria
	Phu My
	Total

	2030
	
	
	
	
	

	Total wastewater volume
	m3/day
	62,626
	18,412
	21,854
	102,892

	BOD
	Tonnes/year
	686
	202
	239
	1,127

	COD
	Tonnes/year
	1,714
	504
	598
	2,817

	TSS
	Tonnes/year
	1,143
	336
	399
	1,878

	TN
	Tonnes/year
	457
	134
	160
	751

	TP
	Tonnes/year
	91
	27
	32
	150

	2035
	
	
	
	
	

	Total wastewater volume
	m3/day
	66,470
	20,851
	33,184
	120,505

	BOD
	Tonnes/year
	728
	228
	363
	1,320

	COD
	Tonnes/year
	1820
	571
	908
	3,299

	TSS
	Tonnes/year
	1213
	381
	606
	2,199

	TN
	Tonnes/year
	485
	152
	242
	880

	TP
	Tonnes/year
	97
	30
	48
	176



3.2 Pollutant load from industrial activities

[bookmark: _Toc186174131]As of 2023, BRVT had 13 industrial parks and 11 industrial clusters in operation [16]. According to the provincial development plan, the number of industrial parks is expected to increase to 24 and industrial clusters to 16 by 2030 [17]. Within the study area—comprising Vũng Tàu City, Bà Rịa City, and Phú Mỹ Town - there are currently nine industrial parks and six industrial clusters, covering a total area of 4,834.55 hectares, and most industrial zones and clusters are equipped with wastewater collection and treatment facilities (as National Technical Regulation QCVN 40:2011/BTNMT - Column B). By 2030, the number of industrial parks is projected to reach 14 and industrial clusters eight, with a combined industrial land area of 7,227.56 hectares; and by 2035, the total industrial land area is expected to expand further to 7,572.56 hectares (Table 10), and all wastewater is collected and treated as National Technical Regulation QCVN 40:2011/BTNMT - Column A.

Table 10. 	Land area allocated for industrial activities in the study area

	[bookmark: _Toc186174132]No
	Area
	Current industrial area 
(ha)
	Industrial land use index to 2030 
(ha)
	Industrial land use index to 2035 
(ha)

	I
	Industrial Zone Area
	4,727.57
	6,992.57
	7,337.57

	1
	Phu My
	4,727.57
	6,142.57
	6,487.57

	2
	Vung Tau
	
	850.00
	850.00

	II
	Industrial cluster area
	106.98
	234.99
	234.99

	1
	Vung Tau
	14.05
	34.99
	34.99

	2
	Ba Ria
	62.93
	115
	115

	3
	Phu My
	30
	85
	85

	
	Total
	4,834.55
	7,227.56
	7,572.56



The estimated pollutant loads from industrial wastewater are summarized in Table 11. The total wastewater volume generated in 2023 was 47,321 × 10³ m³/year, which is projected to increase to 70,700 × 10³ m³/year in 2030 and 74,075 × 10³ m³/year in 2035, representing increases of 49.41% and 56.54% relative to the baseline year 2023, respectively.

Table 11. Estimated pollutant loads from industrial wastewater for 2023, 2030, and 2035
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	Unit
	Vung Tau
	Ba Ria
	Phu My
	Total

	2023
	
	
	
	
	

	Area
	ha
	14.05
	62.93
	4,757.57
	4,837.55

	Water supply demand
	1000 m3/year
	172
	769
	58,173
	59,151

	Wastewater
	1000 m3/year
	137
	616
	46,539
	47,321

	BOD
	Tonnes/year
	6.87
	30.78
	2,326.93
	2,366.05

	COD
	Tonnes/year
	20.62
	92.34
	6,980.78
	7,098.14

	TSS
	Tonnes/year
	13.74
	61.56
	4,653.85
	4,732.09

	TN
	Tonnes/year
	5.50
	24.62
	1,861.54
	1,892.84

	TP
	Tonnes/year
	0.82
	3.69
	279.23
	283.93

	2030
	
	
	
	
	

	Area
	ha
	884.99
	115.00
	6,227.57
	7,227.56

	Water supply demand
	1000 m3/year
	10,821
	1,406
	76,148
	88,375

	Wastewater
	1000 m3/year
	8,657
	1,125
	60,918
	70,700

	BOD
	Tonnes/year
	259.71
	33.75
	1,827.54
	2,121.00

	COD
	Tonnes/year
	649.27
	84.37
	4,568.86
	5,302.50

	TSS
	Tonnes/year
	432.85
	56.25
	3,045.90
	3,535.00

	TN
	Tonnes/year
	173.14
	22.50
	1,218.36
	1,414.00

	TP
	Tonnes/year
	34.63
	4.50
	243.67
	282.80

	2035
	
	
	
	
	

	Area
	ha
	884.99
	115.00
	6,572.57
	7,572.56

	Water supply demand
	1000 m3/year
	10,821
	1,406
	80,366
	92,593

	Wastewater
	1000 m3/year
	8,657
	1,125
	64,293
	74,075

	BOD
	Tonnes/year
	259.71
	33.75
	1,827.54
	2,121.00

	COD
	Tonnes/year
	649.27
	84.37
	4,568.86
	5,302.50

	TSS
	Tonnes/year
	432.85
	56.25
	3,045.90
	3,535.00

	TN
	Tonnes/year
	173.14
	22.50
	1,218.36
	1,414.00

	TP
	Tonnes/year
	34.63
	4.50
	243.67
	282.80



3.3 Pollutant loads from port activities 
[bookmark: _Toc186174135]
BRVT currently has 79 ports and inland waterway terminals, with the number projected to increase to 123 by 2030 [17]. Specifically, Vũng Tàu City currently has 16 ports, planned to expand to 29 by 2030; Phú Mỹ Town has 23 ports, projected to reach 43 by 2030; and Bà Rịa City has one port, planned to increase to four by 2030. By 2035, the scale of the port system along the Dinh and Thị Vải rivers is expected to remain largely unchanged relative to 2030.
Port operations do not generate industrial wastewater but do produce domestic wastewater. Field surveys indicate that eight operational seaports within the study area are equipped with domestic wastewater collection and treatment systems, with a combined capacity of approximately 900 m³/day. On average, each port treatment system operates at a capacity of 112.5 m³/day.

Other potential sources of pollution, including cargo handling, bilge water, and ship-cleaning wastewater, are highly dependent on cargo type and handling methods and are therefore difficult to quantify. Consequently, water quality monitoring around ports is used as the primary approach to assess the environmental impacts of port activities. Survey results (Table 12) indicate that water quality in the vicinity of seaports generally complies with the standards specified in the National Technical Regulation QCVN 10:2023/BTNMT, although risks of organic pollution persist.

Table 12: Port Environmental Quality (mg/L) in the Study Area

	[bookmark: _Toc186174136]Seaport
	Month
	BOD5
	COD
	TN
	TP
	As
	Cd
	Hg
	Pb
	Zn
	Hydro Carbon

	Con Dao pier
	6
	9.88
	34.48
	14.96
	0.95
	0.004
	0.001
	LOD
	0.001
	0.009
	0,038

	Con Dao pier
	6
	14.54
	35.76
	19.79
	1.42
	0.003
	0.001
	LOD
	0.002
	0.012
	0,072

	Cat Lo port
	6
	48.96
	157.92
	22.39
	2.61
	0.005
	0.001
	LOD
	0.002
	0.010
	0,219

	Cat Lo port
	6
	31.89
	81.76
	13.03
	0.60
	0.003
	0.001
	LOD
	0.002
	0.007
	0,105

	Ha Loc Oil and Service Port
	6
	10.05
	34.64
	10.39
	0.81
	0.004
	LOD
	LOD
	0.001
	0.009
	0,053

	Cat Lo port
	12
	14.21
	17.16
	12.31
	1.56
	0.003
	LOD
	LOD
	0.002
	0.010
	0,110

	Cat Lo port
	12
	8.06
	21.33
	2.02
	0.31
	0.005
	LOD
	LOD
	0.001
	0.008
	0,453

	Cat Lo port
	12
	16.51
	35.56
	53.29
	9.87
	0.006
	0.001
	LOD
	0.004
	0.016
	1,010

	Ha Loc port
	12
	2.06
	4.48
	4.21
	0.36
	0.002
	LOD
	LOD
	LOD
	0.002
	0,616

	Con Dao pier
	12
	3.07
	9.89
	1.88
	0.34
	0.002
	0.001
	LOD
	0.008
	0.003
	0,371

	Con Dao pier
	12
	2.30
	8.50
	3.10
	0.23
	
	
	
	
	
	

	QCVN 10:2023
	
	
	
	
	0.02
	0.005
	0.0005
	0.05
	0.1
	5.0

	QCVN 8:2023 (level B)
	6
	15
	1.5
	0.3
	
	
	
	
	
	

	QCVN 40:2011 (Column A)
	30
	75
	20
	4
	0.05
	0.05
	0.005
	0.1
	3
	5

	QCVN 40:2011 (Column B)
	50
	150
	40
	6
	0.1
	0.1
	0.01
	0.5
	3
	10


Noted: LOD: Limit of detection (For Hg, LOD <0.0001 mg/L, for Cd and Pb, LOD<0.001 mg/L)

The calculated and projected domestic wastewater generated from port activities is presented in Table 13. The results indicate that the total volume of treated domestic wastewater was 1,642 × 10³ m³/year in 2023 and is projected to increase to 3,121 × 10³ m³/year by 2030. This represents an approximate 90% increase in associated pollutant loads relative to 2023.

Table 13. Estimation and projection of pollutant load from port-generated domestic wastewater
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	Index
	Unit
	Vung Tau
	Ba Ria
	Phu My
	Total

	In 2023
	
	
	
	
	

	Number of ports
	Port
	16
	1
	23
	40

	Domestic wastewater
	1000 m3/year
	657
	41
	944
	1642

	BOD
	Tonnes/year
	19.71
	1.23
	28.33
	49.28

	COD
	Tonnes/year
	49.28
	3.08
	70.83
	123.19

	TSS
	Tonnes/year
	32.85
	2.05
	47.22
	82.13

	TN
	Tonnes/year
	13.14
	0.82
	18.89
	32.85

	TP
	Tonnes/year
	2.63
	0.16
	3.78
	6.57

	In 2030, vision to 2035
	
	
	
	
	

	Number of ports
	Port
	29
	4
	43
	76

	Domestic wastewater
	1000 m3/year
	1191
	164
	1766
	3121

	BOD
	Tonnes/year
	35.72
	4.93
	52.97
	93.62

	COD
	Tonnes/year
	89.31
	12.32
	132.43
	234.06

	TSS
	Tonnes/year
	59.54
	8.21
	88.28
	156.04

	TN
	Tonnes/year
	23.82
	3.29
	35.31
	62.42

	TP
	Tonnes/year
	4.76
	0.66
	7.06
	12.48



3.4 Pollutant loads from agriculture 

3.4.1 Crop cultivation

In 2023, the total agricultural cultivation areas in Vũng Tàu City, Bà Rịa City, and Phú Mỹ Town were 159 ha, 8,244 ha, and 5,270 ha, respectively [16]. However, crop cultivation is no longer implemented in Vũng Tàu and Bà Rịa cities, whereas vegetable, ornamental plant, and flower production is maintained in Tan Hải and Châu Pha communes [17]. Urea fertilizer contains 20–21% nitrogen, whereas superphosphate contains 15–17% P₂O₅, equivalent to 3.28–3.71% phosphorus, with an average of 3.49%. Based on these values, pollutant loads from crop cultivation were calculated as shown in Table 14. The TN and TP generated in 2023 were 198.32 tonnes N/year and 23.23 tonnes P/year, respectively, decreasing to 18.05 tonnes N/year and 2.90 tonnes P/year by 2030, and further to 12.64 tonnes N/year and 2.03 tonnes P/year by 2035 (Table 15).

Table 14: Calculation of pollutant loads from crop cultivation in the study area for the year 2023
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	Index
	Unit
	Vung Tau
	Ba Ria
	Phu My
	Total

	Food crops
	Area
	ha
	0
	2,404
	477
	2,881

	
	Urea
	Tonnes/year
	0
	185.96
	36.87
	223

	
	Phosphate fertilizer
	Tonnes/year
	0
	102.41
	20.30
	123

	
	TN
	Tonnes/year
	0
	38.12
	7.56
	45.68

	
	TP
	Tonnes/year
	0
	3.57
	0.71
	4.28

	Annual industrial crops
	Area
	ha
	115
	3,573
	2,059
	5,747

	
	Urea
	Tonnes/year
	7.05
	218.30
	125.79
	351

	
	Phosphate fertilizer
	Tonnes/year
	6.64
	205.80
	118.58
	331

	
	TN
	Tonnes/year
	1.44
	44.75
	25.79
	71.98

	
	TP
	Tonnes/year
	0.23
	7.18
	4.14
	11.55

	Perennial industrial crops
	Area
	ha
	43
	2,267
	2,734
	5,044

	
	Urea
	Tonnes/year
	3.37
	176.79
	213.28
	393

	
	Phosphate fertilizer
	Tonnes/year
	1.82
	95.19
	114.84
	212

	
	TN
	Tonnes/year
	0.69
	36.24
	43.72
	80.65

	
	TP
	Tonnes/year
	0.06
	3.32
	4.01
	7.39

	Total
	Area
	ha
	159
	8,244
	5,270
	13,672

	
	Urea
	Tonnes/year
	10
	581
	376
	967

	
	Phosphate fertilizer
	Tonnes/year
	8
	403
	254
	666

	
	TN
	Tonnes/year
	2.14
	119.12
	77.07
	198.32

	
	TP
	Tonnes/year
	0.30
	14.08
	8.86
	23.23



Table 15	Forecast of pollutant loads from agricultural crop cultivation in Phú Mỹ Town for the years 2030 and 2035
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	Index
	Unit
	2030
	2035

	- Annual industrial crops
	Area
	ha
	1,441
	1,009

	
	Urea
	Tonnes/year
	88.05
	61.64

	
	Phosphate fertilizer
	Tonnes/year
	83.01
	58.11

	
	TN
	Tonnes/year
	18.05
	12.64

	
	TP
	Tonnes/year
	2.90
	2.03



3.4.2 Livestock farming

Livestock farming in the study area includes buffaloes, cattle, and poultry. The total numbers of livestock in 2023 are presented in Table 16. Livestock production will only be maintained in Phu My Town until 2030, limited to existing farms until the end of their operating period [17]. The scale of livestock farming in this locality is expected to decrease by approximately 50 % compared with current levels, and by 2035, livestock farming will no longer be practiced. Vung Tau City and Ba Ria City are no longer permitted to conduct livestock operations. Thus, the total waste loads generated from livestock activities in the study area were estimated as shown in Tables 16 and 17. By 2035, since livestock farming will no longer be maintained, waste loads from livestock activities are expected to be negligible

Table 16.	Calculation of pollutant loads from livestock activities for 2023
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	Area
	Quantity
	BOD5
	COD
	TSS
	TN
	TP

	Unit
	
	Ind.
	Ton/year
	Ton/year
	Ton/year
	Ton/year
	Ton/year

	Buffalo and Cow
	Vung Tau
	712
	116.77
	166.32
	857.25
	31.19
	8.05

	
	Ba Ria
	6,150
	101.17
	224.48
	224.48
	22.45
	7.07

	
	Phu My
	12,011
	24.05
	16.4
	39.94
	12.31
	0.94

	Pig
	Vung Tau
	4,344
	712.42
	1,014.76
	5,230.18
	190.27
	49.09

	
	Ba Ria
	18,143
	596.9
	1,324.44
	1,324.44
	132.44
	41.73

	
	Phu My
	53,270
	213.35
	145.43
	354.25
	109.2
	8.31

	Poultry
	Vung Tau
	31
	5.07
	7.22
	37.2
	1.35
	0.35

	
	Ba Ria
	181
	5.95
	13.21
	13.21
	1.32
	0.42

	
	Phu My
	1,619
	6.48
	4.42
	10.77
	3.32
	0.25

	Total
	Vung Tau
	 
	834.25
	1,188.30
	6,124.63
	222.81
	57.48

	
	Ba Ria
	 
	704.03
	1,562.13
	1,562.13
	156.21
	49.22

	
	Phu My
	 
	243.88
	166.24
	404.95
	124.83
	9.5

	
	Total
	 
	1,782.16
	2,916.67
	8,091.70
	503.85
	116.2



Table 17. 	Forecast of pollutant loads from livestock activities in Phú Mỹ Town for 2030
	[bookmark: _Hlk200308563]Index
	Unit
	Buffalo and Cow
	Pig
	Poultry
	Total

	Quantity
	Ind.
	6,006
	26,635
	810
	

	BOD5
	Tonnes/year
	12.03
	106.67
	3.24
	83.12

	COD
	Tonnes/year
	8.20
	72.71
	2.21
	202.47

	TSS
	Tonnes/year
	19.97
	177.12
	5.38
	62.42

	Total N
	Tonnes/year
	6.16
	54.60
	1.66
	4.75

	Total P
	Tonnes/year
	0.47
	4.16
	0.13
	121.94



3.4.3 Aquaculture activities

Brackish and marine aquaculture activities in rivers and coastal waters were recorded by the Fisheries Sub-Department in 2023. These activities include cage farming of marine fish and bivalve mollusk culture. The total area devoted to mollusk farming was 205 ha, distributed across the Dinh River, Cha Va River, Cua Lap River, and Con Dao District (100 ha, out of this study area). Cage farming occupied 174 ha, comprising 12,702 cages with a total rearing volume of 1,631,680 m³. Survey results indicate that cage farming is concentrated mainly in the Cha Va River. The total production of brackish and marine aquaculture was 17,848 tonnes, including 1,554 tonnes of finfish (656 tonnes from pond culture and the remainder from cage farming in rivers and coastal waters) and 6,126 tonnes of other aquatic species, approximately 50% of which was produced in the Dinh and Cha Va Rivers.

According to Decision No. 1073/QĐ-UBND of the People’s Committee of BRVT dated 30 March 2022, which approves the implementation plan of the Prime Minister’s Decision No. 1664/QĐ-TTg on marine aquaculture development until 2030 with a vision to 2045, the aquaculture area in rivers and coastal waters is planned to reach 150 ha by 2025 and more than 200 ha by 2030. Specifies coastal farming zones including Rang–Cha Va–Mui Giui, the Dinh River (from Go Gang Bridge to Co May Bridge), the Co May–Cua Lap River (expansion area), the Mo Nhat River, and Phuoc Hai Town [17].

According to the Assessment of the Current Status of Marine Aquaculture and Identification of Potential Areas for Development in Vietnam (Institute of Fisheries Economics and Planning, 2024), the potential area for marine aquaculture is 1,337 ha in the Cha Va estuary, 320 ha in Ganh Rai Bay, and 260 ha in Con Dao District (out of this study area). Based on these findings, the maximum marine and coastal farming area in the Dinh and Cha Va Rivers was estimated at 50 ha in 2023, increasing to 100 ha by 2030. Decision No. 795/QĐ-UBND of the People’s Committee of BRVT dated 26 March 2021 set the approved cage culture area in the Dinh and Cha Va Rivers at 48.15 ha, consistent with the provincial plan, with expansion expected within the designated water surface by 2030.

By 2030, the projected expansion of aquaculture will primarily occur in bivalve mollusk farming, with partial conversion of existing cage culture areas. Assuming that mollusk production in the Dinh and Cha Va Rivers accounted for 50% of total mollusk production in 2023 (approximately 3,063 tonnes) and cage fish production was 898 tonnes, mollusk output is projected to double to approximately 6,100 tonnes by 2030, while cage fish production is expected to increase by 50% to 1,347 tonnes. With an annual growth rate of 5%, cage fish production is projected to reach 1,719 tonnes by 2035.

The main cultured fish species include grouper (Epinephelus spp.), cobia (Rachycentron canadum), sea bass (Lates calcarifer), American red drum (Sciaenops ocellatus), and golden pompano (Trachinotus blochii). Based on Table 5, nitrogen and phosphorus emissions from marine fish farming range from 50.92 to 239.67 g N/kg of fish and 10.67 to 43.71 g P/kg of fish, with average values of 100.21 g N/kg and 19.85 g P/kg. Accordingly, pollutant loads generated from marine fish farming were estimated as shown in Table 18.

Table 18. 	Calculation and projection of pollutant loads from marine fish aquaculture in the study area for 2023, with projections to 2030-2035
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	Unit
	Load standards
	Unit
	For 2023
	For 2030
	For 2035

	Aquaculture products
	
	 
	Ton
	898
	1,347
	1,719

	BOD
	g/kg
	155.44
	Tonnes/year
	139.58
	209.37
	267.20

	COD
	g/kg
	357.51
	Tonnes/year
	321.04
	481.56
	614.55

	TN
	g/kg
	99.48
	Tonnes/year
	89.33
	134.00
	171.01

	TP
	g/kg
	19.76
	Tonnes/year
	17.74
	26.62
	33.97



3.5 Pollutant load from stormwater runoff

With an average annual rainfall of 1,500 mm, the stormwater runoff volume through the study area is estimated in Table 19. The results of the calculated pollutant load generated from stormwater runoff in the study area are presented in Table 20

Table 19: Estimated stormwater runoff volumes from rainfall in the study area 

	Location
	Agricultural land
	Forestry land
	Urban land
	Total
(m3/year)

	
	A(ha)
	Q (m3/year)
	A(ha)
	Q (m3/year)
	A(ha)
	Q (m3/year)
	

	Vung Tau
	2,289
	12,360,600
	2,242
	6,726,000
	4,745
	37,722,750
	56,809,350

	Ba Ria
	4,085
	22,059,000
	334
	1,002,000
	2,416
	19,207,200
	42,268,200

	Phu My
	11,904
	64,281,600
	4,791
	14,373,000
	12,777
	101,577,150
	180,231,750



Table 20: Estimated pollutant loads in stormwater runoff

	Pollutant parameter
	TSS
	COD
	BOD5
	TN
	NH4
	NO3
	TP

	Average concentration (g/m³)
	8.563
	18.665
	9.863
	0.292
	0.075
	0.081
	0.071

	Vung Tau (tonnes/year) 
	486.46
	1,060.35
	560.31
	16.59
	4.26
	4.60
	4.03

	Ba Ria (tonnes/year)
	361.94
	788.94
	416.89
	12.34
	3.17
	3.42
	3.00

	Phu My (tonnes/year)
	1,543.32
	3,364.03
	1,777.63
	52.63
	13.52
	14.60
	12.80

	Total (tonnes/year)
	2,391.73
	5,213.31
	2,754.83
	81.56
	20.95
	22.62
	19.83



3.6 Discussions

The quantification and projection of pollutant loads in BRVT demonstrate the growing complexity of wastewater management in a rapidly urbanizing and industrializing coastal region. Interactions among domestic growth, industrial activities, aquaculture intensification, agricultural restructuring, and stormwater runoff generate significant pressures on aquatic ecosystems and public health, underscoring the need for integrated and adaptive management strategies, which recognize the shared dependencies of human wellbeing, environmental integrity, and economic resilience [25].
Domestic wastewater remains the dominant source of pollution. In 2023, urban areas produced approximately 91,343 m³/day of wastewater, with 95% treated in centralized plants. By 2030, volumes are projected to exceed 100,000 m³/day, with full treatment coverage anticipated. Compared with other coastal regions where untreated discharges remain common [9], the province is progressing, though increasing volumes continue to strain existing systems. Although treatment capacity is improving, increasing loads continue to strain existing systems, and untreated discharges still pose public health risks via microbial pathogens and antibiotic-resistant bacteria [26]. Local authorities should strengthen treatment plant operation and maintenance, and promote public awareness programs encouraging household-level wastewater reduction, greywater reuse, and sanitary practices to minimize exposure risks.
Industrial wastewater is expanding alongside rapid industrialization. Discharges are projected to rise from 47.3 × 10³ m³/year in 2023 to over 74.1 × 10³ m³/year by 2035. Heavy metals such as mercury and cadmium in industrial effluents can bioaccumulate in seafood, threatening food safety and human health. Regulatory standards are expected to tighten, shifting from Column B to Column A of National Technical Regulation QCVN 40:2011/BTNMT, potentially reducing pollutant concentrations if compliance is ensured. Innovative treatment approaches - membrane bioreactors, advanced oxidation processes, and anaerobic membrane systems - offer opportunities to enhance efficiency and resource recovery [9,27]. For the seafood processing sector, central to the local economy, these technologies can reduce organic pollution while supporting water reuse and competitiveness in export markets [28]. However, industrial effluents containing heavy metals such as mercury and cadmium remain a serious risk, requiring stricter monitoring and adoption of cleaner production [1,29]. Local industries should be encouraged to adopt cleaner production technologies, participate in environmental certification programs, and cooperate in shared wastewater treatment systems, which will safeguard both ecosystems and export competitiveness.
Agriculture and livestock are declining contributors due to structural transformation, with nutrient emissions expected to drop sharply by 2035. However, the reuse of treated wastewater for irrigation under water scarcity conditions offers both economic and environmental benefits if properly regulated to control pathogens, pharmaceuticals, and heavy metals [30,31,32]. The Department of Agriculture and Environment in BRVT should provide training and monitoring programs to promote safe reuse and sustainable nutrient management.
Aquaculture, by contrast, is rapidly intensifying. Cage and mollusk farming produced nearly 18,000 tonnes in 2023, with mollusk production expected to double and cage fish output projected to rise by 50% by 2030. With loading factors averaging 100 g N/kg fish and 20 g P/kg fish, aquaculture is emerging as a dominant nutrient source, and nutrient discharges can drive eutrophication and biodiversity loss, threatening ecosystem health and community livelihoods [33]. Poorly managed aquaculture leads to eutrophication and biodiversity decline [34,35]. Local aquaculture farmers should be supported through zoning plans based on carrying capacity, eco-certification schemes, and training in feed optimization and waste collection to minimize nutrient discharge and improve product quality.
Ports and stormwater runoff contribute to localized pressures. Port wastewater remains modest (~900 m³/day in 2023) but will expand with port infrastructure growth to 2030. Stormwater runoff, calculated by the Rational method [22], carries hydrocarbons, suspended solids, and nutrients, particularly under extreme rainfall intensified by climate change [36]. Port authorities can play a pivotal role by implementing green port initiatives, including oil spill control, stormwater retention systems, and periodic water quality monitoring within port basins. Incorporating green infrastructure (e.g., permeable pavements, bioswales) can further reduce runoff impacts and enhance coastal resilience. 
Further, emerging contaminants, including microplastics and pharmaceuticals, are increasingly detected in coastal waters, with implications for seafood safety and human health [37,38,39]. Addressing these challenges calls for integrated monitoring systems combining conventional pollutant analysis with emerging contaminant tracking. Community and industry participation in citizen science programs can foster shared responsibility for pollution prevention and surveillance.
Innovative wastewater treatment technologies are essential for reducing pollutant loads and ensuring sustainable water management in BRVT. Recent advances in nanotechnology and adsorption-based processes offer environmentally friendly and cost-effective alternatives to conventional treatments. Plant-derived iron oxide nanoparticles have shown high efficiency in removing heavy metals through adsorption and redox reactions, offering a sustainable option for industrial wastewater remediation [40]. Similarly, adsorption-based nanomaterials, including biofunctionalized and activated carbon–supported nanoparticles, have been proven to effectively remove both heavy metals and persistent organic pollutants in complex wastewater matrices [41]. The integration of these green technologies with membrane bioreactors, constructed wetlands, and anaerobic membrane systems can significantly enhance removal efficiency, reduce energy consumption, and recover valuable materials.
To ensure successful implementation, it is vital to involve local stakeholders in the selection, deployment, and evaluation of innovative technologies. Aquaculture cooperatives can test sediment filtration and biochar-based treatment for nutrient recycling; industrial operators can pilot nanoparticle-assisted adsorption or catalytic oxidation systems; and municipal authorities can support decentralized solutions combining nanomaterials with biological processes. Engaging these stakeholders promotes co-creation, reduces resistance to change, and strengthens local ownership, key factors for long-term sustainability and public acceptance.
While the projections presented in this study provide a robust quantitative basis for assessing future wastewater challenges, certain uncertainties and limitations must be acknowledged. Estimates of wastewater volumes and pollutant loads depend on assumed trends in population growth, industrial expansion, and aquaculture intensification. Deviations in socio-economic development, regulatory enforcement, or infrastructure investment may alter the projected trajectories. Furthermore, climate change impacts on rainfall intensity, stormwater runoff, and dilution capacity introduce additional variability influencing pollutant transport dynamics [42]. These uncertainties highlight the need for adaptive monitoring and regular model recalibration as new data emerge.
Assumptions regarding pollutant coefficients were derived from national technical standards and peer-reviewed sources, then adjusted to reflect local production characteristics. For aquaculture, waste load factors (100 g N/kg fish and 20 g P/kg fish) were based on feed conversion ratios typical of marine cage culture systems and verified against data from the technical provincial technique document (Decision No. 18/2022/QĐ-UBND dated September 22, 2022) and FAO technical reports [43,44]. For livestock, coefficients were adapted from Vietnam’s National Technical Regulation on the effluent of livestock (QCVN 62-MT:2016/BTNMT), with adaptation [20,21]. While these values represent the most reliable averages currently available, variability in feed composition, culture density, and waste collection efficiency may cause local deviations. Continued field validation and refinement of these coefficients are recommended to improve precision in future assessments.
The wastewater governance challenges observed in BRVT reflect broader global trends outlined in international environmental frameworks. According to the UNEP [45], over 80% of global wastewater is discharged untreated, threatening aquatic ecosystems and public health, particularly in rapidly urbanizing coastal zones. The WHO [26] emphasizes the management approach interlinked risks of pollution, antimicrobial resistance, and food safety - especially in aquaculture-driven economies. Similarly, the Intergovernmental Panel on Climate Change [46] underscores wastewater management as a key adaptation measure for coastal regions facing compound pressures from sea-level rise, salinity intrusion, and extreme rainfall. Aligning BRVT’s strategies with these global frameworks could enhance resilience by promoting ecosystem-based adaptation, climate-informed infrastructure, and participatory governance mechanisms. This alignment also supports the broader objectives of the Sustainable Development Goals (SDGs 6, 13, and 14), ensuring that economic expansion is achieved in balance with public health and environmental integrity.
Therefore, BRVT faces escalating wastewater challenges across sectors. Effective governance will depend on stricter regulatory enforcement, advanced treatment technology adoption, aquaculture zoning, and the safe reuse of treated water. Active participation from multi-stakeholders, including aquaculture farmers, port operators, industries, and local communities, is crucial to strengthen regulatory enforcement, adopt advanced treatment and green technologies, and align economic development with ecological protection. The province’s ability to integrate economic growth with ecological sustainability will determine its success in safeguarding marine ecosystems and public health.

4. Conclusion

This study highlights the complex dynamics of wastewater generation and pollutant loads in BVRT under conditions of rapid socio-economic transformation. By 2035, wastewater volumes from domestic and industrial activities will increase substantially, while pollutant loads from agriculture and livestock are expected to decline due to structural shifts in land use and farming systems. Conversely, the expansion of aquaculture represents an emerging and potentially dominant source of nutrient pollution, underscoring the need for spatial planning and carrying capacity assessments. Advanced wastewater treatment technologies, including membrane bioreactors, biological nutrient removal, and anaerobic membrane systems, present opportunities to enhance treatment efficiency, enable water reuse, and reduce long-term costs. However, addressing persistent contaminants such as heavy metals and microplastics requires more comprehensive approaches that integrate monitoring, regulatory enforcement, and cleaner production practices.

Integrating the findings with global governance frameworks emphasizes that BRVT’s challenges are not isolated but mirror global patterns identified by UNEP [45], WHO [26], and the IPCC [46]. These institutions highlight wastewater management as central to climate adaptation, food safety, and human health protection. Sustainable wastewater management in BRVT demands a coordinated governance framework that balances environmental protection with industrial and agricultural development objectives. Aligning treatment strategies with national and provincial plans, while fostering collaboration among government, industry, and research institutions, will be critical to safeguarding water quality, public health, and marine ecosystem resilience. Such an approach will position the province as a model of sustainable coastal development in Vietnam.
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