

  sustainability-15-06441




sustainability-15-06441







Sustainability 2023, 15(8), 6441; doi:10.3390/su15086441




Review



Vietnam’s Water Resources: Current Status, Challenges, and Security Perspective



Quy-Nhan Pham 1,*, Ngoc-Ha Nguyen 2, Thi-Thoang Ta 1[image: Orcid] and Thanh-Le Tran 1





1



Faculty of Water Resources, Hanoi University of Natural Resources and Environment, Hanoi 100000, Vietnam






2



National Center for Water Resources Planning and Investigation, Hanoi 100000, Vietnam









*



Correspondence: pqnhan@hunre.edu.vn; Tel.: +84-491-354-6004







Academic Editors: Helena M. Ramos, Chrysi S. Laspidou, Armando Di Nardo, Manuel Herrera and Carlo Giudicianni



Received: 19 January 2023 / Revised: 28 March 2023 / Accepted: 6 April 2023 / Published: 10 April 2023



Abstract

:

The current status of the exploitation, use, and management of water resources in the context of socioeconomic development, climate change, and issues related to the region are causing negative impacts on the water resources of Vietnam. This study aimed to develop a framework for assessing Vietnam’s water security based on the following key aspects: (i) the availability of water resources; (ii) the current status of water exploitation and use; (iii) the current status of waste water and water pollution; (iv) water resource management organization; and (v) water-related disasters, including floods, droughts, subsidence, coastal erosion, landslides, ecological imbalance, and diseases related to water resources. In particular, the challenges of transboundary water resources and the food–energy–water nexus were investigated. We reviewed the assessment frameworks that have recently been developed outside Vietnam or regions with similar climates and analyzed the characteristics of downstream and rapid-growth countries such as Vietnam using a number of key water resource indicators, both qualitative and quantitative. From these processes, we developed an assessment framework and provided a perspective on water security. The results of this study showed that the challenge of transboundary water resources, the impact of climate change, the pressure on socioeconomic development, and the water–energy–food nexus are core issues that need to be addressed from the perspective of water security in Vietnam. This case study may be helpful for downstream and developing countries.
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1. Introduction


Depending on the perspective of research on water use (to meet basic human needs or for environmental activities), there are different definitions of water security [1,2,3]. All of these studies refer to a community’s ability to access reliable water resources and cover the following basic goals: (i) ensuring that the basic needs of human life are met by adequate access to water of an acceptable quantity and quality; (ii) protecting the environment and ecosystems against the dangers of disasters related to water; (iii) promoting sustainable development. The United Nations Water Commission [3] defines water security as “the ability of a community to maintain sustainable access to sufficient quantities of water of acceptable quality to sustain livelihoods, human health, and socio-economic development, ensuring against waterborne pollution and water-related disasters, conserving ecosystems in an environment of peace and political stability”. Several studies on water security assessment have been conducted outside of Vietnam and regions with similar climates. A water security assessment framework based on five aspects to assess China’s water security was developed, and it pointed out that China is currently facing a scarcity of water resources [4]. Water demand is increasing, seriously threatening the socioeconomic and sustainable development of this country. Integrated water resource management (IWRM) was used as a tool to strengthen institutions, policies, and legislation to address Libya’s food and energy security issues [5], as well as those of Finland [6]. The role of governance in enhancing water security for the benefit of people and nature was assessed, and recommendations were put forward in [7]. An evaluation of the economic potential in cases of increased water storage benefiting farms and food security was conducted based on an integrated water resources management framework in the face of highly fluctuating water supplies in the Balkh basin, Afghanistan in [8]. Reviews of indicators and methods of assessing water scarcity have been presented, considering indicators such as: (i) a group of indicators based on human water requirements, determined based on Falkenmark’s index [9], which is the most commonly used index to assess water stress status; (ii) a group of water resource vulnerability indicators based on the relative local water use and reuse index, river basin sustainability index, water supply stress index, and physical and economic water scarcity; and (iii) a group of indicators that combine water and environmental requirements [10].



Vietnam is located in southeast Asia, a tropical region with intensive rain. The average annual rainfall [11] and the river discharge are large compared to data presented in global studies [12], implying that this country is rich in water resources (Figure 1 and Tables S1–S3) [13,14]. The precipitation varies greatly across space and time. In the period 1980–2020, the average annual rainfall was about 1990 mm. It varied quite widely across the country, from 500–600 mm in the coastal and driest areas of Ninh Thuan and Binh Thuan to over 4000–5000 mm in some high mountainous areas such as the Nam Chau Linh mountainous area (Quang Ninh) and the Chay river arch (Ha Giang). Vietnam has 106 river basins with about 3450 rivers and streams that are relatively large (length of 10 km or more). There are 10 major river systems with a basin area larger than 10,000 km2, including the Red–Thai Binh, Bang Giang–Ky Cung, Ma, Ca, Vu Gia–Thu Bon, Ba, Se San, Srepok, Dong Nai, and Mekong Rivers. Most rivers and streams flow in a northwest–southeast direction and then reach the East Sea. Of the 10 major river systems, 7 are river systems with international rivers. Four river systems—Red–Thai Binh, Ma, Ca, and Cuu Long—are downstream and receive water from outside the country, while three river systems—Bang Giang–Ky Cung, Sesan, and Srepok—are upstream, and the water flows out of the country. The total amount of surface water resources nationwide is 844.4 billion m3, of which 97% is mainly concentrated in river basins: Bang Giang–Ky Cung, Hong–Thai Binh, Ma, Ca, Huong, Vu Gia–Thu Bon, Tra Khuc, Kon–Ha Thanh, Ba, Se San, Srepok, Dong Nai, Cuu Long, Cai Ninh Hoa, Cai Nha Trang, the group of Quang Ninh river basins, the group of Quang Binh river basins, the group of Quang Tri river basins, and the group of southeast river basins. A minor percentage is distributed in small independent coastal river basins [13]. The aquifer system with the most potential is concentrated in two large deltas, the Red River Delta and the Mekong River Delta, and the Central Highlands [14]. However, problems of saltwater intrusion and subsidence related to groundwater exploitation are occurring in unconsolidated and semi-unconsolidated aquifers in the two deltas [13]. While depletion and pollution has occurred in basaltic aquifers in the Central Highlands over the past three decades, Vietnam’s economy has grown rapidly, with an annual GDP growth rate of nearly 7%. This, in addition to the policies to ensure food security, energy security, and water security, has caused many challenges and contradictions for local water security. Therefore, in recent decades, water security has become a serious problem in terms of the exploitation, use, and management of water resources, and this issue has been mentioned in a number of research publications and reports [3,13,14,15].



Several challenges related to water security have been mentioned in the context of Vietnam, including the following [16]: (i) about 60% of river flow discharge is from outside Vietnam, (ii) natural disasters and climate change have been threatening water resources, (iii) water resources are at risk of serious deterioration not only in quantity but also in water quality, and (iv) the water demand is increasing rapidly due to socioeconomic development and population increases in association with the need to improve the quality of life. Furthermore, River Basin Management Councils and the Environmental Protection Committee for River Basin Organizations (RBOs) were established under the provisions of the Law on Water Resources in 1998. Although RBOs have been established in a number of large river basins, the role of local governments in these organizations and the financing mechanisms are unclear, so River Basin Management Boards (MBMs) have not operated effectively [17]. In recent years, the COVID-19 pandemic has also affected water intake, and water pressure changes were observed during that period [18,19,20]. Additionally, Vietnam is a tropical country that has suffered from several unforeseen problems such as the pandemic and the outbreak of diseases, including water-related diseases, so this problem needs to be considered.



In their research on “Measuring global water security towards sustainable development goals”, Gain et al. (2016) [21] assessed water security at a global scale on the basis of four criteria: availability, accessibility of services, safety and quality, and management. Data on a monthly temporal scale from the global hydrologic model PCR-GLOBWB and physical and socioeconomic dimensions were used in this assessment. The authors also documented that the aggregated global water security index (GWSI) in Vietnam ranged from 0.38 to 0.44, not yet reaching the average level of water security [21]. Thus, are climate change and socioeconomic development the main causes of this low water security assessment? These factors are important, but they are not enough. Emerging challenges that are having a huge impact on water security in Vietnam are heavily influenced by transboundary water sources, as it is a downstream country. Moreover, Vietnam is also a developing country with a fast-growing economy and has continued to be over the past 20 years, and so it requires not only traditional but also nontraditional security measures [16,22]. Traditional security can be defined as keeping a territory or state safe from military activities, while nontraditional security is based on threats to the “survival and well-being” of a community or state that arise mainly from nonmilitary sources [23]. This means that solving the food–energy–water nexus for sustainable development is not an easy issue. Water resource governance is also an issue that needs to be addressed before solving the abovementioned problems [15,17,24]. Nationally, previous studies have shown that the research on water security in Vietnam is at an early stage and has not been afforded due attention, and these challenges have not been deeply addressed [15,16,17]. Internationally, studies have not yet generalized the core of the challenges mentioned in this study [3,4,5,6]. There are many questions to raise during water security assessment, such as “What is the current status of water resources in Vietnam?”, “What emerging challenges need to be clarified for water security assessment in Vietnam as a downstream and developing country?”, and “How will the prospects for water security in Vietnam improve?”. Therefore, this study aimed to develop a framework for assessing Vietnam’s water security based on the following key aspects: (i) the availability of water resources; (ii) the current status of water exploitation and use; (iii) the current status of wastewater and water pollution; (iv) water resource management organization; (v) water-related disasters including floods, droughts, subsidence, coastal erosion, landslides, ecological imbalance, and diseases related to water resources; and, in particular, the challenge of transboundary water resources and the food–energy–water nexus, which are also mentioned. This case study may be helpful for other downstream and developing countries.



This paper comprises the following sections. In Section 1, we review the existing water security frameworks that relate to Vietnam and the key issues that should be addressed. Section 2 presents the current status of water resources in Vietnam. In Section 3, we analyze the emerging challenges to water security that pertain to downstream and developing countries such as Vietnam. In Section 4, based on the current state of national water resources and related challenges, we examine the water security perspective, which is crucial for future water security in Vietnam. In Section 5, we discuss the suggested framework and the perspective on water security for Vietnam, and Section 6 concludes the paper.




2. Current Status of Water Resources in Vietnam


2.1. Availability of Water Resources


2.1.1. Rainwater Resources


The average annual rainfall in the period 1980–2020 across the whole territory was about 1990 mm, equivalent to about 640 billion m3/year. It was unevenly distributed across river basins and seasons. The Thu Bon–Vu Gia Basin had the largest average annual rainfall of 2700 mm, followed by the Huong and Tra Khuc Basins with an average annual rainfall of 2600 and 2650 mm, respectively. The Kone Basin, Dong Nai Basin, Cai Nha Trang Basin (Nha Trang RG), Quang Binh river basin group (Quang Binh RG), and Quang Tri river basin group (Quang Tri RG) had an average annual rainfall in the range of 2100 to 2400 mm. The smallest average annual rainfall existed in the river basin group in southeast Vietnam (SERG), in the range of 1280 to 1310 mm. The distribution of basin area and average annual rainfall in the river basins for the period 1980–2020 is presented in Figure 1 and Figure 2 and Tables S1–S3 [14,15].




2.1.2. Surface Water Resources


Surface water resources in Vietnam are determined on the basis of the total surface flow of river basins nationwide. The surface water resources of each river basin are formed from water sources inside and outside the territory. Indicators of the total average annual and dry season surface water discharge present the level of water stress in river basins [9,25].



The total average annual discharge from all basins in Vietnam is 844.4 billion m3, of which 97% mainly originates from the following river basins: Bang Giang–Ky Cung; Red–Thai Binh; Ma, Ca, Huong; Vu Gia–Thu Bon; Tra Khuc, Kon–Ha Thanh; Ba; Se San; Srepok; Dong Nai; Cuu Long (Vietnam Mekong); Cai Ninh Hoa; Cai Nha Trang; and the river basin groups in Quang Ninh, Quang Binh, Quang Tri, and southeast Vietnam. A minor percentage is distributed in the small independent river basin group on the central coast [14,15].



Figure 3 represents the total average annual discharge originating from basins inside and outside Vietnam in the period 1980–2020. It was unevenly spatially distributed across river basins, regions, and seasons (Figure 3 and Tables S3 and S4), and the flow separated into two distinct seasons, the wet and the dry season, depending on the basin topography and geography. The flow discharge from all basins in the wet season accounted for 60–80% of the total average annual discharge, while the dry season flow accounted for only 20–40%. In the driest month, the flow only accounted for about 1.1–3.4% of the total average annual discharge.



Considering only the total average annual discharge from all basins in Vietnam, the amount of water per capita per year is very large (>9800 m3/capita/year) [14,15]. However, regarding more specifically the total average annual discharge by river basin and by season, many river basins in different seasons suffered from water shortages, sometimes severe, according to the most widely used measures of water stress [9]—the Falkenmark indicator and its thresholds. These are based on basic human water needs and surface water runoff sources and directly relate water stress status to population size [9]. According to this indicator, an adequate water availability per capita per year is 4000 m3, and irregular or local water shortages are represented by a water availability of between 1700 m3 and 4000 m3. For severe water stress, the indicator for water scarcity has a water availability in the range of 500 and 1000 m3, while the indicator for a threat to life or absolute scarcity is less than 500 m3 [9]. Due to data constraints, the total average annual and dry season surface water discharge were applied to consider the water stress in the basins. We are also aware that these figures may not provide an accurate picture of the overall water availability in a basin, but they are acceptable because surface water is a dominant source of water availability. Figure 4 represents the annual water availability indicator in each basin, which is the average annual surface water discharge from the basin divided by the population of that basin. This figure indicates the relative abundance of surface water resources for the populations of all basins except the Kone, Dong Nai, and Serepok Basins, which have flow discharges close to 4000 m3/capita/year, slightly below the adequate water level [13]. Similarly, Figure 5 represents the dry season surface water discharge of the basins divided by the population. This indicator shows that, at the current levels of development and in the dry season, many river basins across the country are likely to experience irregular or local water shortages [13]. During the dry season, only two basins had adequate water to support their communities (Cuu Long and Se San), and, based on the standard, another six basins (the Bang Giang–Ky Cung, Thu Bon–Vu Gia, Ba, and Cai Nha Trang, Quang Binh RG, and SERG Basins) were unlikely to experience water shortages. In the remaining basins, all but the Quang Ninh RG and Dong Nai Basins could experience irregular or local water shortages.




2.1.3. Groundwater Resources


The results of compiling and re-evaluating the groundwater potential, which is the dynamic reserve (or recharge) for the nation’s aquifers, determined through the project “Compiling a map of groundwater resources at the scale of 1:200,000 for provinces nationwide” [26] showed that the groundwater resource potential is quite large, with total estimated groundwater resources of about 91.5 billion m3/year (freshwater about 69.1 billion m3/year, saltwater about 22.4 billion m3/year). Within this figure, the total exploitable freshwater groundwater potential, i.e., via sustainable use, is about 22.3 billion m3/year. The distribution of the groundwater resource potential and exploitable groundwater potential in the river basins is represented in Figure 6a,b and Table S5.





2.2. Water Demand, Exploitation, and Use


2.2.1. Water Demand


According to the estimation of water demand for the National Master Plan for Water Resources in the period 2021–2030 with a vision to 2050 [13], the total annual water demand of all sectors is currently about 117.03 billion m3/year (accounting for about 12.5% of the total average annual water discharge from all basins nationwide). Within this, the water demand for agriculture is about 78 billion m3/year, accounting for about 73.1%; the demand for aquaculture is about 16.35 billion m3/year, accounting for about 15.3%; and the demand for industry is about 8.8 billion m3/year, accounting for 8.3%. The specific figures for water demand in the river basins for the years 2022, 2025, 2030, and 2050 are presented in Table 1.




2.2.2. Water Exploitation and Use


According to statistics from 2015, the total volume of water exploited and used nationwide was estimated at 80.2 billion m3/year, of which surface water represented about 77.2 billion m3 (accounting for 96.3% of the total water volume exploited and used), while the amount of groundwater exploited and used was only about 2.97 billion m3/year (accounting for 3.7% of the total water volume exploited and used) (Table S6).



The total annual volume of groundwater exploited and used nationwide was about 2.97 billion m3/year, equivalent to about 8,133,845 m3/day. Regarding the proportion of water use by sectors in 2020, there was an increase in the amount of water used for industry compared to 2015, with a particularly large increase in the river basins of Quang Ninh, Ca, Ba, Dong Nai, and the central coast.



The international standard for water exploitation stress dictates that moderate stress begins at an indicator value of 20%, and high water stress is represented by indicator values above 40% [27]. Figure 7 shows that only the Dong Nai, Cai Ninh Hoa, and SERG Basins were in the moderate stress range, and the Red–Thai Binh Basin was nearing this range. On an annual basis, all other rivers were at low stress levels. Nationally, the water demand represented almost 10% of the total average annual surface water discharge. Note that the direct investigation of water use has generally not yet been carried out, so the figures used were water demand estimates.





2.3. Current Status of Wastewater and Water Pollution


2.3.1. Pollution Sources and Vulnerability to Water Pollution


The degradation and pollution of the water environment in river basins occur for many different reasons, with the primary cause being the disposal of wastewater into rivers and streams. Sources for water degradation and pollution mainly include domestic waste, industry, agriculture, craft villages, healthcare, and a large amount of uncontrolled solid waste. In particular, the amount of domestic and agricultural wastewater, including aquaculture and industry, still accounts for the largest proportion of wastewater generated and discharged into water sources [28].



Although domestic wastewater accounts for more than 30% of the total amount of wastewater directly discharged into the environment, the levels of collection and treatment are still very low. About 7,680,000 m3/day of domestic wastewater is generated from urban areas in fourth-rank or larger cities, for which there are centralized wastewater treatment systems that have reached a wastewater collection rate of 21.35%. The average rate of wastewater collection and treatment in urban areas nationwide is about 12.5%. Thus, a large amount of untreated urban wastewater is discharged directly into river sections flowing through cities and urban areas, causing local overload in rivers, seriously reducing water quality [28].



Currently, there are more than 300 industrial zones in operation, with the total amount of wastewater discharge being about 510,000 m3/day nationwide. The proportion of centralized wastewater treatment systems with qualifying environmental technical standards is 89%. In cities or provinces with a large number of industrial zones, such as Ho Chi Minh City, Hanoi, Binh Duong, Ba Ria–Vung Tau, Dong Nai, Long An, Quang Ninh, and Bac Ninh, the rates have all reached 100% [29].



Water pollution from irrigation systems and the agricultural sector is also a great concern, as detailed below [30]:




	-

	
The solid waste and wastewater discharged into irrigation systems are increasing, especially untreated domestic wastewater discharged directly into irrigation systems;




	-

	
The abuse of fertilizers, chemicals, and pesticides in agricultural production;




	-

	
Water shortages: the water level drops in the dry season in many river systems have tended to increase in recent years, which is also one of the causes of more severe water pollution;




	-

	
The operating procedures for irrigation are usually set up for the main river systems, not taking into account the operation of wastewater drainage systems to reduce water pollution.










2.3.2. Pollution of Surface Water


In order to assess water quality in the period 2016–2020, the Vietnam Environment Protection Agency (VNEPA) under the Ministry of Natural Resources and Environment (MONRE) took samples from 1070 locations in monitoring networks (7 national monitoring stations for surface water and 1063 monitoring provincial stations). The analyzed parameters were mainly DO, TSS, COD, BOD5, NO2−, NO3−, NH4+, and PO43− [28]. The assessment of the water quality index (WQI) was conducted on the basis of the analyzed results and the national technical regulations for surface water quality in terms of pollution indicators [28]. The results of the water quality assessment for the river basins are represented in Figure 8. In general, most of the surface water in the large basins such as the Red–Thai Binh, Ma, Vu Gia–Thu Bon, and Mekong Basins was assessed as “Good” to “Average”. However, there were still some areas where the surface water was polluted, mainly in rivers that flow through areas with strong urbanization and industrialization. The water pollution in the basins is mainly organic and nutrient pollution from domestic waste, industry, agricultural wastes, craft villages, healthcare, and solid waste. Most of the monitoring points have not yet recorded any signs of pesticide contamination. Agricultural pollution is also a real challenge due to its solute transport, nonpoint pollution source, and the trade-off between ensuring food security by increasing the cultivation area of paddy fields and improving water quality. In addition, water pollution from craft villages in rural areas and grease and heavy metal pollution from navigation activities, industrial operations, and mining activities occur locally.




2.3.3. Groundwater Pollution


Arsenic pollution has a major impact on water quality and human health. The pollution of arsenic, Pb, and Mn in porous aquifers has exceeded the allowable standards many times in the Red–Thai Binh Delta and some areas in the Vietnam Mekong Delta [31,32,33,34]. Microbial pollution is a major problem occurring in porous aquifers, especially in densely populated areas and areas of fast socioeconomic development, where wastewater is directly and indirectly discharged and allowed to pollute both shallow and deep aquifers, such as in the Red–Thai Binh, Dong Nai, and Vietnam Mekong Basins [14,35,36,37,38].




2.3.4. The Problem of Saltwater Intrusion


In addition to the problems of water quality pollution mentioned above, saltwater intrusion is also one of the causes of water quality deterioration. At present, saline intrusion continues and tends to increase in the estuaries of the coastal plains. In the southern plain (the Dong Nai and Vietnam Mekong Basins), saline intrusion is quite complicated. In some coastal areas, seawater has penetrated deep into rivers and canals, causing saline intrusion from surface water, leading to saline intrusion into groundwater, which tends to increase in some shallow aquifers [39,40,41].





2.4. Actual Situation of Organization and Management of Water Resources


The legal documents related to water resource management were formed according to a system of laws; guiding documents based on laws, especially the Law on Water Resources; and documents detailing and guiding the implementation of the law. In addition, the management of water resources is also carried out in accordance with relevant specialized laws, such as the Law on Environmental Protection and the Law on Irrigation, and is governed by other legal regulations such as the Law on Planning, the Law on Fisheries, and the Law on Natural Disaster Prevention and Control. The national management agencies for water resources and their main functions are presented in Figure 9 [15,24].




	
Advisory role to the government for decisions on water resources;



	
Organizing discussions among specialists;



	
Recommendations on national water resources;



	
Solving conflicts between ministries and provinces.








The function of River Basin Organizations (RBOs):




	
Recognized in the Law on Water Resources as a mechanism for water and related resources planning and management;



	
Responsible for developing integrated RBOs, whilst taking various stakeholders into account;



	
Coordinate ministries, agencies, and provincial water-related activities;



	
Coordinate water resource assessment and monitoring;



	
Advise government on the resolution of water-related disputes within river basins.








As early as 2008, the ADB report on the Socialist Republic of Viet Nam: Water Sector Review documented that the application of integrated principles in Agenda 21 in Vietnam was still limited [15]. This statement is still true, in that: (i) the integration of water resource management into programs has not been correctly implemented; (ii) insufficient attention has been paid to the concept of water as a part of an integrated ecosystem in the management of water resources, and water has not been considered as an economic good; (iii) currently, water use is often associated with the interests of a certain localities or industries to meet specific goals—to increase responsibility, the right to water should be assigned to developers of water resources; (iv) the national strategy on water resources identifies the fact that the combination of land use and impact assessment in water ecosystems in Vietnam is still very limited; (v) the current Law on Water Resources does not fully represent regulations related to IWRM; (vi) the management function of river basin organizations (RBOs) is still a problem and has not yet realized the essence of IWRM; (vii) currently, water service providers are afforded very little autonomy by the nation and have little opportunity to increase their water business rates to ensure financial stability; (viii) the effective participation of communities and water users in (the implementation of) decisions on water resources is not sufficient, although there is a legal framework for participation at all levels; (ix) Vietnam’s water resources depend greatly on international river basins. Currently, international cooperation in the Mekong River Basin under the Mekong Agreement is well underway [42], but institutional strengthening in this area is still needed, and many international river basins, including the Red River Basin (shared with China), do not yet have a formal cooperative mechanism.



Vietnam is applying IWRM principles fairly quickly to respond to water resource issues and to achieve economic, social, and environmental goals according to an integrated asymptotic approach. To carry out this task, it is necessary to significantly change the state of management today, because the previous and current conceptions of management will no longer be relevant in the future.




2.5. Water-Related Disasters


2.5.1. Flooding


In the period 2017–2020, Vietnam suffered heavy damage due to the effects of floods and inundation. This situation often appears after storms hit the country. River basins in the central region have been most affected by the big storms that occur continuously in the months of the flooding season. For example, in 2020, unusually heavy rain fell on a large scale and lasted for a long time in central Vietnam, which caused abundant damage in the region [14,43].




2.5.2. Drought and Saltwater Intrusion


Drought and saltwater intrusion are considered a major challenge for development, especially under the impact of climate change, as the temperature increases and the decrease in rainfall in the dry season causes a decrease in water resources in rivers. Currently, the country faces drought, saltwater intrusion, and a lack of fresh water, more severely so in the deltas of large river basins. These events occurred on a large scale in the dry seasons of 2015–2016 and 2019–2020. According to statistics, the dry season of the period 2015–2016, which was affected by the El Nino phenomenon, caused the most severe drought and saltwater intrusion of the past 90 years in the river basins of the central region and the Vietnam Mekong Basin [13,14,44,45].



In the Red–Thai Binh basin, the saltwater intrusion in each aquifer is different, depending heavily on the topographical and hydrogeological characteristics and the status of the groundwater level lowering caused by excessive groundwater exploitation. In the Dong Nai and Cuu Long Basins, saltwater intrusion is quite complicated and unusual. In coastal areas, saltwater has intruded deep into rivers and canals, causing river water to be saline, affecting saltwater intrusion into groundwater, and affecting livelihood and working activities [13,14,45].




2.5.3. Erosion of River Banks


In recent years, the problem of riverbank erosion has been most concentrated in the Vietnam Mekong Basin, with 257 normal erosions (149 km), 161 dangerous erosions (252 km), and 22 especially dangerous erosions (40 km). In the central river basins from Nghe An to Binh Thuan province, there have been 542 normal erosions (769 km), 181 dangerous erosions (284 km), and 15 especially dangerous erosions (32 km). In the river basins of Northern Vietnam and Thanh Hoa province, there have been 185 normal erosions (81 km), 211 dangerous erosions (248 km), and 28 especially dangerous erosions (52 km). In the river basins of the Central Highlands, there have been 342 normal erosions (271 km), 37 dangerous erosions (109 km), and 9 especially dangerous erosions (14 km). In the river basins of southeast Vietnam, there have been 85 normal erosions (121 km), 4 dangerous erosions (1 km), and 9 especially dangerous erosions (14 km) [13,14,45].




2.5.4. Land Subsidence


Currently, on a national scale, land subsidence has only been of interest in Hanoi, Ho Chi Minh City, and the Mekong Delta. In Hanoi city, the experimental monitoring of land subsidence data from 1991 to the present has been conducted at 14 monitoring stations by the Hanoi Institute of Science, Technology, and Construction Economics, under the Hanoi Department of Construction [46,47]. The results of the land subsidence assessment showed that, in areas with soft soil layers, the land subsidence rate was relatively high, such as in Thanh Cong (41.4 mm/year) and Ngo Sy Lien (31.5 mm/year). Stations without a soft soil layer had low land subsidence rates, such as in Ngoc Ha (1.80 mm/year) and Mai Dich (2.65 mm/year). In Ho Chi Minh City and the Vietnam Mekong Delta, land subsidence was measured by the Ministry of Natural Resources and Environment in the periods 2014, 2015, and 2017 at 347 landmarks. Compared with the measured elevation value in 2005, there were 306 landmarks with land subsidence and 33 landmarks without land subsidence. Among the 306 subsidence landmarks, the level of subsidence varied from 0.1 to 81.4 cm, with an average of 12.3 cm. The greatest subsidence levels were recorded at An Lac ward, Binh Tan district, Ho Chi Minh City, reaching 81.4 cm, and at Ward 1, Bac Lieu town, Bac Lieu province, reaching 62.2 cm [47].



There are many studies on the current status as well as the causes of land subsidence in Hanoi [46,48,49,50,51], Ho Chi Minh City [52,53], and the Vietnam Mekong Delta [54,55,56,57]. There is still much controversy regarding the abovementioned studies due to the lack of specific data from subsidence monitoring stations and their research uncertainties. However, all the studies showed a strong relationship between a decline in the groundwater level and land subsidence, implying that groundwater extraction was the cause of ground subsidence in the above locations.






3. Emerging Challenges to Water Security


The emerging challenges that greatly affect water security include climate change and sea-level rises; rapid economic growth; the water, energy, and food security nexus; and transboundary water resources.



3.1. Climate Change and Sea-Level Rise


“Vietnam is among the world’s very vulnerable countries” [58,59], in which water resources have been affected the most and at the earliest stage due to abnormal changes in temperature, evaporation, rainfall, and sea level. Climate change has impacted Vietnam’s economy, with an estimated 3.2 percent change in the gross domestic product (GDP) by 2020. Now, the impact is escalating rapidly, even as major efforts to mitigate future climate change are being made globally [58]. Specifically, based on the RCP 4.5 climate change and sea-level rise scenarios for Vietnam proposed in 2020 by MONRE [60], the average annual discharge of most river basins tends to increase by 2–18% per year [13,14]. However, the increase in discharge is mainly concentrated in the wet season, while in the dry season, the discharge in the driest month tends to decrease. This leads to an increase in flood frequency during the wet season, and a shortage of water and saltwater intrusion in the dry season in the river basins, especially in areas with the occurrence of floods and a shortage of water, respectively.



Some river basins have both an increase in flow during the wet season and a decrease in flow over the dry season. These make floods, landslides, and droughts more and more intensive. These phenomena have occurred in the two main agricultural production areas (for rice and aquatic products) in the country, which are the Cuu Long River Delta and the Red River Delta, respectively. This will seriously affect the balance of water resources through the uneven distribution of water between the dry and wet seasons. Consequently, floods and droughts continue to appear with increasing frequency and severity. Large floods and droughts cause a loss of life and property due to landslides, bank erosion, coastal erosion, and saltwater intrusion.



According to the RCP4.5 scenario [60], by the middle of this century, the East Sea level will have risen by about 24 cm (16–32 cm). By the end of the century, the sea level will have risen by about 56 cm (38–78 cm). Based on the RCP8.5 mid-century scenario [60], the sea level rise will be about 28 cm (20–37 cm). By the end of the century, the sea level rise of about 87 cm (61–119 cm) will have a great impact on water resources, increasing the risk of floods due to high tides, especially in the downstream areas of river basins. Saltwater will intrude deep into the mainland, causing a shortage of fresh water sources in estuaries.



The location and topography of Vietnam, together with the high population density in the coastal areas (which contain about 50% of the population), have made it one of the countries most affected by natural disasters in the world. Floods, inundations, droughts, saltwater intrusions, and natural disasters have become more and more common in these regions [15].




3.2. Socioeconomic Development


After more than two decades of steady growth, Vietnam has set an ambitious target of becoming a high-income country by 2045 [58]. The development of science and technology, as well as the socio-economy, have had a great impact on the exploitation, use, and environmental factors of water resources.



The statistical data on water availability and water use in the Synthetic Report on the National Master Plan for Water Resources are shown in Table 2. The current water use has increased significantly (108.9 billion m3/year) compared to 2015 (77.19 billion m3/year) (Table S6), but it does not yet meet the current demand for water supply (117.02 billion m3/year) (Table 1).



3.2.1. Discharge of Wastewater and Pollution of Water Sources


Water pollution is a challenge that needs to be addressed, especially in the basins of the Red–Thai Binh, Dong Nai, and Huong Rivers [28] as discussed below.



Red–Thai Binh Basin: Water pollution in the Red–Thai Binh Basin mainly occurs in international rivers such as the Thao, Da, Lo, Gam, Chay, and Nam Thi Rivers. Moreover, polluted water also flows out from urbanized, high-population-density areas such as around the Nhue–Day, Cau, and Ngu Huyen Khe Rivers because of the low rate of waste water treatment.



Dong Nai Basin: The water pollution is distributed mainly in the downstream area of the Dong Nai River System, where wastewater is received from urban areas, industrial zones, and service areas. The water quality of the Dong Nai River tends to degrade when it flows through a city. In many areas of Ho Chi Minh city (Cat Lai Ferry Terminal), the water quality is only barely acceptable, while river water is polluted by organic matter and nutrients. Some locations in the downstream areas of the Saigon and Vam Co Rivers are still locally polluted, especially in inner Ho Chi Minh city. In addition, saline intrusion in the Vam Co Estuary has tended to increase in recent years, which has adversely affected water quality, as well as people’s daily lives and production by extension.



Huong Basin: The water pollution source is the Huong River running through Hue city and then flowing out into the Tam Giang Lagoon at Thao Long’s sluice gate. This section of the Huong River is polluted because it receives wastewater from the daily activities of residents, services, production, and commercial activities.



Ma Basin: Saline intrusion mainly occurs in the lower Ma and Chu Subbasin. Due to the influence of tides from the sea, which has intruded deep into the inshore area, saline water may reach about 28–30 km from the estuary when the decrease in the upstream flow discharge causes unreasonable work regulations. Therefore, measures to solve this problem and reduce saltwater intrusion need to be set up.



Ca Basin: Saltwater intrusion in the downstream of the Ca River has penetrated deep into the inshore area, about 32 km away from the estuary, with an average salinity of 1.0–1.5‰.



Vu Gia–Thu Bon Basin: Saltwater intrusion occurs in the coastal estuary area of the lower Vu Gia and Thu Bon Subbasins, especially in extremely dry years. The degree of water salinization depends on the tidal regime and the flow in the river. The largest freshwater area is 10 to 27 km away from the estuary. The upstream reservoirs have changed the river flow regime, increasing saltwater intrusion in the Thu Bon Estuary area.



Tra Khuc Basin: The section of the Tra Khuc River downstream from the Thach Nham Dam does not receive direct waste inputs from industrial activities and densely populated areas but mainly receives pollution from nonpoint sources due to agricultural and small-scale industrial activities. In addition, the improper operation of the Thach Nham Dam system has decreased the flow discharge into the downstream sections, causing an increase in water pollution.




3.2.2. Deterioration of Water Resources


Lowering the water level in rivers: The lowering of the water level in the main streams of some river basins is a matter of great concern [13,14]. In recent years, the level of the lowering of the Red River bed has become more and more serious due to sand mining and other factors. Previously, in order to maintain the whole system’s water level for normal water intake system operation, it was necessary to maintain a downstream flow discharge of about 1200–1500 m3/s. Nowadays, because the river bed’s level has changed very fast, a downstream flow discharge of over 3000 m3/s would be needed to maintain a water level high enough for the irrigation systems and water supply. This depends very much on the regulation of the upstream dams at the hydropower plants Hoa Binh, Tuyen Quang, and Thac Ba.



Unreasonable and ineffective water exploitation and use from rivers have caused a reduction in downstream flows. The Cua Dat Reservoir and Bai Thuong Dam on the Ma River, the Do Luong Dam and Nam Dan sluice on the Ca River, and the Thach Nham Dam on the Tra Khuc River need to be upgraded.



Water transfer between reservoirs on Vietnam’s rivers has not been implemented according to regulations. This has caused a degradation in downstream flows, in particular at Dak Mi’s fourth reservoir on the Thu Bon River and the Thuong Kon Tum Reservoir on the Se San River. Water transfer reduces the water flow and causes water exploitation difficulties downstream, especially in the dry season when the flow is reduced compared to the natural flow.



Water pollution: Climate change, sea-level rises, and socioeconomic development have caused surface water and groundwater pollution, leading to a deterioration in water quality, as mentioned earlier.





3.3. The Water, Energy, and Food Security Nexus


The interdependence between water and energy is becoming a hot topic with a lot of attention in conferences, reports, and the media. Cooling water from thermal power plants accounts for about 40% of the fresh water extracted each year in the United State and 43% in Europe [61], about the same as the agricultural sector’s use.



In Vietnam, although most coal-fired power plants are located close to river mouths in coastal areas and cooling water is brackish or salty, not consumed, and recycled, the large volume of water extracted for thermal power has a great impact on the ecology and water resources of the area. In 2015, the water volume used for cooling coal-fired power plants with a capacity of about 56.5 billion kWh was 15.77 billion m3/year, accounting for 34.5% of the total annual water demand. It is expected that by 2030, this capacity will increase more than five times, reaching 304 billion kWh, accounting for about 53% of the total electricity production of the country. Meanwhile, electricity from renewable energy sources currently accounts for a very small proportion, about 3.7% of the total electricity production. If all coal-fired power plants in the power plan are built, this number will increase to more than 60 plants by 2030. Thus, by 2030, the demand for water use for cooling in power plants will be increased up to 78.84 billion m3/year [62]. Other conflicts between the main water users such as the agricultural and hydropower sectors are also taking place. Currently, in the main streams nationwide, there are about 77 reservoirs, of which 8 are in the northern region, 8 are on the northcentral coast, 15 are on the south central coast, 26 are in the Central Highlands, and 20 are in the southeast region. In the last decade, the fast-growing development of hydropower plants has taken place on the Red, Ma, Ca, Vu Gia–Thu Bon, Ba, Kon, Dong Nai, Sesan, and Srepok Rivers [13,14]. The prime minister has promulgated inter-reservoir operating procedures in 11 major river basins with the aim of regulating and allocating water sources to prevent floods and droughts. However, most of the irrigation systems have not been exploited fully according to their design capacity, resulting in low water use efficiency and large water losses so far.



In the past decade, Vietnam has been the second largest rice exporter in the world, and the largest cultivated area is in the Vietnam Mekong Delta, where the area of food security for the whole country is strictly maintained. Nowadays, freshwater resources for farming are declining due to the impact of climate change, sea-level rises, and the changes in water resources from the Mekong River, as upstream countries have built many hydropower dams; consequently, water and suspended sediment have been greatly regulated [13,14,15]. Even though farming productivity is increasing over time due to the application of science and technology, the largest economic sector is agriculture, and so this region has the lowest per capita income in the country, and migration phenomena have caused a decline in the population over recent years [63]. Worldwide, the increase in water efficiency from 17.3 USD/m3 in 2015 to 18.9 USD/m3 in 2018 equated to a 9% increase in water use efficiency. In 2018, the industrial sector had a water use efficiency equivalent to 32 USD/m3, the services sector 112 USD/m3, and the agriculture sector 0.60 USD/m3. Compared to 2015, this represented an increase of 15% in the industrial sector, 8% in the service sector, and 8% in the agriculture sector [64]. In Vietnam, the water use efficiency in 2020 was only equivalent to about 2 USD/m3. The main reason for the low water use efficiency in Vietnam is that the proportion of water used for agriculture is large, while the water use efficiency of other economic sectors is low [13,14,45]. Therefore, it is necessary to consider the way in which agricultural areas can ensure food security as well as water security, which is a very important issue today.




3.4. Transboundary Water Resources


Vietnam’s water resources are very dependent on foreign countries. Most of Vietnam’s major river systems are transboundary rivers, of which Vietnam is a downstream territory. According to preliminary statistics, the country has over 206 large and small rivers and streams that are transboundary rivers, and there are 68, 85, and 53 transboundary rivers along the Vietnam–China, Vietnam–Laos, and Vietnam-Cambodia border lines, respectively. The area of the river basins outside the territory accounts for 71.7% of all the river basins [13,14,15]. Of the 10 river basins with a catchment area larger than 10,000 km2, seven are transboundary river basins, with the area of the basin outside Vietnam being about 1.5–3 times larger than the domestic area. The total annual volume of water flow from abroad into Vietnam is about 504 billion m3, accounting for 59% of the total flow of the country’s rivers. Up to 95% of the Cuu Long River system’s water source runs through China, Myanmar, Thailand, Laos, and Cambodia, while 33% of the Red–Thai Binh River system runs through China [10]. In recent years, upstream countries have been promoting the exploitation and use of water in transboundary rivers, especially in the Mekong and the Red Rivers. Dams, flow blocking, hydropower construction, and the operation of hydropower plants in the upstream have directly degraded the water flow into Vietnam, in terms of not only quantity but also quality, causing national water insecurity. In the upstream Mekong River, by the end of 2019, China had constructed 11 hydropower plants with great flow-control capabilities. Although there are only two large reservoirs, they control the main flow with a capacity of about 38 billion m3. On the tributary in Laos, hydropower reservoirs have a total capacity of up to 20 billion m3. It is predicted that in the near future, the total capacity of the reservoirs in the upstream countries will be able to control a huge amount of water, representing over 20% of the total average annual water flow of the Mekong River. In the upstream of the Red River system, there are 19 planned hydropower plants, of which more than 10 are operational [13]. The water demand for the socioeconomic development of upstream countries in the period 2012–2020 was higher than the average of many years in the period 1985–2008, with an average increase of 5–10%. The water demand in the dry season was estimated at 3.7–4.1 billion m3. Particularly, in drought years such as 2016 and 2020, the water demand of countries increased sharply, with the total water use of the first 4 months in the dry season estimated at about 5 billion m3, an increase of 25% compared to the average values of many years, and the water use of Laos, Cambodia, and Thailand was estimated to increase by about 10%, 15%, 50%, respectively [13]. Vietnam’s water resources depend greatly on international river basins. The Mekong River Commission (MRC) is an intergovernmental organization for regional dialogue and cooperation in the Lower Mekong River Basin established in 1995 based on the Mekong Agreement between Cambodia, Lao PDR, Thailand, and Vietnam [42]. The organization serves as a regional platform for water diplomacy and a knowledge hub of water resources management for the sustainable development of the region. Currently, it is well underway, but institutional strengthening in this area is still needed. Many international river basins, including the Red River Basin—a river basin shared with China—do not yet have a formal cooperation mechanism. Upstream development and information sharing are very difficult for downstream countries such as Vietnam, leading to an unpredictable future.





4. Water Security Perspective


On the basis of the current state of national water resources and emerging challenges to water security, progress was made in the management, exploitation, use, and protection of water resources in the period 2016–2021 in order to meet the increasing management requirements. In the coming years, the management of water resources needs to focus on handling and solving the following main issues:




	
The revised Law on Water Resources needs to be reliable and effective in IWRM implementation. Major statements and policies need to be amended, supplemented, and concretized into the Law on Water Resources, with a focus on five groups of policies: (1) ensuring water security; (2) the protection of water resources; (3) the prevention and control of harmful effects caused by water; (4) the socialization of water sector; and (5) financial mechanisms for water resources.



	
Strictly controlling water exploitation and use activities, wastewater discharge, and water quantity and quality protection in order to prevent the pollution, degradation, and depletion of water resources after investment projects. Exploiting and using water resources economically and efficiently for water security.



	
Organizing the implementation of solutions to ensure national water security is a crucial issue in the current context in order to concretize the guidelines and policies in terms of the content, action plans, and involvement of relevant management levels and stakeholders in contributing to the SDGs of the country.



	
Organizing the implementation of the master plan based on the basic survey of water resources up to 2030, with a vision to 2050, promulgated by the prime minister in order to ensure the success of the objectives of the National Master Plan on Water Resources.



	
Protecting water resources and mitigating and limiting the pollution, degradation, and depletion of water resources by the implementation of regulations on sanitary protection zones, registered areas for groundwater exploitation, the development of an interprovincial and international water resource restoration plan, and the renovation and restoration of seriously polluted and depleted rivers or river sections. Collecting statistics to classify water sources that are polluted, degraded, or seriously depleted and considering the stakeholders concerned.



	
In order to continue to effectively implement water resource management in the future and solve the above problems, it is necessary to have comprehensive and synchronous solutions from the central to local levels. Those solutions include the following:



	
Enhancing all management institutions by the training and development of human resources. Improving the operational capacity and organizational structure of water resource management institutions at all levels in order to meet the qualifications for professional staff to update the development of advanced sciences and technologies and the efficient application of new equipment and technologies in the field of water resources.



	
Promoting the application of information technology in the management, acquisition, processing, and provision of water resource information to serve the needs of the country’s socio-economic development.



	
Expanding multilateral and bilateral international cooperation relations and arranging reasonable funding sources for water resource management activities. Expanding the support from international countries and nongovernment organizations in the process of implementing water resource planning and the voice for international river basin management.









5. Discussion


5.1. Discussion on the Water Security Assessment Framework


The water security assessment framework was built on the basis of the frameworks that have been developed in regions or countries with the same climate conditions as Vietnam [4,5,6,7]. The main issues to be addressed are: the availability of water resources; the current status of water exploitation and use; the current status of waste water and water pollution; water resource management organization; and water-related disasters, including floods, droughts, subsidence, coastal erosion, landslides, ecological imbalance, and diseases related to water resources. Emerging challenges include particular concerns when assessing water security in Vietnam.



Factors that need to be analyzed and assessed for the challenge of transboundary water resources are the impacts caused by upstream-to-downstream flows. These impacts affect not only quantity but also quality and cause a shortage of sediment in the flow. These factors have a great impact on the livelihoods of millions of habitants in downstream areas such as the Red River Delta and the Mekong Delta in the territory of Vietnam [58]. Natural disasters such as droughts, floods, saltwater intrusion, bank erosion, and land subsidence are all related to upstream developments such as dam construction for reservoirs that change the flow in the downstream areas, which is clearly shown in the current state of water resources mentioned above. Industrial parks and craft villages developed along upstream river systems also cause changes in water quality. This challenge needs special attention due to the unpredictability of upstream flow changes [13]. As we all know, an international river basin organization such as the Mekong River Commission has missions that “promote and coordinate sustainable management and development of water and related resources for the countries’ mutual benefit and the people’s well-being” [42]. Moreover, the official members of this organization are mainly downstream countries, while upstream countries such as Myanmar and China are only dialogue members. More and more large dams in upstream river systems are under construction and will be a substantial challenge, causing huge impacts in downstream countries and unpredictable variables. The Red River Delta is also located in the world’s most important international river basin [65]. However, there is no water management organization among the relevant countries, leading to even less sharing of information, as in the case of the Mekong River system [65]. The impacts caused by dam construction for hydropower and industrial zones along upstream river systems also have negative and unpredictable impacts on the river basins downstream of Vietnam. Therefore, transboundary water resources are very crucial factors that greatly impact water security.



Vietnam is a long and narrow country with more than 3260 km of coastline and a high population density concentrated mainly in the coastal areas. Therefore, Vietnam is one of the countries that is most severely affected by climate change, with the water resources having been affected the most due to temperature, evaporation, rainfall, and sea-level changes [58,59]. This has led to an increase in flood frequency and severity, as well as saltwater intrusion and water shortages in the river basins. According to MONRE’s average emission scenario, by the middle of the century, the East Sea level will have risen by about 24 cm, and by the end of the century, the sea level will have risen by about 56 cm [60]. This will increase the risk of floods due to high tides, saltwater intrusion into the mainland, and a shortage of freshwater sources in estuaries. The location and topography of Vietnam, together with the high population density in the coastal areas (which house about 50% of the population), make it one of the countries most affected by natural disasters in the world [13]. Moreover, the effects of climate change have been heavy and unpredictable. In Vietnam, the challenge of climate change and sea-level rises will be a key issue in the water security assessment framework.



A challenge that is not small but has been shown less concern by developing countries is the food–energy–water security nexus. The inconsistency and inadequacy in maintaining the food–energy–water security nexus are challenges at the country’s macro-level. Vietnam, with its fast economic growth and high population density, is one of the three largest rice-exporting countries in the world. The National Assembly approved the resolution on national land use planning for the period 2021–2030 to ensure an area of 3.5 million ha rice cultivation for food security and export [13]. The water demand for agriculture, especially for rice cultivation, represents the largest among water users [13]. Moreover, fertilizers and pesticides for rice plants are also major sources of pollution. The centralized irrigation system for rice cultivation is causing great loss in water resources [30]. The creation of a decentralized irrigation system for rice cultivation, or the design of a crop cultivation method that is both water-efficient and reduces pollution, should also be considered. This has also been dealt with by recent studies in China and India looking at using a decentralized drainage system for more efficient water use [66]. Saltwater intrusion is becoming more and more severe, especially in the Cuu Long (Vietnam Mekong) area; thus, rice farming and aquaculture to ensure seasonal levels of saltwater intrusion should also be considered, as shown by a recent study on the adaptation of agricultural land and other management systems across seasons in respect to water management [67]. This also represents a conflict of interests between ensuring food security and preventing water security that needs to be fully considered and dealt with in the assessment framework of water and food security. In recent years, the requirements for electricity development to meet the socio-economic development goals have increased rapidly. In addition, at the COP 26 Climate Change Summit in Glasgow, Scotland, Vietnam, along with many countries around the world, pledged to achieve net zero emissions by 2050 [13]. This is necessary to develop clean and renewable energy sources. In the past three decades, the rapid development of hydroelectricity at different scales has had significant consequences [13]. Although there are circulars on inter-reservoir operation in force, its impacts on flood, drought, saline intrusion, riverbank erosion, etc., are valuable lessons in planning as well as in the commitment to energy security and water security. In order to meet the country’s rapid growth needs, thermal power is still a source of electricity that is being maintained and developed. The water demand for cooling and operating thermal power plants is very large, leading to the problems of water exploitation and pollution caused by thermal power plants [62]. Thus, the energy–food–water security nexus has been impacted greatly and interdependently, as was mentioned in relation to water–energy–food symbiosis in the Yangtze River Basin [68]. This needs to be considered in the long term and from a macro perspective, with a consistent approach throughout the country in all assessment frameworks to ensuring energy–food–water security.




5.2. Discussion on the Water Security Perspective


Many problems and challenges have been raised that need solutions to meet the requirements for ensuring water security. Structural and nonstructural solutions are always proposed together and go hand in hand. However, in the context of limited resources, strengthening the integrated water resources management in river basins on the basis of the above-analyzed inadequacies is a wise investment. As international river basin management organizations do not have the legal commitments, or do not exist, expanding the support from international countries and nongovernment organizations is essential to ensuring the equity of water use among countries sharing international river basins. Structural solutions, which often require a large investment of resources, should be considered with caution, so as to avoid regrettable decisions.





6. Conclusions


A framework to assess national water security was designed based on the conventional principles mentioned in many previous studies. However, the emerging challenges of climate change, transboundary water resources for downstream countries, and the food–energy–water nexus in the context of developing countries such as Vietnam are core issues that will be addressed in the Master Plan for National Water Resources as well as the Revised Law on Water Resources in 2022. The availability of water resources varies across different river basins and seasons, and many river basins in different seasons experience water shortages, which can be severe. According to the National Master Plan for Water Resources, the total annual water demand for all sectors is about 117.03 billion m3/year, with agriculture accounting for 73.1%, aquaculture for 15.3%, and industry for 8.3%.



Pollution in river basins is mainly due to organic and nutrient pollution from various sources such as domestic waste, industry, agricultural waste, craft villages, healthcare, and solid waste. Groundwater pollution is a major issue in areas such as Red–Thai Binh and the Vietnam Mekong Delta due to high levels of arsenic, lead, manganese, and microbial pollution. Saltwater intrusion is another cause of water quality deterioration, especially in coastal estuaries and the southern plain in the Dong Nai Basin and Mekong Delta.



Vietnam has established a system of legal documents and national management agencies for water resource management, including river basin organizations (RBOs). However, the application of the integrated principles in Agenda 21 is still limited, and the current Law on Water Resources does not fully represent the regulations related to Integrated Water Resource Management (IWRM). Additionally, there is a need to strengthen institutional cooperation for international river basins. Vietnam is working to apply IWRM principles to achieve economic, social, and environmental goals, but significant changes in current management practices will be necessary.



Water-related disasters such as floods, drought, saltwater intrusion, the erosion of river banks, and land subsidence are major challenges for development in Vietnam. The central river basins in Vietnam are most affected by floods and inundation, and drought and saltwater intrusion are severe in the deltas of large river basins. Riverbank erosion is most concentrated in the Mekong Delta. Land subsidence is currently being monitored in Hanoi, Ho Chi Minh City, and the Mekong Delta, but the causes of subsidence need to be clarified.



Water security is facing emerging challenges in Vietnam, primarily due to climate change and sea-level rises, as well as socioeconomic development. The average annual discharge of most river basins in Vietnam tends to increase by 2–18% per year, but mainly in the rainy season, causing an increase in flood frequency but a shortage of water and saltwater intrusion in the dry season. By the middle of this century, the East Sea level will have risen by about 24 cm (16–32 cm), and by the end of the century, it will have risen by about 56 cm (38–78 cm), increasing the risk of floods due to high tides and saltwater intrusion deep into the mainland. Additionally, water pollution is a challenge that needs to be solved, especially in the basins of the Red–Thai Binh, Dong Nai, and Huong Rivers due to the discharge of wastewater and the pollution of water sources. The location and topography of Vietnam, together with the high population density in the coastal areas, have made it one of the countries most affected by natural disasters, including floods, inundations, droughts, saltwater intrusions, and other natural disasters.



The management of water resources in Vietnam needs to focus on addressing issues such as controlling the exploitation and use of water, protecting water quantity and quality, and ensuring national water security. The revised Law on Water Resources needs to be reliable and effective in implementing integrated water resource management (IWRM) and should focus on five policy groups related to water security, the protection of water resources, the prevention and control of harmful effects caused by water, the socialization of the water sector, and financial policies related to water resources. It is necessary to provide comprehensive and synchronous solutions from the central to local levels, including enhancing all management institutions, promoting the application of information technology, and expanding multilateral and bilateral international cooperation relations.



Based on our analysis of Vietnam’s national water security, some research directions to contribute to the Master Plan for National Water Resources and amendments to the Law on Water Resources were also proposed. In Vietnam, a real transition to integrated water resources management is the core issue that needs to be addressed in institutional reform as well as in amending legal documents to address these problems and challenges facing water resources.



In order to supplement the uncertain information related to assessing water security, as well as the solutions to the problems mentioned above, several topics need to be studied:




	
Developing and implementing effective measures to address water pollution in high-risk areas.



	
The impacts of climate change on water resources and developing adaptive strategies to manage water scarcity and extreme weather events.



	
Improving institutional cooperation for international river basin management.



	
Improving monitoring data from outside the country using advanced technology.



	
The causes and effects of land subsidence in areas such as Hanoi, Ho Chi Minh City, and the Mekong Delta.



	
The effectiveness of the revised Law on Water Resources and its implementation for integrated water resource management.
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Figure 1. Distribution of the basin area inside Vietnam and its average annual rainfall in the period 1980–2020. The data in the tables represent the river basin names, average annual rainfall, and wet (RS) and dry (DS) seasons in the period 1980–2020. 
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Figure 2. Proportion of seasonal rainfall (%) in the river basins in the period 1980–2020. 
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Figure 3. Total average annual discharge of river basins originating from inside Vietnam and outside Vietnam in the period 1980–2020. 
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Figure 4. Annual water availability indicator: the average annual surface water discharge from a basin divided by the population of that basin. 
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Figure 5. Dry season water availability indicator: the dry season surface water discharge of a basin divided by the population of that basin. 
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Figure 6. (a) The groundwater resources potential and (b) exploitable groundwater potential in river basins. 
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Figure 7. Annual water exploitation indicator: the total estimated annual water exploitation in a river basin divided by the total average annual surface water discharge (including any inter-basin transfers). Only statistical data related to water demand, and not exploitation, were available for 2020 and are presented in this Figure. 
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Figure 8. Percentage of water quality levels based on assessment of water quality index (WQI) at monitoring points in river basins in the period 2016–2020 [28]. 
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Figure 9. Vietnam’s institutional system for water management. 
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Table 1. Water demand in river basins by the years 2022, 2025, 2030, and 2050.
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River Basin

	
Water Demand (Million m3)

	
Proportion of Basin Water Demand Compared to Total National Water Demand (%)




	
2022

	
2025

	
2030

	
2050

	
2022

	
2025

	
2030

	
2050






	
Bang Giang–Ky Cung

	
521

	
549

	
576

	
641

	
0.45

	
0.46

	
0.47

	
0.49




	
Red–Thai Binh

	
25,845

	
28,021

	
28,181

	
31,253

	
22.08

	
23.27

	
23.18

	
23.88




	
Ma

	
2360

	
2460

	
2547

	
2625

	
2.02

	
2.04

	
2.10

	
2.01




	
Ca

	
2857

	
2826

	
2825

	
2913

	
2.44

	
2.35

	
2.32

	
2.23




	
Huong

	
504

	
500

	
505

	
546

	
0.43

	
0.42

	
0.42

	
0.42




	
Thu Bon–Vu Gia

	
762

	
781

	
790

	
844

	
0.65

	
0.65

	
0.65

	
0.65




	
Tra Khuc

	
521

	
582

	
601

	
683

	
0.45

	
0.48

	
0.49

	
0.52




	
Kone

	
725

	
735

	
745

	
795

	
0.62

	
0.61

	
0.61

	
0.61




	
Ba

	
1896

	
1934

	
1954

	
2018

	
1.62

	
1.61

	
1.61

	
1.54




	
Se San

	
707

	
1.153

	
1153

	
1749

	
0.60

	
0.96

	
0.95

	
1.34




	
Srepok

	
2539

	
2752

	
2752

	
4055

	
2.17

	
2.29

	
2.26

	
3.10




	
Dong Nai

	
11,398

	
11,456

	
11,916

	
14,326

	
9.74

	
9.52

	
9.80

	
10.95




	
Cuu Long (Vietnam Mekong)

	
57,649

	
57,892

	
58,154

	
58,787

	
49.26

	
48.08

	
47.83

	
44.92




	
Cai Ninh Hoa

	
214

	
227

	
229

	
256

	
0.18

	
0.19

	
0.19

	
0.20




	
Cai Nha Trang

	
278

	
255

	
248

	
248

	
0.24

	
0.21

	
0.20

	
0.19




	
River basin group in Quang Ninh (Quang Ninh RG)

	
307

	
331

	
345

	
406

	
0.26

	
0.27

	
0.28

	
0.31




	
River basin group in Quang Binh (Quang Binh RG)

	
666

	
689

	
699

	
732

	
0.57

	
0.57

	
0.57

	
0.56




	
River basin group in Quang Tri (Quang Tri RG)

	
486

	
501

	
507

	
527

	
0.42

	
0.42

	
0.42

	
0.40




	
River basin group in the southeast (SERG)

	
1066

	
1121

	
1089

	
1159

	
0.91

	
0.93

	
0.90

	
0.89




	
River basin group on the central coast (CCRG)

	
5727

	
5632

	
5757

	
6320

	
4.89

	
4.68

	
4.74

	
4.83




	
Total

	
117,027

	
120,396

	
121,573

	
130,885

	
100

	
100

	
100

	
100








Data source: Synthetic Report on National Master Plan for Water Resources in the Period 2022–2030 with Vision to 2050 [13].
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Table 2. Current water availability and use in river basins.
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Basin

	
Water Availability

(Bil m3/Year)

	
Water Use

(Bil m3/Year)




	
Yearly

	
Dry Season

	
Wet Season

	
Yearly

	
Dry Season

	
Wet Season






	
Bang Giang–Ky Cung

	
9.8

	
3.0

	
6.8

	
0.5

	
0.3

	
0.2




	
Red–Thai Binh

	
170.4

	
49.7

	
120.8

	
20.5

	
11.9

	
8.6




	
Ma

	
25.3

	
8.5

	
16.8

	
2.4

	
1.5

	
0.8




	
Ca

	
29.4

	
11.3

	
18.1

	
1.9

	
1.4

	
0.5




	
Huong

	
9.4

	
3.0

	
6.4

	
0.5

	
0.4

	
0.1




	
Vu Gia–Thu Bon

	
21.1

	
8.6

	
12.5

	
0.7

	
0.7

	
0.1




	
Tra Khuc

	
9.0

	
2.7

	
6.3

	
1.1

	
0.9

	
0.2




	
Kôn–Hà Thanh

	
5.2

	
1.7

	
3.5

	
0.7

	
0.5

	
0.2




	
Ba

	
14.1

	
5.8

	
8.2

	
1.9

	
1.6

	
0.3




	
Sa San

	
14.2

	
4.4

	
9.8

	
0.7

	
0.5

	
0.2




	
Srepok

	
21.9

	
6.2

	
15.7

	
2.5

	
2.0

	
0.6




	
Dong Nai

	
51.7

	
15.6

	
36.1

	
12.1

	
8.7

	
3.3




	
Cuu Long (Vietnam Mekong)

	
500.0

	
152.4

	
347.7

	
55.3

	
35.5

	
19.7




	
Other coastal river basins

	
54.4

	
19.5

	
34.9

	
8.2

	
6.7

	
1.5




	
Total

	
935.9

	
292.4

	
643.5

	
108.9

	
72.7

	
36.2








Data source: Synthetic Report on National Master Plan for Water Resources in the Period 2022–2030 with Vision to 2050 [13].
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