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Abstract

This systematic review evaluates recent scientific and technological advances in water
quality monitoring and pollution alarms for ports, based on records retrieved from seven
databases following the PRISMA protocol. A total of 414 documents were screened, re-
sulting in 141 articles (TRL 3) and 56 patents (TRL 4-5). Bibliometric, patentometric, and
thematic analyses were conducted using Bibliometrix and ORBIT®. Results show sustained
growth in both academic and technological outputs, with a patent Compound Annual
Growth Rate (CAGR) of 32%, compared with 13% for scientific publications, indicating
accelerated translation from research to innovation. The conversion rate from scientific re-
search to patenting increased from 14% (2010-2015) to 47% (2020-2023). Analysis of patent
legal status reveals that 52% of patent families remain valid (48% granted; 4% pending),
while 33% are lapsed, 13% revoked, and 2% expired, reflecting the dynamic and emerging
character of the field. Technological ownership is highly concentrated, with China ac-
counting for nearly all active patents, whereas scientific production is more geographically
distributed. Thematic analysis identifies four main scientific clusters: environmental moni-
toring, chemical pollutants, seashore hazards, and eutrophication. The main technological
domains of the patents are analysis of biological materials, control, and environmental
technologies. Emerging areas of focus at TRL 3 and TRL 4-5 include microplastics, climate-
change impacts, aquaculture risks, real-time sensing, IoT-enabled platforms, machine-
learning analytics, autonomous monitoring systems, and bioindicator-based early-warning
tools. This review provides a quantitative roadmap to support sustainable port operations,
coastal ecosystem protection, and progress toward multiple synergistic United Nations
Sustainable Development Goals (SDGs).

Keywords: water pollution monitoring; port environmental management; early—warning
systems; Technology Readiness Level (TRL); patent analysis; IoT-based sensing; marine
water quality; smart ports; environmental sustainability; aquaculture water monitoring
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1. Introduction

Humanity depends strongly on water quality and pollution alert technologies for
survival on Our Home, Planet Earth [1], as well as on the development of ecological solu-
tions [2]. This dependency underpins a conceptual transition from strong anthropocentrism,
through weak anthropocentrism and biocentrism, toward ecocentrism [3], which values
all living organisms and extends moral standing to ecosystems and ecological processes,
respecting nature [4]. Such a shift shapes future-oriented strategies in which justifica-
tory logics, decision rules, and evaluation metrics evolve as intrinsic ecological value is
incorporated into decision-making priorities [5].

Ports, as aquatic logistics hubs for cargo loading and unloading, coexist with local
bioeconomy activities, as recognized by the Brazilian Center for Management and Strategic
Studies [6], the Food and Agriculture Organisation of the United Nations [7], the Or-
ganisation for Economic Co-Operation and Development [8], and the BRICS [9]. They
constitute critical infrastructures for safeguarding water quality, given the diversity and
potential impacts of associated pollution sources, both in specific regions [10] and in the
recommendations of transnational agencies [10].

1.1. Ports as Indispensable Infrastructure

Maritime transport accounts for around 80% of global trade by volume [11]. Conse-
quently, port waters are exposed to pollution associated with maritime and port activities.
Oil spills are recognized as a major source of water pollution in port environments, account-
ing for approximately 59% of port accidents [12].

Accordingly, special attention is required to prevent contamination in these environ-
ments, while also reducing the impacts of port development on the decoupling between
urban growth and hinterland pollution [13].

Most ports are located in areas of high economic activity and industrial intensity [14].
In this context, they can operate as strategic water-quality monitoring and control stations,
particularly when positioned near large industrial facilities with potential emissions, water-
treatment plants, wastewater discharge outlets, as well as fishing and aquaculture areas
and related infrastructure.

1.2. Ports in the Context of SDGs: Monitoring Stations and Pollution Warning Systems

In recent years, biodiversity and habitat protection have become key considerations in
environmental valuation and economic decision-making, and are expected to gain further
relevance in the near future [15].

The United Nations (UN) highlights this issue in the 2030 Agenda [16], as several
Sustainable Development Goals (SDGs) [17] depend critically on the prevention of water
pollution, and ports play an essential role in achieving these goals [18].

Within SDG 14, Target 14.1 explicitly aims to “by 2025, prevent and significantly reduce
marine pollution of all kinds, in particular from land-based activities, including marine
debris and nutrient pollution” [19].

The World Ports Sustainability Program [20] considers the 17 SDGs to be indivisi-
ble and identifies particularly strong linkages with SDGs 6, 7, 8, 9, 13, and 14, selecting
six priority themes: digitalization, infrastructure, health, safety and security, and environ-
mental care, among others. Within the environmental dimension, water pollution plays
a central role and is closely associated with freshwater protection, water consumption,
waste collection, reuse and recycling, marine litter reduction initiatives, soil and sediment
contamination, and habitat protection and biodiversity enhancement.

Green and sustainable ports require performance evaluation [21] based on feasible
methodologies and clear indicators [22], associated with planning and implementation
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processes [23], and aligned with policy frameworks such as those proposed by the Euro-
pean Union [24]. They should not only monitor and maintain local water quality [25], but
also enable self-diagnostic capabilities [26]. In this role, ports may function as regional
monitoring and regulatory nodes, contributing to pollution prevention. In already pol-
luted environments, ports may also support the mapping and identification of pollution
sources [27]. In addition, biodiversity-related risks, such as the introduction of alien species,
must be monitored [28]. Collectively, these functions enhance the efficiency, resilience, and
intelligence of water-quality assessment in estuarine and coastal systems.

To achieve these objectives, ports should operate as integrated water-pollution surveil-
lance and early-warning systems, combining traditional and innovative approaches.

Mapping the scientific knowledge (papers) and technological developments (patents)
currently being generated in this field is therefore essential for assessing future options.

1.3. Emerging Science and Technology Development: Intermediary Technological Readiness Levels

Technologies that may be used in future water-quality evaluation and pollution alert
systems in ports can be observed during the scientific research and technological develop-
ment (R&D) stages by mapping intermediate levels of Technology Readiness Level (TRL).

The TRL scale ranges from TRL 1 (initial testing of basic ideas) to TRL 2 (preliminary
research on a concept), TRL 3 (research supported by initial favorable experimental results),
TRL 4 and TRL 5 (technological development and validation in laboratory and relevant
environments), TRL 6 (technology demonstration), TRL 7 (demonstration in an operational
environment), TRL 8 (qualified technology), and TRL 9 (fully operational technology
available in the market) [29].

As metrics, scientific articles have been used to represent TRL 3, patents for TRL 4-5,
and the countries where patents are filed as proxies for TRL 9, as these locations represent
potential future markets for the technologies [30].

This approach to evaluating R&D through articles and patents has been successfully
applied to insect-based feed for aquaculture [31], cross-country comparisons of food tech-
nologies [32], and biotechnology [33], as well as comparative assessments of BRICS versus
non-BRICS technologies in enhanced oil recovery [34] and associated waste and effluent
treatment technologies [35].

Several bibliometric reviews (TRL 3) have examined topics related to ports. Examples
include scientometric and meta-analytic studies on environmental performance measure-
ment in ports [36], bibliometric analyses of shipping port performance [37], and sciento-
metric and Theory of Solace (ToS) metaphor analyses addressing digital maritime transport
and port operations in the transition toward smart, green, and sustainable technologies [38].
Additional studies focus on specific port-related aspects, including article-based system-
atic reviews of sustainable port operations and environmental initiatives in specific loca-
tions [39], systematic reviews of seaport maritime pilotage [40], and bibliometric studies of
maritime transport logistics [41].

However, systematic reviews have rarely addressed technological development
through patent analysis, that is, patentometric analysis at TRL 4-5.

Several technological bottlenecks continue to constrain the realization of compre-
hensive water quality monitoring and early-warning pollution systems in ports, thereby
driving further scientific research and technological development.

1.4. Ports and Bottlenecks of Water Monitoring and Pollution Alerts

Several methodological procedures already incorporate alarm and control systems
designed to prevent the discharge of contaminants, such as the metrics and criteria for
environmental risk assessment in port areas at the European Union level [42].
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Other systems not only detect pollution events, but also support the implementa-
tion of monitoring tasks, including the allocation of emergency resources and response
procedures for port water-pollution incidents, following established contingency plans.
These systems provide technical guidance for managing water-pollution incidents in port
environments [43].

According to the European Court of Auditors, in its assessment of European Union
actions addressing sea pollution from ships, improvements are required in the monitor-
ing capacity and effectiveness of pollution-alert tools, increasing their current level of
deployment and operational performance [44].

However, to evolve into smart ports, it is essential to prioritize artificial systems,
computational experimentation, and parallel data-processing architectures [43], as well as
satellite-based water-quality observations coupled with machine-learning techniques [45].
These approaches should be implemented with a strong emphasis on precautionary and
preventive management, ensuring efficient and sustainable water use, while also offering
opportunities for complementary funding mechanisms beyond traditional sources.

In water-quality management, beyond investment-related challenges typically ad-
dressed through governmental regulation and subsidies, several international policy frame-
works provide guidance. These include United Nations recommendations for port sus-
tainability [18], Organisation for Economic Co-operation and Development guidelines
addressing financial stability and water-related risks [46], as well as the use of governmen-
tal subsidies [47], and strategic investments in water-management infrastructure [48].

Nevertheless, technological challenges remain significant. The deployment of multi-
sensor monitoring devices is essential, requiring the careful selection of key parameters
tailored to local environmental conditions, such as salinity regimes. Financial and techno-
logical constraints further necessitate the use of mobile data-collection platforms.

To enable effective port-based early-warning systems, real-time water-pollution mon-
itoring is required, together with the definition of appropriate alarm parameters, which
may depend strongly on local edaphoclimatic conditions. Digitalization and automation
are also essential, preferably integrated with intelligent systems that support autonomous
decision-making.

Although air-pollution research is relatively advanced, knowledge and technologies
for water-pollution monitoring and early-warning systems in ports remain limited. This gap
applies to pollution arising from cargo spills, fuel leaks, the transfer of non-native organisms
(toxic or non-toxic) via ballast water, chemical discharges from cleaning products, tank
residues, leaching of antifouling paints, wastewater and other contamination pathways [14].
Also, although understanding hydrological volumes and water-flow dynamics is essential,
such knowledge is primarily required to characterize pollutant fluxes and represents a
necessary condition for maintaining adequate water quality [49].

Although specific port-related aspects have been addressed in bibliometric reviews,
no study has examined water-pollution alert systems in ports in a comprehensive manner,
nor the available early-warning alert technologies. Furthermore, no study has incorporated
patentometric analysis covering TRL 4-5, nor has it clearly distinguished technological
development stages between TRL 3 and TRL 4-5.

In addition, existing studies do not examine the geopolitical distribution of scien-
tific production (TRL 3) and technological development (TRL 4-5) and their potential
implications for future technologies, nor do they assess potential future patent markets.

To contribute to the current body of knowledge, the present study addresses the
following research questions:
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e  What R&D activity exists globally at intermediate maturity levels for port-based water
monitoring and pollution alert systems, considering research at TRL 3 (scientific
articles) and technological development at TRL 4-5 (patents)?

e  What are the temporal growth patterns of TRL 3 and TRL 4-5, and what is the conver-
sion rate from TRL 3 to TRL 4-5?

e  How is this field geopolitically distributed in terms of scientific output, patent owner-
ship, active intellectual property rights, and potential markets?

e  Which dominant, emerging, declining, and niche scientific themes are shaping fu-
ture directions?

e  Which technological domains and trends dominate current innovation trajectories at
TRL 4-5?

e Do these emerging technologies support the achievement of the United Nations
Sustainable Development Goals (SDGs)?

2. Materials and Methods

To address the research questions, this study mapped recent scientific articles and
patents, examined temporal trends, origins, collaboration networks, and potential patent
markets, and conducted a detailed thematic analysis of scientific topics, including emerging,
declining, niche, motor, and basic themes. Future technologies and their applications were
systematically mapped and analyzed.

Articles used to assess TRL 3 were retrieved in 2025 and updated on 29 January 2026
from three databases (Scopus, Web of Science, and PubMed). Searches were conducted
using keywords combined with truncation characters and Boolean operators, in accor-
dance with the query rules of each database. The fields searched included title, abstract,
and keywords.

To ensure the inclusion of peer-reviewed documents prior to publication and to focus
exclusively on original research, only the document type “article” was considered. To
capture recent technological and scientific developments, publication years were restricted
to 2004 onward. The search strategy was:

WATER QUALITY AND ALARM AND SEAWATER AND PORT

with the keywords being:

WATER QUALITY—“water*quality*”

SEAWATER—seawater* OR “salt water*” OR ocean* OR marine* OR maritim*
ALARM—alarm* OR emergenc* OR safet* OR alert* OR warn* OR disaster* OR hazard*
PORT—harbor* OR harbour* OR port* OR marina* OR harborage* OR dock* OR berth* OR
anchorage® OR quay* OR pier* OR seaport*

Articles were retrieved from three databases (the search strings applied in each
database are provided in Table S1 of the Supplementary Materials). The retrieved docu-
ments were processed in accordance with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) 2020 guidelines [50] (Figure 1).

A total of 283 articles were identified through manual searches across the databases
and downloaded in CSV or Excel format. Duplicates were removed using DOI identifiers
and, when DOIs were unavailable, by screening titles and abstracts, resulting in 178 records
(Figure 1).

Titles and abstracts were independently screened by at least two authors, leading to
the exclusion of 28 articles that did not address pollution in ports, leaving 150 records.
Exclusions were primarily due to keyword ambiguities, including cases in which the
term “port” referred to data input/output ports in electronic equipment, the city of Porto,
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or the country Portugal, and cases in which “marine” referred to unicellular flagellates.
Articles based exclusively on laboratory analyses using samples not originating from port
environments were also excluded.

[ Identification of studies via databases ]
)
Total databases (n=7)
Records identified (n=414)
Article databases (n=3)
§ Scopus (n=141)
® PubMed (n=40) Records removed before screening (n=113)
5.% Web of Science (n=102) —> Duplicate articles removed (n=105)
= Duplicate patents removed (n=8)
§ Patent databases (n=4)
Worldwide Espacenet (n=96)
Derwent (n=4)
Lens (n=16)
Patent Scope (n=15)
)
Abstract screened (n =301) Records excluded (n =37)
Articles (n=178) _—> Articles (n=28)
Patents (n=123) Patents (n=9)
Reports sought for retrieval (n=264) Reports not retrieved (n=0)
Articles (n=150) E— Articles (n=0)
= Patents (n=114) Patents (n=0)
=
e
[
Q2
O
”n Reports excluded (n=67)
Full text assessed for eligibility (n=264) Articles (n=9)
Articles (n=150) Em— Not water pollution in ports (n=9)
Patents (n=114)
Patents (n=58)
Not water pollution in ports (n=58)
—
y

Studies included in review (n=197)
Articles (n=141)
Patents (n=56)

Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) study
flow diagram.

The full texts of the remaining 150 articles were retrieved and read in full. Of these,
nine articles were excluded because they did not address water pollution in ports.

Ultimately, 141 articles were included in the analysis. Their metadata were down-
loaded from Scopus and Web of Science, converted to Microsoft Excel, and analyzed.
Subsequently, metadata were processed in R using Biblioshiny from the Bibliometrix
package (v. 2023.12.1) [51]. The dataset showed 100% completeness for titles, abstracts,
affiliations, journals, and publication years, with high keyword coverage (93.8%). A total of
24,402 keywords were analyzed in detail and standardized.

For the patent search, patent families (hereafter referred to simply as “patents”) were
used, considering that each family may include multiple applications across different
countries [52].

To identify recent technological developments, the search was restricted to patents with
a first priority year between 2004 and 2023. This time window was selected to account for
the 18-month patent confidentiality period and the maximum 20-year legal protection term.

Patent data were manually retrieved in May 2025 from four databases and updated
on 30 January 2026. The worldwide database of the European Patent Office (EPO) [53],
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which periodically imports patent records from more than one hundred countries, was
accessed using ORBIT software (version 2.0.0) by Axonal for data extraction, which pro-
vides English translations of patent documents [54]. Patents were also searched in the
PATENTSCOPE database [55] of the World Intellectual Property Organisation (WIPO), the
Lens database [56], and the Derwent database [57].

The search was conducted using the International Patent Classification (IPC) code
GO1N-033/18 (investigating or analyzing water quality), which yielded 37,215 patent fami-
lies, many of which were overly generic and not aligned with the intended scope. To refine
the search, this IPC code was combined within each patent database with database-specific
keywords, search fields, truncation characters, and Boolean operators, applied to titles,
abstracts, invention descriptions, advantages of the invention, and independent claims.

The search scope combining the IPC code and keywords was:

WATER QUALITY AND ALARM AND SEAWATER AND PORT

with the full expressions being:

WATER QUALITY—GO01N-033/18

ALARM—alarm OR emergency notification OR safety announcement OR urgent alert system
OR real-time warning system OR instant notification system OR disaster notification system
OR critical warning system OR risk alerting OR hazard notification OR disaster warning OR
emergency indicator OR distress call OR warning OR emergency notice OR alert
SEAWATER—sea OR seawater OR saltwater OR ocean OR maritime OR marine OR oceanic OR
estuary OR coastal lagoon OR bay OR watercourse

PORT—harbor OR port OR marina OR harborage OR dock OR berth OR anchorage OR harbour
OR quay OR pier OR seaport

The search strings applied in each database are provided in Table S1 of the Supplemen-
tary Materials. A total of 131 patent families were identified. The retrieved documents were
processed in accordance with the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) 2020 guidelines [50] (Figure 1). Eight duplicates were removed
based on first-priority numbers, titles, and abstracts, resulting in 123 patents (Figure 1).
Titles and abstracts were screened, and nine patents were excluded because they did not
address pollution analysis in ports.

Subsequently, full texts of all remaining documents were retrieved and read in full by
at least two authors. Of these, 58 patents were excluded for being outside the study scope,
including documents related to air pollution, agricultural irrigation, laboratory biochemical
oxygen demand (BOD) analysis, domestic water treatment, swimming pool treatment,
fire-protection devices, rain measurement and monitoring, metal mine drainage ditches,
water purification devices, leak detection in taps and household plumbing, irrigation
systems for artificial green areas such as gardens and parks, water electrolysis devices, river
flow-increase detectors, and other unrelated applications.

The remaining 56 patents were processed using ORBIT tools [58]. The data were
exported to CSV files and analyzed in Microsoft Excel, where tables were edited, and
calculations were performed.

Temporal evolution trends were assessed using the Compound Annual Growth Rate
(CAGR) composite indicator, previously applied to studies on aquaculture feed [31], food
technologies [32], biotechnology [33], enhanced oil recovery [34] and waste and effluent
treatment [35]. To evaluate more recent trends and minimize the influence of atypical years,
biennial averages for 20192020 and 2022-2023 were calculated using Equation (1).

1

P, (tn—tg)

CAGR(to, 1) =100{ ()" 1) M
to
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where tj is the start time, t, is the end time, P;; is the number of documents at the start
time, P, is the number of documents at the end time ¢,,.

Figures were generated using Microsoft Excel, Biblioshiny, and ORBIT, and refined
using Microsoft PowerPoint.

3. Results and Discussion

Temporal trends in pollution detection and early warning in ports are analyzed using
cumulative annual growth and CAGR. A global geopolitical analysis of the origins of
scientific articles and patents and an assessment of potential patent markets are then
conducted. At TRL 3, a thematic analysis of scientific articles examines the temporal
evolution of themes, alongside a detailed assessment of analytical, microbiological, and
sensor-based water-pollution monitoring methods. At TRL 4-5, technological domains,
technologies, and their applications are analyzed.

3.1. Temporal Trends

Figure 2 presents the cumulative temporal evolution of patents and scientific articles,
as well as the most recent CAGR for the period 2019-2020 to 2022-2023. Both article and
patent outputs exhibit an upward trend, indicating that pollution alert technologies in ports
remain an ongoing technological and societal challenge. The sustained growth reflects
continued scientific engagement with this topic, alongside the translation of research
findings into technological developments.

160

140 Patent Status ——Patents —@— Articles

Dead (Lapsed)
33%

120

100 Dead
(Expired)
2%

Granted

48% CAGR=13

80

60 Dead (Revoked) Pending
13% 4%

40 CAGR =32

20

2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

Figure 2. Cumulative annual evolution of total patents (red squares) and scientific articles (blue
circles), as well as the Compound Annual Growth Rate (CAGR) between the 2019-2020 and 2022-2023
biennia. The inset shows the overall percentage distribution of patent legal status, including granted
(yellow), pending (orange), expired (black), lapsed (dark gray), and revoked (light gray) patents.

A degree of parallelism is observed between the patent curve and the article curve,
which can be attributed to the conversion rate from TRL 3 (articles) to TRL 4-5 (patents).
Between 2010 and 2015, this conversion rate averaged 14%, then increased substantially,
reaching an average of 47% between 2020 and 2023, indicating that these technologies
remain in an emerging phase.

Analysis of recent CAGR shows that the patent growth rate (32%) is more than
double that of scientific articles (13%), supporting the interpretation that pollution alarm
technologies for ports are advancing in technological maturity and transitioning from
academic research environments toward productive and industrial sectors.

A more detailed examination of patent legal status (inset of Figure 2) indicates that
more than half of the patents remain valid, with 48% granted and 4% still under examina-
tion. The relatively low share of pending patents may be associated with fast examination
timelines in certain national patent offices. Countries such as China and the USA report
short average examination periods, on the order of about 16 months and 26 months, respec-
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tively. This reflects the recent acceleration of patent examination procedures in China [59]
and the average examination timelines reported for the USA [60].

Approximately 13% of patents are revoked (Figure 2), meaning they were invalidated
after grant through administrative or judicial decisions. This outcome may result from
insufficient novelty, obviousness, procedural errors, or accelerated examination processes
lacking deeper substantive review. Expired patents account for a very small proportion (2%),
which is atypical and suggests that pollution alarm technologies for ports are relatively
recent. In addition, 33% of patents are classified as lapsed, indicating that applicants
discontinued maintenance-fee payments—an outcome commonly associated with strategic
portfolio adjustments or barriers to technology transfer and commercialization.

These findings raise key questions: Which countries are leading the growth of pol-
lution alarm technologies for ports? Are the technology-developing countries also the
primary users, or are these export-oriented innovations? What are the principal potential
patent markets?

3.2. Global Distribution of Article and Patent Origins and Potential Markets

Figure 3 presents world maps showing the country-level distributions of scientific
articles, patent origins, active patents, and their potential patent markets.

(A) Articles and their collaborations (TRL 3) (B) Patents origin (TRL 4-5)

=

P
P S cems =
o L
' Sy
= ——

\
Top Countries  Articles .
China 5 CouITtnes Patents
USA 7 China 53
Portugal 21 USA !
(C) Active patents origin (TRL 4-5) (D) Potential markets of patents (TRL 9)

o8 -

Top Countries Patents
Countries Patents China 53
China 28 USA
World Organization 1

Figure 3. World maps and top-country tables showing: (A) scientific articles and their international
collaborations; (B) first-priority countries representing the origins of patents; (C) first-priority coun-
tries with active patents; and (D) countries where patents have been filed beyond the first priority,
indicating potential commercial markets. A complete list of the number of published articles per
country is provided in Table S2 of the Supplementary Materials.
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Scientific discoveries (Figure 3A) are primarily published by China, the United States,
and Portugal, each contributing approximately two dozen articles. Strong international
collaborations are observed between the United States, China, and Australia. Publications
span 51 countries across all continents, indicating that the pursuit of new knowledge is
globally distributed.

In contrast, the remaining world maps show activity concentrated in only one or two
countries, suggesting that most countries worldwide still exhibit relatively low levels of
technological maturity in this domain.

A total of 223 institutions contributed to the analyzed articles (Table S3 in the Supple-
mentary Materials). The leading organisations include the University of Porto (22 articles),
The University of Hong Kong (15), Kuwait Institute for Scientific Research (14), Ocean
University of China (13), University of California (13), University of Coimbra (13), School
of Basic Medical Sciences (11), and IH Cantabria—Instituto de Hidrdulica Ambiental de la
Universidad de Cantabria (10).

The articles were authored by 798 researchers, with an average of 10.8 authors per
article and an international co-authorship rate of 28.47%, indicating extensive cross-country
collaboration, consistent with patterns shown in Figure 3A. The average number of citations
per document is high (30.12), suggesting strong academic visibility and sustained interest
in pollution alarm technologies in ports.

The most prominent collaboration networks occur in Portugal, Brazil, Spain, China,
and Korea.

Although three countries rank among the top contributors in scientific publications,
only one has clearly advanced to TRL 4-5, namely China, which holds nearly twice as
many patents as articles. This pattern points to a scientific confidentiality strategy, in which
patent filings precede journal publications (Figure 3B). By contrast, the United States holds
only one patent, and Portugal has none.

Technological development is predominantly conducted independently, with limited
co-ownership and cross-institutional patent collaborations, including:

e  Nanjing Tonghai Port Channel Survey Technology Consulting Service with Changjiang
Downstream Hydrology & Water Resources Investigation Bureau and Changjiang
Water Conservancy Commission Hydrological Bureau (CN113311129);

e  Shenzhen Ankang Test Technology with Jiangxi Ankang Environmental Science
(CN112881635);

e  Guangdong Polytechnic Normal University with Guangdong Oking Information
Industry (CN115902137);

e  Changzhou University with the Nanjing Institute of Environmental Sciences, Ministry
of Environmental Protection, and the Changzhou Environmental Monitoring Center;
(US10852287)

e  Wuxi Taiyue Machinery with the Wuxi Institute of Arts and Technology (CN211122814).

The most cited patent belongs to PowerChina Water Governance (W0O2018/032826),
which has 20 patented inventions (19 granted and one dead) in several technological domains.

Analysis of active patents (Figure 3C), which remain enforceable for intellectual prop-
erty rights, shows that all valid patents are Chinese, meaning that only China currently
holds enforceable patent rights in this technological domain. A closer inspection indi-
cates that these patents are restricted to the domestic Chinese market, with limited export
orientation. Many explicitly target specific Chinese regions within patent descriptions.

China’s prominence can be attributed to structural factors, including the substantial
increase in its R&D expenditure since the beginning of the twenty-first century, which has
positioned the country in third place in the global ranking. This trend has been accompa-
nied by a clear policy in recent years linking TRL 3 research with TRL 4-5 technological
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development, aimed at addressing technological challenges and reducing risks related to
access to advanced technologies [61]. This effort has led China to first place in global patent
filings [59]. In effect, this systematic state policy commitment, focused on developing
domestic innovation capacity, is closely associated with internal economic policy objectives,
aiming to sustain high rates of economic growth [62].

A total of 29 applicants hold valid patents, each owning one patent, except for Sun Yat-
sen University, which holds two patents focused on river and estuarine water monitoring
and early-warning alarms. These systems integrate flow velocity probes, liquid-level probes,
temperature probes, pH probes, ORP probes, conductivity probes, and dissolved oxygen
probes (CN202222431524; CN201910488129). Patent applicants are primarily from the indus-
trial sector (23 entities), with five academic institutions and one government organisation.

Potential patent markets largely mirror patent origin countries, with China as the
dominant market and the United States at a substantially smaller scale (Figure 3D). Only
one patent was filed through the Patent Cooperation Treaty (PCT) aiming for exporta-
tion (WO2018/032826). It refers to an automatic control system for contaminated water
industrial treatment.

Given the wide range of countries contributing at TRL 3, a key question arises: What
thematic areas characterize their scientific publications?

3.3. Science (TR3)

Table 1 presents articles representing each of the most relevant scientific themes.

Table 1. Representative articles for each major scientific theme across the analyzed periods.

Period Themes References
Pollution in port areas near urban centers, including contamination by heavy metals [63]
Earlier Fecal bacteria as indicators in coastal areas. [64-66]
(2004-2007) Algal blooms, phytoplankton community structure, eutrophication, and sludge [67-69]
management and treatment.
Analytical techniques combining chromatography with multiple mass spectrometry [70-73]
platforms, enabling the detection of a broader range of contaminants at
Intermediate lower concentrations.
(2008-2023) Bathing water quality indices for beaches. [74-77]
Pollution risk assessment. [78]
Large-scale environmental monitoring programs. [79-82]
Aptamer-based sensors for environmental monitoring. [83,84]
Sustainability-oriented monitoring frameworks integrating multiple environmental [85]
parameters over extended temporal scales.
Heavy metals in sediments and historical accumulation analysis. [86,87]
Saline intrusion monitoring, hazardous pollutant tracking, real-time early-warning [88-90]
Recent systems, and predictive modeling.
(2024-2026) Environmental monitoring systems for pollution alerts. [85,91]
Climate-change impacts related to eutrophication and nitrogen [92]
concentration variability.
Biodiversity maintenance, dissolved oxygen levels, mollusk species richness, and [93-95]
ecosystem threat assessment.
Public-health risks associated with bacteria at bathing beaches. [96,97]
Microplastic mapping in seawater and ecological risk assessment. [96,98]

Scientific studies are analyzed through pattern identification, temporal trend analysis,
and in-depth discussion.
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3.3.1. Thematic Analysis of Scientific Articles

Figure 4 presents the keyword word cloud derived from the analyzed articles. The
dominant concept is environmental monitoring, a core requirement for detecting state
changes attributable to pollution. The second most prominent theme relates to chemical
pollutants originating from multiple sources. This is followed by the high relevance of risk
assessment, particularly in marine and coastal waters.
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Figure 4. Word cloud of the top 50 article keywords, after excluding the scope-obvious expression

“water quality”.

This word cloud can be interpreted in conjunction with the keyword co-occurrence
network map (Figure S1 in the Supplementary Materials), which groups keywords into
four clusters: Environmental Monitoring, Chemical Water Pollutants, Seashore Hazards,
and Eutrophication.

The Environmental Monitoring cluster focuses on human activities and their impacts
on ecosystems that undergo environmental change. Monitoring approaches include water
sampling and geological sediment analysis. Target environments include estuaries, marine
and coastal systems, and groundwater, with seasonal variability playing a relevant role.

The Chemical Water Pollutants cluster emphasizes pollutant concentration levels,
analytical detection limits, and associated risk and hazard assessments, including ecotoxi-
cological impacts. Representative contaminants include copper and other heavy metals.

The Seashore Hazards cluster addresses public health risks, particularly in bathing
beaches, and highlights the presence of microorganisms such as bacteria.

The Eutrophication cluster focuses on the excessive nutrient enrichment of aquatic
ecosystems, driven primarily by phosphorus in freshwater systems and nitrogen in marine
environments. This process is commonly linked to agricultural runoff, wastewater treat-
ment plants, detergents, and industrial effluents, leading to algal blooms, oxygen depletion
(hypoxia), and ecological impacts such as dead zones and biodiversity loss. Relevant indi-
cators include salinity, chlorophyll, and dissolved oxygen, as well as broader connections
to climate change.

3.3.2. Temporal Dynamics of Article Themes

To examine temporal thematic evolution, the 20-year study period was divided
into time slices (Figure 5), covering the early period (2004-2007), the intermediate years
(2008-2023), and the most recent period (2024-2026).

Thematic evolution indicates that, approximately two decades ago, scientific research
on pollution alerts in ports focused primarily on pollution in port areas near urban centers,
including contamination by heavy metals [63]. Fecal bacteria were used as indicators in
coastal areas [64], and studies examined health effects associated with beach exposure [65],
as well as the seafood production cycle from environmental origin to final consumer
products [66]. Eutrophication was investigated in relation to algal blooms [67], sludge
management and treatment operations [68], and variations in phytoplankton community
structure [69].
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Figure 5. Thematic temporal evolution of scientific articles across three periods: the early phase
(2004-2007), the intermediate period (2008-2023), and the most recent years (2024-2026).

During the intermediate period (Figure 5), substantial scientific progress addressed
the limits of quantification of pollutants, which became especially relevant around 2015 and
reached a median keyword prominence in 2023, reflecting its current importance (Figure S2
of Supplementary Materials). This period saw the development of analytical techniques
combining chromatography with multiple mass spectrometry platforms, including time-
of-flight detectors, as well as the creation of spectral databases for chemical compound
identification (commonly referred to as mass fragmentography) [70]. These advances
enabled the detection of a broader range of contaminants at lower concentrations, including
endocrine disruptors in the Iberian Ave River and its coastline [71], pesticides [72], and
endocrine disruptors in the Mondego River [73] and the Ria Formosa lagoon [79].

Beach water quality has also continued to be monitored through the development of
indices and forecasting tools for early alerts, such as the Spatially Explicit Index of Chesa-
peake Bay Health [74], the Hong Kong marine beach daily prediction system [75], the Hong
Kong 3D deterministic forecasting model [76], and the Algal Bloom Risk Forecast System
for Mariculture Management [77]. Risk assessments expanded to include seawater and
sediments [78]. Large-scale environmental monitoring programs were implemented [80],
incorporating multivariate analytical approaches [81] and autonomous naval drones [82].

In the most recent years (Figure 5), scientific research shows a broader diversification
of topics, which can be classified according to their degree of technological development
and relevance (Figure 6).

The maturation of biotechnology has enabled the application of synthetic DNA and
RNA molecules and aptamer-based sensors (electrochemical, photochemical, and elec-
troluminescent) for detecting environmental contaminants, including heavy metals and
pesticides. These technologies offer advantages in cost efficiency, robustness, and rapid
on-site detection, particularly for cyanotoxins and diarrheal shellfish toxins. Examples
include the detection of okadaic acid [83], and microcystin-LR [84].

Sustainability has emerged as a cross-cutting theme, reflecting the interdependence
between societal resilience, public health, and the economic sustainability of coastal com-
munities. This has driven broader temporal monitoring frameworks integrating multiple
environmental parameters [85].

The theme of heavy metals in sediments as pollution indicators remains under active
investigation, increasingly supported by unmanned monitoring platforms and historical
accumulation analyses in mining-impacted regions, such as the Port of Gdynia [86], and
areas downstream of Tar Creek [87].
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Figure 6. Map of the thematic development and relevance degree of scientific articles in recent years.

Emerging themes include saline intrusion monitoring, hazardous pollutant track-
ing, and real-time early-warning systems, such as those developed for saline-water in-
trusion [88] and pollutant detection [89]. Closely related is a niche theme addressing
hazardous pollutants in coastal groundwater, including predictive modeling of health
risks [89] and the study of persistent mobile organic chemicals [90].

Among the motor themes, environmental monitoring for pollution alerts in ports
stands out as highly relevant despite relatively low thematic density. This topic emerged
in 2015, reached a median prominence in 2018, and remains highly current (Figure S2 of
Supplementary Materials). It functions as a transversal theme integrating multiple domains.
Examples include machine-learning modeling to map risks of per- and polyfluoroalkyl
substances (PFAS) in European seas [91] and sustainable coastal-zone management [85].
These findings reinforce the relevance and timeliness of the present study.

Climate-change concerns began appearing in port-pollution alert research around 2021
(Figure S2 of Supplementary Materials), often linked to eutrophication, nitrogen concen-
tration variability, algal blooms, and marine ecosystem impacts, including fish mortality
and toxicity dynamics. Research also explores long-term atmospheric and anthropogenic
influences, such as summer dust storms in the northern Arabian Gulf [92].

Biodiversity became prominent in port-pollution alert studies starting in 2019, with a
median keyword year of 2024, indicating a highly current research challenge (Figure S2 of
Supplementary Materials). Biodiversity maintenance, strongly linked to dissolved oxygen
levels, has been examined through benthic diatom nutrient-tolerance studies in mangrove
estuaries [93], declines in mollusk species richness under long-term abiotic stress [94], and
threat assessments for local coastal ecosystems [95].

As another motor theme, public-health risks from bacteria at bathing beaches continue
to be investigated [96], although their relative thematic prominence has declined as other
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research areas expand. Another foundational theme involves microbial communities, ex-
panding earlier microorganism-focused research toward understanding their roles in beach
waters. Related developments include a multimetric water-quality index for bivalves and
consumer safety, integrating salinity, unionized ammonia, dissolved oxygen, suspended
solids, chlorophyll-a, Escherichia coli, and toxigenic phytoplankton, as well as studies on
coastal lagoon systems exposed to wastewater discharges [97].

Microplastics, although introduced only recently (2024) in the port-pollution alert
literature, have already generated a substantial volume of publications (Figure S2 of
Supplementary Materials). This theme has become a core research topic, focusing on mi-
croplastic mapping in seawater and ecological risk assessment, such as studies conducted
in the South Yellow Sea [98] and the Southwestern Pacific Ocean [99].

Chronological analysis of article keywords (Figure S2 of Supplementary Materials)
indicates that phosphorus quantification has remained a persistent research issue since
2013, with a median prominence in 2025, underscoring its current scientific importance.
Similarly, phytoplankton gained relevance from 2019, reaching a median in 2023, reflecting
continued research interest.

Aquaculture represents a very recent theme within port-pollution alert research, emerg-
ing in 2024 and reaching a median prominence in 2025, suggesting its potential expansion
as a future research frontier (Figure S2 of Supplementary Materials).

3.4. Technological Development (TRL4-5)

Initially, technological domains are analyzed, followed by an in-depth discussion of
the technologies and their applications.

3.4.1. Technological Domains

While TRL 3 articles report research conducted within specific knowledge areas, TRL
4-5 patents are focused on the application of that knowledge, which can be deployed across
multiple technological domains.

Figure 7 shows that patents are clearly concentrated in the technological domain [100].
Analysis of Biological Materials (49%), with a strong focus on water quality analysis, as
expected given the search scope based on IPC GO1N33/18.

Handling

Electrical Machinery Apparatus Energy
Audio-Visual Technology

IT Methods for Management

Digital Communication

Transport

Civil Engineering

Telecommunications

Environmental Technology

Control

Jupupees

Analysis of Biological Materials ]

0%  10%  20%  30%  40%  50%
Figure 7. Percentage distribution of technological domains for active patents.

The Control technological domain ranks second (14%) (Figure 7), confirming that the
search scope is appropriate and that patent objectives are aligned with process control for
ensuring water quality in port pollution early-warning systems. Examples include remote
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control devices integrating early-warning systems for river-network water levels and water
quality, as well as predictive functionalities (CN115902137; CN103605308).

Additional complementary technological domains essential for remote monitoring
and pollution alert generation are also represented (Figure 7).

In the Telecommunications domain, patents include water outlet management and
automatic control systems for drainage liquid level, water volume, and water quality,
as well as intelligent sampling terminals capable of monitoring temperature, flow, pH,
and conductivity, and high-precision positioning of unmanned aerial monitoring vessels
(CN114428156; CN114088902; CN110456013).

The domains of Information Technology Methods for Management and Digital
Communication encompass patents related to water outlet management and control,
rapid water-quality forecasting, and early-warning systems based on distributed com-
puting and IoT-enhanced algorithms, such as the improved 53H algorithm (CN111310976;
CN114062625; CN114428156).

The Audio-Visual Technology domain includes patents focused on river and lake
water-quality monitoring equipment (CN220207580).

The third most represented technological domain (Figure 7) is Environmental Technol-
ogy (7.0%), which is consistent with the role of pollution alerts in ports as a key mechanism
for environmental protection. These patents extend beyond reactive monitoring by en-
abling proactive pollution management, including floating water-quality monitoring and
purification devices that can be deployed near pollution sources, as well as industrial treat-
ment technologies for polluted river and lake sediments (CN207192906;, W0O2018/032826,
equivalent to CN106116076).

Domains such as Civil Engineering, Transport, Handling, and Electrical Machinery
and Energy Apparatus include automatic monitoring devices for water-quality assessment,
pollution-level evaluation, and alarm generation.

3.4.2. Technologies and Applications

Table 2 presents patents representing each type of technological development (see also
Table 5S4 of Supplementary Materials).

Table 2. Representative patents for each category of technological development.

Technological Development (TRL4-5) Patents
Sewage discharges and associated CN202111161510, CN201922331101, CN201721321894,
water-pollution risks. CN202310054164, CN113053086, CN114088905
Automatic unmanned surface and CN201910488129, CN201610950214,
underwater vehicles. CN201811387175, CN201320087769
Biological pollution detection systems. CN201811046616, CN201910127288, CN201510775831
Early-warning alarm mechanisms. CN201910127288, CN202310054164

Platforms for alarm-triggering data transmission.

CN202111037623, CN202110114400, CN200910155282,
CN201020611593, CN202111572813, CN201310581499

Adjustable alarm sensitivity thresholds.

CN201510775831, CN201921557098,
CN201910808768, CN202111161510

Warning lamps on ocean-monitoring buoys. CN206594154, CN114216902, CN115356455
CIN202221978328, US10852287, CN212275732, CN108614085,
Power supply systems for pollution- CN106596193, CN203222101, CN2095899060,
monitoring devices. CN201720302259, CN202111400707, CN202310054164),
and CN201910488129
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Figure 8 presents a detailed breakdown of technological functions and application
areas, based on the IPC assigned to each patent.
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Figure 8. Water-pollution alarm technologies in ports and their applications, classified according to
their International Patent Classifications (IPC).

Sewage discharges and associated water-pollution risks are mentioned in approx-
imately one quarter of the analyzed patents. Monitoring systems typically integrate
multiple sensors, most commonly for pH, temperature, dissolved oxygen, turbidity, and
heavy metals (CN202111161510), as well as chemical oxygen demand, residual chlo-
rine, and pH (CN201922331101), metal-ion concentration and trace non-metal elements
(CN201721321894), and flow rate and pressure (CN202310054164). Beyond detection, some
patents also address pollution-source traceability (CIN113053086; CN114088905).
Automatic unmanned surface and underwater vehicles are frequently described, typi-
cally equipped with multiple sensor arrays, including flow-velocity probes, liquid-level
probes, temperature probes, pH probes, ORP probes, conductivity probes, and dissolved-
oxygen probes (CN201910488129). Certain platforms support up to 17 sensing modules, cov-
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ering parameters such as temperature, pH, dissolved oxygen, CODMn, BODs, CODCr, sus-
pended solids, ammonia nitrogen, total phosphorus, petroleum hydrocarbons, and coliform
bacteria (CN201610950214). Some devices operate at the water surface (CN201811387175),
whereas others perform submerged monitoring (CN201320087769).

Biological pollution detection represents a recent technological trend, using living
organisms as bioindicators, including plankton (e.g., Daphnia magna), algae, and zebrafish.
These systems monitor behavioral and physiological responses, integrating physical, chem-
ical, and bio-coupled sensing (CIN201811046616;, CN201910127288; CN201510775831).

Approximately one quarter of patents specify riverine environments as their primary
application area, while others target rivers, lakes, estuaries, seas, and oceanic systems.
Around 20% of patents do not specify a fixed application environment, indicating high
operational versatility.

Early-warning alarm mechanisms include visual alerts (indicator lamps, flashing
lights), short-message notifications (SMS) to responsible personnel, and auditory alarms
such as sirens. Some systems incorporate satellite or aerial image-based visual comparison
for anomaly detection (CN201910127288; CN202310054164).

Alarm-triggering data are typically transmitted wirelessly to remote management
platforms (CN202111037623; CN202110114400), including systems using ZigBee com-
munication (CN200910155282), intelligent telemetry (CN201020611593), and cloud-based
platforms (CN202111572813), enabling remote industrial control (CN201310581499).

In several systems, alarm sensitivity thresholds can be user-defined (CN201510775831),
allowing configuration of early-warning limits (CN201921557098) or adaptive triggering
based on comparative analysis (CN201910808768). IoT architectures are also employed
(CN202111161510).

Some technologies integrate warning lamps on ocean-monitoring buoys, serving
both water-quality signaling and collision prevention, given the vulnerability of floating
monitoring stations to vessel impacts (CN206594154; CN114216902; CN115356455).

Power supply systems for pollution-monitoring devices include conventional batter-
ies, grid-based electricity (CN202221978328), solar energy (US10852287; CN212275732;
CN108614085; CN106596193; CN203222101; CN2095899060), wind-energy generation
with battery storage (CN201720302259; CN202111400707), hydropower-based systems
(CN202310054164), and wireless charging technologies (CN201910488129).

4. Conclusions

This systematic review clarifies how the technology production chain at intermediate
Technology Readiness Levels (TRL 3-5) for port-based water-pollution alert systems is
structured and evolving. The results demonstrate an accelerating translation from scientific
knowledge to technological innovation, with the conversion rate from scientific publications
(TRL 3) to patenting activity (TRL 4-5) increasing from 14% (2010-2015) to 47% (2020-2023).
This confirms that port water-pollution alert technologies are transitioning from exploratory
research toward applied and commercially viable solutions.

Temporal analysis reveals that these technologies are in an expansion phase rather
than stabilization or decline, as evidenced by a CAGR of 32% for patents, more than double
the 13% CAGR for scientific publications. This divergence indicates rapid technological
maturation and growing private-sector engagement.

Thematic mapping of scientific research shows a dynamic evolution from traditional
pollution detection toward emerging, multidisciplinary themes, including real-time en-
vironmental monitoring, biodiversity protection, climate-change impacts, microplastics,
aquaculture sustainability, and machine-learning-based early-warning systems. Core and
emerging research themes increasingly emphasize multiparameter sensing, biological
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and microbiological indicators, predictive analytics, and ecosystem-level risk assessment,
shaping future scientific and technological trajectories.

Geopolitical analysis uncovers a highly concentrated innovation landscape. While
scientific knowledge production is globally distributed across 51 countries, technological
ownership at TRL 4-5 is overwhelmingly concentrated in China, which holds nearly 100%
of active and enforceable patents in this domain. Special attention should therefore be
given to technology diffusion, which may enable broader access to strategic environmental-
monitoring capabilities and contribute to more inclusive global technological development.

However, methodological limitations of the present study should also be considered.
At TRL 3, results depend on the coverage of scientific databases, which do not include
all peer-reviewed journals. In the case of patents, underrepresentation may occur due to
corporate strategies to maintain technological developments confidential within organisa-
tions or through the use of trade secrets rather than patent filings in national intellectual
property offices. In both TRL 3 and TRL 4-5, additional limitations arise from the use of
keyword-based search strategies for retrieving articles and patents.

Current technological trajectories are dominated by multi-sensor platforms, IoT-
enabled telemetry, autonomous surface and underwater vehicles, remote and satellite
sensing, and bioindicator-based early-warning systems. Patents focus primarily on the
Analysis of Biological Materials (49%), followed by Control (14%) and Environmental
Technology (7%), highlighting the integration of chemical, biological, and digital monitor-
ing architectures.

Despite rapid progress, persistent technological bottlenecks remain, including sensor
durability in harsh marine environments, false-alarm reduction, scalable low-cost deploy-
ment, robust discrimination between natural variability and pollution events, and limited
international technology transfer. Overcoming these constraints is essential to enable
widespread adoption beyond technologically dominant countries.

Overall, this study demonstrates that, from TRL 3 scientific research to TRL 4-5 techno-
logical development, port-based water-pollution alert technologies represent a strategically
important innovation frontier, with strong potential to enhance environmental sustainabil-
ity, strengthen aquaculture resilience, protect public health, and support multiple United
Nations Sustainable Development Goals, particularly SDGs 2, 6, 9, 12, 13, and 14, which
are strongly interconnected. By integrating scientific discovery, technological develop-
ment, and geopolitical foresight, the findings provide a global roadmap for advancing
cleaner, smarter, and more resilient ports, while underscoring the need for more inclusive,
cooperative, and internationally balanced innovation ecosystems.
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