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Abstract
Mixing zones allow limited exceedances of Environmental Quality Standards within defined areas of receiving waters, yet 
their implementation across Europe remains uneven and increasingly scrutinised. This study evaluates how environmental 
change, regulatory evolution, and industrial water-use practices may influence the future viability of mixing zones. A cross-
European assessment was conducted using (i) regulatory and technical guidance, (ii) a survey of 22 fuel manufacturing facili-
ties in 14 countries, and (iii) CORMIX near-field modelling to test sensitivity to effluent and ambient parameters. Results 
revealed substantial variability in permitting conditions, discharge limits, and review frequencies. Only four facilities used 
mixing zones, though several anticipated future reliance as concentration-based criteria tighten. Modelling demonstrated that 
effluent density, ambient density, flow regimes, and temperature strongly affected mixing zone dimensions and dilution, with 
climate change and water reuse practices requiring careful considerations. These findings highlight the need for harmonised 
guidance, incorporation of mass-loading considerations, and climate-resilient assessment methods to ensure the long-term 
applicability of mixing zones in (industrial) wastewater management.
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Abbreviations
AA	� Annual average
AEL	� Associated emission level
ANZECC	� Australian and New Zealand Environment and 

Conservation Council
BAT	� Best available technique
BTEX	� Benzene, toluene, ethylbenzene, and xylenes
CIS	� Common implementation strategy
COD	� Chemical oxygen demand
CORMIX	� Cornell Mixing Zone Expert System

EHS	� Environmental, health and safety
EPA	� Environmental Protection Agency
EQS	� Environmental quality standard
EU	� European Union
IFC	� International Finance Corporation
MAC	� Maximum allowable concentration
PFAS	� Per- and polyfluoroalkyl substances
TN	� Total nitrogen
TSS	� Total suspended solids
USA	� United States of America
WFD	� Water Framework Directive
WWTP	� Wastewater treatment plant

Introduction

Industrial wastewater management is a critical component 
of sustainable water resource protection and environmen-
tal compliance. Within this context, mixing zones—desig-
nated areas within receiving water bodies where pollutant 
concentrations may exceed Environmental Quality Stand-
ards (EQS), provided compliance is achieved at the bound-
ary—remain an important regulatory instrument. The con-
cept is recognised under the European Union (EU) Water 

Responsible Editor: Xianliang Yi

 *	 Mathijs G. D. Smit 
	 Mathijs.Smit@shell.com; water@concawe.eu

1	 ERM UK, 2nd Floor Exchequer Court, 33 St Mary Axe, 
London EC3A 8AA, UK

2	 ERM US, 75 Valley Stream Parkway, Suite 200, Malvern, 
PA 19355, USA

3	 Shell Global Solutions International BV, Product 
Stewardship, Carel van Bylandtlaan 23, 2596 HP The Hague, 
The Netherlands

4	 Concawe, Boulevard du Souverain 165, 1160 Brussels, 
Belgium

http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-026-37532-2&domain=pdf
http://orcid.org/0000-0002-3194-3277


	 Environmental Science and Pollution Research

Framework Directive (WFD, 2000/60/EC) and the EQS 
Directive (2008/105/EC). Current guidance spans from pre-
liminary screening approaches to advanced modelling and 
investigative assessments, employing tools such as the Cor-
nell Mixing Zone Expert System (CORMIX) and PLUMES 
for simulation and analysis (European Commission 2010; 
CIS-WFD 2010). Despite this, the interpretation and imple-
mentation of mixing zones across Europe remain inconsist-
ent, reflecting the absence of harmonised definitions and 
diverse national regulatory traditions (Romero et al. 2023).

These inconsistencies pose particular challenges for 
industrial sectors with complex effluent profiles such as 
petroleum refining. Although refinery wastewater typically 
contains low concentrations of hydrocarbons, ammonia, 
metals, sulphides, and phenols after treatment (Hjort et al. 
2021), and current evidence suggests refineries are not major 
contributors to ecological toxicity compared to other waste-
water sources (Wang et al. 2023), the viability of mixing 
zones is increasingly debated in Europe. Regulatory scrutiny 
has intensified, as recent WFD assessments reveal that only 
39.5% of EU surface waters attain good ecological status and 
just 26.8% achieve good chemical status (European Com-
mission, 2025), while public expectations for environmental 
accountability continue to rise (Okeke 2021).

Against this backdrop, several studies have highlighted 
that even treated and highly diluted effluents from waste-
water treatment plants (WWTPs) can produce measurable 
ecological effects. For instance, De Guzman et al. (2023), 
through a large-scale ecosystem manipulation experiment, 
demonstrated that effluents from a well-treated WWTP 
reduced invertebrate diversity. Similarly, chronic effluent 
discharges from WWTPs have been linked to changes in 
fish community structure (Di Prinzio et al. 2024). Moreo-
ver, studies addressing chemical pollutants showed that mix-
tures released in effluents may remain of concern even after 
treatment and dilution. A risk assessment on 56 European 
WWTP effluents found that many compounds (pharmaceuti-
cals, personal care products, industrial chemicals) exceeded 
risk thresholds when considering mixture toxicity (algae, 
crustaceans, fish), underscoring that effluent composition—
not just concentration—matters for ecological risk (Finckh 
et al. 2022).

At the same time, industrial water stewardship initiatives 
promote water reuse and efficiency (Concawe 2024). While 
beneficial in reducing freshwater demand, these practices 
may result in more concentrated effluents, increasing reli-
ance on the assimilative capacity of the receiving water body 
(Karkou et al. 2024), thereby intensifying the uncertainties 
around mixing-zone reliability under variable hydrological 
and ecological conditions. Furthermore, this may be further 
exacerbated by climate change through altered hydrological 
regimes and rising baseline water temperatures (Rodríguez 
Benítez et al. 2016).

In addition to ecological concerns, hydrodynamic com-
plexity introduces further uncertainty: modelling studies 
have demonstrated that near-field mixing and far-field dis-
persion—especially for buoyant or dense plumes—are sen-
sitive to ambient conditions (e.g. stratification, crossflow, 
density gradients), discharge design, and diffuser configura-
tion (Robinson et al. 2016). This implies that a “one-size-
fits-all” regulatory mixing zone approach may not safeguard 
ecosystem integrity under all conditions, particularly when 
background conditions or discharge profiles change (e.g. due 
to climate change altering flow regimes).

Given these scientific, regulatory, and societal develop-
ments, there is a need to critically evaluate the current and 
future role of mixing zones in industrial water management. 
This study therefore addressed this gap by combining:

	 (i)	 A comprehensive review of European and interna-
tional mixing-zone regulations and guidance

	 (ii)	 Survey data from 22 European fuel manufacturing 
facilities across 14 countries

	 (iii)	 CORMIX modelling analyses examining sensitivity 
to key parameters under realistic and climate-related 
scenarios

By integrating regulatory, empirical, and modelling per-
spectives, the study provided the first cross-European assess-
ment of how mixing zones are currently applied at indus-
trial sites, the challenges and inconsistencies encountered, 
and how future regulatory or environmental changes may 
influence their feasibility. The findings contributed to the 
broader discussion on future-proofing industrial wastewater 
management, highlighting opportunities for harmonisation, 
improved technical guidance, and adaptive strategies that 
enhance environmental protection while enabling sustain-
able industrial operations.

Methodology

Regulatory framework

A targeted scoping review of regulatory and technical guid-
ance on surface‑water mixing zones was undertaken to char-
acterise definitions, acceptability criteria, sizing methods, 
and assessment tools used in permitting. Searches were con-
ducted in ScienceDirect, Scopus, and Google Scholar, com-
plemented by primary regulatory repositories. Search strings 
combined controlled and free‑text terms. Inclusion criteria 
comprised (i) binding legislation and competent‑authority 
guidance defining or operationalising mixing zones, (ii) 
international lender standards applicable to industrial dis-
charges, and (iii) peer‑reviewed methods papers directly 
informing mixing‑zone assessment and design.
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Survey

A digital structured questionnaire was designed to collect 
information on how surface water mixing zones are applied 
for fuel manufacturing effluent discharges across Europe. 
The questionnaire elicited responses across various topics 
including (i) characteristics of the site discharge permit, (ii) 
characteristics of the mixing zone, (iii) challenges faced by 
the facility with regard to mixing zone(s), and (iv) character-
istics of the discharged effluent (Table A in Supplementary 
Material).

The survey was distributed electronically amongst oper-
ators of European refineries jointly organised in Concawe 
(scientific division of the European Fuel Manufacturers 
Association), and being cascaded to the site-level individuals 
with the most understanding of their site’s effluent discharge 
permit. As with most social enquiry research, the survey 
was dependent on respondents being truthful and accurate 
to ensure that collected data are credible. Respondents were 
advised that the survey was for research purposes and would 
protect the anonymity of facilities.

CORMIX modelling

CORMIX v12.0 was applied as a United States of America 
(USA) Environmental Protection Agency (EPA)-approved 
near-field modelling tool, using its hydrodynamic classifica-
tion scheme and scenario-specific elements for single-port, 
multiport, and surface discharges (Jirka et al. 1991). Inputs 
comprised discharge characteristics (flow, temperature, den-
sity), outlet geometry, and ambient properties (depth, cur-
rent, temperature).

CORMIX input data

The data used to set up the CORMIX simulations were pri-
marily obtained from the survey responses. However, data 
provided by three out of the four facilities (i.e. facilities 
relying on a mixing zone) were insufficient to undertake 
the simulations (Table B in Supplementary Material). To 
address this, a supplemental data request was issued to the 

three facilities (Discharges #2–4) to obtain the necessary 
inputs for CORMIX. Additional data was only received from 
Discharge #2.

For Discharges #3 and #4, assumed values were used to 
create generic base cases that complemented the available 
data. For instance, ambient river discharges were not pro-
vided for company #3; since the facility discharge flowed 
into an estuary, low flow conditions were assumed for those 
simulations. Additional ambient data was sourced from 
C-Map, a digital mapping and navigation tool for marine 
and coastal environments.

Scenarios tested

To assess the sensitivity of the mixing zone dimensions 
under a variety of parameters, a modelling assessment was 
undertaken using data from the survey responses focusing 
on four refineries that utilised mixing zones as part of their 
permit requirements (Table 1). Amongst the four fuel manu-
facturing facilities, one monitored both thermal discharges 
and chemicals of concern (Discharge #2), one monitored 
only thermal discharges (Discharge #1), and two monitored 
only chemicals of concern (Discharges #3 and #4).

Modelling scenarios were developed for the two types of 
discharges identified in the survey, namely (i) thermal dis-
charges and (ii) discharges containing chemicals of concern 
(i.e. non-thermal discharges thereafter). For each discharge, 
a baseline scenario was developed from the data obtained 
from the survey responses to represent the effluent charac-
teristics and ambient conditions specific to each site. Since 
the ambient data was either assumed, inferred from avail-
able information or obtained from global datasets, an exact 
replication of regulatory mixing zone was not achieved (nor 
was it required to analyse the sensitivities of the inputs). Tai-
lored CORMIX model parameter modifications were then 
applied to account for the unique features of each type of 
mixing zone.

Starting from the baseline case, individual parameters 
were systematically adjusted, one per scenario run, to assess 
their isolated effects on mixing zone dimensions and dilution 
values. These scenarios were designed to reflect real-world 

Table 1   Overview of discharges with mixing zones

Parameter Discharge #1 Discharge #2 Discharge #3 Discharge #4

Location UK The Netherlands Sweden France
Effluent type Industrial Industrial Industrial Industrial
Number of mixing zones 1 2 1 1
Receiving waterbody Coastal estuary Estuary Estuary River
Mixing zone constituent #1 Temperature 

increase ≤ 1.5 °C
Temperature limit of 28 °C Chemical of concern Chemical of concern

Mixing zone constituent #2 Not applicable Chemical of concern Not applicable Not applicable
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challenges, such as reduced river flows and increased water 
temperatures driven by climate change, more concentrated 
effluents resulting from water circularity practices, stricter 
EQS, and the impact of background contamination. Dilution 
values refer to the ratio of the concentration of a substance 
in the effluent to its concentration in the receiving ambient 
waterbody after mixing. These values illustrated the extent 
to which substances disperse and dilute in natural waterbod-
ies. In the absence of concentrations for substances of con-
cern, dilution value analysis was performed as a surrogate 
for these values. In total, 20 simulations were performed 
for each of the four discharges to ensure a comprehensive 
evaluation (Table 2).

Results and discussion

Regulatory framework

National transposition of EU legislation

EU Member States have incorporated the WFD and the EQS 
Directive into their national legal frameworks, resulting in 
notable variation in the implementation of mixing zones 
(Table 3). In Flanders and the Netherlands, the regulatory 

approaches appeared comparatively mature and supported 
by detailed technical methodologies. In Flanders, the 
Integrated Water Policy provides the legal basis for mix-
ing zones and ensures alignment with the WFD and EQS 
Directive requirements (Flemish Government 2003). Assess-
ment is supported by tools such as the Wezertool (Flemish 
Environment Agency 2025), which operationalises a struc-
tured seven-step procedure designed to size mixing zones, 
prevent ecological barriers, and maintain waterbody objec-
tives (Flemish Environment Agency 2023). Both chronic and 
acute mixing zones are distinctly defined, and their extent is 
evaluated in proportion to chemical concentration gradients.

Similarly, the Netherlands applies a robust framework 
that integrates the General Assessment Methodology, the 
Immission Test, and Best Available Techniques (BAT) 
standards. The procedural steps outlined in the national 
Guidance Immission Assessment ensure that mixing zones 
comply with environmental quality requirements (Ministry 
of Infrastructure and Water Management 2019). Specific 
provisions apply to cooling water discharges, and mixing 
zone dimensions are tightly regulated, particularly within 
protected areas.

In contrast, although countries such as France, Italy, 
Spain, and the UK (which retains WFD-compliant legisla-
tion due to its past EU membership) have adopted the mixing 

Table 2   Summary of the modelling parameters and variables considered for each discharge type

Discharge type Parameter Variable

Thermal discharge Effluent characteristics 
(flowrate, density, tem-
perature, concentrations)

• Effluent flowrate increase (by 10%): represents a proxy for enhanced operational 
throughput or production scale-up, leading to higher volumetric charges without 
altering thermal or chemical characteristics

• Effluent flowrate reduction with constant thermal load (flow reduced by 10% and 
20%): represents the implementation of water conservation strategies

• Effluent temperature variation (± 10%): represents modifications in cooling 
system efficiency or operational regime

• Effluent density increase (salinity increased by 1–2 g/L): reflects industrial blend-
ing with saline streams

Receiving waterbody’s flow • Ambient velocity variation (± 10%, ± 20%): represents hydrodynamic shifts 
in receiving waters, driven by climate-induced flow variability or tidal regime 
changes, influencing dilution and dispersion patterns

Background temperature • Ambient temperature variation (± 5%, ± 10%, and ± 20%): serves as an indicator 
of climate-driven thermal trends in the receiving environment, affecting stratifi-
cation and mixing dynamics

Discharges monitoring 
chemicals of concern (non-
thermal)

Effluent characteristics 
(flowrate, density, tem-
perature, concentrations)

• Effluent flowrate increase (by 10%): represents a proxy for enhanced operational 
throughput or production scale-up, leading to higher volumetric charges without 
altering thermal or chemical characteristics

• Effluent flowrate variation with constant concentration (± 10%, ± 20%): repre-
sents operational adjustments or intake restrictions during drought conditions

• Effluent density variation (± 5%, ± 10%): reflects changes in discharge composi-
tion due to industrial blending practices

Receiving waterbody’s flow • Ambient velocity variation (± 10%, ± 20%): indicates seasonal or climate-driven 
alterations in riverine or estuarine flow regimes, affecting effluent dispersion

Background concentrations • Ambient density variation (± 5%, ± 10%, ± 20%): represents fluctuations in 
background water quality, potentially linked to catchment-scale inputs or episodic 
pollution events
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zone concept, they generally lack the comprehensive guid-
ance available in the Flemish or Dutch system. As a mini-
mum, mixing zone dimensions are commonly capped at ten 
times the watercourse width, 10% of the waterbody length, 
or 1 km (Ministry of Ecology, Sustainable Development, 
and Energy 2012). Germany applies a different approach, 
with discharge permitting based on combined emissions and 
immission principles; permits are issued only after detailed 
analyses confirming that water quality deterioration will not 
occur.

Although not an EU Member State, Norway voluntar-
ily aligns with EU water regulations and has implemented 
the principles of the WFD through its Water Regulation 
(Vannportalen 2024). Mixing zones in Norway are assessed 
using a tiered approach that incorporates advanced model-
ling and accounts for local hydrological conditions such as 
tidal dynamics and fjord systems (Norwegian Climate and 
Pollution Agency 2010).

Other international regulatory frameworks

Countries outside Europe, as well as international organi-
sations, have developed frameworks for the management 
of mixing zones in surface waters. In the USA, the EPA 
provides detailed guidance for mixing zone assessments, 
emphasising compliance with water quality standards at the 
mixing zone boundary (US Epa 2014). The USA framework 
additionally underscores ecological protection and public 
transparency in permitting and monitoring processes. Com-
putational tools, such as CORMIX, are routinely employed 
to evaluate pollutant dispersion and assess compliance with 
regulatory thresholds (Jirka et al. 1991).

The Australian and New Zealand Environment and 
Conservation Council (ANZECC) National Water Qual-
ity Management Strategy provides the primary guidance 
for mixing zones. Key principles include mixing zones are 
not suitable for nutrients, bioaccumulative, or particulate 
discharges; they are prohibited in waters with high ecologi-
cal, recreational, or water supply value; and hydrodynamic 
models should account for stratification (ANZECC 2000). 
Mixing zones, if applied, should be as small as practica-
ble, avoiding full-width waterway coverage or interference 
with biota migration. State- and regional-level guidelines 
further specify local requirements, e.g. in Northern Terri-
tory (Northern Territory Environment Protection Agency 
2013), Queensland (Queensland Government 2025), Victo-
ria (Environment Protection Authority Victoria 2010), and 
the Auckland Regional Council (Cooke et al. 2010).

At the international level, the International Finance Cor-
poration (IFC) incorporates mixing zones within its Environ-
mental, Health, and Safety (EHS) Guidelines. For example, 
the IFC recommends that the temperature of wastewater 
discharges should not increase ambient water temperatures 

by more than 3 °C at the edge of a scientifically established 
mixing zone, taking into account ambient water quality, 
receiving water use, and assimilative capacity (IFC 2007a). 
Sector-specific guidance, such as that developed for onshore 
oil and gas operations, further specifies that cooling water 
discharges should be released in locations allowing maxi-
mal mixing and cooling, ensuring compliance with the 3 °C 
criterion at the edge of the defined mixing zone or within 
100 m of the discharge point (IFC 2007b).

These observations illustrated the complexities and het-
erogeneity of mixing zone regulations across jurisdictions. 
Variations in regulatory approaches influence how industrial 
facilities, including refineries, manage effluent discharges, 
shape compliance strategies, and guide technological invest-
ments. Increasing regulatory scrutiny and stakeholder expec-
tations underscore the need for standardised guidelines and 
advanced modelling techniques. This review established a 
foundation for the subsequent analysis, in which empirical 
survey data and CORMIX modelling were applied to evalu-
ate the effectiveness and adaptability of mixing zones under 
evolving environmental and regulatory conditions.

Survey

The use of structured surveys to collect site-level data at 
European refineries is well established with previously stud-
ies reporting response rates of 73% (Concawe 2020) and 
56% (Concawe 2025). In total, 22 responses (i.e. 22 facili-
ties responded) were received for this study which covered 
25% of the 86 currently operating European refineries (Con-
cawe 2023). As such, the dataset reflected only a subset of 
the targeted population, which introduced potential limita-
tions regarding representativeness and generalisability. The 
coverage of 25% of operating European refineries may not 
fully capture the diversity of effluent management practices 
across different geographic regions, refinery configura-
tions, and operational scales. Consequently, findings should 
be interpreted with caution, recognising that site-specific 
variability and unreported practices could influence broader 
conclusions.

Questions 1.1 and 1.2 requested the facility name and 
operator; these identifiers were subsequently anonymised. 
The responding facilities were distributed across 14 Euro-
pean countries (Question 1.3), with Germany providing the 
largest number of responses (n = 4).

Environmental permits

Environmental permits were issued by the competent 
national or regional authorities (Question 2.1). Survey 
respondents were asked to report the issuance date of their 
current permit (Question 2.2) and its review frequency 
(Question 2.3). Nearly half of the facilities (n = 10) indicated 
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a review interval exceeding 5 years (Table 4), and one facil-
ity reported that no formal review frequency was estab-
lished. Notably, the data revealed intra-country variability 
in permit review practices, including in Germany, Sweden, 
and the Netherlands. In Germany, such differences may 
reflect the federal governance structure, whereby permit-
ting approaches vary amongst states. In Sweden, reported 
review frequencies ranged from annual to greater than 5-year 
intervals. These findings indicate that variability in permit-
ting processes exists not only across Europe but also within 
individual countries.

For 19 of the respondents (86% of the sample), there had 
been changes to the permit conditions in the last ten years 
highlighting the dynamic nature of environmental permitting 
(Question 2.4). Critically, these changes reflected ongoing 
adjustments to regulatory requirements and technological 
advancements (e.g. application of Refining of Mineral Oil 
and Gas BAT conclusions (Barthe et al. 2015). All the sur-
vey respondents indicated that their environmental permits 
included end-of-pipe limits for effluent discharges which are 
consistent with the EU’s ambition to minimise the release of 
pollutants into water bodies (Question 2.5). In addition, four 
respondents (18% of the sample) indicated that there was a 
point of compliance not located at the end of pipe (Ques-
tion 2.6). Within the responding facilities, the environmental 
department generally lead compliance monitoring (Question 
2.7). Effluent discharge points were all reported to be subject 
to monitoring and reporting to the regulator, with the report-
ing requirements to the regulator ranging from monthly to 
annually (Question 2.8). Finally, in some cases, exceedances 
of the discharge limits prohibited effluent discharge into the 
receiving water body (Question 2.9).

Discharges

Wastewater discharges at refineries are a result of sanitary 
wastewater, process, and utilities. Previous surveys con-
ducted across European refineries have classified 14 broad 
water uses, with cooling processes representing the larg-
est user (Concawe 2025). Amongst the 20 facilities that 

disclosed information on their discharge permits, 45% 
reported having more than one discharge point. Most permits 
specified requirements for industrial wastewater, but several 
facilities also discharged sanitary wastewater, cooling water, 
and stormwater or surface runoff (Fig. 1). The predominance 
of continuous discharge regimes (Fig. 1) had implications 
for mixing zone design, as continuous flows interact dif-
ferently with ambient hydrodynamics compared to episodic 
releases, potentially affecting dilution rates and ecological 
risk (Finckh et al. 2022). Ultimately, this diversity in effluent 
types and discharge regimes reflects the operational com-
plexity of European refineries, being consistent with recent 
work (Hjort et al. 2021; Concawe 2025).

Rivers and seas emerged as the predominant receiving 
water bodies for effluent discharges, accounting for 59% 
(n = 13) and 23% (n = 5) of responses, respectively. In 
contrast, one facility reported routing its wastewater to an 
external treatment plant, while three others discharged into 
estuaries (14%). The prevalence of river systems is particu-
larly noteworthy because implementing a mixing zone in 
such environments requires addressing complex factors, 
including flow variability, seasonal fluctuations, and poten-
tial downstream impacts. These challenges reinforce find-
ings from recent hydrological studies, which highlight the 
need for site-specific modelling and adaptive management 
strategies in riverine mixing zone design (Rodríguez Benítez 
et al. 2016).

Analysis of reported flowrates indicated that average 
discharge volumes were typically below the consented lim-
its, often in the range of 10–50% of the maximum allowed 
(Fig.  2). This pattern suggested operational flexibility; 
however, the total mass of discharged substances generally 
remains constant, irrespective of water volume. Notably, 
only three permits included explicit mass load restrictions, 
specified in kilograms per year, suggesting that environ-
mental regulators mostly focus on concentrations which 
indirectly encourages dilution (Schellenberg et al. 2020). 
As noted in previous studies, reductions in water use can 
lead to higher concentrations of pollutants in effluents, even 
if the overall chemical mass remains unchanged (Concawe 

Table 4   Review frequency 
of environmental permits 
presented by country

n/d indicates that no data was provided; Irreg. irregular. North includes Norway, Sweden, and the UK; 
South: France, Italy, Portugal and Spain; Central: Austria, Belgium, Czech Republic, Germany, the Nether-
lands; East: Poland, Czech Republic, and Slovakia

Review frequency (years) Facilities with 
a mixing zone

Country 1 2 2–3 5  > 5 Irreg Never n/d

North 1 1 2 2 2
Central 1 1 4 1 1 1
South 1 3 1 1
East 2 1 0
Total 1 2 3 3 10 1 1 1 4
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2024a). This dynamic creates a regulatory paradox: facilities 
may increase discharge volumes within permitted limits, but 
without sufficient dilution, concentration-based thresholds 
could be exceeded, undermining compliance. Such circum-
stances may inadvertently incentivise dilution rather than 
genuine reductions in water use and chemical loads, unless 
regulatory frameworks balance both concentration and total 
mass limits.

Reported discharge limits varied across facilities and 
countries, reflecting a site-specific approach rather than a 
uniform European standard (Fig. 3). Facilities relying on 
a mixing zone had often higher permitted discharge limits 
than those discharging directly to the environment (Fig. 3). 
Specifically, discharge limits for facilities with mixing zones 
often exceeded the BAT-Associated Emission Levels (BAT-
AELs) established for direct discharges from the refining of 
mineral oil and gas. For example, the BAT-AELs for sub-
stances such as cadmium, lead, mercury, and nickel were 
lower than the discharge limits allowed for facilities using 
mixing zones (Barthe et al. 2015).

This difference arose because the limits applied to dis-
charges that relied on mixing zones were typically based 
on the concept that the environmental standard (e.g. EQS) 
would be met after mixing, at the edge of the mixing zone. 
It is assumed that, if the discharge meets these higher limits 
at the point of discharge, the concentration of chemicals will 
be sufficiently diluted by the time it reaches the edge of the 

mixing zone, thus complying with the BAT-AELs. Conse-
quently, higher discharge limits were permitted for mixing 
zones, provided that the final effluent quality meets regula-
tory standards after mixing has taken place.

In addition to the core parameters discussed, several 
discharge permits also included limits for a broader suite 
of substances, including phenols, vanadium, per- and poly-
fluoroalkyl substances (PFAS), and other trace metals such 
as copper, zinc, and chromium, as well as operational param-
eters like pH, temperature, and flow rate.

A comparison of discharge limits across facilities with no 
mixing zone within the same country, namely Germany and 
Sweden, showed that discharge limits were mostly consistent 
within the two countries (Table C in Supplementary Mate-
rial). In Germany, this was consistent with the discharge 
limits proposed in Annex 45 (petroleum processing) of the 
Wastewater Ordinance for petroleum processing plants (Fed-
eral Ministry of Justice and Consumer Protection 2004). For 
Swedish facilities, observed differences in discharge limits 
were likely attributable to variations in receiving water bod-
ies, with facility 13 discharging into a river and facility 14 
into the sea.

Application of mixing zones

Four facilities reported relying on a mixing zone for efflu-
ent discharge. These mixing zones were primarily designed 

Fig. 1   Discharge regime reported by discharge type. Notes: Ind., 
industrial wastewater; surf., surface runoff; storm., stormwater; 
ground., groundwater; dom., domestic; haz., hazardous. To note, 

groundwater and hazardous are not considered to be associated with 
industrial effluent discharges
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for industrial wastewater, with two facilities incorporating 
stormwater and one managing all effluent streams, including 
“all waters” (Questions 3.1–3.3).

The survey highlighted geographic disparities: none of 
the responding facilities in Eastern Europe utilised mixing 
zones. In contrast, two out of six (33%) facilities in Northern 
Europe relied on mixing zones, as well as one for both Cen-
tral (13%) and Southern Europe (20%; Table 4). This aligned 
with the comparatively mature mixing zone frameworks in 
Northern Europe versus the more conservative policies in 
other parts of Europe.

Three out of the four mixing zones assessed in this study 
were designed for discharges into coastal or estuarine envi-
ronments, while the remaining site relied on a river system 
(Table 5). In other words, out of the eight surveyed facili-
ties that discharged into marine or estuarine environments, 
three utilised mixing zones (38%). In contrast, of the 13 sites 

discharging into rivers, only one had a mixing zone (8%). 
Although coastal and estuarine mixing zones are subject to 
complex tidal dynamics which can significantly influence 
plume dispersion (Heidari et al. 2025), the data suggested 
that regulators were far less inclined to allow mixing zones 
in inland rivers, likely due to seasonal flow variability, 
potential low-flow conditions, and longitudinal transport, all 
of which affect the spatial extent and effectiveness of mixing 
(Rodríguez Benítez et al. 2016). Interestingly, no seasonal 
considerations were reported by the facilities in the design 
of these mixing zones (Question 3.4).

Three respondents provided further insight into the design 
of their mixing zones. Two facilities reported that their mix-
ing zones were delineated using the CORMIX hydrody-
namic modelling system. A third facility indicated that its 
mixing zone configuration accounted for effluent flow, river 
hydrodynamics, and the spatial relationship between legacy 

Fig. 2   Average and consented discharge flowrates. Notes: facilities 
having not disclosed their consented flowrate are represented with 
a dotted pattern. Ind., industrial wastewater; surf., surface runoff; 

storm., stormwater; ground., groundwater; dom., domestic; haz., haz-
ardous. To note, ground. and haz. are not believed to relate to indus-
trial discharges
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and newly constructed treatment infrastructure. However, 
detailed technical specifications were not disclosed in the 
survey response (Question 3.5). Notably, one facility located 
in the Netherlands (representing a jurisdiction with one of 
the most advanced regulatory frameworks for mixing zones 
in the European Union) subsequently clarified that its mix-
ing zone was dimensioned based on a maximum allowable 
length of 1000 m, consistent with national regulatory guid-
ance (Table 3).

In terms of responsibility for design, one facility devel-
oped its mixing zone internally, while another used a 

Fig. 3   Discharge limits for key 
substances with BAT-AELs, 
for permits with a mixing zone 
(A) and without a mixing zone 
(B). Note: the circles represent 
the BAT-AEL’s upper limits for 
direct wastewater discharges 
from the refining of mineral 
oil and gas (Barthe et al. 
2015). COD, chemical oxygen 
demand; TSS, total suspended 
solids; BTEX, benzene, toluene, 
ethylbenzene, and xylenes; TN, 
total nitrogen; Cd, cadmium; 
Pb, lead; Hg, mercury; Ni, 
nickel

Table 5   Reliance on mixing zones in relation to receiving water bod-
ies

Receiving water body Rely on a mix-
ing zone

Do not rely on a 
mixing zone

Total

Estuary 2 1 3
External facility 0 1 1
River 1 12 13
Sea 1 4 5
Total 4 18 22
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consultancy. The remaining two respondents did not pro-
vide information about the design process (Question 3.6). 
Drivers for implementation varied, with one facility citing 
compliance with the WFD and another referencing WWTP 
optimisation. Implementation drivers for the remaining two 
facilities were not disclosed (Question 3.7).

Three facilities reported that their mixing zones required 
routine updates, with one respondent highlighting the need 
for effluent studies every 5 years and temperature studies as 
mandated by regulators (Question 3.8). This aligned with 
permit review frequencies: three reported occurrence on a 
2–3-year basis, and one over 5 years. This hinted that author-
ities tend to review mixing-zone permits more frequently, 
perhaps due to the additional scrutiny such permits entail.

One facility reported occasional exceedances of discharge 
limits due to internal and external factors (Question 3.9). 
Although submerged multiport diffusers have been proposed 
as a solution to optimise mixing conditions (Bleninger and 
Jirka 2011), none of the respondents had diffusers installed 
(Question 3.11).

Future outlook at industrial sites

In response to Question 4.1, which invited participants to 
describe anticipated challenges related to mixing zones or 
effluent management, several key themes emerged. The 
most frequently cited concern was the prospect of height-
ened regulatory scrutiny, mentioned by three facilities. One 
respondent also highlighted increasing public awareness as 
a potential driver of future compliance pressures. Climate 
change was explicitly referenced by one facility, while two 
others identified deteriorating upstream water quality as a 
growing issue that could compromise the effectiveness of 
existing discharge strategies.

Of particular note, two facilities flagged the emergence of 
substances of very high concern, including PFAS, as likely 
to attract intensified regulatory attention. These substances, 
due to their persistence and potential ecological impacts, 
are expected to feature more prominently in future permit-
ting requirements and compliance frameworks. This point 
was also highlighted by a recent study that underscored this 
urgency with above half of the refineries surveyed indicat-
ing being in the process of developing PFAS management 
plans, primarily focused on the management of wastewater 
(Concawe 2024b).

Regarding the potential need for mixing zones in the 
future (Question 4.2), one facility (representing 6% of 
respondents currently without a mixing zone) indicated that 
re-permitting pressures from regulators and non-governmen-
tal organisations would likely necessitate the implementa-
tion of a mixing zone. A further four respondents (22%) 
anticipated that future permit renewals could introduce such 

requirements. In contrast, nine facilities (50%) did not fore-
see any need for a mixing zone, while four (22%) did not 
provide a response.

These evolving environmental conditions underscored the 
need for more robust and adaptive design approaches. In par-
ticular, the use of simplified empirical equations for mixing 
zone modeling may prove inadequate under future scenarios. 
Instead, more sophisticated modeling techniques—capable 
of accounting for variable and extreme conditions—may be 
required. This shift would necessitate enhanced technical 
expertise and potentially greater regulatory engagement 
during the permitting process, to ensure that mixing zones 
remain both effective and compliant in a changing climate. 
This observation formed the basis for the CORMIX mod-
eling approach.

CORMIX modelling

Thermal discharges

For each scenario, variations in mixing zone dimensions 
were evaluated, and the percent change in volume from the 
base case was calculated. Expectedly, an increase in mix-
ing zone size may violate permit conditions and pose com-
pliance risks. Modelling showed that a decrease in efflu-
ent flowrate while maintaining thermal load (proxy for the 
implementation of water conservation strategies) led to sub-
stantial increases in mixing zone size for both Discharges 
#1 and #2. For example, a 20% reduction in effluent flow-
rate while maintaining thermal load increased mixing zone 
volume by 182.6% and 984.1% for Discharges #1 and #2, 
respectively (Table 6).

A variation in effluent temperature (proxy for changes in 
cooling system efficiency) exerted a strong configuration-
dependent influence on mixing zone dimensions. A 10% 
decrease in effluent temperature reduced the mixing zone 
size by 85.6% at Discharge #1 and 61.8% at Discharge #2 
(Table 6). By contrast, a 10% increase had only a marginal 
effect at Discharge #1 but expanded Discharge #2’s mixing 
zone by 115.1%. This divergence reflected differences in jet 
design and ambient advection: Discharge #1’s multi-slot, 
horizontal outfall in a bounded estuary (ambient velocity 
0.05 m/s) achieved substantial initial dilution. Discharge #2’s 
single-port, vertical release into an unbounded, low-flow set-
ting (ambient velocity 0.01 m/s) is buoyancy-dominated, so 
warming increased the buoyancy flux and surface spreading, 
substantially enlarging the thermal footprint. Additionally, a 
larger baseline ΔT at Discharge #2 (≈ 16.5 °C vs ≈ 14.2 °C 
at Discharge #1) and the interplay of temperature with efflu-
ent salinity (26.8 g/L vs ambient 10 g/L) further modulated 
plume density and rise behaviour.

Modelling results showed that decreasing ambient veloc-
ity (proxy for hydrodynamic shifts in receiving waters) 
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consistently reduced the size of the mixing zone, while 
increases in ambient velocity led to expansions in mixing 
zone volume (Table 6). Lower ambient velocities reduced 
the advective transport and lateral dispersion of the thermal 
plume, causing the heated effluent to remain more concen-
trated and confined near the discharge point. This resulted 
in a larger area where temperature exceeded the regulatory 
thresholds. In contrast, higher ambient velocities enhanced 
cross-stream mixing and dilution, rapidly dispersing the 
thermal load and thereby reducing the spatial footprint of 
the mixing zone.

These findings are consistent with recent studies on 
thermal plume behaviour, which demonstrate that local 
morphology (e.g. spits, constrictions) and flow reductions 
can amplify near-field confinement, elevating temperature 
footprints unless diffuser placement and angles are opti-
mised (Heidari et al. 2025). Their field‑validated modelling 
at power plant outfalls demonstrated that small geometric 
changes and seasonal ambient variations materially alter 
plume size and compliance distances (Heidari et al. 2025).

Non‑thermal discharges

Mixing zones for chemicals of concern are typically 
designed to meet water quality standards for all regulated 
substances, often using the largest required distance. To 
avoid complexities arising from varying standards, dilution 
was used as a direct metric. Dilution values at 100 m were 
modelled for each discharge, and scenarios were assessed to 
ensure regulatory criteria were met. The distance required 
to reach the baseline dilution value at 100 m was calculated 
for Discharges #2, #3, and #4. These calculations illustrated 
how parameter changes can extend or reduce the mixing 
zone length. For scenarios modifying effluent flowrate while 
maintaining concentration balance, the distance was deter-
mined at the target concentration rather than the baseline 
dilution factor.

Across all sites, ambient velocity emerged as a primary 
control on dilution and compliance distance, but the mag-
nitude and direction of its effect varied. For Discharge #3 
(bounded estuary), a 20% decrease in ambient velocity 
increased the distance required to reach the baseline dilu-
tion value to 157.7 m (a 57.7% increase), while for Dis-
charge #4 (river), the same reduction led to a distance of 
230.3 m (a 130.3% increase). Conversely, a 20% increase in 
ambient velocity reduced the compliance distance by 71.2% 
for Discharge #3, but unexpectedly increased it by 13.2% 
for Discharge #4 (Table 7). This divergence highlights the 
importance of site-specific hydrodynamics: in confined riv-
erine systems, higher velocities may advect the plume down-
stream more rapidly, reducing the time available for lateral 
mixing and, in some cases, increasing the distance required 
to achieve regulatory dilution.

Ambient density (proxy for background concentrations) 
also exerted a strong, site-dependent influence. In bounded 
estuarine and riverine systems (Discharges #3 and #4), 
variations in ambient density substantially reduced dilu-
tion capacity and expanded the mixing zone. For example, 
a 10% decrease in ambient density reduced dilution values 
by up to 69.4% for riverine discharges, with the compli-
ance distance increasing by up to 257.1% (Table 7). In 
contrast, in unbounded estuarine environments (e.g. Dis-
charge #2), changes in ambient density had a negligible 
effect on dilution and compliance distance, reflecting the 
buffering effect of high assimilative capacity and open 
geometry.

The modelling results indicate that reductions in efflu-
ent flowrate while maintaining a constant contaminant 
mass load (an operational scenario often motivated by 
water reuse and efficiency strategies) can have a counter-
intuitive impact on mixing zone behaviour, particularly in 
bounded and riverine systems (e.g. Discharge #4). Spe-
cifically, decreasing the effluent flowrate without reduc-
ing the total contaminant mass led to a more concentrated 
discharge. This, in turn, resulted in a shorter distance 
required to achieve the baseline dilution value, effectively 
reducing the spatial extent of the mixing zone. Interest-
ingly, a similar pattern was observed when increasing the 
effluent flowrate while maintaining the mass load. In both 
scenarios, whether flowrate is reduced or increased at con-
stant mass, the distance to reach the baseline dilution value 
was affected, underscoring the complex interplay between 
flow dynamics, concentration, and mixing efficiency in 
confined waterbodies.

Increased effluent density may happen as a result of 
more cycles of concentration in cooling towers (Rahmani 
2017), or reduced blending due to water use restrictions. 
In all tested conditions, higher effluent density resulted 
in increased dilution values at 100 m (Table 7), indicat-
ing enhanced mixing efficiency in the near field. How-
ever, this effect was often accompanied by an increase 
in the distance required to reach the baseline dilution 
value, effectively extending the spatial footprint of the 
mixing zone. This outcome reflects the complex inter-
play between plume buoyancy, ambient hydrodynamics, 
and waterbody geometry. Denser effluents tend to sink 
and spread laterally along the bed, promoting mixing 
with ambient water but also causing the plume to persist 
over longer distances before achieving regulatory dilu-
tion thresholds.

Overall, the CORMIX modelling for non-thermal dis-
charges demonstrates that the distance over which efflu-
ent dilutes to reach a specific concentration is heav-
ily inf luenced by both eff luent and ambient density. 
These results aligned with previous research on brine 
discharges comparing the sensitivity of four near-field 
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modelling tools, including CORMIX (Loya-Fernández 
et al. 2012).

Practical implications and recommendations 
for the mixing zone concept

Inadequate technical guidelines

Discrepancies in technical guidelines emerged as one of the 
most critical challenges, consistent with comparative anal-
yses (Campos et al. 2022; Romero et al. 2023) that high-
lighted substantial variation in mixing-zone design meth-
odologies across jurisdictions. These differences result in 
outcomes that are highly sensitive to the quality of input 
data and the selection of modelling tools. Compounding this 
issue, the survey revealed that permit review frequencies 
vary considerably between and within countries, with some 
facilities reporting intervals exceeding 5 years or lacking for-
mal review schedules altogether (Table 4). This variability 
undermined the consistency of regulatory oversight and may 
delay the integration of updated scientific understanding or 
environmental conditions into permit conditions. Collec-
tively, the lack of harmonised technical guidance and irregu-
lar permit reviews contributes to regulatory uncertainty and 
may compromise the effectiveness of mixing zones.

Optimising mixing zones

Optimising mixing zone design presents a cost-effective 
alternative to extensive end-of-pipe treatment, potentially 
reducing operational expenditure. Well-engineered mixing 
zones—particularly those incorporating multiport diffusers 
and informed by site-specific hydrodynamic modelling—can 
achieve regulatory compliance with lower treatment inten-
sity (Bleninger and Jirka 2011). However, it is notable that 
only one of the facilities surveyed in this study reported the 
use of engineered diffusers (i.e. six slots cut in 16″ diameter 
pipe, Table B in Supplementary Material), suggesting an 
underutilisation of available technologies that could enhance 
initial dilution and minimise spatial impacts. Expanding 
mixing zones without such safeguards may increase the area 
of pollutant dispersion, thereby elevating risks to sensitive 
aquatic habitats. It should also be acknowledged that the 
effective design and implementation of such systems often 
require specialised hydrodynamic expertise and access to 
high-quality site-specific data (i.e. resources that may not 
be readily available at all facilities) potentially limiting the 
feasibility or consistency of such approaches.

Site‑specific conditions

The results from the CORMIX modelling enabled the iden-
tification of key factors that may have an impact on the 

physical footprint of a mixing zone, when considering ther-
mal or non-thermal discharges. Mixing zone performance is 
inherently site-specific, governed by a complex interplay of 
effluent characteristics, discharge configurations, and receiv-
ing waterbody conditions. For instance, a 20% reduction in 
ambient flow velocity led to a 6.1% increase of the dilution 
value at 100 m for Discharge #2, while the same change had 
a 24.3% decrease effect on Discharge #3. Such disparities 
underscore the limitations of applying uniform regulatory 
thresholds or design assumptions across diverse hydrological 
and operational contexts. Instead, site-specific assessments 
are essential to ensure that mixing zones are appropriately 
sized and managed to protect local ecological conditions.

While the primary emphasis of this study is on the risks 
associated with effluent discharges and the regulatory frame-
works governing mixing zones, it is important to acknowl-
edge that not all discharged substances exert uniformly 
negative effects on aquatic ecosystems. Certain chemical 
species, particularly trace metals such as zinc and copper, 
while potentially toxic at elevated concentrations, also serve 
as essential micronutrients for aquatic organisms. Notably, 
recent research has demonstrated that higher concentrations 
of these metals can inhibit the growth of toxin-producing 
cyanobacteria, which are responsible for harmful algal 
blooms in nutrient-enriched waters (Facey et al. 2019). This 
dual role underscores the complexity of assessing ecological 
risk in the context of industrial discharges: while regulatory 
frameworks appropriately prioritise the prevention of harm-
ful exposures, there may be circumstances where specific 
constituents contribute to ecosystem resilience or mitigate 
other environmental stressors. Several surveyed facilities 
reported discharge limits for metals such as zinc and cop-
per that, while subject to regulatory control, may also inter-
act with receiving water chemistry in ecologically nuanced 
ways. These considerations highlight the need for a more 
holistic, context-sensitive approach to mixing zone assess-
ment—one that accounts not only for pollutant concentra-
tions but also for their ecological function and interactions 
within dynamic aquatic systems.

Upstream water quality

Changes in ambient density—used here as a proxy for 
changes in background concentrations—also marked effects 
on mixing zone behaviour. As expected, Discharges #1 and 
#2, located in coastal and estuarine settings, exhibited lim-
ited sensitivity to variations in ambient density, with neg-
ligible changes in dilution values across the tested scenar-
ios (Table 6). This relative stability is attributable to the 
higher assimilative capacity and dynamic hydrodynamics 
of marine and estuarine systems, which buffer against shifts 
in background conditions. In contrast, Discharges #3 and 
#4 demonstrated pronounced sensitivity: a 10% increase in 
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ambient density led increased distances to reach the dilution 
values (Table 7). This suggests that elevated background 
concentrations (e.g. upstream pollution) can significantly 
constrain the effectiveness of mixing zones in freshwater 
systems. These findings are particularly salient given that 
two facilities explicitly identified deteriorating upstream 
water quality as a growing concern in their survey responses. 
It underscores the importance of accounting for spatial and 
temporal variability in background water quality during mix-
ing zone assessments, particularly in rivers where dilution 
capacity is inherently limited and more susceptible to exter-
nal pressures.

The challenge is compounded by the proliferation of 
emerging substances, which can interact synergistically 
and exacerbate mixture toxicity. For example, a wide‑scope 
screening of 499 emerging chemicals across 52 WWTP 
effluents in Europe found 366 compounds with mixture 
risks exceeding thresholds for algae, crustaceans, and fish in 
numerous outfalls (Finckh et al. 2022), indicating that com-
pliance at the mixing‑zone edge for a small set of regulated 
analytes may not capture mixture toxic pressure.

Water efficiency and reuse practices

The modelling results underscored the nuanced and site-
specific impacts of water efficiency and reuse strategies on 
mixing zone behaviour. A decrease in effluent flow while 
maintaining concentration balance (serving as a proxy for 
more concentrated discharges, such as those arising from 
brine management or circular water practices) has become 
increasingly relevant as industrial facilities seek to reduce 
freshwater abstraction and enhance sustainability. However, 
the simulations reveal that such operational changes do not 
yield uniform outcomes across all receiving environments. 
For instance, a 20% reduction in effluent flowrate, while 
maintaining the same contaminant load, led to a 2.4% and 
39.5% decrease in dilution values at 100 m for Discharges 
#3 (bounded estuary) and #4 (bounded riverine system), 
respectively (Table 7). In the estuarine setting, this reduc-
tion in dilution resulted in increased distances required to 
reach the baseline value, effectively expanding the mixing 
zone. Conversely, in the riverine system, the same scenario 
led to a shorter distance to compliance, thereby reducing 
the mixing zone size. This outcome was consistent with 
research by Wolfand et al. (2022, 2023) which demonstrated 
that increased wastewater reuse can have unintended conse-
quences for water quality, including elevated concentrations 
of certain pollutants and changes in mixing zone dynam-
ics. For example, in their study, a 50% increase in reuse 
was associated with a 33% rise in total suspended solids, 
while concurrent reductions in mass loading under higher 
reuse scenarios led to decreased concentrations of emerg-
ing contaminants. Crucially, these results highlighted that 

operational changes aimed at improving water efficiency 
did not always result in an expanded mixing zone. Under 
certain hydrodynamic and geometric conditions, a more 
concentrated discharge can achieve the required dilution 
over a shorter distance, potentially simplifying regulatory 
compliance.

Similarly, the modelling results showed that higher efflu-
ent density consistently led to increased dilution values at 
100 m, reflecting enhanced initial mixing. However, this 
benefit was frequently offset by a concurrent increase in the 
distance required to reach the baseline dilution value, effec-
tively extending the spatial footprint of the mixing zone. 
Survey responses highlighted that discharges often consist 
of a blend of effluents (Fig. 1). Consequently, this study 
prompts careful consideration over operational measures 
intended to improve water efficiency or sustainability as 
they have complex, and sometimes counterintuitive effects 
on regulatory compliance and environmental protection.

Climate change

The simulations highlighted the potential implications of 
climate change. Scenarios incorporating changes in ambient 
velocity (i.e. river flows) produced larger mixing zones for 
Discharges #3 and #4 (Table 7). Ambient velocity serves as a 
useful indicator for assessing the impact of flow variations in 
receiving water bodies, particularly in the context of climate 
change. Hydrological projections (Abily et al. 2021; Sepp 
et al. 2025) suggest that climate-driven changes—such as 
increased storm severity and altered flow regimes—could 
result in more pronounced short-term fluctuations than those 
tested in this study. To put this into perspective, Abily et al. 
(2021) modelled a decrease in dilution factor for 11% of the 
EU surface water bodies receiving urban WWTP discharges 
by 2040. While these events may temporarily intensify mix-
ing zone impacts, their brief duration relative to compliance 
monitoring intervals means the overall risk from ambient 
velocity changes remains lower than that posed by ambi-
ent and effluent density variations. These results reinforced 
the need for adaptative permitting strategies that account 
for hydrological variability and thermal constraints, as also 
advocated by recent work on climate-resilient water quality 
management (Van Vliet et al. 2023).

Conclusions

This study presented the first cross-European assessment 
of how mixing zones are applied in industrial water man-
agement, with a focus on the fuel manufacturing sector. It 
revealed substantial variability in regulatory frameworks, 
permitting conditions, and site-level practices. Although 
only a minority of surveyed facilities operated with mixing 
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zones at the time of the study, several anticipated future reli-
ance as concentration-based discharge requirements become 
more stringent.

CORMIX modelling confirmed that mixing zone per-
formance was highly sensitive to effluent and ambient 
parameters. Climate change, water reuse, and upstream 
water quality deterioration emerged as critical stressors 
that could compromise the reliability of mixing zones 
under future conditions.

These findings highlighted the urgent need for more 
harmonised, technically robust, and adaptive approaches 
to mixing zone design. In particular, the near-absence of 
engineered dispersion systems such as multiport diffusers 
across surveyed sites represented a missed opportunity to 
enhance dilution efficiency and minimise spatial impacts. 
However, the implementation of such systems requires 
specialised hydrodynamic expertise and high-quality site 
data—resources that are not universally available and 
could limit uptake.

Several priorities for future action emerged. Research 
should focus on integrating climate resilience into mixing 
zone assessments, including the development of modeling 
frameworks that account for non-stationary hydrologi-
cal conditions and evolving effluent characteristics. The 
observed variability in permit review frequencies and the 
limited public disclosure of mixing zone characteristics 
pointed to a broader governance gap. Establishing a cross-
European transparency framework—capturing the loca-
tion, extent, and performance of mixing zones—would 
support regulatory consistency, improve public trust, and 
enable more comprehensive assessments of cumulative 
impacts on aquatic ecosystems.

Ultimately, future-proofing the mixing zone con-
cept would require a shift from static, one-size-fits-all 
approaches to dynamic, site-specific, and ecologically 
informed strategies. This includes not only technical inno-
vation, but also regulatory alignment, improved data trans-
parency, and sustained investment in capacity-building. 
Stakeholders—regulators, industry, and researchers—
would need to collaborate to implement these adaptive 
strategies, ensuring that mixing zones remain a viable and 
protective tool in industrial water management without 
compromising environmental integrity.

While the findings were based on a limited sample of 
facilities and included some assumed input data, they 
remained indicative of broader trends. Further research 
across additional sectors and geographies would be war-
ranted to validate and expand upon these insights. None-
theless, this study provided a critical foundation for updat-
ing guidance and practices, enabling policy-makers and 
industry to act promptly in safeguarding the future effec-
tiveness and legitimacy of mixing zones in a changing 
environmental and regulatory landscape.
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