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Abstract

Integrated permitting systems are being progressively implemented by governments world-
wide owing to their beneficial effects on site-level environmental management. However,
different countries have implemented different systems that reflect their own national
conditions, resulting in varying efficacy. Based on experience from Korea, here, we propose
an e-permit system that implements (i) package management of industries related to or
within the value chain of permitted industries, (ii) site-specific best available techniques
(BATSs), (iii) automatic calculations of BAT-associated emission levels (BAT-AELs), and (iv)
code-based management of environmental factors using a ReGreen-BAT (RG-BAT) diagram.
The e-permit system improves permitting process efficiency and reduces the review period
from 35 days to 2-23 days depending on the industry sector. Additionally, by leveraging
big data collected through the Integrated Environmental Permitting System for post-permit
management, administrative efficiency could be further improved. Integrating industries
related to or within the value chain of the target industries in the Integrated Environmen-
tal Management System (IEMS) can reduce pollution, improve resource circulation, and
promote energy efficiency and cost savings. When selecting BATs, the balloon effect and
internal site-specific factors should be evaluated to realize more tailored and acceptable
BAT selection. Automation of BAT-AEL calculations using Python considerably reduces
the processing time to 2-3 weeks. The RG-BAT diagram helps visualize BAT effectiveness
and allows businesses to easily identify suitable BATs. The insights gained herein indicate
that countries implementing IEMS can benefit from sharing implementation experiences
and should collaborate on the development of advanced systems.

Keywords: e-permit; IEMS; value chain; balloon effect; BAT-AEL; RG-BAT diagram

1. Introduction

The industrial sector poses a significant challenge in terms of environmental pollution
and management in all countries owing to its utilization and processing of various chemical
substances [1]. To prevent industrial pollution, the European Union introduced the Inte-
grated Pollution Prevention and Control (IPPC) Directive in 1996 [2], which mandates the
application of best available techniques (BATs) [3], and has enforced integrated permitting
systems. In 2010, this directive was revised and strengthened into the Industrial Emissions
Directive (IED) [4], which continued to contribute to environmental improvements within
the industrial sector.

One of the key aspects of integrated permitting systems is the effective removal of
pollutants via BATs. BATs are applied across various industrial sectors to promote pollutant
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management, cost reduction via facility modifications, efficient resource use, and enhanced
operational efficiency via energy savings [5-9]. Furthermore, BAT use has gradually
expanded to realize ecosystem stability restoration [10] and greenhouse gas reduction
associated with climate change [11].

The Integrated Environmental Management System (IEMS), which originated in the
UK (1990) and Germany (1996), has since been adopted by numerous countries, including
Korea and Vietnam. The number of countries adopting this system has continued to in-
crease. The UK and Korea are among the nations that have participated in the Organization
for Economic Co-operation and Development (OECD) BAT expert group. This expert group
has been in operation since 2015, with participation of over 40 countries and organizations
and more than 155 experts. Through the OECD-BAT project (2016-2024), these nations
share information and support the implementation of integrated permitting systems in
various countries [12].

In Korea, an IEMS has been implemented since 2017 [13,14]. This system currently
targets 1603 facilities across 19 high-emission industries, such as power generation and
semiconductor manufacturing. These facilities are categorized as first or second class based
on their contribution to air or water pollution according to the following thresholds: for air
pollution, emission outlets releasing a combined annual total of 20 t or more of dust, SOx,
and NOx; for water pollution, outlets discharging 700 m> or more of wastewater per day.

Individual countries operate their IEMSs based on their unique national conditions.
Thus, IEMS implementation and operational status differ across countries. In some nations
such as EU member states, BATs are mandated in IEDs. However, in other countries such
as Korea, BAT applications are voluntarily. In addition, BAT reference documents have not
been developed by each country operating an IEMS. Moreover, countries such as Korea
and EU member states that have more experience in IEMS operations have achieved a level
of operational stability within their systems, whereas countries such as Vietham and India
are still in the early stages of implementation.

Despite differences in system maturity and design, integrated permitting is expected
to positively affect site-level environmental management. For example, in the EU, system
implementation is estimated to reduce administrative costs by €110 million to €260 million
annually across 52,000 permitted facilities [15]. Additionally, in sectors such as textiles
and metal surface treatments, reductions were achieved in water use (30-90%), auxiliary
materials (30-50%), and energy use (15-25%) (based on data from 2001 to 2006) [16].
In the UK, particulate matter and heavy metal pollution, such as lead and SOx, and
waste generation decreased (20%), and waste reuse increased (50%) [15]. The number of
environmental incidents in the UK industry also decreased considerably from 884 in 2000
to 464 in 2006 [15].

Other benefits have also been documented: in the UK, collaboration and technical
support between regulatory bodies and pig farming establishments yielded tangible ben-
efits [17]; in Finland, environmental performance improvements in the pulp and paper
industry were observed over 5 years [18]; and in Ireland, pollution reduction of up to 40%
was reported for the pharmaceutical sector [19]. In Korea, after adopting an integrated
permit system, major air pollutants, such as SOx and NOx, were reduced by approxi-
mately 44-69% and water pollutants, such as TN and TP, were reduced by approximately
69-92% (as of 2022) [20]. Moreover, the system has stimulated substantial investments in
environmental facilities, amounting to 17.4 trillion KRW [21].

In developed countries that have successfully implemented IEMSs, the system can
be enhanced by addressing internationally recognized challenges. For example, the EU is
in the process of developing IED 2.0 [22], which will minimize the use and emissions of
hazardous chemicals, support the transition to a circular economy, accelerate industrial
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decarbonization, and promote innovative technology adoption [22]. Moreover, the scope
of the IED will be expanded to cover metal mining, battery manufacturing, and intensive
livestock farming and the establishment of a BAT for waste landfill operations [22]. Further-
more, new tools are being developed to enforce the substitution of hazardous substances
and integrate environmental management systems [22].

Korea is in the process of developing an IEMS 2.0, which will be introduced in 2025.
This system aims to address the shortcomings of the current system and integrate inno-
vative and forward-looking components. IEMS 2.0 seeks to enhance media-integrated
management, introduce a specialist technical review committee, provide post-management
through environmental management specialized companies, introduce a smart integrated
environmental management system that utilizes artificial intelligence and the Internet of
Things, and promote information disclosure system efficiency [23].

This study analyzes the effectiveness and practical implications of Korea’s Integrated
Environmental Permit System (IEPS) and investigates the associated policy design and
technological implementation. Moreover, it combines conceptual analysis with limited
empirical evidence drawn from multiple industrial cases. Ultimately, in this study, we
advocate for IEMS implementation experience sharing and collaboration in the develop-
ment of advanced systems. Furthermore, we sought beneficial processes based on Korea’s
experience of operating its IEMS that could help support other countries seeking to improve
their own IEMS. These proposals may be adopted directly or adapted according to the
unique circumstances of a given country.

2. Materials and Methods
2.1. E-Permit

The necessity, application scope, and prospective benefits of the e-permit system
are presented based on Korea’s 8-year operational history with the Korean Integrated
Environment Permitting System (K-IEPS) since its inception in 2017.

The K-IEPS issues new permits, modifies existing permits, provides change notifica-
tions, reviews permits, and assists in application document preparation. For post-permit
management, the system inputs monthly monitoring data, prepares and submits annual
reports, provides facility start-up notifications, reports pollution inspections, issues cor-
rective orders and administrative sanctions, calculates pollutant discharge charges, and
reports regular ad hoc inspections by the local environmental office.

Additionally, the IEPS manages public disclosure of environmental information, in-
cluding annual reports, permit review results, and four essential datasets, namely (i) fuel
and water usage information, (ii) types and locations of pollutant-emitting facilities, (iii)
permitted emission standards and historical emission data from the past 5 years, and (iv)
emergency response plans for environmental accidents. It also processes applications for
site environmental managers, registrations for mandatory environmental training, perfor-
mance evaluations of delegated permitting agencies, and documentation of administrative
enforcement actions.

Furthermore, the IEPS facilitated BAT reference document preparation by supporting
the collection of monitoring data necessary to determine BAT-associated emission levels
(BAT-AELs) and tracking the application status of BATs at the facility level.

2.2. Automation of BAT-AEL Calculation

BAT-AEL calculation automation was implemented in Python (v. 3.12.7). Nationally
certified monitoring data from the past 3 years (2020-2022) were used as input data,
including the tele-monitoring system (TMS), stack emission management system (SEMS),
water tele-monitoring system (WTMS), and water emission management system (WEMS).
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From each monitoring dataset, the essential fields required for the BAT-AEL calculation
were extracted, including industry type, facility name, pollutant, emission outlet number,
concentration, and units. After extracting these key parameters, the data were matched
across datasets to create a unified dataset.

Outliers were identified and removed using the Rosner simulation method [24,25].
Subsequently, the cleaned datasets were merged again, and descriptive statistics were
calculated. Based on these statistics, BAT-AEL values were determined and summarized
using pivot tables.

3. Results and Discussion
3.1. Efficient Integrated Environmental Permit Management by the E-Permit System

Establishing an e-permit system is essential to effectively implement an IEPS. The
E-permit system is useful [26-28] not only during the permitting phase but is also crucial
for post-permit site management. This enables the integrated management of permit
conditions, pollution monitoring compliance, and pollution prevention measures. Since the
introduction of the permit system in 2017, Korea has operated an e-permit system, known
as the K-IEPS [29].

The greatest advantage of implementing an e-permit system is its convenience. Previ-
ously, for business establishments, people had to physically visit the permitting authority
to submit documents and provide related details to the designated officer. Furthermore,
monitoring the status of permit processing was difficult without directly contacting the
authorities. However, with the implementation of the e-permit system, all application
documents can now be submitted online, and document supplementation can be performed
electronically. Applicants can also track the progress of their permits in real time via the
system. Although the permitting process typically takes approximately 5 months in the
EU, 7 months in Germany, and 4 to 24 months in the UK [30], the K-IEPS has reduced the
minimum review period to 2-23 days, depending on the industrial sector, although the
statutory permit period remains 35 days. When there are few facilities or the industry is
simple, the permit review period is relatively short, whereas when there are numerous
facilities and the industry is complex, such as in the chemical and semiconductor sectors,
the permit review period is considerably long.

The e-permit system also ensures secure and long-term storage of permit documents.
Many business establishments have been in operation for decades, making it difficult
to store paper documents over long periods. The large volume of documents, such as
facility blueprints, and the risks of misplacement owing to office relocations or the gradual
degradation of physical records over time pose major challenges. By contrast, through
the use of an e-permit system, documents can be managed within a digital database or as
electronic files, minimizing the risk of loss or damage. In the early stages of Korea’s system
implementation, business establishments had to recreate permit documents because of loss
or damage.

Moreover, the e-permit system is effective not only during the permitting process
but also for environmental management after permit issuance. It allows authorities to
verify whether a facility complies with permit conditions, conduct pollution monitoring as
required, and properly implement preventive and corrective measures.

In Korea, after receiving a permit, facilities are required to input monthly post-permit
compliance data into the IEPS, along with relevant supporting documents. The supervisory
authority (in Korea, the regional environmental office) can then monitor whether the
facility is fulfilling its post-permit responsibilities in accordance with regulations. Through
this approach, the system leverages big data collected through the IEPS for continuous
compliance monitoring. If the authority determines that a facility is not managing its
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post-permit obligations properly, it can conduct an on-site inspection and take legal action,
if necessary.

The e-permit system also helps prevent the submission of false or manipulated data.
Because facilities must submit supporting documents along with their operational and
monitoring data, inconsistencies can be identified through cross-checking. In addition,
links with other relevant systems allow error tracking and data validation.

As demonstrated by Korea’s operation of the IEPS, there are various advantages in
adopting an e-permit system (Table 1). However, except Korea, no other country currently

implementing an IEPS has adopted such an e-permit framework.

Table 1. Advantages of operating an Integrated Environmental Permitting System (IEPS).

Content

Non-Operation of IEPS

Operation of IEPS

Permit application

Visit the permitting agency with the
documents

Submit application documents online via
the IEPS

Permit application documents

Prepared individually by the business
establishment

The IEPS provides an Excel template for
document preparation

Emission impact analysis

Conducted independently by the
business establishment

The IEPS provides analysis programs and
manuals

Emission impact analysis
results

Submitted directly to the permitting
agency in person or via email

Submitted online via the IEPS

Notification of document
supplementation

Notified via phone or email

Via the supplementation notification menu
in the IEPS

Submission of supplementary
documents

Visit the permitting agency with the
supplementary documents or submit
via email

Submit online via the IEPS

Checking permit progress

Via phone or email

Through the IEPS

Checking permit expiry

Responsible personnel continuously
monitor it

Through the IEPS

Verification by permit officer

The applicant verifies and submits the
permit application directly

The IEPS automatically notifies the permit
officer about the application submission

Application for permit
modification, notification of
change, and permit review

Visit the permitting agency with the
documents

Submit application documents online via
the IEPS

Preparation of permit
modification, notification of
change, and permit review
documents

Prepared by the business
establishment

Utilize the permit application support Excel
template provided by the IEPS

Annual report preparation

Prepared independently by the
business establishment

Automatically generated by the IEPS

Submission of annual report

Submitted via mail or email

Submitted online via the IEPS

Issuance of permit certificate

Sent via mail

Printed online via the IEPS

Post-permit management
(startup, pollution inspection,
self-improvement plan,
pollution prevention, etc.)

Processed via phone, mail, or email

Processed online via the IEPS
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Table 1. Cont.

Content

Non-Operation of IEPS

Operation of IEPS

Monitoring data after permit
issuance

Printed and stored in paper format at the
business establishment for over a year

Submitted online via the IEPS on a monthly basis

Post-permit management by
environmental authorities

Request the necessary documents from the
business establishment

Utilize permit documents and monitor data in
the IEPS

Submission of monitoring data
by each medium

Submit duplicate data for each medium

Prevent duplicate submissions by linking the
IEPS with each medium’s system

Emission charges

Calculated independently by the
environmental authorities

Automatically calculated by the IEPS

Utilization of business site data

Business site data are not digitized into a
database and cannot be utilized

Data are stored in a big-data database in the IEPS
for diverse applications

Response to changes in
personnel handling tasks

Task knowledge is transferred through a
handover process by the predecessor

Work can be understood by checking the
business site data in the IEPS

Integrated approval review
period (days)

2-23 (depending on the industry sector)
The average review period for all workplaces is
11 days

Administrative costs (assuming
10 revisions)

Approximately $1.2 million

No cost

Environmental management
after integrated permits

Document inspection during regular
inspections by the licensing authority once
every 1 to 3 years

The licensing authority checks the input data of
IEPS every month

Efforts to comply with workplace
licensing standards and permit
conditions

There is a possibility that the workplace
may respond passively until the
permitting authority reviews the relevant
documents.

As the workplace submits related information
such as approval standards to IEPS every month,
it actively makes efforts to achieve these
approval standards.

The IEPS operates on continuous environmental data transmitted from industrial sites;
therefore, robust governance and data protection are essential. Data access is managed via
a three-tier structure: operators can view only their own monitoring data, regulators can
access aggregated datasets for compliance and policy review, and administrators maintain
read-only access under strict audit logging.

All transactions within the IEPS are time-stamped and stored in an immutable audit
trail to prevent tampering. Data exchanges among related systems (TMS, SEMS, and
WEMS) occur via encrypted and authenticated channels, minimizing inconsistencies and
unauthorized manipulation. When anomalies such as sensor errors or missing data are
detected, the system issues alerts and temporarily flags the records for verification before
regulatory evaluation.

Data ownership remains with the facility, whereas stewardship and verification re-
sponsibilities lie with the permitting authority, ensuring both accountability and privacy.
Key risks—such as data falsification, privacy breaches, system mismatches, and cybersecu-
rity threats—are mitigated via encryption, access control, and continuous monitoring. This
governance framework strengthens transparency and reliability, supporting the IEPS as a
secure and sustainable environmental management platform.

Each country may adopt different approaches based on information infrastructure
variations. For countries seeking to establish a permit system similar to Korea’s IEPS,
integrated permitting processes must be automated for efficient system operation. In the
case of Korea, approximately 2 years were required to establish the IEPS. Conversely, in
countries where information infrastructure is underdeveloped, it is necessary to establish
a long-term plan and gradually implement a permit automation system. Specifically, in
the first stage, an initial model for permit application, submission, and review should be
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IEPS

developed; in the second stage, a monitoring system should be established for post-permit
environmental management; and in the third stage, a system should be implemented to
continuously verify compliance with permit standards and conditions.

Figure 1 introduces the IEPS homepage and system menu in Korea [29], and Figure 2

illustrates the workflow in the processing of permits and post-permit tasks handled via
the IEPS.
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Figure 1. Homepage and menu configuration of the Integrated Environmental Permitting System
(IEPS) in Korea [29].

3.2. Package Management of Industries in Related Sectors and with Value Chain Relationships

Each country determines the industries that are subject to integrated environmental
management based on various principles. Industries with high pollutant emissions and
emitting pollutants of current concern and sectors requiring enhanced pollution control
are typically considered. For example, the EU operates an IEPS across 30 industry sectors,
including large combustion plants [31]. In Korea, the system covers 19 industries, including
the top 18 sectors in terms of the emissions of major air and water pollutants (such as BOD
and dust), as well as the cement industry, which has become a growing environmental
concern. The list of target industries is subject to change based on the ongoing evaluations
of emission trends and industrial advancements.
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Figure 2. Process flowchart for integrated permit operations through the IEPS.

These target industries are typically interconnected with other sectors through the
procurement or distribution of raw materials and intermediate products, establishing
interconnected or value-chain relationships. Figure 3 shows examples of industries that
are either linked or engaged in a value chain relationship with Korea’s inorganic chemical
sector, a regulated target of integrated permission. Managing such industries collectively
rather than individually is expected to yield more effective environmental outcomes [32].
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Figure 3. Industries exhibiting direct relationships or value chain relationships with the inorganic
chemical industry.

While separately managing each industry is important, integrating related and value
chain-linked industries as packages offers numerous benefits (Figure 4). For example,
byproducts or waste from one industry can serve as raw materials for another, reducing
pollutant emissions and cutting costs. Coal ash from power plants can be reused as a
raw material in cement manufacturing, whereas slag from the steel industry can be used
for cement, aggregates, or road paving. Byproduct gases from petrochemical industries
or steelworks can be used as fuels in other sectors or for combined in-house heat and
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power generation. Waste heat from industrial processes can be used as an energy source
to enhance energy efficiency and contribute to the mitigation of global warming and
greenhouse gas emissions. This type of package management also promotes resource
recycling and strengthens the circular economy [33-35].

Across the Industry

@ Joint ESG Management by Companies within the Industry
@) Establishment of ESG and Sustainable Management Cooperation System

Industrial Complex Development
(1) Operation of Common Pollution Prevention Facilities

(Cost reduction and efficiency ﬁ:provenﬂer-t compared fo individual operation)
(2) Operation of Collective Energy Facilities
(Minimization of individual boiler operation = Reduction of pollutant emissions)

() Application of Optimal BAT (Best Available Techniques) for Pollution Prevention

Related Related Related Related
Indust ndustry “pgﬁmf ndustry, \nduslry
Industry 1 H Industry 2 H Required Industry 3 Indushy 4
Value Chain Value Chain Industry Value Chain Value Chain
Ik Industry rf\ / Industry v : V Industry A Industry

Blast funace fuel | ! By- pruduct energy :

gas waste

Figure 4. Schematic displaying package management usefulness across industries.

If these related industries are co-located in industrial complexes, they can jointly
handle pollutant treatment. For example, operating a shared wastewater treatment facility
can reduce costs and improve efficiency compared with operating individual facilities.
In South Korea, textile dyeing factories form industrial complexes and operate a joint
wastewater treatment facility instead of treating the generated dye wastewater individually.
Similarly, centralized energy systems such as combined heat and power plants can reduce
the need for individual boilers and contribute to cost savings and pollution reduction.

Such integrated management facilitates collaboration across industries, maximizes
pollution reduction, improves productivity, and reduces energy and water consumption.
These efforts can lead to joint Environmental, Social, and Governance initiatives and the
establishment of sustainable management frameworks. Additional synergies may include
enhanced market responsiveness, better supply—demand balancing of products, improved
global competitiveness, and strong responses to international trade barriers.

If all related and value-chain-linked industries were subject to the integrated permit
system, pollution control would be effective. However, even if they are not, establishing
collaborative and integrated management frameworks among them could yield substantial
synergy and environmental benefits.

However, countries that have implemented the integrated permitting system, includ-
ing South Korea, do not yet apply it to all industrial sectors. Therefore, at this stage, it is
difficult to manage all industrial sectors that are interconnected or are a part of a value
chain as a single package. As an alternative approach to managing related industries
as a package, it is necessary to first conduct effective pollution management by limiting
the scope to facilities subject to integrated permits and to establish a system that enables
the management of related industries outside integrated facilities in conjunction with life
cycle assessment (LCA) and greenhouse gas management, including emissions calculations
(Scopes 1-3).



Sustainability 2025, 17, 9635

10 of 19

3.3. Balloon Effect and Site-Specific BAT Selection

Many countries that operate IEPS, such as EU members and Korea, develop BAT
reference documents to guide permitting. These reference documents are periodically
revised to reflect industry changes and incorporate newly identified BATs.

Each country determines its own BATs based on its own selection criteria. The EU
considers cross-media environmental impacts when selecting BATs, whereas Korea evalu-
ates environmental effectiveness, technical feasibility, applicability, and economic viability
based on the operational guidelines for the development of BAT reference document [36].
Among these factors, environmental performance and economic efficiency are important.

Although the BATs selected under current procedures are effective in reducing specific
pollutants, it is also necessary to examine whether they inadvertently increase pollution in
other media or processes within the facility. Such unintended side effects are referred to
as the “balloon effect” (Figure 5). If the balloon effect is identified during the application
of a BAT candidate, further consideration is required to determine whether it should be
adopted as a BAT.

NS-BAT 1 BS-BAT

NS-BAT : Narrow-scope BAT
B5-BAT : Broad-scope BAT (Example

Cost w-8 AV

Potential for
eutrophication

Time

Reusability

Low greenhouse gas
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(i high .
- es with Di& " ance
natives W Low maintenance ” <
v aterials
ont T2V mate
t-conter ‘\‘;.\crr.\h

tant-SO ey
Low-poleg i

er ) !
Al sage Energy savings
water WSTE

Recyclability
o efficienty

E clio! x -
Redue W-BAT : Workplace site's interested BAT
N-BAT : Nationally significant BAT
G-BAT : Globally significant BAT

Key areas of interest in BAT

Figure 5. Classification of BATs.

The EU’s IPPC reference documents call for the evaluation of “economics and cross-
media effects” during BAT selection. However, the balloon effect discussed herein is more
narrowly focused and site-specific than the broader interpretation of cross-media effects in
EU documents.

In the IPPC approach, the evaluation of cross-media effects involves the consideration
of seven environmental impact categories: human toxicity, global warming, aquatic toxicity,
acidification, eutrophication, ozone depletion, and photochemical ozone creation [37]. This
evaluation framework addresses broad national and global issues, making the assessment
complex, uncertain, and difficult to apply at the site level. Furthermore, facility operators
may question whether they should be held accountable for addressing global-scale effects
in the absence of corresponding legal obligations.

However, businesses tend to focus on the impacts confined within the boundaries
of their own facilities. They are primarily concerned with whether a candidate BAT can
meet the permit conditions, whether it is efficient and easy to maintain, and whether it
might cause unintended issues, such as increased pollution in another part of the facility,
which is the classic balloon effect. For example, applying a certain BAT to reduce one air
pollutant may unintentionally increase the emissions of another, generate more wastewater,
or produce more solid waste.

By focusing on BAT evaluations within a narrow scope, site-specific concerns, par-
ticularly the balloon effect, become more practical and relevant to facility operators. This
narrow approach simplifies the assessment compared to the EU’s broader cross-media
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analysis. BATs that cause an overall increase in pollutants within a facility, particularly at
the level of concern, are less desirable and should, therefore, be avoided.

However, from the facility’s perspective, it may be necessary to adopt a BAT with some
degree of balloon effect [38,39], particularly if the resulting emissions do not exceed permit
thresholds and the technique remains cost-effective. However, permitting authorities
may be reluctant to accept techniques such as BAT, given their responsibility for broader
environmental protection and pollutant control at the national level.

Table 2 compares the EU’s cross-media approach to Korea’s balloon-effect-focused
approach. The emphasis placed on each factor varies depending on whether the country
mandates the use of BATs. Countries with mandatory BAT systems must consider both
facility-level efficiency and national-level environmental protection, whereas countries
that do not require BAT adoption, such as Korea, may leave the final decision to facility
operators.

Table 2. Comparison of BAT selection considerations.

Type Cross-Media Effects Balloon Effect
Perspective Macro (Global and National) Micro (Workplace Site Only)
Toxicity to humans
Global warming Increased pollutant types and emissions
Hydrotoxicity L -
. . i Negative impact on other media
Considerations Acidification .
o Increased water and energy consumption
Eutrophication .
. Increased waste generation
Depletion of the ozone layer
Photochemical ozonation
As its impact is limited within the workplace,
Suitable for responding to global and national the impact on th.e cons1d-erat10ns When
Advantage . 2 selecting BAT will be actively examined
environmental pollution issues . .
It is relatively easy to assess (calculate) the
impact of considerations
Is it possible to assign (enforce) national
issues to individual workplaces?
There is a possibility that the workplace will ~ Limitation of participation in responding to
Limitations not actively examine the impact of global and national environmental pollution

considerations when selecting a BAT.
It can be difficult to assess the impact of
considerations.

issues (passive)

The balloon effect resulting from the implementation of BAT has recently become
a growing concern in industrial workplaces. Therefore, research on the balloon effect is
necessary, along with the establishment of evaluation criteria and specification of evaluation
indicators. Furthermore, effective management strategies are essential for addressing both
the narrowly defined balloon effect within workplaces and the broader cross-media effects
recognized by organizations such as the EU. This is because the balloon effect and the
cross-media effect are not separate phenomena but are closely interconnected. Whether
these effects are limited to workplaces or encompass a broader national and global scope is
an urgent question.

3.4. BAT-AEL Calculation Automation

To calculate the BAT-AEL, it is essential to classify facilities based on various continu-
ous monitoring data [40,41] and the specific characteristics of each industry’s processes or
products. This task is time-consuming and repetitive. In addition, the large amount of data
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involved increases the likelihood of human error during manual processing. Neverthe-
less, most countries that operate IEMS rely on manual methods for BAT-AEL calculations.
Therefore, there is a growing need to establish automated systems to improve efficiency.

From 2017 to 2023, Korea manually calculated BAT-AELs using Excel. The data used
in this process included intermittent self-measurement data (e.g., quarterly, biannual, or
annual), SEMS data monitored monthly (approximately one million data points annually),
and TMS data, which consisted of real-time measurements averaged over 5 or 30 min
intervals across 3 years (approximately 300 million data points). These monitoring datasets
are categorized by process or product type and reorganized according to classification
standards that reflect the timing of the enforcement of legal emission standards. Because
of the volume and complexity of these tasks, calculating the BAT-AELSs for each industry
typically requires 2-3 months. When converted into administrative costs, this is estimated
to result in savings of approximately $2.6 million.

However, in countries that implement an integrated permitting system, it may not be
necessary to consider Korea's calculation method, depending on the procedures used to
determine BAT-AEL and the factors considered. If the method for calculating BAT-AEL is
simple and the process straightforward, a passive approach could be applied. Therefore,
because institutional differences may exist among countries in calculating BAT-AEL, the
choice of methodology to apply may remain optional.

Starting in 2024, Python was introduced to automate the BAT-AEL calculation process,
and it has considerably reduced the time required to approximately 3 weeks from 3 months.
Figure 6 illustrates the BAT-AEL calculation procedure, along with a comparison between
the Excel-based manual and Python-based automated methods. An example of Python
coding for BAT-AEL calculation is presented in Figure 7.

Manual calculation of BAT-AEL Calculation Procedure Automatic calculation of BAT-AEL

BAT-AEL based on Excel based on Python

Pollutant Discharge Facility Classification System

-All work is done manually -Organize classification system by process, product, or raw material ~Classification setting: Manual
-Others: Python

-Due to the large amount of data
to process, mistakes can occur
frequently
-Consuming a lot of time with
simple repetitive mechanical tasks
-The filter function of MS Excel

—
Monitoring data collection and analysis - n ”
. -Data analysis, preprocessing, an
SEMS, TMS, etc —>  rearrangement: Python
Input Data
LB Ll sems [ TMs -Rosner’s test: PyAstronomy
Monitoring period 3yrs(2018~2020) package

Data number 3.821.422 | 300,000,000 -Number of data, mean, standard
deviation, median, maximum,

can save you time on your work,
but it is insignificant

-Existing manual data
preprocessing method reduces
data processing efficiency

. - minimum: Python
Selection of emission pollutants -Upper limit: MAX(x) function
-Lower limit: numpy (percentile
-Calculations are performed Calculation of emission concentration range > function provided by the Python

ki il Gl - Extraction of outliers by Rosner" test package)
Determining the upper limit —

B L Poanen(1985) fo -Present the stack number of the

[ 5o 3

v

each calculation Maximum measurement at 99% confidence level within the emission limit
workplace site corresponding to

Determining the lower limit

-Mechanical repetition is time-
Top median closest to the 25%ile of the total data

consuming the classification system and the

—> concentration of pollutants in

-All work is done manually Output of results fotrasisnditabley
~The number of workplace sites, the number of stacks, the average value, e () FE TS O
the upper limit, the lower limit, and the emission allowance standard for et Gl
each pollutant in the classification system of pollutant discharge facilties > N i e s

-Comparison of pollutant emission
concentration, upper limit, lower
limit, and emission allowance
standards of all workplace stacks
included in the classification system

= p— - standards of all workplace stacks
Comparison of emission concentration ranges el el e onlertam

- Comparison with monitoring data, current emission standards, etc.
BAT Confirmation Duration: 2~3 weeks

- TWG Opinion Gathering
D and of the Policy Committee

Duration: 2~3 months

(depending on the business type) (depending on the business type)

Classification Detailed 5 4 Data # Aversge UPPST Lower Emission STO  Ratio
System | POMNt lification  Workplace # Stack # Data # Averaoe 00 St T @) ws)

S Dust  Other discharge
Orying/Heating (DSt Other discha . s a7 2m  eeos os %0 22

Dust (mg/Sev

sv/sislalve g v

Figure 6. Features of Excel-based manual work, automatic calculations in Python and Python running

result.
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THS2020[ ‘Meonitoring’ = *THS"
def Makenew|D_function(x):

result = str(x)

return result
THS2020( ‘Workplace’ ] = THS2020[ ‘Werkplace'] _anp|y(Makenew |D_funct ion)
THS2020 “Exit number ] = THS2020[ “Exit number '] app|y(Makenew|D_funct ion)
LIST = IMSZUZU | ‘Workplace' ] . tolist()

=4[]

for X in LIST:
= x.replace(" ", "")
x = x.replace(“(Co., Ltd)", “(Co., Ltd.)")

X.replace(-(co., Ltd)", “(Co., Ltd.)")
TI append(x)

T1 = pd.Series(T1, name= Workplace’ )

THS2020 = THS2020. drop( [ 'Werkplace” ], axis = 1)

THS2020 = pd.concat ( [THS2020 , T1], axis=1)

TMS2020= pd.merge(TMS2020,DF, how="inner', on=[ 'Worlkplace', ‘Exit number’
‘Pollutant’ ] )

from __future__ import print_function, division
import pandas as pd
import numpy as np
import matplotlib.pylab as plt
import matplotlib as mpl
import seaborn as sns
import glob
import openpyx| as op
import matplotlib.ticker as ticker
import platform
if platforn.systen() == ‘Darvin’: #Mag
plt.re( font', famil *hppleGothic')
elif platforn.systen() = ndows' : #Window
plt.rc(*font", family:'r»h\:xun Gothic')
elif platforn.systen() == 'Linux': #Linux (Google Colab)
#iwget ‘hiips.//www. wionts, com/download/dala/2016/06/ 13/maigun—gothic/ma
#imv malgun. 11f Jfusr/share/fonis/truetyps/
#import maiplotlib. font_manager as o
#fm._rebuild()
plt.rc('font', family="Malgun Gothic'
plt.rcParans['axes.unicode_ninus'] = False

Q‘Minus fonts get corrupted
when using Korean fonts

TMS data preprocessing

SEMS data preprocessing

TMS discharge
TMS code port numbgr Pollutant Conc.

72576 110001 17 Dust o000
72577 10001 17 Dust o oo
72578 110001 17 Dust ooo
72579 110001 17 Dust 000
72580 110001 17 Dust o.0co
25123013 =2 Ammonia 1 77
2813020 =2 Ammoniazos
2613021 2 Ammoniaz 132
2613022 2 Ammoniaz oo
2513023 = Ammoniazzo

796451 rows x 4 columns

DF . to_piockle WS2022 .ok

UDF1 = pd.DataFrame{[])
for i in LIST:
udf1 DFC.loc[DFC['Class’] == i]
udf1 = udf1 . dropna(subset=[conc.])
udf1 = udf1,reset_index()
vl = udf1,loc[:, Con<]
y1 = y1 astype(float)
if len{y1) > 30:
r, k = rosner_test(y1)
udf1 = udf1 drop(k)
UDF1 = pd.concat { [UDF1, udf1])
else:
UDF1 = pd.concat { [UDF1, udf1])

]
]

UDF1=UDF1, reset _index{)

TMS inventory

Outlier removal

R = pd.pivot_table(udf k, ['Major Category’, ‘Medium Category’, ‘Sub category’,
index = “Workplace Name’, ‘Exit Number’, ‘Pollutant’,
‘Emission Limit Standard’, ‘Measurement Type’, ‘Unit’]

‘median’,
‘max’,
‘min’,
MINGS |
HAX])
R = R, renane(columns={’ count * Numhev of data’,

andard deviation’,
‘Median’,
*:"Maximum’,
‘Minimum’,
‘‘Lower bound (25% percentile)’,
“MAY': "Upper bound (99% confidential level)})
R.to_excel{ ‘Paper & pulp _SEMS_PIVOTTABLE xlsx')

R = R, reset_index()

R.columns = R,columns,droplevel (1)

for i in LIST:
udf1 = df . locldf ['Class’] == i]
k = set (udf1['Major Category’])
a = set{udfi1l'Pollutant _unit])

set {(udf 1['Medium Category’])
bb = set (udf1['Sub category’])

c = len(list{set(udf1'Workplace’ |.tolist{)}))

d = len(list(set(udf1| "Name_number”].tolist(})))

e = len{udf1|‘Conc.”

f = round(udf1|['Conc.] mean().2)

g = round{np.max{udf 1['Upper bound (99% confidential level)’)]), 2)
h = round{(np.percent i le{udf1['Conc.”]),25),2)

j = np.max{udf1['Emission Limit Standard” 1)}

r = round(g/j,2)

U = pd.DatsFrame¢ ({pollutant’ [a],

‘Major category”: [K],
‘Medium category”: [b[,
‘Sub category’: [bb],
‘Number of workplace”: [c],
‘Number of stack’: [d],
‘Number of data”: [e],
‘Average’: [f],

‘Upper bound (A) [al.
‘Lower bound

‘Emission limit standard (B): [j1.
‘Ratio (A/B)": [r]})

BAT-AEL calculation

BAT-AEL diagram

Figure 7. Python coding of a BAT-AEL calculation [42].

One of the most time-consuming steps is to establish a classification system for emis-

sion sources and standardize various monitoring data formats (Step 1). This classification

must reflect the industry’s nature using factors such as manufacturing processes, product

categories, and unit operations. Legal revisions that tighten emission limits must also be

considered, as facilities typically reduce emissions after such enforcement.

Once the classification system was established, the relevant monitoring data were

collected, categorized, and analyzed (Step 2). This step involves handling large datasets

and performing repetitive mechanical tasks, resulting in considerable labor and time costs.

In Step 4, the emission ranges were calculated by removing outliers from the dataset

and determining the median and 99% confidence interval maximum values. The emission

limit was referenced to calculate the 99th percentile of the maximum value to establish the
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upper BAT-AEL bound. For the lower bound, the 25th percentile of the dataset was calcu-
lated, and the highest median value among the individual emission outlets was selected.

Outlier detection was conducted using Rosner’s Generalized Extreme Studentized
Deviate test to identify extreme values in the emission dataset. The significance level («)
for outlier detection was set at 0.05, corresponding to a 95% confidence level. In some cases,
a more conservative threshold (« = 0.01, 99% confidence) can be applied; therefore, for
stricter detection, & = 0.01 was selected in this study. The maximum number of potential
outliers (k) was defined prior to testing and limited to 10% of the dataset size (n), following
standard statistical guidance.

Before applying the Rosner’s test, the raw emission data were grouped by process
type, emission source, and measurement method to ensure comparability and maintain
homogeneity within each group. Specifically, the data matching and grouping followed
these rules: (1) datasets were classified by identical process categories (e.g., kiln, boiler,
incinerator); (2) only measurements obtained using the same analytical units and methods
were combined; and (3) when applicable, temporal variations such as seasonal or annual
averages were considered. The Rosner test was then applied independently within each
matched dataset, with the maximum number of potential outliers (k) set to 10% of the
total data points (n) and the significance level () fixed at 0.01. This procedure ensured
consistent and unbiased outlier detection across comparable process conditions within the
BAT-AEL derivation framework.

After defining the emission range, Step 5 involved generating visual graphs and
tables showing the pollutant concentrations at all emission outlets for all facilities within
the classification group. If performed in Excel, this requires the time-consuming manual
preparation of tables and visual representations.

Owing to the repetitive nature and large amount of data in steps 1-5, automation using
Python or similar tools is considerably more efficient. Although classification schemes may
vary by industry, the BAT-AEL calculation process, types of monitoring data used, and eval-
uation criteria are consistent across sectors. Thus, automation can be easily standardized
and scaled using stepwise programming.

In Step 6, the calculated data are shared with the facilities for review, and feedback
is collected to confirm the accuracy. Inputs are also gathered from the technical working
group. If no objections are raised, the proposed upper and lower BAT-AEL values are
finalized.

Finally, in Step 7, the confirmed BAT-AELs are submitted to the Central Environ-
mental Policy Council for formal approval. If important objections are not raised during
deliberation, then the values are officially adopted.

3.5. ReGreen-BAT Diagram

When a single pollution control technology or unit technique is applied, it is rela-
tively easy to determine whether the technique qualifies as a BAT and to assess the level
of pollutant reduction achieved. In other words, if the single treatment technology or
unit technique applied at the workplace is included in the BAT list of the BAT reference
document, it can be considered as BAT. However, it is uncommon for industries to rely
solely on a single technique. Most facilities manage pollutants using a combination of
multiple techniques.

Additional techniques are typically implemented before or after existing technique
to comply with increasingly strict emission limits or achieve further pollutant reduction.
Therefore, it must be possible to determine whether the technique composed of com-
binations corresponds to BAT. Furthermore, because most facilities measure pollutant
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concentrations only at the inflow and final discharge points, it is difficult to assess the
additional reduction achieved by each supplementary BAT.

Thus, it is necessary for BAT reference documents to present combinations of BATs,
referred to as BAT combinations, and associated pollutant reduction levels. If the BAT
reference documents do not provide such information, it becomes difficult for new facilities
to determine the combinations of control techniques that are most effective in treating
specific pollutants at the desired concentrations.

Despite this need, most BAT reference documents across countries focus on individual
techniques rather than combinations. Furthermore, environmental management in inte-
grated permit facilities should include not only pollutant reduction but also additional
aspects such as energy conservation, greenhouse gas reduction, and water conservation,
which are core elements of the green transition.

To address this issue, it has been proposed that BAT reference documents include a
ReGreen-BAT (RG-BAT) diagram for each BAT or BAT combination. This diagram codes
and manages environmental performance indicators, including pollutant reduction levels,
energy savings, water use reduction, and greenhouse gas emission mitigation.

The availability of such RG-BAT diagrams would facilitate environmental performance
evaluations of each BAT combination, as shown in the example in Figure 8. Furthermore,
these diagrams provide facilities with comprehensive information to select appropriate
BATs by integrating pollution control with broader environmental and sustainability con-
siderations.

W-RG-BAT-P,B,C,C; (T)-Pr : 0.089mg/L
W-RG-BAT-P;B,C,C; (T)-Es : 99.8Wh
W-RG-BAT-P;B,C,C; (T)-GHGr : 4.95ppm
W-RG-BAT-P;B,C,C; (1)-Ws : 9.5m¥/d
W-RG-BAT-P;B,C,C; (T)-Cs : 9.9kg/d

W-RG-BAT-P;B,C,C; (C;)-Pr : 0.009mg/L
W-RG-BAT-P;B,C,C; (C;)-Es : 0.8Wh
W-RG-BAT-P;B,C,C; (C;)-GHGr : 0.95ppm
W-RG-BAT-P;B,C,C; (C;)-Ws : 0.5m¥/d
W-RG-BAT-P,B,C,C; (C;)-Cs : 0.4kg/d

Media RG-BAT Effect
Wastewater(Q)=100m%/d Wastewater(Q)=100m*/d
Nitrogen(N) = 3.0mg/L Nitrogen(N) = 3.0mg/L
W-RG- Phosphorus(P) = 0.09mg/L . - Phosphorus(P) = 0.09mg/L
T Water Ehergy(E) = 100Wh BAT not applied Energy(E) = 100Wh
BAT- pomran Green House Gas(GHG) = Sppm Green House Gas(GHG) = Sppm
XXX w Water use amount = 10m¥/d Water use amount = 10m*/d None
Chemical usage = 10kg/d Chemical usage = 10kg/d
BAT(Technique 1+2+3) = Water(W)-RG-BAT
Wastewater(Q)=100m¥/d 1 Wastewater(@)=100m/d
Nitrogen(N) = 3.0mg/L Nitrogen(N) = 1.0mg/L
Phosphorus(P) = 0.09mg/L | Technique 1 Technique 2 Technique 3 Phosphorus(P) = 0.01mg/L
Energy(E) = 100Wh (PPhysical) (B,Bi ig (C,Chemical) Energy(E) = 1Wh
Green House Gas(GHG) = Sppm ———— Green (GHG) = 1pp
Water use amount = 10m/d Screen(Py) :mklms 'F-Iwivil:: Precipitation facility(C,) Water use amount = 1m*/d
i : & Grinder(P,) eration aciity(8,) Adjust facilty(C;) Chemical usage = 0.5kg/d
Chemical usage = 10kg/d Grid removal faclty(Py) | | Oidaton faciity(®) Adsorption faciity(C) 2 N removal = 2.0mg/L
Oil-water seperation Anaerobic digestion Disinfection facility(C) = ¢.Umg,
W-RG- facilty(P) focly®) on-exchange facilty(C;) P removal = 0.08mg/L
BAT- qualizati Aarobic digastion Incineration facility(Co)
basin(Ps) :‘::z(‘“gnkm Oxidation facility(C;) Energy save = 99Wh
Mixing facility(P¢) e A Reduction facility(Cy) P
Water P7B,Cy Sedimentation fa Coagulation facility(P;) ;!;:"'m:;“'""" Sediment conditioning GHG reduction '34PP’“
for the removal of Sedimentati . facil .
pollutant mirogen in wastewater. | | facig(Py compostig facity(®) aclty(C) Water save = 9m?/d
3 o Flotation facility(Ps) : Chemical save = 9.5kg/d
w) RG-BAT: P;8B,C, Combination Filration faciy(Pug)
W-RG-BAT Code : W-RG-BAT- Dewatering facility(Py;)
P;B.C, Drying facility(P;)
Distillation faciity(Py,)
Thickener(Py)
BAT(Technique 1+2+3+4) = Water(W)-RG-BAT
4 Wastewater(Q)=100m¥/d A Wastewater(Q)=100m'/d klrl’eo;agveailfe-az sm/l
Nitrogen(N) = 3.0mg/L Nitrogen(N) = 0.5mg/L p | = 0 0 899 L
Phosphorus(?) = 0.09mg/L [ Techique 1 Technique 2 Technique 3 Techniqued | | Phosphorus(P) = 0001mg/L removal = 0.089m
"ﬂ‘“’ Energy(E) = 100Wh (P.Physical) (8.Biochemical) (C.Chemical) (€.Chemical) Energy(E) = 0.2Wh Energy save = 99.8!
Poltant | Grcen House GaGHG) = Spom GreenHouse GGHG) = 05ppm %HG redumong : 4_;?(5‘,,,,,“
Water use amount = 10m’/d RG-BAT: P;8,C,C, Combination e ater save = 9.5m
i , : hemical usage = 0.1 g
W-RG- Chemical usage = 10kg/d W-RG-BAT Code : W-RG-BAT-P;8,C,C; Chenkal seage = 0o Chemical save = 9.9kg/d
BAT- -
P,B,C,Cs W-RG-BAT-P;B,C,C; (T)-Nr: 25mg/L W-RG-BAT-P;B,C,C; (C;)-Nr : 0.5mg/L 2. Technique 4 effect

N removal = 0.5mg/L

P removal = 0.00QME/L
Energy save = 0.8WI|

GHG reduction = 0.95ppm
Water save = 0.5m3/d
Chemical save = 0.4kg/d

Figure 8. RG-BAT code for managing water pollutants.

In Figure 8, which presents an example from the water quality field, the RG-BAT
diagram code is arranged in the order of the water treatment process flow. The code
W-RG-BAT-P;B,C1C3(T or C3)-N; (or Py, Eg, GHG;, Wy, C,) indicates that the ReGreen-BAT
(W-RG-BAT) in the water quality field was applied and involves four combined processes
(P7B,C1C3) executed in the order P; — By — C; — Cz. Here, P; denotes coagulation
among physical methods; B, denotes aeration among biochemical methods; C; denotes pre-
cipitation among chemical methods; and C3 denotes adsorption among chemical methods.
In addition, T represents the overall BAT removal efficiency of the P;B,C;C3 combination,
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whereas C3 represents the removal efficiency of the final C3 stage within that combina-
tion. Ny, P, Es, GHG;, Wy, and C; represent nitrogen removal rate, phosphorus removal
rate, energy savings, greenhouse gas reduction, water savings, and chemical consumption
reduction, respectively.

Figure 8 provides a simple conceptual example to clarify the process. This type of
analytical process is highly complex and requires sufficient workplace data to perform the
analysis. In some cases, it may be difficult to conduct the analysis because such data are
not monitored at the workplace. Currently, additional research is underway to determine
whether this conceptual analysis is feasible for certain industries. If the research yields
meaningful results, the findings will be published in a paper.

4. Limitations and Future Work

Despite the practical and conceptual contributions of this study, some limitations
remain that offer directions for future research.

This study primarily focuses on a qualitative and descriptive analysis of Korea’s expe-
rience in implementing the IEPS. Quantitative validation of its effects—such as reductions
in permit review time, improvements in BAT-AEL automation efficiency, and associated
economic or environmental benefits—remains limited. Future studies should conduct
time-series or regression analyses using sector-specific datasets to quantify these impacts,
including uncertainty ranges and inter-sectoral variability.

Although the balloon effect has been conceptually introduced as a site-specific issue
under integrated permits, empirical case studies are still lacking. Future research should
include quantitative assessments of cross-media impacts (e.g., increased sludge generation
because of SOx scrubber installation) to develop definite indicators and decision-support
tools for policymakers.

The value chain-based package management concept is promising but has yet to
be empirically demonstrated. Future studies should incorporate LCAs, material-flow
analyses, and performance indicators (e.g., energy savings, resource efficiency, avoided
GHG emissions) to verify the concept’s feasibility via pilot applications in selected industrial
sectors.

The proposed RG-BAT framework remains conceptual and lacks empirical validation.
Future work should define coding parameters, construct sector-specific codebooks, and
conduct inter-rater reliability tests among engineers to assess its practical applicability and
decision-making accuracy within IEPS operations.

The findings are largely derived from Korea’s institutional experience, which may limit
their generalizability to other regions. Future research should explore adaptation pathways
for developing countries by considering their legal, institutional, and data infrastructure
differences and should verify the applicability of the proposed IEPS framework using
international collaborative studies.

5. Conclusions

Korea’s IEPS, which includes an e-permit system, has improved the convenience of
the permitting process, facilitated big data management at the facility level, and effectively
linked pre- and post-permit data for comprehensive environmental management.

Countries implementing IEPSs are encouraged to actively adopt e-permit systems to
enhance administrative efficiency and enable broader applications across environmental
management tasks.

Integrating related and value-chain linked industries with the permit system’s primary
target industries can generate various synergistic effects. These include pollution reduction,
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increased productivity through inter-industry collaboration, energy and water savings, and
the promotion of circular economy principles.

When selecting BATS, it is crucial to consider not only macro-level environmental
effects but also narrow-scope, site-specific factors that are of immense concern to facility
operators. This includes a thorough assessment of the balloon effect, in which a reduction
in one pollutant can cause an unintended increase in another. Evaluating BATs from a
site-centered perspective leads to the selection of practical and acceptable techniques.

Calculating BAT-AELSs is inherently data-intensive and involves repetitive tasks, mak-
ing it time-consuming when performed manually. Automating the BAT-AEL calculation
process using standardized systems can greatly reduce the time required and improve
overall work efficiency.

If BATs or BAT combinations can be coded and managed using RG-BAT codes, it
would enable better visualization of the environmental performance of the combined
techniques. Such an approach not only helps identify the most effective BATs but also
allows the integration of additional environmental management factors, such as energy
and water conservation. This would provide facilities with more comprehensive guidance
for selecting the most suitable BATs or BAT combinations.

The contents of this paper are based on experience accumulated over approximately
10 years of implementing the IEMS in Korea. These data will promote effective system
operations in countries currently implementing or preparing to implement an IEMS. The
suggestions made in this paper will be analyzed based on the results applied in Korea, and
additional papers are planned to be submitted in the future.

Author Contributions: Data curation, formal analysis, methodology, visualization, writing—original
draft preparation, writing—reviewing and editing, investigation and validation, ].H.P.; investigation,
validation, writing—reviewing and editing, P.G.K. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was supported by the National Institute of Environmental Research (grant
numbers NIER-2023-01-02-009 and NIER-NIER-2024-01-02-066).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Bello Bugallo, PM.; Cristébal Andrade, L.C.; Magan Iglesias, A.; Torres Lopez, R. Integrated environmental permit through Best
Available Techniques: Evaluation of the fish and seafood canning industry. J. Clean. Prod. 2013, 47, 253-264. [CrossRef]

2. European Commission. Council Directive 96/61/EC concerning integrated pollution prevention and control. Off. J. Eur. Commun.
1996, L257, 26-40.

3. Silvo, K.; Melanen, M.; Honkasalo, A.; Ruonala, S.; Lindstréom, M. Integrated pollution prevention and control—The Finnish
approach. Resour. Conserv. Recycl. 2002, 35, 45-60. [CrossRef]

4. EU Directive. 2010/75/EU on industrial emissions (integrated pollution prevention and control). Off. J. Eur. Commun. 2010, L334,
17-119.

5. Phu, G.N. Factors affecting the use of best available techniques and the impact on business sustainability. Int. . Asian Bus. Inf.
Manag. 2023, 14, 1-18. [CrossRef]

6.  Morokishko, V.; Volosatova, A.; Ilina, V.; Vertyshev, S.; Malkov, A. Applying best available techniques and best environmental
practices to preserve ecosystem services. IOP Conf. Ser. Earth Environ. Sci. 2022, 1061, 012012. [CrossRef]

7. Zhang, S.; Gan, J.; Zhou, Q.; Xu, C.; Shen, C,; Li, F. Unveiling hidden environmental costs and optimizing sustainable BATs

screening in finished fabrics production: An LCA-based approach. Sustain. Prod. Consum. 2025, 58, 334-350. [CrossRef]


https://doi.org/10.1016/j.jclepro.2012.12.022
https://doi.org/10.1016/S0921-3449(01)00118-5
https://doi.org/10.4018/IJABIM.325651
https://doi.org/10.1088/1755-1315/1061/1/012012
https://doi.org/10.1016/j.spc.2025.07.006

Sustainability 2025, 17, 9635 18 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Simsek, E.; Demirel, Y.E.; Ozturk, E.; Kitis, M. Use of multi-criteria decision models for optimization of selecting the most
appropriate best available techniques in cleaner production applications: A case study in a textile industry. J. Clean. Prod. 2022,
335, 130311. [CrossRef]

Soleimani, T.; Ferber, D.L.; Junqua, G.; Ferber, M.L. An approach for modular environmental life cycle assessment of effluent
treatment: Configuration of effluent treatment modules based on decision tree tailored to best available techniques. Environ.
Impact Assess. Rev. 2025, 112, 107782. [CrossRef]

Kim, TW.; Lee, CK,; Lee, ]. H.; Bae, H.N.; Noh, ].S.; Hong, S.].; Kwon, B.O.; Kim, J.].; Yim, U.H.; Chang, G.S.; et al. Best available
technique for the recovery of marine benthic communities in a gravel shore after the oil spill: A mesocosm-based sediment triad
assessment. . Hazard. Mater. 2022, 435, 128945. [CrossRef]

Dal, A.; Simsek Yesil, E.; Ozturk, E.; Kitis, M. Investigation of water and carbon footprint reductions employing best available
techniques in the textile sector. J. Clean. Prod. 2024, 466, 142913. [CrossRef]

OECD. Best-Available Techniques (BAT) Project of the OECD. Available online: https://unece.org/sites/default/files /2024-10/
28_Eryasa_BAT%20in%20the%20Paper%20and%20Pulp%20Industry.pdf (accessed on 25 October 2024).

Ministry of the Environment. Act on the Integrated Control of Pollutant-Discharging Facilities. 2025. Available on-
line: https:/ /law.go.kr/LSW /eng/engLsSc.do?menuld=2&query=ACT%200N%20THE%20INTEGRATED%20CONTROL%
200F%20POLLUTANT-DISCHARGING%20FACILITIES#liBgcolor0 (accessed on 8 February 2025).

Ministry of the Environment. Enforcement Decree of the ACT on the Integrated Control of Pollutant-Discharging Facilities.
2025. Available online: https://law.go.kr/IsBylInfoPLinkR.do?IsiSeq=269785&IsNm=%ED%99%98%EA%B2%BD%EC%
98%A4%EC%97%BC%EC%8B%9IC%EC%84%A4%EC%ID%9I8+%ED%86%B5%ED %95%A9%EA %B4%80%EB%A6%AC%
EC%97%90+%EA%B4%80%ED %95%9C+%EB%B2%95%EB%A5%A0+%EC%8B%9C%ED%96%89%EB%A0%B9&bylNo=0001
&bylBrNo=00&bylCls=BE&bylEfYd=20250312&bylEfYdYn=Y (accessed on 10 February 2025).

Ministry of the Environment. Briefing Meeting on the Establishment of Integrated Environmental Management System. 2017.
Available online: https:/ /ieps.nier.go.kr/web/board/1/344/?page=20&pMENUMST_ID=91&REPLY_STATE= (accessed on 8
February 2025).

Fresner, J.; Jantschgi, J.; Birkel, S.; Barnthaler, J.; Krenn, C. The theory of inventive problem solving (TRIZ) as option generation
tool within cleaner production projects. J. Clean. Prod. 2010, 18, 128-136. [CrossRef]

Pellini, T.; Morris, J. A framework for assessing the impact of the IPPC directive on the performance of the pig industry. J. Environ.
Manag. 2001, 63, 325-333. [CrossRef] [PubMed]

Silvo, K.; Jouttijarvi, T.; Melanen, M. Implications of regulation based on the IPPC directive—A review on the Finnish pulp and
paper industry. J. Clean. Prod. 2009, 17, 713-723. [CrossRef]

Styles, D.; O’Brien, K.; Jones, M.B. A quantitative integrated assessment of pollution prevention achieved by integrated pollution
prevention control licensing. Environ. Int. 2009, 35, 1177-1187. [CrossRef]

Lee, C. Integrated pollution prevention and control scheme for the Korean industry: Key progress and way forward. In
Proceedings of the 2024 International Conference on “Cleaner Industry for Pollution-Free Planet”, COEX, Seoul, Republic of
Korea, 3 June 2024.

Ministry of the Environment. Performance of the integrated environmental management system. In Proceedings of the Integrated
Environmental Management System Workshop for Related Agencies, Pohang, Republic of Korea, 12 February 2025.

Reichart, A.; Plickert, S.; Schmid, M.-A. Introduction to the BAT concept for environmental permits in the European Union and in
Germany. In Proceedings of the Meeting on German Environment Agency and the National Institute of Environmental Research
Integration Permit System, Dresden, Germany, 19 August 2024.

Ministry of the Environment. [Press Release] Completion of Unified Permits for 19 Industries over 8 Years. 2024. Available
online: https://me.go.kr/home/web/board /read.do?pagerOffset=360&maxPageltems=10&maxIndexPages=10&searchKey=
&searchValue=&menuld=10525&orgCd=&boardld=1716920&boardMasterld=1&boardCategoryld=&decorator= (accessed on 2
February 2025).

Epa, U.S. Data Quality Assessment: A Reviewer. ’s guide (EPA QA /G-9R). 2004. Available online: https://www.epa.gov/sites/
default/files /2015-08 /documents/g9r-final.pdf (accessed on 1 August 2025).

Environmental Protection Agency. Statistical Analysis of Groundwater Monitoring Data AT RCRA Facilities Unified Guidance,
EPA 530/R-09-007. 2009. Available online: https://projects.itrcweb.org/gsmc-1/Content/Resources/Unified_Guidance_2009
.pdf#8.3 (accessed on 25 October 2024).

Noardo, F; Guler, D.; Fauth, J.; Malacarne, G.; Mastrolembo Ventura, S.; Azenha, M.; Olsson, P.O.; Senger, L. Unveiling the actual
progress of Digital Building Permit: Getting awareness through a critical state of the art review. Build. Environ. 2022, 213, 108854.
[CrossRef]

Bloch, T.; Fauth, J. The unbalanced research on digitalization and automation of the building permitting process. Adv. Eng. Inform.
2023, 58, 102188. [CrossRef]


https://doi.org/10.1016/j.jclepro.2021.130311
https://doi.org/10.1016/j.eiar.2024.107782
https://doi.org/10.1016/j.jhazmat.2022.128945
https://doi.org/10.1016/j.jclepro.2024.142913
https://unece.org/sites/default/files/2024-10/28_Eryasa_BAT%20in%20the%20Paper%20and%20Pulp%20Industry.pdf
https://unece.org/sites/default/files/2024-10/28_Eryasa_BAT%20in%20the%20Paper%20and%20Pulp%20Industry.pdf
https://law.go.kr/LSW/eng/engLsSc.do?menuId=2&query=ACT%20ON%20THE%20INTEGRATED%20CONTROL%20OF%20POLLUTANT-DISCHARGING%20FACILITIES#liBgcolor0
https://law.go.kr/LSW/eng/engLsSc.do?menuId=2&query=ACT%20ON%20THE%20INTEGRATED%20CONTROL%20OF%20POLLUTANT-DISCHARGING%20FACILITIES#liBgcolor0
https://law.go.kr/lsBylInfoPLinkR.do?lsiSeq=269785&lsNm=%ED%99%98%EA%B2%BD%EC%98%A4%EC%97%BC%EC%8B%9C%EC%84%A4%EC%9D%98+%ED%86%B5%ED%95%A9%EA%B4%80%EB%A6%AC%EC%97%90+%EA%B4%80%ED%95%9C+%EB%B2%95%EB%A5%A0+%EC%8B%9C%ED%96%89%EB%A0%B9&bylNo=0001&bylBrNo=00&bylCls=BE&bylEfYd=20250312&bylEfYdYn=Y
https://law.go.kr/lsBylInfoPLinkR.do?lsiSeq=269785&lsNm=%ED%99%98%EA%B2%BD%EC%98%A4%EC%97%BC%EC%8B%9C%EC%84%A4%EC%9D%98+%ED%86%B5%ED%95%A9%EA%B4%80%EB%A6%AC%EC%97%90+%EA%B4%80%ED%95%9C+%EB%B2%95%EB%A5%A0+%EC%8B%9C%ED%96%89%EB%A0%B9&bylNo=0001&bylBrNo=00&bylCls=BE&bylEfYd=20250312&bylEfYdYn=Y
https://law.go.kr/lsBylInfoPLinkR.do?lsiSeq=269785&lsNm=%ED%99%98%EA%B2%BD%EC%98%A4%EC%97%BC%EC%8B%9C%EC%84%A4%EC%9D%98+%ED%86%B5%ED%95%A9%EA%B4%80%EB%A6%AC%EC%97%90+%EA%B4%80%ED%95%9C+%EB%B2%95%EB%A5%A0+%EC%8B%9C%ED%96%89%EB%A0%B9&bylNo=0001&bylBrNo=00&bylCls=BE&bylEfYd=20250312&bylEfYdYn=Y
https://law.go.kr/lsBylInfoPLinkR.do?lsiSeq=269785&lsNm=%ED%99%98%EA%B2%BD%EC%98%A4%EC%97%BC%EC%8B%9C%EC%84%A4%EC%9D%98+%ED%86%B5%ED%95%A9%EA%B4%80%EB%A6%AC%EC%97%90+%EA%B4%80%ED%95%9C+%EB%B2%95%EB%A5%A0+%EC%8B%9C%ED%96%89%EB%A0%B9&bylNo=0001&bylBrNo=00&bylCls=BE&bylEfYd=20250312&bylEfYdYn=Y
https://ieps.nier.go.kr/web/board/1/344/?page=20&pMENUMST_ID=91&REPLY_STATE=
https://doi.org/10.1016/j.jclepro.2009.08.012
https://doi.org/10.1006/jema.2001.0501
https://www.ncbi.nlm.nih.gov/pubmed/11775503
https://doi.org/10.1016/j.jclepro.2008.11.011
https://doi.org/10.1016/j.envint.2009.07.013
https://me.go.kr/home/web/board/read.do?pagerOffset=360&maxPageItems=10&maxIndexPages=10&searchKey=&searchValue=&menuId=10525&orgCd=&boardId=1716920&boardMasterId=1&boardCategoryId=&decorator=
https://me.go.kr/home/web/board/read.do?pagerOffset=360&maxPageItems=10&maxIndexPages=10&searchKey=&searchValue=&menuId=10525&orgCd=&boardId=1716920&boardMasterId=1&boardCategoryId=&decorator=
https://www.epa.gov/sites/default/files/2015-08/documents/g9r-final.pdf
https://www.epa.gov/sites/default/files/2015-08/documents/g9r-final.pdf
https://projects.itrcweb.org/gsmc-1/Content/Resources/Unified_Guidance_2009.pdf#8.3
https://projects.itrcweb.org/gsmc-1/Content/Resources/Unified_Guidance_2009.pdf#8.3
https://doi.org/10.1016/j.buildenv.2022.108854
https://doi.org/10.1016/j.aei.2023.102188

Sustainability 2025, 17, 9635 19 of 19

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Ataide, M.; Braholli, O.; Siegele, D. Digital transformation of building permits: Current status, maturity, and future prospects.
Buildings 2023, 13, 2554. [CrossRef]

National Institute of Environmental Research. Integrated Environmental Permitting Available Online: System. Available online:
https:/ /ieps.nier.go.kr/web/main (accessed on 8 February 2025).

National Institute of Environmental Research. Diagnosis and Improvement/Design (BPR) Plan for Integrated Environmental Permit
System Business Process, etc.; National Institute of Environmental Research: Incheon, Republic of Korea, 2024.

European Commission. BAT Reference Documents. Available online: http://eippcb.jrc.ec.europa.eu/reference/ (accessed on 8
February 2025).

Ministry of the Environment. National Institute of Environmental Research. BAT Reference Documents of Nonferrous Metal
Manufacturing Industry. 2025. Available online: https://ieps.nier.go.kr/brefos/home/board /standardDoc/list.do (accessed on
8 February 2025).

Neves, A.; Godina, R.; Azevedo, S.G.; Matias, ].C.O. A comprehensive review of industrial symbiosis. J. Clean. Prod. 2020, 247,
119113. [CrossRef]

Mirata, M.; Lindfors, A.; Kambanou, M.L. A business value framework for industrial symbiosis. J. Ind. Ecol. 2024, 28, 1541-1553.
[CrossRef]

Simioni, EJ.; Soares, J.F.; Rosério, J.d.A.d.; Sell, L.G.; Bertol, E.; Souza, EM.P.; Santos Janior, E.P.; Coelho Junior, L.M. Industrial
symbiosis and circular economy practices towards sustainability in forest-based clusters: Case studies in southern Brazil.
Sustainability 2024, 16, 9258. [CrossRef]

National Institute of Environmental Research. Operational Rules for Establishing the BREF (BAT Reference Document). 2020.
Available online: https://www.law.go.kr/admRulSc.do?menuld=5&subMenuld=41&tabMenuld=183&eventGubun=060115
#liBgcolor0 (accessed on 27 October 2024).

European Commission. Integrated Pollution Prevention and Control Reference Document on Economics and Cross-Media Effects.
Available online: https://eippcb.jrc.ec.europa.eu/reference/economics-and-cross-media-effects (accessed on 25 October 2024).
Alayén, C.L,; Sifsten, K.; Johansson, G. Barriers and enablers for the adoption of sustainable manufacturing by manufacturing
SMEs. Sustainability 2022, 14, 2364. [CrossRef]

Durrani, N.; Raziq, A.; Mahmood, T.; Khan, M.R. Barriers to adaptation of environmental sustainability in SMEs: A qualitative
study. PLoS ONE 2024, 19, e0298580. [CrossRef]

Chen, Q.; Kimura, Y.; Allen, D.T. Defining detection limits for continuous monitoring systems for methane emissions at oil and
gas facilities. Atmosphere 2024, 15, 383. [CrossRef]

Ilonze, C.; Emerson, E.; Duggan, A.; Zimmerle, D. Assessing the progress of the performance of continuous monitoring solutions
under controlled testing protocol. Environ. Sci. Technol. 2024, 58, 10941-10955. [CrossRef]

National Institute of Environmental Research. Pilot Project for the Establishment of Smart Integrated Environmental Management
System (II); National Institute of Environmental Research: Incheon, Republic of Korea, 2024.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/buildings13102554
https://ieps.nier.go.kr/web/main
http://eippcb.jrc.ec.europa.eu/reference/
https://ieps.nier.go.kr/brefos/home/board/standardDoc/list.do
https://doi.org/10.1016/j.jclepro.2019.119113
https://doi.org/10.1111/jiec.13545
https://doi.org/10.3390/su16219258
https://www.law.go.kr/admRulSc.do?menuId=5&subMenuId=41&tabMenuId=183&eventGubun=060115#liBgcolor0
https://www.law.go.kr/admRulSc.do?menuId=5&subMenuId=41&tabMenuId=183&eventGubun=060115#liBgcolor0
https://eippcb.jrc.ec.europa.eu/reference/economics-and-cross-media-effects
https://doi.org/10.3390/su14042364
https://doi.org/10.1371/journal.pone.0298580
https://doi.org/10.3390/atmos15030383
https://doi.org/10.1021/acs.est.3c08511

	Introduction 
	Materials and Methods 
	E-Permit 
	Automation of BAT-AEL Calculation 

	Results and Discussion 
	Efficient Integrated Environmental Permit Management by the E-Permit System 
	Package Management of Industries in Related Sectors and with Value Chain Relationships 
	Balloon Effect and Site-Specific BAT Selection 
	BAT-AEL Calculation Automation 
	ReGreen-BAT Diagram 

	Limitations and Future Work 
	Conclusions 
	References

