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PDR VOCs

* ** ***

VOCs

PDR Pulse Detonation Reactor

VOCs

PDR (1)

VOC (2) 99.9%

(3) 2016

2018 2020

( E10900040001-13)  



2  PDR  VOCs 應用

VOCs Pulse Detonation Reactor PDR

PDR-DFTO PDR-RTO 

*    

**   

***  
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 George Granger Brown 1928 :

(Brown  1948 Brown  1950)

(

2017)  

( VOCs

) ( )

(Brown, 1950)

VOCs VOCs

VOCs

VOCs



4  PDR  VOCs 應用

 VOCs  

 100 W/cm2  

 VOCs (Turn-Down Ratio)  

 

 VOCs  VOCs  

 25% (Newsholm, 2004 Walsileski, 2005  

Walsileski,2007)  

 VOCs  

 

(Windhorst, 2004 Ennis, 2004 2017)  

 VOCs  

(Detonation)  VOCs (Pulse 

Detonation Reactor, PDR)  1010 W/cm2 

 VOCs  VOCs  

 

 PDR ( 2017)  

 

 

( 2024 2026) VOCs 

 PDR (RTO) (DFTO)  

(Incinerator)  VOCs  

 

 VOCs  
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1 3- PDR-RTO

2014  

PDR 

(Deflagration)

(Detonation Wave)

(Jouguet, 1905)

(Jouguet, 1905; Jouguet, 1906)
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(Kailasanath, 2003 Valli, 2014)  

(1) 

(2) 

(3) 

1 2

E D P u

 

Q (Jouguet, 

1905  Jouguet, 1906)  

(4)

Cp Cv (3) (4)

E P V

λ

λ=0 λ=1  

(1) (2)

(Kailasanath, 2003 Valli, 2014)  

(5)

(6) 

M c (3)

(4) Hugoniot  

(7)
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(8) 

(9)

(5) (7)

(Kailasanath, 2003 Valli, 2014)  

(10) 

(11) 

(12) 

(13)

(14)

(10) + A (11) - A

(10) - A (11) + A A=0

CJ CJ

CJ CJ

CJ

CJ  

CJ CJ A=0 CJ

PCJ CJ VCJ (Kailasanath, 2003 ; Valli, 2014)  

(15) 

(16)
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(17) 

(18) 

(19) 

20% 1,700

I884061 ( 2025) PDR

PDR

PFCs VOCs

( )PDR

PDR

2 110 120
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( 2025)

2 130  

2 PDR 2025  

2 140

(Countercurrent Pulse Detonation) 2 150

CJ 2
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160  

 2  170  130  170 

 

 

 2  180  

 

3 PDR 2017  

PDR VOCs

2024 3 PDR

( 2017) VOCs PDR  

Filling Detonation
Exhaust

Filling       Detonation
Exhaust

One Cycle

PCJ

P3

Time

Pressure
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1. VOCs

PDR PDR VOCs

VOCs VOCs

VOCs % VOCs  

(20) 

VOCs PDR Q (m3/s), PDR Dt (m), 

PDR L (m) VOCs PDR

VOCs PDR  

(21) 

 

=VOCs  

= =1

0 4 PDR  <1  

C6H12 50%  N2 50% VOCs 80 mm

1.0 m PDR VOCs QVOCs= 

200 NCMH =0.8 %=50% a=6, b=12, c=d=e=f=0

= 9
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=  = 3,628.6 CMH

21 VOCs PDR  

= 0.005 

4 (PDR) PDR

-5 PDR QVOCS DT = 80 MM, L = 1.0 M  

0.001

0.01

0.1

1

1 10 100 1000

Fe
ed

  T
im

e,
 s

Q VOC,  Nm3/hr
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tf VOCs QVOCs VOCs

tf 5 tf 0.001 / 1

/ PDR tf 0.005 PDR

2.

VOCs PDR PDR

PDR

PDR

PDR

VOCs Tcomb > TAIT

Tcomb VOCs  TAIT VOCs PDR

 TAIT 6 570℃

( 2017)  

6 VOCS 2017  

3.
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Chapman-Jouguet (CJ)

(Jouguet, 1905 Jouguet, 1906 Kailasanath, 2003)

UCJ

UCJ PCJ

(15) (16) VOCs

VOCs t1  

(22) 

UCJ 1,800 m/s

PDR 0.00056

tf PDR

VOCs PDR tf  

4 .

UCJ VOCs PCJ

VOCs

PCJ

PDR t2 L  

(23) 

PDR tf

t1 t2 PDR

24

VOCs  

(24)
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5.

PDR PDR

VOCs

λ  

1920 C. D. W. 

(Kailasanath, 2003)

20

(Valli, 2014)

1 2

(Valli, 2014) CJ ,

, CJ

-1 Cell Width λ Valli, 2014  
λ mm  

1.3 10.9 

 C2H2 0.109 5.8 

 CH4 8 280 

 C2H6 - 51 

 C3H8 2.5 51.3 

 C11-C17 30 -
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PDR

 Dt λ

 Valli λ

-3 (Valli, 2014)

20 mm 60 mm

λ 10  λ  

( ) PDR

PDR

4.0% 75.6%

4.0% 75.6% 4.0% 75.6%

7 15-19 PDR

PDR 7

32%

32% 2,950 K 2,677 ℃

32%
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LEL UEL
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PDR

9 31%

31% 16 

Bar 31%  

( )PDR

VOCs RTO RCO

Newsholm 2004

VOCs

VOCs

PDR VOCs PDR

VOCs VOCs PDR PDR

VOCs VOCs PDR

PDR VOCs

1,000 Hz

100,000,000 VOCs

PDR VOCs

10  

PDR VOCs PDR

1,000 m/s
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PDR CO

PDR CO

100 ppmv CO

20 ppmv  

PDR VOCs PDR

NOx NOx

DFTO 1,000 ℃ NOx 200 300 

ppmv 1,100 ℃ NOx 350 550 ppmv 1,200 

℃ NOx 600 900 ppmv PDR

PDR 1,200 ℃ NOx 50~60 ppmv PDR

NOx NOx  

PDR VOCs 2014

1,600,000 2024 PDR

( )PDR

VOCs

PDR VOCs  PDR 

CACT Controlled Air Combustion 

Technology 99.99%
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PDR

VOCs

VOCs

VOCs

2~4  

VOCs >50% LEL VOCs

PDR  

( )PDR-DFTO/PDR-

PDR (DFTO)

VOCs

VOCs (DFTO)

PDR

1. PDR-DFTO DFTO

2. PDR-DFTO

1 PDR-DFTO DFTO VOCs PDR

VOCs DFTO

PDR

VOCs

2 PDT-DFTO PDR DFTO

VOCs DFTO DFTO

VOCs PDR DFTO
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DFTO  

3 PDR-DFTO VOCs

PDR-DFTO PDR

DFTO VOCs VOC

PDR-DFTO  

10 PDR-DFTO 2021  

PDR-DFTO

VOCs 200 500 Nm3/hr

PDR-DFTO VOCs PDR DFTO

DFTO PDR-DFTO

850℃, VOCs

1,200 ℃ PDR-DFTO 1,250℃

CO 20ppmv NOx 50~60 ppmv  
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CO

PDR 1,000 m/s

DFTO

DFTO

PDR-DFTO  

VOCs VOCs

PDR VOCs

VOCs 0 100%

1 DFTO 850 

2 DFTO 1200 

3 PDR VOCs 100%

4 PDR VOCs

5 PDR 500 Nm3/hr

6 PDR

7 1.35 MPa

8 5 Tons/hr

1 1 > 99.9%

1 CO2/(CO2+CO) 100%  
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2 2 VOC > 99.9% VOC  > 95%

3 NOx  < 60 ppmv

4 CO  < 20 ppmv

5 VOC 75 80%

3 4  

1  PDR-DFTO 2016

2  PDR-DFTO 2023

3  PDR-DFTO  2023

( )PDR-RTO

PDR RTO

VOCs PDR-RTO

VOCs  

1. PDR-RTO RTO

PDR

2. PDR-RTO

1 PDR-RTO PDR

PDR-RTO DFTO

VOCs PDR

VOCs

2 

  100  
E /  
E0 /  
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2 PDT-RTO PDR RTO

VOCs RTO VOCs PDR

RTO RTO

3 PDR-RTO VOCs RTO

PDR-RTO

PDR-RTO

VOC

VOCs

4 PDR-RTO PDR

RTO VOCs VOC

5 PDR-RTO

VOCs 350 400 Nm3/hr

VOCs 1,000 2,000 ppm

PDR-RTO VOCs PDR RTO

RTO PDR-RTO VOCs

VOCs VOCs

PDR RTO

VOCs RTO

VOCs
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PDR-RTO RTO 800 850℃, PDR

VOCs RTO 1,200

1,250℃ 1,250℃

VOCs PDR-

RTO CO 50 ppmv NOx 50~80 ppmv  

RTO

PDR 1000m/s

RTO RTO

PDR-

RTO PDR PDR RTO

PDR-RTO RTO

RTO

CO CO

PDR-DFTO CO 100 ppmv

99.9% VOCs 99.5%  

11 PDR-RTO 2021  
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PDR-RTO ( 11 ) (

1 )  

1 VOCs VOCs

RTO

  5000 mg/Nm3

2 VOCs VOCs

100% 0% (0%~100%, 

) PDR

VOCs VOCs 0 100%

1 RTO 850 ℃

2 RTO 1200 ℃

3 RTO VOCs 25% LEL

4 RTO VOCs

5 PDR VOCs 100%

6 PDR VOCs

7 PDR 1500 Nm3/hr

8 PDR

9 1.35 MPa

10 10 Tons/hr

> 99.9%

VOC  > 99.5% 99.9%  > 95%

NOx  < 80 ppmv
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CO  < 80 ppmv

VOC 92 95%

2 5  

1  PDR-RTO  2016

2  PDR-RTO  2021

3 PDR-RTO  2021

PDR

RTO DFTO RCO VOCs

99.5% PDR NOx

VOCs

VOCs

Brown George Granger 1948 “INTRODUCTION”  Proceedings of the Symposium on 

Combustion Volumes 1–2, 1948, Page 1 

Brown George Granger 1950 “Unit Operations”  John Wiley & Sons, New York, 1950. 

Ennis, Tony 2004 “Collect and Destroy Emissions Safely”, Chemical Engineering Progress, 

100(5), pp. 22-27, May 2004. 

Jouguet, Charles Emile 1905 "Sur la propagation des réactions chimiques dans les gaz" [On 

the propagation Jacques of chemical reactions in gases] Journal des Mathématiques Pures et 
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Appliquées. 6. 1: 347–425, 1905 

Jouguet, Jacques Charles Emile 1906 "Sur la propagation des réactions chimiques dans les 

gaz" [On the propagation of chemical reactions in gases] . Journal des Mathématiques Pures 

et Appliquées. 6. 2: 5–85, 1906. 

Kailasanath, K. 2003 “Recent Developments in the Research on Pulse Detonation Engines,” 

AIAA Journal, Vol. 41, No. 2, 2003, pp. 145–159. 

Newsholm, Gordon 2004 “THE SAFE USE OF THERMAL OXIDISER (INCINERATION) 

SYSTEMS FOR POTENTIALLY FLAMMABLE MIXTURES” HSE  October 2004  

Valli, D Mahaboob, T. K. Jindal 2014 “Pulse Detonation Engine: Parameters Affecting 

Performance”, International Journal of Innovative Research in Science, Engineering and 

Technology, Vol. 3, Issue 4, April 2014  

Walsileski, Robert F. 2005 ,“The Role of Basic Design Data in Preventing Explosions with 

Fired Equipment – A Case Study”, 55th Canadian Chemical Engineering Conference, 2005. 

Wasileski, Robert F. 2007 , ”The Role of Basic Design Data in Preventing Explosions within 

Fired Equipment: A Case Study”, AICHE, Process Safety Progress (Vol.26, No.3), 2007. 

Windhorst, Jan 2004 “Fired Equipment”, NOVA Chemicals Loss Prevention Standard 6.9, 

Rev. No. 3A, December 2004. 

2017 “ VOCs

” AIT Report 20170301.R0. 

2017 “ VOCs -- ”

AIT Report 20170303.R0. 

2025 “ ” I884061. 

2026 “ VOCs PDR-RTO ” I910908. 

2022 “ VOCs “

2022 6 Vol.41  No.1  pp. 1-18  
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MLE

* ** *** 

– Modified Ludzack–Ettinger, MLE

MLE 

 40–60% Machine Learning, ML Multi-Objective 

Optimization, MOO Explainable Artificial Intelligence, XAI

– – – Energy–Carbon–Cost–Resilience, ECCR



30  MLE  

 MLE

XAI MOO  

*

*

**  

***  
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Wastewater Treatment Systems, WWTSs

WWTSs Conventional Wastewater Treatment Plants, 

WWTPs

International Energy Agency, IEA 2050 

IEA, 2021 2060 Sun et al., 2022 WWTSs 

– Modified Ludzack–

Ettinger, MLE

MLE 

Wang et al., 2024 – –

–

– – –
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MLE  

1. MLE 

– MLE

1 Anoxic Zone Oxic 

Zone  

Sludge Recycle, R21Q

BOD R¹2Q

NO₃⁻ ( ) Denitrification N₂

Aeration NH₄⁺-N

Nitrification Internal 

Recycle, R¹Q

 40–60%

 10–20% Nikou et al., 2025

DO  
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 1
M

LE
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2.

MLE (1) (2) 

 45–60%

 10–15%  15–25% Li et al., 

2023 1

2.1  

 13–18%  4–8% Li et al., 2022

Li et al. (2022)  14 

 15–24% CO₂  4.6–7.7%

2.2  

 DO

 2.8–6.3% CO₂ 11 % Ramli et al., 2018; Li et al., 2022

1  

EC¹  CO₂  

15–24% 4.6–7.7% Li et al. (2022) 

6.3% 10.37% Li et al. (2022) 

5.3% 10.93% Li et al. (2022) 

AD² 3% N/A Ramli et al. (2018) 
¹EC = Energy Consumption( ) ²AD = Anaerobic Digestion  
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3. GHG

CO₂,

indirect emission

N₂O CH₄  

N₂O Global Warming Potential, GWP  CO₂  298–300 

Duan et al., 2021  CH₄  20  GWP  84 Song et al., 2023 N₂O 

( )

Dissolved Oxygen, DO

 N₂O  MLE  ( )

N₂O Maktabifard et al., 2023

C/N ratio  GHG  

CH₄ Anaerobic Digestion, AD

 CH₄ Song et 

al., 2023

LCA   WWTP Sweetapple et 

al., 2015 System Expansion

Carbon Offset

WWTP  20–30% Al-

Hazmi et al., 2023  

4.

MLE 
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Load Fluctuation

 NH₄⁺-N Toxic Shock

Tang et al., 2023

15°C  SRT Solids Retention Time

Rainfall Dilution HRT

Real-time Control, RTC

Dynamic Resilience Jin et al., 2022  

5.

Smart Monitoring Smart Control

 MLE  SCADA Supervisory Control and

Data Acquisition Internet of Things, IoT

Pankow et al., 2024  

Digital Twin, DT DT

AI Deep 

Learning  N₂O 

Reinforcement Learning, RL Model 

Predictive Control, MPC

Liu et al., 2024  

MLE Smart–Low 

Carbon–Resilient
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Machine Learning, ML

Multi-Objective Optimization, MOO Reinforcement Learning, RL

 MLE 

 ML  BO  AI 

1. ML  BO 

Effluent Quality, EQ Energy

Consumption, EC Liu et al. (2024) 

Bayesian Optimization, BO  XGBoost  BOXGB 

R²  0.901

2. MOO Decision-Making

MOO 

 II Non-dominated Sorting Genetic Algorithm II, NSGA-II

Particle Swarm Optimization, PSO Trelea, 2003

Pareto Optimal Solutions

EC EQ

Pareto Optimal 

Solution Pareto Front  

 MLE 
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NSGA-II 

3. XAI

ML MOO Black Box

Explainable Artificial Intelligence, XAI

 XAI 

Feature Importance Ranking, FIR  XGBoost 

 MLR

Local Explanation Models  LIME Local Interpretable 

Model-Agnostic Explanations

Additive Contribution 

Methods  SHAP Shapley Additive Explanations

Molnar, 

2022  

Liu et al. (2024)  XAI MOO  SHAP 

 DO SRT MLR EC NH₄⁺–N

XAI 

Sheik et al. (2025) 

 SHAP Partial Dependence Plot, PDP
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XAI  2 

SHAP  LIME PDP 

XAI

Dynamic Explainability

Physics-Informed Neural Networks, PINNs

4.

 3 EC

Effluent Quality, EQ Operating Cost Index, OCI  

BOXGB + NSGA-II BOXGB 

 XGBoost Bayesian Optimization XGBoost

 NSGA-II Non-dominated Sorting Genetic Algorithm II

 EQ  EC Pareto-optimal solutions

BOXGB + NSGA-II 

 3 PI–ANFIS–PSO – –

 PI Distributed Control System, DCS Total 

Nitrogen, TN NH₄⁺–N  0% OCI  16,382 

kWh/d  13,451 kWh/d Liu et al. 2024

 BOXGB + NSGA-II  NH₄⁺–N  38.2%



40  MLE  

 2  XAI  
  

SHAP 

DO SRT
MLR 

Liu et al., 
2024  

 LIME 

PDP 
–

FIR 

SHAP = Shapley Additive Explanations LIME = Local Interpretable Model-Agnostic 
Explanations PDP = Partial Dependence Plot FIR = Feature Importance Ranking  

3  

/ EQI  
(kg Poll. 
Unit/d) 

OCI  
(kWh/d) (TN/NH₄⁺-N) 

PI
(DCS) BSM1 EQI/ 

OCI 6123 16382 18% / 17% Ateunkeng 
et al. (2025) 

PI-
ANFIS-PSO BSM1 EQI/ 

OCI 5471 13451 0% / 0% Ateunkeng 
et al. (2025) 

BOXGB+ 
NSGA-II WWTP EQ/ 

EC 
EQ  
19.4% 

EC  
1.6% 

NH₄⁺-N
 38.2% 

Liu et al. 
(2024) 

MPC BSM1 OCI 5672 16376 N/A Zeng and 
Liu (2015) 

MPC BSM1 N/A 7315 18434 N/A Revollar et 
al. (2017) 

BSM1 =  1 EQI = Effluent Quality Index OCI 
= Operating Cost Index PI–ANFIS–PSO = –

– MPC =  
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5.

5.1 Simulation-to-Reality Gap  

Ateunkeng et al. (2025)  BSM1 

Liu et al. (2024)  WWTP  

1.55% 

Robustness  

5.2  

 OCI 

CAPEX

LCC  

5.3  

Baseline Ateunkeng et al. (2025)  PI 

 Liu et al. (2024) 

Hybrid Control

Human-in-the-Loop Optimization  MLE 

1.
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Resilience

WWTPs

Reliability

2.

2.1  

Juan-García et al., 2017

Robustness Rapidity

Resilience Curve

2.2  

WWTPs 

Cybersecurity

 SCADA  IoT 

Pankow et al. (2024)  WWTPs 

OT/IT  

3.

 WWTPs Mugume et al. (2015) 

Urban Drainage System, UDS Distributed 

Storage, DS Failure Duration, FD  1.6  

56.7% Optimized Operation & Maintenance, O&M
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0.71  14.3% Hydraulic Resilience

 MLE  

Domain-Specificity UDS 

 MLE 

Biochemical Resilience

Pankow et al. (2024)  WWTP 

4

 4 MLE  

Hydraulic Resilience  

Biochemical Resilience  

Operational Resilience  

Information Resilience  

4.

 IoT Digital Twin, DT  AI 

Data-Driven Resilience 

Framework

Pankow et al., 2024  

• Redundancy

• Adaptability
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• Robustness

• Learning

1.

 MLE 

1.1  

 PI–ANFIS–PSO

LCA

Maktabifard et al., 

2023 Life Cycle Cost, LCC  

1.2  

Li et al. (2023) MOO

Deep Uncertainty

1.3  

Cyber Resilience Pankow et al., 

2024
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DT Reinforcement Learning, RL

Wang et al., 2024  

2.

2.1 – – –

Hierarchical Hybrid Optimization Framework Scenario 

Analysis Robust Optimization

RL Model Predictive Control, 

MPC

2.2  AI  

Explainable AI, XAI  SHAP Post-

hoc Explanation

Physics-Informed Neural Networks, PINNs

2.3  DT  DT  

 DT Wang et al., 2024

Autonomous DT

 AI Smart Resilience 

Management  
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3.

MLE 

Smart Water Environment Platform

Al-Hazmi, H. E., Lu, X., Grubba, D., Majtacz, J., Badawi, M., & Mąkinia, J. (2023) Sustainable 

nitrogen removal in anammox-mediated systems: Microbial metabolic pathways, operational 

conditions and mathematical modelling. Science of the Total Environment, 868, 161633. 

Ateunkeng, J. G., Boum, A. T., & Bitjoka, L. (2025) Improvement of effluent quality and 

reduction of operational costs in a wastewater treatment plant using intelligent computational 

hybrid control schemes. Clean Technologies and Environmental Policy, 27, 4893–4908. 

Duan, H., Zhao, Y., Koch, K., Wells, G. F., Zheng, M., Yuan, Z., Ye, L. (2021) Insights into 

nitrous oxide mitigation strategies in wastewater treatment and challenges for wider 

implementation. Environmental Science & Technology, 55(12), 7208–7224. 

International Energy Agency (IEA). (2021) Net zero by 2050: A roadmap for the global energy 

sector. Paris: IEA. 

Juan-García, P., Butler, D., Comas, J., Darch, G., Sweetapple, C., Thornton, A., & Corominas, 

L. (2017) Resilience theory incorporated into urban wastewater systems management: State

of the art. Water Research, 115, 149–161.

Li, H., Cheng, X., Ding, H., Yang, Y., Li, D., Wang, J., & Wang, X. (2022) Cleaner production 

and carbon reduction target: Analysis of sewage treatment plants in North-Central China. 

Environmental Science and Pollution Research, 29(47), 71148–71158. 

Li, H., Pang, F., Xu, D., & Dong, L. (2023) New optimization framework for improvement 

sustainability of wastewater treatment plants. Processes, 11(11), 3156. 
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Liu, T., Zhang, H., Wu, J., Liu, W., & Fang, Y. (2024) Wastewater treatment process enhancement 

based on multi-objective optimization and interpretable machine learning. Journal of 

Environmental Management, 364, 121430. 

Maktabifard, M., Al-Hazmi, H. E., Szulc, P., Mousavizadegan, M., Xu, X., Zaborowska, E., Li, 

X., & Mąkinia, J. (2023) Net-zero carbon condition in wastewater treatment plants: A 

systematic review of mitigation strategies and challenges. Renewable and Sustainable Energy 

Reviews, 185, 113638. 

Molnar, C. (2022) Interpretable machine learning: A guide for making black box models 

explainable (2nd ed.). Independent Publishing. ISBN: 979-8411463330. 

Mugume, S. N., Melville-Shreeve, P., Ward, S., Butler, D., & Stovin, V. (2015) Improving the 

resilience of urban drainage systems through sustainable drainage options. Water Research, 

85, 359–370. 

Nikou, N. S. R., McNabola, A., & Gill, L. (2025) Techno-economic and environmental analysis 

of Modified Ludzack–Ettinger (MLE) process for enhanced energy efficiency and recovery. 

Journal of Water Process Engineering, 74, 107728. 
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( 1,300CMD ; 

40 %) 85%

(BGW, Back Grinding Wastewater)

pH

pH 0.05μm UF, 

Ultrafiltration

0.02μm UF

(particle size analyzer)



50   

*
**
***
**** Leader 
*****



165 (Jun. 2026)  51 

(SiO2)

pH

pH

pH 11 ( , 2005) 

(Si+2NaOH+H2O Na2SiO3+2H2) (

, 2008)

UF, 

Ultrafiltration 0.02μm UF >0.02μm( >20nm)

( , 2020)  
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IC

85% 75%

0.1μm MF, Microfiltration 0.05μm UF

0.02μm UF 1

UF UF MF MF

:

UF

MF UF

MF 1~2 MF

UF

MF 50,000NTU

100NTU

MF

1 A

MF

60,000NTU 2

pH PAC Polymer
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1  

1  

pH:3~12 7.2 6.99 
(%) 15% 75.76 31.54 

A > C-1 > B > C-2 > C-3 A C-3
: 

1 (%)  5% 10  10% 5  20% 2  
2 VOC  10 5  
3 C  10 5  
4 (%)   20% 10 > 20% 5 > 30% 2  
5 B  In of SPEC. 10 Out of SPEC. 2  

(1)+(2)+(3) 30 A < 30 C-1  
(5) 10 A < 10 B  
(1)+(2)+(3)+(5) 40 A < 30 C-2  
(1)+(2)+(3)+(4)+(5) 50 A < 35 C-3  
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2  

2018

: 

3.1  

MF

48 NaOCl 100~200ppm

(Maintenance Clean) 0.15% NaOH

1,000~2,000ppm  NaOCl (Recovery Clean)

3 MF

4  
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3  

4  
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3.2 pH pH  

NaOH pH pH

pH NaOH pH 5

6 pH>7 

5 pH  

6  
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3.3  

UF

7

pH 9.0

Si  

7  

3.4  

2020 0.05μm UF

2023 UF

UF MF

2025 0.02μm 

UF 0.05μm UF

8 0.02μm UF
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8 0.05 m UF 0.02 m UF  

0.02μm UF 9 0.066μm

0.057μm 0.05μm UF 10 0.105μm

0.089μm 0.02μm UF

( )

( , 2015)

( , 2018)

( , 2021)
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9 0.02μm UF  

10 0.05μm UF  
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( )

4.1  

MF

pH pH <6

pH 6.0~6.5

pH  

3

2

 0.02μm UF  0.05μm UF

0.02μm UF

0.05μm UF 0.02μm UF

MF

4.2  

4 CO

11

35ppm CO
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12

13

11 CO  

12 CO  
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13  

1.  2.
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(2005) UF CMP p14  

(2008) Online

https://highscope.ch.ntu.edu.tw/wordpress/?p=4968  

(2020) -  

https://trh.gase.most.ntnu.edu.tw/tw/article/content/172  

(2015)

:TW 201518206 A

p2  

(2018)  

https://www.futuretech.org.tw/futuretech/index.pHp?action=product_detail&prod_no

=P0008700004253  

(2021)  - 

https://tie.twtm.com.tw/zh-tw/exhibition-detail/4334  
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(Fluidized Bed 

Crystallization, FBC) 

95%

FBC
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*

**

***      
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 ( 2025 2023)

 ( )

25 4.4

 (reverse osmosis, RO)

1.3–

1.6 

10  ( )

 (

2025 Bang et al. 2022 SEA4VALUE)
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(Ihsanullah et al. 2022 Sharkh et al. 2022 Zhang et al. 2021)

 (Cassaro et al. 2023)

/

 (Suu et al. 2026)

CaCO3 MgCO3 Mg(CO)2
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1 (sea water 

reverse osmosis, SWRO) /

Ca2+ CO2 CaCO3 Mg2+ (OH-)

CO2 MgCO3 Mg(OH)2 CaCO3

/

NaOH HOCl/NaOCl NaOH /

/ /

/

(Fluidized Bed 

Crystallization, FBC)

1
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/ CaCO3 MgCO3 Mg(OH)2

CaCO3 CaCO3 MgCO3 Mg(OH)2

25 oC (Ksp) 8.7×10-9 4.0×10-5 1.2×10-11 ( 1) (Laird, 

2021) Ksp CaCO3 MgCO3 Mg(OH)2

Ca2+ CO2 CaCO3 Mg2+

(OH-) CO2 MgCO3 Mg(OH)2

Ca2+ + CO3
2-

3 Ksp = 8.7×10-9 

Mg2+ + CO3
2-

3 Ksp = 4.0×10-5 

Ca2++2OH-
2 Ksp = 8.0×10-6

Mg2++2OH-
2 Ksp = 1.2×10-11

1

(Fluidized Bed Crystallization, FBC) 

 (  2)

FBC  (Chang et al. 2024

Lu et al. 2025) FBC

FBC

CaCO3 MgCO3 Mg(OH)2
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2

FBC  3

SWRO 40%

1

3
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1

(mS/cm) 51.9 81.4

pH 8.0 7.9

(mg/L) 114 182

TDS (mg/L) 43,553 67,145

Na+ (mg/L) 12,039 19,733

K+ (mg/L) 453 730

Ca2+ (mg/L) 478 779

Mg2+ (mg/L) 1,382 2,176

Cl- (mg/L) 21,415 35,952

SO4
2- (mg/L) 2,701 4,645

3.1 FBC

FBC

Ca2+ 581 mg/L ( 2) CO3
2- CO2 FBC

CO3
2- 1 Ca2+ 4 Kg-Ca/m2-h  2

CaCO3 74.0% Ca2+ 81.9% CaCO3

CaCO3 CO3
2- 1.3 CaCO3

81.9% Ca2+ 95.1%

CO3
2-

Mg2+ Mg2+ CaCO3
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2 CaCO3

Ca2+ : CO3
2- - 1:1 1:1.3

Ca2+ (mg/L) 581 145 101
CaCO3 (%) - 74.0 81.9
Ca2+ (%) - 81.9 95.1
Mg2+ (mg/L) 2,178 2,140 2,149

(mS/cm) 80.3 79.2 78.2

CaCO3 LSI (

Langelier Saturation Index) -0.41

3.2 FBC

MgCO3 CO3
2- CO2

FBC CO3
2- 1 Mg2+ 6 Kg-Mg/m2-h

pH 9.3 ~ pH 9.8  3 MgCO3 34.1% Mg2+

40.8% CO3
2- 1.5 MgCO3 49.1%

Mg2+ 61.6% FBC MgCO3

Mg2+ pH 9.5 HCO3
- CO3

2- 1

MgCO3 Mg(HCO3)2

3 MgCO3 FBC
Ca2+

Mg2+ : CO3
2- - 1:1 1:1.5

Mg2+ (mg/L) 2,085 1,179 832
MgCO3 (%) - 34.1 49.1

Mg2+ (%) - 40.8 61.6
Ca2+ (mg/L) 64.4 35.2 26.5

(mS/cm) 78.8 70.4 68.5
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Mg(OH)2 OH-

2 Mg2+ 6 Kg-Mg/m2-h FBC  4 Mg(OH)2

91.4% Mg2+ 94.6% FBC Mg(OH)2

Ksp 1.2×10-11 Mg(OH)2

4 Mg(OH)2 FBC
Ca2+

Mg2+ : OH- - 1:2
Mg2+ (mg/L) 2,060 97.9
Mg(OH)2 (%) - 91.4
Mg2+ (%) - 94.6
Ca2+ (mg/L) < 0.05 < 0.05

(mS/cm) 77.3 74.8

3.3

FBC  4

X-ray  (Powder X-ray diffraction, PXRD) CO3
2-

Ca2+ FBC  ( 4a) PXRD

5a  (peak list)  ( 5b) PXRD

CaCO3  ( 5c) CaCO3

>99%

PXRD  6  7 CO3
2-

FBC  ( 4b) PXRD 6a

6b PXRD 6b

Mg5(CO3)4(OH)2(H2O)4 ( 6c) MgCO3 ( 6d)

MgCO3 Mg5(CO3)4(OH)2(H2O)4 24.1% 75.9%

(OH-) MgCO3 OH- CO3
2-

Mg5(CO3)4(OH)2(H2O)4 OH- FBC
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 ( 4c) PXRD  ( 7a) 7b

PXRD Mg(OH)2  ( 7c)

Mg(OH)2 >99%

4 (A) Ca2+/CO32-

(B) Mg2+/CO32- (C) Mg2+/OH-

5 CO32- FBC PXRD
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6 CO32- FBC PXRD

7 OH- FBC PXRD
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FBC /

CaCO3

CO2

Mg(OH)2 MgCO3

FBC

(2025) 457 p.58-

68

(2023) - 96

2 p.140-159

(2025)

https://www.wra.gov.tw/cl.aspx?n=35584

https://e-info.org.tw/node/236932
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* 

( )

26,960

100%  

62.8%
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(European Commission, EC) 2022 7

(EU Taxonomy)

 Stamford 

2009~2014

70

2025  Magnox 
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(Circular Economy)

(Linear Economy)

3R

1. (Reduce)

2. (Reuse)

3. (Recycle)

(2022)

1.

(1)  

(2)  

(3)  

(4)  
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(5)  

2.

(1)  

(2)  

(3)  

/

(4)  /

(5)  

1.

2.

3.

4.
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(waste hierarchy)

 40–60 

( )

( )

( )

( ) (

) ( )
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(NRC) NUREG/CR-0674 (

Boiling Water Reactor) 25

1  

NUREG/CR-0674

(CRUD)

1  



86  

(2023)

 

(

) ( ) ( )

( ) ( )  

2  
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( 1 )

2

2

12 8

26,960 100%

(

) 4,282 3,047

17,943
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62.8%

0%  

 33,162

 26,960 100%

( )

1,751 4,318

( 0%)

1  
 ( )  

( ) ( ) * C  C  B  A  
1.
1.1  
1.1.1  0 0 0 1,236 1,236 0 

0.0% 1.1.2  143 27 43 302 515 0 
143 27 43 1,538 1,751 0 

1.2  
1.2.1  0 0 0 1,197 1,197 714 

48.3% 

1.2.2  0 61 28 5,693 5,782 323 
1.2.3  0 0 0 843 843 1,130 
1.2.4  0 19 4 1,087 1,110 3,648 
1.2.5  0 0 0 268 268 55 
1.2.6  0 0 0 0 0 3,162 
1.2.7  0 0 0 2,643 2,643 1,238 
1.2.8  0 0 0 623 623 143 
1.2.9  0 0 0 3 3 0 
1.2.10  0 0 0 502 502 1,133 
1.2.11  0 0 0 3,258 3,258 1,504 
1.2.12  0 0 0 93 93 2,169 

0 80 32 16,210 16,322 15,219 
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 ( ) 

( ) ( ) * C  C  B  A  
1.3  
1.3.1  0 0 0 0 0 4,282 

100.0% 

1.3.2  0 0 0 0 0 3,047 
1.3.3  0 0 0 0 0 260 
1.3.4  0 0 0 0 0 153 
1.3.5  0 0 0 0 0 6 
1.3.6  0 0 0 0 0 37 
1.3.7 ( ) 0 0 0 0 0 1,232 
1.3.8 ( ) 0 0 0 0 0 17,943 

0 0 0 0 0 26,960 
2.
2.1 ( ) 0 0 0 1,728 1,728 0 

0.0% 2.2  0 0 0 2,590 2,590 0 
0 0 0 4,318 4,318 0 

3.
3.1 ( ) 0 0 0 167 167 0 

0.0% 
3.2 ( ) 0 0 474 1,370 1,844 0 
3.3  0 0 0 632 632 0 

0 0 474 2,169 2,643 0 
143 107 549 24,235 25,034 42,179 62.8% 

*

 A B C C

2 (4,318 ) (2,643

) 6,961 0 0%  

 Stade 

Barsebäck

 Stade free release

Barsebäck SKB Uniper

Uniper



90  

95%

Magnox

60% 18.9% 40 kt CO₂ 

[3]

 Stade Barsebäck 95%

Magnox

( )

C C B A

6,699 16,322

43% 48% (11,524 )

(26,960 ) 38,484 ( 2 ) 100%
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2,685 4,318

634 2,643 25% 212

18,435 42,179
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(%
) 

1.

0 48
 

10
0 0 0 

(
) 

0 

15
,2

19
 

26
,9

60
 

0 0 

(
) 

1,
75

1 

16
,3

22
 

0 

4,
31

8 

2,
64

3 

A
 

1,
53

8 

16
,2

10
 

0 

4,
31

8 

2,
16

9 

B 43
 

32
 

0 0 47
4 

C 27
 

80
 

0 0 0 

C 14
3 0 0 0 0 

(%
) 

0 43
 

10
0 0 25
 

(
) 

0 

6,
69

9 

11
,5

24
 

0 21
2 

(
) 

1,
22

3 

8,
84

2 

0 

2,
68

5 

63
4 

A
 

1,
11

4 

7,
66

1 

0 

2,
68

5 

50
3 

B 0 82
8 0 0 13
1 

C 37
 

35
3 0 0 0 

C 72
 

0 0 0 0 

1.
1

1.
2

1.
3 

2. 3.

2
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26,960 100%

62.8%

7,000 0%

70%
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* * ** 

270

5, 076

20°

15 mm 0.8-2.2 μm 14 wt%

600℃  
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2016

2025

20% 2000

2010

1 2012 2016

3-06

3-05 2024

14.28 GW 2022 9.1 GW 50%

2025 20 GW
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1  

(Photovoltaic-energy service company, PV-ESCO)

( )

( ) ( )

20

0.5%

0.2%

2032 1 2039 10

( 2)  
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2  

74% 11%

(Ethylene vinyl acetate, EVA) 10% 3% 2%

CIGS

95% EVA 3.5% 1.5% CIGS

84% 12% 4% (Photovoltaics report, 2018)

EVA

(EU-LIFE Environment Demonstration Project, 2006)
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EVA

2.1  

( 3 4)

(Ethylene vinyl acetate, EVA)

EVA
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3  

4  
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2.2  

AIoT

(APP)

( 5)

5  
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EVA

EVA

2.3  

1840

1880

1941 20

(Rotary) (Powell, 1947; Powell, 1950; Horie,1986) (Fiber blowing) 

(Horie,1986; Chen and Huang, 2003) (Wheel centrifuge) (Snyder, 1996; Cusick 

and Clocksin, 2001)

6
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6  

7

7  

8
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8  

9

10

a.

b.

c.
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a.

b.

c.

9  
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10  

2.4  

90

30°

A.

SEM( )  SEM



110   

CNS3657 8 μm  

B.

1. 0 .5M CH 3 COOH pH=5

24

2. 10% H 2SO4 80℃

90

3. 2N HCl

3

1.

80℃ 200

2. Ca(OH) 2

3

3. 2N NaOH

3

C.

 ASTM C1335-04

NO.20 50 100 10 g 593±5.6 ℃

20 CNS

16 wt%  
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%100
TS
PSSCContentShot

D.

CNS3657 600℃

3.1  

5

304 50 60 25 cm

( 11 ) 4 1

1 ( 11 ) 8

4

3 A 250 VAC 350 Vdc  

SC wt%  

SP g  

ST g  
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11 ( ) ( ) 

108×63×37 cm

( 12 )

( 12 ) 15 4 X ±2%

Y ±2% RS232 RS422 RS485 (10M/100M) USB2.0 Micro-

SD 256 MB (Flash) 256 

MB (RAM)

14

 24 VDC 10 RS485 2 RS485

TX RX LED

13
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12 ( ) ( ) 

13

14

15

16  
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14

15  

16  
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( ) 17 170

100 280 280 5,264

16.7% 1.4%

164.5 ( ) 98.5 ( )  0.6 ( ) 81.9%  

17  

( 18)

( 19) 1~5 40 6 70

750~850 10~20 / 5 /

EVA

20 6 270

5,076

( 21) EVA

( 22)  
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18  

19  
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20  

21 ( )  

22  
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3.2  

6~ 8

(1)

1.0

900 1,200 1.5 900~1,000

40  

(2)

1,200℃ 3 mm 4 

mm 5 mm

127 mL / min ( 0.38 kg/min)

353 mL / min. ( 1.0 kg/min) 5  



165 (Jun. 2026)  119 

(3)

900℃ 10

μm 5%  

(4)

23

PLC

( 0 0.4 kg/min)/ 1.5  

23

(5)

24 24

2 5
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900 1,200 40

1,200 2.5 mm

Al2O3

1800 Al2O3 1,500

1 MoSi2 1,800 LU 200mm (

6 mm) 250 mm( 12 mm) 12 / 12 36

3 Al2O3 98% 1,800

1 3m/m

1  R TYPE

( ) 900 ~1,600

50mm 180 500 ~1,200  

24  
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(6)

25

A. 1 SUS 316 (

)

B. 1 SUS

C. 100  ( )

D. 20  2 kg/cm2

0~1000 mL/min 20 0~1000 mL/min

1/4 3/8

25  
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3.3  

 

26

26  
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27  

900℃

(Chen and Huang, 2003) 30°

80~200 μm

30°( 27)

1

SEM HITACHI S-4800 XRD BRUKER D8 Discover

DTA TA SDT-2960  
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1  

(mm) 15 35 200 

10 15 20  

( ) 900 

( ) 8 

(cP) 2,205 

6

10° 39% 15°

22% 20° 14% 2

20°

15%

10° 15° 2.1-17 

μm 1.9-12 μm 20°

0.8-2.2 μm 28 10~28 μm

29 200 mm

15 mm
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2  

(μm) (%) 

10° 2.1-17 39

15° 1.9-12 22

20° 0.8-2.2 14

(mm) 

15 0.8-2.2 14

35 5-26 16 

200 10-28 31 

28 0.8~2.2 μm SEM  

29 10~28μm SEM  



126   

600 800℃ SEM 30 32

600℃ 700℃

800℃

600℃ 1. 10%H2SO4

80℃  90

2. 2N NaOH

3

0.6 wt% pH 1-13  

30 600 SEM  

31 700 SEM  
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32 800 SEM  

1~5 40 6 70

6 270

5, 076

20



128   

15 mm

0.8-2.2 μm 14 wt% 600℃

CNS3657

( )

( ) ( )  

(2016)  

(2024)  

(2012)  

(2016) 2  

(2024) REIP https://www.re.org.tw  

(2023)  

International Energy Agency (IEA) (2020). End-of-Life Management: Solar Photovoltaic Panels, 

IEA. 

International Renewable Energy Agency (IRENA) (2016). End-of-Life Management: Solar 

Photovoltaic Panels, IRENA. 

Deng, R., Chang, N. L., Ouyang, Z., & Chong, C. M., (2019). A techno-economic review of 

silicon photovoltaic module recycling, Renewable and Sustainable Energy Reviews. 

Photovoltaics report (2018), Fraunhofer ISE. 

EU-LIFE Environment Demonstration Project (2006). 
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Wang, X., Tian, X., Chen, X., Ren, L., & Geng, C. (2022). A review of end-of-life crystalline 
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248, 111976. 

Wang, J., Feng, Y., & He, Y. (2024). The research progress on recycling and resource utilization 

of waste crystalline silicon photovoltaic modules. Solar Energy Materials and Solar Cells, 270, 

112804. 

Powell, E. R., (1947). Method and Apparatus for Fiberizing Molten Material, United States 

Patent. No. 2,428,810. 

Powell, E. R., (1950). Method and Apparatus for Fiberizing Molten Material, United States 

Patent. No. 2,520,169. 

Horie, E., (1986). Ceramic Fiber Insulation Theory and Practice, Energy Conservation Center, 

4-6.

Chen, T., and Huang, X. B., (2003). Effects of processing parameters and die design parameters 

on fiber diameter in melt blowing process. Journal of Chemical Industry and Engineering, 

54(9), 1334-1337. 

Snyder, J. G., (1996). Fiber manufacturing spinner and fiberizer, United States Patent. No. 

5,785,996A. 

Cusick, M. J. and Clocksin, K. A., (2001). Method of Making Long, Fine Diameter Glass Fibers 

and Products Made with Such Glass Fibers, United States Patent. No. 6,227,009 B1. 

Shelby, J. E., (2005). Introduction to Glass Science and Technology, 2nd Edition, Royal Society 

of Chemistry, Cambridge. 
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* ** *** 

 (anaerobic Digestion, AD) 

 (NaCl) AD

AD

-

 (inhibition threshold) 

 (framework)

 (minimal reporting set, MRS)
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 (anaerobic digestion)  (salinity inhibition)  

(dynamic operational window)  (hierarchical governance strategy)

 (minimal reporting set, MRS) 

*

*

**  

***  
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 (anaerobic digestion, AD) 

 ( )

 (Chew et al., 2021) AD

 (total volatile fatty acids, 

TVFA)  (buffer capacity)

 (lag phase) -  (Mei et al., 2025)

 (continuous stirred tank reactor, CSTR) 

 (Rittmann and McCarty, 2020)

 ( )

CSTR

 ( 2024)

 (salinity, NaCl Na+/Cl- ) 

CSTR

 (mass balance) 

 (Qian et al., 

2025)  

NaCl

VFA

(Anwar et al., 2016)
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VFA CO2

 (salt stress)  (Wang et al., 2017)

pH

 (

 (total alkalinity, TA) TVFA/TA)  (Li et al., 2021; Mei et 

al., 2025)  

CSTR

 (baseline)

TVFA/TA

 (K+) toolbox of 

intervention strategies/mitigation toolbox

 (Mei et al., 

2025)  

 ( 1 )

CSTR

— — NaCl% EC

HRT OLR pH

TVFA TA TVFA/TA

3 3 4 CSTR
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1  (CSTR)  

Mei et al., 2025 Qian et al., 2025 Li et al., 2021  

 ( Na+ Cl-) 

 ( 1 )

0.5% 2.5% 3.0%  
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1  (NaCl)  

NaCl (%) mg/L as NaCl 

0.5–2.5 5,000–25,000 

1.0–1.5 10,000–15,000 

>3.0 >30,000

<0.5 <5,000 

1.2–1.8 12,000–18,000 
 Mei et al., 2025  Qian et al., 2025

 NaCl %

 mg/L NaCl  

CSTR  (hydraulic retention time, HRT) 

 (time lag)

( )  

NaCl (%) (

)  (g/L)  (EC) 

 (local calibration) EC

2.1  

CSTR

 ( 1 )



165 (Jun. 2026)  137 

 (organic loading rate, OLR) 

pH

 (resilience) 

 (Qian et al., 2025)

2.2  

 (Anwar et

al., 2016; Li et al., 2021)

 ( OLR )  (Mei et al., 

2025)  

 (acclimation history) 

 (inhibition constant) 

 (Feijoo et al., 1995)

OLR

 (Zhang et al., 2020; Mei et al., 2025)  

 (osmotic 

pressure)  (ionic strength) 
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 (stress response) 

 (population-level shifts)  

3.1  

 (osmotic stress 

response)  (plasmolysis)

 (compatible solutes)

 (maintenance energy demand)

 (Mei et al., 2025)  

 ( Na+) 

 (Anwar et al., 2016; McCarty and McKinney, 

1961)  

3.2  

Mei et al., 2025

 TVFA TVFA/TA 

 1

2 2(a)  NaCl 

2(b)  TVFA/TA 

Anwar et al., 2016 Mei et al., 2025  

3

 TVFA/TA VOA/TIC IA/PA
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Mei 

et al., 2025 Qian et al., 2025  

Anwar et al., 2016 Mei et al., 2025  

2  
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3.3  

 (interactive effects)

 ( Ca2+ Mg2+) Na+ 

 (K+) 

 (McCarty and McKinney, 1961; Mei et al., 2025)  

 (induced expression of stress proteins)  (right-

shift)  (Zhang et al., 2020)  

 (dose-response relationship)

2 5 g/L 20 g/L NaCl

 (tipping point)  

(Anwar et al., 2016)  
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4.1  

 ( 2 ) 

 ( )  (specific methane 

production, SMP) 

 (Anwar et al., 2016; Wang et al., 

2017)  

 ( ) 

 (TVFA/TA) pH

 ( Li et al., 2021) 2 TVFA/TA  (

0.4-0.6 )  

(Zhang et al., 2020)  

 ( )  (EC) 

 (feed-

forward control)  (Mei et al., 2025)
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4.2  

 ( 2 )

 (Feijoo et al., 1995; Mei et al., 2025)  (trend-based) 

 (Zhang et al., 

2020)  

 3

 (NaCl% EC) 

 (TVFA/TA  VOA/TIC) 

 ( 3 4)

3  ( ) 

( 3) 
/  

/ /

K+ /  
/

/  
/
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4  (MRS)  

Na+/K+  
OLR HRT  
TVFA/TA  

1

/  

2 Mei et al., 2025 Qian et al., 2025 / / Zhang 

et al., 2020 Feijoo et al., 1995  

 

(indicator-driven)

5.1  

CSTR — —

NaCl% EC

/EC

TVFA/TA VOA/TIC

/ Zone A–B Zone C 

—TVFA

 Zone D–E

3

4  
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 ( )

 (salinity shock)  (co-digestion)

 (Zhang et al., 2020)

 (Li et al., 2021)  

 ( )

K⁺ Na⁺ CSTR

 (Mei et al., 2025)  (biochar)  (granular 

activated carbon, GAC)  (direct interspecies electron transfer, 

DIET)  (Wang et al., 2017

2024)  

 ( )

3

 (

)  

5.2  (MRS)  

 (minimal 

reporting set, MRS)  ( 2) 

MRS MRS
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 (NaCl%) Na⁺/K⁺ 

 (EC)  (Mei et al., 2025)

 (

)

VFA  (total alkalinity, TA) 

 (Zhang et al., 2020)  

MRS

4 (MRS ) 

CSTR  (tipping point)

 (calibrated operational management)  

3

6.1  

TVFA/TA
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 (MRS)

6.2  

 (digital twin) 

 NaCl 

/

/

MRS

 (2024) 

162 13-34. 

https://www.ema.gov.tw/affairs/general-

waste/food-waste/301.html 
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