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Ϛȳ›ṕ 

Ѭ оⱢ с ẁѬ ἤᾼ ѠהПϚȲᵀỮ

Ѭ ҟо ȴ֪ױȲὑ Ә ᵓӣ ԌȲ Ѭ

ᴩỆ ȳ І о Ȳ֝ ẞ Ѭ Ә ᵓӣ ᵅ ⇔

х ὍПӭ ȲⱢ Ѭ П  ( 1)ȴṼ

ד2036 ∂ Ȳ ᴷ Ѭ Ӣ 105 CMDȲῴᴷḕ10.7פּד

kWh ϩ Ḗ(ѿ 4.25 kWh/m3 )Ȳ Ѭ ᵅ І ⇔Ѭ ᴩ

ȲӼ Ɫ  (blue energy) ʒ Ȳ ḕד 1.5פּ

⇔ Ȳᴾ Ὼ15%ӣ ҅ ȴ 

Ӑ ᶾ ẂиέȲᶙכ ӣ вẓ ϩᾼ2

ᶾ Ҡᴩἤ ṅȲṳשׁ ӦӐ Ԛ 5 П

▲Ȳᶙכ о ᶾ ӣἤ έȴẔМȲ   ֪ẓ

Ѭ ֮ᵓ Ȳ∂ Ҡὑ Ѭ ∂

Ȳѿᵓ вᵅ Ἐ ȴ 

 

 

1 Ѭ  

 



 
 

- 2 

 

ϡȳ вҵ ᶾ ȳ ӣ Ẃ иέ 

Ɫ Ѭ ЄоПӭ ȲӐ ṿӣ Ѭ ᴩ

ᶾ ѝ Ȳᶙ6כ вҵ ᶾ ȲҔᵶȲ ϩἋ

 (pressure retarded osmosis, PRO)ȳч֣ έ (reverse electrodialysis, 

RED)ȳ ч֣ έ(capacitive reverse electrodialysis, CRED)ȳ ֥

ᾎ (Capacitive mixing, CAPMIX)ȳ ᴯᾎ(Capacitive Donnan 

potential, CDP)֥ ᴃ(mixing entropy battery, MEB)ȴ 

Ӑ ӦẔ ғ ⇔ ᶾ כ ⇔ ֕ ᴩиέȲֽ ῶ1

ἬӱȲ ӱPROȳRED CREDⱢ ẓ ἤП ϩᶾ ȴᴖCAPMIXȳ

CDP MEBⱢỮ ὑ ṅשׁ⅍ ◕П ᶾ ȲẔ Ḋ ậ Ṇ

ὍЄ ᴩⱢᶾ Ȳ ạױϮ ᶾ ӑẃ ӣ ȴ 

 

ῶ1 ᶾ иέ 

ᶾ ӭ ғ ⇔ (W/m2) TRL 

ϩἋ  (PRO) 2.4-8.9 5-6 

ч֣ έ (RED) 1.43-2.6 5-6 

ч֣ έ(CRED) 0.96-5.26 4-5 

֥ᾎ (CAPMIX) 0.22-0.75 2-3 

ᴯᾎ(CDP) 12.6 2-3 

֥ ᴃ(MEB) <0.1 2-3 

 

ṅשׁ Ɫ ᶾ оҠᴩἤП ᴕṼ ȴ

Ӑ Бᶙכ ᶾ ṅשׁ ẂиέȲҔᵶ4 PRO 3 RED

Ȳֽ ῶ2ἬӱȴẔМȲ PRO ѻ ֪› Ӑכ ȳ

Л ю ӣẓכӐ ᴖ ȴ Ẕ 3 PRO

ṅⱢשׁ ғ Ȳ ֥ Пreverse osmosis (RO) Ἠ membrane 

distillation (MD)ᶧȲ Ғ∂ ӐȲӼכ ᵅ ȴ 
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REDП ṅṼֵаשׁ Ѭ ᵅ І ⇔Ѭ ֥ȲẔ ғ

W/m2ȴῺ 1.3-2.1פּ⇔ Єᵓ ѡӐׁשṅ Пׁשṅ ӱȲRED

Іӻ оȲḂ І ȲҠ сRED ғ ⇔ȴ 

 

ῶ2 ᶾ ṅשׁ Ẃиέ 

ӭ PRO 
֥₤PRO 

( ֥RO/MD) 
RED 

ṅשׁ Ẃ 1 3 3 

Ѭ  58 85-280 40-64 

ғ ⇔ (W/m2) 3 1.1-13.5 1.3-2.1 

 

Ϯȳ ᶾ שׁ ц  

Ӑ ѿPROȳRED CREDⱢ שׁ ṅשׁ ᴷᶾ Ȳ ֥иέֽ

ϯἬӱȴ PROʒ כ ⇔ ȲᵀRED CREDẓṆ ȳ כ

ӐȳḊ о ∂ ȲḆ ֥ о оӭ Ȳ╝

RED CREDWⱢ∟ Ѭ ᶾ Ѡ֣ȴ 

(Ϛ) ʒ כ ⇔ȸPRO REDʒ כ ⱢפⱢTRL 5-6ȲCREDּפּ⇔

TRL 4-5Ȳᵀ֪CRED REDדӾȲҠṼRED Ғ שׁ

ȴ 

(ϡ) Ṇ ӐȸPROכ ‚ṿѬиІ

ȲṆ 0.20-0.40 kWh/mòȲ USD/kWhȷ 0.07-0.72פӐּכ

RED CREDɔӣ І Ȳ ᵅὑ PRO (ּפ

0.15-0.35 kWh/mò)ȲRED USD/kWhȲCRED 0.07-0.13פӐּכ

REDדῺȴ 

(Ϯ) Ḋ ӐȸPROכ ẓ П Ȳ оכӐ Ɏ220-5,000 

USD/mñɏȴRED CREDḊ Ɏ Іӻ ɏБ оȲ

ӐиᵑⱢכ 470-1,840 USD/mñ 420-1,500 USD/mñȲ вӼ

Ḋ оᶾ ȲẓכצӐ ᴞѻо ȴ 
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(ҳ) ȸRED CREDὑ έ ᶾ Ȳ вד

ᶾ ᶙ Ȳẓ ϱ/М/ϯ ᴭ ϩȲצᵗӑẃ

о ᶾ оᵉᶝȴ 

ҳȳ Ѭ ᶾ ҠᴩἤԒ ᴷ 

Ӑ ПRED CREDԒ ᶾ Ҡᴩἤ ᴷ ӱȲֽ ῶ3Ȳὑ

10-60 5 Іӻ ϯȲRED CRED ғ иᵑⱢ0.18 ï 

0.33 W/m2 0.14 ï 0.19 W/m2ȴRED CREDП ғ ⇔ כ

Ӕד Ȳѝ ӱȲ ᵂ ֵ ὑ20 ѿϱȲѠҠ Ẕ

ғ ⇔ ȴӐԒ ҠᴩἤׁשṅȲ…ѿ 5 ᴩ ֪І

ȲKӑẃׁש Ѡ֣∂ ю Ḋ⁴⇔ц оCRED

ȲИ ȴױҵȲ ѬМᵶ / ₧ᾬ Ȳ ᵅ ғ

∂14-26%Ȳ╝ӑẃפּ⇔ ֥ Ѭ о / о ᶧȲѿᵓ

с ғ ⇔ ᵂ ứἤȴ 

 

ῶ3  RED CREDԒ ᶾ Ҡᴩἤ Ὠ 

ӭ RED CRED 

ѬМϡ І    ᵶ /  

 5 5 5 

Ѭ  10-60 35-60 35-60 

ғ ⇔ (W/m2) 0.18-0.33 0.14-0.19 0.12-0.14 

 

ѝ Ҡᴩἤ ᴷ ὨȲ Ѭ ᵅ І ⇔Ѭ ὑ30ѿϱ

Ȳẓ ȴὑ вᵅ І ⇔Ѭ ѽП ӣ ϯȲ

∂ ѿӢ♄ᴆѬ І ῺПד⇔ ὍѬⱢᵅ І ⇔Ѭẃ Ȳ

ֵа Ѭẃ ȲẔ Ҡ 30-100ȴ ᴖȲЏ Ѭ ὍѬ

Ɫᵅ І ⇔Ѭ ȲẔ ѬП ∂10-30Ȳפּ ӑẃҠ

ϚḔ ᴷẔ ϩȴױҵȲױᵅ І ⇔ ᴕѬ ҠᵂⱢ вӑẃ
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ȳѬ МїȳԛӢѬ ȳᴆѬ Џ ᵿ П ᴕṼ ȴ 

Хȳ ϩ ᶾ ӣἤ έ 

Ӑ ᶙכү Ӑ ∂Мᾼү⁮ ᴎ Ȳѿц П  

ȲԚ5 ֮ ▲ ( ῶ4)ȴ ᶾ Ἤ

ᾼ Ԉȳ Ѭ ᵅ І ⇔Ѭ П ֮ ᴯ ἤ ᴩ

ᴷ ( ῶ 5)Ȳ П   Ӑ П ᴎ ẓ Ѭ

ӣП ϩȲ ֽϯȸ 

(Ϛ)    ֪ Ѭ Мї Ѭ ȲẔ ὍѬ Ѭẓ

Ȳẓ Ѭ Ѭ ậ ֮ᵓ ȴӐ ∂ Ҡὑ

∂ RED ӱ Ȳ ᴩṆ   ᴷȲ

ѿᵓӑẃ о ∂ ᵅ Ἐȴ 

(ϡ) Ӑ ᴎ П⁮/Җ иᵑצѬ Мї › Пᵅ І ⇔Ѭ Ȳ

ṳẓ ἤȴױҵȲ ᴎ Ὼệᶃ о ȲẓצCO2

ẃ Ҡ ᴩ Ѭ /Ệ о ȴ ѿϱ ἤȲ ᴎ

ẓ Ѭ о ӱ ϩȲ ױ Ѭ Мїц ›

Пᵅ І ⇔Ѭ ד פּ 6.0-7.5 еṭѹẓ Ȳ╝∂ ӑẃ

ϚḔ ᴷ › ậѬП ֪ ҠᴩἤȲӼ ᵅ

І ⇔Ѭ ѬцẔד ╟∂ Ӑכ ᴩ ҠᴩἤиέȲѿᵓ

ᴷױ ӣἤȴ 
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ῶ4 ᶾ ӣ ӣἤ έ 
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֮
ϯ
Ѭ 

У
Ѭ 

(km) 

0.5 < 7.5 6.0 0.2 0.1 2.0 0.2 0.1 
< 

1.7 

Ѭ  

(CMD) 

ʨ

150,000  

ʨ

150,000  
25,000  261 835 ʨ7,429 200 ʨ1,393 

⇔ 

(mS/cm) 

15.0 ~ 

43.5 
0.34 0.76 1.6 0.4 1.4 9.6 1.4 1.4 

 2 ~ 6 220 98 42 170 46 7 46 46 

Ѭᵓӣ

(%) 
100 100 16.7 3.5 11.2 100 14.4 100 

ḕѡ
 

(kWh/day) 

450 ~ 

1,800 
72,000 5,250 23 300 670 3 127 127 

ᴯӣ  

(kWh/m3) 

4.3 4.3 3.5 3.5 2.5 

ḕѡ

ӣ  

(kWh/day) 

430,000 430,000 14,000 14,000 1,875 

҅  

(%) 

0.1 ~ 

0.4 
16.7 1.2 0.2 2.1 4.8 0.2 6.7 6.7 
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ῶ5 Ѭ έ 

 έ 

Ӑ  

ᴎ  

ᴎ ȲẔ ֥ ҅ פּ

17.9%Ȳѹẓ Ҡ ֥ Ὼệᶃ о ᴩ ѬỆ

оȲẓ Ѭ о ӱ П ϩȴ ױ

ᵅ І ⇔Ѭ Пד פּ 6.0-7.5еṭѹẓ

Ȳ╝ӑẃЛ ᴕ › ậѬП ֪ ȲӼ

Ẕ ᵅ І ⇔Ѭ ѬцẔד ╟∂

Ӑכ ᴩ ҠᴩἤиέȲѿᵓ ᴷױ ӣἤȴ  

ү⁮  

ᾈ◕ȲẔ 2-6פּ Ȳ ҅

פּ 0.1-0.4%Ȳ∂ ױ ӑẃ Ѭ о

ȴ 

 

    

ẓ Ѭ ֮ᵓ Ȳ ẓ х ╓ ȲẔ

֥ ҅ פּ 2.3%Ȳ∂ Ҡὑ ᴩ Ѭ

ӱ Ȳѿᵓӑẃ о ∂

ᵅ Ἐȴ 

- 

е ϡ  

֥֮ϯѬּפ 4.8%ᾼ ҅ Ȳ Ἴậ֮ϯѬ

ẓ ֯ ֪ Ȳ╝ Ѭ ᶾ ᾼ

ừἤȴ 

- 

ᴫ  

Ὼ Ѭ Ὅ☼Ѭ ѬП פּ 7 ȲẔ

҅ פּ 0.2%Ȳֽ ֥֮ϯѬ УѬ⁄פּצ 13.4%ᾼ

҅ Ȳ Ἴậ֮ϯѬ ẓ ֯ ֪ Ȳ

ᶾ ᾼ ừἤȴ 
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Abstract 

Seawater desalination enhances water supply resilience but faces challenges 

related to energy consumption and brine disposal. Therefore, strategies for 

sustainable brine utilization and emission reduction can be achieved through 

resource recovery and blue energy (salinity gradient power) technologies. By 

2036, the brine from seawater desalination plants is expected to reach 1.05 million 

CMD. If salinity gradient power is utilized using seawater and low-ion 

concentration water sources, it could generate approximately 150 million 

kWh/year of energy, replacing nearly 15% of the seawater desalination plant's 

electricity usage. This project evaluates and selects the most promising salinity 

gradient technologies through literature and case studies, field assessments of five 

desalination plants (both domestic and offshore), and feasibility studies of blue 

energy technologies for local application. 

The project assesses six blue energy technologies, including Pressure Retarded 

Osmosis (PRO), Reverse Electrodialysis (RED), Capacitive Reverse 

Electrodialysis (CRED), Capacitive Mixing (CAPMIX), Capacitive Donnan 

Potential (CDP), and Mixing Entropy Batteries (MEB). The findings suggest that 

PRO, RED, and CRED hold significant potential, while CAPMIX, CDP, and 

MEB are still in the experimental stage, facing challenges related to material 

procurement and scaling, which limit their future development. Additionally, the 

project reviews case studies of four PRO and three RED pilot plants. The first 

PRO plant discontinued operations due to high pre-treatment costs, low energy 

efficiency, and a lack of commercially viable membranes. The remaining PRO 

plants require integration with reverse osmosis (RO) or membrane distillation 

(MD) processes, which increase costs and reduce net performance. RED plants, 

using a range of water sources, demonstrated a power density of 1.3-2.1 W/m². 

Research from Italy and Japan shows that optimizing ion exchange membranes 
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and module designs can improve RED's energy efficiency. Moreover, the project 

identifies RED and CRED as the most suitable technologies for domestic brine 

blue energy development. Additionally, integrating electrodialysis and capacitive 

deionization technologies will strengthen the domestic production of blue energy 

technologies. 

In this project, feasibility studies of RED and CRED show that, with a salinity 

gradient of 10-60 times, the power density ranges from 0.18ï0.33 W/m² for RED 

and 0.14ï0.19 W/m² for CRED. Power generation is positively correlated with 

the number of membrane pairs, suggesting that increasing the number of 

membrane pairs, reducing membrane thickness, and optimizing electrodes will 

improve efficiency. However, calcium and magnesium ions in brine can reduce 

power density by 14-26%. Therefore, integrating brine softening and resource 

recovery processes is recommended. Finally, field assessments of five 

desalination plants (both domestic and offshore) in Taiwan evaluated the potential 

for blue energy applications. The Kinmen desalination plant, with its high salinity 

gradient, is recommended as the preferred site for a RED blue energy 

demonstration. While the Hsinchu desalination plant has potential for brine 

resource recovery and blue energy, its distance around 6.0-7.5 km from low-ion 

concentration water sources requires further evaluation for feasibility. 

 

 

 

 

 



 
 

π1 

 

   ∂  

Ϛȳ  

(Ϛ)Ӑ Бᶙכ 6 вҵ ᶾ Ȳиέ PROȳRED

CREDὑ ȳḊ ȳᶾ ц ӣҳЄ ֣ ϩ ᴷȲṳ

вҠ П έ ד оᶾ Ȳ ӱ

RED CREDⱢ ֥ Ѭ ᴞѻо∂

ϩᶾ ȴ 

(ϡ) Ҡᴩἤׁשṅ ӱȲ ὑ10-60 5 Іӻ

ϯȲRED CRED ғ иᵑⱢ0.18 ï 0.33 W/m2 0.14 ï 0.19 

W/m2ȲҠᴩἤ ᴷ Ὠ ӱȲRED CREDП ғ ⇔

דӔכ Ȳ∂ ὑ 20 ѿϱȲҠ Ẕ ғ

⇔ ȴ 

(Ϯ)CREDK ӱȲ ѬМᵶ /ϡ І ᵅ ғ ⇔

∂14-26%Ȳפּ ӑẃ Ѭ ᴷ / І› оἨ ֥ /

о ᶧȲѿᵓ с ȴ 

(ҳ)REDCREDПҠᴩἤ ᴷ Ὠ ӱȲ Ѭ ᵅ І ⇔Ѭὑ

30ѿϱ Ȳẓ ҠᴩἤȲẔМȲӢ♄ᴆѬц І

ῺПד⇔ ὍѬҠⱢ Пᵅ І ⇔Ѭẃ ȴЏ

Ѭ ὍѬ ⇔ Ɫᵅ І ⇔Ѭ ȲӼẓ Ҡᴩ

ἤȴױҠⱢ вӑẃ ȳѬ МїȳԛӢѬ ȳᴆѬ П

∂ᵿ ֥ ᴕṼ ȴ 

(Х) Ӑ П ֥ ӣἤ έȲ   ẓ

Ѭ ֮ᵓ Ȳ∂ ӑẃҠ ᴩ Ѭ ӱ

∂ ȲẔ Ὠ ᵓӑẃצ вᵅ Ἐ∂

ȴ 

ϡȳ∂  

(Ϛ) ᶾ ֽ ῶ1ἬӱȲӴὑӐ Пׁשṅ Ȳ∂
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ӑẃ / / Ḋ Ṇ ֥Ȳ Ḕ
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∂Ӵ о ᶾ Ȳṳ вϱ/М/ϯ ПḊ / /Ṇ Џ

еҨ ֥€ Ȳ∂ ᴞѻо о ᶾ ȴ 

1. ∂ Ḋ Ȳ сRED CRED ғ

⇔Ȳ∂ӴᵅכӐCRED Ḋ ȴ֝ ӦRED₤

ӱ Ȳ∂Ӵ  ứ ԈȲḖậṆ ὍЄ

֥ ȴ 

2. М ∂ ֣ Ϥ Ḋ Ȳ ᴩ ₤ оȲ∂Ӵ

ᵅכӐ ȲױҵȲ ֥ Ȳṳ ֥ Ѭ

о ᶧȲ∂ Є₤ ӱ ᶙכ ᴷȴ 

3.   Џ оṆ ֥ Ȳᴭ вḊ / /Ṇ Џ
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ῶ1 ᶾ  
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Ṇ   > 0.1 CMD > 100 CMD >1,000 CMD > 10,000 CMD 

ғ ⇔ > 0.3 W/m2 > 1.0 W/m2 > 2.0 W/m2 > 3.0 W/m2 > 3.0 W/m2 
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  Ϛ  ›ṕ 

Ϛȳ Ӧ 

֥  ỗ (IPCC)Ὼ Ӂ гװ ᴷ

ᵫ(AR6)╓ҏɦ2050ד כ Ὅӭ ╥Ϣ Ӣ׀ ɧȲ Ӽ

ὑ20223דѣ ӁӐЁ2050 Ὅ ȴ Ὅ ȳ ứѬ

ц ϩ Ӽ╥ӭ› Ԛ֝ ᾼ≡ ȲⱢ Ѭᵓ

ᾼ╜ Ȳṳ Ϥ ᶾȲѬᵓדּ דּ цᶾ ỗ

Ἤ Пɦ ᶾѠדּ ɧȲ Ѭ ᶾדּ ȲẔМɦ Ѭ

оѬ ᵓӣɧцɦѬᵓ Џ ֣ П ɧⱢẒЄ שׁ

֣Ȳ Ѭ цѬ ֣ їϩȴ 

֯ ᵓӣ ԌȲ ֥ Ѭצ ᾬ оҵȲ о

Ѭ Ѭ ᾼ ֥ ȲWӼⱢ שׁ П ᶾ

ӭПϚȲ Ѭ ҏ Ȳ с Ѭ ṾᵓӣоȲ

╜ ȴɦ ₤ɧⱢᶺ ᾼ П Ȳ ỗ

Ӂ ϩҜѩ ѿ 60̡70%ⱢԛӢ ȳ9̡ 12%Ɫ ȲҒϱ

ц ׄԓϯṿӣ Пѭϩ 20̡27%Ɫӭ Ȳѿ כ

ϩẁ ᾼҟ оȴ үד2022 ԛӢ Ҝѩ

8.3%Ȳѻ☼ᾼԛӢ ыצ ȳѬϩ ѿц ϩ Ȳ

ᴖϱ Ѡה ắẞ ᴖ ᵅ ứ⇔ȴױҵȲῺדắ

Ȳ вѬ ȲⱢױ╜Ἀ Ɫ ứ в

ẁѬ ἤᾼ ПϚȲӭ› вᴫ ҖȳМȳ⁮Ȳ ∂

7 Ȳ֪ױӑẃ Ѭ Ὅ ҟо П ȴ 

ὑѬ ȳ Ә ᾼӀ ϯȲ Ѭ ᴩỆ ȳ

І о Ȳṳ֝ ẓ Ѭх ὍȲⱢ ᴥӘ ᵅ

ᶾ П ֽ 1-1ȲṿẔӑẃ ѬӦ ҟ᾿ ὍȲ о

ⱢḆẓ П ȴ֪ױȲ Ѭᵓ Ѭᵓ и

ѬỆ о ᶾ Пד ṅשׁ Ȳ Ѭ
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ЄоӭᾼȲṳ֝ Ѭ ὑ ὍּדᶾѠ Мȴ

ὑױȲѬᵓ и Ӑ ᴩȲ Ѭ ᶾ ᴩ

Ԓ ṅשׁ ȲKW Ɫӑẃ Ѭ ᶾ П ᴕṼ

ȴ 

 

 

1-1 Ѭ  (Ӑ ) 

 

ϡȳ ӭᾼ 

֪ ԓ ᵅ Ȳ вӇ ậ ԛӢ ȴᵓ

ӣ ◦ᵂⱢ ẓצҽЄᾼ ϩếֵ ȲẔМᵓӣ Ѭ

иᵂⱢכ⇔ Ḋ П Ὼẃ ắ ᾃȲ Ѡה…ᵓӣ

⇔ (ֽ ѬἨ Ѭ) ᵅ ⇔ (ֽ ᾈѬȳӢ♄ᴆѬἨ Ὅ Ѭ) 

П ᾼ ⇔ Ȳ ϩ о (salinity gradient energy, SGE)

оⱢ Ἠ ᾼ ѠᾎȴSGE֪Ẕ ᾼ ѠהȲậӣ Ѭ

⇔Ѭ ᵂⱢ Ḋ Ȳ╝ Ɫ ᴥ Ἠ  (blue 

energy)Ȳױ ҠכⱢϯѷ҅ᾼ ԛӢ ѻϩȴṼ ד2036 в
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∂ Ȳ ᴷ Ѭ 105CMDȲ╝Ẕ ḖϷ֪

ᴖӢȴ֪ױȲⱢ ᴷ М ɦѬ ɧ(water-energy nexus)ᶾ

П€ ȲӐ Ӧѝ иέȳҠᴩἤ ᴷ ӣἤ

έȲ ᴩ Ѭ ᶾ Ԓ ṅשׁ ᴷȲѿᵓ ẁӑẃ Ѭ

Пᶾ о ∂ ȴ 

ᶾ ֽῶ1-1ἬӱȲ Ӑ ᴩҠᴩἤׁשṅ

∟Ȳᶙכ ֥ ПҠᴩ ᶾ ᴷ ∂ ȴὑױ Ȳӑẃ

ד Ḋ Ṇ Ȳ֥ Ḕ сṆ ὍЄṆ

Ȳṳ֝ ὑ Ȳ ∂Ӵ ӣ ȴ 

ᶾ о ֽ 1-2ἬӱȲ ∂ Ҡ ∂Ӵ

Ḋ оᶾ Ȳ ᴞѻо ϩ ᶾ ᴷȴМ

∂ Ҡ Ϥ оḊ ᴩ ₤ Ȳ֝ ֥ о

ᶧ ᴩ ȴᴖ  ⁄∂ ὍЄ Ṇ ֥ оȲ

֝ ֥ вϱ/М/ϯ ПḊ / /Ṇ Џ еҨȲ∂Ӵ ᴞѻо

о ᶾ Ȳ‚ вᵅ ᴥ ȴ 

 

  

ῶ1-1 ᶾ  

ᶾ  Ҡᴩἤׁשṅ ⅍ׁשṅ ₤ ṅ Ԓשׁ ӱ  ∂Ӵ 

Ṇ   > 0.1 CMD > 100 CMD >1,000 CMD > 10,000 CMD 

ғ ⇔ > 0.3 W/m2 > 1.0 W/m2 > 2.0 W/m2 > 3.0 W/m2 > 3.0 W/m2 
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∂

Ӵ 

ȶ Ԓ

ᶧ

 

ȶ 

∂Ӵ 

ȶ Ѭ

о

ᶧ

֥

ᶾ  

ȶ ᴞѻ

оᶾ

 

 

 

1-2 ᶾ  

 

ᵓӣ ◦ᵂⱢ ẓצҽЄᾼ ϩếֵ ȲẔМᵓӣ

Ѭ иᵂⱢכ⇔ Ḋ П Ὼẃ ắ ᾃȲ Ѡה…

ᵓӣ ⇔ (ֽ ѬἨ Ѭ) ɑ ⇔ (ֽ ᾈѬȳӢ♄ᴆѬἨ Ὅ

Ѭ) П ᾼ ⇔ Ȳ ϩ о (salinity gradient 

energy, SGE)оⱢ Ἠ ᾼ ѠᾎȴSGE֪Ẕ ᾼ Ѡ
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Ȳậӣה Ѭ ⇔Ѭ ᵂⱢ Ḋ Ȳ╝ Ɫ ᴥ Ἠ

 (blue energy)ȴ 

Ὼד ѻ ᶾ Ҕ╗ ϩἋ (pressure retarded osmosis, 

PRO)ȳч֣ έ (reverse electrodialysis, RED)ч֣ έ

(capacitive reverse electrodialysis, CRED)ȴPRO֪ ѽ ӣẓכӐ

П ֪ Ȳ ᴖ ạẔᶾ ӣ ȴ ᴖȲRED CRED…

ѿ έἨ ѿ Ɫᶾ ᴩ І ȲẔ ᶾ

оȳ Іӻ (ion exchange membrane, IEM)

Ḋ ПḂ ẃ сṿӣ Ѭ ᾼ ȴῺדѝ

ӱRED CRED ạ ᶧ ȲẔғ ⇔ (Power density) 

5 W/m2ȲῴḔ ֥ ѩ ȳ о Ӑכ ȲRED

CREDҠ ֥ṿӣ о Ḋ Ȳ PROḆẓ ֮ ӣП ϩȴ  
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Ϯȳ ӭ  

ṼӐ ỗ ὢ Ὑ в ȲӐ П ӭ ֽϯȸ 

(Ϛ) ᶙכᴟю3 вҵ ᶾ ц Ȳ

ד ӣ ẂȲ ҏ ӣ вẓצ ϩᾼ ᶾ

2 Ȳṳ ᴷӑẃҠ ӣПד Ὑȴ 

(ϡ) ᶙ1כ Ѭ ᶾ ҠᴩἤԒ ᴷȴ 

(Ϯ) ᶙכᴟю1 ү Ӑ Ἠҵ (ֽ צ╠ Ἠ М )

ϩ ᶾ ӣἤ έȴ 
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ҳȳ ӭ в  

Ӑ ПЏᵂ ӭֽϯȸ 

(Ϛ) вҵ ᶾ ȳ ӣ Ẃ иέ 

1. ᶾ  

2. ᶾ ֕ иέ 

3. ᶾ  

4. ᶾ ӣ Ẃиέ 

(ϡ) ᶾ שׁ ц  

1. ᶾ שׁ  

2. ᶾ Ḋ ц ᵂ  

3. ∂ ☼ṅשׁ  

(Ϯ) Ѭ ᶾ ҠᴩἤԒ ᴷ 

1. REDцCRED Ԉ Ṽ  

2. RED CREDҠᴩἤׁשṅ Ὠ 

3.Ὠ  

(ҳ) ϩ ᶾ ӣἤ έ 

1. ▲ 

2. ᶾ έ 

3.  
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ХȳׁשṅḔ  

Ӑ ֯ס ᶾ ᾼד ȳ ế

иέȲׁשṅ ᴷᶾ Ҡᴩἤế ӣ› Ȳѿ ᾼ ếѬ

ᾼצ ᵓӣȲӐ ᴞ1135דѣ10ѡ ᴩᴟ11312דѣ5ѡѦȴ 

Ӑ ▐ ☼ ṅвשׁ ӭֽ 1-3ἬӱȲẔМҠ иכϮ

Ḕ ᴩȲɦḔ ϚɧҔᵶЏ Ϛ вҵ ᶾ Џ ϡ

ᶾ ц ӣ Ẃ иέȲ ѝ שׁ ȳᶾ

ᵫȳе ᶾ ӻ☼ ѠהȲѿϠ ᶾ ᾓ

ȴɦḔ ϡɧȲ… Ԓ› שׁ ẓ ϩᾼ ᶾ Ȳṳ

ᴩᶾ ᵛЏ ϮȲЏ ҳ∂ Ϛ ⅍ Ȳ ᴩ ᵂ

ȲҔᵶ ☼ ⇔ ȳ ѩẂȳ / І ֪І

ȴ ⁄ ᴩɦḔ ϮɧȲⱢЏ Х ᶾ ӣᾼ Ȳ ᴷ

ӣ ᶾ Ἤ ᾼ ԈȲҔ╗ Ѭẁ ȳᵅ І

⇔Ѭẃ Ѭ Ԉиέ Ȳҫҵԛ ᴷ ᶾ ὑ ᾼ

ἤṳ ᴩ ᶾ ӣᾼ ᴷȲצᵗὑ ’ᶾ Ҡᴩἤ Ҡ═ ἤȲ

ṳ ẞᶾ ц Є ӣ ȴ 

 

 

1-3 ▐ ṅḔשׁ   
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ϡ  вҵ ᶾ ȳ ӣ

Ẃ иέ 

ԛӢ ╥ ḟ ế ᾼ ȲҔᵶ ȳѬϩȳ

ы ϩ Ȳױҳ ᾼѩ ֽῶ2-1ἬԝȲẔὑЛ֝ᾼ ӣ

ϯȲ֢ẓϚứᾼ ӣἤц ȴ֪ױȲᵉᶝԛӢ Ȳ

╟֮ П֮ Ԉȳ ȳכӐ ֪ ᴩ ᾼᶾ Ȳᴖ

ṷ ᶾ ╥ᵅ ѠהȲ в ╜ ẓϚЄᵗ ȴד ὑẔ

҃ԛӢ Ȳ צ ᾼ Ȳ ԒȲ Лắᴞ Ԉᾼ ạȲ

Л ы ȳ ϩếѬϩ ҉Ṝᾼ ԏȳ ϩ Ѭϩ ȲѹӦ

ὑ֮ ῶ Є и ╥ ѬȲ֪ױ ◦ᵂⱢ ᾼ ‍ Ȳẓ

ҽЄᾼצ ϩȴױҵȲ ᶾ Ҡѿ Л ᾼ ȲЛắ

ủ оἨщ Ԉᾼ Ȳṿ Ẕ ứἤḆ Ȳ֯ױ ѿḆ ⇔ᾼ

ѬᵂⱢ Ȳ Єᾼ ⇔ ṿ ᶾ ᾼ Єоȴ 

 

ῶ2-1 ԛӢ ѩ ῶ

ԛӢ   ӣἤ כӐ 

 
Ѭ Ѭ ⇔
Ӣ ȴ 

ὑẓ ⇔ ṿӣȲ
֮ ԈצἬ ạȴ 

ắ ⇔ ЄЊцṆ
Ȳ∂ ế כ

Ӑד ȴ 

Ѭϩ  
Ѭ☼ἨѬ

ȴ 

ὑẓѬ☼ Ѭ
Ȳ ӣὑẓѬϩ
֮ ȴ 

Ȳᵀ ∂ Є₤Ѭ
╟ṿ∂ Ӑכ ȴ 

ы  

 

ԏԆὰ ы
Ɫ ȴ 

ѡ ҉Ṝ Ȳ ӣЄ
и ȴ 

ậḟὑԏ ⇔ế
ӐȲᵀכ ᶾ ᾼ
ӐБכ ᵅȴ 

ϩ  
ᵓӣ Ṟ
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ẓצ ⁬ ϩ Ȳ
Ὠ ֻȴ 

ậḟὑ ế כ
Ӑȴ 

 

ү ֮ Ṹ ắủ ​ЛᶁȲὑ ῴүד2021 Ӑ ᴫ

֮ ҏ Є ḅṶԈȲ ᾼ Ғ ȲѬ ᾼ

ԛӢכⱢẘЛ ᾼ Ȳ֯ױ￼ ϯȲ ᶾ Ɫү ᾼѬ ẁ

Ϡ ᾼ ḟ Ȳѹ Ѭᵓ Ɫ Ѭ оȲБ֯ ᴎ ү⁮

∂ ᶙЏȴד2028 ᴖ ᶾ Ӣᾼ ⇔ ᾬ- ѬȲ
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Ẕ ⇔ṿẔ Ὅ ᶔ Ȳѿ ᵍ Лṏכ Ȳ

Мצ ᵓӣ Ѭ Ḇ ╥ӑẃᾼ ȴ֯ױȲ ᶾ ѿ

⇔ếᵅ ⇔Ѭ ⇔ оⱢ Ȳᴖ Ѭẓצ ⇔ᾼ

ἤȲ֪ױҠѿᵂⱢ ᾼ ȴ ᶾ ȲЛ Ҡ

ѿ Ѭ ᾼצ ᵓӣȲ֝ Ɫ ₤ ҏ ȴ 

֯ԓ ₤ᾼ МȲ ᶾ ắẞ ẃ ֵᾼ ᾃȲױ

ᶾ ᵓӣ Ѭếᵅ І ⇔ѬП ᾼ ⇔ ẃ Ӣ ȲⱢϠ Ϥ

ᶾ ȲӐ вҵ ᶾ ᴩ Ȳ Ӧ ѝׁש

ȳ ȳᶾ ᵫȳе Бе ῶ ȷṳ ẓ

ᶾ שׁ ᾼ ᴯ ᴩӻ☼Ȳֽ Ғị⁮◦ ЏЄ (

FO PRO Ḋ)ȳ WetsusἨ Єᵓ Institute on membrane 

technology (ITM)Ȳ ד ᶾ ᾼ ᾓȴ ϱ Ȳ

ד ṅשׁ ӣ ֢Ѡ ᵂ Ϥ ȲҔ╗ᶾ ȳ ֕ ȳ

Ἠ Ѐ Ȳṳѹ ԛӢצ ᶾ ᴩѩ ȴ 

ᾼ ї Ἐ╥ᵓӣ ⇔ Ӣᾼо оⱢ

Ȳ ᴖ ᾼצ ᵓӣȲᴖ ѻ ᶾ Ҕ╗ ϩἋ

(pressure retarded osmosis, PRO)ȳч֣ έ(reverse electrodialysis, RED)

ц ч֣ έ(capacitive reverse electrodialysis, CRED)ᵅ

ᶾ ȲẔ҃ צ ֥ᾎ(Capacitive mixing, CAPMIX)Ẕד

ᶾ Ҕᵶ ᴯᾎ(Capacitive Donnan potential, CDP)ế ֥

ᴃ(Mixing entropy batteries, MEB)Ȳ Ӧѝ иέẔᶾ ֽ

ϯ: 

Ϛȳ ᶾ   

(Ϛ) ϩἋ ᶾ  

ϩἋ (pressure retarded osmosis, PRO)…ᵓӣẒ

Л֝ ⇔Ѭ ᾼ Ɫ ϩȲч ạֽ 2-1ἬӱȲṿ

ӣҙ ⇔ ᵅ ⇔Ѭ ȲӦὑ ⇔ ȲѬиІ ᴞᵅ

⇔Ѭ ҙ ᴟ ⇔Ѭ ᴖ ϩ ȴ ӦỆứ
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ϩѠהȲ Ɫ ϩ ∟ Ȳ

ᴖ Ӣ ȴ 

 

 
2-1 ϩἋ (PRO) ạӱ (Boer, 2018) 

 

(ϡ)ч֣ έᶾ  

ч֣ έ(reverse electrodialysis, RED)ȸṆ έ

(electrodialysis, ED)דᴿꞋⱢᵓӣ Іӻ ᴩ Іи ᾼᶾ Ȳ

ᵀ ᵂ ếה ╥чȲEDדֻ ‚ṿ І֯ М

Ѭ оᾼᶾ ȷREDṆ ⁄╥ᵓӣSGEẃ Ӣ ᾼᶾ Ȳ

ạֽ 2-2ἬӱȲ Ẓ Л֝ ⇔ᾼ І ⇔ ᴖṿ І

Ӧ ⇔ Іӻ ᴟᵅ ⇔ МȲṳ֯ Іӻ ϱᶮכ

о ⇔ Ȳ ᴖ Ӣ ☼(Veerman et al., 2011)ȴREDⱢϚ П

ᾼ Ȳ ԈϷד ὔ Ȳכ ᵛṿREDҠѿᵓӣ ⇔

ṿ ѬМᾼ Іӻ Ȳ⁯ ᾎ ᾿ Ɫ ☼Ȳ

ᵛRED ҵч ẃ І ѿᶮכ ☼ȴⱢϠ ṿ

ᵓ ᶮכ ☼ Ȳ Ӈ ֯ ПREDМҒϤᴞצ о

ẃ І☼ ȴ ṿӣᾼᴞ о Ɫ

о (ferrocyanide, K3[Fe(CN)6])
(Veerman et al., 2010)Ȳ ᾬ ὔ ֯ѬМ

ᶮכ[Fe(CN)6]
3-ȲһϷҠ ᶮכ[Fe(CN)6]

4-Ȳ╝Ṇ צ
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[Fe(CN)6]
3-/[Fe(CN)6]

4- о ᾼ И ᵓ ȴױҵȲ

K3[Fe(CN)6]ᾼ ứἤЛ ȲFe2+/Fe3+ pH֯צ 2ѿϯИ Ɫ

ứȲֽὨ Пᵅᾼױֽ֯ pHᾼ ᾓϯ Ӈ צ ὰế Іӻ

ᾼṮ ╟ȴ 

 

 

2-2 ч֣ έ(RED) ạӱ (Vermaas, 2013a) 

 

(Ϯ) ч֣ έᶾ  

Ӧϱ Ϡ RED о ч Ӣצכ ᾬ Ȳᴖ ч֣

έ(capacitive reverse electrodialysis, CRED)ᶾ ⁄Ḃ Ϡױ ȴ

CREDⱢREDἬ ᴼҏᾼҫϚᶾ ȲẔṆ ֽ֝REDȲӼӦϚᴟֵ

/ Іӻ Ἤ Пכ а ᴖכȲḕ аҔᵶϠ

Іӻ ȳ Іӻ Ȳѿциᵑ Ϥ Ѭ ᵅ І ⇔ѬП

/⅍ȴ ạֽ 2-3 ἤӻ Ѭ ᵅ І ⇔Ѭ

Ȳṿ І֯ ⇔ ⇔ ϯ ẓצ ἤП Ȳṳ֯ḕ

аϱ Ӣ ᴯ Ȳԛᵓӣ П ᴯ ẃ ȴCREDREDЛ

֝П ֯ὑẒ ȲCREDᾼ …ᵓӣ (electric 
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double layer capacitor, EDLC)׀Є ᾼ ἤȲ Ӑᾼ І☼

֪Ẕ ἤṿẔ Ɫ ☼ ᴖ Іᾼ☼ Ȳᵀ

ϷכⱢ І ᴟҫϚ ὰᾼ ᾼ ֪(Scialdone et al., 2012; Vermaas 

et al., 2013)ȴ 

 

 

2-3 ч֣ έ(CRED) ạӱ (Vermaas, 2013b) 

 

(ҳ)Ẕ҃ ᶾ  

֥(Capacitive mixing, CAPMIX)╥Ὼד ᾼ ᶾ

Ȳ ╥ᵓӣ ⇔ ⇔ ẓ ἤП (Ẃֽ:♄ἤ ) ᴩ҉

Ὅ Ȳ ạֽ 2-4ἬӱȲẒ ᶙԓ֝דП Ṽװ ϤẒ Л

֝ ⇔П (Ẃֽ:Ѭ ᾈѬ)Ȳ Ѭ П ȲѬМ

І ІҠѿ ᵮ ṳ ὑ♄ἤ׀ ᾼэ♂МȲױⱢ҉ ◕Ȳ

Ẓ Ӣ ȴ Ѭ ᾈѬכ Ϥ Ȳױ ⱢὍ

◕Ȳ ҏὑ МᾼӔ І ẃᴞҵ П І ẞӂ ȴ

CAPMIXɔӣ Іӻ ếҵҒ ὑ ϱȲ ὑ

ϱП Ɫҵ ☼Ȳ ᴖ ҏ ȴ 
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2-4 CAPMIX ạ (Hatzell, 2014) 

 

Єא ṅשׁ ὑ2017ד ῶϠ ֥RED CAPMIXП

ᶾ - ᴯᾎ(Capacitive Donnan potential, CDP)Ȳѿ

Іӻ ҏẒ ☼ Ȳ ἤ֮ӻ Ϥ Ѭ ᵅ І

⇔ѬȲԛᵓӣẒ ᾼ о (copper hexacyanoferrate, CuHCF)

І Ɫ Ȳ ᴖ ҏЛ֝Ѡ֣П ☼Ȳֽ 2-5Ἤӱȴׁש

ṅ ╓ҏȲCDP ạⱢẔϚԒ І Ϥ ȲẔϡⱢ

І Іӻ ȲẒ Ꞌ Ӣ Ȳ֪ױṆ

ⱢẒ῏ᾼ ếȴ  
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2-5 CDP ạ (Kim, 2017) 

 

ҭОᴵЄ ṅשׁ שׁ ҏϚ Лӣ ᾼ ᴃ-

֥ ᴃ(mixing entropy battery, MEB)ȲЏᵂ Ɫᵅ І ⇔Ѭӻ

ȳᵅ І ⇔Ѭ҉ ȳ Ѭӻ ѬὍ ҳḔ Ȳ

כ Ȳֽ 2-6ἬӱȲὑ Мᵓӣ Ѭếᵅ І ⇔Ѭӻ

Ḥ♃Ȳ֯ӻ ᾼ֝ ȲѬМNa+ếCl- І ҏ Ȳ ᴖ

вᾼ о оȲṳ ҵ І Ϛ

ẞҫϚ ȴMEB ṿӣᾼ╥ ᴃӣ Ȳׁשṅ ῏ῴ ѿ

оᾬ (Sodium manganese oxide, NMO) Ɫ І ȳ

Ag/AgClᵂⱢ І ᵂMEBṆ Ȳ Ἤ П ן֫

 (Energy recovery efficiency)  (68%)Ȳᵀ Ӑыכ ҒϱẔ

Ḋ ὔὑ ѬМ ȲЄ ᵅ Ag/AgClП ӣἤȴYe Ϣ 

(2019) ϚḔ ҏ ӣẓḊ Ӑכ ᾨ ᾼ Prussian Blue (PB) 

ếPolypyrrole (PPy) Ȳ֯ ᵂ Ϡ’צ ᾼ ứἤ

ṏֻᾼ ן֫  (Energy recovery efficiency)Ȳ֝ Ҡᵧ

ПMEB ᵂ ȴ 
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2-6 MEB ạ (Ye, 2019) 

 

ϡȳ ᶾ ֕ иέ 

ҠԛӢ ᾼ Ḗѡ  Ȳּד ếЏ Л ᾼ

ᶾ Ȳѿ ḟ ẁ ᾼ╚ ȴ ᶾ ᵂⱢϚ ֯ᾼ ḟ

Ѡ Ȳі ϠϢ ᾼ ᾛ ᾃȴẔМȲPROȳREDȳCREDѿцCAMPIX

ҳ ᶾ ֯ Ϛ М ắ ӭȴѿϯ ҳ ᶾ ᾼ

֕ ᴩиέếѩ Ȳֽῶ2-2Ἤӱȴ 

› ӱ PRO …ᵓӣ ҙ ᴖ

ȲⱢ נ ᾼᶾ Ȳ ӣׁשṅϷ Ɫ ȲPRO (2.4~8.9 

W/m2)ᾼ ғ ⇔ (Power density) ὑRED (1.43~2.6 W/m2)Ȳ

ᵀ PROʒ П Ӑכ Ȳꜙᴟғ Ҡ Єὑ

Ȳҫҵҙ ᾼֹוϵἤϷ ẞṆ ᴩᾼ ế ỄȲ֪ױRED

֯ ӐϱḆⱢכ ѹע ᵂ ὔҜ֮Ὲ Њ (Jianbo et al., 2021)Ȳ

RED╥ṿӣӻ П Іӻ ȲṳὑẒ Ӧ о Ӣ

о І Ȳ ᴖ[Fe(CN)6]
3-/[Fe(CN)6]

4- ὔắԏ ᴖи Ȳ

и ᾼᾬ Ҕᵶ оᾬȲ ṷᾬ Ϣ ц ᾿כ ἤᾼ
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(Jaszczak et al., 2017)ȴӦὑЛ о ч І Ɫ Ȳ

CREDד RED ᵍצ о ᾬ ὑ о ч М ҏѿцѬ

כ ᵅȲѹ ẞ REDדῺП Ȳ֪ױ CRED

Ɫ╥ẓ ἤ ȳ ׄԓП ᶾ ȴCAPMIXП ⱢṆ

ὔȲẔЛ Ғ Ἠ╥ о ч Ɫ ᾼМ Ḕ Ȳ

Л Ҡѿ юὗ ќҏȲӼ ᵍ ֚֯ о ᾬ ὑ о ч

М ҏȲ ᴖ Ьצ∕ сȲ֪ױ CAPMIX֥ᾼ ֥ᶾ

ҏ Ȳ צ ֥ CAPMIX RED П CDP

ᶾ Ȳ Єא ṅשׁ ғכ с CDPᾼ ғ ⇔ (Power 

density) 12.6 W/m2ȲכὨ ṤЭPROȳREDцCAPMIXᾼ ғ

⇔ (Power density) (Kim, 2017)Ȳ ṿӣПCuHCFױ֯ ὑЮ ứ

ἤếצ ᵓӣѠ ẓ╚ ἤȲׁשṅ ὑṆ МȲCu І

ṿ ҷȲ כ ṿӣ Ễ (Golin et al., 2023)ȴMEB Л ṿ

ӣԉᴶ ᵀẔ (ʤ0.1 W/m2)Ь ᵅὑ ₤ ᶾ Ȳ‍

ἤᾼ Ѡה   ᾼṿӣṿ Л ȴ 

  



 
 

нπ10 
 

ῶ2-2 ᶾ ֕ ѩ

ᶾ  ֕  

ғ ⇔ 
(Power 

density) 

ᴕѝ  

ϩἋ
(PRO) 

ȸᶾ ד כ Ȳṳצ
ӣ Ẃȴ 

ȸ Ӑכ ȴ 

2.4~8.9 

W/m2 
Sharma et al. 

(2022) 

ч֣ έ
(RED) 

ȸ ᵂ ὔȲҜ֮Ὲ Њȴ 

ȸṆ о ч Ғצ ᾬ
Ӣכц Ѭכ Ȳ כ
ᵅȴ 

1.43~2.6 

W/m2 

Sharma et al. 

(2022) 

ч֣
έ(CRED) 

ȸ о ч ᴖ ᵍצ о
ᾬ Ӣכȴ 

ȸᶾ Ữӑכ ȲỮ с
ȴ 

0.96~5.26 

W/m2 

Vermaas et al. 

(2013) 

Wu et al. 

(2023) 

֥ 

(CAPMIX) 

ȸЛ ԉᴶ ȲכӐᵅȴ 

ȸ‍ ἤ Ȳ ᵅȴ 

0.22~0.75 

W/m2 

Kim et al. 

(2016) 

Lee et al. 

(2022) 

Yang et al.  

(2023) 

ᴯ
ᾎ(CDP) 

ȸ Ϛѱ Ȳ ֥RED
CAPMIXἘȲ Ғғ ⇔ 
(Power density)ȴ 

ȸCuHCF Л ứȲCu І
ṿ ҷȲṿӣ Ễ ȴ 

12.6 W/m2 
Kim et al. 

(2017) 

֥ ᴃ
(MEB) 

ȸЛ ԉᴶ ȴ 

ȸ‍ ἤ ᵅȳ
  ᵂ Ӑכ Ȳȴ 

<0.1 W/m2 Ye et al. (2019) 
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Ϯȳ ᶾ  

ᶾ ᵂⱢ ◕Ữẓ ϩᾼԛӢ ȲӔ і ԓ

῏ᾼ ᾃ ṅȲӐשׁ њ ᴩ ᶾ ᾼ ц ӣ Ẃ

ᾼ иέȲѿϠ Ϛᶾ ᾼ ϩế› ȲẔМ ᶾ

ᵧ ҏѿϯ ȸ 

(Ϛ)ʒ ȸ 

דּ ᶾ ᾼЛ Ḕếּט Ȳ ᶾ Ϸ֯Л ȴּד

Л ṅếשׁ Ȳ ҏϠ ֵ ᾼᶾ ếѠᾎȲֽ

ϩἋ (PRO)ȳч֣ έ(RED)ȳ ч֣ έ(CRED)

ᶾ ѿ ϚḔ Ṇ ᾼ ếἤ Ȳֽ REDʒ ֯Ԓ›

ṅѠשׁ ѻ Ẕ ᾼ о Ȳ ᵑ╥Ẕ   ᾼ

иȲ ᴖⱢϠṿREDᾼғ Ḇ ԓȲPlatek et al. (2023)Ϥ Ṇ

Мᾼ Ȳṳ ᾃὑ Ἤ ẃᾼ Ȳׁשṅ Ḃ

ᾼ ☼ếכ RED Ȳ ӑ

ᾼṆ ѩȲד 60%ȴד ὑPROếREDȲCREDᾼׁש

ṅế ӣ ὑ נ ᾼ ◕Ȳ ѽЄ ᾼ ӣᾼ ẂȲױ

ҵȲCREDᾼ Ь ⧵צ сȲ ֯׀ ṷ╚ ế ạȲ

CREDЬẓצҽЄᾼ ӣ ϩ › ȲWu et al. (2023)ׁשṅ⁄Ɫ

оCRED Ȳ ҏϠϚ ṿӣװ ᾼ ₤с Ȳ

ẁϚ ҵᾼ Ȳ ᵗCREDṆ ֯☼ Ҡ

═Ϛứ ☼Ȳ ☼ ᾼ Ȳ֯ Ѭ/ɑ І ⇔Ѭ

⇔Ɫ5.13 M/0.17Mϯ ғ ⇔ (Power density) Ӧ3.29 W/m2ϱс

ᴟ5.26 W/m2ȴ ═ ᾼׁשṅế Ȳ ֣ Ḇ ѹ ứᾼṆ

Ȳṳ ᾼ ȴ 

(ϡ)ֵ а ӣȸ 

ᶾ Л Ҡѿ ӣὑ Ӣ Ȳ Ҡѿ֯ Ѭ
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оȳᴆѬ ȳ ן֫ ᵂӣȴ ᶾ ᾼЛ כ ế

ӣᾼ Ȳ ᶾ ֯Ḇֵᾼ ẞ ӣȴ 

(Ϯ)╜ ӣȸ 

ֵ ế֮ ẞԛӢ ᾼ ἤȲ╜ἈϷạứϠד

ᾼ╜ ếᾎ Ȳ ԍ цׁשṅ ᷾ϤԛӢ ᾼׁש ế ӣȴ

◕ ֵԍ ế Б Ở᷾Ϥ ᶾ ᾼׁשṅȳ ế ӣМȲ

ṳậ ϚứᾼכὨȴ 

ҳȳ ᶾ ӣ Ẃиέ 

ᶾ ṅשׁ ᾛ כ ȲӐ иέ вҵᾼ ӣ

ẂȲֽ №OsloᴞẃѬ ṿӣRPOʒ ᵅ І ⇔Ѭ ѬП

П ⇔ оⱢ ȳUniversità di Palermoᾼ RED (ῶ 2-

3)Ȳ М Ϥ Ẕ֯Л֝ ᾼ ӣכ ѿцἬ ᾼ╚ Ȳ

ӣ Ẃᾼиέ ҠⱢӑẃ ᶾ ᾼ ế ӣ ẁ

ᴕȲѿ ᶾ Ἤᵗצ ȴ 

 

ῶ2-3 ᶾ ӣ Ẃ 

ᶾ  ᴯ /ɑ І ⇔Ѭ
ẃ ȷ ⇔ 
(NaCl) 

ғ ⇔ 
(Power 

density) 

Ὑ ẃ  

PRO 

Norwegian 

power 

company/

№ 

Ѭ/ᾈѬȷ 

3.5%/<0.06% 
3 W/m2 

ȷѬϩ
ϩ10 barȲѿ13 
L/sѬ  20 L/s

Ѭ☼ ֥ȴ 

Kim et al. 

(2015) 

PRO-RO 

University 

of Nevada/

ᴫ  

RO Ѭ/ᴞẃѬȷ 

5%/ ʲ0% 
1.1-2.3 

W/m2 
⅍ ȴ 

Achilli et 

al 

(2014) 

PRO-RO 
ѡӐMega-
ton  

Ѭ/ᴆѬ
Ѭ; 

8.7%/- 

13.3 W/m2 

Ѭϩ ϩ30 barȲ
460 CMDѬ
420 CMDѬ
֥ȴ 

Kurihara 

et al. 

(2018) 

RO-MD-

PRO 

R&D 

Global 

MVP  

RO Ѭ
MD /ᴆѬ
Ѭ 

7.5 W/m2 

Ѭᵓ ϩ20 barȲ
Ѭ  240 

CMDȴ 

Lee et al. 

(2019) 
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ᶾ  ᴯ /ɑ І ⇔Ѭ
ẃ ȷ ⇔ 
(NaCl) 

ғ ⇔ 
(Power 

density) 

Ὑ ẃ  

RED 
Blue Energy 

project/ 

Ѭ/ᾈѬȷ 

2.8%/0.02~0.05% 
50kW gross 

power  

Ѭ  240 

m3/hȴ 

Tedesco et 

al. (2016) 

RED 

Universit¨ 

di Palermo/

Єᵓ 

Ѭ/Ỵ
УМПҙ Ѭȷ
23~30%/0.47~0.58

% 

1.3-2.1 

W/m2 

: 0.3 M 

FeCl2, 0.3 M FeCl3, 

2.5 M NaClȲ 

☼ 16~36 L/minȲ 

400 m2ȴ 

Tedesco et 

al. (2017) 

RED 
Blue energy 

center/ѡӐ 

RO brine/

Ѭ;6.3%/3.5% 

RO brine/

Ѭ;5.1%/3.2% 

RO 

brine/

Ѭȸ1.46 
W/m2 

RO 

brine/

Ѭȸ0.96 

Ḥ (ѡӐ) Ѭ
о ᾼМᾼRED
ȲԚṿӣ299

 179.4 

m2ȴ 

M. Higa et 

al. 

(2021)&(2

024) 

 

(Ϛ)PROʒ ӣ Ẃ 

1ȳ Ϛ PRO  

№ᾼStatkraftеҨὑ2008ד  иέϠ ⇔ ⇔ ᾼ

ҠᴩἤȲ ױ PROᾼ ҒȲᴖStatkraft

֯ ᾼᶾ і Ϡ ᾛ ᾃȴѷꜜϱ Ϛ PRO

―╥ӦStatkraftὑ2009֯ד № Ȳ Ѭ ᾈѬᵂⱢ

Ȳ ӣẓ2000 m2צ ᾼ ה ╟Ғ10-

15 barsᾼѬϩ ϩ ᴩ Ȳ Ὠ ӱẔӂᶁ Ɫ 3 

W/m2Ȳᵅὑ ẓ П5 W/m2 (Kim, 2017)Ȳ Statkraftὑ

ӦὑᾈѬד2012 › ᾼכӐы Ȳѿц Ѭ ᾈѬ ᾼ

ыЊ Л ḖԛҒϱ ѽ ӣѹẓכӐ

ᾼ ᴖḟứ Ѧ (Sarp,2016;Seyfried, 2019)ȴ 

 

2ȳ ֥₤PROᶧ Ẃ 

ⱢϠ ẞṜ ᾼ ȲPROᾼ ậ ֵצ

ȲẂֽ Ѭế ѬὍ☼Ѭ ᵂ Ȳ Ѭế Ѭ ᵂ
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ậ ȴ ṷ о ֥Ẕ҃ ᶾ ȲҠ ⇔ᾼ ѬȲ֝

Ҡ ю ӐȲṳכע ᾿ Ὅ ᾼכ ȴ

ROⱢ Ȳ   ᾼᶾ Ȳ֝ Ӣ

⇔ᾼ Ѭ(Kim,2012)Ȳ ֥₤ᾼPROϷ╥ӑẃᾼ Ȳ ╥

RO ᶧἨ ᶧ(MD)֥Ȳ ҒPROᶧᾼ

(Han,2015;Lee, 2015)ȴ PRO֥RO ᶧ Ȳ ԒȲ ⇔

Ѭ ⱢPROᾼ ậ Ȳᴖ ѬҠ Ȳ ∟ȲPRO

Ӣᾼ Ҡẁ RO (Kim,2012)ȴ2014דȲAchilli∂

ẃ PRO-RO ᶧ(Achilli,2014)Ȳֽ 2-7ἬӱȲ Ȳ

ױ Ҡ ҏ1.1-2.3 W/m2ᾼғ ⇔ (Power density) ȴ

ᶧᾼ∂ Ӑכ Ȳ ᴖ֯  ᾼ צӐϱẓכ ᾨϩȴ

SharqawyPRO֥RO ȲᵻҠ ю38%ᾼRO

(Sharqawy,2011)ȴ 

ӭ›Ẓ ѻ ᾼPRO-RO ֯ ᴩМȲ 1 ד2010╥

֯ѡӐᾼᴍ PRO-RO ᶧ(Saito,2012)ֽ 2-8ἬӱȲ

ⱢӢ♄ᴆѬ ᾼ ѬȲ ậ Ɫ ROᾼ ѬȲӢ♄

ᴆѬ аȲԛ Ϛ ᵅ RO ᶧ∟Ȳ ϤPRO

аᾼ Ȳ ậ ⁄╥ ROᾼ ѬȲ Ὠ ӱȲ֯30 

barᾼ ϩ ϯҠ Ӣ13.5 W/m2ғ ⇔ (Power density)  ᾼ

ҏ(Saito,2012)ȴ ϡ ⁄Ӧ ד2013 ỞȲ֯ ᾼ R&D 

Global MVP ȲṿӣMD ֥ROếPROᶧ(Lee,2019)Ȳֽ

2-9ἬӱȲṿӣ ROᾼ Ѭԛ MD ∟ ⱢPRO

ᶧП ậ Ȳ ⁄╥ṿӣ Ѭ ᾼ ὍѬȲɲ -ROכ

MD-PROᶧȲRO-MD ᶧҠ ю Ѭ 30%ȲᴖRO-PRO

ᶧ֯ 20 barϩ ϯҠ Ӣғ ⇔ (Power density) 7.5 

W/m2 (Lee,2019)Ȳױ Ҡ֝ צ ӣ ѬȲ ע ṳ Ѭ

 ȴן֫
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2-7  PRO-RO ᶧӱ (Achilli,2014) 

 

 
2-8 ѡӐᴍ PRO-RO ᶧӱ (Tawalbeh, 2021) 
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2-9 RO-MD-PROᶧӱ (Tawalbeh, 2021) 

 

3ȳ Ѭ о ֥ Ѭ ПPRO  

ױ ὑѡҖ ỳʟ ПМ Ồֵ Ѭ оМї 

(Mamizu Pia) ПPRO Ṇ  ( 2-10)Ȳ…ӦѡӐKyowakiden 

IndustryῖԌצ еҨἬ ȴױ Ѭ о ֥ ὍṆ Ȳ

֯ ѠהϯȲ Ѭ ᾼᴆѬԒᴩ ֥∟ԛ Ὅᴟ

МȲ ὍѠהБῴḔ ◦ ᾼ Ȳױ

ϤPROṆ ȲҠ ậḆֵᾼ ȴ 

֯ װ ֮ӱ МȲѻ ḨậѡӐWajiroѬ

Ἤ Ὅᴟ Мᾼ Ѭȳ ỳ Ѭ оМїἬẁ ᾼ

Ѭ Ẓῖ ᵅ ⇔Ѭ Ȳ Ӧױӱ › ∟Ȳ ᴩ PRO

ᾼἤ ᴷ ȲẔ а ԈПᴭ ֥ȲҔᵶМῈ

ȳUF ȳѿцᵅ RO Ȳѻ ᵂⱢ ᾼ

›  ( 2-11)Ȳד аԈ ֽῶ2-4ἬԝȲ ᵂ ֯2011

דᴟ2012ד ᴩȲ Ϛדȴ 
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2-10 PRO  

 

 

2-11 PRO М֢ה а … 

 

 

ῶ2-4 PROד аԈ Ȳѿц Ѭẃ ᵂ  
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PRO☼ẒῖѬ П Ȳ Ѭ (̔ ῶ ⇔Ѭ) Ɫ

460 m3/dȲѬ 1 ~ 40ïCȷ Ѭ (̔ ῶ ⇔Ѭ) Ɫ

420 m3/dȲѬ 2 ~ 38ïCȴPROӱ ᵂ ȲҠậ

П Ṿ ғ ⇔ (Power density) Ɫ10 W/m2ȴ֝ ֯

МȲ ṿӣ֝דᾼ ȲϚד ᵂϯȲẔ ☼

ṳӑ ᵅ ( 2-12)ȴױҵȲ֯ ϤPROП∟Ȳ֯ Ѭ ⇔ц

Ѭ Ẓ῏כӔѩϯȲᵧ ᾼḂ  (K

Ȳ(10%פּ ӱPROṆ ֯Є₤ȳ ן֫ ᾼ Ѭ о МȲ

Ҡ ȴ 

 

 

2-12 PROṆ МẒῖѬ Ѭ Ȳѿц ѱ Ԉ ☼ П  

 

4ȳPRO֥֮ П Ṇ  

MadsenϢ (2020) ҏϚ ֯PRO ϱἬ∂ ᾼ ᶾ

ἘȲⱢ֮ ᾼה֥  ( 2-13)ȴ֯PROӱ

МȲ שׁ ₤ ᶼ ᾼPRO Ȳѿ Л֝ ⇔

ᾼ֮ ѬȲ ὙϠ֮ Ѭ ᾼ ϩȴׁשṅМ╓ҏ Ӧֵ

◕ᴭ ᾼPROа ∂ȲҠѿ ậ Ȳ Ҡ ắ
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ẞӂ П ȴ ᴖṕȲ Л ὑPRO ẁ

ᵓצ ԈȲ֝ Ϸ ֮ ד  ȴכד

 

 

2-13 PRO֮ ֥Ṇ Ἐ  

 

֯PRO ᶧМȲ֮ Ѭ Ғ ∟ Ϥ ȲᴖҫϚ

ῖ⁄╥ᵅ ⇔Ѭ ȴӦὑ ᾼЛ֝Ȳ צ Ѭ ᵅ

⇔Ѭ ᴟ֮ Ѭ Ȳ ᾼ Ӣ ϩȲᵛҠ֯

ᾼ М כ  ( 2-14)ȴҫϚѠ Ȳ ֮ PRO

֥ȲҠѿⱢẒ Ṇ ẃ ȸ(1) Ӧ ֮ ѬȲҠ

ѿ ᵅ ⇔ȴ֝ Ȳ֮ ӣ ẃ в

ȲẂֽ ♣ ᾃϤцӢ ♣ȷ(2) ᵓӣ֮ Ѭᾼ ⇔ẃ Ӣ

ȲҠѿ иᾼ ṷ ϩȲ ᴖ ᵅ ὑ ἤᾼԛӢ

ȲẂֽы ϩᾼṼ ȷ(3) Ẓ ᶾ Ҡ ᵅ∂

ᵂכӐȲ ᵑ ὑѬ ȳ УȳҏѬЀц֮ Ѭ›

ӭȴ 
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2-14 PRO֮ ֥Ṇ ᶧ ц ∂  

 

ṅשׁױ Ȳ ֮ Ѭ ⇔ц ᵂ ԈȲPRO֥

֮ Пғ ⇔ (Power density) Ҡ 9 W/m2ȴ ᴖȲׁשṅ

ⱢȲғ ⇔ (Power density) ѿḕӴѠеѐ Ḋᴷ ᾼ

W/m3Ȳ ẓḆֻᾼ҅ῶἤȲ֪Ɫ ᴕ ẞ ҉ ⇔Ȳᵛḕ

ϩ вᾼ Ḋᾬ ȴᵓӣH3K ṅМἬṿӣᾼשׁ) 

PRO ₤ПϚ) ֯310 g/Lᾼ֮ ѬȲ ֮ϯѬⱢᵅ

⇔Ѭ ȲҠ 62.0ð1.7 kW/m3П Ȳד Statkraft (

№ ϩеҨȲ ☺ ЄԛӢ ϩ ῏) Ἤ ứᾼ 3.3 
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kW/m3Ȳ ҏ19Пֵȴ 

֮ Ѭᾼ☼ Ӧ Ḗḟứȴ ῶӱⱢϠ ϩ

ȲӇ ậ ֵᾼ֮ ѬȲẔҠ Ӧֵ◕הPROᾼѠה

) כ 2-15)ȴᵓӣ ϚᾼPRO3 ṅМἬṿӣᾼPROשׁ) 

₤ПϚ) ᾼ֮ Ѭ ( ⇔160 g/L)ȲҬ ậϠ35%ᾼ

֯ ȴױ ḂӣH3K PRO3 ᾼ ֥Ȳ⁄ ѿ50 

barᴩH3K ᴩ Ϛ◕ᾼ ∟Ȳԛѿ30 barᴩPRO3

ȲֽױҠ ậ сᴟ46%ȴ 

ϡ ֯ ᵅ ϩӻ ᾼ ҷȲᵓӣẒ

ѿ ᴭ ᴩ Ӣ ֵᾼ ȴ Ϛ◕ᾼ ѬҠ

ѿ᾿ Ϥ ϡ◕Ȳ֪ ᴖҬ Ϛ ϩӻ ȴɔ ӣẒ H3K

ѿ50 barᴭ ᴩȲѿ310 g/LП ế ѬȲ⁄ ẞ2.72 

kWh/m3П ϩ Ȳױ Ὠד Ṇה◕ Ȳ…Б сẒ

ϩȴ 

 

 

2-15 PRO ◕цֵ ◕ Пӱ Ȳѿц П о 
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ṅМשׁ ϚḔ ᶁо  Ӑ (Levelized cost ofכ

electricity, LCOE) ȴѿ М ◕H3K ц֮

⇔310 g/LⱢẂȲᴷ ҏLCOEⱢ6.3 TWD/kWh (2-16)ȴϚ

ӎᴕ ẞ ֮ ᾼẦ֝ ȲLCOE⁄ ᵅ 41%ȲⱢ 2.1 

TWD/kWhȲḆҒּט PRO ֥֮ ᾼᶾ цἬ

П ȴ 

 

 

2-16 PRO֥֮ ᵡПLCOE о 

 

5ȳ PRO  

KwonϢ (2021) ᾼׁשṅ╓ҏȲ ϛ  (PE) 

Ѭ ∟ȲҠᵂⱢќ ȲЛᵀҠ ᵂҏẓ ғ ⇔ 

(Power density) ֹוӣἤПPROȲḆҠ‚ ѬиІᾼ

Ȳṳ юẔ҃ иІᾼ Ȳ ᵗὑצ с Ḋᾼ ἤȴ

ṅМѻשׁ ӣ ϛ  (PVA) ᴩPEќ П Ѭ

ȴױҵȲ ӣӧ ᵗ₤ Ȳ (TIP) ₤כד

ἤᾼ  (PA)  ( 2-17)ȴṳ Ἤ ᵂᾼ PAPEќ ₤
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וֹ Ȳ ᴩẔἤ ȳPRO   ᵂᾼԓ ἤ ἤи

έȲ ὙẔ ᾼ  ӣἤȴוֹ

 

 

2-17 PAPEќ וֹ₤  (PAPE-TFC) ☼ ӱ  

 

Ḃ › ỞПPE Ȳ SEM Ҡ῀Ẕ֯ќ ϱ

ᵧ  (~8 ɛm)ȳֵэ♂ (ῶ э = 30.4ð1.6%ȳ э

= 54.2ð1.5%) ѹ ⇔ ᾼ ȴױҵȲѬ ṔּפⱢ112.6 

ð 2.1o ( 2-18 a b)Ȳ҅ῶẔ ᾼ Ѭ ἤ ( 2-18 c)ȴҫ

ϚѠ Ȳѿ ṾPVA⇔Ḃ ПPAPEќ ḊȲᶙ ׀’֮

Ϡ PEќ ᾼ ⇔ Ὅֵэ Ȳױ ῶ э  (26.1 ð 

1.8%) ц э  (51.4ð1.4%) Ꞌ Ɫ ᵅ ( 2-18 d

e)ȴPAPEќ ḊП ᴟἉ Ȳד ὑḂ › ḊȲὙ Ꞌ

ᵧ ᵅᾼѬ Ṕ (60.7ð1.5o)Ȳ Ὑ ṾPVA⇔Ḃ ц

ᶁл ӁП PAPEќ …ᵧ ᶁл ѬоȲѹ֯ѬМᶙԓ

 ( 2-18 f)ȴҫϚѠ ȲPRO֯ ᵂ М Ẓῖ ⇔

ПѬ Ἤ Ӣᾼ ϩᶼ Ȳ֪ױӇ ’ Ḋ

П ⇔Ȳ ᴖȲ ṅἬשׁ П PAPE-TFCП ѱד

₤ (~8 ɛm)Ȳᵀד HTI  (thinness 100 ~ 150 ɛmȷ

tensile strength = 40 ~ 55 MPaȷmodulus = 290 ~ 600 MPaȷstrain 

at break = ~30%)ȲЬῶ ҏḆ ᾼ Ḋἤ  (tensile strength 

= 138ð17 MPaȷmodulus = 632ð21 MPaȷstrain at break = 76ð2%) 

( 2-19)ȴ 
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2-18 (a, b, c)҅ῶPAPEќ ₤Ḋ  (Ḃ ∟)ȷ(d, e, f)҅ῶPEḊ  (Ḃ ›) 

 

 

2-19 PEќ ȳ ПPAPE-TFCѿц ӣHTI ᾼᶼ ⇔

ϩ  
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2-20ὙPAPE-TFC ӣHTI ֯Л֝PROṆ

ϩϯȲ֢ ᾼ ῶ ȲҔ╗ȸ(a) Ѭ  (Jw)ȷ(b) 

 (Js/Jw)ȷ(c)  (S)ȷ(d) ғ ⇔ (Power density)   

(W)ȴ PROṆ ϩ ᵅἬ Ϯ ᾼѬ Ȳᴖ

ױ֪⁯  ( 2-20 a b)ȴ ╟Ғ ϩ сȲPAPE-

TFC ᾼ ṷ ᵅ ( Є Ὼ48%)Ȳᴖ ӣ

⁄ᵧ Є ⇔ᾼ о (70 ~ 400%) (2-20 c)ȴ 

PAPE-TFC оЛ Ҡ ֪ὑẔPEќ═ᾬ

ᾼ ứἤȲҠṿẔ Њо ϩ ᾼ ᶮȴד

֮Ȳ ᾼHTIӣ ѱȲ⁄╥֪ⱢẔќ═ᾬ Ӣ ᾼ

Ȳ ᴖ ᵅќ═ᾬᾼэ ⇔ȴҫҠ PROṆ

ϩⱢ23 barȲPAPE-TFC ҏד ᾼѬ Ȳиᵑ╥

HTI-CTA HTI-TFC ᾼ 9.84.3ȴױҵȲғ ⇔ 

(Power density) Є  (33.3 W/m2) ҏ ֯PROа ϩ

ױ) bar 20פּ Ṇ М ᾼ ѬП  45.04פּ

bar) (2-20 d)ȴ ӣHTI-CTA HTI-TFC ҏד ᵅ

ᾼғ ⇔ (Power density) (4.9 W/m2 for HTI-CTAȷ9.1 W/m2 

for HTI-TFC)ȴ 

ҫϚѠ Ȳ PAPE-TFC ֢֯ ϩϯ ᵂ12

Њ Ȳ ֯ PROṆ МἬῶ ᾼғ ⇔ (Power density)   

(W) ד ứ ( 2-21)Ȳ ᾼ╥Ȳ֯› PROṆ ϩⱢ

20 barἬ Ӣᾼ Єғ ⇔ (Power density) (33.3 W/m2)Ȳ

ױ֯ ᵂМṳӑҏ о Ȳ ӱẔӦὑ ἤ

ѿцẔ ỆᾼḂ ϩȲṿẔẓצ ᾼ   ӣἤȴוֹ
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2-20 PROṆ М ӣPAPE-TFCц ӣHTI ᾼἤ ῶ ȴ(a) Ѭ  

(Jw)ȷ(b)  (Js/Jw)ȷ(c)  (S)ȷ(d) ғ ⇔ (Power density) (W) 

 

 

2-21 PAPE-TFC 12Њ ᵂПғ ⇔ (Power density)  
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(ϡ)RED Ẃ 

1ȳ ЄᵓRED Џ  

ᾼREDstack BV☺ еҨFrisia Zout BVϚ

Ϛ  5 kW RED ȴ2013 10 ד ѣȲREDstack BVеҨ

Fujifilm Manufacturing BVеҨế ѬּדᶾׁשṅМїWetsusȲ

֯ ∂ Ϛ  50 kW ᾼ RED Ȳ ֥ẃᴞ

Wadden Sea/North Seaᾼ Ѭ(~28 g/L NaCl)ếẃᴞLake Isselᾼ Ѭ

(0.2ʲ0.5 g/L NaCl)ẃ Ȳױ Џ ᾼӭ ṅᴞשׁ╥ ϯ 

REDᾼἤ ȲṳҒ REDʒ (Kempener,2014)ȴ 

ד 2014 Єᵓׁשṅ ֯ EU-FP7 REAPower ᴩϯȲὑ

Єᵓ∂ Ϛ RED Џ Ȳׄ Ϡ 125 аȳצ  

50 m2ᾼ IEM П RED Ṇ Ȳ װ ѿϢЏ֥כᾼ Ѭ(0.03 M 

NaCl) ế ế Ѭ(4̡5M NaCl) Ɫ ѬȲ ὨҠ Є

ҏғ 65 W(Tedesco,2016)ȴ2016דȲ Ṇ ϚḔ Єᴟ 500 

а Ȳכ  400 m2Ȳֽ 2-22ἬӱȲױṆ ṿӣϢЏ֥

כ Ҡ ᾼ Ɫ 700 WȲᴖḂӣ Ѭ ғ ⇔ 

(Power density) ⁄ ᵅϠ 50%Ȳױ Ӕ ϚḔׁשṅМȴᴖ֯2018

Ȳד ῏ ῶϠӦ1,000 ᴯἬ ᾼREDṆכ Ȳ

Ɫ250 m2Ȳ ӱ ֽ 2-23ἬӱȲṆ Ἤ П ȳ ѬꞋậᴞ

ὑ א П ỵ Ѭ(ד ὑ0.6 M NaCl)цᴆѬ ПὍ☼Ѭ(ד

ὑ0.03 M NaCl)Ȳ Ὠ Ṇ Ҡ Є ҏғ 95.8 W(Nam, 

2019)ȴ ֥ѿϱ ẂȲ ῏ оế IEMḊ

Ṿо њḂ ȴ 
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2-22 ЄᵓRED pilot plant(Tedesco,2017) 

 

 

2-23 RED ӱ (Nam, 2019) 

 

֯ױ֪ RED Ṿо Ѡ Ȳ2024ὑ ᵌӁἮ ᴩ

ᾼ Euromembraneׁש МȲ PalermoЄ REDʒ Єᵓׁשṅ

ῶ(Volpe et al., 2024)Ȳи◕ה ᾼ  RED ἤ

ᾼ ȲẔ Ԉֽ 2-24ἬӱȲ Ɫ10 cm x 80 cmȲ
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ӣ FujifilmÈ 10 ₤ CEMếAEMȲAEM CEM ѿDeukum

ѱ∂Ӵ☼ ⁴⇔Ɫ270 ÕmȲ☼ ѿco-current☼ Ȳ ⁄Ɫ

֥ Ḋ ȲRED виד 4 כ иȲḕ иѿ 20 cm

Ɫ ⇔ȴ ѿҳ ȸ(C1) Ϛ ҵ ẞ

ᾼ Ϛ◕Ȳ ạ20 cm ⇔Ɏ Є ֣ ϩɏȷ(C2) Ϛ ҵ

ẞἬצ 4 ◕Ɏᵓӣ ᴃ ᾼ  ⇔ɏȷ(C3) Ẓ ҵ

ẞ 2 ◕Ȳѿц(C4)Ɫ4 ҵ ẞ 4

◕(ֽ 2-25)Ȳ RED ғ ⇔П ȴׁשṅ Ὠ ӱֽ 2-

26ἬӱȲ֯C1ṿӣ ϚЊ ֯1 cm/s☼ Ȳὑ5 MᾼNaCl 

ϯȲ ẞ Є ғ ⇔Ɫ6 W/m2Ȳᵀ֯ Є 23 %Ѡ

⁄ⱢC2Ȳױ ֪ὑ ᾼṿӣȴҫҵȲ ᾃ╥֯и◕ה

C3ѩC2 15%ᾼ~ 10פּ ғ ⇔ȲᴖC4 Ԍ⁄ӑ

ֽ Ἤצ Ȳױ ֪ERS Ἤ Пכ Ὠȴ 

 

 

2-24 и◕הRED Ԉ 
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2-25 и◕הRED Ὑ 

 

 

2-26 и◕הRED Ὠ 

 

ᴖѡӐЍЀЄ Higa et al.(2024)ׁשṅ Ɫ ⇔ ⇔ ɎSGEɏ

Ɫ ᶾ ṅᾼԒשׁ ȲῺדϷכӴBlue energy centerȲṳצ

EDR REDП Іӻ Ḋ ᴩ Ȳ ҟБ ᴩЊ₤ М₤ 
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RED ȲѿϠ ὑЛ֝☼ ϯ RED ᾼ

ȴT ӭ›ỮЛ Є₤REDὑ Ḋ Ἠ ֥ ᾼ

ֽᴶᾌ ȴ֪ױȲЍЀЄ Higa et al.(2024)ׁשṅ ѿ SW(

ѬȲ50 mS/cm о )ȳ RO brine(ѬȲ90 mS/cm о

)ȳ SW(ѬȲ46 mS/cm)RO brine(ѬȲ73 mS/cm)

ᴩ REDЄ₤ П иέȲẔ ṿӣ NeoseptaÈ 

CIMS ếACS-8T(ASTOM Corp.,ѡӐ)П Іế Іӻ ȲԚ

299  179.4 m2ɏȲѿ ế ᾼSW/RO brineᴩ

Ȳиᵑ ẞ Єғ ⇔Ɫ171.6 W (0.96 W/m2)ế263 W (1.46 

W/m2)Ȳ Ѭ ѩ Ѭ П юּ34 פ %ȲӦὑ Ѭ

М֯׀ ϡ ІȲֵ Іếщ צ ᾬ о

₧Ȳ ȴ 

 

  

2-27 RED Пғ ⇔( A )ᾼSW/RO brine(B)ᾼ

SW/RO brine 

 

֯REDʒ IEM Ḋ о Ѡ Ȳ ẕLundЄ ṅשׁ

(Avci et al., 2024)ῶȲὑ ẕᾼҳ ᾈЀɎϮ ẃᴞᾌ ᾼ ȲϚ

ẃᴞҖ ɏȲ ᴷ REDʒ ὑᵅ ⇔Ѭᾼ ȲⱢ ḟᵅ ⇔Ѭ

ẃ   Ȳ ☼ вᾼ‍ ѱѿ Іӻ ѱậ

ό.ύ 
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҅ȲẔׁשṅ Ὠ ӱֽ 2-28ἬӱȲѿ REDʒ ֯ ẕᾼ֢

ᾈЀ Ӕ ╥ЛẓҠᴩἤᾼȲᵀѿAmberchrome 50 WX8 

ậ҅ ‍ ѱПcRED(RED)ӱҏṏֻᾼ ὨȲ

ҒϤ Іӻ ᵅᾈѬ ϩȲ Ϡ ғ ⇔ế ғ

⇔ȴ ṅЛשׁ Ϡᵅ ⇔Ѭ֯ ẕᾼ ֯ ӣȲᴖѹ

Ϡ  SGE-RED ӣ ẞẓצ ᴿ ԈᾼẔ֮҃ ᾼԒᾈȴ 

 

 

2-28 RED cREDғ ⇔ ғ ⇔Пѩ  

 

ҵȲױ Ѳ Venuet al.(2024)ׁשṅ ȲⱢ с Іӻ

П ἤ ᵅכӐȲׁשṅ ṿӣ 3D ԝ֙ᶾ ᵂⱢ ế

Іӻ ᾼѠᾎȴׁשṅ Ὠ ӱȲѿ ἤ ϛ ế ϛ -Ԛϡ

ϛ ֥ế ҏ 1.75ᴏ  Ȳ о иכ

ế֙ẚ Ԉẃ ᾼ І ế ứἤȲӭ›Бᶙכ 3Dԝ

֙ REDІӻ ᾼҠᴩἤ ȲK∟ о Ѡᾎѿ֯Л

ứἤᾼ ᾓϯḂ REDḊ І ἤȴ 
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2ȳRO-MCDI-REDᶧ 

ChoiϢ(2019)ׁש ҏϚ RO-MCDI-REDП ếה

Ѭ оṆ Ȳӣẃ ⇔Ѭ ȴ֯ Ṇ МȲᵓӣMCDI

ếREDậ҅ ᾼ ϡ (BWRO)аȲ ᵓӣ Ϛ

ROế ϡ  (MCDIἨ BWRO) Ἤ ϯᾼ Ѭẃ Ӣ

 ( 2-29)ȴ ӦMCDIаᵂⱢ ϡ ᾼ ц

ὨȲṳ Ὠ Ӵ Ṿ ᵂ ԈȴׁשṅМӼѩ RO-MCDI-

RED ☼ П ῶ Ȳ Ẕ оȲ֝

ᴩױ ᶧᵂⱢϯϚѷ҅ Ѭ оṆ ПҠᴩἤ ᴷȴ 

 

 

2-29 (a)ẕ₤RO-BWROᶧȷ(b)₤ RO-MCDI-REDᶧȴ Ϛ RO

Ѭ ϡ MCDI ѬȲиᵑ ⱢRED ᾼ ⇔ ᵅ ⇔  

 

ֽ 2-29ἬӱȲ Ϛ ROᾼѬ֫ן ȲRED

аП MPD (Maximum power densityȲ Єғ ⇔ (Power 

density) П сᴟ 2.8 W/m2Ȳ֪Ɫ Ϛ ROᾼ Ѭ TDS

⇔ 1.1ᴟ1.5 MȲиᵑ֯30%50%ᾼѬ֫ן сȴ

Ϛ RO ᾼѬ֫ן Ȳ П Ғ MCDI ᾼ Ѭ

⇔Ȳᵀ֪Ɫ RO Ѭᾼ ⇔ Ȳד ὑ MCDIѬẃ

ḆⱢ ȲRO MCDIП ѩẂϷ 51сᴟ62Ȳ

REDМᾼ ҏ ȴӦ 2-30Ҡ῀ȲROᾼTDS⇔ ὑ
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REDМᾼMPDγ ḆⱢ П ȲᴖMCDIаᾼ╟Ғ

ᾼ ⁄Л ȴ֪ױȲⱢṿ RO-MCDIᶧ ᵅ

Ȳѹ REDϭḆ ᾼ ҏȲẔ ᵂ ԈӇ Ϛ  ( Ϛ

ϡ ᶧ֯Ѭ֫ן Ɫ 50%80%ϯȲMCDIᾼ Ɫ

0.8 V)ȴױҵȲRED ֥ RO-MCDIᶧἬ ӢПғ Ɫ 2.8 

W/m2Ȳ Ẓ ROṆ ẃ ֵ (2.5 W/m2)ȴ ѻ ֪ὑ

MCDIצ ᾼ ὨȲѿ Ӣᾼ Ѭ ⇔ BWRO

ᵅּ30%פȴ֪ױȲRED MCDI֥ Ȳד ὑRED-BWRO

ᶧҠֵ 24%ᾼפּ ȴ 

 

 

2-30 Л֝Ѭ֫ן ϯȲRO-MCDI-REDᶧἬ П Єғ ⇔ (Power 

density) (MPD)  (OCV) 
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3ȳCDI-REDᶧ 

SaleemϢ (2017) CDI RED ֥Ȳѻ ṿ CDI֯

  МἬ ӢП ⇔Ѭ ᶮכϢЏ ⇔ ⇔ȲᵂⱢ

REDП ẃ Ȳѿ ẃᴞᾈЎᾼᵅ ⇔Ѭ ẃᴞ ◦ᾼ

⇔ѬȴױҵȲׁ֯שṅМ Ӧױ CDI-RED֥ה ᶧ ( 2-

31)Ȳ ᴩ Ṿо ȸ(1) Ɫ сѬ֫ן Ȳ ӣCDIҳ

 ᾼ ԛӢ ᶧȷ(2) Ԓ› Мӑה ᵓӣ ( כ

Ѭ Ὅ) Ἤ Ӣᾼ ⇔☼ ȲḂⱢ 80%ɔӣ Ȳṳ ֥

ẔׁשṅἬ ҏ ֥ П ᵂ Ӕȷ(3) Ḃӣ25 mMᾼҙ Ѭ

ⱢCDIᾼ ȷ(4) Ϛ ◕ᾼREDа ᶮ ȲḂⱢ

◕ᾼREDа ᶮ Ȳ ẞ оП ȷ(5) 

ѩ (Concentration gain ratio, CGR)ȳѬ֫ן  

(Water recovery, WR)ȳғ ⇔ (Power density, Pd) 3

Ȳ ᴷ Ӕ∟П ֥ ᶮהȷѿц (6) ҒϤЛ֝  

ӭ CGRȳWRȳPd П иέȴ 

ṅשׁ Ὠ ӱȲҳ  CDIẒ ◕REDÆ

Ҡ֯ậ Є ⇔ ⇔ᾼ֝ Ȳ ậ ṳ ᵅ ⇔

☼ П ⇔ȴ 2-32(a)ӱ RED 1аП ⇔ ☼  

(HCS) ᾼ Ɫפּ⇔ 552.5 mMȷᵅ ⇔ ☼  (LCS) Ɫ

156.7 mMȲӂᶁғ ⇔ (Power density) Ɫ0.72 W/m2ȴҫϚ

Ѡ ȲRED 2а֯ Ѭ Ἤ ПHCSⱢ458.8 mMȷLCS⁄

Ɫ150 mMȲӂᶁғ ⇔ (Power density) Ɫ0.60 W/m2 ( 2-

32(b))ȴ 
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2-31 CDI-RED֥ ᶧ 

 

∂ṅМἬשׁ П ֥₤CDI-REDṆ ӣὑ Ѭ ȲҠ

ẞ0.58 kJ/LП ῶ Ȳᴖ‍ ױ Ṇ П Ὑ Ȳ

פּ 1.50 kJ/Lȴ֪ױȲ ὑצѬ ᵀ ϩẁ Л ứꜙᴟ ᾼ

֮ Ȳ ᶧ ה ҠᵂⱢ ֮ẁѬᾼ ПϚȴױҵȲRED

Ἤ Л ȲᵀCDI-REDᾼ ֥ Ϸ ѿ

ḟ о Мᾼ Ѭ Ὅ ȴ 
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2-32 (a) RED 1ȷ(b) RED 2П ᵅ ⇔ȳғ ⇔ȳ  (

М ᴥϮṔᶮ҅ῶ ⇔ ȳּמᴥӔѠᶮ҅ῶᵅ ⇔ ȳ ᴥ ᶮ҅

ῶғ ⇔ȳ ᴥ ᶮ҅ῶ ) 

 

4ȳREDӣỒᴏ  

WangϢ (2023) ҏѿо Ḃ ᾎ ẓᶁлדч

ᾼ CNFỒᴏ Ȳӣὑ RED М ᾼ ⇔ ⇔

( 2-33)ȴ Ӧ о 2,2,6,6-tetramethylpiperidin-1-yloxy 

radical (TEMPO) ֥כҏ ᾼ ІCNF (A-CNF)ȷ Ӕ

ᾼ ІCNF (C-CNF) ⁄ѿ ὔᾼ оч ȴכ֥ Ӧ

⇔ц ṾоᾼCNFỒᴏ Ȳ ҏ І ⇔

ц І ȴ 
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2-33 REDаМ A-CNF C-CNFỒᴏ ӱ  (CNF-RED) 

 

МҔᵶẒ ᵅ ⇔Ѭ כ Ԉȴ(1) Ϛ ȸМї

⅍ ҉ᵅ ⇔Ѭ (0.01 M NaCl)Ȳҵ ⅍⁄ ҉ ⇔

Ѭ (0.5 M NaCl)ȷ(2) ϡ ȸ Ϛ чȲᵛМїד ⅍ ҉

⇔Ѭ (0.5 M NaCl)Ȳҵ ⅍ ҉ᵅ ⇔Ѭ (0.01 M 

NaCl)ȴ 

֯ Ϛ ԈϯȲREDМ CNFП  (Ŭ) ц

 (ɖmaxW) иᵑⱢ 63.8% ц 20.4%ȴ֯ ϡ

ԈϯȲŬцɖmaxW⁄иᵑⱢ58.3% ц17.0%ȴ Ϛ

Ԉ ᴩ Ȳ֯ҵ  20 kɋ ȲRED ᾼ Є ҏғ

⇔ (Power density) Ɫ2.87 W/m2 ( 2-34 c)Ȳ Ὑ ד

ꜙᴟ ὑẔ҃ ӣ ᵂⱢ RED Ἤ ẞᾼ

Ὠ ( 2-34 d)ȴױҵȲ ṅМשׁ CNFỒᴏ ᾼRED
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ҏ  ᵂᾼ ứἤȲ ═Ϛ ѣ ᵂ

Пғ ⇔ (Power density) Ꞌ ὑ2.4 W/m2 ( 2-34 e)Ȳѹғ

⇔ (Power density) ᾼ о ═֯16%ᾼᾌ вȲ

Ҡ ╥ӦὑCNF֯ М Ἤ Ӣᾼэ♂ЄЊḂ

Ἤ ȴ 

ṅМשׁ ϚḔᴭ 30 CNF-RED Ȳ Ẕ ҏ

Ҡ 3.11 VȲБҠ᾿ Ɫ֢ה І ẁ Ȳṳ

  ᵂᾼ ϩ( 2-35)ȴ ὑ ṷּטҏ Ȳ ṅⱢשׁ

ṳ ȳֹוӣȳ ᾼ ⇔ ⇔ МȲЛҠἨ П

Ồᴏ Ḋ Ȳ ϠԒᾈȴ 

 

 

2-34 (a) CNF-RED ӱ ȷ(b) ᵓӣCNF-RED Ẓ

ПI-Vפ ȷ(c) CNF-RED ֯ҵꜜ ϯᾼ ☼ ⇔ ғ ⇔ȷ(d) 

CNF-REDẔ҃ѝ Ὠѩ ȷ(e) CNF-RED ᾼғ ⇔  
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2-35 (a) CNF-RED ᴭ а П …ȷ(b) ứȷ(c) 

Ҡ᾿ Ӧ30 CNF-REDÆ ᴩẁ ȷ(d) CNF-REDẁ

ӱ 

 

5ȳ Ѭ › сRED  

Mej²a-MarchenaϢ (2023) ╓ҏȲᴞ ṅשѿẃȲׁד2009

ѝᾼ ῶ ᵧ ứ Ғᾼ ( 2-36)ȴ ῖ ѻ

֪ὑ REDцѬ › ᶾ ֯Ԓ›ׁשṅМ ҏᾼầ כ

ὨȲѿц֯ӑẃ ӣϱἬ ᾼ ϩȴ› ᶾ ֯

REDӣ сᾼ Ѐϱẓצ Є ȴ 

 



 
 

нπ41 
 

 
 

 

2-36 REDʒ ᴞ2007 ~ 2022ד П ґѝ ῶ  

 

RED₧ӻФᵂӣ Ẕ҃ ᶾ Л֝ᾼ ᴥȲѻ Ԋ

І Іӻ Ȳ֯ױ Мᵛ ᶮכᴆ₧

ᾼ Ӣ( 2-37)ȴ֯RED МȲ ҳצ ₧ч

ᵂӣȲѹצ Ӵᵒᵑ ПӇ ἤȲИ ҏ ᾼ ₧

ạ ȴױҳ ӻФᵂӣиᵑⱢȸ 

ȶ Іӻ  (AEM) + ⇔Ѭ (HSC)ȸ AEM

֯ ⇔ᾼѬ ȲҠ Ӣ ₧ ȲяẔ╥ֵצ

І֯׀ ȴֵ ІҠ ֯AEMῶ ḛ ₧Ȳṳ

ᵅẔ ѱ ἤȲ ᴖ юREDᾼ ȴ 

ȶ AEM + ᵅ ⇔Ѭ (LSC)ȸAEM֯ LCSѬ МȲҠ

Л֝ᾼ ₧ᶮכ ȴᵅ צ ᴆ₧Ȳ֪Ɫ

ѬМ иІȲẂֽ ȲҠ ᵮ ֯AEMῶ ȴױ

צ ᴆ₧ ӢᾼӢᾬ Ȳ AEMᾼ ἤȲ 

І ȴ 

ȶ Іӻ  (CEM) + HSCȸếAEM + HSCדᴿȲ
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֯HSCѬ МᾼCEMϷҠ Ӣ ₧ȴᵀד ὑAEMȲ

CEM Лὔ Ӣױ ₧ȴ 

ȶ CEM + LSCȸֽ›Ἤ ȲLSCѬ ҏ צ ₧ȲЛ

ṷצ ᾬϚ Ȳ֪֯ױCEMϱ ₧ПҠ

ἤ AEMɑ ȴ 

 

 

2-37 RED в ѱ ₧ ᶮӱ  

 

REDӣ Ѭה֢ Ȳֽ֮ῶѬȳ Ѭȳ Ѭ о

ᾼ Ѭѿц֫ןԛᵓӣᾼ ѬȲẔ כ ЄȲ֪ױ ᾼ

› ᶾ ᴟ  ( 2-38)ȴ֯ ֮ῶѬᾼ ᾓϯȲ

/ ╥ Ệ цצ ᾬᾼצ Ȳѹ֯ Ѭ

ᾼ› ϯȲ ᾼṼ Ӽ╥ⱢϠ ᵗ аȴ Єᾼ

ᾬ Ҡѿ Ӧḛ ѠהȲѿᵅכӐцᵅ ḖᾼѠה

ᵗḛ ȲᵀṳЛ∂ ӣ֯REDṆ Мȴ♄ἤ  (GAC)֪Ɫ
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צ ᾬᾼכғ Ȳ╝֯ Ṇ ᴕ ϯȲҠ Ɫ ṾᾼRED

› ᶾ ȴ ᴖȲMFцUF ה ȲꞋҠ ᾬ

ц ᾬ ד ⇔ᾼ Ȳѹצ ᾛПЄ ӣ Ẃȴ

ὑ ḖцἬ Ӣᾼ∂ ᵂכӐȲẂֽMFȳUF

ᶾ Ȳ ֯GAC ᾎ҉иᶙכ› Џᵂ И

∂ ӣȴ ᾎМNF צ ᾼ› Ȳᵀ ᴕ ᾼ

╥Є Ȳ ṿREDᾼ ҏ ᵅȲ֪ױ Л╥

Ԓ ᾼ› ᶾ ȴױҵȲDD (Donnan Dialysis) цMEC 

(Microbial Electrolysis Cell) ֢֯הѬ М Ὑצ Ȳ

Є Ғ ҏȲѹЛ Ӑכ ҒȲ ᴖ

֪ оᾼ ӣỮӑ цȲ╝ ὍЄ╟ᵂᾼҠᴩἤ‍ ắ Ȳ

Ьדצ Єᾼ ḔῈ ȴ 

› ᶾ ᾼ ӣȲ ὑ ế֯ REDṆ М ₧ ᶮᾼ

ӢȲ֝ ’  (v ғ ⇔ȲPower density) Ϟᴟ

ȴῶ2-5Мᵛԝ ⇔цᵅ ⇔Ȳ֯ Л֝Ѭ

П› Ѡה Ȳ ὑRED ᾼ с ȴ ᾼ›

ᶾ ȲẂֽRSF (Rapid Sand Filtration)ȲכӐד ᵅ Ȳ⁯Ҡ

сREDּ8.3%פП ғ ⇔ (Power density) Ȳ ᴖȲ

Ьậḟὑ Ѭ ᾼẃ ‍ȴכ ᶾ ȲẂֽMECȲҠ

REDғ ⇔ (Power density) ẞ26.0%ᾼ ȴ ȲNFᾼ

› ῶ Ȳ ὑREDṆ ᾼ сȲЬῶ ֽ֮

ᾼ Ȳ 45.6%ȲᵀЬ ᴷ ᾼ Ȳѿ╚ ד

֥ừП› ᶾ ȴ 
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2-38 REDᶧПѬ › ᶾ  (a) ȷ(b) ȷ(c) ḛ ȷ(d) ֵ Ю

ȷ(e) DD (Donnan Dialysis)ȷ(f) CF (Cartridge filters)ȳMFȳUFȳNF 
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ῶ2-5 Л֝Ѭ Л֝› ᶾ REDғ ⇔П с  
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Ϯ  ᶾ שׁ ц  

П Ӑ ӣ ᾓ∟ȲӐ ᶾ שׁ

ц Ȳ П ӣ Ḇ ϚḔᾼ ȴ 

Ϛȳ ᶾ שׁ  

› ᶾ ֕ иέ Ἤ ȲPROȳRED CREDʒ

Ɫ ẓ ἤП ϩᶾ ȲᴖCAPMIXȳCDP MEBʒ Ữ ὑ

ṅשׁ⅍ ◕П ᶾ ȲѹẔ Ḋ ậ ӑẃṆ ὍЄц

ӼⱢᶾ ȴ֪ױȲѿ ᶾ оⱢӭ ȲӐ ậ

PROȳRED CREDᴩ ᶾ Ҡᴩἤׁש иέȴ 

(Ϛ)PROREDʒ ȲѹБẓנ ṅשׁ ẂȲẔᶾ

כ TRL 5-6Ȳפּ⇔ CREDʒ כ TRL 4-5Ȳפּ⇔ ֪Ẕ

RED דӾȲ ẔҠӴὑ REDׁשṅ ϱȲ ᶾ שׁ

ȴ 

(ϡ)PRO ѻ ѬиІ Ȳṳ Ӣ ϩȲ

ᴖRED CREDꞋ І ᶮכ ᴯ ᴖ ẞ

ӭᾼȴṼ ѝ ц֢ ₤ Пׁשṅ ᵫȲPROṆ Ɫ0.20-

0.40 kWh/m3ȲѹPRO Ɫ0.07 ï 0.72 USD/kWhȴᴖREDפӐּכ

CREDПṆ ᵅὑPROȲּ0.15-0.35פ kWh/m3Ȳᴖ ᵫ

ӱREDⱢ0.07 ï 0.13 USD/kWhȲ CREDӭ› ѝ Ἠׁשṅ

ӐȲᵀӦὑCREDⱢREDПכ Ӣᶾ ѹ ᵂϱדӾȲ╝

ᴷẔ Ӑϱכ REDדῺȴ╝ὑṆ Ӑכ Ȳ

RED CREDʒ ẓ ȴ 

(Ϯ)PROʒ ṿӣ⁴⇔ П ȲỞ ẓצ ᾼѬ Ȳѿᵓ Ӣ

Ѭᴯ ȴ PROӭ›ᶾ Ьắ ὑ ѽ ӣ

ẓכӐ П PROȴ ᴖ RED CREDἬ Іӻ

Ḋ …Ɫ вҵ ᾛ ӣПѬ֫ןᶾ - έ Ѭᶾ -



 

оπ2 
 

ṿӣПḊ Ȳӭ› вБ ױ ᵓȲ╝RED

CREDП Ḋ оᴞѻҠᴩἤ ȴױҵȲ Ӏ ▲

έȲӭ›PRO…ṿӣ ῺПӔד  (Forward osmosis, FO) 

ȲẔ Aquaporun InsideTM hollow fiberцPorifera ӂὰ

Ȳậ ï 5,000 USD/m2ȴRED 220פӐּכ CREDἬ Іӻ

Ḋ ꞋБ оȲREDἬ Ḋ Пậ ⱢפӐּכ 470 ï 

1,840 USD/m2ȲᴖCRED֪ṿӣכӐ ᵅП Ȳ╝ậ פӐּכ

Ɫ420 ï 1,500 USD/m3ȴ֪ױȲRED CREDПḊ ᴞѻἤ Ӑכ

ᾨѠ PROẓ ȴ 

(ҳ)REDCREDẔ Ἐ…Ӧ вҵ ᾛ ӣП έ

ẒЄ Ѭ֫ןПᶾ ȲO Ẕ Ḋ Ɫ Іӻ

Ȳ вБẓ ᴞѻо П Ԓᶾ Ȳṿ Іӻ БҠ

оȲṳѹ Ḋ Б Ϥ ◕ȴ֪ױȲ ֥ в έ

П оЏ Ḋ ᶾ Ȳ Ҡ с RED

CREDʒ о ᾨϩȴ 

(Х)ὑ о ∂ Ȳ в ῏Бẓ έ Пד

Ḋ ᶾ Ἥ ϩȲױҵБᴭ ϱ/М/ϯ ᾼḊ

/ /ӣ Ȳ∂ ᶙ ᾼ о ȴЄ сRED CRED

ᶾ ӑẃὑ в П€ ȴӑẃ᷾ϤREDἨCREDʒ

Ȳ ᵗὑצ о ᵉᶝȴ 

ѿϱиέȲPROẓ ᶾ כ ⇔ ȲᵀṼӐ

ѿ ᶾ оП  ӭ Ȳ ֥ ϡ Ϯ

Пᶾ иέȲRED CREDПᶾ כ ⇔Ьẓ Ὲ Ȳ

ѹẔṆ ȳ ӐȳḊכ о ∂ ПҠᴩἤ PRO

ẓ ᾨ Ȳ֪ױȲӐׁשṅМ RED CREDʒ Ɫ∟ Ѭ

ᶾ Ҡᴩἤ ᴷׁש Ѡ֣ȴ 
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ϡȳ ᶾ Ḋ Ԉ 

RED CRED ᶾ иȲяẔ֯ Ḋ

ᾼ ứỮ ֵѠᴕ ȲⱢ ᴷӐ ∟ ᶾ Ѡ֣ Ȳ

ᴕ REDצ CRED ᶾ ѝ ᴩ ⅍ ᾼ

∂ ᵂ Ȳ ֥ ᾼ Ѡᾎц Ἤ Ȳѿᵓ∟

ᴷᶾ ᾼҠᴩἤȴ ᶾ ᴷ Ȳ Ɫ ᶾ ᾼ

ӣ ứ Ȳṳᵗὑ ᶾ ֯ү ᾼ ϚḔ ȴ 

ῶ3-1ԝҏ֢הRED CRED ᶾ ᾼ ∂Ḋ Ȳֽ І

ӻ ȳ Ḋ ȳ Ԉц ȴẔМȲ Іӻ

(ion exchange membrane, IEM)╥ ᾼѻ ֪ІȲ ֵѝ ―

Ḋ ᴩ оȲ ẞ ἤ(> 95%)ȳᵅ  (<1 

ɋcm2)ȳ о ứἤц ṿӣ Ễ ӭ (G¿ler et al., 2013)ȴᴖ Ḋ

ᾼ Ϸ ắ ӭȲῺ ᾛṿӣᾼ …Ru-Irᵉὑ (Tufa 

et al.,2018)ȴױҵȲ Ғ ᵂ ⇔Ҡ с Ѭ ⇔ȳ‚ І Ȳ ᵅ

ớ ᴖ с Ȳ REDṆ ᵂ ⇔ϱсᴟ40̆ Ȳғ

⇔(Power density)Ҡ 8 W/m2ȴṿ о ᶮכ І☼

ᾼ֯׀Ϸϫи Ȳ֯REDМ ṿӣ[Fe(CN)6]
3-/[Fe(CN)6]

4- о

Ɫ Ȳ ᴖч М ӢПצ оᾬЬ Ḃ ȲⱢױЛ

о ч ᾼCREDʒ Ở ȴ 

CREDᾼ REDדᴿȲЛ֝ᾼ╥CREDṿӣᵶ ḊП

׀ І Ӣ ☼Ȳ֪ױЛ Ӧ о Ӣ ☼Ȳ╝ᵶ

[Fe(CN)6]
3-/[Fe(CN)6]

4-Пצ юṿӣȲậᴖ҅Пᾼ╥ ◖

ᾼ NaClWⱢ ȲNaClҠᵂⱢӔ І ֯׀ М ᵗ

Ȳׁשṅ ӱṿӣ2 M NaClҠѩ0.25 M NaClҒ15%ᾼ ȷ

ᴖ֯CREDṆ МȲ ☼ ṳӑ כ ȲḆꜙᴟ

ṿӣ(Vermaas et al.,2013)ȴ 

ϱἬ Ҡ῀ȲRED CRED Ἐ…Ӧ έᶾ Ӣ

ᴖẃȲ ἤҬ֯ὑ Ḋ Ḋ Л֝Ȳ֪֯ױᶾ שׁ ϱṳ

Л Ȳᵀטּ ᶾ Ԓ∟ἤᴖṕȲREDʒ כנ ⇔ Ȳѹ
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ד Ḋ вБצẓ Ȳᴖ CRED⁄֪Л

ṿӣ цᵅכӐ Ȳ֪ Ҡ֝ױ ᴩ ᵂⱢϯ ◕ᵅכӐП

ᶾ Ȳѿ Є ᶾ Ȳ о в ᾨϩȴ  
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ῶ3-1 ֢ ה ᶾ ᾼ Ḋ ȳ ᵂ ц ѩ  

ᶾ ȷכ   Ḋ   

/ɑ І ⇔
Ѭ ⇔ 

(NaCl) 

⇔ 

ғ ⇔ 
(Power 

density) 

ẃ  

RED 

( ⅍) 

RP1 AEM, CEM 

(Fujifilm)ȷ50 cell 
pairs of 100 cm2 

RuïIr oxide 

coated Ti 

electrode 

0.1 M K3Fe(CN)6, 

0.1 M K4Fe(CN)6, 

2.5 M NaCl 

5 M/0.1 M 40 ÁC 8 W/m2 
Tedesco et al 

(2015) 

RED 

( ⅍) 

CEM, Fujifilm Type-I, 

AEM, Fujifilm Type-

Iȷ100 cell pairs of 
19.63 cm2 

Pt-coated Ti 

mesh 

electrodes 

50 mM 

K3Fe(CN)6 , 50 

mM K4Fe(CN)6 

0.513 M/0.017 

M 
 0.06 kWh/m3 

Kim et al 

(2021) 

RED 

( ⅍) 

Lab-made pore-filling 

ion exchange 

membranes ; 5 cell 

pairs of ҏҗӄҔ ;m2 cm2 

platinum clad 

niobium mesh 

0.5 M K3Fe(CN)6, 

0.5 M K4Fe(CN)6,  

0.58 M/0.017 

M 
 2.4 W/m2 

Kim et al. 

(2015) 

CRED 

( ⅍) 
Neosepta CMX/AMXȷ

30 cell pairs 

capacitive 

electrodes at 

size 10î10 cm2 

0.25 M NaCl 
0.508 M/0.017 

M 
 0.96 W/m2 

Vermaas et al 

(2013) 

CRED 

( ⅍) 

CEM membranes (FKS-

15)ȷAEM membranes 

(FAS-15)ȷ10*12 cm2 

carbon graphite 

of 16î16 cm2 

0.05 M FeCl3 and 

NaCl 0.25 M 
0.5 M/0.017 M  1.141 mW/m2 

Najmiyah et 

al (2018) 

CRED 

( ⅍) 

CEM-Type I, AEM-Type 

Iȷ40 cell pairs of 39.3 

cm2 

activated carbon 

(AC) capacitive 

electrodes 

0.513 M NaCl 
0.513 M/0.004 

M 
22Ñ1 ÁC 1.6 W/m2 

Oh et al 

(2021) 

CRED 

( ⅍) 
CEM (NafionTM117)ȷ 

2.24 cm2 

capacitive 

electrodes 
NaCl 5.13 M/0.17 M  5.26 W/m2 

Wu et al. 

(2023) 
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Ϯȳ ∂ ☼ṅשׁ  

Ɫ ϚḔ ᴷ Ѭ ᶾ ᾼҠ ἤȲѿ RED CRED

ᶾ ᴩҠᴩἤԒ ᴷȲ∂ ⅍ Ȳ

ṳ Ẕ ȴ ᴕ Ϯ ῶ3-1ἬԝҏПRED CRED Ḋ

ֽ Іӻ ȳ Ḋ ȳ Ԉ ᴩRED CRED

∂ ☼ṅשׁ ᴷֽ 3-1Ἤӱȴ 

 

 

 

ṅשׁ 3-1 ▐ ☼  

 

(Ϛ) Ḋ ȳ ц∂  

Ḋ ȳ /Ṇ ᴩ ⅍ ᾼ

∂ ᵂ Ȳѿ ᶾ ᾼҠᴩἤ ứἤȲ ѿ ᴷ∟ Ѡ֣

Ȳ֯Ḋ и ᴕ П І ếᵮ  ȳ ḊП

І ἤếֹו ἤȳ ѱП ѿ ’Ѭ☼ᶁлиӁṳᴕ І
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Ṇ  ᾼ Ȳ /Ṇ ϱ ᴕ ѬП☼ ה

ẔМ Counter-flowҠ ẁḆᶁлᾼ ϩ Ṿ ὑױ ה

ᾼ (Tufa et al., 2018)ȲҫҵϷ ᴕ ⅍ᾼׄ ᵍֵ І

ᵅ ȴ֯ RED CREDП ⅍ ᾼ ѐЉⱢ

13.5 cm Ė 27.5 cmȲ Ϛצ ☼Ɫ0.017 m2Ȳפּ ⁴⇔Ɫ

0.2 cmȴREDцCREDП ȳ Іӻ Ꞌṿӣ ḊAstom

ᴩҠᴩἤ ᴷ ȴREDцCRED ∂ ѱֽ 3-1ц 3-

2Ἤӱȴ 

 

 

3-2 RED в Ḋ  

 

 

3-3 CRED в Ḋ  
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∟ ѱֽ 3-4Ȳ ӱ ֽ 3-5ἬӱȲ֯ Ẓ

ὰП ӻ Ὅ ȳ Іӻ (AEMȳCEM)Ȳ М ṿӣ

῁ ѱ(spacer)☼ Іӻ Ȳṿ Іӻ П ᶮכ

⅍Ȳ֯ ҵ П ⅍ Ὅ Іӻ ȲẔҵⱢ ⅍Ȳ

⅍ҵП ⅍ὍϤ ὰ(Anode)ȲҫϚ ⅍ҵП ⅍ὍϤ

ὰ(Cathode)Ȳ ⅍Мצ (electrode rinse solution)ѿϯ

ѬȲ Ѭὑ ⅍ Ȳᴖ Ѭ ᵅ І ⇔Ѭиᵑ ϯ

Ѡ☼Ϥ ⅍Ȳ ᴟ֢ ⅍∟ ϱѠ☼ҏȴ ȳ ⅍М

֪Ɫ ⇔Л֝ᴖ֯ Іӻ ϱᶮכ ᴯ ᵛⱢ ᴯȲӦ

⇔ ⇔ᵂⱢ ϩȲ ṿ М ІӦ ⇔ П ⅍֣ ⇔ᵅП

⅍ Ȳ ᴖ Ӣ ϩȴ 

 

 

 

 

 

3-4 RED CRED  
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3-5 ӱ  

 

(ϡ)CRED Ѡהȸ 

П Ṿо ѠⱢḂ Ḋȸ ȸ Ḋ = 80ȸ

10ȸ10ȲԒ Ḋȳ ᵑ ὑ N-ӧ ₐ (1-Methyl-2-

pyrrolidone, NMP)Мᶁл Ἧ24Њ Ȳԛ

ḊҒϤ МȲ ᴩ24Њ ᾼᶶ Ἧ∟ᵛҠᶙכ Ḋ ȴ

֝ Ɫ ᴩ ₇ Ȳ Ḋᾼᾬἤếи ἤȲ

Л֝ỆᵶѩП ḊȲ ᴩ ⇔ Ȳ Ὠ ӱ ⇔ й

(shear rate)Ғᴖ ᵅȲẔ☼ ἤ ҠӣCarreau modelẃ Ȳѿ

17% ☼ ἤ ṾȲ23%ế24%֯ɑ й ⇔ Ȳ☼ ἤЛ

Ṿ( 3-4)ȴѿ ᵉἤẃ ȲỆᵶ ѿ23%ⱢṾȷчПȲ17%ᾼ

ὔצ ȳ ᾭ ȳ ȷ24% ☼צ⁄ ЛṾȳ

ᾭ ȴ֪ױȲ Ệᵶѩ ứ ạ֯ 23%Ȳ ⇔Ɫ
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200 cPȴ 

 

 
3-6 Л֝ Ḋ Ệᵶѩ ⇔  

 

CREDП♄ἤ ᵂ☼ ֽ 3-7ἬӱȲ…ṿӣֵэ

ἤ♄ἤ ẓ ἤ ПӰ ҒϤPVDF (binder)ὑNMP М

ᴩ ᵂȲẔ ῶ3-2ἬӱȲҔᵶ80% ♄ἤֽכ ȳ10% Ӱ

ȳ20% PVDF77% ᵶѩПNMPȴ ᶁл∟( 3-8)Ȳ ױ

ᵉᴟ ὰϱ( 3-9)Ȳ ∟ ὰὑ 140 oC М 4Њ

∟Ȳ йכ Ἤ  Ɫ28 cmⱢ10 cmПѐЉȲ₇ֽכ

3-10 Ἤӱȴ 
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3-7 ᵂ☼  

 

ῶ3-2 כ 

 80% AC 10% PVDF 10% Ӱ  

23%Ệᵶѩ AC: 15.1 g PVDF: 1.88 g Graphite: 1.88 g 

77% ᵶѩ NMP: 41.5 g NMP: 16.88 g NMP: 4.37 g 

 

 

3-8 CREDП♄ἤ  



 

оπ12 
 

 

 

3-9 CREDП♄ἤ ᵉ ᶧ 

 

 

3-10 CREDП♄ἤ  
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(Ϯ) Ҡᴩἤ ₇  

1ȳ ₇ȸ 

Ӑ Ἤ ӣП ₇ ֽῶ3-3ἬӱȲ ₇ᶁⱢ ȴ 

ῶ3-3 ₇  

₇֤  

о ӣ ה  

Мѝ֤  ѝ֤  

о  Sodium chloride NaCl 

REDцCREDȳ

ᵅ І ⇔ Ѭ ѿ ц

CREDѬ 

о  Potassium chloride KCl ⇔ Ӕ 

Ṹ о  
Potassium 

hexacyanoferrate(III) 
K4Fe(CN)6 RED  

о  
Potassium 

hexacyanoferrate(II) 
K3Fe(CN)6 RED  

о  Sodium hydroxide NaOH pH 

 Hydrochloric acid HCl pH 

о  Magnesium chloride MgCl2 Ѭȳ Ѭ 

 Calcium sulfate CaSO4 Ѭȳ Ѭ 

 

2ȳ ȸ 

Ӑ Ἤ ӣП ֽῶ3-4ἬӱȲRED CREDҵ

ṓ 3-11ȴ 

ῶ3-4  

֤  /₤  ӣ   

⌡ ᴯ  SP-150 
М OCVȳ

☼ ἤ  

⇔

(0.001mV/0.001mA) 

⇔  
WalkLAB HC 

9021 

ȳᵅ І ⇔Ѭ

⇔ 
⇔(1 %) 
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֤  /₤  ӣ   

 SPP-BT100N 
ȳᵅ І ⇔

Ѭȳ  
(-) 

Іӻ

 

(CIMS) 

Astom 
RED CRED ṿ

ӣП Іӻ  
ἤֽ 3-11 

Іӻ

 

(ACS) 

Astom 
RED CRED ṿ

ӣП Іӻ  
ἤֽ 3-11 

ὰ  
RED ṿӣП

ὰ 

ὰ(Pt) 

ὰ(Ir-Ta) 

 ᴞ  
CRED ṿӣП

ὰ 

Ḋȸ♄ἤ  

ὰȸ ὰ 

☼   

RED CRED ṿ

ӣП ȳᵅ І ⇔Ѭ

☼  

⁴⇔ȸ0.2 cm 

 

ῶ3-5 ӣ Іӻ ἤ  

IEM  (ɋcm2) ⇔(MPa) ⁴⇔(mm) ⇔(ÁC) pH 

CIMS 4.5 ʿ0.4 0.21 ʾ60 0 ï 14 

ACS 3.8 ʾ0.15 0.13 ʾ40 0 - 8 

 

 

3-11 ☼
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ҳ  Ѭ ᶾ ҠᴩἤԒ ᴷ 

⅍ ᾼ Ԓѿᴞᴩ ᾼ Ѭ ᴩ

ᴷȲ∟ ԛậӣ Ѭẃ ᴩ ȴ ѿᴞᴩ

ᾼ Ѭ ᴩ ȲK Л֝ Ѭцᵅ І ⇔ѬѩẂế ⇔

Ȳ∕ Ԉ∂Ӵ∟Ȳ∟ ѿᵶ ₧ ІכиП ѬἨ

Ѭ ᴩ ғ ⇔ ứἤ ȴ Ὑֽϯȸ 

ϚȳREDцCRED Ԉ Ṽ  

Ӑׁשṅѻ RED CREDᴩ ҠᴩἤԒ ᴷȲѻ

ᵂ֪ІҔ╗ȸ Ѭ/ɑ І ⇔Ѭẃ ȳ Іӻ ☼ П֪

ȴ 

(Ϛ)Ԓ П ⅍ ᵂ  

Ӑ ӦRED CREDʒ ᴩ Ҡᴩἤ ȲK

ᵂ ֽϯȸ 

Å ȸ1ɇ5  

Å Ѭ/ɑ І ⇔Ѭ ☼ ⇔ȸ0.8 ï 4.0 cm/s 

Å Ѭ/ɑ І ⇔Ѭ ȸ< 30 ȳ30ɇ100 > 100 Ȳ

ẔМȲ Ѭ ⇔Ɫ3.5ɇ11.7% NaClȲᴖᵅ І ⇔ѬṼ

Ѭ ȲẔ ⇔Ɫ0.03ɇ0.58% NaClȴ 

Å ѬМ / І֪Іȸ 35ϯȲ[Ca2+] = 450 mg/Lȳ [Mg2+] 

= 1,350 mg/Lȷ 58ϯȲ[Ca2+] = 750 mg/Lȳ [Mg2+] = 2,250 

mg/Lȴ 

ϱ Пᵅ І ⇔Ѭẃ иέ иέֽῶ 4-1ἬӱȲὑ в

ἤ ᵅ І ⇔Ѭ ѽП ӣ ϯȲֽѿЏ Ѭ

ὍѬ Џ ⇔ Ɫᵅ І ⇔Ѭẃ ȲẔ Ҡ

30ȲẔפּ Ɫӑẃ Ҡ Џ ֥П ϩȴֽ ֥Ӣ♄

ᴆѬ ȳѬ МїȳᴞẃѬ Ἠ Ѭ П ὍѬȲѿц Ὼ

П ֮ϯѬȲẔ Ҡפּ 30-100Ȳѹẓ ֵа Ѭ
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ẃ ᾼ ȲⱢᵅ І ⇔Ѭᾼ∂ ẃ ȴֽҠậ

ᾈѬ ᴩ ȲẔ ⁄Ҡ сᴟ100ѿϱȴ 

 

ῶ4-1 ᵅ І ⇔Ѭẃ иέ 

/ɑ І ⇔Ѭ

 
Ҡᴩᵅ І ⇔Ѭẃ иέ  

<30 
Џ Ѭ ὍѬȳЏ ⇔

 (ֽ RO reject, ROR) 

Џ ֥ 

30 ï 100 

Ӣ♄ᴆѬ ὍѬȳѬ Мї Ὅ

ѬȳᴞẃѬ ὍѬȳ Ѭ ὍѬȳ

Ὼ П ֮ϯѬ 

ֵа Ѭẃ  

> 100 ᾈѬ 
 

 

(ϡ) ғ ⇔ Ѡᾎ 

1ȳRED ғ ⇔ 

ч֣ έ(Reverse ElectrodialysisȲRED)╥ᵓӣ

⇔ ⇔(salinity gradient)ẃ Ӣ Пᶾ Ȳ֯ Ẓ ὰП

ӻ ӂᴩὍ Іӻ (anion exchange membraneȲAEM)

Іӻ (cation exchange membraneȲCEM)Ȳṳṿӣ ѱ

(spacer)Іӻ Ȳṿ Іӻ П ᶮכ ⅍

(compartment)Ȳ֯ ҵ П ⅍ Ὅ Іӻ ȲẔҵⱢ

⅍Ȳֽ 2-2ἬӱȲᵅ І ⇔Ѭ ⅍ҵП ⅍ὍϤ ὰ

(Anode)Ȳ Ѭ ⅍ҵП ⅍ὍϤ ὰ(Cathode)Ȳ ⅍М

צ (electrode rinse solution)ὑ ⅍ ȴ֯ӻ ᾼ

ȳ ⅍М☼Ϥ Ѭ ᵅ І ⇔ѬȲẒ ֪Ɫ ⇔

Л֝П ⇔ ⇔֯ Іӻ ϱᶮכ ᴯ ȲᵛⱢ ᴯ(ֽ ᾈ

Ѭȳ ѬП ᴯּפⱢ800 mV)ȲẒ Ӧ ⇔ ⇔ᵂⱢ

ϩȲ ṿ М ІӦ ⇔ П ⅍֣ ⇔ᵅП ⅍ Ȳ

ѬМ Ӕ П І Іӻ ☼Ϥᵅ І ⇔ѬȲ

чПȲ П І Іӻ ☼ϤҫϚ Пᵅ
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І ⇔ѬȲӦὑ Іӻ ᾼӻ ԝȲ ẃכ Ӕ П

Іᶁ CEM☼֣ Ȳ П Іᶁ AEM☼֣

Ȳ І☼Ϥ ⅍ Ϡ ⅍М МἤȲṿ ὰ

ῶ Ӣ ч ẞ Іѿ ═ МἤȲᴖ ⅍Мᾼ

І ⅍ Ϥᵅ І ⇔ѬȲ ὰ⁄Ӽ Ӣ оч

ҷҟ Іẃ ═ МἤȲ о ч ἬᶮכП І Ӧ

ҵ Ӧ ☼֣ ᶮכ Ӣ І☼Ȳᵛ ᵓӣẒכ

⇔Л֝ᾼ Ѭ ᴩ Ȳᴖ ֯ ⅍ Ṇ М֝

о Ȳ о ч Ɫ ȲῶӱЛ ᾬצ ӢכἨ

(ӂ Ɫ )ȴ 

RED ϩП ⇔ ὑẒ֯׀╥⇔ П ⇔

Ἤ ȲẔМ ⇔ ֣ὑἏᵅ ⇔ Ȳᴖױ ⇔

כ Мᾼ І☼ ⱢϚᴞ ἤᾼч (ȹG < 0)Ȳѿ ϩ

ᾼ ȲҠ῀Ẓ ⇔Л֝П ֯׀֥ ϚᴞӦ ȲᴖẔ

еֽהEq 5.1.1ȴ 

 

(Vermaas et al., 2013; Yip & Elimelech, 2012)ȸ 

 

ЎὋ ὙὝ ὅÌÎ‎Ͻὅ
ρ Ὢ

Ὢ
ὅÌÎ‎Ͻὅ

ρ

Ὢ
ὅÌÎ‎Ͻὅ  

Eq 4.2.1 

 

ȹGmixȸẒ Ѭ ֥ПᴞӦ  

Rȸ  

Tȸ ⇔( ᴯⱢK) 

Cȸ Ѭ ⇔( ᴯⱢmole/L) 

ɔȸ І♄⇔…  

fȸᵅ І ⇔ѬҜ ֥ ѬПѩẂ 

LSȸᵅ І ⇔ѬȲHSȸ Ѭ 
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Ṽ ᾼеהҠḖ 550 mlᾼᾈѬ(5 mM NaCl)ế 450 

mlѬ(0.5 M NaCl)Ȳ֥Ҡѿ Ӣ0.73 KJᾼ (Post et al., 2008)Ȳ

ᴖᴞӦ Ҡѿ Ѡ Ḗҏ(Nernst equation)ה П ᾼ

ᴯ ȲֽEq 2.1.2ȸ  

 

 Ὁ
ὔ ‌ὙὝ

ᾀὊ
ὰὲ
‎ Ͻὅ

‎ Ͻὅ
 Eq 4.2.2 

 

Eemfȸ І ϩ( ᴯⱢV) 

NmȸṿӣП Іӻ  

Ŭȸ І Ṇ  

zȸ Іӻ П І  

FȸᾎἮ (96485 C/mole) 

 

Eq 2.1.2ȲREDṆ П ᴯ ЄЊѻ ắẞ (Nm)ȳ

І ἤ(Ŭ)ȳ ⇔ ⇔(SGP)ếӻ ІП Ȳצ

ᾼϱ ᶁ REDП ᴯ ȴ 

Ӧ Ḗ Ṇ П ᴯ ȲҠԛӦ ớứ√ḖҏRED

(U)ế ☼ ⇔(J)Ȳ еֽהEq 4.2.3ȸ 

 Ὗ Ὁ *!Ὑ  
Eq 4.2.3 

Aȸ Іӻ צ  

RstackȸRED   

 

ᴖREDṆ ᾼ  ϭҠиⱢ ớế‍ ớ  ȲṳӦֵ

ԌḟứẔЄЊȲҔᵶ Іӻ (ion exchange membraneȲ

IEM)ȳ ếẔ҃REDṆ  ȲẔ еֽהEq 4.2.4ȳEq 

4.2.5ȸ 
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 Ὑ Ὑ Ὑ  Eq 4.2.4 

 Ὑ
ὔ

ὃ
Ὑ Ὑ

ρ

„

Ὠ

ὅ

Ὠ

ὅ
Ὑ  Eq 4.2.5 

 

ůȸ Ѭ ⅍ᾼ  

dȸ Ѭ ⅍П ⇔ 

 

֥ϱ Eq 4.2.1 ~ Eq 4.2.5―Ҡּפ ῀Ȳֽ Ṿ

REDғ ҏȲᵛ Єᾼצ ế ☼Ȳ֪ױȲ сREDғ

ҏȲӭ ╥ с ⇔ ⇔Ȳ ѬП ᾼᴞӦ (ֽ

/ɑ І ⇔Ѭ ⇔ )Ȳṳѹ ᵅREDṆ ᾼ  ȴ 

ṅשȲӐׁױ֪ ạ Іӻ ȳ /ɑ І ⇔

Ѭ ☼ ⇔ /ɑ І ⇔Ѭ ⇔֪ІȲиέ ᴷẔRED

ғ ⇔ȴ 

2ȳCRED ғ ⇔ 

CREDⱢῺד ᾼ ᶾ Ȳ…ᵓӣ Ѭếᵅ І ⇔

Ѭ ֥Ɏᵛ ⇔ ⇔ ɏ ϚḔӢכ ϩȲẔṿӣ ᴿREDМ

ᾼ ế ȴᴖ Ѭ ᵅ І ⇔ѬП ᾼ ⇔ ὑ

І ἤ Ẓ ᶮכ ᴯ Ȳױ ӣᵂҠԛӢ ᾼẃ ȴ

CREDד Ẕ҃ᶾ ᾼ ἤ֯ὑȲһб ֯ Ϛ П

ṿӣֵ аȲ֝ ṿӣ ᵍREDṆ Мᾼ

о ч ȴ …ṿӣ  ὰⱢ Ἁᾼᾼ♄

ἤ ׀ ІцẔ ȴױҵȲ ứ й Ѭ ц

Ḃ ☼Ѡ֣Ȳ ’ Л Іᵮ  ếȴ ᴖ

CREDМȲẔ ᴭ Ȳṿ ᾼ҉ ѩѿἏᾼ

֥ᶾ ɎCAPMIXɏḆ ȴ֪ױȲCREDᾼ ֯ ế

Ѡ ѿ›ᾼ ֥ᶾ Ḇẓ ȴ╝ṿӣ

ᾼCRED ᶾ Ẕ ṿӣ о Ἁ
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ᾼREDḆẓ ᾨϩȴ֪ױȲCRED Ɫ╥Ϛ ứȳׄԓȳ

ѹ ᾼ ᶾ ȴ 

ֽ 2-3ἬӱȲCREDП а…Ӧ Іӻ ɎCEMɏȳ

ᵅ І ⇔Ѭ ⅍ȳ Іӻ ɎAEMɏế Ѭ ⅍

Ȳṳכ Ӣ ᴯ Ȳױ а כ REDᾼ аדᴿȴ

ὑCRED МȲҠ֯ П ֵ аȴ

ἤ І ᾼ …Ӧ Ѭếᵅ І ⇔Ѭ ᾼ

⇔ Ἤ Ȳὑ֝ױ ֯ḕ ϱ Ӣ ᴯ ȴ І☼֯

Ɫ ☼ Ȳױ ᴯ Ҡѿӣᵂ ȴױҵȲRED

CREDП Ẓ צ Ȳ REDМᾼ о

чȲCREDṿӣד ȴ Ӧ  ὰ

Ϛ ♄ἤ Ȳ♄ἤכ ẓ Єѩῶ ѿ ᴩ Іᵮ ȴ

ҵȲ♄ἤױ Ӽ ẓ ἤ Ȳѿᵓ І ѿМếד

ᾼ І ȴᴖ І ׀ ế Ȳ ☼Ѡ֣ ᴩ

й Ȳѿ Ὅ♄ἤ Мᾼ Іȴֽ 2-3ἬӱȲCREDὑ 1

◕ế 3 ◕ȲӦ Ӣᾼ ᴯ І ҏ♄ἤ

Ȳ Ɫ ׂ♄ἤ М МἤȲ ☼ ҵ ṳ Ӣ

ϩȴᴖ֯ 1 ◕ 3 ◕ ḇ Ȳ♄ἤ ֪

Іᵮ ṿẔ ὑ ếȴ╝֯ 2 ◕ế 4 ◕Ȳ Ѭ

ᵅ І ⇔ѬП ☼ й ȴ Ѭ ᵅ І ⇔ѬП

☼й ∟Ȳҵ ᶮכ ☼ ᵧ ═чѠ֣Ȳṳד Ӣ ϩȴ

ѿϱȲṿӣ ПCRED Ѭ ᵅ І ⇔ѬП

☼й Ȳᶙכ 1ᴟ 4 ◕П ѿ ӭᾼȲֽ

2-3ἬӱȲ 1ế 3 ◕Ɫ ◕Ȳᴖ 2ế 4 ◕

Ɫ Ѭй ◕Ȳ Ѭ☼й Ȳ ֝ ч ȴ 

ὑӐ МȲ ӣϠ constant load (CL) discharge technique

ᴷ CRED Ȳ Ϡ ἤ ☼М Ȳṳ

Ӣ ȴCRED … ẞ⌡ ᴯ Ẕ (OPC)Ȳ

ѿцṳ ҵ  ѿ Ӣ ȴ ṿӣҵ  цẔ Ἤ
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ȲҠѿṿӣѿϯеה ӂᶁғ ếӂᶁғ ⇔ 

(Power density) ȸ 

 

ὖ
ρ

ὸ ὸ

ЎὟ

Ὑ
Ўὸ 

 

ὖ Ȣ

ὖ

ὔ ὃ
 

 

ẔМȲP ╥ CREDḕ Ӣᾼӂᶁғ ɎWɏȲt0 ế t 

иᵑ╥ Ởế ḇᾼ ɎsɏȲȹU ╥  ᾼ Ȳױ  

CREDᾼ ȲRext Ɫҵ֝ד  ɎɋɏȲȹt ╥ М

ᾼ ȴPave. ╥ḕ ᾼӂᶁғ ⇔ (Power density) 

ɎW/m2ɏȲNcell ╥ ᾼ Ɏ ᴯɏȲAcell ╥ ᾼצ

Ɏm2ɏȴ 

ȲӐױ֪ ạ Ѭ/ɑ І ⇔Ѭ ☼ ⇔

Іӻ Ȳиέ ᴷẔCRED ғ ⇔ȴ 

ϡȳRED CREDҠᴩἤׁשṅ Ὠ 

(Ϛ)RED ṅשׁ Ὠ 

1ȳ Іӻ RED ғ ⇔ ᴷȸ 

Ӑ …ѿ 40% Ѭן Ɫ Ȳ ᴩ 5.8% NaCl

ѬП Ȳᵅ І ⇔Ѭ⁄ Ӣ♄ᴆѬ ὍѬ (0.10% 

NaCl)П ⇔ⱢѬ Ȳὑ 58 ϯȲ ᴷ Іӻ

ẃ RED П ȲẔМ Ɫ 0.02 M 

K3Fe(CN)6-K4Fe(CN)6Ȳ☼ ☼ ⇔Ɫ1.6 cm/sȴ 

RED ὑЛ֝ Іӻ ϯПғ ⇔ (Power 

density) …ֽ 4-1ἬӱȲ Ὠ ӱȲRED ṿӣ1ᴟ5

Іӻ ȲẔғ ⇔ (Power density)иᵑⱢ0.064 W/m2ȳ

0.18 W/m2( сּפ 185.9%)ȳ0.30 W/m2( сּפ 62.8%)ȳ0.31 
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W/m2( сּפ 2.7%)ȳ0.33 W/m2( сּפ 7.2%)ȲẔғ ⇔ 

(Power density) ϱсᴖϱсȴ ғ ⇔ (Power 

density) ϱс ⇔ ֵ∟ Ở юȲṼ еה(Eq 

4.2.2ȳEq 4.2.5)Ȳ Ғ Іӻ ȲẔ  (OCV)Ḇ

ȲᵀϷ֝ ҒϠ ṿ  ϱсȲ ч╣ὑғ

⇔  Ь╥צᵓȲѿױ ὨҠѿ ὙRED ᵂӇ Ҡ

Ғ Іӻ Ȳ ֵ   ҒȲᵀ с

Ṇ Ҡѿ ậḆֵғ Ȳѹ Ӣ֝דғ П ᾓϯȲṿ

ӣḆ ПREDṆ Ӑᴕכ֯ ϯ╥Ḇצᵓᾼȴ 

 

 

4-1 Іӻ RED ғ ⇔ (Power density) …  

 

2ȳ /ɑ І ⇔Ѭ ☼ ⇔ RED ғ ⇔ ᴷȸ 

Ӑ ᴷ…ѿ 40% Ѭן Ɫ Ȳ ᴩ 5.8% NaCl

ѬП Ȳᵅ І ⇔Ѭ⁄ Ӣ♄ᴆѬ ὍѬ (0.10% 

NaCl)П ⇔ⱢѬ Ȳὑ 58 ϯȲ ᴷ Ѭ ᵅ І

⇔ѬП ☼ ⇔ RED …ȲẔМ Ɫ0.02 M 

K3Fe(CN)6-K4Fe(CN)6Ȳ☼ ☼ ⇔Ɫ1.6 cm/sȲ Іӻ
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Ɫ5 ȴ 

Ệứᵅ І ⇔Ѭ ☼ ⇔Ɫ 1.6 cm/sϯȲḂ Ѭ ☼

⇔Ӧ0.8 cm/sсᴟ3.2 cm/sȲẔRED ғ ⇔ֽ 4-

2Ἤӱȴ Ὠ ӱȲ Ѭ ☼ ⇔Ӧ0.8 cm/sᴟ1.6 cm/sȲ

Ẕ RED ғ ⇔ (Power density) Ӧ 0.325 W/m2ϱсᴟ

0.328 W/ m2ȴᴖП∟ ☼ ⇔═ ᴟ 2.4 cm/s3.2 

cm/sȲғ ⇔чᴖ П ϯ ᴟ0.313 W/m2 0.231 W/ 

m2ȴ ӱ Ѭ ☼ ⇔ы ȲЛᵓὑצ ⇔ ϯП Ѭ І

ᴟᵅ І ⇔Ѭ Ȳ ғ ϯ ȴ 

 

 

4-2 Ѭ☼ RED ғ ⇔ (Power density) …  

 

Ɫ ᵅ І ⇔Ѭ ☼ ⇔ RED ғ ⇔П

ȲṼ› ᴷ ὨȲӐ Ệứ Ѭ ☼ ⇔Ɫ1.6 cm/sϯȲ

Ḃ ᵅ І ⇔Ѭ ☼ ⇔Ӧ1.6 cm/sсᴟ3.2 cm/sȲẔRED

ғ ⇔ֽ 4-3Ἤӱȴ Ὠ ӱȲɑ І ⇔Ѭ ☼ ⇔

Ӧ1.6 cm/sḔ ᴟ2.4 cm/s3.2 cm/sȲẔRED ғ

⇔Ӧ0.328 W/m2 Пϯ ᴟ0.279 W/m2 0.243 W/m2ȴ
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ӱᵅ І ⇔Ѭ ☼ ⇔ы Ȳ ⇔ о Ȳ

RED ғ ⇔ϯ ȴ֪ױȲӐׁשṅПRED …Ệứ Ѭ

ᵅ І ⇔ѬП ☼ ⇔Ɫ1.6 cm/sȲѹ∂ Ẕ Ѭ ᵅ І

⇔ѬП☼ ѩẂⱢ1:1ȴ 

 

 

4-3 ɑ І ⇔Ѭ☼ RED ғ ⇔ (Power density) …  

 

3ȳᵅ І ⇔Ѭẃ RED ғ ⇔ ᴷȸ 

Ӑ ᴷ…ѿ40 %Ѭן Ɫ Ȳ ᴩ5.8 % NaCl

ѬП Ȳᵅ І ⇔Ѭ⁄иᵑ ᾈѬ (0.03% NaCl)ȳӢ

♄ᴆѬ ὍѬ (0.10% NaCl)ȳЏ Ѭ ὍѬ (0.27% 

NaCl) ⇔Џ Ѭ (0.58% NaCl)П ⇔ⱢѬ Ȳὑ

10-193ϯȲ ᴷᵅ І ⇔Ѭẃ RED П

ȲẔМ Ɫ0.02 M K3Fe(CN)6-K4Fe(CN)6Ȳ☼ ☼

⇔Ɫ1.6 cm/sȲ Іӻ Ɫ5 ȴ 

ὑ40% Ѭן Ɫ ӢП5.8% NaClѬⱢ Ѭẃ

ϯȲ REDṆ ᾼғ ⇔ (Power density) ᵅ І ⇔Ѭ
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⇔П …ֽ 4-4ἬӱȲ Ὠ ӱREDṆ Пғ ⇔

Ѭ ⇔ϱсᴖϯ ȴֽ Ѭẃ ⱢᾈѬ(0.03% NaCl)Ȳ

Ɫ193ȲẔғ ⇔Ɫ0.35 W/m2Ȳֽ ᵅ І ⇔Ѭ

Ɫ פּ⇔ 0.10% NaClПӢ♄ᴆѬ ὍѬȲ Ɫ 58

ȲẔғ ⇔⁄ Ɫϯ ᴟ0.33 W/m2ȴױҵȲ֪ вᵅ І

⇔Ѭẃ ѽȲ֪ױȲⱢ ᴷЏ Ѭ ӣᴟ ҠᴩἤȲ╝

Ӑׁשṅ ᵅ І ⇔Ѭ ⇔ сᴟ0.27% NaClѿϱȲẔ Ὠ

ӱ Џ ѬПᵅ І ⇔Ѭ ϤREDȲ֪ ѬП

ϯ ᴟ20-10ȲẔ ғ ⇔иᵑⱢ0.23 W/m2 0.18 

W/m2ȴױ Ὠ ӱȲғ ☼֝ד֯⇔ ԈϯȲ

ᵅ І ⇔Ѭẃ ⱢᾈѬ Ӣ♄ᴆѬȲẔ Ѭ ⇔

50ѿϱȲ REDӢПғ ⇔ (Power density) דῺѹ

0.3 W/m2 ѿϱȲ ӱӢ♄ᴁѬ ὍѬҠậ҅ᾈѬⱢRED

Пᵅ І ⇔Ѭẃ Ȳṳẓ ṏֻᾼ ȴ ᴖȲֽ ᵅ

І ⇔Ѭẃ ḂⱢЏ Ѭ ὍѬȲẔ Ѭ ⇔

20ѿϱȲפּ REDП ғ ⇔ (Power density) Ь

0.2 W/m2 ѿϱȲᵀֽ ⇔Џ Ѭ ϤⱢᵅ І ⇔Ѭ

ẃ ȲẔ Ѭ ⇔ פּ 10 Ȳ REDП ғ

⇔ (Power density) ѿᵅὑ0.2 W/m2ȴ 

╝ӦӐׁשṅ Ὠ ӱȲὑ вѬ ѽП ӣ ȲӢ

♄ᴆѬ І ῺПѬד⇔ Ɫ Ѭ Пᵅ І

⇔Ѭ ȲױҵȲѿЏ Ѭ ὍѬ ⇔ (ֽ

ROR)Ɫᵅ І ⇔Ѭẃ ȲӼẓ RED Ҡᴩἤȴ 
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4-4 ɑ І ⇔Ѭẃ RED ғ ⇔ (Power density) …  

 

4ȳ Ѭẃ RED ғ ⇔ ᴷȸ 

Ṽ › ᵅ І ⇔Ѭẃ ᴷ ὨȲӢ♄ᴆѬ

ὍѬҠậ҅ᾈѬⱢREDПᵅ І ⇔Ѭẃ Ȳ╝Ӑ …ѿӢ

♄ᴆѬ ὍѬ (0.10% NaCl)Ɫᵅ І ⇔Ѭẃ Ȳиᵑ

Ѭ (3.5% NaCl)ȳ40%70% Ѭן П ѬⱢ ѬѬ Ȳ

ᴷ Ѭẃ RED П ȲẔМ Ɫ 0.02 M 

K3Fe(CN)6-K4Fe(CN)6Ȳ☼ ☼ ⇔Ɫ1.6 cm/sȲ Іӻ

Ɫ5 ȴ 

ѿӢ♄ᴆѬ ὍѬ (0.10% NaCl) Ɫᵅ І ⇔Ѭẃ

Ȳ REDṆ ᾼғ ⇔ Ѭ ⇔П …ֽ 4-5ἬӱȲ

Ὠ ӱREDṆ Пғ ⇔ Ѭ ⇔Ӧϱсᴖ≡ ϱсȴ

ֽѿ Ѭ(3.5% NaCl)Ɫ Ѭẃ Ȳ Ɫ35ȲẔғ

⇔Ɫ0.24 W/m2Ȳֽ Ѭ Ɫ NaClП 5.8%פּ⇔ Ѭ (40%

Ѭן )Ȳױ Ẕ Ӣ♄ᴆѬ ὍѬ (0.10% NaCl)П

Ɫ58ȲRED ғ ⇔ϱсᴟ0.33 W/m2ȴ   

ֽ Ѭן сᴟ70 %ȲẔ Ѭ ⇔ ᴟ11.7%Ȳ
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ױ Ẕ Ӣ♄ᴆѬ ὍѬ (0.10% NaCl)П ⇔ сᴟ

117ȲẔ ғ ⇔⁄Ὑ сᴟ0.45 W/m2ȴױ Ὠ ӱȲ

ᵅ І ⇔Ѭẃ ⱢӢ♄ᴆѬȲὑӭ› ӢП Ѭ

⇔Ȳ REDӢПғ ⇔Ҡ 0.3 W/m2 ѿϱȲẓ ѿRED

ᴩ ПҠᴩἤȴӑẃֽ с Ѭן ᴟ 50%ѿϱȲ

Ҡ ậḆֵ ѬȲѹẔ Ѭ ᵅ І ⇔ѬП ⇔ Ȳ

ғ ⇔ẓ Ӕ֣ ȲᵀЬ ϚḔᴕ Ѭן

Ἤ ҵ Ӣᾼ П ӂ ȴ 

 

 

4-5 Ѭẃ RED ғ ⇔ (Power density) …  

 

(ϡ)CRED ṅשׁ Ὠ 

1ȳ ☼ ⇔ CRED ғ ⇔ ᴷȸ 

Ṽ › ᵅ І ⇔Ѭẃ ᴷ ὨȲӢ♄ᴆѬ

ὍѬҠậ҅ᾈѬⱢREDПᵅ І ⇔Ѭẃ Ȳ╝Ӑ …ѿӢ

♄ᴆѬ ὍѬ (0.10% NaCl)Ɫᵅ І ⇔Ѭẃ Ȳ

Ѭ (3.5% NaCl)Ɫ ѬѬ ( Ɫ35)Ȳפּ ᴷ ☼ ⇔

CRED П ȲẔМ Ɫ0.2 M NaClȲ Іӻ
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Ɫ1 Ȳҵ Ɫ2ɋȴỆứ ȳᵅ І ⇔Ѭ ☼

⇔ѩȲ֝ ȳᵅ І ⇔ѬП ☼ ⇔Ӧ1.6 cm/sсᴟ4 

cm/sȲẔғ ⇔ Ὠֽ 4-6ἬӱȲғ ⇔ ☼ ⇔ Ғ

ᴖצϱсП ȲӦ ӐП0.08 W/m2ϱсᴟ0.14 W/m2Ȳ ᴖȲ

ғ ⇔П ᵅ֯ὑ І Пֵ ȲẔ І ὑ

Іӻ ϱП צ …Ȳ֪ױҠ ֯ ☼ ⇔Єὑ 3 cm/s

∟Ȳ ғ ⇔П צ П ȲҫϚѠ Ȳ ☼ ⇔П

сӼ Ғ♣П ȲᴖצҠ ṿCREDṆ П ғ Ӣ

ȴ כ 4-6֝ ѩ ☼ ⇔ ғ ⇔ȳ☼ П ȲӦ

Ҡ Ὑ═ с☼ Ἠ ☼ ⇔ сғ ⇔П ϯ Ȳ

Лẓ Ȳ֪ױӐ ∟ ѿ3 cm/sП ☼ ⇔

ϚḔ ȴ 

 

 

4-6 ☼ ⇔ CRED ғ ⇔П  

 

2ȳ CRED ғ ⇔ ᴷȸ 

Ṽ ϱϚ◕ П Ԉѩ CRED ғ ⇔П

ȲϚ ᴖṕȲ Ғ Іӻ Ҡ Ғ І Ȳ

ᴖ ẞ с ғ ⇔П ȴӐ ֝ד֯ ᵂ Ԉϯѩ

1 ц5 ғ ⇔П Ȳ Ὠֽ 4-7ἬӱȲ
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Ӧ 1 сᴟ 5 Ȳғ ⇔Ӧ ӐП 0.12 W/m2 с

ᴟ0.14 W/m2Ȳ ӱ Ғ Ҡ Ғ в ᴯṿ сȴ

ӑẃ оCREDṆ Ȳѿᵓ═ с П (ֽ 10ȳ

20ȳ40 )Ȳ ṿ ғ ⇔Ҡԛװ сȴ 

 

 

4-7 CRED ғ ⇔П  

 

3ȳ Ѭ ᵅ І ⇔Ѭ CRED ғ ⇔ ᴷȸ 

CRED П Ϡ Ғ ҵȲ Ѭ ᵅ І

⇔ѬП ӼⱢ ғ ⇔П Ȳ

Є Іắ Ἤ ӢП І ⁄ ЄȲ֯Ӑ Ἃ

›Ẓ◕ П ԈȲỆứ Ѭ ᵅ І ⇔Ѭ ☼ ⇔Ɫ3 cm/sȲ

Ɫ 5 Ȳ֯ Ѭ ᵅ І ⇔Ѭ ⇔ иȲỆứᵅ

І ⇔ѬⱢ0.1% NaCl (Ӣ♄ᴆѬ ὍѬ)Ȳиᵑ ֯Л

֝ Ѭ ⇔ϯ CRED ғ ⇔П Ȳ Ѭ иᵑⱢ

3.5% NaCl (ѬȲ 35)ц5.8% NaCl (

ѬȲ 58)Ȳ ѬП ⇔╥ ᴕ Пӂ

ᶁѬ֫ן Ɫ40%Ẕ Ӣ ѬП ⇔ȴ CRED

ғ ⇔П П Ὠֽ 4-8ἬӱȲ Ӧ35
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сᴟ58 Ȳғ ⇔ҠӦ0.14 W/m2 сᴟ0.19 W/m2Ȳ Ὑ

с ᵗὑCREDצ П сȴ 

 

 

4-8 Ѭ ᵅ І ⇔Ѭ CRED ғ ⇔П  

 

4ȳ ѬМ CRED ғ ⇔ ᴷȸ 

ⱢṿCRED ҠḆ Ὼὑ ᾓȲẔ Ѭ

ᴫ П Ѭц ѬȲ֯Ѭ иέМ(ֽ ῶ4-2)Ȳ о

ᴾѩ ЄҵȲ Іȳ Іȳ Іц ІⱢװ כ

иȲẔМ ȳ ⁄ Іӻ ц ѱϱ Ӣ ₧П

ȴѹϚȳϡ ІП П І П ᾨ … ֪ ȲҠ

CRED ғ Ἤצ⇔ Ȳ֪֯ױ Миᵑὑ

35 ц 58 П Ѭ Ғ ד П ѿц о

Ȳѿ ᴷ CRED П ȴ 

 

ῶ4-2 ᴫ ҏѬПѬ иέ 

ӭ 
ᴫ  

Ѭ ( Ɫ35) Ѭ( Ɫ58) 

Na+ (mg/L) 11,454 18,300 

K+ (mg/L) 495 661 

Mg2+ (mg/L) 1,339 2,103 
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ӭ 
ᴫ  

Ѭ ( Ɫ35) Ѭ( Ɫ58) 

Ca2+ (mg/L) 429 636 

Cl- (mg/L) 22,600 37,440 

SO4
2- (mg/L) 2,947 4,445 

 

Ὠֽ 4-9ἬӱȲ֯ Ɫ 35 ѹᵶ /

Ȳғ ⇔Ɫ0.12 W/m2Ȳᴖ֯ / ∟Ȳғ ⇔ϱс

ᴟ0.14 W/m2Ȳᴖ֯ Ɫ58 Ӽ֝דצП ȲẔғ

⇔Ӧ Ӑ0.14 W/m2ϱсᴟ0.19 W/m2Ȳ Ὑ П

› CRED ғ ⇔ẓצӔ П ȴ ֯׀

ὑӑẃ ӣП МȲ֪ ױ Ϡ ӦḊ Ḃ Ἠ☼ о њȲ

ֽẓϚȳϡ ἤП Іӻ ѿц☼ ὑ☼ …ѿ ☼

Ἠ ☼ПѠה ȲӼҠ֯CRED› ᴩ / о ӣȲѿ

CREDП ғ ⇔Ȳᴖ∟ Ӽ CRED  ᵂ

ϯ Іӻ ₧ ᵡѿц ғ ⇔П ȴ 

 

 

4-9 ȳ Пҟ CRED ғ ⇔П  

 

ϚḔ ᴯ CREDӢП Пѩ Ȳ Ὠֽ

4-10ἬӱȲ Ɫ35ѹᵶ / ȲCRED֯ϚЊ
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Ҡ ҏ 0.42 VП Ȳᴖ ҟ / ∟Ȳ ϱсᴟ 0.49 

V/hȲᴖ сᴟ 58 Ӽ֝דצП ᾓȲ ҠӦ

Ӑ 0.49 V/hϱсᴟ 0.55 V/hȲױ Ὠ Ὑ П›

а CRED∟ П ᴟ ȴ 

 

 

4-10 ȳ Пҟ CRED П  

 

Ϯȳ Ὠ  

(Ϛ)RED ⅍ц Ὠ 

Å Іӻ RED ғ ⇔ᾼ ȸ ѿ 40% Ѭ

ן Ɫ ᾼ МȲṿӣЛ֝ ᾼ Іӻ Ȳғ ⇔

ᾼ Ғᴖ сȲ 0.064 W/m2 ᴟ0.33 W/ m2Ȳ ғ

⇔ᾼ с ⇔֯ Ἤצ юȲᵀ Ὠ Ὑ Ғ

צ сṆ Ȳ ᴖ ậḆֵғ ȴ 

Å /ɑ І ⇔Ѭ ☼ ⇔ᾼ ȸ Ѭ ☼ ⇔Ӧ0.8 cm/s

сᴟ1.6 cm/sȲғ ⇔ ϱсȲᵀצ ∟ ☼ ⇔

ғ ⇔ϯ Ȳ ӱ ☼ ⇔ ’═֯ вȲѿ‚

І ȴ 
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Å ᵅ І ⇔Ѭẃ ᾼ ȸ ׁשṅ ȲӢ♄ᴆѬ ὍѬҠ

צ ҅ᾈѬᵂⱢᵅ І ⇔Ѭẃ Ȳṳ֯֝ד☼ ϯ ẞ0.3 

W/ m2ѿϱᾼғ ⇔Ȳ ӱẔẓ ṏֻᾼ ȴ 

Å Ѭẃ ᾼ ȸ ѿӢ♄ᴆѬⱢᵅ І ⇔Ѭẃ Ȳṳ

Л֝ ⇔ᾼ ѬἨ ѬᵂⱢ Ѭẃ Ȳғ ⇔ Ѭ ⇔

ᾼ сᴖ ϱсȲ Ҡ 0.45 W/m2Ȳ ӱREDʒ ֯

ӣМᾼҠᴩἤȴ 

(ϡ) CRED⅍ц Ὠ 

Å ☼ ⇔ CRED ғ ⇔ᾼ ȸ ☼ ⇔ᾼ сצᵗ

ὑ Ғғ ⇔Ȳᵀ ⇔ 3 cm/s∟Ȳғ ⇔ᾼ

Ȳ ӱ ӂ ☼ ⇔ П ᾼ …ȴ 

Å CRED ғ ⇔ᾼ ȸ Ғ Ҡ сғ

⇔Ȳ 0.12 W/ m2 ᴟ0.14 W/ m2ȲӑẃҠ ϚḔ о

ѿ с ȴ 

Å Ѭ ᵅ І ⇔Ѭ ᾼ ȸ ᾼ с

ϠCREDᾼ Ȳғ ⇔ 0.14 W/ m2 сᴟ0.19 W/ 

m2Ȳ ӱ ╥ ᾼ ȴ 

Å ѬМ ᾼ ȸ ҟ ∟Ȳғ ⇔

сȲ ӱ ṷ Іᾼҟ CREDṆ ᾼ Ӕצ

Ȳӑẃ ᴕ ֯ ӣМ ᴩד ᾼ› ȴ 

 

REDế CREDʒ ֯ ⅍ М ҏ ᾼ ϩȲӑẃҠ

о ếḊ Ȳ ϚḔ сẔ֯ ӣМᾼҠᴩἤế ȴ 
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Х  ϩ ᶾ ӣἤ έ 

ὑ ᶾ ᾼ Ȳ ᴷ ᶾ ц Ѐ╥ᴟ ᾼ

ϚḔȲᴖṆ ᾼ оⱢ Ṇ ἤ ᾼ ֪ Ȳצ

ᾼṆ Є ⇔֮ ȳ ᵅ Ȳṳ ’

Ṇ ᾼ ứ ᴩȲṳ Ḇ ϚḔּ֮ט ᶾ ᾼ‭

ἤȴ ᶾ ∟ Ẕ ӣἤц∟ ϩ ᴩ ᴷȲ Ӧן

ᶾ ȳϠ Ӏ Ѭ ᾭᾓ ᶾ ᴩԓ Ϡ Ȳ

ṳ ᶾ ᾼ ᶝ ἤ ᴩ ᴷȲ Ѭ ᾭᾓȳ Ḗ ╜

Ѡ иέ ᶾ ֯Ӏ ϱᾼ Ḗế ֯ᾼ ӣȲѿ ứ

ᶾ ᾼ ӣ› ȴױҵȲϷ έ ᶾ Ἤ ᷾Ϥᾼ ц Ȳ

Ҕ╗ Ӣ Ӑȳכ ῂ Ѡ Ȳṳ ֥Ӏ ếᶾ ᾼ

֣ ᶾ ӑẃ ϩȲ ếѿϱѠ ᾼ ᴷȲѿḆԓ

֮ ᶾ ᾼ ӣἤế Ȳ ᵓׁש ү Ҡѿ᷾Ϥׁש ᾼ

Ȳ ֣ ᶾדּ ȴ 

ᶺ Мᾼ Ԛ25ȲЄֵᴯὑ ֮ Ȳῶ2-12Ɫ112

ד Ѭ о ᾓȲᴯ ὑ ᾼ Ѭ о ֥ ḕד Ѭ

Ҝפּ ϥכⱢ ֵȲẔװⱢ ᴂ Ҝפּ Ѭ ϚכȲѹ

ӣѬ ᾼֵⱢӖӢӣѬȴ е Ϛ Ѭ о П Ѭ Ὅ

768.46ӴѠеѐȲⱢ ᶾ ẁṜ ᾼ ⇔ Ѭẃ Ȳ Ϡ

Ѭẃ ҵȲᵅ І ⇔Ѭᾼậ ϷяⱢ Ȳֽᴶ ֥ԓ ֢֮Ӣ♄

ᴆѬѬ Мї ᴩѬ֫ן∟ Ӣ Ѭ Ɫᵅ І ⇔Ѭẃ Ȳ Ҡ

ѿ ю ᵅ І ⇔ѬѬ ᾼṼ ȲӼ╥Ӑ ᴕ ֪ ȴ֪

Ӑױ вҵ Ѭ Ὅ ȳ Ѭцᵅ І ⇔ѬѬ

▲ȳ ֮ έ ֥ ֥иέȲ ᴷ в ᶾ Ҡ ӣП

ȲѿᵂⱢ∟ ∂Ӵӱ ПṼ Ȳ ᴷ֮ ᴕ

Ԓ ү⁮ȳ ᴎȳ Ἠ   ᵿẃ ᴩ Ȳѻ

֪Ɫᴕ Ѭếᵅ І ⇔Ѭẃ ậ ȴ 
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ῶ5-1 112ד Ѭ о ᾓ 

ẃ ȸ Ѭᵓ ד112 Ѭ о ᾓ 

 

 

 

 

 

 

 ֤ 
(ѡ) 

ѬậѬ  

( ӴѠеѐ) 

Ѭ  

( ӴѠеѐ) 

Ѭ Ὅ  

( ӴѠеѐ) 

  - 2430.82 849.80 1581.03 

е Ϛ Ѭ о  

10,000 CMD 
365 1,176.36 407.90 768.46 

е Ϛ Ѭ о  

3,000 CMD 
44 37.62 13.20 24.42 

е ϡ Ѭ о  

4,000 CMD 
364 447.52 144.61 302.91 

е ϡ Ѭ о  

6,000 CMD 
78 125.45 38.12 87.33 

ׄ Ѭ о  365 41.73 15.21 26.52 

ᴫ У о  362 40.79 34.56 6.23 

ϝּר У о  329 13.34 9.10 4.24 

ӪḘ У о  326 15.18 12.16 3.03 

ғכ У о  347 18.85 12.12 6.73 

У о  24 0.34 0.28 0.06 

ᴫ Ѭ о  365 85.23 27.38 57.85 

Ѭ о  365 15.48 5.18 10.30 

ῲУ Ѭ о  365 10.34 3.84 6.50 

   Ѭ о  365 157.17 40.69 116.48 

ὧі Ѭ о  341 53.94 17.61 36.33 

Җּי Ѭ о  334 31.07 9.74 21.33 

1ȳ2)יּ⁮ ) Ѭ о

 
341 50.33 18.52 31.81 

ᴫ Ѭ о  341 17.54 6.49 11.05 

3)יּ⁮ ) Ѭ о  351 92.54 33.09 59.45 
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Ϛȳ ▲ 

вὑ Єḅ∟ȲⱢדᴍד2021 Ȳѿц ю

​ᾼṼ Ȳ Ѭ оԝϤᶺ Ѭ ȴӭ›ȲӐ Ԓ

⁄… ᴎ ү⁮Ẓ ( 5-1)Ȳד ὑ20227דѣ

ȳ2023ד 4ѣ ᴩ╜ ứȴ ᴎ ᴯ֯ ᴎӀ⁮

Ȳ ᶙЏד2027 Ѭȷᴖү⁮ ⁄ᴯ֯ү⁮Ӏ Ȳӭ

ᶙЏד2028 ѬȲ∕Ẓ ᷾Ϥ ҠⱢ ᴎцү⁮֮ еԚӣѬ֢

Ғḕ3,000ד’ Ѭ ȴὑ иȲẔᵅ І ⇔Ѭẁ ѻ

ẃᴞὑ֮ϯѬ Ȳ֪ױȲӐ Ӽὑ Ἠ   ᴩ

▲ έ( 5-1)ȴ 

 

 
5-1 Ӑ ▲ ֮  

 

(Ϛ)ү⁮  

ү⁮ П ᵿᴯὑү⁮ Ȳ Ὼү⁮Ӏ ֮  

( ֽ 5-2)ȴү⁮ Џ Ϛ ḕѡ Ѭ 10 Ӵ

ѠеѐȲ ῺП צ Җ ế ḞЄ Ȳậȳ Ѭ ᾘ

צ╠ ȲậѬЀ Ỵ0.9еṭȲ ὍЀиᵑ Ỵ1.5еṭȳ2

еṭ( ֽ 5-3)ȴ 
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5-2 ү⁮ ᵿ (Ὼү⁮Ӏ ֮ ) 

 

 

5-3 ү⁮ ứậѬế ѬЀ╟Џ  (Ὼү⁮Ӏ‌Ѝ ׄ Ἤ) 

 

Ѭ ▲ иȲ еҨ ὑӖ ♆1ѣד113 Ѭ

▲ ᴟү⁮ ứ֮ ᴩѬ Ȳѹ֝ ế ᵅ

ᴯиᵑ ᴩ ᵑ ▲ȴֽῶ 5-2ἬӱȲ ѬѬ П ⇔ Ɫ

52,367Ñ873 ɛS/cm (TDSּ4.2%-3.5%פ)Ȳ ӑẃ Ѭ ⇔

80 mS/cm ѿϱ (TDS5.8%ѿϱȲѬן ȸ40%)ȴ 
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ῶ5-2 ү⁮ ứậѬ Ѭ ▲ 

ᶧ  ӭ ᴯ 

 ד113

01.16 

ᴯ 

01.16 

ᵅ ᴯ 

01.17 

ᴯ 

01.17 

ᵅ ᴯ 

01.30 

ᴯ 

01.30 

ᵅ ᴯ 

1 pH  ʟ 8.2 8.3 8.3 8.3 8.1 7.9 

2 Ѭ  ˘ 21.9  19.4  23.1  20.3  21.4 20.9 

3  mg/L 6.7 7.1 5.7 6.0 6.1 5.9 

4 ⇔ ɛS/cm 51,800 54,100 52,000 51,800 52,300 52,200 

6 Ѭ  m 6.2 4.7 5.8 5.2 6.4 4.6 

9 Ệ  mg/L 19.2 14.8 25.6 9.9 19.4 10.3 

10 Ệ ᾬ mg/L 37,300 38,200 39,600 34,700 35,400 41,200 

 

Ѭ ἬП ṅשׁ▲ ᵫ(ὭȲ1989)Ȳ ḞЄ М◕ПѬ

⇔9ᴟ10ѣԌҠᵅᴟ1%ȲT 11ᴟ12ѣԌП ⇔ ϱсᴟ2.5~3.1%ȷ

ᴖ ḞЄ Җ ӻ Ѐ ȲẔ 9ᴟ 12ѣԌП ⇔⁄ ֯

2.4~3.4%ȴ֪ ȲῴḔױ ᴷү⁮ ứ֮ Ὼ ẓצᵂⱢ

ᶾ ᵅ І ⇔ѬѬ ПҠ ἤȴ 

╝Ӑ ὑ20248דѣ8ѡ ү⁮ ứ֮ ᴩ ▲Ȳṳ

Ể ᴩѬ Ȳ ᴯᵿⱢҖ ế ḞЄ ( ֽ

5-4ế 5-5) Ԛ2 Ȳ њ═ ⇔ ᴩ Ȳ ⇔и

ᵑⱢ48.3ế47.2 mS/cmȲῶὙ ϯПѬ ᾓắ Ѭ ⇔

ȴ ᴄ (ӻ МҶ ᶝȲ2023)ѩ ὨȲ ѡЮὑ

12:30~13:00П ЏᵂӔ ὑẔ ᾭ (12:37)ȴᴖ

П ⇔ ắ ᴄếủ оἬ Ȳѿ ᴄ оᴖṕȲ ⇔ὑ

ϱсצ Ȳᴖ ⁄чПȷᴖủ Ἤ ẃП ⁄ѻ

Ѭ ế░Ѭ צ ȴѿӐװ Ѭ ὨᴖṕȲ €֥

◕ ᾈ◕ПѬ ἤȴ ֥ᴖṕȲױѬ Ὠ ỮЛṜѿᵂ

Ɫᵒ › Ѭ ╥ᵡҠᵂⱢ ᶾ ӣПᵅ І ⇔ѬѬ Ȳῴ
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Ḕ ᴷ ὑү⁮ ῺЄ ПМ/ϱ◕ ᾈ◕ПѬ

ȲѠẓᵂⱢ ᶾ ᵅ І ⇔ѬѬ ПҠ ἤȴ 

 

  

5-4 Җ (23Á11'37.5"N 120Á05'31.5"E) 

 

  

5-5 ḞЄ (23Á11'56.5"N 120Á05'48.3"E) 

 

(ϡ) ᴎ  

ᴎ ᵿ Ὼ ᴎ⁮ Ȳᴯὑ Ѭᵓ Ѭᵓ דּ

ᶾׁש ц ӱ ֮( 5-6)ȲẔЏ ḕѡ Ѭ 10 Ȳ

ᶙЏȴӑẃẔד2028 Ѭ ᵉ іᴟ 10еṭПפּ

үѬеҨ ᴎ ϡ Ѭ Ȳṳ᾿ ẆϤᴞẃѬṆ Ȳẁ ӖӢṿӣ

ṳќ ᴎ֮ ᶾדּ ӣѬȴ Ѭ иέȲֽῶ5-3ἬӱȲ


























































































































































































