
❉♦❝'♦)❛❧ ❚❤❡(✐(

✏❙②♥?❤❡@✐@ ♦❢ ❉✐❡?❤②❧ ❈❛A❜♦♥❛?❡ ❢A♦♠ ❈❛A❜♦♥ ❉✐♦①✐❞❡✿

❖♣?✐♠✐③❛?✐♦♥ ♦❢ ?❤❡ ❊@?❡A✐✜❝❛?✐♦♥ ❘❡❛❝?✐♦♥ ♦❢ ❈❖✷ ❛♥❞ ❊?❤❛♥♦❧

❜② ✉?✐❧✐③❛?✐♦♥ ♦❢ L❡A✈❛♣♦A❛?✐♦♥ ❛♥❞ ❛❧?❡A♥❛?✐✈❡ ❈❛?❛❧②@? ❈❛AA✐❡A@✑

❆ F❤❡I✐I ❢♦L F❤❡ ❞❡❣L❡❡ ♦❢
❉♦❝F♦J F❡❝❤♥✐❝❛❡

✼✽✻ ✼✸✵

S✉❜♠✐QQ❡❞ ❛Q
✧❚❡❝❤♥✐S❝❤❡ ♥✐✈❡US✐Q*Q ✐❡♥✧✱ ❋❛❝✉❧Q② ♦❢ ▼❡❝❤❛♥✐❝❛❧ ❛♥❞ ■♥❞✉SQU✐❛❧ ❊♥❣✐♥❡❡U✐♥❣

❜②

❑♦✉❡@@❛♥ ❆■❆❇❆
▼❛Q✳◆U✳✿ ✵✶✶✷✺✷✵✷

✉♥❞❡U Q❤❡ S✉♣❡U✈✐S✐♦♥ ♦❢

♥✐✈✳.5♦❢✳ ❉✐♣❧✳✲■♥❣✳ ❉5✳4❡❝❤♥✳ ▼✐❝❤❛❡❧ ❍❛A❛@❡❦
❚❡❝❤♥✐I❝❤❡ ♥✐✈❡LI✐FpF ✐❡♥✱ ■♥IF✐F✉F❡ ♦❢ ❈❤❡♠✐❝❛❧✱ ❊♥✈✐L♦♥♠❡♥F❛❧ ❛♥❞ ❇✐♦I❝✐❡♥❝❡

❊♥❣✐♥❡❡L✐♥❣✱ ✐❡♥♥❛✱ ❆✉IFL✐❛

❛♥❞ ❝♦✲I✉♣❡L✈✐I✐♦♥ ♦❢

❉✐♣❧✳✲■♥❣✳ ❉5✳4❡❝❤♥✳ ❈❤A✐@?✐❛♥ ❏♦A❞❛♥
❚❡❝❤♥✐I❝❤❡ ♥✐✈❡LI✐FpF ✐❡♥✱ ■♥IF✐F✉F❡ ♦❢ ❈❤❡♠✐❝❛❧✱ ❊♥✈✐L♦♥♠❡♥F❛❧ ❛♥❞ ❇✐♦I❝✐❡♥❝❡

❊♥❣✐♥❡❡L✐♥❣✱ ✐❡♥♥❛✱ ❆✉IFL✐❛

L❡✈✐❡✇❡❞ ❜②✿
♥✐✈✳.5♦❢✳✐♥ ❉5✳✐♥ ▼❛A✐❛ ❈A✉③ ❙❛♥❝❤❡③ ❙❛♥❝❤❡③

❚❡❝❤♥✐I❝❤❡ ♥✐✈❡LI✐FpF ✐❡♥✱ ■♥IF✐F✉F❡ ♦❢ ❈❤❡♠✐❝❛❧✱ ❊♥✈✐L♦♥♠❡♥F❛❧ ❛♥❞ ❇✐♦I❝✐❡♥❝❡
❊♥❣✐♥❡❡L✐♥❣✱ ✐❡♥♥❛✱ ❆✉IFL✐❛

❛♥❞✿
♥✐✈✳.5♦❢✳ ❉✐♣❧✳✲■♥❣✳ ❉5✳4❡❝❤♥✳ ❈❤A✐@?♦♣❤ L❢❡✐❢❡A

♥✐✈❡LI✐F② ♦❢ ◆❛F✉L❛❧ ❘❡I♦✉L❝❡I ❛♥❞ ▲✐❢❡ ❙❝✐❡♥❝❡I✱ ■♥IF✐F✉F❡ ♦❢ ❈❤❡♠✐❝❛❧ ❛♥❞ ❊♥❡L❣②
❊♥❣✐♥❡❡L✐♥❣✱ ✐❡♥♥❛✱ ❆✉IFL✐❛

✐❡♥♥❛✱ ✷✵✷✺
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■✱ ❑♦✉❡II❛♥ ❆③✐❛❜❛✱ ❞❡❝❧❛L❡ ✐♥ ❧✐❡✉ ♦❢ ❛♥ ♦❛F❤

✶✳ F❤❛F ■ ❛♠ F❤❡ I♦❧❡ ❛✉F❤♦L ♦❢ F❤✐I ❞♦❝F♦L❛❧ F❤❡I✐I✳ ■ ♣❡L❢♦L♠❡❞ F❤❡ ❛II♦❝✐❛F❡❞
L❡I❡❛L❝❤ ❜② ♠②I❡❧❢✱ ✉I✐♥❣ ♦♥❧② ❧✐F❡L❛F✉L❡ ❝✐F❡❞ ✐♥ F❤✐I ✈♦❧✉♠❡✳ ■ ❤❛✈❡ ♥♦F ✉I❡❞ ❛♥②
I♦✉L❝❡ ♦L F♦♦❧ F❤❛♥ F❤♦I❡ L❡❢❡L❡♥❝❡❞✳

✷✳ F❤❛F ■ ❤❛✈❡ ♥♦F ♣L✐♦L F♦ F❤✐I ❞❛F❡ I✉❜♠✐FF❡❞ F❤✐I F❤❡I✐I ❛I ❛♥② ❡①❛♠✐♥❛F✐♦♥ ✐♥
❆✉IFL✐❛ ♦L ❛❜L♦❛❞✳

✸✳ F❤❛F ❣♦✐♥❣ F♦ ♣L❡II ♦❢ F❤✐I F❤❡I✐I ♥❡❡❞I F❤❡ ❝♦♥✜L♠❛F✐♦♥ ♦❢ F❤❡ ❡①❛♠✐♥❛F✐♦♥
❝♦♠♠✐FF❡❡✳

✐❡♥♥❛✱ ❏❛♥✉❛L② ✷✵✷✺
❑♦✉❡II❛♥ ❆③✐❛❜❛

■■■
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❆I F❤✐I ❞♦❝F♦L❛❧ ♣L♦❣L❛♠ ✐I ❝♦♠✐♥❣ F♦ ❛ ❝♦♥❝❧✉I✐♦♥✱ F❤❡I❡ ♠♦♠❡♥FI ♣L♦✈✐❞❡ ❡①❝❡❧❧❡♥F ♦♣✲
♣♦LF✉♥✐F✐❡I F♦ L❡✐❧❧✉♠✐♥❛F❡ F❤❡ ♣❛F❤ F❤❛F ✇❛I ♣❛II❡❞ ❛♥❞ ❛❧I♦ ✇❤♦ ✇❛I ✇❛❧❦✐♥❣ I✐❞❡✲❜②✲I✐❞❡
✇✐F❤ ♠❡✳

■ ✇♦✉❧❞ ❧✐❦❡ F♦ ❡①♣L❡II ♠② ❞❡❡♣ ❣L❛F✐F✉❞❡ F♦ ▼✐❝❤❛❡❧ ❍❛L❛I❡❦ ❢♦L ❤✐I L♦❧❡ ❛I ♠② I✉♣❡L✈✐✲
I♦L✳ ❍✐I ❣✉✐❞❛♥❝❡ ❛♥❞ FL✉IF ✐♥ ♠② ❛❜✐❧✐F✐❡I ❛❧❧♦✇❡❞ ♠❡ F♦ ❣L♦✇ ✇✐F❤ F❤❡ ❝❤❛❧❧❡♥❣❡I ■ ❢❛❝❡❞
F❤L♦✉❣❤♦✉F F❤❡ ♣❛IF ②❡❛LI✳ ■ F❤❛♥❦ ❤✐♠ ❢♦L ❤✐I ♦✉FIF❛♥❞✐♥❣ ❡✛♦LFI ✐♥ ♠② ♣L♦❢❡II✐♦♥❛❧ ❛♥❞
♣❡LI♦♥❛❧ ❞❡✈❡❧♦♣♠❡♥F✳

❈❤L✐IF✐❛♥ ❏♦L❞❛♥ ♣❧❛②❡❞ ❛ ❤✉❣❡ L♦❧❡ ❛I ♠② ❝♦✲I✉♣❡L✈✐I♦L✳ ❚❤❡I❡ ❢❡✇ I❡♥F❡♥❝❡I ❝❛♥♥♦F ♣❛②
❥✉IF✐❝❡ F♦ F❤❡ ✈❛IF ✈❛❧✉❡ ❤❡ ❝♦♥FL✐❜✉F❡❞ F♦ ♠② ❞❡✈❡❧♦♣♠❡♥F✳ ■ ❛♠ FL✉❧② ❣L❛F❡❢✉❧ ❢♦L F❤❡
✈✐✈✐❞ ❞✐I❝✉II✐♦♥I F❤❛F ✇❡ ❤❛❞✳ ■F ✇❛I F❤❡I❡ F❤❛F ❜L♦✉❣❤F ✉♣ ❝♦✉♥F❧❡II ✐❞❡❛I F♦ I♦❧✈❡ ✐II✉❡
❛❢F❡L ✐II✉❡ ❛♥❞ ♦✈❡L❝♦♠❡ F❤❡ ♣L❡I❡♥F ❧✐♠✐FI✳ ■ F❤❛♥❦ ❤✐♠ ❢♦L ❤✐I ✉♥✇❛✈❡L✐♥❣ ❝♦♠♠✐F♠❡♥F
F♦ ♠② ❞❡✈❡❧♦♣♠❡♥F✳

❚❤L♦✉❣❤♦✉F ♠② F✐♠❡✱ ■ ✇❛I ❡♥FL✉IF❡❞ ✇✐F❤ ❛ L♦✇ ♦❢ ♣L♦❥❡❝FI✳ ❊❛❝❤ ♦❢ F❤❡♠ ✇❛I ✐♥❝L❡❞✐❜❧②
❡①❝✐F✐♥❣ ❛♥❞ ❣❛✈❡ ♠❡ F❤❡ ♦♣♣♦LF✉♥✐F② F♦ ❣L♦✇ ♣L♦❢❡II✐♦♥❛❧❧②✳ ■ ✇♦✉❧❞ ❣❡♥✉✐♥❡❧② ❧✐❦❡ F♦
❡①♣L❡II ♠② ❣L❛F✐F✉❞❡ F♦ ▼❛❣❞❛❧❡♥❛ ❚❡✉❢♥❡L✲❑❛❜❛I ❛♥❞ ❋❧♦L✐❛♥ ❑❛❜❛I✳ ❚❤❡✐L ✐♥✈❡♥F✐✈❡✲
♥❡II ❛♥❞ F✐L❡❧❡II ❞❡❞✐❝❛F✐♦♥ ❦❡♣F ♠② ❝♦♥FL✐❜✉F✐♦♥ F♦ F❤❡ ♣L♦❥❡❝FI ♦♥ F❤❡ L✐❣❤F ♣❛F❤✳

■ L❡❛❧❧② ❡♥❥♦②❡❞ F❤❡ F✐♠❡ ❛F F❤❡ ♦✣❝❡ ✇✐F❤ ♠② ❝♦❧❧❡❛❣✉❡I✳ ❚❤❡ ❢❛❝F F❤❛F ✇❡ ❤❛✈❡ ❜❡❡♥
I✐♠♣❧② F❤L♦✇♥ F♦❣❡F❤❡L ❜✉F IF✐❧❧ ✇♦L❦❡❞ I♦ ✇❡❧❧ ✐I ❡I♣❡❝✐❛❧❧② ✈❛❧✉❛❜❧❡ F♦ ♠❡✳ ❙✐♥❝❡ ✇♦L❞I
✇♦✉❧❞ ♥♦F ♣❛② ❥✉IF✐❝❡ F♦ ✇❤❛F ■ ✇♦✉❧❞ ❧✐❦❡ F♦ I❛②✱ ❧❡F ♠❡ ❛F ❧❡❛IF ✇L✐F❡ F❤✐I✿
■ F❤❛♥❦ ②♦✉ ❢♦L ❡✈❡L② I✐♥❣❧❡ ❧✉♥❝❤ ❜L❡❛❦ ②♦✉ ❢♦L❝❡❞ ♠❡ F♦ ❤❛✈❡ ❜❡❝❛✉I❡ ■ ✇♦✉❧❞ ❢♦L❣❡F F❤❡
F✐♠❡ ❛♥❞ ❡♥❞ ✉♣ ❡❛F✐♥❣ ❛F ✹ ♣♠✳

■ ❛❧I♦ ❣❡♥✉✐♥❡❧② F❤❛♥❦ �L♦❢❡II♦L ❙❛♥❝❤❡③ ❛♥❞ �L♦❢❡II♦L �❢❡✐❢❡L ❢♦L ❛❣L❡❡✐♥❣ F♦ L❡✈✐❡✇ ♠②
F❤❡I✐I ❛♥❞ ❜❡✐♥❣ ♣❛LF ♦❢ F❤❡ I❝✐❡♥F✐✜❝ ❝♦♠♠✐FF❡❡✳

▼② ❢L✐❡♥❞I ❞❡I❡L✈❡ I♦ ♠✉❝❤ ❣L❛F✐F✉❞❡ ❢♦L F❤❡ I✉♣♣♦LF F❤❡② ♣L♦✈✐❞❡❞ ♠❡ F❤L♦✉❣❤♦✉F ♠❛♥②
②❡❛LI✳ ■♥ I♦♠❡ ❝❛I❡I✱ ❡✈❡♥ F✇♦ ❞❡❝❛❞❡I ♥♦✇✳ ■ ❛♠ ❧♦♦❦✐♥❣ ❢♦L✇❛L❞ F♦ F❤❡ ♥❡①F F✐♠❡✳

▼② ❢❛♠✐❧② I❤❛❧❧ L❡❝❡✐✈❡ ♠② ❣L❡❛F❡IF ❣L❛F✐F✉❞❡✳ ◆♦♥❡ ♦❢ F❤✐I ✇♦✉❧❞ ❤❛✈❡ ❜❡❡♥ ♣♦II✐❜❧❡
✇✐F❤♦✉F F❤❡♠✳ ❚❤❡✐L ❢❛✐F❤ ✐♥ ♠❡ ❛♥❞ ♠② ❛❜✐❧✐F✐❡I ❛❧✇❛②I ❣❛✈❡ ♠❡ F❤❡ ♣♦✇❡L F♦ ❛❝❤✐❡✈❡✳
❚❤✐I ✇✐❧❧ ♥❡✈❡L ❝❤❛♥❣❡✳

❆❦♣M ♥❛♠✐✳✳✳


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❚❤❡ ❡♠✐II✐♦♥ ♦❢ ❣L❡❡♥❤♦✉I❡ ❣❛I❡I ✐♥F♦ F❤❡ ❛F♠♦I♣❤❡L❡✱ ✐♥❝❧✉❞✐♥❣ F❤❡ L❡I✉❧F✐♥❣ ❝❤❛❧❧❡♥❣❡I✱
❤❛I ♠♦F✐✈❛F❡❞ L❡I❡❛L❝❤ ❛♥❞ ✐♥❞✉IFL② F♦ ♣L♦✈✐❞❡ ❛ ❧❛L❣❡ ❜❛♥❞✇✐❞F❤ ♦❢ ♥❡✇ ✐❞❡❛I F♦ L❡❞✉❝❡
❈❖✷ ❡♠✐II✐♦♥I✳ ❚❡❝❤♥♦❧♦❣✐❡I F❤❛F I❡❧❡❝F✐✈❡❧② I❡♣❛L❛F❡ ❛♥❞ ✉I❡ ❈❖✷ ✭❈❈✮ ❛L❡ ❝♦♥I✐❞❡L❡❞
I✉IF❛✐♥❛❜❧❡ ❛♣♣L♦❛❝❤❡I F♦ ❡♥❡L❣② FL❛♥I✐F✐♦♥✳ ❆♠♦♥❣ F❤❡I❡✱ ❡I♣❡❝✐❛❧❧② F❤❡ ❞✐L❡❝F I②♥F❤❡I✐I
♦❢ ❞✐❡F❤②❧ ❝❛L❜♦♥❛F❡ ❢L♦♠ ❈❖✷ ❛♥❞ ❡F❤❛♥♦❧ ✭❊F❖❍✮ ✐I ❝♦♥I✐❞❡L❡❞ F♦ ❤❛✈❡ ❛ ❤✐❣❤ ♣♦F❡♥F✐❛❧
F♦ ❜❡ ✐♥✈♦❧✈❡❞ ✐♥ ❛ ♠♦L❡ I✉IF❛✐♥❛❜❧❡ ❢✉F✉L❡ ✐♥ F❤❡ ❝❤❡♠✐❝❛❧ ✐♥❞✉IFL②✳ ❉✐❡F❤②❧ ❝❛L❜♦♥❛F❡
✐I ✐♥F❡♥I❡❧② ✉I❡❞ ✇✐F❤✐♥ F❤❡ ♣❤❛L♠❛❝❡✉F✐❝❛❧ ✐♥❞✉IFL②✱ ✐♥ F❤❡ ♣L♦❞✉❝F✐♦♥ ♦❢ ❜❛FF❡L✐❡I✱ ❛♥❞
❣❡♥❡L❛❧❧② ❛I ❛ I♦❧✈❡♥F ❢♦L ♠✉❧F✐♣❧❡ ❛♣♣❧✐❝❛F✐♦♥I✳ ❚❤❡ ❝✉LL❡♥F ♣L♦❞✉❝F✐♦♥ ♦♣♣♦LF✉♥✐F✐❡I ❢♦L
❞✐❡F❤②❧ ❝❛L❜♦♥❛F❡ ✭❉❊❈✮ L❡❧② ♦♥ F♦①✐❝ ♣L♦❝❡II❡I✳ ❚❤❡ ❞✐L❡❝F I②♥F❤❡I✐I ❡♥❛❜❧❡I ❜②♣❛II✐♥❣
F❤✐I ✐II✉❡✳ ❍♦✇❡✈❡L✱ ✐F ❛❧I♦ ❝♦♠❡I ✇✐F❤ I❡✈❡L❛❧ ♦❜IF❛❝❧❡I✳

❚❤❡ ❉❊❈ ②✐❡❧❞ ♦❢ F❤❡ ❡IF❡L✐✜❝❛F✐♦♥ L❡❛❝F✐♦♥ ♦❢ ❊F❖❍ ❛♥❞ ❈❖✷ ❞♦❡I ♥♦F ②❡F ♠❡❡F F❤❡
❞❡♠❛♥❞I ❢♦L ❛ ❢❡❛I✐❜❧❡ ♣L♦❞✉❝F✐♦♥ ♦♥ ❛♥ ✐♥❞✉IFL✐❛❧ I❝❛❧❡✳ ❖♥❧② ❛ ❢❡✇ ❝❛F❛❧②IFI F❤❛F I❤♦✇
❤✐❣❤ ♣❡L❢♦L♠❛♥❝❡I ❤❛✈❡ ❜❡❡♥ ♦❜I❡L✈❡❞✳ ♥❢♦LF✉♥❛F❡❧②✱ F❤❡✐L ❡①❝❡❧❧❡♥F ❛❜L❛I✐✈❡ ♣L♦♣❡LF✐❡I
♣♦I❡ ❛ F❤L❡❛F F♦ ❡N✉✐♣♠❡♥F ❢♦L ✐♥❞✉IFL✐❛❧ ✉I❡✳ ▼♦❞✐✜❡❞ ❝❛LL✐❡LI ❜❡❛L✐♥❣ ❝❛F❛❧②F✐❝ ❛❝F✐✈❡
❝♦♠♣♦✉♥❞I ❤❛✈❡ ❜❡❡♥ ❛♣♣❧✐❡❞ ✇✐F❤✐♥ F❤❡ ❞✐L❡❝F I②♥F❤❡I✐I L❡❛❝F✐♦♥✳ ❚❤❡ ♣L♦❞✉❝F✐✈✐F② ♦❢
I♦♠❡ ❝❛LL✐❡LI L❛♥❦I ✐♥ F❤❡ ♣❡L❢♦L♠❛♥❝❡ ❝❧❛II ♦❢ ❝♦♠♠❡L❝✐❛❧ ♦♣F✐♦♥I✳ ◆❡✈❡LF❤❡❧❡II✱ F❤❡
♦✈❡L❛❧❧ ②✐❡❧❞I L❡♠❛✐♥ ✐♥I✉✣❝✐❡♥F✳

❋♦❧❧♦✇✐♥❣ F❤❡ ❧❛✇ ♦❢ ❧❡ ❈❤❛F❡❧✐❡L✱ F❤❡ ♣L❡I❡♥❝❡ ♦❢ ❜♦F❤ ♣L♦❞✉❝FI I❤♦✉❧❞ I❧♦✇ ❞♦✇♥ F❤❡ L❡✲
❛❝F✐♦♥✳ ■♥ ❝♦♥FL❛IF✱ ✇❛F❡L ✇❛I ❛II♦❝✐❛F❡❞ ✇✐F❤ ❜❡✐♥❣ I✐❣♥✐✜❝❛♥F❧② ❛❞✈❡LI❡ F♦ F❤❡ ♣L♦❣L❡II
♦❢ F❤❡ L❡❛❝F✐♦♥✱ ❛♥❞ ❧♦✇ ②✐❡❧❞I ✇❡L❡ ♦❜I❡L✈❡❞✳ ❈✉LL❡♥F I♦❧✉F✐♦♥I ♣L♦♣♦I❡ ❝❤❡♠✐❝❛❧ ❞❡✲
❤②❞L❛F✐♥❣ ❛❣❡♥FI F♦ L❡♠♦✈❡ F❤❡ ❞L❛✇❜❛❝❦ ♦❢ F❤❡ ✇❛F❡L ♣L❡I❡♥F✳ ◆❡✈❡LF❤❡❧❡II✱ ❢✉LF❤❡L
❡♥❡L❣②✲✐♥F❡♥I✐✈❡ IF❡♣I ❢♦L ♣L♦❞✉❝F ♣✉L✐✜❝❛F✐♦♥ ✇♦✉❧❞ ❜❡❝♦♠❡ ❛ ♥❡❝❡II✐F②✳

❚❤❡ ❞❡❤②❞L❛F✐♦♥ ♦❢ F❤❡ L❡❛❝F✐✈❡ ♠✐①F✉L❡ ❢♦L ❉❊❈ I②♥F❤❡I✐I ✇❛I ✐♥✈❡IF✐❣❛F❡❞ ✇✐F❤ ❛ I❡✲
❧❡❝F✐♦♥ ♦❢ ♠❡♠❜L❛♥❡I ✉I✐♥❣ ♣❡L✈❛♣♦L❛F✐♦♥✳ ❚❤❡ I❡❧❡❝F✐✈✐F✐❡I ✇❡L❡ ❝♦♠♣❛L❛❜❧② ❤✐❣❤ ✇❤✐❧❡
♦❜I❡L✈✐♥❣ ❛ ♠♦❞❡L❛F❡ ✢✉①✳ ❆ I❝❛❧❡✲✉♣ ♦❢ F❤❡ ❞❡❤②❞L❛F✐♦♥ ♣❡L❢♦L♠❛♥❝❡ ♦❢ F❤❡ ♠❡♠❜L❛♥❡
F❤❛F ✇❛I ❝♦✉♣❧❡❞ F♦ F❤❡ ❉❊❈ I②♥F❤❡I✐I L❡❛❝F✐♦♥ ✇❛I I✐♠✉❧❛F❡❞✳ ❆ I❡❧❢✲❞❡✈❡❧♦♣❡❞ ❛♥❞ ♣✉❜✲
❧✐I❤❡❞ ♠❡♠❜L❛♥❡ ♠♦❞❡❧ ✇❛I ✉I❡❞✱ ✇❤✐❝❤ ✐I I✉✐F❛❜❧❡ ❢♦L ❣❛I ♣❡L♠❡❛F✐♦♥ ❛♥❞ ♣❡L✈❛♣♦L❛F✐♦♥
❛♣♣❧✐❝❛F✐♦♥I✳ ❚❤❡ ❡♥L✐❝❤♠❡♥F ♦❢ ❉❊❈ ❝♦✉❧❞ F❤✉I ❜❡ I✐❣♥✐✜❝❛♥F❧② ✐♥❝L❡❛I❡❞✳ ❙❝❛❧✐♥❣ ❛♥❞
♦♣F✐♠✐③❛F✐♦♥ ♦❢ F❤❡ ♣L♦❝❡II ❝❛♥ ❤❡♥❝❡ ❜❡ I✉❜IF❛♥F✐❛❧❧② I✐♠♣❧✐✜❡❞✳

❚❤✐I ✇♦L❦ ♦❜I❡L✈❡❞ ❛ ❝♦LL❡❧❛F✐♦♥ ❜❡F✇❡❡♥ IFL♦♥❣❧② ❞✐II♦❝✐❛F✐♥❣ ❛❝✐❞I ❛♥❞ ❞✐❡F❤②❧ ❝❛L❜♦♥❛F❡
❞❡❝♦♠♣♦I✐F✐♦♥✱ ✇❤✐❝❤ ✐♥❞✐❝❛F❡I ✇❤② F❤❡ I✐♠✉❧F❛♥❡♦✉I ♣L❡I❡♥❝❡ ♦❢ ✇❛F❡L ❛♥❞ ❈❖✷ ♠❛② ❜❡
❛ ❞L❛✇❜❛❝❦ ❢♦L F❤❡ ❞✐L❡❝F I②♥F❤❡I✐I ♦❢ ❉❊❈✳ ❚❤❡ ❞❡✈❡❧♦♣♠❡♥FI ❛♥❞ ❞✐I❝♦✈❡L✐❡I ❢L♦♠ F❤✐I
✇♦L❦ ✇❡L❡ ✉F✐❧✐③❡❞ ✐♥ ❛ ♣✐❧♦F ♠❡♠❜L❛♥❡ L❡❛❝F♦L✳

■



❑✉7③❢❛55✉♥❣

❉✐❡ ❊♠✐II✐♦♥ ✈♦♥ ❚L❡✐❜❤❛✉I❣❛I❡♥ ✐♥ ❞✐❡ ❆F♠♦I♣❤pL❡ ✉♥❞ ❞✐❡ ❞❛L❛✉I L❡I✉❧F✐❡L❡♥❞❡♥ ❍❡L✲
❛✉I❢♦L❞❡L✉♥❣❡♥ ❢fL ❋♦LI❝❤✉♥❣ ✉♥❞ ■♥❞✉IFL✐❡✱ ❜L❛❝❤F❡ ✐♥ ❞❡♥ ❧❡F③F❡♥ ❏❛❤L❡♥ ❡✐♥❡ ❣L♦e❡
❇❛♥❞❜L❡✐F❡ ❛♥ ♥❡✉❡♥ ■❞❡❡♥ ③✉L ❘❡❞✉❦F✐♦♥ ❞❡L ❈❖✷ ❊♠✐II✐♦♥❡♥ ❤❡L✈♦L✳ ❉❛L✉♥F❡L ✇❡L✲
❞❡♥ ❞✐❡ I❡❧❡❦F✐✈❡ ❆❜I❝❤❡✐❞✉♥❣ ✉♥❞ ◆✉F③✉♥❣ ✭❈❈✮ ✈♦♥ ❈❖✷ ❛❧I ❜❡I♦♥❞❡LI ③✐❡❧❢f❤L❡♥❞❡
❚❡❝❤♥♦❧♦❣✐❡♥ ❛♥❣❡I❡❤❡♥✱ ✇❡❧❝❤❡ ❡✐♥❡♥ ✇❡I❡♥F❧✐❝❤❡♥ ❇❡✐FL❛❣ ③✉L ❊♥❡L❣✐❡✇❡♥❞❡ ❧❡✐IF❡♥ ❦!♥✲
♥F❡♥✳ ❉❡L ❞✐L❡❦F❡♥ ❙②♥F❤❡I❡ ✈♦♥ ❉✐❡F❤②❧❝❛L❜♦♥❛F ❛✉I ❈❖✷ ✉♥❞ ❊F❤❛♥♦❧ ✇✐L❞ ❛❧I ❡✐♥❡L ❞❡L
❜❡L❡✐FI ❡L✇p❤♥F❡♥ ❈❈ ❚❡❝❤♥♦❧♦❣✐❡♥ ❡✐♥ ❜❡I♦♥❞❡LI ❤♦❤❡I �♦F❡♥F✐❛❧ ③✉❣❡I❝❤L✐❡❜❡♥ ❚❡✐❧❡
❞❡L ❝❤❡♠✐I❝❤❡♥ ■♥❞✉IFL✐❡ ♥❛❝❤❤❛❧F✐❣❡L ③✉ ❣❡IF❛❧F❡♥✳ ❉✐❡F❤②❧❝❛L❜♦♥❛F ✇✐L❞ ❞❡L③❡✐F ✐♥F❡♥I✐✈
❛❧I ▲!I✉♥❣I♠✐FF❡❧ ✉♥❞ ✐♠ ❘❛❤♠❡♥ ♣❤❛L♠❛③❡✉F✐I❝❤❡L ❍❡LIF❡❧❧✉♥❣I✈❡L❢❛❤L❡♥✱ ✐♥ ❞❡L ❇❛F✲
F❡L✐❡❤❡LIF❡❧❧✉♥❣ ✉♥❞ ❛❧I ▲!I✉♥❣I♠✐FF❡❧ ❡✐♥❣❡I❡F③F✳ ❉✐❡ ❞❡L③❡✐F✐❣❡♥ ❙②♥F❤❡I❡♠!❣❧✐❝❤❦❡✐F❡♥
✈♦♥ ❉✐❡F❤②❧❝❛L❜♦♥❛F ❜❛I✐❡L❡♥ ❛✉❢ F♦①✐I❝❤❡♥ ❡L❢❛❤L❡♥✳ ❉✐❡ ❞✐L❡❦F❡ ❙②♥F❤❡I❡ ✉♠❣❡❤F ❞✐❡
◆❛❝❤F❡✐❧❡ ❞❡L ❡F❛❜❧✐❡LF❡♥ �L♦❞✉❦F✐♦♥IL♦✉F❡♥✱ ✇♦❜❡✐ ❛✉❝❤ ❤✐❡L ❡✐♥✐❣❡ ◆❛❝❤F❡✐❧❡ ❜❡❦❛♥♥F
I✐♥❞✳

❉✐❡ ❉❊❈ ❆✉I❜❡✉F❡ ❛✉I ❞❡L ❡LI❡IF❡L✉♥❣IL❡❛❦F✐♦♥ ✈♦♥ ❊F❖❍ ✉♥❞ ❈❖✷ ❡♥FI♣L✐❝❤F ♥♦❝❤
♥✐❝❤F ❞❡♥ ❆♥❢♦L❞❡L✉♥❣❡♥ ✉♠ ✐♠ ✐♥❞✉IFL✐❡❧❧❡♥ ▼❛eIF❛❜ ❦♦♥❦✉LL❡♥③❢p❤✐❣ ③✉ I❡✐♥✳ ❉✐❡ ✇❡♥✐✲
❣❡♥ ❑❛F❛❧②I❛F♦L❡♥✱ ❞✐❡ ❡✐♥❡ ✈✐❡❧✈❡LI♣L❡❝❤❡♥❞❡ ▲❡✐IF✉♥❣I❢p❤✐❣❦❡✐F ③❡✐❣❡♥✱ ❜❡L❣❡♥ ❛✉❢❣L✉♥❞
✐❤L❡L ❛❜L❛I✐✈❡♥ ❊✐❣❡♥I❝❤❛❢F ❡✐♥ L❡❧❡✈❛♥F❡I ❘✐I✐❦♦ ❢fL ❆♥❧❛❣❡♥F❡✐❧❡ ✉♥❞ ❊N✐♣♠❡♥F✳ ▼♦❞✐✲
✜③✐❡LF❡ ❚Lp❣❡L ✇✉L❞❡♥ ❡LI❛F③✇❡✐I❡ ✐♠ ❘❛❤♠❡♥ ❞❡L ❞✐L❡❦F❡♥ ❉❊❈ ❙②♥F❤❡I❡ ❡✐♥❣❡I❡F③F✳ ❉✐❡
❜❡♦❜❛❝❤F❡F❡♥ ❊L❣❡❜♥✐II❡ L❡✐❤❡♥ I✐❝❤ ✐♥ ❞✐❡ ▲❡✐IF✉♥❣I❦❧❛II❡ ✈♦♥ ❦♦♠♠❡L③✐❡❧❧ ✈❡L❢f❣❜❛L❡♥
❑❛F❛❧②I❛F♦L❡♥ ❡✐♥✳ ❉❡♥♥♦❝❤ I✐♥❞ ❞✐❡ ❡L③✐❡❧F❡♥ ❆✉I❜❡✉F❡♥ ❛❧I ✉♥③✉L❡✐❝❤❡♥❞ ❛♥③✉I❡❤❡♥✳

❖❜✇♦❤❧ ♥❛❝❤ ❞❡♠ ●❡I❡F③ ✈♦♥ ▲❡ ❈❤❛F❡❧✐❡L ❞✐❡ ❆♥✇❡I❡♥❤❡✐F ❜❡✐❞❡L �L♦❞✉❦F❡ ❞✐❡ ❘❡❛❦✲
F✐♦♥I❣❡I❝❤✇✐♥❞✐❣❦❡✐F ✈❡L❧❛♥❣I❛♠❡♥ ♠fIIF❡✱ ✐IF ❞✐❡ ❆♥✇❡I❡♥❤❡✐F ✈♦♥ ❛II❡L ❛❧I ❜❡I♦♥❞❡LI
♥❛❝❤F❡✐❧✐❣ ❢fL ❞❡♥ ❡L❧❛✉❢ ❞❡L ❘❡❛❦F✐♦♥ ❜❡I❝❤L✐❡❜❡♥ ✇♦L❞❡♥✳ ❉✐❡ ❣❧❡✐❝❤③❡✐F✐❣❡ �LpI❡♥③
✈♦♥ ❈❖✷ ✉♥❞ ❛II❡L ❦!♥♥F❡ ❞❛❜❡✐ ♠❛e❣❡❜❧✐❝❤ I❡✐♥✳ ❉❡L ❊✐♥I❛F③ ❝❤❡♠✐I❝❤❡L ❛II❡L✲
❢p♥❣❡L ✇✉L❞❡ ✈✐❡❧❢❛❝❤ ❛❧I ❡✐♥❡ ❖♣F✐♦♥ ❜❡I❝❤L✐❡❜❡♥✱ ❞✐❡ ❡L❧❛♥❣I❛♠✉♥❣ ❞❡L ❘❡❛❦F✐♦♥ ③✉
❜❡I❝❤Lp♥❦❡♥✳ ❉❛L❛✉I ❡L❣✐❜F I✐❝❤ ❛❜❡L ❞✐❡ ◆♦F✇❡♥❞✐❣❦❡✐F ❡✐♥❡L ♠❡✐IF ❡♥❡L❣✐❡❛✉❢✇p♥❞✐❣❡♥
❙F♦✛FL❡♥♥✉♥❣✳

❉✐❡I❡ ❆L❜❡✐F ❣L❡✐❢F ❛✉❢ ❞✐❡ ◆✉F③✉♥❣ ❡✐♥❡L ▼❡♠❜L❛♥ ✐♠ ❘❛❤♠❡♥ ✈♦♥ �❡L✈❛♣♦L❛F✐♦♥ ③✉L
❞❡❤②❞L✐❡L✉♥❣ ❞❡I ❘❡❛❦F✐♦♥I❣❡♠✐I❝❤❡I ❛✉❢✳ ❉❛❜❡✐ ❦♦♥♥F❡♥ ❜❡I♦♥❞❡LI ❤♦❤❡ ❙❡❧❡❦F✐✈✐FpF❡♥
❜❡✐ ♠♦❞❡L❛F❡♠ FL❛♥I♠❡♠❜L❛♥❡♥ ❋❧✉II ❜❡♦❜❛❝❤F❡F✳ ❊✐♥❡ ❙❦❛❧✐❡L✉♥❣ ❞❡L ▼❡♠❜L❛♥ ✐♥ ❦♦♠✲
❜✐♥❛F✐♦♥ ♠✐F ❞❡L ❉❊❈ ❙②♥F❤❡I❡ ✇✉L❞❡ ✐♠ ❘❛❤♠❡♥ ✈♦♥ �L♦③❡III✐♠✉❧❛F✐♦♥ ❜❡L❡❝❤♥❡F ✉♥❞
❛✉I❣❡✇❡LF❡F✳ ❉❛❜❡✐ ❦❛♠ ❡✐♥ I❡❧❜IF❡♥F✇✐❝❦❡❧F❡I ✉♥❞ ✈❡L!✛❡♥F❧✐❝❤F❡I ▼❡♠❜L❛♥♠♦❞❡❧ ③✉♠
❊✐♥I❛F③✱ ✇❡❧❝❤❡I I✐❝❤ I♦✇♦❤❧ ❢fL ●❛I♣❡L♠❡❛F✐♦♥I✲ ✉♥❞ �❡L✈❛♣♦L❛F✐♦♥I❛♥✇❡♥❞✉♥❣❡♥ ❡✐❣♥❡F✳
❉✐❡ ❆♥L❡✐❝❤❡L✉♥❣ ✈♦♥ ❉❊❈ ❦!♥♥F❡ I♦♠✐F ❞❡✉F❧✐❝❤ ❣❡IF❡✐❣❡LF ✇❡L❞❡♥✳ ❉✐❡ ❊♥F❞❡❝❦✉♥❣❡♥
❞✐❡I❡L ❆L❜❡✐F ❦♦♥♥F❡♥ ✐♠ ❘❛❤♠❡♥ ❡✐♥❡I �✐❧♦F♠❡♠❜L❛♥L❡❛❦F♦LI ✈❡L✇❡LF❡F ✇❡L❞❡♥✳

■■



❈♦♥3❡♥35

✶ ▼♦F✐✈❛F✐♦♥ ✶
✶✳✶ ❚❛L❣❡F ♦❢ F❤✐I ✇♦L❦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷

✷ ❙F❛F❡✕♦❢✕F❤❡✕❛JF ✕ ❈❈ ✐♥ ✐♥❞✉HFJ✐❛❧ ♣J♦❝❡HH❡H ✺
✷✳✶ ❈❛L❜♦♥ ❈❛♣F✉L❡ ❚❡❝❤♥♦❧♦❣✐❡I ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼
✷✳✷ ▼❡♠❜L❛♥❡ F❡❝❤♥♦❧♦❣② ✐♥ �♦IF ❝❛L❜♦♥ ❝❛♣F✉L❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵
✷✳✸ ❖L❣❛♥✐❝ ❝❛L❜♦♥❛F❡I ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷

✷✳✸✳✶ ❉✐❡F❤②❧ ❝❛L❜♦♥❛F❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹
✷✳✸✳✷ ❉✐L❡❝F I②♥F❤❡I✐I ♦❢ ❉❊❈ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻

✷✳✹ ▼♦❞❡❧✐♥❣ ❛♥❞ ❙✐♠✉❧❛F✐♦♥I ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶

✸ ▼❡F❤♦❞♦❧♦❣② ✷✸
✸✳✶ ❊①♣❡L✐♠❡♥F❛❧ ▼❡F❤♦❞I ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸

✸✳✶✳✶ ❙F❛❜✐❧✐F② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸
✸✳✶✳✷ ▼✐I❝✐❜✐❧✐F② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✹
✸✳✶✳✸ ❉✐❡F❤②❧ ❝❛L❜♦♥❛F❡ I②♥F❤❡I✐I ❡①♣❡L✐♠❡♥FI ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✺
✸✳✶✳✹ �❡L✈❛♣♦L❛F✐♦♥ I❡F✉♣ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✻
✸✳✶✳✺ ❆♥❛❧②F✐❝I ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽

✸✳✷ �L♦❝❡II I✐♠✉❧❛F✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✾
✸✳✷✳✶ ❉✐L❡❝F ❉❊❈ I②♥F❤❡I✐I ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✵
✸✳✷✳✷ ❆♠♠♦♥✐❛ ❞❡❝♦♠♣♦I✐F✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✶

✸✳✸ ▼❡♠❜L❛♥❡ ▼♦❞❡❧✐♥❣ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✷

✹ ❘❡H✉❧FH ✸✺
✹✳✶ ▼✐I❝✐❜✐❧✐F② ♦❢ ❉❊❈ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✺
✹✳✷ ❙②♥F❤❡I✐I ♦❢ ❉❊❈ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✻
✹✳✸ �L♦❞✉❝F L❡♠♦✈❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✷
✹✳✹ �L♦❝❡II I✐♠✉❧❛F✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✹

✺ ❙✉♠♠❛J② ♦❢ ♣✉❜❧✐❝❛F✐♦♥H ✹✼
✺✳✶ ❏♦✉L♥❛❧ �✉❜❧✐❝❛F✐♦♥I ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✼

✺✳✶✳✶ ❏♦✉L♥❛❧ �✉❜❧✐❝❛F✐♦♥ ■ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✼
✺✳✶✳✷ ❏♦✉L♥❛❧ �✉❜❧✐❝❛F✐♦♥ ■■ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✽
✺✳✶✳✸ ❏♦✉L♥❛❧ �✉❜❧✐❝❛F✐♦♥ ■■■ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✽
✺✳✶✳✹ ❏♦✉L♥❛❧ �✉❜❧✐❝❛F✐♦♥ ■ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✾

✺✳✷ ❆✉IFL✐❛♥ �❛F❡♥F ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✾

✻ ❈♦♥❝❧✉H✐♦♥ ✺✶

■■■



❇✐❜❧✐♦❣J❛♣❤② ✺✺

❏♦✉J♥❛❧ [✉❜❧✐❝❛F✐♦♥H ✼✵
❏♦✉L♥❛❧ �✉❜❧✐❝❛F✐♦♥ ■ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✵
❏♦✉L♥❛❧ �✉❜❧✐❝❛F✐♦♥ ■■ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✻
❏♦✉L♥❛❧ �✉❜❧✐❝❛F✐♦♥ ■■■ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✷
❏♦✉L♥❛❧ �✉❜❧✐❝❛F✐♦♥ ■■■ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✹

❆✉HFJ✐❛♥ [❛F❡♥F ✶✷✵

■



▲✐53 ♦❢ ❛♣♣❡♥❞❡❞ ♣✉❜❧✐❝❛3✐♦♥5

❏♦✉J♥❛❧ [✉❜❧✐❝❛F✐♦♥ ■
❙F❛❜✐❧✐F② ♦❢ ❉✐❡F❤②❧ ❈❛J❜♦♥❛F❡ ✐♥ F❤❡ [J❡H❡♥❝❡ ♦❢ ❆❝✐❞✐❝ ❛♥❞ ❇❛H✐❝ ❙♦❧✈❡♥FH
❑✳ ❆③✐❛❜❛✱ ❋✳▼✳ ▼♦➸✐♥❛✱ ▼✳ ❚❡✉❢♥❡L✕❑❛❜❛I✱ ❋✳ ❑❛❜❛I✱ ❈✳ ❏♦L❞❛♥✱ ❛♥❞ ▼✳ ❍❛L❛I❡❦
❈❤❡♠✐❝❛❧ ❊♥❣✐♥❡❡L✐♥❣ ❚L❛♥I❛❝F✐♦♥I✱ ✈♦❧✳ ✶✵✺✱ ♣♣✳ ✶✻✸✕✶✻✽✱ ◆♦✈✳ ✷✵✷✸
❞♦✐✿✶✵✳✸✸✵✸✴❈❊❚✷✸✶✵✺✵✷✽✳

❆✉F❤♦J✬H ❈♦♥FJ✐❜✉F✐♦♥✿ ❚❤❡ ❛✉F❤♦L ❝♦♥FL✐❜✉F❡❞ F♦ F❤❡ ❞❡I✐❣♥✱ ❡①❡❝✉F✐♦♥✱ ❛♥❞ ❛♥❛❧②I✐I
♦❢ F❤❡ ❡①♣❡L✐♠❡♥FI ✐♥ ❝♦♦L❞✐♥❛F✐♦♥ ✇✐F❤ F❤❡ ❝♦✕❛✉F❤♦LI✳ ❚❤❡ ❡✈❛❧✉❛F✐♦♥ ♦❢ F❤❡ ❞❡❣L❛❞❛F✐♦♥
❣L❛❞❡I ❛♥❞ F❤❡ ✇L✐F✐♥❣ ♦❢ F❤❡ ♣❛♣❡L ✇❛I ❝❛LL✐❡❞ ♦✉F ✐♥ ✐♥F❡♥I✐✈❡ ❝♦♦♣❡L❛F✐♦♥ ✇✐F❤ F❤❡
I❡❝♦♥❞ ❛✉F❤♦L✳

❏♦✉J♥❛❧ [✉❜❧✐❝❛F✐♦♥ ■■
❉❡❤②❞J❛F✐♦♥ ❜② [❡J✈❛♣♦J❛F✐♦♥ ♦❢ ❛♥ ❖J❣❛♥✐❝ ❙♦❧✉F✐♦♥ ❢♦J F❤❡ ❉✐J❡❝F ❙②♥F❤❡H✐H
♦❢ ❉✐❡F❤②❧ ❈❛J❜♦♥❛F❡
❑✳ ❆③✐❛❜❛✱ ▼✳ ❆♥♥❡L❧✱ ●✳ ●L❡✐❧✐♥❣❡L✱ ▼✳ ❚❡✉❢♥❡L✕❑❛❜❛I✱ ❋✳ ❑❛❜❛I✱ ❈✳ ❏♦L❞❛♥✱ ❛♥❞ ▼✳
❍❛L❛I❡❦
❙❡♣❛L❛F✐♦♥I✱ ✈♦❧✳ ✶✶✭✶✵✮✱ ♥♦✳ ✷✽✾✱ ❖❝F✳ ✷✵✷✹
❞♦✐✿✶✵✳✸✸✾✵✴I❡♣❛L❛F✐♦♥I✶✶✶✵✵✷✽✾

❆✉F❤♦J✬H ❈♦♥FJ✐❜✉F✐♦♥✿ ❚❤❡ ❛✉F❤♦L ❝♦♥FL✐❜✉F❡❞ F♦ F❤❡ ❛II❡♠❜❧② ♦❢ F❤❡ ❡N✉✐♣♠❡♥F ❛♥❞
❝♦♥❝❡♣F✉❛❧✐③❛F✐♦♥✱ ❞❡I✐❣♥✱ ❡①❡❝✉F✐♦♥✱ ❛♥❞ ❛II❡II♠❡♥F ♦❢ F❤❡ ❡①♣❡L✐♠❡♥FI✳ ❚❤❡ ❡①F❡♥❞❡❞
❡✈❛❧✉❛F✐♦♥ L❡❣❛L❞✐♥❣ F❤❡ ❛♣♣❧✐❝❛❜✐❧✐F② ♦❢ F❤❡ ♠❡♠❜L❛♥❡I ✇❛I ❜❛I❡❞ ♦♥ F❤❡ ✇♦L❦ ♦❢ F❤❡
I❡❝♦♥❞ ❛♥❞ F❤✐L❞ ❛✉F❤♦LI ♦❢ F❤❡ IF✉❞②✳ ❚❤❡ ✇L✐F✐♥❣ ✇❛I ❝❛LL✐❡❞ ♦✉F ❜② F❤❡ ❛✉F❤♦L ❛♥❞
F❤❡ I❡❝♦♥❞ ❛✉F❤♦L✳





❏♦✉J♥❛❧ [✉❜❧✐❝❛F✐♦♥ ■■■
❉❡H✐❣♥ ♦❢ ❛ ●❛H [❡J♠❡❛F✐♦♥ ❛♥❞ [❡J✈❛♣♦J❛F✐♦♥ ▼❡♠❜J❛♥❡ ▼♦❞❡❧ ❢♦J ❛♥ ❖♣❡♥
❙♦✉J❝❡ [J♦❝❡HH ❙✐♠✉❧❛F✐♦♥ ❚♦♦❧
❑✳ ❆③✐❛❜❛✱ ❈✳ ❏♦L❞❛♥✱ ❇✳ ❍❛❞❞❛❞✐✱ ❛♥❞ ▼✳ ❍❛L❛I❡❦
▼❡♠❜L❛♥❡I✱ ✈♦❧✳ ✶✷✭✶✷✮✱ ♥♦✳ ✶✶✽✻✱ ◆♦✈✳ ✷✵✷✷
❞♦✐✿✶✵✳✸✸✾✵✴♠❡♠❜L❛♥❡I✶✷✶✷✶✶✽✻

❆✉F❤♦J✬H ❈♦♥FJ✐❜✉F✐♦♥✿ ❚❤❡ ❛✉F❤♦L ♣❧❛♥♥❡❞✱ ❞❡I✐❣♥❡❞✱ ❞❡✈❡❧♦♣❡❞✱ F❡IF❡❞✱ ❛♥❞ ✈❛❧✐✲
❞❛F❡❞ F❤❡ ♠♦❞❡❧ ✇✐F❤ F❤❡ ❛II✐IF❛♥❝❡ ♦❢ F❤❡ ❝♦✕❛✉F❤♦LI✳ ❚❤❡ ♣❛♣❡L ❤❛I ❜❡❡♥ ✇L✐FF❡♥ ❜②
F❤❡ ❛✉F❤♦L ❛♥❞ L❡✈✐I❡❞ ❜② F❤❡ ❝♦✕❛✉F❤♦LI✳

❏♦✉J♥❛❧ [✉❜❧✐❝❛F✐♦♥ ■
❍✐❣❤ [✉J✐F② ❍②❞J♦❣❡♥ ❢J♦♠ ▲✐L✉✐❞ ◆❍✸ ✕ [J♦♣♦H❛❧ ❛♥❞ ❊✈❛❧✉❛F✐♦♥ ♦❢ ❛ [J♦✲
❝❡HH ❈❤❛✐♥
❑✳ ❆③✐❛❜❛✱ ❇✳❉✳ ❡✐II✱ ✳ ■❧❧②❡I✱ ❈✳ ❏♦L❞❛♥✱ ▼✳ ❍❛✐❞❡L✱ ❛♥❞ ▼✳ ❍❛L❛I❡❦
❈❤❡♠✐❝❛❧ ❊♥❣✐♥❡❡L✐♥❣ ❚L❛♥I❛❝F✐♦♥I✱ ✈♦❧✳ ✾✻✱ ♣♣✳ ✶✻✾✕✶✼✹✱ ◆♦✈✳ ✷✵✷✷
❞♦✐✿✶✵✳✸✸✵✸✴❈❊❚✷✷✾✻✵✷✾

❆✉F❤♦J✬H ❈♦♥FJ✐❜✉F✐♦♥✿ ❚❤❡ ❛✉F❤♦L ❛♥❞ ❛❧❧ ❝♦✕❛✉F❤♦LI ❤❛✈❡ ❝♦♥FL✐❜✉F❡❞ F♦ ❝♦♥❝❡♣F✉✲
❛❧✐③✐♥❣ F❤❡ ♣❛♣❡L✳ ❚❤❡ ❛✉F❤♦L ❤❛I L❡I❡❛L❝❤❡❞✱ ❞❡I✐❣♥❡❞✱ ❛♥❞ I✐♠✉❧❛F❡❞ F❤❡ I❡♣❛L❛F✐♦♥ ♦❢
F❤❡ ❞❡❝♦♠♣♦I✐F✐♦♥I ♦✛✕❣❛I✳ ❚❤❡ ✇L✐F✐♥❣ ♣L♦❝❡II ✇❛I ❡N✉❛❧❧② I❤❛L❡❞ ❜❡F✇❡❡♥ F❤❡ ❛✉F❤♦L
❛♥❞ F❤❡ I❡❝♦♥❞ ❛♥❞ F❤✐L❞ ❛✉F❤♦LI ❛♥❞ I✉♣❡L✈✐I❡❞ ❜② F❤❡ ♦F❤❡L ❛✉F❤♦LI✳

❆✉HFJ✐❛♥ [❛F❡♥F
[J♦❝❡HH ❢♦J F❤❡ [J❡♣❛J❛F✐♦♥ ♦❢ ❖J❣❛♥✐❝ ❈❛J❜♦♥❛F❡H ♣❡♥❞✐♥❣
❖K✐❣✐♥❛❧ I✐I❧❡✿ ❡K❢❛❤K❡♥ ③✉K ❍❡KJI❡❧❧✉♥❣ ♦K❣❛♥✐J❝❤❡ ❈❛K❜♦♥❛I❡
●✳ ●L❡✐❧✐♥❣❡L✱ ❈✳ ❏♦L❞❛♥✱ ❋✳ ❑❛❜❛I✱ ❑✳ ❆③✐❛❜❛✱ ▼✳ ●❡♥♦✈✱ ▼✳ ❚❡✉❢♥❡L✕❑❛❜❛I✱ ❛♥❞ ▼✳
❍❛L❛I❡❦
�❛F❡♥F ♥✉♠❜❡L✿ ❆❚✺✷✼✵✽✻❆✶

❆✉F❤♦J✬H ❈♦♥FJ✐❜✉F✐♦♥✿ ❚❤❡ ❛✉F❤♦L ❝♦♥FL✐❜✉F❡❞ F♦ ♣L❡❧✐♠✐♥❛L② ♦❜F❛✐♥❡❞ ✜♥❞✐♥❣I ♦♥
✇❤✐❝❤ F❤✐I ♣❛F❡♥F ✐I ❞❡✈❡❧♦♣❡❞✳ ❋✉LF❤❡L✱ F❤❡ ❛✉F❤♦L ❝♦♥FL✐❜✉F❡❞ F♦ F❤❡ ❞❡I✐❣♥✱ ❝♦♥IFL✉❝✲
F✐♦♥✱ ❝♦♠♠✐II✐♦♥✱ ❛♥❞ ♦♣❡L❛F✐♦♥ ♦❢ F❤❡ I②IF❡♠ L❡I✉❧F✐♥❣ ❢L♦♠ F❤✐I ♣❛F❡♥F✳

■



■■



▲✐53 ♦❢ 5✉♣❡7✈✐5❡❞ ❛♥❞ ❝♦✲5✉♣❡7✈✐5❡❞

3❤❡5❡5

❚❤❡ ❢♦❧❧♦✇✐♥❣ ❜❛❝❤❡❧♦L✕ ❛♥❞ ♠❛IF❡L F❤❡I❡I ❤❛✈❡ ❜❡❡♥ I✉♣❡L✈✐I❡❞ ♦L ❝♦✕I✉♣❡L✈✐I❡❞ ❜② F❤❡
❛✉F❤♦L✿

▼❛HF❡J F❤❡H❡H✿

●❡L❤❛L❞ ●L❡✐❧✐♥❣❡L✿ ❈♦♥IFL✉❝F✐♦♥ ♦❢ ❛ ♠❡♠❜L❛♥❡ ♣❡L✈❛♣♦L❛F✐♦♥ ✉♥✐F ❢♦L F❤❡
❞❡❤②❞L❛F✐♦♥ ♦❢ ❛♥ ♦L❣❛♥✐❝ L❡❛❝F✐♦♥ ♠✐①F✉L❡

▼❛L❝♦ ❆♥♥❡L❧✿ ■♠♣L♦✈❡♠❡♥F ♦❢ ❞✐❡F❤②❧ ❝❛L❜♦♥❛F❡ I②♥F❤❡I✐I ❢L♦♠ ❈❖✷ ❛♥❞ ❡F❤❛♥♦❧
❜② ♣❡L✈❛♣♦L❛F✐♦♥

❋❧♦L✐❛♥ ❛❧❧✐I❝❤✿ ❇❛✉ ❡✐♥❡I �L♦F♦F②♣✕▼❡♠❜L❛♥L❡❛❦F♦LI ③✉L ❍❡LIF❡❧❧✉♥❣ ✈♦♥
❉✐❡F❤②❧❝❛L❜♦♥❛F

�❡F❡L ●❧❛F③❧✿ ❆✉❢❜❛✉ ❡✐♥❡I ❈❈✕�L♦③❡II❡I ③✉L ❇❡IF✐♠♠✉♥❣ ❞❡I
◆❛❝❤❤❛❧F✐❣❦❡✐FI♣♦F❡♥F✐❛❧I ❞❡L ❑♦❤❧❡♥Ip✉L❡❡IF❡L✕❍❡LIF❡❧❧✉♥❣

❇❛❝❤❡❧♦J F❤❡H❡H✿

❋❧♦L✐❛♥ ▼♦➸✐♥❛✿ ❈❖✷ ❛I L❛✇ ♠❛F❡L✐❛❧ ❢♦L ❝❤❡♠✐❝❛❧ ✐♥❞✉IFL② ✕ ❈❤❛L❛❝F❡L✐③❛F✐♦♥ ♦❢
♠✐I❝✐❜✐❧✐F② ❛♥❞ ❝❤❡♠✐❝❛❧ IF❛❜✐❧✐F② ♦❢ ❉✐❡F❤②❧ ❝❛L❜♦♥❛F❡

❉✉LL❛ ❈❤✐❜❛♥✿ ❙②♥F❤❡I✐I ♦❢ ❞✐❡F❤②❧ ❝❛L❜♦♥❛F❡ ✉I✐♥❣ ❡①♣❡L✐♠❡♥F❛❧ ❝❛F❛❧②IFI

▲❛✉L❛ ❇❛❧❧♠❛♥♥✿ ❈❡L♦①✐❞✕❑❛F❛❧②I❛F♦L❡♥ ✐♥ ❞❡L ❉❊❈✕❙②♥F❤❡I❡ ✕ ❈❤❡♠✐I❝❤
❛♥❛❧②F✐I❝❤❡ ♥F❡LI✉❝❤✉♥❣❡♥ ✫ ❑L❡✐I❧❛✉❢♣L♦③❡II

■■■



▲✐53 ♦❢ ❋✐❣✉7❡5

✶ ❘❡❝♦L❞I ✐♥ ♥✉♠❜❡L ♦❢ ♣✉❜❧✐❝❛F✐♦♥I ♦♥ ❈❈❙ I✐♥❝❡ ✶✾✾✵ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻
✷ ❈❧❛II✐✜❝❛F✐♦♥ ♦❢ ❈❈ F❡❝❤♥♦❧♦❣✐❡I ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻
✸ ❖✈❡L✈✐❡✇ ♦❢ ♣♦IF✕❝♦♠❜✉IF✐♦♥ ❝❛♣F✉L❡ F❡❝❤♥♦❧♦❣✐❡I ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽
✹ ❖✈❡L✈✐❡✇ ♦❢ ❛✈❛✐❧❛❜❧❡ ♠❡♠❜L❛♥❡ ♠❛F❡L✐❛❧I ❢♦L ♣♦IF✲❝♦♠❜✉IF✐♦♥ ❝❛♣F✉L❡ ✳ ✳ ✶✵
✺ ❘♦❜❡I♦♥ ♣❧♦F ❢♦L ❈❖✷✴◆✷ ❣❛I ♣❛✐LI ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷
✻ ❙FL✉❝F✉L❛❧ ❢♦L♠✉❧❛❡ ♦❢ ✈❛L✐♦✉I ♦L❣❛♥✐❝ ❝❛L❜♦♥❛F❡I ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸
✼ ●✐❜❜I ❡♥❡L❣✐❡I ♦❢ ❉❊❈ ②✐❡❧❞✐♥❣ L❡❛❝F✐♦♥I ❞❡♣❡♥❞✐♥❣ ♦♥ ❚❡♠♣❡L❛F✉L❡ ✳ ✳ ✳ ✳ ✶✼
✽ ❘❡❛❝F✐♦♥ ♠❡❝❤❛♥✐I♠ ❢♦L ❞✐L❡❝F ❙②♥F❤❡I✐I ♦♥ ❛ ❈✉✕◆✐✴❆❈ ❈❛F❛❧②IF ✳ ✳ ✳ ✳ ✳ ✶✾

✾ ❚L❡❡ IFL✉❝F✉L❡ ❞✐❛❣L❛♠ ❢♦L F❤❡ ✐❧❧✉IFL❛F✐♦♥ ♦❢ F❤❡ ❡①♣❡L✐♠❡♥F❛❧ ♣❧❛♥ ♦❢ ❉❊❈
❞❡❝♦♠♣♦I✐F✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✹

✶✵ ❙❝❤❡♠❡ ♦❢ F❤❡ ✶ ▲ ♣L❡II✉L✐③❡❞ �❛LL ■♥IFL✉♠❡♥FI L❡❛❝F♦L I②IF❡♠ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✺
✶✶ ❙❝❤❡♠❛F✐❝ ✐❧❧✉IFL❛F✐♦♥ ♦❢ F❤❡ ♣❡L✈❛♣♦L❛F✐♦♥ I❡F✉♣ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼
✶✷ ❚❡♠♣❡L❛F✉L❡ L❛♠♣I ❛♥❞ ♣❡❛❦ ✐❞❡♥F✐✜❝❛F✐♦♥ ❢♦L ❛ ●❈✕❋■❉ ♠❡❛I✉L❡♠❡♥F

❢♦L ❛♥ ❡①❡♠♣❧❛L② I❛♠♣❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✾
✶✸ ❋❧♦✇I❤❡❡F ♦❢ ❉❙■▼ I✐♠✉❧❛F✐♦♥ ❢♦L ❉❊❈ I②♥F❤❡I✐I ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✵
✶✹ ❉❙■▼ ✢♦✇I❤❡❡F ♦❢ ▼❡♠❜L❛♥❡ I❡♣❛L❛F✐♦♥ ❢♦L ◆❍✸ ❞❡❝♦♠♣♦I✐F✐♦♥ ❞♦✇♥✲

IFL❡❛♠ ♣L♦❝❡II✐♥❣ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✶
✶✺ ❙❝❤❡♠❛F✐❝ L❡♣L❡I❡♥F❛F✐♦♥ ♦❢ ❝♦✕❝✉LL❡♥F ❛♥❞ ❝♦✉♥F❡L✕❝✉LL❡♥F ❝L♦II✕I❡❝F✐♦♥ ✳ ✸✷
✶✻ ❙❡❧❡❝F❡❞ ♣❛L❛♠❡F❡LI ❢♦L F❤❡ ❝❛❧❝✉❧❛F✐♦♥ ♦❢ F❤❡ ♠❡♠❜L❛♥❡ I❡♣❛L❛F✐♦♥ ✳ ✳ ✳ ✳ ✸✸
✶✼ ❙❡N✉❡♥❝❡ ♦❢ ❝❛❧❝✉❧❛F✐♦♥ L♦✉F✐♥❡ ❢♦L F❤❡ ♠❡♠❜L❛♥❡ ♠♦❞❡❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✹

✶✽ ❊①♣❡L✐♠❡♥F❛❧ ❜✐♥♦❞❛❧ ❝✉L✈❡I ❛♥❞ F✐❡✕❧✐♥❡I ♦❢ F❡L♥❛L② ❧✐N✉✐❞✕❧✐N✉✐❞ ❡N✉✐❧✐❜L✐❛
♦❢ ❉❊❈✱ ✇❛F❡L✱ ❛♥❞ ❊F❖❍ ♠✐①F✉L❡I ❛F ✷✸ ➦❈ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✺

✶✾ ❈♦♠♣❛L✐I♦♥ ♦❢ ❞✐L❡❝F I②♥F❤❡I✐I ❡①♣❡L✐♠❡♥FI ♦❢ ❘✶ ✕ ❘✺ ✇✐F❤ ✷❈� ❛I
❞❡❤②❞L❛F✐♥❣ ❛❣❡♥F ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✼

✷✵ ❈♦♠♣❛L✐I♦♥ ♦❢ ❞✐✛❡L❡♥F ❞✐L❡❝F I②♥F❤❡I✐I ❡①♣❡L✐♠❡♥FI ♦✈❡L ❈❡❖✷ ✉I✐♥❣ ❞✐❢✲
❢❡L❡♥F ❊F❖❍ ❢❡❡❞ ✈♦❧✉♠❡I ✇✐F❤ ❛♥❞ ✇✐F❤♦✉F ✷❈� ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✼

✷✶ ❈♦♠♣❛L✐I♦♥ ♦❢ ❡①♣❡L✐♠❡♥FI ✉I✐♥❣ ♠♦❞✐✜❡❞ ❝❛LL✐❡LI ❜❡❛L✐♥❣ ❛ ❝❛F❛❧②IF ♦♥
❉❊❈ ②✐❡❧❞ ♣❡L ❤♦✉L ✇✐F❤ ✷❈� ✉I❛❣❡ ❛I ❛ ✇❛F❡L FL❛♣ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✾

✷✷ ❈♦♠♣❛L✐I♦♥ ♦❢ ♣L♦❞✉❝F✐✈✐F② ♦❢ ♠♦❞✐✜❡❞ ❝❛LL✐❡LI ❜❡❛L✐♥❣ ❛ ❝❛F❛❧②IF ✇✐F❤
✷❈� ✉I❛❣❡ ❛I ❛ ✇❛F❡L FL❛♣ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✾

✷✸ ❈♦♠♣❛L✐I♦♥ ♦❢ ❤♦✉L❧② ②✐❡❧❞ ❛♥❞ ♣L♦❞✉❝F✐✈✐F② ♦❢ ♠♦❞✐✜❡❞ ❝❛LL✐❡LI ❜❡❛L✐♥❣
❛ ❝❛F❛❧②IF ✇✐F❤♦✉F ✇❛F❡L FL❛♣ ✉I❛❣❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✶

✷✹ ❈♦♠♣❛L✐I♦♥ ♦❢ ❤♦✉L❧② ②✐❡❧❞ ❛♥❞ ♣L♦❞✉❝F✐✈✐F② ♦❢ ♠♦❞✐✜❡❞ ❝❛LL✐❡LI ♦♥ ♠✉❧✲
F✐♣❧❡ ✉I❛❣❡ ✇✐F❤♦✉F ✇❛F❡L FL❛♣ ✉I❛❣❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✷

✷✺ ❛F❡L ❝♦♥❝❡♥FL❛F✐♦♥ ♦❢ ❝✐L❝✉❧❛F✐♥❣ ❢❡❡❞ ♦❢ ❛♥ ❡①❡♠♣❧❛L② ❡①♣❡L✐♠❡♥F ✳ ✳ ✳ ✳ ✹✸
✷✻ ❙✐♠✉❧❛F❡❞ ❡N✉✐❧✐❜L✐✉♠ ❝♦♥❝❡♥FL❛F✐♦♥I ♦❢ ❉❊❈ ✉I✐♥❣ ❉❙■▼ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✹

■



✷✼ ❙✐♠✉❧❛F❡❞ ❡N✉✐❧✐❜L✐✉♠ ♠❛II ❢L❛❝F✐♦♥I ♦❢ ✇❛F❡L ✐♥ ●✐❜❜I ❛♥❞ ❊N✉✐❧✐❜L✐✉♠
L❡❛❝F♦L ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✺





■



▲✐53 ♦❢ ❚❛❜❧❡5

✶ ❆❞✈❛♥F❛❣❡I ❛♥❞ ❞L❛✇❜❛❝❦I ♦❢ ❝✉LL❡♥F❧② ✐♥ ❧✐F❡L❛F✉L❡ ❞✐I❝✉II❡❞ �❈❈ F❡❝❤✲
♥♦❧♦❣✐❡I ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾

✷ ❖✈❡L✈✐❡✇ ♦❢ I❡❧❡❝F❡❞ ❣❛I ♣❡L♠❡❛F✐♦♥ ♠❡♠❜L❛♥❡I ❢♦L �❈❈ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶
✸ ❚❤❡L♠♦❞②♥❛♠✐❝ ❞❛F❛ ❢♦L ❞✐✛❡L❡♥F I②♥F❤❡I✐I L❡❛❝F✐♦♥I ❢♦L ❉❊❈ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻
✹ ❖✈❡L✈✐❡✇ ♦❢ I❡❧❡❝F❡❞ ❝❛F❛❧②IFI ✉I❡❞ ❢♦L ❞✐L❡❝F I②♥F❤❡I✐I ♦❢ ❉❊❈ ✐♥ ❧✐F❡L❛F✉L❡ ✷✵

✺ ●❈✕❋■❉ ♠❡F❤♦❞ ♣❛L❛♠❡F❡LI ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽

✻ ❈❡❖✷ ❛I ❝❛F❛❧②IF ♦♥ ✶✷✵ ➦❈ F❡♠♣❡L❛F✉L❡ ❛♥❞ ❛ F♦F❛❧ ♣L❡II✉L❡ ♦❢ ✹✵ ❜❛L ✳ ✳ ✸✻
✼ ❊①♣❡L✐♠❡♥FI ✇✐F❤ ♠♦❞✐✜❡❞ ❝❛LL✐❡LI ❛I ❝❛F❛❧②IFI ♦♥ ✶✷✵ ➦❈ ❛♥❞ ✹✵ ❜❛L ✉I✐♥❣

✷❈� ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✽
✽ ❊①♣❡L✐♠❡♥FI ✇✐F❤ ♠♦❞✐✜❡❞ ❝❛LL✐❡LI ❛I ❝❛F❛❧②IFI ❛F ✶✷✵ ➦❈ ✇✐F❤♦✉F ✉I✐♥❣ ❛

❞❡❤②❞L❛F✐♥❣ ❛❣❡♥F ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✵
✾ ❊①♣❡L✐♠❡♥FI L❡✉I✐♥❣ ♠♦❞✐✜❡❞ ❝❛LL✐❡LI ♦♥ ✶✷✵ ➦❈ ❛♥❞ ✹✵ ❜❛L ✇✐F❤♦✉F ❛

❞❡❤②❞L❛F✐♥❣ ❛❣❡♥F ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✷
✶✵ ❘❡I✉❧FI ♦❢ ♠❡♠❜L❛♥❡ ♣❡L✈❛♣♦L❛F✐♦♥ ❡①♣❡L✐♠❡♥FI ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✸

■■



▲✐53 ♦❢ ❆❜❜7❡✈✐❛3✐♦♥5

➴ m♥❣IFL!♠
❆❈ ❛❝F✐✈❛F❡❞ ❝❛L❜♦♥
❆❚❘ ❛FF❡♥✉❛F❡❞ F♦F❛❧ L❡✢❡❝F❛♥❝❡
❇▼❊❉ ❜✐♣♦❧❛L ♠❡♠❜L❛♥❡ ❡❧❡❝FL♦❞✐❛❧②I✐I
❈❆❊ ❝❛L❜♦♥✐❝ ❛❝✐❞ ❡IF❡L
❝❛F ❝❛F❛❧②IF
❈❈ ❝❛L❜♦♥ ❝❛♣F✉L❡
❈❈❙ ❝❛L❜♦♥ ❝❛♣F✉L❡ ❛♥❞ IF♦L❛❣❡
❈❈ ❝❛L❜♦♥ ❝❛♣F✉L❡ ❛♥❞ ✉F✐❧✐③❛F✐♦♥
❈❈❙ ❝❛L❜♦♥ ❝❛♣F✉L❡ ❛♥❞ IF♦L❛❣❡✴✉F✐❧✐③❛F✐♦♥
❈❖❈ ❝②❝❧✐❝ ♦L❣❛♥✐❝ ❧✐♥❡❛L ❝❛L❜♦♥❛F❡
❊L✳ ❡N✉❛F✐♦♥
❋❙❈ ✜①❡❞✕I✐F❡✕❝❛LL✐❡L
●❈✕❋■❉ ❣❛I ❝❤L♦♠❛F♦❣L❛♣❤② ✕ ✢❛♠❡ ✐♦♥✐③❛F✐♦♥ ❞❡F❡❝F♦L
❋❚■❘ ❋♦✉L✐❡L FL❛♥I❢♦L♠ ✐♥❢L❛L❡❞ I♣❡❝FL♦I❝♦♣②
●❍● ❣L❡❡♥❤♦✉I❡ ❣❛I
●[ ❣❛I ♣❡L♠❡❛♥❝❡ ✉♥✐F
❑❋❚ ❑❛L❧ ❋✐I❝❤❡L F✐FL❛F✐♦♥
▼❙ ♠♦❧❡❝✉❧❛L I✐❡✈❡
❖❈ ♦L❣❛♥✐❝ ❝❛L❜♦♥❛F❡
[❈❈ ♣♦IF✕❝♦♠❜✉IF✐♦♥ ❝❛♣F✉L❡
[❊❖ ♣♦❧②❡F❤②❧❡♥❡ ♦①✐❞❡
♣❡J♠ ♣❡L♠❡❛F❡
[▲❙ ♣❛LF✐❛❧ ❧❡❛IF IN✉❛L❡I
[❙❆ ♣L❡II✉L❡ I✇✐♥❣ ❛❞I♦L♣F✐♦♥
❘❡❢ L❡❢❡L❡♥❝❡
❙■◆❚❊❋ ❚❤❡ ❋♦✉♥❞❛F✐♦♥ ❢♦L ■♥❞✉IFL✐❛❧ ❛♥❞ ❚❡❝❤♥✐❝❛❧ ❘❡I❡❛L❝❤
❚❘▲ F❡❝❤♥♦❧♦❣② L❡❛❞✐♥❡II ❧❡✈❡❧
◆ ♥✐F❡❞ ◆❛F✐♦♥I
❘i ❘❡❛❝F♦L ❡①♣❡L✐♠❡♥F ✐
❘❉ ✲L❛② ❞✐✛L❛❝F✐♦♥
❘❋ ✲L❛② ✢✉♦L❡I❝❡♥❝❡
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[❛J❛♠❡F❡JH ❛♥❞ ❙②♠❜♦❧H✿

A ❛L❡❛
Comp ♥✉♠❜❡L ♦❢ ❝♦♠♣❛LF♠❡♥FI ✐♥ ♠❡♠❜L❛♥❡ ♠♦❞❡❧
J̇total F♦F❛❧ ✢✉①
J̇i ✢✉① ♦❢ ❝♦♠♣♦✉♥❞ ✐
Keq ❡N✉✐❧✐❜L✐✉♠ ❝♦♥IF❛♥F
Mi ♠♦❧❛L ♠❛II ♦❢ ❝♦♠♣♦✉♥❞ ✐
N F♦F❛❧ ♠♦❧❛L ❢❡❡❞ ✢♦✇
Neff ❡✛❡❝F✐✈❡ ♠♦❧❛L ✢♦✇ ✐♥ ❛❝F✐✈❡ ♠❡♠❜L❛♥❡ ♠♦❞❡❧ ❝♦♠♣❛LF♠❡♥F
P ♣L❡II✉L❡
P 0 ❛♠❜✐❡♥F ♣L❡II✉L❡
Pcarrier ♣❡L❢♦L♠❛♥❝❡ ♣❡L ♠❛II ♦❢ ❝❛LL✐❡L
Pcat ♣❡L❢♦L♠❛♥❝❡ ♣❡L ♠❛II ♦❢ ❝❛F❛❧②IF
PF ❢❡❡❞ ♣L❡II✉L❡
Qi ♣❡L♠❡❛♥❝❡ ♦❢ ❝♦♠♣♦✉♥❞ ✐
Qall ❧✐IF ♦❢ ❛❧❧ ♣❡L♠❡❛♥❝❡I
R ✉♥✐✈❡LI❛❧ ❣❛I ❝♦♥IF❛♥F
T F❡♠♣❡L❛F✉L❡
V ✈♦❧✉♠❡
Yi ②✐❡❧❞ ♦❢ ❝♦♠♣♦✉♥❞ ✐
ci ❝♦♥❝❡♥FL❛F✐♦♥ ♦❢ ❝♦♠♣♦✉♥❞ ✐
dif ✐♥♥❡L ❞✐❛♠❡F❡LI ♦❢ ✜❜❡L
lf ❧❡♥❣F❤ ♣❡L ✜❜❡L
mcarrier ♠❛II ♦❢ F❤❡ ❝❛LL✐❡L
mcat ♠❛II ♦❢ F❤❡ ❝❛F❛❧②IF
mi ♠❛II ♦❢ ❝♦♠♣♦✉♥❞ ✐
mi,0 ♠❛II ♦❢ ❝♦♠♣♦✉♥❞ ✐ ❛F F❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ ❛♥ ❡①♣❡L✐♠❡♥F
mtotal F♦F❛❧ ♠❛II
nF ♠♦❧❛L ✢♦✇ ♦❢ ❢❡❡❞
nfib ♥✉♠❜❡L ♦❢ ✜❜❡LI
ni ♠♦❧❛L ♠❛II ♦❢ ❝♦♠♣♦✉♥❞ ✐
np ♠♦❧❛L ✢♦✇ ♦❢ ♣❡L♠❡❛F❡
pxF,i ♣❛LF✐❛❧ ♣L❡II✉L❡ ♦❢ ❝♦♠♣♦✉♥❞ ✐ ✐♥ ❢❡❡❞
pyi,i ♣❛LF✐❛❧ ♣L❡II✉L❡ ♦❢ ❝♦♠♣♦✉♥❞ ✐ ✐♥ ♣❡L♠❡❛F❡
pp ♣❡L♠❡❛F❡ ♣L❡II✉L❡
qi,0 ✐♥✐F✐❛❧❧② ❡IF✐♠❛F❡❞ ♠♦❧❛L ✢♦✇ ♣❡L ❝♦♠♣❛LF♠❡♥F
qi,p ♠♦❧❛L ✢✉① ♦❢ ❝♦♠♣♦✉♥❞ ✐ ♣❡L ❝♦♠♣❛LF♠❡♥F
qi,r F♦F❛❧ ♠♦❧❛L ✢✉① ♣❡L ❝♦♠♣❛LF♠❡♥F
qt,p ♠♦❧❛L L❡F❡♥F❛F❡ ✢♦✇ ♦❢ ❝♦♠♣♦✉♥❞ ✐ ♣❡L ❝♦♠♣❛LF♠❡♥F
qt,r F♦F❛❧ ♠♦❧❛L L❡F❡♥F❛F❡ ✢♦✇ ♣❡L ❝♦♠♣❛LF♠❡♥F
wi ✇❡✐❣❤F ❢L❛❝F✐♦♥ ♦❢ ❝♦♠♣♦✉♥❞ ✐
wc,i ✇❡✐❣❤F ❢L❛❝F✐♦♥ ♦❢ ❝♦♠♣♦✉♥❞ ✐ ✐♥ ❝✐L❝✉❧❛F❡
wp,i ✇❡✐❣❤F ❢L❛❝F✐♦♥ ♦❢ ❝♦♠♣♦✉♥❞ ✐ ✐♥ ♣❡L♠❡❛F❡
xi ♠♦❧❛L ❢L❛❝F✐♦♥ ♦❢ ❝♦♠♣♦✉♥❞ ✐
xF,i ♠♦❧❛L ❢L❛❝F✐♦♥ ✐♥ ❢❡❡❞ ♦❢ ❝♦♠♣♦✉♥❞ ✐
xr ♠♦❧❛L ❢L❛❝F✐♦♥ ✐♥ L❡F❡♥F❛F❡
xr,i ♠♦❧❛L ❢L❛❝F✐♦♥ ✐♥ L❡F❡♥F❛F❡ ♦❢ ❝♦♠♣♦✉♥❞ ✐
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yi ♠♦❧❛L ❢L❛❝F✐♦♥ ♦❢ ❝♦♠♣♦✉♥❞ ✐
ΔrCpm ❝❤❛♥❣❡ ✐♥ I♣❡❝✐✜❝ ❤❡❛F ♦❢ ❛ L❡❛❝F✐♦♥
ΔrG

0
m IF❛♥❞❛L❞ ●✐❜❜I ❢L❡❡ ❡♥F❤❛❧♣② ♦❢ L❡❛❝F✐♦♥

ΔrH
0
m IF❛♥❞❛L❞ ❡♥F❤❛❧♣② ♦❢ L❡❛❝F✐♦♥

ΔrS
0
m IF❛♥❞❛L❞ ❡♥FL♦♣② ♦❢ L❡❛❝F✐♦♥

Δn ❝❤❛♥❣❡ ✐♥ F❤❡ ♥✉♠❜❡L ♦❢ ♠♦❧❡I ✐♥ ❝❤❡♠✐❝❛❧ L❡❛❝F✐♦♥
Δpi ♣❛LF✐❛❧ ♣L❡II✉L❡ ❞✐✛❡L❡♥❝❡ ♦❢ ❝♦♠♣♦✉♥❞ ✐
Δt ❞✉L❛F✐♦♥
α ✐❞❡❛❧ I❡❧❡❝F✐✈✐F②
αi ♣L❡II✉L❡ L❛F✐♦
αi/j ✐❞❡❛❧ I❡❧❡❝F✐✈✐F② ❢♦L ❝♦♠♣♦✉♥❞ ✐ ♦✈❡L ❝♦♠♣♦✉♥❞ ❥
λ ✇❛✈❡❧❡♥❣F❤
θi IF❛❣❡ ❝✉F ♦❢ ❝♦♠♣♦✉♥❞ ✐
∧ ❧♦❣✐❝❛❧ ❝♦♥❥✉♥❝F✐♦♥
∨ ❧♦❣✐❝❛❧ ❞✐I❥✉♥❝F✐♦♥

❊❧❡♠❡♥FH ❛♥❞ ▼♦❧❡❝✉❧❡H✿

✷❈[ ✷✕❝②❛♥♦♣②L✐❞✐♥❡
❆❧ ❛❧✉♠✐♥✐✉♠
❆❧✷❖✸ ❛❧✉♠✐♥✐✉♠✭■■■✮ ♦①✐❞❡
❈❛❈✷ ❝❛❧❝✐✉♠ ❝❛L❜✐❞❡
❈❛❖ ❝❛❧❝✐✉♠ ♦①✐❞❡
❈❡❖✷ ❝❡L✐✉♠✭■✮ ♦①✐❞❡
❈❍✷❈❧✷ ❞✐❝❤❧♦L♦♠❡F❤❛♥❡
❈❍✷❖ ❢♦L♠❛❧❞❡❤②❞❡
❈❍✹ ♠❡F❤❛♥❡
❈❖ ❝❛L❜♦♥ ♠♦♥♦①✐❞❡
❈❖✷ ❝❛L❜♦♥ ❞✐♦①✐❞❡
❈✉ ❝♦♣♣❡L
❉❊❈ ❞✐❡F❤②❧ ❝❛L❜♦♥❛F❡
❉❊[ ✷✱✷✕❞✐❡F❤♦①②♣L♦♣❛♥❡
❉▼❈ ❞✐♠❡F❤②❧ ❝❛L❜♦♥❛F❡
❉▼❊ ❞✐♠❡F❤②❧ ❡F❤❡L
❉[❈ ❞✐♣L♦♣②❧ ❝❛L❜♦♥❛F❡
❊❈ ❡F❤②❧❡♥❡ ❝❛L❜♦♥❛F❡
❊F■ ❡F❤②❧ ✐♦❞✐❞❡
❊F❖❍ ❡F❤❛♥♦❧
❋❡✷❖✸ ✐L♦♥✭■■■✮ ♦①✐❞❡
❍✷ ❤②❞L♦❣❡♥
❍✷❖ ✇❛F❡L
❍✷❙❖✷ I✉❧❢✉L✐❝ ❛❝✐❞
❍✸❖✰ ❤②❞L♦♥✐✉♠
❍✸[❖✹ ♣❤♦I♣❤♦L✐❝ ❛❝✐❞
❍❈❧ ❤②❞L♦❝❤❧♦L✐❝ ❛❝✐❞
❍❋ ❤②❞L♦✢✉♦L✐❝ ❛❝✐❞
❍❣ ♠❡L❝✉L②
❑✷❈❖✸ ♣♦F❛II✐✉♠ ❝❛L❜♦♥❛F❡

❑❖❍ ♣♦F❛II✐✉♠ ❤②❞L♦①✐❞❡
▼❡❖❍ ♠❡F❤❛♥♦❧
▼❚❇❊ ♠❡F❤②❧ I❡KI✲❜✉F②❧ ❡F❤❡L
◆✷ ♥✐FL♦❣❡♥
◆❛✷❈❖✸ I♦❞✐✉♠ ❝❛L❜♦♥❛F❡
◆❍✸ ❛♠♠♦♥✐❛
◆❛❈❧ I♦❞✐✉♠ ❝❤❧♦L✐❞❡
◆❛❖❍ I♦❞✐✉♠ ❤②❞L♦①✐❞❡
◆✐ ♥✐❝❦❡❧
◆❖ ♥✐FL♦❣❡♥ ♠♦♥♦①✐❞❡
◆❖① ♥✐FL♦❣❡♥ ♦①✐❞❡I
❖✷ ♦①②❣❡♥
[❇❚ ♣♦❧②❜✉F②❧❡♥❡ F❡L❡♣❤F❤❛❧❛F❡
[❊▼ ♣L♦F♦♥✲❡①❝❤❛♥❣❡ ♠❡♠❜L❛♥❡
[❊❖ ♣♦❧②❡F❤②❧❡♥❡ ♦①✐❞❡
[■ ♣♦❧②✐♠✐❞❡
[❙❋ ♣♦❧②I✉❧❢♦♥❡
[F ♣❧❛F✐♥✉♠
[❆♠ ♣♦❧②✈✐♥②❧❛♠✐♥❡
❙✐❖✷ I✐❧✐❝❛
❙❖✷ I✉❧❢✉L ❞✐♦①✐❞❡
❙❖① I✉❧❢✉L ♦①✐❞❡I
❚✐❖✷ F✐F❛♥✐✉♠ ❞✐♦①✐❞❡
❚❖❈ F♦F❛❧ ♦L❣❛♥✐❝ ❝❛L❜♦♥
♥ ③✐♥❝
J❖✷ ③✐L❝♦♥✐✉♠ ❞✐♦①✐❞❡
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❈❍❆'❚❊❘✶
▼♦4✐✈❛4✐♦♥

❚❤❡ ❣L❡❡♥❤♦✉I❡ ❣❛I ❡✛❡❝F ♦❢ ❝❛L❜♦♥ ❞✐♦①✐❞❡ ✭❈❖✷✮ ❤❛I ❜❡❡♥ L❡♣♦LF❡❞ ❛❧L❡❛❞② ❜❛❝❦ ✐♥ F❤❡
②❡❛L ✶✽✺✼ ✶✳ ❚❤❡ ♣♦F❡♥F✐❛❧ ❤❛L♠ F♦ F❤❡ ❝❧✐♠❛F❡ ❛♥❞ F❤❡ ❜✐♦I♣❤❡L❡ F❤❛F F❤❡ ❡✛❡❝FI ♦❢
❣L❡❡♥❤♦✉I❡ ❣❛I ❡♠✐II✐♦♥I ❝♦✉❧❞ ❝❛✉I❡ ❤❛I ❜❡❡♥ ♣L♦♣♦I❡❞ ✐♥ F❤❡ ✶✾✺✵I ✷✱ ✸✳ ❆I ♦❢ F♦❞❛②✱
✐F ❝❛♥ ❜❡ IF❛F❡❞ F❤❛F F❤❡ ✐♥❝L❡❛I✐♥❣ ❛♠♦✉♥F ♦❢ ❛❞✈❡LI❡ ✇❡❛F❤❡L ✐♥❝✐❞❡♥FI ❝❛♥ ❜❡ ❧✐♥❦❡❞
F♦ F❤❡ ❡✛❡❝FI ♦❢ ✐♥❝L❡❛I❡❞ ❛♥F❤L♦♣♦❣❡♥✐❝ ❣L❡❡♥❤♦✉I❡ ❣❛I ❡♠✐II✐♦♥I ✐♥F♦ F❤❡ ❛F♠♦I♣❤❡L❡
✹✳ ▼✉❧F✐♣❧❡ ♣♦❧②✕❧❛F❡L❛❧ ❛❣L❡❡♠❡♥FI✱ I✉❝❤ ❛I F❤❡ �❛L✐I ❆❣L❡❡♠❡♥F ✐♥ ✷✵✶✺ ✺ ♦L F❤❡ ◆
❈❧✐♠❛F❡ ❆❝F✐♦♥ ❙✉♠♠✐F ✻✱ ❤❛✈❡ ❜❡❡♥ ♠❛❞❡ F♦ ❧✐♠✐F ❣L❡❡♥❤♦✉I❡ ❣❛I ❡♠✐II✐♦♥I✳ ❆I ❛ ♠❛✲
❥♦L ❝♦♥FL✐❜✉F♦L F♦ ●❍● ❡♠✐II✐♦♥I✱ F❤❡ ✐♥❞✉IFL② ✐I ✐♥ ❞❡♠❛♥❞ F♦ L❡✈✐I❡ ♠✉❧F✐♣❧❡ ♣L♦❝❡II❡I
❛♥❞ L♦✉F✐♥❡I F♦✇❛L❞I ♠♦L❡ I✉IF❛✐♥❛❜❧❡ ♠❡F❤♦❞I ✼✳ ❆♥ ✐♥F❡L❡IF✐♥❣ ❛♣♣L♦❛❝❤ F♦ L❡❞✉❝✐♥❣
❈❖✷ ❡♠✐II✐♦♥I ✐I ❝❛L❜♦♥ ❝❛♣F✉L❡ ❛♥❞ IF♦L❛❣❡ ✭❈❈❙✮✳ ❈❈❙ ✐I ❛ F❡L♠✐♥♦❧♦❣② F❤❛F ❝♦♠❜✐♥❡I
F❡❝❤♥♦❧♦❣✐❡I F❤❛F IF♦L❡ ❈❖✷ ❝❛♣F✉L❡❞ ❢L♦♠ ✐♥❞✉IFL✐❛❧ ❛♥❞ ♥♦♥✕✐♥❞✉IFL✐❛❧ I♦✉L❝❡I ✐♥ ✐♥✲
F❡♥❞❡❞ ❝♦♥F❛✐♥❡LI✳ ❊✈❡♥ F❤♦✉❣❤ F❤✐I F❡❝❤♥♦❧♦❣② ✐I ❝♦♥I✐❞❡L❡❞ ❤✐❣❤❧② ✐♥F❡L❡IF✐♥❣✱ ✐F ❝♦♠❡I
✇✐F❤ I❡L✐♦✉I ❞L❛✇❜❛❝❦I I✐♥❝❡ I✉✐F❛❜❧❡ IF♦L❛❣❡ I♣❛❝❡I ❛L❡ ❝❤❛❧❧❡♥❣✐♥❣ F♦ ✜♥❞✳ �L♦❥❡❝FI
❢♦L ❈❖✷ IF♦L❛❣❡ ✐♥ ❞❡♣❧❡F❡❞ ❢♦II✐❧ ❢✉❡❧ L❡I❡L✈♦✐LI ♦L ✉♥❞❡L❣L♦✉♥❞ ✇❛F❡L ❜♦❞✐❡I ❤❛✈❡ ❜❡❡♥
L❡♣♦LF❡❞ ✽✳ ❇♦F❤ ❢❛❝❡❞ ❝❤❛❧❧❡♥❣❡I ❧✐❦❡ ❧❡❛❦❛❣❡I ♦L L✐I❦I ♦❢ ✐♥❥❡❝F✐♦♥✕✐♥❞✉❝❡❞ I❡✐I♠✐❝✐F②
✾✱ ✶✵✳ ❖F❤❡L ❈❈❙ F❡❝❤♥♦❧♦❣✐❡I ❤❛✈❡ ❛❧I♦ ❜❡❡♥ ✐♥✈❡IF✐❣❛F❡❞✱ I✉❝❤ ❛I ❝♦♥✈❡LF✐♥❣ ❈❖✷

F♦ I♦❧✐❞ ❝❛L❜♦♥ ♦L ✜①❛F✐♦♥ ✐♥F♦ ♠❡F❛❧ ♦①✐❞❡I✱ ❢♦L♠✐♥❣ ❝❛L❜♦♥❛F❡I✳ ❙♦♠❡ ❛♣♣L♦❛❝❤❡I ❛L❡
❝♦♥I✐❞❡L❡❞ ♣L♦♠✐I✐♥❣ ❛❧F❡L♥❛F✐✈❡I F♦ IF♦L✐♥❣ ❈❖✷ ✐♥ ✐FI ♥❛F✐✈❡ ❣❛I❡♦✉I ❢♦L♠ ✶✶✳ ❆❧♦♥❣✲
I✐❞❡ F❤❡ IF♦L❛❣❡ ♦❢ ❈❖✷✱ ❝❛L❜♦♥ ❝❛♣F✉L❡ ✉F✐❧✐③❛F✐♦♥ ✭❈❈✮ ❛♣♣❧✐❝❛F✐♦♥I ❛L❡ ❛❧I♦ ❣❛✐♥✐♥❣
✐♥❝L❡❛I✐♥❣ ❛✇❛L❡♥❡II✳ ■♥IF❡❛❞ ♦❢ IF♦L✐♥❣ ❈❖✷✱ ❈❈ ❛♣♣❧✐❝❛F✐♦♥I I❡❛L❝❤ ❢♦L ❛ ❢❛✈♦L❛❜❧❡
❝♦♥❞✐F✐♦♥ ✐♥ ✇❤✐❝❤ ❈❖✷ ✇♦✉❧❞ ❜❡ ❤❛♥❞❧❡❞ ❛I ❛♥ ❡❞✉❝F ✇✐F❤✐♥ ❛ ❝❤❡♠✐❝❛❧ L❡❛❝F✐♦♥ F♦ ❢♦L♠
❛ ♣L♦❞✉❝F F❤❛F ❝♦✉❧❞ ❜❡ L❡✉I❡❞✳ ✶✷ ❚❤✐I ❛♣♣L♦❛❝❤ ❝♦✉❧❞ I✉❜IF✐F✉F❡ ❢♦II✐❧ I♦✉L❝❡I ✇❤✐❧❡
♠❛✐♥F❛✐♥✐♥❣ ❛ ♣❛LF ♦❢ F❤❡ ❝✉LL❡♥F❧② ❛✈❛✐❧❛❜❧❡ ✐♥❢L❛IFL✉❝F✉L❡ ❛♥❞ ❝♦♥I❡N✉❡♥F❧② ♣✉LI✉✐♥❣ F❤❡
♥❡F ③❡L♦ ❡♠✐II✐♦♥ ❣♦❛❧I ♣♦I❡❞ ❜② F❤❡ ●L❡❡♥ ❉❡❛❧ ♦❢ F❤❡ ❊✉L♦♣❡❛♥ ♥✐♦♥ ✶✸✳ ❋✉LF❤❡L✲
♠♦L❡✱ ●❍● ❡♠✐II✐♦♥I ❢L♦♠ ✐♥❞✉IFL✐❛❧ ♣L♦❝❡II❡I ❝♦✉❧❞ ❛❧I♦ ❜❡ ❞L❛IF✐❝❛❧❧② L❡❞✉❝❡❞ ✐❢ ❈❖✷

❛♥❞ ♦F❤❡L ●❍●I ✇❡L❡ I❡♣❛L❛F❡❞ ❢L♦♠ ✈❛L✐♦✉I ♣L♦❝❡II❡I✬ ♦✛✕❣❛II❡I ✶✹✳

❈❈❙ ❛♥❞ ❈❈ F❡❝❤♥♦❧♦❣✐❡I L❡N✉✐L❡ I❡♣❛L❛F✐♦♥ F❡❝❤♥♦❧♦❣✐❡I F♦ L❡❝♦✈❡L ❝❛L❜♦♥ ❛I ❤②❞L♦✲

✶



✶✳✶✳ ❚❛A❣❡> ♦❢ >❤✐? ✇♦A❦

❝❛L❜♦♥I ♦L ❛I ❈❖✷ ❢L♦♠ ✈❛L✐♦✉I I♦✉L❝❡I ✭❡✳❣✳✱ ❝♦♠❜✉IF✐♦♥✱ ❢❡L♠❡♥F❛F✐♦♥✱ ❜✐♦♠❛II✱ ❝❡♠❡♥F
♣❧❛♥FI✱ ♣♦✇❡L ♣❧❛♥FI✱ ❛✐L✱ ❡F❝✳✮ ✶✺✳ ❆♠♦♥❣ ♠✉❧F✐♣❧❡ ♣♦II✐❜✐❧✐F✐❡I✱ ♠❡♠❜L❛♥❡ I❡♣❛L❛F✐♦♥
F❡❝❤♥♦❧♦❣✐❡I ❤❛✈❡ ❜❡❡♥ ❝♦♥I✐❞❡L❡❞ ❛I ❛♥ ❡♠❡L❣✐♥❣ F❡❝❤♥♦❧♦❣② ✐♥ F❤❡ ❧❛IF ❞❡❝❛❞❡I✱ ✇✐F❤
I✐❣♥✐✜❝❛♥F ❛❞✈❛♥F❛❣❡I ✐♥ ❝♦♠♣❛L❛❜❧② ❧♦✇❡L ♦♣❡L❛F✐♥❣ ❝♦IFI ❛♥❞ ❝♦♠♣❧❡①✐F②✳ ❋✉LF❤❡L♠♦L❡✱
♠❡♠❜L❛♥❡I ♠❛② ❜❡ ❡♥❣✐♥❡❡L❡❞ F♦ I❡♣❛L❛F❡ ♥♦♥✕❞❡I✐L❡❞ ❝♦♠♣♦♥❡♥FI ❢L♦♠ ♠✐①F✉L❡I✱ ✇❤✐❝❤
✇✐❧❧ ❜❡ ❛❞❞L❡II❡❞ ✐♥ F❤✐I F❤❡I✐I✳

❚❤❡ ❝❤❡♠✐❝❛❧ ✐♥❞✉IFL②✬I ✐♥F❡L❡IF ✐♥ I✇✐F❝❤✐♥❣ ❢L♦♠ ❝♦♥✈❡♥F✐♦♥❛❧ ♣L♦❞✉❝F✐♦♥ ♣L♦❝❡II❡I ❛♥❞
F❤❡ ✉I❡ ♦❢ ❝❧❛II✐❝ ❜✉✐❧❞✐♥❣ ❜❧♦❝❦ ❝♦♠♣♦✉♥❞I ❢♦L I②♥F❤❡I❡I F♦ ♥❡✇❡L I✉IF❛✐♥❛❜❧❡ ♠❡F❤♦❞I
✐I IF❡❛❞✐❧② ✐♥❝L❡❛I✐♥❣✳ ❋♦L ❡①❛♠♣❧❡✱ F❤❡ I❤✐❢F ✐♥ ♠♦❜✐❧✐F② ❛✇❛② ❢L♦♠ ❢♦II✐❧ ❝♦♠❜✉IF✐♦♥
❡♥❣✐♥❡I F♦✇❛L❞I ❡❧❡❝FL✐❝ ✈❡❤✐❝❧❡I ✐I ❛ F♦♣✐❝ ♦❢ ❣L❡❛F I❝✐❡♥F✐✜❝ ✶✻✱ ❡❝♦♥♦♠✐❝ ✶✼✱ ✶✽ ❛♥❞
♣♦❧✐F✐❝❛❧ ✶✾✱ ✷✵ L❡❧❡✈❛♥❝❡✳ ▲❛IF ❜✉F ♥♦F ❧❡❛IF✱ I✉✐F❛❜❧❡ ❡❧❡❝FL♦❧②F❡I ❛♥❞ I♦❧✈❡♥FI ❛L❡
❡II❡♥F✐❛❧ ❢♦L ♣L♦❞✉❝✐♥❣ ❜❛FF❡L② ❡❧❡❝FL✐❝ ✈❡❤✐❝❧❡I✳ ❖L❣❛♥✐❝ ❝❛L❜♦♥❛F❡I ❛L❡ ♦❢F❡♥ ✉I❡❞ ❢♦L
F❤✐I ♣✉L♣♦I❡✳ ❚❤❡ ♣L♦❞✉❝F✐♦♥ ♦❢ F❤❡I❡ ✐I ♣L❡❞♦♠✐♥❛♥F❧② IF✐❧❧ ❜❛I❡❞ ♦♥ F♦①✐❝ ❝❤❡♠✐❝❛❧I ✷✶✳

❖♥❡ ♣L♦♠✐I✐♥❣ ❈❈ ❛♣♣❧✐❝❛F✐♦♥ ✐I F❤❡ ❞✐L❡❝F I②♥F❤❡I✐I ♦❢ ♦L❣❛♥✐❝ ❝❛L❜♦♥❛F❡I ❢L♦♠ ❛❧❝♦❤♦❧
❛♥❞ ❈❖✷✳ ▼❛❥♦L ❝❤❛❧❧❡♥❣❡I ✐♥ ❡IF❛❜❧✐I❤✐♥❣ ❛ ♣L♦❝❡II ❜❛I❡❞ ♦♥ ❛ L❡❛❝F✐♦♥ ❜❡F✇❡❡♥ ❛❧❝♦❤♦❧
❛♥❞ ❈❖✷ ❛L❡ F❤❡ ✉♥❢❛✈♦L❛❜❧❡ F❤❡L♠♦❞②♥❛♠✐❝I✱ F❤❡ ♣L❡I❡♥❝❡ ♦❢ ✇❛F❡L✱ ❛♥❞ F❤❡ ♥❡❝❡II✐F②
♦❢ ❞❡✈❡❧♦♣✐♥❣ I✉✐F❛❜❧❡ ❝❛F❛❧②IFI✳ ✷✶

❙✐♥❝❡ F❤❡ ❞❡✈❡❧♦♣♠❡♥F ❛♥❞ ♦♣❡L❛F✐♦♥ ♦❢ ♣L♦❝❡II❡I ❛L❡ ✈❡L② F✐♠❡✕❝♦♥I✉♠✐♥❣ ❛♥❞ ❝♦♠♣❛✲
L❛❜❧② ❡①♣❡♥I✐✈❡✱ I✐♠✉❧❛F✐♦♥I ❤❛✈❡ ❜❡❡♥ ❡①F❡♥I✐✈❡❧② ❝❛LL✐❡❞ ♦✉F F♦ ❡IF✐♠❛F❡ F❤❡ ❢❡❛I✐❜✐❧✐F②✱
L❡I✉❧FI✱ ❛♥❞ ♠♦IF L❡❧❡✈❛♥F ✐♥✢✉❡♥❝❡I ✇✐F❤✐♥ F❤❡ ♠❡♥F✐♦♥❡❞ ❈❈ ❛♣♣❧✐❝❛F✐♦♥I✳

✶✳✶ ❚❛A❣❡= ♦❢ =❤✐? ✇♦A❦

❚❤✐I L❡I❡❛L❝❤ ❛✐♠I F♦ ✈❛❧♦L✐③❡ ❈❖✷ ♣L♦✈✐❞❡❞ ❜② ✐♥❞✉IFL② ❜② ❝♦♥FL✐❜✉F✐♥❣ ✜♥❞✐♥❣I ♦♥ ❛♥
❛❧F❡L♥❛F✐✈❡ ♦L❣❛♥✐❝ ❝❛L❜♦♥❛F❡ I②♥F❤❡I✐I ♣L♦❝❡II ❜❛I❡❞ ♦♥ ❝♦♠♣❛L❛❜❧② ♠♦L❡ I✉IF❛✐♥❛❜❧❡
♠❡F❤♦❞I F❤❛♥ F❤❡ ❝✉LL❡♥F IF❛♥❞❛L❞✳ ❚♦ ❛❝❝♦♠♣❧✐I❤ F❤✐I ♦❜❥❡❝F✐✈❡ F❤❡ ❢♦❧❧♦✇✐♥❣ F❛I❦I ❤❛✈❡
❜❡❡♥ I❡❡♥ ❛I ❝L✉❝✐❛❧ ❢♦L ❛❝❤✐❡✈✐♥❣ F❤❡ F❛L❣❡F✿

❼ ❛❧✐❞❛F✐♥❣ F❤❡ ❝✉LL❡♥F IF❛F❡ ♦❢ L❡I❡❛L❝❤ ✐♥ ❞✐L❡❝F I②♥F❤❡I✐I ♦❢ ❞✐❡F❤②❧ ❝❛L❜♦♥❛F❡ ❜②
❝♦♥❞✉❝F✐♥❣ F❤❡ ❡IF❡L✐✜❝❛F✐♦♥ L❡❛❝F✐♦♥ ♦❢ ❊F❖❍ ❛♥❞ ❈❖✷ ✇✐F❤ ❛ ❝♦♠♠❡L❝✐❛❧ ❝❛F❛❧②IF✱
♣L♦✈✐♥❣ F❤❛F F❤❡ L❡♣♦LF❡❞ ❝❤❛L❛❝F❡L✐IF✐❝I ✐♥ ❧✐F❡L❛F✉L❡ ❤❛✈❡ ❜❡❡♥ L❡♣L♦❞✉❝❡❞✳ ❚❤✐I
I❤❛❧❧ ❜❡ ❝❛LL✐❡❞ ♦✉F ✐♥ ❜♦F❤ ❝♦♥✜❣✉L❛F✐♦♥I✱ ✇✐F❤ ❛♥❞ ✇✐F❤♦✉F ❛♣♣❧②✐♥❣ ❛ ❝❤❡♠✐❝❛❧
❞❡❤②❞L❛F✐♥❣ ❛❣❡♥F✳

❼ ❘❡I❡❛L❝❤ ♦♥ ♠❛F❡L✐❛❧I ❝❛F❛❧②③✐♥❣ F❤❡ ❞✐L❡❝F I②♥F❤❡I✐I I✉❜IF✐F✉F✐♥❣ ❝♦♠♠❡L❝✐❛❧ ❈❡❖✷

✇❤✐❧❡ ❛❝❤✐❡✈✐♥❣ ❝♦♠♣❡F✐F✐✈❡ ♦L ❜❡FF❡L ♣L♦❞✉❝F✐✈✐F✐❡I✳ ❈❡❖✷ ✐I ❝♦♠♠♦♥❧② ✉I❡❞ ❛I ❛
♣♦❧✐I❤✐♥❣ ❛❣❡♥F ✷✷✳ ❚❤✉I✱ ❛♥② ♣❛LFI ✐♥ ❝♦♥F❛❝F ✇✐F❤ F❤❡ I✉I♣❡♥I✐♦♥ ♦❢ ❈❡❖✷ ❛♥❞
F❤❡ L❡❛❝F✐♦♥ ♠✐①F✉L❡ ❢♦L♠❡❞ ❛L❡ ❛F L✐I❦ ♦❢ ❜❡✐♥❣ ❞❛♠❛❣❡❞✳ ❚❤❡L❡❢♦L❡✱ F❤❡ ❛❝F✉❛❧
❝❛F❛❧②F✐❝ ❝♦♠♣♦♥❡♥F ❛♣♣❧✐❡❞ ♠✉IF ❜❡ ❝❤❛♥❣❡❞ ♦L ✐♠♠♦❜✐❧✐③❡❞✳ ❚❤❡ L❡I✉❧F ♦❢ F❤✐I
L❡I❡❛L❝❤ ♠✉IF ❜❡ ❜❡♥❝❤♠❛L❦❡❞ ✐♥ ❝♦♠♣❛L✐I♦♥ F♦ ❝♦♠♠❡L❝✐❛❧ ♦♣F✐♦♥I ❛♥❞ ❡✈❛❧✉❛F❡❞
❢♦L F❤❡ ✉I❡ ♦❢ ❛♥ ❡♥F✐L❡ ♣L♦❝❡II ❝❤❛✐♥✳
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❼ ❚❤❡ ❛✈❛✐❧❛❜✐❧✐F② ♦❢ ❛ ♠❡♠❜L❛♥❡ F♦ ❞❡❤②❞L❛F❡ F❤❡ L❡❛❝F✐♦♥ ♠✐①F✉L❡✱ ♦❢ ✇❤✐❝❤ ✇❛F❡L
❢♦L♠❡❞ ❞✉L✐♥❣ F❤❡ ♣L♦❝❡II ♠❛II✐✈❡❧② ❞❡❝L❡❛I❡I F❤❡ ♣L♦❣L❡II ♦❢ F❤❡ L❡❛❝F✐♦♥ ✷✶✱ I❤❛❧❧
❜❡ ✐♥✈❡IF✐❣❛F❡❞✱ F❡IF❡❞✱ ❛♥❞ ❡✈❛❧✉❛F❡❞ ❢♦L ✐FI ❡❧✐❣✐❜✐❧✐F② ❢♦L ♣L♦❝❡II ✐♥F❡❣L❛F✐♦♥✳

❼ ❚❤❡I❡ ✜♥❞✐♥❣I I❤❛❧❧ ❜❡ ✐♠♣❧❡♠❡♥F❡❞ ✐♥F♦ ❛ ❞✐❣✐F❛❧ ❡N✉✐✈❛❧❡♥F ❛I ❛ I✐♠✉❧❛F✐♦♥✳ ❙✐♥❝❡
F❤❡ ❛✈❛✐❧❛❜✐❧✐F② ♦❢ ❢L❡❡ ♠♦❞❡❧I ❢♦L ♦♣❡♥✕I♦✉L❝❡ ♣L♦❝❡II I✐♠✉❧❛F✐♦♥ F♦♦❧I ✐I ❧✐♠✐F❡❞✱
F❤❡ ♠♦❞❡❧✐♥❣ ♦❢ ♥❡❝❡II❛L② ✉♥✐F ♦♣❡L❛F✐♦♥I I✉❝❤ ❛I ❣❛I ♣❡L♠❡❛F✐♦♥✱ ♣❡L✈❛♣♦L❛F✐♦♥✱
❛♥❞ ❛ ♠❡♠❜L❛♥❡ L❡❛❝F♦L ❤❛I F♦ ❜❡ ❝♦♥F❡♠♣❧❛F❡❞✳

❼ ■F I❤♦✉❧❞ ❜❡ ✐♥✈❡IF✐❣❛F❡❞ ✇❤❡F❤❡L ❛❧❧ F❤❡ ♣♦✐♥FI ♠❡♥F✐♦♥❡❞ ❛❜♦✈❡ ❡♥❛❜❧❡ F❤❡ ❝L❡❛F✐♦♥
♦❢ ❛♥ ♦✈❡L❛❧❧ ♣L♦❝❡II✳ ❋♦L F❤✐I ♣✉L♣♦I❡✱ F❤❡ ✜♥❞✐♥❣I ❛❜♦✈❡ I❤❛❧❧ ❜❡ ❝♦♥I✐❞❡L❡❞ ✇✐F❤✐♥
F❤❡ ❞❡I✐❣♥✱ ❝♦♥❝❡♣F✉❛❧✐③❛F✐♦♥✱ ❛II❡♠❜❧②✱ ❛♥❞ ♦♣❡L❛F✐♦♥ ♦❢ ❛ ♣✐❧♦F L❡❛❝F♦L ❝❛♣❛❜❧❡ ♦❢
♣L♦❞✉❝✐♥❣ ❉❊❈✳
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❈❍❆'❚❊❘✷
❙4❛4❡✕♦❢✕4❤❡✕❛74 ✕ ❈❈ ✐♥ ✐♥❞✉547✐❛❧

♣7♦❝❡55❡5

❚❤❡ ♣L✐♠❛L② ❡♠♣❤❛I✐I ✇✐❧❧ ❜❡ ♦♥ F❤❡ ♦♣♣♦LF✉♥✐F✐❡I ❢♦L ❈❖✷ ✉I❛❣❡✳ ▼♦L❡ ✐♥✕❞❡♣F❤ ✐♥❢♦L✲
♠❛F✐♦♥ ♦♥ F❤❡ I❡♣❛L❛F✐♦♥ ♦❢ ❝❛L❜♦♥ ❞✐♦①✐❞❡ ✐I ❣✐✈❡♥ ✐♥ I❡❝F✐♦♥ ✷✳✶✳

❚❤❡ ✉I❡ ♦❢ ❝❛L❜♦♥ ❞✐♦①✐❞❡ ❛I ❛ ❢❡❡❞IF♦❝❦ ❤❛I ❜❡❡♥ ❞✐I❝✉II❡❞ ✐♥ L❡I❡❛L❝❤✱ ❛F ❧❡❛IF I✐♥❝❡ F❤❡
♠✐❞❞❧❡ ♦❢ F❤❡ ✷✵F❤ ❝❡♥F✉L② ✕ ✐♥✐F✐❛❧❧② ❢♦L F❤❡ ♣L♦❞✉❝F✐♦♥ ♦❢ ❞L② ✐❝❡ ✷✸✳ ❚❤❡ ♥♦♥✕L❡❛❝F✐✈❡
❛♥❞ IF❛❜❧❡ ♠♦❧❡❝✉❧❛L ♥❛F✉L❡ ♦❢ ❈❖✷ ♠❛❦❡I ✐F L❛F❤❡L ❝❤❛❧❧❡♥❣✐♥❣ F♦ ♣❧❛♥ ❛♥❞ ♦♣❡L❛F❡ ❡❝♦✲
♥♦♠✐❝❛❧❧② ❢❡❛I✐❜❧❡ ♣L♦❝❡II❡I ❜❛I❡❞ ♦♥ ❈❖✷ ✶✷✳ ◆❡✈❡LF❤❡❧❡II✱ L❡❝❡♥F ②❡❛LI ❤❛✈❡ ❝♦♠❡
✇✐F❤ ❛ L✐I✐♥❣ FL❡♥❞ ♦❢ L❡I❡❛L❝❤ ♦♥ F❤❡ ✉I❡ ♦❢ ❈❖✷✱ L❡I✉❧F✐♥❣ ✐♥ ♣L♦♠✐I✐♥❣ F❡❝❤♥♦❧♦❣✐❡I
F❤❛F ♠❛② ❜❡ ❞✐✈✐❞❡❞ ✐♥F♦ ❝❛L❜♦♥ ❝❛♣F✉L❡ ❛♥❞ IF♦L❛❣❡ ✭❈❈❙✮ ❛♥❞ ❝❛L❜♦♥ ❝❛♣F✉L❡ ❛♥❞ ✉F✐✲
❧✐③❛F✐♦♥ ✭❈❈✮✳ ❇♦F❤ ❛L❡ ♣L❡❝❡❞❡❞ ❜② F❤❡ I❡♣❛L❛F✐♦♥ ♦❢ ❈❖✷ ❢L♦♠ ✈❛L✐♦✉I I♦✉L❝❡I✳ ❈❈❙
F❡❝❤♥♦❧♦❣✐❡I ❛✐♠ ❢♦L ❛ ❧♦♥❣✕❧❛IF✐♥❣ ❡✛❡❝F ♦❢ ❈❖✷ L❡F❡♥F✐♦♥ ✇❤❡L❡ ❈❖✷ I❤❛❧❧ L❡❛❝F ❛♥❞
❢♦L♠ ❛ IF❛❜❧❡ ❝♦♠♣♦✉♥❞ ❧✐❦❡ ✐♥ ♠✐♥❡L❛❧✐③❛F✐♦♥✱ ✇❤❡L❡ ✐♥♦L❣❛♥✐❝ ❝❛L❜♦♥❛F❡I ❛L❡ ❢♦L♠❡❞
❢L♦♠ ♠✐♥❡L❛❧I ❛♥❞ ❈❖✷ ✶✺✳ ❆♥♦F❤❡L ❡①❛♠♣❧❡ ♦❢ ❈❈❙ ❛♣♣❧✐❝❛F✐♦♥I ✐I F❤❡ ❈❖✷ I❡N✉❡IFL❛✲
F✐♦♥ ✐♥ L❡I❡L✈♦✐LI✳ ❈❈ F❡❝❤♥♦❧♦❣✐❡I ✐♥❝❧✉❞❡ ❈❖✷ ❛I ❛ L❡♥❡✇❛❜❧❡ ❝❛L❜♦♥ I♦✉L❝❡ ❢♦L F❤❡
I②♥F❤❡I✐I ♦❢ ❞♦✇♥IFL❡❛♠ ♣L♦❞✉❝FI✱ ✇❤✐❝❤ I❡L✈❡ ❛I F❡♠♣♦L❛L② ❈❖✷ ❡♠✐II✐♦♥ I✐♥❦I✳ ✶✷
❚❤❡ ❝✉LL❡♥F ✭②❡❛L ✷✵✷✸✮ ❣❧♦❜❛❧ ❡♥❡L❣②✕L❡❧❛F❡❞ ❈❖✷ ❡♠✐II✐♦♥I ❤❛✈❡ ❣L♦✇♥ F♦ ❛ L❡❝♦L❞ ♦❢
✸✼✳✹ ●F ♦❢ ❈❖✷✴②❡❛L ✷✹✳ ❈✉LL❡♥F❧② ♦♣❡L❛F❡❞ ❈❖✷ ❝❛♣F✉L❡ ♣L♦❥❡❝FI ♣L♦❝❡II❡❞ ❜❡F✇❡❡♥
✷✸✵ ❛♥❞ ✷✽✵ ▼F ♦❢ ❈❖✷✴②❡❛L✱ ♠❛✐♥❧② ❜❡✐♥❣ ✉I❡❞ ❢♦L ✉L❡❛ ♣L♦❞✉❝F✐♦♥ ✭✺✼ ✪✮✱ ❡♥❤❛♥❝❡❞
♦✐❧ L❡❝♦✈❡L② ✭✸✹ ✪✮✱ ❢♦♦❞ ✐♥❞✉IFL②✕L❡❧❛F❡❞ ❛♣♣❧✐❝❛F✐♦♥I ✭✻ ✪✮✱ ❛♥❞ ♦F❤❡LI ✷✺✳

❚❤❡ ❡①F❡♥I✐♦♥ ♦❢ ❈❈ ❛♥❞ ❈❈❙ ✭❈❈❙✮F❡❝❤♥♦❧♦❣✐❡I ✐I ❜❡✐♥❣ ❤✐❣❤❧② ❝♦♥I✐❞❡L❡❞ ❢♦L ♠❛♥②
❞❡❝❛L❜♦♥✐③❛F✐♦♥ IFL❛F❡❣✐❡I✳ ❚❤❡ I✉❜IF❛♥F✐❛❧ L✐I❡ ✐♥ ❝✉LL❡♥F ♣✉❜❧✐❝❛F✐♦♥I L❡✢❡❝FI F❤❡ ❝♦♥✲
I✐❞❡L❛❜❧❡ ♣♦F❡♥F✐❛❧ ♦❢ ❈❈❙ ❛♣♣❧✐❝❛F✐♦♥I✳

❊✈❡♥ F❤♦✉❣❤ ♠❛♥② F❡❝❤♥♦❧♦❣✐❡I ❜❡❤✐♥❞ ❈❈❙ ❛♣♣❧✐❝❛F✐♦♥I ❤❛✈❡ ❛❧L❡❛❞② ❜❡❡♥ ✐♥✐F✐❛❧❧②
♣L♦♣♦I❡❞ ✐♥ F❤❡ ♣❛IF ❝❡♥F✉L②✱ F❤❡ ✐♥F❡L❡IF ✐♥ ❈❈❙ ❛♣♣❧✐❝❛F✐♦♥I ❤❛I L✐I❡♥ I✐♥❝❡ ✷✵✶✵✱

✺



❋✐❣✉<❡ ✶✿ ❘❡❝♦U❞S ✐♥ ♥✉♠❜❡U ♦❢ ♣✉❜❧✐❝❛Q✐♦♥S ♦♥ ❈❈❙ S✐♥❝❡ ✶✾✾✵ ✷✻

❛❝❝♦L❞✐♥❣ F♦ ❋✐❣✉L❡ ✶✳ ❊I♣❡❝✐❛❧❧② F❤❡ ✷✵✷✵I I❡❡♠ F♦ ❤❛✈❡ ❛ L❛F❤❡L ❜♦♦IF✐♥❣ ✐♠♣❛❝F ♦♥ F❤❡
L❡I❡❛L❝❤ ♦❢ ❈❈ ❛♥❞ ❈❈❙ F❡❝❤♥♦❧♦❣✐❡I✳

❆ ❝❧❛II✐✜❝❛F✐♦♥ ♦❢ ❈❈ F❡❝❤♥♦❧♦❣✐❡I ✐♥F♦ I♠❛❧❧❡L ❣L♦✉♣I ❤❛I ❜❡❡♥ ♣L♦♣♦I❡❞ ❜② ❤❛♥❣ ❡F ❛❧✳✱
❛I ✐❧❧✉IFL❛F❡❞ ✐♥ ❋✐❣✉L❡ ✷ ✷✼✳

❋✐❣✉<❡ ✷✿ ❈❧❛SS✐✜❝❛Q✐♦♥ ♦❢ ❈❈ Q❡❝❤♥♦❧♦❣✐❡S ✭❛❞❛♣Q❡❞ ❢U♦♠ ✶✺✮

❚❤✉I✱ F❤❡ ♣❛F❤✇❛②I ✐♥ ✇❤✐❝❤ ❈❖✷ ✐I ✉I❡❞ ❛I ❛ ❢❡❡❞IF♦❝❦ ❛L❡ ❞✐✈❡LI❡✳ ❆ ❧❛L❣❡ ✈❛L✐❡F②
♦❢ ❛♣♣❧✐❝❛F✐♦♥I ♣L♦♣♦I❡❞ ❛L❡ ❝✉LL❡♥F❧② ❜❡✐♥❣ ❞❡✈❡❧♦♣❡❞ ❢✉LF❤❡L F♦ ♣L♦❞✉❝❡ ❝❤❡♠✐❝❛❧I ❛♥❞
❢✉❡❧I ✭❡✳❣✳✱ ♠❡F❤❛♥❡ ✭❈❍✹✮ ✷✽✱ ♠❡F❤❛♥♦❧ ✭▼❡❖❍✮ ✷✾✱ ❢♦L♠✐❝ ❛❝✐❞ ✸✵✱ ✉L❡❛ ✸✶✱ ❝②❝❧✐❝
❝❛L❜♦♥❛F❡I ✸✷ ❛♥❞ ♦F❤❡L ❤②❞L♦❝❛L❜♦♥I ✸✸✮ ❢L♦♠ ❈❖✷✳ ▼❛♥✉❢❛❝F✉L✐♥❣ ♣❧❛IF✐❝I ❢L♦♠
❈❖✷✕❧✐❦❡ ♣♦❧②♦❧I ✸✹ ❛♥❞ ♣♦❧②♦①②♠❡F❤②❧❡♥❡ ❞✐♠❡F❤②❧ ❡F❤❡LI ✸✺ ❞❡❝L❡❛I❡I ♣❡FL♦❝❤❡♠✐❝❛❧
❝♦♥I✉♠♣F✐♦♥ ✇❤✐❧❡ I✐♠✉❧F❛♥❡♦✉I❧② ❝❛LL②✐♥❣ ♦✉F F❡♠♣♦L❛L② ❈❖✷ ✜①❛F✐♦♥✳

❇✐♦❧♦❣✐❝❛❧ ✉F✐❧✐③❛F✐♦♥ F❤L♦✉❣❤ ❛❧❣❛❡ ❝✉❧F✐✈❛F✐♦♥ ✸✻ ❛♥❞ ❜✐♦❢✉❡❧ ♣L♦❞✉❝F✐♦♥ ✐I ❛♥ ✐♥F❡♥I✐✈❡❧②
IF✉❞✐❡❞ I✉❜❥❡❝F F♦❞❛② ✸✼✳ ❛♥❣ ❡F ❛❧✳ ❤❛✈❡ ❞✐I❝✉II❡❞ F❤❡ ♦♣♣♦LF✉♥✐F✐❡I ✐♥ ❝❛F❛❧②③✐♥❣
F❤❡ ❤②❞L♦❣❡♥❛F✐♦♥ L❡❛❝F✐♦♥I ♦❢ ❈❖✷ F♦ ♣L♦❞✉❝❡ ✐♥❞✉IFL✐❛❧❧② ✇✐❞❡❧② ❞❡♠❛♥❞❡❞ ❝♦♠♣♦✉♥❞I
I✉❝❤ ❛I ♠❡F❤❛♥♦❧✱ ❝❛L❜♦♥ ♠♦♥♦①✐❞❡✱ ♠❡F❤❛♥❡✱ ❢♦L♠✐❝ ❛❝✐❞✱ ❛♥❞ ♠❛♥② ♠♦L❡ I✉❜IF❛♥❝❡I✳
�L✐♠❛L② ❡♠♣❤❛I✐I ✇❛I ♣❧❛❝❡❞ ♦♥ F❤❡ ♣❡L❢♦L♠❛♥❝❡ ♦❢ F❤❡ L❡I❡❛L❝❤❡❞ ♠❡F❛❧✕❜❛I❡❞ ❝❛F❛❧②IFI
♦♥ ✇❤✐❝❤ F❤❡I❡ L❡❛❝F✐♦♥I ❤❡❛✈✐❧② L❡❧②✳ ✸✽

❚❤❡ I♦❧❛L✕❞L✐✈❡♥ ♣L♦❞✉❝F✐♦♥ ♦❢ ❈❖ ❢L♦♠ ❈❖✷ ❤❛I ❜❡❡♥ ❡①♣❧♦L❡❞ ✐♥ F❤❡ ✇♦L❦ ♦❢ ❆❣❧✐✉③③❛

✻



❈❤❛♣>❡A ✷✳ ❙>❛>❡✕♦❢✕>❤❡✕❛A> ✕ ❈❈ ✐♥ ✐♥❞✉?>A✐❛❧ ♣A♦❝❡??❡?

❡F ❛❧✳✱ ✐♥ ✇❤✐❝❤ F❤❡ ❛♣♣❧✐❝❛F✐♦♥ ♦❢ ❡❧❡❝FL♦❝❤❡♠✐❝❛❧ ❈❖✷ L❡❞✉❝F✐♦♥ ✐I L❡✈✐❡✇❡❞✳ ❈♦✉♣❧✐♥❣
♣❤♦F♦✈♦❧F❛✐❝ ✇✐F❤ ❡❧❡❝FL♦❧②I✐I ❧❡❛❞I F♦ ♣L♦♠✐I✐♥❣ L❡I✉❧FI ✇❤✐❧❡ L❡❧❡❛I✐♥❣ ♥♦ ❛❞❞✐F✐♦♥❛❧ ❈❖✷

✐♥F♦ F❤❡ ❛F♠♦I♣❤❡L❡✳ ❚❤❡ ❧❛❝❦ ♦❢ I✉✐F❛❜❧❡ ❡♥❡L❣② IF♦L❛❣❡ F❡❝❤♥♦❧♦❣✐❡I ❤❛I ❜❡❡♥ ♠❡♥F✐♦♥❡❞
❛I ❛♥ ❛❞✈❡LI❡ ❛I♣❡❝F ♦❢ F❤✐I ♠❡F❤♦❞✳ ✸✾

■❤I❛♥✉❧❧❛❤ ❡F ❛❧✳ ❤❛✈❡ ❞✐I❝✉II❡❞ F❤❡ ❈❖✷ ❝♦♥I✉♠♣F✐♦♥ ❜② L❡❥❡❝F❡❞ ❜L✐♥❡ I✐♠✉❧F❛♥❡♦✉I❧②
L❡❞✉❝✐♥❣ ✐FI I❛❧✐♥✐F② ❛I ❛ ♣♦F❡♥F✐❛❧❧② L❡❧❡✈❛♥F ❈❈ ♣L♦❝❡II ✹✵✳ ❘❡❛❝F✐♦♥I ♦❢ ❜L✐♥❡ I❛♠✲
♣❧❡I ✇✐F❤ ❛♠♠♦♥✐❛ ❛♥❞ ❈❖✷ L❡❞✉❝✐♥❣ ✾✵ ✪ ♦❢ F❤❡ ❈❖✷ ❝♦♥❝❡♥FL❛F✐♦♥ ✐♥ ❛ ❈❍✹ ✕ ❈❖✷

♠✐①F✉L❡ ✇❡L❡ ♦❜I❡L✈❡❞ ❜② ❉✐♥❞✐ ❡F ❛❧✳ ✇❤✐❧❡ I♦❞✐✉♠ ❜✐❝❛L❜♦♥❛F❡ ✇❛I ❢♦L♠❡❞ ✹✶✳ ❍♦✇✲
❡✈❡L✱ F❤✐I ♣L♦❝❡II L❡N✉✐L❡I ❛♠♠♦♥✐❛✱ ✇❤✐❝❤ ✐I ♣L♦❞✉❝❡❞ ❜② F❤❡ ❍❛❜❡L✕❇♦I❝❤ ♣L♦❝❡II ❢L♦♠
♥✐FL♦❣❡♥ ✭◆✷✮ ❛♥❞ ❤②❞L♦❣❡♥ ✭❍✷✮✱ ✇❤✐❝❤ ✐I ❝✉LL❡♥F❧② ♣L♦❞✉❝❡❞ ✇✐F❤ ❡♥❡L❣②✕✐♥F❡♥I✐✈❡ ❛♥❞
❈❖✷✕❡♠✐FF✐♥❣ ♣L♦❝❡II❡I ✐FI❡❧❢✳ ❛♥❣ ❡F ❛❧✳ ❤❛✈❡ ♣L❡I❡♥F❡❞ ❛ ❝♦♠♣❛L❛F✐✈❡ ❛II❡II♠❡♥F ♦❢
❝♦♥✈❡♥F✐♦♥❛❧ ❛♠♠♦♥✐❛ ✭◆❍✸✮ ♣L♦❞✉❝F✐♦♥ ✐♥ ❝♦♠♣❛L✐I♦♥ F♦ ◆❍✸ I②♥F❤❡I✐I ❝♦✉♣❧❡❞ ✇✐F❤
❝❛L❜♦♥ ❝❛♣F✉L❡ F❡❝❤♥♦❧♦❣✐❡I ✹✷✳ ❇✐♣♦❧❛L ♠❡♠❜L❛♥❡ ❡❧❡❝FL♦❞✐❛❧②I✐I ✭❇▼❊❉✮ ❤❛I ❜❡❡♥
L❡❝❡♥F❧② ❞✐I❝✉II❡❞ ❜② ❑❤♦✐L✉❞❞✐♥ ❡F ❛❧✳✱ ❜❡✐♥❣ ❝♦♥I✐❞❡L❡❞ ❛♥ ❡✛❡❝F✐✈❡ ♠❡❛I✉L❡ F♦ L❡❞✉❝❡
F❤❡ ❈❖✷ ❧❡✈❡❧I ✐♥ I❡❛✇❛F❡L ❛♥❞ I✐♠✉❧F❛♥❡♦✉I ❞❡❝❛❧❝✐✜❝❛F✐♦♥✳ ❙♦❞✐✉♠ ❝❛L❜♦♥❛F❡ ✭◆❛✷❈❖✸✮
✐I ❛♥ ✐♥❞✉IFL✐❛❧❧② L❡❧❡✈❛♥F I✐❞❡ ♣L♦❞✉❝F ②✐❡❧❞❡❞ ✇✐F❤ ❇▼❊❉✳ ❋✉F✉L❡ ❛❞✈❛♥❝❡I ❛L❡ ❡①♣❡❝F❡❞
✐♥ ♠❡♠❜L❛♥❡ ❢♦✉❧✐♥❣ ❞L❛✇❜❛❝❦I ✹✸✳

❚❤❡ I②♥F❤❡I✐I ♦❢ ❞✐♠❡F❤②❧ ❡F❤❡L ✭❉▼❊✮ ❢L♦♠ ❈❖✷ ✇❛I ❞✐I❝✉II❡❞ ✐♥ F❤❡ L❡✈✐❡✇ ♦❢ ❈❛F✐③③♦♥❡
❡F ❛❧✳✱ ✇❤✐❝❤ L❡✈❡❛❧❡❞ F❤❛F ❉▼❊ ✐I ❛ ♣♦F❡♥F✐❛❧ ❝✐L❝✉❧❛L ❤②❞L♦❣❡♥ ❝❛LL✐❡L✳ ❆❧F❤♦✉❣❤ ❛ ✇✐❞❡
L❛♥❣❡ ♦❢ ♣♦II✐❜❧❡ ❛♣♣❧✐❝❛F✐♦♥I ❛L❡ ❛❧L❡❛❞② ❞❡I❝L✐❜❡❞ F♦❞❛②✱ F❤❡ ❞✐L❡❝F ❤②❞L♦❣❡♥❛F✐♦♥ ♦❢
❈❖✷ ✐♥F♦ ❉▼❊ ✐I ❛ I✐❣♥✐✜❝❛♥F ✐II✉❡ F❤❛F ♥❡❡❞I F♦ ❜❡ ♦✈❡L❝♦♠❡✳ ❊✈❡♥ F❤♦✉❣❤ ❛ ❝♦✉♣❧❡ ♦❢
❝❛F❛❧②IFI ❢♦L F❤✐I ♣✉L♣♦I❡ ❤❛✈❡ ❜❡❡♥ ♥❛♠❡❞✱ ❢✉LF❤❡L ❛❞✈❛♥❝❡I ✐♥ F❤❡ ❞❡I✐❣♥ ♦❢ F❤❡ ❝❛F❛❧②IF
❛L❡ ❞❡I✐L❡❞ ✹✹✳

❈❖✷ ✐I ❝✉LL❡♥F❧② ❜❡✐♥❣ ✉I❡❞ ✇✐F❤✐♥ F❤❡ ❢♦♦❞ ❛♥❞ ❜❡✈❡L❛❣❡ ✐♥❞✉IFL② F♦❞❛②✳ ❛♥❣ ❡F ❛❧✳
❞✐I❝✉II ❤♦✇ ❈❖✷ ✐I ✉F✐❧✐③❡❞ ❛I ❛♥ ❛❣❡♥F ❢♦L ♠✉❧F✐♣❧❡ ♣✉L♣♦I❡I✱ ❡✳❣✳✱ F❤❡ ❡①FL❛❝F✐♦♥ ♦❢ ❜✐♦❛❝✲
F✐✈❡ ❝♦♠♣♦✉♥❞I ✭❡II❡♥F✐❛❧ ♦✐❧I✱ ♣❤❡♥♦❧✐❝ ❝♦♠♣♦✉♥❞I✱ ❧✐♣✐❞I✮ ❢L♦♠ ❢♦♦❞I✳ ✹✺

■♥ ❝♦♥❝❧✉I✐♦♥✱ ❈❈ F❡❝❤♥♦❧♦❣✐❡I ❛L❡ ❝✉LL❡♥F❧② ❞✐I❝✉II❡❞ ✐♥F❡♥I✐✈❡❧② ❛I I♦❧✉F✐♦♥I ❢♦L ✐II✉❡I
L❡❧❛F❡❞ F♦ ●❍●I✳ ❆❧F❤♦✉❣❤ I♦♠❡ ❞L❛✇❜❛❝❦I ❛L❡ ❝✉LL❡♥F❧② ♣L❡I❡♥F✱ I♦♠❡ ♦❢ F❤❡ ♠❡♥F✐♦♥❡❞
F❡❝❤♥♦❧♦❣✐❡I ❛L❡ ❡①♣❡❝F❡❞ F♦ ❜❡❝♦♠❡ I✉✣❝✐❡♥F❧② ❝♦♠♣❡F✐F✐✈❡ ♦L I✉L♣❛II ❝♦♥✈❡♥F✐♦♥❛❧ F❡❝❤✲
♥♦❧♦❣✐❡I ❛I F✐♠❡ ♣❛II❡I ✹✻✳

✷✳✶ ❈❛A❜♦♥ ❈❛♣=✉A❡ ❚❡❝❤♥♦❧♦❣✐❡?

❚❤❡ ❝❛♣F✉L❡ ♦❢ ❝❛L❜♦♥ ♣L❡❝❡❞❡I F❤❡ ✉F✐❧✐③❛F✐♦♥ ♦L IF♦L❛❣❡ ♦❢ ❝❛L❜♦♥✳ ❈❛L❜♦♥ ❝♦♠♣♦✉♥❞I
♦F❤❡L F❤❛♥ ❈❖✷✱ ♥♦F ❝❧❛II✐✜❡❞ ❛I ❣L❡❡♥❤♦✉I❡ ❣❛I❡I✱ ♦♥❧② ❡♥F❡L F❤❡ ❛F♠♦I♣❤❡L❡ ✇❤❡♥ F❤❡②
❛L❡ ❞❡❣L❛❞❡❞ ✐♥F♦ ❈❖✷✳ ❆❧F❤♦✉❣❤ F❤❡L❡ ❛L❡ ❛❧I♦ ♠❛❥♦L ❡✛♦LFI F♦ ❞❡✈❡❧♦♣ ♠♦L❡ I✉IF❛✐♥❛❜❧❡
❝✐L❝✉❧❛L ❡❝♦♥♦♠✐❡I ❢♦L ♦F❤❡L ❝❛L❜♦♥ ❝♦♠♣♦✉♥❞I✱ F❤✐I ✇♦L❦ L❡❧❛F❡I F♦ F❤❡ ✉I❡ ♦❢ ❈❖✷ ❛♥❞✱
F❤✉I✱ ✐FI ❝❛♣F✉L❡ ❢L♦♠ ♣L♦❝❡II IFL❡❛♠I ✐♥ ✐FI ❣❛I❡♦✉I ❢♦L♠✳

❚❤❡ ♦①②✕❢✉❡❧ ♠❡F❤♦❞ ✉I❡I ♣✉L❡ ♦①②❣❡♥ ✐♥IF❡❛❞ ♦❢ ❛✐L ❢♦L ❝♦♠❜✉IF✐♦♥ ❛♥❞ L❡❝✐L❝✉❧❛F❡❞ ✢✉❡
❣❛I✱ ❝♦♥FL♦❧❧✐♥❣ ❛♥❞ ❧✐♠✐F✐♥❣ F❤❡ F❡♠♣❡L❛F✉L❡✳ ❈❤✐❧❧✐♥❣ ♦❢ F❤❡ ✢✉❡ ❣❛I ❧❡❛❞I F♦ I❡♣❛L❛F✐♥❣
❣❛I❡♦✉I ✇❛F❡L ❛♥❞ ❈❖✷✳ ❆♥ ❛✐L I❡♣❛L❛F✐♦♥ ✉♥✐F ✭❆❙✮ ❜❛I❡❞ ♦♥ ❛ ❝L②♦❣❡♥✐❝ I②IF❡♠ ♣L♦✲

✼



✷✳✶✳ ❈❛A❜♦♥ ❈❛♣>✉A❡ ❚❡❝❤♥♦❧♦❣✐❡?

✈✐❞❡I ❖✷✱ ❛❝❝♦✉♥F✐♥❣ ❢♦L I✐❣♥✐✜❝❛♥F ❡♥❡L❣② ❝♦♥I✉♠♣F✐♦♥ ❢♦L F❤❡ ❝♦♦❧✐♥❣ ❛♥❞ ❝♦♠♣L❡II✐♥❣
✉♥✐FI ✶✹✳ ❋✉LF❤❡L ✐♥❢♦L♠❛F✐♦♥ ♦♥ ♦①②✲❢✉❡❧ ❝♦♠❜✉IF✐♦♥ ❛♥❞ ❢♦L♠I ♦❢ ❛♣♣❧✐❝❛F✐♦♥I ❤❛✈❡
❜❡❡♥ ❞❡I❝L✐❜❡❞ ❜② ❈❛LL❛I❝♦✕▼♦❧❛♥❞♦ ❡F ❛❧✳ ✹✼✳

❚❡❝❤♥♦❧♦❣✐❡I L❡♠♦✈✐♥❣ ❈❖✷ ❢L♦♠ ❢♦II✐❧ I♦✉L❝❡I ❜❡❢♦L❡ ❝♦♠❜✉IF✐♦♥ ❛L❡ ❞❡I❝L✐❜❡❞ ❛I ♣L❡✕
❝♦♠❜✉IF✐♦♥ ❝❛♣F✉L❡✳ ●❛I✐✜❡LI ❛L❡ ✉I✉❛❧❧② ❛♣♣❧✐❡❞ F♦ ❝♦♥✈❡LF ❢✉❡❧ F♦ I②♥❣❛I ✭❍✷ ✫ ❈❖✮✳
❙✉❜I❡N✉❡♥F❧②✱ ❈❖✷ ✐I I❡♣❛L❛F❡❞ ❢L♦♠ F❤❡ I②♥❣❛I✱ L❡❧②✐♥❣ ♦♥ ♣L❡II✉L❡ I✇✐♥❣ ❛❞I♦L♣F✐♦♥ ♦L
IFL✐♣♣✐♥❣✱ ✇❤✐❝❤ ✐I ❝♦♥I✐❞❡L❡❞ ❝♦IF❧② ❛♥❞ ❝♦♠♣❧❡① ✹✽✳ ❘❛♠③❛♥ ❡F ❛❧✳ ❤❛✈❡ ❞❡I❝L✐❜❡❞
♠♦L❡ ❞❡F❛✐❧I ♦♥ ❝❛L❜♦♥ ❝❛♣F✉L❡ ✇✐F❤ ♣L❡✕❝♦♠❜✉IF✐♦♥ ✹✾✳

❖♣♣♦I✐♥❣ ♣L❡✕❝♦♠❜✉IF✐♦♥ ❝❛♣F✉L❡✱ ♣♦IF✕❝♦♠❜✉IF✐♦♥ ❈❛♣F✉L❡ ✭�❈❈✮ ✐I ❝❡♥F❡L❡❞ ❛L♦✉♥❞
I❡♣❛L❛F✐♥❣ ✢✉❡ ❣❛I ❝♦♠♣♦♥❡♥FI ❛❢F❡L F❤❡ ❝♦♠❜✉IF✐♦♥ ♣L♦❝❡II ✇✐F❤ ❛✐L✳ ❚❤❡ ❧✐F❡L❛F✉L❡
♣L♦♣♦I❡I ✈❛L✐♦✉I ❝❛♣F✉L✐♥❣ ♣L♦❝❡II❡I ❢♦L �❈❈ F❡❝❤♥♦❧♦❣✐❡I ✺✵✕✺✷✳ �❈❈ ✐I ❝✉LL❡♥F❧② L❡✲
❣❛L❞❡❞ ❛I F❤❡ ♠♦IF ♠❛F✉L❡ ❛♥❞ ✇✐❞❡❧② ❛♣♣❧✐❡❞ F♦♦❧I❡F ♦❢ F❡❝❤♥♦❧♦❣✐❡I✱ ❡✈❡♥ ❝❛♣❛❜❧❡ ♦❢
❜❡✐♥❣ ✉I❡❞ ✐♥ ♦F❤❡L F❡❝❤♥♦❧♦❣✐❡I I✉❝❤ ❛I ❜✐♦❣❛I ✉♣❣L❛❞✐♥❣ ♦L ❞✐L❡❝F ❛✐L ❝❛♣F✉L❡ ✭❉❆❈✮✳
❆♥ ♦✈❡L✈✐❡✇ ♦❢ F❤❡ F❡❝❤♥♦❧♦❣✐❡I ❛✈❛✐❧❛❜❧❡ ✐♥ F❤❡ ✐♥❞✉IFL② ❛♥❞ F❤❡ ❧✐F❡L❛F✉L❡ ♦♥ �❈❈ ✐I
✐❧❧✉IFL❛F❡❞ ✐♥ ❋✐❣✉L❡ ✸✳✺✸

❋✐❣✉<❡ ✸✿ ❖✈❡U✈✐❡✇ ♦❢ ♣♦SQ✕❝♦♠❜✉SQ✐♦♥ ❝❛♣Q✉U❡ Q❡❝❤♥♦❧♦❣✐❡S ✭❛❞❛♣Q❡❞ ❢U♦♠ ✺✵✮

❆❜I♦L♣F✐♦♥ L❡❧✐❡I ♦♥ ♣❤②I✐❝❛❧ ♦L ❝❤❡♠✐❝❛❧ ♠❡❝❤❛♥✐I♠I F♦ I❡♣❛L❛F❡ ❈❖✷ ❢L♦♠ ✢✉❡ ❣❛I ❛♥❞
✐♥❝♦L♣♦L❛F❡ ✐F ✐♥F♦ F❤❡ ❜✉❧❦ ♦❢ ❧✐N✉✐❞ I♦❧✈❡♥FI✳ ❆❜I♦L♣F✐✈❡ F❡❝❤♥✐N✉❡I ✐♥❝❧✉❞❡ ❛♠✐♥❡✕❜❛I❡❞
♠❡F❤♦❞I✱ F❤❡ ❛♣♣❧✐❝❛F✐♦♥ ♦❢ ♣✐♣❡L❛③✐♥❡ ❛I ❛ I♦❧✈❡♥F✱ ❛❧❦❛❧✐ ❛❜I♦L♣F✐♦♥✱ ❛♥❞ F❤❡ ❑❡LL✕▼❝●❡❡✴
❆●● ▲✉♠♠✉I ❈L❡IF ♦L ❋❧✉♦L ❊❝♦♥❛♠✐♥❡ ❋● �❧✉I ♣L♦❝❡II ✺✵✱ ✺✶✳ ❆♥ ✐♥✕❞❡♣F❤ ❞❡I❝L✐♣✲
F✐♦♥ ♦❢ ❛❜I♦L♣F✐♦♥✕❜❛I❡❞ �❈❈✱ ✐♥❝❧✉❞✐♥❣ L❡❝❡♥F ❛❞✈❛♥❝❡I✱ ❤❛I ❜❡❡♥ L❡✈✐❡✇❡❞ ❜② �❡✉ ❡F
❛❧✳ ✺✹

✽



❈❤❛♣>❡A ✷✳ ❙>❛>❡✕♦❢✕>❤❡✕❛A> ✕ ❈❈ ✐♥ ✐♥❞✉?>A✐❛❧ ♣A♦❝❡??❡?

❚❛❜❧❡ ✶✿ ❆❞✈❛♥Q❛❣❡S ❛♥❞ ❞U❛✇❜❛❝❦S ♦❢ ❝✉UU❡♥Q❧② ✐♥ ❧✐Q❡U❛Q✉U❡ ❞✐S❝✉SS❡❞ f❈❈ Q❡❝❤♥♦❧♦❣✐❡S

❆❞✈❛♥F❛❣❡I ❉✐I❛❞✈❛♥F❛❣❡I ❘❡❢

❆♠✐♥❡✕❜❛I❡❞ I♦❧✈❡♥FI

❤✐❣❤ L❡❝♦✈❡L② L❛F❡I ✭✽✵ ✕ ✾✺ ✪✮
❃ ✾✺ ✪ ♦❢ I♦❧✈❡♥F L❡❣❡♥❡L❛F❡❞

▲❛L❣❡ I❝❛❧❡ ❛♣♣❧✐❝❛F✐♦♥
❍✐❣❤ ❈❖✷ ♣✉L✐F② ✭❃ ✾✽ ✪✮

❙♦❧✈❡♥F ❞❡❣L❛❞❛F✐♦♥
❍✐❣❤ ❡♥❡L❣② ❞❡♠❛♥❞
❈♦LL♦I✐✈❡ ❡♥✈✐L♦♥♠❡♥F

❆♠✐♥❡ ❧♦II❡I ❞✉❡ F♦ ❡✈❛♣♦L❛F✐♦♥
❚♦①✐❝✐F② ♦❢ I♦❧✈❡♥FI

✺✵✱ ✺✻

❆❞I♦L♣F✐♦♥

❘❡❣❡♥❡L❛F✐♦♥ ♦❢ ❆❞I♦L❜❡♥FI
❍✐❣❤ L❡❝♦✈❡L② L❛F❡
▲♦♥❣ F❡L♠ ✉I❡

❍✐❣❤ ❡♥❡L❣② ❞❡♠❛♥❞
�L❡I❡♥❝❡ ♦❢ ❙❖① ❛♥❞ ◆❖① ♣L♦❜❧❡♠❛F✐❝

✺✵

▼❡♠❜L❛♥❡ I❡♣❛L❛F✐♦♥

◆♦♥✕❝♦♠♣❧❡① ♠❛✐♥F❡♥❛♥❝❡
❍✐❣❤ L❡❝♦✈❡L② L❛F❡I
▲♦✇❡L ❝❛♣✐F❛❧ ❝♦IF

▲♦✇ ❡♥❡L❣② ❝♦♥I✉♠♣F✐♦♥
❋❛IF ❞❡✈❡❧♦♣♠❡♥F ❞✉❡ F♦ ♠♦❞✉❧❛L I❡F✉♣
❈♦♠♣❛L❛❜❧② ❢❛❝✐❧❡ ❞❡I✐❣♥ ❛♥❞ I❝❛❧❡✕✉♣

❆❣✐♥❣
❈♦♠♣❛L❛❜❧② ✇❡❛❦❡L IF❛❜✐❧✐F②

❛F ❤✐❣❤ F❡♠♣❡L❛F✉L❡I
❛F❡L ❝❛✉I❡I I✇❡❧❧✐♥❣ ♦❢ F❤❡ ♠❡♠❜L❛♥❡
❈♦♠♣❛L❛❜❧② ❧✐♠✐F❡❞ ♣✉L✐F② ♦❢ ❈❖✷

❖✷ ❛♥❞ ❙❖✷ ♠❛② ♣❛II ✇✐F❤ ❈❖✷

✺✵✱ ✺✼

❉✉❡ F♦ ♣❤②I✐❝❛❧ ❢♦L❝❡I ♦❢ ❛FFL❛❝F✐♦♥✱ F❤❡ ❛FF❛❝❤♠❡♥F ♦❢ ❣❛I❡I ❛♥❞ ✐♠♣✉L✐F✐❡I ♦♥ I✉L❢❛❝❡I ♦❢
I♣❡❝✐✜❝ ❝❛LL✐❡LI ❛L❡ ❛II✐❣♥❡❞ F♦ ❛❞I♦L♣F✐♦♥✕❜❛I❡❞ �❈❈✳ �❙❆✱ ❚❡♠♣❡L❛F✉L❡ ❙✇✐♥❣ ❆❞I♦L♣✲
F✐♦♥ ✭❚❙❆✮✱ ❛❝✉✉♠ ❙✇✐♥❣ ❆❞I♦L♣F✐♦♥ ✭❙❆✮✱ ❛♥❞ ❊❧❡❝FL✐❝❛❧ ❙✇✐♥❣ ❆❞I♦L♣F✐♦♥ ✭❊❙❆✮
L❡❧② ♦♥ I♦❧✐❞I ✭❡✳❣✳✱ ❛❝F✐✈❛F❡❞ ❝❛L❜♦♥ ✭❆❈✮✱ ③❡♦❧✐F❡I✱ ❛♥❞ ♠❡F❛❧✕♦L❣❛♥✐❝ ❢L❛♠❡✇♦L❦I✮✳ ❚❤❡
♣❡L❢♦L♠❛♥❝❡ ♦❢ I♦♠❡ ❛❞I♦L♣F✐✈❡ ♠❛F❡L✐❛❧I ✐I ❡♥❤❛♥❝❡❞ ❜② ✐♠♣L❡❣♥❛F✐♦♥ ✇✐F❤ ❝❤❡♠✐❝❛❧❧②
❛❝F✐✈❡ ❝♦♠♣♦✉♥❞I ✺✵✱ ✺✶✳ ❘❛❣❛♥❛F✐ ❡F ❛❧✳ ❤❛✈❡ ♣✉❜❧✐I❤❡❞ ❛ ❝♦♠♣L❡❤❡♥I✐✈❡ L❡✈✐❡✇ ♦❢
❛❞I♦L♣F✐✈❡ ♠❡F❤♦❞I ❢♦L ❝❛L❜♦♥ ❝❛♣F✉L❡✱ ✇❤✐❝❤ ✐♥❝❧✉❞❡I ❛ ❞❡F❛✐❧❡❞ ❝♦♠♣❛L✐I♦♥ ♦❢ ✈❛L✐♦✉I
❛❞I♦L❜✐♥❣ I♦❧✐❞I✳ ✺✺

▼❡♠❜L❛♥❡I ❛L❡ ❝✉LL❡♥F❧② ❛ ❦❡② ✐II✉❡ ✐♥ �❈❈✳ ❆ ♠♦L❡ ❞❡F❛✐❧❡❞ ❞❡I❝L✐♣F✐♦♥ ❝❛♥ ❜❡ ❢♦✉♥❞
✐♥ F❤❡ ❢♦❧❧♦✇✐♥❣ I❡❝F✐♦♥✳ ✺✵✕✺✷
❚❤❡ ❛❞✈❛♥F❛❣❡I ❛♥❞ ❞L❛✇❜❛❝❦I ♦❢ I❡❧❡❝F❡❞ �❈❈ ♠❡F❤♦❞I ♦❜I❡L✈❡❞ ✐♥ F❤❡ ❧✐F❡L❛F✉L❡ ❛L❡
♣L❡I❡♥F❡❞ ✐♥ ❚❛❜❧❡ ✶✳

❇♦F❤ ❆❞I♦L♣F✐♦♥ ❛♥❞ ❛♠✐♥❡✕❜❛I❡❞ ♠❡F❤♦❞I ❧❡❛❞ F♦ ❤✐❣❤ ♣✉L✐F✐❡I ♦❢ ❈❖✷✳ ❍♦✇❡✈❡L✱ ❤✐❣❤
❡♥❡L❣② ❝♦♥I✉♠♣F✐♦♥ ♠✉IF ❜❡ F❛❦❡♥ ✐♥F♦ ❛❝❝♦✉♥F✳ ❚❤❡ L❡❣❡♥❡L❛F✐♦♥ ♦❢ ❛♠✐♥❡✕❜❛I❡❞ I♦❧✲
✈❡♥FI ✐I ♣♦II✐❜❧❡✱ ♥❡✈❡LF❤❡❧❡II✱ ❛ ❣L❛❞✉❛❧ ❞❡❣L❛❞❛F✐♦♥ ✐I ✐♥❡✈✐F❛❜❧❡✳ ❆♥♦F❤❡L ❞L❛✇❜❛❝❦ ✐I
F❤❡ F♦①✐❝✐F② ♦❢ F❤❡ I♦❧✈❡♥FI ✉I❡❞✳ ❆❞I♦L♣F✐♦♥ ♣L♦❝❡II❡I ❡①❤✐❜✐F ❧❛L❣❡ ♦♣❡L❛F✐♦♥❛❧ ❧✐❢❡I♣❛♥I
❜✉F ❛L❡ ♣L♦♥❡ F♦ ♣L♦❜❧❡♠I ❞✉❡ F♦ ❙❖① ❛♥❞ ◆❖① ✐♠♣✉L✐F✐❡I✱ ✇❤✐❝❤ ♠✉IF ❜❡ L❡♠♦✈❡❞ ❢L♦♠
F❤❡ ✢✉❡ ❣❛I ✐♥ ❛❞✈❛♥❝❡✳ ❆♠✐♥❡✕❜❛I❡❞ �❈❈ ✐I ❛ ✇❡❧❧✕❦♥♦✇♥ F❡❝❤♥♦❧♦❣② F❤❛F ✐I ❛✈❛✐❧❛❜❧❡
❝♦♠♠❡L❝✐❛❧❧②✳ ❚❤❡ ♦♣❡L❛F✐♦♥ ♦❢ ♠❡♠❜L❛♥❡I ✐♥ �❈❈ ❤❛I ♥♦F ②❡F ❜❡❡♥ ❢✉❧❧② ❝♦♠♠❡L❝✐❛❧✐③❡❞
♦♥ ❛♥ ✐♥❞✉IFL✐❛❧ I❝❛❧❡ ✭I❡❡ ❚❛❜❧❡ ✶✮✳ ❙F✐❧❧✱ F❤❡② ❡①❤✐❜✐F ❝♦♥I✐❞❡L❛❜❧❡ ♣♦F❡♥F✐❛❧ ❢♦L I✉IF❛✐♥✲
❛❜❧❡ �❈❈ ❛♣♣❧✐❝❛F✐♦♥I ❞✉❡ F♦ F❤❡✐L ❝♦♠♣❛L❛❜❧② ❢❛❝✐❧❡ ♠❛✐♥F❡♥❛♥❝❡✱ ❧♦✇ ❡♥❡L❣② ❞❡♠❛♥❞✱

✾



✷✳✷✳ ▼❡♠❜A❛♥❡ >❡❝❤♥♦❧♦❣② ✐♥ M♦?> ❝❛A❜♦♥ ❝❛♣>✉A❡

❛♥❞ ❤✐❣❤ ♣♦II✐❜❧❡ L❡❝♦✈❡L② L❛F❡I✳

✷✳✷ ▼❡♠❜A❛♥❡ =❡❝❤♥♦❧♦❣② ✐♥ 7♦?= ❝❛A❜♦♥ ❝❛♣=✉A❡

▼❡♠❜L❛♥❡ F❡❝❤♥♦❧♦❣② ✐♥ F❤❡ ❝♦♥F❡①F ♦❢ �❈❈ ♣L✐♠❛L✐❧② ❝♦♥I✐❞❡LI ✢✉❡✕❣❛I ❝❧❡❛♥✐♥❣✳ ❚❤❡L❡✲
❢♦L❡✱ ❛♥ ♦✈❡L✈✐❡✇ ♦❢ F❤❡ ♠❡♠❜L❛♥❡ ♠❛F❡L✐❛❧ F②♣❡I ❝✉LL❡♥F❧② ✐♥ ❧✐F❡L❛F✉L❡ ❢♦L ❈❖✷✕I❡❧❡❝F✐✈❡
❣❛I ♣❡L♠❡❛F✐♦♥ ✐I ✐❧❧✉IFL❛F❡❞ ✐♥ ❋✐❣✉L❡ ✹✳

❋✐❣✉<❡ ✹✿ ❖✈❡U✈✐❡✇ ♦❢ ❛✈❛✐❧❛❜❧❡ ♠❡♠❜U❛♥❡ ♠❛Q❡U✐❛❧S ❢♦U f❈❈ ✭❛❞❛♣Q❡❞ ❢U♦♠ ✺✽✮

❛L✐♦✉I ♠❡♠❜L❛♥❡ ♠❛F❡L✐❛❧ F②♣❡I ❛L❡ ❛✈❛✐❧❛❜❧❡ ❢♦L ❈❖✷ I❡♣❛L❛F✐♦♥ ❢L♦♠ ❣❛I❡♦✉I ♠✐①F✉L❡I
❛♥❞ ✢✉❡ ❣❛I✳ ❆❞✈❛♥❝❡I ✐♥ L❡I❡❛L❝❤ ❤❛✈❡ L❡I✉❧F❡❞ ✐♥ F❤❡ ❞❡✈❡❧♦♣♠❡♥F ♦❢ ❢✉LF❤❡L ❤②❜L✐❞
❛♥❞ I✉❜❝❛F❡❣♦L✐❡I ♦❢ ♠❡♠❜L❛♥❡I✱ ✇❤✐❝❤ ❤❛✈❡ ♣L❡✈✐♦✉I❧② ❜❡❡♥ ❥✉IF ❞✐✈✐❞❡❞ ✐♥F♦ ♣♦❧②♠❡L✐❝
♦L ✐♥♦L❣❛♥✐❝ ♠❡♠❜L❛♥❡I✳ ✺✽

▼♦IF ❝✉LL❡♥F ❣❛I ♣❡L♠❡❛F✐♦♥ ❛♣♣❧✐❝❛F✐♦♥I ❛L❡ ♦♣❡L❛F❡❞ ✇✐F❤ ♣♦❧②♠❡L✐❝ ♦L ♣♦❧②♠❡L✕❜❛I❡❞
♠❡♠❜L❛♥❡I✳ ❚❤❡ �♦❧❛L✐I ♠❡♠❜L❛♥❡✱ ❛ ♣♦❧②♠❡L ✢❛F✕I❤❡❡F ♠❡♠❜L❛♥❡✱ ✐I ❞✐IFL✐❜✉F❡❞ ❜②
▼❚❘ ✲ ✧▼❡♠❜K❛♥❡ ❚❡❝❤♥♦❧♦❣② ✫ ❘❡J❡❛K❝❤✧ ❛♥❞ ✐I ♦♥❡ ♦❢ F❤❡ ❢❡✇ ❝♦♠♠❡L❝✐❛❧❧② ❛✈❛✐❧❛❜❧❡
❈❖✷✕I❡❧❡❝F✐✈❡ ♠❡♠❜L❛♥❡I✳ ❉❡♣❡♥❞✐♥❣ ♦♥ F❤❡ ✢✉❡ ❣❛I ♣L♦♣❡LF✐❡I✱ ❛ L❡❝♦✈❡L② L❛F❡ ♦❢ ✾✵ ✪
❢♦L ❈❖✷ ✇❤✐❧❡ ♠❛✐♥F❛✐♥✐♥❣ ❛ ❤✐❣❤ ✢✉① ✭✶✵✵✵ ●�✮ ✇❛I L❡♣♦LF❡❞✱ ❞❡❧✐✈❡L✐♥❣ ❈❖✷ ❝♦♥❝❡♥✲
FL❛F✐♦♥I ❛I ❤✐❣❤ ❛I ✾✺ ✪✱ ❞L✐✈❡♥ ❜② ❛ ✈❛❝✉✉♠ ♣✉♠♣✳ ❚❤❡ �♦❧❛L✐I ♠❡♠❜L❛♥❡ ❤❛I ❜❡❡♥
L❡♣♦LF❡❞ F♦ ❜❡ ✉I❡❞ ♦♥ ♠✉❧F✐♣❧❡ ♦❝❝❛I✐♦♥I ❢♦L �❈❈ ❛♣♣❧✐❝❛F✐♦♥I ❛♥❞ ✐I ❝♦♥I✐❞❡L❡❞ ♦♥❡
♦❢ F❤❡ ♠♦IF ♣L♦♠✐I✐♥❣ ♦♣♣♦LF✉♥✐F✐❡I ✺✾✱ ✻✵✳ ❋✉LF❤❡L ❞❡✈❡❧♦♣♠❡♥FI ♦❢ F❤❡ �♦❧❛L✐I ♠❡♠✲
❜L❛♥❡I✱ ✇❤✐❝❤ ❛✐♠ ❢♦L ❛ ✷ ✕ ✸ F✐♠❡I ❤✐❣❤❡L ✢✉① ❢♦L ❈❖✷✱ ❛L❡ ❝✉LL❡♥F❧② ❜❡✐♥❣ F❡IF❡❞ ✻✶✕✻✸✳

❍❡❧♠❤♦❧F③✕❡♥FL✉♠ ❍❡L❡♦♥ ❤❛I ✉I❡❞ ❛ �❊❖✕❜❛I❡❞ ♣♦❧②♠❡L F♦ ❞❡I✐❣♥ F❤❡ �♦❧②❆❝F✐✈❡
✢❛F✕I❤❡❡F ♠❡♠❜L❛♥❡ ♠♦❞✉❧❡✳ ❋❡✇ ❛♣♣❧✐❝❛F✐♦♥I ❤❛✈❡ ❜❡❡♥ ♠❛❞❡ ♣✉❜❧✐❝ ✉I✐♥❣ F❤✐I ♠❡♠✲
❜L❛♥❡ ❢♦L �❈❈ ♣✉L♣♦I❡I✳ ❇L✐♥❦♠❛♥♥ ❡F ❛❧✳ ✻✹ ❤❛✈❡ ❝❤❛L❛❝F❡L✐③❡❞ F❤❡ ♣❡L❢♦L♠❛♥❝❡ ♦❢
✢✉❡ ❣❛I ❢L♦♠ ❜✐♦♠❛II ❛♥❞ ❝♦❛❧✕✜L❡❞ ♣L♦❝❡II❡I✳ ❉❡I♣✐F❡ F❤❡ ❧♦✇ ❢❡❡❞ ❝♦♥❝❡♥FL❛F✐♦♥ ♦❢ ❈❖✷

✶✵



❈❤❛♣>❡A ✷✳ ❙>❛>❡✕♦❢✕>❤❡✕❛A> ✕ ❈❈ ✐♥ ✐♥❞✉?>A✐❛❧ ♣A♦❝❡??❡?

❚❛❜❧❡ ✷✿ ❖✈❡U✈✐❡✇ ♦❢ S❡❧❡❝Q❡❞ ❣❛S ♣❡U♠❡❛Q✐♦♥ ♠❡♠❜U❛♥❡S ❢♦U f❈❈

▼❡♠❜L❛♥❡ T PF pp Q❈❖✷
α❈❖✷✴◆✷

▼❛F❡L✐❛❧ ❘❡❝♦✈❡L② L❛F❡ ❘❡❢
➦❈ ❜❛L❛ ❜❛L❛ ●� ✪

�L✐I♠ �❆✶✵✷✵ ✷✵ ✕ ✻✵ ✶✳✽ ✕ ✸ ❛♠❜✐❡♥F ✸✻✶ ✸✼ �❙❋ ✽✵ ✕ ✽✺ ✻✽
�♦❧❛L✐I ❁ ✸✽ ✶✳✺ ✵✳✶✶ ✶✵✵✵ ✺✵ ♣♦❧②♠❡L✐❝ ✾✵ ✺✾
�♦❧②❆❝F✐✈❡ ✸✵ ✕ ✾✵ ❁ ✸ ✵✳✵✺ ✕ ✵✳✷ ✶✹✽✵ ✹✺ �❊❖✕�❇❚ ✹✸ ✕ ✽✵ ✻✹✱ ✻✺
❙■◆❚❊❋ ✹✵ ✕ ✹✺ ✶✳✵✶✸ ✵✳✶ ✕ ✵✳✷ ✷✷✷ ❁ ✸✵✵ �❆♠✕❋❙❈ ✸✵ ✕ ✾✵ ✻✻✱ ✻✼
❇❊ ✕ ▼❙✕❆✺ ❁ ✻✵ ✶✳✽ ✕ ✼ ✶✳✵✶✸ ✷✶✳✼ ✹✺ �■ ❁ ✸✵ ✻✽✱ ✻✾

✭✾ ✪✮✱ F❤❡ ♠❡♠❜L❛♥❡ ♦♣❡L❛F✐♦♥ ❡♥L✐❝❤❡❞ F❤❡ ♣❡L♠❡❛F❡ ❝♦♥❝❡♥FL❛F✐♦♥ ♦❢ ❈❖✷ ❛❜♦✈❡ ✹✺ ✪✳
❆I ✇✐F❤ F❤❡ ❙■◆❚❊❋ ❛♥❞ �♦❧❛L✐I ♠❡♠❜L❛♥❡✱ ❛ ✈❛❝✉✉♠ ♣✉♠♣ ❡♥I✉L❡❞ F❤❡ ❞L✐✈✐♥❣ ❢♦L❝❡✱
❛❧❧♦✇✐♥❣ ❢❡❡❞ ♣L❡II✉L❡I ❝❧♦I❡ F♦ ❛♠❜✐❡♥F ♣L❡II✉L❡✳ ❆♣♣❧②✐♥❣ ❛ I❡❝♦♥❞ IF❛❣❡ ✐♥❝L❡❛I❡❞ F❤❡
♣❡L♠❡❛F❡ ♣✉L✐F② ❛❜♦✈❡ ✾✺ ✪ ♦❢ ❈❖✷✳ ❍♦✇❡✈❡L✱ ❧❡II F❤❛♥ ✹✸ ✪ ♦❢ ❈❖✷ ✇❛I L❡❝♦✈❡L❡❞ ❢L♦♠
F❤❡ ✢✉❡ ❣❛I✳ ✻✺

❋❛❝✐❧✐F❛F❡❞ FL❛♥I♣♦LF ♠❡♠❜L❛♥❡I ❛L❡ ❝❛LL✐❡L✕❜❡❛L✐♥❣ ❤②❜L✐❞ ♠❡♠❜L❛♥❡I F❤❛F ❝❛♥ ✐♥F❡L❛❝F
L❡✈❡LI✐❜❧② ✇✐F❤ ♦♥❡ ♦L ♠♦L❡ I♣❡❝✐✜❝ ❝♦♠♣♦♥❡♥FI✱ ✐♥FL♦❞✉❝✐♥❣ ❛♥ ❡①FL❛ FL❛♥I♣♦LF ♠❡❝❤✲
❛♥✐I♠✳ ❚❤✐I I✉♣♣♦LFI F❤❡ F❛L❣❡F ❝♦♠♣♦✉♥❞✬I ♠♦✈❡♠❡♥F✱ ✇❤✐❧❡ F❤❡ ♦F❤❡L ❝♦♠♣♦✉♥❞I✬
♠♦✈❡♠❡♥F F❤L♦✉❣❤ F❤❡ ♠❡♠❜L❛♥❡ L❡❧✐❡I I♦❧❡❧② ♦♥ F❤❡ I♦❧✉F✐♦♥✕❞✐✛✉I✐♦♥ ♠❡❝❤❛♥✐I♠✳✺✽

❆ ♣♦❧②♠❡L✕❜❛I❡❞ ❢❛❝✐❧✐F❛F❡❞ FL❛♥I♣♦LF ✢❛F✕I❤❡❡F ♠❡♠❜L❛♥❡ ✉F✐❧✐③✐♥❣ ✜①❡❞✕I✐F❡ ❝❛LL✐❡LI
✇❛I ❞❡✈❡❧♦♣❡❞ ❜② ❙■◆❚❊❋ ✕ ✧❙I✐❢I❡❧J❡♥ ❢♦K ✐♥❞✉JIK✐❡❧❧ ♦❣ I❡❦♥✐J❦ ❢♦KJ❦♥✐♥❣✧ ✭❡♥❣❧✐I❤
FL❛♥I❧❛F✐♦♥✿ ✧❚❤❡ ❋♦✉♥❞❛I✐♦♥ ❢♦K ■♥❞✉JIK✐❛❧ ❛♥❞ ❚❡❝❤♥✐❝❛❧ ❘❡J❡❛K❝❤✧✮ ✐♥ ❝♦♦♣❡L❛F✐♦♥
✇✐F❤ ◆❚◆ ✕ ✧◆♦K❣❡J I❡❦♥✐J❦✲♥❛I✉K✈✐I❡♥J❦❛♣❡❧✐❣❡ ✉♥✐✈❡KJ✐I❡I✧ ✭❡♥❣❧✐I❤ ♥❛♠❡✿ ✧◆♦K✇❡✲
❣✐❛♥ ♥✐✈❡KJ✐I② ♦❢ ❙❝✐❡♥❝❡ ❛♥❞ ❚❡❝❤♥♦❧♦❣②✧✮ ❛♥❞ ✐♥F❡♥❞❡❞ F♦ I❡♣❛L❛F❡ ❈❖✷ ❢L♦♠ ✢✉❡ ❣❛I✳
✻✻✱ ✻✼ �❡L♠❡❛F❡ ♣✉L✐F✐❡I ♦❢ ✉♣ F♦ ✼✺ ✪ ♦❢ ❈❖✷ ❤❛✈❡ ❜❡❡♥ L❡♣♦LF❡❞ ♦♥ ✢✉❡ ❣❛I ❢❡❞ ✉♣ F♦
✶✷ ✪ ❈❖✷✳ ❆ F✇♦✕IF❛❣❡ ❛♣♣❧✐❝❛F✐♦♥ ✐♥❝L❡❛I❡❞ F❤❡ ♣✉L✐F② F♦ ✾✾✳✺ ✪✱ ✇✐F❤ L❡❝♦✈❡L② L❛F❡I
❡①❝❡❡❞✐♥❣ ✾✵ ✪ ❢♦L ❈❖✷✳ ❆ ✈❛❝✉✉♠ ❝L❡❛F❡I ❚❤❡ ❞L✐✈✐♥❣ ❢♦L❝❡ ❜② L❡❞✉❝✐♥❣ F❤❡ ♣L❡II✉L❡ ♦♥
F❤❡ ♣❡L♠❡❛F❡ I✐❞❡ F♦ ✵✳✶ ✕ ✵✳✷ ❜❛L✳ ❚❤❡ ❡♥❞✉L❛♥❝❡ F♦✇❛L❞I ✐♠♣✉L✐F✐❡I ✭❡✳❣✳✱ ❙❖✷✱ ◆❖①✱
❖✷✱ ❤✉♠✐❞✐F②✱ ❛♥❞ ❞✉IF✮ ✇❛I ❞❡I❝L✐❜❡❞ ❛I ❣♦♦❞ ❛I F❤❡ ❢❡❡❞ ❝♦♥❝❡♥FL❛F✐♦♥ ♦❢ ◆❖① ❛♥❞ ❙❖✷

L❡♠❛✐♥❡❞ ❝♦♠♣❛L❛❜❧② ❧♦✇ ✻✻✱ ✻✼✳

❚❛❜❧❡ ✷ I❤♦✇I ❛ I❡❧❡❝F✐♦♥ ♦❢ ♠❡♠❜L❛♥❡I ❛♣♣❧✐❡❞ ✐♥ ❣❛I I❡♣❛L❛F✐♦♥ ❛♣♣❧✐❝❛F✐♦♥I✳ ❆❧❧ ❧✐IF❡❞
♠❡♠❜L❛♥❡I ❛L❡ ♣♦❧②♠❡L✐❝ ♦L ♣♦❧②♠❡L✕❜❛I❡❞ ♠❡♠❜L❛♥❡I ♦❢ ❞✐✈❡LI❡ ♣❡L❢♦L♠❛♥❝❡✳ ❚❤❡
�♦❧❛L✐I ❛♥❞ �♦❧②❆❝F✐✈❡ ♠❡♠❜L❛♥❡I ❤❛✈❡ ❜❡❡♥ F❡IF❡❞ ❛♥❞ ♦♣❡L❛F❡❞ ✐♥ ❛♥ ❡①❤❛✉IF ❣❛I
❡♥✈✐L♦♥♠❡♥F ✇✐F❤ ♣L♦♠✐I✐♥❣ L❡I✉❧FI✳ ❖♥ F❤❡ ♦F❤❡L ❤❛♥❞✱ F❤❡ �L✐I♠ �❆✶✵✷✵ ✐I ♠❛✐♥❧②
❝♦♥I✐❞❡L❡❞ ❢♦L ♥❛F✉L❛❧ ❣❛I ♣✉L✐✜❝❛F✐♦♥ ❜✉F ❝♦✉❧❞ ❜❡ ❛FFL❛❝F✐✈❡ ❢♦L ✢✉❡ ❣❛I I❡♣❛L❛F✐♦♥ ✐♥ ❛
I✉❜I❡N✉❡♥F✐❛❧ IF❡♣✳

❚❤❡ ❘♦❜❡I♦♥ ♣❧♦F ❝❛♥ ❜❡ ❝♦♥I✐❞❡L❡❞ ❤❡❧♣❢✉❧ ❢♦L I❡❧❡❝F✐♥❣ I✉✐F❛❜❧❡ ♠❡♠❜L❛♥❡I ❢♦L ✢✉❡ ❣❛I
I❡♣❛L❛F✐♦♥✳ ❚❤❡ ❘♦❜❡I♦♥ ♣❧♦F ❢♦L ❈❖✷✴◆✷ ❣❛I ♣❛✐L I❡♣❛L❛F✐♦♥ ✐I ♣♦LFL❛②❡❞ ✐♥ ❋✐❣✉L❡ ✺✳

■F ✐♥❝❧✉❞❡I ❛ ❣L❛♣❤✐❝ ✐❧❧✉IFL❛F✐♦♥ ♦❢ F❤❡ L❡❧❛F✐♦♥ ❜❡F✇❡❡♥ F❤❡ ♣❡L♠❡❛❜✐❧✐F② ♦❢ ❈❖✷ ❛♥❞ F❤❡
✐❞❡❛❧ I❡❧❡❝F✐✈✐F② ♦❢ ❈❖✷ ♦✈❡L ◆✷ ❢♦L ❛ I✐❣♥✐✜❝❛♥F❧② ❧❛L❣❡ ❛♠♦✉♥F ♦❢ ♠❡♠❜L❛♥❡I✳ ❊❛❝❤ I②♠✲
❜♦❧ L❡♣L❡I❡♥FI ❡✐F❤❡L ❛ I♣❡❝✐✜❝ ♠❡♠❜L❛♥❡ ♠❛F❡L✐❛❧ ♦L ❛ F❤❡ I❡❧❡❝F✐✈❡ ❧❛②❡L ♦❢ ❛ ♠❡♠❜L❛♥❡✳
❈♦♥✈❡♥F✐♦♥❛❧ ♠❡♠❜L❛♥❡I ❛L❡ ✉I✉❛❧❧② ❡✐F❤❡L ❤✐❣❤❧② I❡❧❡❝F✐✈❡ ♦L ❤❛✈❡ ❛♥ ❡①❝❡♣F✐♦♥❛❧❧② ❤✐❣❤
✢✉① ❢♦L F❤❡ ♠♦L❡ ♣❡L♠❡❛❜❧❡ ❝♦♠♣♦♥❡♥F✱ ❜✉F ♥♦F ❜♦F❤✳ ❚❤✐I L❡I✉❧FI ✐♥ ❛♥ ✉♣♣❡L ❜♦✉♥❞
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❋✐❣✉<❡ ✺✿ ❘♦❜❡S♦♥ ♣❧♦Q ❢♦U ❈❖✷✴◆✷ ❣❛S ♣❛✐US ✭❛SS✉♠♣Q✐♦♥ ✷✺ ➦❈ ❛♥❞ ✶✳✵✶✸ ❜❛U✮ ✼✵

❛I ❛ ❢✉♥❝F✐♦♥ ♦❢ F❤❡ ♣❡L♠❡❛❜✐❧✐F② ❛♥❞ I❡❧❡❝F✐✈✐F②✱ ❞✐I♣❧❛②❡❞ ❛I ❛ IFL❛✐❣❤F ❜❧✉❡ ❧✐♥❡✳ ❚❤❡
L❡I❡❛L❝❤ ✐♥ ♥♦✈❡❧ ♠❡♠❜L❛♥❡I ❤❛I L❡I✉❧F❡❞ ✐♥ ❜❡FF❡L✕♣❡L❢♦L♠✐♥❣ ♠❡♠❜L❛♥❡I I❤✐❢F✐♥❣ F❤❡
✉♣♣❡L ❜♦✉♥❞ ✭❞♦FF❡❞ L❡❞ ❧✐♥❡✮ ✼✵✱ ✼✶✳ ❙✐♥❝❡ ✢✉❡ ❣❛I ❢L♦♠ ❢♦II✐❧ ❢✉❡❧ ❝♦♠❜✉IF✐♦♥ ❝♦♥I✐IFI
♠❛✐♥❧② ♦❢ ◆✷ ✼✷✱ ✼✸✱ F❤❡ I❡♣❛L❛F✐♦♥ ♣L♦♣❡LF✐❡I ♦❢ F❤❡ ♠❡♠❜L❛♥❡I ✇✐F❤ L❡I♣❡❝F F♦ ◆✷

✇❡L❡ ♠❡♥F✐♦♥❡❞✳ ❍♦✇❡✈❡L✱ F♦ ❡✈❛❧✉❛F❡ F❤❡ ♣❡L❢♦L♠❛♥❝❡ ♦❢ ♠❡♠❜L❛♥❡I✱ ♦F❤❡L ❢❛❝F♦LI I✉❝❤
❛I F❤❡ I❡❧❡❝F✐✈✐F② ♦❢ ♦F❤❡L ✢✉❡ ❣❛I ❝♦♠♣♦♥❡♥FI✱ ♠❛F❡L✐❛❧ ❜❡❤❛✈✐♦L ✐♥ ❤✉♠✐❞ ❝♦♥❞✐F✐♦♥I✱
❞✉L❛❜✐❧✐F② ❛♥❞ ♦F❤❡L ❢❛❝F♦LI ♠✉IF ❛❧I♦ ❜❡ ❝♦♥I✐❞❡L❡❞✳ ❆♥ ❡①F❡♥I✐✈❡ ♦✈❡L✈✐❡✇ ♦❢ ❢✉LF❤❡L
♠❡♠❜L❛♥❡I ❢♦L ♣♦IF✕❝♦♠❜✉IF✐♦♥ ❝✉LL❡♥F❧② ❜❡✐♥❣ L❡I❡❛L❝❤❡❞ ❤❛I ❜❡❡♥ ♣L♦✈✐❞❡❞ ❜② ▲✐✉ ❡F
❛❧✳ ✼✹
❉✉❡ F♦ F❤❡ L❡❧❡✈❛♥❝❡ F♦ F❤✐I ✇♦L❦✱ ❛ I❡❧❡❝F✐♦♥ ♦❢ ♣❡L✈❛♣♦L❛F✐♦♥ ♠❡♠❜L❛♥❡I ❢♦L ❞❡❤②❞L❛F✐♦♥
♦❢ ♦L❣❛♥✐❝ I♦❧✉F✐♦♥I ❤❛I ❜❡❡♥ ♣✉❜❧✐I❤❡❞ ✐♥ ❏♦✉J♥❛❧ [✉❜❧✐❝❛F✐♦♥ ■■✳

✷✳✸ ❖A❣❛♥✐❝ ❝❛A❜♦♥❛=❡?

❚❤✐I ✇♦L❦ ❢♦❝✉I❡I ♦♥ ❞✐❡F❤②❧ ❝❛L❜♦♥❛F❡ ✭❉❊❈✮ ❛♥❞ ✐FI I②♥F❤❡I✐I ❜❛I❡❞ ♦♥ ❈❖✷✱ ✇❤✐❝❤ ✇✐❧❧
❜❡ ❞✐I❝✉II❡❞ ✐♥ ♠♦L❡ ❞❡F❛✐❧ ✐♥ I✉❜I❡❝F✐♦♥ ✷✳✸✳✶✳

❆ ❞❡❧✈❡ ✐♥F♦ ♦L❣❛♥✐❝ ❝❛L❜♦♥❛F❡ ♣L♦❞✉❝F✐♦♥ ❢L♦♠ ❈❖✷ ✐I ❣❛✐♥✐♥❣ ♠♦L❡ ❛FF❡♥F✐♦♥ ✼✺✳ ❖L✲
❣❛♥✐❝ ❝❛L❜♦♥❛F❡I ✭❖❈I✮✱ ❛❧I♦ ❝❛❧❧❡❞ ❝❛L❜♦♥✐❝ ❛❝✐❞ ❡IF❡LI ✭❈❆❊✮✱ ❢♦L♠ ❛ ❣L♦✉♣ ♦❢ ❝♦♠✲
♣♦✉♥❞I ❝♦♥I✐IF✐♥❣ ♦❢ ❛ ❝❛L❜♦♥②❧ ❣L♦✉♣ ✢❛♥❦❡❞ ❜② F✇♦ ❛❧❦♦①②✴❛L②❧♦①② ❣L♦✉♣I F❤❛F ❞♦ ♥♦F
♥❡❝❡II❛L✐❧② L❡N✉✐L❡ F♦ ❜❡ ✐❞❡♥F✐❝❛❧✳ ❚❤❡ ❢♦L♠✉❧❛❡ ✐❧❧✉IFL❛F❡❞ ✐♥ ❋✐❣✉L❡ ✻ L❡♣L❡I❡♥F I♦♠❡
♣♦II✐❜❧❡ ❝❤❡♠✐❝❛❧ IFL✉❝F✉L❡I✳ ✹✵

❖❈I ❛L❡ ❝♦♠♠♦♥❧② ❛FFL✐❜✉F❡❞ F♦ ❧♦✇ F♦①✐❝✐F②✱ ❧♦✇ ✈❛♣♦L ♣L❡II✉L❡✱ ❛♥❞ ❢❛✐L ❜✐♦❞❡❣L❛❞✲
❛❜✐❧✐F② ❛I ❛♣L♦F✐❝ ♣♦❧❛L I♦❧✈❡♥FI ❢♦L ❡IF❡LI✱ ❝❡❧❧✉❧♦I❡ ❡F❤❡LI✱ ❛♥❞ ♣♦❧②♠❡LI ✼✻✳ ❚❤❡② ❛L❡

✶✷



❈❤❛♣>❡A ✷✳ ❙>❛>❡✕♦❢✕>❤❡✕❛A> ✕ ❈❈ ✐♥ ✐♥❞✉?>A✐❛❧ ♣A♦❝❡??❡?

O

O

O O

O

O

❞✐♠❡F❤②❧ ❝❛L❜♦♥❛F❡ ❞✐❡F❤②❧ ❝❛L❜♦♥❛F❡

O

O

O
O

O

O

HO

O

O

O

❡F❤②❧❡♥❡ ❝❛L❜♦♥❛F❡ ♣L♦♣②❧❡♥❡ ❝❛L❜♦♥❛F❡ ❣❧②❝❡L♦❧ ❝❛L❜♦♥❛F❡

❋✐❣✉<❡ ✻✿ ❙QU✉❝Q✉U❛❧ ❢♦U♠✉❧❛❡ ♦❢ ✈❛U✐♦✉S ♦U❣❛♥✐❝ ❝❛U❜♦♥❛Q❡S ✭❛❞❛♣Q❡❞ ❢U♦♠ ✶✻✮

❢♦✉♥❞ ✐♥ ❤✐❣❤❧② ❞✐✈❡LI❡ ❛♣♣❧✐❝❛F✐♦♥I ✐♥ ❜♦F❤ ✐♥❞✉IFL② ❛♥❞ I❝✐❡♥F✐✜❝ ❧❛❜♦L❛F♦L✐❡I ✼✼✱ ✼✽✳
❉✐♠❡F❤②❧ ❝❛L❜♦♥❛F❡ ✭❉▼❈✮ ✐I ❛♥ ❡II❡♥F✐❛❧ ❛♥❞ ✈❡LI❛F✐❧❡ ❝❤❡♠✐❝❛❧ ✐♥ F❤❡ ♣♦❧②♠❡L✕ ❛♥❞
♣❤❛L♠❛❝❡✉F✐❝❛❧ ✐♥❞✉IFL② ✼✾✳ ❚❤❡ ♣❤❛L♠❛❝❡✉F✐❝❛❧ ✐♥❞✉IFL② ✉I❡I ❉▼❈ ❛I ❛♥ ✐♥F❡L♠❡❞✐❛F❡
❢♦L ♠❡❞✐❝✐♥❡I ❛♥❞ ✈❡F❡L✐♥❛L② ❞L✉❣I ✽✵✱ ✇❤✐❧❡ ♦F❤❡L ✐♥❞✉IFL✐❛❧ ❜L❛♥❝❤❡I ❛♣♣❧② ❉▼❈ F♦
♣L♦❞✉❝❡ ❛❞❤❡I✐✈❡I ✽✶✱ ✽✷✳ ❚❤❡ ❤✐❣❤ ♦①②❣❡♥ ❝♦♥F❡♥F ♠❛❦❡I ✐F ❛ ❣♦♦❞ ❛❞❞✐F✐✈❡ ❢♦L ❢✉❡❧✱
L❡❞✉❝✐♥❣ F❤❡ ❡♠✐II✐♦♥ ♦❢ I♦♦F ♣❛LF✐❝❧❡I ❛♥❞ I✉❜IF✐F✉F✐♥❣ ♠❡F❤②❧ I❡KI✕❜✉F②❧ ❡F❤❡L ✭▼❚❇❊✮✱
✇❤✐❝❤ ✐I ❛❧L❡❛❞② ❜❛♥♥❡❞ ✐♥ I♦♠❡ ❝♦✉♥FL✐❡I ✽✸✳ ■FI I♦❧✈❛F✐♥❣ ❝❛♣❛❜✐❧✐F✐❡I ❛I ❛ ♥♦♥❛N✉❡♦✉I
❡❧❡❝FL♦❧②F❡ L❡I✉❧F❡❞ ✐♥ ❉▼❈✬I ❛♣♣❧✐❝❛F✐♦♥ ❛I ❛♥ ❡❧❡❝FL♦❧②F❡ ✐♥ ❜❛FF❡L✐❡I✱ ✐♥❝L❡❛I✐♥❣ F❤❡✐L
❧✐❢❡I♣❛♥ ✽✹✳ ❉✐♣L♦♣②❧ ❝❛L❜♦♥❛F❡ ✭❉�❈✮ I❤❛L❡I ♠❛♥② ✜❡❧❞I ♦❢ ❛♣♣❧✐❝❛F✐♦♥ ✇✐F❤ ❉▼❈✱
I✉❝❤ ❛I ✐FI ✉I❡ ❛I ❛ I♦❧✈❡♥F ❛♥❞ ❡❧❡❝FL♦❧②F❡ ❛❞❞✐F✐✈❡ ✐♥ ❧✐F❤✐✉♠✕✐♦♥ ❜❛FF❡L✐❡I ❛♥❞ ❛I ❛♥
✐♥F❡L♠❡❞✐❛F❡ ❢♦L ♣❤❛L♠❛❝❡✉F✐❝❛❧I✳ ■F ✐I ❛❧I♦ ✉I❡❞ F♦ ♣L♦❞✉❝❡ ♣❡IF✐❝✐❞❡I✱ ♣♦❧②❝❛L❜♦♥❛F❡I✱
❛♥❞ ✉L❡F❤❛♥❡ ✽✺✳ ❈②❝❧✐❝ ♦L❣❛♥✐❝ ❝❛L❜♦♥❛F❡I ✭❈❖❈I✮✱ I♦♠❡F✐♠❡I ❥✉IF ❝②❝❧✐❝ ❝❛L❜♦♥❛F❡I✱
I❡L✈❡ I✐♠✐❧❛L ♣✉L♣♦I❡I ❛I ❧✐♥❡❛L ❖❈I ✭❡✳❣✳✱ ✐♥❞✉IFL✐❛❧ ❧✉❜L✐❝❛♥FI✱ I♦❧✈❡♥FI✱ ❡❧❡❝FL♦❧②F❡I ❢♦L
❜❛FF❡L✐❡I✱ ❛♥❞ ✐♥F❡L♠❡❞✐❛F❡I ❢♦L ♣♦❧②❝❛L❜♦♥❛F❡I✮ ✽✻✳ ❈❖❈I I❡❡♠ F♦ ✜♥❞ ✐♥❝L❡❛I✐♥❣ ❛♣✲
♣❧✐❝❛F✐♦♥ ❛I ❛ ❜✉✐❧❞✐♥❣ ❜❧♦❝❦ ❢♦L ♣♦❧②♠❡L I②♥F❤❡I✐I ✽✼✱ ✽✽

❖❈I ❛L❡ FL❛❞✐F✐♦♥❛❧❧② ♣L♦❞✉❝❡❞ ❢L♦♠ ♣❤♦I❣❡♥❛F✐♦♥ ♦❢ ❛❧❝♦❤♦❧ ✐♥ F❤❡ ♣L❡I❡♥❝❡ ♦❢ ♣②L✐❞✐♥❡
❛I ❛♥ ❛❝✐❞ ❛❝❝❡♣F♦L ❛♥❞ ❞✐❝❤❧♦L♦♠❡F❤❛♥❡✳ ❚❤❡ I♣❡❝✐✜❝ ❖❈ ❢♦L♠❡❞ ❞❡♣❡♥❞I ♦♥ F❤❡ ❛❧❝♦❤♦❧
✉I❡❞ ✐♥ F❤❡ I②♥F❤❡I✐I✳ ❚❤❡ ✐♥F❡L❡IF ✐♥ ♠❡F❤♦❞I ♦F❤❡L F❤❛♥ ♣❤♦I❣❡♥❛F✐♦♥ ❦❡♣F L✐I✐♥❣ ❞✉❡
F♦ ♣❤♦I❣❡♥❡✬I ❝♦LL♦I✐✈❡ ❛♥❞ F♦①✐❝ ♥❛F✉L❡ ✽✾✱ ✾✵✳ ❚❤❡ L❡❛❝F✐♦♥ ❡N✉❛F✐♦♥ ❢♦L ❖❈ I②♥F❤❡I✐I
❢L♦♠ ♣❤♦I❣❡♥❡ ❛♥❞ ❛❧❝♦❤♦❧ ✐I ❛✈❛✐❧❛❜❧❡ ✐♥ ❡N✉❛F✐♦♥ ✭❊N✳✮ ✶ ✼✻✳

Cl

O

Cl

✰ ROH

CH2Cl2

pyridine RO

O

OR

✰ HCl

♣❤♦I❣❡♥❡ ❛❧❝♦❤♦❧ ♦L❣❛♥✐❝ ❝❛L❜♦♥❛F❡ ❤②❞L♦❣❡♥ ❝❤❧♦L✐❞❡

✭✶✮

❖①✐❞❛F✐✈❡ ❝❛L❜♦♥②❧❛F✐♦♥ ✐I ❛ ❝♦♠♣❛L❛❜❧② ②♦✉♥❣❡L ❛♣♣L♦❛❝❤ F♦ ♣L♦❞✉❝✐♥❣ ♦L❣❛♥✐❝ ❝❛L❜♦♥✲
❛F❡I ❢L♦♠ ❛❧❝♦❤♦❧I ✉I✐♥❣ ❈❖ ❛♥❞ ❖✷✳ ❚❤✐I ♠❡F❤♦❞ ❝♦♠❡I ✇✐F❤ L❡❧❛F✐✈❡❧② ❤✐❣❤ L❡N✉✐L❡♠❡♥FI
❢♦L F❤❡ ❝❛F❛❧②IF✳ ❚❤❡ ♣L❡I❡♥❝❡ ♦❢ ❈❖ ❛♥❞ F❤❡ L❡I✉❧F✐♥❣ F♦①✐❝✐F② ✐I ❛♥♦F❤❡L ❞L❛✇❜❛❝❦I ♦❢
✐FI ✐♥❞✉IFL✐❛❧ ✉I❛❣❡ ✾✶✱ ✾✷✳ ❚❤❡ ❞✐♣❤❡♥②❧ ❝❛L❜♦♥❛F❡ I②♥F❤❡I✐I ❢L♦♠ ♣❤❡♥♦❧✬I ♦①✐❞❛F✐✈❡
❝❛L❜♦♥②❧❛F✐♦♥ ✐I ❛✈❛✐❧❛❜❧❡ ✐♥ ❊N✳ ✷ ✾✶✳

✶✸



✷✳✸✳ ❖A❣❛♥✐❝ ❝❛A❜♦♥❛>❡?

OH ✰ CO ✰ O2

catalyst

molecular sieve 3 O

O

O

✭✷✮

❙✉❜IF✐F✉F✐♥❣ ♣❤♦I❣❡♥❡ ✇✐F❤ ✉L❡❛ ❧❡❞ F♦ ❛♥ ❛❧F❡L♥❛F✐✈❡ ♠❡F❤♦❞ F♦ ♣L♦❞✉❝❡ ❖❈I✳ ❚❤❡ ❛♠✲
♠♦♥✐❛ ❢♦L♠❡❞ ✇✐F❤✐♥ F❤❡ L❡❛❝F✐♦♥ ❝♦✉❧❞ ❜❡ L❡✉I❡❞ F♦ L❡❣❡♥❡L❛F❡ ✉L❡❛ ✶✻✱ ✾✸✳ ❍♦✇❡✈❡L✱
F❤✐I L❡N✉✐L❡I ❛♥ ❡✣❝✐❡♥F ❞❡❤②❞L❛F✐♦♥ ♦❢ ❛♠♠♦♥✐❛ ❝❛L❜❛♠❛F❡✱ ✇❤✐❝❤ ✐I ❢♦L♠❡❞ ❛I ❛♥ ✐♥F❡L✲
♠❡❞✐❛F❡ ♣L♦❞✉❝F ✾✹✳ ❚❤❡ ✏■♥F❡L♥❛F✐♦♥❛❧ ❆❣❡♥❝② ❢♦L ❘❡I❡❛L❝❤ ♦♥ ❈❛♥❝❡L✑ ❤❛I ❝❧❛II✐✜❡❞
❡F❤②❧ ❝❛L❜❛♠❛F❡ ❛I ❝❛♥❝❡L♦❣❡♥✐❝ ✾✺✱ ✾✻✳ ❚❤❡ L❡❛❝F✐♦♥ ❡N✉❛F✐♦♥ ❢♦L F❤❡ ❛❧❝♦❤♦❧②I✐I ♦❢
✉L❡❛ F♦ ❢♦L♠ ❖❈I ✐I ❛✈❛✐❧❛❜❧❡ ✐♥ ❊N✳ ✸ ✾✸✳

H2N

O

NH2

✰ ROH

RO

O

OR

✰ NH3
✭✸✮

❚❤✐I L♦✉F❡✬I ❛❞✈❡LI❡ ❡✛❡❝F ❧✐❡I ✐♥ F❤❡ ❢♦L♠❛F✐♦♥ ♦❢ ✐I♦❝②❛♥❛F❡I ❛I ❛ ❜②♣L♦❞✉❝F ✾✼✳

❈❖❈I ❛L❡ ❝✉LL❡♥F❧② ♣L♦❞✉❝❡❞ ❢L♦♠ ❈❖✷ ❛♥❞ ❡♣♦①✐❞❡I✱ ✇❤✐❝❤ ❛L❡ ❛❧L❡❛❞② ❝♦♥I✐❞❡L❡❞ ❛I
❝♦♠♣❛L❛❜❧② ❧❡II F♦①✐❝ ❛♥❞ ♠♦L❡ I✉IF❛✐♥❛❜❧❡ F❤❛♥ F❤❡ ♦F❤❡L ♠❡F❤♦❞I ❢♦L ❖❈ I②♥F❤❡I✐I F❤❛F
❤❛✈❡ ❛❧L❡❛❞② ❜❡❡♥ ♠❡♥F✐♦♥❡❞ I✐♥❝❡ F❤❡ L❡❛❝F✐♦♥ ❛❧L❡❛❞② ✉I❡I ❈❖✷ ❛I ❛ ❢❡❡❞✳ ❚❤❡ L❡❛❝F✐♦♥
♦❢ ❈❖✷ ❛♥❞ ❝②❝❧✐❝ ❝❛L❜♦♥❛F❡I ❢♦L♠✐♥❣ ❈❖❈I ✐I ❛✈❛✐❧❛❜❧❡ ✐♥ ❊N✳ ✹ ✾✽✳

R

R
O

✰ CO2

catalyst

R

R

O

O

O ✭✹✮

✷✳✸✳✶ ❉✐❡?❤②❧ ❝❛A❜♦♥❛?❡

❚❤❡ ✈❡LI❛F✐❧❡ ♦♣♣♦LF✉♥✐F✐❡I ❢♦L ❉❊❈ ♣L♦❝❡II✐♥❣ ✐♥ ✐♥❞✉IFL✐❛❧ ❛♣♣❧✐❝❛F✐♦♥I ❧❡❛❞ F♦ I✐❣♥✐✜✲
❝❛♥F ✐♠♣♦LF❛♥❝❡ ❢♦L F❤✐I ✇♦L❦✬I L❡I❡❛L❝❤ ✐♥ I✉IF❛✐♥❛❜❧❡ ❉❊❈ ♣L♦❞✉❝F✐♦♥✳ ❉❊❈ ✐I ❛ ❧✐♥❡❛L
♦L❣❛♥✐❝ ❝❛L❜♦♥❛F❡ ❝❧❛II✐✜❡❞ ❛I ❛♥ ✐♠♣♦LF❛♥F L❛✇ ♠❛F❡L✐❛❧ ❢♦L I②♥F❤❡I❡I ✐♥ F❤❡ ❝❤❡♠✐✲
❝❛❧ ✐♥❞✉IFL②✳ ■F I❤❛L❡I F❤❡ ♠❛❥♦L ♣L♦♣❡LF✐❡I ♦❢ ♦F❤❡L ♦L❣❛♥✐❝ ❝❛L❜♦♥❛F❡I✱ ❛ ❜✐♦❞❡❣L❛❞❛❜❧❡
❝♦♠♣♦✉♥❞ ♦❢ ❧♦✇ F♦①✐❝✐F② F❤❛F ✐I ✉I❡❞ F♦ ♣L♦❞✉❝❡ ♣❤❛L♠❛❝❡✉F✐❝❛❧I✱ ♣❡IF✐❝✐❞❡I✱ ❧✐F❤✐✉♠✕✐♦♥
❜❛FF❡L✐❡I✱ ❞②❡I✱ ❢❡LF✐❧✐③❡LI✱ ❛♥❞ ♠♦L❡✳ ❆ ♠♦L❡ ❞❡F❛✐❧❡❞ ❝♦♥I✐❞❡L❛F✐♦♥ ♦❢ ❉❊❈✬I F♦①✐❝✐F② ✐♥
❝♦♠♣❛L✐I♦♥ F♦ ♦F❤❡L ❝♦♠♠♦♥ I♦❧✈❡♥FI ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ F❤❡ ✇♦L❦ ♦❢ ❚♦❜✐I③❡✇I❦✐ ❡F ❛❧✳ ✾✾

■♥❝❧✉❞✐♥❣ F❤❡ I②♥F❤❡I✐I ♦♣F✐♦♥I ❞❡I❝L✐❜❡❞ ✐♥ ✷✳✸✱ F❤❡ ❝✉LL❡♥F ❧✐F❡L❛F✉L❡ ♣L♦✈✐❞❡I F❤❡ ❢♦❧✲
❧♦✇✐♥❣ ♣♦II✐❜✐❧✐F✐❡I ♠❡♥F✐♦♥❡❞ ✐♥ ❊NI✳ ✺ ✲ ✶✷

✶✹
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❼ ♣❤♦I❣❡♥❛F✐♦♥ ♦❢ ❡F❤❛♥♦❧ ✶✵✵ ✭I❡❡ ❛❧I♦ ❊N✳ ✶✮✿

OH ✰
Cl

O

Cl

CH2Cl2✱ pyridine

0 ✲ 20 ◦C O

O

O

✰ HCl ✭✺✮

❼ ♦①✐❞❛F✐✈❡ ❝❛L❜♦♥②❧❛F✐♦♥ ♦❢ ❡F❤❛♥♦❧ ✷✶✱ ✶✵✶ ✭I❡❡ ❛❧I♦ ❊N✳ ✷✮✿

OH ✰ CO ✰ O2

≤ 20 bar

≤ 200 ◦C O

O

O

✰ H2O ✭✻✮

❼ ❛❧❝♦❤♦❧②I✐I ♦❢ ✉L❡❛ ✶✵✷✱ ✶✵✸✿

OH ✰
H2N

O

NH2

25 bar

180 ✲ 210 ◦C O

O

O

✰ NH3
✭✼✮

❼ ❞✐L❡❝F I②♥F❤❡I✐I ❢L♦♠ ❈❖✷✿

OH ✰ CO2

≥ 5 bar

≥ 100 ◦C O

O

O

✰ H2O ✭✽✮

❼ FL❛♥I❡IF❡L✐✜❝❛F✐♦♥✿

✕ ❢L♦♠ ❉▼❈ ✶✵✹✱ ✶✵✺✿

OH ✰
O

O

O

40 ✲ 80 ◦C

O

O

O

✰ CH3OH ✭✾✮

✕ ❢L♦♠ ❊❈ ✶✵✻✱ ✶✵✼✿

OH ✰
O

O

O

ambient pressure

25 ✲ 78 ◦C O

O

O

✰ HO OH
✭✶✵✮

❼ ❢L♦♠ ❡F❤②❧ ♥✐FL✐F❡ ✶✵✽✿

OH ✰ NO ✰ O2

ambient pressure

100 ✲ 130 ◦C
O

N
O ✰ H2O ✭✶✶❛✮

O
N

O ✰ CO

ambient pressure

100 ✲ 130 ◦C O

O

O

✰ NO ✭✶✶❜✮

✶✺



✷✳✸✳ ❖A❣❛♥✐❝ ❝❛A❜♦♥❛>❡?

❚❛❜❧❡ ✸✿ ❚❤❡U♠♦❞②♥❛♠✐❝ ❞❛Q❛ ❢♦U ❞✐✛❡U❡♥Q S②♥Q❤❡S✐S U❡❛❝Q✐♦♥S ❢♦U ❉❊❈

❘❡❛❝F✐♦♥ ❘❡❛❝F❛♥F ΔrH
0
m ΔrS

0
m ΔrCpm

❛ ΔrG
0
m ❘❡❢

❦❏✴♠♦❧ ❏✴✭♠♦❧"❑✮ ❏✴✭♠♦❧"❑✮ ❦❏✴♠♦❧

❊N✳ ✼ L❡❛ ✶✵✷✳✵✷ ✷✺✽✳✺✼ ✕✸✺✳✹✵ ✷✹✳✾✸

✶✶✵
❊N✳ ✽ ❈❖✷ ✕✶✽✳✻✶ ✕✶✻✻✳✷✶ ✷✹✳✸✹❜ ✸✵✳✾✺
❊N✳ ✾ ❉▼❈ ✹✳✷✹ ✕✹✳✺✼ ✕✷✷✳✵✵ ✺✳✻✵
❊N✳ ✶✵ ❊❈ ✷✳✷✵ ✽✳✷✾ ✶✽✳✷✻ ✕✵✳✷✼
❊N✳ ✻ ❈❖ ✰ ❖✷ ✕✾✶✳✸✸ ✕✷✺✵✳✸✾ ✶✼✳✻✸ ✕✶✻✳✻✽ ✶✶✶✱ ✶✶✷
❉▼❈ ❙②♥F❤❡I✐I ❈❖✷ ✕✷✹✳✷✻ ✕✶✻✷✳✹✶ ✹✻✳✸✹✸ ✷✹✳✶✻ ✶✶✸

❛ ❛??✉♠♣>✐♦♥ >❤❛> Cp A❡♠❛✐♥? ❝♦♥?>❛♥>
❜ A❡❢❡A❡♥❝❡ ✶✶✹

❼ ❢L♦♠ ❞✐❡F❤②❧ ♦①❛❧❛F❡ ✶✵✾✿

O

O

O

O
ambient pressure

240 ◦C O

O

O

✰ CO ✭✶✷✮

❚❤❡ L❡✈✐❡✇ ❜② ❙❤✉❦❧❛ ❡F ❛❧✳ ❣✐✈❡I ❣♦♦❞ ✐♥I✐❣❤F ✐♥F♦ F❤❡ ✈❛L✐♦✉I I②♥F❤❡I✐I L♦✉F❡I ❛✈❛✐❧❛❜❧❡
✐♥ ❧✐F❡L❛F✉L❡✳ ✷✶ ■F L❡♠❛✐♥I F♦ ❜❡ ♠❡♥F✐♦♥❡❞ F❤❛F ✐F ❝❛♥ ❜❡ ❛II✉♠❡❞ F❤❛F ♣❤♦I❣❡♥❛F✐♦♥ ✐I
F❤❡ ♣L❡❞♦♠✐♥❛♥F❧② ❛♣♣❧✐❡❞ I②♥F❤❡I✐I ♠❡F❤♦❞ ✶✻✳ ■♥ ❝♦♥FL❛IF✱ F❤❡ ♦F❤❡LI ❛L❡ ❛♣♣❧✐❡❞ ♦♥
❛ I♠❛❧❧❡L I❝❛❧❡ ♦L ❛L❡ IF✐❧❧ F♦ ❜❡ ❞❡✈❡❧♦♣❡❞ F♦ ♠❛L❦❡F ♠❛F✉L✐F②✳ ❚❤❡ ❛❧❝♦❤♦❧②I✐I ♦❢ ✉L❡❛ ✐I
❝♦♥I✐❞❡L❡❞ F♦ ❜❡ ❛ ♣L♦♠✐I✐♥❣ ♦♣F✐♦♥✳ ❚❤❡ ♦♣♣♦LF✉♥✐F② F♦ L❡❝♦✈❡L ✉L❡❛ ❢L♦♠ F❤❡ ❛♠♠♦♥✐❛
❢♦L♠❡❞ ❛I ❛ ♣L♦❞✉❝F ✈✐❛ ❛ ❝♦♥✈❡LI✐♦♥ ✇✐F❤ ❈❖✷ ✇❛I ❞✐I❝✉II❡❞ ♣♦I✐F✐✈❡❧②✳ ❊F❤②❧ ♥✐FL✐F❡
♠❛② ❜❡ ✉I❡❞ F♦ ♣L♦❞✉❝❡ ❉❊❈ ❛F ❝♦♠♣❛L❛❜❧② ❧♦✇ F❡♠♣❡L❛F✉L❡I ❛♥❞ ♣L❡II✉L❡I✳ ❆ ❜②♣L♦❞✲
✉❝F ♦❢ F❤❡I❡ L❡❛❝F✐♦♥I ✐I ❞✐❡F❤②❧ ♦①❛❧❛F❡✱ ✇❤✐❝❤ ❝❛♥ ❛❧I♦ ❜❡ ✉I❡❞ F♦ ♣L♦❞✉❝❡ ❉❊❈ ✶✵✽✱ ✶✵✾✳

✷✳✸✳✷ ❉✐A❡❝? @②♥?❤❡@✐@ ♦❢ ❉❊❈

❚❤❡ ♣♦F❡♥F✐❛❧ ❢♦L ❧❛L❣❡✕I❝❛❧❡ ✐♥❞✉IFL✐❛❧ ♣L♦❞✉❝F✐♦♥ ♦❢ ❉❊❈ ❢L♦♠ ❡F❤❛♥♦❧ ❛♥❞ ❈❖✷ ✭I❡❡ ❊N✳ ✽✮
✐I ❝♦♥I✐❞❡L❡❞ ❡①❝❡♣F✐♦♥❛❧❧② ❤✐❣❤ ❛♥❞ ❝❛♥ ❜❡ ❝❧❛II✐✜❡❞ ❛I ❛ ❈❈ ♣L♦❝❡II✳ ◆❡✈❡LF❤❡❧❡II✱
✉F✐❧✐③✐♥❣ ❈❖✷ ❛I F❤❡ ❢❡❡❞ ❢♦L ❉❊❈ I②♥F❤❡I✐I ❝♦♠❡I ✇✐F❤ ❛ L♦✇ ♦❢ ❝❤❛❧❧❡♥❣❡I✳ ❆I ❛❧L❡❛❞②
♠❡♥F✐♦♥❡❞ ❛F F❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ ❈❤❛♣F❡L ✷✱ ❈❖✷ ✐I ❛ ✈❡L② IF❛❜❧❡ ❝♦♠♣♦✉♥❞ F❤❛F ♠✉IF ❜❡
❜L♦✉❣❤F ✐♥F♦ ❛ L❡❛❝F✐✈❡ IF❛F❡ ✐♥ F❤❡ ❡✈❡♥F ♦❢ ❞✐L❡❝F I②♥F❤❡I✐I✳ ❚❤❡ F❤❡L♠♦❞②♥❛♠✐❝ ❞❛F❛
♦❢ I❡✈❡L❛❧ L❡❛❝F✐♦♥I ❛✣❧✐❛F❡❞ ✇✐F❤ ❉❊❈ I②♥F❤❡I✐I ❤❛✈❡ ❜❡❡♥ ❧✐IF❡❞ ✐♥ ❚❛❜❧❡ ✸✳

▲❡✐♥♦ ❡F ❛❧✳ ✐♥✈❡IF✐❣❛F❡❞ F❤❡ F❤❡L♠♦❞②♥❛♠✐❝ ❡N✉✐❧✐❜L✐✉♠ ❜② ❝❛❧❝✉❧❛F✐♥❣ F❤❡ ❢L❡❡ ●✐❜❜I
❡♥❡L❣② ✉I✐♥❣ F❤❡ ❑✐L❝❤❤♦✛ ❧❛✇ ✭❊N✳ ✶✷✮ ❛♥❞ F❤❡ ●✐❜❜I✕❍❡❧♠❤♦❧F③ ❡N✉❛F✐♦♥ ✭❊N✳ ✶✹✮
✶✶✵✱ ✶✶✺✳

✶✻
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�
δΔrHm

δT

�
p

= ΔrCp,m ✭✶✸✮�
δΔrGm/T

δT

�
p

= −ΔrHm

T 2
✭✶✹✮

ΔrGm =
TΔG298.15 K

298.15
− (ΔrH298.15 K −ΔrCp,m × 298.15)×

×
�
1

T
− 1

298.15

�
T −ΔrCp,mT ln

�
T

298.15

�
✭✶✺✮

❊N✳ ✶✺✱ ❞❡L✐✈❡❞ ❢L♦♠ F❤❡ ✐♥F❡❣L❛F❡❞ ❢♦L♠I ♦❢ ❊N✳ ✶✸ ❛♥❞ ✶✹✱ I❤♦✇I F❤❡ N✉❛I✐✕❧✐♥❡❛L FL❡♥❞I
♦❢ F❤❡ ❢L❡❡ ●✐❜❜I ❡♥❡L❣✐❡I ♦❢ ❝❤♦I❡♥ ❉❊❈ I②♥F❤❡I✐I L❡❛❝F✐♦♥ L♦✉F❡I ❞❡♣❡♥❞✐♥❣ ♦♥ F❡♠♣❡L✲
❛F✉L❡✱ ❛I ✐❧❧✉IFL❛F❡❞ ✐♥ ❋✐❣✉L❡ ✼✳

❋✐❣✉<❡ ✼✿ ●✐❜❜S ❡♥❡U❣✐❡S ♦❢ ❉❊❈ ②✐❡❧❞✐♥❣ U❡❛❝Q✐♦♥S
❞❡♣❡♥❞✐♥❣ ♦♥ ❚❡♠♣❡U❛Q✉U❡ ✭❝❛❧❝✉❧❛Q❡❞ ❢U♦♠ ✶✶✵✕✶✶✸✱ ✶✶✺✮

❚❤✉I✱ ▲❡✐♥♦ ❡F ❛❧✳✬I ✇♦L❦ I❤♦✇❡❞ F❤❛F F❤❡ ❞✐L❡❝F I②♥F❤❡I✐I ♦❢ ❉❊❈ ✐I ❛♥ ❡♥❞❡L❣♦♥✐❝ L❡❛❝F✐♦♥
✇❤♦I❡ F❤❡L♠♦❞②♥❛♠✐❝ ❧✐♠✐F❛F✐♦♥ ❜❡❝♦♠❡I ✐♥❝L❡❛I✐♥❣❧② ❛❞✈❡LI❡ ✇✐F❤ ✐♥❝L❡❛I✐♥❣ F❡♠♣❡L❛✲
F✉L❡✳ ❈♦♠♣❛L✐♥❣ F❤❡ ❞✐L❡❝F I②♥F❤❡I✐I ♦❢ ❉❊❈✱ ♦♥❧② F❤❡ ❛❧❝♦❤♦❧②I✐I ♦❢ ✉L❡❛ ❤❛I ❛ ❤✐❣❤❡L
ΔrGm✱ ✇❤✐❝❤ ❜❡❝♦♠❡I ❡①❡L❣♦♥✐❝ ❛F ❥✉IF ✉♥❞❡L ✹✵✵ K✳ ❚❤❡ ♦①✐❞❛F✐✈❡ ❝❛L❜♦♥②❧❛F✐♦♥ ♦❢
❊F❖❍ ✐I F❤❡ ♦♥❧② L❡❛❝F✐♦♥ F❤❛F ✇♦✉❧❞ L✉♥ ♦✛ I♣♦♥F❛♥❡♦✉I❧② ❛F L♦♦♠ F❡♠♣❡L❛F✉L❡✳ ❚❤L❡❡
♦✉F ♦❢ ✜✈❡ L❡❛❝F✐♦♥I ❤❛✈❡ ❛ L✐I✐♥❣ ΔrGm ✐♥❞✐❝❛F✐♥❣ F❤❡ ❛❞✈❡LI❡ ✐♥✢✉❡♥❝❡ ♦❢ F❡♠♣❡L❛F✉L❡
♦♥ F❤❡ F❤❡L♠♦❞②♥❛♠✐❝ ❧✐♠✐F❛F✐♦♥✳ ❚❤❡ FL❛♥I❡IF❡L✐✜❝❛F✐♦♥ ♦❢ ❡F❤②❧❡♥❡ ❝❛L❜♦♥❛F❡ F♦ ❉❊❈
I❡❡♠I ❧✐❦❡ ❛♥ ❛L❣✉❛❜❧❡ ❛❧F❡L♥❛F✐✈❡ I✐♥❝❡ ✐F I❡❡♠I F♦ ❤❛✈❡ ❛♥ ❡①❡L❣♦♥✐❝ ♥❛F✉L❡ F❤❛F ✐I ❡✈❡♥

✶✼



✷✳✸✳ ❖A❣❛♥✐❝ ❝❛A❜♦♥❛>❡?

IFL♦♥❣❡L ✇✐F❤ L✐I✐♥❣ F❡♠♣❡L❛F✉L❡I✳ ❍♦✇❡✈❡L✱ ✐F ✐I ❛♥ ❡♥❞♦F❤❡L♠✐❝ L❡❛❝F✐♦♥✳ ❊✈❡♥ F❤♦✉❣❤
F❤❡ ❞✐L❡❝F I②♥F❤❡I✐I ♦❢ ❉▼❈ ❞♦❡I ♥♦F ♥❡❝❡II❛L✐❧② ♦❝❝✉L ❢♦L ❉❊❈ I②♥F❤❡I✐I✱ ✐F ❤❛I ❜❡❡♥
✐♥❝❧✉❞❡❞ ❢♦L ❝♦♠♣❛L❛F✐✈❡ L❡❛I♦♥I✳ ❚❤❡ ❜❡❤❛✈✐♦L ♦❢ F❤❡ L❡❛❝F✐♦♥ ✐I ✈❡L② I✐♠✐❧❛L F♦ F❤❡
❞✐L❡❝F I②♥F❤❡I✐I ♦❢ ❉❊❈ ❜✉F ✇✐F❤ ❛ I❧✐❣❤F❧② ♥❡❣❛F✐✈❡ ♦✛I❡F✱ ♣L♦✈✐♥❣ F❤❡ ❝♦♠♣❛L❛F✐✈❡❧② ❧❡II
❡♥❞❡L❣♦♥✐❝ ♥❛F✉L❡✳

❋♦❧❧♦✇✐♥❣ F❤❡ ❡①❛♠♣❧❡ ♦❢ ❙❤✉❦❧❛ ❡F ❛❧✳✱ F❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ♣L❡II✉L❡ ♦♥ ΔrGm ❝❛♥ ❜❡ ❡①✲
♣L❡II❡❞ ❛I ✐♥ ❊N✳ ✶✻ ✶✶✵✳

ΔrGm (T, P ) = ΔrGm

�
T, P 0

�
+ΔnRT ❧♥

�
P

P 0

�
✭✶✻✮

❆ I♣♦♥F❛♥❡♦✉I L❡❛❝F✐♦♥ L❡N✉✐L❡I ❡①FL❡♠❡❧② ❤✐❣❤ ♣L❡II✉L❡I (P > 7.25×105MPa ❛F 100 ◦C)✱
✇❤✐❝❤ ❛L❡ ♥♦F ❡❝♦♥♦♠✐❝❛❧❧② ❢❡❛I✐❜❧❡ ♦♥ ❛ ❧❛L❣❡ I❝❛❧❡ ✶✶✺✳ ❚❤❡ ❡N✉✐❧✐❜L✐✉♠ ❝♦♥IF❛♥F Keq

❝❛♥ ❜❡ ❞❡F❡L♠✐♥❡❞ ❢L♦♠ F❤❡ ❢L❡❡ ●✐❜❜I ❡♥❡L❣② ♦❢ F❤❡ L❡❛❝F✐♦♥ ♦L F❤❡ ❧❛✇ ♦❢ ♠❛II ❛❝F✐♦♥
❛I ❞❡I❝L✐❜❡❞ ✐♥ ❊N✳ ✶✼✳

Keq = e−(
ΔrGm(T,P )

RT ) =
cDEC × cH2O

cEtOH
2 × cCO2

✭✶✼✮

❚❤❡ ❧✐F❡L❛F✉L❡ L❡♣♦LFI ✈❡L② ❧♦✇ ❡N✉✐❧✐❜L✐✉♠ ❝♦♥IF❛♥FI
�
Keq, 353K = 1.89× 10−7

�
✇❤✐❝❤

❡✈❡♥ ❞❡❝L❡❛I❡I ✇✐F❤ L✐I✐♥❣ F❡♠♣❡L❛F✉L❡✱ ♣L♦✈✐♥❣ F❤❛F F❤❡ L❡❛❝F✐♥❣ ❝♦♠♣♦✉♥❞I ❛L❡ ❢❛✈♦L❡❞
♦✈❡L F❤❡ ②✐❡❧❞❡❞ ♦♥❡I✳ ✶✶✺

❇✉❝❤♠❛♥♥ ❡F ❛❧✳ ❤❛✈❡ ✐♥✈❡IF✐❣❛F❡❞ F❤❡ ✐♥✢✉❡♥❝❡ ♦❢ L❡❛❝F✐♦♥ F❡♠♣❡L❛F✉L❡ ♦♥ F❤❡ ❉❊❈ ②✐❡❧❞
❜② ❝♦♥❞✉❝F✐♥❣ ❡①♣❡L✐♠❡♥FI ❜❡F✇❡❡♥ ✽✵ ✕ ✶✼✵ ➦❈ ❛F ✹✵ ❜❛L ✉I✐♥❣ ❛ ❝❡L✐✉♠✲❜❛I❡❞ ❝❛F❛❧②IF
✶✶✻✳ ■F ✇❛I ♦❜I❡L✈❡❞ F❤❛F F❤❡ ♠❛❥♦L ❧✐♠✐F✐♥❣ ❢❛❝F♦L ✐I F❤❡ ❦✐♥❡F✐❝ ❛I♣❡❝F ♦❢ F❤❡ L❡❛❝F✐♦♥ ❛I
❧♦♥❣ ❛I F❤❡ F❡♠♣❡L❛F✉L❡ ✐I ❦❡♣F ❧♦✇❡L F❤❛♥ ✶✹✵ ➦❈✳ ❆♥ ✐♥❝L❡❛I❡ ✐♥ ❉❊❈ ②✐❡❧❞ ✇❛I ❛❝❤✐❡✈❡❞
❞❡I♣✐F❡ F❤❡ ❡♥❞❡L❣♦♥✐❝ ♥❛F✉L❡ ♦❢ F❤❡ L❡❛❝F✐♦♥ (ΔG298 K = 30.95 kJ/mol; ΔG413 K =
49.58 kJ/mol)✳ ❚❤✐I L❡I✉❧F ♣❛LF✐❝✉❧❛L❧② ❡♠♣❤❛I✐③❡I F❤❡ ✐♠♣♦LF❛♥❝❡ ♦❢ F❤❡ ❝❛F❛❧②IF ✐♥
♦✈❡L❝♦♠✐♥❣ ❦✐♥❡F✐❝ ❞L❛✇❜❛❝❦I✳

❚❤❡ ❞❡✈❡❧♦♣♠❡♥F ♦❢ ♥❡✇ F②♣❡I ♦❢ ❝❛F❛❧②IFI ✐I ❛ ❝❡♥FL❛❧ ♣♦✐♥F ♦❢ ❝✉LL❡♥F L❡I❡❛L❝❤✱ ✇❤✐❝❤
✐I ❝✉LL❡♥F❧② ❢♦❝✉I❡❞ ♦♥ F❤❡ ♣❡L❢♦L♠❛♥❝❡ ♦❢ ♠❡F❛❧ ♦①✐❞❡I ✇✐F❤✐♥ F❤❡ ❡IF❡L✐✜❝❛F✐♦♥ L❡❛❝F✐♦♥
♦❢ ❊F❖❍ ❛♥❞ ❈❖✷✳ ❆♥ ❡①❛♠♣❧❡ ♦❢ F❤❡ ♠❡❝❤❛♥✐I♠ ❢♦L ❉❊❈ I②♥F❤❡I✐I ✇❛I ✐♥✈❡IF✐❣❛F❡❞ ❜②
❆L❜❡❧w❡③ ❡F ❛❧✳ ✉I✐♥❣ ❛ ❜✐♠❡F❛❧❧✐❝ ❈✉✕◆✐ ❝❛F❛❧②IF ❛♥❞ ✐I ✐❧❧✉IFL❛F❡❞ ✐♥ ❋✐❣✉L❡ ✽ ✶✶✼✳

❚❤❡ ✐♥✐F✐❛❧ IF❡♣ ✐I ❞❡I❝L✐❜❡❞ ❛I F❤❡ ❛FF❛❝❤♠❡♥F ♦❢ ❊F❖❍ F♦ F❤❡ ❝❛F❛❧②IF✱ ✇❤❡L❡❜② ❛ ♣L♦F♦♥
✐I I♣❧✐F ♦✛✳ ❙✐♠✉❧F❛♥❡♦✉I❧②✱ F❤❡ ❈✕❛F♦♠ ❛♥❞ ♦♥❡ ♦❢ F❤❡ ❖✕❛F♦♠I ♦❢ ❈❖✷ ❛L❡ ❜♦F❤ ❛FF❛❝❤❡❞
F♦ F❤❡ ❝❛F❛❧②IF I✉L❢❛❝❡✱ ❜L❡❛❦✐♥❣ ✉♣ ♦♥❡ ♦❢ F❤❡ ❡❛L❧✐❡L ❈✕❖ ❞♦✉❜❧❡ ❜♦♥❞I ❛♥❞ ✉❧F✐♠❛F❡❧②
❛❝F✐✈❛F✐♥❣ ❈❖✷✳ ■F ❝❛♥ ❜❡ ❛II✉♠❡❞ F❤❛F ❤✐❣❤❡L ♣L❡II✉L❡ ♣❧❛②I ❛ I✐❣♥✐✜❝❛♥F L♦❧❡ ✐♥ F❤❡
❛FF❛❝❤♠❡♥F ♦❢ ❈❖✷ F♦ F❤❡ ❝❛F❛❧②IF✬I ❛❝F✐✈❡ I✐F❡I✳ ❋♦❧❧♦✇✐♥❣ F❤✐I✱ F❤❡ ❖✕❛F♦♠ ✇✐F❤✐♥ F❤❡
❈❍✸❈❍✷❖✕❈✉✴◆✐ ❣L♦✉♣ ♠❛② ❛FF❛❝❤ F♦ F❤❡ ❈✕❛F♦♠ ♦❢ F❤❡ ❈❖✷✕❈✉✴◆✐ I♣❡❝✐❡I ❢♦L♠✐♥❣
✭❈❍✸❈❍✷❖✕❈✉✴◆✐✮❈❖✕ ❈✉✴◆✐✳ ❆♥♦F❤❡L ❈❍✸❈❍✷❖✕❈✉✴◆✐ ❣L♦✉♣ ❛FF❛❝❤❡I F♦ F❤❡ ❡❛L❧✐❡L
❢♦L♠❡❞ ✐♥F❡L♠❡❞✐❛F❡✱ L❡I✉❧F✐♥❣ ✐♥ ❉❊❈ ❛♥❞ ❛ L❡❝♦✈❡L❡❞ ❝❛F❛❧②IF✱ ✐♥❝❧✉❞✐♥❣ ✇❛F❡L ❛I ❛
❜②♣L♦❞✉❝F ✶✶✼✳

✶✽



❈❤❛♣>❡A ✷✳ ❙>❛>❡✕♦❢✕>❤❡✕❛A> ✕ ❈❈ ✐♥ ✐♥❞✉?>A✐❛❧ ♣A♦❝❡??❡?

❋✐❣✉<❡ ✽✿ ❘❡❛❝Q✐♦♥ ♠❡❝❤❛♥✐S♠ ❢♦U ❞✐U❡❝Q ❙②♥Q❤❡S✐S ♦♥ ❛ ❈✉✕◆✐✴❆❈ ❈❛Q❛❧②SQ ✶✶✼

❛L✐♦✉I ❝❛F❛❧②IFI ❤❛✈❡ ❜❡❡♥ IF✉❞✐❡❞ ❛♥❞ L❡♣♦LF❡❞ ✐♥ F❤❡ ❧✐F❡L❛F✉L❡ ♦♥ F❤❡ ❞✐L❡❝F I②♥F❤❡I✐I
♦❢ ❉❊❈ ✉I✐♥❣ ❈❖✷ ❛♥❞ ❊F❖❍✳ ❆♥ ♦✈❡L✈✐❡✇ ♦❢ I♦♠❡ ✐I ❧✐IF❡❞ ✐♥ ❚❛❜❧❡ ✹✳

❈❡❖✷ ✐I ❝♦♠♠❡L❝✐❛❧❧② ❛✈❛✐❧❛❜❧❡ ❛♥❞ ❤❛I ❜❡❡♥ ✉I❡❞ ♠✉❧F✐♣❧❡ F✐♠❡I ✇✐F❤ ❝♦♠♣❛L❛❜❧② ❣♦♦❞
L❡I✉❧FI✳ ❍♦✇❡✈❡L✱ F❤❡ ♥❡❝❡II✐F② ♦❢ F✐♥② ❈❡❖✷ ♥❛♥♦♣❛LF✐❝❧❡I L❡I✉❧FI ✐♥ ❛ ♣L♦❜❧❡♠❛F✐❝ ❛♣♣❧✐❝❛✲
❜✐❧✐F② ✐♥ ❛ ✜①❡❞ ❜❡❞✳ ❋✉LF❤❡L✱ ✐FI ❛♣♣❧✐❝❛F✐♦♥ ❛I ❛ ♣♦❧✐I❤✐♥❣ ❛❣❡♥F ✐I ❝❤❛❧❧❡♥❣✐♥❣ ❢♦L L❡✜♥❡L②
❡N✉✐♣♠❡♥F✳ ❖F❤❡L ♠❡F❛❧ ♦①✐❞❡I ❧✐❦❡ L❖✷✱ ❋❡✷❖✸✱ ❛♥❞ ♦F❤❡LI ❛L❡ ❛❧I♦ ❧✐IF❡❞✳ ❚❤❡✐L ❛♣♣❧✐✲
❝❛F✐♦♥ ❞❡❧✐✈❡L❡❞ ❝♦♠♣❛L❛❜❧② ♣♦♦L L❡I✉❧FI ❜✉F ❡♥♦L♠♦✉I❧② ✐♠♣L♦✈❡❞ ❜② ♠♦❞✐❢②✐♥❣ ❝❛LL✐❡LI
✭♠♦❧❡❝✉❧❛L I✐❡✈❡I✱ ❈❛❖✱ ❛♥❞ ❈❛❈✷✮ ✇✐F❤ L❖✷ ❛♥❞ ❋❡✷❖✸ ✶✷✸✳ ❆F ♣L❡I❡♥F✱ F❤❡ ❝❛F❛❧②IF
♣❡L❢♦L♠❛♥❝❡I L❡♣♦LF❡❞ ✐♥ F❤❡ ❧✐F❡L❛F✉L❡ ❛L❡ L❡❧❛F✐✈❡❧② ❞✐✛❡L❡♥F✳ ❈♦♠♣❛L❛❜❧② ❧♦✇ ♣L♦❞✉❝✲
F✐✈✐F✐❡I ❛I F❤❡ ✇♦L❦ ♦❢ ❉Q❝✉❧F$F ❡F ❛❧✳ ✇✐F❤ ✵✳✵✶✹✺✽ ♠♠♦❧✴❣❝❛<❤ ✭T ❂ ✶✶✵ ➦❈✱ P ❂ ✸✻ ❜❛L✮
✶✷✽ ❤❛✈❡ ❜❡❡♥ L❡♣♦LF❡❞ ✉I✐♥❣ ❈❡❖✷✱ ✇❤✐❧❡ ❛♥♦F❤❡L IF✉❞② ✉I❡❞ ❈❡✵✳✵✼L✵✳✾✸❖✷ ❛♥❞ ❛❝❤✐❡✈❡❞
♣L♦❞✉❝F✐✈✐F✐❡I ❛I ❧❛L❣❡ ❛I ✵✳✷✽ ♠♠♦❧✴❣❝❛<❤ ✭T ❂ ✶✹✵ ➦❈✱ P ❂ ✽✵ ❜❛L✮ ✶✷✻✳ ❚❤❡ ❤✐❣❤❡IF
❝❛F❛❧②F✐❝ ♣❡L❢♦L♠❛♥❝❡ ♦❜I❡L✈❡❞ ✐♥ F❤❡ ❧✐F❡L❛F✉L❡ ✇✐F❤ ♥♦ ♠❡♥F✐♦♥✐♥❣ ♦❢ ❛ ❞❡❤②❞L❛F✐♥❣ ❛❣❡♥F
✇✐F❤✐♥ ❛ ♦♥❡✲♣♦F I②♥F❤❡I✐I ✇❛I L❡♣♦LF❡❞ ❜② ♦I❤✐❞❛ ❡F ❛❧✳ ❜② ❛❝❤✐❡✈✐♥❣ ❛ ♣L♦❞✉❝F✐✈✐F②
♦❢ ✹✳✺ ♠♠♦❧✴❣❝❛<❤ ❈❡❖✷ ✭V ❂ ✼✵ ♠▲✱ T ❂ ✶✼✵ ➦❈✱ ✷✵✵ ♠♠♦❧ ❊F❖❍✱ ✷✵✵ ♠♠♦❧ ❈❖✷✮ ✶✶✽✳

❆ ❢✉LF❤❡L ✐♠♣♦LF❛♥F ❛I♣❡❝F ♦❢ ❞✐L❡❝F I②♥F❤❡I✐I ✐I F❤❡ ♣L❡I❡♥❝❡ ♦❢ F❤❡ ❜②♣L♦❞✉❝F ❍✷❖✱
✇❤✐❝❤ ❛❧♠♦IF ❝♦♠♣❧❡F❡❧② IF♦♣I F❤❡ L❡❛❝F✐♦♥✳ ❚❤✐I ♦❜I❡L✈❛F✐♦♥ ❧❡❞ F♦ ✈❛L✐♦✉I ❛♣♣L♦❛❝❤❡I
F♦ L❡♠♦✈❡ F❤❡ ✇❛F❡L ❢♦L♠❡❞ F♦ I❤✐❢F F❤❡ L❡❛❝F✐♦♥ ❡N✉✐❧✐❜L✐✉♠ F♦✇❛L❞I F❤❡ ♣L♦❞✉❝F I✐❞❡✳
✶✷✶ ✷✕❝②❛♥♦♣②L✐❞✐♥❡ ✭✷❈�✮✱ ❛❧I♦ L❡❢❡LL❡❞ F♦ ❛I ✷✕♣②L✐❞✐♥❡❝❛L❜♦♥✐FL✐❧❡✱ ✇❛I I✉❝❝❡II❢✉❧❧②
✉I❡❞ ❜② ●✐L❛♠ ❡F ❛❧✳ F♦ ❜♦♦IF F❤❡ ❉❊❈ ②✐❡❧❞ ❢L♦♠ ✵✳✷✸ ♠♦❧✪ F♦ ✹✺ ♠♦❧✪ ♦✈❡L ❛ ❈❡✕❜❛I❡❞
❝❛F❛❧②IF ✶✷✶✳ ❍♦♥❞❛ ❡F ❛❧✳ ❛❝❤✐❡✈❡❞ ❛ ❝❛F❛❧②F✐❝ ♣L♦❞✉❝F✐✈✐F② ♦❢ ✶✳✶✷ ♠♠♦❧✴❣❝❛<❤ ✉I✐♥❣
❈❡❖✷ ❛♥❞ ✷❈� ❛F ✺✵ ❜❛L ❛♥❞ ✶✷✵ ➦❈✱ ②✐❡❧❞✐♥❣ ✾✶ ✪ ❉❊❈ ✶✷✾✳ ❖F❤❡L ❞❡❤②❞L❛F✐♥❣ ❛❣❡♥FI
✐♥❝❧✉❞❡ ❜❡♥③♦♥✐FL✐❧❡✱ ❛❝❡F♦♥✐FL✐❧❡✱ ❜✉F②❧❡♥❡ ♦①✐❞❡✱ ❛❝❡F❛❧I✱ ❦❡F❛❧I✱ ❛♥❞ ✐♥♦L❣❛♥✐❝ ♠❛F❡L✐✲
❛❧I ❧✐❦❡ ③❡♦❧✐F❡I ✶✷✹ ♦L ♠♦❧❡❝✉❧❛L I✐❡✈❡I ✶✸✵✳ ❚❤❡ ❛♣♣❧✐❝❛F✐♦♥ ♦❢ ✷✱✷✕❞✐❡F❤♦①②♣L♦♣❛♥❡
✭❉❊�✮ ❛I ❛ ❞❡❤②❞L❛F✐♥❣ ❛❣❡♥F ✇❛I IF✉❞✐❡❞ ✐♥ F❤❡ ✇♦L❦ ♦❢ ❈❤❛♥❣ ❡F ❛❧✳ ✶✸✶✳ I✐♥❣ ❢❛✉✲
❥❛I✐F❡ ✭❍✕❋❆✮ F♦ ❡♥❤❛♥❝❡ ❤②❞L♦❧②I✐I ♦❢ ❉❊� IFL♦♥❣❧② ✐♥❝L❡❛I❡I F❤❡ ♣L♦❞✉❝F✐✈✐F② ♦❢ F❤❡
❝❛F❛❧②IF ✉♣ F♦ ✹✹ ♠♠♦❧✴❣❝❛<❤ ✭T ❂ ✶✷✵ ➦❈✱ P ❂ ✺✵ ❜❛L✮ ✶✸✶✳ ▼❡♠❜L❛♥❡I ❤❛✈❡ ❛❧I♦ ❜❡❡♥

✶✾



✷✳✸✳ ❖A❣❛♥✐❝ ❝❛A❜♦♥❛>❡?

❚❛❜❧❡ ✹✿ ❖✈❡U✈✐❡✇ ♦❢ S❡❧❡❝Q❡❞ ❝❛Q❛❧②SQS ✉S❡❞ ❢♦U ❞✐U❡❝Q S②♥Q❤❡S✐S ♦❢ ❉❊❈ ✐♥ ❧✐Q❡U❛Q✉U❡

❈❛F❛❧②IF ❚= �❋ ②✐❡❧❞ ❞❡❤②❞L❛F✐♥❣ ❛❣❡♥F ❘❡❢
➦❈ ❜❛L❛

❈❡❖✷ ✶✺✵ ✹✵ ✹✺ ✪ ❜✉F②❧❡♥❡ ♦①✐❞❡ ✶✶✽✕✶✷✶
❈✉✕◆✐✴❆❝F✐✈❛F❡❞ ❝❛L❜♦♥ ✾✵ ✶✸ ❁✷✳✼ ✪ ♥✳❛✳ ✶✶✼
❈✉✕◆✐✴L❖✷ ✾✵ ✶✸ ✷✳✼ ✪ ♥♦♥❡ ✶✷✷
❋❡✷❖✸ ✶✻✵ ✸✵ ✵✳✹✸ ✪ ♥♦♥❡ ✶✷✸
L❖✷ ✶✻✵ ✸✵ ✵✳✽✾ ✪ ♥♦♥❡ ✶✷✸
✭L❖✷✮✶✕✭❋❡✷❖✸✮✶ ✶✻✵ ✸✵ ✶✳✾✺ ✪ ♥♦♥❡ ✶✷✸
✭L❖✷✮✶✕✭❋❡✷❖✸✮✶✴✸➴ ✶✻✵ ✸✵ ✼✳✺✺ ✪ ♥♦♥❡ ✶✷✸
✭L❖✷✮✶✕✭❋❡✷❖✸✮✶✴❈❛❖ ✶✻✵ ✸✵ ✶✷✳✸ ✪ ♥♦♥❡ ✶✷✸
✭L❖✷✮✶✕✭❋❡✷❖✸✮✶✴❈❛❖✕❈❛❈✷ ✶✻✵ ✸✵ ✸✶✳✷ ✪ ♥♦♥❡ ✶✷✸
✭L❖✷✮✶✕✭❋❡✷❖✸✮✶✴✸➴✕❈❛❖✕❈❛❈✷ ✶✻✵ ✸✵ ✹✻✳✶ ✪ ♥♦♥❡ ✶✷✸
❈❡✵✳✽L✵✳✷❖✷ ✶✹✵ ✶✹✵ ✵✳✼ ✪ ♥♦♥❡ ✶✷✹
❈❡✵✳✾❆❧✵✳✶❖✷✲δ ✶✺✵ ✺✵ ✽✳✸ ✪ ✷❈� ✶✷✶
❈❡✵✳✾❈✉✵✳✶❖✷✲δ ✶✺✵ ✺✵ ✶✺ ✪ ✷❈� ✶✷✶
❈❡✵✳✾◆✐✵✳✶❖✷✲δ ✶✺✵ ✺✵ ✷✸✳✼ ✪ ✷❈� ✶✷✶
❈❡✵✳✾L✵✳✶❖✷✲δ ✶✺✵ ✺✵ ✾✳✸ ✪ ✷❈� ✶✷✶
❈❡✵✳✾♥✵✳✶❖✷✲δ ✶✺✵ ✺✵ ✷✸✳✽ ✪ ✷❈� ✶✷✶
❈❡❖✷✕❙✐❖✷ ✶✽✵ ✹✺ ✵✳✵✵✵✾ ✪ ✶✱✷✕❡♣♦①②❜✉F❛♥❡ ✶✷✻
❈❡❖✷✕❆❧✷❖✸ ✶✽✵ ✹✺ ✵✳✵✵✵✻ ✪ ✶✱✷✕❡♣♦①②❜✉F❛♥❡ ✶✷✺
❈❡❖✷✕❚✐❖✷ ✶✽✵ ✹✺ ✵✳✵✵✵✸ ✪ ✶✱✷✕❡♣♦①②❜✉F❛♥❡ ✶✷✺
❈❡✵✳✵✼L✵✳✾✸❖✷ ✶✹✵ ✽✵ ✵✳✵✵✷ ✪ ♥♦♥❡ ✶✷✻
❊F■✴❑✷❈❖✸ ✶✶✵ ✽✵ ✹✻ ✪ ❡I ✶✷✼

❛♣♣❧✐❡❞ F♦ ❞❡❤②❞L❛F❡ F❤❡ ♠✐①F✉L❡✳ ❍♦✇❡✈❡L✱ F❤❡ ❤✐❣❤ ♣L❡II✉L❡ ❛♥❞ ❈❖✷ ❝♦♥F❡♥F L❡I✉❧F❡❞
✐♥ ❝♦♠♣❛L❛❜❧② ♣♦♦L ❞❡❤②❞L❛F✐♦♥ ♣❡L❢♦L♠❛♥❝❡ ✶✶✾✳

❆❧♦♥❣I✐❞❡ ✉I✐♥❣ ❛ ✇❛F❡L FL❛♣✱ F❤❡ L❡❛❝F♦L ❝♦♥✜❣✉L❛F✐♦♥ ❛❧I♦ ❛♣♣❡❛LI F♦ ❤❛✈❡ ❛ I✐❣♥✐✜❝❛♥F
✐♥✢✉❡♥❝❡✳ ■♥ ♣❛LF✐❝✉❧❛L✱ ❝♦♥F✐♥✉♦✉I❧② ♦♣❡L❛F❡❞ L❡❛❝F♦LI ❛♣♣❡❛L F♦ ❤❛✈❡ ❛ ❞❡❝✐I✐✈❡ ✐♠♣❛❝F
♦♥ F❤❡ ❝♦♥✈❡LI✐♦♥I ♦❢ F❤❡ ❡①♣❡L✐♠❡♥FI ❝❛LL✐❡❞ ♦✉F✱ ❛I F❤❡ ❦✐♥❡F✐❝ L❛F❡ IF✐❧❧ ❛♣♣❡❛L F♦ ❜❡
❝♦♠♣❛L❛F✐✈❡❧② ❤✐❣❤ ✇❤❡♥ F❤❡ L❡❛❝F❛♥FI ✐♥✐F✐❛❧❧② ❝♦♠❡ ✐♥F♦ ❝♦♥F❛❝F ✶✷✸✳ ❖✬◆❡✐❧❧ ❡F ❛❧✳
L❡♣♦LF❡❞ ✈❡L② ❤✐❣❤ ♣L♦❞✉❝F✐✈✐F✐❡I ♦❢ ✻✹✹ ♠♠♦❧✴❣❝❛<❤ ❢♦L ❉❊❈ I②♥F❤❡I✐I ❛F ✷✵✵ ❜❛L ❛♥❞
❛ F❡♠♣❡L❛F✉L❡ ♦❢ ✶✹✵ ➦❈ ✉I✐♥❣ ❛ ❝♦♥F✐♥✉♦✉I ✢♦✇ L❡❛❝F♦L✳ ❆ ❜❛F❝❤ I❡F✉♣ ✇✐F❤♦✉F ✉I✐♥❣
❛ ❞❡❤②❞L❛F✐♥❣ ❛❣❡♥F L❡❛❝❤❡❞ F❤❡ ❡N✉✐❧✐❜L✐✉♠ ❝♦♥✈❡LI✐♦♥ ♦❢ ✵✳✷✾ ✪ ❛❢F❡L ✸ ❤♦✉LI ✇✐F❤ ❛
♠❡❛I✉L❡❞ ✐♥✐F✐❛❧ L❡❛❝F✐♦♥ L❛F❡ ♦❢ ✷✶✳✼ ♠♠♦❧✴❤ F❤❛F L❛♣✐❞❧② I❧♦✇❡❞ ❞♦✇♥ I✉❜I❡N✉❡♥F❧② ✶✸✷✳

❚❤✐I ✇♦L❦ ✇✐❧❧ ❝♦♠♣❛L❡ F❤❡ ❝❛F❛❧②F✐❝ ♣❡L❢♦L♠❛♥❝❡ ♦❢ ♠♦❞✐✜❡❞ ❝❛LL✐❡LI ✭I❡❡ ✸✳✶✳✹✮ ❢♦L ❞✐L❡❝F
I②♥F❤❡I✐I ♦❢ ❉❊❈ F♦ F❤❡ ✇♦L❦ ♦❢ ❉Q❝✉❧F$F ❡F ❛❧✳ ✶✷✽ ❛♥❞ ❍♦♥❞❛ ❡F ❛❧✳ ✶✷✾ I✐♥❝❡ F❤❡
❡①♣❡L✐♠❡♥F❛❧ ❝♦♥✜❣✉L❛F✐♦♥I ♠❛F❝❤ F❤❡I❡ ✇♦L❦I F❤❡ ♠♦IF ❝❧♦I❡❧②✳

✷✵



❈❤❛♣>❡A ✷✳ ❙>❛>❡✕♦❢✕>❤❡✕❛A> ✕ ❈❈ ✐♥ ✐♥❞✉?>A✐❛❧ ♣A♦❝❡??❡?

✷✳✹ ▼♦❞❡❧✐♥❣ ❛♥❞ ❙✐♠✉❧❛=✐♦♥?

▼♦❞❡❧✐♥❣ ❛♥❞ I✐♠✉❧❛F✐♦♥I ❤❛✈❡ F❛❦❡♥ ❛♥ ❡II❡♥F✐❛❧ ♣♦I✐F✐♦♥ ✐♥ F❤❡ ❞❡I✐❣♥ ❛♥❞ ♦♣F✐♠✐③❛F✐♦♥
♦❢ ♣L♦❝❡II❡I✳ ❚❤❡② L❡❧② ♦♥ ♠❛F❤❡♠❛F✐❝❛❧ ❡N✉❛F✐♦♥I ✐♥✈♦❧✈✐♥❣ ❧✐♥❡❛L✱ ♥♦♥✕❧✐♥❡❛L✱ ❛♥❞ ❞✐✛❡L✲
❡♥F✐❛❧ ❡N✉❛F✐♦♥I ♦❢ ❤❡❛F ❛♥❞ ♠❛II ❜❛❧❛♥❝❡I F♦ ✐♠✐F❛F❡ ❛♥❞ ♣L❡❞✐❝F ❛ L❡❛❧✕✇♦L❧❞ ♣L♦❝❡II✬I
❜❡❤❛✈✐♦L✱ ✇❤✐❝❤ ❝♦♠♠♦♥❧② ❞❡♠❛♥❞I ❛ ❤✐❣❤ ❛♠♦✉♥F ♦❢ ❡✛♦LF ❛♥❞ ✐I ❝♦IF❧② F♦ ♦♣❡L❛F❡✳
❚❤❡✐L ❝♦♥FL✐❜✉F✐♦♥ F♦ ❝♦IF✕❡✛❡❝F✐✈❡♥❡II ❛♥❞ ②✐❡❧❞ ♠❛①✐♠✐③❛F✐♦♥ ✐I ❛❝❤✐❡✈❡❞ ❜② F❤❡ ❛II❡II✲
♠❡♥F ♦❢ I✐♠✉❧❛F✐♥❣ ❞✐✈❡LI❡ ♦♣❡L❛F✐♥❣ ❝♦♥❞✐F✐♦♥I ✭❢❡❡❞ ❝♦♠♣♦I✐F✐♦♥✱ ♣L❡II✉L❡✱ F❡♠♣❡L❛F✉L❡✱
✢♦✇ L❛F❡✱ ❡F❝✳✮ ♦❢ ♣L♦❝❡II❡I✳ ✶✸✸ ❆I ♦❢ F♦❞❛②✱ ♠♦❞❡❧✐♥❣ ❛♥❞ I✐♠✉❧❛F✐♦♥I ❛L❡ L❡❣❛L❞❡❞ ❛I
✐LL❡♣❧❛❝❡❛❜❧❡ ✐♥ ❡✛♦LFI F♦ ❛♥❛❧②③❡✱ I❝❛❧❡ ✉♣✱ ❛♥❞ ♦♣F✐♠✐③❡ ♣L♦❝❡II❡I ❢♦L ❝♦♠♠❡L❝✐❛❧✐③❛F✐♦♥✳
✶✸✹

❆ ❢❛✐L ♥✉♠❜❡L ♦❢ ♣L♦❝❡II I✐♠✉❧❛F♦LI ❛L❡ ❛✈❛✐❧❛❜❧❡ F♦❞❛②✳ ❆❧F❤♦✉❣❤✱ ✐♥ I♦♠❡ ❝❛I❡I✱ F❤❡②
❤❛✈❡ ❜❡❡♥ ❞❡✈❡❧♦♣❡❞ ❢♦L I♣❡❝✐✜❝ ♣✉L♣♦I❡I✱ ♠❛♥② ❛L❡ ✉I❡❞ F♦❞❛② ❢♦L F❤❡ ❞❡✈❡❧♦♣♠❡♥F ♦❢
❈❈ ♣L♦❝❡II❡I✳

❈❤✉N✉✐♥✲❛I❝♦ ❡F ❛❧✳ ❤❛✈❡ ♣L♦♣♦I❡❞ ❛ ▼❡❖❍ ♣L♦❞✉❝F✐♦♥ ♣L♦❝❡II ❜❛I❡❞ ♦♥ ❈❖✷ ❤②❞L♦✲
❣❡♥❛F✐♦♥ ✉I✐♥❣ ❉❙■▼✳ ❚❤❡ ✐♥✐F✐❛❧ ♦❜❥❡❝F✐✈❡ ♦❢ ❞❡I✐❣♥✐♥❣ ❛ ♥❡✉L❛❧ ♥❡F✇♦L❦ ❝❛♣❛❜❧❡ ♦❢
♣L❡❞✐❝F✐♥❣ F❤❡ ▼❡❖❍ ♦✉F♣✉F ✇❛I ❛❝❤✐❡✈❡❞✳ ✶✸✺ ❆♥♦F❤❡L IF✉❞② L❡❧②✐♥❣ ♦♥ ❉❙■▼ ✇❛I
❝❛LL✐❡❞ ♦✉F ❜② ❛L❛♥❞❛I ❡F ❛❧✳✱ ✐♥ ✇❤✐❝❤ F❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ♣L❡II✉L❡ ❛♥❞ F❡♠♣❡L❛F✉L❡ ♦♥
F❤❡ F❤❡L♠♦❞②♥❛♠✐❝ ❡N✉✐❧✐❜L✐✉♠ ✇❛I ✐♥✈❡IF✐❣❛F❡❞✳ ❚❤❡ ❈❆�❊✕❖�❊◆ F♦ ❈❆�❊✕❖�❊◆
I✐♠✉❧❛F♦L ✭❈❖❈❖ I✐♠✉❧❛F♦L✮ ✇❛I ✉I❡❞ ❛I ❛ I✉♣♣♦LF✐✈❡ ✐♥IF❛♥❝❡✳ ✶✸✻

❖FF♦ ❛♥❞ ❑❡♠♣❦❛ ✉I❡❞ ❈❛♥F❡L❛ ❛♥❞ F❤❡ ●❘■✲▼❡❝❤ ✸✳✵ ♠❡❝❤❛♥✐I♠ F♦ ♣L❡❞✐❝F F❤❡ ❜❡❤❛✈✲
✐♦L ♦❢ F❤❡ ❇♦✉❞♦✉❛L❞ ❡N✉✐❧✐❜L✐✉♠✱ ✇❛F❡L✲❣❛I L❡❛❝F✐♦♥✱ ❛♥❞ F❤❡ ♠❡F❤❛♥❛F✐♦♥ L❡❛❝F✐♦♥✱ ✇✐F❤
L❡I✉❧FI F❤❛F ✇❡L❡ L❡❛I♦♥❛❜❧② ❝❧♦I❡ F♦ F❤♦I❡ ♦❢ ❡①♣❡L✐♠❡♥F❛❧ FL✐❛❧I✳ ✶✸✼

♦LL✐❛I ❡F ❛❧✳ ❤❛✈❡ I✐♠✉❧❛F❡❞ F❤❡ ❛❜I♦L♣F✐♦♥ ♦❢ ❈❖✷ ✐♥ F❤❡ ❈❛❧❝✐✉♠ ❧♦♦♣✐♥❣ ✐♥ ♦L❞❡L
F♦ ♣L♦♣♦I❡ ❛♥ ♦♣F✐♠✐③❡❞ ❝♦❛❧✕✜L❡❞ ♣♦✇❡L ♣❧❛♥F✳ ❆❙�❊◆ �❧✉I ✇❛I ✉I❡❞ ✐♥ ❛❞❞✐F✐♦♥ F♦
■�❙❊ �L♦ ❛♥❞ ❝♦♥❝❧✉❞❡❞ F❤❛F F❤❡ ❧♦II ✐♥ ♥❡F ❡❧❡❝FL✐❝ ❡✣❝✐❡♥❝② ✇❛I I✐❣♥✐✜❝❛♥F❧② ❤✐❣❤✳ ✶✸✽

❚❛♥ ❡F ❛❧✳ ❤❛✈❡ ❛♣♣❧✐❡❞ ♣L♦❝❡II I✐♠✉❧❛F✐♦♥ F♦ ✐❞❡♥F✐❢② F❤❡ ♠♦IF I✐❣♥✐✜❝❛♥F F❤❡L♠♦✲♣❤②I✐❝❛❧
♣L♦♣❡LF✐❡I ✐♥ ❡❛❝❤ ✐♥F❡L♠❡❞✐❛F❡ IF❡♣ ♦❢ ❈❈❙ F❡❝❤♥♦❧♦❣✐❡I ✭❝❛♣F✉L❡✱ ❝♦♥❞✐F✐♦♥✐♥❣✱ FL❛♥I✲
♣♦LF✱ ❛♥❞ IF♦L❛❣❡✮ ✶✸✾✳

❆ ❉▼❈✴▼❡❖❍ ❛③❡♦FL♦♣✐❝ ♠✐①F✉L❡ I❡♣❛L❛F✐♦♥ ✇❛I I✐♠✉❧❛F❡❞ ✉I✐♥❣ ❛♥ ❆I♣❡♥ �❧✉I I✐♠✉✲
❧❛F✐♦♥ ❜② ❡✐ ❡F ❛❧✳ ✶✹✵✱ ♦♣F✐♠✐③✐♥❣ F❤❡ ❤❡❛F ✐♥F❡❣L❛F✐♦♥ ♦❢ ❛ FL✐♣❧❡✲❝♦❧✉♠♥ ♣L♦❝❡II✳

❆ I♦❧✐❞ ♦①✐❞❡ ❢✉❡❧ ❝❡❧❧ ✭❙❖❋❈✮ ✇❛I I✐♠✉❧❛F❡❞ F♦ ♦❜F❛✐♥ ♠♦L❡ ✐♥❢♦L♠❛F✐♦♥ ♦♥ F❤❡ ♠❛II✴❤❡❛F
FL❛♥I❢❡L ❛♥❞ ❡❧❡❝FL♦❝❤❡♠✐❝❛❧ L❡❛❝F✐♦♥I ❜❛I❡❞ ♦♥ F❤❡ ✜♥✐F❡ ✈♦❧✉♠❡ ♠❡F❤♦❞ ✐♥ ❛ ❝♦♠♣✉F❛✲
F✐♦♥❛❧ ✢✉✐❞ ❞②♥❛♠✐❝I ♠♦❞❡❧ ✭❈❋❉✮✳ ❙♣❡❝✐✜❝ ✐♥❢♦L♠❛F✐♦♥ ♦♥ ❛ F❡♠♣❡L❛F✉L❡ L❛♥❣❡ F♦ ❛✈♦✐❞
❛ I✉❝❝❡II❢✉❧ ♠❡F❤❛♥❛F✐♦♥ L❡❛❝F✐♦♥✱ ❈❖ ❝♦♥I✉♠♣F✐♦♥✱ ❛♥❞ ✐♥✢✉❡♥❝❡ ♦❢ ♣L♦❝❡II ♣❛L❛♠❡F❡LI
✭♦♣❡L❛F✐♥❣ ♣♦F❡♥F✐❛❧✱ ✐♥❧❡F ❣❛I ❝♦♠♣♦I✐F✐♦♥✮ ❤❛I ❜❡❡♥ ♦❜F❛✐♥❡❞ ✶✹✶✳

❛❝❤♦♣♦✉❧♦I ❛♥❞ ❍❡L❛❝❧❡♦✉I ✉I❡❞ ❆I♣❡♥�❧✉I ❢♦L F❤❡L♠♦❞②♥❛♠✐❝ ❛♥❛❧②I✐I ♦❢ ♠❡F❤❛♥♦❧
I②♥F❤❡I✐I ❜❛I❡❞ ♦♥ F❤❡ ●✐❜❜I ♠✐♥✐♠✐③❛F✐♦♥ ✈❛L②✐♥❣ ③❡♦❧✐F❡ ✈♦❧✉♠❡ ❛I ❛ ✇❛F❡L FL❛♣✱ ❢❡❡❞
❝♦♠♣♦I✐F✐♦♥✱ F❡♠♣❡L❛F✉L❡✱ ❛♥❞ ♣L❡II✉L❡✳ ❚❤❡ I✐♠✉❧❛F✐♦♥ L❡I✉❧FI L❡✈❡❛❧❡❞ ❡①F❡♥I✐✈❡ ♣♦F❡♥✲

✷✶



✷✳✹✳ ▼♦❞❡❧✐♥❣ ❛♥❞ ❙✐♠✉❧❛>✐♦♥?

F✐❛❧ ✐♠♣L♦✈❡♠❡♥F ♦♣♣♦LF✉♥✐F✐❡I✱ ✉❧F✐♠❛F❡❧② ❛❧♠♦IF FL✐♣❧✐♥❣ F❤❡ ②✐❡❧❞ ❢♦L ♠❡F❤❛♥♦❧ ✶✹✷✳
❋✉LF❤❡L ❛♣♣❧✐❝❛F✐♦♥✕♦L✐❡♥F❡❞ ✉F✐❧✐③❛F✐♦♥ ♦❢ ♣L♦❝❡II I✐♠✉❧❛F✐♦♥ F♦♦❧I ❧✐❦❡ F❤❡ ♠♦❞❡❧✐♥❣ ♦❢
❞L② L❡❢♦L♠✐♥❣ ✶✹✸✱ ❛❧❣❛❡ ❣L♦✇F❤ ✐♥ ♣❤♦F♦❛✉F♦FL♦♣❤✐❝ ❛♥❞ ♣❤♦F♦✕♠✐①♦FL♦♣❤✐❝ ❡♥✈✐L♦♥✲
♠❡♥FI ✶✹✹✱ F❤❡ ❞✐L❡❝F I②♥F❤❡I✐I ♦❢ ❉▼❈ ❢L♦♠ ❈❖✷ ✶✹✺ ❛♥❞ ♠❛♥② ♠♦L❡ ✶✹✻ ❛L❡ ❛✈❛✐❧❛❜❧❡
✐♥ F❤❡ ❧✐F❡L❛F✉L❡✳

❚❤✐I ✇♦L❦ ✇✐❧❧ ✐♥❝♦L♣♦L❛F❡ ♠❡F❤♦❞I ❢♦L ❝L❡❛F✐♥❣ ♥❡✇ ♠♦❞❡❧I ❢♦L ♣L♦❝❡II I✐♠✉❧❛F✐♦♥ ❛♥❞
♠❡F❤♦❞I F❤❛F ✉F✐❧✐③❡ ❡①✐IF✐♥❣ ❛♥❞ ♥❡✇❧② ❞❡✈❡❧♦♣❡❞ ♠♦❞❡❧I F♦ I✐♠✉❧❛F❡ L❡❛❧ ❛♣♣❧✐❝❛F✐♦♥I✳

✷✷



❈❍❆'❚❊❘✸
▼❡4❤♦❞♦❧♦❣②

■♥ F❤✐I ✇♦L❦✱ ❡①♣❡L✐♠❡♥F❛❧ ❛♥❞ I✐♠✉❧❛F✐✈❡ ♠❡F❤♦❞I ✇❡L❡ ❛♣♣❧✐❡❞ F♦ ♦♣F✐♠✐③❡ ❈❖✷ ❝♦♥✈❡L✲
I✐♦♥ ❛♥❞ ♣L♦❞✉❝F ♣✉L✐✜❝❛F✐♦♥✳ ❚❤❡ ❞❡I❝L✐♣F✐♦♥I ♣L❡I❡♥F❡❞ ✐♥ F❤✐I ❝❤❛♣F❡L I❤❛❧❧ ❡①F❡♥❞ F❤❡
❛❧L❡❛❞② ♣L❡I❡♥F❡❞ ❡❧❛❜♦L❛F✐♦♥I ✐♥ F❤❡ ♣✉❜❧✐❝❛F✐♦♥I ❛♥❞ ❣✐✈❡ ❛ ❜❡FF❡L ✉♥❞❡LIF❛♥❞✐♥❣ ♦❢ F❤❡
L❡I❡❛L❝❤ ♣L❡I❡♥F❡❞ ✐♥ ❈❤❛♣F❡L ✹✳

✸✳✶ ❊①♣❡A✐♠❡♥=❛❧ ▼❡=❤♦❞?

❚❤❡ ♠♦IF ❝L✉❝✐❛❧ L❡❛❝F✐♦♥ ♣❛L❛♠❡F❡LI ♦❢ F❤❡ ❞✐L❡❝F I②♥F❤❡I✐I ♦❢ ❉❊❈ ❢L♦♠ ❈❖✷ ❛♥❞ ❊F❖❍
✇❡L❡ ✐♥✈❡IF✐❣❛F❡❞ ✉I✐♥❣ ❛♥ ✉♥❞✐I❝❧♦I❡❞ ❝❛F❛❧②IF✳

✸✳✶✳✶ ❙?❛❜✐❧✐?②

❙✐❣♥✐✜❝❛♥F ♣❛LFI ♦❢ F❤❡ ♠❡F❤♦❞I ♠❡♥F✐♦♥❡❞ ✐♥ F❤✐I I✉❜I❡❝F✐♦♥ ❤❛✈❡ ❜❡❡♥ ❞❡I❝L✐❜❡❞ ✐♥ ♠♦L❡
❞❡F❛✐❧ ✐♥ ❏♦✉J♥❛❧ [✉❜❧✐❝❛F✐♦♥ ■✳ ❚❤❡ ❡✛❡❝F ♦❢ ❛ I❡❧❡❝F✐♦♥ ♦❢ ❛❝✐❞I ✭❍❈❧✱ ❍✷❙❖✹✱ ❍✸�❖✹✱
❢♦L♠✐❝ ❛❝✐❞✱ ❛❝❡F✐❝ ❛❝✐❞✮ ❛♥❞ ❜❛I❡I ✭◆❛❖❍✱ ❑❖❍✱ ◆❛✷❈❖✸✮ ♦♥ F❤❡ ❝❤❡♠✐❝❛❧ IF❛❜✐❧✐F② ♦❢
❞✐❡F❤②❧ ❝❛L❜♦♥❛F❡ ✭❉❊❈✮ ✇❛I ✐♥✈❡IF✐❣❛F❡❞ ✐♥ ❡①♣❡L✐♠❡♥FI ❝♦♥❞✉❝F❡❞ ✐♥ L♦✉♥❞✕❜♦FF♦♠
✢❛I❦I✳ ❈❡L✐✉♠ ♦①✐❞❡ ✭❈❡❖✷✮ ✇❛I ❝❤♦I❡♥ ❛I ❛ ♣♦II✐❜❧❡ ❝❛F❛❧②IF ❢♦L ❉❊❈ ❞❡❣L❛❞❛F✐♦♥✳
❊❛❝❤ F❡IF ✇❛I ❝❛LL✐❡❞ ♦✉F ✇✐F❤ ✸ ♠❧ ♦❢ ❉❊❈ ♠✐①❡❞ ✇✐F❤ ✶✿✶ ✈♦❧✉♠❡ L❛F✐♦ I♦❧✉F✐♦♥I ♦❢
✉I✐♥❣ ✵✳✺ ♠♦❧❡I F❤❡ ♣L❡✈✐♦✉I❧② ♠❡♥F✐♦♥❡❞ ❝♦♠♣♦✉♥❞I I♦❧✈❡❞ ✐♥ ✇❛F❡L✳ ❚❤❡ ❞✉L❛F✐♦♥ ♦❢
F❤❡ ❡①♣❡L✐♠❡♥FI ✇❛I ♠❛✐♥❧② ✷✹ ❤♦✉LI ❛♥❞ ✇❛I ❡①❝❡♣F✐♦♥❛❧❧② ❡①F❡♥❞❡❞ F♦ ✼✷ ❤♦✉LI✳ ❊✈❡♥✲
F✉❛❧❧② ♦❝❝✉LL✐♥❣ F✇♦✕♣❤❛I❡ I②IF❡♠I ✇❡L❡ I❡♣❛L❛F❡❞ ❛♥❞ I✉❜I❡N✉❡♥F❧② ❛♥❛❧②③❡❞✳ ❉❊❈ ❛♥❞
❊F❖❍ ❝♦♥❝❡♥FL❛F✐♦♥I ✇❡L❡ ♠❡❛I✉L❡❞ ✇✐F❤ ❛ ❋■❉✕❡N✉✐♣♣❡❞ ❣❛I ❝❤L♦♠❛F♦❣L❛♣❤ ✭●❈✕❋■❉✮✱
❛I ♦✉F❧✐♥❡❞ ✐♥ ❙❡❝F✐♦♥ ✸✳✶✳✻✳ ❊✈❛♣♦L❛F✐♦♥ ❧♦II❡I ♦❢ ❉❊❈ ✇❡L❡ ❝♦♥I✐❞❡L❡❞ ♥❡❣❧✐❣✐❜❧❡ ❞✉❡
F♦ ❉❊❈✬I ❤✐❣❤ ❜♦✐❧✐♥❣ ♣♦✐♥F✳ ❚❤❡ ❡①♣❡L✐♠❡♥F❛❧ ♣❧❛♥ ✐I ✐❧❧✉IFL❛F❡❞ ❛I ❛ FL❡❡ IFL✉❝F✉L❡ ✐♥
❋✐❣✉L❡ ✾✳

✷✸



✸✳✶✳ ❊①♣❡A✐♠❡♥>❛❧ ▼❡>❤♦❞?

❋✐❣✉<❡ ✾✿ ❚U❡❡ SQU✉❝Q✉U❡ ❞✐❛❣U❛♠ ❢♦U Q❤❡ ✐❧❧✉SQU❛Q✐♦♥
♦❢ Q❤❡ ❡①♣❡U✐♠❡♥Q❛❧ ♣❧❛♥ ♦❢ ❉❊❈ ❞❡❝♦♠♣♦S✐Q✐♦♥

❋♦L ❡❛❝❤ I✉❜IF❛♥❝❡✱ ❛ I❡F ♦❢ ❡①♣❡L✐♠❡♥FI ✇❡L❡ ❝❛LL✐❡❞ ♦✉F ❛F ❛♠❜✐❡♥F ♣L❡II✉L❡✱ ✈❛L②✐♥❣ ✐♥
F❡♠♣❡L❛F✉L❡✱ F❤❡ ✉I❛❣❡ ♦❢ ✵✳✶✷✺ ❣ ❈❡❖✷✱ ❛♥❞ F❤❡ ✉I❛❣❡ ♦❢ I♦❞✐✉♠ ❝❤❧♦L✐❞❡ ✭◆❛❈❧✮✳ ◆❛❈❧
✇❛I ❞✐II♦❧✈❡❞ ✐♥ F❤❡ ❛N✉❡♦✉I ♣❤❛I❡✱ L❡❛❝❤✐♥❣ ❛ ❝♦♥❝❡♥FL❛F✐♦♥ ♦❢ ✷✺✵ ❣✴▲✳ ❚❤❡ ✐♥I♦❧✉❜❧❡
❝❛F❛❧②IF ✇❛I I❡♣❛L❛F❡❞ ❢L♦♠ F❤❡ ♠✐①F✉L❡ ✇✐F❤ ❛ ✜❧F❡L ♣L✐♦L F♦ ❛♥❛❧②I✐I✳ ❚❤L❡❡ I❛♠♣❧❡I
✇❡L❡ F❛❦❡♥ ❛❢F❡L ❡①♣❡L✐♠❡♥FI ❛I ❛ ❝♦♥I❡N✉❡♥❝❡ ♦❢ F❤❡ ❢♦L♠❛F✐♦♥ ♦❢ ❛ F✇♦✕♣❤❛I❡ ♣L♦❞✉❝F✳
❚❤❡ I❛♠♣❧❡I ✇❡L❡ F❛❦❡♥ ♦♥❡ ❡❛❝❤ ❢L♦♠ F❤❡ ♦L❣❛♥✐❝✱ F❤❡ ❛N✉❡♦✉I✱ ❛♥❞ ♦♥❡ I❛♠♣❧❡ ♦❢ F❤❡
♠✐①F✉L❡ ♦❢ F❤❡ ♣❤❛I❡I✳

❉❊❈ ❞❡❣L❛❞❛F✐♦♥ ❤❛I ❜❡❡♥ ❝❛❧❝✉❧❛F❡❞ ❛❝❝♦L❞✐♥❣ F♦ ❊N✳ ✶✽✳

Degradation [%] =
mDEC,0 −mDEC

mDEC,0

× 100 ✭✶✽✮

❚❤❡ F❤❡♦L❡F✐❝❛❧ ❊F❖❍ ❢♦L♠❛F✐♦♥ ✇❛I ❝❛❧❝✉❧❛F❡❞ ❛❝❝♦L❞✐♥❣ F♦ ❊N✳ ✶✾✳

mEtOHtheoretical
= 2× mDEC,0 −mDEC

MDEC

×MEtOH ✭✶✾✮

❚❤❡ L❡I✉❧FI ♦❢ F❤❡I❡ ❡①♣❡L✐♠❡♥FI ❤❛✈❡ ❜❡❡♥ ♣✉❜❧✐I❤❡❞ ✐♥ ❏♦✉J♥❛❧ [✉❜❧✐❝❛F✐♦♥ ■✳

✸✳✶✳✷ ▼✐@❝✐❜✐❧✐?②

❚❤❡ ♠✐I❝✐❜✐❧✐F② ♦❢ F❤❡ F❡L♥❛L② I②IF❡♠ ♦❢ ❉❊❈ ✭✾✾✳✾ ✪✱ ❈❛L❧ ❘♦F❤✮✱ ❊F❖❍ ✭✾✾✳✾ ✪ ❈❤❡♠
▲❛❜✮✱ ❛♥❞ ✇❛F❡L ✇❛I ✐♥✈❡IF✐❣❛F❡❞ ✉I✐♥❣ ❝❧❡❛L ♣♦✐♥F ❛♥❞ ❝❧♦✉❞ ♣♦✐♥F ❞❡F❡L♠✐♥❛F✐♦♥✳ ❚❤❡
❡①♣❡L✐♠❡♥FI ✇❡L❡ ❝❛LL✐❡❞ ♦✉F ❛F ❛♠❜✐❡♥F ♣L❡II✉L❡ ❛♥❞ ❛ F❡♠♣❡L❛F✉L❡ ♦❢ ✷✸ ➦❈✳ ❚✇♦ ❡①✲
♣❡L✐♠❡♥FI ✇❡L❡ ♣❡L❢♦L♠❡❞ F♦ ❣❛✐♥ ❞❛F❛ ❢♦L F❤❡ ♠✐I❝✐❜✐❧✐F② ❣❛♣✳ ❊✐F❤❡L ✹✶ ♠❧ ✇❛F❡L ♦L
✷✻ ♠❧ ❉❊❈ ✇❛I ✉I❡❞ ❛I F❤❡ IF❛LF✐♥❣ I✉❜IF❛♥❝❡ ❢♦L F❤❡ ❡①♣❡L✐♠❡♥FI✳ ❚❤❡ ✜LIF I❡F ♦❢ ❡①✲
♣❡L✐♠❡♥FI IF❛LF❡❞ ✇✐F❤ ✇❛F❡L ❛I F❤❡ ✜LIF ❝♦♠♣♦✉♥❞ ✇✐F❤✐♥ F❤❡ ❜❡❛❦❡L✳ ❉❊❈ ✇❛I ❛❞❞❡❞
✉F✐❧✐③✐♥❣ ❛ ❜✉L❡FF❡ ✉♥F✐❧ F❤❡ ❝❧♦✉❞ ♣♦✐♥F ✇❛I L❡❛❝❤❡❞✱ ✇❤✐❝❤ ♠❛L❦❡❞ ❛ I♣❡❝✐✜❝ ❝♦♠♣♦I✐F✐♦♥
♦♥ F❤❡ ❜✐♥♦❞❛❧✴I♣✐♥♦❞❛❧ ♠✐I❝✐❜✐❧✐F② ❣❛♣ ♦❢ F❤❡ ❜✐♥❛L② ✇❛F❡L✴❉❊❈ I②IF❡♠✳ ❚❤❡ ❞❛F❛ ❢♦L

✷✹



❈❤❛♣>❡A ✸✳ ▼❡>❤♦❞♦❧♦❣②

F❤❡ F❡L♥❛L② I②IF❡♠ ✇❛I ♦❜F❛✐♥❡❞ ❜② ✐♥❝L❡❛I✐♥❣ F❤❡ ❡①❝❡II ♦❢ ❉❊❈ F♦ F❤❡ ✐♥✐F✐❛❧ ✇❛F❡L I❛♠✲
♣❧❡ ❡①❝❡❡❞✐♥❣ F❤❡ ❝❧♦✉❞ ♣♦✐♥F ❛♥❞ I✉❜I❡N✉❡♥F❧② ❛❞❞✐♥❣ ❡F❤❛♥♦❧ ✉♥F✐❧ F❤❡ ❝❧❡❛L ♣♦✐♥F ✇❛I
L❡❛❝❤❡❞✳ ❚❤❡ ♣L♦❝❡❞✉L❡ ✇❛I L❡♣❡❛F❡❞ ✇✐F❤ ❉❊❈ ❛I F❤❡ IF❛LF✐♥❣ ❝♦♠♣♦✉♥❞✱ ❛❞❞✐♥❣ ✇❛F❡L
F♦ L❡❛❝❤ F❤❡ ❝❧♦✉❞ ♣♦✐♥F✳ ❆ ♠❛❣♥❡F✐❝ IF✐LL❡L ❤❛I ❤♦♠♦❣❡♥✐③❡❞ ❛❧❧ I♦❧✉F✐♦♥I F❤L♦✉❣❤♦✉F
❛❧❧ ❡①♣❡L✐♠❡♥FI✳ ❚❤❡ ❞❡✈❡❧♦♣♠❡♥F ♦❢ ❢✉❧❧ ❡N✉✐❧✐❜L✐✉♠ ✇❛I ❛II✉♠❡❞ F♦ F❛❦❡ ♥♦ ❧♦♥❣❡L F❤❛♥
✶✵ ♠✐♥✉F❡I✳ �❛L❛✜❧♠ ✇❛I ✉I❡❞ F♦ ❝♦✈❡L F❤❡ ❜❡❛❦❡L F♦ ❛✈♦✐❞ ✈❛♣♦L✐③❛F✐♦♥✳ ❚❤❡ ♣❤❛I❡I
✇❡L❡ ❛II❡II❡❞ ✐♥❞❡♣❡♥❞❡♥F❧② ❜② ●❈✕❋■❉ ❞❡F❡❝F✐♥❣ ❉❊❈ ❛♥❞ ❊F❖❍✳ ❚❤❡ ✇❛F❡L ❝♦♥F❡♥F
✇❛I ❝❛❧❝✉❧❛F❡❞ ❢L♦♠ ❉❊❈ ❛♥❞ ❊F❖❍ ❝♦♥F❡♥F✳ ❚❤❡ F✐❡✕❧✐♥❡I ✇❡L❡ ❞❡F❡L♠✐♥❡❞ ❢L♦♠ F❤❡
❞❡F❡❝F❡❞ ♠❛II ♦❢ F❤❡ F✇♦ ♣❤❛I❡I✳

✸✳✶✳✸ ❉✐❡?❤②❧ ❝❛A❜♦♥❛?❡ @②♥?❤❡@✐@ ❡①♣❡A✐♠❡♥?@

❚❤❡ ❡①♣❡L✐♠❡♥FI ✇❡L❡ ❝♦♥❞✉❝F❡❞ ✐♥ ❛ ♣L❡II✉L✐③❡❞ ✶ ▲ IF✐LL❡❞ L❡❛❝F♦L I②IF❡♠ ❢L♦♠ �❛LL
✐♥IFL✉♠❡♥FI ❡N✉✐♣♣❡❞ ✇✐F❤ ❛ ✹✽✹✽ ❝♦♥FL♦❧❧❡L ❛♥❞ ❛ ❤❡❛F✐♥❣ ♠❛♥F❧❡✳ ❚❤❡ I②IF❡♠ ✇❛I ❡①✲
F❡♥❞❡❞ ✇✐F❤ ❛ ✶✴✽✕✐♥❝❤ ❙✇❛❣❡❧♦❦ ♣✐♣❡ ❛♥❞ ❛ ❧♦✇✕✢♦✇ ♠❡F❡L✐♥❣ ✈❛❧✈❡ ❛I ❛ I❛♠♣❧✐♥❣ ✉♥✐F✳
❆ I❝❤❡♠❡ ♦❢ F❤❡ ❡①♣❡L✐♠❡♥F❛❧ I❡F✉♣ ✐I ♣♦LFL❛②❡❞ ✐♥ ❋✐❣✉L❡ ✶✵✳

❋✐❣✉<❡ ✶✵✿ ❙❝❤❡♠❡ ♦❢ Q❤❡ ✶ ▲ ♣U❡SS✉U✐③❡❞ f❛UU ■♥SQU✉♠❡♥QS U❡❛❝Q♦U S②SQ❡♠

❊F❖❍ ✭✾✾✳✾ ✪✱ ❞❡♥❛F✉L❡❞ ✇✐F❤ F♦❧✉❡♥❡✱ ❆✉IFL❛❧❝♦✮✱ ✷❈� ✭✾✾ ✪✱ ❙✐❣♠❛ ❆❧❞L✐❝❤✮✱ ♠♦❞✐✜❡❞
❝❛F❛❧②F✐❝ ❛❝F✐✈❡ ❝❛LL✐❡LI✱ ❛♥❞ ♦F❤❡L ❝❛F❛❧②IFI ❛L❡ I✉❜♠✐FF❡❞ ❝♦♠♣❛L❛❜❧② I✐♠♣❧② ❜② ♦♣❡♥✐♥❣
❛♥❞ L❡♠♦✈✐♥❣ F❤❡ ❜♦FF♦♠ ♣❛LF ♦❢ F❤❡ IF❡❡❧ ✈❡II❡❧ ♦❢ ✇❤✐❝❤ F❤❡ L❡❛❝F♦L ♠❛✐♥❧② ❝♦♥I✐IFI✳
❚❤❡ ♠♦❞✐✜❡❞ ❝❛LL✐❡LI ❤❛✈❡ ❜❡❡♥ I✉♣♣❧✐❡❞ ❜② ❚ ✐❡♥ ❛♥❞ ❦❧❡✐♥❦L❛❢F ❖● ✇❤❡L❡❛I F❤❡
♣L♦❞✉❝F✐♦♥ ♣L♦❝❡II ✐I ♥♦♥✕❞✐I❝❧♦I❡❞✳ ❚❤❡ ❝❛F❛❧②F✐❝ ❛❝F✐✈❡ ❝♦♠♣♦♥❡♥F ✐I ❈❡❖✷ ❜❛I❡❞✳ ❚❤❡
I✐♥❣❧❡ ✐♥♣✉F ❝♦♥♥❡❝F♦L ✐♥ ✉I❡ ✇❛I ❝♦♥♥❡❝F❡❞ F♦ ❛ ♣L❡II✉L✐③❡❞ ❈❖✷ ❜♦FF❧❡✳

❚❤❡ ❢❡❡❞IF♦❝❦✱ ❡①❝❧✉❞✐♥❣ ❈❖✷✱ ✇❛I I✉❜♠✐FF❡❞ F♦ F❤❡ L❡❛❝F♦L✳ ❙✐♥❝❡ ✷❈� ✐I ❞❡❧✐✈❡L❡❞ ✐♥ ❛
I♦❧✐❞ IF❛F❡✱ ✐F ✇❛I ❡✐F❤❡L ❜L✐❡✢② IF♦L❡❞ ✐♥ ❛ ✇❛F❡L ❜❛F❤ ♦❢ ✺✵ ➦❈ ♦L ❧✐❣❤F❧② ♣♦❦❡❞ ✐♥F♦ ❧✐FF❧❡
❢L❛❣♠❡♥FI ❛♥❞ I✉❜I❡N✉❡♥F❧② ❛❞❞❡❞ F♦ F❤❡ L❡❛❝F♦L✳ ❚❤❡ L❡❛❝F♦L ✐I I❡❛❧❡❞ ✐♥ F❤❡ ❢♦❧❧♦✇✐♥❣
❛♥❞ ❝❤❡❝❦❡❞ ❢♦L ❧❡❛❦❛❣❡I ❜② ✜❧❧✐♥❣ ✐♥ ❈❖✷ ✉♣ F♦ ✶✵ ❜❛L ❛♥❞ L❡❧❡❛I✐♥❣ F❤❡ ❣❛I ♣❤❛I❡ F❤L❡❡

✷✺



✸✳✶✳ ❊①♣❡A✐♠❡♥>❛❧ ▼❡>❤♦❞?

F✐♠❡I✳ ❚❤✐I F❡IF ❛❧I♦ I❡L✈❡I ❛I ❛♥ ❛❞❞✐F✐♦♥❛❧ IF❡♣ F♦ L❡♠♦✈❡ FL❛❝❡I ♦❢ ❛✐L ✐♥ F❤❡ L❡❛❝F♦L
❜❡❢♦L❡ L❡❛❝❤✐♥❣ ❤✐❣❤❡L F❡♠♣❡L❛F✉L❡I✳ ❋♦❧❧♦✇✐♥❣ F❤✐I✱ F❤❡ L❡❛❝F♦L ✇❛I ❤❡❛F❡❞ ✉♣ F♦ ✶✷✵ ➦❈✳
❙✉❜I❡N✉❡♥F❧②✱ ❈❖✷ ✇❛I I✉❜♠✐FF❡❞ F♦ F❤❡ L❡❛❝F♦L✱ ✐♥❝L❡❛I✐♥❣ F❤❡ ♣L❡II✉L❡ ✉♥F✐❧ F❤❡ F❛L✲
❣❡F ♣L❡II✉L❡ ♦❢ F❤❡ ❡①♣❡L✐♠❡♥F ✭I❡❡ ❈❤❛♣F❡L ✹✮✳ ❚❤❡ ❡①♣❡L✐♠❡♥FI ✇❡L❡ ❝❛LL✐❡❞ ♦✉F ✇✐F❤
✈❛L✐♦✉I ❞✉L❛F✐♦♥I✳ ❙❛♠♣❧❡I ✇❡L❡ F❛❦❡♥ ❞✉L✐♥❣ ❛♥❞ ❛❢F❡L F❤❡ ❡①♣❡L✐♠❡♥F✱ ❝♦♦❧✐♥❣ ❞♦✇♥ F♦
✸✺ ➦❈ ❛♥❞ ❞❡♣L❡II✉L✐③✐♥❣ F❤❡ ❡N✉✐♣♠❡♥F✳

❚❤❡ ❡①♣❡L✐♠❡♥F❛❧ ♣❧❛♥ ❤❛I ❜❡❡♥ I❡F ✉♣ ✐♥ ❢♦✉L ❣L♦✉♣I✳ ❈♦♠♠❡L❝✐❛❧ ❈❡❖✷ ✭❁ ✷✺ ♥♠✱
❙✐❣♠❛ ❆❧❞L✐❝❤✮ ✈❛L②✐♥❣ F❤❡ ♣L❡I❡♥❝❡ ♦❢ F❤❡ ❞❡❤②❞L❛F✐♥❣ ❛❣❡♥F ✷❈� ❛♥❞ F❤❡ ❊F❖❍ ❢❡❡❞
♠❛II ❤❛I ❜❡❡♥ ✉I❡❞ ✐♥✐F✐❛❧❧② F♦ ✈❡L✐❢② F❤❡ ❡N✉✐♣♠❡♥F✬I I✉✐F❛❜✐❧✐F② ✐♥ L❡♣L♦❞✉❝✐♥❣ F❤❡ ❞✐✲
L❡❝F I②♥F❤❡I✐I ❞❡I❝L✐❜❡❞ ✐♥ I✉❜I❡❝F✐♦♥ ✷✳✸✳✷✳ ❚❤❡ I❡❝♦♥❞ I❡L✐❡I ♦❢ F❡IFI ✐♥✈♦❧✈❡❞ ♠♦❞✐✜❡❞
❝❛LL✐❡LI ❞❡♣❧♦②❡❞ ✐♥ F❤❡ L❡❛❝F♦L ❛I ❝❛F❛❧②IFI F♦ ❛II❡II F❤❡✐L ♣L♦❞✉❝F✐✈✐F② ✉I✐♥❣ ✷❈�✳ ❚❤❡
✈❛L✐❛F✐♦♥ ♦❢ ❢❡❡❞ ❡F❤❛♥♦❧ ❝♦♥F❡♥F✱ F❡♠♣❡L❛F✉L❡✱ ❛♥❞ ♣L❡II✉L❡ I❤❛❧❧ ❣✐✈❡ ✐♥I✐❣❤F ✐♥F♦ F❤❡
✐♥✢✉❡♥❝❡ ♦❢ F❤❡I❡ ♣❛L❛♠❡F❡LI ♦♥ F❤❡ ❝❛F❛❧②IF✬I ♣L♦❞✉❝F✐✈✐F② ✐♥ F❤❡ L❡❛❝F✐♦♥ ❝❛LL✐❡❞ ♦✉F✳
❚❤❡ ❞❛F❛ ♦❜F❛✐♥❡❞ I❤❛❧❧ ❡♥❛❜❧❡ ❛ ❝♦♠♣❛L✐I♦♥ ♦❢ F❤❡ ❝✉IF♦♠✐③❡❞ ❝❛LL✐❡LI✬ ❝❛F❛❧②F✐❝ ❛❝F✐✈✐F②
❛♥❞ ❣❡♥❡L❛❧ ❡❧✐❣✐❜✐❧✐F② F♦ ❝♦♠♠❡L❝✐❛❧ ❈❡❖✷✳ ❚❤❡ F❤✐L❞ I❡L✐❡I ♦❢ ❡①♣❡L✐♠❡♥FI ✇❛I ❝❛LL✐❡❞
♦✉F ✇✐F❤ ❝❤♦I❡♥ ♠♦❞✐✜❡❞ ❝❛LL✐❡LI✱ ✇❛✐✈✐♥❣ F❤❡ ✉I❡ ♦❢ ❛ ❞❡❤②❞L❛F✐♥❣ ❛❣❡♥F✳ ❚❤❡ ❧❛IF ♣❛LF
♦❢ F❤❡ ❡①♣❡L✐♠❡♥F❛❧ FL✐❛❧ ✇❛I ❝❛LL✐❡❞ ♦✉F ❜② L❡✉I✐♥❣ ❛❧L❡❛❞② ❞❡♣❧♦②❡❞ ❝❛LL✐❡❞ F♦ ♦❜I❡L✈❡
F❤❡✐L ❞❡❝❧✐♥❡ ✐♥ ❛❝F✐✈✐F② ❞❡♣❡♥❞✐♥❣ ♦♥ F❤❡✐L ✉I❛❣❡✳ ❚❤❡ ❡①♣❡L✐♠❡♥FI ✇❡L❡ ❣❡♥❡L❛❧❧② ❝❛LL✐❡❞
♦✉F ❛F ✶✷✵ ➦❈ ❛♥❞ ♦♥ ❛♥ ❛❜I♦❧✉F❡ ♣L❡II✉L❡ ♦❢ ✹✵ ❜❛L✳ ❚❤❡ ❢❡❡❞ ♠❛II ♦❢ ❊F❖❍✱ ✷❈�✱ ❛♥❞ F❤❡
♠❛II ♦❢ F❤❡ ❝❛LL✐❡LI✴❝❛F❛❧②IF ✇❡L❡ ♣❛L❛♠❡F❡LI F❤❛F ❤❛✈❡ ❜❡❡♥ ✈❛L✐❡❞✳ ▼♦L❡ ✐♥❢♦L♠❛F✐♦♥ ♦♥
F❤❡ I✉❜IF❛♥❝❡ N✉❛♥F✐F✐❡I ✉I❡❞ ❛L❡ ❛✈❛✐❧❛❜❧❡ ✐♥ F❤❡ ❚❛❜❧❡I ❝❧♦I❡ F♦ F❤❡ L❡I✉❧FI ✭❚❛❜❧❡I ✻ ✲ ✾✮
✐♥ I❡❝F✐♦♥ ✹✳✶✳

❚❤❡ ②✐❡❧❞ ♦❢ F❤❡ L❡❛❝F✐♦♥I ✇❛I ❝❛❧❝✉❧❛F❡❞ ❛❝❝♦L❞✐♥❣ F♦ ❊N✳ ✷✵✳ ❚❤❡ ♦❜F❛✐♥❡❞ I❛♠♣❧❡ ♠❛II
♦❢ ❉❊❈ ✇❛I L❡❢❡L❡♥❝❡❞ F♦ F❤❡ ❢❡❡❞ ♠❛II ♦❢ ❊F❖❍✳

YDEC =
nDEC

0.5× nEtOH

✭✷✵✮

❚❤❡ ❝❛LL✐❡L✬I ❝❛F❛❧②F✐❝ ♣L♦❞✉❝F✐✈✐F② L❡❧❛F❡❞ F♦ F❤❡ ❝❛LL✐❡L ♠❛II Pcarrier ❛♥❞ F❤❡ ❝❛F❛❧②IF✬I
♠❛II Pcat ♦♥ F❤❡ ❝❛LL✐❡LI ✇❡L❡ ❝❛❧❝✉❧❛F❡❞ ❛❝❝♦L❞✐♥❣ F♦ ❊N✳ ✷✶✳

Pcarrier =
mtotal × cDEC

mcarrier ×Δt
, Pcat =

mtotal × cDEC

mcat ×Δt
✭✷✶✮

✸✳✶✳✹ L❡A✈❛♣♦A❛?✐♦♥ @❡?✉♣

▼✐①F✉L❡I ♦❢ ✈❛L✐♦✉I ❝♦♥❝❡♥FL❛F✐♦♥I ❝♦♥I✐IF✐♥❣ ♦❢ ❞❡✐♦♥✐③❡❞ ❊F❖❍✱ ❉❊❈✱ ❛♥❞ ✇❛F❡L ✇❡L❡
♣L❡♣❛L❡❞ ❢♦L ❡①♣❡L✐♠❡♥FI✳ ❆♣♣L♦①✐♠❛F❡❧② ✶ ▲ ♦❢ F❤❡ ♣L❡♣❛L❡❞ ♠✐①F✉L❡I ✇❡L❡ ✐♥FL♦❞✉❝❡❞
✐♥F♦ F❤❡ ❢❡❡❞ F❛♥❦ ❛♥❞ ♣✉♠♣❡❞ F❤L♦✉❣❤ ❛ ❤♦F ✇❛F❡L ❜❛F❤ F♦ L❡❛❝❤ F❤❡ ❛✐♠❡❞ ♦♣❡L❛F✐♥❣
F❡♠♣❡L❛F✉L❡✳ ❚❤❡ ✇❛F❡L ❜❛F❤ ❤❡❛F❡❞ ❛♥♦F❤❡L F✉❜❡ ❡♥❝❧♦I✐♥❣ F❤❡ ♠❡♠❜L❛♥❡ ♠♦❞✉❧❡✳ ▼♦L❡
❞❡F❛✐❧I ♦♥ F❤❡ ♠❡F❤♦❞I ❢♦L F❤❡ ❡①♣❡L✐♠❡♥FI ✭❡✳❣✳✱ ❛♣♣❧✐❡❞ ♠❡♠❜L❛♥❡I✱ ♣❛L❛♠❡F❡LI ♦❢ ❡①✲
♣❡L✐♠❡♥FI✮ ❤❛✈❡ ❜❡❡♥ ♣✉❜❧✐I❤❡❞ ✐♥ ❏♦✉J♥❛❧ [✉❜❧✐❝❛F✐♦♥ ■■✳

❚❤❡ I②IF❡♠ ✇❛I ♣L❡II✉L✐③❡❞ ❜② ✐♥FL♦❞✉❝✐♥❣ ❈❖✷ ♦♥ F❤❡ ❢❡❡❞ I✐❞❡✳ ❚❤❡ ♣❡L♠❡❛F❡ I✐❞❡ ♦❢
F❤❡ I②IF❡♠ ✇❛I ♦♣❡L❛F❡❞ ✇✐F❤ ❛ ❝♦♥F✐♥✉♦✉I I✇❡❡♣ ❣❛I ✢♦✇ ♦❢ ♥✐FL♦❣❡♥ ✭◆✷✮ ❛F ❛♠❜✐❡♥F
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❈❤❛♣>❡A ✸✳ ▼❡>❤♦❞♦❧♦❣②

♣L❡II✉L❡✳ ❚❤❡ ♣❡L♠❡❛F❡ ✇❛I ❝♦❧❧❡❝F❡❞ ✐♥ F✇♦ IF❡♣I ❜② ❝♦♥❞❡♥I❛F✐♦♥ ✉I✐♥❣ ❛ ▲✐❡❜✐❣ ❝♦♦❧❡L
✇✐F❤ ❛ ❝♦❧❧❡❝F✐♦♥ ✢❛I❦ ❛♥❞✱ I✉❜I❡N✉❡♥F❧②✱ ❛ I❛❧F❡❞ ✐❝❡✕✇❛F❡L ♠✐①F✉L❡ L❡❛❝❤✐♥❣ F❡♠♣❡L❛✲
F✉L❡I ❜❡F✇❡❡♥ ✕✶✺ ➦❈ ❛♥❞ ✕✷✵ ➦❈✳ ■♥ ❝❛I❡I ♦❢ ❧♦✇ ♣❡L♠❡❛F❡ ✢♦✇✱ F❤❡ ▲✐❡❜✐❣ ❝♦♥❞❡♥I❡L
✇❛I ❜②♣❛II❡❞✳ ❚❤❡ ✈♦❧✉♠❡FL✐❝ ✢♦✇ ♦❢ F❤❡ ❝✐L❝✉❧❛F✐♥❣ ♠✐①F✉L❡ ✇❛I ♦♣❡L❛F❡❞ ❜❡F✇❡❡♥
✶✳✺ ✕✶✳✼ ▲✴♠✐♥✳ ❚❤❡ ❢❡❡❞ I✐❞❡ ♦❢ F❤❡ ❡N✉✐♣♠❡♥F ✇❛I ♦♣❡L❛F❡❞ ✐♥ ❛ ❝❧♦I❡❞ ❝✐L❝❧❡✳ ❚❤✉I✱ F❤❡
L❡F❡♥F❛F❡ ♦❢ ❛ ❝②❝❧❡ ✐I F❤❡ ❢❡❡❞ ♦❢ F❤❡ I✉❜I❡N✉❡♥F ❝②❝❧❡✳ ❆♥ ✐❧❧✉IFL❛F✐♦♥ ♦❢ F❤❡ ♣❡L✈❛♣♦L❛✲
F✐♦♥ ❡N✉✐♣♠❡♥F ✐I ♣♦LFL❛②❡❞ ✐♥ ❋✐❣✉L❡ ✶✶✳

❋✐❣✉<❡ ✶✶✿ ❙❝❤❡♠❛Q✐❝ ✐❧❧✉SQU❛Q✐♦♥ ♦❢ Q❤❡ ♣❡U✈❛♣♦U❛Q✐♦♥ S❡Q✉♣

❚❤❡ I②IF❡♠ ✇❛I ✢✉I❤❡❞ ✇✐F❤ ❊F❖❍ F♦ L❡♠♦✈❡ ❝♦♥F❛♠✐♥❛♥FI ♣L✐♦L F♦ ❡❛❝❤ F❡IF✳ ❊❛❝❤
❡①♣❡L✐♠❡♥F✬I ❢❡❡❞ ✇❛I L✉♥♥✐♥❣ F❤L♦✉❣❤ F❤❡ I②IF❡♠ ❢♦L ❃ ✸✵ ♠✐♥ F♦ ❡IF❛❜❧✐I❤ ❤♦♠♦❣❡♥✐③❛✲
F✐♦♥✱ ✐♥❝❧✉❞✐♥❣ F❤❡ L❡♠❛✐♥✐♥❣ ❞❡❛❞ ✈♦❧✉♠❡I✱ IF❛❜❧❡ F❡♠♣❡L❛F✉L❡I✱ ❛♥❞ ♣L❡II✉L❡✳ ❚❤❡ ✐❞❡❛❧
I❡❧❡❝F✐✈✐F② α ❢♦L ✇❛F❡L ♦✈❡L ❊F❖❍ ✇❛I ❝❛❧❝✉❧❛F❡❞ ❛❝❝♦L❞✐♥❣ F♦ ❊N✳ ✷✷✳

αH2O/EtOH =
wH2Operm

/wEtOHperm

wH2Ofeed
/wEtOHfeed

✭✷✷✮

❚❤❡ ✢♦✇ ♣❛II✐♥❣ F❤L♦✉❣❤ F❤❡ ♠❡♠❜L❛♥❡ ❝❛♥ ❜❡ ❡✐F❤❡L ❝❛❧❝✉❧❛F❡❞ ❜② ✉I✐♥❣ F❤❡ I♦❧✉✲
F✐♦♥✕❞✐✛✉I✐♦♥✕♠♦❞❡❧ ❏♦✉J♥❛❧ [✉❜❧✐❝❛F✐♦♥ ■■✱ ❏♦✉J♥❛❧ [✉❜❧✐❝❛F✐♦♥ ■■■ ♦L ❝❛❧❝✉❧❛F❡❞
❢L♦♠ F❤❡ ♠❛II mtotal ②✐❡❧❞❡❞ ♣❡L F✐♠❡ Δt ❛♥❞ ♠❡♠❜L❛♥❡ I✉L❢❛❝❡ ❛L❡❛ A = 0.00565 m2✳
❚❤❡ ✢✉① J̇ ✇❛I ❝❛❧❝✉❧❛F❡❞ ❛❝❝♦L❞✐♥❣ F♦ ❊N✳ ✷✸✳

J̇total =
mtotal

A×Δt
, J̇i =

mtotal × wi

A×Δt
✭✷✸✮

❆I F❤❡ L❡❧❛F✐♦♥ ♦❢ F❤❡ ♠❛II ✢♦✇ ♦❢ F❤❡ ♣❡L♠❡❛F✐♥❣ ❝♦♠♣♦✉♥❞ ❞❡♣❡♥❞✐♥❣ ♦♥ F❤❡ ♣❛LF✐❛❧
♣L❡II✉L❡ ❞✐✛❡L❡♥❝❡ Δpi F❤❡ ♣❡L♠❡❛♥❝❡ Qi ❢♦L ❡❛❝❤ ❝♦♠♣♦✉♥❞ ✐I ❝❛❧❝✉❧❛F❡❞ ❛I ✐♥ ❊N✳ ✷✹✳

✷✼
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❚❛❜❧❡ ✺✿ ●❈✕❋■❉ ♠❡Q❤♦❞ ♣❛U❛♠❡Q❡US

�❛L❛♠❡F❡LI ❛❧✉❡ ♥✐F

❈❛LL✐❡L ❣❛I ❍❡❧✐✉♠ −
�L❡II✉L❡ ❝❛LL✐❡L ❣❛I ✻✹✳✻ kPa
❚♦F❛❧ ✢♦✇ ❝❛LL✐❡L ❣❛I ✹✵✺✳✾ mL/min
❈♦❧✉♠♥ ✢♦✇ ❝❛LL✐❡L ❣❛I ✼✳✾ mL/min
▲✐♥❡❛L ✈❡❧♦❝✐F② ❝❛LL✐❡L ❣❛I ✹✺✳✽ cm/s
�✉L❣❡ ✢♦✇ ✸✳✵ mL/min
■♥❥❡❝F✐♦♥ ✈♦❧✉♠❡ ✶✳✵ µL
❚❡♠♣❡L❛F✉L❡ ■♥❥❡❝F♦L ✶✽✵✳✵ ◦C
❙♣❧✐F L❛F✐♦ ✺✵✳✵ −
❚❡♠♣❡L❛F✉L❡ ❞❡F❡❝F♦L ✷✽✵✳✵ ◦C
❍❡❧✐✉♠ ✢♦✇ ✸✵✳✵ mL/min
❍②❞L♦❣❡♥ ✢♦✇ ✹✵✳✵ mL/min
❆✐L ✢♦✇ ✹✵✵✳✵ mL
❝♦❧✉♠♥ IF❛LF F❡♠♣ ✸✵ ◦C

Qi =
J̇i
Δpi

=
mtotal × wi

A×Δt×Δpi
✭✷✹✮

❚❤❡ ♠❡♠❜L❛♥❡I ❤❛✈❡ ❜❡❡♥ ♦♣❡L❛F❡❞ ✇✐F❤ ❛ I✇❡❡♣ ❣❛I F♦ ❦❡❡♣ F❤❡ ♣❡L♠❡❛F✐♥❣ ❝♦♠♣♦✉♥❞I✬
♣❛LF✐❛❧ ♣L❡II✉L❡ ✈❡L② ❧♦✇✳ ❚❤✉I✱ ■F ✇❛I ❛II✉♠❡❞ F❤❛F F❤❡ ♣❛LF✐❛❧ ♣L❡II✉L❡ ♦♥ F❤❡ ♣❡L♠❡❛F❡
I✐❞❡ ✇❛I ♥❡❣❧✐❣✐❜❧❡ ❛♥❞ F❤❡L❡❢♦L❡ Δpi ≈ pi,F ✳

✸✳✶✳✺ ❆♥❛❧②?✐❝@

●❈✕❋■❉

❚❤❡ ❢❡❡❞✱ L❡F❡♥F❛F❡✱ ❛♥❞ ♣❡L♠❡❛F❡ I❛♠♣❧❡I ❛❝N✉✐L❡❞ ✐♥ F❤❡ ❡①♣❡L✐♠❡♥FI ♦❢ ❏♦✉J♥❛❧ [✉❜✲
❧✐❝❛F✐♦♥ ■■✱ F❤❡ ♣L♦❞✉❝FI ♦❢ ❞❡❝♦♠♣♦I✐♥❣ ❉❊❈ ✐♥ F❤❡ ❡①♣❡L✐♠❡♥FI ♦❢ ❏♦✉J♥❛❧ [✉❜❧✐✲
❝❛F✐♦♥ ■ ❛♥❞ F❤❡ ♣L♦❞✉❝FI ❢L♦♠ F❤❡ ❉❊❈ I②♥F❤❡I✐I ❡①♣❡L✐♠❡♥FI ✐♥ I✉❜I❡❝F✐♦♥ ✹✳✶✳✶ ❛♥❞
✐♥ [❛F❡♥F ❤❛✈❡ ❜❡❡♥ ❛♥❛❧②③❡❞ ✉I✐♥❣ ❛ ❣❛I ❝❤L♦♠❛F♦❣L❛♣❤ ✭❙❤✐♠❛❞③✉ ●❈✲✷✵✶✵✱ ❑②✠♦F♦✱
❏❛♣❛♥✮ ✇✐F❤ ❛ ✢❛♠❡ ✐♦♥✐③❛F✐♦♥ ❞❡F❡❝F♦L ✭●❈✕❋■❉✮ ❡N✉✐♣♣❡❞ ✇✐F❤ ❛ ❙❤✐♠❛❞③✉ ❆❖❈✕✺✵✵✵
❛✉F♦I❛♠♣❧❡L ❛♥❞ ❛ ❘❡IF❡❦ ❘❚ ✈♦❧❛F✐❧❡I ❝❛♣✐❧❧❛L② ❝♦❧✉♠♥ ✭✻✵ ♠ ❧❡♥❣F❤✱ ✵✳✺✸ ♠♠ ✐♥♥❡L
❞✐❛♠❡F❡L✱ ✜❧♠ F❤✐❝❦♥❡II ✷ ➭♠✱ ❇❛❞ ❍♦♠❜✉L❣ ✈✳ ❞✳ ❍!❤❡✱ ●❡L♠❛♥②✮✳ ❚❤❡ ❝♦♠♣♦I✐F✐♦♥I ♦❢
F❤❡ I❛♠♣❧❡I ✇❡L❡ ❛II❡II❡❞ ✉I✐♥❣ IF❛♥❞❛L❞I ♠❛✐♥❧② ❝♦♥I✐IF✐♥❣ ♦❢ ❊F❖❍✱ ❉❊❈✱ ❛♥❞ ✇❛F❡L ✐♥
❞✐✛❡L✐♥❣ ❝♦♥❝❡♥FL❛F✐♦♥I✳ ❋✉LF❤❡L IF❛♥❞❛L❞I ❛❧I♦ ✐♥❝❧✉❞❡❞ ✷❈�✳ ❚❤❡ ❣❡♥❡L❛❧ I❡FF✐♥❣I ❛♥❞
♠❡F❤♦❞ ♦❢ ♠❡❛I✉L❡♠❡♥F ❛L❡ ♣L♦✈✐❞❡❞ ✐♥ ❚❛❜❧❡ ✺ ❛♥❞ ❋✐❣✉L❡ ✶✷✳

❚❤❡ I❛♠♣❧❡ ♠❡❛I✉L❡❞ ✐♥ ❋✐❣✉L❡ ✶✷ ✇❛I ♦❜F❛✐♥❡❞ ❢L♦♠ F❤❡ ❡①♣❡L✐♠❡♥F ❘✶✷ ✭I❡❡ ✹✳✶✳✶✮✳ ❚❤❡
♣❡❛❦I ♦❝❝✉LL✐♥❣ ♦♥ F❤❡ ❝❤L♦♠❛F♦❣L❛♠ ❛L❡ ❝❧❡❛L❧② I❡♣❛L❛F❡❞✱ ♠❛❦✐♥❣ F❤❡ L❡F❡♥F✐♦♥ F✐♠❡I
♦❢ ❛❧❧ ❝♦♠♣♦✉♥❞I L❡❝♦❣♥✐③❛❜❧❡✳ ❚♦❧✉❡♥❡✱ ❞✐♦①❛♥❡✱ ❛♥❞ ♣✐❝♦❧✐♥❛♠✐❞❡✴✷❈� ✇❡L❡ ♦❜I❡L✈❡❞
❛❧♦♥❣I✐❞❡ F❤❡ ♣L❡❞♦♠✐♥❛♥F ❊F❖❍ ♣❡❛❦✳ ❊F❖❍ ✇❛I ♦❜F❛✐♥❡❞ ❞❡♥❛F✉L❡❞ ✇✐F❤ F♦❧✉❡♥❡✱
L❡I✉❧F✐♥❣ ✐♥ ✐FI ♣L❡I❡♥❝❡ ✐♥ F❤❡ ❝❤L♦♠❛F♦❣L❛♠✳ ❉✐♦①❛♥❡ ✇❛I ✉I❡❞ F♦ L✐♥I❡ F❤❡ I②L✐♥❣❡

✷✽
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❋✐❣✉<❡ ✶✷✿ ❚❡♠♣❡U❛Q✉U❡ U❛♠♣S ❛♥❞ ♣❡❛❦ ✐❞❡♥Q✐✜❝❛Q✐♦♥ ❢♦U ❛ ●❈✕❋■❉
♠❡❛S✉U❡♠❡♥Q ❢♦U ❛♥ ❡①❡♠♣❧❛U② S❛♠♣❧❡ ✭S♦✉U❝❡✲✜❧❡ U❡❛❞ ✇✐Q❤ ❖♣❡♥❈❤U♦♠✮

❜❡F✇❡❡♥ F❤❡ ♠❡❛I✉L❡♠❡♥FI✱ ❝❛✉I✐♥❣ FL❛❝❡I F♦ ❜❡ ❞❡F❡❝F❡❞ ✐♥ F❤❡ L❡I✉❧FI✳

❋♦✉J✐❡J✕FJ❛♥H❢♦J♠ ✐♥❢J❛J❡❞ H♣❡❝FJ♦H❝♦♣② ✕ ❆FF❡♥✉❛F❡❞ F♦F❛❧ J❡✢❡❝F❛♥❝❡

❆ ❡LF❡① ✼✵ ✭❇L✉❦❡L✮ ✇❛I ✉I❡❞ F♦ ♦❜F❛✐♥ ■♥❢L❛L❡❞ I♣❡❝FL❛ ✭❋❚■❘✕❆❚❘✮ ✇❤✐❝❤ ✇❡L❡ ❛I✲
I❡II❡❞ ✇✐F❤ ♣❛LF✐❛❧ ❧❡❛IF IN✉❛L❡I ✭�▲❙✮ ♠♦❞❡❧✐♥❣ F♦ ♦❜F❛✐♥ N✉❛❧✐F❛F✐✈❡ ❛♥❞ N✉❛♥F✐F❛F✐✈❡
L❡I✉❧FI✳ ❋❚■❘✕❆❚❘ ✇❛I ✉I❡❞ F♦ ❝❤❛L❛❝F❡L✐③❡ I❛♠♣❧❡I ❢L♦♠ F❤❡ ♠❡♠❜L❛♥❡ ❡①♣❡L✐♠❡♥FI
❏♦✉J♥❛❧ [✉❜❧✐❝❛F✐♦♥ ■■ ❛♥❞ F❤❡ I②♥F❤❡I✐I ♦❢ ❉❊❈ [❛F❡♥F✳

❑❛J❧✕❋✐H❝❤❡J ❚✐FJ❛F✐♦♥

❚❤❡ N✉❛♥F✐F❛F✐✈❡ ❛♥❛❧②I❡I ♦❢ ✇❛F❡L ✇❡L❡ ❝❛LL✐❡❞ ♦✉F ✉I✐♥❣ ❛♥ ❊❝♦ ❑❋ ❚✐FL❛F♦L ✭▼❡FL♦❤♠✮
❢♦L ❑❛L❧ ❋✐I❝❤❡L F✐FL❛F✐♦♥ ✭❑❋❚✮✳ ❚❤❡ I❛♠♣❧❡I ❛♥❛❧②③❡❞ ✇❡L❡ F❛❦❡♥ ❢L♦♠ F❤❡ ❡①♣❡L✐♠❡♥FI
❢♦L ❏♦✉J♥❛❧ [✉❜❧✐❝❛F✐♦♥ ■■✱ [❛F❡♥F✳ ❚❤❡ ✐♥❥❡❝F✐♦♥ ✈♦❧✉♠❡ ♦❢ F❤❡ I❛♠♣❧❡ ✈❛L✐❡❞ ❜❡✲
F✇❡❡♥ ✷✺ ✕ ✶✵✵✵ ➭▲✳

✸✳✷ 7A♦❝❡?? ?✐♠✉❧❛=✐♦♥

▼❛II ❛♥❞ ❡♥❡L❣② ❜❛❧❛♥❝❡I ❛L❡ ✐♥❡✈✐F❛❜❧❡ ✐♥ ♦❜F❛✐♥✐♥❣ ❡①♣L❡II✐✈❡ ✐♥❢♦L♠❛F✐♦♥ ❛❜♦✉F F❤❡
✇❤♦❧❡ ♣L♦❝❡II✳ ❚❤❡L❡❢♦L❡✱ ♣❧❛♥F ❞❡I✐❣♥I ✇❡L❡ ♠❛✐♥❧② ♠♦❞❡❧❡❞ ✉I✐♥❣ ❉❙■▼ ✭✻✳✵✳✵ ✕
✽✳✽✳✶✮ ❛I ❛ ♣L♦❝❡II I✐♠✉❧❛F♦L ❏♦✉J♥❛❧ [✉❜❧✐❝❛F✐♦♥ ■■■✱ [❛F❡♥F✳ ❆I♣❡♥ �❧✉I ✇❛I
I♣♦L❛❞✐❝❛❧❧② ✉I❡❞ ❢♦L ❝♦♠♣❛L✐I♦♥I ❛♥❞ ❢♦L F❤❡ L❡♠❛✐♥✐♥❣ I✐♠✉❧❛F✐♦♥I✳ ❇♦F❤ ❉❙■▼ ❛♥❞
❆I♣❡♥ �❧✉I ❛L❡ I❡N✉❡♥F✐❛❧ I✐♠✉❧❛F♦LI I♦❧✈✐♥❣ IF❡❛❞②✕IF❛F❡ ❝❛❧❝✉❧❛F✐♦♥✳ ❆I♣❡♥ �❧✉I ✐I ❛♥
❡IF❛❜❧✐I❤❡❞✱ ✇✐❞❡❧② ✉I❡❞ I♦❢F✇❛L❡ ✇✐F❤ ❛ ❦♥♦✇♥ I❝♦♣❡ ♦❢ ♣❡L❢♦L♠❛♥❝❡✳ ❉❙■▼ ✐I ❝♦♠✲
♠♦♥❧② ❞❡I❝L✐❜❡❞ ❛I I♦❢F✇❛L❡ ✇✐F❤ I✐♠✐❧❛L ❢✉♥❝F✐♦♥❛❧✐F② ❛I ❛♥ ♦♣❡♥✕I♦✉L❝❡ ❛❧F❡L♥❛F✐✈❡✳ ■F
♣L♦✈✐❞❡I ❛ F♦♦❧I❡F F♦ ❝L❡❛F❡ ♠♦❞❡❧I ❛♥❞ ❝❛❧❝✉❧❛F✐♦♥I ❛♥❞ F♦ ✐♥❝L❡❛I❡ F❤❡ ✢❡①✐❜✐❧✐F② ♦❢ ❛❧✲
L❡❛❞② ❛✈❛✐❧❛❜❧❡ ♠♦❞❡❧I✳ ✶✹✼ ❚❤❡ ♠♦❞❡❧ ❧✐❜L❛L② ✇❛I ❡①F❡♥❞❡❞ ❜② ❛ ❝✉IF♦♠ ♠❡♠❜L❛♥❡

✷✾



✸✳✷✳ MA♦❝❡?? ?✐♠✉❧❛>✐♦♥

♠♦❞❡❧ ❏♦✉J♥❛❧ [✉❜❧✐❝❛F✐♦♥ ■■■✱ ♦❢ ✇❤✐❝❤ F❤❡ ❞❡✈❡❧♦♣♠❡♥F ✐I ❡❧❛❜♦L❛F❡❞ ✐♥ ♠♦L❡ ❞❡F❛✐❧
✐♥ I❡❝F✐♦♥ ✸✳✸✳

✸✳✷✳✶ ❉✐A❡❝? ❉❊❈ @②♥?❤❡@✐@

❙✉❜IF❛♥❝❡✕I♣❡❝✐✜❝ ✈❛❧✉❡I ❤❛✈❡ ❜❡❡♥ ✐♥❝❧✉❞❡❞ ❢L♦♠ ❈❤❡♠❙❡♣ ❜② ❉❙■▼✳ ❚❤❡ ❞✐L❡❝F I②♥✲
F❤❡I✐I L❡❛❝F✐♦♥ ✭❊N✳ ✽✮ ✇❛I ♠♦❞❡❧❡❞ ❛F ✶✷✵ ➦❈ ❛♥❞ ✹✵ ❜❛L ✇✐F❤ ❛♥ ❡N✉✐❧✐❜L✐✉♠ L❡❛❝F♦L ✉I✐♥❣
K❡> ❂ ✷✳✻✾✽×✶✵✲✺ ✭❝❛❧❝✉❧❛F❡❞ ❢L♦♠ F❤❡ F❤❡L♠♦❞②♥❛♠✐❝ ❞❛F❛ ✐♥ ❚❛❜❧❡ ✸✮ ❛I F❤❡ ❡N✉✐❧✐❜L✐✉♠
❝♦♥IF❛♥F ❛♥❞ ❛ ●✐❜❜I L❡❛❝F♦L✳ ❚❤❡ I❡♣❛L❛F✐♦♥ ♦❢ F❤❡ ♣L♦❞✉❝F ✇❛I ❜❛I❡❞ ♦♥ ❛ ❝✉IF♦♠ ♠❡♠✲
❜L❛♥❡ ♠♦❞❡❧ ✐♥ ❉❙■▼ ❏♦✉J♥❛❧ [✉❜❧✐❝❛F✐♦♥ ■■✱ ❏♦✉J♥❛❧ [✉❜❧✐❝❛F✐♦♥ ■■■✳ ❚❤❡
✢♦✇I❤❡❡F ♦❢ F❤❡ ❉❊❈ I②♥F❤❡I✐I ♣L♦❝❡II ✐I ♣♦LFL❛②❡❞ ✐♥ ❋✐❣✉L❡ ✶✸✳

❋✐❣✉<❡ ✶✸✿ ❋❧♦✇S❤❡❡Q ♦❢ ❉❙■▼ S✐♠✉❧❛Q✐♦♥ ❢♦U ❉❊❈ S②♥Q❤❡S✐S

✶ ♠♦❧ ♦❢ ❈❖✷ ❛♥❞ ✷ ♠♦❧ ❊F❖❍ ❛L❡ ❡❛❝❤ ✐♥FL♦❞✉❝❡❞ F♦ F❤❡ ✢♦✇I❤❡❡F ♦♥ F❤❡ ❢❡❡❞ IFL❡❛♠
❛F ✶✷✵ ➦❈ ❛♥❞ ✹✵ ❜❛L ❛♥❞ ❧❡❛❞ ✐♥F♦ F❤❡ L❡❛❝F♦L✳ ❆❢F❡L F❤❡ L❡❛❝F✐♦♥✱ F❤❡ ✐♥✐F✐❛❧ I❡♣❛L❛F❡❞
❣❛I❡♦✉I ❛♥❞ ❧✐N✉✐❞ ♣L♦❞✉❝F IFL❡❛♠I ❛L❡ ❛❝❝✉♠✉❧❛F❡❞ ❜② F❤❡ ♠✐①❡L ▼✶ ❛♥❞ ❢❡❞ ✐♥F♦ F❤❡
♣❡L✈❛♣♦L❛F✐♦♥ ♠❡♠❜L❛♥❡ ♠♦❞❡❧ �✶✳ ❚❤❡ ♠❡♠❜L❛♥❡ ✐I I✐♠✉❧❛F❡❞ ✐♥ ❝♦✕❝✉LL❡♥F ✢♦✇
♠♦❞❡ ❛♥❞ ♦♣❡L❛F❡❞ ✉I✐♥❣ ❛ ♣❡L♠❡❛F❡ ♣L❡II✉L❡ ♦❢ pp = 2000 Pa ♦♥ F❤❡ ♣❡L♠❡❛F❡ I✐❞❡✳ ❚❤❡

♣❡L♠❡❛♥❝❡ ♦❢ ✇❛F❡L QH2O = 1.675× 10−9 mol

Pa×m2 × s
❛♥❞ F❤❡ ✐❞❡❛❧ I❡❧❡❝F✐✈✐F② ♦❢ ✇❛F❡L

♦✈❡L ❊F❖❍ ❤❛✈❡ αH2O/EtOH = 3800 ❤❛✈❡ ❜❡❡♥ F❛❦❡♥ ❢L♦♠ ❡①♣❡L✐♠❡♥F❛❧❧② ❛II❡II❡❞ L❡I✉❧FI
❢♦L F❤❡ ❊❇❘❊ ✵ ♠❡♠❜L❛♥❡ ❏♦✉J♥❛❧ [✉❜❧✐❝❛F✐♦♥ ■■✳ ❚❤❡ ♣❡L♠❡❛♥❝❡ ♦❢ ❊F❖❍

QEtOH = 4.408× 10−13 mol

Pa×m2 × s
❤❛I ❜❡❡♥ ❝❛❧❝✉❧❛F❡❞ ❛❝❝♦L❞✐♥❣ F♦ ❊N✳ ✷✺✳

Qi

Qj

= αi/j ✭✷✺✮

❙✐♥❝❡ ♥❡✐F❤❡L ❈❖✷ ♥♦L ❉❊❈ ❤❛✈❡ ❜❡❡♥ ❞❡F❡❝F❡❞ ✐♥ F❤❡ ♣❡L♠❡❛F❡ IFL❡❛♠ ✐♥ F❤❡ ❊❇❘❊ ✵
♠❡♠❜L❛♥❡ ❡①♣❡L✐♠❡♥FI ❏♦✉J♥❛❧ [✉❜❧✐❝❛F✐♦♥ ■■✱ F❤❡ ♣❡L♠❡❛♥❝❡I ♦❢ ❜♦F❤ ❝♦♠♣♦✉♥❞I

✸✵



❈❤❛♣>❡A ✸✳ ▼❡>❤♦❞♦❧♦❣②

❤❛✈❡ ❜❡❡♥ I❡F F♦ QCO2 = QDEC = 4.4× 10−20 mol
Pa×m2×s

F♦ ♠♦❞❡❧ ❛ ✢✉① ✇❤✐❝❤ ✐I ♣L❛❝F✐❝❛❧❧②
③❡L♦✳ ❚❤❡ ♣❡L♠❡❛F❡ ❧❡❛✈❡I F❤❡ ✢♦✇I❤❡❡F ✐♥ F❤❡ ❢♦❧❧♦✇✐♥❣✳

❚❤❡ L❡F❡♥F❛F❡ IFL❡❛♠ ♦❢ F❤❡ ♠❡♠❜L❛♥❡ L✉♥I F❤L♦✉❣❤ ❛ �✉♠♣ �✶ ❛♥❞ I✉❜I❡N✉❡♥F❧② ❛ ❤❡❛F
❡①❝❤❛♥❣❡L ❚✶ ✐♥ ✇❤✐❝❤ F❤❡ ♣L❡II✉L❡ ❛♥❞ F❡♠♣❡L❛F✉L❡ ❛L❡ ❛❞❥✉IF❡❞ ❜❛❝❦ F♦ ✶✷✵ ➦❈ ❛♥❞
✹✵ ❜❛L✳ ❚❤❡ L❡❝②❝❧❡❞ IFL❡❛♠ ✭✏❝✐L❝✉❧❛F❡ ♣L❡♠✐①✑✮ ✐I L❡✐♥FL♦❞✉❝❡❞ ❛I F❤❡ ❢❡❡❞ IFL❡❛♠ ❢♦L
F❤❡ L❡❛❝F♦L ❜② L✉♥♥✐♥❣ F❤L♦✉❣❤ ❛ L❡❝②❝❧❡ ❜❧♦❝❦✳

✸✳✷✳✷ ❆♠♠♦♥✐❛ ❞❡❝♦♠♣♦@✐?✐♦♥

❚❤❡ I✐♠✉❧❛F✐♦♥ ♦❢ ❛♠♠♦♥✐❛ ❞❡❝♦♠♣♦I✐F✐♦♥ ✇❛I ❝❛LL✐❡❞ ♦✉F ❛I ❛ ❝❛I❡ IF✉❞② F♦ ✐♥❝L❡❛I❡
✐♥I✐❣❤F ✐♥F♦ F❤❡ ♣♦F❡♥F✐❛❧ ♦❢ ❛♠♠♦♥✐❛ ✉I❡❞ ❛I ❛♥ ❡♥❡L❣② IF♦L❛❣❡ ♠❛F❡L✐❛❧✳ ❚❤❡ ♣L♦❞✉❝FI
♦❢ ❛ ❝♦♠♣❧❡F❡ ❛♠♠♦♥✐❛ ❞❡❝♦♠♣♦I✐F✐♦♥ ❝♦♥I✐IF ♦❢ ❍✷ ❛♥❞ ◆✷✳ ▼❡♠❜L❛♥❡ F❡❝❤♥♦❧♦❣② ❝♦✉❧❞
❜❡ ❛ ❤✐❣❤❧② ❡✣❝✐❡♥F ♠❡F❤♦❞ F♦ ♣✉L✐❢② ❍✷ F♦ ❡❧❡✈❛F❡❞ ♣✉L✐F✐❡I✱ F❤✉I ♣L♦✈✐❞✐♥❣ ♦♣♣♦LF✉♥✐F✐❡I
❢♦L I✉❜I❡N✉❡♥F ♣L♦❝❡II❡I✳ ❚❤❡ ♠❡♠❜L❛♥❡ ♠♦❞❡❧✱ ✇❤✐❝❤ ✇❛I ❞❡✈❡❧♦♣❡❞ ✐♥ ❏♦✉J♥❛❧ [✉❜✲
❧✐❝❛F✐♦♥ ■■■✱ ❤❛I ❜❡❡♥ ✉I❡❞ F♦ ♣L❡❞✐❝F F❤❡ ✢♦✇ ❛♥❞ N✉❛❧✐F② ♦❢ F❤❡ ♦✉F♣✉F F❤❛F ❝♦✉❧❞ ❜❡
❛❝❤✐❡✈❡❞✳ ❚❤✐I IF✉❞② F❤✉I L❡♣L❡I❡♥FI ❛ ❢✉LF❤❡L ❛♣♣❧✐❝❛F✐♦♥ ♦❢ F❤❡ ❛❧❣♦L✐F❤♠✳ ❚❤❡ ✢♦✇I❤❡❡F
♦❢ F❤❡ ♠❡♠❜L❛♥❡ I❡♣❛L❛F✐♦♥ ✐♥ ❉❙■▼ ✐I ♣♦LFL❛②❡❞ ✐♥ ❋✐❣✉L❡ ✶✹✳

❋✐❣✉<❡ ✶✹✿ ❉❙■▼ ✢♦✇S❤❡❡Q ♦❢ ▼❡♠❜U❛♥❡ S❡♣❛U❛Q✐♦♥ ❢♦U ◆❍✸

❞❡❝♦♠♣♦S✐Q✐♦♥ ❞♦✇♥SQU❡❛♠ ♣U♦❝❡SS✐♥❣ ❏♦✉<♥❛❧ 6✉❜❧✐❝❛:✐♦♥ ■

❚❤❡ ❞♦✇♥IFL❡❛♠ ♣L♦❝❡II✐♥❣ ♦❢ F❤❡ ◆❍✸ ❞❡❝♦♠♣♦I✐F✐♦♥ ✇❛I I✐♠✉❧❛F❡❞ ✐♥ ❉❙■▼ ✇✐F❤ F❤❡
▼❛FL✐♠✐❞ ✺✷✶✽ ♠❡♠❜L❛♥❡ ❞❛F❛ (QH2 = 2.618×10−8;QN2 = 3.156×10−11; [Q] = mol

Pa×m2×s
)

✶✹✽✳ ❆❢F❡L ❛♥ ✐♥✐F✐❛❧ ❝♦♠♣L❡II✐♦♥ IF❡♣✱ F❤❡ ❢❡❡❞ ❣❛I❡♦✉I ♠✐①F✉L❡ ✐I ❝♦♦❧❡❞ ❞♦✇♥ F♦ F❤❡
♦♣❡L❛F✐♦♥ ❝♦♥❞✐F✐♦♥I ♦❢ ✷✸ ➦❈ ❛♥❞ ✶✶ ❜❛L✳ ❚❤❡ ♣❡L♠❡❛F❡ ♣L❡II✉L❡ ✇❛I I❡F F♦ ✶✳✵✶✸ ❜❛L✳
❚❤✐I I❡♣❛L❛F✐♦♥ ♦♣❡L❛F✐♦♥ L❡♣L❡I❡♥FI ❛ ❞❡❞✐❝❛F❡❞ ❝❛I❡ IF✉❞② ❢♦L F❤❡ ✉I❡ ♦❢ F❤❡ ♠❡♠❜L❛♥❡
♠♦❞❡❧ ❞❡✈❡❧♦♣❡❞ ✐♥ ❏♦✉J♥❛❧ [✉❜❧✐❝❛F✐♦♥ ■■ ❛❝❝♦L❞✐♥❣ F♦ F❤❡ ♣✉❜❧✐I❤❡❞ F❡IF ❝❛I❡I✳

✸✶



✸✳✸✳ ▼❡♠❜A❛♥❡ ▼♦❞❡❧✐♥❣

✸✳✸ ▼❡♠❜A❛♥❡ ▼♦❞❡❧✐♥❣

❚❤❡ ❝✉IF♦♠ ❉❙■▼ ♠❡♠❜L❛♥❡ ♠♦❞❡❧ ❏♦✉J♥❛❧ [✉❜❧✐❝❛F✐♦♥ ■■■ ✇❛I ❝L❡❛F❡❞ ✉I✐♥❣
✐I✉❛❧ ❙F✉❞✐♦ ❊♥F❡L♣L✐I❡ ✷✵✷✷✳ ❚❤❡ F❛L❣❡F ❢L❛♠❡✇♦L❦ ✉I❡❞ ✇❛I ✏✳◆❊❚ ❋L❛♠❡✇♦L❦ ✹✳✻✳✷✑✳
❚❤❡ ♠❡♠❜L❛♥❡ ♠♦❞❡❧ ✇❛I ❞❡I✐❣♥❡❞ ❜❛I❡❞ ♦♥ F❤❡ I♦❧✉F✐♦♥ ❞✐✛✉I✐♦♥ ♠♦❞❡❧ ❜❛I❡❞ ♦♥ ❊N✳ ✷✻✳

J̇i = yinp = AQ (xrPF − yipp) ✭✷✻✮

❚❤❡ ♠♦❞❡❧ ✐I ❝❛♣❛❜❧❡ ♦❢ I✐♠✉❧❛F✐♥❣ ❣❛I ♣❡L♠❡❛F✐♦♥ ❛♥❞ ♣❡L✈❛♣♦L❛F✐♦♥ ❛♣♣❧✐❝❛F✐♦♥I✳ ❇♦F❤
❝❛♥ ❜❡ ❝❛❧❝✉❧❛F❡❞ ✐♥ ❡✐F❤❡L ❝♦✕❝✉LL❡♥F ✭❊N✳ ✷✼✮ ♦L ❝♦✉♥F❡L ❝✉LL❡♥F ✭❊N✳ ✷✽✮ ✢♦✇ ❝♦♥✜❣✉✲
L❛F✐♦♥✳

yi =
QixF,iαi

	k
j ̸=i yj	k

j ̸=i Qj (xF,jαj − yj) +Qi

	k
j ̸=i yj

✭✷✼✮

yi =
Qixr,iαi

	k
j ̸=i yj	k

j ̸=i Qj (xr,jαj − yj) +Qi

	k
j ̸=i yj

✭✷✽✮

❇♦F❤ ✢♦✇ ❝♦♥✜❣✉L❛F✐♦♥I ♦❢ F❤❡ ♠❡♠❜L❛♥❡ ♠♦❞❡❧ ❛L❡ ✐❧❧✉IFL❛F❡❞ ✐♥ ❋✐❣✉L❡ ✶✺✳

❋✐❣✉<❡ ✶✺✿ ❙❝❤❡♠❛Q✐❝ U❡♣U❡S❡♥Q❛Q✐♦♥ ♦❢ ❝♦✕❝✉UU❡♥Q ❛♥❞
❝♦✉♥Q❡U✕❝✉UU❡♥Q ❝U♦SS✕S❡❝Q✐♦♥ ❏♦✉<♥❛❧ 6✉❜❧✐❝❛:✐♦♥ ■■■

■♥ ♦L❞❡L F♦ I✐♠♣❧✐❢② F❤❡ ❝♦❞❡ ❢L❛❣♠❡♥FI✱ ❡❛❝❤ F❡L♠ ✭I❡❡ ❊N✳ ✷✾ ❛♥❞ ❊N✳ ✸✵✮ ✇❛I I✉❜IF✐F✉F❡❞
✇✐F❤ ✐♥ F❤❡ ✈❛L✐❛❜❧❡I A [i] ✱B [i]✱ ❛♥❞ C [i] ✉I✐♥❣ xF,i ❢♦L ❝♦✕❝✉LL❡♥F ♦L xr,i ❝♦✉♥F❡L✕❝✉LL❡♥F
✢♦✇ ♠♦❞❡✳

✸✷



❈❤❛♣>❡A ✸✳ ▼❡>❤♦❞♦❧♦❣②

A [i] = QixF/r,iαi

k�
j=i

yj, B [i] =
k�

j=i

Qj

�
xF/r,iαi − yj

�
, C [i] = Qi

k�
j=i

yj ✭✷✾✮

yi =
A [i]

B [i] + C [i]
✭✸✵✮

❚❤❡ ♠♦❞❡❧ ✇❛I ❞❡I✐❣♥❡❞ F♦ IF♦L❡ ✈❛❧✉❡I ❛I ♣L♦♣❡LF✐❡I ✇✐F❤✐♥ F❤❡ ♠♦❞❡❧ ✐FI❡❧❢ ✇❤✐❧❡ ❉❙■▼
✉I❡I ✐F✳ ❚❤❡I❡ ♣L♦♣❡LF✐❡I L❡♣L❡I❡♥F ✈❛❧✉❡I✱ ❡✳❣✳✱ p, lf , dif , nfib, Q, Qall ❛♥❞ ♠♦L❡✳ ❚❤❡I❡
♣L♦♣❡LF✐❡I ❝❛♥ ❜❡ ❝❛❧❧❡❞ ❜② ❡❛❝❤ ♦F❤❡L ❛♥❞ F❤❡ I♦❧✈❡L ✐♥ F❤❡ ❢♦❧❧♦✇✐♥❣✳ ❆ I❝❤❡♠❛F✐❝ ♥❡F✲
✇♦L❦ ♦❢ F❤❡ ♣L♦♣❡LF✐❡I ✉I❡❞ ✐I ✐❧❧✉IFL❛F❡❞ ✐♥ ❋✐❣✉L❡ ✶✻✳

❋✐❣✉<❡ ✶✻✿ ❙❡❧❡❝Q❡❞ ♣❛U❛♠❡Q❡US ❢♦U Q❤❡ ❝❛❧❝✉❧❛Q✐♦♥ ♦❢
Q❤❡ ♠❡♠❜U❛♥❡ S❡♣❛U❛Q✐♦♥ ❏♦✉<♥❛❧ 6✉❜❧✐❝❛:✐♦♥ ■■■

❖❜❥❡❝F✲♦L✐❡♥F❡❞ ♣L♦❣L❛♠♠✐♥❣ ❛❧❧♦✇I ❛❝❝❡II F♦ F❤❡ ✐♠♣❧❡♠❡♥F❡❞ ♣L♦♣❡LF✐❡I F❤L♦✉❣❤♦✉F
F❤❡ ❝♦❞❡✱ ❡♥❛❜❧✐♥❣ ❛ ♠♦❞✉❧❛L ❞❡I✐❣♥✳ ❚❤❡ ✐F❡L❛F✐✈❡ ❛❧❣♦L✐F❤♠ ❝♦♥F❛✐♥✐♥❣ F❤❡ ❝❛❧❝✉❧❛F✐♦♥
L♦✉F✐♥❡ ❢♦L ❡❛❝❤ ❝♦♠♣❛LF♠❡♥F ❤❛I ❜❡❡♥ ❞❡I❝L✐❜❡❞ ✐♥ ❋✐❣✉L❡ ✶✼✳ ❚❤❡ I♦❧✈✐♥❣ L♦✉F✐♥❡ ✐I
✐♥✐F✐❛F❡❞ ❜② ❝❛❧❝✉❧❛F✐♥❣ F❤❡ IF❛❣❡ ❝✉F θi ❢L♦♠ F❤❡ ✐♥❧❡F ✢♦✇ Neff i✱ ♣❡L♠❡❛♥❝❡I Qi✱ ❛♥❞ F❤❡
♠❡❛♥ ❧♦❣❛L✐F❤♠✐❝ ♣❛LF✐❛❧ ♣L❡II✉L❡ ❞✐✛❡L❡♥❝❡ ✭I❡❡ ❊N✳ ✸✶✮ ❢♦L ❡❛❝❤ ❝♦♠♣♦✉♥❞✳ ❚❤❡ F♦F❛❧
❛L❡❛ A ✐I ❞✐✈✐❞❡❞ ❜② F❤❡ ♥✉♠❜❡L ♦❢ IF❛❣❡I ❈♦♠♣ F♦ ♠♦❞❡❧ ❡❛❝❤ ❝♦♠♣❛LF♠❡♥F ✐♥❞✐✈✐❞✉❛❧❧②✳
❊N✳ ✸✷ L❡❢❡LI F♦ F❤❡ ❝❛❧❝✉❧❛F✐♦♥ ♦❢ F❤❡ ✐♥❞✐✈✐❞✉❛❧ ✢✉①❡I qi,p ♦❢ ❡❛❝❤ ❝♦♠♣♦✉♥❞✱ ✇❤✐❝❤ ❛L❡
I✉♠♠❡❞ ✉♣ F♦ ♦❜F❛✐♥ F❤❡ F♦F❛❧ FL❛♥I♠❡♠❜L❛♥❡ ✢✉① qt,p ✉I✐♥❣ ❊N✳ ✸✸✳ ❚❤❡ ♠♦❧❛L ❝♦♠♣♦I✐✲
F✐♦♥ ♦❢ F❤❡ FL❛♥I♠❡♠❜L❛♥❡ ✢✉① yp ✐I ♦❜F❛✐♥❡❞ ❜② ❞✐✈✐❞✐♥❣ F❤❡ ✢✉① ♦❢ ❡❛❝❤ I✐♥❣❧❡ ❝♦♠♣♦✉♥❞
❜② F❤❡ F♦F❛❧ ✢✉① ✭I❡❡ ❊N✳ ✸✹✮✳ ❚❤❡ L❡♠❛✐♥✐♥❣ ❢❡❡❞ ✢♦✇ ✐I ❝❛❧❝✉❧❛F❡❞ ✉I✐♥❣ ❊N✳ ✸✺ ❛♥❞
❧❡❛✈❡I F❤❡ ❝♦♠♣❛LF♠❡♥F ❛I F❤❡ L❡F❡♥F❛F❡ qi,r ❛♥❞ ❜❡❝♦♠❡I F❤❡ ♥❡✇ ✐♥❧❡F ✢♦✇ Neff i ❢♦L F❤❡
❢♦❧❧♦✇✐♥❣ ❝♦♠♣❛LF♠❡♥F✳ ❚❤❡ F♦F❛❧ L❡F❡♥F❛F❡ ✢♦✇ qi,r ✐I ❝❛❧❝✉❧❛F❡❞ ✭I❡❡ ❊N✳ ✸✻✮ ❛♥❞ ✉I❡❞ F♦
❝❛❧❝✉❧❛F❡ F❤❡ ♠♦❧❛L ❢L❛❝F✐♦♥ ♦❢ F❤❡ L❡F❡♥F❛F❡ xr,i ✭I❡❡ ❊N✳ ✸✼✮ ✐♥ ❡❛❝❤ ✐F❡L❛F✐♦♥ IF❡♣✳ ❚❤❡
♣❛LF✐❛❧ ♣L❡II✉L❡I pxF ,i ♦❢ F❤❡ ❢❡❡❞ ✢♦✇ ❢♦L F❤❡ ♥❡①F ❝♦♠♣❛LF♠❡♥F ✐I ❝❛❧❝✉❧❛F❡❞ ✉I✐♥❣ F❤❡
❧❛✇ ♦❢ ❉❛❧F♦♥ ✭❊N✳ ✸✽✮✳ ❊N✳ ✸✾ ✐I ✉I❡❞ F♦ ❝❛❧❝✉❧❛F❡ F❤❡ ❡LL♦L ❢L♦♠ F❤❡ ❝✉LL❡♥F❧② ❝❛❧❝✉❧❛F❡❞
✢✉① qi,p F❤❡ ❝❛❧❝✉❧❛F❡❞ ✢✉① ❢L♦♠ F❤❡ ♣L❡✈✐♦✉I IF❡♣ qi,0✳ ❚❤❡ ❡LL♦L ♠✉IF IF❛② ❜❡❧♦✇ ✶✵✲✹

F♦ ❜L❡❛❦ F❤❡ ✇❤✐❧❡✲❧♦♦♣✳ ■❢ F❤✐I ❝♦♥❞✐F✐♦♥ L❡♠❛✐♥I ✉♥♠❡F✱ F❤❡ I❛♠❡ ❝♦♠♣❛LF♠❡♥F ✇✐❧❧ ❜❡
L❡❝❛❧❝✉❧❛F❡❞ ✇✐F❤ F❤❡ ♥❡✇ ✈❛❧✉❡I ✉♥F✐❧ ✐F ❝♦♥✈❡L❣❡I✳

✸✸



✸✳✸✳ ▼❡♠❜A❛♥❡ ▼♦❞❡❧✐♥❣

θi = Qi× A

Comp
× (pxF ,i − pyi,i)

Neff i

✭✸✶✮

qi,p = θi ×Neff i ✭✸✷✮

qt,p =

n�
i

qi,p ✭✸✸✮

yp =
qi,p
qt,p

✭✸✹✮

qi,r = Neff i − qi,p ✭✸✺✮

qt,r =

n�
i

qi,r ✭✸✻✮

xr,i =
qi,r
qt,r

✭✸✼✮

pxF ,i = PF × xr,i ✭✸✽✮

error = |qi,p − qi,0| ✭✸✾✮

❋✐❣✉<❡ ✶✼✿ ❙❡W✉❡♥❝❡ ♦❢ ❝❛❧❝✉❧❛Q✐♦♥ U♦✉Q✐♥❡ ❢♦U
Q❤❡ ♠❡♠❜U❛♥❡ ♠♦❞❡❧ ❏♦✉<♥❛❧ 6✉❜❧✐❝❛:✐♦♥ ■■■
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❈❍❆'❚❊❘✹
❘❡5✉❧45

✹✳✶ ▼✐?❝✐❜✐❧✐=② ♦❢ ❉❊❈

❚❤❡ F❤❡L♠♦❞②♥❛♠✐❝ ❡N✉✐❧✐❜L✐✉♠ ❛F ❛F♠♦I♣❤❡L✐❝ ♣L❡II✉L❡ ❛♥❞ ❛♠❜✐❡♥F F❡♠♣❡L❛F✉L❡ ✇❛I
❛II❡II❡❞ ❜② F❤❡ ❝❧♦✉❞✕♣♦✐♥F ♠❡F❤♦❞✳ ❚❤❡ F✐❡✕❧✐♥❡I ❛♥❞ ❜✐♥♦❞❛❧ ❝✉L✈❡ ❛L❡ ♣L❡I❡♥F❡❞ ✐♥
❋✐❣✉L❡ ✶✽✳

❋✐❣✉<❡ ✶✽✿ ❊①♣❡U✐♠❡♥Q❛❧ ❜✐♥♦❞❛❧ ❝✉U✈❡S ❛♥❞ Q✐❡✕❧✐♥❡S ♦❢ Q❡U♥❛U② ❧✐W✉✐❞✕❧✐W✉✐❞ ❡W✉✐✲
❧✐❜U✐❛ ♦❢ ❉❊❈✱ ✇❛Q❡U✱ ❛♥❞ ❊Q❖❍ ♠✐①Q✉U❡S ❛Q ✷✸ ➦❈ ✭▼♦♥Q♦②❛ ❡Q ❛❧✳ ✶✹✾ ❛♥❞ Q❤✐S
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✸✻



❈❤❛♣>❡A ✹✳ ❘❡?✉❧>?

❋✐❣✉<❡ ✶✾✿ ❈♦♠♣❛U✐S♦♥ ♦❢ ❞✐U❡❝Q S②♥Q❤❡S✐S ❡①♣❡U✐✲
♠❡♥QS ♦❢ ❘✶ ✕ ❘✺ ✇✐Q❤ ✷❈f ❛S ❞❡❤②❞U❛Q✐♥❣ ❛❣❡♥Q

♦✉F ❛F ❧♦✇ ♣L❡II✉L❡✳

❍♦✇❡✈❡L✱ F❤❡ ♣L♦❞✉❝F✐✈✐F② ♦❢ F❤❡ ❝❛F❛❧②IF ✉I❡❞ ✐I ❤✐❣❤❧② ❞❡❝✐I✐✈❡ ❢♦L F❤❡ ❛II❡II♠❡♥F ♦❢
F❤❡ ❡①♣❡L✐♠❡♥FI✳ ❚❤❡ ❝♦♠♣❛L❛❜❧② ❜❡FF❡L ♣❡L❢♦L♠❛♥❝❡ ✉I✐♥❣ ❞✐I♣L♦♣♦LF✐♦♥❛❧❧② ❤✐❣❤ ❢❡❡❞
❊F❖❍ ❝♦♥F❡♥FI I✉❣❣❡IFI ❛ ❧♦✇❡L ❧♦❝❛❧ ❝♦♥❝❡♥FL❛F✐♦♥ ♦❢ F❤❡ ♣L♦❞✉❝F ♠♦❧❡❝✉❧❡I ✐♥ ❛ ❝❧♦I❡
♥❡✐❣❤❜♦L❤♦♦❞ F♦ F❤❡ ❝❛F❛❧②IF✱ L❡I✉❧F✐♥❣ ✐♥ ❛ I❧♦✇❡L ❞❡❝❛② ♦❢ F❤❡ ❝❛F❛❧②F✐❝ ♣❡L❢♦L♠❛♥❝❡✳

❆ ♠❛❥♦L ❢❛❝F♦L ✐I F❤❡ ❝❛F❛❧②F✐❝ ♣❡L❢♦L♠❛♥❝❡ ♦❢ F❤❡ ♠♦❞✐✜❡❞ ❝❛LL✐❡LI✳ ❉❡♣❡♥❞✐♥❣ ♦♥ F❤❡
❝❛LL✐❡L F②♣❡ ❛♥❞ ♣L❡♣❛L❛F✐♦♥✱ F❤❡ ②✐❡❧❞ ♦❢ ❉❊❈ I❤❛❧❧ ❜❡ ❛II❡II❡❞ ✐♥ F❤❡ ❢♦❧❧♦✇✐♥❣ ✇❛② ❜②
❞❡F❡L♠✐♥✐♥❣ F❤❡ ❤♦✉L❧② ❢♦L♠❛F✐♦♥ L❛F❡ ♦❢ ❉❊❈ ✇✐F❤✐♥ F❤❡ L❡❛❝F♦L ❡①♣❡L✐♠❡♥F✳ ❋✐❣✉L❡ ✷✵
♣♦LFL❛②I ❛ ❝♦♠♣❛L✐I♦♥ ♦❢ F❤❡ ♣L♦❞✉❝F✐✈✐F② ♦❢ ❈❡❖✷ ✐♥ F❤❡ L❡❛❝F♦L ❡①♣❡L✐♠❡♥FI ❘✶ ✕ ❘✽✳

❋✐❣✉<❡ ✷✵✿ ❈♦♠♣❛U✐S♦♥ ♦❢ ❞✐✛❡U❡♥Q ❞✐U❡❝Q S②♥Q❤❡S✐S ❡①♣❡U✐♠❡♥QS ♦✈❡U ❈❡❖✷

✉S✐♥❣ ❞✐✛❡U❡♥Q ❊Q❖❍ ❢❡❡❞ ✈♦❧✉♠❡S ✇✐Q❤ ✷❈f ✭❧❡❢Q✮ ❛♥❞ ✇✐Q❤♦✉Q ✷❈f ✭U✐❣❤Q✮

✸✼



✹✳✷✳ ❙②♥>❤❡?✐? ♦❢ ❉❊❈

❚❛❜❧❡ ✼✿ ❊①♣❡U✐♠❡♥QS ✇✐Q❤ ♠♦❞✐✜❡❞ ❝❛UU✐❡US ❛S ❝❛Q❛❧②SQS ♦♥ ✶✷✵ ➦❈ ❛♥❞ ✹✵ ❜❛U ✉S✐♥❣ ✷❈f

❊①♣❡L✐♠❡♥F ❈❛LL✐❡L ❊F❖❍ ❋❡❡❞ ✷❈� ❋❡❡❞ ❝❛F❛❧②IF ♠❛II ❝❛LL✐❡L ♠❛II
❣ ❣ ❣ ❣

❘✾ ❈❧❛② ✽✷✳✺✵ ✹✺✳✵✵ ✷✳✹✷ ✺✵✳✵✵
❘✶✵ ❘❛I❝❤✐❣ ❘✐♥❣I ✺✶✳✵✵ ✺✵✳✵✵ ✵✳✵✼ ✺✵✳✵✵
❘✶✶ ▼❙ ✸ ➴ ✻✵✳✹✶ ✹✹✳✵✺ ✵✳✽✹ ✺✷✳✸✶
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❆❞❞✐♥❣ F❤❡ ❝❛F❛❧②IF✬I ♣L♦❞✉❝F✐✈✐F② F♦ F❤❡ ❛II❡II♠❡♥F ♦❢ F❤❡ L❡❛❝F✐♦♥ I❧✐❣❤F❧② ❛❧F❡LI F❤❡ ♦❜✲
I❡L✈❛F✐♦♥I ♠❛❞❡✳ ❚❤❡ ♣L♦❞✉❝F✐✈✐F② ♦❢ ❈❡❖✷ ✇✐F❤ ✷❈� ✇❛I ♠♦❞❡L❛F❡ ✇✐F❤ ❃ ✻ ♠♠♦❧✴❣❝❛<❤✳
■♥❝L❡❛I✐♥❣ F❤❡ ❞✐❧✉F✐♦♥ L❛F✐♦ F♦ L❡❛❝❤ ❛ ❢❡❡❞ ❊F❖❍ ♠❛II ♦❢ ✷✵✵ ❣ ❞L✐✈❡I F❤❡ ❝❛F❛❧②IF✬I
♣L♦❞✉❝F✐✈✐F② ❤✐❣❤ ❛♥❞ ❞❡❧✐✈❡LI F❤❡ IFL♦♥❣❡IF ♣L♦❞✉❝F✐✈✐F② ♦❜I❡L✈❡❞ ✭✶✶✳✸✸ ♠♠♦❧✴❣❝❛<❤✮✳
❆♥♦F❤❡L ✐♥❝L❡❛I❡ ♦❢ F❤❡ ❊F❖❍ ✐♥ F❤❡ ❢❡❡❞ I❡❡♠✐♥❣❧② ❝❛♥♥♦F ❝♦♠♣❡F❡ ✇✐F❤ ❘✷✬I ❝❛F❛❧②IF✬I
♣❡L❢♦L♠❛♥❝❡✳ ❍♦✇❡✈❡L✱ ❘✺ I❤♦✇I ❛ ♣L♦❞✉❝F✐✈✐F② F❤❛F ✐I ❝♦♥I✐❞❡L❛❜❧② ❝♦♠♣❛L❛❜❧❡ F♦ ❘✷✳
❚❤❡ I❡❡♠✐♥❣❧② ❡N✉✐✈❛❧❡♥F ♣❡L❢♦L♠❛♥❝❡ ♦❢ F❤❡ ❧♦✇ ♣L❡II✉L❡ ❡①♣❡L✐♠❡♥F ✭❘✹✮ ❛♥❞ ❘✺

I❡❡♠I F♦ L❡❧② ♦♥ F❤❡ IFL♦♥❣ ♣L♦❞✉❝F✐✈✐F② ♦❢ F❤❡ ❝❛F❛❧②IF ✇❤✐❝❤ ✐I ❛❧♠♦IF F✇✐❝❡ ❛I IFL♦♥❣ ✐♥
❘✺✳ ❘❡♠♦✈✐♥❣ F❤❡ ✇❛F❡L FL❛♣ ✷❈� ❢L♦♠ F❤❡ I②IF❡♠ ❝❛✉I❡❞ ❛ ❞L❛♠❛F✐❝ ❞L♦♣ ❡✈❡♥ ❜❡❧♦✇
✶ ✪ ♦❢ F❤❡ ❝❛F❛❧②IF✬I ♣L♦❞✉❝F✐✈✐F②✱ ✇❤✐❧❡ ❛ L❡❛❝F✐♦♥ F❡♠♣❡L❛F✉L❡ ♦❢ ✶✷✵ ➦❈ ❞❡❧✐✈❡L❡❞ F❤❡
❜❡IF ♣❡L❢♦L♠❛♥❝❡ ✭✵✳✵✼ ♠♠♦❧✴❣❝❛<❤✮✳

❚❤❡ ❝❛F❛❧②F✐❝ ♣❡L❢♦L♠❛♥❝❡I ♦❢ F❤❡ ❡①♣❡L✐♠❡♥FI ✇❡L❡ ♦❜I❡L✈❡❞ F♦ ❜❡ ❝♦♥I✐❞❡L❛❜❧② ❝♦♠♣❡F✲
✐F✐✈❡ ✐♥ ❝♦♠♣❛L✐I♦♥ F♦ F❤❡ ✈❛❧✉❡I L❡♣♦LF❡❞ ✐♥ F❤❡ ❧✐F❡L❛F✉L❡ ✇❤✐❧❡ ✉I✐♥❣ ✷❈�✳ ❉❡I♣✐F❡ F❤❡
❞L♦♣ ✐♥ ❝❛F❛❧②F✐❝ ♣❡L❢♦L♠❛♥❝❡ ♦♥ L❡♥♦✉♥❝❡♠❡♥F ♦❢ ✷❈� ✉I❛❣❡✱ F❤❡ ♣L♦❞✉❝F✐✈✐F② ♦❢ ❈❡❖✷

✐I IF✐❧❧ ✇✐F❤✐♥ F❤❡ L❛♥❣❡ ♦❢ L❡♣♦LF❡❞ L❡I✉❧FI ✭✵✳✵✶✹✺✽ ✲ ✹✳✺ ♠♠♦❧✴❣❝❛<❤✱ ✶✶✽✱ ✶✷✻✱ ✶✷✽✮ ✐♥
F❤❡ ❧✐F❡L❛F✉L❡✳ ❙F✐❧❧✱ ✐F I✉L♣❛II❡I F❤❡ ❝❧♦I❡IF L❡❢❡L❡♥❝❡❞ ❝❛I❡ ✐♥ I✉❜I❡❝F✐♦♥ ✷✳✸✳✷✳

❚❤❡ ♣❡L❢♦L♠❛♥❝❡ ♦❢ ❝♦♠♠❡L❝✐❛❧ ❈❡❖✷ ❤❛I ❜❡❡♥ ❝♦♠♣❛L❡❞ F♦ ❝❛F❛❧②IF✲❜❡❛L✐♥❣ ♠♦❞✐✜❡❞
❝❛LL✐❡LI✳ ❚❛❜❧❡ ✼ ❣✐✈❡I ❛♥ ♦✈❡L✈✐❡✇ ♦❢ F❤❡ ❡①♣❡L✐♠❡♥FI ❛♥❞ F❤❡ N✉❛♥F✐F✐❡I ♦❢ I✉❜IF❛♥❝❡I
✉I❡❞ ❛I ❢❡❡❞ ❝❛LL✐❡❞ ♦✉F ✇✐F❤ ♠♦❞✐✜❡❞ ❝❛LL✐❡LI✳ ◆♦♥❡ ♦❢ F❤❡ ❡①♣❡L✐♠❡♥FI ❝❛LL✐❡❞ ♦✉F
✉I✐♥❣ F❤❡ ❛❧F❡L♥❛F✐✈❡ ❝❛LL✐❡LI ❤❛✈❡ ❛♣♣❧✐❡❞ F❤❡ IF✐LL❡L ✇✐F❤✐♥ F❤❡ L❡❛❝F♦L✳ �L❡❧✐♠✐♥❛L② L❡✲
I✉❧FI ❤❛✈❡ I❤♦✇♥ F❤❛F F❤❡ ♠❡❝❤❛♥✐❝❛❧ IF❛❜✐❧✐F② ♦❢ F❤❡ ❝❛LL✐❡LI ✇❛I ♦❝❝❛I✐♦♥❛❧❧② ✐♥I✉✣❝✐❡♥F✳

❚❤❡ ❝♦♠♣❛L✐I♦♥ ♦❢ ❝♦♠♠❡L❝✐❛❧ ❈❡❖✷✱ ❝❧❛②✱ ❘❛I❝❤✐❣ ❘✐♥❣I✱ ❛♥❞ ♠♦❧❡❝✉❧❛L I✐❡✈❡I ♦❢ ✈❛L✐♦✉I
♣♦L❡ I✐③❡I ✭✸ ➴✱ ✹ ➴✱ ✺ ➴✱ ❛♥❞ ✶✵ ➴✮ ✐I ♣♦LFL❛②❡❞ ✭❘✶ ❛♥❞ ❘✾ ✕ ❘✶✹✮ ✐♥ ❋✐❣✉L❡ ✷✶ ❛♥❞
❋✐❣✉L❡ ✷✷✳

❚❤❡ ✺ ➴ ♠♦❧❡❝✉❧❛L I✐❡✈❡ ✐I F❤❡ ♦♥❧② ❝❛LL✐❡L ❛❜❧❡ F♦ I✉L♣❛II F❤❡ ❉❊❈ ②✐❡❧❞ ❛❝❤✐❡✈❡❞ ✉I✲
✐♥❣ ❝♦♠♠❡L❝✐❛❧ ❈❡❖✷✳ ❚❤❡ L❡❛❝F✐♦♥✬I ②✐❡❧❞ L✐I❡I ✇✐F❤ F❤❡ I✉L❢❛❝❡ ❛L❡❛ ♦❢ F❤❡ ♠♦❧❡❝✉❧❛L
I✐❡✈❡ ❛I F❤❡ ✸ ➴ ▼❙ IF❛LFI ✇✐F❤ ❛ ②✐❡❧❞ ♦❢ ✶✳✺ ♠♦❧✪✱ ♣L♦❝❡❡❞✐♥❣ ♦✈❡L F❤❡ ✹ ➴ ▼❙ ✇✐F❤
❛ ②✐❡❧❞ ♦❢ ✷✳✸ ♠♦❧✪ ❛♥❞ L❡❛❝❤✐♥❣ F❤❡ ♠❛①✐♠✉♠ ✇✐F❤ F❤❡ ✺ ➴ ▼❙ ❛F ✻✳✶ ♠♦❧✪✳ ■♥ ❝♦♥✲
FL❛IF F♦ F❤❡ ❥✉IF ❞❡I❝L✐❜❡❞ L✐I❡ ❛❝❝♦L❞✐♥❣ F♦ F❤❡ ✐♥♥❡L ♣♦L❡ I✐③❡✱ F❤❡ ②✐❡❧❞ ✉I✐♥❣ ♠♦❞✐✜❡❞
✶✵ ➴ ▼❙ ❞L♦♣I F♦ ✵✳✷ ♠♦❧✪✳ ❚❤❡ ②✐❡❧❞I ✉I✐♥❣ ❝❧❛② ♦L ❘❛I❝❤✐❣ L✐♥❣I ❞♦ ♥♦F I✉L♣❛II ✶ ♠♦❧✪✳
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❋✐❣✉<❡ ✷✶✿ ❈♦♠♣❛U✐S♦♥ ♦❢ ❡①♣❡U✐♠❡♥QS ✉S✐♥❣ ♠♦❞✐✜❡❞ ❝❛UU✐❡US ❜❡❛U✐♥❣ ❛ ❝❛Q❛❧②SQ ♦♥
❉❊❈ ②✐❡❧❞ ♣❡U ❤♦✉U ✇✐Q❤ ✷❈f ✉S❛❣❡ ❛S ❛ ✇❛Q❡U QU❛♣ ✭②✐❡❧❞ ♦❢ ❘✶ ❛S ❞❛S❤❡❞ ♣✉U♣❧❡ ❧✐♥❡✮

❋✐❣✉<❡ ✷✷✿ ❈♦♠♣❛U✐S♦♥ ♦❢ ♣U♦❞✉❝Q✐✈✐Q② ✭♠♠♦❧✴❣❝❛UU✐❡U ❧❡❢Q❀
♠♠♦❧✴❣❝❛Q U✐❣❤Q✮ ♦❢ ♠♦❞✐✜❡❞ ❝❛UU✐❡US ❜❡❛U✐♥❣ ❛ ❝❛Q❛❧②SQ ✇✐Q❤ ✷❈f
✉S❛❣❡ ❛S ❛ ✇❛Q❡U QU❛♣ ✭♣U♦❞✉❝Q✐✈✐Q② ♦❢ ❘✶ ❛S ❞❛S❤❡❞ ♣✉U♣❧❡ ❧✐♥❡✮

❆I ❢♦L F❤❡ ❡①♣❡L✐♠❡♥FI ✉I✐♥❣ ❝♦♠♠❡L❝✐❛❧ ❈❡❖✷✱ F❤❡ ❝❛F❛❧②IF✬I ♣L♦❞✉❝F✐✈✐F② ❣✐✈❡I ✭I❡❡
❋✐❣✉L❡ ✷✵✮ ♠♦L❡ ✐♥I✐❣❤F ✐♥F♦ F❤❡ L❡❛❝F✐♦♥ I②IF❡♠✬I ♣❡L❢♦L♠❛♥❝❡✳ ❘❡❢❡LL✐♥❣ F♦ F❤❡ ❤♦✉L❧②
❢♦L♠❛F✐♦♥ ♦❢ ❉❊❈✱ F❤❡ ♠❛II ♦❢ F❤❡ ❝❛LL✐❡L ✉I❡❞ ❞L❛✇I ❛ I❡❡♠✐♥❣❧② ❞✐IF✐♥❝F L❡❧❛F✐♦♥ ♦❢
❝♦♠♠❡L❝✐❛❧ ❈❡❖✷ ♣❡L❢♦L♠✐♥❣ ❛F ❧❡❛IF ✶✵✕F✐♠❡I IFL♦♥❣❡L F❤❛♥ ✺ ➴ ❛♥❞ I✉❜I❡N✉❡♥F❧② ♠♦L❡
F❤❛♥ ❡✈❡L② ♦F❤❡L ❝❛LL✐❡L F❡IF❡❞✳ ❈♦♥I✐❞❡L✐♥❣ F❤❡ ❝❛F❛❧②F✐❝ ✐♥❛❝F✐✈✐F② ♦❢ F❤❡ ❝❛LL✐❡LI F❤❡♠✲
I❡❧✈❡I✱ F❤❡ ♣L♦❞✉❝F✐✈✐F② ❝♦✉❧❞ ❜❡ ♣L❛❝F✐❝❛❧❧② L❡❢❡L❡♥❝❡❞ F♦ F❤❡ ♠❛II ♦❢ ❝❛F❛❧②F✐❝❛❧❧② ❛❝F✐✈❡
❝♦♠♣♦✉♥❞ ♦♥ F❤❡ ❝❛LL✐❡L✳ ❚❤✐I ✭I❡❡ ❋✐❣✉L❡ ✷✷✱ L✐❣❤F✮ I❤✐❢FI F❤❡ ♣L♦❞✉❝F✐✈✐F✐❡I ♦❢ ❛❧❧ ❝❛L✲
L✐❡LI✱ ❡①❝❧✉❞✐♥❣ F❤❡ ✶✵ ➴ ▼❙ I✐❣♥✐✜❝❛♥F❧② ❝❧♦I❡L F♦ ❡❛❝❤ ♦F❤❡L✳ ■♥ ❝♦♥FL❛IF F♦ F❤❡ ②✐❡❧❞
❛❝❤✐❡✈❡❞ ✐♥ F❤❡ ❡①♣❡L✐♠❡♥FI✱ F❤❡ ♠♦❞✐✜❡❞ ❘❛I❝❤✐❣ L✐♥❣I I❤♦✇ F❤❡ ❤✐❣❤❡IF ♣L♦❞✉❝F✐✈✐F②✱
✉♣ F♦ ✹✵ ♠♠♦❧✴❣❝❛<❤✳ ❚❤✐I I✉❣❣❡IFI F❤❛F F❤❡ ❛❝F✉❛❧ ♣❡L❢♦L♠❛♥❝❡ ♦❢ F❤❡ L❡❛❝F✐♦♥ ✉I✐♥❣ F❤✐I
❝❛F❛❧②IF ♠❛② ❜❡ I❧♦✇❡❞ ❞♦✇♥ ❞✉❡ F♦ ♣♦II✐❜❧② ✐♥I✉✣❝✐❡♥F ❝❛F❛❧②IF ❧♦❛❞I ♦♥ F❤❡ I✉L❢❛❝❡✳
❚❤❡ ❡①❛❝F L❡❛I♦♥ ❢♦L F❤✐I ❜❡❤❛✈✐♦L✱ ❤♦✇❡✈❡L✱ L❡♠❛✐♥I ✉♥❦♥♦✇♥✳ ❚❤❡ L❡I✐❞✉❛❧ ♠♦❧❡❝✉❧❛L
I✐❡✈❡I L❡❛❝❤ ♦L I✉L♣❛II F❤❡ ♣L♦❞✉❝F✐✈✐F② ♦❢ ❝♦♠♠❡L❝✐❛❧ ❈❡❖✷✳ ❚❤❡ ♦L❞❡L ♦❢ F❤❡ ♣L♦❞✉❝F✐✈✲
✐F② ♦❢ F❤❡ ▼❙ I❡❡♠I N✉✐F❡ ❞❡❝❡✐F❢✉❧ I✐♥❝❡ F❤❡ ♣L♦❞✉❝F✐✈✐F② ♦❢ F❤❡ ✸ ➴ ✭✶✶✳✶✹ ♠♠♦❧✴❣❝❛<❤✮
I✉L♣❛II❡I F❤❡ ✹ ➴ ✭✻✳✵✽ ♠♠♦❧✴❣❝❛<❤✮ ✇✐F❤ F❤❡ ✺ ➴ ▼❙ ✭✶✾✳✹✽ ♠♠♦❧✴❣❝❛<❤✮ ❢♦L♠✐♥❣ F❤❡
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✹✳✷✳ ❙②♥>❤❡?✐? ♦❢ ❉❊❈

❚❛❜❧❡ ✽✿ ❊①♣❡U✐♠❡♥QS ✇✐Q❤ ♠♦❞✐✜❡❞ ❝❛UU✐❡US ❛S ❝❛Q✲
❛❧②SQS ❛Q ✶✷✵ ➦❈ ✇✐Q❤♦✉Q ✉S✐♥❣ ❛ ❞❡❤②❞U❛Q✐♥❣ ❛❣❡♥Q

❊①♣❡L✐♠❡♥F ❈❛LL✐❡L �L❡II✉L❡ ❊F❖❍ ❋❡❡❞ ❝❛F❛❧②IF ♠❛II ❝❛LL✐❡L ♠❛II
❜❛L ❣ ❣ ❣

❘✶✺ ▼❙ ✹ ➴ ✹✵ ✼✵✳✵✵ ✷✳✺✾ ✺✵✳✵✵
❘✶✻ ▼❙ ✹ ➴ ✹✵ ✼✵✳✶✺ ✶✳✺✺❛ ✺✵✳✵✵
❘✶✼ ▼❙ ✹ ➴ ✹✵ ✶✵✵✳✵✵ ✵✳✶✸ ✺✵✳✵✵
❘✶✽ ▼❙ ✹ ➴ ✶✵ ✼✵✳✼✵ ✷✳✵✵ ✺✵✳✵✵
❘✶✾ ▼❙ ✹ ➴ ✶✵ ✼✵✳✶✺ ✶✳✺✺❛ ✺✵✳✵✵
❘✷✵ ▼❙ ✺ ➴ ✹✵ ✼✵✳✷✾ ✷✳✺✷ ✺✵✳✵✵
❘✷✶ ▼❙ ✺ ➴ ✹✵ ✼✷✳✺✵ ✷✳✼✽ ✺✵✳✵✵
❘✷✷ ▼❙ ✺ ➴ ✹✵ ✼✵✳✽✷ ✷✳✼✽ ✺✵✳✵✵
❘✷✸ ▼❙ ✺ ➴ ✶✵ ✼✵✳✽✷ ✷✳✼✽ ✺✵✳✵✵

❛ ♠❛?? ♦❢ ❝❛>❛❧②?> ✇❛? >❛❦❡♥ ❢A♦♠ ❛✈❡A❛❣❡ ❝❛>❛❧②?> ♠❛?? ❢♦A ?♣❡❝✐✜❝ ❝❛AA✐❡A

F♦♣✳ ❆❧♦♥❣I✐❞❡ F❤❡ ②✐❡❧❞✱ F❤❡ ♣L♦❞✉❝F✐✈✐F② ♠✉IF ❛❧I♦ ♠❡❡F F❤❡ ♠✐♥✐♠❛❧ L❡N✉✐L❡♠❡♥FI ♦❢
❛ ♣♦F❡♥F✐❛❧❧② ♣L♦♠✐I✐♥❣ ♦✉F♣✉F✳ ❚❤❡ ❝♦♠♣❛L❛F✐✈❡❧② ❣♦♦❞ ♣❡L❢♦L♠❛♥❝❡ ♦❢ F❤❡ ♠♦❧❡❝✉❧❛L
I✐❡✈❡I ❝♦✉❧❞ ❜❡ ❞✉❡ F♦ F❤❡✐L ❤②❣L♦I❝♦♣✐❝ ♥❛F✉L❡✳ ❚❤✐I ✇♦✉❧❞ ❛❞❞✐F✐♦♥❛❧❧② L❡♠♦✈❡ ✇❛F❡L
♠♦❧❡❝✉❧❡I ❢L♦♠ F❤❡ ❜✉❧❦✳ ◆❡✈❡LF❤❡❧❡II✱ F❤❡ ❝❛F❛❧②IF I✉♣♣♦LFI F❤❡ L❡❛❝F✐♥❣ ❝♦♠♣♦✉♥❞I ♦♥
✐FI I✉L❢❛❝❡✳ ❍♦✇❡✈❡L✱ F❤❡ ❡①❛❝F ❧♦❝❛F✐♦♥ ❛♥❞ I✐③❡ ♦❢ F❤❡ ❝❛F❛❧②IF✬I ♣❛LF✐❝❧❡I ❛L❡ ✉♥❦♥♦✇♥✳
❚❤❡ ❝❛F❛❧②IF✬I ♣❛LF✐❝❧❡ ♠❛② ❜❡ ❧❛L❣❡ ❡♥♦✉❣❤ F♦ ❜❡ ✐♠♠♦❜✐❧✐③❡❞ ✐♥ F❤❡ ♦✉F❡L ♣❛F❤ F♦ F❤❡
♣♦L❡I ✇❤✐❧❡ F❤❡ ✇❛F❡L ♠♦❧❡❝✉❧❡I ✐♥❝♦L♣♦L❛F❡ F❤❡ ♣♦L❡✬I ❝❛✈✐F✐❡I✳

❉❡I♣✐F❡ F❤❡ ❧❛L❣❡ ♣L♦❞✉❝F✐✈✐F②✱ ❘❛I❝❤✐❣ L✐♥❣I ❤❛✈❡ ♥♦F I❤♦✇♥ F❤❡ ②✐❡❧❞ ♥❡❝❡II❛L②✳ ❈❧❛②
❛♥❞ ✶✵ ➴ ▼❙ ♣❡L❢♦L♠❡❞ ❝♦♠♣❛L❛❜❧② ✐♥I✉✣❝✐❡♥F❧② ♦♥ ❛♥② ♣❡LI♣❡❝F✐✈❡ ✐♥✈❡IF✐❣❛F❡❞✱ ❛♥❞
✸ ➴ ❤❛I ♣L♦✈❡♥ F♦ ❜❡ ❛ ♣L♦♠✐I✐♥❣ ❝❛LL✐❡L✳ ❍♦✇❡✈❡L✱ F❤❡ ❢♦❝✉I ♦❢ F❤❡ L❡❛❝F♦L ❡①♣❡L✐♠❡♥FI
✭❘✶✺ ✕ ❘✷✼✮ ✇❛I I❡F ♦♥ F❤❡ ✹ ➴ ❛♥❞ ✺ ➴ ▼❙✳

❚❤❡ ❝❛F❛❧②F✐❝ ♣❡L❢♦L♠❛♥❝❡ ♦❢ F❤❡ ♠♦❞✐✜❡❞ ❝❛LL✐❡LI ❤❛I ❜❡❡♥ ❢✉LF❤❡L ✐♥✈❡IF✐❣❛F❡❞ ✇✐F❤ F❤❡
❡①♣❡L✐♠❡♥FI ❧✐IF❡❞ ✐♥ ❚❛❜❧❡ ✽ ✇✐F❤♦✉F F❤❡ ❛✈❛✐❧❛❜✐❧✐F② ♦❢ ❛ ❞❡❤②❞L❛F✐♥❣ ❛❣❡♥F F♦ ❡♥❤❛♥❝❡
F❤❡ ❝♦♥✈❡LI✐♦♥✳

❆ ❝♦♠♣❛L✐I♦♥ ♦❢ F❤❡ L❡I✉❧FI ♦❢ F❤❡ ❡①♣❡L✐♠❡♥FI ❘✶✺ ✕ ❘✷✸ ❤❛I ❜❡❡♥ ♣♦LFL❛②❡❞ ✐♥ ❋✐❣✲
✉L❡ ✷✸✳ ❛✐✈✐♥❣ F❤❡ ✉I❡ ♦❢ ❛ ❞❡❤②❞L❛F✐♥❣ ❛❣❡♥F ❝❛✉I❡I ❛ ❞L♦♣ ✐♥ ❉❊❈ ❢♦L♠❛F✐♦♥ ❢♦L ❛❧❧
❝❛LL✐❡LI ✉I❡❞ I✐♠✐❧❛L❧② F♦ ❝♦♠♠❡L❝✐❛❧ ❈❡❖❘✳ ❤❡♥ ❝♦♠♣❛L✐♥❣ F❤❡ ②✐❡❧❞I ❛♥❞ ♣L♦❞✉❝F✐✈✐✲
F✐❡I✱ ✐F ✇❛I ♦❜I❡L✈❡❞ F❤❛F F❤❡ ♣❡L❢♦L♠❛♥❝❡ ♦❢ F❤❡ L❡❛❝F✐♦♥I L❡❛❝❤❡❞ ✭✹ ➴ ▼❙✮ ♦L ❡①❝❡❡❞❡❞
✭✺ ➴ ▼❙✮ F❤❡ L❡❢❡L❡♥❝❡ ♣❡L❢♦L♠❛♥❝❡ ♦❢ ❝♦♠♠❡L❝✐❛❧ ❈❡❖✷ ✭❘✶✮✱ ♣❛LF✐❝✉❧❛L❧② ✐♥ F❤❡ ❡①♣❡L✲
✐♠❡♥FI ❛F ✹✵ ❜❛L✳ ❚❤❡ ❛✈❡L❛❣❡ ♣L♦❞✉❝F✐✈✐F✐❡I ✇❡L❡ ✇✐F❤✐♥ F❤❡ I❛♠❡ L❛♥❣❡✱ ❜✉F F❤❡ ✺ ➴ ▼❙
②✐❡❧❞❡❞ ✉♣ F♦ ❛❜♦✉F ✵✳✹✹ ✪ ♦❢ ❉❊❈✳ ❆I ❡①♣❡❝F❡❞✱ F❤❡ ❉❊❈ ②✐❡❧❞I ❛❝❤✐❡✈❡❞ ❛F ✶✵ ❜❛L
❛L❡ ❧♦✇❡L F❤❛♥ F❤♦I❡ ❛F ✹✵ ❜❛L✳ ❍♦✇❡✈❡L✱ F❤❡ ❤✐❣❤❡L ②✐❡❧❞ ✉I✐♥❣ ❛ ✹ ➴ ▼❙ ❝♦♠♣❛L❡❞ F♦
❛ ✺ ➴ ▼❙ ✐I ✉♥❛♥F✐❝✐♣❛F❡❞✳ ❚❤✉I✱ F❤✐I I❡L✐❡I ♦❢ ❡①♣❡L✐♠❡♥FI ❛❧I♦ ✐♥❞✐❝❛F❡I F❤❡ ❛❞✈❡LI❡
✐♥✢✉❡♥❝❡ ♦♥ F❤❡ L❡❛❝F✐♦♥I✬ ♣L♦❣L❡II✳

◆♦ I❛F✐I❢❛❝F♦L② ❡①♣❧❛♥❛F✐♦♥ ✐♥ F❤❡ ❧✐F❡L❛F✉L❡ ♣L♦✈❡I F❤❛F ✇❛F❡L✱ ✐♥ ♣❛LF✐❝✉❧❛L✱ ✐I I❧♦✇✐♥❣
❞♦✇♥ F❤❡ ❞✐L❡❝F I②♥F❤❡I✐I L❡❛❝F✐♦♥✳ ◆❡✈❡LF❤❡❧❡II✱ F❤✐I ✐I L❡❣✉❧❛L❧② ❛II✉♠❡❞ I✐♥❝❡ L❡♠♦✈✲

✹✵



❈❤❛♣>❡A ✹✳ ❘❡?✉❧>?

❋✐❣✉<❡ ✷✸✿ ❈♦♠♣❛U✐S♦♥ ♦❢ ②✐❡❧❞ ♣❡U ❤♦✉U ✭❧❡❢Q✮ ❛♥❞ ♣U♦❞✉❝Q✐✈✐Q②
✭U✐❣❤Q✮ ♦❢ ♠♦❞✐✜❡❞ ❝❛UU✐❡US ❜❡❛U✐♥❣ ❛ ❝❛Q❛❧②SQ ✇✐Q❤♦✉Q ✇❛Q❡U QU❛♣ ✉S✲
❛❣❡ ✭❊①♣❡U✐♠❡♥QS ❘✶✺ ✕ ❘✷✷✱ ❞❛Q❛ ♦❢ ❘✶ ❛S ❞❛S❤❡❞ ♣✉U♣❧❡ ❧✐♥❡✮

✐♥❣ ❉❊❈ ❢L♦♠ F❤❡ L❡❛❝F✐♦♥ ♠✐①F✉L❡ ✇❛I ♥❡✈❡L L❡♣♦LF❡❞ F♦ ❜❡ ❛♥ ❡N✉✐✈❛❧❡♥F❧② ❡♥❤❛♥❝✐♥❣
❛♣♣L♦❛❝❤✳ ❋✉LF❤❡L✱ F❤❡ ♦❜I❡L✈❛F✐♦♥I ✐♥ ❏♦✉J♥❛❧ [✉❜❧✐❝❛F✐♦♥ ■ L❡❣❛L❞✐♥❣ F❤❡ L❡✈❡LI❡
L❡❛❝F✐♦♥ ✉I✐♥❣ ✇❛F❡L ❛♥❞ ❉❊❈ F♦ ②✐❡❧❞ ❊F❖❍ ❛♥❞ ❈❖✷ ❛L❡ ♥♦F✐❝❡❛❜❧❡ ❛I F❤❡ ❝♦♠♣♦I✐F✐♦♥
♦❢ F❤❡ ♠✐①F✉L❡ ❛♣♣❡❛LI F♦ ❜❡ ❝♦♥✈❡L❣✐♥❣ ✈❡L② I❧♦✇❧② F♦ F❤❡ ❡N✉✐❧✐❜L✐✉♠✳ ❚❤❡ ❞❡❝♦♠♣♦✲
I✐F✐♦♥ ♦❢ ❉❊❈ ✇❛I ♦❜I❡L✈❡❞ ❛I ❛ I❧♦✇ ♣L♦❝❡II ✭I❡❡ ❏♦✉J♥❛❧ [✉❜❧✐❝❛F✐♦♥ ■✮✱ I❡❡♠✐♥❣❧②
❞❡♠❛♥❞✐♥❣ ✷✹ ❤♦✉LI ❢♦L F❤❡ ❞❡❝♦♠♣♦I✐F✐♦♥ ♦❢ ✶✸ ✇F✪ ♦❢ ❉❊❈✱ ❡✈❡♥ F❤♦✉❣❤ ❛♥ ✐♥✐F✐❛❧ L❛♣✐❞
❞❡❝❛② ✇♦✉❧❞ ❤❛✈❡ F♦ ❜❡ ❡①♣❡❝F❡❞✳ ❚❤✐I ❝♦✉❧❞ ❜❡ L❡❧❛F❡❞ F♦ F❤❡ ❧✐N✉✐❞✲❧✐N✉✐❞ ❡N✉✐❧✐❜L✐✉♠ ♦❢
❉❊❈ ❛♥❞ ✇❛F❡L✱ ✇❤✐❝❤ ❤❛I ❛ ❧❛L❣❡ ♠✐I❝✐❜✐❧✐F② ❣❛♣ L❡I✉❧F✐♥❣ ✐♥ ❧✐♠✐F❡❞ ❛✈❛✐❧❛❜✐❧✐F② ♦❢ F❤❡
L❡❛❝F✐♦♥ ♣❛LF♥❡LI ✇✐F❤✐♥ ❡❛❝❤ L❡I♣❡❝F✐✈❡ ♣❤❛I❡ ❛♥❞ F❤❡ ✐♥F❡L❢❛❝❡ ♦❢ F❤❡ ♣❤❛I❡I✳ ❚❤✐I ♠❛②
❝❛✉I❡ ❛ ❞❡❧❛②❡❞ ❛❝❝❡❧❡L❛F✐♦♥ ♦❢ F❤❡ L❡❛❝F✐♦♥ ✇✐F❤ ✐♥❝L❡❛I✐♥❣ ❡F❤❛♥♦❧ ❝♦♥❝❡♥FL❛F✐♦♥ I✐♥❝❡
❉❊❈ ❛♥❞ ❊F❖❍ ❢♦L♠ ❛ I✐♥❣❧❡ ♣❤❛I❡ ✐❢ ❡♥♦✉❣❤ ❊F❖❍ ✐I ❛✈❛✐❧❛❜❧❡✳ ❚❤❡ ✇♦L❦ ♦❢ ❘❛✐❣✉❡❧
❡F ❛❧✳ ❜L♦✉❣❤F ✉♣ ❛♥♦F❤❡L ❤②♣♦F❤❡I✐I F❤❛F ♠❛② ❡①♣❧❛✐♥ F❤❡ I♣❡❝✐✜❝ ♥❡❝❡II✐F② ♦❢ ✇❛F❡L
L❡♠♦✈❛❧✱ ✐♥ ✇❤✐❝❤ ❍✸❖✰ ✐I ❛II✉♠❡❞ F♦ ❜❡ F❤❡ ❛❝F✉❛❧ I♣❡❝✐❡I F♦ ❝❛F❛❧②③❡ F❤❡ ❞❡❝♦♠♣♦I✐✲
F✐♦♥ ♦❢ ❉❊❈ ✶✺✶ ✇❤✐❧❡ ❜❡✐♥❣ ✐♥ ❝♦♥F❛❝F ✇✐F❤ ❛❝✐❞I✳ ✐F❤ F❤❡ ♣L❡I❡♥❝❡ ♦❢ ❛ I✉✣❝✐❡♥F
♥✉♠❜❡L ♦❢ ✇❛F❡L ♠♦❧❡❝✉❧❡I✱ F❤❡ ❤②❞L❛F✐♦♥ L❡❛❝F✐♦♥ ♦❢ ❈❖✷ ♠❛② ♦❝❝✉L ❛I ✇❡❧❧ ❛❧♦♥❣I✐❞❡
F❤❡ ❡IF❡L✐✜❝❛F✐♦♥ L❡❛❝F✐♦♥ ♦❢ ❊F❖❍ ❛♥❞ ❈❖✷✳ ❚❤❡ ❝♦♥I❡N✉❡♥❝❡ ✇♦✉❧❞ ❜❡ ❛ I✐♠✉❧F❛♥❡♦✉I
❢♦L♠❛F✐♦♥ ♦❢ ❍✸❖✰✱ ✇❤✐❝❤ ❝♦✉❧❞ ♦✛❡L ❛ ❍✰ F♦ ❡❛❝❤ ❡F❤②❧ ❣L♦✉♣✱ ❝❛✉I✐♥❣ F❤❡♠ F♦ I♣❧✐F
♦✛ ❛♥❞ ❢♦L♠ ❊F❖❍✳ ❚❤✐I ♣L♦❝❡II ❝♦✉❧❞ ♦♥❧② ❜❡ ♣L❡✈❡♥F❡❞ ✐❢ ♥♦ ❛✈❛✐❧❛❜❧❡ ✇❛F❡L ♠♦❧❡❝✉❧❡I
✇❡L❡ ♣L❡I❡♥F ❛♥❞ ✇♦✉❧❞ ❝❛✉I❡ ❞❡❤②❞L❛F✐♦♥ F♦ ❤❛✈❡ ❛ ♠♦L❡ ♣♦I✐F✐✈❡ ❡✛❡❝F✳

❆ I✐♥❣❧❡ I❛♠♣❧❡ ♦❢ ✹ ➴ ❛♥❞ ✺ ➴ ▼❙ ❡❛❝❤ ❤❛✈❡ ❜❡❡♥ L❡❝♦✈❡L❡❞ ❢L♦♠ F❤❡ ❡①♣❡L✐♠❡♥FI ❛♥❞
L❡✉I❡❞ ❛❢F❡L ❞L②✐♥❣ ❛F ❃ ✹✵✵ ➦❈ ✉♥❞❡L ❛F♠♦I♣❤❡L✐❝ ♣L❡II✉L❡✳ ❚❤❡ L❡❛❝F✐♦♥ F❡IF ❞❛F❛ ✉♥❞❡L
✇❤✐❝❤ F❤❡ ♠♦❞✐✜❡❞ ❝❛LL✐❡LI ✇❡L❡ L❡✉I❡❞ ❛L❡ ❧✐IF❡❞ ✐♥ ❚❛❜❧❡ ✾✱ ❛♥❞ F❤❡ L❡I✉❧FI ❛L❡ ♣♦LFL❛②❡❞
✐♥ ❋✐❣✉L❡ ✷✹✳

❇♦F❤ I❛♠♣❧❡I ✐♥✐F✐❛❧❧② ♣❡L❢♦L♠❡❞ I❧✐❣❤F❧② ✉♥❞❡L ❛✈❡L❛❣❡✳ ❍♦✇❡✈❡L✱ F❤❡ ✹ ➴ ▼❙ ❛❧♠♦IF
❞♦✉❜❧❡❞ ✐FI ②✐❡❧❞ ✉♣ F♦ ✵✳✵✹ ✪ ❛♥❞ ♣L♦❞✉❝F✐✈✐F② ♦♥ ✐FI I❡❝♦♥❞ ✉I❡ ❛♥❞ ♠❛✐♥F❛✐♥❡❞ F❤❡
♣❡L❢♦L♠❛♥❝❡ ♦♥ ✐FI F❤✐L❞ ✉I❡✳ ❚❤❡ I❤❛L❡ ♦❢ ❝❛F❛❧②IF ♦♥ F❤❡ ❝❛LL✐❡L ❞♦❡I ♥♦F ❝❤❛♥❣❡ ❢L♦♠
❡①♣❡L✐♠❡♥F❛❧ ✐F❡L❛F✐♦♥✱ ❜✉F F❤❡ L❡❣❡♥❡L❛F✐♦♥ ♦❢ F❤❡ ▼❙ ♠❛② ❤❛✈❡ L❡♠♦✈❡❞ L❡I✐❞✐♥❣ ❝♦♠✲
♣♦✉♥❞I ✇✐F❤✐♥ F❤❡ ♣♦L❡I ♦❢ F❤❡ ▼❙✳ ■♥ ❝♦♥FL❛IF✱ F❤❡ ✺ ➴ ▼❙ IF❛LFI ✇✐F❤ ❛ ❝♦♠♣❛L❛❜❧②
❣♦♦❞ ②✐❡❧❞ ✭✵✳✵✸ ✪✮ ❜✉F ❞❡❝L❡❛I❡I ❞L❛IF✐❝❛❧❧② ✇✐F❤ ❡❛❝❤ ❛♣♣❧✐❝❛F✐♦♥✱ ✐♥❞✐❝❛F✐♥❣ ❛♥ ❛❝F✉❛❧
❧♦II ♦❢ ❝❛F❛❧②F✐❝ ❛❝F✐✈❡ ❝♦♠♣♦♥❡♥FI ❢L♦♠ F❤❡ ▼❙✳

✹✶



✹✳✸✳ MA♦❞✉❝> A❡♠♦✈❛❧

❚❛❜❧❡ ✾✿ ❊①♣❡U✐♠❡♥QS U❡✉S✐♥❣ ♠♦❞✐✜❡❞ ❝❛UU✐✲
❡US ♦♥ ✶✷✵ ➦❈ ❛♥❞ ✹✵ ❜❛U ✇✐Q❤♦✉Q ❛ ❞❡❤②❞U❛Q✐♥❣ ❛❣❡♥Q

❊①♣❡L✐♠❡♥F ❈❛LL✐❡L I❛❣❡I ❊F❖❍ ❋❡❡❞ ❝❛F❛❧②IF ♠❛II ❝❛LL✐❡L ♠❛II
✲ ❣ ❣ ❣

❘✶✼ ▼❙ ✹ ➴ ✶ ✶✵✵✳✵✵
✵✳✶✸

✺✵
❘✷✹ ▼❙ ✹ ➴ ✷ ✼✵✳✼✷ ✺✵
❘✷✺ ▼❙ ✹ ➴ ✸ ✼✵✳✵✵ ✺✵
❘✷✷ ▼❙ ✺ ➴ ✶ ✼✵✳✽✷

✷✳✽✼
✺✵

❘✷✻ ▼❙ ✺ ➴ ✷ ✼✶✳✵✵ ✺✵
❘✷✼ ▼❙ ✺ ➴ ✸ ✼✹✳✵✵ ✺✵

■♥ ❛❣❣L❡❣❛F❡✱ ✹ ➴ ❛♥❞ ✺ ➴ ▼❙ I❤♦✇ ❛ ❧❛L❣❡ ♣♦F❡♥F✐❛❧ ❛I ❛ ❝❛F❛❧②IF ❝❛LL✐❡L L❡❛❝❤✐♥❣ ❝♦♠♣❡F✲
✐F✐✈❡ ②✐❡❧❞I ❛♥❞ ♣L♦❞✉❝F✐✈✐F✐❡I✳ ✹ ➴ ▼❙ ❤❛✈❡ ❞❡♠♦♥IFL❛F❡❞ ❜❡FF❡L IF❛❜✐❧✐F②✱ ✇❤✐❝❤ ❤❛I ♥♦F
❜❡❡♥ ❢♦✉♥❞ ✉I✐♥❣ ✺ ➴ ▼❙✳ ❆♥ ❛❞❥✉IF♠❡♥F ♦❢ F❤❡ L❡❣❡♥❡L❛F✐♦♥ ♣L♦❝❡II ❝♦✉❧❞ ♣♦II✐❜❧② ♣L❡✲
✈❡♥F F❤❡ ♣❡L❢♦L♠❛♥❝❡ ❞❡❣L❛❞❛F✐♦♥✳ ❖♥ F❤❡ ♦F❤❡L ❤❛♥❞✱ ✺ ➴ ▼❙ ❤❛✈❡ I❤♦✇♥ I✐❣♥✐✜❝❛♥F❧②
❜❡FF❡L ♣❡L❢♦L♠❛♥❝❡I F❤❛♥ ❝♦♠♠❡L❝✐❛❧ ❈❡❖✷✳ I✐♥❣ ✷❈� ❛I ❛ ❞❡❤②❞L❛F✐♦♥ ❛❣❡♥F ✐♥❝L❡❛I❡I
F❤❡ ♣L♦❞✉❝F✐✈✐F② ❜② ✸✵ F✐♠❡I ❢♦L ✹ ➴ ▼❙ ❛♥❞ ✾✼ F✐♠❡I ❢♦L ✺ ➴ ▼❙ ♦♥ ❛✈❡L❛❣❡ ❜❡✐♥❣ ❤✐❣❤❧②
❝♦♠♣❡F✐F✐✈❡ ✇✐F❤ ❝♦♠♠❡L❝✐❛❧ ♦♣F✐♦♥I✳ ■♥IF❡❛❞ ♦❢ ✷❈� ✉I❛❣❡✱ ♠❡♠❜L❛♥❡ F❡❝❤♥♦❧♦❣② ✇♦✉❧❞
❜❡ ❤✐❣❤❧② ❡❧✐❣✐❜❧❡ ❢♦L ❦❡❡♣✐♥❣ F❤❡ ✇❛F❡L ❝♦♥❝❡♥FL❛F✐♦♥ ❧♦✇✱ ❛I ♦❜I❡L✈❡❞ ✐♥ ❏♦✉J♥❛❧ [✉❜✲
❧✐❝❛F✐♦♥ ■■✱ ✇✐F❤♦✉F F❤❡ ❞L❛✇❜❛❝❦ ♦❢ ❝♦♣✐♥❣ ✇✐F❤ ♣✐❝♦❧✐♥❡❛♠✐❞❡ ❛I ❛♥♦F❤❡L I✐❞❡ ♣L♦❞✉❝F✳

❋✐❣✉<❡ ✷✹✿ ❈♦♠♣❛U✐S♦♥ ♦❢ ②✐❡❧❞ ♣❡U ❤♦✉U ✭❧❡❢Q✮ ❛♥❞ ♣U♦❞✉❝Q✐✈✐Q②
✭U✐❣❤Q✮ ♦❢ ♠♦❞✐✜❡❞ ❝❛UU✐❡US ♦♥ ♠✉❧Q✐♣❧❡ ✉S❛❣❡ ✇✐Q❤♦✉Q ✇❛Q❡U QU❛♣ ✉S❛❣❡

✹✳✸ 7A♦❞✉❝= A❡♠♦✈❛❧

❆♠♦♥❣ F❤❡ ✈❛L✐♦✉I ♠❡F❤♦❞I ❛✈❛✐❧❛❜❧❡ F♦ ❞❡❤②❞L❛F❡ F❤❡ L❡❛❝F✐♦♥ ♠✐①F✉L❡✱ ♣❡L✈❛♣♦L❛F✐♦♥
❤❛I ❜❡❡♥ ❝♦♥I✐❞❡L❡❞ ❛ ♣L♦♠✐I✐♥❣ ❛♣♣L♦❛❝❤✳ ❏♦✉J♥❛❧ [✉❜❧✐❝❛F✐♦♥ ■■ F❡IF❡❞ ❛♥❞ ❡✈❛❧✉✲
❛F❡❞ I❡✈❡L❛❧ ♠❡♠❜L❛♥❡I ❢♦L ✉I❛❣❡ ✐♥ F❤❡ ❉❊❈ ♣L♦❞✉❝F✐♦♥ ♣L♦❝❡II ♣L❡I❡♥F❡❞ ✐♥ ♣❛F❡♥F✳
❆I ♠❡♥F✐♦♥❡❞ ✐♥ I❡❝F✐♦♥ ✷✳✷ I❡✈❡L❛❧ ♣♦❧②♠❡L✐❝ ❛♥❞ ❛♥ ✐♥♦L❣❛♥✐❝ ❝❡L❛♠✐❝ ♠❡♠❜L❛♥❡ ❤❛✈❡

✹✷



❈❤❛♣>❡A ✹✳ ❘❡?✉❧>?

❚❛❜❧❡ ✶✵✿ ❘❡S✉❧QS ♦❢ ♠❡♠❜U❛♥❡ ♣❡U✈❛♣♦U❛Q✐♦♥ ❡①♣❡U✐♠❡♥QS ✐♥ ❏♦✉<♥❛❧ 6✉❜❧✐❝❛:✐♦♥ ■■

▼❡♠❜L❛♥❡ wc,H2O wp,H2O α QH2O

[wt%] [wt%] [−] [mol/Pa×m2 × h]

❊❇❘❊❚▼ ✵ ✵✳✾✽ > ✾✹✳✺ ✸✵✽✵ ✕ ✷✵✵✵✵✵ < ✻✳✵✸ × ✶✵✲✻

�❊❘❆�❚▼ ✹✶✺✺✕✽✵ ✶✳✵✶ ∼ ✶✷✳✵ ✶✶ ✕ ✶✼ < ✶✳✽✵ × ✶✵✲✺

�❊❘❆�❚▼ ✹✶✵✵ ✵✳✾✹ ✹✳✼ ✕ ✺✳✶ ✺ ✕ ✻ < ✹✳✺✷ × ✶✵✲✻

�❊❘❆�❚▼ ✹✶✵✶ ✶✳✵✽ ✼✸✳✾ ✶✷✵ ✕ ✶✽✵ ✷✳✶✾ × ✶✵✲✻

❜❡❡♥ ✉I❡❞ F♦ ❞❡❤②❞L❛F❡ F❡L♥❛L② ❉❊❈✴✇❛F❡L✴❊F❖❍ ♠✐①F✉L❡I ♦❝❝✉LL✐♥❣ ❞✉L✐♥❣ ❞✐L❡❝F I②♥✲
F❤❡I✐I ❢L♦♠ ❊F❖❍ ❛♥❞ ❈❖✷✳ ❚❤❡ L❡I✉❧FI ♦❢ ♠✉❧F✐♣❧❡ ❡①♣❡L✐♠❡♥FI ✉I✐♥❣ ✶ ✪ ❉❊❈ ❛♥❞
✇❛F❡L ❡❛❝❤ ❛♥❞ F❤❡ L❡IF ♦❢ ❊F❖❍ ❛L❡ ❛✈❛✐❧❛❜❧❡ ✐♥ ❚❛❜❧❡ ✶✵✳

❚❤❡ L❡I✉❧FI I❤♦✇ ❛ ❣♦♦❞ I❡♣❛L❛F✐♦♥ ♣❡L❢♦L♠❛♥❝❡ ♦❢ F❤❡ ✐♥♦L❣❛♥✐❝ ♠❡♠❜L❛♥❡ ❜❛I❡❞ ♦♥
✇❛F❡L ✢✉① ❛♥❞ ♣✉L✐F②✱ I♦ ❞❡❤②❞L❛F✐♦♥ ❞✉L✐♥❣ F❤❡ L❡❛❝F✐♦♥ ✐I ❝♦♥❝❡✐✈❛❜❧❡✳

❙✐♥❝❡ ❧♦✇ N✉❛♥F✐F✐❡I ♦❢ ✇❛F❡L ❛❧L❡❛❞② I❧♦✇ ❞♦✇♥ F❤❡ L❡❛❝F✐♦♥✱ ♠❡♠❜L❛♥❡ ♣❡L❢♦L♠❛♥❝❡ ✐♥
✈❡L② ❧♦✇ ✇❛F❡L ❝♦♥❝❡♥FL❛F✐♦♥I ✐I ♦❢ ❤✐❣❤ ✐♥F❡L❡IF✳ ❏♦✉J♥❛❧ [✉❜❧✐❝❛F✐♦♥ ■■ ❣✐✈❡I ✐♥I✐❣❤F
✐♥F♦ F❤❡ ❞❡❤②❞L❛F✐♦♥ ♣❡L❢♦L♠❛♥❝❡ ✉I✐♥❣ ❛♥ ✐♥✐F✐❛❧ ❢❡❡❞ ✇❛F❡L ❝♦♥F❡♥F ♦❢ ✵✳✼ ✇F✪✱ ❛I ✐❧❧✉I✲
FL❛F❡❞ ✐♥ ❋✐❣✉L❡ ✷✺✳

❋✐❣✉<❡ ✷✺✿ ❛Q❡U ❝♦♥❝❡♥QU❛Q✐♦♥ ♦❢ ❝✐U❝✉❧❛Q✐♥❣ ❢❡❡❞ ♦❢
❛♥ ❡①❡♠♣❧❛U② ❡①♣❡U✐♠❡♥Q ✐♥ ❏♦✉<♥❛❧ 6✉❜❧✐❝❛:✐♦♥ ■■

❚❤❡ ❝♦♥F✐♥✉♦✉I❧② ❞❡❝L❡❛I✐♥❣ ✇❛F❡L ❝♦♥F❡♥F ✐♥ F❤❡ ❢❡❡❞ I❤♦✇I F❤❛F F❤❡ ♠❡♠❜L❛♥❡ ✐I ❝❛♣❛❜❧❡
♦❢ L❡❞✉❝✐♥❣ F❤❡ ✇❛F❡L ❝♦♥❝❡♥FL❛F✐♦♥ ❛F ✈❡L② ❧♦✇ ❧❡✈❡❧I✳ ❆ ❝❧♦I❡L ❧♦♦❦ ♦♥ F❤❡ ✢✉① L❡✈❡❛❧I ❛
I❧♦✇❡❞✲❞♦✇♥ ❞❡❤②❞L❛F✐♦♥✳ ◆❡✈❡LF❤❡❧❡II✱ ✐♥❝L❡❛I✐♥❣ F❤❡ I✉L❢❛❝❡ ❛L❡❛ ♦L F❤❡ ♦F❤❡L ♣❛L❛♠❡✲
F❡LI✱ I✉❝❤ ❛I I✇❡❡♣ ❣❛I ✢♦✇ L❛F❡✱ ✇♦✉❧❞ ❝♦✉♥F❡L❛❝F F❤❡ ❛♣♣❛L❡♥F ❞❡❝❡❧❡L❛F✐♦♥✳ ▼❡♠❜L❛♥❡
❞❡❤②❞L❛F✐♦♥ ✐I ♣♦II✐❜❧❡ ❛I ❧♦♥❣ ❛I F❤❡ ✇❛F❡L ♠♦❧❡❝✉❧❡ ♠♦❜✐❧✐F② ✐I ❣✐✈❡♥✳ ❚❤❡ ♣✉L✐F② ♦❢ F❤❡
♣❡L♠❡❛F❡ ✇❛I ♦❜I❡L✈❡❞ F♦ ❞❡❝L❡❛I❡ ✇✐F❤ ❧♦✇❡L✐♥❣ ❢❡❡❞ ✇❛F❡L ❝♦♥F❡♥F✳ ❍♦✇❡✈❡L✱ F❤❡ ♣❡L✲
♠❡❛F❡✬I ❛✈❡L❛❣❡ ♣✉L✐F② ✐♥ F❤✐I ❡①♣❡L✐♠❡♥F ✇❛I ♦❜I❡L✈❡❞ F♦ ❜❡ ✾✾✳✵✷ ✇F✪✳ ❖F❤❡L ✜♥❞✐♥❣I
♦❢ ❏♦✉J♥❛❧ [✉❜❧✐❝❛F✐♦♥ ■■ ✐♥❝❧✉❞❡ F❤❛F ♥♦ I✐❣♥✐✜❝❛♥F ❛❧F❡L✐✜❝❛F✐♦♥I ♦♥ ❞❡❤②❞L❛F✐♦♥
♣❡L❢♦L♠❛♥❝❡ ✇❡L❡ ♦❜I❡L✈❡❞ ❞❡I♣✐F❡ ✉I✐♥❣ ✾ ✇F✪ ❉❊❈ ❢❡❡❞ ❝♦♥F❡♥F ❛♥❞✱ ❢✉LF❤❡L✱ ✐♥❝L❡❛I✐♥❣
F❤❡ ♦♣❡L❛F✐♥❣ ♣L❡II✉L❡ L❡I✉❧F❡❞ ✐♥ ❛ ❜❡FF❡L ♣❡L❢♦L♠❛♥❝❡ ✇✐F❤♦✉F ♦❜I❡L✈✐♥❣ ❛♥② FL❛❝❡I ♦❢

✹✸



✹✳✹✳ MA♦❝❡?? ?✐♠✉❧❛>✐♦♥

❈❖✷ ✐♥ F❤❡ ♣❡L♠❡❛F❡✳ ❚❤❡ ❞❡I✐❣♥ ♦❢ F❤❡ I❡♣❛L❛F✐♦♥ ♣L♦❝❡❞✉L❡ I❤♦✉❧❞ ❝♦♥I✐❞❡L F❤❛F ❧♦✇
❉❊❈ ❞❡❣L❛❞❛F✐♦♥ ❤❛I ❜❡❡♥ ♦❜I❡L✈❡❞ ✐♥ ❏♦✉J♥❛❧ [✉❜❧✐❝❛F✐♦♥ ■ ✉I✐♥❣ ❈❡❖✷ ✇❤✐❧❡ ❜♦✐❧✲
✐♥❣ ✇❛F❡L ❛♥❞ ❉❊❈✳ ❚❤✐I ❡✛❡❝F ✇❛I ✈✐I✐❜❧② ❧♦✇❡L ✇✐F❤♦✉F F❤❡ ♣L❡I❡♥❝❡ ♦❢ ❈❡❖✷ ❛♥❞ ❤❛I
♥♦F ❜❡❡♥ ♦❜I❡L✈❡❞ ❛F ❛❧❧ ✐♥ ❏♦✉J♥❛❧ [✉❜❧✐❝❛F✐♦♥ ■■✳ ◆❡✈❡LF❤❡❧❡II✱ ❉❊❈ ❞❡❣L❛❞❛F✐♦♥
❞✉❡ F♦ ❛❞✈❡LI❡ ♠❡♠❜L❛♥❡ ♠❛F❡L✐❛❧ I❡❧❡❝F✐♦♥ ♠❛② ❜❡ ♣♦II✐❜❧❡ ❛♥❞ ♠✉IF ❜❡ L✉❧❡❞ ♦✉F✳ ❆♥
❡✛❡❝F✐✈❡ ❞❡❤②❞L❛F✐♦♥ ✇♦✉❧❞ ❡✛❡❝F✐✈❡❧② ♣L❡✈❡♥F ❤②❞L♦❧②I✐I ♦❢ ❉❊❈✳ ❍♦✇❡✈❡L✱ F❤✐I L❡N✉✐L❡I
❢✉LF❤❡L L❡I❡❛L❝❤ ♦♥ ❤♦✇ ❧♦✇ F❤❡ ✇❛F❡L ❝♦♥❝❡♥FL❛F✐♦♥ ❝❛♥ L❡❛❝❤ ❜② ✉I✐♥❣ ♣❡L✈❛♣♦L❛F✐♦♥✳
❚❤❡I❡ ❦❡② ✜♥❞✐♥❣I ❤❛✈❡ ❜❡❡♥ ❝♦♥I✐❞❡L❡❞ ✐♥ [❛F❡♥F ❛♥❞ F❤❡ ♠❛♥✉❢❛❝F✉L✐♥❣ ♣L♦❝❡II ♦❢
F❤❡ ♣✐❧♦F L❡❛❝F♦L✳

✹✳✹ 7A♦❝❡?? ?✐♠✉❧❛=✐♦♥

❚❤❡ I✐♠✉❧❛F✐♦♥ ♦❢ F❤❡ ♣L♦❝❡II ❝❤❛✐♥ ❜❛I❡❞ ♦♥ F❤❡ ❞❛F❛ ♦❜F❛✐♥❡❞ ❢L♦♠ I❡❝F✐♦♥ ✹✳✶ ❛♥❞
❏♦✉J♥❛❧ [✉❜❧✐❝❛F✐♦♥ ■■ I❤❛❧❧ ❣✐✈❡ ✐♥I✐❣❤F ✐♥F♦ F❤❡ ♣L♦❞✉❝F✐♦♥ ❝❛♣❛❜✐❧✐F✐❡I ♦❢ F❤❡ ♣L♦✲
❝❡II ❝❤❛✐♥✳ ❚❤❡ L❡I✉❧FI ♦❢ F❤❡ I✐♠✉❧❛F✐♦♥I ❛L❡ ✐❧❧✉IFL❛F❡❞ ✐♥ ❋✐❣✉L❡ ✷✻✳

❋✐❣✉<❡ ✷✻✿ ❙✐♠✉❧❛Q❡❞ ❡W✉✐❧✐❜U✐✉♠ ❝♦♥❝❡♥QU❛Q✐♦♥S ♦❢ ❉❊❈ ✐♥ ❉❙■▼ S✐♠✉❧❛Q✐♥❣ ♥♦♥❡✱
♦♥❡✱ Q✇♦✱ ✶✵✱ ❛♥❞ ✺✵ ✵ ▼❡♠❜U❛♥❡S ✇✐Q❤ ❡✐Q❤❡U Q❤❡ ●✐❜❜S ♦U Q❤❡ ❊W✉✐❧✐❜U✐✉♠ U❡❛❝Q♦U

❚❤❡ ❡N✉✐❧✐❜L✐✉♠ ❝♦♥❝❡♥FL❛F✐♦♥ ♦❢ ❉❊❈ wDEC,eq ✇✐F❤✐♥ F❤❡ ❝✐L❝✉❧❛F✐♥❣ ♠✐①F✉L❡ ♦♥❧② L❡❛❝❤❡I
❝❧♦I❡ F♦ ✵✳✺ ✇F ✪ ✐♥ ❜♦F❤ I❝❡♥❛L✐♦I✳ ❚❤✐I ♣L♦✈❡I F❤❛F F❤❡ IF♦L❡❞ F❤❡L♠♦❞②♥❛♠✐❝ ❞❛F❛ ✐I
L❡❧❛F✐✈❡❧② ❝❧♦I❡ F♦ ❡❛❝❤ ♦F❤❡L✳ ❙✐♠✉❧❛F✐♥❣ F❤❡ ✉I❡ ♦❢ ♦♥❡ ✵ ▼❡♠❜L❛♥❡ ❛❧L❡❛❞② ✐♥❝L❡❛I❡I
wDEC ❜② ❛F ❧❡❛IF F❤❡ ✹✕❢♦❧❞ ✉I✐♥❣ F❤❡ ❊N✉✐❧✐❜L✐✉♠ L❡❛❝F♦L ❛♥❞ ♠♦L❡ F❤❛♥ ✶✷✕❢♦❧❞ ❢♦L F❤❡
●✐❜❜I L❡❛❝F♦L✳ ❚❤✉I✱ ❜♦F❤ ♠♦❞❡❧I I❤♦✇ ❛ ❞L❛IF✐❝ ✐♥❝L❡❛I❡ ✐♥ wDEC ✳ ❙✐♠✉❧❛F✐♦♥I ❝♦♥F❛✐♥✲
✐♥❣ L❡❝②❝❧❡ IFL❡❛♠I ❛L❡ ✉I✉❛❧❧② L✉♥ ✐F❡L❛F✐✈❡❧② ❛♥❞ ❝♦♥✈❡L❣❡✱ ♥❡❣❧❡❝F✐♥❣ ❛ I♣❡❝✐✜❝ ❡LL♦L
✉♥❞❡L ✇❤✐❝❤ F❤❡ ♦✈❡L❛❧❧ ❞❡♠❛♥❞I ❛L❡ IF✐❧❧ ♠❡F✳ ❊✈❡♥ F❤♦✉❣❤ F❤❡ ❝♦♥✈❡L❣✐♥❣ F♦❧❡L❛♥❝❡ ❢♦L
✇❛F❡L ♦❢ F❤❡ ❡N✉✐❧✐❜L✐✉♠ L❡❛❝F♦L ✇❛I ❛❧L❡❛❞② ❛I ❧♦✇ ❛I 1.6×10−11kg/h✱ ❧♦✇ ❜✉F I✐❣♥✐✜❝❛♥F
❝❤❛♥❣❡I ✐♥ wDEC ❤❛✈❡ ❜❡❡♥ ♦❜I❡L✈❡❞ ✐♥❝L❡❛I✐♥❣ F❤❡ ❝♦♥❝❡♥FL❛F✐♦♥ ❛♥❞ ❞❡❝L❡❛I✐♥❣ F❤❡ ♦✈❡L✲
❛❧❧ ❡LL♦L ✐♥ F❤❡ ❝②❝❧❡✳ ❚❤❡ ●✐❜❜I L❡❛❝F♦L I❤♦✇I ❛ ❧♦✇ ❡LL♦L F♦❧❡L❛♥❝❡ ♦❢ 6.4×10−17kg/h ✐♥

✹✹



❈❤❛♣>❡A ✹✳ ❘❡?✉❧>?

❝♦♠♣❛L✐I♦♥ F♦ F❤❡ ❡N✉✐❧✐❜L✐✉♠ L❡❛❝F♦LI ❡LL♦L F♦❧❡L❛♥❝❡✳ ❙✐♥❝❡ F❤✐I ✐F❡L❛F✐✈❡ ❛♣♣L♦❛❝❤ ✇❛I
I✐❣♥✐✜❝❛♥F❧② ♠♦L❡ F✐♠❡✲❝♦♥I✉♠✐♥❣ ❢♦L F❤❡ ❊N✉✐❧✐❜L✐✉♠ L❡❛❝F♦L✱ F❤❡ ❝♦♥✈❡L❣❡♥❝❡ ❝♦♥❞✐F✐♦♥
✇❛I ❝♦♥❝❧✉❞❡❞ ❡❛L❧✐❡L✳ ❚❤❡ ❡N✉✐❧✐❜L✐✉♠ L❡❛❝F♦L I✐♠✉❧❛F✐♥❣ F❤❡ ❞✐L❡❝F I②♥F❤❡I✐I ✇✐F❤ F❤❡
♣❡L✈❛♣♦L❛F✐♦♥ ✉I✐♥❣ F❤❡ ✶✵✕❢♦❧❞ ♦❢ F❤❡ ✵ ♠❡♠❜L❛♥❡ I✉L❢❛❝❡ ❛L❡❛ ❞♦✉❜❧❡I wDEC ✳ ❋✉L✲
F❤❡L ✐♥❝L❡❛I❡I IF✐❧❧ ✐♥❝L❡❛I❡ wDEC ✱ ✇✐F❤ ❛ ❧♦✇ ✐♥❝❧✐♥❡✱ ✇❤✐❝❤ ✇♦✉❧❞ ❛❧L❡❛❞② ❜❡ I✐❣♥✐✜❝❛♥F❧②
♠♦L❡ ❉❊❈ ❢♦L♠❡❞ F❤❛♥ ✐♥ F❤❡ ❧✐F❡L❛F✉L❡ ✭I❡❡ I✉❜I❡❝F✐♦♥ ✷✳✸✳✷✮✳ ❚❤❡ L❡I✉❧FI ❞❡❧✐✈❡L❡❞ ❜②
F❤❡ ●✐❜❜I L❡❛❝F♦L ❛L❡ ♠❛II✐✈❡❧② ❡♥❤❛♥❝❡❞ ❜② ✐♥❝❧✉❞✐♥❣ F❤❡ ✵ ♠❡♠❜L❛♥❡ ✐♥ F❤❡ I✐♠✉✲
❧❛F✐♦♥✳ ■♥❝L❡❛I✐♥❣ F❤❡ I✉L❢❛❝❡ ✉♣ F♦ F❤❡ ✺✵✕❢♦❧❞ ✵ I✉L❢❛❝❡ ❛L❡❛ ♦❢ ✵✳✷✽ ♠✷ ❡✈❡♥ I❤✐❢FI
F❤❡ ❡N✉✐❧✐❜L✐✉♠ ♦❢ F❤❡ I②IF❡♠ ✉♣ F♦ ❛ ❉❊❈ ❝♦♥❝❡♥FL❛F✐♦♥ wDEC ♦❢ ♦✈❡L ✽✻ ✇F✪✳ ▼♦L❡
✐♥❢♦L♠❛F✐♦♥ ♦♥ F❤❡ I❤✐❢F❡❞ F❤❡ ❡N✉✐❧✐❜L✐✉♠ ✐I ♦❜F❛✐♥❡❞✱ ❜② ✐♥❝❧✉❞✐♥❣ F❤❡ ✐♥❢♦L♠❛F✐♦♥ ♦❢
F❤❡ L❡I✐❞✉❛❧ ✇❛F❡L ❝♦♥F❡♥F ✐♥ F❤❡ ❝✐L❝✉❧❛F✐♥❣ ♠✐①F✉L❡✱ ✇❤✐❝❤ ✐I ✐❧❧✉IFL❛F❡❞ ✐♥ ❋✐❣✉L❡ ✷✼✳

❋✐❣✉<❡ ✷✼✿ ❙✐♠✉❧❛Q❡❞ ❡W✉✐❧✐❜U✐✉♠ ♠❛SS ❢U❛❝Q✐♦♥S ♦❢ ✇❛Q❡U ✐♥ ●✐❜❜S ❛♥❞ ❊W✉✐❧✐❜U✐✉♠ U❡❛❝Q♦U

❚❤❡ ❡N✉✐❧✐❜L✐✉♠ ✇❛F❡L ❝♦♥❝❡♥FL❛F✐♦♥ ✐♥ F❤❡ L❡❛❝F♦L I❤♦✉❧❞ ❞❡❝L❡❛I❡✱ ✇❤✐❝❤ ❛❧I♦ L❡I❡♠❜❧❡I
✉I✐♥❣ F❤❡ ❡N✉✐❧✐❜L✐✉♠ L❡❛❝F♦L✳ ❚❤❡ ●✐❜❜I L❡❛❝F♦L ❞♦❡I ♥♦F ❢♦❧❧♦✇ F❤❡ ❡①♣❡❝F❡❞ FL❡♥❞✱
❧✐♠✐F✐♥❣ F❤❡ I✐❣♥✐✜❝❛♥❝❡ ♦❢ F❤❡ ♦✈❡L❛❧❧ ●✐❜❜I L❡❛❝F♦L L❡I✉❧FI✳ ❚❤❡ ❝❛❧❝✉❧❛F❡❞ K❡> ❡N✉✐❧✐❜✲
L✐✉♠ ❝♦♥IF❛♥FI ♦❢ F❤❡ ❞✐L❡❝F I②♥F❤❡I✐I ♦❢ ❊F❖❍ ❛♥❞ ❈❖✷ ❢L♦♠ F❤❡ L❡I✉❧FI ♠❛F❝❤ F❤❡ ✉I❡❞
❡N✉✐❧✐❜L✐✉♠ ❝♦♥IF❛♥F ✭I❡❡ I✉❜I❡❝F✐♦♥ ✸✳✷✳✶✮✳ ❚❤❡ ❡N✉✐❧✐❜L✐✉♠ ❝♦♥IF❛♥FI K❡> ❝❛❧❝✉❧❛F❡❞
❢L♦♠ F❤❡ ❝♦♠♣♦I✐F✐♦♥ ✐♥ F❤❡ ●✐❜❜I L❡❛❝F♦L ❞✐✛❡L ❞✉❡ F♦ F❤❡ ❡①FL❡♠❡❧② ❧♦✇ ✇❛F❡L ❝♦♥❝❡♥✲
FL❛F✐♦♥ ♦❜I❡L✈❡❞✳ ❚❤❡ L❡❧❛F✐✈❡❧② IFL♦♥❣ ❞❡✈✐❛F✐♦♥ ♦❢ K❡> ✐♥❞✐❝❛F❡I F❤❛F F❤❡ ❛❝F✉❛❧ ✇❛F❡L
❝♦♥❝❡♥FL❛F✐♦♥ ✇♦✉❧❞ ❜❡ ❤✐❣❤❡L F❤❛♥ F❤❡ ♦♥❡ ♦❜I❡L✈❡❞ ✐♥ F❤❡ ❝❛❧❝✉❧❛F✐♦♥ F♦ ❛❝❤✐❡✈❡ F❤❡
❝♦♥❝❡♥FL❛F✐♦♥I L❡F✉L♥❡❞ ❜② F❤❡ I✐♠✉❧❛F✐♦♥✳ ❚❤✉I✱ F❤❡ ♠❡♠❜L❛♥❡ ♠♦❞❡❧ ❡✛❡❝F✐✈❡❧② I✐♠✉✲
❧❛F❡I ❛ L❡❞✉❝❡❞ ✇❛F❡L ❝♦♥F❡♥F✱ I❤✐❢F✐♥❣ F❤❡ ❡N✉✐❧✐❜L✐✉♠ F♦✇❛L❞I ❤✐❣❤❡L ❉❊❈✲ ❛♥❞ ❧♦✇❡L
✇❛F❡L ❝♦♥❝❡♥FL❛F✐♦♥I✳ ❍♦✇❡✈❡L✱ ❛ ♠♦L❡ ❡✛❡❝F✐✈❡ ❝♦♥✈❡L❣❡♥❝❡ ❝❛❧❝✉❧❛F✐♦♥ ✇♦✉❧❞ L❡I✉❧F ✐♥
I❧✐❣❤F❧② ❤✐❣❤❡L ❝♦♥❝❡♥FL❛F✐♦♥I ♦❢ ❉❊❈✳ ❚❤❡ ❉❊❈ ❝♦♥❝❡♥FL❛F✐♦♥I ♦❜I❡L✈❡❞ ❢L♦♠ F❤❡ ●✐❜❜I
L❡❛❝F♦L I❡❡♠ F♦♦ ❤✐❣❤ F♦ ❜❡ ✈❛❧✐❞ ✐♥ ❝♦♠♣❛L✐I♦♥✳ ❍♦✇❡✈❡L✱ F❤❡② IF✐❧❧ ♣L♦✈✐❞❡ ✐♥❢♦L♠❛F✐♦♥
♦♥ ❤♦✇ ❧♦✇ F❤❡ ✇❛F❡L ❝♦♥❝❡♥FL❛F✐♦♥ ♥❡❡❞I F♦ ❜❡ ❞L✐✈❡♥ F♦ ❜♦♦IF F❤❡ L❡❛❝F✐♦♥ F♦ ❛❝❤✐❡✈❡
F❤❡ ♦❜I❡L✈❡❞ ❉❊❈ ❝♦♥❝❡♥FL❛F✐♦♥I✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ❛❞❥✉IF❡❞ ❜② ♠❡♠❜L❛♥❡ I✐③❡✳
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✹✳✹✳ MA♦❝❡?? ?✐♠✉❧❛>✐♦♥

✹✻



❈❍❆'❚❊❘✺
❙✉♠♠❛7② ♦❢ ♣✉❜❧✐❝❛4✐♦♥5

✺✳✶ ❏♦✉A♥❛❧ 7✉❜❧✐❝❛=✐♦♥?

✺✳✶✳✶ ❏♦✉A♥❛❧ L✉❜❧✐❝❛?✐♦♥ ■

❚✐I❧❡✿ ❙I❛❜✐❧✐I② ♦❢ ❉✐❡I❤②❧ ❈❛K❜♦♥❛I❡ ✐♥ I❤❡ ]K❡J❡♥❝❡ ♦❢ ❆❝✐❞✐❝ ❛♥❞ ❇❛J✐❝ ❙♦❧✈❡♥IJ ✶✺✷

❚❤✐I IF✉❞② ❡①♣❧♦L❡I F❤❡ ❛♣♣❧✐❝❛❜✐❧✐F② ♦❢ ❉❊❈ ❜② ❡①♣♦I✉L❡ F♦ ❛❝✐❞✐❝ ❛♥❞ ❜❛I✐❝ I♦❧✈❡♥FI✳
❚❤❡ ❝❤❡♠✐❝❛❧ IF❛❜✐❧✐F② ♦❢ ❉❊❈ F♦✇❛L❞I ❞❡❝♦♠♣♦I✐F✐♦♥ ❤❛I ❜❡❡♥ ❡①♣❡L✐♠❡♥F❛❧❧② ✐♥✈❡IF✐✲
❣❛F❡❞ ✉♥❞❡L ✈❛L✐♦✉I F❡♠♣❡L❛F✉L❡I ❛♥❞ ❛❞❞✐F✐✈❡I✳ ❚❤❡ L❡❛❣❡♥FI ✉I❡❞ ❤❛✈❡ ❜❡❡♥ ✐♥ ❝♦♥F❛❝F
❛F ❛♠❜✐❡♥F F❡♠♣❡L❛F✉L❡I ✉♣ F♦ F❤❡ ❜♦✐❧✐♥❣ ♣♦✐♥F✳ ❚❤❡ ❝♦♠♣♦I✐F✐♦♥ ♦❜F❛✐♥❡❞ I✉❜I❡N✉❡♥F❧②
✇❛I ❛♥❛❧②F✐❝❛❧❧② ❛II❡II❡❞ F♦ ❞❡F❡❝F ❞❡❝♦♠♣♦I✐F✐♦♥ ♣L♦❞✉❝FI✳

❚❤❡ ❡①♣❡L✐♠❡♥FI ❤❛✈❡ I❤♦✇♥ F❤❡ ♣♦II✐❜❧❡ ❞❡❝♦♠♣♦I✐F✐♦♥ ♦❢ ❉❊❈ F♦ ❊F❖❍ ❛♥❞ ❈❖✷ ✐♥
F❤❡ ♣L❡I❡♥❝❡ ♦❢ I♣❡❝✐✜❝ ❝♦♥❞✐F✐♦♥I✳ ❉❡❣L❛❞❛F✐♦♥ ❛F ❛♠❜✐❡♥F ❝♦♥❞✐F✐♦♥I ❞♦❡I ♥♦F ❢♦❧❧♦✇
F❡♥❞❡♥❝✐❡I ❛♥❞ ✇❛I ❣❡♥❡L❛❧❧② ❝♦♠♣❛L❛❜❧② ❧♦✇ ✭♠♦IF❧② ❁ ✶✵ ✪✮✳ ◆♦♥❡F❤❡❧❡II✱ F❤❡ ❞❡❣L❛✲
❞❛F✐♦♥ ♣L♦❝❡II ❛❝❝❡❧❡L❛F❡I I✐❣♥✐✜❝❛♥F❧② ❛F ❤✐❣❤❡L F❡♠♣❡L❛F✉L❡I✱ ❡I♣❡❝✐❛❧❧② ✐♥ F❤❡ ♣L❡I❡♥❝❡
♦❢ ❜❛I❡I✳ ❚❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ❝❛F❛❧②IFI L❡N✉✐L❡I ❢✉LF❤❡L ✐♥✈❡IF✐❣❛F✐♦♥ I✐♥❝❡ ✐FI ❡✛❡❝F ❞✐❞ ♥♦F
❢♦❧❧♦✇ I♣❡❝✐✜❝ FL❡♥❞I✳ ❘❡❞✉❝❡❞ ❜❛I❡✕❝❛F❛❧②③❡❞ ❞❡❝♦♠♣♦I✐F✐♦♥ ✇❛I ❢♦✉♥❞ ✐♥ F❤❡ ♣L❡I❡♥❝❡ ♦❢
I♦❞✐✉♠ ❝❤❧♦L✐❞❡ ✭◆❛❈❧✮✱ ❝♦✉♥F❡L❛❝F✐♥❣ ♣L❡✈✐♦✉I❧② ♦❜I❡L✈❡❞ ❡❧❡✈❛F❡❞ ❧❡✈❡❧I ♦❢ ❉❊❈ ❞❡❣L❛✲
❞❛F✐♦♥✳
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✺✳✶✳ ❏♦✉A♥❛❧ M✉❜❧✐❝❛>✐♦♥?

✺✳✶✳✷ ❏♦✉A♥❛❧ L✉❜❧✐❝❛?✐♦♥ ■■

❉❡❤②❞K❛I✐♦♥ ❜② ]❡K✈❛♣♦K❛I✐♦♥ ♦❢ ❛♥ ❖K❣❛♥✐❝ ❙♦❧✉I✐♦♥ ❢♦K I❤❡ ❉✐K❡❝I ❙②♥I❤❡J✐J ♦❢ ❉✐❡I❤②❧
❈❛K❜♦♥❛I❡ ✶✺✸

❉❡❤②❞L❛F✐♦♥ ♦❢ ❚❡L♥❛L② ♠✐①F✉L❡I ❝♦♥I✐IF✐♥❣ ♦❢ ❉❊❈✱ ✇❛F❡L✱ ❛♥❞ ❡F❤❛♥♦❧ ❤❛I ❜❡❡♥ ✐♥✈❡I✲
F✐❣❛F❡❞ ❡①♣❡L✐♠❡♥F❛❧❧② ❜② ❛ ♣❡L✈❛♣♦L❛F✐♦♥ I❡F✉♣✳ ❚❤❡ ♣L❡I❡♥❝❡ ♦❢ ✇❛F❡L ✇❛I ❝♦♥✜L♠❡❞
❛I ❛ I✐❣♥✐✜❝❛♥F ♦❜IF❛❝❧❡ F♦ F❤❡ ❞✐L❡❝F I②♥F❤❡I✐I ♦❢ ❉❊❈ ❢L♦♠ ❊F❖❍ ❛♥❞ ❈❖✷✳ ❈❤❛❧❧❡♥❣❡I
✐♥ ♠❡♠❜L❛♥❡ I❡♣❛L❛F✐♦♥ ❤❛✈❡ ❜❡❡♥ L❡♣♦LF❡❞ ✐♥ F❤✐I ❝♦♥F❡①F L❡❣❛L❞✐♥❣ ♠❡♠❜L❛♥❡ IF❛❜✐❧✐F②
❝❧♦I❡ F♦ ❉❊❈ I②♥F❤❡I✐I F❡♠♣❡L❛F✉L❡I✱ ♣L❡II✉L❡I✱ ❛♥❞ I✇❡❧❧✐♥❣ ❝❛✉I❡❞ ❜② ❈❖✷✳ �L❡II✉L✐③❛✲
F✐♦♥ ✇❛I ❛❝❤✐❡✈❡❞ ❜② ❢❡❡❞✐♥❣ ❈❖✷ F♦ F❤❡ F❡L♥❛L② I②IF❡♠ ❛♥❞ ❡①F❡♥❞✐♥❣ F❤❡ I②IF❡♠ F♦ ❛
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❜❡❡♥ ♣L♦♣♦I❡❞ ❜❛I❡❞ ♦♥ I✐♠✉❧❛F✐♦♥I ✉I✐♥❣ ❉❙■▼ ❛♥❞ F❤❡ ♠❡♠❜L❛♥❡ ❝♦❞❡ ♣L♦♣♦I❡❞ ✐♥
❏♦✉J♥❛❧ [✉❜❧✐❝❛F✐♦♥ ■■■✳

❚❤❡ I❡♣❛L❛F✐♦♥ ♦❢ F❤❡ ♣L♦❞✉❝F✱ ♠❛✐♥❧② ❝♦♥I✐IF✐♥❣ ♦❢ ❍✷ ❛♥❞ ◆✷✱ ✐I ♣L♦♣♦I❡❞ ❜② ♠❡♠❜L❛♥❡
F❡❝❤♥♦❧♦❣② ✉I✐♥❣ ❛ ♣♦❧②✐♠✐❞❡ ♠❡♠❜L❛♥❡✳ ❋♦❧❧♦✇✐♥❣ F❤✐I✱ ❍✷ ♣✉L✐F② ❧❡✈❡❧I ✉♣ F♦ ✾✾✳✸ ♠♦❧✪
❛L❡ ♣♦II✐❜❧❡✳ ❍♦✇❡✈❡L✱ ❞❡I♣✐F❡ F❤❡ ✉I❡ ♦❢ ❤✐❣❤✕❝♦♥✈❡LI✐♦♥ L❡❛❝F♦LI✱ ◆❍✸ L❡I✐❞✉❡I ♦❝❝✉L✱
✇❤✐❝❤ ✇♦✉❧❞ L❡N✉✐L❡ ❛❞❞✐F✐♦♥❛❧ ❛❜I♦L♣F✐✈❡ ♦L ❛❞I♦L♣F✐✈❡ ♠❡F❤♦❞I F♦ ❞L✐✈❡ F❤❡ ◆❍✸ ❝♦♥✲
❝❡♥FL❛F✐♦♥ ❜❡❧♦✇ ✶ ♣♣♠✳ ❆❞❞✐F✐♦♥❛❧ ♣L❡II✉L❡ I✇✐♥❣ ❛❞I♦L♣F✐♦♥ I❡♣❛L❛F✐♦♥ ✐I I✉❣❣❡IF❡❞ F♦
❛❝❤✐❡✈❡ ❡✈❡♥ ❤✐❣❤❡L N✉❛❧✐F✐❡I ♠❡❡F✐♥❣ ♣L♦F♦♥✲❡①❝❤❛♥❣❡ ♠❡♠❜L❛♥❡ ❢✉❡❧✕❝❡❧❧I L❡N✉✐L❡♠❡♥FI✳

✺✳✷ ❆✉?=A✐❛♥ 7❛=❡♥=

❖L✐❣✐♥❛❧ F✐F❧❡✿ ❡K❢❛❤K❡♥ ③✉K ❍❡KJI❡❧❧✉♥❣ ♦K❣❛♥✐J❝❤❡K ❈❛K❜♦♥❛I❡ ✶✺✻ ♣❡♥❞✐♥❣
❚L❛♥I❧❛F❡❞ F✐F❧❡✿ �L♦❝❡II ❢♦L ♦L❣❛♥✐❝ ❝❛L❜♦♥❛F❡ I②♥F❤❡I✐I

❚❤❡ ✐♥✈❡♥F✐♦♥ ❞❡I❝L✐❜❡I ❛ ♣L♦❝❡II ❢♦L ♦L❣❛♥✐❝ ❝❛L❜♦♥❛F❡ I②♥F❤❡I✐I ❛♥❞ I❡♣❛L❛F✐♦♥✳ ■♥
♣❛LF✐❝✉❧❛L✱ F❤❡ ❝❛F❛❧②F✐❝ ❞✐L❡❝F ♦L❣❛♥✐❝ ❝❛L❜♦♥❛F❡ ✭❖❈✮ I②♥F❤❡I✐I ❢L♦♠ F❤❡ ❝♦LL❡I♣♦♥❞✐♥❣
❛❧❝♦❤♦❧ ❛♥❞ ❝❛L❜♦♥ ❞✐♦①✐❞❡✱ ✇❤❡L❡✐♥ ✇❛F❡L ❢♦L♠❡❞ ❞✉L✐♥❣ F❤❡ ❝❛F❛❧②F✐❝ L❡❛❝F✐♦♥ ✐I I❡♣❛✲
L❛F❡❞ ♦✛ ✈✐❛ ❛F ❧❡❛IF ♦♥❡ ✐♥♦L❣❛♥✐❝ ♠❡♠❜L❛♥❡✱ ✐I ♣L❡I❡♥F❡❞✳

✹✾



✺✳✷✳ ❆✉?>A✐❛♥ M❛>❡♥>

❚❤❡ ♣❛F❡♥F ❞❡F❛✐❧I ❛ ♠❡♠❜L❛♥❡ L❡❛❝F♦L ❜✉✐❧F ❛F ❧❡❛IF ❝♦♥I✐IF✐♥❣ ♦❢ ❛ L❡❛❝F✐♦♥ ❝❤❛♠❜❡L
❡N✉✐♣♣❡❞ ✇✐F❤ ❛♥ ✐♠♠♦❜✐❧✐③❡❞ ❝❛F❛❧②IF ❡♥❛❜❧✐♥❣ F❤❡ ❡♥❞❡L❣♦♥✐❝ L❡❛❝F✐♦♥✳ ❚❤❡ ❝❛F❛❧②IF✱
✐♥❝❧✉❞✐♥❣ ❛F ❧❡❛IF ♠❡F❛❧I✱ ♠❡F❛❧✕♦①✐❞❡I✱ I❛❧FI✱ ♦L ❛♥ ❛❧❧♦② ♦❢ ❈✉ ❛♥❞ ◆✐ ❛I ❝♦♠♣♦♥❡♥FI✱
❤❛I ❜❡❡♥ ✐♠♠♦❜✐❧✐③❡❞ ✇✐F❤ ❛ ♥♦♥✕❞✐I❝❧♦I❡❞ ♣L♦❝❡II ♦♥ F❤❡ I✉L❢❛❝❡ IFL✉❝F✉L❡ ♦❢ ✈❛L✐♦✉I
I♦❧✐❞ ♣♦L♦✉I ❝❛LL✐❡LI ✭❡✳❣✳✱ ❛❝F✐✈❛F❡❞ ❝❛L❜♦♥✱ ♠♦❧❡❝✉❧❛L I✐❡✈❡I✱ ❘❛I❝❤✐❣ ❘✐♥❣I✱ ❣❧❛II ✇♦♦❧
❛♥❞ ❝❧❛②✱✮✳ ❉❡❤②❞L❛F✐♦♥ ♦❝❝✉LI ❧♦❝❛❧❧② ❝❧♦I❡ F♦ F❤❡ ❢♦L♠❛F✐♦♥ ♦❢ ❉❊❈ ♠♦❧❡❝✉❧❡I✱ ❡♥❛❜❧✐♥❣
❛ N✉✐❝❦ ✇❛F❡L I❡♣❛L❛F✐♦♥✳ ❚❤❡ ♣✐♣✐♥❣ I②IF❡♠ ❡♥❛❜❧❡I ❛ ❝♦♥F✐♥✉♦✉I ♦♣❡L❛F✐♦♥✱ ♣L❡II✉L✐③✐♥❣
❛♥❞ I❛F✉L❛F✐♥❣ F❤❡ ❝✐L❝✉❧❛F✐♥❣ ❢❡❡❞ ✇✐F❤ ❈❖✷ ✇❤✐❧❡ I✐♠✉❧F❛♥❡♦✉I❧② ✉I✐♥❣ ❈❖✷ ❛I I✇❡❡♣
❣❛I FL❛♥I♣♦LF✐♥❣ ♣❡L♠❡❛F✐♥❣ ❍✷❖✳

✺✵



❈❍❆'❚❊❘✻
❈♦♥❝❧✉5✐♦♥

❚❤✐I ✇♦L❦ L❡❣❛L❞I ♠✉❧F✐♣❧❡ L❡❧❡✈❛♥F ❛I♣❡❝FI ♦❢ F❤❡ ❞✐L❡❝F I②♥F❤❡I✐I ♦❢ ❉❊❈ ❢L♦♠ ❈❖✷ ❛♥❞
❊F❖❍✳ ■♥ ❛❞❞✐F✐♦♥✱ I♦♠❡ ❉❊❈ ♣L♦♣❡LF✐❡I F❤❛F ❛L❡ L❡❧❡✈❛♥F ❢♦L ✐♥❞✉IFL✐❛❧ ✉I❡ ❤❛✈❡ ❛❧I♦
❜❡❡♥ ✐♥✈❡IF✐❣❛F❡❞✳

❚♦ ♦♣F✐♠✐③❡ F❤❡ ❞✐L❡❝F I②♥F❤❡I✐I ♦❢ ❉❊❈ ❢L♦♠ ❈❖✷ ❛♥❞ ❊F❖❍✱ ❛ FL✐❛❧ ♦❢ ❡①♣❡L✐♠❡♥FI ✇❛I
❝❛LL✐❡❞ ♦✉F ✉I✐♥❣ ❛ ❝❛F❛❧②IF I✉♣♣♦LF❡❞ ♦♥ ♠♦❞✐✜❡❞ ❝❛LL✐❡LI✳ ❚❤❡ ❝❛LL✐❡LI ✐♥✈♦❧✈❡❞ ✐♥❝❧✉❞❡❞
♠♦❧❡❝✉❧❛L I✐❡✈❡I ✇✐F❤ ❞✐✛❡L❡♥F ♣♦L❡ I✐③❡I✱ ❝❧❛②✱ ❛♥❞ ❘❛I❝❤✐❣ ❘✐♥❣I✳ ❚❤❡ ❉❊❈ ②✐❡❧❞I ❛♥❞
F❤❡ ❝❛F❛❧②F✐❝ ♣L♦❞✉❝F✐✈✐F✐❡I ♦❜I❡L✈❡❞ ✐♥ F❤❡ ❡①♣❡L✐♠❡♥FI✱ ✇❤✐❝❤ ❤❛✈❡ ❜❡❡♥ ♣L❡❞♦♠✐♥❛♥F❧②
❝❛LL✐❡❞ ♦✉F ❛F ✶✷✵ ➦❈ ❛♥❞ ❛ F♦F❛❧ ♣L❡II✉L❡ ♦❢ ✹✵ ❜❛L✱ ❤❛✈❡ ❜❡❡♥ ❝♦♠♣❛L❡❞ F♦ ❡①♣❡L✐♠❡♥FI
✇✐F❤ ❝♦♠♠❡L❝✐❛❧ ❈❡❖✷✳

■F ✇❛I ❢♦✉♥❞ F❤❛F F❤❡ ❝❛F❛❧②F✐❝ ♣❡L❢♦L♠❛♥❝❡ ♦❢ ♠♦❞✐✜❡❞ ❝❧❛②✱ ✶✵ ➴ ♠♦❧❡❝✉❧❛L I✐❡✈❡I✱ ❛♥❞
❘❛I❝❤✐❣ ❘✐♥❣I ✇❛I ✐♥I✉✣❝✐❡♥F✳ ❈♦♥✈❡LI❡❧②✱ F❤❡ ②✐❡❧❞I ✇❤✐❧❡ ❛♣♣❧②✐♥❣ ♠♦❧❡❝✉❧❛L I✐❡✈❡I
✇✐F❤ ♠♦❞❡L❛F❡ ♣♦L❡ I✐③❡I ✭✹ ➴✱ ✺ ➴✮ ❛♥❞ F❤❡ ❞❡❤②❞L❛F✐♥❣ ❛❣❡♥F ✷❈� ❤❛✈❡ ❜❡❡♥ ♦❜I❡L✈❡❞
F♦ ❜❡ ❜❡F✇❡❡♥ ✷ ✲ ❛♥❞ ✻ ✇F✪✳ ❚❤❡ ♣❡L❢♦L♠❛♥❝❡ ♦❢ ❝♦♠♠❡L❝✐❛❧ ❈❡❖✷ ❛♣♣❧②✐♥❣ ❝♦♠♣❛L❛❜❧❡
I❡FF✐♥❣I ❤❛I ❜❡❡♥ ♦❜I❡L✈❡❞ F♦ ❜❡ ✐♥ ❜❡F✇❡❡♥ F❤❡ ♠❡♥F✐♦♥❡❞ L❛♥❣❡✳ ❆ L✐I❡ ✐♥ ❉❊❈ ②✐❡❧❞ ❤❛I
❜❡❡♥ ♦❜I❡L✈❡❞ ❜② ✉I✐♥❣ ♠♦❞✐✜❡❞ ✸ ➴✱ ✹ ➴✱ ❛♥❞ ✺ ➴ ♠♦❧❡❝✉❧❛L I✐❡✈❡I✱ ✇✐F❤ ✺ ➴ I❤♦✇✐♥❣
F❤❡ ❜❡IF ②✐❡❧❞ ❛♥❞ ♣L♦❞✉❝F✐✈✐F②✳ ✶✵ ➴ ♠♦❧❡❝✉❧❛L I✐❡✈❡I ❜L❡❛❦ F❤✐I FL❡♥❞ ❜② ❞❡♠♦♥IFL❛F✐♥❣
❛♥ ✐♥I✉✣❝✐❡♥F ♣❡L❢♦L♠❛♥❝❡✳ ❆ ♣L♦♣♦I❛❧ ❢♦L ❛ I♦❧✉F✐♦♥ F♦ F❤❡ ♦❜IF❛❝❧❡I ❝♦♥♥❡❝F❡❞ ✇✐F❤
F❤❡ ♠♦❜✐❧✐F② ♦❢ F❤❡ ❝❛F❛❧②IF ❝♦✉❧❞ ❜❡ F❤❡ ✉I❡ ♦❢ F❤❡ ♠♦❞✐✜❡❞ ❝❛LL✐❡LI ❛♣♣❧✐❡❞ ✐♥ F❤✐I ✇♦L❦✳
❍♦✇❡✈❡L✱ ❢✉LF❤❡L L❡I❡❛L❝❤ I❤♦✉❧❞ ❜❡ ❝❛LL✐❡❞ ♦✉F F♦ ♠❛①✐♠✐③❡ F❤❡ ❝❛F❛❧②F✐❝ ♣❡L❢♦L♠❛♥❝❡✬I
②✐❡❧❞✱ ♣L♦❞✉❝F✐✈✐F②✱ ❛♥❞ ❝♦♥I✐IF❡♥❝②✳

❛✐✈✐♥❣ F❤❡ ❞❡❤②❞L❛F✐♦♥ ❛❣❡♥F L❡I✉❧F❡❞ ✐♥ ❛ ♠❛II✐✈❡ ❞L♦♣ ✐♥ ♣L♦❞✉❝F✐✈✐F② ✐♥ ❛❧❧ ❡①♣❡L✲
✐♠❡♥FI✳ ❘❡♣❡F✐F✐♦♥I ✐♥ F❤❡ ✉I❡ ♦❢ ♠♦❞✐✜❡❞ ♠♦❧❡❝✉❧❛L I✐❡✈❡I ❞❡♠♦♥IFL❛F❡ ❛ ❝♦♥I✐IF❡♥F
❛❝F✐✈✐F② ♦❢ F❤❡ ✹ ➴ ♠♦❧❡❝✉❧❛L I✐❡✈❡I✳ ■♥ ❝♦♠♣❛L✐I♦♥✱ F❤❡ ✺ ➴ ♠♦❧❡❝✉❧❛L I✐❡✈❡I✬ ❝❛F❛❧②F✐❝
♣❡L❢♦L♠❛♥❝❡ ❞❡❝❧✐♥❡I ❢L♦♠ ✉I❡ F♦ ✉I❡✳

✺✶



❚❤❡ ♣❡L❢♦L♠❛♥❝❡ ♦❢ ♠♦❞✐✜❡❞ ✹ ➴ ❛♥❞ ✺ ➴ ♠♦❧❡❝✉❧❛L I✐❡✈❡I ✇❛I IF✐❧❧ ❝♦♠♣❛L❛❜❧❡ F♦ ❝♦♠✲
♠❡L❝✐❛❧ ❛❧F❡L♥❛F✐✈❡I ✐♥ ❉❊❈ ❢♦L♠❛F✐♦♥✳ ❍♦✇❡✈❡L✱ F❤❡ ✇❛F❡L ❝♦♥F❡♥F ✢✉❝F✉❛F❡❞ ❛♥❞ ❞✐❞
♥♦F ❝♦LL❡I♣♦♥❞ F♦ F❤❡ IF♦✐❝❤✐♦♠❡FL✐❝ L❛F✐♦ ♦❢ ❉❊❈✴❍✷❖✳ ❚❤❡ IFL♦♥❣❧② ❤②❣L♦I❝♦♣✐❝ ♥❛F✉L❡
♦❢ F❤❡ ♠♦❧❡❝✉❧❛L I✐❡✈❡ ♠❛② ❝❛✉I❡ ❛ I❤❛L❡ ♦❢ F❤❡ ✇❛F❡L ♠♦❧❡❝✉❧❡I F♦ ❛❞❤❡L❡ ♦♥ F❤❡ ✐♥♥❡L
I✉L❢❛❝❡ ♦❢ F❤❡ ♣♦L❡I✱ L❡I✉❧F✐♥❣ ✐♥ ❛ ♥♦♥✲❛✈❛✐❧❛❜✐❧✐F② ♦❢ F❤❡ ❜✉❧❦ ♦❢ F❤❡ ♠✐①F✉L❡ ✐FI❡❧❢✳ ❚❤✐I
✇♦✉❧❞ ❝❛✉I❡ ❛ I❤✐❢F ✐♥ ✇❛F❡L ❝♦♥❝❡♥FL❛F✐♦♥✱ ✇❤✐❝❤ ✐I ♠❡❛I✉L❡❞✳ ❖F❤❡L ♠❛F❡L✐❛❧I ✇✐F❤ ❤✐❣❤
♣♦L♦I✐F② ❝♦✉❧❞ ❜❡ ❛♥♦F❤❡L I✉✐F❛❜❧❡ ❛❧F❡L♥❛F✐✈❡✳ ❚❤❡ L❡♠♦✈❛❧ ♦❢ F❤❡ ❞❡❤②❞L❛F✐♥❣ ❛❣❡♥F ❤❛❞
❜② ❢❛L F❤❡ ♠♦IF I✐❣♥✐✜❝❛♥F ✐♠♣❛❝F ♦♥ F❤❡ ♣L♦❞✉❝F✐✈✐F② ♦❢ ❡✈❡L② ❝❛F❛❧②IF ❛♥❞ ❝❛LL✐❡L ❛♣♣❧✐❡❞✳

❚❤❡ L❡♠♦✈❛❧ ♦❢ ✇❛F❡L F♦ ✐♠♣L♦✈❡ F❤❡ ❉❊❈ ②✐❡❧❞ ✐I ✐♥❡✈✐F❛❜❧❡✳ ❉❡❤②❞L❛F✐♦♥ ♦❢ F❤❡ L❡❛❝F✐♦♥
♠✐①F✉L❡ ❝♦♥I✐IF✐♥❣ ♦❢ ❉❊❈✴✇❛F❡L✴❊F❖❍✴❈❖✷ ✇❛I ❛II❡II❡❞ ✉I✐♥❣ ❛ ♣❡L✈❛♣♦L❛F✐♦♥ I❡F✉♣✱
✇❤✐❝❤ ✇❛I ♦♣❡L❛F❡❞ ✇✐F❤ ❛ I✇❡❡♣ ❣❛I✳ ❋♦✉L ♠❡♠❜L❛♥❡I ❤❛✈❡ ❜❡❡♥ F❡IF❡❞ ❢♦L ❡❧✐❣✐❜✐❧✐F②
❢♦L F❤✐I ♣✉L♣♦I❡ ❜② ✐♥FL♦❞✉❝✐♥❣ ♠✐①F✉L❡I ♦❢ ❉❊❈✴✇❛F❡L✴❊F❖❍ ✐♥F♦ ❛ ❝✐L❝✉❧❛F✐♥❣ ♣L♦❝❡II
❡N✉✐♣♣❡❞ ✇✐F❤ ❛ ♠❡♠❜L❛♥❡ ♠♦❞✉❧❡✳ ❚❤❡ I❡♣❛L❛F✐✈❡ ♣L♦♣❡LF✐❡I ♦❢ F❤❡ ♠❡♠❜L❛♥❡I ❤❛✈❡
❜❡❡♥ ✐♥✈❡IF✐❣❛F❡❞ ❛F ✈❛L✐♦✉I F❡♠♣❡L❛F✉L❡I✱ ♣L❡II✉L❡I✱ ❛♥❞ I✇❡❡♣ ❣❛I ✢♦✇ L❛F❡I✳ ❙✐♥❝❡ F❤❡
♣L❡II✉L✐③❛F✐♦♥ ✇❛I ❛♣♣❧✐❡❞ ❛♥❞ ♠❛✐♥F❛✐♥❡❞ ❜② ✐♥FL♦❞✉❝✐♥❣ ♣L❡II✉L✐③❡❞ ❈❖✷✱ F❤✐I I②IF❡♠
❛❧I♦ ♣L♦✈✐❞❡I ✐♥❢♦L♠❛F✐♦♥ ❛❜♦✉F ✐FI ✉I❛❜✐❧✐F② ✐♥ F❤❡ L❡❛❝F✐✈❡ ♠✐①F✉L❡ ❢♦L ❞✐L❡❝F ❉❊❈ I②♥✲
F❤❡I✐I✳

❚❤❡ ✵ ♠❡♠❜L❛♥❡ I❤♦✇❡❞ F❤❡ ❜❡IF ♦✈❡L❛❧❧ ♣❡L❢♦L♠❛♥❝❡ ❛♠♦♥❣ F❤❡ F❡IF❡❞ ♦♣F✐♦♥I✳ ❚❤❡
I❡❧❡❝F✐✈✐F② α ❢♦L ✇❛F❡L ♦✈❡L ❊F❖❍ ♠♦IF❧② ❡①❝❡❡❞❡❞ ✶✵✳✵✵✵ ✇✐F❤ ✈❡L② ❣♦♦❞ ♣❡L♠❡❛F❡ ♣✉L✐✲
F✐❡I ✭❃ ✾✽ ✇F✪✮✳ ❚❡♠♣❡L❛F✉L❡✱ ♣L❡II✉L❡✱ ❛♥❞ I✇❡❡♣ ❣❛I ✢♦✇ L❛F❡ ❤❛✈❡ ❜❡❡♥ ♦❜I❡L✈❡❞ F♦ ❜❡
❣L❡❛F❧② ✐♥✢✉❡♥F✐❛❧ ♣❛L❛♠❡F❡LI✳ ❚❤✉I✱ F❤❡L❡ ✐I ❛ ♣♦F❡♥F✐❛❧ ❢♦L ♦♣F✐♠✐③✐♥❣ F❤❡ ♠❡♠❜L❛♥❡✬I
I❡♣❛L❛F✐♦♥ ♣❡L❢♦L♠❛♥❝❡✳ ❆❞❞✐F✐♦♥❛❧ L❡I❡❛L❝❤ ✐♥F♦ F❤❡ ♣❛L❛♠❡F❡LI ♠❡♥F✐♦♥❡❞ ✇♦✉❧❞ ❜❡
♥❡❝❡II❛L②✳ ❚❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ♣L❡II✉L❡ ❤❛I ❜❡❡♥ ✐❞❡♥F✐✜❡❞ F♦ ❜❡ F❤❡ ❧♦✇❡IF ❛♠♦♥❣ F❤❡ ♣❛✲
L❛♠❡F❡LI✳

❍❡❛F✐♥❣ F❤❡ ♠❡♠❜L❛♥❡ ✇✐F❤ ❛ ✇❛F❡L ❜❛F❤ ❧✐♠✐FI F❤❡ ♠❛①✐♠✉♠ F❡♠♣❡L❛F✉L❡ ✉I❡❞ F♦ ❥✉IF
✉♥❞❡L ✶✵✵ ➦❈✳ ❍♦✇❡✈❡L✱ F❤❡ ✵ ♠❡♠❜L❛♥❡ ❝❛♥ ❜❡ ♦♣❡L❛F❡❞ ❜❡②♦♥❞ F❤✐I F❡♠♣❡L❛F✉L❡✱
✇❤✐❝❤ ✇♦✉❧❞ ❜❡ ❝❧♦I❡L F♦ F❤❡ ✉I✉❛❧ ❉❊❈ I②♥F❤❡I✐I F❡♠♣❡L❛F✉L❡I✳ ❤✐❧❡ F❤❡L♠❛❧ IF❛❜✐❧✐F②
✇❛I ❛♥F✐❝✐♣❛F❡❞✱ ❛♥ ❡①❝❡❧❧❡♥F L❡I✐IF❛♥❝❡ F♦✇❛L❞I IF❛❜✐❧✐F② ✐II✉❡I ❝❛✉I❡❞ ❜② ❈❖✷ ♣L❡I❡♥❝❡
✇❛I ❛❧I♦ ♦❜I❡L✈❡❞✳ ◆♦ ❈❖✷ ❤❛I ❜❡❡♥ ❞❡F❡❝F❡❞ ✐♥ F❤❡ ♣❡L♠❡❛F❡ IFL❡❛♠✳ ❆I ❛ L❡I✉❧F✱ F❤❡
✵ ♠❡♠❜L❛♥❡ ❝❛♥ ❜❡ ❝♦♥I✐❞❡L❡❞ ♣L❛❝F✐❝❛❧❧② ✐♠♣❡L♠❡❛❜❧❡ F♦ ❈❖✷✳

❆ I✐♠✉❧❛F✐♦♥ ♦❢ F❤❡ I②♥F❤❡I✐I L❡❛❝F✐♦♥ ❝♦✉♣❧❡❞ ✇✐F❤ ❛ ✈❛L✐❡F② ♦❢ ♣❡L✈❛♣♦L❛F✐♦♥ I❝❛❧✐♥❣I
✇❛I ❝❛LL✐❡❞ ♦✉F ✇✐F❤ ❉❙■▼ ✉I✐♥❣ F❤❡ ♣❡L♠❡❛♥❝❡I ♦❜F❛✐♥❡❞ ❢L♦♠ F❤❡ ♣❡L✈❛♣♦L❛F✐♦♥ ❡①✲
♣❡L✐♠❡♥FI✳ ❚❤❡ ❝❛❧❝✉❧❛F✐♦♥I ❜❛I❡❞ ♦♥ F❤❡ ✉I❡ ♦❢ ❥✉IF ♦♥❡ ✵ ♠❡♠❜L❛♥❡ L❡I✉❧F❡❞ ✐♥ ❛♥
✐♥❝L❡❛I❡ ♦❢ F❤❡ ②✐❡❧❞ ♦❢ ✉♣ F♦ ✹✵✵✪✳

❚❤❡ ♠♦❞❡❧ ✇❛I ❜❛I❡❞ ♦♥ F❤❡ I♦❧✉F✐♦♥✲❞✐✛✉I✐♦♥ ♠♦❞❡❧✳ ■FI ♣L❡❞✐❝F✐✈❡ ❝❛♣❛❜✐❧✐F② ✇❛I ✈❛❧✲
✐❞❛F❡❞ ✇✐F❤ ❣❛I ♣❡L♠❡❛F✐♦♥ ❛♥❞ ♣❡L✈❛♣♦L❛F✐♦♥ ❛♣♣❧✐❝❛F✐♦♥I ❢L♦♠ F❤❡ ❧✐F❡L❛F✉L❡✳ ❆I ❛♥
♦♣❡♥✲I♦✉L❝❡ I♦❢F✇❛L❡✱ ❉❙■▼ ❛❧❧♦✇I ✐FI ♠♦❞✐✜❝❛F✐♦♥✳ ❚❤✉I✱ ❛♥ ✐♠♣❧❡♠❡♥F❛F✐♦♥ ♦❢ F❤❡
♠❡♠❜L❛♥❡ ♠♦❞❡❧ ✇❛I ♣♦II✐❜❧❡ ✇✐F❤♦✉F L❡IFL✐❝F✐♦♥I✳ ❖F❤❡L ♣L♦❝❡II I✐♠✉❧❛F♦LI ❝♦✉❧❞ L❡❧②
✉♣♦♥ ♦L ❛❞❛♣F F❤❡ ❝♦❞❡ ✐❢ ❛♥ ✐♠♣❧❡♠❡♥F❛F✐♦♥ ♦❢ ❝✉IF♦♠✐③❡❞ ❝❛❧❝✉❧❛F✐♦♥ L♦✉F✐♥❡I ✐I ♣♦II✐❜❧❡✳

❋✉LF❤❡L ♠❡♠❜L❛♥❡I ✇❡L❡ ✉I❡❞ ✐♥ F❤❡ ♣❡L✈❛♣♦L❛F✐♦♥ ❡①♣❡L✐♠❡♥FI✳ ◆❡✈❡LF❤❡❧❡II✱ F❤❡✐L ♣❡L✲
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▼❡♠❜L❛♥❡ ❤❛I I❤♦✇♥ ❛ I❡❧❡❝F✐✈✐F② ✭α ❃ ✶✷✵✮✱ ✇❤✐❝❤ ♠❛② ❜❡ L❡❧❡✈❛♥F ❢♦L ❛ ❝♦♥I❡❝✉F✐✈❡
♣✉L✐✜❝❛F✐♦♥ IF❡♣ ♦❢ F❤❡ ♣❡L♠❡❛F❡✳ ❍✐❣❤ ❧♦II❡I ♦❢ ❉❊❈ ❛♥❞ ❊F❖❍ ❤❛✈❡ ❜❡❡♥ ♦❜I❡L✈❡❞
✇❤✐❧❡ ✉I✐♥❣ ♣♦❧②♠❡L✐❝ ♠❡♠❜L❛♥❡I✱ ✇❤✐❝❤ ✐I ❝♦♥I✐❞❡L❡❞ ♣❛LF✐❝✉❧❛L❧② ❛❞✈❡LI❡✳

❉❊❈ ✐I ❛❧L❡❛❞② ✐♥ ✉I❡ ❢♦L ❛ ❜❛♥❞✇✐❞F❤ ♦❢ ❛♣♣❧✐❝❛F✐♦♥I✳ ❍♦✇❡✈❡L✱ ♦♥❧② ❧✐♠✐F❡❞ L❡I❡❛L❝❤
♦♥ ✐FI I♣❡❝✐✜❝ ❝❤❡♠✐❝❛❧ IF❛❜✐❧✐F② ✐I ❛✈❛✐❧❛❜❧❡✳ ❊①♣❡L✐♠❡♥FI ♦♥ F❤❡ ❞❡❝♦♠♣♦I✐F✐♦♥ ♦❢ ❉❊❈
❜② ❡①♣♦I✐♥❣ ✐F F♦ ✇❛F❡L✱ ❛♥❞ ✈❛L✐♦✉I ❛❝✐❞✐❝ ❛♥❞ ❜❛I✐❝ ❝♦♠♣♦✉♥❞I ❤❛✈❡ ❜❡❡♥ ❝❛LL✐❡❞ ♦✉F
✉♥❞❡L ✈❛L✐♦✉I ❝♦♥❞✐F✐♦♥I✳ ❚❤❡ ❞❡❣L❛❞❛F✐♦♥ ♦❢ ❉❊❈ ❤❛I ❜❡❡♥ ♦❜I❡L✈❡❞ ❛F ❛♠❜✐❡♥F ❛♥❞
❡❧❡✈❛F❡❞ F❡♠♣❡L❛F✉L❡I ✐♥ ❞✐✛❡L❡♥F ❢♦L♠I✳ ▲♦✇❡L ❞❡❣L❛❞❛F✐♦♥ ✐I ♠❛♥✐❢❡IF❡❞ ❜② ❛♣♣❧②✐♥❣
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Reducing carbon dioxide (CO2) emissions is an inevitable measure for fighting anthropogenic climate change. 
Carbon Capture and Utilization (CCU) technologies are gaining rising attention as an additional contributor to 
reaching the Paris Agreement goals. Giving CO2 a value as a feedstock to be refined into chemicals to be used 
in industry is a crucial aspect of making these technologies interesting for vast industrial sectors. The synthesis 
of diethyl carbonate (DEC) is recognized as a promising prospect for the successful implementation of CCU. 
DEC is considered a fully biodegradable, low-toxic solvent, which can be synthesized from CO2 and ethanol in 
the presence of a catalyst. DEC may be a non-toxic alternative to other solvents such as toluene or methyl 
isobutyl ketone (MIBK). 
The optimization of DEC synthesis is one aspect that is under investigation today. For the exploration of DEC's 
applicability, an extensive amount of data is beneficial. Many applications of solvents involve the presence of 
acids and bases. Hence, an interest in DEC in various environments is reasonable. The decomposition of DEC 
after contact with water, different acids and bases at room temperature, and the boiling point was determined 
experimentally to characterize chemical stability. Further, the influence of sodium chloride and a cerium-based 
catalyst used in DEC synthesis was investigated.  

1. Introduction 
The application of CO2-refinery processes is considered an essential contribution towards more sustainable 
strategies in the chemical industry. As a part of CO2-refinery, CCU re-introduces carbon dioxide back into 
industrial cycles and is regarded as a promising tool in fighting anthropogenic climate change. The direct 
synthesis of DEC is considered to be a promising product of such an application which uses CO2 as a feedstock. 
Another commonly positively perceived property of the reaction is the fact that the side product is water. The 
reaction of the direct synthesis of DEC is portrayed in equation 1. 𝐶2𝐻5𝑂𝐻 + 𝐶𝑂2 ↔ 𝐶5𝐻10𝑂3 +𝐻2𝑂 (1)

DEC is currently used in lithium-ion batteries, organic synthesis and extraction procedures and has also been 
used in combustion engines, successfully reducing emissions.(Shukla and Srivastava, 2016) However, new 
applications for DEC must be further investigated to exploit its full potential as a green chemical. Many physical 
and chemical properties have already been described, but data about chemical stability is limited.(Huang et al., 
2015) One weakness of DEC is its susceptibility to hydrolysis under acid or alkaline conditions. An extraction 
process for phenol recovery from coal tar processing was developed. (Yang et al., 2020) applying DEC to 
recover phenols from coal tar processing wastewater from an alkaline stripping solution. However, the stripping 
process is limited to about 8 minutes due to the imminent degradation of DEC in the organic phase. Experimental 
data on DEC decomposition after exposure to different aqueous phases of various acidities were reported by 
Raiguel et al. (Raiguel et al., 2020). A "salting out"-effect was described. Dissolved inorganic salts like NaCl in 
an aqueous phase are observed to stabilize DEC. Due to the decrease in solubility, hydrolysis is slowed down. 
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The decomposition of DEC is mainly dominated by its acid- or base-catalyzed hydrolysis leading to the main 
reaction products carbon dioxide and ethanol. Other degradation mechanisms have also been observed since 
diethyl ether and chloroethane were detected as reaction products. Al-Shamary et al. (2017) investigated 
multiple dialkyl carbonates, observing an enhancement of the degradation in the presence of cationic micelles 
(Al-Shamary et al., 2017). Anionic micelles are reported to reduce hydrolysis rates. To pave the way for further 
research about applications for DEC, this work focuses on the chemical stability of DEC after being in contact 
with various acidic and basic solutions. The presence of CeO2, a catalyst, as well as the presence of NaCl shall 
also be monitored.  

2. Materials and Methods 
Different acids (HCl, H2SO4, H3PO4, formic acid, acetic acid) and bases (NaOH, KOH, Na2CO3) have been 
obtained for the investigations. DEC degradation has been calculated according to equation 2. 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 [%] = 𝑚𝐷𝐸𝐶,0 −𝑚𝐷𝐸𝐶𝑚𝐷𝐸𝐶,0 ∗ 100 (2)

The experimentally determined data shall be accompanied with theoretical ethanol (EtOH) formation and mass 
loss due to CO2. The theoretical ethanol formation was calculated according to equation 3. 𝑚𝐸𝑡𝑂𝐻,𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 = 𝑚𝐷𝐸𝐶,0 −𝑚𝐷𝐸𝐶𝑀𝐷𝐸𝐶 ∗ 2 ∗ 𝑀𝐸𝑡𝑂𝐻 (3)

CeO2 which is used in the direct synthesis of DEC from CO2 as a catalyst, is neither soluble in water nor DEC. 
However, no data about its interference with DEC degradation was available (Giram et al., 2018). 3ml of DEC 
were mixed with each of these solutions with a volume ratio of 1:1. When a two-phase system developed, 
phases were separated at the end of the experiment. Afterwards, DEC and EtOH were quantified with a GC-
FID (gas chromatograph equipped with a flame ionization detector) as described in 2.2. It was assumed that 
DEC evaporation loss was negligible due to its high boiling point. For each substance, four experiments were 
carried out at ambient pressure, which differed in temperature and the presence or absence of 0,125 g of CeO2. 
The influence of sodium chloride (NaCl) dissolved in the aqueous phase on chemical stability was investigated 
with the same solutions as above, except for HCOOH which was used as a pure compound. NaCl concentration 
in the aqueous phase was 250 g/l. The resulting phases were filtered before every analysis if a catalyst was 
applied. The net weight of the mixture before and after the experiment was documented. When the catalyst was 
present, it was assumed that it accumulated only in the aqueous phase. If a separation of the product into two 
phases was observed, it was necessary to collect three samples of each product containing a sample of the 
aqueous, organic and a mixture of both phases. Emulsions were drawn into a syringe to rest for 15 minutes until 
phase separation had taken place.  

2.1 Materials 

The experiments were carried out in three-neck round bottom flasks equipped with glass plugs and 
thermometers. The thermometers were inserted through a septum into the sample in the flask. The flasks were 
placed in an aluminum bowl filled with a sand bed to enable a homogeneous heat transfer. The samples were 
stirred with a magnetic stirrer for 24 (HCOOH for 64) hours and, if necessary, heated to boiling point through a 
sand bed. To prevent losses due to evaporation, a Liebig cooler was installed. A thermometer was connected, 
and the boiling temperature was read as soon as reflux occurred and the cooler's inner surface.  
Diethyl carbonate (DEC, 99,9 %) was purchased from Carl Roth. Phosphoric acid (H3PO4, p.a., Lachema), 
fuming hydrochloric acid (HCl, 37 %, Sigma-Aldrich), potassium hydroxide (KOH, Neuber's Enkel), formic acid 
(HCOOH, >= 99 %, Merck), and acetic acid (HAc, 99,8 %, EMD Millipore) were obtained and solved in water to 
mix 0.5 M solutions of each compound. Potassium hydroxide (KOH, platelets), sodium carbonate (NaOH, 
beads), sodium chloride (NaCl, grains) and sulphuric acid (H2SO4) were obtained from the in-house laboratory 
stock and diluted in H2O to form 0.5 molar solutions as well. HCOOH and HAc were also applied as pure 
compounds additionally.  

2.2 Analytics 

Gas chromatography coupled with a flame ionization detector (GC-FID) was used to analyze the samples. GC-
FIDs are highly reliable analytic instruments for the purpose of detection and quantification of volatile organics. 
Samples were injected automatized from an autosampler (AOC 5000, Shimadzu), and 0,5 μl was set as the 
injection volume. Each sample was measured once. Dioxane was injected regularly before and between 
measurements to minimize carryover from the injector and column. Calibration curves for the quantification of 
DEC and ethanol were prepared by analyzing standards containing DEC and EtOH. 
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3. Results 
3.1 Experiments 

All chromatogram peaks have been checked manually and assigned to a substance by retention time for 
qualitative information about chemical stability. For quantitative information about chemical stability, the 
degradation of DEC was determined. The formation of EtOH as a decomposition product was considered 
unsuitable for the characterization of chemical stability because evaporation losses occurred during 
experiments. As documented in Figure 1, it can be seen that DEC may be involved in a reverse reaction with 
H2O as described in the introduction.  
 

 

Figure 1: DEC degradation of a binary DEC-Water system in dependence on added CeO2 or NaCl 

Temperature does not seem to have a significant effect on the decomposition of DEC as long as there is no 
CeO2 involved. Mentioning the catalyst CeO2, the simultaneous presence of it and elevated temperatures seem 
to boost the degradation of DEC on a comparably low scale. Even though NaCl is added to prevent 
decomposition processes, it becomes lightly visible that this effect is observed to be inverse at elevated 
temperatures. It is not clear why the decomposition of DEC is enhanced in this case. This may be connected 
with the difference in the boiling points which also vary due to the different mixtures. Therefore, more 
experiments with varied amounts of salt would be required. The presence of acidic compounds in the solution 
reveals a different dynamic which is portrayed in Figure 2. 

 

Figure 2: DEC degradation of a binary DEC-Acid (0.5 M) system in dependence of added CeO2 or NaCl with 
H2SO4, H3PO4, HCl, HCOOH and HAc used as acids 

The highest degradation is observed to occur in contact with HCl, followed H2SO4, H3PO4, HCOOH and HAc in 
a decreasing sequence. The values pKA and pKB (acid dissociation- and base dissociation constant) are 
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commonly accessed parameters to obtain an enhanced understanding of a solution's acidiy and basicity. 
Therefore, it is also consulted to observe DEC's degradation in the presence of acids and bases. Comparing 
DEC's degradation in contact with the acids mentioned earlier with the pKA – values from the literature reveals 
that the degradation at higher temperatures follows the same trend as the pKA – value (Trygg et al., 2016). The 
influence of CeO2 and NaCl does not seem to follow any trends or patterns since it appears to be quite arbitrarily 
which reagent delivers the strongest decomposition in contact with DEC. Starting with H3PO4, which mainly 
shows the highest degradation of DEC in the presence of salt, increasing the temperature seems to improve 
the activity of the catalyst and increases the DEC degradation. Interestingly, the same effect is not seen in the 
same way with any of the other tested acidic compounds. The comparably weaker organic acids HCOOH and 
HAc deliver lightly higher degradations of both – ambient temperature and on the b.p. (boiling point) if CeO2 is 
used. The application seems to avoid degradation completely. The general effect observed on the contact of 
DEC with acidic compounds is a comparably fair degradation where no presence of a catalyst is needed. The 
presence of salt, which shall incorporate an inhibitor's function as mentioned in 1.1., seems indifferent to the 
various acidic compounds. Similar to the presence of NaCl in binary DEC solutions with water it is unclear why 
no trend was observed. Therefore, further investigation with various acid concentrations and amounts of NaCl 
would be necessary. With many possible applications to be carried out in an alkaline environment the interest 
into the influence of basic compounds on DEC was present as well. Therefore, the recorded results are 
displayed in Figure 3. 
 

 

Figure 3: DEC degradation of a binary DEC-base (0.5 M) system in dependence of added CeO2 or NaCl with 
KOH, NaOH and Na2CO3 used as acids 

The decomposition of DEC already takes place at ambient temperatures. Even though the presence of CeO2 
and NaCl seems to have a moderate influence, it is not easily determined in which direction the trend of their 
effect leads. Temperature appears to be the most influential parameter for the decomposition of DEC. It can be 
stated that the exposure of DEC with all applied basic compounds leads to a complete decomposition that could 
be partially prevented with NaCl. The decomposition seems also to follow the trend following the pKB-values of 
which KOH's and NaOH's pKB-values are comparably low over the one of Na2CO3. NaCl usually dissolves in a 
fully solvated state in water. Comparably strong ions Na+ and Cl- may attract some of the water molecules, 
leaving fewer molecules behind. This results in limited availability of water to hydrolyze DEC. (Raiguel et al., 
2020) 

3.2 Ethanol losses 

The mass losses during the experiments were recorded and are displayed in Figure 4. Since the majority of the 
mass loss was associated with ethanol losses, the losses due to CO2 were neglected.  
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Figure 4: calculated theoretical and measured EtOH formation after experiments with various chemicals on 
ambient and elevated temperatures 

The low boiling point of ethanol was estimated to be the reason for this. It was assumed for calculations that 
DEC loss was negligible since DEC has a higher boiling point than water and ethanol. However, this assumption 
is most likely not exact. Consequently, results are estimated to be influenced by an unknown error. 

4. Conclusions 
The experimental trial has clearly shown that decomposition of DEC can occur in various settings. At low 
temperatures degradation of DEC does not follow any obvious trends. However, the degradation mostly 
accelerated significantly at higher temperatures. The influence of catalyst was rather random and requires more 
experiments to be described in more detail. Enhanced chemical stability by adding NaCl was observed at high 
levels of DEC degradation, the influence of salt at lower degradation rates fluctuated. The expressiveness of 
the results for quantitative information about chemical stability are limited due to the rather facile setup and 
limited number of experiments. Exchanging the setup with a tightly sealed system which can also be exposed 
to elevated pressure, could have improved the expressiveness of the results but would also create the necessity 
for further possibly complex equipment such as a level sensor. Nevertheless, it was still possible to obtain 
information about DEC's behavior in acidic and basic solutions. DEC is apparently more susceptible to base-
catalyzed than acid-catalyzed hydrolysis. The strength of the acid or base increased DEC degradation at boiling 
temperature. Nonetheless, since the decomposition products of DEC are mostly considered to be CO2 and 
water, the effort which must be taken to cope with the resulting compounds is comparably low. Further, the idea 
of a reduction of the decomposition considering the limited availability of water for a reverse reaction fuels the 
idea that DEC may be a promising alternative to other electrolyte additives. 

Nomenclature

b.p. – boiling point 
FID – flame ionization detector 
GC – gas chromatograph 
pKA – acid dissociation constant 
pKB – base dissociation constant 
CeO2 – cerium oxide 
DEC – diethyl carbonate 
HAc – acetic acid 
HCl – hydrochloric acid 
HCOOH – formic acid 
H2O – water 
H2SO4 – sulfuric acid 

H3PO4 – phosphoric acid 
KOH – potassium hydroxide 
NaCl – sodium chloride 
Na2CO3 – sodium carbonate 
NaOH – sodium hydroxide 
mEtOH, theoretical – calculated mass EtOH, g 
mDEC – mass of DEC after experiment, g 
mDEC, 0 – mass of DEC fed to experiment, g 
mEtOH, theoretical – ambient temperature, K 
MEtOH – molar mass of EtOH, g/mol 
mDEC, 0 – molar mass of DEC, g/mol 
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Abstract: Pervaporation has been a central subject in the research community within the scope of the
further development of energy- and cost-efficient alternatives to conventional liquid–liquid separation
technologies. The potential eligibility of four commercial membranes (ZEBREX ZX0, PERVAPTM

4155-80, PERVAPTM 4100, PERVAPTM 4101) for use in an integrated dehydration application of
a diethyl carbonate/water/ethanol mixture by pervaporation was assessed experimentally. The
impact of feed concentration, operating temperature, pressure, and sweep gas flow rate on membrane
separation performance, including permeation flux, permeate quality, selectivity, and permeance,
was thoroughly investigated. Applying the ZX0 membrane delivered the best qualities of all tested
membranes of the permeate stream, with a water concentration of mostly >98%. In comparing
the water flux, the ZX0 membrane remained reasonably competitive with the polymer membranes.
Furthermore, the sweep gas volume flow rate and the operating temperature were identified as
influencing the flux significantly but not the product composition. At the same time, the feed
concentration of water also influenced the water purity within the permeate. The experiments were
monitored with a partial least squares model, allowing a quick assessment of obtained samples while
delivering accurate results.

Keywords: dehydration; ceramic; membrane; diethyl carbonate; DEC; PLS

1. Introduction

After several decades of comparatively high raw material security in industrialized
countries, issues such as the procurement of raw materials are once again becoming the
central focus of researchers and businesses. Significantly changed regulations in indus-
try, natural disasters, and the shift in political interests result in a stronger emphasis on
realignment towards a more sustainable raw material supply chain [1]. In the course of this,
industrial residues are also being re-evaluated for further use, as are conventional technolo-
gies. In particular, separating liquid–liquid mixtures, often carried out by distillation, is
considered energy-intensive. This can frequently be replaced entirely by pervaporation
(PV) membrane technology. Pervaporation represents a separation technology in which a
liquid mixture (feed) is brought into contact with one side of a membrane. The fraction that
passes through the membrane (permeate) is withdrawn as a low-pressure vapor (vacuum)
or with a gaseous compound (sweep gas), diluting the product on the permeate side. Major
influencing parameters of the transport of permeating compounds are the chemical poten-
tial difference of the compounds on both sides of the membrane, as well as interactions
between the permeate’s and the membrane’s selective layer, along with its mobility within
the membrane matrix [2]. The comparatively low demands and increasing possibilities
for a compact design of pervaporation open up new opportunities for recovering valuable
liquid materials and new options for integrating the separation of product mixtures [3].
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Further, pervaporation is more suitable for the separation of compounds that would
be thermally decomposed if distilled [4]. This makes it potentially eligible to recover many
organic compounds, such as organic carbonates, from various applications.

Organic carbonates are used in the chemical industry to produce resins, lithium-ion
batteries, plastics, pharmaceuticals, and other materials. There is evidence of their use as
a solvent and as a fuel additive. Their properties as hardly toxic aprotic substances with
higher boiling points make them versatile substances for use in the chemical industry [5–7].
Among multiple current opportunities under which organic carbonates are synthesized, the
most common ones rely on rather problematic conditions (toxicity, high energy demand).
Recent years have brought about novel approaches to producing organic carbonates. Never-
theless, these synthesis routes still bear certain drawbacks (limited catalytic activity, adverse
thermodynamics) before they become commercially attractive. Diethyl carbonate (C5H10O3
or also DEC) is increasingly becoming of great interest among known organic carbonates
since direct synthesis from sustainable raw materials (CO2, bio-EtOH) is possible.

2C2H5OH + CO2 ⇌ C5H10O3 + H2O (1)

The reaction is carried out at elevated temperatures of 130–160 ◦C and pressures
between 20–60 bar. The presence of water especially seems to drastically inhibit the
reaction [8]. Membranes could potentially be considered a highly matching solution to
remove water from the system and reduce the effect of water presence. Therefore, the
dehydration of the reaction mixture is a promising and preferable approach. One of this
work’s primary interests is the assessment of the eligibility of membrane technology to
dehydrate a ternary mixture consisting of DEC/water/EtOH. The suitability of FTIR-
ATR measurements assessed with partial least squares regression (PLS) for fast process
monitoring is also discussed.

1.1. Dehydration with Membranes—State of the Art

DEC forms an azeotrope with water at a molar ratio of 1:3 (DEC/water) [9]. There-
fore, distillation is not the most efficient method to recover the desired purified product.
Hinchliffe and Porter reported the potential eligibility of inorganic membranes to separate
non-desired products of a reaction with a membrane back in 2000, while being competitive
with distillation [10]. A novel zwitterionic polyamide membrane was developed by Zhang
et al. [11] to dehydrate organic solvents mainly consisting of ethanol, with a relatively high
flux of 4380 g/m2h and selectivities of 3870 (αH2O/EtOH) when fed with a water/ethanol
mixture containing 90 wt% ethanol, yielding better qualities than 99.7% water purity.
Increasing the temperature and feed water content likewise results in rising fluxes. No
information, however, has been provided regarding the stability of elevated pressures and
temperatures exceeding 76 ◦C [11]. Fujiki et al. [12] suspect limited levels of stability for
organic membranes and, therefore, applied a microporous TiO2–SiO2–organic-chelating
ligand composite membrane to dehydrate an IPA/water mixture containing 90 wt% IPA.
Fluxes surpassing 1500 g/m2h have been recorded for temperatures of 60 ◦C. As expected,
a rising trend was observed for the flux with increasing temperature, while selectivities
also rose alongside the rising flux until 70 ◦C [12].

As indicated in Section 1.2, the dehydration of the solution is preferred over the selec-
tive separation of ethanol or DEC for process enhancement reasons. Further, the availability
of organic carbonate selective membranes is also limited compared to dehydrative mem-
branes. One reason behind this could be a generic membrane selectivity design based on
molecular sizes, resulting in lower diffusion of larger molecules, in which organic carbon-
ates are generally compared to water. Wang et al. [13] engineered a nano-silica PDMS
composite membrane to separate DMC from methanol in 2011. Even though a relatively
high flux was achieved, yielding more than 700 g/m2h of membrane flux, the selectivity
(αMeOH/DMC) for this configuration remained comparably low, just under 4 [13]. Another
approach was presented by Číhal et al. by deploying a polymer of intrinsic microporosity
(PIM-1) membrane for MeOH/DMC separation, achieving slightly higher selectivities of 5
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but with significantly higher permeances with values up to 1.82 mol/m2h∗Pa than other
solutions operated under sweep gas [14]. The earliest entry in the literature discussing the
actual reactive conditions in which DEC would be formed was reported by Dibenedetto
et al. [15] by testing several esterification-enhancing catalysts and a process loop including
a pervaporation unit prior to the reaction. The consecutive dehydration of the reaction
was identified as a central factor in boosting the reaction, which is why merging water
separation and the catalyst into a single entity of a reactive membrane was proposed. Ob-
stacles such as the DEC loss into the permeate for tested polymeric membranes have been
reported. Additionally, the issue of a significant DEC loss due to the CO2 content in the
feed seems to be unsolved. However, it is advantageous that the operating temperatures of
the membranes were comparably high and very close to the DEC formation temperature
within the reactor [15]. Décultot et al. [16] also applied pervaporation to dehydrate the
ternary DEC/water/EtOH mixture with a PERVAPTM 4100 polymeric membrane, reducing
the water content below 0.33% in the retentate. Further, it is stated that a DEC content
of 0–15% seemingly has no effect on the water flux. The ideal selectivities αH2O/DEC and
αH2O/EtOH have a range of 800–1630, which is tremendously high in comparison to other
tested membranes. However, the total fluxes have a range of 8–14 g/m2h and barely
exceed purities of 80% for water in some cases. A temperature of 87 ◦C was the highest
applied temperature, which is low compared to the synthesis conditions of DEC [16]. As
already mentioned, the data on the dehydration of ternary systems and the separation of
alcohol/organic–carbonate mixtures, including DEC, is very limited. However, DEC is
expected to have similarities in terms of synthesis and separation methods like DMC. Thus,
it is assumed to show a similar behavior to some pervaporation applications for DMC, of
which further dehydration applications are reported in the literature [17–20].

1.2. Partial Least Squares Regression

In spectroscopy, partial least squares regression (PLS regression) is used to predict
chemical or physical properties (e.g., concentration, viscosity, density, etc.) from spectra
after calibration. Therefore, PLS has become a standard method in chemometrics and is
primarily used in infrared, Raman, and fluorescence spectroscopy. Some recent example ap-
plications in ATR-FTIR spectroscopy for the quantification and qualification/authentication
of chemical/biological substances or physical properties are as follows:

• Comparison of Raman and attenuated total reflectance (ATR) infrared spectroscopy
for water quantification in a natural deep eutectic solvent [21];

• Application of ATR-FTIR spectroscopy along with regression modeling for the detec-
tion of adulteration of virgin coconut oil with paraffin oil [22];

• ATR-FTIR spectroscopy and chemometric techniques for the determination of polymer
solution viscosity in the presence of SiO2 nanoparticles and salinity [23];

• Further applications can be found in [24–30].

PLS can be described as an extension of principal component regression (PCR) or a
combination of principal component analysis (PCA) and multiple regression. The main
difference between PLS and other multivariate methods is the inclusion of the structure
of the Y-data (variables to be predicted, e.g., concentrations) during the determination of
the principal components for the X-data (predictor variables, e.g., spectra). This procedure
increases the relation between the spectral data (X-data) and the analyte data (Y-data),
resulting in slightly rotated principal components, termed PLS components. A good
description of the mathematical background behind PLS can be found in [31].

2. Materials and Methods
2.1. Pervaporation System Setup

Figure 1 depicts a flow diagram of the membrane pervaporation system used. The
specific components, valves, and sensors outlined in the flow diagram are listed in Table 1.
For comprehensive details regarding the system’s design, construction, and testing, please
refer to the master’s theses by G. Greilinger [32] and M. Annerl [33].
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Table 1. List of applied sensors.

Abbreviation Measured Value Measured Medium

pressure
PIC1 P CO2
PIC2 PS sweep gas
PR1 PF feed

temperature TR1 TF feed
TIR1 T membrane module

volumetric flow
FR1 VF feed

FRC1 VS sweep gas

relative humidity MIR1/MIR2 ϕ permeate

volumetric concentration of CO2 QR1 vp,CO2 permeate

Figure 1. Flow diagram of the pervaporation equipment [33].

Several feed mixtures with various concentrations consisting of water (deionized),
ethanol (99.9%, denatured with toluene, obtained from AustrAlco, Spillern, Austria), and
DEC (99.9%, purchased from Carl Roth, Karlsruhe, Germany) were acquired and prepared
for the experiments and standards. Preliminary tests were carried out to investigate the
suitability of the design. The applied parameters are presented in Table 2. The data and
parameters for the experimental campaign of the membranes are presented and discussed
from Section 3.2.
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Table 2. Overview of applied preliminary tests of the pervaporation setup using the ceramic ZEBREX
ZX0 membrane.

Name
wc,i Pc Tb Duration N2—Sweep Gas Flow

[wt%] [bar] [◦C] [h] [L/min]
DEC H2O EtOH

PV1 0 0.00 100.00 3 80 2.00 1.5
PV2 0 6.20 93.80 3 80 1.53 1.5
PV3 0.79 0.99 98.22 7 80 5.33 0.5
PV4 1.21 0.00 98.79 6 85 4.30 0.7
PV5 1.12 0.24 98.64 6 85 4.80 0.7
PV6 0.13 1.15 99.58 6 85 5.00 0.7
PV7 1.14 0.00 98.86 6 85 5.60 0.7
PV8 0.25 3.78 99.46 6 65–85 7.50 0.7
PV9 0.88 3.70 95.42 3–6 75 7.50 0.7

PV10 3.37 0.89 95.74 5.7 75 7.50 0.35–1.4
PV11 1.31 0.00 98.69 3 85 6.75 0.7
PV12 0.18 1.06 98.76 3 85 5.50 0.7

Approximately 1 L of a defined mixture consisting of DEC, ethanol, and water (feed
mixture) was filled into the tank (B1). Subsequently, the feed was pumped through a
heat exchanger (W1) to reach the operating temperature. A water bath provided the
operating temperature of the membrane module connected to a tube wrapped around the
module. Tank B1 was pressurized through a feed line by introducing CO2 after a consistent
operating temperature was reached. Following this, a continuous carrier gas flow (N2)
on the permeate side of the membrane module was released under atmospheric pressure.
The permeate was separated from the carrier gas flow by condensation with subsequent
collection in a separator (F1), which maintained a temperature range between −15 ◦C and
−20 ◦C due to a salted iced water mixture. This temperature range was selected because of
the anticipation of a high water content in the permeate. It is sufficiently low to separate
water without causing freezing or condensation in the pipes of the carrier gas. A Liebig
condenser (W2) with a collecting flask was also used in high permeate flow cases. The
volume flow of the circulating mixture was adjusted to a flow of 1.5–1.7 L/min.

Extraction of samples from the circulating mixture occurred by opening valve V7, and
for the permeate by simultaneously emptying the separator F1 and (if present) collection of
the content in the flask (W2) of the Liebig condenser. The retentate of the PV membrane
process was recycled back to the feed tank, thus continuously changing the concentration
actually fed to the membrane. It will be referred to as “circulate” in the following sections
for better understanding.

Prior to each test, the system was rinsed with high-purity ethanol (99.9%) to remove
residues. The predefined test mixture was then filled into the system and operated for
at least half an hour. This was to free the system from local concentration differences
caused by residues from dead volumes from preliminary tests and to achieve optimum
homogenization. Furthermore, this procedure was used to test the system for the stability
of the test parameters.

Figure 2a showcases the tubular module integrated into the membrane pervaporation
system. The module consists of three main components, with the ZEBREX ZX0 (DeltaMem)
tubular ceramic membrane featuring a module length of 20 cm and a non-disclosed selective
layer measuring 0.00565 m2. Alongside the heating hoses of the water bath (W1) wrapped
around the casing, the module was also insulated with foam. Figure 2b displays the flat
module integrated into the membrane pervaporation system. Again, assembled on a
supporting structure, the most crucial element is the flat-sheet polymer membrane with an
active membrane diameter of 9 cm, positioned between the upper and lower parts of the
module. The feed inlet and outlet occur in the upper part, while the sweep gas inlet and
the permeate-carrier gas mixture outlet occur in the lower part.
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installation to condition them appropriately. 
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the quantitative analysis of water in the feed and permeate samples, volumetric Karl 
Fischer titration (KFT, Karl Fischer titration) was employed. The double analyses were 
conducted using the Eco KF Titrator (Metrohm, Herisau, Switzerland). Additionally, all 
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USA) with PLS modeling. 

2.3. PLS 
In this work, PLS was used to create a calibration model for the prediction of the 

ethanol, diethyl carbonate, and water concentrations in a defined mixture (the feed), 
which was analyzed with an ATR-FTIR spectroscopy device. For this purpose, a MATLAB 
(2023b version) algorithm was created, which applies the plsregress function from the sta-
tistics and machine learning toolbox [34]. The algorithm behind the plsregress function 

Figure 2. Design of the tubular membrane module (a) and the flat-sheet module (b) (adapted
from [33]).

Heating for the flat module was conducted similarly to that of the tube module,
utilizing a water hose and insulation with foam. The polymer membranes (PERVAPTM

4100, PERVAPTM 4101, PERVAPTM 4155-80) were purchased from DeltaMem (Allschwil,
Switzerland). The membranes were each preserved in the feed mixture for 24 h prior to the
installation to condition them appropriately.

2.2. Analytics

The permeate and circulating mixture were analyzed using a gas chromatograph
(GC-2010, Shimadzu, Kyōto, Japan) equipped with an AOC-5000 autosampler, a flame
ionization detector (GC-FID), and an RTX Volatiles capillary column (60 m length, 0.53 mm
inner diameter, film thickness 2 µm). The sample compositions were evaluated based on
standards (>100) consisting of water, ethanol, and DEC in varying concentrations. For the
quantitative analysis of water in the feed and permeate samples, volumetric Karl Fischer
titration (KFT, Karl Fischer titration) was employed. The double analyses were conducted
using the Eco KF Titrator (Metrohm, Herisau, Switzerland). Additionally, all samples were
analyzed using an FTIR-ATR spectrometer (Vertex 70, Bruker, Billerica, MA, USA) with
PLS modeling.

2.3. PLS

In this work, PLS was used to create a calibration model for the prediction of the
ethanol, diethyl carbonate, and water concentrations in a defined mixture (the feed), which
was analyzed with an ATR-FTIR spectroscopy device. For this purpose, a MATLAB (2023b
version) algorithm was created, which applies the plsregress function from the statistics and
machine learning toolbox [34]. The algorithm behind the plsregress function provided by
MATLAB is based on SIMPLS [35] and automatically performs a k-fold cross-validation [36].

To obtain the calibration model, a set of standard mixtures was created in the following
concentration ranges: 0–100 wt% ethanol, 0–100 wt% DEC, and 0–1.5 wt% water. For each
measurement, a wavenumber of 400–4000 cm−1 was taken into account, and 16 spectra
were subsequently recorded and averaged, and the blank value was measured for every
4 measurements. The raw spectra (without smoothing, baseline correction, or derivation of
the spectra) were used for further calibration.

The optimum number of PLS components was determined via mean squared error
(MSE), which was calculated from models with a number of PLS components ranging
1–12. This step is necessary to prevent underfitting or overfitting [31]. Additionally,
during the calculation of these models, ethanol and DEC were evaluated together, while
water was evaluated separately to achieve a better predictive performance. The MSE was
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determined for all models and applied to the number of PLS components (see Figure 3). If
the concentration is predicted via PLS regression, the MSE is generally defined by

MSE =
1
n
×

n

∑
i=0

(yi − ŷi)
2, (2)

where n is the number of elements in the concentration matrix Y, yi is each element of Y,
and ŷi is the predicted concentration by the PLS regression model [31].

  
(a) (b) 

Figure 3. Mean squared error against the number of partial least squares components. ((a) Model 1) 
Models for ethanol and diethyl carbonate. ((b) Model 2) Models for water. 

For the PLS regression model of DEC and ethanol (model 1), a PLS component num-
ber of 3 was selected, and for water (model 2), a number of 7 was selected. The two actual 
calibration models were created using these numbers of PLS components. 

The plsregress function provided by MATLAB was used to determine the regression 
coefficients for these two PLS regression models. The regression coefficients are essential 
for the prediction of an unknown sample. The MATLAB program of the PLS regression 
model of DEC and ethanol (model 1) can be found in the Supplementary Materials. 

Furthermore, to examine the accuracy of the PLS regression models, the coefficients 
of determination 𝑅ଶ and the standard error 𝑆𝐸 were calculated for each model. If the 
concentration is predicted via PLS regression, 𝑅ଶ and 𝑆𝐸 are defined as follows: 

Figure 3. Mean squared error against the number of partial least squares components. ((a) Model 1)
Models for ethanol and diethyl carbonate. ((b) Model 2) Models for water.

For the PLS regression model of DEC and ethanol (model 1), a PLS component number
of 3 was selected, and for water (model 2), a number of 7 was selected. The two actual
calibration models were created using these numbers of PLS components.

The plsregress function provided by MATLAB was used to determine the regression
coefficients for these two PLS regression models. The regression coefficients are essential
for the prediction of an unknown sample. The MATLAB program of the PLS regression
model of DEC and ethanol (model 1) can be found in the Supplementary Materials.

Furthermore, to examine the accuracy of the PLS regression models, the coefficients
of determination R2 and the standard error SE were calculated for each model. If the
concentration is predicted via PLS regression, R2 and SE are defined as follows:

R2 =
∑n

i=0(ŷi − y)2

∑n
i=0(yi − y)2 (3)

SE =

�
(yi − ŷi − BIAS)

n − 1
(4)

where n is the number of elements in the concentration matrix Y, yi is each element of Y, y
is the average of all elements from Y, ŷi is the predicted concentration by the PLS regression
model, and BIAS = ∑n

i=0 (yi − ŷi)/n [31].

3. Results
3.1. PLS Model

The two PLS regression models are sufficiently accurate for the application since all
R2 values are >0.99, and the SE of the organic components (model 1) is <0.5 wt% and of
water (model 2) is <0.05 wt% (see Table 3).
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Table 3. Coefficient of determination and standard error.

Model Analyte R2 SE [wt%]

1
DEC 0.9999 ±0.2379
EtOH 0.9996 ±0.4302

2 water 0.9945 ±0.0330

Figure 4a,c illustrates the residuals of each standard mixture. These diagrams provide
a good overview of the absolute deviations between the actual mass percentages of the
standard mixtures and the mass percentages predicted by the PLS regression model. The
standard error SE summarizes this observation in a single quantity.

  
(a) (b) 

  
(c) (d) 

Figure 4. Residual and correlation plots for both PLS regression models: (a,b): model 1 and (c,d): 
model 2. 

In Figure 4b,d, the actual mass percentages of the standard mixtures are plotted 
against the mass percentages predicted by the PLS regression model. It can be seen that 
there is a strong correlation between these two values for both models. This property is 
summarized by the coefficient of determination 𝑅ଶ. 

Figure 4. Residual and correlation plots for both PLS regression models: (a,b): model 1 and
(c,d): model 2.

In Figure 4b,d, the actual mass percentages of the standard mixtures are plotted against
the mass percentages predicted by the PLS regression model. It can be seen that there is a
strong correlation between these two values for both models. This property is summarized
by the coefficient of determination R2.

3.2. Comparison of Tested Membranes

For a better understanding of the system, a more extensive concentration range of the
components—water, ethanol, and minimally also DEC—was covered in the preliminary
tests. Any minimal limitations concerning the applied methodology (leakage of the system,
temperature drop at the measuring points used, pressure loss over the test period) were
successfully corrected before the start of the test campaigns (V1–V17), which will be
discussed in the following sections.

Four membranes were tested at different feed pressures to evaluate their eligibility
for use in an integrated dehydration process for organic mixtures. In each experiment
(V1–V16), mixtures consisting of 1% of each of H2O and DEC, and 98% ethanol were
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fed into the equipment and homogenized in the system. An overview of the resulting
experimental data from these assessments is provided in Table 4.

Table 4. Experimental data of tested membranes at 98 ◦C.

Name Membrane
Pc wc,i wp,i Ji α QH2O

[bar] [wt%] [wt%] [g/m2h] [−] [mol/Pa∗m2∗h]
DEC H2O EtOH H2O H2O Total

V1 ZEBREXTM ZX0
at 85 ◦C

5 0.90 0.98 98.70 99.6 30.5 30.7 >13,000 3.39 × 10−6

V2 PERVAPTM 1 0.96 1.01 98.63 12.3 32.5 268.7 13–15 1.80 × 10−5

V3 4155-80 3 0.99 0.96 98.60 12 45.7 377.5 11–17 8.45 × 10−6

V4 PERVAPTM 1 1.04 0.95 98.55 5.1 30.6 599.1 5–6 1.70 × 10−5

V5 4100 3 1.07 0.94 98.52 4.7 24.4 523.3 5–6 4.52 × 10−6

V6 PERVAPTM 4101 3 1.31 1.08 98.28 73.9 11.8 16.0 120–180 2.19 × 10−6

First, it becomes apparent that the concentration of the circulate differs from the con-
centration fed to the system. This can be explained by the fact that, despite the preparation
and rinsing processes, dead volumes remain in the system, marginally shifting the overall
concentrations in the system after homogenizing the circulating mixture. This observation
also applies to all subsequent experiments and is considered negligible.

While the tubular membrane module design allowed pressures up to 5 bar, the flat-
sheet models were tested at 1 and 3 bar. The tubular membrane module’s permeate stream
had high water purity levels of >99%, while this quality remains unmatched by the polymer
membranes. Only the PERVAPTM 4101 membrane delivers a permeate stream of mainly
water, with more than 79%.

The water flux is almost the only constituent of total fluxes for the ceramic membrane
experiments. The 4155-80 and 4100 polymer membranes deliver comparably high total
fluxes of more than 250 g/m2h, resulting in comparably large mass streams. Even though
the permeance of water is within a similar magnitude for the two mentioned membranes, as
for the ceramic one, it is already highly implied that both membranes are rather unsuitable
for the desired application since large DEC and ethanol fluxes have also been observed,
resulting in a comparably lower selectivity. Even though the water flux is the main con-
stituent for the PERVAPTM 4101 membrane, it shares some drawbacks with the other tested
polymeric membranes and is still not competitive enough regarding the selectivity com-
pared to the ceramic membrane. Interestingly, the application by Décultot et al. [16] of the
same membrane module (PERVAPTM 4100) delivers lower fluxes but higher selectivities for
water, even though the mixtures submitted to the membrane are comparable. However, the
experiments conducted by Décultot et al. were operated under a vacuum. The driving force
of this work’s setup was enhanced by the sweep gas of N2 on the permeate side and pres-
surization with carbon dioxide in the circulating system. The comparatively poor quality
of the permeate could also be potentially caused by effects such as membrane swelling due
to the combined presence of CO2 and relatively high temperature and pressure. Therefore,
particular emphasis was placed on the ZEBREX ZX0 membrane.

3.3. Effect of Feed Water Content on Dehydration

Several experiments with the ZEBREX ZX0 membrane were carried out to assess the
membrane’s behavior on the water flux in dependency on the composition of the feed.
The results of a long-term experiment carried out for 16 h with a water feed concentration
of 0.7% are illustrated in Figure 5. The rest of the feed comprised about 1% DEC and
>98% ethanol.
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Figure 5. Illustration of the flux over time (a) and in dependency on the feed water content (b) as 
well as the circulates (c) and the permeates (d) water content using the ZEBREX ZX0 membrane. 
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Figure 5. Illustration of the flux over time (a) and in dependency on the feed water content (b) as
well as the circulates (c) and the permeates (d) water content using the ZEBREX ZX0 membrane.

The flux of water decreases on average, as Figure 5a portrays, throughout the test
period. Furthermore, Figure 5b demonstrates a correlation between the permeate flow of
water and the water content in the feed, illustrating that the water flux decreases as the
water content in the feed decreases. A closer look at Figure 5c reveals an almost linear
decrease in the circulating water concentration with passing time, depleting the water
content in the circulate close to 0.2 wt% after 16.5 h of experimental running time. Further
trend development was not assessed, but this data does not reveal a diminishment of the
decreasing trend. The permeate was identified to be mainly water (Figure 5d) with a purity
of mostly >98 wt%. Despite the trend, significant fluctuations in the measured values can be
observed in Figure 5a,b,d. Due to the low sample mass of the permeate, slight fluctuations
occurred in the measurements. These fluctuations increase by scaling up to the units shown
(Figure 5), which makes the fluctuations appear large. Despite the comparatively poor R2,
a trend can nevertheless be recognized. This is particularly evident in the constant decrease
in the water concentration of the circulating mixture, as shown in Figure 5c.

3.4. Effect of TC on Dehydration

Since pressure and temperature are usual parameters that influence the flux, tempera-
ture variation experiments were performed, as shown in in Table 5.
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Table 5. Overview of temperature variation experiments of the tubular ZEBREX ZX0 ceramic
membrane at 3 bar.

Name Tc wc,H2O wp,H2O JH2O Jtotal α QH2O
[◦C] [wt%] [wt%] [g/m2h] [g/m2h] [−] [mol/Pa∗m2∗h]

V7 65 0.67 98.38 16.3 16.5 9990 1.80 × 10−6

V8 75 0.80 98.53 19.2 19.5 5068 2.13 × 10−6

V9 85 0.72 98.39 30.5 31.0 3800 3.38 × 10−6

V10 98 0.43 99.98 13.3 13.3 208,755 1.47 × 10−6

A closer look at the H2O fluxes and the permeate water content in Table 5 gives further
insight into the behavior of the ceramic membrane. The flow of the organic part of the
permeate rises while the percentage share of H2O stays rather consistent. The total flux
mainly consists of water. However, the absolute volume seems to level off somewhere
between 98 and 99%. Considering the feed water content, a decreasing water flux with
a reduced feed water amount is expected. The experiments carried out at 75 and 85 ◦C,
however, debunk this theory by delivering consistently rising fluxes with rising temperature
TC. The last experiment carried out with even less H2O in the feed and at a temperature
of 98 ◦C, yields a purity of 99.98% of H2O, delivering a comparatively tremendous ideal
selectivity α of >200,000. This also marks the end of a seemingly decreasing α in dependence
on rising temperature. Further elevation of the feed temperature is expected to result in
even higher fluxes of H2O but possibly slightly decreased selectivities due to the enhanced
diffusion of the other components as well. Nevertheless, an assessment of the membrane’s
performance was conducted in the following section.

3.5. Effect of PC on Dehydration

Several experiments were carried out to observe the influence of temperature on the
PV separation using the tubular ceramic membrane. The results of these experiments are
documented in Table 6.

Table 6. Overview of temperature variation experiments of the tubular ZEBREX ZX0 ceramic
membrane at 75 ◦C.

Name Pc wc,H2O wp,H2O JH2O Jtotal α QH2O
[bar] [wt%] [wt%] [g/m2h] [g/m2h] [−] [mol/Pa∗m2∗h]

V11 1 0.80 94.48 10.9 11.5 8005 6.03 × 10−6

V12 3 0.72 99.31 12.7 12.7 180,984 2.34 × 10−6

V13 5 0.77 98.41 19.9 20.2 86,036 2.20 × 10−6

The initial concentrations are not precisely the same but close enough for the purposes
of the experiments. A positive correlation between the transmembrane flux and the in-
creased pressure difference was observed. At first glance, no particular correlation could
be observed for the purity of the permeate. The permeate quality is highest in the test
conducted at 3 bar, with 99.31%. The test conducted at 1 bar showed the lowest value of
the entire test campaign for the ceramic ZEBREX ZX0 membrane, at 94.48%. Considering
the minimal sample quantity (<0.1 mL), an outlier favoring lower water purity cannot be
ruled out.

3.6. Effect of Vs on Dehydration

The effect of the sweep gas flow rate on the separation was observed, and the data are
summarized in Table 7.
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Table 7. Overview of sweep gas variation experiments of the tubular ZEBREX ZX0 ceramic membrane
at 5 bar.

Name Vs wc,H2O wp,H2O JH2O Jtotal α QH2O
[L/min] [wt%] [wt%] [g/m2h] [g/m2h] [−] [mol/Pa∗m2∗h]

V14 0.35 0.86 99.43 9.7 9.7 37,290 1.07 × 10−6

V15 0.70 0.98 99.55 30.5 30.5 13,708 3.39 × 10−6

V16 1.40 0.90 99.77 45.9 46.0 59,724 5.09 × 10−6

It has to be mentioned that the feed concentrations of the experiments are not perfectly
equivalent. Nonetheless, with rising sweep gas flow rates of N2, a positive trend can be
observed in the permeate concentrations and the flux. The purities of the permeates are
consistently at least as high as 99%, while the flux for a sweep gas flow of 1.4 L/min
delivered the highest flux of all experiments using the ceramic ZX0 membrane. While the
permeate quality remained nearly unchanged, the flux decreased to less than one-third by
cutting the sweep gas flow to half.

This indicates that dissolving water molecules on the selective layer of the membrane
and diffusing through the membrane matrix is still faster than the desorption process on
the permeate side. A high water concentration on the membrane permeate side surface
could support this assumption. Conversely, doubling the sweep gas flow rate increased the
flux by 50%.

3.7. Effect of Increased DEC Concentration in the Circulating Mixture on Dehydration

In order to gain an impression of the behavior of the membrane at a higher DEC con-
centration, the initial concentration of the circulating mixture was changed for experiment
V17 (parameter). In this experiment, 8.89% DEC, 0.30% H2O, and 90.81% ETOH were used
and homogenized within the system, as in the other experiments (V1–V16). After the initial
homogenization time, 8.92% DEC and 0.33% water were measured at the beginning of
the experiment. Figure 6 shows the water concentration in the circulating mixture and in
the permeate.

Figure 6. Experiment with increased DEC and decreased water concentration in the circulate of the
tubular ZEBREX ZX0 ceramic membrane at 5 bar and 85 ◦C.

The water concentration in the circulating mixture decreases depending on the du-
ration of the experiment. Despite the initially very low water concentration, the mixture
was still dehydrated to 0.27% water concentration. Due to the very low permeate sample
quantity, the water concentrations of only two samples could be determined, which, in
both cases, matched the qualities of the other tests well, with >96%. The transmembrane
flux was determined to be 10.6 g/m2h after 3 h and 8.6 g/m2h after a further 2 h and
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15 min. Although the test time was somewhat shorter, it can still be observed that the
continuously decreasing water concentration in the circulate also reduces the transmem-
brane flux. The determined permeance of 1.03 × 10−6 also fits into the overall context
compared with the other experiments’ results. In addition, this experiment shows that
selective separation of water from the mixture (α = 5839) is nevertheless possible with an
increased DEC concentration.

4. Conclusions

Ternary DEC/water/EtOH mixtures were introduced into a pervaporation setup
fordehydration. The removal of water is considered a crucial element in the direct synthesis
of DEC, as water drastically slows down the reaction. The literature has reported challenges
in the operation of pervaporation in combination with the direct synthesis due to stability
issues of membranes regarding the applicable temperature, pressure, and CO2 presence.
The tubular ceramic membrane could be a possible solution for this demand, primarily
since it operates close to DEC’s synthesis temperature (>130 ◦C). Ceramic membranes
typically do not suffer as frequently from swelling as polymeric membranes. Further,
the presence of CO2 was primarily below the detection limit in the permeate, while the
circulating feed was saturated with CO2. The polymeric membranes PERVAPTM 4155-
88 and 4100 provided the highest total fluxes and simultaneously the most significant
losses in DEC and ethanol, resulting in comparatively low selectivities. Therefore, these
membranes are not considered eligible for the initial separative instance of dehydration. The
third polymeric membrane, PERVAPTM 4101, showed superior dehydration characteristics
(α > 120) compared to those of the other tested polymeric membranes (α < 18). Nevertheless,
the losses of DEC and ethanol into the permeate were still too significant to be neglected.
Therefore, all polymeric membranes are expected to perform insufficiently in terms of
permeate quality within a direct synthesis process of DEC. However, the PERVAPTM 4101
membrane could be considered in a possible second stage of permeate purification. Further
tests would be necessary in this case. The tubular ZEBREX ZX0 membrane shows the
best overall dehydration characteristics, with selectivities of at least 3800. The selectivity
exceeded 10,000 in most cases, delivering permeate streams with mostly >98 wt% water.
Parameters such as temperature, pressure, and sweep gas velocity significantly impacted
the flux. Increasing the DEC content in the system had no noticeable effect on the permeate
quality. Adapting the operating temperature to the proposed temperature for DEC synthesis
may even enhance the flux of water but may also result in a reduced quality of the permeate.
Nevertheless, increasing the pressure did not result in the same performance as altering
the other parameters. The overall fluxes were observed to be comparatively low compared
to other dehydration applications but higher than those with the ternary system composed
of DEC/H2O/EtOH. The ceramic membrane could be a suitable option to dehydrate the
observed quaternary (DEC/H2O/EtOH/CO2) mixture. However, it has not been fully
assessed whether the membrane could dehydrate the solution with sufficiently high flux. At
the same time, monitoring the process using FTIR-ATR analyses is a time-saving approach,
as using the PLS model provides relatively immediate and sufficiently accurate assessments
of the samples. Accordingly, using the PLS model is preferable to using competing methods
such as the KFT and GC.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/separations11100289/s1, The source code for the developed pls model is
submitted with the manuscript.
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Abbreviations

ATR attenuated total reflection
CCU carbon capture and utilization
CeO2 cerium oxide
CO2 carbon dioxide
DEC diethyl carbonate
DMC dimethyl carbonate
EtOH ethanol
FID flame ionization detector
FTIR Fourier-transform infrared spectroscopy
GC gas chromatograph
GHG greenhouse gas
H2O water
IPA Isopropanol
KFT Karl Fischer titration
MeOH methanol
MSE mean squared error
PLS partial least squares
SE standard error
V experiment
Ji flux of component i, g/m2h
Jtotal total flux, g/m2h
n number of elements in Y
mi mass of component i, g
Mi molar mass of component i, g/mol
Pc feed pressure, bar
Qi permeance of component i, mol/(Pa∗m2h)
R2 coefficient of determination
Tc feed temperature, ◦C
Vs volumetric sweep gas flow, L/min
wc,i wt% of component i in circulate
wp,i wt% of component i in permeate
yi element i of matrix Y
¯
yi average of all elements of Y
ŷi prediction of element i in Y
Y concentration matrix
α ideal selectivity of H2O over ethanol
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Abstract: Gas permeation and pervaporation are technologies that emerged several decades ago.
Even though they have discovered increasing popularity for industrial separation processes, they
are not represented equally within process simulation tools except for commercial systems. The
availability of such a numerical solution shall be extended due to the design of a membrane model
with Visual Basic based on the solution-diffusion model. Although this works approach is presented
for a specific process simulator application, the algorithm can generally be transferred to any other
programming language and process simulation solver, which allows custom implementations or
modeling. Furthermore, the modular design of the model enables its further development by
operators through the integration of physical effects. A comparison with experimental data of gas
permeation and pervaporation applications as well as other published simulation data delivers either
good accordance with the results or negligible deviations of less than 1% from other data.

Keywords: simulation; membranes; membrane model; DWSIM; gas permeation; pervaporation

1. Introduction

Membranes are already widely considered an alternative separation route alongside
conventional separation technologies, such as cryogenic and adsorptive technologies, deliv-
ering comparably sufficiently high purities for many subsequent applications. Particularly
advantageous compared to the alternatives mentioned is the easy maintenance, facile
operation, small size, and low energy consumption, while a separation of liquid–liquid,
vapor–liquid, and also gaseous mixtures is possible [1–4].

Within the framework of the design of technical processes, process simulation (PS)
takes over many relevant functions. PS is a comparably cost-efficient and decisive tool
in a company with experimental and plant engineering data for the design, operation,
and optimization fields of process engineering. It offers the opportunity to predict the
behavior of single unit operations (UOs) and the results of full processes as long as the
models are available. It provides the opportunity to apply sensitivity analyses (SA), multi-
variate optimization, and copes relatively rapidly with design-of-experiments compared to
experimental work. In addition, didactic purposes can be pursued with the use of process
simulation.

Nevertheless, drawbacks can arise from those with comparably weak capabilities
limiting PS’s expressive power. However, some UOs qualities may increase their predictive
accuracy through further development and validation with test cases. Furthermore, con-
vergence problems, the possible necessity of preconditions, occurring errors, and limited
access to several PS software and its UOs are already adverse but improvable aspects. Yet,
the predictions obtained by PS are increasingly indispensable in the technical industry [5].

Since the demands of PS users can vary significantly depending on the process that
shall be designed or optimized, there is also a variable selection of UOs each PS software
offers. The focus of this work lies within the development of membranes for an open-
source tool. Several development approaches for designing and using membrane models in
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process simulation tools have been discovered and explored. However, the proposed model
combines object-oriented methods to directly introduce a numerical solution for multi-
component and multi-stage membrane separation into an open-source process simulation
tool, while laying the groundwork for further developments by providing the complete
source code as Supplementary Information. This modularity offers extensive development
opportunities for the simulation and membrane research community, which is considered
a novel development.

1.1. State of the Art: Mathematic Solutions for Membrane Models

Even though several publications already report models and implementations of gas
permeation of binary systems, there is far less information about simulations to separate
multi-component systems with membranes. Even though some information about the
modeling is available in the literature, it is still constrained [6–10].

Pan et al., delivered a comparably early approach for the mathematical modeling of
gas permeation for the co-current- and counter-current flow configuration model based
on the solution-diffusion model compared with experimental data from a field pilot-plant
recovering Helium (He) from natural gas. Pan et al.’s work considered the residues
concentrations as the parameter to be set, yielding the permeate pressure, composition, and
required fiber length. Since many membrane manufacturers do not offer the opportunity to
provide custom fiber lengths, the applicability of this specific result may be limited [11].

Kundu applied the solution-diffusion model to separate multi-component gaseous
mixtures with polymeric membranes to calculate the enrichment of Methane (CH4) from
biogas. A mathematical model is proposed using ordinary differential equations (ODE)
for co-current- and counter-current flow configurations. The numerical solving technique,
which uses Gear’s method, demands the feed composition and the ideal selectivity refer-
enced to a single compound. It describes the flux, the permeates flow rate, the composition
of both, the permeate and the retentate, and the pressure build-up within the fiber [12].

Rezakazemi et al., proposed a mathematical 2D model that was handled with CFD-
solving technology based on the Navier-Stokes equations to model HFMC for natural gas
sweetening. Validation with experimental data is described as in “good agreement” with
the simulation results, indicating that the model could also be used as a predictive instance
for process designs [13]. Farno et al., provided a 3D gas permeation PDMS membrane
model derived from mass transport and momentum transfer equations, also considering the
diffusivity for a ternary system. An artificial neural network’s contribution to improving
the prediction of the permeates composition, permeabilities, and solubilities was also
discussed. The results were in good agreement with experimental findings [14]. Haddadi
et al., introduced a CFD algorithm for gas permeation simulations based on a multi-
compartment approach. Each region can be regarded as its standalone operation inheriting
its turbulence models, and thermophysical properties. The algorithm was implemented in
the open-source CFD environment OpenFOAM [15].

Katoh et al., proposed the tank-in-series method combined with the Runge–Katta inte-
gration method to solve the governing ODEs to handle the dynamic and non-ideal mixing
behavior of the species across the membrane [16]. Elshof et al., described a mathematical
model for the separation of water and organic solvents with a microporous silica membrane
based on the Maxwell-Stefan model. The model relies on Maxwell-Stefan diffusion coeffi-
cients, which describe the transport through the microporous barrier, also considering the
friction during this phenomenon [17]. Makaruk et al., developed a numerical approach for
the calculation of co-current- counter current and cross-flow gas permeation membranes,
which were also verified with experimental results [18].

Finally, it remains to mention the availability of further models to describe mass
transfer across a membrane depending on the membrane type, such as the pore-flow model,
which is occasionally applied for liquid binary mixtures and porous membranes. [19]

The following list shall highlight some advantages and drawbacks of the aforemen-
tioned modeling solutions:
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• Solutions-Diffusion model Undoubtedly, the solution-diffusion model (SDM) is one
of the most widely used and adapted models found in the literature and process
simulators for gas permeation and pervaporation applications. The description of the
product streams is usually possible depending on the feed concentration, permeance,
and a set product value, such as the concentration of the permeate or the pressure
difference. Theoretically, there is no limit to the number of compounds the model
can handle. The limited accuracy of the model can be a drawback. However, its
relative simplicity makes it more likely to be combined with customized solving
routines. Most models to follow in Section 1.3 are based on further developments of
the solution-diffusion model;

• Maxwell–Stefan Theory As a theory that also incorporates the migration in dependence
of friction and influences of the interaction of components and membrane, the Maxwell-
Stefan theory is comparably more complex than the SDM. Theoretically, the model can
process multi-component gas permeation and pervaporation systems. An advantage
of the Maxwell-Stefan theory is the opportunity to obtain comparably more accurate
information about non-ideal multi-component systems from the results of single-
component calculations and an estimation of the systems’ selectivities [20];

• Pore flow Model This model is usually introduced as a theory for porous membranes
separating liquid mixtures. In comparison, it is based on the migration of permeating
components through theoretical pores on the membrane’s surface through capillary.
Several adaptions of the underlying mathematical relations are to be found in the
literature, such as the equation of Ergun, Carman–Kozeny, or Darcy’s law. While it is
considered to perform roughly equivalently accurately, it shares the identical drawback
as the SDM in that it majorly considers the pressure and concentration gradient.
However, depending on the mathematical background, it may give information about
the pressure drop due to the geometry of the membrane itself [19–21];

• Object-oriented Programming Even though modeling with object-oriented program-
ming methods is not an actual calculation routine similar to the earlier mass transfer
methods, it can be a powerful approach for modeling in general. While calculation
routines and algorithms are the center of interest for developers, the product mainly
displays the model itself and its handling. This may indicate an increased complexity
since other routines must be implemented then the pure numeric solution. How-
ever, this also poses a huge potential since every method can communicate with each
other [22].

1.2. State of the Art: Membrane Models in Process Simulators

Aspen Technology is a well-known provider of two proprietary process simulators,
Aspen Plus and Aspen Hysys. The primary application fields are process design and
optimization in chemical engineering industries [23]. Many PS tools have an interface
for integrating custom models or licensed addons, as Aspen Technologies does. The
Aspen Custom Modeler belongs to the Aspen software package and is a commonly used
solution for integrating user-generated models [24,25]. Additional integration methods in
the literature use Aspen technology products, such as FORTRAN or MATLAB [26].

Nonetheless, adverse effects are reported using Aspen Hysys in combination with
MATLAB, Excel, Python, and C# [27]. According to custom modeling and membranes,
several models have already emerged for Aspen Plus and Aspen Hysys. A flat sheet gas
permeation membrane model was implemented into Aspen Plus with the Aspen custom
modeler based on the fugacities and mixture diffusivities derived from Blanc’s law. The
predictive performance for the residuals molar fraction is described to be accurate [28].

ChemBrane is a custom membrane model developed by Graigner in 2007 which oper-
ates on Hysys based on a fourth-order Runga–Kutta method for the calculation of the flux.
It is used to predict the flux for perfectly mixed, co-current, and counter-current flow con-
figurations based on the permeabilities of each compound [29]. Cavalcanti et al., described
a pervaporation membrane model based on the SDM integrated with the Aspen Custom
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Modeler. It was applied to predict the purification of EtOH with a polyetherimide mem-
brane [30]. A high-pressure hollow fiber membrane contactor for natural gas purification
was modeled for the PS tool gPROMS in a counter-current flow configuration [31]. AVEVA’s
Pro/II is an equation-oriented steady-state PS tool that already inherits a membrane model
developed based on a membrane reactor derived from Bishop et al. [32].

An overview of additional available PS tools which allow the development and
integration of membrane models is available in the literature [33]. All described tools
have in common that only proprietary PS tools are available today. This is an adverse and
limiting precondition for multiple reasons. The accessibility for industry, researchers, and
teachers is limited due to partially costly products. Further, the models are commonly
provided as black box models. This excludes the opportunity to re-construct the algorithm
to evaluate if the preliminarily determined preconditions are suitable for the model. In
combination with the lost opportunity to modify or extend the model, many models’
capabilities are limited in many ways. Therefore, the drive for the development of an
initially facile but continuously extended open-source membrane model for an open-source
software was given.

1.3. Mathematical Background of the Model

Currently, the solution-diffusion model is reportedly a popular approach to model
membrane separation. It is suitable for various gas and liquid feeds in membrane perme-
ation applications. [34] The idealized counter- and co-current flow patterns are illustrated
in Figure 1.

Figure 1. Illustrations of idealized co-current (top) and counter-current (bottom) flow patterns.

The local flux through the membrane is commonly described as follows Equation (1).

d(xn) = −Q × A × (xP − yp) (1)

The molar flow, molar fraction, and permeance are abbreviated as n, x, and Q. The feed
pressure P, permeate pressure p, A, and y as the surface area and the permeate composition
of the operation also determine the flux. The subscripted variables F, p, and r represent
the feed, permeate, and retentate side of the corresponding value. The membrane area A
can be calculated from the number of fibers ϵ, the inner diameter of the fiber d f iber, and the
fiber length l f iber as described in Equation (2).

A = ϵ × d f iber × π × l f iber (2)
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Considering the fact that process simulation tools will be obliged to set multiple
preconditions, such as plug flow, perfect mixing on the permeate and the feed/retentate
side Equation (1) shall be integrated and set in relation with its feed, which shall result in a
relation between the flux and the stage-cut. The molar fractions x and y are to be chosen
depending on the flow configuration.

θ =
ynp

xFnF
=

AQ(xP − yp)
xFnF

(3)

Since the SDM is already well documented and published, this work will solely cover
its implementation into the PS tool DWSIM, including its modifications and preconditions.
However, the presented background is also well applicable to other PS tools. Alongside the
solution-diffusion model itself, the following list of preconditions were also set:

• Negligible axial and radial pressure variation;
• Perfect mixing in every compartment;
• Negligible radial concentration variation
• Pure component permeances are independent of feed composition, temperature, and

pressure variations;
• Negligible deformation of the hollow fiber under pressure.

Since not only the feed composition but also the permeate composition is decisive for
the driving force, it must also be considered in the calculations. With the previously stated
upper assumptions, the permeate composition yi can be calculated as follows.

yinp = AQ(xrP − yi p) (4)

For multi-component fluid mixtures, the permeate molar fraction for counter-current
flow is calculated by forming the ratio of the components’ fluxes over the total flux [10]. The
subscripts i, j, and k represent the ith, jth compound from a total number k of compounds.

yi
1 − yi

=
Qi(xr,iP − yi p)

∑k
j ̸=i Qj

��
1 − xr,j

�
P − �

1 − yj
�

p
� (5)

A distinction must be made on whether a counter-current or co-current membrane
shall be modeled. The driving force of the membrane model configured as a counter-current
model competes with the permeate side aside from the feed’s end, which is indicated in
Equation (6), which is a rearrangement from Equation (5).

yi =
Qixr,iαi ∑k

j ̸=i yj

∑k
i ̸=j Qj

�
xr,iαi − yj

�
+ Qi ∑k

j ̸=i yj
(6)

The driving force for the co-current flow mode is slightly different since it is the reten-
tate end of the feed that corresponds with the actual permeate, as indicated in Equation (6).

yi =
QixF,iαi ∑k

j ̸=i yj

∑k
i ̸=j Qj

�
xF,iαi − yj

�
+ Qi ∑k

j ̸=i yj
(7)

2. Materials and Methods

This section intends to provide an overview of the applied routines and methods
to design and integrate the mathematical model into open-source PS software. Specific
software was chosen to proceed with the approach, yet the presented procedures are
applicable for any PS tool that can proceed or include numerical solvers.
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2.1. Machine, Operating System and Software

Every applied software was operated on both a AsRock DeskMini A300 with a Ryzen
3 3400G and 32 GB of Ram and a Notebook Dell Inspiron 7415 with a Ryzen 5 5500U
processor and 16 GB of RAM. All systems were operated with Windows 10. DWSIM was
operated with version 8.0.3 on both systems. The Visual Basic(VB) code was scripted in
Visual Studio 2017, its community distribution.

2.2. DWSIM

DWSIM is an open-source process simulation tool available on multiple platforms
that was developed by Daniel Wagner Oliveira de Medeiros. It can be considered as a
competitive alternative to other process simulators, such as Aspen Plus or PRO-II. It also
operates its calculations as steady-state simulations. Since Version 6, dynamic simulations
were introduced into DWSIM. With Version 7 DWSIM Pro was introduced, which offers
various extensions, such as further Unit Operations (UO) and property packages. DWSIM
provides the possibility to modify individual units as well as entire calculation routines of
the flowsheet. Further, it already supports the opportunity to manipulate the communi-
cation between UOs and the flowsheet, and between UOs. The creation of whole UOs as
custom plugins is an additional strength DWSIM offers. Yet, they must have been written
in DWSIM’s native coding language, Visual Basic and C# [35].

2.3. Steps to Follow
2.3.1. Work Environment

DWSIM was obtained from SourceForge [36]. The setup inherits Microsoft WebView
2 Runtime, ChemSep, CAPE-OPEN Type Libraries, Register Type Libraries, and DWSIM
itself [35]. The initial step to set up the actual work environment is creating a VB Class
project by configuring the project’s name, location and aiming. NET Framework. Targeting
the same. NET Framework as the DWSIM is running is recommended. A selection of
DWSIM-related dynamic link library files (.dll) will offer the opportunity to run DWSIM-
associated functions within VB if implemented in the reference section. Since not every
library is needed for the developed functions, the complete list of DLL’s is provided in
Table A1.

2.3.2. Implementation of General Models Related Functions

Since DWSIM is an open-source tool, there are also open libraries that can be applied to
various models. Functions and code structures, such as the opportunity to process several
properties of incoming materials streams or even the cosmetic design of the model itself,
are provided to a fair extent. Table A2 contains the applied libraries.

In order to ultimately start the code, a couple of initial properties must be defined.
Since the model of interest is a UO, it must also inherit the data structure of it, while it
should also include the opportunity to apply the typical functions of other UOs in DWSIM.
The two following lines of code can realize these:

Inherits UnitOperations.UnitOpBaseClass
Implements DWSIM.Interfaces.IExternalUnitOperation

Following this, the first set of properties shall be declared here, such as the UO’s name
and description and the category to which the UO belongs. Whenever a UO is initialized, it
also inherits default values for its parameters, which can also be provided as early as this
step.

Public m_ResStageCut As Dictionary(Of String, Double)
Private Property UOName As String = “Membrane”
Private Property UODEscription As String = “Membrane Unit Operation”
Private _components As New List(Of String)
Private _componentsids As New List(Of String)
Private _components_re As New List(Of String)



Membranes 2022, 12, 1186 7 of 22

Dim N0 As New Dictionary(Of String, Double)
Dim Colums, Rows As Integer
Public Overrides Property ComponentName As String = UOName
Public Overrides Property ComponentDescription As String = UODEscription
Public Overrides Property ObjectClass As SimulationObjectClass = SimulationObjectClass.Separators
Public Property Permeances As New Dictionary(Of String, Double)
Public Property AllPermeances As New Dictionary(Of String, Double)
Public Property PermeatePressure As Double = 100000.0
Public Property NumberFibers As Double = 100.0
Public Property InnerDiameterFibers As Double = 0.01
Public Property FiberLength As Double = 0.1
Public Property Chambers As Double = 1
Public Property StageCut As Double = 0.2

One primary motivation for creating this UO was the opportunity to design the prop-
erty editor (PE) in a fully customized way. Therefore, the PE will take its own descriptive
part within the Supplementary Information. However, the PE also has to be linked to the
main UO model, which usually shall also occur in the initial part of the code.

Public Overrides Sub DisplayEditForm()
If editwindow Is Nothing Then
editwindow = New Editor() With {.HObject = Me}
editwindow.ShowHint = GlobalSettings.Settings.DefaultEditFormLocation
editwindow.Tag = “ObjectEditor”
Me.FlowSheet.DisplayForm(editwindow)
Else
If editwindow.IsDisposed Then
editwindow = New Editor() With {.HObject = Me}
editwindow.ShowHint = GlobalSettings.Settings.DefaultEditFormLocation
editwindow.Tag = “ObjectEditor”
Me.FlowSheet.DisplayForm(editwindow)
Else
editwindow.Activate()
End If
End If
FlowSheet.DisplayForm(editwindow)
End Sub

On a regular application of the UO on a flowsheet, the PE must be frequently closed
and opened, resulting in the necessity of implementing these functions.

Public Overrides Sub UpdateEditForm()
If editwindow IsNot Nothing Then
If editwindow.InvokeRequired Then
editwindow.Invoke(Sub()
editwindow?.UpdateInfo()
End Sub)
Else
editwindow?.UpdateInfo()
End If
End If
End Sub
Public Overrides Sub CloseEditForm()
‘editwindow?.Close()
If editwindow IsNot Nothing Then
If Not editwindow.IsDisposed Then
editwindow.Close()
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editwindow = Nothing
End If
End If
End Sub

Further general model-specific functions, e.g., functions to manage and display the
input and output connectors, a call function for the model image, and many more, are
provided in the Supplementary Information.

2.3.3. Implementation of Membrane Specific Functions

With the general model-specific functions created, a suitable environment to imple-
ment membrane-specific properties and functions is finally available. The following section
shall give an insight into the approach to implementing functions that shall provide specific
properties for the membrane model, e.g., the membrane area, calculation mode, flow mode,
and functions to calculate stream-related properties.

A selection of the most relevant functions is provided and explained in this section.
Creating an entity of a stream is necessary at some points of the calculations. Therefore,

a method to do so is introduced

Public Function InitStream() As MaterialStream
Dim Value As MaterialStream
Value = New MaterialStream()
Me.FlowSheet.AddCompoundsToMaterialStream(Value)
Value.SetFlowsheet(FlowSheet)
Value.PropertyPackage = Me.PropertyPackage
Value.SpecType = StreamSpec.Temperature_and_Pressure
Value.ClearAllProps()
Return Value
End Function

This function is applied to introduce an intermediate stream different from all input
and output streams. It offers the opportunity to use the DWSIM integrated calculation
routine to find the physical properties of mixed streams without changing anything of the
actual present streams on the flowsheet.

Public Function RefreshStream(Stream As MaterialStream, Temperature As Double, Pressure As
Double, MolarFraction As Double(), MolarFlow As Double()) As MaterialStream
Stream.ClearAllProps()
Stream.SetMolarFlow(SumY(MolarFlow))
Stream.SetOverallComposition(MolarFlow.ToArray)
Stream.SetTemperature(Temperature)
Stream.SetPressure(Pressure)
Stream.SetFlashSpec(“PT”)
Me.PropertyPackage.CurrentMaterialStream = Stream
Stream.Calculate()
Stream.Validate()
Return Stream
End Function

Especially the pervaporation process is highly dependent on the continuous calculation
of the physical properties of the stream’s compounds. The actual calculation routine utilizes
quantization steps within a single model. This causes a change in concentration when the
stream is submitted to the following chamber. The function “RefreshStream” recalculates all
stream-specific properties again. The partial pressure is a crucial variable for calculating the
driving force. The partial pressure calculation follows two different routes depending on
whether a gas permeation or pervaporation is simulated. The algorithm for gas permeation
implements the law of Dalton.
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Public Function PartialPressure(MolFrac As Double(), Pressure As Double) As Double()
Dim Value(MolFrac.Length − 1) As Double
For I = 0 To MolFrac.Length − 1
Value(I) = Pressure * MolFrac(I)
Next
Return Value
End Function

Even though the partial pressures of the vapor flow could be calculated, DWSIM’s
internal functions were used to determine these values by getting the pressure of the feed
stream.

Public Function PartialPressure(Stream As MaterialStream) As Double()
‘get pressure and molarfrac from stream, apply Law of Dalton
Dim molarFraction As Double() = Stream.GetPhaseComposition(0)
Dim Pressure As Double = Stream.GetPressure()
Dim Value(molarFraction.Length − 1) As Double
For i = 0 To molarFraction.Length − 1
Value(i) = Pressure * molarFraction(i)
Next
Return Value
End Function

Having the relevant partial pressures available finally allows calculating the composi-
tion yi of the permeate on the retentate end.

Public Function yiRetentateMultids2(RetMolFrac As Double(), MolFracLastIt As Dou-
ble(), ratio As Double(), Perm As Double()) As Double()

Dim A(RetMolFrac.Length − 1), B(RetMolFrac.Length − 1), C(RetMolFrac.Length − 1),
Value(RetMolFrac.Length − 1), ValueRaw(RetMolFrac.Length − 1) As Double
For I = 0 To RetMolFrac.Length − 1
A(I) = Perm(I) * RetMolFrac(I) * ratio(I) * (SumY(MolFracLastIt) - MolFracLastIt(I))
B(I) = 0
For J = 0 To RetMolFrac.Length − 1
If J = I Then
B(I) += 0
Else
B(I) += Perm(J) * ((RetMolFrac(J) * ratio(J)) − MolFracLastIt(J))
End If
Next
C(I) = Perm(I) * (SumY(MolFracLastIt) − MolFracLastIt(I))
ValueRaw(I) = A(I)/(B(I) + C(I))
Next
Dim SumRaw As Double = SumY(ValueRaw)
For I = 0 To RetMolFrac.Length − 1
Value(I) = ValueRaw(I)/SumRaw
Next
Return Value
End Function

The value yi provides the opportunity to calculate the stage-cut θ and consequently
the retentate composition xr and the corresponding partial- and vapor pressures.

While (deviation >= 0.00001) And (count < 1000)
yi = yiRetentateMultids2(xr, yi, Ratio, Permeance)
pyi = PartialPressure(yi, pp)
For I = 0 To NumCompounds − 1
qi0(I) = qip(I)
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Next
For I = 0 To NumCompounds − 1
sc(I) = (((Permeance(I) * (Area/Chambers))) * (((pxf(I) − pyp(I)) − (pxr(I) − pyi(I)))/(Log((pxf(I)
− pyp(I))/(pxr(I) − pyi(I))))))/NEff(I)
Next
For I = 0 To NumCompounds − 1
qip(I) = sc(I) * NEff(I)
Next
qtp = SumY(qip)
For I = 0 To NumCompounds − 1
yp(I) = qip(I)/qtp
Next
pyp = PartialPressure(yp, pp)
qtr = 0
For I = 0 To NumCompounds − 1
qir(I) = NEff(I) − qip(I)
Next
qtr = SumY(qir)
For I = 0 To NumCompounds − 1
xr(I) = qir(I)/qtr
pxr(I) = Pf * xr(I)
Next
deviation = 0
For I = 0 To NumCompounds − 1
deviation = deviation + Abs(qip(I) − qi0(I))
Next
count = count + 1
End While

This loop is the last instance of the actual calculations. It starts with an If- condition
where the deviation of the stage-cut is compared. This error must fall below a tolerance
of 10−6 to end the while loop, as long as the while-loop continues to run the calculations
process with the determination of the permeate composition followed by its corresponding
partial pressures. These calculations are followed by the determination of the stage-cut
from yi. xr and the remaining total flows are calculated from the stage cut.

The exportation of the corresponding file delivered the model into the “unitop” folder
of DWSIM as a .dll file.

2.4. Test Cases

As a performance benchmark, this subsection shall introduce applied test cases in this
work. The first test case is a polyetherimide/γ-alumina composite membrane characterized
and described by Park et al. It was used to separate HAc, EtOH, EtOAc, and H2O. The
initial model set-up was operated with a permeate pressure of 267 Pa. The fiber was further
specified with an inner diameter of 7 mm and an arbitrarily large amount of fibers of
750,000 with 30 compartments. The length of the fibers was set to 1 m. An overview of the
permeance of every compound and the feed, retentate, and permeate composition of the
corresponding simulation of test case 1 is described in Section 4.1.

The model was also compared with other gas permeation and pervaporation solutions
from the literature. These further test cases inherit both experimental results as well as
simulated data. An overview of different investigated models is displayed in Table 1.
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Table 1. An overview of compared gas permeation and pervaporation systems.

Sada et al. [37]
Test Case 2

Chowdhury et al. [38]
Test Case 3

Koch et al. [39]
Test Case 4

membrane asymmetric cellulose triacetate
hollow fiber (Sample 31)

simulated asymmetric cellulose
acetate hollow fiber

Hydrophilic polymeric
PERVAPTM 1210

type gas permeation gas permeation pervaporation
flow configuration counter-current counter-current co-current
inner diameter [µm] 0.000125 80

1 membrane area 159.4 cm2length [cm] 63 15
no. of fibers [-] 270 70
Temperature [K] 303 298 ~333 K
feed pressure [bar] Varied between 15.7–5.9 69.64

feed composition

50.0% CO2
10.5% O2
39.5% N2

51.78% H2
24.69% N2
19.57% CH4
3.96% Ar

23.7 % ACE
65.1 % H2
11.2 % IPA

permeate pressure [mbar] 1013.25 11230

permeance [10−10 mol/s m2Pa]
CO2: 204.2
O2: 60.2
N2: 13.1

H2: 284
N2: 2.95
CH4: 2.84
Ar: 70

variable permeances

1 Values such as the inner diameter, number of fibers, and the fiber length are not provided by the source of
the membrane.

The second test case can be described as a hollow-fiber gas permeation membrane
module that was deployed to separate a three-component mixture consisting of CO2, O2
and N2. Four different Modules were reported. However, only module 31 was compared
in this study. The permeance of CO2 in the membrane was determined experimentally at
30 ◦C and 24 bar [37].

Test case three is a membrane model for multi-component gas permeation developed
for Aspen Plus as a FORTRAN calculation routine. The model was compared to multiple
models and experimental data. The test case was created with a simulation separating
H2, N2, CH4, and Ar with an upstream pressure of approximately 69 bar and a permeate
pressure slightly above 11 bar. The permeances were taken from another publication
specified in the work of Chowdhury et al. [38].

The final and fourth test case was derived from the work of Koch et al., who managed
to separate EtOH, IPA, and ACE with a polymeric PERVAPTM 1210 membrane with an
active layer of polyvinyl alcohol receiving high purities of water in the permeate stream.
The feed pressure was kept atmospheric, while the permeate pressure was adjusted to
approximately 3000 Pa.

3. The Model

Staring DWSIM also initiates results in the usual loading screen, which is terminated
with the initial menu, where a new file can be either set up or an existing one can be loaded.
For this investigation, a new empty file was created. A random number of compounds can
be chosen all of which shall have the same state. If the compounds are in a liquid form,
the availability of interaction parameters must be considered. Nevertheless, the properties
of test case 1 were chosen for this specific set-up. The membrane model can be found on
the Separator/Tanks tab of the UO’s menu. The implementation of the flowsheet does not
differ from the other UOs. The model offers the opportunity to attach two inlets, one of
which is an energy inlet, and two outlet streams. The flow direction happens to be the
configuration of a co-current model. The model is portrayed in Figure 2.
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Figure 2. An actual impression of the unit operation on DWSIM’s flowsheet.

Property Editor

The property’s editor was designed to improve the operability of the whole model
itself. The editor of the model occurs just analogously to the other model’s editors by click-
ing on the model itself. Alongside the general information and the group of connections,
there is also a box element with three tabs. Another box with only two tabs follows this
box. The property table is portrayed in Figure 3.

Figure 3. The property table with the first tab and its calculation parameters.

The major calculation parameters are to be found on the first Table 2 drop-down
menus with three entries each that are followed by the six fields with values that can be set
here. The permeate pressure as well as three further fields with fiber-related properties are
revealed on this part of the editor. Fiber is the primary area determining property. Further,
the number of compartments is to be specified on the 5th field.

Toggling through the tabs by clicking delivers a list of compounds handled by the
membrane and a table with the corresponding permeances.

The only function of the compounds tab is the opportunity to check specific com-
pounds of the simulation. If a particular compound is checked, it will be considered in the
separation process. Figure 4b is derived from the compounds checked in the tab before and
only displayed the compounds and the lists which have been checked. The initial values
for the permeances of the displayed compounds are 0 mol/m2sPa.
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4. Results and Discussion

The following section shall give an insight into the behavior of the developed UOs in
dependence on various parameters. Further, the accuracy and reliability of the results shall
also be investigated.

4.1. Influence of Parameters

As mentioned in Section 1, the permeance of a compound through a specific mem-
brane is a highly influential parameter for the flux of a compound through a membrane.
Therefore, the behavior of the model, which uses the solution-diffusion model as a calcula-
tive background, is of interest. The permeance must be a highly influential parameter for
the calculative background. The results of the test case one simulations are listed in Table 2.

Table 2. An overview of the permeance of every compound and the feed, retentate, and permeate
composition of the corresponding simulation of test case 1. Permeance data obtained from [40].

Compound Permeances
[mol/m2sbar]

Feed
mol%

Permeate
mol%

Retentate
mol%

HAc 0.000201 14 1.07 14.98
EtOH 0.000161 14 1.25 14.97
EtOAc 0.000125 36 3.01 38.51
H2O 0.00647 36 94.68 31.54

The permeance of H2O is seen to be at least ten times higher than the permeance of
any other compound. Alongside this, it can also be observed that the composition of the
permeate consists of almost 95% water, followed by EtOAc with 3%. HAc and EtOH share
approximately 1% of the permeate composition. The composition of the retentate is quite
similar to the feedstock. All compounds seem to be enriched with the exception of H2O,
which dropped to a composition of 31.54%. The stage-cut was calculated to be 0.071.

4.1.1. Area

Alongside the permeance of each compound, the available area of the membrane is
decisive for the flux and composition of the product streams. Sensitivity analyses with the
number of fibers as a variable were carried out to obtain an overview of the influence of
the area on the simulation. The compositions of the permeate and retentate are displayed
in dependence on the stage cut in Figure 5.

The initial behavior regarding the permeate reoccurs again, showing that the H2O
content in the permeate is the highest at any stage-cut, followed by EtOAc with a very long
distance. EtOH and HAc almost share the same compositions, close to 1% for all stage
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cuts < 0.3. While the behavior of the initial simulation in 3.2.1 was basically reproduced for
the counter-current configuration, slight differences can be observed if the simulation was
run in co-current mode. However, even though every compound permeates concentrations
are still deficient compared to H2O, two compounds switch their positions in the rankings
of the permeate molar fraction. EtOH surpasses HAc on the co-current simulations.

Figure 5. A simulated pervaporation operation in counter-current (
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Further information about the model’s behavior is displayed by the decrease of H2O
in the permeate and the corresponding increase of the other compounds. It can be observed
that the trends shown are clearly non-linear in dependence on the stage cut. Since the
permeate composition does not portray a complete picture of the system, the retentate
composition is also displayed in Figure 5.

Two interesting trends are revealed in Figure 5. The trend for the H2O content in
the retentate is driven down to a value very close to 0 at a stage cut of 0.4. The second
information in this plot is revealed as the initial rise of other compounds concentrations up
to a stage cut of approximately 0.4.

Another notable behavior is the fact that the simulations do not converge after a
further increase in the number of fibers. This behavior may also be related to the low
residual water content in the feed/retentate, resulting in a deficient driving force.

4.1.2. Feed

The performance of the same membrane was also investigated numerically in depen-
dence on the feed by increasing the EtOH content of the feed from 0.1 to approximately
0.7 wt%. A comparison of yp and xr for the counter-current and co-current is displayed for
the permeate and the retentate streams in Figure 6.

The share of fast permeating H2O is the largest, starting with above 95 mol%. However,
the rising share of EtOH in the feed leads to reduced water content in the permeate.
While the composition of EtOAc and HAc stay almost constant in the permeate stream,
a comparably strong rise of EtOH is revealed with rising xF, EtOH. Figure 6 also reveals a
seemingly linear depletion of all compounds in the retentate stream with the exception of
EtOH which is displayed with a strong rise to a similar scale as xF, EtOH. Further, also the
stage cut is revealed to decline in both flow configurations with increasing xF, EtOH.
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the retentate and also the permeate composition is highly dependent on the change of the
feed composition proceeding through the membrane, it can be assumed that a model could
be tuned by a separation into multiple compartments. These compartments were realized
as cells. The influence of the number of cells is displayed in Figure 7.
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Specifying here what is visible in the images, the trends display a significant deviation
for the compositions in the permeate for less than five cells. Whenever the amount of five
cells is surpassed; the concentrations stay constant with comparably low deviations.



Membranes 2022, 12, 1186 16 of 22

4.2. Comparisons

Three other test cases, cases 2, 3 and 4, were prepared and simulated. The test cases
are covered and described in Section 2.4 and Table 1.

4.2.1. Gas Permeation

Two test cases were carried out as gas permeation simulations. Test case 2 was
simulated, resulting in a comparison between the experimental data obtained by Sada et al.,
and the DWSIM simulation is displayed in Figure 8.

 
Figure 8. A comparison of an experimental gas permeation operation by Seda et al. [37]. (test case 2)
and a DWSIM simulation in dependence of θ.

As a first impression, it can be seen that the trends of the experimental data are in
accordance with the trends of the simulations, while the actual CO2 concentrations also
range in the same scale. The CO2 content of the permeate decreases with the rising stage
cut. The deviation between the simulated data and experimental values is <0.84% for all
simulations.

Test case three is another comparison for gas permeation. A comparison between the
DWSIM model and the work of Chowdhury et al., is portrayed in Figure 9.

For practical reasons, the scale of the y-axis was cut into two segments giving better
visibility of the plots. As indicated by the permeances of the available components, the
composition of the permeate mainly consists of H2. It starts at approximately 97.5% for a
stage cut of 0.3 and proceeds to decrease the more the flux increases. Correspondingly, the
composition of the other compounds starts at just approximately 1% each and increases
with the N2, CH4, and Ar in decreasing order. The most exciting information in Figure 9 is
the seemingly good agreement between the data delivered by DWSIM and the simulated
results of Chowdhury et al. [38].
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Figure 9. A comparison of an experimental gas permeation operation by Chowdhury et al. [38]. (test
case 3) and a DWSIM simulation in dependence of θ.

4.2.2. Pervaporation

The separation of liquid–liquid mixtures received less attention in simulation tools,
as already mentioned at the beginning of the work. Yet, a test case for the pervaporation
was set up for comparison purposes with this model with test case 4, which is based on the
work of Koch et al. A comparison of the water composition of the permeate depending on
the water fraction in the feed is displayed in Figure 10 [39].

Figure 10. A comparison of an experimental pervaporation operation by Koch et al. [39] and a
DWSIM simulation in dependence of wF, H2O.



Membranes 2022, 12, 1186 18 of 22

Both curves show the same trend declining from considerably high purities of 99 wt%
of water in the permeate. The experimental values’ slope is comparably low compared to
the simulated. The maximum error between the experimental and the simulated results for
wp,H2O is still <1%.

5. Conclusions

This article has given a substantial description of the design and operation of a
membrane model, which can simulate the separation of gaseous and liquid mixtures.
The design enables comparably easy implementation of the model into DWSIM, including
its property editor. However, due to the object-oriented design and general approach to
the proceeding, the model may be integrated into every PS tool that can interact with
custom solvers. In particular, this model based on open-source software is not just limited
to prominent players in the field of the process engineering industry. Further, due to its
convenient applicability, the model may also be considered suitable for didactic purposes,
including subsequent development. The model’s performance reveals consistent and
credible trends according to the significant influences of its primary mode.

Further, comparisons with experimental data unveil a comparably adequate predictive
performance of the model for gas permeation operations. The accuracy of the pervaporation
simulations is distinctly lower, which may be attributed to the more extensive influence of
physical effects, such as the effects of friction and other impacts due to its more significant
dependence on temperature. Yet, the major objective of a design of an integrated and
modular membrane model with counter- and co-current flow configuration has been
achieved. The basic algorithm of the code still allows enhancements and upgrades.

A proposal for such an upgrade would be the implementation of a fourth tab for the
property editor, which shall inherit check-boxes for additional physical effects, e.g., the
equation of Hagen–Poiseuille, an opportunity to provide the Reynolds number and the
permeance as a function of temperature. Another perspective could be the implementation
of estimates along the lines of an artificial neural network. Integrating more complex
solvers or membrane types would also result in an increased simulation duration, which
accurate predictions could mitigate.
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//www.mdpi.com/article/10.3390/membranes12121186/s1. The source code for the developed
model is submitted with the manuscript.
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Abbreviations

CFD computational fluid dynamics
DLL dynamic link library
HFMC hollow fiber membrane contactor
ODE ordinary differential equation
PDMS Polydimethylsiloxane
PE property editor
PS process simulation/process simulator
SDM solution-diffusion model
UO Unit Operation
VB Visual Basic
Substances:
ACE Acetone
Ar Argon
CH4 Methane
CO2 Carbon dioxide
EtOAc Ethyl acetate
EtOH Ethanol
H2 Hydrogen
H2O Water
HAc Acetic acid
He Helium
IPA Isopropyl alcohol
N2 Nitrogen
O2 Oxygen
List of Symbols:
A membrane area [m2]
d f iber inner diameter of fiber [µm]
i, j as subscripts the ith/jth compound of the mixture [-]
k number of compounds [-]
l f iber fiber length [cm]
n molar flow [mol/s]
P, p feed pressure, permeate pressure [bar]
nF, np feed molar flow, permeate molar flow [mol/s]
wF,H2O, wp,H2O feed/permeate weight fraction of H2O [-]
x, y molar fraction [-]
xF, xr feed molar fraction, retentate molar fraction [-]
yi permeate molar fraction closed end [-]
yp permeate molar fraction [-]
Q permeance [mol/(m2*s*Pa)]
αi ideal selectivity for the ith compound [-]
ϵ number of fibers [-]
θ stage-cut [-]
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Appendix A

Table A1. List of used DLL’s.

dll

CapeOpen
DWSIM.Drawing.SkiaSharp
DWSIM.DrawingTools.Point
DWSIM.ExtensionMethods
DWSIM.ExtensionMethods.Eto
DWSIM.FlowsheetBase
DWSIM.GlobalSetting
DWSIM.Interfaces
DWSIM.SharedClasses
DWSIM.Thermodynamics
DWSIM.UnitOperations
DWSIM.XMLSerializer
Eto
Newtonsoft.Json
RichTextBoxExtended
Skiasharp
Skiasharp.Extended
Skiahsarp.Views.Desktop.Common
Skiasharp.Views.WindowsForms
System
System.Core
System.Data
System.Data.DataSet.Extensions
System.Drawing
System.Net.Http
System.Windows
System.Windows.Forms
System.Xml
System.Xml.Linq
WeifenLuo.WinFormsUI.Docking

Table A2. A list of all applied Libraries.

Functions

System.Math
DWSIM.Thermodynamics
DWSIM.Thermodynamics.BaseClasses
DWSIM.Thermodynamics.Streams
DWSIM.Thermodynamics.PropertyPackages
DWSIM.Interfaces
DWSIM.Interfaces.Enums
DWSIM.Interfaces.Enums.GraphicObjects
DWSIM.FlowsheetBase
SkiaSharp.Views.Desktop.Extensions
DWSIM.Drawing.SkiaSharp.GraphicObjects
DWSIM.ExtensionMethods
DWSIM.UnitOperations.UnitOperations.Auxiliary
DWSIM.UnitOperations.UnitOperations
DWSIM.SharedClasses
DWSIM.Thermodynamics.PropertyPackages.PropertyPackage
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This study proposes a process chain to gain high purity hydrogen from liquid ammonia. The utilization of the 
stored hydrogen requires the endothermic decomposition of ammonia 

2 NH3 ↔ N2 +3 H2 (1)

and the subsequent purification of H2. A process model from liquid NH3 to high purity hydrogen was developed. 
The process model includes the reaction kinetics for the catalytic decomposition of NH3 using a catalyst, such 
as Ni-Pt/Al2O3, and the necessary purification steps. Based on the simulation, a final process chain is proposed. 
Finally, heat integration calculations were performed to optimize the energy efficiency of the process. 
The application of a polyimide membrane system is proposed. The performed calculations show that using 
membrane separation, a H2 purity of around 97 wt% can be achieved. For a final NH3 content of < 1 ppm, the 
study found acidic or adsorptive removal of remaining NH3 necessary even for high decomposition conversion 
rates. To achieve even higher H2 purity, the application of an additional pressure swing absorption separation 
is proposed. This application can ensure H2 purities of > 99 wt% suitable for PEM fuel cells.   

 Introduction 
Energy storage has been the focus of research and industries as global energy demand is rising and zero-
carbon and renewable systems are of interest. In this scenario, the hydrogen economy has undeniable 
potential  (Oliveira et al. 2021). Nevertheless, the handling of H2 still poses substantial hazards and difficulties 
such as high flammability, complex storability, and a high specific volume (Tashie-Lewis and Nnabuife 2021). 
Therefore, ammonia, methane, and methanol are options for indirect storage. Among these, ammonia has been 
(well-)investigated and utilized globally on an industrial scale with established infrastructure. Due to its high 
volumetric hydrogen density (higher than hydrogen itself) and moderate conditions to liquefy (-33.4 °C at 
atmospheric pressure or 20 °C at 0.8 MPa), liquid ammonia allows (cost-)efficient storage of hydrogen. 
Despite the knowledge in ammonia handling, recovering high purity hydrogen is still under investigation - 
separation and purification of hydrogen being the main challenge(Makhloufi and Kezibri 2021). The required 
purity of hydrogen for proton exchange membrane (PEM) fuel cells is a minimum mole fraction of 99.97 %, 
according to (DIN EN 17124), with limits for individual contaminants, some of which are reported in Table 1. 
Many researchers focus on enabling green ammonia production, making the whole process sustainable and 
carbon-free. Ammonia from fossil fuels (brown ammonia) contains impurities such as CH4 and hydrocarbons, 
which are not present in green ammonia. However, the shift from brown to green ammonia will be continuous. 
Therefore, the authors propose an process chain from low purity brown ammonia to high purity hydrogen: (1) 
pre-treatment, (2) catalytic NH3 decomposition, (3) pre-separation purification, (4) H2 separation via membranes 
and (5) post-separation purification. As the impurities decrease with the share of green ammonia in the mix, 
some pre-treatment and purification steps will grow unnecessary. Since Membranes are considered to serve as 
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a separation unit with a comparably low complexity and energy demand, they have also been implemented into 
the product purification chain. 

Table 1: Maximum allowable content of individual contaminants in hydrogen for an application in PEM FC 

Contaminant Max. content (µmol/mol)
Water H2O 5 
Hydrocarbons (excluding methane) 2
Methane CH4 100 
Nitrogen N2 300 
Argon Ar 300 
Carbon dioxide CO2 2 
Ammonia NH3 0.1 

 Methods 
The foundation of the proposed process chain is a comprehensive literature study of applicable technologies as 
well as a process simulation of the individual process steps and a final flowsheet calculation for the proposed 
process chain. The calculations were performed using the sequential modular simulation tool Aspen Plus® V10 
and the open source simulation environment DWSIM Version 6.6. The following chapters describes the methods 
used for every process step in detail.  

2.1 NH3 feed and pressure input 

The input feed is liquid ammonia. Liquid ammonia comes with impurities, which must be considered when 
designing a process chain to produce highly purified hydrogen. According to experts, the following impurities 
are present in ammonia coming from hydrogen produced from natural gas reforming:  

• H2O: 0.15 mass% 
• Oil: 10 mg/kgNH3 
• Dissolved gas containing H2, CH4, N2, and Ar: max. 450 ml/100gNH3  

The oil was calculated as C15H23 in the process simulation. The liquid ammonia was assumed to be stored at 
10 bar and 15 °C. The expansion was calculated at 1.4 bar and 15 °C. From the expansion until the compressor 
before the membrane, a total pressure loss of 0.4 bar was assumed, leading to a final pressure of 1 bar at the 
scrubber outlet. The flowsheet (see figure 1) was designed for a hydrogen output of around 45 kg/h. 

2.2 Pretreatment 

As water and oil in the feed stream can influence the catalyst performance and harm the process, pre-treatment 
is necessary to reduce their content before entering the catalytic reactor. The effect of cooling the feed stream 
for purification was assessed by calculating the thermodynamic equilibrium using a flash calculation in 
AspenPlus. 

2.3 Catalytic decomposition reaction 

The performance of the decomposition is highly dependent on the catalyst choice. Following Wang et al. (2017) 
the catalyst Ni-Pt/Al2O3 was chosen to model the decomposition due to its high activity. The catalytic reactor 
was calculated as a kinetic reactor in AspenPlus. The reaction kinetics for the catalyst Ni-Pt/Al2O3 are given by 
Chellappa et al. (2002). The reaction rate was implemented according to the power-law expression on a partial 
pressure basis: 𝑟 = 𝑘0 ∗ 𝑒− 𝐸𝑅𝑇 ∗ 𝑝𝑁𝐻3 (2)

According to Chellappa et al. (2002) the activation energy E is 46.9 kcal/mol and the reaction rate constant is 
3.639*1011 kmol/(h*kg*bar). The decomposition of NH3 is an endothermic reaction and produces an increased 
number of molecules. Following Le Châtelier’s principle, high temperature and low pressures are required for 
the reaction to proceed. The decomposition reactor was calculated at a reaction temperature of 600 °C. The 
conversion rate is strongly dependent on the catalyst loading of the reactor. When designing the reactor, the 
catalyst loading choice is a trade-off between conversion rate and catalyst costs. In this work, two scenarios 
were calculated: One with a catalyst loading of 5 g/(mol/h) NH3 and one with 40 g/(mol/h) NH3.  
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2.4 NH3 removal 

Since the reactor does not achieve complete conversion of NH3, NH3 in the outlet gas needs to be removed. 
NH3 can cause hydrolysing effects at the membrane. Therefore, it needs to be removed before separating N2 

and H2 via a membrane. Lamb et al. (2019) reviewed several purification steps. This work investigates the 
removal of NH3 by water or acidic scrubbing with subsequent cool drying. To calculate the NH3 theoretical 
removal potential by water scrubbing and subsequent cool drying, flash calculations were performed in 
AspenPlus. For the scrubbing, a liquid/gas ratio of 3.9 l/m3(std) was considered.  

2.5 Membrane separation 

Various available publications lay the groundwork for a multi-stage membrane model that can separate gaseous 
mixtures with multiple components (Coker et al. 1998). 

Membrane characteristics 

The purification of H2 with a membrane demands a comparably high selectivity of H2 over any other compound 
and good industrial applicability.  
Both of these requirements are fulfilled by the Polyimide Membrane Matrimid 5218. Shalygin et al. (2015) reports 
a high H2/N2 selectivity of > 800 as well as a relatively high H2 permeability of > 100 Barrer. The permeances of 
CO, CH4, C2H4, C2H6 and CO2 are also documented. Table 2 gives an insight into the permeances of the most 
relevant compounds of the membrane separation step. 

Table 2: Membrane permeance 

Compound Permeance
Nm3/m2sPa

Reference

H2 5,87E-10 (Shalygin et al. 2015)
N2 7,07E-13
 
Liemberger et al. (2017) separated H2/CH4 gas mixtures using a polyimide membrane while achieving a stage 
cut of 0.7 and an H2 permeate purity of > 95 % when applying a feed with 70 % H2 and a pressure of 21 bar. 
The selectivity of H2/CH4 is > 100 and consequently lower than the selectivity of H2/N2 (> 800) (Shalygin et al. 
2015). Based on these studies found in literature, it is expected that that the polyimide membrane performs very 
well when separating H2 and N2 is therefore chosen for the calculations.  

Membrane calculation 

Alongside the illustrative model for the mass transfer through the membrane, which was chosen to be the 
solution diffusion model, further preliminary assumptions must be specified: 

• Negligible radial pressure variation. 
• Minor pressure loss from the feed to the retentate side.  
• Perfect mixing of the feed, permeate and retentate streams. 
• Negligible radial concentration variation. 
• The difference between components' permeance in a mixture or as a pure compound through 

a membrane is negligible. 
• The permeance of a compound is independent of temperature and pressure. 

The calculation routine is derived from the solution diffusion model. The mass transfer is driven by the 
logarithmic mean pressure difference and must overcome the resistance consisting of a series of adsorption, 
diffusion, and desorption (Davis 2002). The molar flux 𝐽𝑖 of each component 𝑖 is calculated over the product of 
its permeance 𝑃𝑚𝑖, the total area of the membrane 𝐴 and the logarithmic-mean trans-membrane partial 
pressure for counter current flow, where pxf and pxr describe the partial pressure of the feed and retentate 
components and pyp the partial pressure of the permeate components:  

𝐽𝑖 = 𝑃𝑚𝑖 ∗ 𝐴 (𝑝𝑥𝑓𝑖 − 𝑝𝑦𝑝𝑖) − (𝑝𝑥𝑟𝑖 − 𝑝𝑦𝑖𝑖)ln 𝑝𝑥𝑓𝑖 − 𝑝𝑦𝑖𝑖𝑝𝑥𝑟𝑖 − 𝑝𝑦𝑒𝑖 (3)

171



 Results and discussion 
Figure 1 shows the proposed process chain to gain high purity H2 from liquid NH3.  

 

Figure 1: Proposed flowsheet for high purity H2 production from liquid NH3 

The following summarizes and discusses the single process steps in detail.   

3.1 Pretreatment 

Finding the right cooling temperature is a trade-off between H2O removal, NH3 losses in the condensate, and 
energy demand. With the considered pressure of 1.3 bar at the cool dryer, cooling down to -5 °C can reduce 
the water content to around 290 ppm and leads to an NH3 loss of 0.16 mass%. Lowering the temperature 
reduces the water content even more: Cooling down to –20 °C results in a water content of 16 ppm in the gas 
and leads to an NH3 loss of 0.45 mass%. However, the technical demand for such low-temperature drying is 
excessive. The technical demand could be lowered by utilizing the cooling effect of the expansion of the gas 
after exiting the liquid tank. This work suggests cool drying to -5 °C. The necessity of more extensive drying 
depends on the water content of the used ammonia and the applied catalyst in the reactor. If lower water 
concentrations are required, a drying adsorbent can be used (Chiang et al. 2005). 

3.2 Catalytic decomposition 

The calculations revealed that a catalyst loading of 40 g/(mol/h) achieves a conversion of over 97.1 % NH3 and 
a catalyst loading of 5 g/(mol/h) achieves a conversion of over 80.9 % NH3. Table 3 summarizes the streams 
after decomposition for both catalyst loadings. 

Table 3: Gas stream before and after catalytic reactor 

Catalyst loading 40 g/(mol/h) 5 g/(mol/h)
in out in out

Volume flow Nm³/h 390 770 431 778
Mass flow kg/h 298 298 328 328
NH3 mol-% 99.75 1.61 99.75 10.72
H2 mol-% 0.01 73.71 0.01 66.87
N2 mol-% 0.03 24.58 0.03 22.30
H2O mol-% 0.03 0.01 0.03 0.02
CH4 mol-% 0.14 0.07 0.14 0.08
Ar mol-% 0.03 0.02 0.03 0.02
C15H32 mol-% 0.00 0.00 0.00 0.00
External heat demand kW 262 242

MJ/kg H2 18.5 18.6
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The heat demand for the reactor can be minimized by heat integration: The input stream can be preheated with 
the hot output stream to 570 °C by using two heat exchangers. The first heat exchanger is used to preheat the 
stream from – 5 to 300 °C, the second to preheat to 570 °C. After heat integration, the reaction requires an 
external heat of around 18.5 MJ per kg H2. The residual external heat can be provided by electrical heat. 

3.3 NH3 removal 

The results show that with water scrubbing and subsequent cool drying at 1 °C, the NH3 content can be reduced 
from 1.61 mol% to 800 ppm when applying a catalyst loading of 40 g/(mol/h). Water scrubbing and subsequent 
drying do not sufficiently remove the NH3 from the gas. A higher catalyst loading n the reactor leads to a higher 
NH3 conversion and therefore can minimize the need of subsequent NH3 removal. However, even with higher 
catalyst loading, it is expected that an acid scrubbing or adsorptive NH3 removal operation is necessary to reach 
the required NH3 content of < 1 ppm. To show the limitations of water scrubbing, the flowsheet was calculated 
with the Gibbs reactor. Assuming a GIBBS Equilibrium leads to an NH3 concentration of 18 ppm after water 
scrubbing and drying. A commonly applied scrubber fluid for acid scrubbing contains sulfuric acid or nitric acid. 
When applying nitric acid, the scrubber liquid can be utilized as a product for agricultural use afterwards. Acidic 
scrubbing towers are expected to reduce the NH3 concentration with an optimized design down to < 1 ppm. 
Due to the high removal efficiency, acid ammonia scrubbing is a widely applied method to remove ammonia 
from gas. Many industrial companies offering ammonia scrubbing towers guarantee removal efficiencies of 
99.9 %. 

3.4 Membrane separation 

Table 4 and 5 present the results of the membrane calculation for the permeate and the retentate. 

Table 4: Product permeate streams after membrane separation 

Catalyst loading 40 g/(mol/h) 5 g/(mol/h)
Volume flow Nm³/h 763 501
Mass flow Kg/h 47.68 44.16
H2 mol-% 99.34 99.29
N2 mol-% 0.12 0.16
H2O mol-% 0.53 0.54

Table 5: Product retentate streams after membrane separation 

Catalyst loading 40 g/(mol/h) 5 g/(mol/h)
H2 mol-% 27.04 16.03
N2 mol-% 71.86 82.97
H2O mol-% 0.85 0.63
CH4 mol-% 0.20 0.30
Ar mol-% 0.05 0.06
 
Since the processes did not come with a diverse inlet stream composition, also the permeate streams show 
some similarities. In both calculated cases (high and low catalyst loading) the H2 concentrations of the permeate 
streams have a maximum amount of approximately 99.3 %. Impurities that remain in the permeate stream are 
N2 with 0.16 % and Ar and CH4 with below 0.01 %. The retentate stream mainly consists of N2 and H2 with a H2 

content of up to 27.04 %. 

 Conclusion 
The design of the reactor and the resulting reactor conversion decide over the necessary NH3 removal steps 
after the reactor. For NH3-residues of < 1 ppm, an ammonia-removal step is necessary even for high conversion 
reactors. If acid scrubbing is chosen for NH3 removal, subsequent drying is also required. Alternatively, 
adsorptive removal is an option.  
A separation of N2 and H2 is necessary after NH3 removal. In this work, the separation of N2 and H2 using 
membrane technology was calculated. Using a polyimide membrane, a high H2 purity of around 99.3 mol% can 
be met while an off-gas stream containing the rest of the H2 is produced. PSA separation as subsequent 
separation step after membrane separation is necessary to reach higher H2 purity. 
Future work will investigate the purification steps in more detail to assess the applicability of membranes in 
specific situations in comparison to other separation technology. An economic analysis will be needed. 
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Furthermore, we will analyse possible utilization of the off-gas and optimize the membranes and their 
interconnection to utilize the by-product.  
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