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Abstract

This study has been carried out to evaluate environmental values of a coal ash 

recycling technology and suggest directions for improving environmental performance of 

the recycling technology. As the results of comparing the global warming environmental 

impacts of 3 types of geopolymers produced by fly ash, middle ash, and bottom ash 

with the impact of portland cement, Fly ash geopolymer showed 19%, Middle ash 

geopolymer 51%, Bottom ash geopolymer showed 133% of the impact of portland cement. 

The impact of Bottom ash geopolymer can be improved by reducing water use and 

wastewater recycling. In the case of Fly ash geopolymer and Middle ash geopolymer, 

energy efficiency and sodium silicate input have been found as material factors. The 

limitation of this study is not to consider the value of new recycling material, additional 

burden of coal ash dumping, and low efficiency of small amount production of a 

development stage. It can be inferred that the actual environmental impact of 

geopolymers would be lower.  
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��� ��Z ��®� �
<� ¯°�±( �[� \] {¦² ]�� ³7� ��|�-, �

�� �� ´� ��:( �µ� ¶ �
, 67:( ^_®�� ¸� \]^_4 �¹ºY. »q� 

��� ��� ��	 �¹�N \] ¼½� ¾#|( ¿Z ��� ��N \] �ª� ÀÁ|Q 

\] ¼½N �Â� �� ÃÄ	 Ä"x E7¨ ¡ X( >Ä	 �Å4Y. 

§� #$�x ��|� �^���x ¹Æ|( ��� ��Z #$�N �L� »q Ç@4 Y

ÈÉ ��ºY. Ê ��( #$�x Fly ash, Middle ash, Bottom ash� �¾|� ��N ash�

�� ¹Æº �^���N \] ¼½� ËH|Q ���� ���Ì Í�Î<�Ï, ash Ð �^�

��N \] �ª� ÀÁ|Q =jH ��� ��N \] ¼½� �Â¨ ¡ X( Ñ½� E7|� 

�� ¡Ò:;Y. 

2. ����� 	


2.1 �� ��

�^���N !²@ËH( §� �� �� >¸ #$�x ���|� ¹Æº �^���N «Ä 

\]¼½ Ó« ¶ ®�Ð� @Ô�¸ \]¼½� ÀÁ|� �[|Õ( ���� ���N 

\]¼½² Í�|� �|� ¡Ò:;Y.  

2.2 �� ��

(1) �ª ¶ �ª�� Ø@   

Ê !²@ËHN �ª, �ª�� ¶ �ÙÚÛZ <Table 1>² ÞY. 

             �	
 

  ��

����(geopolymer)

�ª  ���� ��� �[

�ª��  ���� ��� 1kg� �[¨ ¡ X( �^���N à

�ÙÚÛ  �^��� 1kg

<Table 1> �^���N �ª ¶ �ª��, �ÙÚÛ

(2) �áâ]ã

Ê ��N �áâ ]ã( #$� ��� Ç@N Gate to Gate� Ø@|äY. ½å æ� #$�x 

���¨ ç�( #$�x ¡è|( ¡è Ç@, ��� Ç�<� 4Å|( ¡é Ç@ ¥4 ¦�¨ 

¿4=, #$�x OP|( ²@��E ¡è² ¡é Ç@4 ¦�|ê, Ê ��N �L ��4 §� 

�� �ã� ëì }4� ¡è4 Hª|� íj ¡è, ¡é Ç@Z Ê ��N �áâ ]ã�� 

�î|äY. 



(3) H@ ¶ �	 �ï

Ê ����( ��� Ç@� ðñ:( ®� > #$�( �¦� OP:;ò ��®� ��|� 

#$�N \]�|( “0”<� H@|äY. ���� �� º é�Ì õ¡�� ��º =ö÷ø 

ØùÆZ ú��Ô��E  99% Cut-off 
ü� »q �î|äY.

(4) ¨þ

�L ��N ¹Æ Ç@�� 
ÿ®�¸ #$�N �L� »q �¹|( ��$"( �OH 

Hª|= §� ]�� H�H �z|� íj ¨þ� ¡Ò|� í�Y.

2.3 ��� ����

(1) Ç@ÚÛE

#$� ���� �	 �� Ç@� �Ù<� Ç@ÚÛE(process flow diagram)x ��|äY. 

�� Ç@Z }4� ¡èN �4�² Ç@ �� ¥� QÕ|� !	�, ÷¡ ¶ 
�, @Ô¾#, 

6�N 4�� �¾|äY. #$�N �L� »q �¾	 Ç@ÚÛE( [Fig. 1]� =�£;Y.

[Fig. 1] #$� �L� »
 Ç@ÚÛE



(2) }4� ¡è ¶ ãÆ

① }4� Ó«

Ê ��N }4� Ó«( 
ÿ®�, {�®�, �¡, �µ�, ��, �Æ®, �� 67®, ¡ã 

67® ¶ ��®� �¾|äY. 

② }4� ¡è

}4� ¡èZ ��� �� �� �ëN §�}4�x �Â ��|� �� Ø~�x �|� §� 

}4�x ¡è|äY. }4� ¡è4 �Hª	 ]� ãÆ ¶ �@� �|� }4�x ¡è ¶ 

{�|äY.

LCI }4��4áN ��Z 
ÿ®�, {�®�, �µ� ¥N L�ÚÛ ¶ |�ÚÛ ��� �	 

}4��4áx ��|( ¿<� 
£ LCI }4��4á( \]�Ì Æ��L�
�(� ��]��)�� 

�� 	 }4��4áx ��|Q, �î LCI }4��4á( Ecoinvent�� �� 	 }4��4áx 

��|äY. 

2.4 ��� ���� ��� �

!²@ ¼½ËH( ¾��(Classification) ¶ ���(Characterization) �ãx ¡Ò�<ê, ��

� �Z \]�����E(\]�)N Ñ��� ��|� E7|äY. !²@ ¼½ËH( 
ÿ®� �

L� »q Y�² Þ4 �¾|� ¡Ò:;Y. 

- Fly ashx 
ÿ®�� ¹Æ	 �^���

- Middle ashx 
ÿ®�� ¹Æ	 �^���

- Bottom ashx 
ÿ®�� ¹Æ	 �^���

(1) Fly ash� ����� ��� �����! �"#$ %&' ()

Fly ash �^��� 1kg ¹Æ� �	 Ç@��  «Ä	 \]¼½<� =�� ®�Z 
ÿ®�� 

ðñ:(  Æ=�!² �µ�� ��º !�� =�"Y.  Æ=�!Z �
"#(1.77E-03kg 

Antimony)Ì ^¦$À%(2.05E-08kg CFC11), &���Æ�®¹� (6.85E-05kg C2H4)�� �Z 

¼½� =�£;Y. !� ��Z Æ��(4.16E-05kg)Ì ��'��(1.26E-02kg CO2), �
"# 

(2.19E-05kg Antimony) �� �Z ¼½� =�£;Y. ®�� N	 ¼½Z Y� <Table 2>Ì 

[Fig. 2]� =�£;Y.



®� �
"# Æ�� �¼à� ��'�� ^¦$À%
&��

Æ�®¹�

��

kg 

Antimony 

eq

kgSO
2-

 

eq
kgPO4

3-
 eq kgCO2 eq

kgCFC11 

eq
kgC2H4 eq

!��� 2.19E-05 4.16E-05 1.82E-08 1.26E-02 3.49E-13 8.98E-08

��67® 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

H�"Yðñ 1.88E-04 8.84E-05 8.19E-08 2.31E-02 3.56E-09 1.07E-05

 Æ=�!ð
ñ

1.77E-03 3.03E-04 6.14E-07 1.46E-01 2.05E-08 6.85E-05

�  ã 1.98E-03 4.33E-04 7.14E-07 1.82E-01 2.41E-08 7.93E-05

<Table 2> Fly ash �^���N ��� �² �

[Fig. 2] Fly ash �^���N ®�Ð \]¼½ Í¢



(2) Middle ashx 
ÿ®�� ¹Æ	 �^���N ��� �²

Middle ash �^��� 1kg ¹Æ� �	 Ç@��  «Ä	 \]¼½<�  =�� ®�Z 
ÿ®

�� ðñ:(  Æ=�!² �µ�� ��º !�� =�"Y.  Æ=�!Z �
"#(1.77E-03kg 

Antimony)Ì ^¦$À%(2.05E-08kg CFC11), &���Æ�®¹� (6.85E-05kg C2H4)�� �Z 

¼½� =�£;Y. !� ��Z Æ��(1.04E-03kg)Ì ��'��(3.15E-01kg CO2), �
"# 

(5.46E-04kg Antimony) �� �Z ¼½� =�£;Y. ®�� N	 ¼½Z Y� <Table 3>² 

[Fig. 3]� =�£;Y.

®� �
"# Æ�� �¼à� ��'�� ^¦$À%
&��

Æ�®¹�

��
kgAntimon

y eq
kgSO

2-
 eq

kgPO4
3-

eq
kgCO2 eq

kgCFC11 

eq
kgC2H4 eq

!��� 5.46E-04 1.04E-03 4.55E-07 3.15E-01 8.71E-12 2.25E-06

�¡ðñ 1.35E-07 2.54E-07 8.15E-10 7.67E-05 2.12E-15 5.59E-10

H�"Yðñ 1.88E-04 8.84E-05 8.19E-08 2.31E-02 3.56E-09 1.07E-05

 Æ=�!ð
ñ 1.77E-03 3.03E-04 6.14E-07 1.46E-01 2.05E-08 6.85E-05

�  ã 2.50E-03 1.43E-03 1.15E-06 4.85E-01 2.41E-08 8.15E-05

<Table 4> Middle ash �^���N ��� �² �

[Fig. 3] Middle ash �^���N ®�Ð \]¼½ Í¢



[Fig. 4] Bottom ash �^���N ®�Ð \]¼½ Í¢

(3) Bottom ashx 
ÿ®�� ¹Æ	 �^���N ��� �²

Bottom ash �^��� 1kg ¹Æ� �	 Ç@�� «Ä	 \]¼½<� =�� ®�Z �¡Ì 

 Æ=�!, !�� =�"Y. �¡	�� N	 ¼½Z �¼à�(1.591E-03kg PO4
3-

), ^¦$À%

(9.821E-08,k gCFC11) &��Æ�®(3.636E-04kg C2H4) ¥N ! ¼½Ó«�� ( \]¼½4 =

�"Y.  Æ=�!Z �
"#(3.195E-03kg Antimony)Ì ^¦$À%(3.710E-08kg CFC11), &�

��Æ�®¹� (1.237E-04kg C2H4)��, !� ��Z Æ��(1.547E-03kg)Ì ��'��

(4.695E-01kg CO2), �
"# (8.136E-04kg Antimony) �� >Ä|É =�"Y. 

®� �
"# Æ�� �¼à� ��'�� ^¦$À%
&��

Æ�®¹�

��
kgAntimo

ny eq
kgSO

2-
 eq

kgPO4
3-

eq
kgCO2 eq

kgCFC11 

eq
kgC2H4 eq

!� �� 8.14E-04 1.55E-03 6.78E-07 4.70E-01 1.30E-11 3.34E-06

�¡ðñ 3.39E-07 6.38E-07 2.05E-09 1.93E-04 5.32E-15 1.40E-09

H�"Y ðñ 1.88E-04 8.84E-05 8.19E-08 2.31E-02 3.56E-09 1.07E-05

 Æ=�! ðñ 3.20E-03 5.47E-04 1.11E-06 2.64E-01 3.71E-08 1.24E-04

¥� ðñ 1.14E-04 2.34E-05 4.23E-08 1.39E-03 1.12E-10 2.56E-06

�¡	� 3.58E-03 1.55E-03 1.59E-03 5.01E-01 9.82E-08 3.64E-04

�ã 7.90E-03 3.76E-03 1.59E-03 1.26E+00 1.39E-07 5.04E-04

<Table 5> Bottom ash �^���N ��� �² �



�  ¾
Fly ash Middle ash Bottom ash

�� �^��� �� �^��� �� �^���

�
"# 1.95E-03 1.98E-03 1.95E-03 2.50E-03 1.95E-03 7.90E-03

Æ�� 5.65E-04 4.33E-04 5.66E-04 1.43E-03 5.66E-04 3.76E-03

�¼à� 6.47E-07 7.14E-07 6.47E-07 1.15E-06 6.47E-07 1.59E-03

��'�� 9.49E-01 1.82E-01 9.49E-01 4.85E-01 9.49E-01 1.26E+00

^¦$À% 1.70E-08 2.41E-08 1.70E-08 2.41E-08 1.70E-08 1.39E-07

&��Æ�®¹� 2.48E-03 7.93E-05 2.48E-03 8.15E-05 2.48E-03 5.04E-04

<Table 7> 
ÿ®�N �L� »
 �^���Ì ���� ���N ��� �²

3. ��
��� ���� ���� ���� ��

3.1 ��!" #$%� ����� �

���� ���N !²@ËH �Z Æ��L�
�(� ��]��)�� ��	 ���� ��� 

1)� �	 LCI }4��4á(2002)x ��|äY.  

3.2 ��� ���� ��� �

!²@ ¼½ËHN ��� �Z \]�����E(\]�)N Ñ��� ��|� E7|ä<ê, 

\]Ó« Ð ��� �² �Z <Table 5>�� =�£;Y.

¼½Ó« (Unit) ���� ��� ¹Æ

�
"# (kg Antimony eq/kg) 1.95E-03

Æ�� (kg SO2
-
eq/kg) 5.65E-04

�¼à� (kg PO4
3-

eq/kg) 6.47E-07

��'�� (kg CO2eq/kg) 9.48E-01

^¦$À% (kg CFC11eq/kg) 1.70E-08

&��Æ�®¹� (kg C2H4eq/kg) 2.48E-03

<Table 6> ���� ���N ��� �

3.3 &'�� *+

(1) �^���Ì ���� ���N !²@ ¼½ËH Í�


ÿ®�N �L� »
 �^���Ì ���� ���N ��� � Í�( <Table 6>� =�£

;Y.



Fly ash �^���N \]¼½� ���� ���Ì Í�	 �², ��'�� 19%, Æ�� 

77%, &��Æ�®¹� 3%� �^���H ���� ���� Í�  É =�"<=, �
"# 

102%, �¼à� 110%, ^¦$ À% 142%� �É =�"Y. 

Middle ash �^���N \]¼½Z ��'�� 51%, &��Æ�®¹� 3%� �^���H 

���� ���� Í�  É =�"<=, �
"# 128%, �¼à� 178%, ^¦$ À% 142%, 

Æ�� 253%� �É =�"Y. 

Bottom ash �^���N \]¼½N ]�, &��Æ�®¹� 20% î Y
 \]Ó«( #* 

�É =�"Y(�
"# 405%, Æ�� 665%, �¼à� 245,750%, ��'�� 133%, ^¦$ À% 

818%). 

4. �� 

#$� �LÐ �^���N ��'�� \]¼½� ���� ���Ì Í�	 �², Fly ash 

�^���( ���� ���N 19%, Middle ash �^���( 51%, Bottom ash �^���( 

133%� =�"Y. 4( Fly ash �^���( 1/ ¹Æ � 767kgN 4Æ�$"H, Middle ash 

�^���( 1/ ¹Æ � 464kgN 4Æ�$"H , 67- ¿<� =�"Y. 4 Í�( ¹Æ 

²@� �	 Í�4� ç~� ���� �� .�0 "�H -1J2Y( H�, #$� OP � 

�H�<� �¹¨ ¡ X( \] �|x #* ãÆ|� 3|äY( �, 4�Q �� �ãN 

Í5¢�� QÕ� ÊY6, #$� �^���N ��'��� �	 \]� H�( {Y ½L- 

¿<� ��� 8 ¡ XY. 

#$� �LÐ �^���N )��¸ \]¼½� QÕ�{6 Fly ash �^���x �î|Q( 

��� ²@�� \]�|x 9õ�: ¡ X( ��H ÃÄ� {¸Y. Bottom ash �^���N 

]� �¡ ��² �¡ 	�N \]¼½� ;�< |ê, Fly ash �^���Ì Middle ash 

�^���x ¹Æ|( Ç@��( !� ��N 5¢� �QÌ  Æ=�! ðñ �Â� �� 

\]�²N �Â� ��¨ ¡ XY. 

5. ,,

Ê ��( ���·���
����������N �
� ­j ¡Ò:;=kY. 
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