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Abstract: Based on the production data from 2022 to 2023 in a typical plant in China and national and industrial
statistics from the past three years, a life cycle assessment(LLCA) was conducted for cement production. The
environmental load of co-processing of municipal solid waste (MSW) in cement kiln was calculated, and the
differences in environmental load per unit strength of different cements were compared. Moreover, the uncertainty
of the LCA result was evaluated by data quality indicator and Monte Carlo simulation. Compared with conventional
production, the integrated environmental load indicator of one ton of clinker was reduced by 7.82% in the
co-processing production. Among the four types of cement, Portland cement P+O 52.5 had the highest integrated
environmental load indicator, but its environmental load per unit strength was relatively smaller. Compared with the
production of Portland cement P+O 42.5 by conventional clinker production, the integrated environmental load
indicator of the production of Portland cement P+ C 42.5 by co-processing production was reduced by 16.87%.
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1.2 EaEBMERASN
T A RS KR T A 7 A R AT S M R SR A ik

KB G Z 25 B 5T Mk GE T ROHE B AR O SCHR B
B R K U8 7 T IR AL B MSW R A= i JE 41 R



BEE A KR A PR AL B MSW 8 £ if 5 M AR RS 4 0P 301

1.2.1 J5ORE R AR IR I FE I 5

AKUE A 7k B T R A K A K RE B S
JEORE B B a% LR A RE TR BCUE B B E R K TR T
2022~2023 4F A= 77 B0 MSW 1E g 7k I8 75 B ] ik
BE ST, 52 B K AL B 1AL B S KR (R
B RO A4 40% , 5 0K U A R — kA Bl # A
P, VE A A 7 O A R AR AR R AR R L AR
P GB 50869—2013¢ A= 1 437 3% T A4 SEL 4 4k # B R
FLIEAG 5 K Je 25 U IR Ak & 1« MSW A] oy 2 S8
Hi 29 0.167 m?.

B B[] b B MSW (B B85 15.67 %) , Bk}
J8 b B B A fili FH /0 8 IH AR e T 5 [ R BT Ry
B ACHERORE SRR B R A85K 20,0520, DL 1 ek
N B Y A FR I 26.07 kg, AN %K TR )l A 4l
MBARR LRGP AR BRI A EY
37.9kW-h.
1.2.2 V5 W HER R A% B30 B

454 GB 4915—2013CK U6 Tl RT3 Y W HE K
b i), J 43 K U 2R 77 it 72 vf CO,. SO, NO, .
PM Hg i fb 9 2 5 05 Y el . Hovh, CO,L HE iR

AR GB/T 32151.8—2015¢ 1 %8 S AR HE R A% 5
SR 5 Bk A S Hh 4 KR AE PR AL Y AT B it
TRV I 0 S BOBUE D36 1. A HECE i Y d ok e )
SR WS G AR E)
1.2.3  JFRHT R KRR UE A =8

AKUe BT A KA R R BZOK T HA A KA
Lk, DAL R B, E R4S T REFE L3R 2. 18 T
YE 2 R B K 2y BRHERCH 7 0.176 81

KR A 7= R A RE R B R R R T R
TR 25 2 (P E BB G041 25 2021) (R E et
AESE 2022) Je (2020 HE AT & JRAF BE 4 ) s v I R
PRV S 2 O [ L AT A B R SR AR A 2022) , B
JBAET] A A OC H g A 7 A A SR A
1.2.4 iz H

AR AT TR 1L R S5 SR FH B i i 3% HLAS i 2K
) i HiiE By 3.5 km; S ¢ R FH 8k % A2 i, M 4l
T Ml K] 3 i B 24 2 330 ks He At B0k} 34 1 1t
O 3B i, 38 B I B SR FH 2021 4F 4 [ 4 BB T
¥z fr e B 177 k™ BR B RN B E TE RS %
(2021 8RB e 1A ) B A [R5z By Jr =X B Jo) 5 A
FE S 15 Y Wy HE ORI

F1 KREFRZESRHSHIE

Table 1 Parameters involved in carbon accounting for cement production

Accounting scope

Parameter value

Coal 21.742°
Net calorific value/(GJI-t ') )

Diesel 42.652°

Coal 26.1X107°"
Fuel combustion emission Carbon amount/(t-GJ ") .

Diesel 20.2X10°"

Coal 98"

Carbon oxidation rate/ %
Diesel 99"
CaO content(by mass) in clinker/ % 65.558

CaO content(by mass) that is not generated from

0.745"°
carbonate decomposition in clinker/ %
Process emission o )
MgO content(by mass) in clinker/ % 0.630°
MgO content(by mass) that is not generated from 0.253°
L Lo

carbonate decomposition in clinker/ %

Emission from purchased electricity Emission factor/(t-MW ™ '+h™") 0.570 3¢

Note:* The data is the measured data of the cement plant; * The data is sourced from China National Standard GB/T 32151.8—2015; © The
data is sourced from the notice issued by Ministry of Ecology and Environment of the People’s Republic of China in 2023.
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Table 2 Life cycle inventory of 1 t limestone mining

Inventory item Perforating Blasting Scooping Crushing Belt transportation Other
Explosive consumption/kg 1.87x10"!
Diesel consumption/kg 3.90x10 * 2.46x 107" 2.16X10 *
Electricity/ (kW +h) 2.51X10"7 8.25x10" 1.25%10°"
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Table 3 Compressive strength and flexural strength of different cements at 3, 28 d

Compressive strength/MPa

Flexural strength/MPa

Cement Mass ratio of clinker-to-cement
3d 28d 3d 28d
P-O52.5 0.859 35.8 64.4 6.6 8.9
P-O42.5 0.775 28.4 55.2 5.6 8.6
P-C42.5 0. 688 23.9 52.2 4.8 8.8
M 32.5 0.517 16.3 42.1 3.5 8.0
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Table 4 Life cycle inventory of 1 t cement production
Raw Raw Cement production
. . - . . Coal Clinker
Inventory item material Imnsportatlon material . lei .
extraction preparation P CPAANON CAlCMAON p.( 55 5 p.042.5 P-C42.5 M32.5
m(limestone)/ ; . | . )
K 1.23X107 3.19X 10" 6.48X10" 6.82X 10" 1.40X 10
8
m(clay)/kg 1. 64X 10°
m(red mud)/ 5 365 10!
kg
m(fly ash)/kg 8.12x 10" 6.79X10" 9.46x 10"
m(ferroalloy 1 31% 10" 3.50X 3.10X
slag) /kg ' 107! 10!
Resource ) (dust recycled
consumplion  from hypass 1.90%10° 2.45X10° 2. 49X 10°
system) /kg
m(coal-fired | ) ) )
lag) ke 6.80X 10" 1.05x10° 1.30X 10" 1.98X 10
S
m
(desulfurization 4.11X 10" 4.02X 10" 4.31x10" 4.76X10'
gypsum)/kg
) —8.10X
Land use/m” 5
107
m(explosive)/ 5 30%10"!
kg
m(coal)/kg ~ 5.76x10" 1.77x10° 1. 33X 10%
m(waste
3.75%10°
Energy rubber) /kg
consumption  ;(marketed )
. 3.76X10
solid fuel) /kg
m(diesel)/kg 3.77X10"  1.83X10" 1.37x10°°
Electricity/ 0 1 1 0 1 1 1 1 1
(kW +h) 1.02X10"  1.54X10 1.89X 10" 3.73X10" 2.11X10 3.24X10" 2.65X10" 2.07X10" 2.59X10
~o- . icipal
Co-processing m.(mumupl 4 85% 10!
waste solid waste) /kg
m(CO,)/kg  1.29X10"  1.01x10" 1.08X10" 2.13X10° 8.05X10° 1.88x10' 1.54x 10" 1.20X 10" 1.50% 10'
. s s, - _, 3.27X 2.68X 2.09X 2.62X
m(SO,)/kg  7.83X10 6.04X10 1.91X10 7 3.77X10 " 1.31X10 L s, ,{ .,
10 10 10 107
- 4 s _3 i _, 4.92X 4.03X 3.15X 3.94X
m(NO,)/kg 9.58x10 6.06X10 2.87X10 7 5.67X10 " 4.39X10 . . . .,
10 10 10 10
- L, - 3 oA P s, _, 3.40X 3.27X 3.15X 3.26X
Pollutant m(PM)/kg  2.45X10 3.50X10 5.05X10 7 1.56 X107 2.66X10 5 5 5 5
10 10 10 10
emission
g L . s ., 7.61X 6.23X 4.86X 6.09X
m(Hg)/kg  2.40X10 3.62X10 4.44X 10" 8.77X10° 6.73X10 ; . ; .
10 10 10 10
. ) 0 s 0 o - L, 5.96X 4.88X 3.81X 4. 77X
m(fluoride)/kg 1.88X10 " 2.83x10 3.48X10 "6.86X10 " 2.51X10 s s s s
10 10°° 10 10°°
. 7 8 s ; . 6.03X 4.93X 3.85X% 4.82X
m(ammonia) /kg 1.90X 10 2.86X10 3.52X10 "6.94X10 " 2.70X10 ° . s . .
10°° 10°° 10°° 10°°
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Table 5 Environmental impact categories, reference values and weight coefficients involved in cement production

Environmental impact

Inventory item Equivalent unit E,, w,
category '
ADP Limestone, clay, coal, diesel kg Sb eq. 2. 14 10" 0.3005
GWP CO, kg CO, eq. 4.18x10" 0.266 3
HTP SO,, NO,, PM, Hg, fluoride, ammonia kg 1,4-dichlorobenzene eq. 2.58x 10" 0.250 2
AP SO,, NO,, fluoride, ammonia kg SO, eq. 2.39% 10" 0.070 4
POCP SO,, NO, kg ethylene eq. 3.68x 10" 0.056 5
EP NO,, ammonia kg PO;  eq. 1.58x 10" 0.032 6
LU Area Net primary productivity 1.16x 10" 0.0235
Pedigree /‘
. [R,C,T,,G,T,| Item 1| ||
matrix /" \\ Classification
Item 1 [5.5.5.5.5] — o
Characterization
N
Ttem 2 [5.5.5.4.4] Ttem 2| / \ Normalization
Item 3 [4.5.5.4 ,4] / \ . . s
L =) 0i——,> 0=1
...... ™\ E;,
/ A\ » 0 » Mean
Item n [3.,4,5,4,3] Item 3|/ Monte Carlo
R—Reliability D {} simulation
C—Completeness | . Standard deviation
T,— Temporal correlation / N\ Integrated environmental 95% confidence interval
G— Geographical correlation Item »n // \ load indicator relative standard deviation
T,— Technical correlation '

Propagating the uncertainty of inventory data through ass—

B2 ANl B o B i AR

Fig.2 Process framework of the uncertainty analysis
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Bl Raw material extraction; ## Transportation; Hl Raw material preparation;
xxx Coal preparation; Clinker calcination

3 SRR A 7 B BOW BRI 5 1 28 2 14 T ik

Fig.3 Contribution of the clinker production stages on environmental impact categories
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Fig.5 Environmental load of different cements
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Table 6 Uncertainty of environmental load and intergrated environmental load indicator of Portland cement

Production stage Mean value Standard deviation 95% confidence interval Relative standard deviation
Raw material extraction 7.35%10 " 4.67x10 " [6.07X107", 8.61x10 "] 0.063 6
Transportation 1.25%10° " 7.02X10°" [1.02X107"%, 1.48x10 "] 0.056 0
Raw material preparation 6.25X10 " 3.05%10 " [5.38X107", 7.08Xx10 "] 0.048 8
Coal preparation 1.23x10°" 5.96X10° ' [1.07X107", 1.40X10 "] 0.048 4
Clinker calcination 4.62>x10 " 1.30x10° " [4.23x107"%, 5.01x10 "] 0.028 2
Cement production 1.25%10° "% 5.91x10° " [1.08X107"%, 1.42x10 "] 0.047 2
Lt 5.02x10 " 1.31x10° " [4.62X107", 5.40X10 "] 0.026 0
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Fig. 8 Probability density distribution of integrated

environmental load indicator of Portland cement
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