IERZEFR

Chinese Journal of Engineering

B TR B B 2 e A PR SRR HE TR e Al A vk

2 ARABR FRL EFH REAL T

Intelligent assessment method of life-cycle carbon emission during the highway construction phase
QIAO Lan, DENG Naifu, LI Qingwen, WANG Xiuge, ZHANG Qinglong, WANG Yawen

FIUHASE:

Tet, BT, BRI, EFAR, sk e, EAMEC. A M TR B Bea L A R RO REAG ST 07 R[], TRERbE 24k,
2023, 45(12): 2173-2186. doi: 10.13374/.issn2095-9389.2022.10.21.001

QIAO Lan, DENG Naifu, LI Qingwen, WANG Xiuge, ZHANG Qinglong, WANG Yawen. Intelligent assessment method of life—cycle
carbon emission during the highway construction phase[J]. Chinese Journal of Engineering, 2023, 45(12): 2173-2186. doi:
10.13374/1.issn2095-9389.2022.10.21.001

TELR R BE View online: https:/doi.org/10.13374/).issn2095-9389.2022.10.21.001

LR BRI HoAh S EE

Articles you may be interested in

Hh KA T A HE i 2 %

Research of ultra—low emission technologies of the iron and steel industry in China

TAERlF2AR. 2021, 43(1): 1 hitps:/doi.org/10.13374/j.issn2095-9389.2020.06.18.003
BB 48 22 30 05 I S HAT AR D HE R E RIS 3 e

Research progress of emission characteristics of polycyclic aromatic hydrocarbons and their derivatives of vehicle exhaust

T AR, 2021, 43(1): 10 https:/doi.org/10.13374/1.issn2095-9389.2020.08.10.002
A=Wy i b R R A HE A TR R 2t

Overview of advances in emission control technologies for nitric oxides from biomass boilers

TRERF2AR. 2019, 41(1): 1 hitps://doi.org/10.13374/1.issn2095-9389.2019.01.001
AR ET -k 1 kA0 85/ 525 MR T A B 70 B 2 1 F vl g 1

Preparation of silicon/graphite/carbon composites with fiber carbon and their application in lithium—ion batteries

TAERIEAR. 2019, 41(10): 1307  hitps://doi.org/10.13374/).issn2095-9389.2019.06.08.001
TRAIARAREZ A M B0 A8 Pp ) 1

Tensile strain synergistic of carbon nanotube buckypaper composites

TAERF2AR. 2018, 40(6): 714 hitps://doi.org/10.13374/j.issn2095-9389.2018.06.009
BT 25 kIS WM A S e ke

Heat transfer and ablation of carbon/carbon composites based on multi—field coupling

TARERRF2AR. 2020, 42(8): 1040  https:/doi.org/10.13374/j.issn2095-9389.2019.06.30.002


http://cje.ustb.edu.cn
http://cje.ustb.edu.cn
http://cje.ustb.edu.cn//article/doi/10.13374/j.issn2095-9389.2022.10.21.001
http://cje.ustb.edu.cn//article/doi/10.13374/j.issn2095-9389.2020.06.18.003
http://cje.ustb.edu.cn//article/doi/10.13374/j.issn2095-9389.2020.08.10.002
http://cje.ustb.edu.cn//article/doi/10.13374/j.issn2095-9389.2019.01.001
http://cje.ustb.edu.cn//article/doi/10.13374/j.issn2095-9389.2019.06.08.001
http://cje.ustb.edu.cn//article/doi/10.13374/j.issn2095-9389.2018.06.009
http://cje.ustb.edu.cn//article/doi/10.13374/j.issn2095-9389.2019.06.30.002

TRERL 2R, 5 45 4, 5 12 1. 21732186, 2023 4E 12 A
Chinese Journal of Engineering, Vol. 45, No. 12: 2173-2186, December 2023
https://doi.org/10.13374/j.issn2095-9389.2022.10.21.001; http://cje.ustb.edu.cn

O3 i T AR R B G B Ak o JRL 0 e HESCRY RE A 3R T v

g‘l‘ "_;il,2)’ XE]}}—{]Q)’ _7%}}}1\5‘(1,2)8’ i]y}’;\*é}@’ A}K}j",\ﬁ‘ll)’ i%ﬁil@)

1) 6 B 28 30T M R 23 8] ARG s vl B A S0 B0 =, Jh et 100083 2) bt B K% £ AR 5% IR TR B, Jtad 100083 3) 2238 12 K i
MARIWFFTBE, LT 100028
DA {5 /E#, E-mail: gingwenli@ustb.edu.cn

® E BES T EWNANSEAT AR HE O B AR HEECE T B SR, 456 ERSEAT LR AL BT A AR TR R R
Ferh EAE G 22 ATV E T AL 28 5 PEERAN TR R, Sah 199045 & v B 28 S A7 b AR a5 i e Hl i PR 7 000 . i 00 P81 4 2 A ]
WPEAN J7 2 (ALCA), SR “ A R _E " (920 i T RR B HERO T 8 U, 1A B TRE 00 B A3 8 o8 TORR I 3 43 Ry 43 T T R 43
TAR-BAN TR, BT T 2N I TR R S e HE S 20 I B e HE O U SRS R AR S R Ak b, R MATLAB #4588 T A B TR A HE
JHCE BB A AL A I XoF I PN VR B Sl R T I T B T TR R AT T AR BT, SEBL T AGE S A AR R TR EMA
AR S S R PR A SR I e e HE O, (R B A8 405 2 R DR 45 B B At HE s 22 2R 3 L HE RO P, 2838 A7k 1y Rl HE
PEALECR FIELS LA M WoR, 7ERS T TR, AR 1 2 RN T 12 B HE A 3 T R R A, SR T 99.6% LU
e, o, DL C32.5 KPS MBS 8 T 75% A A e HETC.

KRR A TR BRHEAG R SO s BRcHE R R 5 A R A2 A R

SEES TG142.71

Intelligent assessment method of life-cycle carbon emission during the highway
construction phase

QIAO Lan'?, DENG Naifu'?, LI Qingwen"?™, WANG Xiuge®, ZHANG Qinglong"?, WANG Yawen'?

1) Beijing Key Laboratory of Urban Underground Space Engineering, University of Science and Technology Beijing; Beijing 100083, China
2) School of Civil and Resource Engineering, University of Science and Technology Beijing, Beijing 100083, China
3) Transport Planning and Research Institute, Ministry of Transport, Beijing 100028, China

BLCorresponding author, E-mail: gingwenli@ustb.edu.cn

ABSTRACT The Chinese government has announced its “carbon peak and carbon neutrality goals” for 2030 and 2060, respectively.
All industry sectors are working toward developing carbon policies to support the national dual carbon goals. The transportation
industry, which is one of the three major sources of CO, emission in China, has indirectly contributed to the greenhouse effect and global
warming and serves as a threat to human living spaces. Therefore, highway construction projects are the key targets for emission
reduction in China. This paper presents a detailed analysis of the carbon emission inventories and carbon emission factor catalogs in the
domestic and foreign transportation industries. The carbon emission factor data of China’s transportation industry are compiled and
summarized based on the existing estimation indices for highway projects and the unit price calculation sheet of construction machinery
and equipment in China’s traditional transportation industry. A “ bottom-up” approach to measuring carbon emissions of highway

projects, based on the attribution life-cycle assessment (ALCA) method, is adopted. In this method, the project activities are divided into
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subprojects, divisional projects, and unit projects during the construction period of the highway project, thereby establishing a carbon
emission database and a carbon emission assessment model. Accordingly, intelligent assessment software for the carbon emission of
highway projects was developed using MATLAB, and the carbon emissions of pavement projects for a certain mileage of two domestic
highway feeders were estimated and analyzed. In general, our method enables the rapid assessment and statistical analysis of carbon
emissions using information about the highway mileage, highway grade, and engineering volume. Moreover, it can intelligently track the
carbon emission elements at each stage and identify the major carbon emitters during the construction of highway projects. Based on the
assessment of two case studies of pavement projects, the software shows that the major carbon emitters that accounted for 75% of overall
emissions were C32.5 cement, gravel, and modified asphalt in the different concrete layers. This implies that the construction phase is
the dominant contributor to the overall carbon emissions. Among the machinery and equipment, the asphalt mixture mixing equipment is
the major carbon emitter, with emissions of 380 t-h™', accounting for roughly 30% of the overall carbon emissions from the machinery
and equipment. In asphalt pavement engineering, the main source of carbon emissions is the stable soil base and the asphalt pavement
layer, accounting for more than 99.6% of the total carbon emissions, while the emissions from the pavement cushion and sporadic
engineering are almost negligible. Therefore, our intelligent assessment method can provide robust data and a theoretical basis for energy
conservation and the reduction of emissions in the transportation industry.

KEY WORDS highway construction; carbon emission assessment; carbon emission database; carbon emission factors; attribution life-

cycle assessment
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Table 1 Parameter definition for the assessment model

Parameter Definition
i Index of highway project
J Index of unit project
k Index of subproject
g Index of item project
n Index of carbon source, 4 = 1 indicates that the carbon source is from materials; # = 2 indicates that the carbon source is from
machinery and equipment.
C f;k o Carbon emission from the /th source in the gth item project of the kth subproject of the jth unit project of the ith highway project
Cijkg Carbon emission in the gth item project of the kth subproject of the jth unit project of the ith highway project
Cijk Carbon emission in the kth subproject of the jth unit project of the ith highway project
Cij Carbon emission in the jth unit project of the ith highway project
C; Carbon emission of the ith highway project
p Type of materials (p =1, 2, 3,---, m)
q Type of machinery and equipment (¢ =1, 2, 3,--, n)
Jp Carbon emission factor of the pth type material
fi Carbon emission factor of the /th type of energy fuel, where / is the index of energy type
p Consumption quota of the pth type of material in the gth tem project of the kth subproject of the jth unit project of the ith highway
ijkg project
Y4 Unit quantity of the gth type of construction machinery in the gth item project of the Ath subproject of the jth unit project of the ith
ijkg highway project

Ulf’ Consumption quota of the /th type of energy fuel for the gth type of construction machinery
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Table 2 List of the carbon emission factors of major building materials
for highway projects throughout the duration of the project

Material type Unit Carbon emission Ref.
Wood kg'kg! 0.026 [21]

Shape steel kgkg! 4.339 [22]

Wire kgkg™ 3.551 [22]

Iron kgkg! 2.500 [23]

High density polyethylene kgkg! 0.569 [21]
Rubber kgkg™ 0.098 [21]
Vinylene chloride plastics kgkg™ 1.390 [21]
Cement(P.1.52.5) kg'kg' 1.04156 [24]
Cement(P.0.42.5) kgkg! 0.92003 [24]
Cement(P.S.32.5) kg'kg™ 0.67768 [24]
Petroleum asphalt kg'kg' 0.17424 [27]
Modified asphalt kgkg™ 0.29591 [27]
Mineral powder kg'kg' 0.0844 [21]
Aggregate kgm™ 3 [28]

Sand kgm™ 3 [28]

Cement macadam kg'kg! 0.00218 [29]
Medium (coarse) sand kg'kg' 0.00251 [29]
Rubble kg'm? 6.050 [30]

Coarse grained asphalt concrete kgkg™ 6.04531 [25]

Medium grained asphalt concrete kgkg! 6.22147 [25]

Fine grained asphalt concrete kg'kg™ 6.37211 [25]
Sand type asphalt concrete kgkg™ 6.43167  [25]
Combined steel formwork kg'kg' 2 [31]

Gravel for pavement kgm™ 1.39 [32]
Medium grain modified asphalt concrete kgkg™ 3.23 [25]
Fine grained modified asphalt concrete  kg'kg™ 3.77 [25]

Coarse grained rubber asphalt concrete kg'kg'! 248.3574 [26]

Medium grain rubber asphalt concrete  kgkg'  279.1254  [26]

Fine grained rubberized asphalt concrete kgkg™ 326.3771 [26]

Rubber asphalt kgkg! 0177772 [25]
MS cement mortar kg'm 228.03 [33]
M10 cement mortar kg'm? 315.39 [33]
Cement C20-32.5—4 kg'm™ 270.38 [31]
Cement C25-32.5-4 kg'm 267.69 [31]
Cement C30-32.54 kg'm? 295 [29]
Steel plate kgkg! 2 [31]
Welding rod kg'kg! 2.02 [31]
Iron nail kg'kg” 2.02 [31]

TRCTRE B 5 25 TR . AR 3 T, Bk HE ORI e 4y
N AR R, 0 B AT A AL TR0 R TR —

R3 ABTREAE AR MU A T 5 VR A BRHE I A 37
Table 3 List of the carbon emission factors of fuels required by the

commonly used machinery and equipment for highway projects
throughout the duration of the projects

Carbon emission

Type of fuels Unit factors Source
Clean coal kgkg 0.170
Gasoline kg'kg! 1.989
Diesel kgkg! 2.126
Aviation kerosene kgkg 2.063 Localized carbon

emission factors

Admiralty fuel kg'kg! 2.221 provided by the
climate center
Natural gas kgkg! 1.630
Liquefied
¥ kgkg™ 1.829

petroleum gas

Electricity kg'kW-h™ 0.980
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Carbon emission

Unit project

UPID Unit project

factor

1

Subgrade engineering

PP . 2 Pavement engineering
CEID Carbon emission inventory Unit . .
R - 3 Tunnel engineering
111001 Gasoline kg'kg 4 Bridge engineering
111002 Admiralty fuel oil kgkg! 5 | Crossing engineering
111003 Diesel kg'kg! 6 Traffic engineering
111004 Clean coal kg'kg! 7 Temporary work
111005 Electricity kg kW-h! .
111006 Aviation kerosene kekg'! Subproject '
111007 Natural gas kg'kg! SPID Subproject UPID
111008 Liquefied petroleum gas kg'kg! 1001 | Insitu cxca?vatlon .and loading 1
B | 1002 Earth filing 1
111009 Heavy oil kg'kgil 1003 | Remote excavation and loading 1
222001 Wood kg-kg 1004 Hauling 1
222002 Hot-rolled steel kg'kg! 1005 Explosion 1
222003 Cold-roll steel kgkg! 1006 Rock fill 1
222004 | Small and medium-sized steel =~ kg-kg™! 1007 Subgrade sporadic works 1
222005 Structural steel ke'kg! 1008 Drainage engineering !
222006 Wire rod kg'kg! 1009 Pr(?teclive engineering 1
222007 Iron ke'kg'! 1010 Special subgrade treatment 1
2001 Bed course 2
222008 Cast iron pipe ke'kg? 2002 Stabilized soil base course 2
222009 Oil paint kg'kg! 2005 Asphalt pavement surface 2
222010 | Hot melt type marking paint kg'kg! 2008 Pavement sporadic works 2
L]
. .
° L]
Item project l
IPID Item Unit Quantities Inventory Energy \ Energy ionunit | CEID |[SPID
200100001 Gravel m 95.63 Gravel NULL NULL 2220251|2001
200100002 Gravel (increase) m’ 638 Gravel NULL NULL 222025/ 2001
200100003 Macadam m’ 9333 Macadam NULL NULL 2220241|2001
200100004 Macadam (increase) m* 6.22 Macadam NULL NULL 2220241|2001
200100005 Self-propelled grader within 120 kW Machine-team 0.20 Diesel 82.13 kg-machine-team ! 111003 {2001
200100006 12-15 troller Machine-team 0.22 Diesel 40.00 kg-machine—team™' 111003 {2001
200100007 18-21 troller Machine—team 0.39 Diesel 59.20 kg-machine-team ! 111003 || 2001
200100009 Sprinkling truck within 10000 L Machine—team  0.15 Diesel 52.80 kg-machine-team™' 111003 || 2001
200100010 Sprinkling truck within 10000 L (increase) Machine-team 0.01 Diesel 52.80 kg'machine—team™ 111003 || 2001
200200001 Cement and gravel-cement and gravel base m’ 200.00 Cement and gravel NULL NULL 2220261|2002
200200002 Cement and gravel-cement and gravel base (increase) m’ 10.00 Cement and gravel NULL NULL 222026 | 2002
200200003 Cement and macadam—cement and macadam base m* 200.00 Cement and macadam NULL NULL 2220271|2002
200200004 Cement and macadam—cement and macadam base (increase) m? 10.00 Cement and macadam NULL NULL 222027||2002
200200005 Iron-cement and gravel base kg 033 Iron NULL NULL 222007 | 2002
200200006 Iron—cement and gravel base (increase) kg 0.03 Iron NULL NULL 2220071|2002
200200007 Iron—cement and macadam base kg 033 Iron NULL NULL 222007 | 2002
200200008 Iron—cement and macadam base (increase) kg 0.03 Iron NULL NULL 2220071|2002
200200009 Medium (coarse) sand - cement and gravel base m® 0.90 Medium (coarse) sand NULL NULL 222028] 2002
200200010 Medium (coarse) sand - cement and gravel base (increase) m’ %08 Medium (coarse) sand NULL NULL 2220281]2002 |
L]
°

B3 BHRCE A IR G C AR

Fig.3 Structure and index relation in the carbon emission database
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(@)| Data input [ Data panel
(!
Database UPID Unit projects classification
. Road base works
Division works
2 Road pavement works
Ttem works
Carbon emission 3 Tunnel works
factors 4 Bridge and culvert works
5 Cross works
6 Transportation works
7 Temporary works

Connect
Database retrieving

Project configuration

_Road pavement
works
Pavement
Pavement cushion/(1000 m*) 3213

cushion
Cushion thickness/m 0.15

Carbon emission/kg 2.205%10%

Project parameter setting

( R [ Record ]

(b

(©)[ Carbon emission statistic

= Unit works SPID Division works Machinary emission/kg Materials emission/kg

Road base works 2001 Pavement cushion 3.5576%10* 1.6869%10°
2002 Stabilized soil base 9.7777%10° 6.0725x10%

Tunnel works 8 8

Bridge and culvert 2005 Asphalt pavement 1.0825x10' 1.2251x10°

works 2008 Pavement sporadic 1.0988x10° 2.3975x10°

Cross works 2 i

Transportation

works

Temporary works Carbon emission data statistics

(d) [ Carbon emission analysis
Unit works

Carbon emision dataon SPID. | Topewbonemitrs

wUnitworks _ x10%
Road base works|

mmmm Machine
Tunnel works 5 . Material
Bridge and = Total
culvert works
Cross works
Transportation 4
works
Temporary work:
Carbon emission data analysis

2 IIL—
1
0

Pavement cushion Stabilized soil base Asphalt pavement course Pavement sporadic works

) | Carbon emission analysis module
y:

Division works
Road pavement works

Division works |

1
(15 seamm
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modificd asphalt concrete :5%
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o ‘Pavement

sporadic Rubberized asphalt - Rubberized,

asphalt macadam 4%
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Fig.4 Functional interface of the carbon emission intelligent assessment software: (a) data input module; (b) project configuration module; (c) carbon

emission statistics; (d) carbon emission analysis; (¢) major carbon emitters acquisition



- 2182 -

TREREZ, 5 458, 5 120

AT 5) IFG TS A WRRHERBCE 43 L. b, BHEK
A3 BT 5 B A 4RI AS ) AR T 8 B4 Bl HE I EL 26 1)
fig, RIS IC SRR 7 & T A 2B TR0 H i i HE
g ECE, O A Zh 2 AR B 2 4 e T
TR RAENUIM R A5 . MORHRILE TR & v i e HE T
B (K 4(d~e)).

3.2 ERHEMEEEHERGI S

Xof A8 38 32 i 5 R I A Y e 1 T A R 2 i
BT R A I DU B R G B A R S R A
AN BK A 2 O (BEACSE = TR B ) A 3 A
% (T3 R L 8 S RI B 1| S 28 ) i T T 7% 1 22 49 g
AR ST

R SR MK 23,559 km, BRi# 80 km-h !,
PEILVERE 25.5 m, FEIAI 58 22.0 m, AU 4 4238, R H
Wi 7 TR B A B, SR R 89 om, K 1A AL
TARK 13,132 k. B )1 S 28 i A BE K 193.651 km,
FR 3% 100 km-h™!, %55 5% & 26 m, 1 56 )& 22.5 m,
XLIE) 4 458, SR I 5 IR BE B 1A, 6 SR R
87 cm, P& % B TR K 117.383 km. FL45H4 20 1
TAERUNE 4 PR,

W% 4 JIr BB 43 500w A\ o HE TBOCES B A A EK
P, b B SR B T 2 T B2 297571 m?,
JEEE R 0.15 m; fad 32 (A K e ir G 5L )2,
18N 557920 m?, SRR 0.56 m; Wi IS I 12
Wi IR EE | SR TR B R I R e = )2
¥, Hoo7 B4 51k 291215, 290080 F1 288904 m?;
T BT A AL TRE BLFR R 13.132 km. BRI 324k

%) B TET TR 1) 2 TED HA 2 U7 B R 3212938 m?, JR B
JE0.15 m; F2UE T EUAE KR AR, T&'h
5961594 m?, i J& B 5 0.54 m; 1 T 1% 1 1 2
B RRRE AT . PR IR EE M IR G 2
A, Hoh 8450k 2683179, 2706989 Al 2740322 m?;
T I 0 % T & R TR HL AR O 117.383 km. MK I 3 4
SEAM TRESEUE B, &6 WHEBOT AR, fiHE
TR B A BB B BV A B T TR A
HE e AR . RS TR T AL ) i TR A
Bt I N 0 e T B S N S I I S R €
T TR, RE RO IR D R 52
FWG T T2 R B HE A, R TR R HE Y
99.6% LA I, T i 11 2 A1 B TRE B e HE O AR
ET 2~ 3B, Al LIZW. WAk, fEfa e + 5k
JZ e HE TR rR LA RE T AR 0 B HE R 325, ALK
A% 0 B HE O T H A8, (B2 A 0 75 I 1 4R 2 Y
fHE R, BUAR I 2 AR R B HE FBOIE AR A 2
BEAb, B HE R Al B8 R T GE N [ i
1] T FEAE BRI £ LA S A R i HE i E
{50 77 T PR A R e /N BT I B R A B HE R P
6 Jn T B 22 S 4R I T TR 7E RAR HE ik i g3
AR RO RR HEFCIR 20 B 25 38 . mT %0, e/ NG BT i
T, B A3 00 T AR A B HE B 7 L, HE T S 9B HE
SRR P2 357 R 4 B DG B B HE TS, L rp LR C32.5 7K
e i HERCy 5, H A4 T TR 67%
B i HE L. PR 0L, €32.5 7K I8 S XY 22 T R B4 s HE ik
B K, MR TR % B R LR

R4 i TR

Table 4 Quantityof the material used during pavement work

Case Layer structure Laminate construction thickness / cm Quantities / m? Remark
SBS modified Asphalt Macadam SM-13 4 288904 Upper course
Medium grain SBS modified asphalt concrete AC-20C 6 290080 Middle course
Coarse grained asphalt concrete AC-25C 8 291215 Bottom course
Yibin branch Cement stabilized macadam 20 293238 Base course
Cement stabilized macadam 36 264682 Subbase course
Graded aggregate 15 297571 Cushion
Pavement sporadic works — 13.132 Length / km
SBS modified Asphalt Macadam SM-13 4 2683179 Upper course
Medium grain SBS modified asphalt concrete AC-20C 6 2706989 Middle course
Medium grained asphalt concrete AC-20C 8 2740322 Bottom course
Langchuan branch Cement stabilized macadam 36 2892702 Base course
Cement stabilized macadam 18 3068892 Subbase course
Graded aggregate 15 3212938 Cushion
Pavement sporadic works — 117.383 Length / km
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Fig.5 Statistical analysis of carbon emissions for each section of the pavement project: (a) carbon emission analysis of the Yibin branch pavement

project; (b) carbon emission analysis of the Langchuan branch pavement project
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Fig.6 Carbon emissions analysis: (a) share of the top 5 carbon emitters in the pavement project; (b) share of the top 5 carbon emitters from machinery in

the pavement project; (c) share of the top 5 carbon emitters from material in the pavement project
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