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Driving mechanisms and peak pathways of tourism carbon emissions:
a case study of Hunan based on the STIRPAT model

Wang Jing', Ma Siyi', Zhu Xiaoting®

(1. College of Tourism, Hunan Normal University, Changsha 410000, Hunan, China;
2. Hangzhou Cultural and Creative Industry Development Center, Hangzhou 311500, Zhejiang, China)

Abstract: [Objective] Under the global context of climate change and the pursuit of carbon peaking and neutrality goals, scientifically
assessing the dynamic evolution, driving mechanisms, and future evolution pathways of tourism-related carbon emissions at the
provincial scale is critical for formulating differentiated emission reduction strategies. [ Method] Taking Hunan Province as a case
study, this paper develops a hybrid accounting framework that integrates top-down and bottom-up approaches to systematically measure
the magnitude and structure of tourism carbon emissions from 2006 to 2025. An extended STIRPAT model combined with ridge
regression is employed to identify key driving factors, while the Tapio decoupling model and multi-scenario simulation are coupled
to project peak emission pathways. [Result] 1) In terms of emission scale, tourism carbon emissions in Hunan reached a staged
historical peak of 17.814 3 million tons in 2019, rebounding strongly to 16.889 7 million tons from 2023 to 2025, with transportation and
sightseeing activities accounting for 74%-84% of total emissions; 2) Regarding driving factors, tourist volume is the primary positive
driving factor (elasticity coefficient 0.648 7), while energy intensity shows a relatively marginal contribution (elasticity coefficient 0.106
6), indicating that current growth remains dominated by scale expansion, with technological mitigation effects not yet fully materialized;
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3) In terms of decoupling trends, the dominant decoupling state from 2006 to 2025 is weak decoupling (9 occurrences), with strong

decoupling occurring only once in 2008 due to external shocks; the abnormally high decoupling index in 2022 reflects exceptional

circumstances, suggesting that low-carbon transition stability still requires consolidation; 4) Multi-scenario prediction indicate that under

the stringent low-carbon scenario with enhanced policy constraints, emissions will peak at 19.849 million tons in 2030 and then decline

gradually, contrasting with the persistent growth trajectories under the baseline and moderate low-carbon scenarios. [ Conclusion] The

relative rate of change between tourist volume and energy intensity is the decisive factor for achieving the peak; only by simultaneously

curbing tourist growth and reducing energy intensity can a trend reversal be realized. This study establishes a systematic analytical

framework encompassing aggregate accounting, driver decomposition, and scenario simulation, providing quantitative decision-making

references for the formulation of low-carbon tourism development policies at the provincial level.

Keywords: tourism carbon emissions; STIRPAT model; Tapio decoupling model; scenario prediction; Hunan Province
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Table 1 Average NCYV, carbon content, oxidation rate, and emission factor of different energy sources

B4 PR R PR DR
Energy source Average NCV arbpn content per_}umt of  Carbon oxidation Emission
calorific value /(10°tC/GJ) rate /% factor /(tCO,/t)

J5E Raw coal 20.908 /(10MJ-kg™) 26.37 90 1.8194
Fith i Coal products 20.908 /(10MJ-kg™) 33.60 90 1.936 0
B Briquette 17.460 /(10MJ-kg™) 33.60 90 1.936 0
73l Gasoline 43.070 /(10MJ-kg™) 18.90 98 2.686 3
JEIM Kerosene 43.070 /(10MJ-kg™) 19.60 98 2.7858
43 Diesel 42.652 /(10MJ kg™ 20.20 98 2.8432
PAEHH Fuel oil 41.816 /(10MJ-kg™) 21.10 98 29116
WA AT < Liquefied petroleum gas 50.179 /(10MJ-kg™") 17.20 99 3.1330
FoAt A7 & Other petroleum products 45.010 /(10MJ-kg™) 20.00 99 2.970 7
FARS, Natural gas 38.931 /(10MJ-m™) 15.32 99 1.968 2
itk K AR, Liquefied natural gas 51.434 /(10MJ-kg") 17.20 98 3.178 9
VEXEHE Washed coal 26.344 /(10MJ-kg™) 25.41 90 2.209 0
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Table 2 Criteria for decoupling types between tourism carbon emissions and tourism economy
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Tt RRE i A P =9'4
Decoupling effect Degree of decoupling AEIE AMIM H Meaning
o 5 4 AE/E <0 AM/M > 0 u<0 HARE
=¥
i L@. 5 4 AE/E > 0 AM/M > 0 0<u<08 ARG
Decoupling
I AE/E <0 AMIM < 0 u>12 A YRR
EERE:) AE/E <0 AM/M < 0 0<u<08 ANATHUCRAS
il . e
Jupen Eialikeal AE/E >0 AMIM < 0 n<0 BAFTARARAS
Negative decoupling
KA AE/E > 0 AM/M > 0 u>12 ANATHUCR
e WK% AE/E > 0 AM/M > 0 08 <u<12 ANHATHCRES
Coupling TG AE/E < 0 AMIM < 0 08 <u<12 Al VPR
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Table 3 Settings of average annual growth rates of model variables under different scenarios

A S T
- iy P (ON5)) 3 R Gl 58 ==k (REFERRE)
B " QR EFBD W) Per O I Proportion Energy
Scenario Year . . . N L. . .
Tourist scale capita tourism Urbanization rate  of tourism in tertiary ~ consumption
expenditure industry income intensity
B S 2026—2030 5.0% 1.3% 0.8% 3.0% -7.0%
Deep decarbonization scenario 2031—2035 1.0% 0.5% 0.2% 1.0% -10.0%
(s 2026—2030 7.0% 1.8% 1.0% 4.0% -4.5%
Mitigation scenario 2031—2035 3.0% 1.0% 0.4% 2.0% -6.5%
S 2026—2030 9.0% 23% 1.2% 5.0% 2.0%
Baseline scenario 2031—2035 5.0% 1.5% 0.6% 3.0% -3.5%
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5K 5 19 H R 22 AN B B, 2 AR AR SRR H
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Fig. 1 Carbon emission trends of Hunan’s tourism industry from 2006 to 2025
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Table 4 Composition and total volume of tourism carbon
emissions in Hunan Province from 2006 to 2025

SCEANFE AR AL R ETE . AR R
i Proportion of carbon AR B

emissions from Carbon emission share of

Year transportation and catering, accommodation,
sightseeing /% shopping and entertainment /%
2006 81.68 18.32
2007 81.26 18.74
2008 80.16 19.84
2009 82.46 17.54
2010 81.32 18.68
2011 78.02 21.98
2012 74.31 25.69
2013 78.95 21.05
2014 77.63 22.37
2015 79.84 20.16
2016 78.25 21.75
2017 77.33 22.67
2018 75.49 24.51
2019 75.07 24.93
2020 74.25 25.75
2021 79.74 20.26
2022 79.07 20.93
2023 77.74 22.26
2024 77.70 22.30
2025 77.70 22.30

B T BAZ R HE AT e P AR 2 HUE,
A TR NI B S, TRISIRIL REAE RS,
S oAb 5 5 =S LE B, R FoRgiEAL
Ho UG I PR R % A AR EAL [ 0 S 2B K

"5 STIRPAT B L M0
Table S Multicollinearity test of the STIRPAT model

hriBAl F 5

RERAEIL A e Sesbsit
(Xl Unstandardized coefficients . ) Collinearity statistics
coefficients ¢ Sig.
Model RPN o
B bR Beta ke VIF
Std. error Tolerance
‘i & Constant -7.228 3.891 -1.857 0.084
InP 1.221 0.182 1.404 6.707 0.000 0.023 44.290
In4 1.161 0.369 0.595 3.148 0.007 0.028 36.111
InT 0.207 0.270 0.121 0.768 0.455 0.040 25.030
InS -0.200 0.180 -0.110 -1.113 0.285 0.101 9.950
InR -2.851 1.412 -0.728 -2.019 0.063 0.008 131.300
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Fig. 2 Ridge regression results for each variable
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Table 6 Ridge regression analysis results for each variable (K=0.02)

AEbrEf R %L btk FRAELL L

B ¥ . A . % R
Parg j&te Unstandardized R Standardized t-\t/iiiue R Ac:)'}]ufejfi R FF LE .
r coefficients(B) Std.error coefficients (Beta) J va
InP 0.648 7 0.099 1 0.745 6 6.544 1
In4 0.3180 0.1670 0.163 0 1.904 6
InR 0.2219 0.403 5 0.056 7 0.5500
0.976 2 0.967 7 114.89
InT 0.106 6 0.200 6 0.062 1 0.5312
InS 0.1949 0.1610 0.107 3 1.2106
Ina 4.4559 2.0723 0.000 0 2.1502
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Table 7 Decoupling status of carbon emissions from

2006 to 2025
i i ) JEE
Year AE/E AM/M u Degree .Of
decoupling
2006 0.27 0.30 0.91 WKERE
2007 0.13 0.25 0.52 558
2008 -0.19 0.16 -1.18 ke
2009 0.38 0.29 1.30 KA
2010 0.34 0.30 1.15 WK IR
2011 0.22 0.25 0.87 RIS U
2012 0.04 0.25 0.16 55 i
2013 0.14 0.20 0.69 55 i £
2014 0.12 0.14 0.84 RIS U
2015 0.17 0.22 0.78 553 i £
2016 0.17 0.27 0.64 553 i £
2017 0.31 0.52 0.59 553 it )
2018 0.16 0.16 0.94 RIS U7
2019 0.10 0.17 0.62 55 )
2020 -0.21 -0.15 1.37 LR SR
2021 -0.10 -0.14 0.70 55 8
2022 -0.18 -0.08 2.10 KA B
2023 0.19 0.47 0.41 55 8
2024 0.18 0.11 1.60 T A B
2025 0.15 0.09 1.72 KA

BRI, WA I — ks gy, B
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B TR B g R A, 1T 2022 4 LB HEE
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46 3%

A2 S A s AN e O 253

BN FRER BT, L PIARE AL T 194K 5 B X 1]
TX 2R Wi e 0 5 484 R B HE T AR AR JEE AN D e
1, AR e R (0 A 2R Bl 0 5 R AL o A R T
SRR RN G IR T TEARAR IR Y o

24 BIERBHATUN S

¥R 3 P E R BRI KE BN R
KEIEIYT i STIRPAT #47, 433 2026—2035 -1
FEHE. RO AR OX 3 R RS 5T B HE L
B, SR NE 3 s

3500
3000
2500
2000 |

|
1500

BRI E

Carbon emission /10* tCO,

00 1 1 1 1 1 1 1 1 J
2026 2027 2028 2029 2030 2031 2032 2033 2034 2035
Y Year

—— BILRBIE R = RIRER - ZHEER

B3 2026—2035 FHRgE TR R T ki ikHER N &
Fig.3 Projected tourism-related carbon emissions in Hunan
Province under different scenarios from 2026 to 2035
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