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Green Knowledge Recombination and Urban Carbon Intensity: University–Industry Collaboration and the Conditioning Role of Regional Green Innovation Efficiency
Table S1. Composition of green patents
	CPC No.
	Notes

	Y02B
	Climate change mitigation technology related to buildings, e.g. housing, house appliance or related end-user applications

	Y02C
	Capture, storage, sequestration or disposal of greenhouse gases

	Y02D
	Climate change mitigation technology in information and communication technology aiming at the reduction of their own energy use

	Y02E
	Reduction of greenhouse gas emission, related to energy generation, transmission or distribution

	Y02P
	Climate change mitigation technology in the production or processing of goods

	Y02T
	Climate change mitigation technology related to transportation

	Y02W
	Climate change mitigation technology related to wastewater treatment or waste management

	Y04S
	Systems integrating technologies related to power network operation, communication, or information technologies for improving the electrical power generation, transmission, distribution, management, or usage, i.e. smart grids.窗体顶端



[bookmark: OLE_LINK4]Table S2. Robustness test (Distance as mechanism variable)
	
	(5)
	(6)
	(7)

	
	2SLS
	2-stage GMM
	3SLS

	Dependent variables
(first-stage)
	Distance
	Distance
	Distancerobustness

	Universityindustry
	0.686*
	0.686*
	0.161*

	
	(1.75)
	(1.75)
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	cons
	1.653*
	1.653*
	0.396

	
	(1.80)
	(1.80)
	(1.64)

	Dependent variables
(second-stage)
	CI
	CI
	CI

	Distance
	-0.373***
	-0.489***
	

	
	(-2.94)
	(-5.62)
	

	Distance(robustness)
	
	
	-1.071**

	
	
	
	(-2.44)

	cons
	6.722***
	6.952***
	6.528***

	
	(13.18)
	(14.62)
	(14.31)

	Controls
	Yes
	Yes
	Yes

	Year fixed effects
	Yes
	Yes
	Yes

	City fixed effects
	Yes
	Yes
	Yes

	R^2
	0.9038
	0.8792
	0.8023

	N
	3604
	3604
	3604
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	(8)
	(9)
	(10)

	
	2SLS
	2-stage GMM
	3SLS

	Dependent variables
(first-stage)
	Diversity
	Diversity
	Diversityrobustness

	[bookmark: _Hlk237294997]Universityindustry
	0.079*
	0.079*
	0.107**

	
	(1.73)
	(1.73)
	(2.46)

	cons
	0.122
	0.122
	0.041

	
	(1.27)
	(1.27)
	(0.40)

	Dependent variables
(second-stage)
	CI
	CI
	CI

	Diversity
	-2.373***
	-2.614***
	

	
	(-4.69)
	(-6.27)
	

	Margalef_Diversity
	
	
	-1.995**

	
	
	
	(-2.38)

	cons
	6.394***
	6.439***
	6.186***

	
	(14.54)
	(14.76)
	(15.45)

	Controls
	Yes
	Yes
	Yes

	Year fixed effects
	Yes
	Yes
	Yes

	City fixed effects
	Yes
	Yes
	Yes

	R^2
	0.9179
	0.9138
	0.8229

	N
	3604
	3604
	3604
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	Variable
	(1) Five-year rolling Distance
	(2) Five-year rolling Diversity

	Panel A. Recombination equation
	
	

	UniversityIndustry (t−2)
	0.705**
	0.096**

	
	(0.347)
	(0.040)

	FiscalRD (t−2)
	−0.0084***
	−0.0013***

	
	(0.0023)
	(0.0003)

	Panel B. Carbon-intensity equation
	
	

	Five-year rolling Distance (t−1)
	−0.289**
	—

	
	(0.132)
	

	Five-year rolling Diversity (t−1)
	—
	−2.068**

	
	
	(0.810)

	Controls
	Yes
	Yes

	City fixed effects
	Yes
	Yes

	Year fixed effects
	Yes
	Yes

	First-stage partial F
	7.12
	12.79

	Observations
	3,604
	3,604


Notes: Five-year rolling-window Distance and Diversity replace the cumulative indicators in the baseline 3SLS systems. The models retain the baseline lag structure and include city and year fixed effects. Conventional 3SLS standard errors are reported in parentheses. ***, **, and * indicate statistical significance at the 1%, 5%, and 10% levels, respectively.
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Panel A. Pesaran cross-sectional dependence tests
	Equation
	CD statistic
	p-value
	Average pairwise correlation
	Conclusion

	Carbon-intensity equation including Distance
	5.004***
	<0.001
	0.008
	Cross-sectional dependence detected

	Carbon-intensity equation including Diversity
	1.222
	0.222
	0.002
	No significant cross-sectional dependence


Panel B. Two-way fixed-effects estimates under alternative covariance estimators
	Mechanism variable
	Driscoll–Kraay estimate
	City-clustered estimate
	Controls
	Observations

	Distance
	−0.024*** (0.005)
	−0.024 (0.025)
	Yes
	3,604

	Diversity
	−0.203*** (0.077)
	−0.203 (0.182)
	Yes
	3,604

	City fixed effects
	Yes
	Yes
	
	

	Year fixed effects
	Yes
	Yes
	
	


Notes: Panel A applies Pesaran’s CD test to residuals from the baseline carbon-intensity equations. Panel B reports estimates from the same two-way fixed-effects specification; only the covariance estimator changes. Robust standard errors are reported in parentheses. ***, **, and * indicate statistical significance at the 1%, 5%, and 10% levels, respectively.
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Panel A. Dynamic fixed-effects and instrumental-variable estimates
	Variable / diagnostic
	(1) FE-DK Distance
	(2) FE-DK Diversity
	(3) FE-IV Distance
	(4) FE-IV Diversity

	Lagged CI
	0.785*** [<0.001]
	0.785*** [<0.001]
	0.784*** [<0.001]
	0.783*** [<0.001]

	Distance
	−0.001 [0.750]
	
	−0.010 [0.876]
	

	Diversity
	
	0.009 [0.862]
	
	−0.167 [0.626]

	First-stage statistic
	
	
	8.89
	8.08

	Controls
	Yes
	Yes
	Yes
	Yes

	City fixed effects
	Yes
	Yes
	Yes
	Yes

	Year fixed effects
	Yes
	Yes
	Yes
	Yes

	Number of cities
	212
	212
	212
	212


Panel B. Two-step system GMM estimates
	Variable / diagnostic
	(5) L2 Distance
	(6) L2 Diversity
	(7) L3 Distance
	(8) L3 Diversity

	Lagged CI
	0.106*** [<0.001]
	0.112*** [<0.001]
	−0.394 [0.737]
	−1.178 [0.423]

	Distance
	−0.042 [0.236]
	
	−0.786 [0.202]
	

	Diversity
	
	0.074 [0.812]
	
	28.376 [0.624]

	Number of instruments
	27
	27
	26
	26

	Hansen test p-value
	0.456
	0.53
	0.272
	0.934

	AR(2) test p-value
	0.001
	0.001
	0.785
	0.945

	Controls
	Yes
	Yes
	Yes
	Yes

	Year dummies
	Yes
	Yes
	Yes
	Yes

	Number of cities
	212
	212
	212
	212


Notes: The first-stage statistics in the dynamic FE-IV specifications are below 10, indicating that these estimates may also be affected by weak-instrument concerns. Robust p-values are reported in square brackets. FE-DK denotes fixed effects with Driscoll–Kraay standard errors. FE-IV treats the recombination indicator as endogenous. The system GMM models use two-step estimation and collapsed instrument sets; L2 and L3 indicate the minimum lag used for internal instruments. The L2 specifications fail the AR(2) diagnostic, while the L3 estimates are statistically insignificant and economically unstable. ***, **, and * indicate statistical significance at the 1%, 5%, and 10% levels, respectively.
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	Variable
	(1) Distance Baseline efficiency
	(2) Diversity Baseline efficiency
	(3) Distance Alternative A
	(4) Diversity Alternative A
	(5) Distance Alternative B
	(6) Diversity Alternative B

	UniversityIndustry × GreenInnovationEfficiency
	9.644** (3.858)
	0.735 (0.522)
	14.280*** (5.273)
	1.278* (0.758)
	14.744** (6.005)
	1.081 (0.811)

	Mechanism variable → CI
	−0.171** (0.068)
	−1.453*** (0.528)
	−0.220*** (0.066)
	−1.909*** (0.529)
	−0.203*** (0.069)
	−2.038*** (0.570)

	Controls
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes

	City fixed effects
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes

	Year fixed effects
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes

	Observations
	3,604
	3,604
	3,604
	3,604
	3,604
	3,604


Notes: Alternative Measure A excludes regional GDP from the input set, while Alternative Measure B excludes collaborative green patents from the output set.
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	Variable
	(1) Distance Baseline
	(2) Distance + direct UI
	(3) Distance + direct FiscalRD
	(4) Diversity Baseline
	(5) Diversity + direct UI
	(6) Diversity + direct FiscalRD

	Panel A. Carbon-intensity equation
	
	
	
	
	
	

	Distance (t−1)
	−0.373**
	−0.519**
	−0.063
	—
	—
	—

	
	(0.160)
	(0.224)
	(0.232)
	
	
	

	Diversity (t−1)
	—
	—
	—
	−2.373***
	−2.671***
	−0.551

	
	
	
	
	(0.858)
	(0.954)
	(2.028)

	UniversityIndustry (t−2)
	—
	0.312
	—
	—
	0.167
	—

	
	
	(0.272)
	
	
	(0.200)
	

	FiscalRD (t−2)
	—
	—
	0.003
	—
	—
	0.003

	
	
	
	(0.002)
	
	
	(0.003)

	Controls
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes

	City fixed effects
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes

	Year fixed effects
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes

	Excluded instrument(s)
	UI, FiscalRD
	FiscalRD
	UI
	UI, FiscalRD
	FiscalRD
	UI

	First-stage partial F
	7.17
	9.77
	4.59
	14.95
	25.72
	4.22

	Observations
	3,604
	3,604
	3,604
	3,604
	3,604
	3,604


Notes: All models use the same controls and lag structure as the baseline specification. Models (2) and (5) add UniversityIndustry directly to the carbon-intensity equation, leaving FiscalRD as the excluded instrument. Models (3) and (6) add FiscalRD directly, leaving UniversityIndustry as the excluded instrument. UniversityIndustry and FiscalRD are tested separately because including both directly would leave no excluded instrument for the recombination variable under the baseline instrument set. Conventional 3SLS standard errors are reported in parentheses. ***, **, and * denote p < 0.01, p < 0.05, and p < 0.10, respectively. First-stage partial F statistics below 10 indicate weak-instrument concerns, particularly in Models (3) and (6).
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Panel A. University–industry collaboration and green knowledge recombination
	Outcome
	Mean cutoff: High-carbon
	Mean cutoff: Low-carbon
	p-value: High = Low
	Median cutoff: High-carbon
	Median cutoff: Low-carbon
	p-value: High = Low

	Distance
	0.228 (0.808)
	1.051** (0.466)
	0.374
	0.296 (0.715)
	1.097** (0.511)
	0.359

	Diversity
	0.006 (0.074)
	0.134** (0.056)
	0.167
	0.020 (0.070)
	0.138** (0.057)
	0.19


Panel B. Green knowledge recombination and carbon intensity
	Endogenous mechanism
	Mean cutoff: High-carbon
	Mean cutoff: Low-carbon
	p-value: High = Low
	Median cutoff: High-carbon
	Median cutoff: Low-carbon
	p-value: High = Low

	Distance
	−1.910** (0.842)
	0.146 (0.291)
	0.0067***
	−1.211** (0.522)
	0.371 (0.264)
	0.0015***

	Diversity
	−6.846*** (2.092)
	−0.215 (1.152)
	<0.001***
	−5.747*** (1.987)
	1.197 (1.215)
	<0.001***

	Controls
	Yes
	Yes
	
	Yes
	Yes
	

	City fixed effects
	Yes
	Yes
	
	Yes
	Yes
	

	Year fixed effects
	Yes
	Yes
	
	Yes
	Yes
	

	Observations
	3,604
	3,604
	
	3,604
	3,604
	


Notes: Panel A reports the group-specific coefficients of UniversityIndustry in the recombination equations. Panel B reports group-specific IV estimates of the recombination indicators in the carbon-intensity equations. City-clustered standard errors are reported in parentheses. Equality p-values are based on Wald tests of the high- and low-carbon coefficients. ***, **, and * indicate statistical significance at the 1%, 5%, and 10% levels, respectively.
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	Variable / statistic
	(1) Distance equation
	(2) Diversity equation
	(3) CI equation: Distance
	(4) CI equation: Diversity

	Linear term
	0.380 [0.650]
	0.323*** [0.002]
	0.148 [0.695]
	−2.101 [0.232]

	Squared term
	0.434 [0.738]
	−0.363** [0.012]
	0.110 [0.157]
	−0.648 [0.837]

	Turning point
	Outside observed range
	0.446
	Not supported
	Not supported

	Share above turning point
	—
	1.11%
	—
	—

	Controls
	Yes
	Yes
	Yes
	Yes

	City fixed effects
	Yes
	Yes
	Yes
	Yes

	Year fixed effects
	Yes
	Yes
	Yes
	Yes

	Observations
	3,604
	3,604
	3,604
	3,604


Notes: Robust p-values are reported in square brackets. Columns (1) and (2) include UniversityIndustry and its squared term in the recombination equations. Columns (3) and (4) instrument the centered recombination indicator and its squared term using nonlinear transformations of university–industry collaboration and fiscal science and technology expenditure. The apparent inverted-U relationship in Column (2) should be interpreted cautiously because only 1.11% of observations lie above the estimated turning point. ***, **, and * indicate statistical significance at the 1%, 5%, and 10% levels, respectively.

Table S11. Regional and administrative heterogeneity
Panel A. Administrative-status heterogeneity
	Pathway
	Capital cities
	Non-capital cities
	p-value: Capital = Non-capital

	UniversityIndustry → Distance
	−2.081 (1.452)
	0.916** (0.458)
	0.049**

	UniversityIndustry → Diversity
	−0.161 (0.218)
	0.097** (0.048)
	0.25

	Distance → CI
	0.075 (0.591)
	−0.301* (0.182)
	0.579

	Diversity → CI
	−2.617 (2.240)
	−2.400** (0.946)
	0.912


Panel B. Eastern–central–western regional heterogeneity
	Pathway
	Eastern
	Central
	Western
	p-value: East = Central
	p-value: East = West
	p-value: Central = West

	UniversityIndustry → Distance
	1.104** (0.448)
	−0.258 (0.614)
	1.564* (0.800)
	0.076*
	0.617
	0.073*

	UniversityIndustry → Diversity
	0.212*** (0.059)
	−0.030 (0.072)
	0.108 (0.070)
	0.010**
	0.262
	0.172

	Distance → CI
	0.030 (0.141)
	−0.282 (0.245)
	0.080 (0.174)
	0.247
	0.818
	0.241

	Diversity → CI
	0.052 (0.780)
	−2.363 (1.766)
	−1.290 (1.743)
	0.125
	0.365
	0.357

	Controls
	Yes
	Yes
	Yes
	
	
	

	City fixed effects
	Yes
	Yes
	Yes
	
	
	

	Year fixed effects
	Yes
	Yes
	Yes
	
	
	

	Observations
	3,604
	3,604
	3,604
	
	
	


Notes: Collaboration–recombination coefficients are estimated in two-way fixed-effects equations. Recombination–CI coefficients are estimated using a common interaction-based IV framework. City-clustered standard errors are reported in parentheses. Equality p-values are based on Wald tests. The regional classification follows the standard eastern, central, and western division of mainland China. ***, **, and * indicate statistical significance at the 1%, 5%, and 10% levels, respectively.
