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Supplementary Tables
Table S1. Pilot Regions for China's Electricity Spot Markets
	Batch
	Location
	Province

	First Batch
	Eastern Region
	Guangdong

	
	
	Zhejiang

	
	
	Shandong

	
	
	Fujian

	
	Central Region
	Shanxi

	
	Western Region
	Inner Mongolia

	
	
	Sichuan

	
	
	Gansu

	Second Batch
	Eastern Region
	Shanghai

	
	
	Jiangsu

	
	
	Liaoning

	
	Central Region
	Henan

	
	
	Anhui

	
	
	Hubei



Table S2. Classification of Energy-Intensive Industries
	Primary Category
	Secondary Category
	Secondary Category Code

	Manufacturing
	Petroleum, Coal, and Other Fuel Processing
	C25

	
	Chemical Raw Materials and Chemical Products Manufacturing
	C26

	
	Non-metallic Mineral Products Manufacturing
	C30

	
	Ferrous Metal Smelting and Rolling Processing
	C31

	
	Non-ferrous Metal Smelting and Rolling Processing
	C32

	Electricity, Heat, Gas, and Water Production and Supply
	Electricity and Heat Production and Supply
	D44



Table S3 Employee Salary and Security Index System
	Dimension
	Indicator
	Measurement
	Direction

	Employee Salary
	Salary Contribution per Share
	Total employee compensation / Total number of shares
	Positive

	
	Employee Profit Sharing
	Number of employee shareholders / Total number of employees
	Positive

	
	Average Salary
	Accrued employee compensation / Number of employees
	Positive

	
	Employee Salary Growth Rate
	(Current year average salary - Prior year average salary) / Prior year average salary
	Positive

	
	Average Salary Ratio of Directors, Executives to Other Employees
	Average annual salary of directors and executives / Average annual salary of other employees
	Negative

	Employee Security
	Legal Employment
	Whether illegal employment (e.g., child labor) is disclosed; Yes = 1, No = 0
	Positive

	
	Safety Production Investment
	Safety production investment / Total operating revenue
	Positive

	
	Safety Production Level
	Severity of production accidents: Major accident = 1; Minor accident = 0.8; Occupational disease incident = 0.6; No occurrence or disclosure = 0. If multiple accidents occur in the same year, values are summed.
	Negative

	
	Occupational Health Protection
	Whether occupational health protection is disclosed; Yes = 1, No = 0
	Positive

	
	Employee Social Security Fund Contribution Ratio
	Social security expenses / Total employee compensation
	Positive

	
	Commercial Insurance
	Commercial insurance contributions / Operating revenue
	Positive

	
	Employee Rights Protection
	Number of employee rights disputes / Total number of employees
	Negative



Table S4. Data Sources
	Variable Symbol
	Sources
	URLs

	ESG
	Sino-Securities Index Information Service (Shanghai) Co., Ltd.
	https://www.chindices.com/esg-ratings.html#esg_indexes

	EST
	National Development and Reform Commission
	https://www.ndrc.gov.cn/xxgk/zcfb/tz/201709/t20170905_962552_ext.html

	Size
	CSMAR - Company Research Series - Financial Statements - Balance Sheet
	https://data.csmar.com/

	Ltime
	CSMAR - Company Research Series - Basic Information of Listed Companies - Annual Basic Information of Listed Companies
	

	LEV
	CSMAR - Company Research Series - Financial Indicator Analysis - Solvency
	

	ROA
	CSMAR - Company Research Series - Financial Indicator Analysis - Profitability
	

	Board
	CSMAR - Company Research Series - Operational Distress - Management Governance
	

	Ind_r
	CSMAR - Company Research Series - Operational Distress - Management Governance
	

	Top1
	CSMAR - Company Research Series - Shareholders - Equity Information
	

	Share
	CSMAR - Company Research Series - Operational Distress - Management Governance
	

	SOE
	CSMAR - Company Research Series - Operational Distress - Management Governance
	

	EPS
	CSMAR - Company Research Series - Environmental Research - Environmental Disclosure
	

	Resource_OLS
	CSMAR - Company Research Series - Financial Statements - Balance Sheet & Income Statement;
CSMAR - Governance Structure - Comprehensive Governance Information File
	

	Resource_GMM
	CSMAR - Company Research Series - Financial Statements - Balance Sheet & Income Statement;
CSMAR - Governance Structure - Comprehensive Governance Information File
	

	Employee_SS
	CSMAR - Collaborative Data - Corporate Common Prosperity - Primary Distribution
	

	Employee_train
	CSMAR - Company Research Series - Notes to Financial Statements - Current Liabilities
	

	Operational_Cash
	CSMAR - Company Research Series - Operational Distress - Financial Indicators
	

	Operational_Profit
	CSMAR - Company Research Series - Operational Distress - Financial Indicators
	

	Short_manage
	CSMAR - Collaborative Data - MD&A Keywords - Managerial Myopia
	

	Short_invest
	CSMAR - Company Research Series - Financial Statements - Balance Sheet
	

	Corporate Carbon Emissions
	CSMAR - Company Research Series - Environmental Research - Schedule of Corporate Environmental Emissions & Schedule of Resource Consumption
	

	Regional Carbon Emissions
	China Research Data Service
	https://www.cnrds.com/Home/Login

	Industry
	China Statistical Yearbook
	https://www.stats.gov.cn/sj/ndsj/

	Market
	China Market Index Database
	https://cmi.ssap.com.cn/



Table S5. IV-DID Results
	Variables
	First Stage
	Second Stage

	
	(1)
	(2)

	
	EST
	ESG

	IV
	0.511***
	

	
	(0.139)
	

	EST_fit
	
	0.338**

	
	
	(0.163)

	Treat × Period
	0.185***
	-0.064**

	
	(0.006)
	(0.030)

	Treat × Energy
	0.426***
	-0.134*

	
	(0.038)
	(0.074)

	Period × Energy
	0.573***
	-0.197**

	
	(0.013)
	(0.094)

	Controls
	Yes
	Yes

	Individual FE
	Yes
	Yes

	Industry FE
	Yes
	Yes

	Province FE
	Yes
	Yes

	Year FE
	Yes
	Yes

	Obs
	10,256
	10,256


Note: Robust standard errors in parentheses, ***, **, and * indicate significance at the 0.01, 0.05, and 0.1 levels, respectively.

Table S6. Falsification Tests
	Panel A: Simplified Regression

	Variables
	(1)
	(2)
	(3)

	
	ESG
	ESG
	ESG

	IV
	0.167**
	0.166
	0.496***

	
	(0.070)
	(0.196)
	(0.181)

	Controls
	Yes
	Yes
	Yes

	Individual FE
	Yes
	Yes
	Yes

	Industry FE
	Yes
	Yes
	Yes

	Province FE
	Yes
	Yes
	Yes

	Year FE
	Yes
	Yes
	Yes

	Obs
	10,256
	4,449
	5,651

	R2
	0.627
	0.706
	0.757

	Panel B: Power Path

	Variables
	(4)
	(5)
	(6)

	
	ESG
	Power
	ESG

	Power
	-0.188*
	
	

	
	(0.104)
	
	

	IV
	
	-0.025
	

	
	
	(0.023)
	

	Power_fit
	
	
	-6.562

	
	
	
	(6.424)

	Controls
	Yes
	Yes
	Yes

	Individual FE
	Yes
	Yes
	Yes

	Industry FE
	Yes
	Yes
	Yes

	Province FE
	Yes
	Yes
	Yes

	Year FE
	Yes
	Yes
	Yes

	Obs
	10,256
	10,256
	10,256

	R2
	0.627
	
	

	Panel C: Cost Path

	Variables
	(7)
	(8)
	(9)

	
	ESG
	Cost
	ESG

	Cost
	-0.021**
	
	

	
	(0.011)
	
	

	IV
	
	-0.067
	

	
	
	(0.093)
	

	Cost_fit
	
	
	-2.478

	
	
	
	(3.545)

	Controls
	Yes
	Yes
	Yes

	Individual FE
	Yes
	Yes
	Yes

	Industry FE
	Yes
	Yes
	Yes

	Province FE
	Yes
	Yes
	Yes

	Year FE
	Yes
	Yes
	Yes

	Obs
	10,256
	10,256
	10,256

	R2
	0.627
	
	


Note: Robust standard errors in parentheses, ***, **, and * indicate significance at the 0.01, 0.05, and 0.1 levels, respectively.

Table S7. PSM-DID Tests Results
	Variables
	Kernel Method
	Radius Method
	Nearest Neighbor Method

	
	(1)
	(2)
	(3)

	
	ESG
	ESG
	ESG

	EST
	0.012**
	0.013**
	0.021***

	
	(0.005)
	(0.005)
	(0.006)

	Treat × Period
	-0.004
	-0.003
	-0.006

	
	(0.005)
	(0.005)
	(0.006)

	Treat × Energy
	0.004
	-0.004
	0.003

	
	(0.038)
	(0.037)
	(0.032)

	Period × Energy
	-0.009**
	-0.010**
	-0.018***

	
	(0.004)
	(0.003)
	(0.004)

	Controls
	Yes
	Yes
	Yes

	Individual FE
	Yes
	Yes
	Yes

	Industry FE
	Yes
	Yes
	Yes

	Province FE
	Yes
	Yes
	Yes

	Year FE
	Yes
	Yes
	Yes

	Obs
	10,178
	9,954
	2,659

	R2
	0.626
	0.625
	0.685


Note: Robust standard errors in parentheses, ***, **, and * indicate significance at the 0.01, 0.05, and 0.1 levels, respectively.

Table S8. Controlling for Other Policy Interferences
	Variables
	Control ECRT
	Control GFR
	Control EPT

	
	(1)
	(2)
	(3)

	
	ESG
	ESG
	ESG

	EST
	0.012**
	0.011**
	0.012**

	
	(0.005)
	(0.005)
	(0.005)

	Treat × Period
	-0.005
	-0.001
	-0.004

	
	(0.004)
	(0.006)
	(0.005)

	Treat × Energy
	0.004
	0.004
	0.004

	
	(0.039)
	(0.039)
	(0.038)

	Period × Energy
	-0.010**
	-0.010**
	-0.011**

	
	(0.004)
	(0.004)
	(0.004)

	ECRT
	0.002
	
	

	
	(0.005)
	
	

	GFR
	
	-0.005
	

	
	
	(0.006)
	

	EPT
	
	
	0.007

	
	
	
	(0.005)

	Controls
	Yes
	Yes
	Yes

	Individual FE
	Yes
	Yes
	Yes

	Industry FE
	Yes
	Yes
	Yes

	Province FE
	Yes
	Yes
	Yes

	Year FE
	Yes
	Yes
	Yes

	Obs
	10,256
	10,256
	10,256

	R2
	0.627
	0.627
	0.627


Note: Robust standard errors in parentheses, ***, **, and * indicate significance at the 0.01, 0.05, and 0.1 levels, respectively.

Table S9. Other Robustness Tests Results
	Variables
	Multi-period DDD
	Replace Measures
	Exclude Migrating Enterprises
	Include Lagged Terms

	
	(1)
	(2)
	(3)
	(4)
	(5)

	
	ESG
	Hexun
	Huazheng
	ESG
	ESG

	EST
	0.008**
	0.227*
	0.750*
	0.014**
	0.011**

	
	(0.003)
	(0.110)
	(0.353)
	(0.005)
	(0.004)

	Treat × Period
	
	-0.043
	-0.268
	-0.005
	-0.004

	
	
	(0.047)
	(0.318)
	(0.004)
	(0.005)

	Treat × Energy
	
	0.062
	0.212
	-0.001
	0.006

	
	
	(0.283)
	(2.646)
	(0.039)
	(0.031)

	Period × Energy
	
	-0.006
	-0.634**
	-0.011***
	-0.007*

	
	
	(0.089)
	(0.268)
	(0.004)
	(0.003)

	L1.ESG
	
	
	
	
	0.307***

	
	
	
	
	
	(0.019)

	Controls
	Yes
	Yes
	Yes
	Yes
	Yes

	Industry × Year FE
	Yes
	No
	No
	No
	No

	Province × Year FE
	Yes
	No
	No
	No
	No

	Individual FE
	Yes
	Yes
	Yes
	Yes
	Yes

	Industry FE
	Yes
	Yes
	Yes
	Yes
	Yes

	Province FE
	Yes
	Yes
	Yes
	Yes
	Yes

	Year FE
	Yes
	Yes
	Yes
	Yes
	Yes

	Obs
	27,517
	8,945
	10,256
	10,114
	10,127

	R2
	0.621
	0.500
	0.639
	0.624
	0.660


Note: Robust standard errors in parentheses, ***, **, and * indicate significance at the 0.01, 0.05, and 0.1 levels, respectively.

Table S10. City-Level Variable Definitions and Descriptive Statistics
	Symbol
	Measure
	Mean
	Std. Dev.
	Min
	Max

	CO2_ln
	Total Carbon Emissions (Ln)
	8.099
	0.417
	6.58
	11.539

	CO2_gdp
	Total Carbon Emissions / Regional GDP
	2.285
	1.992
	0.142
	15.731

	CO2_gdp1
	Scope 1 Carbon Emissions / Regional GDP
	1.487
	1.294
	0.086
	10.024

	CO2_gdp2
	Scope 2 Carbon Emissions / Regional GDP
	0.34
	0.312
	0.022
	2.714

	CO2_gdp3
	Scope 3 Carbon Emissions / Regional GDP
	0.457
	0.419
	0.025
	3.29

	EST
	DID Method
	0.24
	0.427
	0
	1

	GDP
	Regional GDP (Ln)
	16.807
	0.883
	14.619
	19.774

	Structure
	Share of Secondary Industry Output
	0.47
	0.09
	0.156
	0.759

	Industrial
	Number of Industrial Enterprises Above Designated Size (Ln)
	6.938
	0.989
	4.394
	9.384

	Foreign
	Share of Foreign-Invested Industrial Enterprises Above Designated Size
	4.668
	5.412
	0.242
	32.307

	Freight
	Road Freight Volume / Regional GDP
	0.076
	0.429
	0.006
	16.226

	Passenger
	Road Passenger Volume / Regional GDP
	0.042
	0.224
	0
	8.39

	Fiscal
	General Budget Fiscal Expenditure/Regional GDP
	18.088
	8.499
	6.562
	70.437

	Capital
	Year-End Deposit and Loan Balances / Regional GDP
	247.701
	108.468
	96.464
	1117.279

	Regulation
	Frequency of Energy Consumption-Related Terms in Government Work Reports
	0
	0
	0
	0


Note: Scope 1 refers to all direct emissions within the city's jurisdiction, primarily including greenhouse gas emissions from transportation and buildings, industrial production processes, agriculture, forestry, and land-use changes, as well as waste management activities. Scope 2 refers to energy-related indirect emissions occurring outside the city's jurisdiction, primarily including emissions from purchased electricity, heating, and/or cooling procured to meet urban consumption. Scope 3 refers to other indirect emissions caused by internal city activities that occur outside the jurisdiction but are not included in Scope 2. This includes greenhouse gas emissions from the production, transportation, use, and waste disposal of all goods purchased by the city from outside its jurisdiction.

Table S11. Additional Analyses Results
	Variables
	Regional Carbon Emissions
	Regional Carbon Emission Sources
	Corporate Carbon Emissions

	
	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)

	
	CO2_ln
	CO2_gdp
	CO2_gdp1
	CO2_gdp2
	CO2_gdp3
	CO2_ln
	CO2_intensity

	EST
	0.009
	-0.146**
	-0.096**
	0.002
	-0.052**
	0.060
	-0.357**

	
	(0.008)
	(0.060)
	(0.040)
	(0.015)
	(0.020)
	(0.054)
	(0.135)

	Treat × Period
	
	
	
	
	
	-0.021
	0.216***

	
	
	
	
	
	
	(0.020)
	(0.058)

	Treat × Energy
	
	
	
	
	
	-0.351
	-1.498

	
	
	
	
	
	
	(0.228)
	(0.856)

	Period × Energy
	
	
	
	
	
	-0.024
	0.249*

	
	
	
	
	
	
	(0.036)
	(0.117)

	Controls
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes

	City FE
	Yes
	Yes
	Yes
	Yes
	Yes
	No
	No

	Year FE
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes

	Individual FE
	No
	No
	No
	No
	No
	Yes
	Yes

	Industry FE
	No
	No
	No
	No
	No
	Yes
	Yes

	Province FE
	No
	No
	No
	No
	No
	Yes
	Yes

	Obs
	1,523
	1,523
	1,523
	1,523
	1,523
	8,082
	8,082

	R2
	0.974
	0.982
	0.979
	0.922
	0.903
	0.956
	0.177


Note: Robust standard errors in parentheses, ***, **, and * indicate significance at the 0.01, 0.05, and 0.1 levels, respectively.

Supplementary Figures
[image: 3图_01]
Fig. S1. Balance Tests Results
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Fig. S2. Joint Support Tests Results
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Fig. S3. Placebo Test
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Fig. S4. Multi-period Parallel Trend Test

Supplementary Note 1
1.1 Literature Review
The sustainable development and ESG performance of energy-intensive enterprises has drawn growing attention (Bolton & Kacperczyk, 2021; Huang & Ge, 2024; Su & Zhao, 2025). Concurrently, electricity market reforms, a central pillar of energy transition, have been extensively studied, with existing research focusing on price transmission, efficiency gains, and emissions outcomes. While these studies have advanced our understanding of environmental, social, and governance dimensions separately, the specific mechanisms through which price signals translate into measurable ESG improvements remain largely unexamined.
Most researchers have primarily focused on the environmental outcomes of electricity market reforms, and within this literature, resource allocation efficiency has played a central role. A consistent body of evidence shows that differential electricity pricing enhances energy efficiency and optimizes production processes (Zheng et al., 2021), that participation in peak shaving and demand response expands corporate revenue streams (Yang et al., 2021), and that real-time pricing drives firms to strengthen energy management and reduce emissions (Rai & Nunn, 2020; Ambec & Crampes, 2021). In the Chinese context, studies also confirm that market-oriented reforms reduce carbon emissions by promoting renewable energy integration (Wang & Wang, 2023; Cheng et al., 2024; Yi et al., 2024). However, carbon market policies present a more nuanced picture. For instance, Tan & Lin (2022) noted that carbon trading policies may suppress short-term corporate profits while reducing carbon emissions. Similarly, Zhao et al. (2022)a and Zhao et al. (2024)a found that carbon policies incentivize green innovation but may also curb investment, creating a tension between short-term costs and long-term environmental benefits. Despite these robust findings, most studies treat firms as black boxes, leaving the internal mechanisms, particularly how price signals translate into measurable ESG improvements, largely unexplored.
As ESG concepts have gained prominence, some scholars have turned to the social dimension of electricity markets, with particular emphasis on labour and employee governance. Several studies converge on the finding that electricity market development affects human capital accumulation. For example, Vidart (2024) showed historically that electrification shaped labour markets by expanding opportunities for skilled women. Zhao et al. (2024)b further documented that large-scale electricity infrastructure projects shift employment composition and skill demand, underscoring workforce adaptability. In addition, renewable energy development, carbon pricing, and long-term growth benefits of transmission projects all positively influence or rely on human capital investment (Shi et al., 2026; Sun & Min, 2024). In contrast, Pimentel Da Silva (2021) revealed a gap between CSR disclosure rhetoric and substantive governance practices in energy companies, suggesting that symbolic reporting may not reflect genuine employee-focused improvements. Yet, despite these insights, no existing research has systematically tested whether electricity market reform-induced price volatility leads to measurable improvements in employee compensation, protection, and training, or whether such improvements mediate social ESG performance.
A parallel stream of research has examined how electricity markets affect corporate cost management and operational governance. On the positive side, smart electricity market designs can minimize both operating costs, for instance through optimized demand response and renewable energy integration (Alhasnawi et al., 2025). Similarly, well-structured electricity markets can reduce the levelised cost of energy for advanced electro-fuel systems incorporating carbon capture and utilisation (McDonagh et al., 2019). However, market reforms also introduce challenges, such as liquidity costs and noisy price signals (Graf et al., 2024). More broadly, price volatility creates significant risk management difficulties, including declining derivative liquidity, long memory in returns, and so on (Pena, 2023; Flottmann et al., 2024). In China, volatility spillovers across carbon, energy, and electricity markets have been documented (Wang et al., 2024), and carbon allowances can lower downside risk (Vaissalo et al., 2024). Nevertheless, these studies focus on financial instruments or aggregate market outcomes rather than operational firm behaviour, and none have examined how firms' operational responses to price volatility, such as load shifting, real-time monitoring, and internal control systems, translate into enhanced ESG performance.
Taken together, these three streams of literature have advanced our understanding of electricity market reforms but remain fragmented across environmental, social, and governance dimensions. The importance of institutional reforms in driving corporate ESG performance has been further highlighted by recent research in the Chinese context (Zhou et al., 2025). Concurrently, the Coase Theorem and stakeholder theory have been widely applied in energy reform research (Wu et al., 2022; Wang et al., 2025; Torma & Aschemann-Witzel, 2024; Fejzic & Usher, 2025). Building on these foundations, the present study integrates a modified Coasean perspective, which explicitly acknowledges transaction costs and government intervention, with stakeholder theory. Rather than treating firms as black boxes, we propose several mechanisms through which EST influences ESG performance. By systematically identifying these causal pathways, this study fills the gap between macroeconomic analyses of electricity market reforms and micro-level understanding of corporate sustainability responses.

Supplementary Note 2
2.1 Institutional Context and Case
2.1.1 Institutional Context
In August 2017, China issued the Notice on Launching Pilot Programs for Electricity Spot Market Development, designating eight regions as the first batch of pilot zones for ESMR. According to this document, the first batch of eight pilots was chosen based on local governments' willingness, preliminary work progress, and regional conditions, including electricity supply-demand dynamics, grid structure, and the degree of marketization. The central government, through the National Development and Reform Commission and the National Energy Administration, played a decisive role in designating these regions to ensure representativeness and feasibility. In March 2021, China initiated the second batch of pilot programs to further advance the development and refinement of electricity spot markets. Pilot regions for ESMR are listed in Supplementary Table S1. In 2022, China issued the Guiding Opinions on Accelerating the Construction of a Unified National Electricity Market System, further promoting the role of electricity markets in supporting the clean energy and low-carbon transition.
Table S1. Pilot Regions for China's Electricity Spot Markets
	Batch
	Location
	Province

	First Batch
	Eastern Region
	Guangdong

	
	
	Zhejiang

	
	
	Shandong

	
	
	Fujian

	
	Central Region
	Shanxi

	
	Western Region
	Inner Mongolia

	
	
	Sichuan

	
	
	Gansu

	Second Batch
	Eastern Region
	Shanghai

	
	
	Jiangsu

	
	
	Liaoning

	
	Central Region
	Henan

	
	
	Anhui

	
	
	Hubei



Currently, China's electricity market has established an integrated system comprising spot markets, medium-to-long-term markets, and ancillary service markets. This system aims to achieve efficient allocation of electricity resources and provides a critical platform for energy-intensive enterprises to participate in market-based transactions. As the core component, the spot market, comprising day-ahead and intraday markets, generates time-of-use and zone-specific price signals through centralized auctions and bilateral negotiations, guiding enterprises to optimize electricity consumption. Energy-intensive industries such as steel and chemicals play a pivotal role in the power market due to their substantial electricity consumption and persistent load characteristics (Wang & Zhang, 2022).
In the day-ahead market, enterprises submit their next-day electricity demand based on production plans. The trading center generates clearing results based on node marginal prices by integrating generation-side bids and system load forecasts, providing clear price guidance for enterprises (Zhao et al., 2022b). The intraday market further signals short-term price fluctuations. Enterprises can leverage demand response mechanisms to reduce load during high-price periods and increase consumption during low-price periods, thereby effectively controlling electricity costs. The ancillary services market enhances grid stability through services like frequency regulation and peak shaving. Energy-intensive enterprises, leveraging their load-adjustable characteristics, actively participate in peak shaving services. By voluntarily reducing loads during peak consumption periods, they not only receive economic compensation but also alleviate grid operational pressures (Wang et al., 2023). Medium-to-long-term markets provide enterprises with guaranteed base electricity volumes and prices, forming risk hedging and strategic complementarity with spot market prices (Guo et al., 2021).
This multi-tiered market mechanism drives energy-intensive enterprises to implement refined electricity management and advance energy-saving technological upgrades through real, dynamic electricity price signals. Consequently, EST can reduce energy-intensive enterprises' electricity costs while promoting their green and low-carbon transformation (Zhang, 2019).
2.1.2 An Illustrative Case: GCL Energy Technology
To illustrate how EST translates into specific, measurable firm behaviors and ultimately enhances ESG performance, we examine GCL Energy Technology (002015.SZ), a Chinese listed company deeply engaged in energy asset operation and integrated energy services. According to the firm's 2025 Sustainability Report report[footnoteRef:0], GCL explicitly identifies rapid development of new business models such as electricity spot market, demand response, and virtual power plants as a major climate opportunity with high impact. Its corresponding strategy involves integrating customer-side power and load resources, building virtual power plant platforms using AI technology, and optimizing bidding strategies to participate in electricity market trading. This direct engagement with EST makes GCL an ideal case for tracing theoretical pathways to observable actions. [0:  See: https://www.gcl-et.com/esg.html] 

First, GCL systematically carries out energy-saving retrofits by upgrading existing equipment, improving production processes, and building digital intelligent control platforms, thereby achieving intelligent energy management. These efforts effectively reduce energy waste during production and significantly improve overall operational efficiency. The company also focuses on resource-efficient utilization and circular development across the full life cycle of power plant operations, promoting resource recycling and compliant disposal of waste. Through technological optimization, operational efficiency enhancement, and whole-process control, GCL continuously improves resource intensity, refines closed-loop management of energy saving, water saving, material saving, and waste reduction, steadily realizing green environmental protection and circular development. These concrete actions directly correspond to the environmental behavioral indicators, including investing in energy-efficient technologies, optimizing production processes, and participating in demand-side resource integration.
Second, to support operational flexibility under volatile electricity prices, GCL advances production and operational optimization through refined energy consumption management. Each subsidiary appoints dedicated energy-saving supervisors, establishes a comprehensive energy-saving supervision network, and assigns clear responsibilities for implementing corporate energy-saving targets. Routine inspections of employees' daily energy use are conducted regularly. Meanwhile, the company organizes periodic energy-saving business training to enhance employees' awareness and operational compliance, and incorporates energy-saving performance into the assessment system, forming a long-term mechanism that combines incentives and constraints. These practices reflect the improved employee training, protection, and performance-linked incentives.
Third, GCL has issued internal energy management regulations, including the Energy Conservation Work Management Standard, the Energy Conservation, Emission Reduction, and Award/Penalty Management System, and the Energy Conservation Technology Supervision and Management Standard, thereby establishing a robust internal energy management system to ensure the implementation of energy-saving efforts. The production management department and relevant units regularly review and analyze energy consumption reports, conduct monthly electricity and water balance calculations, and continuously inspect and evaluate production equipment to promptly identify abnormal energy use and arrange timely repairs, reducing energy waste at the source. Through these systematic governance practices, the company strengthens its ability to smooth out energy costs and enhance operational stability.
As a result of these EST-driven improvements, the company's Wind ESG rating improved from A to AAA, and its MSCI ESG rating rose from B to BBB in consecutive years. Taken together, GCL's experience provides concrete, traceable evidence that EST price signals induce firms to adopt measurable behaviors across all three ESG dimensions.

2.2 Theoretical Framework
The Coase Theorem provides a foundational lens for understanding how market mechanisms can resolve externalities through property rights clarification and costless bargaining (Coase, 2013). However, as the theorem itself acknowledges, its strong conclusions rely on the assumption of zero transaction costs, a condition rarely met in real-world electricity markets. These markets are characterized by high information asymmetries, contractual incompleteness, and significant government intervention, such as price caps, administrative allocations, and grid access regulations (Cicala, 2015; Joskow, 2008). In the context of China's ongoing power market reforms, transaction costs remain substantial. Enterprises face learning costs in understanding volatile spot prices, monitoring costs for real-time adjustments, and enforcement costs for demand response commitments. Moreover, the government retains influence over market design, including setting price floors and ceilings, determining renewable dispatch priorities, and managing interprovincial trade barriers.
Consequently, while EST moves allocation toward a Coasean ideal, it operates in a second-best world where price signals are not perfectly transmitted, and firms' responses are bounded by cognitive limitations, adjustment costs, and institutional frictions (Allcott, 2011). We therefore adopt a modified Coasean perspective. EST reduces transaction costs without eliminating them, and its effectiveness depends critically on how well market institutions mitigate remaining frictions.
To complement this economic logic, stakeholder theory explains why price signals translate into heterogeneous ESG responses (Freeman, 2010). Energy-intensive firms face diverse stakeholder pressures from regulators, local communities, employees, investors, and nongovernmental organizations. Each stakeholder group evaluates corporate performance along environmental, social, and governance dimensions (Eccles et al., 2014). EST reshapes these pressures by altering the cost-benefit calculus of ESG investments, but the transmission mechanism is neither automatic nor uniform. Stakeholder theory suggests that firms strategically adopt ESG practices when such practices reduce stakeholder-related risks, for example, community opposition or regulatory fines, or enhance access to stakeholder-provided resources, such as green financing or talent attraction.
Thus, integrating both theories yields a more nuanced framework. Coasean price signals create economic incentives for operational adjustments, while stakeholder pressures determine which adjustments are recognized and rewarded as ESG improvements.

2.3 Research Hypotheses
2.3.1 Positive Mechanisms with Long-term Orientation
Theoretically, EST enhances ESG performance through three channels, including resource allocation efficiency, employee governance, and operational stability. As mentioned in the case analysis, GCL Energy Technology, which explicitly identifies EST as a major climate opportunity, illustrates these pathways in practice. The firm systematically upgrades equipment and production processes, builds a digital intelligent control platform, and organizes regular energy-saving training linked to performance evaluation. It also enforces internal energy management standards, such as the Energy Conservation Work Management Standard, and continuously reviews energy consumption reports to identify and repair abnormal usage. Through these concrete actions, GCL has raised its ESG ratings significantly. We now elaborate each theoretic mechanism in detail.
First, EST can optimize resource allocation for energy-intensive enterprises, thereby driving improvements in their ESG performance. The Coase Theorem posits that efficient pricing mechanisms reduce transaction costs and redirect resources from inefficient to efficient uses. Electricity spot markets reflect the scarcity and spatiotemporal distribution of power resources through day-ahead and real-time pricing signals (Finn & Fitzpatrick, 2014). These price signals make the marginal cost of electricity visible and time-varying. To internalize peak-hour cost spikes, enterprises adjust production schedules, e.g., shifting load to off-peak periods, invest in energy-saving technologies, and participate in demand response. This responsiveness not only lowers electricity costs but also reduces carbon emissions and environmental pollution per unit of output (Tang et al., 2023). Critically, the effectiveness of this transmission depends on transaction cost levels. Where monitoring and enforcement costs are high, as in firms lacking real-time metering, price signals may be muted and the environmental response weaker.
Stakeholder theory complements this logic by explaining why such efficiency gains translate into improved ESG outcomes. When enterprises reduce pollution through optimized resource allocation, they directly address the environmental concerns of local communities and regulators, thereby establishing a green and responsible image. Thus, the mechanism operates only when stakeholder visibility is sufficient to reward such improvements, a boundary condition often overlooked in pure Coasean accounts. Moreover, spot price signals incentivize enterprises to actively engage in demand-side response by curtailing loads during grid peak periods and shifting consumption to off-peak renewable electricity, thereby promoting clean energy integration (Pinson & Madsen, 2014). This not only helps enterprises achieve environmental goals but also improves community health by reducing pollution emissions, aligning with stakeholder expectations while enhancing governance transparency through disclosure of energy-saving outcomes. Thus, Coasean efficiency gains create the capacity for environmental improvement, while stakeholder pressures provide the motivation to realize and communicate these improvements as part of ESG performance. Thus, we propose:
H2a: EST enhances the ESG performance of energy-intensive enterprises by improving resource allocation efficiency.
Second, EST can optimize employee governance mechanisms in energy-intensive enterprises, thereby driving improvements in ESG performance. Stakeholder theory emphasizes that employees constitute critical internal stakeholders. Spot trading requires stronger electricity management and scheduling capabilities, prompting internal governance enhancements and workforce restructuring (Zhao et al., 2024b; Bretschger & Jo, 2024). Price volatility makes labor deployed during expensive peak hours relatively more costly. To internalize this differential cost, firms invest in employee compensation and protection to retain a flexible workforce willing to work off-peak shifts, and increase training expenditure to build real-time decision-making skills. On the one hand, enterprises must establish or strengthen energy management departments to enhance employees' expertise in electricity decision-making and energy efficiency management. These investments in human capital, reflected in higher employee salaries and protection levels as well as increased training expenditure, not only improve labor productivity but also signal commitment to employee development, a core dimension of social performance. On the other hand, through refined electricity scheduling, companies can optimize production planning and labor allocation. For instance, reducing production shifts during peak pricing periods achieves more efficient human resource deployment, which boosts employee productivity and satisfaction and enables more stable fulfillment of responsibilities toward customers, suppliers, and communities.
The modified Coase Theorem provides the underlying economic logic for these organizational changes. The clear price signals generated by spot markets reduce information asymmetry and internal transaction costs without eliminating them, making it economically rational to reallocate human resources toward higher-value activities and to invest in employee capabilities that yield long-term efficiency gains. However, this logic assumes that firms have the managerial capacity to interpret price signals and redesign work schedules accordingly. In firms with weak internal governance, the employee mechanism may fail despite clear price incentives. The resulting improvements in productivity and workforce stability are not merely cost-saving measures but also mechanisms for meeting stakeholder expectations. When employees perceive that the firm invests in their skills and organizes work efficiently, their trust and commitment increase, reducing turnover and enhancing the firm's social reputation. Thus, Coasean price signals create the economic rationale for optimizing human capital, while stakeholder theory explains why such optimization enhances social and governance performance. Thus, we propose:
H2b: EST enhances the ESG performance of energy-intensive enterprises by strengthening employee governance.
Third, EST can enhance the operational stability of energy-intensive enterprises, thereby driving improvements in their ESG performance. From a Coasean perspective, spot markets reduce transaction costs and provide continuous price signals that enable enterprises to make more informed and timely adjustments to their operations. Price volatility introduces uncertainty into energy costs. To internalize this risk, firms engage in inter-temporal arbitrage and invest in real-time monitoring systems, internal controls, and risk management frameworks. On the one hand, spot markets provide arbitrage and cost optimization opportunities through price fluctuations. Enterprises can smooth energy costs and reduce cash flow and profit volatility by adjusting production schedules, reducing loads during high-price periods and increasing consumption during low-price periods (Bushnell et al., 2008). This smoothing of energy expenditures reduces uncertainty in financial planning and enhances the predictability of operating cash flows, a direct manifestation of reduced transaction costs in energy procurement. On the other hand, to effectively manage spot trading risks, companies must establish robust internal trading systems, strengthen financial oversight, and enhance information disclosure, thereby improving governance transparency and decision-making standardization (Jo & Harjoto, 2012). These governance improvements represent investments in organizational capabilities that further reduce internal transaction costs and information asymmetries.
Furthermore, operational stability is conducive to enterprises improving their ESG performance. On the one hand, greater operational stability reduces earnings volatility and frees up financial resources that would otherwise be consumed by energy cost fluctuations (Ortiz-de-Mandojana & Bansal, 2016). Stable cash flows enable firms to make credible long-term commitments to social investments that stakeholders value. Examples include employee training programs, occupational health and safety upgrades, community development projects, and local infrastructure support. Unlike firms facing volatile profits, those with stable cash flows can allocate predictable budgets to social initiatives without jeopardizing core operations. On the other hand, operational stability enhances a firm's resilience to external shocks, such as grid congestion or fuel price spikes, enabling it to maintain employment, fulfill contracts with local suppliers, and support community services even during periods of market stress. This reliability signals trustworthiness to stakeholders, building reputational capital that pays off in the form of stronger social license to operate, easier recruitment, and lower regulatory scrutiny (Flammer, 2015).
Stakeholder theory explains that local communities and employees value consistent, predictable corporate behavior because it reduces their own exposure to economic volatility. A firm that avoids sudden layoffs or plant shutdowns due to energy cost spikes earns stakeholder goodwill that is directly reflected in social performance ratings. Thus, Coasean logic explains how spot markets reduce procurement transaction costs and enable operational smoothing, while stakeholder theory explains why the resulting stability, specifically the capacity for long-term social investment and the demonstration of resilience, meets stakeholder expectations for social responsibility. Thus, we propose:
H2c: EST enhances the ESG performance of energy-intensive enterprises by increasing operational stability.
2.3.2 Negative Mechanisms with Short-term Orientation
EST may also generate adverse effects on ESG performance by fostering enterprises' short-termism. The volatility and unpredictability of spot electricity prices create an environment conducive to short-term decision-making (Laverty, 1996). We propose that EST activates enterprises' short-termism along both management and investment channels, which in turn undermines ESG performance. Stakeholder theory also provides an additional angle, when stakeholders perceive that the firm has become short-term oriented, they may reduce their trust and cooperation, further damaging the firm's social license to operate and long-term reputation.
First, frequent and large price fluctuations in spot markets require managers to constantly monitor and react to immediate price signals. This high-frequency adjustment focus may crowd out attention to long-term strategic issues, including ESG initiatives that typically yield benefits over multiple years. Managers facing volatile energy costs may prioritize operational tactics, such as daily production scheduling and load shifting, over developing robust environmental management systems, fostering a long-term oriented corporate culture, or implementing comprehensive employee welfare programs. Moreover, the need to demonstrate timely responses to price changes can lead to the adoption of decision-making heuristics that favor short-term cost savings over long-term value creation. As a result, EST may induce a management style characterized by reduced strategic planning horizons, weakened commitment to sustainability goals, and diminished investment in organizational capabilities that underpin ESG performance (Zhang et al., 2025). Thus, we propose:
H3a: EST induces short-termism in management, which in turn reduces the ESG performance of energy-intensive enterprises.
Second, the uncertainty introduced by spot price volatility may also distort corporate investment portfolios. To hedge against energy cost risks and preserve financial flexibility, managers may shift capital away from long-term, illiquid ESG projects toward short-term, liquid financial assets (Lan et al., 2024). For example, firms might increase holdings of trading financial assets, available-for-sale financial assets, and held-to-maturity investments, which can be easily liquidated in response to cash flow needs arising from price spikes. In contrast, investments in pollution abatement equipment, renewable energy facilities, employee training programs, and governance system upgrades typically require substantial upfront commitments and generate returns over extended periods. The perceived risk of being locked into long-term spending while facing volatile energy costs may discourage such investments.
Furthermore, the pressure to maintain stable earnings in the face of fluctuating energy expenditures can incentivize managers to favor short-term financial assets that smooth reported profits, rather than long-term productive assets that improve ESG performance but introduce earnings volatility. Consequently, EST may reduce ESG outcomes by crowding out long-term investments through a portfolio shift toward short-term financial instruments. Thus, we propose:
H3b: EST induces short-termism in investment, which in turn reduces the ESG performance of energy-intensive enterprises.
2.3.3 Heterogeneity Impact: Institutional Environment and Market Competition
According to the modified Coasean perspective, the effectiveness of price signals in reducing transaction costs and guiding corporate behavior depends critically on the maturity of market institutions and the intensity of competitive pressures. Similarly, stakeholder theory suggests that firms' responsiveness to price signals is shaped by the salience and power of stakeholder expectations, which vary with regional institutional environments and market structures. Therefore, we further examine two contextual factors that may moderate the relationship between EST and ESG performance, including regional marketization and firm-level supplier concentration.
First, marketization reflects the degree of economic freedom, the development of factor markets, and the maturity of institutional frameworks. In regions with higher marketization levels, market mechanisms are more fully developed, information asymmetries are lower, and government intervention is more restrained (Cheng et al., 2025). From a modified Coasean perspective, these conditions further reduce the transaction costs that otherwise impede the transmission of price signals. Enterprises in highly marketized regions face fewer administrative distortions, such as price caps or preferential allocations, and thus receive clearer and more reliable signals from spot markets. Consequently, they can more effectively adjust production schedules, invest in energy-efficient technologies, and internalize environmental costs. Moreover, stakeholder pressures from regulators, investors, and local communities are more pronounced in marketized environments, as green finance and public environmental oversight are better developed. This aligns with stakeholder theory. When stakeholders expect rapid environmental improvements, firms are more motivated to translate price signals into tangible ESG actions. Furthermore, higher marketization levels help curb enterprises' short-termism. In well-functioning market environments, firms face stronger long-term oriented incentives from capital markets and stricter external governance, which reduce the likelihood that managers will sacrifice long-term ESG investments for immediate cost savings in response to spot price volatility.
A particularly relevant dimension of marketization is the development level of the non-state-owned economy. Regions with a strong non-state sector typically exhibit greater market orientation, private sector vitality, and flexibility in resource allocation. Enterprises in such regions are more adaptable to market reforms and more willing to adopt innovative energy-saving technologies. Furthermore, the non-state economy is often subject to stronger competitive pressures and financing constraints, making ESG performance a critical tool for accessing capital and building reputation. At the same time, the non-state sector's emphasis on market discipline and long-term reputation mitigates managerial myopia, as short-term opportunistic behavior would quickly erode stakeholder trust and access to resources. Thus, we propose:
H4a: The positive effect of EST on the ESG performance of energy-intensive enterprises is stronger in regions with higher levels of marketization and non-state-owned economic development.
Second, low supplier concentration implies a competitive supplier market, where enterprises have multiple alternative sourcing options and face stronger price and quality competition (Li et al., 2025). Under such competitive conditions, cost control and operational efficiency become paramount for survival and profitability. EST introduces price volatility that amplifies the financial consequences of energy consumption, thereby creating stronger incentives for enterprises to reduce energy costs through demand response, load shifting, and investment in energy efficiency. From a Coasean perspective, competitive markets already feature lower transaction costs in procurement. EST further reduces energy-related transaction costs, and the combined effect enhances resource allocation efficiency.
Additionally, in low-concentration supplier markets, enterprises rely heavily on external financing and public trust. Strong ESG performance helps lower financing costs and differentiate firms from competitors. Stakeholder expectations, from investors, customers, and regulators, are more easily translated into corporate action when competitive pressures leave little room for slack. Intense market competition also serves as a natural check on enterprises' short-termism. When facing strong competitive pressures, firms cannot afford to focus solely on immediate cost reduction at the expense of long-term viability, such short-sighted behavior would quickly lead to loss of market share. Therefore, when supplier concentration is high (i.e., low competition), firms may have less incentive to respond to price signals, as they can pass on energy cost increases to captive suppliers or customers, and short-term thinking may go unchecked. Thus, we propose:
H4b: The positive effect of EST on the ESG performance of energy-intensive enterprises is stronger for firms with lower supplier concentration.

Supplementary Note 3
3.1 Identification Strategy and Addressing Endogeneity
The selection of EST pilot regions was not random but based on local governments' willingness, preliminary work progress, and regional conditions. This non-random assignment raises the concern that pre-existing regional trends correlated with both pilot status and ESG performance could bias conventional DID estimates. To mitigate this risk, we employ a DDD specification that exploits variation across three dimensions, including region distinguishing pilot from non-pilot areas, time distinguishing pre-reform from post-reform periods, and industry distinguishing energy-intensive sectors from other sectors. The triple interaction term captures the causal effect of EST on energy-intensive enterprises.
Formally, our DDD estimator compares the change in ESG performance of energy-intensive firms in pilot regions against three distinct control groups that isolate different sources of confounding. The first control group consists of non-energy-intensive firms in the same pilot regions. These firms experience the same regional economic shocks and policy environment but are not subject to the EST treatment because their electricity consumption intensity is low. The second control group comprises energy-intensive firms in non-pilot regions. These firms share similar industry characteristics and energy demand patterns but are not exposed to the reform. The third control group includes non-energy-intensive firms in non-pilot regions, which account for common time trends and other unobserved factors. In addition to the DDD structure, we include a rich set of control variables and multidimensional fixed effects in our regression model. These are described in detail in the following subsections and serve to absorb remaining firm-level, industry-level, and regional heterogeneity that might otherwise confound our estimates.
By subtracting the contemporaneous changes in these three control groups from the change observed in the treatment group, the DDD estimator differences out any bias arising from region-specific time-invariant heterogeneity such as local economic conditions, industry-specific time-invariant heterogeneity such as energy intensity, common time trends shared by all regions and industries, region-specific time trends that affect all industries equally, and industry-specific time trends that affect all regions equally. The only remaining variation is the differential effect of EST on energy-intensive firms in pilot regions relative to the counterfactual constructed from the three control groups. This design directly addresses the concern that non-random pilot selection might be correlated with pre-existing trends, because any such trends that are common to all regions or to all energy-intensive industries are differenced out.
Furthermore, we make several sample design choices that further mitigate endogeneity concerns. Most importantly, we designate the first-batch pilot regions that started in 2017 as the policy-treated regions, and the second-batch pilot regions that started in 2021 as the non-pilot control regions, while excluding enterprises from all other regions. Within this geographic framework, our DDD specification further distinguishes energy-intensive industries from non-energy-intensive industries. This means that the actual treatment effect is identified from energy-intensive firms located in the first-batch pilot regions, compared against three control groups described above. Both batches of pilot regions were selected under the same national criteria, and the only substantive difference between them is the timing of implementation. This choice maximizes the similarity between the policy-treated and non-pilot regions in terms of observable and unobservable regional characteristics, as both sets of regions were deemed qualified for the reform. Using second-batch regions as the geographic control group substantially reduces the risk that our estimates are driven by persistent differences between pilot and non-pilot areas.
Additionally, we conduct the parallel trends tests using both an event-study specification and the Honest DID approach. To further address endogeneity and ensure robustness, we implement a set of additional checks. These include instrumental variable estimation to tackle potential reverse causality, propensity score matching combined with DID to balance observable characteristics, placebo tests, controlling for concurrent policy interventions, extending the sample window to 2023 with a multi-period DDD design, and several other robustness exercises. Moreover, we provide direct evidence on real emission reductions. Taken together, these supplementary tests consistently support our main findings and reinforce the causal interpretation of our estimates.

3.2 Benchmark Regression Variables
ESG serves as the dependent variable, representing the enterprise's ESG performance. Drawing on existing research (Li & Zhu, 2024), we measure the ESG performance of sample enterprises using ESG ratings (Huazheng ESG) from Sino-Securities Index Information Service (Shanghai) Co., Ltd. We take the natural logarithm of the Huazheng ESG rating. First, this transformation allows us to interpret the coefficient on our treatment variable as the approximate percentage change in ESG performance, providing a more intuitive measure of economic significance than absolute point changes. Second, the percentage interpretation facilitates meaningful comparisons with the estimated effects of other policies and interventions, enabling us to benchmark the relative effectiveness of EST.
We select the Huazheng ESG rating for three primary reasons. First, compared to international ESG rating systems such as Bloomberg, FTSE Russell, and MSCI, Huazheng ESG covers a substantially broader range of Chinese listed companies, encompassing nearly all A-share listed firms. This comprehensive coverage ensures a larger and more representative sample for our analysis. Second, among domestic ESG rating systems including Hexun.com, SynTao Green Finance, and Wind, the Huazheng ESG rating features an earlier inception and higher update frequency, enabling complete coverage of our study's time window while maintaining extensive sample coverage. Third, regarding its methodological framework, Huazheng ESG references international mainstream approaches and practical experiences, incorporates core international ESG principles, and adapts these to China's national conditions and capital market characteristics. It designs a comprehensive evaluation indicator system comprising 3 pillars, 16 themes, and 44 key indicators[footnoteRef:1]. Consistent with recent studies on ESG performance in energy-intensive enterprises (Peng et al., 2024), we adopt the Huazheng ESG rating as our primary measure. We acknowledge the limitations of ESG ratings, including potential divergence across different rating agencies. However, the robustness checks using alternative ratings help mitigate such concerns (Zou et al., 2025). Therefore, we subsequently conduct alternative tests using ESG rating data from Hexun.com. [1:  https://www.chindices.com/esg-ratings.html] 

Treat × Period × Energy is the explanatory variable for EST, abbreviated as EST in the following text, constructed using the DDD model. Here, Treat is a dummy variable: it takes a value of 1 if the enterprise is registered in one of the first batch of electricity spot market pilot regions in 2017, and 0 otherwise. Period is a dummy variable: it takes a value of 1 if the year is 2017 or later, and 0 otherwise. Energy is a dummy variable valued at 1 if the enterprise belongs to an energy-intensive industry, and 0 otherwise. The definition of energy-intensive industries follows the standards of the National Bureau of Statistics of China, cross-referenced with the China Securities Regulatory Commission (CSRC) industry classification (2012 Edition), as detailed in Supplementary Table S2.
Table S2. Classification of Energy-Intensive Industries
	Primary Category
	Secondary Category
	Secondary Category Code

	Manufacturing
	Petroleum, Coal, and Other Fuel Processing
	C25

	
	Chemical Raw Materials and Chemical Products Manufacturing
	C26

	
	Non-metallic Mineral Products Manufacturing
	C30

	
	Ferrous Metal Smelting and Rolling Processing
	C31

	
	Non-ferrous Metal Smelting and Rolling Processing
	C32

	Electricity, Heat, Gas, and Water Production and Supply
	Electricity and Heat Production and Supply
	D44



Controls represents a set of potential moderating variables influencing corporate ESG performance. Drawing from existing literature on ESG performance (Li & Zhu, 2024), we control for the following variables. First, we control for enterprise characteristics and financial metrics. On the one hand, we control for enterprise size (Size) and listing duration (Ltime), as larger enterprises with longer operational histories typically possess greater capacity and responsibility to enhance ESG performance. On the other hand, we control for corporate leverage (LEV) and profitability (ROA), as capital structure and profitability are key determinants of core competitiveness and significant factors influencing ESG practices.
Second, we control corporate governance structures (Liang & Li, 2025), primarily including board size (Board), proportion of independent directors (Ind_r), equity concentration (Top1), ownership structure (SOE), and management shareholding ratio (Share). 
In particular, we have also set up a dummy variable to measure whether the enterprise has established a dedicated environmental management system (EPS). Corporate governance structures directly impact a company's ESG governance level and indirectly influence environmental protection and social responsibility fulfillment by affecting corporate decision-making.
Third, we control for regional industrial structure (Industry) and marketization level (Market). On the one hand, regional industrial composition and upgrading profoundly shape sustainable development, a higher share of secondary industry GDP correlates with greater pollutant emissions and resource consumption. On the other hand, electricity market transactions inherently represent market-oriented reforms, significantly influenced by regional marketization levels.

3.3 Mechanism Variables
Resource denotes the enterprise's resource allocation efficiency. Following Alder (2016), we use total factor productivity (TFP) as a proxy variable. Higher TFP indicates greater resource allocation efficiency. To ensure robustness in mechanism testing, we measure TFP using two methods: OLS and GMM (Wooldridge, 2009), denoted as Resource_OLS and Resource_GMM.
Employee denotes employee governance effectiveness. We analyze this mechanism from two perspectives, including employee salary and security levels, and employee training. First, drawing on the enterprise common prosperity index jointly developed by CSMAR and the Sustainable Development and Corporate Social Responsibility Research Team of East China Normal University (Chen et al., 2025), we use its key indicators of employee salary and security to construct an index system (see Supplementary Table S3). We standardize each indicator, then map it to a scale of 0 to 100, and take the average of all indicators as the final score. We then take the logarithm of the scores as the measure of this variable (Employee_SS). Second, we aggregate employee education and training expenses from the detailed sub-accounts of employee compensation payable and scale this by the total number of employees (Employee_train). This ratio represents per capita education and training expenditure, capturing the drivers of improved employee productivity. Given the pronounced right-skewed distribution of employee education and training expenses, we further log-transform this ratio.
Table S3. Employee Salary and Security Index System
	Dimension
	Indicator
	Measurement
	Direction

	Employee Salary
	Salary Contribution per Share
	Total employee compensation / Total number of shares
	Positive

	
	Employee Profit Sharing
	Number of employee shareholders / Total number of employees
	Positive

	
	Average Salary
	Accrued employee compensation / Number of employees
	Positive

	
	Employee Salary Growth Rate
	(Current year average salary - Prior year average salary) / Prior year average salary
	Positive

	
	Average Salary Ratio of Directors, Executives to Other Employees
	Average annual salary of directors and executives / Average annual salary of other employees
	Negative

	Employee Security
	Legal Employment
	Whether illegal employment (e.g., child labor) is disclosed; Yes = 1, No = 0
	Positive

	
	Safety Production Investment
	Safety production investment / Total operating revenue
	Positive

	
	Safety Production Level
	Severity of production accidents: Major accident = 1; Minor accident = 0.8; Occupational disease incident = 0.6; No occurrence or disclosure = 0. If multiple accidents occur in the same year, values are summed.
	Negative

	
	Occupational Health Protection
	Whether occupational health protection is disclosed; Yes = 1, No = 0
	Positive

	
	Employee Social Security Fund Contribution Ratio
	Social security expenses / Total employee compensation
	Positive

	
	Commercial Insurance
	Commercial insurance contributions / Operating revenue
	Positive

	
	Employee Rights Protection
	Number of employee rights disputes / Total number of employees
	Negative



Operational indicates operational stability. We measure stability inversely by quantifying the volatility of corporate cash flow and profitability. Specifically, we first standardize cash flow and earnings before interest and taxes (EBIT) against total assets, then calculate their standard deviations from period t-2 to period t, denoted as Operational_Cash and Operational_Profit. Lower values indicate smaller fluctuations in cash flow and profitability over three consecutive years, signifying greater operational stability.
Short indicates enterprise short-sighted behavior. We measure this construct from two aspects, including management short-sightedness and investment short-sightedness. First, we calculate the frequency of short-sighted words in the management discussion and analysis (MD&A) section of the company's annual report to measure management short-sightedness. Specifically, we construct a management short-sighted word database containing 30 keywords, such as "difficulty" and "immediately". We then search for these keywords in the full text after excluding charts and tables, and compute the ratio of their total frequency to the total word count of the text.
Second, we use the ratio of the company's short-term financial assets to total assets to measure investment short-sightedness. Specifically, we treat "trading financial assets", "net available-for-sale financial assets", and "net held-to-maturity investments" as the company's short-term investments, and calculate their proportion relative to total assets.

3.4 Sample and Data
We construct a firm-level panel dataset spanning 2012 to 2020 by merging multiple authoritative databases. First, corporate ESG ratings are collected from the Sino-Securities Index Information Service (Shanghai) Co., Ltd., which provides comprehensive and timely ESG evaluation scores for Chinese listed firms. Second, firm-level financial and governance data, including balance sheet items, ownership structures, board characteristics, and environmental management system indicators, are extracted from the CSMAR database. Third, regional economic variables, such as industrial structure and marketization level, are derived from the China Statistical Yearbook and the China Market Index Database, respectively. Detailed data sources and URLs for each variable are provided in Supplementary Table S4.
Table S4. Data Sources
	Variable Symbol
	Sources
	URLs

	ESG
	Sino-Securities Index Information Service (Shanghai) Co., Ltd.
	https://www.chindices.com/esg-ratings.html#esg_indexes

	EST
	National Development and Reform Commission
	https://www.ndrc.gov.cn/xxgk/zcfb/tz/201709/t20170905_962552_ext.html

	Size
	CSMAR - Company Research Series - Financial Statements - Balance Sheet
	https://data.csmar.com/

	Ltime
	CSMAR - Company Research Series - Basic Information of Listed Companies - Annual Basic Information of Listed Companies
	

	LEV
	CSMAR - Company Research Series - Financial Indicator Analysis - Solvency
	

	ROA
	CSMAR - Company Research Series - Financial Indicator Analysis - Profitability
	

	Board
	CSMAR - Company Research Series - Operational Distress - Management Governance
	

	Ind_r
	CSMAR - Company Research Series - Operational Distress - Management Governance
	

	Top1
	CSMAR - Company Research Series - Shareholders - Equity Information
	

	Share
	CSMAR - Company Research Series - Operational Distress - Management Governance
	

	SOE
	CSMAR - Company Research Series - Operational Distress - Management Governance
	

	EPS
	CSMAR - Company Research Series - Environmental Research - Environmental Disclosure
	

	Resource_OLS
	CSMAR - Company Research Series - Financial Statements - Balance Sheet & Income Statement;
CSMAR - Governance Structure - Comprehensive Governance Information File
	

	Resource_GMM
	CSMAR - Company Research Series - Financial Statements - Balance Sheet & Income Statement;
CSMAR - Governance Structure - Comprehensive Governance Information File
	

	Employee_SS
	CSMAR - Collaborative Data - Corporate Common Prosperity - Primary Distribution
	

	Employee_train
	CSMAR - Company Research Series - Notes to Financial Statements - Current Liabilities
	

	Operational_Cash
	CSMAR - Company Research Series - Operational Distress - Financial Indicators
	

	Operational_Profit
	CSMAR - Company Research Series - Operational Distress - Financial Indicators
	

	Short_manage
	CSMAR - Collaborative Data - MD&A Keywords - Managerial Myopia
	

	Short_invest
	CSMAR - Company Research Series - Financial Statements - Balance Sheet
	

	Corporate Carbon Emissions
	CSMAR - Company Research Series - Environmental Research - Schedule of Corporate Environmental Emissions & Schedule of Resource Consumption
	

	Regional Carbon Emissions
	China Research Data Service
	https://www.cnrds.com/Home/Login

	Industry
	China Statistical Yearbook
	https://www.stats.gov.cn/sj/ndsj/

	Market
	China Market Index Database
	https://cmi.ssap.com.cn/



We limit the study period to 2020 for four primary reasons. First, this cutoff allows us to designate enterprises in the first-batch (2017) pilot regions as the geographic treatment group and those in the second-batch (2021) pilot regions as the geographic control group, while excluding firms from all other regions. This design ensures that both groups were selected under the same national criteria, with the only difference being the timing of implementation, thereby maximizing comparability between treatment and control groups (Gao & Zhao, 2025). Second, ending the sample in 2020 avoids the complications of staggered policy adoption, as the second-batch regions had not yet implemented the reform during our observation window. This mitigates the heterogeneity issues associated with multi-period DID (Athey & Imbens, 2022; Baker et al., 2022; Goodman-Bacon, 2021). Third, setting the cutoff to 2020 partially eliminates the impact of COVID-19, which caused severe disruptions in China from 2020 onward. Fourth, China launched its national carbon emission trading market in 2021, covering the power generation sector first; ending our sample in 2020 avoids interference from this concurrent policy.
After applying the above criteria, we obtain a dataset of Chinese listed companies from 2012 to 2020. To ensure data quality, we further cleaned the dataset. First, we excluded banking and financial sector enterprises due to their industry characteristics differing substantially from our research focus. Second, we excluded enterprises labeled as ST, ST*, or with a debt-to-asset ratio exceeding 1, as their financial conditions may be abnormal. Third, we removed enterprises with only one observation during the study period to meet the requirements for running the high-dimensional fixed effects model command (reghdfe). Ultimately, we finalized our sample at 1,671 enterprises, comprising 10,256 observations.


Supplementary Note 4
4.1 Endogeneity and Robustness Tests
4.1.1 IV-DID Test
Although the selection of EST pilot regions incorporated both locational factors and top-down institutional design, potential sample selection bias may still exist. To further mitigate endogeneity concerns, we combine an IV approach with the DID methodology. We construct the IV as the standard deviation of provincial on-grid electricity prices over the ten-year period from 2006 to 2015 (Hirth et al., 2024). First, as documented in policy documents, the selection of pilot regions comprehensively considered factors such as local electricity supply-demand dynamics and grid structure. Electricity price volatility reflects the intensity of regional electricity supply-demand fluctuations, thus, regions with higher price volatility face greater urgency to implement ESMR. We expect a significant positive correlation between historical price volatility and the likelihood of being selected as a pilot region.
Second, to enhance exogeneity, we restrict the calculation window to the ten years prior to 2015, deliberately excluding 2016 to avoid potential anticipation effects. This approach ensures that the IV is unlikely to directly influence firms' ESG performance except through the implementation of ESMR. Meanwhile, we also controlled a series of control variables, individual fixed effects, industry fixed effects, provincial fixed effects and year fixed effects in the model. These control variables and fixed effects substantially reduce the concern that historical electricity price volatility could be correlated with omitted variables that directly influence corporate ESG performance. By absorbing a wide range of potential confounders, our empirical strategy makes it more plausible that the IV affects ESG outcomes solely through its impact on electricity spot market pilot selection, thereby reinforcing the validity of the exclusion restriction. As the standard deviation is time-invariant, we interact it with the annual mean of provincial GDP to construct a time-varying IV.
The IV-DID results are presented in columns (1) and (2) of Table S5. In the first stage, the coefficient of IV is significantly positive, consistent with our expectation that regions with greater historical price volatility were more likely to be selected as pilot sites in 2017. The model also passes both underidentification and weak identification tests. In the second stage, after addressing endogeneity, the coefficient of EST_fit remains significantly positive, confirming that EST exerts a robust positive impact on corporate ESG performance even after accounting for selection bias.
Table S5. IV-DID Results
	Variables
	First Stage
	Second Stage

	
	(1)
	(2)

	
	EST
	ESG

	IV
	0.511***
	

	
	(0.139)
	

	EST_fit
	
	0.338**

	
	
	(0.163)

	Treat × Period
	0.185***
	-0.064**

	
	(0.006)
	(0.030)

	Treat × Energy
	0.426***
	-0.134*

	
	(0.038)
	(0.074)

	Period × Energy
	0.573***
	-0.197**

	
	(0.013)
	(0.094)

	Controls
	Yes
	Yes

	Individual FE
	Yes
	Yes

	Industry FE
	Yes
	Yes

	Province FE
	Yes
	Yes

	Year FE
	Yes
	Yes

	Obs
	10,256
	10,256


Note: Robust standard errors in parentheses, ***, **, and * indicate significance at the 0.01, 0.05, and 0.1 levels, respectively.

To address the concern about IV exogeneity, we also conducted a series of falsification tests. First, we ran a reduced-form regression of ESG performance on the IV using the full sample. Column (1) of Supplementary Table S6 Panel A shows a significant positive association. We then restricted the sample to the period before the EST pilot (i.e., pre-2017). Column (2) reveals no significant relationship between the IV and ESG performance in this pre-policy subsample. However, column (3) shows that after 2017, this IV was significantly positively correlated with ESG performance. This pattern indicates that historical electricity price volatility affects ESG outcomes only after the policy is in place, supporting the exclusion restriction that the IV operates solely through pilot selection.
Table S6. Falsification Tests
	Panel A: Simplified Regression

	Variables
	(1)
	(2)
	(3)

	
	ESG
	ESG
	ESG

	IV
	0.167**
	0.166
	0.496***

	
	(0.070)
	(0.196)
	(0.181)

	Controls
	Yes
	Yes
	Yes

	Individual FE
	Yes
	Yes
	Yes

	Industry FE
	Yes
	Yes
	Yes

	Province FE
	Yes
	Yes
	Yes

	Year FE
	Yes
	Yes
	Yes

	Obs
	10,256
	4,449
	5,651

	R2
	0.627
	0.706
	0.757

	Panel B: Power Path

	Variables
	(4)
	(5)
	(6)

	
	ESG
	Power
	ESG

	Power
	-0.188*
	
	

	
	(0.104)
	
	

	IV
	
	-0.025
	

	
	
	(0.023)
	

	Power_fit
	
	
	-6.562

	
	
	
	(6.424)

	Controls
	Yes
	Yes
	Yes

	Individual FE
	Yes
	Yes
	Yes

	Industry FE
	Yes
	Yes
	Yes

	Province FE
	Yes
	Yes
	Yes

	Year FE
	Yes
	Yes
	Yes

	Obs
	10,256
	10,256
	10,256

	R2
	0.627
	
	

	Panel C: Cost Path

	Variables
	(7)
	(8)
	(9)

	
	ESG
	Cost
	ESG

	Cost
	-0.021**
	
	

	
	(0.011)
	
	

	IV
	
	-0.067
	

	
	
	(0.093)
	

	Cost_fit
	
	
	-2.478

	
	
	
	(3.545)

	Controls
	Yes
	Yes
	Yes

	Individual FE
	Yes
	Yes
	Yes

	Industry FE
	Yes
	Yes
	Yes

	Province FE
	Yes
	Yes
	Yes

	Year FE
	Yes
	Yes
	Yes

	Obs
	10,256
	10,256
	10,256

	R2
	0.627
	
	


Note: Robust standard errors in parentheses, ***, **, and * indicate significance at the 0.01, 0.05, and 0.1 levels, respectively.

Second, we further examined two potential channels that might threaten the exclusion restriction, including electricity supply and cost. Specifically, we used regional power generation intensity (i.e., electricity generation per unit of GDP) as a proxy for local electricity supply conditions, and the firm's operating cost ratio as a proxy for electricity cost. Direct OLS regressions show that both variables have a significant negative association with ESG performance. This suggests that, if historically volatile regions indeed have weaker supply infrastructure or higher cost uncertainty, these factors could directly affect ESG outcomes. To test whether our IV actually operates through these channels, we conducted two separate 2SLS regressions using historical electricity price volatility as an IV for each channel. In both cases, neither the first-stage nor the second-stage results are statistically significant. The above test results are respectively shown in Supplementary Table S6 Panel B and Panel C. Therefore, the potential violation of the exclusion restriction through these pathways is unlikely, reinforcing the validity of the IV approach.
4.1.2 PSM-DID Test
To control for potential selection bias in ESMR, we employ propensity score matching (PSM) to address potential endogeneity issues in this study. Drawing on existing research, we select all control variables as covariates, compute their propensity scores, and then match samples using three methods: kernel matching, radius matching, and nearest neighbor matching.
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Fig. S1. Balance Tests Results

[image: 3图_02]
Fig. S2. Joint Support Tests Results

Before implementing PSM-DID, we conducted balance tests and common support tests to ensure matching quality. As shown in Figure S1, we plotted the standardized deviations of covariates before and after matching. Under all three matching methods, the standardized deviations of all covariates decreased significantly after matching and remained below 10%. This indicates that the comparability of covariates improved substantially after PSM. As shown in Figure S2, we plotted the range of propensity scores. Under all three matching methods, the ranges of propensity scores for the two groups became more overlapping after matching. These results confirm the effectiveness of our PSM approach. Table S7 reports the PSM-DID test results. Under all three matching methods, the EST coefficient is significantly positive. This indicates that the impact of EST on the ESG performance of energy-intensive enterprises remains robust when selecting bias through multiple matching methods.
Table S7. PSM-DID Tests Results
	Variables
	Kernel Method
	Radius Method
	Nearest Neighbor Method

	
	(1)
	(2)
	(3)

	
	ESG
	ESG
	ESG

	EST
	0.012**
	0.013**
	0.021***

	
	(0.005)
	(0.005)
	(0.006)

	Treat × Period
	-0.004
	-0.003
	-0.006

	
	(0.005)
	(0.005)
	(0.006)

	Treat × Energy
	0.004
	-0.004
	0.003

	
	(0.038)
	(0.037)
	(0.032)

	Period × Energy
	-0.009**
	-0.010**
	-0.018***

	
	(0.004)
	(0.003)
	(0.004)

	Controls
	Yes
	Yes
	Yes

	Individual FE
	Yes
	Yes
	Yes

	Industry FE
	Yes
	Yes
	Yes

	Province FE
	Yes
	Yes
	Yes

	Year FE
	Yes
	Yes
	Yes

	Obs
	10,178
	9,954
	2,659

	R2
	0.626
	0.625
	0.685


Note: Robust standard errors in parentheses, ***, **, and * indicate significance at the 0.01, 0.05, and 0.1 levels, respectively.
4.1.3 Placebo Test
Using the DDD method, we can largely exclude confounding factors to estimate the impact of EST. To further eliminate potential interference from unobserved variables, we conduct a placebo test. Specifically, we randomly generated a pseudo-experimental group matching the size of the actual experimental group (Treat × Energy). This group interacted with the time variable Period to create a pseudo-policy variable. We sampled 500 times and tested the coefficient values and significance of the pseudo-policy variable using the baseline regression model.
Figure S3 presents the estimated regression coefficients of the dummy policy variable, their kernel density distributions, and corresponding p-values. The results indicate that the kernel density functions of the coefficients approximate a normal distribution, suggesting the sampling process satisfies randomness requirements. The coefficient estimates cluster around zero, and the vast majority of samples yield p-values exceeding 0.05. In contrast, the true regression coefficient is 0.012 (see Table 2), marked by the vertical dashed line, which is significantly larger than the estimated values of most sampled coefficients. This indicates that the positive impact of EST on the ESG performance of energy-intensive enterprises cannot be explained by unobserved variables.
[image: 安慰剂]
Fig. S3. Placebo Test
4.1.4 Controlling for Other Policy Interferences
To accurately identify the causal effects of EST on the ESG performance of energy-intensive enterprises, we control for potential interferences from other policies implemented during the same period. We focus on three energy and environment-related reforms in China. First, we control for the impact of the pilot reform on energy rights trading. In July 2016, China issued the Pilot Program for the Paid Use and Trading System of Energy Rights, designating Zhejiang, Fujian, Henan, and Sichuan as pilot regions for energy rights trading. The program was formally approved and implemented in 2017, aiming to guide energy allocation toward competitive industries and leading enterprises (Yang et al., 2024). We generate the policy variable for this reform using a DID model, denoted as ECRT, and incorporate it into the baseline regression model.
Second, we control for China's green finance reform. Since 2017, China has established Green Finance Reform and Innovation Pilot Zones in Zhejiang, Jiangxi, Guangdong, Guizhou, Xinjiang, Gansu, and Chongqing, creating a new green development model that integrates central top-level design with local practical exploration (Cheng & Zhu, 2024). Similarly, we use a DID model to generate the policy variable for this reform, denoted as GFR, and incorporate it into the benchmark regression model.
Third, we control for China's environmental tax reform. The Environmental Protection Tax Law of the People's Republic of China took effect on January 1, 2018, aiming to accelerate economic transformation and upgrading while reducing pollutant emissions through tax design (Liu et al., 2022). We identified the experimental group by examining enterprises' detailed tax payment statements and generated the policy variable for this reform using a DID model, denoted as EPT, which was incorporated into the baseline regression model.
Table S8 reports regression results controlling for these reform effects. After incorporating the policy variable for the aforementioned reforms into the baseline model, we find that the coefficients for EST remain significantly positive at the 0.05 level. Simultaneously, none of the three reforms exhibit a significant positive impact. It should be noted that in our sample design, to enhance comparability between pilot and non-pilot regions for electricity spot market duration, we retained only the second batch of pilot regions as the control group. This research design may have resulted in the exclusion of some regions affected by the aforementioned reforms.
Table S8. Controlling for Other Policy Interferences
	Variables
	Control ECRT
	Control GFR
	Control EPT

	
	(1)
	(2)
	(3)

	
	ESG
	ESG
	ESG

	EST
	0.012**
	0.011**
	0.012**

	
	(0.005)
	(0.005)
	(0.005)

	Treat × Period
	-0.005
	-0.001
	-0.004

	
	(0.004)
	(0.006)
	(0.005)

	Treat × Energy
	0.004
	0.004
	0.004

	
	(0.039)
	(0.039)
	(0.038)

	Period × Energy
	-0.010**
	-0.010**
	-0.011**

	
	(0.004)
	(0.004)
	(0.004)

	ECRT
	0.002
	
	

	
	(0.005)
	
	

	GFR
	
	-0.005
	

	
	
	(0.006)
	

	EPT
	
	
	0.007

	
	
	
	(0.005)

	Controls
	Yes
	Yes
	Yes

	Individual FE
	Yes
	Yes
	Yes

	Industry FE
	Yes
	Yes
	Yes

	Province FE
	Yes
	Yes
	Yes

	Year FE
	Yes
	Yes
	Yes

	Obs
	10,256
	10,256
	10,256

	R2
	0.627
	0.627
	0.627


Note: Robust standard errors in parentheses, ***, **, and * indicate significance at the 0.01, 0.05, and 0.1 levels, respectively.
4.1.5 Multi-period DDD Model
To address the concern that ending the sample in 2020 may provide too short a window to observe the full impact of the EST policy, we extended the sample period to 2023 and employed a multi-period DDD model. To maintain consistency with our baseline specification, which already adopted a triple-difference design based on region, industry, and time, we constructed a multi-period DDD policy variable. Specifically, this variable takes the value of one for energy-intensive firms located in either the first-batch or second-batch pilot regions, and for years on or after the respective implementation year (2017 for the first batch, 2021 for the second batch). For all other firms and periods, the indicator is zero. In addition, we included year-by-industry and year-by-province interaction fixed effects to absorb potentially confounding time-varying heterogeneity. The results, reported in column (1) of Table S9, remain significantly positive.
[image: 2_01(1)]
Fig. S4. Multi-period Parallel Trend Test

Furthermore, we conducted parallel trend tests using both an event-study dynamic model and a stacked approach. As shown in Figure S4, the results of both methods meet the requirements of the parallel trend assumption. Notably, the contemporaneous (period 0) coefficient is significantly positive, followed by a noticeable decline in periods 1-3, and then a re-emergence of significant positive effects in periods 4-6. It is plausible that the initial positive effect in period 0 reflects short-term adjustments, e.g., immediate cost savings, whereas the subsequent decline in periods 1-3 captures the disruptive impact of COVID-19 and the learning curve of second-batch pilots. The re-emergence of significant positive effects in periods 4-6 suggests that once these temporary shocks subside and firms accumulate experience with the spot market, the beneficial impact on ESG performance becomes sustained and growing over time.
4.1.6 Other Robustness Tests
To further enhance the robustness of the causal relationship between EST and the ESG performance of energy-intensive enterprises, we conducted the following additional tests. First, we altered the variable measurement approach. We employed the ESG score from Hexun.com as a new proxy variable, taking its natural logarithm. Compared to Huazheng ESG, this ESG score covers fewer companies but is also widely used by many scholars. In addition, we also used the original value of the Huazheng ESG score for testing to avoid the impact of logarithmic processing on the results.
Second, we excluded the interference of enterprise migration behavior. EST may induce some energy-intensive enterprises to relocate to regions with lower electricity costs or more favorable market conditions, especially as spot price signals create spatial arbitrage opportunities. Such policy-induced migration, if present, could distort causal inference by altering the composition of firms in pilot and non-pilot regions. To address this concern, we identified and excluded samples where enterprises changed their registered location during the study period. This conservative approach ensures that our estimated treatment effects are not driven by geographic mobility but reflect genuine changes in firm behavior. Nevertheless, removing these firms may oversimplify reality, as migration itself could be a legitimate strategic response to the policy. For instance, firms that relocate might systematically differ from stayers in terms of size, productivity, or environmental performance. However, given that migration is a relatively rare event in our sample (affecting less than 1.4% of observations), its exclusion is unlikely to materially affect.
Third, we control for the impact of enterprise strategic inertia. Major strategic decisions often exhibit long-term effects, potentially causing current behavior to be influenced by inertia from prior actions. Specifically, an enterprise's current ESG performance may be affected by its past ESG decisions and investments. To address this, we incorporate a one-period lagged ESG performance variable, L1.ESG into the baseline regression model.
Columns (2) - (5) in Table S9 report the results of these tests. As shown, all EST coefficients are significantly positive. This indicates that after controlling for sensitivity to core variable measurement methods, enterprise migration behavior, and strategic inertia, the impact of EST on ESG performance remains robust for energy-intensive enterprises.
Table S9. Other Robustness Tests Results
	Variables
	Multi-period DDD
	Replace Measures
	Exclude Migrating Enterprises
	Include Lagged Terms

	
	(1)
	(2)
	(3)
	(4)
	(5)

	
	ESG
	Hexun
	Huazheng
	ESG
	ESG

	EST
	0.008**
	0.227*
	0.750*
	0.014**
	0.011**

	
	(0.003)
	(0.110)
	(0.353)
	(0.005)
	(0.004)

	Treat × Period
	
	-0.043
	-0.268
	-0.005
	-0.004

	
	
	(0.047)
	(0.318)
	(0.004)
	(0.005)

	Treat × Energy
	
	0.062
	0.212
	-0.001
	0.006

	
	
	(0.283)
	(2.646)
	(0.039)
	(0.031)

	Period × Energy
	
	-0.006
	-0.634**
	-0.011***
	-0.007*

	
	
	(0.089)
	(0.268)
	(0.004)
	(0.003)

	L1.ESG
	
	
	
	
	0.307***

	
	
	
	
	
	(0.019)

	Controls
	Yes
	Yes
	Yes
	Yes
	Yes

	Industry × Year FE
	Yes
	No
	No
	No
	No

	Province × Year FE
	Yes
	No
	No
	No
	No

	Individual FE
	Yes
	Yes
	Yes
	Yes
	Yes

	Industry FE
	Yes
	Yes
	Yes
	Yes
	Yes

	Province FE
	Yes
	Yes
	Yes
	Yes
	Yes

	Year FE
	Yes
	Yes
	Yes
	Yes
	Yes

	Obs
	27,517
	8,945
	10,256
	10,114
	10,127

	R2
	0.621
	0.500
	0.639
	0.624
	0.660


Note: Robust standard errors in parentheses, ***, **, and * indicate significance at the 0.01, 0.05, and 0.1 levels, respectively.

Supplementary Note 5
5.1 Additional Analysis
Recent studies indicate that corporate ESG disclosures may be driven by greenwashing motives, selective or false reporting to align with investor expectations and secure stakeholder support (Liu et al., 2024; Fang et al., 2025; Sun et al., 2025). If energy-intensive enterprises disclose ESG information solely to align with market expectations rather than substantially improve environmental performance following ESMR, their enhanced ESG performance may lack tangible environmental benefits, thereby diminishing the policy implications of this research.
To verify whether reforms genuinely drive environmental improvements, we further examine the direct impact of ESMR on carbon emissions. Due to the absence of stringent mandatory disclosure requirements for corporate energy consumption and carbon emissions in China, the availability and quality of firm-level data vary substantially across firms and over time. On the one hand, most firms did not separately report energy consumption or carbon emission figures in their early ESG reports. Only in recent years, as energy transition and climate concerns have intensified, have some firms begun to retroactively disclose such historical data, yet the data quality remains difficult to verify. On the other hand, there is considerable heterogeneity in the accounting scopes adopted by different firms. For example, only a small fraction of firms include Scope 3 emissions in their calculations. Likewise, some firms report only data from the parent company, whereas others consolidate data from the entire corporate group. These inconsistencies severely undermine the cross-sectional comparability of energy consumption and carbon emission data across firms.
Given inconsistent and poorly comparable energy consumption and carbon emission data at the enterprise level, we shift our analysis to the city level. Using Chinese city panel data from 2012 to 2020, we constructed a multi-period DID model with the first batch of pilot cities for ESMR in 2017 as the treatment group and the second batch of pilot cities in 2021 as the control group. After controlling for a series of city-level characteristics and removing missing values, the final sample comprised 173 cities with 1,523 observations. Carbon emissions data were sourced from the China Research Data Service (CRDS) Platform, while other variables were obtained from the China Urban Statistical Yearbook and the China Energy Statistical Yearbook. The measurement methods and descriptive statistics for all variables in this test are presented in Supplementary Table S10.
Table S10. City-Level Variable Definitions and Descriptive Statistics
	Symbol
	Measure
	Mean
	Std. Dev.
	Min
	Max

	CO2_ln
	Total Carbon Emissions (Ln)
	8.099
	0.417
	6.58
	11.539

	CO2_gdp
	Total Carbon Emissions / Regional GDP
	2.285
	1.992
	0.142
	15.731

	CO2_gdp1
	Scope 1 Carbon Emissions / Regional GDP
	1.487
	1.294
	0.086
	10.024

	CO2_gdp2
	Scope 2 Carbon Emissions / Regional GDP
	0.34
	0.312
	0.022
	2.714

	CO2_gdp3
	Scope 3 Carbon Emissions / Regional GDP
	0.457
	0.419
	0.025
	3.29

	EST
	DID Method
	0.24
	0.427
	0
	1

	GDP
	Regional GDP (Ln)
	16.807
	0.883
	14.619
	19.774

	Structure
	Share of Secondary Industry Output
	0.47
	0.09
	0.156
	0.759

	Industrial
	Number of Industrial Enterprises Above Designated Size (Ln)
	6.938
	0.989
	4.394
	9.384

	Foreign
	Share of Foreign-Invested Industrial Enterprises Above Designated Size
	4.668
	5.412
	0.242
	32.307

	Freight
	Road Freight Volume / Regional GDP
	0.076
	0.429
	0.006
	16.226

	Passenger
	Road Passenger Volume / Regional GDP
	0.042
	0.224
	0
	8.39

	Fiscal
	General Budget Fiscal Expenditure/Regional GDP
	18.088
	8.499
	6.562
	70.437

	Capital
	Year-End Deposit and Loan Balances / Regional GDP
	247.701
	108.468
	96.464
	1117.279

	Regulation
	Frequency of Energy Consumption-Related Terms in Government Work Reports
	0
	0
	0
	0


Note: Scope 1 refers to all direct emissions within the city's jurisdiction, primarily including greenhouse gas emissions from transportation and buildings, industrial production processes, agriculture, forestry, and land-use changes, as well as waste management activities. Scope 2 refers to energy-related indirect emissions occurring outside the city's jurisdiction, primarily including emissions from purchased electricity, heating, and/or cooling procured to meet urban consumption. Scope 3 refers to other indirect emissions caused by internal city activities that occur outside the jurisdiction but are not included in Scope 2. This includes greenhouse gas emissions from the production, transportation, use, and waste disposal of all goods purchased by the city from outside its jurisdiction.

Columns (1) and (2) of Table S11 results indicate that while ESMR did not significantly reduce total carbon emissions, it significantly lowered carbon intensity, that is, carbon emissions per unit of GDP. This finding suggests that EST may decouple economic growth from carbon emissions by promoting clean energy adoption and enhancing energy efficiency. As shown in columns (3) - (5), further analysis indicates that electricity spot market reforms significantly reduced carbon intensity from both direct emissions within urban jurisdictions and indirect emissions from the lifecycle of goods purchased outside the city (excluding externally procured electricity, heating, and cooling). This indicates that EST not only impacts local production emissions but also facilitates broader low-carbon transformation through supply chain transmission effects. This finding resonates with our corporate research and contrasts with concerns raised in greenwashing literature regarding pure disclosure strategies (Li & Zhu, 2024). EST can generate substantial emission reduction benefits through price signals, particularly by significantly lowering carbon intensity.
As a complementary test, we also examined the effect of EST on corporate carbon emissions using firm-level data. Specifically, we manually collected carbon emission data from corporate annual reports and ESG reports. For firms that did not disclose carbon emissions directly, we retrieved their disclosed energy consumption data and used it to estimate carbon emissions. We then constructed two measures, including the natural logarithm of total carbon emissions, and carbon emission intensity defined as total emissions divided by operating revenue. As shown in columns (6) - (7), consistent with our city-level findings, EST does not significantly reduce total carbon emissions at the firm level, but it does lead to a statistically significant reduction in carbon emission intensity. This supplementary analysis reinforces the conclusion that EST helps decouple economic activity from emissions without imposing a binding constraint on firm output, and it directly responds to concerns about greenwashing by showing genuine emission efficiency gains.
Table S11. Additional Analyses Results
	Variables
	Regional Carbon Emissions
	Regional Carbon Emission Sources
	Corporate Carbon Emissions

	
	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)

	
	CO2_ln
	CO2_gdp
	CO2_gdp1
	CO2_gdp2
	CO2_gdp3
	CO2_ln
	CO2_intensity

	EST
	0.009
	-0.146**
	-0.096**
	0.002
	-0.052**
	0.060
	-0.357**

	
	(0.008)
	(0.060)
	(0.040)
	(0.015)
	(0.020)
	(0.054)
	(0.135)

	Treat × Period
	
	
	
	
	
	-0.021
	0.216***

	
	
	
	
	
	
	(0.020)
	(0.058)

	Treat × Energy
	
	
	
	
	
	-0.351
	-1.498

	
	
	
	
	
	
	(0.228)
	(0.856)

	Period × Energy
	
	
	
	
	
	-0.024
	0.249*

	
	
	
	
	
	
	(0.036)
	(0.117)

	Controls
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes

	City FE
	Yes
	Yes
	Yes
	Yes
	Yes
	No
	No

	Year FE
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes

	Individual FE
	No
	No
	No
	No
	No
	Yes
	Yes

	Industry FE
	No
	No
	No
	No
	No
	Yes
	Yes

	Province FE
	No
	No
	No
	No
	No
	Yes
	Yes

	Obs
	1,523
	1,523
	1,523
	1,523
	1,523
	8,082
	8,082

	R2
	0.974
	0.982
	0.979
	0.922
	0.903
	0.956
	0.177


Note: Robust standard errors in parentheses, ***, **, and * indicate significance at the 0.01, 0.05, and 0.1 levels, respectively.
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