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Enhancing Green Total Factor Productivity (GTFP) is crucial for achieving

sustainable development goals. While existing studies have largely focused on

the impact of city-specific factors on GTFP, the influence of factors at the

urban agglomeration scale has been overlooked. Given the ongoing trend

of population agglomeration in urban agglomerations, the role of cross-city

population agglomeration dynamics at the urban scale has become increasingly

significant. This study investigates the impact and mechanisms of population

agglomeration in urban agglomerations on GTFP, using panel data from 282

prefecture-level and above cities in China spanning the period 2011-2022. The

findings indicate that population agglomeration in urban agglomerations can

improve GTFP. Mechanism analysis reveals that population agglomeration in

urban agglomerations enhances GTFP by strengthening knowledge spillover

e�ects, increasing market potential, and promoting the upgrading of the human

capital structure. Further research shows that when population agglomeration in

urban agglomerations reaches a certain scale, a unified functional network can

be formedwithin the urban agglomeration, leading to amore substantial increase

in GTFP. Heterogeneity analysis suggests that the positive impact of population

agglomeration in urban agglomerations on GTFP varies across di�erent cities.

Specifically, such agglomeration improves GTFPmore e�ectively in central cities

than in peripheral cities; this e�ect is significant in the southeast region, in

cities with stronger environmental regulation, and resource-based cities, but

is insignificant in the northwest region, in cities with weaker environmental

regulation, and non-resource-based cities. These findings provide novel policy

pathways for cultivating urban agglomerations as engines of green economic

transformation in an era of escalating spatial population agglomeration.

KEYWORDS

population agglomeration, urban agglomerations, green total factor productivity,

knowledge spillovers, market potential, human capital structure upgrading

1 Introduction

The agglomeration of populations in regions with economic development advantages

reflects an objective and enduring trend in socioeconomic development (Liu and

Lyu, 2025). In recent years, this trend has become especially evident within urban

agglomerations (Zheng et al., 2024). As critical spatial carriers, urban agglomerations
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have increasingly concentrated large populations. For instance,

in the world’s two largest economies—the United States and

China—striking examples emerge: by 2023, the New York-Newark-

Jersey City metropolitan area, comprising just 0.17% of U.S.

land area, accounted for 5.82% of the national population.

Similarly, in China, five major urban agglomerations—Beijing-

Tianjin-Hebei, Yangtze River Delta, Pearl River Delta, Chengdu-

Chongqing, and Middle Yangtze River—spanning approximately

12% of the national territory, were home to 46% of the

population. While conventional studies have predominantly

focused on population concentration within individual cities,

urban agglomerations represent a fundamentally distinct and

more complex spatial organizational form (Fang and Yu, 2017;

Derudder et al., 2022). This is because population agglomeration in

urban agglomerations transcends single administrative boundaries,

involving intricate cross-city flows of people, capital, and

information, and fostering interdependencies that are not merely

additive sums of individual cities (Rozenblat, 2020). In particular,

such cross-regional population agglomeration plays a critical

role in promoting sustainable development (Cai et al., 2023).

Consequently, analyzing population dynamics at this aggregated,

multi-city scale is crucial for understanding unique regional

development patterns and their implications for sustainability, a

perspective often overlooked by single-city level analyses.

However, the rapid economic expansion accompanying

urban agglomerations has intensified negative externalities,

such as rising energy consumption and pollution emissions,

presenting formidable challenges to sustainable development

(Abbasi et al., 2021; Dong et al., 2022). While single mega-cities

often face escalating congestion and environmental burdens

with increasing density, urban agglomerations, through their

polycentric structure and integrated functional networks, offer

a potential pathway to mitigate these issues while still capturing

agglomeration benefits. Within this context, Green Total Factor

Productivity (GTFP), a vital metric for assessing economic

sustainability, has gained prominence as a key mechanism

for achieving sustainable development goals (Wang and Guo,

2023; Zheng et al., 2023). Therefore, against the backdrop of

persistent population agglomeration in urban agglomerations

and accelerating global ecological degradation, examining the

impact of population agglomeration in urban agglomerations on

GTFP becomes imperative. Should population agglomeration in

urban agglomerations enhance GTFP, what mechanisms underpin

this relationship? A thorough investigation of these questions is

essential not only for elucidating effective strategies to elevate GTFP

but also for positioning urban agglomerations as central hubs of

green economic growth amidst ongoing population agglomeration.

Research on GTFP has predominantly focused on urban-level

determinants, including urban energy consumption transitions,

green policies, and carbon emissions (Wang S. et al., 2021; Wang

et al., 2022; Zeng et al., 2025). In contrast, analyses of factors

at the urban agglomeration level remain comparatively scarce.

Urban agglomerations, which serve as pivotal frameworks for

regional economic development, play a crucial role in improving

GTFP. From an internal structural perspective, scholars argued

that central cities within urban agglomerations efficiently

integrate production functions, enhancing resource utilization

efficiency across the agglomeration (Zheng and Du, 2020).

Peripheral cities, meanwhile, leverage producer services from

central cities to advance green technologies and improve energy

efficiency (Burger et al., 2015; Akinyemi et al., 2019). From the

perspective of regional coordinated development, scholars assert

that polycentric spatial structures within urban agglomerations

mitigate the over-concentration of resources in central cities,

thereby reducing inefficiencies (Fujita and Thisse, 2003).

Furthermore, well-developed transportation and communication

infrastructure fosters interconnected urban networks, enabling

resource sharing and cross-boundary collaborations that spur

innovation (Brezzi and Veneri, 2015; Tang and Cui, 2023). Recent

studies have empirically confirmed that inter-city coordination

within agglomerations alleviates resource misallocation, thereby

enhancing GTFP (Wu et al., 2023).

Numerous studies have addressed the impact of urban-scale

population agglomeration on GTFP. On the positive side, urban-

scale population agglomeration attracts high-quality and high-

skill talents, facilitating knowledge diffusion and technological

innovation (Yan and Huang, 2022). This promotes green

technology upgrading and application, and thereby enhances

GTFP (Wang and Guo, 2023). Additionally, it also effectively

promotes the free flow and rational allocation of production factors,

promotes the further agglomeration of the service industry and

optimization of industrial structure, to help reduce the intensity

of pollution emissions and improve green total factor productivity

(Yan and Huang, 2022; Guo et al., 2024). Conversely, population

agglomeration can generate congestion effects, leading to excessive

resource consumption and aggravated environmental pollution,

which undermines GTFP. This negative impact is particularly

pronounced in single cities with limited local space (Broersma and

Oosterhaven, 2009; Brinkman, 2016).

However, the current research frontier highlights a significant

gap: the underexplored role of population agglomeration in

urban agglomerations in shaping GTFP. While population,

labor, and talent are crucial elements for regional economic

and social development, the specific dynamics of how their

agglomeration at the multi-city scale influences GTFP remain

largely unexamined. In fact, population agglomeration in China’s

cross-administrative urban agglomerations not only provides high-

quality human capital but also promotes the emergence of

knowledge spillover effects and the formation of regional market

integration (Cai et al., 2023). Critically, these mechanisms operate

with distinct characteristics and often greater effectiveness at the

urban agglomeration scale due to unique factors such as inter-

city specialization, integrated regional markets, and polycentric

structures that can collectively enhance GTFP beyond what

is achievable within a single urban boundary. Yet, empirical

evidence specifically examining these nuanced aspects is still

lacking. Therefore, focusing on China’s urban agglomerations, this

study seeks to systematically examine the impacts and underlying

mechanisms of population agglomeration in urban agglomerations

on GTFP, offering theoretical insights and practical implications for

sustainable development.

Relative to prior studies, this paper offers the following

contributions: First, while existing studies primarily focus on

the impact of urban-level specific factors on GTFP, they often
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neglect the influence of urban agglomeration-level factors. This

paper emphasizes the impact of population agglomeration in

urban agglomerations on GTFP and its mechanisms, which

provides a new theoretical perspective for improving GTFP

at the level of urban agglomerations. Second, our research

provides a deeper theoretical and empirical understanding of

the mechanisms linking population agglomeration to GTFP.

While previous literature has identified these mechanisms in

a general sense, our study unpacks them within the specific

context of an urban agglomeration, exploring how inter-city

specialization facilitates green knowledge spillovers, how integrated

regional markets enhance market potential for green goods and

services, and how a polycentric talent pool upgrades human

capital for eco-innovation. This provides a more nuanced and

context-specific theoretical framework. Third, we introduce a

threshold effect analysis, demonstrating that the positive impact

of population agglomeration on GTFP becomes significantly more

pronounced after a specific scale is reached. This finding highlights

the importance of fostering a “unified functional network”—a

developmental phase in which cities within an urban agglomeration

are deeply interconnected and interdependent through seamless,

multidirectional flows of resources, information, goods, and

services. Such integration is typically facilitated by coordinated

regional governance and comprehensive infrastructure systems,

and it carries significant policy implications for the strategic

planning and development of urban agglomerations. Fourth,

it provides empirical evidence to support China’s choice of

cross-regional urban agglomeration as a priority for future

regional growth. Particularly, against the backdrop of accelerating

global ecological degradation and the growing concentration of

population in urban agglomerations, population agglomeration in

urban agglomerations is particularly significant for better utilizing

the advantages of China’s mega-markets, promoting internal

circulation, and achieving sustainable development.

2 Theoretical analysis and research
hypothesis

Distinct from population agglomeration within individual

cities, this study focuses on population agglomeration across

administrative boundaries in urban agglomerations composed of

multiple cities with diverse scales and functions. As a higher-

order spatial organizational form, population agglomeration in

urban agglomerations differs significantly from that in single

cities. In individual cities, congestion effects arise from population

agglomeration within confined local spaces. However, cities can

leverage their membership in urban agglomerations to expand

development space, diverting population flows from overcrowded

central cities to multiple urban centers within the agglomeration.

This spatial redistribution mitigates congestion effects caused

by excessive population agglomeration in single cities (Li and

Zhang, 2021). A critical advantage of population agglomeration

in urban agglomerations, particularly compared to uncontrolled

growth in a single mega-city, is its inherent capacity to mitigate

these negative congestion effects (such as traffic congestion,

pollution accumulation, and strain on public services) through

its polycentric and integrated structure. Unlike a monocentric

mega-city where pressure concentrates at a single core, urban

agglomerations often comprise multiple urban centers. This poly

centricity effectively disperses population and economic activities,

thereby decentralizing the load of traffic, infrastructure use, and

resource consumption across several nodes, preventing the extreme

bottlenecks seen in single-core cities (Burger and Meijers, 2016;

Volgmann and Münter, 2022). This structure also enables the

development of specialized regional infrastructure, such as inter-

city public transport and regional green infrastructure networks,

that efficiently connect specialized areas without overwhelming

core city infrastructure. Furthermore, the multi-city framework

encourages and often necessitates coordinated environmental

policies, joint pollution control efforts, and shared green space

planning, which are more challenging to implement within a

single administrative boundary dealing with localized problems.

For instance, pollution from one city can be mitigated by green

belts or air quality monitoring systems established cooperatively

across the agglomeration. While congestion effects can still exist,

the inherent structure of urban agglomerations, when effectively

managed through regional planning and cooperation, offers a

systemic advantage in addressing these challenges. Consequently,

population agglomeration in urban agglomerations may amplify

the positive impacts of population agglomeration at the single-

city level by alleviating congestion effects, thereby enhancing

GTFP. Based on this theoretical foundation, we propose our

first hypothesis:

Hypothesis 1: Population agglomeration in urban agglomerations

positively impacts GTFP.

This positive direct effect is, however, not a simple linear

outcome of increased density. Instead, it is the result of the urban

agglomeration’s unique structure, which systematically amplifies

traditional agglomeration benefits and mitigates their associated

negative externalities. Specifically, the polycentric and integrated

nature of urban agglomerations, which allows for congestion

mitigation, simultaneously enhances the flow of resources and

information, creating a fertile ground for the three key mechanisms

discussed below to operate with greater effectiveness and a

stronger link to green sustainable development. It can be seen

that population agglomeration in urban agglomerations influences

GTFP through three primary mechanisms:

Firstly, in terms of knowledge spillover effects, Population

agglomeration in urban agglomerations enhances GTFP by

strengthening knowledge spillover effects. From the perspective

of individual cities, population agglomeration in urban

agglomerations enables central cities to attract high-quality

and high-skill labor, fostering knowledge exchange through the

sharing of cutting-edge research outcomes and market dynamics

(Roca and Puga, 2017; Zheng et al., 2024). Peripheral cities

benefit from low-cost access to central cities’ knowledge and

technologies, facilitating knowledge diffusion and application.

At the agglomeration level, population agglomeration in urban

agglomerations drives infrastructure upgrades that encourage

labor mobility, thereby enhancing knowledge spillover effects

(Ren et al., 2022; Yu and Xu, 2022). However, at the urban

agglomeration scale, knowledge spillovers are not merely amplified
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by larger overall density; they are critically enhanced by the

complementarity and diversity of specialized industries and human

capital distributed across multiple interconnected cities. A single

large city, while dense, might suffer from industrial homogeneity,

limiting the scope for diverse knowledge interaction. An urban

agglomeration, conversely, often features a polycentric structure

where different cities or urban cores specialize in distinct economic

sectors. This inter-city specialization facilitates cross-sectoral

green knowledge flow and “cross-pollination” of ideas, leading to

novel combinations and eco-innovations that drive GTFP. For

example, a technology developed in a research hub in one city

focusing on renewable energy can quickly find application in

manufacturing firms in a neighboring city specializing in industrial

production, facilitated by integrated regional transport and

information networks. This form of ’inter-city knowledge spillover’

is distinct from intra-city spillovers, fostering a broader base for

green technological advancement and the widespread adoption of

sustainable practices by leveraging the collective intellectual assets

dispersed across the entire agglomeration. Strengthened knowledge

spillovers enable firms to absorb and apply new knowledge rapidly,

fostering deeper intra- and inter-industry linkages. This integration

of green technological knowledge accelerates green innovation and

improves GTFP (Chen et al., 2021; Wang and Guo, 2023), and

concurrently contributes to the upgrading of human capital by

exposing individuals to new skills and expertise.

Secondly, concerning market potential, Population

agglomeration in urban agglomerations improves GTFP by

expanding market potential. From the demand side, population

agglomeration increases labor wages, stimulating sustained growth

in consumer demand and expanding consumption markets (Li and

Zhang, 2021; Li S. et al., 2023). It also drives the development of

tertiary industries, further enlarging domestic demand (Duranton

and Puga, 2020; Comin et al., 2021). From the supply side,

population agglomeration in urban agglomerations creates a

diverse and abundant labor resource pool with a complex division

of labor, generating sufficient employment opportunities and

ensuring market supply (Liu et al., 2024). Expanding market

scale allows firms to efficiently adjust production, reduce average

costs, and enhance market potential (Wang et al., 2024). While

a single mega-city offers a large internal market, an urban

agglomeration presents a unique form of market potential

derived from the integration of multiple, often specialized,

city-level markets into a single, expansive regional market. This

is primarily achieved by significantly reducing inter-city trade

costs and barriers, both physical and institutional. Integrated

regional infrastructure, such as high-speed rail and regional

logistics hubs, along with harmonized market regulations, enables

goods, services, and factors to flow almost as seamlessly between

cities within the agglomeration as they would within a single

large city. Rising market potential incentivizes investments

in production equipment and technological improvements,

particularly in green sectors where surging demand for eco-

friendly products and services promotes the adoption of efficient,

energy-saving, and pollution-reducing production methods,

thereby contributing to the improvement of green total factor

productivity (Ghisetti and Quatraro, 2017). The emergence of

such an integrated regional green market also provides a broader

testing ground and larger demand base for new green technologies

and innovations, further stimulating knowledge spillovers toward

sustainable practices.

Finally, regarding human capital structure, Population

agglomeration in urban agglomerations improves GTFP by

advancing the human capital structure. It enhances labor skills

and knowledge through knowledge spillovers while attracting

high-quality workforce inflows, driving human capital upgrading

(Black and Henderson, 1999; Li and Zhang, 2021). At the urban

agglomeration scale, this effect is magnified and diversified. The

presence of multiple specialized cities within an agglomeration

creates a broader and more resilient regional labor market,

where individuals with particular skills can find opportunities

in various cities without needing to relocate residence, fostering

a more dynamic and competitive talent pool. This polycentric

labor market also facilitates access to diverse educational and

training opportunities, as different cities may host specialized

universities or vocational training centers. Collectively, these

institutions contribute to a higher overall skill level across

the agglomeration. Importantly, the agglomeration attracts a

broader range of skilled individuals, including environmental

scientists, green technology engineers, and policy experts,

whose varied expertise can collectively drive eco-innovation and

resource efficiency improvements, thereby promoting GTFP

through a more comprehensive and adaptable human capital

base. An advanced human capital structure promotes green

technological innovation, enabling the design of more efficient

and environmentally friendly production processes that reduce

resource consumption and pollution (Wang K. H. et al., 2021;

Lin and Ma, 2022). It also strengthens firms’ compliance with

green standards and regulations and promotes the establishment

of green management systems (Cai et al., 2024; Chen et al., 2024).

Moreover, a higher-quality human capital pool is essential for

identifying and capitalizing on new market opportunities in the

green economy, thereby reinforcing the market potential for green

products and services. These mechanisms lead us to propose the

following hypothesis:

Hypothesis 2: Population agglomeration in urban agglomerations

improves GTFP through enhanced knowledge spillover

effects, expanded market potential, and upgraded human

capital structure.

After population agglomeration in urban agglomerations

reaches a critical scale, the formation of a unified functional

network within the agglomeration begins to exert significant effects,

leading to substantial improvements in GTFP. This phenomenon

is theorized as follows: a critical mass of population, economic

activity, and infrastructure development acts as a catalyst. At

a certain threshold, the costs of fragmented governance and

uncoordinated inter-city interactions begin to outweigh the benefits

of independent development, pushing policymakers and market

forces toward deeper integration. This triggers a qualitative

shift from a simple division of labor to the formation of a

unified functional network. This network is not merely about

physical proximity; it represents a new stage of development

characterized by highly interdependent, multi-directional flows of

factors, information, goods, and services, facilitated by coordinated
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regional governance and integrated infrastructure systems. This

transition to a unified functional network reduces transaction costs

and information asymmetry across administrative boundaries,

fosters collaborative innovation, and optimizes the regional

allocation of resources (Zhang et al., 2024). Consequently, the

efficiency gains are more substantial than those achievable at

a lower level of agglomeration, leading to a more pronounced

improvement in GTFP. Given these insights, we propose the

following hypothesis:

Hypothesis 3: Population agglomeration in urban agglomerations

achieves increasingly significant positive impacts on GTFP after

reaching a critical threshold.

Figure 1 illustrates the theoretical framework of this paper.

3 Model formulation and data

3.1 Econometric model settings

To investigate the impact of population agglomeration in urban

agglomerations on GTFP, we specify the following panel fixed-

effects model:

GTFPit = β0 + β1clustit + γXit + λi + µt + εit (1)

Where i and t denote city and year, respectively. GTFP

represents urban Green Total Factor Productivity, while clust

measures population agglomeration in urban agglomerations. The

vector Xit includes control variables. λi and µt capture city-specific

and time-fixed effects, respectively. Finally, εit is the error term,

with standard errors clustered at the city level.

3.2 Variable selection and description

3.2.1 GTFP
Drawing on Li T. et al. (2023), this study employs a

super-efficiency Slack Based Measure (SBM) model incorporating

undesirable outputs to measure GTFP. While traditional SBM

models reduce radial and angular biases by integrating undesirable

outputs, standard SBM efficiency scores remain ≤1, limiting

discrimination among efficient Decision Making Units (DMUs).

The super-efficiency SBM model addresses this limitation by

allowing efficiency scores >1 for effective DMUs, enabling further

differentiation among them. The measurement formula is specified

as follows:

E = min









1+ 1
m
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> 0

λj, s
−
i , s

+
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−
k
≥ 0 (j = 1, 2, ...., n, j 6= j0)

(2)

In Equation 2, E represents the efficiency value determined by

the Super-efficiency Slacks-Based Measure model, which accounts

for undesirable outputs. The parameters m, q1, and q2 denote the

number of input, desirable output, and undesirable output variables

associated with each DMU, respectively, while n indicates the total

number of DMUs. xj, yj, and bj represent the input, desired output,

and undesired output matrices of the j-th DMU, respectively. The

FIGURE 1

Theoretical framework diagram.
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slack variables s−i , s
+
r , and s−

k
correspond to the inputs, desirable

outputs, and undesirable outputs, respectively, and λj denotes the

weight variable.

After calculating the efficiency score E under the Constant

Returns to Scale (CRS) assumption, this study further employs the

Global Malmquist index, which possesses the advantage of inter-

temporal comparability, to measure the dynamic change rate of

GTFP. The calculation formula for the Global Malmquist index is

as follows:

GMLt,t+1
0 =

E
g
0

(

xt+1, yt+1, bt+1
)

E
g
0

(

xt , yt , bt
) =

Et+1
0

(

xt+1, yt+1, bt+1
)

Et0
(

xt , yt , bt
)

×

[

E
g
0

(

xt+1, yt+1, bt+1
)

Et+1
0

(

xt , yt , bt
) ×

Et0
(

xt+1, yt+1, bt+1
)

E
g
0

(

xt , yt , bt
)

]

(3)

In Equation 3, GMLt,t+1
0 represents the rate of change in GTFP

for a city from period t to period t + 1. E
g
0

(

xt+1, yt+1, bt+1
)

is the

efficiency value in period t + 1, and E
g
0

(

xt , yt , bt
)

represents the

efficiency value in period t. To convert this rate of change into

actual GTFP values, we adopt the methodology proposed by Wang

and Guo (2023), using 2010 as the base year and cumulatively

quantifying GTFP for each subsequent year.

Following the framework established by Li T. et al. (2023),

this study incorporates capital, labor, and energy as inputs, with

real GDP as the expected output. Industrial wastewater discharge,

industrial soot and dust emissions, and industrial sulfur dioxide

emissions are designated as undesirable output variables. There

are two reasons for choosing the three pollutant emissions. First,

they are usually the more comprehensive variables for measuring

pollution levels and can thus reflect the region’s pollution situation

to a great extent (Tian and Pang, 2022). Second, the government

has strictly controlled and monitored these indicators. Specifically,

for the measurement of capital input, this study refers to the

methodology of Zhang et al. (2004) and employs the perpetual

inventory method to estimate the real capital stock of each city,

with 2006 set as the base year. In the perpetual inventory method,

the total fixed asset investment of each region is selected as the

investment indicator and deflated using the fixed asset investment

price index of each province over the years. Furthermore, the

depreciation rate is uniformly set at 9.6%. Energy input is proxied

by the city’s total annual electricity consumption, while labor input

is measured by the number of employed persons at the end of

the year.

3.2.2 Population agglomeration in urban
agglomerations

This study, drawing on Cai et al. (2023), constructs the

following indicators to measure population agglomeration in

urban agglomerations:

clustit =
∑

K∈D,K 6=i
sizekt

dδ
ki

(4)

Where D represents the set of cities within a certain

geographical distance from city i. clust denotes the degree of

population agglomeration in city i in the urban agglomeration in

year t. sizekt indicates the year-end resident population of city k in

year t. dki represents the geographical distance between city k and

city i, calculated using the spherical distance formula based on the

latitude and longitude information of the municipal government

locations. δ is the distance decay parameter, assigned a value of 1.

Given that the average distance between a given city and the

remaining cities within the 19 urban agglomerations outlined in

China’s policy planning documents is approximately 198 km, D is

defined as the set of cities within a 200-km radius centered on city

i. Furthermore, to address potential heteroscedasticity in the data,

the population agglomeration in urban agglomerations is subjected

to logarithmic transformation.

3.2.3 Control variables
To mitigate potential omitted variable bias, this paper, drawing

upon Wang and Guo (2023), selects the following variables that

may influence GTFP as control variables:

Green Credit (GC): Green credit is designed to channel

funds toward energy conservation and environmental protection

industries, fostering green investment and providing essential

capital factors for green economic growth. Following the

measurement approach of Dai et al. (2024), this study uses the ratio

of total urban environmental protection project loans to total urban

loans to measure the level of green credit.

Industrial Structure (Ins): The optimization and upgrading

of industrial structure can incentivize enterprises to continuously

increase investment in research and development and

the application of green technologies to maintain market

competitiveness. These green technologies can not only improve

production efficiency but also effectively reduce environmental

pollution and ecological damage. This paper uses the sum of the

primary industry’s share, twice the secondary industry’s share,

and three times the tertiary industry’s share in GDP to measure

industrial structure.

Foreign Direct Investment Level (Fd): Foreign direct

investment (FDI) often brings advanced technologies and

management expertise, which are typically more environmentally

friendly and efficient. The inflow of FDI enables domestic

enterprises to learn, imitate, and absorb these advanced factors,

thereby improving their own production efficiency and resource

utilization efficiency, and ultimately enhancing GTFP. This

paper measures the level of FDI using the proportion of FDI to

regional GDP.

Infrastructure Level (lnRod): Improvements in infrastructure

play a critical role in reducing the transportation and transaction

costs of production factors. These improvements foster the

development of urban economies of scale and industrial

agglomeration. The infrastructure level is measured using the

natural logarithm of per capita road area.

Informationization Level (lnInf): Elevating the level of

informationization accelerates the spillover effects of knowledge

and technology, leading to effective reductions in transaction

costs and energy consumption per unit of output. This,

in turn, strengthens manufacturing capabilities and efficiency,

providing a powerful impetus for the growth of GTFP. The
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TABLE 1 Descriptive statistics for variables.

Variable Mean SD Min Max N

GTFP 1.234 0.416 0.225 6.454 3,384

clust 3.113 1.103 −1.091 4.944 3,384

Gc 0.050 0.018 0.007 0.111 3,384

Ins 2.308 0.146 1.821 2.836 3,384

Fd 0.022 0.166 0.000 6.296 3,384

lnRod 2.829 0.438 0.315 4.096 3,384

lnInf 6.493 0.578 2.698 9.379 3,384

informationization level is quantified using the natural logarithm

of per capita telecommunication business volume. To ensure

temporal consistency, all monetary values in the dataset are

adjusted for inflation, with 2010 serving as the base year.

Descriptive statistics for the main variables are summarized in

Table 1.

3.3 Sample selection and data sources

To ensure the integrity and consistency of the dataset, counties

and county-level cities with inadequate data continuity were

excluded. Consequently, panel data from 282 cities spanning the

period from 2011 to 2022 were selected. The urban data were

primarily sourced from the “China Urban Construction Statistical

Yearbook” and the “ChinaUrban Statistical Yearbook”. Formissing

data, relevant city statistical yearbooks, annual statistical bulletins,

and interpolation methods were used to address the gaps, resulting

in a total of 3384 observations.

4 Empirical results and discussion

4.1 Baseline regression results

Table 2 presents the regression results examining the impact

of population agglomeration in urban agglomerations on GTFP.

The results in Column (1) demonstrate that the regression

coefficient for population agglomeration in urban agglomerations

is significantly positive. Column (2) includes only city fixed

effects, controlling for time-invariant city-level characteristics.

The regression coefficient for population agglomeration in urban

agglomerations is 2.018 and statistically significant. Column (3),

however, adds year fixed effects to Column (2)’s specification

to account for time-varying macro shocks, with the coefficient

declining to 0.870 while remaining significantly positive. This

notable reduction suggests that part of the impact originally

attributed to population agglomeration in urban agglomerations

may be related to year-specific factors. For instance, green

technology breakthroughs or industrial policy adjustments in

specific years could have concurrently driven both population

agglomeration in urban agglomerations and GTFP improvement.

In Column (4), the analysis further incorporates control variables,

and the regression results continue to show a significantly positive

coefficient for population agglomeration in urban agglomerations,

TABLE 2 Baseline regression results.

Variable (1) (2) (3) (4)

clust 0.027∗ 2.018∗∗∗ 0.870∗∗ 0.838∗∗

(0.014) (0.402) (0.392) (0.385)

Gc −0.571

(0.564)

Ins 0.164

(0.242)

Fd −0.036

(0.024)

lnRod −0.070

(0.045)

lnInf −0.006

(0.020)

Constant 1.150∗∗∗ −5.048∗∗∗ −1.474 −1.487

(0.048) (1.251) (1.219) (1.238)

City-FE ×
√ √ √

Year-FE × ×
√ √

Observations 3,384 3,384 3,384 3,384

R2 0.005 0.400 0.498 0.500

∗∗∗ , ∗∗ , ∗ Represent significance at the 1%, 5%, and 10% levels, respectively. Robust standard

errors in parentheses.

suggesting a positive effect on GTFP. These findings indicate

that population agglomeration in urban agglomerations enhances

GTFP, thereby providing empirical support for Hypothesis 1. It

is worth noting that control variables such as Green Credit and

Industrial Structure are all insignificant. This may be because their

impacts onGTFP are not direct but rather exerted through complex

mediating mechanisms. Under the current model specification,

capturing their significant direct effects is challenging. However,

it is important to emphasize that the insignificance of control

variables does not entirely imply that they do not influence

the dependent variable; they still support the robustness of

the model to a certain extent. It can be seen that population

agglomeration in urban agglomerations can indeed improve GTFP.

This insight suggests that city governments, when designing

policies to boost GTFP, should consider not only local factors

but also explore opportunities for advancement at the urban

agglomeration level. This study’s conclusion offers a novel policy

perspective by expanding the scope from the individual city

scale to the broader urban agglomeration scale in efforts to

elevate GTFP.

4.2 Robustness check

To further ensure the reliability of the baseline regression,

this study conducts robustness tests by employing alternative

indicators, adjusting the sample scope, and applying the

winsorization technique. These tests verify the robustness of

the baseline results.
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TABLE 3 Robustness check results.

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

Alternate
explanatory
variable

Alternate
dependent
variable

Exclusion of centrally
administered
municipalities

Exclusion of
COVID-19

years

Winsorization

clust 0.323∗∗ 0.825∗∗ 0.829∗∗ 0.756∗∗ 0.706∗

(0.140) (0.378) (0.372) (0.375) (0.380)

Control
√ √ √ √ √

City-FE
√ √ √ √ √

Year-FE
√ √ √ √ √

Observations 3,384 3,384 3,336 2,820 3,384

R2 0.501 0.509 0.502 0.478 0.566

∗∗∗ , ∗∗ , ∗Represent significance at the 1%, 5%, and 10% levels, respectively. Robust standard errors in parentheses.

4.2.1 Alternative variable
In this study, we refine the calculation of population

agglomeration in urban agglomerations by adjusting the

population scale data. The urban district, recognized as the

area with concentrated economic activity and elevated business

vitality, serves as the focal point of this modification. Accordingly,

we replace the original population scale, which encompassed

the entire city, with the population scale specific to the urban

district, and subsequently recalculate population agglomeration

in urban agglomerations. The regression results, reported in

Column (1) of Table 3, indicate that the regression coefficient of

population agglomeration in urban agglomerations is significantly

positive. Furthermore, we replaced the dependent variable

with that calculated by the traditional SBM (SBM without

super-efficiency) model and re-conducted the model estimation,

with the results presented in column (2). The coefficient of

population agglomeration in urban agglomerations remains

significantly positive.

4.2.2 Sample adjustment
Regarding cities, the four municipalities directly under the

central government—Beijing, Shanghai, Tianjin, and Chongqing—

are excluded due to their significant differences from other

cities. Therefore, the sample excluding these four municipalities

is reanalyzed. The regression results in Column (3) show that

the regression coefficient of population agglomeration in urban

agglomerations remains significantly positive.

Regarding the years, 2020–2021 are excluded. Mu et al. (2022)

pointed out that during the full outbreak of COVID-19, strict

epidemic prevention measures implemented by the government

led to a sharp decline in population mobility. To eliminate the

impact of this factor on the regression results, the city samples from

2020–2021 are excluded and reanalyzed. The regression results

in Column (4) of Table 3 show that the regression coefficient

of population agglomeration in urban agglomerations remains

significantly positive.

4.2.3 Winsorization
To eliminate the impact of outliers, both the dependent

variable and the core explanatory variable are subjected to a 1%

winsorization at both ends. The regression results in Column

(5) of Table 3 show that the regression coefficient of population

agglomeration in urban agglomerations remains significantly

positive. It can be observed that the direction and significance of

the regression coefficient of population agglomeration in urban

agglomerations are consistent with the baseline regression results,

indicating the robustness of the baseline regression results.

4.3 Endogeneity test

Endogeneity poses a significant challenge in evaluating the

impact of population agglomeration in urban agglomerations on

GTFP. To mitigate the estimation bias resulting from endogeneity,

this study conducts the following two analyses.

Dependent variable lead by one period: To address potential

endogeneity arising from reverse causality, we lead the dependent

variable by one period. This approach introduces a temporal

misalignment between the independent and dependent variables,

thereby mitigating the endogeneity bias. Additionally, this method

accounts for the possible time lag in the realization of GTFP.

The regression results presented in Table 4 column (1), reveal a

significantly positive coefficient of population agglomeration in

urban agglomerations. This finding confirms the robustness of our

baseline regression results.

Instrumental variable approach: While the incorporation of

time fixed effects and city fixed effects can effectively mitigate

the impact of omitted variables, the presence of endogenous

variables may still introduce endogeneity bias into the regression

estimates. To address this issue, we employ the instrumental

variable (IV) method, following Zhang et al. (2024). This study

constructs an instrumental variable for population agglomeration

in urban agglomerations using the reciprocal of a city’s average

slope. The core logic underpinning the relevance and exogeneity

of this instrumental variable is as follows: on the one hand,

cities with steeper surface slopes and higher elevations face higher

road construction and maintenance costs, which increase the

unit transportation and time costs for factor mobility, thereby

hindering population agglomeration in urban agglomerations.

Thus, the reciprocal of a city’s average slope is correlated with

current population agglomeration in urban agglomerations. On the

other hand, compared to the current pace of urban development

Frontiers in SustainableCities 08 frontiersin.org

https://doi.org/10.3389/frsc.2025.1606754
https://www.frontiersin.org/journals/sustainable-cities
https://www.frontiersin.org


Zhang et al. 10.3389/frsc.2025.1606754

TABLE 4 Results of endogeneity tests.

Variable (1) (2) (3)

Leading
dependent
variable

Instrumental variable
approach

clust GTFP

clust 0.942∗∗ 1.715∗∗∗

(0.411) (0.585)

IV 4.639∗∗∗

(0.352)

Control
√ √ √

City-FE
√ √ √

Year-FE
√ √ √

LM statistic 45.585

[0.000]

Wald F statistic 173.455

{16.38}

Observations 3,102 3,102 3,102

R2 0.523

Values in [] represent p-values; values in {} represent the critical value for the Stock-Yogo

weak identification test at the 10% level. ∗∗∗ , ∗∗ , ∗Represent significance at the 1%, 5%, and

10% levels, respectively. Robust standard errors in parentheses.

and population agglomeration, geographic characteristic variables,

as inherent geographic attributes of cities, have minimal impact

on current GTFP, meeting the exogeneity requirement. Since

geographic data are cross-sectional and are not directly applicable

to panel data econometric analysis, this study utilizes the

interaction term between the reciprocal of a city’s average slope

and the lagged value of the independent variable as an instrumental

variable for population agglomeration in urban agglomerations.

The first- and second-stage regression results after introducing

the instrumental variable are reported in columns (2) and (3)

of Table 4. The results from the first-stage regression show [see

column (2) of Table 4] that the Kleibergen-Paap rk LM statistic

significantly rejects the null hypothesis of “under-identification of

the IV” at the 1% significance level. Additionally, the Kleibergen-

Paap rk Wald F statistic surpasses the critical threshold for the

weak identification test at the 10% level, thereby rejecting the

null hypothesis of “weak IV.” Furthermore, the coefficients of the

instrumental variables in the first stage are significantly positive,

fulfilling the requirement of relevance. Therefore, these findings

substantiate the appropriateness of the chosen IV. The results

from the second stage show [see column (3) of Table 4] that

after accounting for endogeneity, the regression outcomes remain

largely consistent with those reported earlier in the study, further

affirming the robustness of the baseline regression results.

5 Further analysis

5.1 Mechanism analysis

The baseline regression results indicate that population

agglomeration in urban agglomerations enhances GTFP.

Theoretical analysis suggests that this effect is primarily

driven by three mechanisms: amplifying knowledge spillover

effects, expanding market potential, and fostering the

advancement of human capital structure. This study empirically

examines these mechanisms. The empirical model is specified

as follows:

MVit = β0 + β1clustit + γXit + λi + µt + εit (5)

Specifically, MVit denotes the mechanism variables, including

knowledge spillovers (lnKs) in city i in year t, market potential

(lnMp) in city i in year t, and the advanced structure of human

capital (Hs) in city i in year t. GTFPit represents green total factor

productivity, clustit denotes population agglomeration in urban

agglomeration, Xit represents a series of control variables, λi andµt

denote city and year fixed effects, respectively, and εit is the random

disturbance term.

5.1.1 Knowledge spillover
Drawing on the methodology proposed by Wang and Liu

(2024), this study constructs the following indicator to quantify

knowledge spillover across cities:

Ksit =
∑j

j=1
Hijt

kitkjt

d2ij
,Hijt =

kit

kit + kjt
(6)

Where Ksit denotes the knowledge spillover for city yi

in year t, kit and kjt represent the knowledge stock of city

i and city j in year t, respectively. dij is the geographical

distance between city i and city j, calculated using the

spherical distance formula based on the longitude and latitude

coordinates of the municipal government locations for each

prefecture-level city.

Drawing on the methodology of Sun et al. (2021), this study

utilizes the total number of granted patents as an indicator to

measure the local knowledge stock of a region. The calculation

formulas are as follows:

Kit0 =
pit0
g + δ

(7)

Kit = pit + (1− δ)ki(t−l) (8)

Here, pit denotes the total number of patent grants in city i

in year t, and pit0 represents the total number of patent grants

in city i in the base year (2010). δ is the depreciation rate, set

at 10%, and g is the geometric average growth rate of the total

number of patent grants during the sample period. Furthermore,

to reduce the impact of heteroscedasticity, the knowledge spillovers

are logarithmically transformed.

5.1.2 Market potential
Market potential reflects the influence of the latent demand

(e.g., market size and income levels) inherent in a city’s overall

market scale or spatial extent on its urban economy (Han and

Ke, 2012). Building upon the work of Han and Ke (2012),

this paper constructs the following indicator to measure urban

market potential:
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Mpit =
∑j

j=1

Yjt

dij
(9)

Where Yjt denotes the total retail sales of consumer goods in

city j during year t, and dij represents the geographical distance

between city i and city j. This distance is calculated based on

the latitude and longitude coordinates of each prefecture-level

city’s municipal government using the spherical distance formula.

Furthermore, to mitigate potential heteroscedasticity issues, the

market potential variable undergoes a logarithmic transformation.

5.1.3 Human capital structure
A defining characteristic of the advancement of human capital

structure is the continuous transition from primary to advanced

human capital (Liu et al., 2018). Following the approach of Liu

et al. (2018), this study employs the vector angle method tomeasure

the advancement of human capital structure. Notably, due to data

constraints at the prefecture-level city level, this method is applied

only to the provincial level. Given that the definition of human

capital structure advancement emphasizes the dominant role of

higher education, this paper further draws on the approach of

Fan and Zhao (2019). Specifically, it uses the proportion of higher

education students in a prefecture-level city relative to the total

number of higher education students in its respective province

as a weight. This weight is then multiplied by the provincial-

level human capital structure advancement index to derive the

human capital structure advancement index for each prefecture-

level city. Following this rationale, the calculation process is

outlined below:

First, human capital is categorized into five groups based

on educational attainment: illiterate and semi-illiterate, primary

school, junior high school, senior high school (including

vocational secondary education), and tertiary education

(including junior college, undergraduate, and postgraduate

levels). The proportion of each category is treated as a component

of a five-dimensional human capital spatial vector, denoted

as X0 = (x0,1, x0,2, x0,3, x0,4, x0,5).

Second, the following basic unit vectors are selected as

benchmark vectors: X1 = (1, 0, 0, 0, 0),X2 = (0, 1, 0, 0, 0),X3 =
(0, 0, 1, 0, 0),X4 = (0, 0, 0, 1, 0),X5 = (0, 0, 0, 0, 1), and measure the

angles θj(j = 1, 2, 3, 4, 5) between the human capital space vector

X0 and these vectors sequentially:

θj = arccos







∑5
i=1

(

xj,i � x0,i
)

(

∑5
i=1 x

2
j,i

)1/2
�

(

∑5
i=1 x

2
0,i

)1/2






(10)

Where xj,i is the i-th component of xj(j = 1, 2, 3, 4, 5), and x0,i
represents the i-th component of x0.

First, calculate the provincial-level human capital structure

advancement Hs using the predetermined weights θj according to

the following formula:

Hs =
∑5

j=1
(Wj � θj) (11)

WhereWj denotes the weight assigned to θj, withW1,W2,W3,

W4,W5 set to 5, 4, 3, 2, and 1, respectively. The termHsp represents

the advancement of human capital structure for province p.

Second, estimate the human capital structure advancement

at the prefecture-level city Hsit using the following proportional

allocation formula:

Hsit = Hspt
Sduit

Sdupt
(12)

WhereHsit is the human capital structure advancement for city

i in year t, Sduit denotes the number of higher education students

in city i during year t, and Sdupt is the number of higher education

students enrolled in province p in year t.

Table 5 presents the regression results for the mechanism tests

of how population agglomeration in urban agglomerations affects

GTFP. Column (1) demonstrates a significantly positive coefficient

of population agglomeration in urban agglomerations, indicating

that it enhances knowledge spillovers. Column (2) reveals a

similarly positive and significant coefficient, suggesting that

population agglomeration in urban agglomerations strengthens

market potential. Column (3) confirms another statistically

significant positive relationship, highlighting that population

agglomeration in urban agglomerations advances human capital

structure. These findings collectively validate Hypothesis 2:

population agglomeration in urban agglomerations improves

GTFP by (1) amplifying knowledge spillovers, (2) expanding

market potential, and (3) accelerating the advancement of human

capital structure.

This implies that population agglomeration in urban

agglomeration scale leverages systemic advantages to achieve

efficient resource integration and utilization, thereby elevating

GTFP. To maximize these benefits, policymakers should

prioritize strategies to optimize population agglomeration,

focusing on three key pathways: (1) fostering knowledge

spillovers through enhanced connectivity and collaboration,

(2) unlocking market potential via infrastructure investment

and institutional innovation, and (3) advancing human capital

structure through targeted education and talent retention policies.

Such measures will ensure that population agglomeration in

TABLE 5 Results of mechanism analysis.

Variable (1) (2) (3)

lnKs lnMp Hc

clust 2.068∗∗∗ 0.385∗∗∗ 0.683∗

(0.705) (0.073) (0.380)

Control
√ √ √

City-FE
√ √ √

Year-FE
√ √ √

Observations 3384 3384 3384

R2 0.988 0.993 0.991

∗∗∗ , ∗∗ , ∗Represent significance at the 1%, 5%, and 10% levels, respectively. Robust standard

errors in parentheses.
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urban agglomeration contributes robustly to sustainable urban

productivity growth.

5.2 Threshold model test

This study adopts the threshold regression framework

proposed by Hansen (1999) to investigate the nonlinear threshold

effects of population agglomeration in urban agglomerations

on GTFP. Specifically, population agglomeration in urban

agglomerations is designated as the threshold variable. The

empirical procedure involves two sequential steps: First, identifying

the magnitude and number of threshold values in the estimation

equation; Second, determining the optimal functional form of the

threshold model. It is noteworthy that the model is designed to

prioritize capturing non-linear abrupt effects over explaining the

full variation in the dependent variable. Even with a low R2, it

retains practical relevance if threshold effects are significant, as

verified by the Bootstrap test.

Due to the non-standard distribution of test statistics arising

from the presence of unknown parameters, a bootstrap method

with 500 replications is employed to approximate the asymptotic

distribution of the test statistics, thereby rigorously evaluating the

statistical significance of the threshold effects.

GTFPit = β0 + β1clustit × D(clustit ≤ λ1 )+ β2clustit
×D(λ1 ≤ clustit < λ2)......βn+1clustit
×D(λn ≤ clustit)+ γXit + εit

(13)

Where i and t denote city and year, respectively; GTFP

represents urban green total factor productivity; and clust

represents population agglomeration in urban agglomerations. λ

denotes the threshold value under investigation, Xit represents a

vector of control variables, and εit is the random error term.D is an

indicator function that equals 1 if the condition in the parentheses

is true, and 0 otherwise.

The threshold test results are summarized in Table 6. For the

single-threshold model using population agglomeration in urban

agglomerations (clust) as both the independent and threshold

variable, the p-statistic is statistically significant, rejecting the

null hypothesis of a linear relationship. In contrast, the double-

threshold model fails to demonstrate statistical significance in the

second threshold test, indicating no evidence of a dual-threshold

effect. Consequently, the single-threshold regression specification

is adopted for further analysis.

Following the threshold test, the specific regression results

are presented in Table 7. As shown in columns (1) and (2),

when population agglomeration in urban agglomerations is below

or equal to the threshold of 2.428, its regression coefficient is

0.691 and statistically significant at the 1% level. However, when

population agglomeration in urban agglomerations exceeds the

threshold of 2.428, the regression coefficient increases to 1.555,

also statistically significant at the 1% level. This indicates that

population agglomeration in urban agglomerations can more

substantially enhance GTFP once a certain scale is reached, thereby

confirming Hypothesis 3. According to our theoretical analysis,

a key reason for this finding is that achieving a sufficient level

of population agglomeration in urban agglomerations allows the

spatial functional division of labor within urban agglomerations

to evolve into a highly networked stage, thereby fostering a

unified functional network internally. For instance, core cities in

more developed urban agglomerations such as the Yangtze River

Delta and Pearl River Delta (e.g., Shanghai and Shenzhen) have

leveraged integrated initiatives—including convenient intercity

commuting connectivity, co-construction and integration of

industrial chains, and shared use of infrastructure—to drive the

spatial functional division of labor within urban agglomerations

toward a new stage of highly networked division. Within this

highly networked division system, the multi-center collaborative

innovation chains, supply chains, and ecological chains in urban

agglomerations have been accelerated and organically integrated,

which has strongly promoted the process of infrastructure

integration and enabled the free and efficient flow of various

production factors. These developments have fully unleashed the

population agglomeration effect of urban agglomerations, thereby

more significantly improving GTFP. Consequently, in promoting

population agglomeration toward urban agglomerations, it is

essential to fully leverage the scale effects generated, which in

turn facilitates the formation of an integrated functional network

within the urban agglomeration, leading to a more significant

improvement in GTFP.

5.3 Analysis of the spatial spillover e�ect of
GTFP

The impact of population agglomeration in urban

agglomerations on GTFP may not be confined to local cities;

it could also influence neighboring cities through spatial spillovers

of GTFP. To mitigate estimation biases stemming from the

neglect of such spatial spillover effects and to examine more

profoundly and accurately how this agglomeration affects GTFP,

this study further employs the spatial autoregressive (SAR) model

for regression analysis. It is worth noting that, compared to the

more generalized Spatial Durbin Model (SDM), the SAR model

emphasizes the spatial autocorrelation of the dependent variable,

namely GTFP. This characteristic renders the SAR model more

congruent with the underlying logic of the present research.

TABLE 6 Results of threshold e�ect test.

Equation Number of thresholds F-statistic P-value Critical values at di�erent significance levels

10% 5% 1%

Equation 13 Single threshold 97.227 0.006 50.027 61.214 89.725

Double threshold 36.821 0.238 90.733 131.018 219.579

Frontiers in SustainableCities 11 frontiersin.org

https://doi.org/10.3389/frsc.2025.1606754
https://www.frontiersin.org/journals/sustainable-cities
https://www.frontiersin.org


Zhang et al. 10.3389/frsc.2025.1606754

TABLE 7 Results of threshold and spatial dimensions.

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

Threshold model SAR model The influence scope of population
agglomeration in urban agglomerations

clust ≤
2.428

2.428 <
clust

Inverse distance
geographic

matrix

Queen-type
adjacency
matrix

100 km 200km 300 km

clust 0.691∗∗∗ 1.555∗∗∗ 0.544∗∗∗ 0.734∗∗∗ 0.415 0.838∗∗ 0.647

(0.210) (0.199) (0.188) (0.187) (0.322) (0.385) (0.453)

ρ 0.677∗∗∗ 0.093∗∗∗

(0.078) (0.022)

Control
√ √ √ √ √ √ √

Observations 3384 3384 3384 3384 3384 3384

R2 0.095 0.006 0.005 0.498 0.500 0.499

∗∗∗ , ∗∗ , ∗Represent significance at the 1%, 5%, and 10% levels, respectively. Robust standard errors in parentheses.

TABLE 8 Moran’s I of GTFP.

Year Moran’I Z P-value

2011 0.002 1.074 0.283

2012 0.005∗ 1.674 0.094

2013 0.016∗∗∗ 3.766 0.000

2014 0.020∗∗∗ 4.595 0.000

2015 0.012∗∗∗ 3.448 0.001

2016 0.027∗∗∗ 6.253 0.000

2017 0.018∗∗∗ 4.187 0.000

2018 0.009∗∗ 2.368 0.018

2019 0.042∗∗∗ 8.985 0.000

2020 0.037∗∗∗ 7.960 0.000

2021 0.021∗∗∗ 4.881 0.000

2022 0.018∗∗∗ 4.150 0.000

∗∗∗ , ∗∗ , ∗Represent significance at the 1%, 5%, and 10% levels, respectively.

Specifically, population agglomeration in urban agglomerations

impacts local GTFP and subsequently influences the GTFP

of neighboring cities through spatial spillover effects. This

framework not only prevents redundancy in spatial information

but also precisely delineates the process by which the population

agglomeration in urban agglomerations initiates a chain reaction,

ultimately affecting the GTFP of adjacent areas.

Before conducting spatial econometric analysis, this study

verified the presence of spatial correlation in GTFP. Moran’s

I statistic was employed to calculate the annual spatial effects

using an inverse distance geographic matrix. As shown in Table 8,

Moran’s I for GTFP is positive and statistically significant in most

years, indicating strong spatial autocorrelation of GTFP across

Chinese cities.

Columns (3) and (4) of Table 7 present the estimation results

of the SAR model with spatial-temporal two-way fixed effects,

based on the inverse distance geographic matrix and Queen-

type adjacency matrix, respectively. The results show that the

coefficients of population agglomeration in urban agglomerations

are significantly positive, indicating that population agglomeration

in urban agglomerations has a significant positive impact on

GTFP. In addition, the spatial lag coefficients ρ are positive and

pass the 1% significance level test, which confirms that there is

indeed a positive spatial spillover effect of GTFP in geographical

adjacency. This implies that while population agglomeration in

urban agglomerations improves local GTFP, it can further affect

the GTFP of neighboring cities through the spatial spillover effect

of GTFP itself. Therefore, the government should take the overall

development of urban agglomerations into consideration, take

population agglomeration as a link, guide cities to share the

spillover dividends of GTFP, promote the in-depth superposition

of the population agglomeration effect of urban agglomerations

and the spatial spillover effect of GTFP, and jointly empower urban

green development.

5.4 Tests on the influence scope of
population agglomeration in urban
agglomerations

In the baseline regression, this paper adopts 200 kms as the

geographic distance threshold for selecting neighboring cities. To

further examine the scope of influence of population agglomeration

in urban agglomerations, this paper extends the distance threshold

and conducts separate regressions. As shown in columns (5),

(6), and (7) of Table 7, within the range of 100–300 kms, the

coefficient of population agglomeration in urban agglomerations

is significantly positive only at the specific distance of 200 kms,

and the coefficient value reaches the maximum at this point,

indicating that the population agglomeration effect of urban

agglomerations has a specific reasonable spatial scope. This also

reflects the rationality and feasibility of the 200-km distance range

in actual urban agglomeration planning. Therefore, constructing

urban clusters by taking the average distance between a city and

other cities within the 19 urban agglomerations specified in China’s

policy planning documents as the geographic distance threshold
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(i.e., 200 kms) not only conforms to the spatial scope where

the population agglomeration effect of urban agglomerations can

be effectively exerted but also provides a relatively balanced and

efficient green development space for cities within the urban

agglomeration. This research conclusion offers new policy insights

for the government to accurately understand the scope of policy

implementation and maximize the population agglomeration

efficiency of urban agglomerations in promoting the urban

agglomeration strategy.

5.5 Heterogeneity analysis

5.5.1 Urban heterogeneity
To investigate the urban-level heterogeneity in the impact

of population agglomeration in urban agglomerations on GTFP,

this study adopts the classification framework from Zhao

et al. (2020), categorizing municipalities, provincial capitals,

and sub-provincial cities as core cities, while classifying other

prefecture-level cities as peripheral cities. To address potential

biases in direct cross-group coefficient comparisons, a Fisher

permutation test is employed to statistically validate differences

between subgroups.

Table 9 presents the regression results for the heterogeneity

analysis of population agglomeration in urban agglomerations.

Column (1) indicates that in core cities, the coefficient of

population agglomeration in urban agglomerations is 2.498,

significant at the 10% level. In contrast, Column (2) shows that

for peripheral cities, the coefficient is 0.646, significant at the

5% level. A Fisher permutation test confirms that the difference

between these coefficients is statistically significant at the 1% level.

A comparison of the two coefficients shows that the promoting

effect of population agglomeration in urban agglomerations on

GTFP in core cities is approximately 3.87 times that in peripheral

cities. The results indicate that population agglomeration in urban

agglomerations exerts a more pronounced positive effect on GTFP

in core cities compared to peripheral cities.

A plausible explanation for this disparity lies in the scale

economies inherent to core cities. Their larger population

bases enable more efficient resource allocation, knowledge

spillovers, and pollution mitigation infrastructure—factors that

amplify the productivity-enhancing effects of agglomeration.

Peripheral cities, however, may lack the institutional capacity,

technological readiness, or infrastructure to fully capitalize on

population agglomeration, resulting in diminished GTFP gains.

This aligns with theories of agglomeration externalities, where core

cities disproportionately benefit from cumulative advantages in

innovation and environmental governance.

5.5.2 Regional heterogeneity
To further investigate the regional heterogeneity in the impact

of population agglomeration in urban agglomerations on GTFP,

this study builds on the research by Yin and Yuan (2019). We

adopt the Hu Huanyong Line (commonly referred to as the Hu

Line), a significant demographic boundary in China, to divide the

sample into two distinct groups: one comprising regions along and

to the northwest of the line, and the other encompassing regions to

the southeast.

The regression results, presented in columns (3) and (4)

of Table 9, reveal notable differences between these groups.

In the southeast regions, population agglomeration in urban

agglomerations exerts a positive and statistically significant

effect on GTFP. In contrast, in the regions along and to the

northwest of the Hu Line (Northwest Region), the effect of

population agglomeration in urban agglomerations on GTFP

is not statistically significant. Moreover, the difference in the

coefficients of population agglomeration in urban agglomerations

between these two groups is statistically significant at the 5%

level. These findings suggest that population agglomeration in

urban agglomerations significantly enhances GTFP only in the

southeastern regions.

A likely explanation for this regional disparity is that, unlike

cities in the northwest, those in the southeast constitute the core

areas of China’s urban agglomerations and urbanization (Chen

et al., 2016, 2019). They exhibit a more optimized industrial

structure, a high degree of economic extroversion, and more

sophisticated transportation, communication, and public service

facilities. These conditions can better facilitate the efficient

TABLE 9 Results of heterogeneity analysis.

Variable (1) (2) (3) (4) (5) (6) (7) (8)

Core
cities

Peripheral
cities

Southeast
region

Northwest
region

Stronger
environmental
regulation

Weaker
environmental
regulation

Resource-
based
cities

Non-
resource-
based
cities

clust 2.498∗ 0.646∗∗ 0.941∗∗ −0.188 1.547∗∗ 0.535 0.974∗ 0.550

(1.274) (0.323) (0.442) (0.835) (0.612) (0.473) (0.553) (0.487)

Control
√ √ √ √ √ √ √ √

Observations 420 2964 2676 708 1524 1860 1368 1992

R2 0.612 0.492 0.497 0.533 0.514 0.491 0.463 0.524

p-value for

inter-group

coefficient

difference

0.000∗∗∗ 0.017∗∗ 0.000∗∗∗ 0.013∗∗

The p-value for the inter-group coefficient differences is obtained through a bootstrap-based Fisher combination test, computed with 1,000 resampling iterations. ∗∗∗ , ∗∗ , ∗Represent significance

at the 1%, 5%, and 10% levels, respectively. Robust standard errors in parentheses.
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operation of economic activities, fully leverage the population

agglomeration effect of urban agglomerations, and thereby provide

strong support for the improvement of GTFP.

5.5.3 Environmental regulation heterogeneity
For cities with different intensities of environmental

regulation, the impact of population agglomeration in urban

agglomerations on GTFP also varies. Drawing on the method

proposed by Shao et al. (2024), this study gauges environmental

regulation intensity by the ratio of words in sentences containing

environmental protection keywords to the total word count

of government work reports. Based on the annual average of

urban environmental regulation intensity, the sample is split into

a stronger environmental regulation group (above the overall

sample average) and a weaker environmental regulation group

(below the overall sample average), with separate regressions

conducted thereafter.

Regression results in Columns (5) and (6) of Table 9 reveal

that within the stronger environmental regulation subsample,

population agglomeration in urban agglomerations positively

affects GTFP. Conversely, within the weaker environmental

regulation subsample, such agglomeration exerts no significant

impact on GTFP. Moreover, the difference in the coefficients of this

agglomeration between the two groups is statistically significant

at the 1% level. This implies that this agglomeration exerts a

significantly positive effect on GTFP only within the stronger

environmental regulation subsample. A plausible explanation

for this result is that a higher intensity of environmental

regulation entails stricter environmental supervision by the

government and greater pressure on enterprises regarding

environmental costs, which motivates enterprises to engage more

actively in green activities. Consequently, only under stronger

environmental regulation, the population agglomeration effect

in urban agglomerations is guided onto the path of green

development, thereby effectively promoting the improvement

of GTFP.

5.5.4 Resource endowment heterogeneity
According to the “National Sustainable Development Plan for

Resource-Based Cities (2013–2020)” issued by the State Council

of the People’s Republic of China, the sample is split into

resource-based cities and non-resource-based cities for subgroup

regression analysis. Regression results in Columns (7) and (8)

of Table 9 show that within the resource-based city subsample,

population agglomeration in urban agglomerations exerts a

positive impact on GTFP. In contrast, within the non-resource-

based city subsample, such agglomeration has no significant impact

on GTFP. Furthermore, the difference in the coefficients of this

agglomeration between the two groups is statistically significant

at the 5% level. This indicates that population agglomeration in

urban agglomerations only exerts a significantly positive effect on

urban GTFP within the resource-based city subsample. A plausible

explanation for this result is that, compared with non-resource-

based cities, resource-based cities typically feature a homogeneous

industrial structure, low efficiency in land and energy utilization,

and high carbon emissions. Such cities, therefore, urgently need

to undergo green and intelligent transformation. Within urban

agglomerations, population agglomeration can attract high-caliber

talent, including technical and innovative professionals, into

resource-based cities. Consequently, population agglomeration in

urban agglomerations plays a crucial role in enhancing the GTFP

of resource-based cities.

6 Discussion

6.1 Conclusions and policy implications

Against the backdrop of continuous population agglomeration

in urban agglomerations, enhancing GTFP is of paramount

importance for achieving sustainable development. This

paper investigates the impact and mechanisms of population

agglomeration in urban agglomerations on GTFP, using panel

data from 282 cities in China spanning the period 2011–2022.

The findings reveal that population agglomeration in urban

agglomerations positively affects GTFP. This conclusion remains

robust after various robustness checks, including addressing

endogeneity, excluding partial samples, and replacing the

explained variable. Mechanism analysis indicates that population

agglomeration in urban agglomerations enhances knowledge

spillover effects, increases market potential, and promotes the

upgrading of the human capital structure, thereby improving

GTFP. Threshold effect analysis demonstrates that population

agglomeration in urban agglomerations can significantly boost

GTFP once it reaches a certain scale. Heterogeneity analysis

suggests that the positive impact of population agglomeration

in urban agglomerations on GTFP varies across different cities.

Specifically, such agglomeration improves GTFP more effectively

in central cities than in peripheral cities; this effect is significant

in the southeast region, in cities with stronger environmental

regulation, and resource-based cities, but is insignificant in the

northwest region, in cities with weaker environmental regulation,

and non-resource-based cities.

Based on these findings, it is crucial to adopt an urban-

agglomeration perspective to fully leverage the potential of

population agglomeration in enhancing GTFP. The specific policy

implications are as follows: Policymakers should focus on the entire

urban agglomeration to actively promote and optimize population

agglomeration. This will facilitate the scale effects generated by

population agglomeration and foster the formation of a unified

functional network within the urban agglomeration, thereby

effectively improving GTFP. Beyond general encouragement for

population concentration, policies should specifically focus on

fostering multi-centric urban development within agglomerations,

strategically directing population and industries toward new

growth poles and peripheral cities to alleviate pressure on central

cities while activating regional potential. This requires integrated

spatial planning that considers the entire urban agglomeration as a

functional unit, rather than a collection of isolated cities.

To achieve this, on the one hand, urban agglomerations should

be treated as integrated entities, extending the scale of population

agglomeration from the city level to the entire urban agglomeration
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level, and actively promoting and optimizing this process to

improve GTFP. First, when implementing urban agglomeration

strategies, governments should rationally regulate the radiation

scope of population agglomeration in urban agglomerations.

For instance, they can define a 200-km functional radius for

core cities and formulate graded population absorption plans

according to urban carrying capacity. Therefore, this can preclude

administratively driven unordered expansion and provide a

relatively balanced and efficient green development space for cities

in urban agglomeration. Second, governments ought to facilitate

the in-depth integration of the population agglomeration effect

and GTFP spatial spillover effect within urban agglomeration (e.g.,

establishing cross-city technology transfer mechanisms, jointly

building green industrial parks), thereby fostering green high-

quality development across the entire urban agglomeration.

On the other hand, the pathways through which population

agglomeration in urban agglomerations improves GTFP should

be continuously optimized. Our research shows that population

agglomeration in urban agglomerations improves GTFP by

strengthening knowledge spillovers, boosting market potential, and

upgrading the human capital structure. Therefore, governments

should enhance knowledge spillovers by establishing urban

agglomeration innovation network platforms and facilitating

the free flow of talent; boost market potential by optimizing

the business environment and promoting market integration

within the urban agglomeration; and promote the upgrading

of the human capital structure by increasing investment in

education and training and actively attracting high-end talent.

Specifically, to enhance knowledge spillovers, policies should

move beyond simply increasing R&D investment. Instead, they

should focus on establishing cross-city innovation platforms

and “green technology corridors” that explicitly connect

research institutions, universities, and high-tech firms across

different specialized cities within the agglomeration. This

could involve joint funding for inter-city research projects,

shared intellectual property rights frameworks, and specialized

talent mobility programs designed to facilitate the flow of

green innovation knowledge and high-skill labor between

complementary urban centers. For market potential, policies

should aim at institutionalizing truly integrated regional markets

by dismantling administrative barriers and harmonizing market

regulations across cities within the agglomeration. This includes

streamlining inter-city business registration, standardizing

environmental protection compliance, and developing unified

logistics and distribution networks that minimize internal

trade costs. Such measures will enable firms to fully exploit

the vast, interconnected consumer and industrial demand of

the entire agglomeration, incentivizing investments in green

production methods and eco-friendly products. To promote

the upgrading of human capital structure, strategies should

emphasize developing inter-city talent sharing schemes and

vocational training programs that cater to the diverse needs

of green industries across the agglomeration. This could

involve establishing regional human resource development

centers, offering cross-city internships in green sectors, and

providing incentives for environmental specialists and green tech

professionals to work across different cities, fostering a highly

skilled and mobile workforce adapted to the evolving demands of a

green economy.

Furthermore, our findings on the threshold effect underscore

the importance of fostering a “unified functional network” once

population agglomeration reaches a critical scale. Institutionalizing

inter-city coordination is paramount for achieving this network

state. This can be realized through the establishment of permanent

joint planning commissions for urban agglomerations with

delegated decision-making authority on regional infrastructure,

environmental management, and industrial layout. Additionally,

creating shared fiscal mechanisms for cross-city public goods (e.g.,

regional parks, joint waste treatment facilities) and developing

harmonized environmental monitoring and enforcement protocols

are crucial. Such institutional arrangements move beyond ad-

hoc cooperation, embedding a systemic approach to regional

governance that facilitates seamless factor flows and coordinated

development, thereby maximizing the GTFP benefits of mature

urban agglomerations.

Finally, our heterogeneity analysis reveals distinct challenges

and opportunities for different types of cities within urban

agglomerations and across regions. For peripheral cities, policies

should focus on strengthening their functional linkages with

central cities, for instance, by investing in rapid inter-city public

transport to enhance commuter flows and facilitate access to

central city knowledge and markets. Targeted support for green

industrial transfers from central cities, coupled with capacity

building for environmental governance in peripheral areas, can

ensure more balanced green growth. For urban agglomerations in

Northwest regions, where the positive impact of agglomeration on

GTFP is less pronounced, policies must prioritize investment in

foundational green infrastructure, ecological restoration projects,

and the attraction of green industries through specific incentive

packages. Meanwhile, for cities with weaker environmental

regulation intensity, governments should further strengthen local

environmental regulation and establish an effective deterrent

effect of environmental supervision. This will urge enterprises to

proactively comply with environmental regulations and engage

in green production. Additionally, for non-resource-based cities,

they can leverage their advantages in industrial flexibility to

establish regional green standard certification systems. By setting

environmental protection standards higher than the industry

average, these cities can compel local enterprises to actively improve

green technology in the process of population agglomeration in

urban agglomerations. These differentiated strategies are essential

to ensure that green development is inclusive and benefits all

cities within the agglomeration, reducing regional disparities in

environmental performance.

6.2 Limitations and future research

Despite achieving its research objectives, this study inevitably

has certain limitations. Firstly, the theoretical analysis presented is

not grounded in a unified mathematical model framework, and the

empirical analysis does not utilize micro-level data. Future research

could address this by developing a unified mathematical model to

systematically analyze the impact and mechanisms of population
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agglomeration in urban agglomerations on GTFP, followed by

corresponding empirical tests using micro-level data. Secondly,

this study does not decompose the GTFP index. This limitation

opens an avenue for future research to decompose the GTFP index

into technological progress and technological efficiency indices,

thereby enabling a more in-depth and detailed exploration of the

GTFP research topic. Finally, CO2 emissions were not included

in the selection of non-desired output indicators. While this

maintains comparability with traditional studies, as China’s carbon

accounting system improves and the “dual-carbon” goals advance,

future research should incorporate CO2 emissions into the GTFP

measurement framework to evaluate green total factor productivity

more comprehensively.
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