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Introduction

Sustainable development has become a shared objective across economies, but a persis-

tent and widening financing gap constrains the transition from aspiration to implementation.

The annual resources required for the Sustainable Development Goals by 2030 exceed avail-

able funding by several trillion dollars, without substantial financial architecture reform and

stronger alignment of incentives. In this context, the core challenge to achieve green growth

is mobilising and channelling capital toward projects delivering environmental benefits while

maintaining macroeconomic stability and social welfare.

Heading to sustainability requires the joint use of two complementary instruments. The

first is the fiscal policy from a green government. Pollution taxes, targeted green subsidies,

disclosure rules, and standards help internalise environmental externalities and create a sta-

ble fiscal and regulatory loop that supports green investment and innovation. The second

is a market-led green finance system. Bonds, loans, equities, insurance, and public green

expenditures provide vehicles and signals for the reallocation of capital at scale.

However, the academic literature still lacks an integrated framework that connects green

policy, green finance, economic performance, and environmental quality. The dissertation

aims to fill the blank and clarify how the public green policy and green financial market

channels mutually reinforce and why a combined policy market approach is essential.

The first essay develops the theoretical foundation. It extends the green Solow model

by distinguishing a brown sector and a green sector and by closing the fiscal loop through

a pollution tax with three subsidy channels. The model establishes two core conclusions.

First, introducing a pollution tax reduces pollution and lowers output relative to the no-tax

economy. Second, the policy mix combining the tax with green subsidies further decreases

pollution while increasing output. Numerical simulations calibrated to the Chinese economy

confirm these propositions and show economic and environmental outcomes across differ-

ent green subsidies. Allocating tax revenues to green finance leads to the highest steady-

state green capital. Subsidising green total factor productivity maximises aggregate output,

whereas abatement efficiency minimises pollution, revealing a clear economic–environmental
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trade-off. Overall, the analysis confirms the critical role of a green government and its subsidy

instruments in shaping the transition dynamics of a sustainable economy.

The second essay constructs a provincial level database and a macro index of green fi-

nance for China from 2008 to 2019. The framework defines two dimensions that capture

different aspects of system development. Coverage tracks the diffusion of green instruments

across provinces and markets. Intensity tracks the penetration of green capital within each

instrument. Their product yields the Green Finance Index, and their separation permits

decomposition of sources of change. National series display a steady rise in coverage with

acceleration after establishing a formal policy framework and pilot zones. Intensity also rises

with volatility in the early years and accelerates after 2016. Over the sample period, the in-

dex nearly doubles, with roughly three-fifths of the increase attributable to broader coverage

and the remainder to deeper intensity. Spatial patterns reveal that provinces with high GF

ranking are not located in coastal areas considered economically advanced, but also appear

in regions with abundant renewable resources. This finding emphasises the role of ecological

endowment in shaping financial greening, providing policy implications for countries that are

developing a green financial system.

The third essay examines the dual impacts of green finance on economic development and

environmental degradation, utilising two-way fixed effects models and provincial panel data

from China (2008–2019). The empirical results reveal that, at the initial stage of green finance

development, structural frictions, investment delays, and information asymmetries constrain

its positive influence on both growth and environmental quality. However, once green finance

surpasses critical thresholds, it simultaneously promotes economic upgrading and ecological

improvement. Building on these findings, the paper proposes the Green Finance Kuznets

Curve (GFKC) concept, which characterises the nonlinear relationship between green finance,

economic growth, and environmental degradation. The GFKC implies that, in the long run,

green finance can foster green growth once the share of green financial capital reaches a

sufficiently high level. These findings align with the predictions of the theoretical model we

proposed and provide quantitative guidance on the depth of financial greening required to

achieve simultaneous economic and environmental gains.

The findings indicate a strategic complementarity between a capable green government

and a maturing green finance market. Policy creates the rules, incentives, and public goods

that enable markets to mobilise capital efficiently. Markets facilitate the restructuring and

diffusion of technology that transform these incentives into measurable reductions in pollution

and sustainable growth.
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Chapter 1

Environmental Policies in a Green

Solow Model

Over the past few decades, human society has achieved remarkable economic growth,

but at the cost of intensive resource use and severe ecological degradation. The circular

economy (CE) offers a promising pathway toward sustainability by promoting recycling,

remanufacturing, and the reuse of materials. However, the CE faces a fundamental financial

challenge: the massive capital required to achieve sustainability.

To address this issue, this study extends the Green Solow model by distinguishing between

green and brown sectors and introducing a green government that implements environmental

policies through a pollution tax and green subsidies. The model establishes a financial loop

that supports the CE by endogenising the pollution tax and channelling tax revenues into

green fiscal expenditure. Numerical simulations are conducted to compare different environ-

mental policies and evaluate their impacts on output and pollution.

The results show that introducing a pollution tax reduces pollution and lowers output

relative to the no-tax economy. The policy mix combining the tax with green subsidies

further decreases pollution while increasing output. Allocating tax revenues to green finance

leads to the highest steady-state green capital. Subsidising green total factor productivity

maximises aggregate output, whereas abatement efficiency minimises pollution, revealing a

clear economic–environmental trade-off. Overall, the analysis confirms the critical role of

a green government and its subsidy instruments in shaping the transition dynamics of a

sustainable economy.

Keywords: Circular Economy, Green Solow Model, Green Government, Pollution Tax,

Green Subsidy

JEL: Q56, H23, O44.
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1.1 Introduction

Over the past half-century, the global economy has achieved remarkable income and ma-

terial growth. However, the prosperity primarily depends on massive resource consumption,

threatening the planet’s ecological foundations. Figure 1.1 presents the trends in global

per capita GDP, fossil fuel consumption, and CO2 emissions, which have remained closely

aligned since the beginning of the twenty-first century. This pattern indicates that economic

expansion relies heavily on natural resource exploitation, often at the cost of environmental

sustainability (Choudhury et al., 2023; Krausmann et al., 2009).

While sustainable development has become a shared global aspiration in the twenty-first

century, decoupling economic growth from using natural resources remains challenging. In

this context, the circular economy (CE) has emerged as a promising framework for achieving

sustainability. The CE emphasises reducing resource inputs and waste generation by pro-

moting reduction, reuse, recycling, and recovery throughout production and consumption,

aiming to enhance environmental quality, improve economic efficiency, and promote social

well-being (Kirchherr et al., 2017).

Despite its conceptual appeal, a wide financial gap persists between the vision of the

CE and its practical implementation. While the CE literature emphasises material loops,

it largely overlooks the financial loop required to sustain them. Private actors also lack

sufficient incentives to participate in green circular systems (Siderius & Zink, 2023), further

constraining the realisation of large-scale CE projects (Uhrenholt et al., 2022). The United

Nations Environment Programme Finance Initiative estimates that achieving full financial

circularity would require millions to trillions of dollars globally (United Nations Environment

Programme Finance Initiative, 2020). This financial unfeasibility underlines the critical role

of a green-oriented government in reallocating social resources and guiding capital toward

the CE (Hallegatte et al., 2012).

Environmental economics provides a theoretical foundation for addressing the financial

challenge. As emissions represent negative externalities of production, internalising them

through a Pigouvian tax—for example, a carbon tax—can discourage pollution and generate

fiscal revenues for environmental policy (Baumol & Oates, 1988; Bovenberg & De Mooij, 1997;

Nordhaus, 1993). However, research shows that taxation alone cannot effectively correct

market failures, whereas a combination of instruments within a broader green policy toolbox

performs better (Hallegatte et al., 2012). Such policy mixes foster directed technological

change (Acemoglu et al., 2012) and support clean energy innovation (Fischer & Newell, 2008;

Lim & Kim, 2012). When a green-oriented government reinvests tax revenues into green

9
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Figure 1.1: Global trends in economic growth, CO2 emissions, and fossil fuel consumption. Author’s
compilation with data from World Bank and Global Carbon Budget (2024).

subsidies, it can maintain fiscal neutrality while achieving both economic and environmental

goals, thereby establishing a virtuous cycle: pollution → taxation → green subsidies → green

production → pollution abatement. This loop resolves the problem of capital sourcing and

allocation within the CE framework.

A key question is how these green subsidies should be allocated. In practice, subsidy chan-

nels vary widely across countries. For example, green finance subsidies—such as green bonds

and preferential loans—are prevalent in China (Climate Bonds Initiative, 2024). Japan’s

Green Transformation Fund dedicates JPY 20 trillion to green R&D and transition tech-

nologies (International Energy Agency, 2023). Germany’s National Climate Initiative has

provided substantial funding for emission-reduction and pollution-abatement projects (Na-

tional Climate Initiative, 2021). Nevertheless, the optimal redistribution of pollution tax

revenues remains theoretically ambiguous, as few studies systematically compare the impacts

of different subsidy channels—this is the core question examined in this paper.

In addition, existing analyses typically assess green policies based solely on emission

outcomes, neglecting the dynamic balance between environmental protection and eco-

nomic growth. In practice, countries at different stages of development exhibit distinct

growth–environment preferences. Even within a single economy, such preferences evolve as

development progresses. Therefore, a framework that enables comparative policy evaluation

and allows policy instruments to adapt dynamically to shifting national priorities can fill the

existing gap in the literature.

This paper develops a macro-dynamic model that integrates a green-oriented government,

pollution taxation, and environmental subsidies into a unified analytical framework to ad-

10
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dress the above issues. Building on the Green Solow Model (GSM) proposed by Brock and

Taylor (2010), which incorporates pollution dynamics into the classical Solow framework

(Solow, 1956), we extend it toward a circular-economy (CE) perspective through two main

innovations.

First, we model an economy with two production sectors: green and brown. The brown

sector generates output but also pollution, whereas the green sector produces output while

creating positive environmental externalities.

Second, we introduce a green-oriented government that connects the two sectors. The

government levies a pollution tax on the brown sector. It recycles the revenues as subsidies to

the green sector under a balanced-budget condition, forming a closed financial loop consistent

with CE principles. Three subsidy channels are designed for comparative analysis: (i) green

finance subsidies to accelerate green capital accumulation; (ii) green total factor productivity

(TFP) subsidies to enhance production efficiency; and (iii) pollution-abatement technology

subsidies to strengthen emission reduction capacity. The government may implement any

single channel or a combination of them.

Using parameters calibrated to the Chinese economy, we simulate the model to examine

how alternative subsidy schemes affect economic output and pollution, and to identify the

optimal policy configuration under different growth–environment preferences. The simulation

results confirm that introducing a pollution tax reduces pollution and lowers output relative

to the no-tax scenario. The policy mix combining pollution tax with green subsidies leads

to an equilibrium with higher output and lower pollution. Allocating tax revenues to green

finance leads to the highest steady-state green capital. Subsidising green total factor pro-

ductivity maximises aggregate output, whereas subsidising abatement efficiency minimises

pollution. This pattern reveals a fundamental trade-off between economic growth and en-

vironmental protection. The optimal policy choice depends on the government’s preference

structure. Growth-oriented governments favour green TFP support, while environmentally

oriented governments prioritise abatement subsidies. Our results also verify the existence

of an inverted-U-shaped Environmental Kuznets Curve (EKC) relationship (Grossman &

Krueger, 1995), as well as a U-shaped effect of the green capital share on output and an

inverted-U-shaped effect on pollution, providing a theoretical foundation for future empirical

investigations.

The remainder of this paper is organised as follows. Section 1.2 presents the theoretical

framework and dynamic equations. Section 1.3 describes the parameter calibration and simu-

lation setup. Section 1.4 presents the comparative policy results and discusses optimal policy

11
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combinations under alternative growth–environment preferences. Section 1.5 concludes with

policy implications and directions for future research.

1.2 The model

1.2.1 Brown and Green Production

The economy consists of two types of production: green and brown. Brown production

refers to economic activities that generate negative environmental externalities through pol-

lutant emissions. Its opposite concept is green production. However, no unified definition of

green production exists in the academic literature. After reviewing various interpretations,

Baines et al. (2012) defines green production as the application of environmentally and so-

cially responsible practices that reduce the negative impact of manufacturing activities while

simultaneously harmonising the pursuit of economic benefits.

Most existing studies define green production as optimising production processes and up-

grading green technologies to reduce firms’ emissions. This definition highlights the reduction

of negative environmental externalities rather than the creation of positive ones. If so, even

if green production is widely adopted, the aggregate pollution level in the economy would

continue to rise, with only a decline in the growth rate of pollution. This definition offers

a limited contribution to the realisation of a CE, as it merely slows, rather than reverses,

environmental degradation. From a CE perspective, a proper closed-loop system requires

specific sectors to undertake pollution reduction actively.

Accordingly, we adopt a stricter definition of green production: a production activity that

reduces the current total level of social pollution while generating economic benefits. In other

words, the environmental externality of green output is positive, rather than a mitigation of

negative externalities.

There are two extra clarifications. First, it is important to note that we are distinguish-

ing production activities rather than the companies themselves. Therefore, a company can

simultaneously engage in green and brown production. Second, green production and brown

production are not substitutable categories. Any given production must be unequivocally

classified into one and only one of the two.

1.2.2 Production and Pollution

The production functions for brown and green companies are:

YB = AKα
B (1.1)

12



CHAPTER 1

YG = AKα
G (1.2)

where YB and YG denote brown and green output, respectively, and KB and KG are the

corresponding capital stocks. Consistent with the production structure, the two forms of

capital are assumed to be non-substitutable. The parameters A and α denote total factor

productivity and output elasticity concerning capital, respectively.

To keep the expression as simple as possible, we abstracted it from the labour market and

excluded it from the production function. Also, we assume relative prices are constant and

normalise them to one. The capital accumulation functions are subject to Solow’s form:

K̇B = sYB − δKB (1.3)

K̇G = sYG − δKG (1.4)

where s is saving rate and δ is depreciation rate. They are assumed to be equal across

activities. A dotted variable denotes its derivative with respect to time1.

Based on our definition, brown and green production will generate and reduce pollution.

Ṗ = ΩYB − ϕYG (1.5)

where P is pollution, Ω is the pollution generating coefficient of brown production, and ϕ is

pollution abatement coefficient of the green sector.

1.2.3 Incorporating a Green Government

We assume the government is green-oriented, meaning it levies a pollution tax rate τ

on brown production. Accordingly, the brown production function is modified as in equa-

tion (1.6).

YB = (1− τ)AKα
B (1.6)

The pollution tax rate is determined by a function f of pollution P :

τ = f(P ) (1.7)

1For a generic variable x, we denote its time derivative as ẋ = dx
dt
.
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We assume that f(x) is a monotonically increasing function bounded within [0, 1], imply-

ing that the pollution tax rises with the pollution level but never exceeds unity.

The government collects tauYB units of tax revenue from the brown sector and reallocates

them as green subsidies. These subsidies serve three purposes: (i) promoting green capital

accumulation (KG); (ii) enhancing the total factor productivity of green production (A);

and (iii) improving the pollution abatement efficiency (Φ). The corresponding shares θ1, θ2,

and θ3 lie within [0, 1] and satisfy θ1 + θ2 + θ3 = 1. The vector θ = {θ1, θ2, θ3}, termed a

“green-policy combination,” represents the government’s allocation strategy across subsidy

channels.

Each subsidy channel affects the economy differently. The share θ1 devoted to green

capital accumulation raises the effective saving rate according to:

sG = (1 + θ1τ)s (1.8)

A higher pollution tax and a larger subsidy share strengthen green capital formation. Two

mechanisms can account for this increase: households respond to higher risk-adjusted returns

on green assets, while firms reinvest more due to lower user costs of green capital. In both

cases, the saving rate rises from s to (1 + θ1τ)s, accelerating green capital accumulation.

Subsidies directed toward green total factor productivity (GTFP) enhance A through

increased government R&D investment in green industries. Higher research expenditure

improves production technology, thereby raising output per unit of green capital:

AG = A+ θ2τ (1.9)

Similarly, subsidies allocated to pollution abatement improve ϕ by supporting cleaner

technologies such as waste recycling and wastewater treatment. It reflects the government’s

efforts to strengthen environmental efficiency and expand the economy’s overall abatement

capacity:

ϕG = ϕ+ θ3τ (1.10)

After introducing pollution taxes and green subsidies, equations (3.2), (1.4), and (1.5) are

updated as follows:

YG = A(1 + θ2τ)K
α
G (1.11)

K̇G = s(1 + θ1τ)YG − δKG (1.12)

Ṗ = ΩYB − (ϕ+ θ3τ)YG (1.13)
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Figure 1.2: Outline of the model

Finally, we introduce one additional realistic assumption:

ϕ < Ω (1.14)

The assumption suggests that the environmental positive externality efficiency of green out-

put is lower than the environmental negative externality efficiency of brown output. As

International Energy Agency (2023) and Friedlingstein et al. (2022) observe, pollution con-

centrations continue to rise, underscoring that emitting pollutants is easy, whereas abatement

remains difficult due to the persistent imbalance between emissions and absorptive capacity.

Figure 1.2 presents the model’s basic structure.

1.2.4 The Three-Dimensional Dynamic System

Three dynamic variables characterise the economy: brown capital KB, green capital KG,

and pollution P . We now formulate the dynamic equations for the three variables based on

the preceding formulas.

(i) Brown capital dynamics. Substituting the brown production function (Eq. 1.6)

and the tax rule (Eq. 1.7) into the capital accumulation equation (Eq. 1.3), we obtain:

K̇B = sYB − δKB =
[︁
s(1− f(P ))AKα−1

B − δ
]︁
KB = f1(KB, P ) (1.15)

(ii) Green capital dynamics. Similarly, substituting the green output function

(Eq. 1.11) and the tax rule (Eq. 1.7) into the accumulation equation for green capital
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(Eq. 1.12), we obtain:

K̇G = s(1 + θ1f(P ))YG − δKG =
[︁
s(1 + θ1f(P ))(A+ θ2f(P ))Kα−1

G − δ
]︁
KG = f2(KG, P )

(1.16)

(iii) Pollution dynamics. Finally, substituting Eqs. 1.6, 1.11, and 1.7 into the pollution

equation (Eq. 1.13), the pollution dynamics are expressed as:

Ṗ = ΩAKα
B(1− f(P ))− (ϕ+ θ3f(P ))(A+ θ2f(P ))Kα

G = f3(KB,KG, P ) (1.17)

Equations (1.15)–(1.17) jointly define the three-dimensional dynamic system of the model,

where f1, f2, and f3 denote the corresponding dynamic functions for KB, KG, and P , re-

spectively.

Steady-state equilibrium. Setting the dynamic system to its steady state, i.e., K̇B =

K̇G = Ṗ = 0, yields the equilibrium conditions:

0 =
[︁
s(1− f(P ))AKα−1

B − δ
]︁
KB

0 =
[︁
s(1 + θ1f(P ))(A+ θ2f(P ))Kα−1

G − δ
]︁
KG

0 = ΩAKα
B(1− f(P ))− (ϕ+ θ3f(P ))(A+ θ2f(P ))Kα

G

(1.18)

1.2.5 Propositions

We can state and prove the following propositions based on the Eq.1.18.

Proposition 1: There is no equilibrium solution at the corner Brown case (KG = 0).

Proof: If KG = 0, according to the third equation in system 1.18, the second term

becomes zero. Hence,

ΩAKα
B(1− f(P )) = 0.

Since (1− f(P )), Ω, and A are all nonzero, it follows that KB = 0. In this case, P can take

any arbitrary value, meaning no economically meaningful equilibrium exists at KG = 0. □

This proposition implies that an economy relying solely on brown production cannot reach

a steady state once green capital is absent. Pollution keeps evolving and grows explosively

because the production structure lacks an endogenous mechanism for abatement, making

equilibrium infeasible.

Proposition 2: There is no equilibrium solution at the corner Green case (KB = 0).
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Proof: If KB = 0, the first term in the third equation of system 1.18 equals zero, yielding

0 = −(ϕ+ θ3f(P ))(A+ θ2f(P ))Kα
G.

Since (ϕ + θ3f(P )), (A + θ2f(P )), and KG are all positive, this equality cannot hold unless

KG = 0, which contradicts the initial condition of the corner Green case. Therefore, there is

no equilibrium at KB = 0.

This result shows that a purely green economy cannot sustain equilibrium under the

current structure. Even though green production reduces pollution, the lack of brown output

eliminates the source of tax revenue used to fund green subsidies, breaking the policy loop.

Proposition 3: The three-dimensional system admits one unique and economically

meaningful interior equilibrium point with coordinates (KB,KG, P ) = (KB∗,KG∗, P∗).

Proof: See Appendix A.1.

The existence of a positive and stable interior equilibrium implies the green sector’s es-

sential role in realising a circular economy. In practical terms, this insight resonates with

contemporary carbon-neutrality strategies: merely reducing emissions from polluting activ-

ities is insufficient to meet net-zero goals. Instead, what is truly required is the expansion

of green production that generates positive environmental externalities, which limit pollu-

tion, lead to an economic-environmental equilibrium, and eventually create an engine for

sustainable growth.

Proposition 4: The interior Brown–Green equilibrium point (K∗
B,K

∗
G, P

∗) is locally

stable.

Proof: See Appendix A.2.

This proposition indicates that minor deviations from the interior equilibrium in capi-

tal or pollution levels will diminish over time, leading the system to converge to its steady

state. A unique and locally stable equilibrium suggests long-term dynamics will inevitably

stabilise at a balanced Brown- Green configuration regardless of the economy’s initial condi-

tions, structural characteristics, or the specific mix of green policies adopted. This implies

that the transition toward sustainability is path-independent once a consistent policy frame-

work is in place, providing theoretical support for achieving carbon neutrality through stable

endogenous adjustments.
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1.2.6 Comparative statics of polices

The previous propositions show that the existence and stability of the steady state do not

depend on the functional form of the pollution tax or on the specific configuration of green

subsidies. Nevertheless, the steady-state levels of output and pollution do respond to policy

variations. We therefore turn to a comparative policy analysis.

Let F denote the admissible set of pollution-tax functions:

F =
{︁
f : R+ → [0, 1]

⃓⃓
f(0) = 0, f ′(P ) > 0, lim

P→∞
f(P ) = 1

}︁
,

Moreover, let Θ denote the admissible set of green-subsidy combinations:

Θ =
{︁
θ = (θ1, θ2, θ3) ∈ [0, 1]3

⃓⃓
θ1 + θ2 + θ3 = 1

}︁
.

For any pair (f,θ) ∈ F ×Θ, The dynamic system admits (under standard regularity assump-

tions) a unique interior steady state (K∗
B,K

∗
G, P

∗), from which we define the steady-state

output and pollution mappings:

Y ∗ : F ×Θ → R+, P ∗ : F ×Θ → R+.

Specifically,

Y ∗(f,θ) = A(1− f(P ∗)) [K∗
B(f)]

α +
(︁
A+ θ2f(P

∗)
)︁
[K∗

G(f,θ)]
α,

P ∗ = P ∗(f,θ) s.t. ΩA(1− f(P ∗)) [K∗
B]

α = (ϕ+ θ3f(P
∗)) [K∗

G]
α.

To simplify notation, we represent the steady-state pollution and output under each policy

configuration as a bivariate mapping of the tax rule f and the subsidy vector θ:

(Y ∗, P ∗) =
(︁
Y ∗(f,θ), P ∗(f,θ)

)︁
.

We then define three benchmark configurations:

(Y ∗
0,0, P

∗
0,0) ≡

(︁
Y ∗(f ≡ 0, 0), P ∗(f ≡ 0, 0)

)︁
, (no-tax economy),

(Y ∗
f,0, P

∗
f,0) ≡

(︁
Y ∗(f, 0), P ∗(f, 0)

)︁
, (tax-only economy),

(Y ∗
f,1, P

∗
f,1) ≡

(︁
Y ∗(f, 1), P ∗(f, 1)

)︁
, (tax-plus-subsidy economy).

These notations will be used henceforth to compare steady-state outcomes across policy
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regimes.

Proposition 5: Pollution dominance of environmental policies. The steady-state

pollution levels satisfy:

P ∗
0,0 > P ∗

f,0 > P ∗
f,1.

This proposition indicates that a pollution-tax policy stabilises emissions at a finite level

relative to the no-tax case, and the inclusion of green subsidies further reduces steady-state

pollution beyond the tax-only equilibrium.

Proof: See Appendix A.3.

Proposition 6: Output dominance of environmental policies. The steady-state

outputs satisfy:

Y ∗
0,0 > Y ∗

f,0 and Y ∗
f,1 > Y ∗

f,0.

This proposition suggests that introducing a pollution tax (without subsidies) lowers

aggregate steady-state output relative to the no-tax case. This reflects the classical trade-off

effect of environmental taxation. While the tax internalises environmental externalities and

curbs emissions, it restrains brown production and reduces aggregate output. By contrast,

recycling tax revenues into green subsidies raises output relative to the tax-only equilibrium,

as the subsidy component offsets the distortionary burden of taxation by stimulating green

investment and technological progress. Consequently, the combined policy achieves lower

pollution and enhances steady-state productive efficiency compared with a pure tax regime.

Proof: See Appendix A.4.

1.3 Benchmark parametrization

To provide a more concrete and intuitive view of the above propositions and properties,

we report a set of numerical examinations in Section 1.4. Before that, this section clarifies the

benchmark parameter specifications that serve as the foundation for the subsequent analysis.

It is organised into four parts: the calibration of model parameters, the specification of the

pollution tax function, the setting of initial conditions, and the definition of green policy

scenarios.

First, our parameterisation is calibrated to the Chinese economy for two main reasons.

First, as one of the world’s fastest-growing economies, China faces severe environmental chal-

lenges arising from decades of resource-intensive expansion. This makes it an ideal empirical

context for studying the trade-offs between economic growth and environmental degrada-
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Parameter Name Symbol Value Source

Saving rate s 0.45 (CEIC Data, 2023)

Total Factor Productivity A 1 Assumed

Output elasticity of capital α 0.55 (Lin & Liu, 2017)

Depreciation rate δ 0.06 (Holz, 2006)

Pollution coefficient Ω 0.01 Assumed according to carbon emission

Abatement coefficient ϕ 0.005 Assumed

Table 1.1: Parameter settings calibrated to the Chinese economy.

tion. Second, China’s ”top-down” green transition—characterised by decisive government

intervention combined with active market participation—offers a representative case for ex-

amining how a green government can coordinate economic development with environmental

protection. The coexistence of centralised policy design and decentralised implementation

makes China particularly suitable for exploring the effectiveness of mixed instruments such

as pollution taxes and green subsidies.

Table 1.1 reports the numerical parameters that reflect empirical characteristics of the

Chinese economy. Appendix A.5 provides detailed explanations and data sources.

In addition, we specify the functional form of the pollution tax function f(·). As discussed

previously, f(·) satisfies three basic conditions: f(0) = 0, f(+∞) = 1, and f ′(x) > 0. In the

numerical simulations, we adopt a simple functional form:

f(P ) =
P

1 + P
.

Proposition 3 has demonstrated that the uniqueness of the steady-state equilibrium is not

affected by the specific functional form of the pollution tax, as long as it satisfies the above

properties. See Appendix A.6 for robustness checks with alternative functional specifications.

Finally, we consider six distinct policy scenarios to investigate how alternative environ-

mental policies affect the economy’s dynamic evolution. These scenarios differ in whether

the government imposes a pollution tax and how the resulting revenues are allocated across

three subsidy channels—green capital accumulation (θ1), green total factor productivity en-

hancement (θ2), and pollution abatement efficiency improvement (θ3). These scenarios allow

us to assess the macro-dynamic implications of different fiscal recycling schemes within the

same policy framework.

Specifically, the six cases are defined as follows: (i) the Business-as-Usual (BAU) case

without any taxation or subsidies; (ii) the Naive Tax (NT) policy, where the government levies
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Parameter / Policy BAU Naive Baseline GF GTFP PAC

Pollution tax imposed No Yes Yes Yes Yes Yes

θ1 (Green capital accumulation) 0 0 1/3 1 0 0

θ2 (Green TFP enhancement) 0 0 1/3 0 1 0

θ3 (Pollution abatement efficiency) 0 0 1/3 0 0 1

Table 1.2: Policy scenarios and corresponding parameter configurations

a pollution tax but provides no subsidies (θNT = (0, 0, 0)); (iii) the Baseline (BASE) policy,

where revenues are equally distributed among the three channels (θBASE = (1/3, 1/3, 1/3));

(iv) the Green Finance (GF) subsidy policy, which fully supports green capital accumulation

(θGF = (1, 0, 0)); (v) the Green Total Factor Productivity (GTFP) subsidy policy, which

targets technological improvements in green production (θGTFP = (0, 1, 0)); and (vi) the

Pollution Abatement Coefficient (PAC) subsidy policy, which directs all funds to emission-

abatement technologies (θPAC = (0, 0, 1)). Table 1.2 summarises these six scenarios and their

associated parameter settings.

These policy settings provide the foundation for the subsequent comparative simulations

discussed in the next section.

1.4 Numerical simulations

This section presents the numerical simulations of the dynamic model based on the above

parameter calibration. The structure of this section is organised into four parts. First,

we compare the results of the BAU and Naive Tax scenarios to analyse the impact of the

pollution tax on economic equilibrium. Second, we examine the outcomes of three alternative

green-subsidy schemes to explore how different subsidy policies affect the economy. Third,

we investigate the existence of an optimal subsidy configuration. Finally, based on the model

framework, we test the Environmental Kuznets Curve (EKC) hypothesis and analyse the

effects of the green capital share on output and environmental degradation.

1.4.1 BAU vs. Naive Taxation

Capital and Pollution Dynamics

Figure 1.3 illustrates the dynamic evolution of brown capital (KB), green capital (KG),

and pollution (P ) under the BAU and Naive Tax policies. Panels (a)–(c) correspond to

∆KB, ∆KG, and ∆P , respectively, all expressed as percentage deviations from the baseline
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equilibrium.2For more precise comparison across variables, the initial values of the economy

are set at the baseline steady state, (KB0,KG0, P0) = [85.37, 89.81, 0.001]. Accordingly, the

baseline appears in the figures as a horizontal line along the x–axis, while the other curves

represent percentage deviations relative to this equilibrium.

Panel (a) shows that, relative to the baseline, brown capital in the BAU economy is

about 3% higher, while under Naive Tax it is roughly 48% lower. Hence, KB under Naive

Tax is approximately 51% lower than in BAU. Economically, this reflects the reduction in

the marginal profitability of brown production once pollution is taxed, which slows brown

capital accumulation and leads to a smaller steady-state KB. This outcome is consistent

with Proposition 5, which establishes that P ∗
0,0 > P ∗

f,0: the imposition of a pollution tax

curbs emissions by restraining the expansion of brown capital.

Panel (b) shows that green capital remains almost unchanged across the two regimes.

Both trajectories lie about 0.002% below the baseline level, implying that the presence or

absence of a pollution tax has almost no effect on KG. This occurs because, without any

green subsidies, the tax does not directly affect the accumulation equation of KG.

Panel (c) presents the dynamics of pollution. Under BAU, pollution grows without bound,

indicating the absence of a finite steady state. Instead, pollution converges to a stable level

with a pollution tax. This dynamic pattern provides numerical confirmation of Proposition 5

(P ∗
0,0 > P ∗

f,0), showing that the introduction of a positive pollution tax stabilises the system by

internalising the environmental externality. Pollution taxation effectively reduces emissions

by indirectly affecting brown capital, transforming an otherwise divergent pollution path into

a bounded steady state.

Output Dynamics

Figure 1.4 shows the corresponding evolution of total output (Y ), brown output (YB),

green output (YG), and the green-output share (YG/Y ). All variables are measured as per-

centage deviations from the baseline equilibrium, while the green-output share is expressed

in percentage points.

Panel (a) indicates that total output under BAU is about 1Hence, relative to BAU,

introducing a pollution tax lowers total output by about 25%. This decline reflects the

contractionary effect of environmental taxation on aggregate production, consistent with

Proposition 6, which states that Y ∗
0,0 > Y ∗

f,0. Economically, the reduced profitability of brown

capital diminishes investment and aggregate output, highlighting the growth–environment

2Since the vertical scales of the panels differ, all results are interpreted in percentage form for consistency.
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Figure 1.3: Capital stock and pollution under BAU and Naive Tax scenarios.
The horizontal axis represents time, while the vertical axis (∆x) indicates the percentage deviation
of each variable from its baseline equilibrium. Orange and purple curves represent the BAU and

Naive Tax policies, respectively.
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trade-off embedded in the model.

Panel (b) shows that brown output is about 3% higher than the baseline in BAU and 48%

lower under Naive Tax. The difference of roughly 51% confirms that the reduction in total

output primarily originates from the contraction of the brown sector. Panel (c) shows that

green output remains unchanged across the two regimes, with deviations around -0.002%.

This invariance indicates that the pollution tax affects output composition entirely through

the brown channel rather than by altering green production.

Panel (d) shows that the green-output share rises from about 50% in BAU to about

67% under Naive Tax, an increase of 17 percentage points. This pattern indicates that

although the pollution tax does not directly enhance green output, it effectively suppresses

brown output, thereby increasing the relative importance of the green sector and achieving

a modest but clear structural greening. In short, the pollution tax policy attains a higher

green-output proportion and lower pollution at the cost of reduced aggregate production, in

line with Proposition 6 (Y ∗
0,0 > Y ∗

f,0).

Mechanism Analysis

In summary, introducing a pollution tax generates three main effects: lower pollution,

lower total output, and a higher share of green production. The mechanism underlying

these results is illustrated in Figure 1.5. The pollution tax raises the production cost of the

brown sector, reducing its marginal profitability and slowing capital accumulation. As brown

capital contracts, emissions decline and pollution dynamics converge to a finite steady state,

confirming the stability mechanism implied by Proposition 5. At the same time, since the

tax does not directly stimulate green investment, the reduction in brown output is not offset

by an expansion of green production, leading to a lower aggregate steady-state output as

described in Proposition 6. Nevertheless, the effective suppression of brown activity results

in a higher proportion of green output, marking a structural shift toward a greener economy

despite the decline in total production.

1.4.2 Alternative Green Policies

We now extend the analysis by introducing three green subsidy schemes—GF, GTFP,

and PAC—and comparing their dynamic implications. Also, all variables are expressed as

percentage deviations from the baseline, as we did for the BAU and Naive Tax comparison.

This section maintains the same structure as the previous one: first, it examines capital

and pollution dynamics, then output dynamics, and finally, it discusses the transmission
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Figure 1.4: Total, brown, and green output under BAU and Naive Tax scenarios.
Panels (a)-(c) show the percentage deviations of total, brown, and green output from the baseline
equilibrium. Panel (d) reports the evolution of the green-output share YG/Y . Orange and purple

curves represent the BAU and Naive Tax policies, respectively.

Figure 1.5: Mechanism through which pollution taxes affect capital, output, and pollution.
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mechanisms.

Capital and Pollution Dynamics

Figure 1.6 illustrates the steady-state deviations of brown capital (KB), green capital

(KG), and pollution (P ) under the three subsidy policies. Panels (a)–(c) correspond to

∆KB, ∆KG, and ∆P , respectively.

Panel (a) shows that, relative to the baseline, the GF policy lowers brown capital by

about 35%, the GTFP policy by 28%, and PAC slightly increases KB by 2%. Panel (b)

shows the opposite trend for green capital: GF raises KG by 44%, GTFP by 34%, and

PAC slightly reduces it by 2%. These patterns reveal a systematic substitution between KG

and KB, where more substantial green accumulation coincides with a contraction of brown

capital. This result also shows that channelling pollution-tax revenues into green finance

effectively enhances green capital’s saving rate and accumulation efficiency, achieving the

most substantial increase in steady-state KG and the sharpest reduction in KB.

Panel (c) compares steady-state pollution levels. In all three green subsidy cases, pollution

is substantially lower than under the Naive Tax policy, where the deviation reached about

2.5 times compared to the baseline. In contrast, GF and GTFP increase pollution to about

1.5 and 1.2 times, respectively, while PAC reduces it slightly (-2%) relative to the baseline,

reaching the lowest pollution among all scenarios. This ranking confirms Proposition 5, which

states that P ∗
f,0 > P ∗

f,1: Introducing green subsidies alongside pollution taxation effectively,

whatever the subsidy path it is, reduces emissions relative to a tax-only policy. A further

finding is that PAC delivers the lowest steady-state pollution level, despite its green capital

being lower than that under GF and GTFP. This seemingly counterintuitive result will be

explained in the subsequent mechanism analysis following the discussion of output dynamics.

Output Dynamics

Figure 1.7 presents the dynamics of total output (Y ), brown output (YB), green output

(YG), and the share of green output (YG/Y ) across the three subsidy regimes. All variables

are measured as deviations from the baseline equilibrium, with the green share reported in

percentage points.

Panel (a) shows that introducing any green subsidy leads to higher total output than with

the Naive Tax policy, where Y was about -24% relative to the baseline. With the GF subsidy,

total output stands at -6%, almost identical in PAC, and rises to +4% in GTFP. Hence, all

subsidy policies exceed the output compared to pure taxation, confirming Proposition 6
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Figure 1.6: Capital stock and pollution under alternative green-policy scenarios.
Panels (a)–(c) show the percentage deviations of KB , KG, and P from the baseline equilibrium.

Blue, green, and red curves represent the GF, GTFP, and PAC policies.

Figure 1.7: Output dynamics under alternative green-policy scenarios.
Panels (a)–(c) show the percentage deviations of total, brown, and green output from the baseline
equilibrium. Panel (d) reports the evolution of the green-output share YG/Y . Blue, green, and red

curves represent the GF, GTFP, and PAC policies.
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(Y ∗
f,1 > Y ∗

f,0). Among them, GTFP achieves the highest steady-state output.

Panels (b) and (c) show the decomposition of this aggregate result. In GTFP, brown

output YB decreases by 28% and green output YG increases by 35%. This indicates that

the GTFP policy increases total output by expanding green production while restraining

brown production. In the GF scenario, YB decreases by 35%, while YG increases by 22%,

leading to a decline in total output. PAC yields minimal changes in YB and YG, maintaining

output stability near the baseline. A further, seemingly counterintuitive finding emerges

when comparing Panel (b) of Figure 1.6: although the GF policy achieves the highest level

of green capital, it does not generate the highest green output. We will return to this issue

in the mechanism analysis section.

Panel (d) reports the steady-state share of green output. GF and GTFP raise YG/Y

to approximately 66%, almost identical to the Naive Tax economy (67%), but they do so

while achieving much higher total output. In other words, GF and GTFP maintain a high

degree of production greenness without the severe output losses observed under pure taxation,

suggesting the effectiveness of green subsidies in output growth. While delivering the smallest

green share, PAC attains the cleanest environment and a balanced output. These outcomes

illustrate the policy trade-offs between environmental quality and economic expansion.

Mechanism Analysis

The distinct performance of the three green subsidy policies can be interpreted through

the transmission channels summarised in Table 1.3 and Figure 1.8. Table 1.3 reports the

changes in the green saving rate, green productivity, and abatement efficiency under the

three subsidy paths, capturing how each policy reallocates fiscal resources within the green

sector. Figure 1.8 illustrates how these subsidy channels affect capital accumulation, pollution

dynamics, and output performance.3

The GF policy channels all fiscal resources into the green saving rate sG, raising it by

18.8However, this increase does not translate into the highest green output or the lowest

pollution.

First, consider green output. By comparing Panel (b) of Figure 1.6 with Panel (c) of

Figure 1.7, we find that although GTFP results in a minor increase in green capital than

GF, it achieves a higher level of green output. The reason is that GTFP directly enhances

the green production function (Eq. 1.11) by raising the productivity parameter AG, whereas

GF indirectly stimulates green output by increasing capital accumulation through Eq. 1.12.

3The upward and downward arrows in the figure indicate changes relative to the Naive Tax scenario without
subsidies.

28



CHAPTER 1

Therefore, although GTFP generates a smaller expansion inKG, its higher factor productivity

leads to a greater overall YG. Next, consider pollution. Since the GF policy allocates all subsi-

dies to green capital accumulation while leaving the abatement efficiency ϕG unchanged—and

ϕG is the parameter most directly affecting pollution mitigation—its improvement in green

capital does not translate into lower pollution. This explains why GF yields the highest green

capital but fails to deliver the lowest pollution.

The GTFP policy operates through the productivity channel by increasing AG by 15.1%.

Enhanced AG improves the efficiency of green production, raises YG, and further leads to the

highest total output. Like the GF scenario, GTFP has no subsidy in pollution abatement,

leaving ϕG unaffected, so its effectiveness in pollution mitigation is less than that of the PAC

policy.

PAC enhances ϕG by 0.5%, but the most significant improvement is in pollution-

abatement efficiency. However, as shown in Panels (b)–(d) of Figure 1.7, PAC exhibits

the highest brown output, the lowest green output, and the smallest green-output share.

This phenomenon occurs because it does not allocate subsidies to green-capital accumulation

or green-sector productivity. Nevertheless, PAC delivers the lowest steady-state pollution

level, as it maximises the environmental cleaning efficiency of green production. This finding

carries an important policy implication: effective green policy design must be guided by en-

vironmental objectives, and the most active and direct forms of intervention should prioritise

enhancing the green sector’s abatement efficiency.

Policy sG AG ϕG

Initial 0.4500 1.0000 5.000× 10−3

GF 0.5347 (18.81%) 1.0001 (0.01%) 5.0005× 10−3 (0.01%)

GTFP 0.4500 (0.00%) 1.1513 (15.13%) 5.0005× 10−3 (0.01%)

PAC 0.4500 (0.00%) 1.0000 (0.00%) 5.0245× 10−3 (0.49%)

Table 1.3: Equilibrium changes in key green channels under alternative subsidy schemes (percentage
changes relative to the initial condition in parentheses).

In summary, the comparative simulations confirm that adding green subsidies to pollution

taxation consistently improves environmental and economic performance relative to a tax-

only scenario. This finding numerically validates the second part of Proposition 5 (P ∗
f,0 >

P ∗
f,1) and Proposition 6 (Y ∗

f,1 > Y ∗
f,0). The comparative analysis of the three green-subsidy

policies shows that GF achieves the highest level of green capital, GTFP yields the highest

green and total output, and PAC results in the lowest pollution.
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Figure 1.8: Transmission mechanisms of the three green policies.

1.4.3 The Optimal Policy

The analyses above examined a limited set of fixed policy vectors θ and showed how

different allocations of pollution tax revenues influence equilibrium outcomes. However, these

examples represent only a few discrete combinations. We must explore the space of feasible

θ values to identify a truly optimal policy.

From the economic growth perspective, an optimal policy maximises steady-state total

output. From the environmental perspective, it minimises steady-state pollution. These two

goals are both desirable but may not be jointly attainable. This section investigates whether a

single policy configuration that achieves both or whether a trade-off between them inevitably

arises.

To visualise the entire policy space, we simulate equilibrium outcomes for all feasible

combinations of θ = (θ1, θ2, θ3) subject to the constraint θ1 + θ2 + θ3 = 1. This constraint

leaves two degrees of freedom. Accordingly, θ2 and θ3 are varied from 0 to 1 in increments

of 0.01, with θ1 determined residually. The initial values of the three state variables are set

as follows: (KB0,KG0, P0) = [100, 1, 0.01]. These values represent an economy dominated

by brown capital in the early stage, with a small share of green capital and moderate initial

pollution. Appendix ?? provides detailed explanations of the initial settings. All other

parameters are identical to table 1.1. Each combination is simulated for 300 periods, and the

final observation is recorded as the steady-state values of output Yeq and pollution Peq.

The results are plotted in Figure 1.9, which displays the corresponding equilibrium sur-

faces. The left panel of Figure 1.9 shows that minimum pollution occurs near (θ2, θ3) ≈

(0.01, 0.98). The right Panel shows that maximum output appears around (θ2, θ3) ≈
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Figure 1.9: Equilibrium pollution and output across policy configurations4

The left surface shows equilibrium pollution Peq and the right surface shows total output Yeq. The
horizontal axes represent θ2 and θ3, and the colour gradient (from blue to red) denotes increasing
values. Labelled points indicate the combinations that minimise pollution and maximise output.

(0.98, 0.01). The two points are far apart, indicating a clear trade-off between environmental

quality and economic expansion.

Under the current calibration, the policy maximising output is approximately (θ1, θ2, θ3) =

(0.01, 0.98, 0.01), which corresponds to the GTFP configuration where all pollution tax rev-

enues enhance the total factor productivity of green production. The policy minimising pol-

lution is (θ1, θ2, θ3) = (0.01, 0.01, 0.98), corresponding to the PAC policy that allocates nearly

all revenues to pollution-abatement efficiency. Hence, higher output entails higher pollution,

indicating that the two objectives cannot be attained simultaneously. Under the current

calibration, the policy maximising output is approximately (θ1, θ2, θ3) = (0.01, 0.98, 0.01),

which corresponds to the GTFP configuration where all pollution tax revenues enhance

the total factor productivity of green production. The pollution-minimising policy is

(θ1, θ2, θ3) = (0.01, 0.01, 0.98), corresponding to the PAC policy that allocates nearly all

revenues to pollution-abatement efficiency. Hence, higher output entails higher pollution,

indicating that the two objectives cannot be attained simultaneously.5

From an environmental perspective, the PAC policy performs best because it directly

raises the abatement coefficient ϕ, which reflects the efficiency of technologies such as recy-

cling, waste treatment, and emission filtration. From a growth perspective, the GTFP policy

5The optimal points are not exactly located at θ = (0, 1, 0) and θ = (0, 0, 1) due to the precision setting in
the numerical search algorithm. With finer grid resolution, the output-maximising and pollution-minimising
configurations would converge increasingly close to these boundary points.
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is superior because it improves AG, the productivity of green capital, thereby increasing green

and total output. Examples include subsidies for green patents, research on low-carbon tech-

nologies, and financial support for green enterprises.

The results indicate a clear trade-off between the two objectives. However, searching

for a balanced policy that performs well in both dimensions remains possible, even if nei-

ther is individually optimal. To identify such a balance, we reformulate the problem as

a multiple-criteria decision-making (MCDM) exercise using the Simple Additive Weighting

(SAW) method (Tzeng & Huang, 2011). The technique assigns explicit weights to output

and pollution and aggregates their normalised values into a single performance score:

pi =

m∑︂
j=1

wjrij , (1.19)

where pi is the overall performance of policy i, rij is its normalized score for criterion j, and

wj is the corresponding weight.

Normalisation is required because output and pollution differ in scale (in our simulations,

P ranges between 0 and 0.15 while Y ranges between 23 and 25). We use the standard

min–max normalisation, distinguishing between benefit-type and cost-type indicators:

Ynorm =
Y − Ymin

Ymax − Ymin
,

Pnorm =
Pmax − P

Pmax − Pmin
.

(1.20)

We assign a weight wgp to output, interpreted as the growth preference, and 1 − wgp

to pollution. A higher wgp indicates a stronger preference for economic growth. Since this

preference varies across economies and development stages, wgp is treated as a parameter

ranging from 0 to 1. The comprehensive policy index is then given by

I(θ) = wgp Ynorm(θ) + (1− wgp)Pnorm(θ),

θ∗ = argmax
θ

I(θ).

(1.21)

Equation (16) summarises the optimisation procedure for identifying the policy that best

balances output and pollution under a given preference wgp.

The results in Table 1.4 reveal a clear threshold pattern. When wgp < 0.5, the government

emphasises environmental quality, and the optimal policy allocates nearly all tax revenues to

θ3, corresponding to the PAC policy. When wgp > 0.5, the priority shifts to economic growth,

and the optimal configuration converges to θ2 ≈ 0.99, consistent with the GTFP policy. The
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model therefore predicts a distinct transition from environmental to growth orientation once

the weight on output exceeds one-half.

Parameters
wgp 0.1 0.4 0.5 0.6 1.0

θ1 0 0 0 0 0

θ2 0.01 0.01 0.99 0.99 0.99

θ3 0.99 0.99 0.01 0.01 0.01

Table 1.4: Optimal policy configurations under different growth preferences (wgp)

Together, these results provide continuous policy mapping that links developmental pref-

erences to optimal subsidy design within the green tax–subsidy framework.

1.4.4 Additional Analysis: The Dynamic Relationship between Pollution

and Output

In the previous sections, we focused on the temporal evolution of key variables under

different policy settings. This subsection examines the dynamic relationships among these

variables during the transition process.

Figure 1.10 illustrates the relationship between pollution and output. The colour of each

curve corresponds to the policy scenarios discussed earlier. Unlike the previous figures that

compared values relative to the baseline, this figure presents the absolute levels of pollution

and output. All curves start from a common initial state but follow distinct evolutionary

paths that converge to different steady states6.

Across all policy scenarios, pollution rises before gradually declining, while output follows

the opposite trajectory—falling initially and recovering over time. This pattern arises because

the pollution tax takes effect immediately at t = 0, suppressing brown-sector production. As

the brown sector dominates early, aggregate output falls on impact. Over time, however,

capital accumulation in both sectors accelerates, driving a recovery and eventual expansion

of total production.

These dynamics reveal the delayed effects of green policies. At the early stage of imple-

mentation, green sectors such as clean production and pollution treatment remain too small

to offset the contraction in brown output, resulting in a short adjustment phase during which

both output and environmental performance appear weak. As green investment continues

6The initial values of the three state variables are set as (KB0,KG0, P0) = [100, 1, 0.01]. All other param-
eters are identical to Table 1.1.
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Figure 1.10: Dynamic relationship between pollution and output under different policies

and capital reallocates toward cleaner activities, the positive effects of the transition emerge:

output rises steadily while pollution declines.

Overall, the economy moves toward its sustainable steady state along a nonlinear path.

This finding carries clear policy implications—short-term stagnation in output or pollution

reduction should not be misinterpreted as policy failure. Sustained green reforms will ulti-

mately bring about both economic expansion and environmental improvement.

When pollution and output are examined jointly, their relationship exhibits an inverted

U-shape: at lower output levels, growth is accompanied by higher pollution, while beyond

the turning point, further expansion leads to pollution reduction. This provides theoretical

support for the Environmental Kuznets Curve hypothesis (Grossman & Krueger, 1995).

Our model further suggests that the structural composition of capital plays a central role

in shaping these outcomes. To explore this mechanism, we express green capital in relative

rather than absolute terms, using the share of green capital in total capital, KG/(KG+KB),

as the primary variable of interest.

The results are presented in Figure 1.11, where the horizontal axis represents the green

capital share and the vertical axes in the upper and lower panels correspond to pollution and

output. The share of green capital increases steadily, and its relationship with pollution and

output is distinctly nonlinear in all policy scenarios. Pollution follows an inverted U-shaped

pattern as the green capital share rises. It initially increases and subsequently declines, with

a gentler slope before the turning point and a steeper drop afterwards. Output exhibits the
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opposite trajectory, forming a U-shaped curve.

Figure 1.11: Share of Green Capital vs Pollution and Output

The nonlinear relationships in Figure 3.5 arise from the changing dominance of green

and brown production over the transition. The brown industry dominates the economy at

low levels of the green capital share. Imposing the pollution tax at t = 0 reduces brown

production and aggregate output. However, pollution does not immediately decline because

green production and abatement capacity are still too small to offset ongoing emissions from

the brown sector. As a result, output falls while pollution rises in the early phase.

As the green subsidy is applied, the scale of the green sector expands and its abatement

effect strengthens, gradually offsetting emissions from brown production. The subsequent

decline in pollution reduces the effective tax burden and allows part of the brown sector to

recover. In this later phase, total output rises while pollution falls. This dynamic process

leads to an inverted U-shaped relationship between the green capital share and pollution and

a U-shaped relationship between the green capital share and output, providing a theoretical

foundation for future empirical research.
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1.5 Concluding Remarks and Policy Implications

This study develops a dynamic green–brown growth framework that integrates environ-

mental taxation, fiscal recycling, and technological feedback within a unified macroeconomic

model. By distinguishing between green and brown capital and introducing endogenous pol-

lution and abatement channels, the model clarifies how different policy instruments jointly

determine the long–run equilibrium of output and emissions. The theoretical analysis and

numerical simulations together yield a set of coherent and policy–relevant conclusions.

First, the comparison between the BAU and Naive Tax economies confirms that pollution

taxation alone stabilises emissions, but at the cost of lower output. Specifically, relative to

the no–tax case, introducing a pollution tax dramatically reduces steady–state pollution

while decreasing aggregate output by roughly one quarter. The tax curbs brown production

and capital accumulation, yielding a cleaner but smaller economy. At the same time, the

green share of total output increases because the contraction of the brown sector exceeds the

adjustment in green production. Hence, the pollution tax is necessary for dynamic stability,

yet it induces a classical growth–environment trade-off.

Second, the introduction of green subsidies fundamentally alters the equilibrium outcomes.

All three fiscal recycling schemes—GF, GTFP, and PAC—reduce pollution and increase total

output relative to the tax-only policy. Specifically, the GF policy achieves the highest level

of green capital by channelling all tax revenues into the green saving rate. The GTFP policy

enhances the productivity parameter AG, generating the highest green and total output but

delivering only moderate environmental improvements. In contrast, the PAC policy yields

the lowest steady-state pollution. These results underscore the inherent trade-off between

output expansion and environmental quality.

Third, the mechanism analysis clarifies the transmission channels behind these outcomes.

The GF and GTFP schemes strengthen green accumulation and productivity, yet because

they leave the abatement coefficient ϕG unchanged, their additional green output does not

fully offset the induced emissions. PAC follows a distinct path: directly improving ϕG lowers

the effective tax burden on the brown sector and stabilises total output even with a minor

green component. These results reveal that the marginal effectiveness of green investment

depends on the scale of green capital and its environmental efficiency.

From a policy perspective, the analysis carries three key implications. First, pollution tax-

ation alone is effective in controlling emissions but insufficient to sustain growth. The policy

mix combining pollution tax with fiscal subsidy toward the green sector is doubly effective

in the environment and the economy. Second, the choice of subsidy design should reflect
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government priorities. Growth-oriented governments may favour productivity-enhancing in-

struments such as GTFP, which maximise aggregate output. In contrast, environmentally

oriented governments should prioritise abatement-based instruments such as PAC, which

achieve the cleanest equilibrium without reducing output. Third, the model underscores the

importance of coordination between financial and environmental policies: directing tax rev-

enues to the most efficient abatement or productivity channels can reconcile the traditional

trade-off between economic expansion and ecological sustainability.

In conclusion, the extended Green Solow framework provides a consistent theoretical foun-

dation for evaluating the macroeconomic effects of environmental taxation and green fiscal

recycling. It shows that well-designed combinations of taxes and subsidies can simultane-

ously reduce pollution and sustain output growth. Future research could extend the model

to include international spillovers, heterogeneous firms, or adaptive technological transitions,

offering a richer understanding of the financial pathways toward a circular and low-carbon

economy.
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Measuring Green Finance: A

Two-Dimensional Framework and

Its Application in China

A persistent financing gap continues to hinder progress toward the Sustainable Devel-

opment Goals (SDGs). Green finance has become a cornerstone of the global response to

climate change. However, it still lacks a transparent and scalable framework to assess how

extensively and intensively green finance has developed.

This study introduces a two-dimensional Green Finance Index (GFI) to measure green

finance: Intensity and Coverage. Intensity measures the degree of greenisation in the financial

market by the average market share of green financial products. Coverage captures the degree

of spread of green financial markets by calculating the proportion of active green financial

markets. Furthermore, it constructs China’s provincial green finance dataset, covering the

period from 2008 to 2019, based on this methodology. The dataset reveals a steady upward

trend in China’s green finance development, particularly after 2016. Approximately 62% of

the overall increase in the national GFI is attributable to the broader application of new

green instruments, while the remaining 38% stems from deeper greening within existing

markets. Provincial disparities are evident, as higher GFI values are found mainly in regions

rich in natural and ecological resources rather than in economically advanced coastal areas,

underscoring the importance of natural endowments in driving green finance expansion.

Keywords: Green Finance Index, Measurement methodology, Chinese provincial green fi-

nance dataset

JEL: G18, Q56, Q58
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2.1 Introduction

Sustainable development has garnered broad political and academic support and is widely

recognised as one of the defining challenges of the twenty-first century. However, translating

this vision into tangible outcomes faces a persistent obstacle—a global shortage of capital.

According to OECD projections, without structural reforms to the global financial architec-

ture, the worldwide shortfall could reach US$6.4 trillion per year by 2030 (Organisation for

Economic Co-operation and Development, 2025) (see Figure 2.1). Climate finance illustrates

the magnitude of the challenge: average annual flows amounted to approximately US$1.3

trillion in 2021–2022, far below the US$8–9 trillion required each year through 2030 (Climate

Policy Initiative, 2023).

Figure 2.1: SDG Financing Gap. Data source: Organisation for Economic Co-operation and
Development (2025)

Closing this gap requires mobilising both public and private capital toward projects

that deliver environmental benefits and support low-carbon development. A growing set

of financial instruments and policies—including green bonds, green loans, carbon markets,

fiscal incentives, green central banking, financial technologies, and community-based green

funds—collectively constitute what is broadly referred to as green finance (Sachs et al., 2019).

Green finance offers a pragmatic pathway for narrowing the SDG funding gap (Flammer,

2021). By mobilising social capital—especially from the private sector—it supports renew-

able and clean energy investment, mitigates carbon emissions, strengthens urban climate

resilience, and promotes overall environmental sustainability (Taghizadeh-Hesary & Yoshino,

2019).

Although a unified definition has yet to emerge, green finance is generally understood as
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the mobilisation of public and private capital into activities that generate measurable envi-

ronmental benefits while reducing climate-related risks. Lindenberg (2014) defines it broadly

as any investment, policy, or financial system that explicitly incorporates environmental cri-

teria to enhance sustainability. A summary of representative definitions from international

institutions, national authorities, and scholars is provided in Appendix B.1.

Despite its rapid global expansion, academic research on green finance still faces major em-

pirical challenges—particularly in measurement. The absence of a transparent and standard-

ised framework for quantifying regional levels of green finance development has constrained

comparative research and limited systematic evaluation of its economic and environmental

impacts.

To address this gap, the present study develops a comprehensive yet computationally

tractable methodology for constructing a Green Finance Index (GFI), enabling interregional

and temporal comparison. Using this framework, we compile a provincial-level GFI dataset

for China covering 2008–2019 and analyse the main features of regional green finance devel-

opment. The findings enrich the methodological foundations of green finance assessment and

offer policy insights for designing strategies to better align financial systems with sustainable

development goals.

2.2 Literature Review

Currently, the measurement approaches for green finance can be broadly categorised into

two types: single-indicator proxy methods and composite multi-indicator evaluation meth-

ods. The former refers to using a single indicator within the green finance market as a

representative measure of the entire sector, such as green bonds (K.-H. Wang et al., 2022)

or green loans (Z. Wang & Wang, 2022; Zhu et al., 2024). Several research institutions have

developed market-based indices (e.g., S&P Global Green Bond Index; Bloomberg Global Ag-

gregate Green Social Sustainability Bond Index (Bloomberg Index Services Limited, 2022)),

which have subsequently been adopted in academic research (Kartal et al., 2025). While this

approach is simple and easy to implement, its major limitation lies in its inability to capture

the complexity of the green finance system comprehensively.

An increasing number of scholars and research institutions have shifted toward multi-

indicator construction methods, which incorporate various segments of the green finance

market into a unified assessment framework. Essentially, this methodological approach be-

longs to the framework of multiple-factor analysis (MFA) (Tzeng & Huang, 2011). These

methods can be further divided into two subtypes. First is the subjective evaluation systems,
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which rely primarily on expert scoring or survey questionnaires (Z/Yen Group & Finance

Watch, 2025). Second is the objective evaluation systems, which are based on observable

market-scale data. The core procedure of the objective composite index method typically

involves three steps. First, it quantifies the development level of different sub-markets within

the green finance sector, including green bonds, loans, and stocks, among others1. Then,

normalise the data to eliminate the error caused by the difference in units of measurement.

Second, it applies an appropriate weighting scheme to assign relative importance to each sub-

market. Third, it aggregates the weighted indicators to construct a comprehensive index of

green finance development. This approach currently represents the mainstream methodology

for developing green finance indices in academia. Some use subjective weighting by expert

consultants (Lee & Lee, 2022). The majority of research adopts the objective method, which

means the weighting is derived from the statistical characteristics of the data. For example,

Zhou et al. (2020) adopted an improved Principal Component Analysis (PCA) approach.

The entropy weighting method is most commonly used, especially among Chinese scholars

(Lv et al., 2021).

The multi-indicator approach has become a widely adopted method for measuring green

finance indices in both academic research and institutional practice. This method enables

straightforward cross-regional comparisons by normalising heterogeneous indicators from var-

ious segments of the financial market. However, several notable limitations remain.

First, the normalisation process removes the original scale and units of the raw data,

thereby stripping away much of the inherent informational content and retaining only the

comparative value. For example, in the case of green bonds, the original market data may

refer to the absolute issuance volume or the proportion of green bonds relative to total bond

issuance. However, once these values are normalised, the substantive meaning embedded

in the raw figures is effectively erased. The resulting indicators serve merely to illustrate

relative differences across time or regions rather than conveying the actual scale or structural

significance of green bond development.

Second, many scholars have adopted the min–max normalisation method, which renders

the standardisation process highly dependent on the integrity of the whole data range. The

inclusion of new data points can alter the maximum and minimum values of the dataset,

necessitating a recalibration of the entire normalisation procedure. This not only increases

computational complexity but also undermines the temporal stability of the index over time.

Last but not least, in the process of indicator selection, many scholars include both positive

1Some also consider political, environmental, and economic indicators in the measuring framework (Inter-
national Finance Forum (IFF), 2024).
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and negative indicators—likely due to constraints in data availability. However, this practice

introduces a potential neutralisation effect, whereby it becomes unclear whether an observed

increase in the final green finance index is driven by improvements in positive indicators or

by the reduction of negative ones. This ambiguity may obscure the interpretation of the

underlying drivers of green finance performance.

Our objective is to construct a new composite multi-indicator framework for green finance

index development. This framework aims to provide a comprehensive assessment of the overall

performance of the green finance market, similar to existing indices, while simultaneously

preserving the interpretability of the original data. Such a design facilitates disaggregated

analysis of individual sub-markets. The proposed index can support both cross-regional

comparisons and temporal trend analyses. Moreover, it enables researchers and policymakers

to distinguish whether variations in green finance development are driven by the deepening

of specific sub-markets or by the broader expansion of green capital across different segments

of the financial system.

2.3 Methodology

This paper measures green finance along two complementary dimensions: Coverage and

Intensity. Coverage captures the diffusion and application of green finance—that is, how

many types of green financial instruments are employed to support the green transition (its

horizontal reach). Intensity, in contrast, measures the degree of greening within the financial

system—how strongly financial capital has been directed toward environmentally sustainable

activities (its vertical strength). Together, these two dimensions form the Green Finance

Index (GFI), which provides a comprehensive measure of both the diversity of green financial

participation and the strength of green capital allocation.

2.3.1 Coverage measurement

Coverage quantifies how widely green financial instruments are adopted within a region.

A simple count of green financial instruments provides an intuitive indicator, but it fails

to account for cross-regional differences in financial system maturity. Therefore, a relative

measure is more appropriate. Defining Coverage as a proportion enables consistent compar-

ison across economies with differing financial structures. Accordingly, the Coverage of green

finance is measured as the proportion of green financial instrument categories currently ac-

tive relative to the total number of potential categories in the financial system. Since green

finance constitutes a subset of the overall financial system, Coverage naturally lies within
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[0, 1].

Incorporating Coverage into the GFI framework offers three main advantages. First, it

captures the horizontal diffusion of green finance—how widely different types of green fi-

nancial instruments are adopted within a region—thereby complementing Intensity, which

reflects the vertical penetration of green capital within each instrument category. Second,

analysing Coverage and Intensity both separately and jointly within the GFI allows de-

composition of overall progress into two distinct sources: expansion in instrument adoption

(higher Coverage) and deepening of green capital within instruments already in use (higher

Intensity). Third, Coverage facilitates fairer comparison across economies with varying levels

of financial development. Economies with more sophisticated financial systems have greater

potential to adopt multiple green financial instruments; thus, low Coverage in such cases

indicates underutilised capacity and acts as a penalty term within the composite index.

2.3.2 Intensity measurement

Intensity captures the degree of greening within financial markets. There are two general

approaches to measuring this dimension. The first uses the absolute size of green financial

activities—such as the total volume of green loans, bond issuance, or fund assets—as an

indicator of greening. However, this measure is problematic because absolute amounts are

not comparable across regions of different economic scales and may also rise simply alongside

faster growth in non-green finance, giving a distorted view of green progress. Empirical

evidence confirms this: while global green finance volumes increased more than a hundredfold

between 2012 and 2021, their share in total financial activity rose only modestly (TheCityUK,

2022).

The second approach defines overall Intensity as the ratio of total green capital to total

financial capital, summing across all markets. Although this adjusts for scale differences, it

is still dominated by the largest market segments. For example, if market sizes are T1, T2, T3

with corresponding green capital G1, G2, G3, the ratio (G1+G2+G3)/(T1+T2+T3) mainly

reflects G3/T3 when T3 is much larger, even if the smaller markets are substantially greener.

This aggregation bias can lead jurisdictions to focus on greening their largest markets while

neglecting others.

To overcome these limitations, we treat the measurement of Intensity as a Multiple Cri-

teria Decision-Making (MCDM) problem and apply the Simple Additive Weighting (SAW)

method with equal weights across markets (Tzeng & Huang, 2011). Specifically, we first com-

pute the share of green capital within each financial market, referred to as the Sub-Intensity,

43



CHAPTER 2

and then take their simple average to obtain the overall Intensity of green finance. Equal

weighting eliminates the influence of market size and ensures that each market contributes

symmetrically to the composite indicator. As an averaged ratio, Intensity naturally lies

within [0, 1].

2.3.3 Formal Definition

Bringing the two dimensions together, the Green Finance Index (GFI) combines Coverage

and Intensity into a single composite measure. Conceptually, it can be interpreted as a

coverage-adjusted average share of green financial capital.

For a given region at a specific time,2 suppose there are n potential categories of green

financial instruments,

GF = {GF1, GF2, . . . , GFn},

among which m categories (m ≤ n) are actively utilised in practice. Each green instrument

GFj corresponds to a conventional financial market (for example, green bonds to the bond

market, green loans to the credit market). Let the total size of the corresponding market be

Sj , and the size of its green component be GSj .

Definition 1. Coverage.

Coverage =
m

n
,

which represents the proportion of potential green financial instruments that are currently in

use within the region.

Definition 2. Sub-Intensity.

SIj =
GSj

Sj
, j = 1, 2, . . . ,m,

where SIj measures the share of green capital within the corresponding market associated

with instrument j.

Definition 3. Intensity.

Intensity =
1

m

m∑︂
j=1

SIj ,

that is, the arithmetic mean of sub-intensities across all active green financial instruments.

Definition 4. Green Finance Index.

GFI = Intensity × Coverage.

2For simplicity, we present the index for a single economy at a single point in time. Panel notation (e.g., i
for region and t for time) can be added straightforwardly.
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By construction, both Coverage and Intensity lie within [0, 1], and so does the resulting GFI.

The multiplicative form of the GFI captures the joint contribution of two complementary

dimensions—how widely green finance has expanded across markets and how deeply it has

taken root within them. An increase in either dimension raises the GFI, yet the interaction

between them highlights the structural importance of expanding green financial coverage: the

diffusion of new instruments amplifies the aggregate impact of financial greening. At the same

time, the formulation preserves analytical transparency, as Coverage and Intensity remain

separately interpretable. This allows decomposition of overall performance into extensive

(instrument adoption) and intensive (capital penetration) margins, offering policymakers a

diagnostic tool to trace whether progress in green finance stems from diversification across

instruments or from deepening within existing markets.

2.4 Case study: Chinese provincial Green finance develop-

ment

This section applies the proposed methodology to China, one of the world’s most dynamic

laboratories for green finance. In recent years, China has emerged as a global leader in this

field: Chinese issuers placed about USD 131 billion of labelled green bonds in 2023—the

largest national total worldwide (Climate Bonds Initiative, 2024)—while outstanding green

loans accounted for 13% of all bank lending by the end of 2024 (Yue & Nedopil, 2025).

China’s experience combines strong government direction with active market participa-

tion, reflecting the institutional characteristics of a socialist market economy. The government

has progressively steered capital flows toward low-carbon and environmentally sustainable

sectors through strategic policy documents and regulatory frameworks. Appendix B.2 sum-

marises the major milestones of China’s green finance policy framework and its engagement

in international initiatives. An analysis of China’s green finance system illuminates the in-

stitutional and policy mechanisms through which state-led financial governance can advance

environmental sustainability, offering a comparative reference for other developing economies

seeking to align financial systems with low-carbon development goals.

In what follows, we construct a provincial dataset covering China’s green finance devel-

opment between 2008 and 2019 and summarise its spatial and temporal characteristics.
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2.4.1 Dataset Construction

Span and Region

The dataset covers 30 provincial-level administrative units in mainland China, includ-

ing four municipalities directly under the central government, over the period 2008–2019.

Although China’s formal green-finance framework was only established in 2016 with the pub-

lication of the Guidelines for Establishing a Green Financial System, both public and private

green financing activities had already been developing before this point.

The year 2008 is chosen as the starting point for two reasons. First, it marks the year

when the Industrial Bank of China became the first Chinese financial institution to adopt

the Equator Principles, signalling the country’s initial participation in international envi-

ronmental and social risk-management practices. Second, 2008 also witnessed institutional

coordination between the former Ministry of Environmental Protection and the China Bank-

ing Regulatory Commission through an information-sharing agreement, which enabled banks

to access firms’ environmental compliance records. These milestones collectively symbolise

the beginning of China’s integration of environmental governance with financial supervision.

The end year, 2019, is selected to avoid distortions associated with the COVID-19 pandemic

and to ensure data consistency prior to the major reforms in China’s green finance disclosure

and carbon market systems initiated in 2020.

Scope of Green Finance System

Green finance in China operates through the interaction between market mechanisms

and policy guidance. The provincial green-finance database developed in this study therefore

integrates both tradable green financial instruments and government-led fiscal activities.

In the market dimension, contemporary China possesses a wide range of tradable green

financial products, including loans, bonds, equities, insurance, funds, trusts, and carbon-

finance instruments. However, due to data availability and intertemporal consistency, this

study focuses on four representative markets—green loans, green bonds, green stocks, and

green insurance—as measurable components of the tradable green-finance system. For an-

alytical purposes, these four categories are treated as the complete set of tradable green

financial instruments.

In addition to market-based mechanisms, public policy constitutes an equally important

pillar of China’s green-finance architecture, particularly in a system where financial develop-

ment is promoted through top-down institutional design. Public green finance refers to fiscal

activities in which the government guides or supplements market mechanisms to channel
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funds toward sustainable sectors. Despite their diverse forms—green subsidies, tax incen-

tives, public investment, and state green funds—their essence lies in fiscal expenditure on

green development. Accordingly, we measure the public component of green finance through

a single indicator that is green fiscal expenditure (GFE).

Together, these five components—four market-based and one fiscal—define the overall

structure of the green-finance system. When calculating Coverage, the denominator is there-

fore set to five, representing the total number of green finance domains included in this

framework.

Criteria of Green Finance Items

A key challenge in quantifying green finance lies in distinguishing between green and non-

green financial products. According to the Guidelines for Establishing a Green Financial

System (2016), green finance includes all economic activities that promote environmental

improvement, climate change mitigation, and efficient resource use across sectors such as

environmental protection, clean energy, and green transportation. Translating this broad

definition into measurable indicators remains challenging.

First, there is no unified standard for classifying “green” versus “non-green” projects

across different financial instruments. Although policy documents such as the Green Bond

Principles (China) and the Green Credit Guidelines offer partial guidance, consistent defini-

tions for products like equities or insurance remain lacking, especially in our time span that

is the early stage of Chinese green financial development. Second, most green instruments

target specific projects rather than entire enterprises, creating ambiguity when a single firm

undertakes both green and conventional activities. Third, data constraints limit the mea-

surement.Reliable provincial statistics, especially for green credit, are not publicly available.

Given these challenges, this study establishes identification criteria for each category of

green financial instrument as follows:

Green Loans

Definition. Green loans are commonly understood as loans made primarily or wholly

to fund or refinance projects with clear environmental benefits. The most widely accepted

framework is the Green Loan Principles (GLP), developed by the LMA (in coordination with

ICMA and others). In China, the classification of green loans follows the “Green Credit

Guidelines” issued by the China Banking and Insurance Regulatory Commission (CBIRC) in

2016, which defines green credit as loans supporting environmental protection, energy saving,

and resource-efficient industries.
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Measurement. Due to the unavailability of officially published provincial-level green credit

data from commercial banks in China, we resort to an alternative proxy. Green loans are

measured by the total amount of loans obtained by all green-listed companies in China.3 Data

are derived from the EastMoney Choice Database. Green-listed companies are defined as

those classified under the stock market sectors of “ecological protection” and “environmental

governance.”4

This identification standard is based on the following considerations. First, the unavail-

ability of data from unlisted companies necessitates their exclusion from the analysis. This

may lead to an underestimation of the Coverage and Intensity of green finance, as some

regions may have numerous green enterprises that are not publicly listed. Second, using

companies categorised under the sectors of “ecological protection” and “environmental gov-

ernance” as the definition of green companies may also lead to an undercount. In reality,

sectors related to green industries may also encompass manufacturing, energy, agriculture,

and other related fields. However, companies in these sectors often engage in both green and

non-green activities, making it difficult to identify them as purely green enterprises. There-

fore, their loans cannot be accurately classified as green loans. In contrast, companies under

ecological protection and environmental governance are characterised by production activities

whose primary purpose is environmental protection, therefore can be reasonably classified as

green enterprises. As of the 2023 revision of the CSRC industry classification, a total of 88

listed companies fall within the ecological protection and environmental governance category,

forming the empirical basis for the measurement of provincial green loans.

Green Stocks

Definition. Green stocks represent equity financing instruments issued by companies

whose core business activities directly contribute to environmental improvement or resource

efficiency. In most studies, the classification of green-listed companies follows stock exchange

or regulatory sector definitions related to environmental protection or renewable energy.

Measurement. Green stocks are measured as the total market capitalisation of all green-

listed companies in China. The identification criteria for green-listed companies are identical

to those used for green loans.Market capitalisation is calculated as the product of the number

of shares and share price, based on annual average values to smooth daily price volatility.

Data are derived from the EastMoney Choice Database.

3Total loans = short-term loans + long-term loans.
4The sector classification is based on the industry classification standards issued by the China Securities

Regulatory Commission (CSRC). The industry code for ecological protection and environmental governance
is 77, which falls under the broader category of “Water Conservancy, Environment and Public Facilities
Management (N)”.
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Green Insurance

Definition. Internationally, green insurance refers to insurance products that transfer or

mitigate environmental and climate-related risks, thereby supporting sustainable develop-

ment. It is generally guided by the United Nations Environment Programme’s Principles for

Sustainable Insurance (PSI), which advocate integrating ESG factors into underwriting and

risk management.

In China, theGuidelines for the Classification of Green Insurance (2023 Edition) issued by

the China Insurance Association define green insurance as insurance products that provide

risk protection for environmental resource conservation, social governance, green industry

operations, and green consumption. The framework identifies ten thematic areas and sixty-

nine subtypes, including catastrophe, renewable energy, green building, carbon market, and

environmental pollution liability insurance (EPLI). Among these, EPLI remains the core and

most representative form of green insurance in China.

Measurement. Due to the unavailability of official provincial data on green insurance, we

adopt a proxy measure following Zhou et al. (2020). Specifically, we use premium income

from agricultural insurance as an indicator of green insurance development.

Green Bonds

Definition. Green bonds are fixed-income securities whose proceeds are used to finance or

refinance projects that generate verifiable environmental benefits—such as renewable energy,

clean transportation, and pollution control. Their main function is to channel private and

public capital toward sustainable development through the bond market.

Internationally, the most widely recognised framework is the Green Bond Principles

(GBP) developed by the International Capital Market Association (ICMA), which define

green bonds as instruments whose proceeds are exclusively applied to projects delivering

clear and, where feasible, quantifiable environmental benefits. Eligible project categories

typically include renewable energy, energy efficiency, pollution prevention, sustainable water

management, clean transportation, and climate adaptation.

In China, green bonds are governed by theGreen Bond Endorsed Project Catalogue, jointly

issued by the People’s Bank of China (PBoC), the National Development and Reform Com-

mission (NDRC), and the China Securities Regulatory Commission (CSRC). Earlier versions

included transitional items such as “clean coal utilisation,” but recent harmonisation—most

notably through the Common Ground Taxonomy (CGT) jointly developed by China and the

EU in 2021—has brought Chinese standards much closer to global practice, enhancing the

international credibility of China’s green bond market.
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Measurement. We directly draw on data from the Choice Database, which provides a

dedicated classification for “green bonds.” This category aggregates all labelled green bonds

issued by Chinese entities. For each province,5 we measure the size of the green bond market

as the total annual issuance amount of new green bonds.6 It is worth noting that China’s green

bond market developed relatively late, with large-scale expansion only after 2016. Although

a few provinces issued green bonds before 2015, their issuance volumes were negligible, so

they are excluded from the dataset.

Public Green Finance

Definition. Public green finance refers to fiscal resources allocated by governments to

promote environmental protection, energy efficiency, and low-carbon development. It encom-

passes green subsidies, tax incentives, direct public investment, and government-backed green

funds.

Measurement. Governmental green expenditures are used to measure public green fi-

nance. Data of green expenditures is derived from the fiscal expenditure on environmental

protection projects reported in National Burearu of Statistics. This measurement is based

on the consideration that various forms of public green finance—such as tax incentives, di-

rect government investment, and subsidies—ultimately manifest as fiscal transfers, which are

reflected in government budget statements under green project categories. Admittedly, this

measure may still underestimate the actual scale of public sector green finance, as energy

conservation and environmental protection projects do not cover all government spending

related to green industries. Other budget categories, such as agriculture, forestry, water con-

servancy, transportation, and science and technology, may also contain expenditures related

to green development.

Table 2.1 summarises the construction of sub-intensity indicators and corresponding data

sources for each component of the green finance system.

5Provincial classification is based on the registered location of the issuing institution.
6We do not distinguish between matured and outstanding bonds.
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Table 2.1: Specification of Sub-intensity in Each Financial Instrument

Instrument Sub-Intensity Measurement Data Source

Green Loan (GL)
Borrowing of green-listed companies

Borrowing of all listed companies

Eastmoney Choice

Financial Dataset

Green Bond (GB)
Total amount of green bond issuance

Total amount of all bond issuance

Eastmoney Choice

Financial Dataset

Green Stock (GS)
Market value of green-listed companies

Market value of all listed companies

Eastmoney Choice

Financial Dataset

Green Insurance (GI)
Agricultural insurance premium

Total property insurance premium

China Insurance

Statistical Yearbook

Green Fiscal Expenditure

(GFE)

Green fiscal expenditure

Total fiscal expenditure

National Bureau of

Statistics of China

2.4.2 Coverage Analysis

Figure 2.2 shows the national evolution of Coverage from 2008 to 2019.7 Coverage rises

steadily from 0.54 in 2008 to 0.827 in 2019, with a marked acceleration after 2016. This

pattern reflects the progressive adoption of green financial instruments across provinces. The

sharp rise after 2016 coincides with the formal establishment of China’s green finance pol-

icy framework and the proliferation of local pilot zones, which provided both institutional

incentives and regulatory guidance for financial innovation. The continuous upward trajec-

tory suggests that green finance has evolved from a niche policy initiative into a nationally

integrated financial subsystem.

Figure 2.3 details the diffusion of each green financial instrument across provinces. Green

insurance (proxied by agricultural insurance premiums) and public green finance exhibit full

provincial coverage throughout, reflecting the strong presence of fiscal and policy-driven mech-

anisms. By contrast, tradable instruments show gradual but uneven diffusion. Green loans

and green equities expanded from 13 and 8 provinces, respectively, in 2008 to 16 provinces

by 2019, indicating a cautious but steady market response. Green bonds, virtually absent

before 2015, experienced explosive growth after 2016 and became the main contributor to

the post-2016 jump in Coverage.

7National series are computed as the cross-province mean in each year; the same convention applies to
Figures 2.3, 2.4, 2.5, 2.6.
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Figure 2.2: Temporal evolution of national
Coverage

Figure 2.3: Temporal evolution of umbers of
rovinces adopting each instrument

2.4.3 Intensity Analysis

Figure 2.4 traces the national trend of Intensity from 2008 to 2019. The index exhibits a

modest yet persistent upward trend, rising from 0.021 in 2008 to 0.040 in 2019, punctuated by

moderate volatility during 2011–2014 and a pronounced surge after 2016. This evolution indi-

cates that not only have green financial instruments become more geographically widespread

(as shown by the increase in Coverage), but the degree of financial “greening” within each

market has also deepened. The acceleration observed after 2016 coincides with the institu-

tionalisation of the green finance framework through the Guidelines for Establishing a Green

Financial System and the creation of pilot reform zones, which collectively mobilised both

public and private financial actors toward environmental objectives.

Figure 2.5 shows temporal evolution of sub-intensity by financial instruments across

provinces. Overall, green proportions remain low but show consistent upward movement.

Green insurance maintains the highest sub-intensity (around 5–6%). Public green finance

retains a relatively stable share of about 3%, implying sustained fiscal engagement in envi-

ronmental protection. Green loans and green stocks record smaller but rising shares (around

1–2%), indicating a gradual but tangible deepening of green finance within China’s banking

and capital markets. Notably, according to data released by the People’s Bank of China, the

outstanding balance of green loans reached RMB 10.22 trillion by the end of 2019, accounting

for 6.7% of total loans. This comparison suggests that the provincial database constructed

in this study likely underestimates the overall scale of green lending in China.

The evolution of green bonds epitomises the transformative role of institutional design in

shaping market behaviour. Prior to 2015, green bond issuance was virtually absent due to the

lack of definitional clarity and reporting standards. Following the introduction of the Green

Bond Endorsed Project Catalogue (PBoC–NDRC–CSRC, 2016) and the Guiding Opinions
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Figure 2.4: Temporal evolution of national
Intensity

Figure 2.5: Temporal evolution of national
Sub-Intensity by instruments

on Supporting the Development of Green Bonds (2017), the bond market experienced expo-

nential growth.

Our database also records a sharp rise in the number of green bond issuances, from 87 in

2016 to 586 in 2020, pushing the share of green bonds relative to total bond issuance close to

1% by 2019. According to the China Green Bond Market 2019 Research Report published

by the Climate Bonds Initiative (2019), the total issuance of green bonds in China reached

RMB 386.2 billion in that year. Combined with the People’s Bank of China’s 2019 statistics

reporting total domestic bond issuance of RMB 45.3 trillion, the official estimate of the green

bond share was approximately 0.85%, which is closely aligned with the result derived from

our database (Climate Bonds Initiative, 2019).

Although China’s issuance was negligible before 2016, within less than a decade after

green finance was elevated to a national strategic priority, the country had become one of

the world’s largest green bond markets. This rapid rise reveals a defining characteristic of

China’s green finance development: it has been guided by government leadership through

a “top-down” model, rather than emerging organically from market dynamics as in most

Western economies.

In this structure, policy directions originate from the central government and are trans-

mitted through a multilayered administrative and financial hierarchy that includes the central

bank, regulatory agencies, provincial governments, and financial institutions. Implementation

ultimately reaches market participants such as enterprises and investors. Such coordination

demands strong political commitment and institutional capacity.

To ensure policy effectiveness, the central government has incorporated green finance per-

formance targets—such as the expansion of green loans and the issuance of green bonds—into

local governments’ annual ecological civilisation assessment. Complementary fiscal incentives,
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including preferential lending conditions and dedicated guidance funds, further strengthen

this institutional framework. Moreover, the establishment of Green Finance Reform and Inno-

vation Pilot Zones has enabled selected provinces to experiment with new financial products,

performance indicators, fiscal subsidies, and risk-compensation mechanisms. The experiences

generated from these pilot zones have subsequently been replicated and scaled nationwide.

Taken together, these initiatives demonstrate that an active and coordinated “green govern-

ment” can function both as the initiator and as the enabler of the low-carbon transition.

Over time, however, the dominance of the state has gradually diminished. Government-led

coordination in the initial phase established the institutional and market foundations for sub-

sequent expansion, while market forces have increasingly assumed a leading role. Figure 2.6

illustrates this structural shift by comparing the market composition of green finance in 2008

and 2019. In 2008, public green fiscal expenditure accounted for nearly three-quarters of total

green capital, reflecting a system that was largely directed by the state. By 2019, its share

had fallen below 40%, as market-based instruments, particularly green bonds and loans, ex-

panded rapidly. This compositional change signals a broader transition from a policy-driven

initiation phase to a more market-oriented model, where fiscal policy now acts as a catalyst

rather than a controller.

This gradual evolution exemplifies a distinctive feature of China’s development model.

Strong state coordination in the early stage mobilises market participation, and as institu-

tions mature, the market progressively assumes the dominant role. This sequencing between

government leadership and market activation has proven highly effective in sectors that de-

pend on clear macro-policy direction, such as green finance. It also offers valuable insights

for other developing economies seeking to establish or strengthen their own green financial

systems.

2008 2019

Figure 2.6: Shares of instrument-level green-finance scale: 2008 vs. 2019
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2.4.4 Green Finance Index (GFI) Analysis

After examining the dynamics of Coverage and Intensity separately, this section integrates

both dimensions to provide an overall assessment of China’s provincial Green Finance Index

(GFI).

Figure 2.7 illustrates the national evolution of the Green Finance Index (GFI) from 2008

to 2019. The overall trend exhibits a distinct U-shape: the index declines between 2008

and 2011, stabilises from 2012 to 2014, and rises steadily thereafter. This pattern closely

mirrors the earlier dynamics of Intensity, with a post-2016 acceleration driven largely by the

broader diffusion of green financial instruments, as captured by Coverage. Over the twelve-

year period, the national GFI rose from 0.0128 in 2008 to 0.0247 in 2019—an increase of

92.3% 8.

To understand the underlying drivers of the observed upward trend, we decompose the

overall increase in the GFI into its Coverage and Intensity components. The decomposi-

tion analysis shows that 61.6% of the cumulative GFI increase stems from higher Coverage,

whereas 38.4% is attributable to rising Intensity. The calculation process is shown in Ap-

pendix B.3. This finding suggests that China’s green finance expansion has been driven

primarily by introducing and adopting new instruments across regions and markets, rather

than by a deepening of green capital within existing financial domains. This pattern is consis-

tent with the early stage of market formation, in which broad participation and institutional

diffusion typically precede intensity increasing.

Figure 2.7: Temporal evolution of China’s
national GFI

Figure 2.8: Geographic distribution of provincial
GFI

In addition to its temporal evolution, the spatial heterogeneity of green finance develop-

ment across Chinese provinces also merits attention. Figure 2.8 presents the spatial distri-

8The national series reported here is the cross-province mean; computing the product of national averages
yields a nearly identical result, with a mean deviation of only 1%.
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bution of the provincial GFI. Regions with higher index values are predominantly located

in China’s northern border and central inland provinces—such as Inner Mongolia, Xinjiang,

Heilongjiang, Hubei, and Sichuan—which are not traditionally regarded as economically or

financially advanced regions.

This novel finding diverges from previous reports, e.g. International Finance Forum (IFF)

(2024), which generally suggest that regions with higher levels of green finance development

are concentrated in China’s economically advanced coastal areas. The difference arises from

our proportional framework for dataset construction, that is, by expressing both Coverage and

Intensity as shares rather than abusolute market size, the GFI captures actual characteristic

of regional green financial development.

Then, what explains the observed spatial pattern of green finance across China? Further

examination reveals that provinces with stronger green finance performance often possess

abundant natural resources that can be transformed into renewable energy outputs.

The northeastern region, for instance, benefits from rich forest reserves and biodiver-

sity, while the northern and northwestern border areas—such as Inner Mongolia and Xin-

jiang—feature vast wind and solar potential. In central China, high GFI scores are con-

centrated along the Yangtze River basin, where provinces like Hubei and Sichuan possess

significant hydropower capacity, including the Three Gorges Dam, the world’s largest hy-

droelectric project. These spatial patterns highlight that the distribution of green finance

is not merely a reflection of financial sophistication, but also of ecological endowment and

renewable resource potential.

To confirm these correlations, provinces were classified into three groups according to

per-capita GDP, financial development, and natural resource endowments.9 As shown in

Figure 2.9, provinces in the high-income or high-finance groups display no systematic ad-

vantage in GFI performance. By contrast, provinces with richer forest and water resources

consistently exhibit higher GFIs throughout the sample period. For wind and solar energy,

the relationship becomes significant after 2013, coinciding with the nationwide expansion of

renewable-energy investment and grid integration. These results collectively indicate that

China’s green finance development is more closely associated with resource potential and

ecological infrastructure than with conventional measures of economic or financial maturity.

9Grouping is based on the average values of each indicator over 2008–2019, consistent with the temporal
span of the GFI. For example, in the case of per-capita GDP, provinces are ranked by their twelve-year
average and then divided into three groups of ten each; the annual GFI of each group is calculated as the
mean across the ten provinces. Data for GDP, financial development, forest, and water resources are drawn
from the National Bureau of Statistics of China. Since no provincial panel data exist for wind and solar
resources, rankings for these two indicators are based on total provincial power generation in 2023 (data
source: https://m.bjx.com.cn/mnews/20240119/1357028.shtml).
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(a) Per-capita GDP groups (b) Financial-development groups

(c) Forest-resource groups (d) Water-resource groups

(e) Wind-energy groups (f) Solar-energy groups

Figure 2.9: Temporal evolution of GFI across high, middle, and low groups by regional indicators
(GDP per capita, financial development, forest and water resources, wind and solar energy).
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2.4.5 Policy Implications

Pratical experience from China suggests that green capital tends to flow toward regions

capable of converting natural endowments into tangible green outputs. Policymakers should

therefore encourage less industrialised but resource-rich provinces to leverage their environ-

mental assets as comparative advantages in attracting green investment. Targeted instru-

ments—such as tax incentives, credit guarantees, and dedicated green-finance facilities—can

support these provinces in developing renewable-energy industries and ecological infrastruc-

ture.

In practice, this strategy has already proven effective. For example, in Xinjiang, enter-

prises such as Goldwind Science & Technology (002202.SZ / 2208.HK) and Daqo New Energy

(688303.SH), operating in wind and photovoltaic sectors, reached a combined market capi-

talisation of RMB 174.6 billion in 2023, accounting for 22.4% of the total market value of

all listed firms in the province. Similar experiences can be found internationally: Wildpold-

sried, a municipality in Bavaria, Germany, has generated electricity from wind, solar, and

biogas sources exceeding local demand by a factor of seven, producing annual revenues of €6

million in 2016 (about €2,400 per capita). These cases show that renewable energy projects

supported by green finance may become potencial contributors to regional economic growth.

Whether green finance can simultaneously deliver positive outcomes for both the environment

and the economy remains an open question that calls for further empirical investigation.

2.5 Conclusions

This paper develops a novel measurement framework for the Green Finance Index (GFI),

which conceptualises green finance along two complementary dimensions: Coverage and In-

tensity. Coverage captures the extent to which green financial instruments are adopted across

different market domains, while Intensity measures the degree of greening within each market

by assessing the share of green capital in total financial capital. This dual-dimensional design

ensures that the GFI reflects both the breadth of market participation and the depth of green

integration, while maintaining cross-regional comparability and computational simplicity.

Based on this framework, the study constructs a provincial green finance database for

China covering 2008–2019. Several key findings are derived from statistical analysis. First,

China’s green finance system refelcts its way of economic development, operating under a

government-led socialist market economy in which policy coordination and top-down guid-

ance play a pivotal role. Second, green finance has followed a steadily upward path, with a
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marked acceleration after 2016, coinciding with the launch of national green finance policies.

Third, China remains in the formative stage of green finance development. Growth is pri-

marily driven by the diffusion of new instruments across regions and markets rather than by

deepening within existing ones. Finally, pronounced regional disparities persist. Provinces

with stronger green finance performance tend to be those endowed with abundant natural

resources—such as wind, solar, water, and forest assets—that facilitate the development of

renewable energy industries.

As one of the world’s largest and most rapidly expanding green finance markets, China

offers valuable insights for other economies. Its experience demonstrates the crucial role of

a proactive ”green government” in guiding private capital toward sustainable sectors and in

establishing the institutional foundations for a low-carbon financial system. It also highlights

how regions rich in natural resources can convert ecological endowments into comparative ad-

vantages by fostering green industries that reconcile environmental and economic objectives.

Nevertheless, the study has several limitations. The current database does not include

emerging instruments such as green funds or carbon allowances due to data unavailability,

nor does it yet capture transition finance or the effectiveness of environmental outcomes.

Future research could extend the dataset, update the observation period, and empirically test

whether green finance—as measured by the GFI—simultaneously promotes economic growth

and environmental improvement. Such extensions would further enhance our understanding

of how financial systems can support the global transition toward sustainable development.
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Can Growth Be Green? Testing the

Green Finance Kuznets Curve

Hypothesis in China

In recent decades, rapid global economic growth has been accompanied by increasing en-

vironmental degradation, resource depletion, and climate-related risks. To reconcile economic

expansion with sustainability, green finance (GF) has emerged as a pivotal mechanism that

channels capital from high-emission sectors toward clean and low-carbon industries. Nev-

ertheless, its overall effectiveness in fostering sustainable development remains ambiguous.

This study investigates the dual impacts of green finance on economic development and en-

vironmental degradation using two-way fixed effects models and provincial panel data from

China (2008–2019). The empirical results reveal that, at the initial stage of green finance

development, structural frictions, investment delays, and information asymmetries constrain

its positive influence on both growth and environmental quality. However, once green finance

surpasses critical thresholds, it simultaneously promotes economic upgrading and ecologi-

cal improvement. Building on these findings, the paper proposes the Green Finance Kuznets

Curve (GFKC) concept, which characterises the nonlinear relationship between green finance,

economic growth, and environmental degradation. The GFKC implies that, in the long run,

green finance can foster green growth once the share of green financial capital reaches a

sufficiently high level.

Keywords: Green Finance, Economic Development, Environmental Degradation, Nonlinear

Effects, Green Finance Kuznets Curve.

JEL: Q56, Q58, H23, O44, G28.
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3.1 Introduction

Over the past few decades, the tension between economic growth and environmental

degradation has increased significantly due to rapid globalisation and industrialisation. Cli-

mate change, resource depletion, and various forms of pollution have emerged as urgent global

challenges, transforming sustainable development from a mere policy ideal into a universal

consensus. However, implementing this consensus into concrete action faces a key obsta-

cle: financing. According to OECD projections, without significant reforms to the global

financial architecture, the annual funding gap to achieve the Sustainable Development Goals

(SDGs) could rise to approximately USD 6.4 trillion by 2030 (Organisation for Economic

Co-operation and Development, 2025). Therefore, effectively mobilising social and private

capital has become a shared challenge across nations.

Green finance has been recognised as a crucial mechanism connecting the financial system

with sustainable development objectives. Its core principle is to reshape the allocation of

green capital through market-based instruments. It attracts investments away from brown

industries and towards green sectors, narrowing the financial gap to achieve sustainability

goals.

Although green finance experienced nearly two decades of rapid growth, empirical ev-

idence regarding its effectiveness in delivering its promised sustainability benefits remains

mixed. On one hand, green finance can enhance resource allocation efficiency, stimulate tech-

nological innovation, and promote industrial upgrading, leading to synergistic benefits for

economic growth and environmental protection. On the other hand, during the early stages

of transition, structural frictions—such as factor reallocation, investment lags, and institu-

tional immaturity—may impede the adequate flow of financial resources to genuinely green

projects. Given green industries’ typically capital-intensive and long-gestation nature, short-

term economic slowdowns and limited environmental improvements are plausible outcomes.

Therefore, the core objective of this study is to empirically examine the effectiveness of green

finance in promoting green growth.

China serves as a particularly compelling case study for this purpose. First, China is

one of the world’s largest green bond issuers, providing practical experience for establishing

a green finance system. Moreover, the top-down development approach of green finance

in China offers an important reference for examining the role of the green government in

supporting the green finance industry.

This study employs balanced panel data from thirty Chinese provinces during 2008–2019

and two-way fixed effects models to examine the dual impact of green finance on economic
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development and environmental degradation. The results reveal that, at the early stage of

green finance development, the low share of green financial capital weakens its positive ef-

fects on growth and environmental quality. However, as green finance keeps growing and

passes certain thresholds, it simultaneously promotes economic development and ecologi-

cal improvement. We conclude this finding and propose the Green Finance Kuznets Curve

(GFKC), which depicts a U-shaped relationship between green finance and economic growth

and an inverted U-shaped relationship between green finance and environmental degrada-

tion. The GFKC highlights green finance’s nonlinear effects, underscoring that its long-term

contribution to ”green growth” depends on the maturity of financial greening.

In addition, we use the U-test (Lind & Mehlum, 2010; Sasabuchi, 1980) to examine

the asymmetry of the U-shaped and inverted U-shaped relationships. The results indicate

that the slope of green finance concerning economic growth is steeper in the early phase and

becomes flatter after the turning point, implying that green finance initially constrains growth

but gradually enhances it as the market matures. For environmental degradation, the slope

is mild before the turning point. However, it becomes steeper afterwards, suggesting that

green finance leads to limited environmental deterioration and later exerts a more substantial

pollution-reducing effect.

We further assess China’s current green finance development stage by turning points

calculated from our regression. The evidence shows that China is still in the early phase of

green finance expansion, with most provinces yet to pass the thresholds where positive effects

on growth and environmental quality emerge. These nonlinear patterns are consistent with

the conclusions of the Extended Green Solow Model1, which provides a theoretical foundation

for the validity of the proposed GFKC. Moreover, China’s experience in building its green

financial system offers empirical support for the existence of the GFKC and its dynamic

mechanisms.

The main policy implication is that economies seeking to promote green transformation

through green finance should recognise the transitional ”pain period” during its early stage.

Continued financial deepening and institutional improvement are essential for accelerating

the transition toward the stage where green finance delivers simultaneous economic growth

and environmental sustainability benefits.

The remainder of this paper is structured as follows. Section 2 reviews the relevant

literature on the relationships among green finance, economic growth, and environmental

quality. Section 3 outlines the model specifications, variables, and data sources. Section 4

1Refer to Environmental Policies in a Green Solow Model, Haomiao Niu, Chapter I in PhD dissertation.
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presents the empirical results, nonlinearity analysis, and effect decomposition, followed by a

discussion of interprovincial heterogeneity and turning-point analysis. Section 5 concludes

with key findings and policy implications.

3.2 Literature Review

3.2.1 The Effect of Green Finance on Economic Development

Existing research indicates that green finance powers economic development through the

chain of capital reallocation, technological progress, and improvements in resource efficiency.

From a macro perspective, the Hamiltonian-optimisation model developed by (Ouyang et al.,

2023) shows that green financial policies can steer capital toward high-tech industries to form

”innovation capital,” whose accumulation enhances both the scale and the quality of economic

growth. Evidence for Belt and Road economies suggests that public expenditure translates

more effectively into green economic growth only when mediated by green finance (Zhang

et al., 2021). Evidence from China shows that green finance significantly improves allocative

efficiency and promotes green economic growth (Xu & Dong, 2023). Green investment with

supportive financial policies on clean energy promotes green transition (Liu et al., 2023).

Analysis for Chinese provinces confirms green finance improves economic and environmental

performance (Zhou et al., 2020). From the perspective of growth quality, green finance helps

reduce environmental pollution and is associated with advances in high-quality economic

development (Gao et al., 2023). At the micro level, green-credit policies raise the total

factor productivity of affected firms, indicating that green finance enhances output potential

through efficiency and innovation channels (Guo & Zhang, 2023). Overall, the evidence from

the literature supports the positive effect of green finance on economic development, with its

effectiveness contingent on policy design, the intensity of financial support, and coordination

with clean energy and green technologies.

Although the green transition enhances allocative efficiency and improves economic

growth in the long run, some adverse effects during the transition phase are difficult to

avoid. For many developing economies, prevailing development paths remain firmly locked

into fossil energy and thus cannot be fully decoupled. When growth models are deeply de-

pendent on traditional energy, pollution-intensive sectors drive economic performance to a

large extent. Consequently, advancing the green transition entails factor reallocation and

industrial restructuring, with short-term risks of slower growth, such as investment pullbacks

and output deceleration. As highlighted by Acemoglu et al. (2012), the shift from ”brown”
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to ”green” technologies requires a reallocation of capital and human resources, leading to

short-term frictions but yielding long-term efficiency gains. Similarly, Aghion et al. (2019)

emphasise that path dependence and structural inertia in existing industrial systems create

temporary output losses and adjustment costs during the low-carbon transition.

Growing evidence points to short-run drag from green finance instruments on economic

activity in pollution-intensive sectors. Studies show that the policy reallocated bank credit

away from heavy polluters, tightening financing and reducing firm performance (Huang et al.,

2023; Yao et al., 2021). At a broader macro angle, provincial evidence suggests green finance

may upgrade the scale and quality of output yet lower the near-term growth rate, consistent

with adjustment costs during the transition toward cleaner capital and technologies (Ouyang

et al., 2023). Complementing this, enterprise studies document a policy trade-off: green

credit improves environmental metrics but deteriorates economic performance among heavily

polluting firms, highlighting transitional headwinds before productivity payoffs materialise

(Peng et al., 2024).

The above research indicates that at low levels of green finance (GF) development, binding

financing constraints and adjustment costs render its growth effects insignificant or negative.

Over the longer run, however, the effect turns positive through innovation, industrial upgrad-

ing, and improvements in total factor productivity. This short-versus long-term inconsistency

provides a rationale for a nonlinear perspective on the GF–growth nexus, prompting recent

studies to adopt nonlinear models that jointly account for GF’s beneficial and adverse im-

pacts. From a macro perspective, He et al. (2019) investigate the nonlinear relationship

between renewable energy investment and green economic development, further corroborat-

ing a double-threshold effect of green credit on both renewable energy investment and green

economic development. Using a provincial panel within a spatial econometric framework,

Gao et al. (2023) conduct threshold tests and show that GF exerts a significant threshold

and nonlinear effect on high-quality economic development. Based on the above mechanism

analysis and literature review, we propose the following hypothesis, which will be tested

empirically.

Hypothesis 1: Green finance has a nonlinear effect on economic development.

3.2.2 The Effect of Green Finance on Environmental Degradation

In terms of the effect on the environment, some research suggests that green finance con-

tributes to environmental improvement through capital reallocation, technological innovation,

and governance enhancement. At the macro level, instruments such as green credit and green
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bonds effectively redirect financial resources from high-emission and energy-intensive sectors

toward low-carbon and clean energy industries, fostering investment in renewable energy and

green infrastructure, and thereby reducing pollutant and carbon emissions (Banga, 2019;

Campiglio, 2016; Iqbal et al., 2021). At the micro level, firm-level studies show that the

issuance of green bonds and the introduction of stricter disclosure requirements significantly

increase firms’ environmental investment and performance, while simultaneously lowering fi-

nancing costs and generating a ”greenium” in bond markets (Flammer, 2021; Gianfrate &

Peri, 2019). In China, provincial and municipal evidence suggests that green credit and in-

vestment policies enhance resource allocation efficiency and total factor productivity, thereby

accompanying a pollution reduction (Gao et al., 2023; Hunjra et al., 2023; Zhang et al.,

2021). Overall, the reallocation of capital from ”brown” to ”green” sectors, the diffusion of

green technologies, and the improvement of governance mechanisms jointly constitute the

main pathways through which green finance improves environmental quality.

However, the environmental effects of green finance are neither linear nor immediate. In

the early stages of development, temporary reversals may occur. First, green infrastructure

projects typically entail high upfront capital expenditures and long construction periods,

meaning their environmental and scale benefits take time to materialise. During the transi-

tion phase—when old capacities have not yet been fully phased out and new ones are still

under construction—temporary increases in pollution may occur. For example, evidence from

China’s green finance pilot zones indicates that, in the initial stages, green finance failed to

effectively compel heavily polluting enterprises to achieve emission reductions (Cui et al.,

2023). Second, when markets anticipate stricter environmental regulation, fossil fuel produc-

ers may accelerate extraction and sales in advance, thereby increasing emissions before new

policies, the so-called ”green paradox” (Sinn, 2008). Such behaviour can temporarily raise

emissions during the early stage of the green transition. Third, immature green finance is

often characterised by insufficient information disclosure, non-unified certification standards,

and inadequate measurement of externalities, which can lead to ”light green” projects or

greenwashing behaviour (Delmas & Burbano, 2011; Lyon & Montgomery, 2015). This mis-

allocation of capital toward projects with limited mitigation potential weakens the overall

environmental performance of green finance. Moreover, Chinese evidence highlights that

green finance’s environmental and economic effects exhibit significant heterogeneity across

ownership structures (e.g., state-owned vs. non-state firms) and regions (Cui et al., 2023; Xu

& Dong, 2023; Zhang et al., 2021).

The above literature indicates that the impact of green finance on the environment is
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highly dependent on the stage of development and shows considerable heterogeneity. In the

early stage, constrained by construction delays, scale effects, market expectations, and infor-

mation frictions, the environmental benefits of green finance may be weak or even temporarily

negative. However, as the scale of green finance expands, technological diffusion accelerates,

and institutional quality improves, the effects of emission reduction through capital realloca-

tion and technological progress become increasingly significant, leading to a steady decline

in pollution. Accordingly, we propose the following hypothesis to be tested empirically:

Hypothesis 2: Green finance has a nonlinear effect on environmental degradation.

In summary, existing studies have reached conflicting conclusions through different mech-

anistic pathways, providing a rationale for adopting a nonlinear perspective. Similar to the

Environmental Kuznets Curve (EKC), the direction of the relationship between economic

activity and the environment varies across different stages of development. Moreover, few

studies have jointly examined green finance’s dual and nonlinear effects on economic and en-

vironmental outcomes within a unified analytical framework. To address this gap, this study

empirically investigates the dual effects of green finance from a nonlinear perspective.

3.3 Modeling Design

3.3.1 Data

Our data is collected in 30 provinces of China2 from 2008 to 2019, so it is a balanced panel

dataset. We select 2008 as the starting point of our dataset for two reasons. First, although

China officially established a green financial system only in 2016 3. Various private and public

green investment and financing instruments had already been established well before that

date. That year, the Industrial Bank of China became the first Chinese financial institution

to adopt the Equator Principles, marking China’s initial engagement with an international

environmental and social risk management framework. In 2008, the National Environmental

Protection Department signed an information-sharing agreement with the banking regulatory

authority, thereby institutionalising data exchange between environmental regulators and

the financial sector. Together, these developments signify the beginning of Chinese financial

institutions’ systematic participation in international green finance practices. We take 2019

as the terminal year of our sample period in order to avoid potential distortions arising from

the COVID-19 pandemic.

2The data of Tibet, Hong Kong, Macao, and Taiwan are not included.
3In August 2016, the People’s Bank of China, together with six other ministries and commissions, issued

the Guidelines for Establishing the Green Financial System, which is widely regarded as marking the starting
point of green finance development in China
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3.3.2 Empirical Model

To test Hypotheses 1 and 2, we incorporate the quadratic term of green finance into the

regression models to capture its potential nonlinear effects. In Model 1, EcoDev denotes

economic development, while in Model 2, EnvDeg represents environmental degradation.

GF refers to the Green Finance Development Index. Further details on variable construction

are provided in Section 3.3, Variable Specification.

EcoDevit = αi + β1GFit + β2GF 2
it + ΓControlsit + λt + εit. (3.1)

EnvDegit = αi + β1GFit + β2GF 2
it + ΓControlsit + λt + εit. (3.2)

In both equations, i denotes the province and t the year. αi captures province-specific

fixed effects, while λt represents time fixed effects that control for unobserved standard shocks.

Γ is a vector of coefficients associated with the control variables, and εit is the idiosyncratic

error term.

3.3.3 Variable Specification

For Model (3.1), the dependent variable is economic development, which is measured by

the logarithm of per capita real GDP. The procedure for computing real per capita GDP

is provided in AppendixC.1. The core explanatory variable, green finance (GF), is derived

from the authors’ compilation of China’s provincial-level Green Finance Database. Regarding

the control variables, we select three factors: fixed capital, human capital, and technological

progress, standard determinants of economic growth frameworks. Specifically, fixed capital

is calculated based on gross fixed capital formation, with the detailed computation method

provided in Appendix C.1. Human capital is measured by average years of schooling, while

technological progress is proxied by the logarithm of per capita patent grants. All the above

data, except for GF, are directly obtained from the National Bureau of Statistics of China.

Table 3.1 summarises the variable specifications for Model 1.
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Table 3.1: Variables Specifications for Regression Model (3.1)

Variables

Category
Name Abbreviation Measurement Unit

Response
Economic

Development
EcoDev

Logarithmic Real GDP

per capita
CNY

Core

Explanatory
Green Finance GF

Green Finance

Index
Index(0-1)

Green Finance2 GF2 Quadratic GF Index(0-1)

Controls Fixed Capital FC
Logarithmic Fixed

capital stock per capita

Ten thousand

CNY

Human capital HC
Logarithmic Average

years of schooling
Year

Technological

progress
TP

Logarithmic Patents

issuedper capita
PCs

Data source: GF data come from China’s provincial GFI dataset compiled by the author; other data

derived from the State Statistics Bureau of China.

For Model (3.2), the dependent variable is environmental degradation, for which we specif-

ically construct a composite index as the measure. Environmental degradation is measured

from two dimensions: air quality deterioration, proxied by sulfur dioxide (SO2) emissions,

and water pollution, proxied by chemical oxygen demand (COD). Since the two indicators are

expressed in different units, we normalise them using the Max–Min method. For a positive

indicator xij (where larger values indicate greater environmental degradation), the standard-

ised value is defined as:

Zij =
xij −min(xj)

max(xj)−min(xj)
,

where i indexes province and j indexes the indicator (SO2 or COD). The standardised values

Zij are thus bounded in the [0, 1] range. Finally, we construct the composite environmental

degradation index by assigning equal weights (0.5) to the two dimensions:

EnvDegi = 0.5 · Zi,SO2 + 0.5 · Zi,COD.

Among the control variables, we include the economic indicators, per capita GDP and

its squared term, to account for the potential nonlinear relationship between income level

and environmental pressure, as suggested by the Environmental Kuznets Curve (Grossman

& Krueger, 1995). In addition, population size is controlled to capture scale effects associated
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with demographic expansion, while energy consumption reflects the intensity of resource use

and its direct link to emissions. Table 3.2 summarises the variable specifications for Model

2.

Table 3.2: Variables Specifications for Regression Model (3.2)

Variables

Category
Name Abbreviation Measurement Unit

Response
Economic

Degradation
EnvDeg Pollution Index Index(0-1)

Core

Explanatory
Green Finance GF

Green Finance

Index
Index(0-1)

Green Finance2 GF2
Green Finance

Index
Index(0-1)

Controls
Economic

Development
EcoDev

Logarithmic Real GDP

per capita
CNY

Controls
Economic

Development2
EcoDev2 Quadratic EcoDev Million CNY

Population PO Permanent resident Million

Energy

Consumption
EC Aggregate Consumption

Billion standard

coals

Data source: The author compiles Pollution Index data; other data are derived from the State

Statistics Bureau of China.

3.3.4 Descriptive Statistics

Table 3.3 reports the descriptive statistics of the main variables. The mean of economic

development (EcoDev) is 10.194 with a relatively small standard deviation (0.520), suggesting

that while some variation exists across provinces, the distribution is concentrated. Environ-

mental degradation (EnvDeg) has a mean of 0.387 and a standard deviation of 0.230, ranging

from 0.005 to 1.000, indicating substantial heterogeneity in environmental conditions across

regions. Green finance (GF) exhibits a low overall mean of 0.015, with a maximum of 0.061,

implying that although the average level of green finance remains modest, certain provinces

have achieved relatively higher values. This uneven distribution provides an essential basis

for analysing the effects of green finance at different phases.

Regarding the control variables, fixed capital (FC) has a mean of 2.091 with a wide

range (0.556 to 3.636). Human capital (HC) averages 2.189 with a slight standard deviation

(0.103), reflecting a stable distribution across provinces. Technological progress (TP) shows
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a mean of 1.508 but a minimum of -0.918, suggesting that some provinces or years may

experience negative performance in innovation. Population size (PO) exhibits considerable

variation, with a mean of 45.435, a standard deviation of 27.819, and a maximum exceeding

120 million. Energy consumption (EC) has a mean of 0.142 and a maximum of 0.414, further

highlighting regional disparities. Overall, the descriptive results indicate significant inter-

provincial heterogeneity across variables.

Table 3.3: Summary statistics

Variable N Mean SD Min Max

EcoDev 360 10.194 0.520 8.812 11.585

EnvDeg 360 0.387 0.230 0.005 1.000

GF 360 0.015 0.011 0.001 0.061

FC 360 2.091 0.591 0.556 3.636

HC 360 2.189 0.103 1.912 2.548

TP 360 1.508 1.161 -0.918 4.097

PO 360 45.435 27.819 5.540 124.890

EC 360 0.142 0.087 0.011 0.414

To examine the distributional properties of the main variables and compare them with

the normal distribution, kernel density estimates were plotted. Figure 3.1 approach provides

an intuitive assessment of skewness, kurtosis, or potential outliers, thereby guiding variable

treatment and model specification in subsequent econometric analysis.

The distribution of green finance (GF) shows a slight right skew, indicating that most

provinces have relatively low levels of green finance, with only a few reaching higher values.

Nevertheless, the overall shape remains approximately normal. No further preprocessing is

applied since GF will later be used to construct indices and decompose marginal effects across

quantiles. Economic development (EcoDev) exhibits a near-perfect bell-shaped curve, almost

overlapping with the normal distribution, suggesting a stable distribution across provinces

and years consistent with the normality assumption. Environmental degradation (EnvDeg)

deviates from normality but maintains a roughly symmetric shape without extreme outliers.

In sum, the distributional features of these three variables support their application in sub-

sequent panel regressions. While GF shows mild skewness, it remains suitable for empirical
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modelling, and the distributions of EcoDev and EnvDeg further reinforce the robustness of

the regression estimations.

Figure 3.1: Kernel Density Estimate and Normal Fit for GF, EcoDev, and EnvDeg

Figure 3.2 presents the annual trends of economic development (EcoDev), environmental

degradation (EnvDeg), and green finance (GF) across Chinese provinces during 2008–2019.

All variables have been normalised to the [0,1] interval using the Max–Min method to ensure

comparability of units. The values are computed as the provincial averages for each year, and

the curves are drawn based on these annual means. Regarding the detailed trend of EcoDev

and EnvDeg in each province, see Appendix C.2.

Figure 3.2 reveals three distinct patterns. EcoDev shows a steady upward trajectory, in-

creasing from about 0.32 in 2008 to approximately 0.63 in 2019, which reflects the continuous

improvement of economic performance over the sample period. EnvDeg remains relatively

stable within the range of 0.38–0.43, but exhibits a slight decline after 2015, suggesting that

pressures of environmental degradation were gradually alleviated, possibly due to the imple-

mentation of stricter environmental policies and the progress of green transition. GF starts

at a relatively low level (around 0.18–0.20), declines slightly in the early years, but rises

markedly after 2015, reaching about 0.38 in 2019. This surge coincides with the institution-

alisation of green finance, especially after the issuance of the Guidelines for Establishing the

Green Financial System in 2016.

Overall, the results suggest that while economic development advanced steadily, environ-

mental degradation did not worsen in parallel but showed signs of improvement in recent
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years. This trend coincides with the expansion of green finance, indicating that the lat-

ter contributed to balancing growth with environmental protection by helping to decouple

economic development from environmental degradation.

Figure 3.2: Annual Trends of EcoDev, EnvDeg, and GF (Normalised by Max–Min Method).

3.3.5 Preliminary Test

For panel data from our 30 provinces over 13 years, we first applied the Levin–Lin–Chu

(LLC) test to examine the stationarity of each variable. Table 3.4 indicates that all core

explanatory and control variables reject the null hypothesis of a unit root under the trend

specification. The adjusted t∗ statistics are significantly negative, confirming that all variables

are stationary. This finding implies that spurious regression is not a concern in the subsequent

panel regressions, and the original series can be used at different levels.

Table 3.4: LLC panel unit root tests (with trend)

Variables EcoDev EnvDeg GF FC HC TP PO EC

Adj. t∗ -29.810∗∗∗ -6.431∗∗∗ -1.945∗∗ -7.618∗∗∗ -5.940∗∗∗ -9.103∗∗∗ -54.517∗∗∗ -13.228∗∗∗

Notes: Levin–Lin–Chu panel unit root tests with deterministic trend. Null hypothesis: unit root

(non-stationarity). Significance stars based on p-values: ∗p < 0.10, ∗∗p < 0.05, ∗∗∗p < 0.01.

In traditional fixed-effects panel regressions, robust or cluster-robust standard errors can

correct for heteroskedasticity and within-unit serial correlation, but they still assume indepen-

dence across cross-sectional units. As a result, they cannot address the issue of cross-sectional

dependence, and ignoring this may lead to underestimated standard errors and inflated sta-
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tistical significance.

However, provincial panel data analysis observations across regions are often not indepen-

dent. Nationwide macroeconomic shocks, uniform policy adjustments, fluctuations in energy

prices, and spatial spillover effects—such as the diffusion of environmental pollution or the

dissemination of technological innovation—may induce correlations among the residuals of

different provinces, a phenomenon known as cross-sectional dependence.

We conduct Pesaran’s (2004) cross-sectional dependence (CD) test on our two baseline

models to formally test this. The results, reported in Table 5, reject the null hypothesis of

cross-sectional independence at the 5% significance level for both models. Specifically, the

CD statistics are -2.173 (p = 0.0298) for the economic development equation (Model 1) and

-2.112 (p = 0.0347) for the environmental degradation equation (Model 2). These findings

indicate that substantial cross-sectional dependence exists across the 30 provinces, which may

stem from nationwide shocks, policy changes, or interregional spillovers.

Table 3.5: Pesaran cross-sectional dependence (CD) tests

Model CD statistic p-value Avg. |ρ| N (panels) T (periods)

Model 1 (EcoDev equation) −2.173 0.0298 0.582 30 12

Model 2 (EnvDeg equation) −2.112 0.0347 0.502 30 12

Notes: Pesaran (2004) CD test. Null hypothesis: cross-sectional independence. Both models reject the null
at the 5% level, indicating significant cross-sectional dependence.

Given this evidence, it is crucial to adopt estimation methods that account for cross-

sectional dependence. Driscoll and Kraay (1998) proposed a nonparametric covariance ma-

trix estimator that yields asymptotically valid standard errors in large-T panels, even in the

presence of cross-sectional dependence, serial correlation, and heteroskedasticity. As Hoechle

(2007) emphasises, ”Driscoll–Kraay standard errors are well calibrated when cross-sectional

dependence is present, and ignoring such correlation can severely bias inference.” There-

fore, we employ Driscoll–Kraay standard errors in the subsequent analysis to ensure robust

statistical results.

3.4 Empirical Results

3.4.1 Main Regression Results

We estimate two-way fixed effects models with and without control variables, using eco-

nomic development (Model 1: EcoDev) and environmental degradation (Model 2: EnvDeg)

as the dependent variables, respectively. We employ Driscoll– Kraay standard errors to
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ensure valid inference in the presence of cross-sectional dependence, serial correlation, and

heteroskedasticity. The sample comprises 30 provinces observed over 12 years, resulting in a

total of 360 province-year observations. The regression results are summarised in Table 3.6.

Table 3.6: Regression Results

Model (1) Model (1) Model (2) Model (2)

EcoDev EcoDev EnvDeg EnvDeg

GF −7.591∗∗ −7.065∗∗∗ 3.603∗ 7.766∗∗∗

(2.710) (1.849) (1.648) (1.695)

GF2 101.233∗∗ 77.378∗∗∗ −66.924∗∗ −144.226∗∗∗

(41.061) (24.393) (23.543) (20.632)

FC 0.249∗∗∗

(0.016)

HC 0.347∗

(0.171)

TP 0.059∗∗

(0.027)

EcoDev 0.237

(0.161)

EcoDev2 9.167∗∗

(4.101)

PO −0.009∗∗∗

(0.002)

EC 2.014∗∗∗

(0.513)

Observations 360 360 360 360

Groups 30 30 30 30

Within R-sq. 0.973 0.986 0.131 0.204

F (joint) 8.412 1770.590 4.063 36.300

Province FE Yes Yes Yes Yes

Year FE Yes Yes Yes Yes

SE Driscoll–Kraay Driscoll–Kraay Driscoll–Kraay Driscoll–Kraay

∗ p < 0.10, ∗∗ p < 0.05, ∗∗∗ p < 0.01

The first column of the table reports the regression results of Model 1 without control

variables. The coefficient of GF is negative and statistically significant (−7.591∗∗), while that

of GF 2 is positive and statistically significant (101.233∗∗), indicating a U-shaped marginal

effect of green finance on economic development. At the early stage, the expansion of green

finance may restrain short-term growth, but once it surpasses a certain threshold, its effect

turns positive. The second column shows the results with the inclusion of controls. The

results remain robust (GF : −7.065∗∗∗; GF 2: 77.378∗∗∗).
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Among the controls, fixed capital (FC) is positive and statistically significant (0.249∗∗∗),

human capital (HC) is positive at the 10% significance level (0.347∗). Technological progress

(TP) is positive and significant at the 5% level (0.059∗∗), consistent with the conventional

growth theory. The within R2 increases from 0.973 to 0.986 after adding controls, indicating

that they capture more variation across province-years. Overall, the results confirm Hypothe-

sis 1, supporting a ”suppression-then-enhancement” pattern: while green finance at low levels

may be accompanied by financing constraints, resource misallocation, and transition costs,

Its positive growth effect emerges and strengthens as the system matures.

The third and fourth columns in Table 3.6 summarise the regression results of Model 2.

Without controls, GF is positive and statistically significant(3.603∗), while GF2 is negative

and statistically significantly (−66.924∗∗), suggesting an inverted U-shaped effect. At lower

levels, the expansion of green finance may be associated with rising environmental degrada-

tion (e.g., loans flowing to ”light green” projects or incomplete retrofits). However, once GF

exceeds the turning point, it significantly reduces environmental degradation. After includ-

ing controls, the directions of GF and GF2 coefficients are identical, and their significance

becomes even stronger (GF: 7.766∗∗∗; GF2: −144.226∗∗∗).

The linear economic development term (EcoDev) is insignificant among the controls.

(0.237), while EcoDev2 is significantly positive (9.167∗∗), suggesting a deviation from the

standard EKC pattern, where environmental degradation tends to increase with income be-

yond the expected turning point. Energy consumption (EC) is positively associated with

degradation (2.014∗∗∗). Population (PO) is negative and statistically significant (−0.009∗∗∗),

suggesting that, after controlling for GF and EcoDev, larger populations are linked with

reduced environmental degradation. This contradicts the traditional ”population–pollution”

hypothesis (Dietz & Rosa, 1997) and may reflect faster structural upgrading and stronger

environmental governance in densely populated provinces. It may also stem from the choice

of indicator: our measure of environmental degradation is based partly on SO2 emissions

rather than CO2. As noted by Cole and Neumayer (2004) CO2 emissions are strongly tied to

population-driven economic and consumption activities, whereas SO2 emissions mainly arise

from stable sources such as power generation.

In sum, the results of Model 2 confirm Hypothesis 2, supporting a U-shaped environmental

effect. Green finance in its early stages cannot immediately offset the negative environmen-

tal externalities of the brown sector. However, once scaled up and past the threshold, it

substantially alleviates ecological degradation.

The combined results of both models suggest a consistent conclusion. At low levels, green

75



CHAPTER 3

finance adversely affects economic growth and environmental quality. Once green finance

surpasses its economic and environmental turning points, it contributes positively and simul-

taneously to growth and ecological improvement, underscoring its dual role as both a growth

driver and an environmental mitigation tool.

3.4.2 Effect Decomposition of GF on EnvDeg

In model (2), the coefficients of Green Finance (GF ) and its squared term capture the

direct effect of green finance on environmental degradation, that is, whether GF can di-

rectly improve environmental quality after controlling for the level of economic development.

Considering the significant impact of GF on EcoDev in Model (1), EcoDev is treated as a

mediating variable through which GF influences EnvDeg in Model (2). It can be inferred

that an additional indirect transmission channel exists, through which GF influences environ-

mental degradation via economic development, representing a mediating effect. Therefore,

the overall effect of green finance on the environment should be understood as the combi-

nation of direct and indirect effects. Since the impact of GF on EcoDev is nonlinear, it is

straightforward to show that its impact on EnvDeg is also nonlinear. Appendix C.3 reports

the proof.

We next attempt to decompose the direct and indirect effects of GF on EnvDeg4. First,

all main variables were standardised (z-scores) to eliminate measurement scale differences

and facilitate the’ comparability of coefficients. We then calculated the direct effect of green

finance on environmental degradation (the marginal impact of GF holding economic develop-

ment constant) and the indirect effect (the transmission through economic development). We

obtained the total effect as their sum. Finally, based on the sample distribution, we evaluated

these effects at different quantiles of GF (e.g., p10, p30, p50, p70, p90) to uncover how the

relationship evolves across various stages of financial development. The computational steps

of this decomposition are provided in Appendix C.3.

4The decomposition is carried out conditional on the set of control variables included in the regressions.

76



CHAPTER 3

Table 3.7: Marginal effects of Green Finance (standardised) at different quantiles

Quantile Direct Indirect Total

p10 0.2971 (130.2%) −0.0691 (-30.3%) 0.2280

p30 0.2522 (133.7%) −0.0635 (-33.7%) 0.1887

p50 0.1955 (140.5%) −0.0564 (-40.5%) 0.1391

p70 0.0938 (187.2%) −0.0437 (-87.2%) 0.0501

p90 −0.0527 (67.5%) −0.0254 (32.5%) −0.0781

Note: All variables are standardised (z-scores). Reported values are marginal effects of GFz on environmental

degradation (EnvDegz) at different quantiles of GFz. “Direct” is the effect holding economic development

constant, “Indirect” is the effect transmitted via EcoDevz, and “Total” is the sum of both. Percentages

in parentheses indicate the share of each component (Direct or Indirect) relative to the Total effect at that

quantile.

As shown in Table 3.7, the decomposition of marginal effects across different quantiles of

GF reveals a clear nonlinear pattern. The direct impact of green finance on environmental

degradation exhibits a turning trajectory: it is positive at lower levels of green finance, but

gradually declines and eventually becomes negative at higher levels, suggesting that green fi-

nance ultimately contributes to environmental improvement once it reaches a sufficient scale.

In contrast, the indirect effect remains consistently negative across all quantiles, reflecting

a stable mechanism through which green finance improves environmental quality by foster-

ing economic development and structural upgrading. Examining their relative contributions

shows that the share of the direct effect decreases progressively, while the share of the indirect

effect increases, implying that the environmental benefits of green finance become increasingly

reliant on the indirect channel over time.

The pattern of total effect is mainly similar to the direct impact. At lower quantiles

(e.g., p10–p50), the total effect remains positive, meaning that green finance still exacerbates

environmental degradation in its early stages. However, once green finance exceeds a certain

threshold (around p70–p90), the direct effect turns negative, which drives the total effect into

negative territory. This indicates that green finance exerts a net mitigating effect on envi-

ronmental degradation at higher levels through both direct and indirect channels. Together,

these results are consistent with the estimation results of regression Model (2), reinforcing

the inverted U-shaped relationship between green finance and environmental degradation.

3.4.3 Robustness and asymmetry of nonlinearity

In the above analysis, by incorporating the quadratic term of GF into the regression

model, we demonstrate its nonlinear effects on economic development and the environment.
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However, Lind and Mehlum (2010) argue that simply including a quadratic term of the

explanatory variable to identify a U-shaped or inverted U-shaped relationship is unreliable.

This approach can be misleading because the estimated turning point may fall outside the

sample range, and the sign of the quadratic coefficient alone does not ensure that the function

changes direction within the observed interval. Moreover, conventional t-tests ignore the joint

distribution of the linear and quadratic coefficients and do not verify whether the slope is

significantly negative at one end or positive at the other. To address these issues, they adopt

the general testing framework of Sasabuchi (1980) and develop the so-called U-test, which

jointly evaluates the slope conditions at the lower and upper bounds of the sample to formally

test the existence of a U-shaped or inverted U-shaped relationship.

According to the corresponding command in Stata (utest), we conducted further tests on

the regression model, and the results are reported in Table 3.8.

Table 3.8: U-test results for nonlinearity (Model 1 and Model 2)

Model (1) Model (2)

Specification f(x) x2 x2

Alt. hypothesis U shape Inverse U shape

Extreme point 0.045654 0.025338

Interval (GF) [0.001471, 0.060639] [0.001471, 0.060639]

Lower-bound slope −6.8375 6.0985

t-value −3.8362 3.2983

p-value 0.001382∗∗∗ 0.003550∗∗

Upper-bound slope 2.3191 −9.0202

t-value 1.6573 −8.5695

p-value 0.062835∗ 0.00000169∗∗∗

Overall t (U/InvU) 1.66 3.30

Overall p 0.0628∗ 0.00355∗∗

Notes: Model (1): test of U-shape vs. monotone or inverse U-shape. Model (2): test of inverse U-shape vs.

monotone or U-shape.

In Model (1), the alternative hypothesis is a U-shaped relationship. The test results show

that the lower-bound slope is negative (−6.84, t = −3.84, p = 0.0014), while the upper-bound

slope is positive (2.32, t = 1.66, p = 0.0628). The overall U-test statistic is t = 1.66 with a

p-value of 0.0628, which is significant at the 10%

In model (2), the alternative hypothesis is an inverse U-shape. The results indicate that

the lower-bound slope is positive (6.10, t = 3.30, p = 0.0036), while the upper-bound slope is

negative (−9.02, t = −8.57, p < 0.001). The overall U-test statistic is t = 3.30 with a p-value

of 0.0036, which is significant at the 1% level. This provides strong evidence for an inverse
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U-shaped relationship between green finance and environmental degradation. While green

finance initially exacerbates environmental degradation, once it reaches a sufficient scale, its

mitigating effect on the environment becomes dominant.

Regarding the extreme point of Utest, it is at 0.0457 in Model (1), which falls within

the sample interval [0.0015, 0.0606]. This indicates that at lower levels of green finance,

its expansion tends to hinder economic development, whereas once green finance exceeds

approximately 0.046, it begins to foster economic growth. Model (2) ’s turning point is 0.0253,

within the sample range. This suggests that green finance may exacerbate environmental

degradation initially, but once its scale surpasses around 0.027, it gradually contributes to

environmental improvement.

Notably, the turning points identified by the U-test are highly consistent with those de-

rived from the panel regression coefficients (about 0.046 for economic development and 0.027

for environmental degradation5.). This consistency provides robustness for green finance’s

nonlinear effect on economic development and environmental degradation.

Table 3.8 further indicates that these U-shaped and inverted U-shaped effects are asym-

metric, as reflected in the differences in slopes on either side of the turning points. Regarding

economic development, the adverse impact of green finance expansion in the early stage is rel-

atively strong, whereas the positive growth effect after the threshold emerges more gradually.

Similarly, for environmental degradation, the early expansion of green finance may coincide

with the transitional ”growing pains” of green transformation, thereby intensifying ecological

stress. However, once green finance reaches a sufficient scale, its environmental governance

role strengthens rapidly, and its mitigating effect on ecological degradation outweighs the

earlier negative impact. This asymmetric feature highlights the distinct mechanisms through

which green finance influences economic and environmental outcomes across different stages

of development.

3.4.4 Current status analysis for green finance development of Chinese

provinces

We combine the turning points derived from the two regression models with our provincial

green finance database to analyse the stage of green finance development across Chinese

provinces. To provide a more intuitive view, we plot scatter diagrams for 2008 and 2019

in Figure 3.3. The horizontal axis represents provinces, while the vertical axis shows the

Green Finance (GF) index. Horizontal dashed lines indicate the turning points for economic

5Calculated by coefficients from Model(1)and (2) with controls in Table 6
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development (0.046) and environmental degradation (0.027), allowing us to assess whether

and to what extent provinces have surpassed these critical thresholds.
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Figure 3.3: GF by Province: 2008 vs 2019 — Turning Points

Most provinces remain at relatively low GF levels, generally far below the turning point

for economic development (0.046) and close to or below the turning point for environmental

degradation (0.027). This pattern indicates that, at the national scale, green finance is still in

its early stage, with insufficient scale to fully unleash its positive effects on economic growth

and environmental outcomes.

Regarding the economic development turning point, no province exceeded the threshold of

0.046 in 2008. By 2019, despite the overall increase in GF, only Inner Mongolia had surpassed

this level. This finding suggests that for most provinces, the scale of green finance remains

too limited to generate sustained positive effects on economic development. Regarding the

environmental degradation turning point, only six provinces exceeded the threshold of 0.027 in

2008: Jilin, Heilongjiang, Hunan, Hubei, Inner Mongolia, and Xinjiang. By 2019, this number

had risen to 11 provinces: Jilin, Heilongjiang, Hunan, Hubei, Inner Mongolia, Xinjiang,

Qinghai, Anhui, Henan, Hebei, and Tianjin. This shift implies that an increasing number of

provinces have reached a critical scale of green finance sufficient to exert significant positive

effects in mitigating environmental degradation.

In summary, green finance expanded across all provinces from 2008 to 2019. However,

over half of China’s provinces have not yet reached the critical threshold of green finance de-

velopment at which its positive effects on economic growth and environmental improvement
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become evident. This finding carries important policy implications. For provinces remain-

ing below this turning point, local governments should actively foster the expansion of the

green finance sector to accelerate their transition beyond the threshold, thereby enabling

green finance to generate simultaneous benefits for economic development and environmental

sustainability.

3.4.5 Green Finance Kuznets Curve

The above results, including panel regressions, effect decomposition for green finance and

U-test, confirm green finance’s nonlinear and asymmetrical effects on economic growth and

environmental outcomes. Inspired by the classical Kuznets Curve and the Environmental

Kuznets Curve, we propose the concept of a Green Finance Kuznets Curve (GFKC), which

depicts the impact of green finance on the economy and the environment. Figure 3.4) illus-

trates it. The GFKC suggests that at the early stage of development, green finance tends to

suppress economic growth and exacerbate environmental pressures. However, once its level

surpasses the turning point and reaches a more advanced stage, green finance can lead to

green growth. Moreover, the nonlinear pattern is asymmetric. Green finance’s adverse ef-

fect at the early stage is stronger than its positive influence after, while its contribution to

environmental improvement rises more quickly once the turning point expands beyond the

threshold.

Figure 3.4: Green Finance Kuznets Curve
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3.4.6 Mechanism Analysis for GFKC

The mechanism analysis for the Green Finance Kuznets Curve (GFKC) is developed from

theoretical and practical perspectives.

Theoretical Evidence

First, the conclusions of the GFKC are highly consistent with our proposed Extended

Green Solow Model6 (see Figure 3.5). The figure’s horizontal axis represents the share of

green capital in the economy, while P denotes pollution generated by brown production

and Y denotes total output.7 The different colored curves illustrate various green-subsidy

policy scenarios: the black curve (Naive Tax) corresponds to a pollution tax without green

subsidies; the blue curve (Green Finance) represents subsidies directed toward increasing

the savings rate of green capital; the red curve (Green Total Factor Productivity) refers to

subsidies that enhance technological progress in green production; and the green curve (PAC)

represents subsidies allocated to enhance pollution abatement efficiency. Parameter values

are calibrated to the Chinese context, and numerical simulations are conducted to explore

the dynamic trajectories of economic growth and environmental change under different policy

settings.

Although the theoretical model and the empirical analysis differ slightly in variable speci-

fication, they convey the exact mechanism. For instance, in Figure 3.4, economic development

is measured by per capita GDP, whereas in Figure 3.5, it is represented by total output (Y ).

Similarly, the horizontal axis in Figure 3.5 denotes the overall share of green capital in the

economy, while in Figure 3.4, the level of green finance development is measured in terms of

its ”depth and breadth,” where depth refers to the proportion of green financial capital in

total financial capital. In short, the theoretical model captures the macro-level relationship

between the share of green capital in the economy and its impacts on growth and pollution.

In contrast, the empirical model operationalises this mechanism through the share of green

finance within the financial system.

We focus on the blue dashed line in Figure 3.5, which represents the policy scenario

of green finance (GF). The simulation results indicate that as the share of green capital

increases, it exhibits a U-shaped relationship with economic output and an inverted U-shaped

relationship with pollution. These theoretical results are highly consistent with the empirical

6For a more detailed discussion of this model, see Essay I: Environmental policies in a green Solow model,
Haomiao Niu

7Although labor is excluded from the production function in the theoretical model, the results remain
unchanged if all variables are interpreted in per capita terms.
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Figure 3.5: Share of Green Capital vs Pollution and Output

findings of a U-shaped effect of green finance on economic development and an inverted U-

shaped effect on environmental degradation. Furthermore, both curves display asymmetric

patterns: for the environmental curve, the slope before the turning point is flatter than after;

for the economic curve, the slope before the turning point is steeper, and the turning point

lies roughly within the range of 0–0.1 in green-capital share. These features align well with

the asymmetry observed in the empirical results.

The only notable difference between the theoretical simulation and the empirical estima-

tion concerns the turning point of pollution (P ). In Figure 3.5, the turning point occurs

around 0.4–0.5, whereas the empirically estimated value is approximately 0.03. This discrep-

ancy arises primarily from the calibration of initial parameters in the numerical simulation

and does not affect the overall consistency of the theoretical and empirical conclusions.

The Extended Green Solow Model provides a solid theoretical foundation for the ”Green

Finance Kuznets Curve” (GFKC). The mechanism analysis of the model suggests that in

the early stage of green transition, the share of green capital (KG) is relatively small8. Con-

sequently, green output (YG) is limited. The economy is dominated by brown production.

The environmental mitigation effect generated by green output is insufficient to offset the

pollution created by brown output, resulting in an overall increase in total pollution (P ).

8In the model calibration, we assume that at the initial stage of economic development, the ratio of green
to brown capital is 1:100.
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Since the environmental tax is an increasing function, rising pollution also raises the tax bur-

den, suppressing brown output and reducing total output (Y ). This mechanism explains the

behaviour before the turning point of the GFKC: when the share of green financial capital is

low, economic development is constrained while environmental degradation intensifies. The

upper graph of Figure 3.6 illustrates this effecting mechanism.

However, as the government implements green finance subsidy policies, the return on

green capital increases, which raises the saving rate of green capital and expands its share

in the total capital stock. The accumulation of green capital increases green output, whose

pollution-abatement effect gradually strengthens and eventually outweighs the pollution gen-

erated by brown output. As a result, the overall pollution level declines. This improvement

further reduces the environmental tax burden, stimulating a recovery in brown-sector pro-

duction. The combined expansion of both green and brown outputs contributes to the overall

growth of total output. This mechanism is consistent with the pattern after the turning point

of the GFKC, indicating that a high level of green finance not only effectively mitigates en-

vironmental degradation but also promotes sustained economic growth. The lower graph of

Figure 3.6 illustrates this effecting mechanism.

Figure 3.6: Mechanism Analysis from the Extended Green Solow Model

Practical Evidence

The nonlinear relationship identified by the Green Finance Kuznets Curve (GFKC) can

be further explained through several practical mechanisms that characterise the evolution

of a green economy. In the early stages of green transition, economic systems experience

structural frictions, investment lags, and informational asymmetries that suppress short-

term growth and environmental performance. As the scale of green finance expands and

institutional quality improves, these constraints gradually diminish, enabling a simultaneous
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enhancement of economic output and environmental quality.

Structural transformation and reallocation costs (”from old to new” pains).

Green transition requires reallocating financial and material resources from high-emission,

energy-intensive sectors to emerging green industries. Traditional ”brown” sectors possess

long-established production chains and mature profit structures, whereas green sectors are

often small and nascent. During the transition, capital scrapping, labor retraining, and

supply-chain reconfiguration lead to temporary output losses and efficiency declines. More-

over, during the coexistence of ”old capacity not yet retired, new capacity not yet established,”

economic frictions and emissions may temporarily rise (Acemoglu et al., 2012; Aghion et al.,

2019).

Scale effects, high upfront investment, and delayed payoffs. Green infrastruc-

ture—renewable energy systems, green factory retrofits, and storage or transmission net-

works—typically requires large initial capital expenditures and long construction periods.

During this stage, investments have not yet translated into adequate production capacity,

so green sectors’ environmental and economic benefits cannot be fully realised (Campiglio,

2016). As a result, a short-term increase in emissions and delayed economic returns may

occur before the long-term benefits emerge.

The ”Green Paradox.” Suppose market participants expect future environmental reg-

ulations to tighten. In that case, fossil-fuel producers may accelerate extraction or sales in

the short run, leading to a temporary surge in carbon emissions—an effect known as the

”green paradox” (Sinn, 2008). This phenomenon may amplify early-stage environmental

deterioration even under expanding green finance.

Technological diffusion and experience curve effects. Once green finance reaches

a critical scale, technological diffusion and learning-by-doing effects trigger an acceleration

phase. With a sufficient project pipeline, economies of scale, and supply-chain coordination,

the marginal abatement cost of investment declines sharply while the productivity of green

assets rises (Lee & Lee, 2022). Consequently, environmental degradation decreases, and

economic returns improve in tandem, reflecting the post-turning-point segment of the GFKC.

Expectations, information, and institutional quality. In the early stage, weak

information disclosure and immature evaluation standards generate uncertainty and asym-

metric information in green finance markets. The prevalence of ”light green” projects and

”greenwashing” reduces capital allocation efficiency and raises financing costs (Flammer,

2021). As policy frameworks—such as green taxonomies, disclosure systems, performance

assessments, and risk-weight regulations—become established, resource allocation improves,
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greenwashing space narrows, and long-term investors recognise the stability of green project

cash flows. This process lowers risk premia, enhances liquidity, and introduces a ”greenium”

(pricing premium for green assets), accelerating the transition toward positive economic and

environmental returns (Campiglio, 2016).

In summary, these mechanisms jointly explain the empirically observed U-shaped and in-

verted U-shaped relationships. At low levels of green finance, economies face structural and

informational frictions that depress growth and environmental outcomes. As green finance

deepens, scale economies, technological learning, and institutional improvements enable an

upward shift of both curves, reducing pollution while fostering sustainable economic expan-

sion.

3.5 Conclusions

This study employs panel data from 30 Chinese provinces from 2008 to 2019 to sys-

tematically examine green finance’s impact on economic development and environmental

degradation. By introducing a two-way fixed effects model, the paper identifies a significant

nonlinear effect of green finance on economic and environmental outcomes. The main findings

are summarised below.

First, the impact of green finance on economic development exhibits a clear U-shaped

relationship. In the early stages of green finance development, constrained by financing

limitations, information asymmetry, and the absence of scale effects, its influence on economic

growth is negative. However, once the level of green finance surpasses a critical threshold, it

begins to foster economic expansion through innovation and structural upgrading channels.

Second, the impact of green finance on environmental degradation follows a significant

inverted U-shaped relationship. At low levels of development, the expansion of green finance

may coincide with a temporary increase in emissions—particularly when green technologies

are not yet widely adopted. Nevertheless, once the green finance index exceeds its turning

point, its positive role in promoting green technology diffusion and industrial upgrading

becomes apparent, leading to a substantial decline in pollution. Robustness checks using the

U-test confirm the consistency of these nonlinear patterns with the regression results.

Moreover, the decomposition analysis indicates that green finance influences environmen-

tal quality primarily through an indirect pathway via economic growth. At lower development

levels, the direct effect dominates and may even worsen pollution. At higher levels, the indi-

rect effect, driven by industrial restructuring and technological progress, becomes the leading

force for environmental improvement.
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Drawing upon China’s provincial green finance database, a further heterogeneity analy-

sis reveals that most provinces remain below the identified turning points, suggesting that

China’s green finance system is still in a formative stage. Only a few provinces have crossed

the threshold associated with economic development, while roughly one-third have surpassed

the environmental turning point.

Overall, this paper proposes and empirically verifies the existence of the Green Finance

Kuznets Curve (GFKC) and demonstrates its strong consistency with both the theoretical

predictions of the Extended Green Solow Model and the empirical evidence. The findings

imply that green finance may initially entail transitional pains; however, once it reaches

sufficient scale, it evolves into a ”dual engine” driving economic growth and environmental

improvement.

From a policy perspective, these results provide confidence for countries and regions in

developing their green finance systems. Although the initial phase of green finance may

not yield immediate economic or environmental benefits, continued investment and institu-

tional refinement eventually generate positive returns. Therefore, governments should further

strengthen the green finance framework by improving information disclosure and risk-pricing

mechanisms, expanding fiscal and financial incentives, and accelerating the development of

green capital markets to help regions cross both turning points and advance toward a stage

of high-quality, sustainable growth.
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This dissertation develops and validates an analytical framework that links green policy,

green finance, economic performance, and environmental quality. The theory clarifies mecha-

nisms and policy comparisons and identifies clear rankings across regimes. The measurement

system provides consistent and decomposable indices that separate coverage and intensity.

The empirical analysis documents nonlinear and asymmetric effects and advances the Green

Finance Kuznets Curve hypothesis. The findings show that a capable green government and

a mature green finance market are both necessary for a successful transition. Their comple-

mentarity helps close part of the financing gap, shifts the economy toward a cleaner steady

state, and does so with more minor output losses during the transition and larger gains in

the long run.

The evidence yields five practical policy implications. First, fiscal tools and market de-

velopment should be aligned with a predictable pollution tax with transparent recycling into

green uses so that private incentives match public goals and limit output losses. Second,

green finance should be deepened along with coverage and intensity by widening partici-

pation across instruments and regions and by raising penetration within each market with

consistent verification and disclosure. Third, it recognises transitional costs because turning

metric effects imply a phase of weak growth support and modest environmental gains, and it

provides points and asymmetric targeted assistance to affected sectors and workers to smooth

adjustment. Fourth, select subsidy channels according to objectives, since support for green

total factor productivity raises output more while support for abatement lowers pollution,

and combine them to reflect local priorities. Fifth, the provincial database should be used to

design locally distinct strategies that leverage natural endowments and to monitor progress

with transparent measures of coverage and intensity so that policy can adapt in time.
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A.1 Proof of the existence of Brown-Green equilibrium

First, simplify the first two equations of system 1.18, we get:⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
KB =

(︂
δ

s(1−f(P ))A

)︂ 1
α−1

KG =
(︂

δ
s(A+θ2f(P ))(1+θ1f(P ))

)︂ 1
α−1

(A1.1)

Then, we rewrite the third equation in 1.18 by substituting KB and KG from (A1.1), and

define the right-hand side as a new function of P , G(P ), we have the following equation:

G(P ) = Ω(1− f(P ))
1

1−αA
1

1−α

− (ϕ+ θ3f(P ))(A+ θ2f(P ))
1

1−α (1 + θ1f(P ))
α

1−α

(A1.2)

If we can prove that there exists a unique solution P ∗ > 0 such that G(P ∗) = 0, then,

owing to the monotonicity of f(x) and system (14), it is equivalent to proving that KB and

KG also have unique solutions. This implies that for system (13), there exists a unique,

economically meaningful steady state (KB,KG, P ) > 0. Now, we are proving that G(P ) has

a unique real root P ∗.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

limP→0+ G(P ) = (Ω− ϕ)A
1

1−α

limP→∞G(P ) = −
(︂
ϕ+ θ3

)︂
(A+ θ2)

1
1−α (1 + θ1)

α
1−α

G′(P ) = −f ′(P )
(︂
T1(P ) + T2(P ) + T3(P ) + T4(P )

)︂
(A1.3)
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,where

T1(P ) =
ΩA

1
1−α

1− α
(1− f(P ))

α
1−α ,

T2(P ) = θ3 (A+ θ2 f(P ))
1

1−α (1 + θ1 f(P ))
α

1−α ,

T3(P ) =
θ2

(︁
ϕ+ θ3 f(P )

)︁
1− α

(A+ θ2 f(P ))
1

1−α
−1 (1 + θ1 f(P ))

α
1−α ,

T4(P ) =
α θ1

(︁
ϕ+ θ3 f(P )

)︁
1− α

(A+ θ2 f(P ))
1

1−α (1 + θ1 f(P ))
α

1−α
−1 .

In respect of the first equation in system (A1.3), since Ω > ϕ ,we have (Ω − ϕ)A
1

1−α > 0;

For the second equation, it’s intuitive to see all terms in parentheses are positive based

on our parameter assumptions so the final sign of the second equation is negative; G(P )

is too long so we write it down separately, f ′(P ) is positive, and all the other four terms

from T1(P ) to T4(P ) are positive because every term in these four equations are positive,

so the final signG(P ) is negative. The summary of the signs of the system (16) is shown below.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

limP→0+ G(P ) > 0

limP→∞G(P ) < 0

G′(P ) < 0

(A1.4)

According to intermediate value theorem, only one root P ∗ of G(P ) is in the domain of

P > 0. Furthermore, in the system of equation (14), there is a unique corresponding K∗
B

and K∗
G . Thus,the unique solution of (K∗

B,K
∗
G, P

∗) proves the existence of Brown-Green

Equilibrium.
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A.2 Proof of stability of equilibrium

Recall that the Jacobian matrix of equation system (1.18) at the equilibrium (K∗
B,K

∗
G, P

∗)

is given by

J∗ =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

f1,KB
0 f1,P

0 f2,KG
f2,P

f3,KB
f3,KG

f3,P

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
,

with the corresponding characteristic polynomial

λ3 +Aλ2 +Bλ+ C = 0.

The partial derivatives in our model are:

f1,KB
= sAαKα−1

B

(︁
1− f(P )

)︁
− δ,

f1,P = −sAKα
B f ′(P ),

f2,KG
= sαKα−1

G

(︁
1 + θ1f(P )

)︁(︁
A+ θ2f(P )

)︁
− δ,

f2,P = sKα
G f ′(P )

[︂
θ1
(︁
A+ θ2f(P )

)︁
+ θ2

(︁
1 + θ1f(P )

)︁]︂
,

f3,KB
= ΩAαKα−1

B

(︁
1− f(P )

)︁
,

f3,KG
= −α

(︂
ϕ+ θ3f(P )

)︂(︂
A+ θ2f(P )

)︁
Kα−1

G ,

f3,P = −ΩAKα
B f ′(P )−Kα

G f ′(P )
[︂
θ3
(︁
A+ θ2f(P )

)︁
+ θ2

(︁
ϕ+ θ3f(P )

)︁]︂
.

Now , we are investigating the sign of each term. There are some intuitive ones under the

assumptions that f ′(P ) > 0 and all other parameters (s,AB, AG0, θ1, θ2,

θ3,Ω, δ, ϕ) are positive. Those are:

f1,P < 0; f2,P > 0; f3,KB
> 0; f3,KG

< 0; f3,P < 0.

At the equilibrium, the conditions K̇B = 0 and K̇G = 0 yield

s (1− f(P ))AB Kα−1
B = δ and s (1 + θ1f(P )) (AG0 + θ2f(P ))Kα−1

G = δ.
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Using these, we can rewrite the derivatives f1,KB
and f2,KG

as

f1,KB
= sAB αKα−1

B

(︁
1− f(P )

)︁
− δ = α δ − δ = (α− 1)δ,

f2,KG
= sαKα−1

G

(︁
1 + θ1f(P )

)︁(︁
AG0 + θ2f(P )

)︁
− δ = α δ − δ = (α− 1)δ.

Since 0 < α < 1 and δ > 0, it follows that

f1,KB
< 0 and f2,KG

< 0.

Then, it immediately follows that.

A = −
(︂
f1,KB

+ f2,KG
+ f3,P

)︂
> 0.

The coefficient B is given by

B = f1,KB
f2,KG

+ f1,KB
f3,P + f2,KG

f3,P − f1,P f3,KB
− f2,P f3,KG

.

Consider the terms separately:

• Since f1,KB
< 0 and f2,KG

< 0, the product f1,KB
f2,KG

is positive.

• f1,KB
f3,P and f2,KG

f3,P are products of two negative numbers and are thus positive.

• The product f1,P f3,KB
is negative and the minus sign renders −f1,P f3,KB

> 0.

• f2,P f3,KG
< 0 and again −f2,P f3,KG

> 0.

Since all five terms are positive, it follows that.

B > 0.

The coefficient C is given by

C = −
(︂
f1,KB

f2,KG
f3,P − f1,KB

f2,P f3,KG
− f1,P f3,KB

f2,KG

)︂
.

Examine the three products:

• f1,KB
f2,KG

f3,P : since f1,KB
< 0, f2,KG

< 0, and f3,P < 0, the product is negative.

• f1,KB
f2,P f3,KG

: here f1,KB
< 0, f2,P > 0, and f3,KG

< 0; hence the product is positive.

• f1,P f3,KB
f2,KG

: since f1,P < 0, f3,KB
> 0, and f2,KG

< 0, this product is also positive.
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Thus, the expression inside the parentheses is

f1,KB
f2,KG

f3,P − f1,KB
f2,P f3,KG

− f1,P f3,KB
f2,KG

< 0.

Taking the negative of a negative number, we conclude that

C > 0.

Next, we are proving AB > C. To simplify the algebraic structure and facilitate the com-

parison between AB and C, we introduce the following positive quantities:

a ≡ −f1,KB
> 0,

b ≡ −f2,KG
> 0,

c ≡ −f3,P > 0,

p ≡ −f1,P > 0,

q ≡ f2,P > 0,

r ≡ f3,KB
> 0,

s ≡ −f3,KG
> 0.

Under these definitions, the coefficients in the characteristic polynomial

λ3 +Aλ2 +Bλ+ C = 0

can be rewritten as

A = a+ b+ c,

B = ab+ ac+ bc+ pr + qs,

C = abc+ aqs+ prb.

Our goal is to prove that

AB − C > 0.

Step 1. Expand AB:

We have

AB = (a+ b+ c)(ab+ ac+ bc+ pr + qs).
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Split this product into two parts:

AB = (a+ b+ c)(ab+ ac+ bc) + (a+ b+ c)(pr + qs).

Denote

T1 = (a+ b+ c)(ab+ ac+ bc) and T2 = (a+ b+ c)(pr + qs).

Expanding T1 gives

T1 = a(ab+ ac+ bc) + b(ab+ ac+ bc) + c(ab+ ac+ bc)

= a2b+ a2c+ abc+ ab2 + abc+ b2c+ abc+ ac2 + bc2

= a2b+ a2c+ ab2 + ac2 + b2c+ bc2 + 3abc.

Since a, b, and c are positive, every term in T1 is positive. Similarly, for T2 we have

T2 = a(pr + qs) + b(pr + qs) + c(pr + qs),

which is clearly positive. Thus,

AB = T1+T2 = a2b+a2c+ab2+ac2+ b2c+ bc2+3abc+a(pr+ qs)+ b(pr+ qs)+ c(pr+ qs).

Step 2. Compare AB with C:

Recall that

C = abc+ aqs+ prb.

Subtracting C from AB gives

AB − C =
[︂
a2b+ a2c+ ab2 + ac2 + b2c+ bc2 + 3abc+ a(pr + qs) + b(pr + qs) + c(pr + qs)

]︂
−
[︂
abc+ aqs+ prb

]︂
= a2b+ a2c+ ab2 + ac2 + b2c+ bc2 + 2abc

+
[︂
a(pr + qs) + b(pr + qs) + c(pr + qs)−

(︁
aqs+ prb

)︁]︂
.

Then, simplify the bracketed term:

a(pr + qs) + b(pr + qs) + c(pr + qs)− (aqs+ prb) = a pr + a qs+ b pr + b qs+ c pr + c qs− a qs− b pr

= a pr + b qs+ c(pr + qs).
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Since a, b, c, p, q, r, and s are all positive, it follows that

a pr + b qs+ c(pr + qs) > 0.

Therefore,

AB − C > 0.

which completes the proof.

A.3 Proof of pollution dominance of environmental policies

Step 1 (No tax). When f ≡ 0 and θ = 0, The capital dynamics reduce to

K̇i = sAKα
i − δKi, i ∈ {B,G},

with steady-state capital stocks K∗
B = K∗

G = (sA/δ)1/(1−α). Pollution evolves as

Ṗ = ΩAKα
B − ϕAKα

G = A(Ω− ϕ)
(︂
sA
δ

)︂ α
1−α

> 0,

so P (t) → +∞ and no finite steady-state pollution exists. For ranking purposes we set

P ∗
0,0 = +∞.

Step 2 (Tax only). With f ∈ F and θ = 0,

K∗
B =

(︂
s(1−τ)A

δ

)︂ 1
1−α

, K∗
G =

(︂
sA
δ

)︂ 1
1−α

,

and the pollution steady-state condition ΩA(1 − τ)(K∗
B)

α = ϕA(K∗
G)

α yields 1 − τ0 =

(ϕ/Ω)1−α ∈ (0, 1), hence P ∗
f,0 = f−1(τ0) < +∞.

Step 3 (Tax plus subsidies). With f ∈ F and θ ∈ Θ \ {0}, the steady-state condition can

be written as

L(τ) = R(τ,θ), L(τ) = ΩA(1− τ)
[︁
K∗

B(τ)
]︁α
, R(τ,θ) = (ϕ+ θ3τ)(A+ θ2τ)

[︁
K∗

G(τ,θ)
]︁α
.

Since L′(τ) < 0 and Rτ (τ,θ) > 0, the implicit-function theorem gives

∂τ∗

∂θi
= − Rθi(τ

∗,θ)

L′(τ∗)−Rτ (τ∗,θ)
< 0,
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so τ∗(θ) < τ0. Because f ′(P ) > 0, we obtain

P ∗
f,1 = f−1(τ∗(θ)) < f−1(τ0) = P ∗

f,0.

Step 4 (Conclusion). Combining the three cases yields

P ∗
0,0(= +∞) > P ∗

f,0 > P ∗
f,1,

which establishes the claimed ordering.

A.4 Proof of output dominance of environmental policies

Step 1 (No tax vs. tax only): Y ∗
0,0 > Y ∗

f,0. With f ≡ 0 and θ = 0, the capital steady

states are K0
B = K0

G = (sA/δ)1/(1−α). Hence

Y ∗
0,0 = A(K0

B)
α +A(K0

G)
α = 2A

(︂
sA
δ

)︂ α
1−α

.

With f ∈ F and θ = 0 (tax only),

K0
B(τ) =

(︂
s(1−τ)A

δ

)︂ 1
1−α

, K0
G = (sA/δ)1/(1−α),

and the tax-only steady-state satisfies 1− τ0 = (ϕ/Ω)1−α ∈ (0, 1). Therefore

Y ∗
f,0 = A(1− τ0)

[︁
K0

B(τ
0)
]︁α

+A
[︁
K0

G

]︁α
= A

(︂
sA
δ

)︂ α
1−α

{︂
(1− τ0)

1
1−α + 1

}︂
.

Since (1− τ0)
1

1−α < 1 for any τ0 ∈ (0, 1), we obtain Y ∗
f,0 < 2A( sAδ )

α
1−α = Y ∗

0,0.

Step 2 (Tax plus subsidies vs. tax only): Y ∗
f,1 > Y ∗

f,0. For f ∈ F and θ ∈ Θ \ {0}, the

steady-state pollution condition can be written as L(τ) = R(τ,θ), where

L(τ) = ΩA(1− τ)
[︁
K∗

B(τ)
]︁α
, R(τ,θ) = (ϕ+ θ3τ) (A+ θ2τ)

[︁
K∗

G(τ,θ)
]︁α
.

As L′(τ) < 0 and Rτ (τ,θ) > 0, the implicit-function theorem yields

∂τ∗

∂θi
= − Rθi(τ

∗,θ)

L′(τ∗)−Rτ (τ∗,θ)
< 0,

so the steady-state tax under subsidies is strictly lower: τ∗(θ) < τ0. Brown-sector steady-
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state output is

Y ∗
B(τ) = (1− τ)A

[︁
K∗

B(τ)
]︁α

= A
(︂
sA
δ

)︂ α
1−α

(1− τ)
1

1−α ,

which is strictly decreasing in τ . Therefore, lowering τ from τ0 to τ∗(θ) strictly raises Y ∗
B.

For the green sector,

Y ∗
G(θ) =

(︁
A+ θ2τ

∗)︁ [︁K∗
G(τ

∗,θ)
]︁α

=
(︁
A+ θ2τ

∗)︁ (︂ s(1+θ1τ∗)(A+θ2τ∗)
δ

)︂ α
1−α

,

which (weakly) increases whenever θ1 > 0 and/or θ2 > 0; if θ1 = θ2 = 0 (pure abatement

subsidies), then Y ∗
G coincides with the tax-only green output, while the strict fall in τ still

raises Y ∗
B as shown above. Hence in all cases Y ∗

f,1 > Y ∗
f,0.

Step 3 (Conclusion). Combining Steps 1 and 2 proves

Y ∗
0,0 > Y ∗

f,0 and Y ∗
f,1 > Y ∗

f,0,

A.5 Parameter Specification

Saving rate

The government is assumed not to impose any pollution tax on brown output in the

benchmark setting. According to global statistics, China’s gross saving rate has remained

around 45% in recent years (CEIC Data, 2023). This value is therefore adopted as the baseline

saving rate in the numerical simulations.

Total Factor Productivity

At present, there is no precise statistical measure of total factor productivity (TFP) in

China, as official data usually report only its growth rate or contribution to GDP growth.

While recognizing that TFP is not constant in reality, we set A = 1 for calibration purposes,

since productivity dynamics are not the focus of this study. This simplification allows the nu-

merical analysis to concentrate on policy-induced effects rather than exogenous technological

shocks.

Output elasticity of capital

Empirical studies estimate that China’s output elasticity of capital ranges between 0.5

and 0.6 (Lin & Liu, 2017). We take the midpoint of this interval, α = 0.55, as a representative

value consistent with the production structure of the Chinese economy.

Depreciation rate

According to Holz (2006), the average capital depreciation rate of Chinese state-owned

enterprises was approximately 6% in the early 21st century. This estimate remains widely
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used in macroeconomic calibrations and is therefore applied here.

Pollution generating coefficient of brown production

Estimating Ω is challenging because pollutants are heterogeneous across types (air, wa-

ter, and solid waste) and units of measurement are not easily comparable. To obtain an

approximate value, we employ an “economic loss” approach that evaluates pollution inten-

sity through its economic cost. We first use carbon emissions as a representative pollutant,

with carbon emission intensity (emissions per unit of GDP) serving as the proxy for pollution

intensity. Multiplying this intensity by the carbon price yields the pollution cost per unit of

output:

Ω = Carbon Intensity (per unit GDP)× Carbon Emission Price.

According to Fan et al. (2007), carbon intensity in China’s material production sector

declined from about 340 tons per million CNY in 1980 to around 150 tons in 2002. Considering

the continuous improvement in energy efficiency, we adopt a further reduced value of 100

tons per million CNY (i.e., 0.1 kg/CNY) for the current stage. The average price of carbon

emission allowances (CEA) in China’s carbon market was approximately 100 CNY per ton

at the end of 2024, equivalent to 0.1 CNY/kg. Combining these values gives:

Ω = 0.1 kg/CNY× 0.1CNY/kg = 0.01.

Pollution abatement coefficient of green production

As indicated by condition (1.14), the pollution-abatement efficiency is assumed to be

lower than the pollution-generation coefficient (ϕ < Ω). Because ϕ is even more difficult to

measure empirically, it is approximated at half of Ω, implying that the pollution-mitigation

capacity of green production is about 50% of the pollution generated by brown production.

Hence, ϕ = 0.005 is adopted as a reasonable benchmark.

Initial points setting

We initialize the model with the following starting values for the three endogenous vari-

ables. First, brown capital is taken as the benchmark and set to KB0 = 100. Second, we

set KG0 = 1, implying that the share of green capital is relatively small in the early stages

of economic development. Although the precise proportion of green capital is difficult to

measure, this assumption is grounded in empirical evidence.

According to TheCityUK (2022), global green finance represented only about 1.7% of

total finance between 2012 and 2021. Based on our provincial-level dataset for China, the

98



APPENDIX A

corresponding share of green financial capital is approximately 1.9%. In countries where

green finance systems remain less developed, this ratio would likely be even lower. Hence, we

assume the initial share of green capital to be 0.01.

Regarding the initial pollution level, given the baseline setting of KB0, the initial brown

output can be computed as YB0 = AKα
B0 (without taxation at t = 0). Using the estimated

pollution coefficient for brown production Ω = 0.01, the initial pollution stock is given by

P0 = YB0 × Ω = 0.126,

which we approximate as P0 = 0.1.

Preliminary tests indicate that these initial values allow the model to produce a smooth

and realistic trajectory of economic and environmental dynamics. Therefore, the initial state

of the system is summarized as:

(KB0, KG0, P0) = (100, 1, 0.1).

A.6 Robustness check

Taking Figure 1.6 in the main text as an example, we modify the pollution-tax function

to compare how alternative specifications affect the steady state. Specifically, we consider

three functional forms that satisfy the assumptions of f(P ):

f1(P ) =
eP − 1

eP
, f2(P ) =

ln(1 + P )

ln(1 + P ) + 1
, f3(P ) =

P√
1 + P 2

.

The following figures show that altering the functional form of the pollution tax leaves

the steady-state values of KB and KG unchanged, while causing only a marginal shift in

the steady-state pollution stock P. Nonetheless, all qualitative results remain identical: the

GF policy leads to the highest green capital, the PAC policy delivers the lowest equilibrium

pollution, whereas the GTFP policy yields the highest output.
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Figure A6.2: Evolution of KB , KG and P : Alternative policies VS Baseline with pollution function:

f(P ) = ln(1+P )
ln(1+P )+1 ;

Figure A6.1: Evolution of KB , KG and P : Alternative policies VS Baseline with pollution function:

f(P ) = eP−1
eP

;
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Figure A6.3: Evolution of KB , KG and P : Alternative policies VS Baseline with pollution function:
f(P ) = P√

1+P 2
;
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B.1 Various Definitions of Green Finance

Proposers Definition

Asian Development Bank

(ADB)

Green Finance comprise all forms of investment or lending that

consider environmental effects and enhance environmental sustain-

ability.

Bangladesh Bank Green Finance, as part of green banking, contributes to the tran-

sition to resource-efficient and low-carbon industries and a green

economy in general.

G20 Green Finance Study

Group

Green finance is the financing of investments that provide envi-

ronmental benefits in the broader context of environmentally sus-

tainable development.

Government of Germany Green Finance is a strategic approach to involve the financial

sector in the transformation toward low-carbon, resource-efficient

economies and adaptation to climate change.

Höhne et al. (2012) Green finance is a broad term referring to financial investments in

sustainable development projects and initiatives, environmental

products, and policies fostering a more sustainable economy.

International Development

Finance Club (IDFC)

Green Finance denotes financial investments flowing into sustain-

able development projects and initiatives, environmental products,

and policies that encourage a more sustainable economy (including

but not limited to climate finance).
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Proposers Definition

OECD Green Finance supports economic growth while reducing pollution

and greenhouse gas emissions, minimising waste and improving

resource-use efficiency.

People’s Bank of China Green finance policy comprises institutional arrangements that at-

tract private capital into green industries (environmental protec-

tion, energy conservation, clean energy) via loans, private equity

funds, bonds, equities and insurance.

United Nations Environment

Programme (UNEP)

Green financing seeks to increase financial flows (banking, micro-

credit, insurance, investment) from public, private and non-profit

sectors to sustainable development priorities, managing environ-

mental and social risks and delivering returns with environmental

benefits.

Volz (2018) Green finance includes all forms of investment or lending that

consider environmental effects and enhance environmental sustain-

ability.

World Bank Green finance is the financing of investments that provide envi-

ronmental benefits within the wider context of environmentally

sustainable development, such as pollution reduction, greenhouse

gas mitigation and energy-efficiency improvements.

Sources: ADB; Bangladesh Bank (BRPD Circular No. 02/2011); G20 Green Finance Study Group Report

(2016); German GIZ Green Finance paper (2011); Höhne et al. (2012); IDFC Green Finance Mapping Report

(2012); OECD Green Finance and Investment series; PBoC Guidelines for Establishing the Green Financial

System (2016); UNEP Green Finance resources; World Bank Green Finance background note.
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B.2 Crucial policies and events in the Development of Green

Finance in China

Policy or Event Date Main Content

Guiding Opinions on Energy

Conservation and Emission

Reduction Credit

Dec. 2007 First time the CBRC required banks to inte-

grate energy conservation and emission reduc-

tion goals into credit management, marking the

emergence of ”green credit” in China.

Green Credit Guidelines

(CBRC [2012] No. 4)

Feb. 2012 Set systematic requirements for environmental

and social risk management, information disclo-

sure, and regulatory assessment, elevating green

credit to a mandatory industry norm.

Guidelines for the Issuance of

Green Bonds (NDRC [2015]

No. 3504)

Dec. 2015 The NDRC defined green bonds for the first

time, setting rules on fund use and informa-

tion disclosure, laying the institutional founda-

tion for the green bond market.

Establishing China’s Green

Financial System

Apr. 2015 A joint report by PBoC and UNEP propos-

ing 14 policy recommendations, sparking sub-

sequent top-level green finance design.

Guiding Opinions on Building

a Green Financial System

Aug. 2016 China’s first national-level green finance frame-

work, proposing policies across seven areas in-

cluding credit, bonds, insurance, funds, and car-

bon markets.

G20 Leaders’ Communiqué –

Hangzhou Summit

Sep. 2016 For the first time, G20 recognised green fi-

nance under China’s presidency and endorsed

the ”G20 Green Finance Synthesis Report,” po-

sitioning China as a global advocate.

104



APPENDIX A

Policy or Event Date Main Content

Catalogue of Green Bond En-

dorsed Projects (2021 Edi-

tion)

Apr. 2021 Jointly issued by PBoC, NDRC, and CSRC; re-

moved high-carbon items like ”clean coal,” uni-

fied domestic standards, and aligned with inter-

national practices.

Launch of the National Car-

bon Emissions Trading Mar-

ket

Jul. 2021 Opened by the Shanghai Environment and En-

ergy Exchange, covering 5 Gt CO2 in the power

sector, making it the world’s largest carbon mar-

ket and a pricing benchmark for green finance.

The policy of Carbon Re-

duction Supporting Tools

(CRST)

Nov. 2021 PBoC introduced a facility with a 1.75% re-

lending rate covering 60% of loan principal to in-

centivise banks’ green lending—combining mon-

etary and green policy tools.

China-EU Common Ground

Taxonomy (CGT) – First

Edition

Nov. 2021 Compared EU and China green standards, iden-

tified 72 common climate mitigation activities,

reducing costs of cross-border green capital flows

and laying the groundwork for global taxonomy

convergence.

Catalogue for Green and Low-

Carbon Transition Industries

(2024 Edition)

Feb. 2024 Revised by NDRC and 10 ministries; upgraded

to a ”dual-carbon” policy tool; detailed seven

categories and 246 industries, providing la-

belling basis for green and transition finance.

China-EU-Singapore Joint

CGT 2024 & Multi-

jurisdiction Common Ground

Taxonomy (M-CGT)

Nov. 2024 Expanded CGT to 110 activities and launched

multilateral version, promoting wider interna-

tional adoption of a unified green classification.
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B.3 Log-decomposition of GFI growth (2008–2019)

Let

Gt = Dt ×Bt,

where Dt is Depth, Bt is Breadth, and Gt is the resulting GFI. Taking natural logarithms and

differencing between a baseline year t0 and an end year t1 gives

∆lnG = ∆lnD +∆lnB, (B3.1)

ShareD→G =
∆lnD

∆lnG
, ShareB→G =

∆lnB

∆lnG
, (B3.2)

with ShareD→G + ShareB→G = 1 (up to rounding).

Data and computation (2008–2019).

2008 2019

Depth (D) 0.0237 0.0309

Breadth (B) 0.54 0.827

GFI (G = D ×B) 0.012798 0.025554

∆lnD = ln(0.0309) − ln(0.0237) = 0.2653,

∆lnB = ln(0.827) − ln(0.54) = 0.4263,

∆lnG = ln(0.025554) − ln(0.012798) = 0.6916.

ShareD→G =
0.2653

0.6916
= 0.3835 ≈ 38.4%,

ShareB→G =
0.4263

0.6916
= 0.6165 ≈ 61.6%.

Between 2008 and 2019, the GFI roughly doubled (e0.6916 − 1 ≈ 100%); about 38.4% of

this growth is attributable to Depth, while the remaining 61.6% is explained by Breadth.
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C.1 Variable Specification

Calculation for Real GDP per capita: To construct the measure of real GDP per

capita, we first collected annual data on nominal GDP (NGDPi,t), real GDP growth rates

(greali,t ), and provincial population sizes (POPi,t) from the official website of the National

Bureau of Statistics of China. Second, we set the year 2000 as the base year and used its

nominal GDP (NGDPi,2000) as the benchmark. Real GDP for subsequent years (RGDPi,t)

was then computed recursively by applying the officially reported real GDP growth rates

(greali,t ) to the base-year value. Finally, provincial real GDP per capita (RGDPpci,t) was

obtained by dividing the estimated real GDP (RGDPi,t) by the corresponding provincial

population figures (POPi,t). This procedure is equivalent in spirit to the standard deflation

method, but it relies on officially published real GDP growth rates rather than constructing

an independent deflator. The calculation process is shown below:

RGDPi,2000 = NGDPi,2000,

RGDPi,t = RGDPi,t−1 ×
(︁
1 + greali,t

)︁
, t = 2001, . . . , T,

RGDPpci,t =
RGDPi,t

POPi,t
.

Calculation for Real Fixed Capital Stock per capita: A key challenge is that

China’s National Bureau of Statistics (NBS) only reports annual fixed capital formation, a

flow variable. In contrast, capital stock is a stock variable. Following the method proposed

by (Shan, 2008), we construct provincial real fixed capital stock using the perpetual inventory

method (PIM), which accounts for both investment growth and depreciation. The procedure

consists of three steps.

Step 1. Construct real fixed capital formation. We first download nominal fixed capital
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formation (Inomi,t ) from the NBS. The growth rate of nominal investment approximates the

investment price index:

gIi,t =
Inomi,t

Inomi,t−1

− 1.

Using this, real fixed capital formation is obtained as

Ireali,t =
Inomi,t

1 + gIi,t
.

Step 2. Compute the initial capital stock (base year 2000). The initial stock is determined

using the average investment growth rate during 2001–2005, denoted ḡIi . Then, we compute

Ki,2000 =
Inomi,2001

δ + ḡIi
,

where δ = 10.96% is the depreciation rate.9

Step 3. Apply the perpetual inventory method (PIM). Starting from the base year, capital

stock is recursively updated as

Ki,t = (1− δ)Ki,t−1 + Ireali,t , t = 2001, . . . , T.

Finally, the real fixed capital stock per capita is obtained as

ki,t =
Ki,t

POPi,t
,

where POPi,t is the provincial population.

C.2 Trend of Economic Development and Environmental

Degradation by Province

9This depreciation rate is also adopted from (Shan, 2008)
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Figure C2.1: Trends of EcoDev by Province (2008–2019).
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C.3 Decomposition of the Total Effect of Green Finance on

Environmental Degradation

This subsection first demonstrates the nonlinear nature of the indirect effect, and then

explains how we compute the direct, indirect, and total effects at different quantiles of GF

for empirical implementation.

Demonstration of the nonlinear indirect effect. We consider the following two equa-

tions:

(1) EcoDev = α0 + α1GF + α2GF 2,

(2) EnvDeg = β0 + β1GF + β2GF 2 + γ1EcoDev + γ2EcoDev2.

The direct effect of GF on EnvDeg, holding EcoDev constant, is given by the partial

derivative:

Direct(g) =
∂EnvDeg

∂GF

⃓⃓⃓
EcoDev

= β1 + 2β2g,

where g denotes the value of GF .

The indirect effect of GF on EnvDeg through EcoDev follows from the chain rule:

Indirect(g, e) =
∂EnvDeg

∂EcoDev
· ∂EcoDev

∂GF
=

(︁
γ1 + 2γ2e

)︁ (︁
α1 + 2α2g

)︁
,

where e = EcoDev.

Since EcoDev itself depends on GF through equation (1), i.e.

e(g) = α0 + α1g + α2g
2,

The indirect effect expressed solely in terms of g is

Indirect(g) =
[︂
γ1 + 2γ2(α0 + α1g + α2g

2)
]︂
(α1 + 2α2g).

Defining constants C0 = γ1 + 2γ2α0, C1 = 2γ2α1, and C2 = 2γ2α2, we obtain

Indirect(g) = (C0 + C1g + C2g
2)(α1 + 2α2g)

= A0 +A1g +A2g
2 +A3g

3,
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with coefficients

A0 = C0α1,

A1 = 2C0α2 + C1α1,

A2 = 2C1α2 + C2α1,

A3 = 2C2α2 = 4γ2α
2
2 .

As long as γ2 ̸= 0 and α2 ̸= 0, we have A3 ̸= 0, which implies that the indirect effect is

a cubic (third-order polynomial) function of GF . Therefore, the indirect effect is inherently

nonlinear by construction only when either γ2 = 0 (linear effect of EcoDev on EnvDeg) or

α2 = 0 (linear effect of GF on EcoDev) does the indirect effect reduce to a linear form.

Evaluation at distributional quantiles. Let gq denote the q-th quantile of GF (e.g.,

q ∈ {0.10, 0.30, 0.50, 0.70, 0.90} in our tables), and let ē = E[EcoDev] be the sample mean of

EcoDev. Then the direct, indirect, and total effects evaluated at gq (holding EcoDev fixed at

its mean) are:

Direct(gq) = β1 + 2β2 gq,

Indirect(gq, ē) =
(︁
γ1 + 2γ2 ē

)︁(︁
α1 + 2α2 gq

)︁
,

Total(gq, ē) = Direct(gq) + Indirect(gq, ē).

In practice, we evaluate the indirect effect at the sample mean ē rather than at e(gq),

which facilitates comparison across quantiles of GF and avoids confounding nonlinearities in

both arguments simultaneously.

Remark. In the empirical regressions, additional controls Z (e.g. FC,HC, TP, PO,EC, and

year dummies) enter linearly. When computing the marginal effects of GF , these covariates

are conditioned on and hence do not appear explicitly in the derivative formulas. The reported

direct and indirect effects should therefore be interpreted as conditional effects.
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