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ABSTRACT

The carbon trading markets have emerged as a key policy tool to achieve climate mitigation with economic flexibility.
Current research, however, tends to examine their impacts from either an economic or an environmental perspective,
yielding mixed results regarding market performance. This review is developing an integrated framework for the analysis
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cap-and-trade system, and carbon price formation. It then reviews key economic costs, such as compliance costs, transaction
costs, administrative costs, and costs of low-carbon investment, and key economic benefits, which include abatement-
cost savings, increasing energy efficiency, green innovation, and auction revenue. The review also examines aspects of
environmental performance, including emission reduction, carbon productivity, resource-use efficiency, pollution-control
co-benefits, green innovation, and governance capacity. The article proposes to consider carbon trading as a dynamic
governance system, rather than a single trading system, by connecting these facets. The results indicate that well-designed
carbon markets require credible price signals, adequate caps, robust monitoring, sufficient liquidity, and policy support.
Future research should focus on dynamic assessment, causal analysis, sectoral and regional differences, firm-level dynamics,
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1. Introduction

The mitigation of climate change has become not only
a policy ambition but a fundamental economic development,
industrial restructuring, and environmental resource manage-
ment limitation. Carbon trading markets are among the most
influential market-based policy instruments for internaliz-
ing greenhouse-gas externalities!!!. Carbon trading makes
emission reduction an economic choice, rather than an ad-
ministrative one, by giving a value to carbon-emission rights
that can be traded in the market for allocation, abatement
investment, technological innovation, and optimization of
resources [?!. Today, the institutional significance of carbon
pricing is growing: carbon pricing instruments now cover
approximately 28% of global emissions, and in 2024, more
than USD 100 billion was collected in public revenues from
carbon pricing. Additionally, emissions trading systems play
a significant role in newly established and planned carbon
pricing instruments 3],

Carbon trading markets have engendered a new re-
search area that lies at the intersection of environmental eco-
nomics, resource management, public policy and corporate
sustainability . In 2025, there were 38 emissions trading
systems (ETS) globally, and 20 ETS were under development
or consideration, reflecting carbon trading moving beyond
the few pioneering jurisdictions to become a mainstream tool
of climate governance. It is still, to date, the world’s first
international emissions trading system, the European Union
Emissions Trading System, which is in its fourth phase since
200513). Tt establishes a decreasing ceiling on emissions from
the covered sectors and targets a 62% reduction in emissions
from the covered sectors by 2030 compared to 2005. In the
meantime, China’s national carbon market has entered a new
phase, expanding from the power sector to steel, cement, and
aluminum, significantly scaling up and diversifying sectoral
governance of carbon trading!®!. The developments confirm
that carbon markets are more relevant than ever for emis-
sions reduction, as well as for industry competitiveness, the
energy transition, and environmental resource allocation.

But whether emissions go down or not is not the only

way to measure the effectiveness of carbon trading. Car-
bon trading markets are set up so that the firms that have
lower marginal abatement costs can sell allowances, and the
firms that have higher marginal abatement costs can buy
them, thereby reducing emissions at a lower economic cost.
Hence, the effectiveness of carbon trading systems should
be judged on both economic and environmental grounds.
On the economic side, there are compliance costs, costs of
purchasing allowances, monitoring, reporting and verifica-
tion costs, transaction costs and investment costs associated
with using low carbon technologies!”). Meanwhile, carbon
trading can yield benefits like abatement-cost savings, auc-
tion revenues, energy efficiency, green innovation, and im-
proved allocation of production factors. With respect to en-
vironmental resource management, carbon trading can help
to strengthen carbon productivity, resource-use efficiency,
pollution-control ability and environmental governance ca-
pacity®]. A main analytical challenge is that these costs,
benefits and environmental outcomes are closely connected
and are often assessed separately.

Existing studies have yielded valuable evidence on the
economic and environmental impacts of carbon trading. One
strand of research has focused on the abatement cost savings
and economic benefits of carbon-emission trading, partic-
ularly the efficiency gains that could be achieved under a
market-based allocation®]. Other studies have investigated
the effectiveness of emissions trading schemes (ETS) in cut-
ting emissions, stimulating green innovation, enhancing total
factor productivity (TFP), or influencing enterprise behavior,
using econometric models and quasi-natural experiments
based on difference-in-differences®!. In more recent studies,
the integrated energy, environmental, and economic impacts
of carbon market policies have also been assessed, indicating
a shift toward integrated assessment. However, the litera-
ture is still scattered. Cost-benefit analysis of the economy
is often analyzed from the angle of the compliance burden,
macro-economic impacts, or marginal abatement costs, while
environmental performance analysis is often analyzed in sep-
arate indicators, such as carbon intensity, green innovation

efficiency, or resource productivity. This separation con-
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strains the capacity to account for how economic incentives
in carbon trading are translated into measurable improve-
ments in environmental resource management.

This review article fills this gap by providing an inte-
grated analytical point of view on the economic cost-benefit
analysis and environmental resource management perfor-
mance evaluation under the carbon trading market. Its nov-
elty is, first, the change in evaluation logic from emission
reduction alone to a dual-objective economic-environmental
evaluation framework. This review understands carbon trad-
ing not only as a way to control emissions but also as a
governance instrument that affects enterprise costs, market
incentives, resource allocation, technological upgrading, and
ecological performance!'”). This is significant because car-
bon markets can yield different outcomes across sectors,
regions, and firm types. A high carbon price can spur inno-
vation in one industry while imposing a heavy compliance
burden on another. Likewise, if not well designed, free al-
location of allowances can lower the risk of carbon leakage
and diminish incentives for deep decarbonization. Thus, the
scope of a comprehensive review should include efficiency
and effectiveness; it should include market performance and
environmental results.

Second, this article contributes by systematically com-
paring and linking cost-benefit analysis and environmental
performance evaluation methods. Net present value analysis,
marginal abatement cost curves, social cost of carbon esti-
mation, computable general equilibrium models and input-
output analysis are all widely used tools for cost-benefit
analysis[!!]. On the other hand, environmental performance
evaluation frequently relies on data envelopment analysis,
stochastic frontier analysis, entropy-weight methods, multi-
criteria decision-making models, and causal inference!'?!.
These methodological traditions have grown side by side,
and there is still a lack of integration. This article aims to
present a line of reasoning that, through an examination of
the complementarities of these different methods, can help
the evaluation of the net economic benefits of carbon trading
and its impact on the performance of environmental resource
management. Through such integration, one-sided conclu-
sions could be avoided, e.g., regarding a carbon market as
successful if emissions are reduced, as well as the costs of
the carbon market, while not taking into account the potential

long-term innovation and resource-efficiency benefits.

Third, this review highlights the importance of carbon-
market design in shaping economic and environmental out-
comes. The effective implementation of institutional designs,
such as the stringency of the cap, the allocation of allowances,
auctioning rules, offset eligibility, price-stabilization mech-
anisms, the quality of monitoring and verification, and the
coverage of sectors, is crucial for market performance!'3],
The EU ETS also shows how reducing the emissions cap
and making it applicable to more sectors can amplify the
mitigation incentives in the ETS, and in this case, ETS2 will
expand carbon pricing to buildings, road transport, and more
sectors from 2027. The sectoral growth also illustrates the
process of carbon markets moving from the power sector
to wider industrial governance in China. These institutional
variations affect the cost of compliance, liquidity, the price
of allowances, investment prospects, and the credibility of
the emission reduction signal'¥l. So, the performance of en-
vironmental resource management cannot be divorced from
the rules and constraints of the carbon market.

Fourth, this article focuses on heterogeneity and dy-
namic feedback. The impact on enterprises and industries,
and the regions, varies according to energy structure, tech-
nological capability, maturity of the market, compliance rate
of the regulations, and resource endowment!'3]. Carbon
trading could act as an incentive for faster energy substitu-
tion and process innovation in resource-intensive sectors,
but it could also increase production costs and raise com-
petitiveness concerns. The market may pass carbon prices
on more effectively to green investment decisions in areas
where financial markets and environmental regulations are
more advanced. The effectiveness of policy can be dimin-
ished by a low capacity to monitor, or by a lack of access to
low-carbon finance in less developed regions!!l. A review
that accounts for heterogeneity can help explain variation in
cost-benefit ratios and environmental performance outcomes
across different contexts with the same carbon-market policy.

With these considerations in mind, this article attempts
to review, both theoretically and economically, the cost-
benefit mechanisms, environmental performance evaluation
approaches, and integrated assessment frameworks related
to carbon trading markets[!'”). The paper is a review and
makes the following contributions to the literature: first, car-
bon trading establishes economic incentives for reducing

emissions; second, these incentives impact environmental
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resource management; and third, future research can be ori-
ented toward building more robust evaluation systems. It
also has practical implications for policymakers seeking to
better design carbon markets, for companies seeking to op-
timize their compliance and investment strategies, and for
researchers seeking to build multidimensional evaluation
models. The overall research logic and integrated analytical

pathway of this review are summarized in Figure 1. By
integrating economic cost-benefit analysis with environmen-
tal resource management performance evaluation, this arti-
cle provides a more complete understanding of how carbon
trading markets can support the coordinated achievement
of economic efficiency, environmental effectiveness, and

sustainable resource governance®l.

Carbon Trading Market

Carbon Price Signal and Allowance Allocation

4

Enterprise and Policy Responses

Economic Cost-Benefit
Analysis

Environmental Resource
Management Performance

Compliance costs
Transaction costs
Abatement investment
Innovation benefits
Auction revenue

Emission reduction
Energy efficiency
Resource-use efficiency
Pollution co-benefits
Green innovation

Feedback to Market Design

Focus: net cost, efficiency,
competitiveness

Focus: ccological integrity and
resource sustainability

Economic Pathway

v

Environmental Pathway

[

Integrated Economic-Environmental Evaluation

Ji

Policy Optimization and Sustainable Resource Governance

Carbon trading should be evaluated as an integrated governance mechanism
rather than only as an emission-control instrument.

Figure 1. Conceptual framework.

Note: The framework links carbon trading markets, economic cost-benefit analysis, environmental resource management performance, and policy optimization.

2. Theoretical Foundations of Carbon
Trading Markets

2.1. Conceptual Logic of Carbon Trading

Carbon trading is a market-based environmental regula-
tion mechanism that aims to make greenhouse gas emissions
an economic resource by treating them as a scarce commod-

ity, removing them from the status of an unpriced external-

ity[l. Its basic reasoning is that the atmosphere has a limited
absorptive capacity that needs to be allocated, priced, and
traded within the rules of a set of institutions. Carbon trading
is a flexible mechanism because regulated entities can either
reduce emissions on-site or trade emission allowances with
others who can reduce emissions more cheaply. The flexibil-
ity is expected to lead to a lower overall cost of achieving a
specific environmental target, since firms with lower MAC
can reduce emissions more and sell excess allowances to

879



Journal of Environmental & Earth Sciences | Volume 08 | Issue 08 | August 2026

firms with higher MAC, which in turn can buy them.
Carbon markets have been expanding fast and exerting
a greater influence on climate governance. Currently, ap-
proximately 28% of global emissions are subject to carbon
pricing, and in 2024, these measures raised over USD 100
billion in public revenues worldwide, according to the World
Bank. Environmental economists see this as a sign that emis-
sion rights are increasingly being considered not only as
environmental constraints but also as financialized regula-
tory assets. But carbon trading is not just about “putting a
price on carbon.” Whether the market price truly signals
scarcity, how strict the caps are, and whether the carbon
price is perceived as a reliable signal for long-term techno-
logical investment are all crucial in determining its effective-

ness 8,

2.2. Externality Theory and Property-Rights
Allocation

The basic theory of carbon trading comes from the
theory of externalities. Social costs of greenhouse gases
(GHGs) are not fully internalized in their prices, leading to
over-emissions that unregulated markets generate. Carbon
trading is an effort to internalize this externality through a
price on pollution. In this way, the carbon allowance serves
as an institutional link between private production decisions
and social and environmental costs!'%.

The theory of property rights also helps explain
why tradable emission allowances can have an allocation-
enhancing effect. If emissions rights are well specified, mea-
sured, and controlled, firms can trade them to optimally
distribute the burden of abatement. This concept is similar
to the Coasian tradition, but in practice, carbon markets face
problems with transaction costs, information asymmetries,
market power, and regulatory uncertainty. Thus, the estab-
lishment of carbon property rights is not just a legal process;
it is a governance process involving a series of allowance
allocations, compliance enforcement, registry management,
and market supervision'*,

The important point is that the effectiveness of carbon
trading would depend not only on property rights but also
on their initial distribution?’l. While free allocation can
minimize political opposition and ensure emission-intensive

industries are not hurt during the transition, it can also dilute

the carbon-cost signal and generate windfall profits. Auc-
tioning has the effect of improving price discovery and can
give public revenues for low-carbon investment; however,
it can drive up the short-term compliance costs for compa-
nies. This makes the allocation of allowances a distributional

justice problem as well as an economic design problem.

2.3. Cap-and-Trade Mechanism and Market
Architecture

The standard carbon trading model is the cap-and-trade

system 211,

Regulators set an overall emissions cap, dis-
tribute or auction allowances, and require covered entities
to surrender allowances equal to their verified emissions.
The cap determines environmental ambition, while trading
determines cost-effective allocation. If the cap is loose, car-
bon prices remain low, and abatement incentives weaken.
If the cap is too stringent and lacks supporting transition
mechanisms, firms may face excessive cost pressures and
competitive risks.

The majority of emissions trading systems today are
becoming more complicated. They involve banking and bor-
rowing regulations, offset mechanisms, auction platforms,
price containment, stability reserves, and monitoring, report-
ing, and verification systems!??!. These are not “secondary”
factors; rather, they spell the difference in the market’s abil-
ity to generate credible and stable incentives. For instance,
offsets can lower compliance costs by enabling emission
reductions outside covered sectors; however, excessive re-
liance on low-quality offsets can undermine environmen-
tal integrity. In the same way, allowances granted in one
compliance period that carry over to the next will benefit in-
tertemporal flexibility, while excessive allowance surpluses
will reduce carbon prices and motivate delays in investing
in clean technologies.

According to the International Carbon Action Partner-
ship, in 2025, 38 emissions trading systems (ETS) were in
place worldwide, and 20 others were either being developed
or considered. These systems contributed approximately
23% of GHG emissions. This diversity indicates that carbon
trading has evolved from an institution to a policy family. Ju-
risdictions develop their market structures according to their
economic structure, administrative capacity, energy mix, and

political constraints!?3].

880



Journal of Environmental & Earth Sciences | Volume 08 | Issue 08 | August 2026

2.4. Carbon Price Formation and Investment
Incentives

Carbon price formation is central to the functioning
of carbon trading markets. In theory, the allowance price
should reflect the marginal cost of abatement required to
meet the emissions cap. In practice, prices are influenced
by energy demand, fuel prices, industrial output, weather,
technology costs, financial speculation, policy expectations,
and macroeconomic conditions. Therefore, carbon prices
are both environmental signals and macroeconomic indica-
tors 241,

A well-functioning carbon price should guide firms
toward least-cost abatement and encourage long-term invest-
ment in energy efficiency, renewable energy, process opti-
mization, and low-carbon innovation?*!. However, price
volatility can reduce investment certainty. When carbon
prices are too low, firms may treat allowances as routine com-
pliance expenses rather than strategic incentives for trans-
formation. When prices fluctuate sharply, firms may delay
investment because future returns become uncertain. This
creates a policy dilemma: carbon markets need price flexi-
bility to reflect scarcity, but they also need sufficient stability
to support long-term decarbonization.

The EU ETS illustrates the importance of cap strin-
gency in price formation. The European Commission states
that the revised EU ETS cap is designed to reduce covered-
sector emissions by 62% by 2030 compared with 2005 lev-
els, with the annual reduction factor increasing to 4.3% for
2024-2027 and 4.4% from 2028. This tightening strengthens
scarcity expectations and improves the credibility of carbon
pricing. Nevertheless, even mature systems must balance en-
vironmental ambition with industrial competitiveness, social

acceptability, and energy-security concerns?>!,

2.5. Carbon Trading and Environmental Re-
source Allocation

Carbon trading affects environmental resource man-
agement by reshaping how firms allocate energy, capital,
technology, and production capacity®). When carbon emis-
sions carry a market price, high-carbon production processes
become more expensive, while low-carbon technologies be-
come more attractive. As a result, carbon trading can pro-

mote resource reallocation from carbon-intensive activities

to cleaner, more efficient ones. This mechanism links carbon
markets with broader environmental resource management
performance, including energy efficiency, pollution reduc-
tion, industrial upgrading, and ecological governance.
However, the relationship between carbon trading and
resource management is not automatic. Firms may respond
to carbon prices through genuine emission reductions, al-
lowance purchases, output adjustments, cost pass-through,

or relocation 2¢]

. Only the first two responses are directly
embedded in the intended market logic, while relocation and
cost pass-through may weaken domestic environmental gains
or create social distributional concerns. Therefore, evaluat-
ing carbon trading requires attention to behavioral responses
rather than merely observing aggregate emissions.

Another critical issue is the interaction between car-
bon trading and other environmental policies. Carbon mar-
kets often coexist with renewable-energy subsidies, energy-
efficiency standards, pollution-control regulations, green
finance policies, and industrial restructuring programs!4l,
These overlapping policies may reinforce each other, but
they may also reduce carbon-market efficiency if they create
redundant incentives or distort allowance demand. A theo-
retically sound evaluation of carbon trading must therefore
consider policy interaction effects rather than isolating the
carbon market from the wider environmental governance

system.

2.6. Comparative Insights from Major Carbon
Trading Systems

The EU ETS and China’s ETS are two powerful models
that differ structurally. The EU ETS is an absolute cap, with
successive phases of operation that increase and decrease
the cap over time. It now addresses large-emitting sectors
and has increasingly focused on auctioning, reducing the
cap, and integration with the EU’s overall climate targets.
The European Commission also says that the 2023 revision
toughened up the cap and updated free allocation rules, in-
cluding those tied to decarbonization measures[®]. This is a
mature-market logic in which carbon trading is expected to
drive greater structural transformation.

The national carbon market in China is different. Its ori-
gins were in the power industry, and now it’s spreading to the
cement, steel, and aluminum industries. International Car-
bon Action Partnership (ICAP) said the growth would bring

881



Journal of Environmental & Earth Sciences | Volume 08 | Issue 08 | August 2026

approximately 1,500 new businesses and a rise in covered
emissions of approximately 3 Gt CO,e. China’s system has
focused more on intensity-based allocation and has included
a few sectors gradually as compared to the EU ETS!6]. This
design addresses the issue of balancing emissions and eco-
nomic development, industrial stability, and energy security.
The contrast reveals that the extent of national development
stages and institutional capacity, rather than theoretical effi-

ciency criteria, drives carbon trading systems.

2.7. Critical Synthesis

The theoretical basis for carbon trading is a strong but
contingent argument that market instruments can deliver
environmental outcomes at lower economic cost when emis-
sion rights are limited, tradable, credible, and enforceable?”.
Table 1 provides an overview of the key theory behind car-

bon trading markets and their implications for economic

efficiency, environmental regulation, and institutional gover-
nance. This proposition can serve as a basis for integrating
economic cost-benefit analysis and environmental resource
management performance evaluation. However, the effec-
tiveness of carbon markets in the real world depends on
market liquidity, the credibility of the regulations, the avail-
ability and quality of data, and firms’ ability to adapt.
Therefore, carbon trading should be viewed not as a
self-sufficient solution but as an adaptive governance mech-
anism. Its success depends on continuous adjustment of
caps, allocation rules, price-stabilization mechanisms, sec-
toral coverage, and monitoring systems!'#. The central chal-
lenge is to ensure that carbon prices are strong enough to
change behavior, stable enough to guide investment, and
fair enough to maintain political legitimacy. This theoretical
understanding provides the foundation for evaluating the
economic costs, benefits, and environmental management

outcomes discussed in the following sections.

Table 1. Theoretical foundations of carbon trading markets and their implications for economic efficiency and environmental governance.

Theoretical Foundation

Critical Insight

Core Assumption

Application in Carbon Trading

Externality theory

Greenhouse-gas emissions impose
social costs not reflected in market
prices

Carbon trading internalizes
emission externalities by assigning
a price to carbon emissions

Effectiveness depends on whether
the carbon price is high and credible
enough to change behavior

Property-rights theory

Clearly defined and enforceable
rights improve resource allocation

Emission allowances define the
right to emit a limited quantity of
carbon

Poor allowance allocation may
create windfall profits or weaken
emission-reduction incentives

Coase theorem

Trading can improve efficiency
when rights are defined and
transaction costs are low

Firms trade allowances according to
their marginal abatement costs

Real-world transaction costs,
information asymmetry, and
regulatory uncertainty limit ideal
efficiency

Marginal abatement cost
theory

Firms have different costs for
reducing emissions

Low-cost firms reduce more
emissions and sell allowances;
high-cost firms buy allowances

Market efficiency depends on
liquidity, transparent prices, and
accurate emissions data

Market equilibrium theory

Prices balance allowance supply
and demand

Carbon prices emerge through
trading under a fixed or gradually
tightening cap

Price volatility may weaken
long-term low-carbon investment
incentives

Environmental governance
theory

Market mechanisms require
institutional support

Monitoring, reporting, verification,
enforcement, and registry systems
sustain market credibility

Carbon trading is not
self-executing; it requires strong
governance capacity

3. Economic Cost-Benefit Analysis
under the Carbon Trading Market

3.1. Analytical Logic of Cost-Benefit Evalua-
tion

The purpose of economic cost-benefit analysis for a
carbon trading market is to establish whether the economic
benefits of market-based emission reduction are greater than

the economic burden placed on enterprises, industries, gov-
ernments and society. Carbon trading is not just about com-
pliance with a set technical standard, as in traditional en-
vironmental regulation. Instead, it sets a price signal on
carbon emissions and enables firms to make a price com-
parison between abating carbon emissions within their own
business and buying allowances. Therefore, the question of
cost-benefit analysis is at the heart of the debate on whether
carbon markets can deliver emission reductions at the lowest

882



Journal of Environmental & Earth Sciences | Volume 08 | Issue 08 | August 2026

social costs[28],

The economic principle is that those firms that have a
lower marginal abatement cost should abate more emissions,
and those who have a higher marginal abatement cost can
buy allowances!?]. Theoretically, this allocation reduces the
overall abatement costs in the system being regulated. Yet
in reality, it requires some conditions: the cap needs to be
stringent enough, the allocation of the allowance needs to
be carefully managed to not allow too many to be issued,
transaction costs need to be kept manageable, and the carbon
price needs to be high enough to affect corporate decisions.
In the absence of these conditions, carbon trading could shift
to being a compliance tool without having transformative
consequences.

One of the biggest problems with cost benefit analy-
sis is determining what constitutes a benefit. Focusing on
narrow evaluations can mean that costs and benefits are as-
sessed in narrow terms, e.g., as allowance trading revenue or
reduced compliance expenditure. The other advantages of
carbon trading, however, are energy efficiency, technological
innovation, lower air pollution, health co-benefits, higher
environmental quality, and long-term competitiveness of in-
dustries. So, a strict cost-benefit analysis framework must
also include market measurable benefits as well as broader
social-environmental benefits!'7). In the absence of that, the

value of carbon trading could be under-estimated.

3.2. Compliance Costs and Direct Economic
Burdens

The economic cost incurred by the regulated entity,
which is the first to come to mind, is called compliance cost.
This covers the expenses associated with the acquisition of
allowances, the installation of emission monitoring equip-
ment, the production of reports, the verification of emission
data, and the modification of production and/or energy-use
structures 3%, These costs can have a substantial impact on
short-term profitability for companies with high emissions
in carbon-intensive industries, particularly during periods of
high and rapid carbon prices or when the number of carbon
allowances is reduced.

Maybe the most obvious item of compliance cost is the
cost of purchasing allowances. If a firm’s emissions go over
the targets it has to purchase ETS permits from the market.

This has a direct financial cost, and serves as the intended

incentive for emissions reduction. The real issue is whether
this pressure can be used as a positive force for upgrading
the technologies or it can serve only as an extra operating
expense. The reduction effect of carbon emissions may be
limited if firms can pass on the carbon costs to consumers
without altering production processes. In a competitive mar-
ket, firms that cannot shift energy costs may have to become
more efficient in their use of energy and/or lower their emis-
sions 31,

The monitoring, reporting, and verifying costs are also
relevant but not always given due attention. The key to
carbon trading is accurate emissions data. Allowance dis-
tribution, compliance evaluation and market credibility are
undermined if there is no reliable datal®?l. But providing
high quality monitoring systems does need an investment in
measurement equipment, digital reporting platforms, third-
party verification, and internal capacity to manage the mon-
itoring system. While these costs might be reasonable for
enterprises of large size, they may be too pricey for smaller
businesses. Hence, there is a possibility of unintentional pres-
sure to comply with the trading system between different

sized companies.

3.3. Abatement Investment and Technological
Transition Costs

In addition to direct compliance costs, carbon trading
might also encourage companies to invest in emission reduc-
tion technology. Investments can cover energy-saving equip-
ment, transition to renewable energy, process optimization,
carbon capture methods, waste heat recovery, digital energy
management and cleaner production systems[*3. These in-
vestments are necessary for long-term decarbonization, but
they can be costly and uncertain.

The economic challenge is that carbon trading alters
the investment landscape but doesn’t ensure technological
change. Companies will invest in low carbon technologies
if and only if the expected benefits are greater than the costs.
The benefits are subject to the level of carbon pricing, the
emergence of carbon scarcity, technology readiness, financ-
ing criteria and policy stability. With low or volatile carbon
prices, companies can postpone investment and keep buying
carbon allowances. This results in a “low-price trap,” that is,
the market exists in form but it does not induce deep emission

reductions incentives 4.
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Technological lock-in is another important issue. Com-
panies with significant capital invested in high carbon equip-
ment could be on the verge of significant transition ex-
penses3]. Production assets can have long lives in certain
industries, such as steel, cement, chemicals and power gen-
eration. Timing replacement of these assets could lead to
stranded costs, and late replacement could reduce the strength
of emission reductions. Therefore, cost-benefit calculation
should not only consider immediate compliance costs, but
should also consider the time path and trajectory of the capital

stock change.

3.4. Transaction, Administrative, and Market-
Operation Costs

Transaction and administrative costs are also factored
into carbon trading markets. Transaction costs consist of ex-
penses associated with obtaining market information, using
off- and online trading platforms, contracting, hedging price
risk, and professional advice. Administrative costs refer to
government expenditures on the registry system, allowance
allocation, market supervision, emissions verification, legal
enforcement, and policy adjustment 36,

A theoretical advantage of a carbon market is that it
decentralizes carbon trading. In practice, transaction costs
can compromise this efficiency. Firms with limited market
knowledge may be unable to play an effective role and could
be highly reliant on intermediaries. The intricacies of the
market can also encourage speculative trading, particularly
if financial institutions and trading agencies are involved. Fi-
nancial involvement can improve liquidity, but can also lead
to price volatility if trade is separated from actual abatement
requirements.

Capacity building is particularly important in the con-
text of a new carbon market. Poor regulation can result in
inadequate emissions reporting, poor quality verification,
an excess of allowances, or poor enforcement of compli-
ance. These vulnerabilities put the market’s credibility and
the success of carbon pricing at risk. Administrative costs
shouldn’t be viewed as “burdens”. Administrative invest-
ment is essential for market integrity if carefully designed. A
well-designed, non-interventionist carbon market can lead to
poor environmental and economic outcomes if it is low-cost

yet poorly governed 3738,

3.5. Economic Benefits: Cost Savings and Effi-
ciency Gains

The primary economic benefit of carbon trading is cost
savings relative to uniform regulation. By allowing firms
to choose the most cost-effective abatement strategy, car-
bon trading can reduce total compliance costs at the system
level', This is particularly important when firms differ
significantly in marginal abatement costs. In such cases,
a uniform emission-reduction requirement may force high-
cost firms to reduce emissions inefficiently, while low-cost
reduction opportunities remain underused. Carbon trading
corrects this inefficiency through market exchange.

Carbon trading can also improve resource allocation
efficiency. Once carbon emissions are priced, firms have an
incentive to use energy, raw materials, and production ca-
pacity more efficiently?®!. This can reduce waste, improve
productivity, and encourage the shift from high-carbon to
low-carbon activities. In this sense, the benefit of carbon trad-
ing is not limited to emission reduction; it may also support
broader environmental resource management by improving
the efficiency of resource use.

However, efficiency gains are not guaranteed. If al-
lowance allocation is too generous, firms may have little
incentive to reduce emissions. If markets are illiquid, prices
may not reflect true scarcity. If firms receive free allowances
based on historical emissions, high emitters may be rewarded
rather than penalized. These problems show that the eco-
nomic benefits of carbon trading depend heavily on institu-
tional design*1. A poorly designed market may produce low
compliance costs, but such “low costs” may simply reflect
weak environmental ambition rather than genuine efficiency.

3.6. Innovation Benefits and Green Transfor-
mation

One of the most significant long-term effects of carbon
trading is that it can drive green innovation. A credible carbon
price yields higher returns on low-carbon technologies, in-
centivizing companies to invest in research and development
(R&D), implement cleaner processes, and enhance energy
management systems. Carbon trading can offer greater op-
portunities for ongoing, flexible innovation incentives than
command-and-control regulation by allowing companies to

benefit from emissions reductions below their caps 4.
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However, the innovation effect of the carbon trading is
contingent. A lack of strong carbon prices could not compen-
sate for the uncertainty surrounding technology and financing
barriers*!l. Firms can opt for an inexpensive solution that is
low in investment with a short repayment period instead of
developing a complex technology. In some instances, carbon
trading can even propel companies to buy and sell carbon
permits rather than structurally transform their operations.
This is especially true if the allowance price is less than the
cost of significant technology improvements.

The link between carbon trading and innovation also
varies from company to company!*!l. Larger companies
typically have greater financial strength, more technical re-
sources available and have more experience in regulatory
compliance. They might be more likely to take advantage
of carbon trading and gain a competitive edge based on car-
bon constraints. Smaller companies may incur greater rela-
tive costs and have less innovation potential. Thus, without
green finance, technology diffusing mechanisms and policy
support, the performance gap could be expected to expand
between enterprises under the carbon trading system.

3.7. Public Revenue and Social Benefits

Carbon trading can be a source of significant public rev-
enues when allowances are traded on an auction*?!. This rev-

enue can be directed to support renewable energy, low carbon

infrastructure, industrial transition, household compensation,
adaptation, or other distortionary taxes. The utilization of
auction revenues is important from a social cost-benefit point
of view. When revenue is used for low-carbon development
and/or for social inequality reduction, the total benefit of
carbon trading is enhanced.

Additionally, indirect social benefits from carbon trad-
ing could include lower air pollution levels, lower public
health costs, and improved ecological quality 3. Plus, many
carbon reduction measures also reduce SO,, NO,, PM and
other pollutants, such as improving energy efficiency and
reducing coal use. These co-benefits might be very signifi-
cant, particularly in areas where pollution is an issue. These
benefits are not evident in corporate financial statements,
however, so they are often overlooked or underestimated as
part of the firm level cost/benefit analysis.

One of the major drawbacks of traditional cost-benefit
analysis (CBA) is its tendency to undervalue environmen-
tal and health impacts more significantly than economic [,
This can lead to an undue distortion of the evaluation of cli-
mate policies, as many benefits of carbon trading are only
realized over the long term. So, the discount rate, time hori-
zon and social valuation technique will have a significant
effect on the overall evaluation outcome. The key economic
cost and benefit elements outlined above are grouped in Ta-
ble 2, which also specifies indicative elements and issues for

evaluation.

Table 2. Economic cost-benefit components, measurement indicators, and evaluation challenges under carbon trading markets.

Category

Main Components

Typical Measurement Indicators

Evaluation Challenges

Compliance costs

Allowance purchase, surrender obligations,
internal compliance management

Allowance expenditure, compliance
cost per unit of output,
cost-to-revenue ratio

Difficult to separate carbon-market
costs from general production-cost
changes

Monitoring and
verification costs

Emission accounting, data collection,
third-party verification, reporting systems

MRV expenditure, verification
frequency, reporting accuracy

Costs vary significantly across firm
size, sector, and technical capacity

Transaction costs

Market participation, brokerage fees,
information search, risk management

Trading fees, bid-ask spread, trading
frequency, liquidity indicators

Low liquidity may increase costs
and weaken price discovery

Abatement
investment costs

Energy-saving equipment, cleaner
production, renewable-energy substitution,
process upgrading

Capital expenditure, marginal
abatement cost, payback period

Long-term benefits are uncertain
and depend on future carbon prices

Administrative
costs

Registry systems, regulatory enforcement,
market supervision, policy adjustment

Government expenditure, regulatory
staff cost, enforcement cost

Often excluded from firm-level
analysis but important for social
cost-benefit evaluation

Direct economic
benefits

Allowance sales, reduced energy costs,
avoided penalties, auction revenue

Trading revenue, energy savings, net
present value, public revenue

Benefits may be unevenly
distributed across firms and regions

Indirect economic
benefits

Innovation, productivity improvement,
green competitiveness, industrial upgrading

Green patents, total factor
productivity, carbon productivity

Difficult to quantify and often
appears only in the long term
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Table 2. Cont.

Category Main Components

Typical Measurement Indicators

Evaluation Challenges

Pollution reduction, health improvement,

Social co-benefits . . . .
ecological benefits, climate-risk reduction

Reduced pollutant emissions, avoided
health costs, social cost of carbon

Frequently underestimated because
they are not directly reflected in
corporate accounts

3.8. Methodological Approaches to Cost-

Benefit Analysis

There are a number of approaches to estimating the
economic impacts of carbon trading. Net present value anal-
ysis can help determine whether low-carbon investments can
be expected to yield a positive return in the long term 431,
Marginal abatement cost analysis is a tool that can be used to
help determine the cost of abating the next unit of emissions
and to compare the costs of various abatement options#®l.
To assess economy-wide impacts, such as output, consump-
tion, trade, employment, and welfare impacts, computable
general equilibrium models are used. Input-output analysis
can identify indirect effects in a supply chain. Econometric
approaches have become more popular to estimate the causal
effects of carbon trading policies, particularly quasi-natural
experiments.

There are pros and cons to both of them. Net present
value (NPV) analysis is useful at the project/firm level but
requires a lot of assumptions regarding future carbon prices
and discount rates[*]. Comparisons using marginal abate-
ment cost curves are intuitive, but can be misleading with re-
spect to behavioral responses and technological learning 461,
Macroeconomic interactions are captured in computable gen-
eral equilibrium models, which are based on theoretical as-
sumptions that could be different from the actual conditions
in firms. High-quality data and careful identification strate-
gies are necessary, but the econometric methods are able to
offer more convincing evidence of causality.

One of the key methodological issues is how to com-
bine private cost-benefit analysis with social cost-benefit
analysis. While direct financial costs and returns are the
primary consideration for firms, social welfare, environmen-
tal externalities, distributional effects and long-term climate
benefits are issues that must be taken into account by policy-
makers!*7l. From a company’s viewpoint, a carbon trading
policy might cost an individual company money, but benefit

society as a whole. On the other hand, a policy can seem to

be successful for companies if they are given free allowances,
but have little environmental value. Hence, it is necessary to

establish the perspective for the evaluation.

3.9. Sectoral and Regional Heterogeneity

The impacts of carbon trading on costs and benefits are
very unevenly distributed by sector and region. A range of
abatement technologies, cost structures, market competition
and capacities to pass-through carbon costs exist for power
generation, steel, cement, chemicals, aviation and other en-
ergy intensive industries[*¥]. For instance, the power sector
might have fairly well-defined options for substitution of re-
newables, and/or for efficiency improvements, whereas the
cement sector has process emissions which are more chal-
lenging to abate. Consequently, the economic effects and
environmental results can vary significantly between differ-
ent economic sectors depending on the same carbon price.

Heterogeneity is also the key element of the region.
Carbon trading could be more beneficial to regions with
more developed financial markets, more robust regulatory
capacity, and cleaner energy structures[*’). Transitions can
be more expensive for regions that rely on coal or heavy in-
dustry or resource extraction. There are questions regarding
fairness and policy coordination. Increased carbon trading
could result in uneven development effects and political re-
sistance in less-developed, resource-dependent areas if these
areas are not given support for transition.

Heterogeneity at the firm level is also important. Some
enterprises which have advanced technology and good man-
agement systems can have lower emission costs and obtain
trading benefits at relatively lower cost*!l. Older companies
or those that have poor financial resources may experience
high compliance costs. This can stimulate the upgrading of
industry through carbon trading but can also undermine the
more fragile firms’ competitiveness and market viability. Dis-
tributional impacts should thus be included in a cost-benefit

analysis, not just efficiency impacts.
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3.10. Potential Negative Mechanisms of Car-
bon Trading

While the preceding sections highlight synergistic ben-
efits, three negative mechanisms warrant scrutiny. First,
greenwashing may occur as firms overreport emission reduc-
tions from low-cost, non-additional actions while deferring
genuine abatement. Second, carbon leakage risks intensify
when regulated industries relocate production to jurisdictions
with weaker carbon constraints, potentially increasing net
global emissions. Third, distributional injustice can arise
if carbon costs are passed to households via higher energy
prices, disproportionately affecting lower-income groups
that spend larger shares of income on energy. These mecha-
nisms do not necessarily negate synergies but suggest that
policy design—including border adjustments, revenue recy-
cling, and robust monitoring, is critical to mitigating adverse

outcomes %,

3.11. Critical Synthesis

Economic cost-benefit analysis reveals that carbon trad-
ing is neither automatically efficient nor inherently burden-
some. Its economic performance depends on the interaction
between carbon price signals, allowance allocation, firm
behavior, technological capacity, and regulatory credibil-
ity[10]
abatement costs, stimulate innovation, improve resource ef-

. A well-designed carbon market can reduce total

ficiency, and generate public revenue. A poorly designed
market may create compliance burdens without meaningful
environmental improvement, or allow firms to profit from
free allowances while delaying real transformation. The key
insight is that the costs and benefits of carbon trading are
dynamic. Early market implementation costs are potentially
substantial, especially if monitoring systems need to be es-
tablished and production processes changed, in the short run.
In the longer term, however, benefits could be enhanced as
firms innovate, energy efficiency grows and low carbon tech-
nologies become more competitive. Evaluation must thus
go beyond a static approach to accounting and incorporate a
dynamic approach that reflects technological learning, mar-
ket maturation, policy adjustment, and environmental co-
benefits 1.

For this reason, economic cost-benefit analysis should

be closely linked with environmental resource management

performance evaluation*?]. The benefits of carbon trading
must be demonstrated by cost saving, but not if the reduc-
tions in emissions and improvements in resource efficiency
are not significant. Likewise, emission reductions that cost
too much have a negative impact on the sustainability of the
policy. The key challenge is to determine if carbon trading
can yield coordinated economic and environmental bene-
fits. The above integrated perspective forms the foundation
for the next section on environmental resource management

performance evaluation.

4. Environmental Resource Manage-
ment Performance Evaluation

4.1. Conceptual Scope of Environmental Re-
source Management Performance

Environmental resource management performance un-
der a carbon trading market indicates how well the carbon
pricing mechanism increases resource allocation efficiency,
quality, and sustainability, and decreases GHG emissions and
environmental pressures. It’s wider than just emission reduc-
tions. In addition to carbon emissions reduction, the environ-
mental resource management effect of a carbon market can
also be evaluated from the perspectives of energy efficiency,
material utilization, cleaner production, green innovation
and ecological governance capacity improvement!?3].

This wider knowledge is required since carbon emis-
sions are closely related to the consumption of energy, land,
water, minerals and industrial raw materials. The production
is resource intensive and pollution intensive too, and it is car-
bon intensive. Thus, carbon trading can alter production cost
structures and hence impact broader resource consumption
behaviour*!). A firm that is implementing a firm response to
carbon prices could make investments in equipment, lower
fossil fuel use, re-optimize production processes, switch to
renewable energy, recycle waste heat, or restructure sup-
ply chains. These changes can have a positive impact on
the management of resources other than the reduction in
carbon.

However, the relationship is not automatic. A carbon
trading market can improve environmental resource man-
agement only when the carbon price is transmitted into real
behavioral and technological change*!l. If firms respond

mainly by purchasing allowances rather than reducing emis-
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sions, environmental performance may remain weak. If al-
lowances are overallocated, the carbon constraint may be too
soft to change resource-use behavior. Thus, environmental
resource management performance evaluation must move
beyond observing whether a market exists and instead ex-
amine whether market incentives actually generate resource-

efficiency improvements.

4.2. Carbon Emission Reduction as the Core
Performance Dimension

The key performance measure remains carbon emis-
sion reduction as the ultimate goal of carbon trading is to

reduce carbon emissions[#3].

Typically, the evaluation is
based on the total emissions, the emission intensity, the car-
bon productivity and the rates of reduction of emissions
within a firm, industry or region. Absolute reduction in emis-
sions is considered a reduction in total emissions, and rela-
tive reduction in carbon intensity is considered an improve-
ment in the efficiency of emissions. Carbon productivity is
a measure of the productivity of carbon emissions, which
is usually defined as economic output per unit of carbon
emissions.

One of the problems to be solved is the fact that there
are various indicators and interpretations. As an example,
an increase in economic activity can lead to a decrease in
carbon intensity while total emissions also increase. This
can be a sign of relative decoupling, but not absolute decar-
bonisation. On the other hand, emissions can fall even in the
face of an economic recession and no technological change.
So, it is not appropriate to assess the emission performance
by a single indicator. A sound evaluation would separate out
absolute reduction from the relative efficiency improvement
and temporary cutbacks due to external economic condi-
tions 331,

Causal attribution is another challenge. Reduction in
emissions post carbon trading could be due to the introduc-
tion of carbon pricing or due to the factors of energy prices,
industrial restructuring, economic cycles, administrative reg-
ulation or renewable energy policies!'*]. If not properly
identified, the evaluators can go over or under estimate the
role of carbon trading. This is especially important in juris-
dictions with multiple environmental and industrial policies

in place, where carbon trading is used in parallel.

4.3. Energy Efficiency and Resource-Use Effi-
ciency

Energy efficiency is an important part of the measure-
ment of the performance of environmental resource manage-
ment, as energy consumption is a primary source of carbon
emissions in most industrial systems®4. By increasing the
cost of using fossil fuels, carbon trading can help to increase
energy efficiency as it makes businesses more likely to reduce
their energy waste. Companies can use more effective boil-
ers, motors, production equipment, heat-recovery systems
and digital energy-management systems. Carbon trading at
the regional level could help move away from energy mixes
dominated by coal to cleaner energy sources and renewables.

Resource-use efficiency broadens these arguments to
include the use of other resources. It incorporates the effi-
cient utilization of water, raw materials, land and industrial
by-products. A carbon market can have an indirect impact
on material efficiency if companies restructure their man-
ufacturing processes to lower their emissions and resource
use. For instance, circular-economy principles like mate-
rial recycling, waste reuse and industrial symbiosis offer the
potential of reduction in carbon emissions and increase in
material productivity >,

However, carbon trading is not always an effective way
of improving overall resource-use efficiency®]. If the carbon
price is seen as just the carbon price, companies can adopt
carbon reduction strategies and ignore other environmental
pressures. Certain low-carbon technologies could demand
significant quantities of minerals, water, or land, hence dif-
ferent resource management challenges. So, there is a need
to take into account any trade-offs between carbon reduction
and other resource uses in performance evaluation. The nar-
row carbon efficiency improvement is not equivalent to the

overall environmental sustainability.

4.4. Pollution Control and Ecological Co-
Benefits

Pollution-control co-benefits can be important with
carbon trading, as many carbon-reduction measures have
conventional pollutant reductions. New technologies and
production practices that reduce the amount of coal burned,
increase combustion efficiency, and reduce pollution sources
will all help to reduce SO,, NOy, PMs and other pollu-
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tants %], These co-benefits are particularly relevant in fossil-
fuel-burning areas, where they help to reduce air pollution
and associated public health effects.

But the size of these co-benefits will vary with the type
of abatement response. Pollution-control benefits from en-
ergy efficiency and fuel switching may be significant[*3].
Local pollution could not be reduced if the firms are based
primarily on using allowances or offsets. This is important
as it is a characteristic of carbon markets that compliance is
flexible. Flexibility increases economic efficiency, but can
result in non-uniform spatial environmental impacts. A com-
pany can meet the requirement by purchasing allowances
but not actually reduce emissions in the region, so the region
may not see immediate benefits.

Assessment of ecological benefits is even more chal-
lenging. If the proceeds of the auctions are allocated to
forest sinks, wetland protection, or land rehabilitation, car-
bon trading can help ecological restoration®’!. However, the
environmental integrity of such projects relies on the addi-
tionality, permanence, leakage prevention and monitoring
quality. Ecological offsets if poorly verified could have a
negative effect on the carbon market and overestimate the en-
vironmental performance. Thus, the quality of carbon credits,
in terms of the ecological legitimacy of the projects they are
based on, must be taken into account in the evaluation of

performance.

4.5. Green Innovation and Low-Carbon Trans-
formation Performance

Green innovation is one of the most significant indica-
tors of the performance of the management of environmental
resources in the long term®. One potential way of pro-
moting innovation through carbon trading is to increase the
cost of carbon-intensive production and boost the profit to be
harvested from low-carbon technologies. There are a num-
ber of solutions that firms can take, such as implementing
new production processes, using clean energy, enhancing
carbon management systems, or investing in carbon cap-
ture, utilisation and storage. This can help lower the abate-
ment costs and make deeper reductions more feasible over
time.

The innovation effect of carbon trading is however very
conditional. If carbon prices are weak, it might just com-

pel marginal adjustments in operations, not real innovation.

Early stage efficiency measures could be implemented at a
low cost, while structural changes are avoided. Furthermore,
when the policy is uncertain, companies could have an incen-
tive to delay innovative investments due to the uncertainty
over carbon prices and rules!'8l. So, carbon markets need
to offer a price signal as well as a clear long-term policy
expectation.

Then the indicators of the innovation performance of
the Green Innovation should be assessed using both input
and output indicators '), Examples of input indicators can
involve the use of green finance, investment in low car-
bon equipment, R&D spending, etc. Green patents, energy-
saving technology, reduction in emissions and increased pro-
ductivity are examples of output indicators. However, the
number of patents does not necessarily translate to actual
environmental value as some patents are more practical than
others. A critical evaluation should address whether actual
resource efficiencies and emissions reductions are achieved

as a result of innovation outcomes.

4.6. Evaluation Indicator Systems

To assess environmental resource management perfor-
mance in the context of carbon trading, an extensive indicator
system is required. This system should comprise carbon-
emission indicators, energy-efficiency indicators, resource-
productivity indicators, pollution-control indicators, green-
innovation indicators and governance-capacity indicators.
It should also embody short-term compliance results and
long-term transformation potential >,

There are a number of methodological decisions in the
design of indicators. First, the evaluators have to determine
whether they want to use absolute indicators, relative indica-
tors, or composite indices®%). Absolute indicators are those
that show direct environmental pressure but may be economi-
cally scaled, e.g., total emissions or total energy use. Relative
indicators, like emissions per unit of output, can be used to
compare emissions between companies or between regions,
but they can fail to show that the total environmental burden
is increasing. Multidimensional performance can be mea-
sured using a composite index, which requires weightings
and indicators.

Second, indicators need to be correlated with the level
of analysis. Within the firm, performance assessment can

include energy efficiency, compliance activity, technology
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uptake and carbon asset management('”. Evaluation at the
industry level can focus on structural upgrading, the average
abatement cost and the emission intensity of the sector. Re-
source carrying capacity, industrial structure, environmental
quality and policy implementation capacity are all evaluated
at the regional level. Inappropriate matching of indicators
and evaluation scales can lead to inaccurate results.
Thirdly, indicators should be dynamic rather than
static[®!l. The purpose of carbon trading is to plan for a long-
term transformation and appraisal should analyse trends over

time. A firm may be poor at the beginning because of the

technology transition costs, but improve at the end of the
period due to technology improvements. On the other hand,
if strict short-term emission cuts are achieved through tem-
porary shut-downs of production, they may not be viable in
the longer term. It is therefore crucial to perform a dynamic
assessment to differentiate structural improvement from tran-
sitory fluctuations. The operational indicator framework for
environmental resource management performance for carbon
reduction, energy efficiency, resource efficiency, pollution
control, innovation, governance and dynamic environmental

resource transformation is provided in Table 3.

Table 3. Indicator framework for environmental resource management performance evaluation under carbon trading markets.

Evaluation Dimension Representative Indicators

Evaluation Focus

Critical Considerations

Total CO2 emissions, emission

Carbon emission reduction . . L .
intensity, emission reduction rate

Measures direct mitigation
performance

Total emissions and emission
intensity should be assessed
together to avoid misleading

conclusions
.. GDP or output per unit of carbon Evaluates economic value High carbon productivity may
Carbon productivity . . . L L
emission generated per unit of emission coexist with rising total emissions
Energy consumption per unit of Energy-market distortions may
Energy efficiency output, fossil-energy share, Assesses energy-use optimization weaken the transmission of

renewable-energy share

carbon-price signals

. Material productivity, water-use
Resource-use efficiency P 4

Evaluates broader resource

Low-carbon technologies may
create new material or water

efficiency, waste recycling rate

management performance

pressures

Pollution-control
co-benefits

SOz, NOy, PM, and wastewater
reduction

Captures environmental benefits
beyond carbon reduction

Co-benefits depend on whether
firms reduce emissions internally or
simply buy allowances

Green innovation

Green patents, R&D investment,
low-carbon technology adoption

Measures technological
transformation capacity

Patent quantity may not reflect
actual environmental effectiveness

Governance performance

MRYV accuracy, compliance rate,
enforcement strength, data
transparency

Assesses institutional capacity of
the carbon market

Weak governance can create formal
compliance without real emission
reduction

Long-term emission trend,

Evaluates sustainability of

Short-term reductions caused by

Dynamic transformation technology upgrading path,

structural adjustment

performance improvement

output decline should not be
mistaken for structural progress

Note: GDP: Gross domestic product.

4.7. Quantitative Evaluation Methods

There are a number of quantitative approaches to as-
sessing performance in environmental resource management.
When there are many inputs and outputs, there is a wide
spread use of data envelopment analysis to measure relative
efficiency(?. It can take both desirable and undesirable
outputs, like carbon emissions or pollutants, or economic
value. This makes it appropriate to test the effectiveness of
firms or regions in reducing environmental impacts and in-
creasing outputs. Data envelopment analysis (DEA) results
are, however, subject to input-output selection and sample

composition. It is only a relative measure of efficiency and
is not an absolute measure of sustainability, so a more ef-
ficient unit could push environmental pressures up to very
high levels.

Another way to measure efficiency, accounting for sta-
tistical noise, is through stochastic frontier analysis. It can
identify random disturbances and inefficiency, which is help-
ful in complex systems such as economics and the environ-
ment. However, it is a model that assumes a functional form
and an error distribution. Results may be biased if these

assumptions are not applicable (3],
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Various methods for building composite performance
indices are discussed, including entropy-weight methods and
multi-criteria decision making approaches!®. The good
thing about them is that they can incorporate various aspects
of environmental management. Sometimes, however, impor-
tant trade-offs can be hidden in the composite indices. For
instance, if energy efficiency performance is high, its low
mathematical score on pollution control does not offset its
high score on energy performance, although both types of
performance are important to the environment. Thus, the
evaluation of individual indicators should be used in con-
junction with index-based evaluation.

A growing number of causal inference methods, partic-
ularly difference-in-differences models, have been applied
to estimate the effects of carbon trading policies!®]. These
techniques can be used to determine whether performance
changes are due to carbon trading or other factors. These,
however, are based on assumptions such as parallel trends
and stable treatment effects. Such assumptions can be chal-
lenging in carbon-market studies if there are systematic differ-
ences between the pilot regions, regulated sectors or covered
companies and other companies.

4.8. Governance Capacity and Institutional
Performance

The capacity of governance is also crucial for environ-
mental resource management performance. Key elements
of carbon trading are an accurate accounting of emissions,
transparent registries of the allowances, credible verification,
effective enforcement and robust market supervision[®0l. If
they are absent, the performance of the environment can
be exaggerated or even fabricated. Governance indicators,
therefore, should be part of the performance assessment.

Monitoring, reporting and verification systems are es-
pecially crucial 32]. If emissions data are false, the whole
market is undermined in terms of credibility. Firms may
be able to underreport emissions under weak verification,
and different standards in the different areas or sectors may
decrease comparability. Enforcement also matters. Low
penalties for non-compliance can make it easier for firms to
consider compliance violations as a cost of doing business

rather than a serious risk to compliance.

The transparency and public accountability of the in-
stitutions should also be taken into account when assessing
their performance!¢”). There are valuable emission assets
in carbon markets and distributional conflicts can arise in
the allocation of emission allowances. Transparent Rules
Less Rent-seeking and More Trust. Opaque allocation, on
the other hand, can undermine legitimacy and alter market
dynamics. So, environmental performance is not only a

technical result; it is also an institutional one.

4.9. Critical Synthesis

A simple accounting of emissions is not enough to as-
sess environmental resource management under carbon trad-
ing. The measurement of carbon trading’s impacts should
include a mature evaluation framework for assessing impacts
on carbon productivity, energy efficiency, resource-use effi-
ciency, pollution control, green innovation, and governance
capacity’l. It should also be able to distinguish between
compliance performance and transformation performance.
Compliance requires the surrender of allowances to comply
with the rules, transformation requires a change of production
systems and resource-use patterns.

The main lesson is that carbon trading offers poten-
tial for improved environmental resource management; op-
portunities are contingent!®. A tight cap, credible carbon
prices, reliable data, and effective enforcement, including
supportive innovation policies, are necessary to ensure strong
performance. Without these conditions, carbon trading can
result in a formal compliance framework without some ac-
tual environmental benefit. However, under certain market
conditions, with robust governance and technological capa-
bilities, carbon trading can act as a strong tool to coordinate
emission reduction, resource efficiency and green industrial
transformation.

Hence, the environmental resource management pro-
cess should be assessed as a multi-dimensional and dynamic

s[%7]. Tt should not only quantify the reduction, but also

proces
how it has been reduced, at what cost, with what resource
implications, and whether the improvement is sustainable.
This view is essential in developing the concept of combining
environmental performance evaluation and economic cost

benefit analysis in the next step.
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5. Integrated Framework Linking
Economic Benefits and Environ-
mental Performance

5.1. Need for an Integrated Evaluation Perspec-
tive

A comprehensive analysis of carbon trading markets is
needed because the economic cost benefit and environmental
management of resource use results are not separable in the
analysis. The purpose of carbon trading is to cut emissions
by financial instruments; therefore, environmental impacts
are created via cost changes, investment choices, realloca-
tion of resources and technological adaptation). Evaluating
economic and environmental impacts separately could result
in a partial or even false picture. Economically efficient may
seem like a carbon market, but it might be a sign of weak
carbon prices and a lack of pressure to reduce emissions. On
the other hand, a carbon market can be perceived as a good
environmental result since emissions are reduced, but the
reduction could be due to high costs and economic burden,
contraction of production or the displacement of production.

An integrated perspective thus poses a broader ques-
tion: is the carbon trading market able to achieve environ-
mental improvement at a reasonable economic price while
promoting long-term resource efficiency and a low-carbon
transition? This question goes beyond simple compliance
evaluation. It demands both attention to the amount of emis-
sion reductions and attention to the quality of the economic
process that is used to achieve the reduction. The goal is not
just emissions reduction, but a combined enhancement of
carbon productivity, technological innovation, resource-use

efficiency and economic resilience!®].

5.2. Coupling Mechanism between Economic
Incentives and Environmental Outcomes

The underlying mechanism of the carbon trading is, of
course, the carbon price. When emissions are costly, enter-
prises have incentives to consider three alternatives: inter-
nally reducing emissions; buying emission allowances; or
altering production scale and structure. Environmental ben-
efits may be achieved through internal abatement, through
a reduction in fossil energy use, an improvement in process

efficiency and the use of clean technologies. While purchas-

ing allowances can help to guarantee compliance, it does
not necessarily enhance the buyer’s environmental perfor-
mance. Production adjustment can result in a reduction in
emissions but can also have economic and social costs as-
sociated with a decrease in output, loss of employment or
industrial restructuring 1%,

This mechanism demonstrates that the environmental
impacts of the same carbon price can vary according to firm
actions. Technological upgrading will lead to a reduction
in economic costs over time, and to improvements in en-
vironmental performance, if the carbon price encourages
technological upgrading. If the carbon price is viewed as a
compliance cost, companies can reduce immediate expenses
without reducing their resource utilization*!l. Thus, the re-
lationship between economic outcomes and environmental
outcomes is influenced by corporate strategy, technological
capability, market expectations and regulatory credibility.

The coupling mechanism is also dynamic. In a short-
term time frame, companies could face higher compliance
costs, as the allowances need to be purchased, monitoring
systems installed, and energy-saving technologies must be
developed"*l. Over the long term, these costs can turn into
a competitive advantage, as the efficiency gains, reduction
in energy use, enhancement in carbon asset management and
green innovation can reduce these costs. Therefore, there is a
need to differentiate between transitional costs and structural

benefits when evaluating integrated evaluations.

5.3. Trade-Offs between Economic Efficiency
and Environmental Effectiveness

In theory, carbon trading is attractive because it will

allow emissions to be reduced at lower cost[*!].

But, eco-
nomic efficiency and environmental effectiveness are often
in conflict. A flexible emission cap can lower compliance
costs and improve the political acceptability, but it can be
less stringent on the environmental side. A strict cap will
lead to better performance on the side of emission reduction,
but will have a higher cost for enterprises and consumers,
particularly those with intensive use of carbon. The design
of carbon trading is, therefore, constantly between reach and
stretch.

This compromise is particularly evident in the distribu-
tion of allowances. Free allocation can help manage com-

pliance pressure and avoid ‘carbon leakage’ but it can also
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limit ‘deep emission reduction’ incentives if allowances are
given too much. Auctioning can enhance carbon-cost in-
ternalisation and raise public revenue, but can also raise
short-term costs. The question is not whether free allocation
or auctioning is universally better; it is whether the alloca-
tion mechanism is consistent with market maturity, industrial
competition and environmental goals®l.

The other trade-off relates to market flexibility. Mar-
ket stability and lower compliance costs can be achieved
through mechanisms like offsets, allowance banking and
price-containment reserves!®®l. But the over-flexibility of
emission reductions can be postponed until later or decrease
the scarcity signal. For instance, if companies are more de-
pendent on low-cost offsets, their performance in the compli-
ance area can be better, but actual change in the sectors sub-
ject to coverage can be minimal. Any such flexible scheme
must therefore consider the possible negative effects of flexi-
bility measures on costs or on the ambition to environmental

objectives.

5.4. Synergies between Economic Benefits and
Environmental Performance

While there are trade-offs, there can also be important
synergies in carbon trading[%°). Carbon prices can simulta-
neously cut down on emissions and cut operating costs if
they incentivize the improvement of energy efficiency in
companies. Investments in energy efficiency can also bring
multiple benefits, as they can decrease carbon emissions and
fuel costs. Likewise, optimizing processes can enhance ma-
terial productivity and reduce wastee and emissions. In this
scenario, economic and environmental performance go hand
in hand.

Another great source of synergy is green innovation.
A credible carbon market can incentivize companies to ei-
ther invest in low carbon technologies or implement them,
thereby lowering abatement costs and environmental impacts
in the future. Technological learning can reduce the costs of
emission reduction, leading to more economically feasible
targets over time. Such a dynamic relationship is at the heart
of the long-term value of carbon trading. The market is not
only distributing the current volume of abatement opportuni-
ties, it’s also fostering innovation in order to generate new
opportunities [*%1.

If strategically used, public revenue from allowance

auctions can enhance synergy as well. There are many differ-
ent ways to use revenues to benefit renewable energy, indus-
trial decarbonization, worker transition, low income house-
hold compensation or research and development. These
costs can be lowered and environmental improvements can
be made sooner through recycling of carbon-market revenues.
Thus, the economic-environmental efficiency of carbon trad-
ing is not only determined by market transactions, but also
by the use of the income and incentives resulting from the
market7%,

5.5. Integrated Evaluation Model

The integrated evaluation model should integrate eco-
nomic cost-benefit indicators with environmental resource
management indicators. On the economic side, the model
should consider compliance costs, costs of compliance by
purchasing allowances, transaction costs, administrative
costs, abatement investment, energy-cost savings, benefits of
innovation, auction revenue and competitiveness effects!”).
In terms of the environment, it should contain total emissions,
emission intensity, carbon productivity, energy efficiency,
resource-use efficiency, pollutant reduction, green innova-
tion output, and governance quality[®].

The model should not just incorporate these indicators
without interpretation in a composite score. A mechanical in-
dex may mask significant paradoxes. A region, for instance,
might have high economic output with low compliance cost,
and yet this region has no reduction in absolute emissions. In
another area, emissions may be lowered greatly, but by cut-
ting back on industry, not efficiency. So the outcomes of the
evaluation should be divided into various performances!’!.

They could be grouped as co-ordinated improvement,
economic-dominant performance, environmental-dominant
performance, and low quality performance. Coordinated
improvement occurs when carbon trading brings both eco-
nomic gains and good environmental results. Economic-
dominant performance is when costs are low or economic
efficiency is enhanced, but environmental benefits are less.
Environmental-dominant performance is one in which emis-
sions are reduced while the economic costs are too great
or are not sustainable. Low quality performance is when
the carbon markets impose costs without any environmental
benefit. This classification is helpful in applying the defini-

tion without making all the emission savings or cost savings
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look equally good!'”. Figure 2 visualizes the integrated comes.

economic-environmental performance matrix, distinguish-
ing coordinated improvement from economic-dominant,

environmental-dominant, and low-quality performance out-

Low

LEconomic
Performance

High

Low

type.

Environmental

Performance

High

Table 4 further explains the characteristics, interpreta-
tions, and policy implications of each integrated performance

Low-quality Performance

High costs, weak environmental gains

—  Compliance costs arc high
- Emission rcduction is limited

—  Resource efficiency shows little improvement

High costs, strong emission reduction

Signilicant emission reduction achieved
High compliance and abalement costs

Economic burden may affcct competitivencss

improvement

Low costs or cconomic gains, weak cmissions

—  Low compliance costs or trading gains
—  Emission reduction is weak or short-term

—  Over-reliance on allowance purchases

[Slrmegic objective

Move toward the upper-right zone through credible prices, stringent caps, reliable MRY, and innevation support.

Economic efficiency & strong environmental

performance

Emission reduction is streng and sustained

Resource and energy cfficiency improve

Innovation-driven competitiveness enhanced

Figure 2. Integrated economic-environmental performance matrix for classifying carbon-market outcomes.

Table 4. Integrated economic-environmental performance types, interpretations, and policy implications under carbon trading markets.

Performance Type

Economic Outcome

Environmental Outcome

Interpretation

Policy Implication

Coordinated
improvement

Compliance costs are
manageable and efficiency
gains increase

Emissions decline,
resource efficiency
improves, and innovation
strengthens

Ideal outcome showing
that carbon trading
supports both economic
and environmental goals

Maintain cap tightening,
improve market liquidity,
and support green
innovation

Economic-dominant

Firms face low costs or

Environmental
improvement is weak or

May indicate excessive
allowance allocation, low

Strengthen cap stringency,
reduce allowance surplus,

erformance obtain trading benefits carbon prices, or weak .
p & temporary P ’ and improve MRV systems
enforcement
o Lo o . . Use revenue recyclin,

. Emission reduction is Emissions decline but May reduce policy e yCung,
Environmental- . . . .. o : . transition finance, and

. achieved with a high firms face significant cost acceptability and industrial
dominant performance . . targeted support for

economic burden pressure competitiveness

vulnerable sectors

Low-quality
performance

Compliance costs rise
without clear economic
gains

Environmental
improvement is limited

Indicates poor market
design, weak governance,
or ineffective price signals

Reform allocation rules,
enhance supervision, and
coordinate with energy and
finance policies

Innovation-led
transformation

Initial investment costs are
high but long-term
productivity improves

Green technology adoption
reduces emissions and
resource intensity

Shows dynamic benefits
beyond short-term cost
accounting

Provide stable price
expectations and expand
green finance support

Compliance-only
performance

Firms meet surrender
obligations mainly through
allowance purchases

Internal resource-use
patterns remain largely
unchanged

Formal market compliance
does not necessarily mean
real transformation

Encourage internal
abatement through stricter
caps, benchmarking, and
technology incentives

5.6. Causal Pathways and Feedback Relation-

ships

Economic benefits and environmental performance
should be linked by means of causal pathways and not just

correlation. Carbon trading first impacts on enterprise ex-
pectations and its cost structure!'”). These changes have an
effect on compliance strategies such as allowance trading,
internal abatement, technological investment and production
adjustment. These strategies then impact emissions, energy
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consumption, resource efficiency, innovation and compet-
itiveness. Last but not least, the policies shape the market
outcome through changes in the supply of allowances, cap
adjustment, sectoral expansion and policy reform.

The feedback relationship is significant since carbon
markets change over time!'?l. Early-stage markets may focus
on establishing the system, collecting data, and implement-
ing discipline. In mature markets, the focus is more likely to
be on cap tightening, auctions, financial regulation and deep
decarbonization. Hence, it is important to have integrated
evaluation as it should be stage sensitive. A new carbon
market should not be measured by the same yardstick as a
mature market, but it should be measured to see whether it
is establishing the institutional mechanisms for the market
to be effective in the future.

Feedback also takes place at the firm level. Reducing
emissions successfully can allow firms to build up techni-
cal knowledge, build up carbon management capacity and
benefit in the markets. More investment in low carbon trans-
formation could be driven by these benefits. Those com-
panies that don’t adapt could end up with increasing costs
and decreasing competitiveness. Carbon trading can ulti-
mately, then, influence industrial structure by encouraging
low-carbon efficiency and discouraging the continued high-
carbon production (72!, But such a change needs to be handled
very carefully to not cause too much social and regional dis-

ruption.

5.7. Heterogeneity across Sectors, Regions, and
Enterprises

Heterogeneity needs to be addressed in an integrated
framework. The impacts of carbon trading vary by industry,
since the source of emissions, abatement technologies, costs,
and product-market conditions are different for each!73].
In the power sector, emission reduction can be achieved
through fuel switching, integration of renewable energy
and efficiency improvement. Process emissions and capital-
intensive technologies are more challenging and expensive
to decarbonize in cement and steel. As a result, a given car-
bon price could have a significant impact on one sector, but
a modest impact on another.

Regional heterogeneity also has to be taken into ac-
count. The potential impacts of carbon-market pressure on

innovation and efficiency enhancement are more likely to

play out in regions with more advanced industrial structures,
cleaner energy systems, and better financial capacity "4, The
costs of transition for regions that rely heavily on coal, heavy
industry, or resource extraction could be more significant, as
well as the threats to job opportunities. If these differences
are not taken into account, carbon trading can exacerbate
regional inequality. Therefore, integrated evaluation should
take into consideration whether the economic costs and en-
vironmental benefits are distributed fairly between regions.

Climate heterogeneity also matters when it comes to
outcomes”®). Big companies are typically more likely to
have resources to upgrade technology, access to financing,
and greater compliance capacity. Small and medium-sized
enterprises (SMEs) might have a higher relative cost and
lower market participation capacity. In expanding carbon
markets, policymakers must not allow for non-uniform com-
pliance costs to lead to a situation where the market is not
legitimate. This can necessitate the provision of differen-
tiated support mechanisms, access to technical assistance,
access to green finance and access to transparent information

services.

5.8. Policy Interaction and System Coordina-
tion

Carbon trading works alongside other things. It
has interconnections with renewable-energy policy, energy-
efficiency standards, industrial policy, pollution-control reg-
ulation, green finance and fiscal policy. These interactions
may be positive or negative to the integrated performance.
For instance, renewable-energy subsidies can decrease emis-
sions and demand for allowances, leading to a decline in
carbon prices if the cap does not move. Energy-efficiency
standards can be used to overcome information barriers and
behavioural inertia to complement carbon trading. Green
finance can help companies address the initial investment
hurdles and catalyze the transition to new technology as a
result of the price of carbon!14l,

Policy coordination is the main issue. When multi-
ple policies aim at similar objectives without coordination,
they can result in a loss of efficiency of the carbon market
and/or conflicting incentives!’®]. As an illustration, if ad-
ministrative emission-control levels are cut, the demand for
allowances declines and market liquidity is diminished. Too

many subsidies can lead to misinvestment. Yet, solely using
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carbon prices can be insufficient if firms are under financial
constraints, cannot be certain about the technology, or are
restricted on infrastructure. Thus, a holistic approach should
take into account the carbon market and the policies that
surround it.

As well as policy coordination efforts, there should
be social and distributional measures. Carbon trading may
increase energy and product prices and impact households
and downstream industries. Without careful management,
these effects could undermine the longevity of carbon-market
reforms in the face of public opposition. The economic
acceptability and environmental effectiveness can be im-
proved through revenue recycling, targeted compensation
and just-transition policies. This demonstrates that social
equity cannot be divorced from market performance, but is

a prerequisite for long term policy stability %],

5.9. Critical Synthesis

An integrated model linking economic and environmen-
tal outcomes shows that carbon trading is better understood
as a dynamic governance system rather than a limited trading
mechanism. It is contingent upon whether a combination of
a carbon price, allocation of allowances, market regulations,
firm behavior, technological change and policy coordination
can lead to a sustainable low-carbon transformation. Eco-
nomic efficiency and weak environmental effectiveness show
that environmental regulation is not effective. Policies with
low economic sustainability may have low environmental
effectiveness and therefore short life cycles. Coordinated
improvement is the best possible scenario, carbon trading
helps lower emissions, enhances resource efficiency, fuels
innovation, and keeps transition costs manageable 1.

The key idea is that carbon trading provides a condi-
tional link between economic incentives and environmental
performance. However, the pathway only functions if prices
are credible, caps are strong, data is reliable, markets are
liquid and firms have access to technologies and finance.
Mechanisms should therefore be the focus of integrated eval-
uation, as well as outcomes. It should question whether the
emission reductions observed are due to genuine efficiency
improvements, whether there are any transitional or perma-
nent economic costs, whether the innovation is incremental
or transformative, and whether benefits and costs are equi-
tably distributed 7],

The integrated framework allows cost benefit analysis
to be linked to environmental resource management perfor-
mance assessment, and thus gives a more realistic context to
the assessment of carbon trading markets. It is aware of the
promise as well as the limits of market-based climate gover-
nance. Carbon trading can be an effective policy tool to in-
centivise economic activities to be environmentally friendly
if it is underpinned by a credible, adaptive and coordinated

governance framework 47,

6. Current Challenges and Future Re-
search Directions

6.1. Carbon Price Volatility and Weak Long-
Term Expectations

Carbon price volatility is one of the most crucial issues
in the carbon trading markets. The carbon price should, in
principle, be the cost of reducing emissions by a marginal
amount, with a cap on emissions. In reality, macro-economic
cycles, energy prices, industrial production, fuel switching,
policy surprises, the availability of spare allowances, spec-
ulation in the market and geopolitical risks influence the
price of carbon'"*l. When prices change significantly, en-
terprises might struggle to calculate the payback period for
low-carbon investments. This undermines carbon trading’s
steering role in long-term technological change.

Low and volatile carbon prices could lead companies
to view allowances as a “normal” compliance cost rather
than an innovation signal. This can make it more advan-
tageous for the companies to opt for short term allowance
buying rather than long-term investment in clean produc-
tion. On the other hand, if the carbon price is set too high,
it could make production more expensive, less competitive
and could face social opposition if producers shift costs to
consumers. The challenge is not just higher carbon prices,
however, but a socially acceptable, stringent and predictable
price corridor*!.

The relationship between price stability and investment
behavior should receive more attention in future research.
Many of the past studies consider whether carbon trading
reduces emissions or makes efficiency improve, whereas
fewer studies report on how firms interpret the carbon price
signals under conditions of uncertainty. Further analysis
is required regarding expectations about the carbon price,
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the timing of investments, the real options effect, and the
price at which low-carbon technologies will be stimulated.
This would illuminate when carbon trading is more than a
quick fix compliance program and is a real structural chan-

gel3,

6.2. Allowance Allocation, Market Liquidity,
and Distributional Fairness

One of the core design issues is the allocation of al-
lowances. While free allocation could lessen opposition
from regulated firms and shield trade-exposed sectors, over-
abundant free allocation could reduce incentives for emission
reductions and lead to windfall profits. Auctioning has the
effect of better internalizing the carbon cost and generating
public revenue, but it can also lead to an immediate increase
in compliance costs, particularly for energy-intensive indus-
tries. Thus, the allocation mechanism has an impact on both
economic efficiency and environmental effectiveness and
political legitimacy .

Another important issue is the liquidity of the market.
For a functioning carbon market, it’s essential that there be
an open and clear price for trading allowances. Low liquid-
ity can result in price distortion, high transaction costs, and
poor price discovery. This is particularly the case in early-
stage carbon markets where few firms participate, few trades
occur and firms are still learning about carbon asset man-
agement. The theoretical benefits of carbon trading, namely
the cost-effective allocation of carbon through exchange,
cannot be fully achieved in a situation of insufficient liquid-
ity 781,

Distributional fairness is closely related to allocation
and to liquidity. Carbon trading results in winners and losers.
Firms with positive allowances or a good abatement capacity
may be better off, but firms with less adequate technologies
may see their costs increase. There could be more benefits
for regions with clean energy structures and more costs for
coal dependent and heavy-industrial regions. Future research
should thus go beyond aggregate-level efficiency and inves-
tigate who gains, who loses, and who covers the costs of
transition between firms, sectors, regions and social groups.
Distributional analysis is crucial, as unequal burden-sharing
can undermine public acceptance and fuel a long-term lack

of stability for carbon markets "

6.3. Carbon Leakage and Competitiveness
Risks

Carbon leakage is the term used when emission reduc-
tions in one regulated area result in emission increases in one
or more areas that are either by themselves regulated or not
regulated®%). It can occur when companies shift their pro-
duction because of carbon pricing, or when domestic goods
are substituted with imports from areas where the climate
policy is less stringent. Carbon leakage undermines the en-
vironmental integrity of carbon trading and raises concerns
about competitiveness in industries.

The risk of carbon leakage is sectoral, which means it
does not apply to all sectors. Those that are more vulnerable
are industries that are affected by international trade and are
energy intensive (steel, cement, aluminum, chemicals and
refining) 1. In these industries, a company may be unable
to shift the carbon costs to consumers since they are in global
competition. Firms might decrease domestic production or
relocate investments to other regions if the carbon trading
raises production costs but does not have equivalent climate
policies in other regions.

Free allocation, output-based allocation, border carbon
adjustment and financial compensation are policy options
that could be used to lower the risk of leakage 2. But all the
answers are flawed. Free allocation shields firms, and can
reduce the incentive to abate. Border adjustment can be help-
ful to enhance fairness, but it can also cause trade tensions
and administrative complexity. Output-based allocation may
decrease relocation incentives and incentivize the production
of carbon-intensive goods to continue. These mechanisms
should be critically assessed, both from the perspective of
leakage avoidance and with regard to environmental ambi-
tion, trade compatibility and innovation incentives in the

future.

6.4. Monitoring, Reporting, Verification, and
Data Quality

Carbon trading is based on the premise of reliable mon-
itoring, reporting and verification systems[*?. If emissions
are not properly measured, allowances can not be distributed
fairly, compliance can not be properly monitored and market
prices can not reflect the true lack of supply. Issues with

data quality can jeopardize trust in the entire system. When
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companies report lower than actual emissions, or when ver-
ification requirements are not uniform, carbon trading can
result in compliance in form only, with no actual environ-
mental benefits.

The challenge is particularly relevant in complex in-
dustrial sectors with emissions generated from a number of
processes, fuels and production phases. Process emissions in
cement, steel, chemicals and other heavy industries are more
challenging to measure than just direct emissions from fuel
combustion. Monitoring systems need to be increasingly
sophisticated, uniform, and technologically sophisticated as
carbon markets reach more industries®!l.

Third-party verification also gives rise to issues of gov-
ernance. Verifiers should be independent, technically capable

[83] Verifications can become a regular ad-

and answerable
ministrative service without proper quality control and this
can lead to conflicts of interest. Further studies are required
on the potential of digital monitoring, blockchain-based reg-
istries, remote sensing, artificial intelligence, and automatic
reporting systems to enhance the reliability of the data. But
at the same time technological solutions should not be con-
sidered a replacement for institutional integrity. Digital tools
have the potential to enhance transparency, but they still need

standards, regulation and enforcement capacity.

6.5. Integration with Energy Markets and
Green Finance

Carbon trading is closely intertwined with energy mar-
kets. Carbon prices and the demand for allowances are af-
fected by changes in coal, oil, natural gas and electricity

prices?4,

Meanwhile, carbon prices influence energy de-
cisions by altering the relative price of fossil fuels and low
carbon options. Where there is distortion in energy markets
due to subsidies, regulated electricity prices or a lack of com-
petition in energy markets, the carbon price signals may not
be fully passed on to producers and consumers.

This interaction will be especially relevant to decar-
bonizing the power sector. Carbon trading in electricity
systems with generators not facing market-based prices for
carbon may have a weak impact on dispatch and investment
incentives. On the other hand, if electricity markets are com-
petitive and carbon costs are incorporated into electricity
prices, carbon trading can speed up the switchover to low

carbon fuels and the deployment of renewable energy. Hence,

reform of the carbon market should go hand in hand with
energy market reform (84],

Another complementary mechanism that is vital is
green finance. Many low-carbon technologies have high
upfront costs and benefits emerge over time in the form
of lower energy costs and lower carbon liabilities. Carbon
prices may make it difficult for firms with little access to
finance to adjust. To address this investment barrier, green
credit, green bonds, transition finance, carbon funds and
sustainability-linked loans play a role. Future research is
needed to study the impacts of carbon prices on financial
risk assessment, the application of carbon assets in corporate
finance, and the impact of green finance on the cost-benefit
performance of carbon trading ['4).

6.6. Policy Interaction and Regulatory Coordi-
nation

Traditional carbon trading typically takes place as part
of a wider policy framework, such as renewable-energy sup-
ports, energy-efficiency requirements, industrial policies,
pollution-control standards, fiscal measures and climate tar-
gets 1. While these policies can enhance carbon trading,
they can also lead to overlaps and distortions. For instance,
the subsidies on renewable energy can decrease the demand
for the allowances and carbon price, if not changed accord-
ingly. Market transactions can be dampened by administra-
tive emission-reduction goals, which can lower the need for
transactions and decrease liquidity. Energy price controls
may prevent carbon costs from being transmitted through
the economy.

The challenge lies in creating a policy mix that is coor-
dinated. Carbon trading shouldn’t be seen as the magic bullet
to overcome all the challenges of decarbonisation. Additional
policies might be necessary to tackle the barriers, including
technological uncertainty, infrastructure, behavioural inertia
and financing gaps. But complementary policies must be
designed in such a way that they don’t weaken the carbon
market but enhance it. This will involve adaptive regulation,
frequent adjustment of caps, clear communication of policy,
and coordination between environmental, energy, financial
and industrial authorities 3],

Policy interaction effects should be studied more sys-
tematically in the future®!. A number of studies have as-

sessed carbon trading as a stand-alone policy, but in practice
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the effects of a carbon price are influenced by other policies
that interact with it. Research needs to be done to determine
which policy mixes are synergistic, which are redundant, and
which have unintended consequences. This is particularly
relevant for countries that are aiming for carbon neutrality
and energy security, as well as industrial upgrading and eco-
nomic growth.

6.7. Methodological Limitations in Current Re-
search

There has been significant research progress on carbon
trading recently, although a number of methodological flaws
still exist. Studies, in particular in emerging markets, are
based on short observation periods, primarily ). Short-term
studies can underestimate the long-term impacts of carbon
trading on innovation, industrial restructuring and resource
efficiency, or overestimate the initial costs of compliance, as
the effects of carbon trading can take years to show up.

Secondly, causal identification is still challenging. Car-
bon trading policies are not typically adopted haphazardly.
Pilot regions or covered firms or regulated sectors can also
have different economic development, industrial structure,
environmental regulation and technological capacity than
the control groups. While difference-in-differences and
other quasi-experimental techniques can enhance causal
inferences, they require assumptions that are unlikely to
be satisfied. Future studies will benefit from robustness
checks, heterogeneous treatment analysis, mechanism test-
ing and other identification strategies to enhance credibi-
lity 871,

Thirdly, numerous studies focus on aspects of envi-
ronmental performance such as carbon intensity or total

emissions 38,

These indicators are helpful but not com-
prehensive of environmental resource management perfor-
mance. Energy efficiency, material productivity, pollution
co-benefits, green innovation, governance capacity, and so-
cial distributional effects should be part of more compre-
hensive studies. Fourth, indirect benefits like health im-
provements, ecological restoration, lower climate risk and
technological spillovers are rarely included in the cost ben-
efit analysis[®). This can lead to a negative conclusion on
carbon trading as the “easy” or apparent short-term costs are

emphasized.

6.8. Future Research Direction: Dynamic and
Multidimensional Evaluation

New evaluation frameworks are needed; dynamic ones
that follow the evolution of carbon trading over time[®0].
Carbon markets are not immutable entities. These impacts
vary with increases in the level of caps, the methods used
to allocate allowances, the experience of firms, the develop-
ment of technologies, and policy credibility. The dynamic
approach should consider technological learning, investment
reallocation, industrial upgrading and long-term resilience
along with immediate emission reduction and compliance
costs.

A multi-dimensional evaluation is also required. The
social, institutional, technological, environmental and eco-
nomic dimensions should be included in future studies®".
An integrated framework can help to assess whether carbon
trading brings about coordinated improvement or simply re-
distributes costs between sectors and regions. Research of
this type should integrate microdata on firms with production
data on the sector, data on the environment in the region and
data on transactions in the market. It should also follow a
mixed methods approach, that is, a combination of economet-
ric analysis, case studies, interviews, lifecycle assessment
and scenario modelling.

One of the areas that has been suggested as a possible
avenue of research is research on firm behavior. Compa-
nies can’t simply receive carbon pricing; they create their
own strategies to comply with it. Some companies may in-
vent, some companies may engage in strategic trading of al-
lowances, some companies may shift the costs to consumers,
and some companies may lobby for a favorable allocation.
It is important to understand these behavioural reactions in
order to assess the true impact of real policies. Therefore,
future research needs to focus on the capability of carbon
management, managerial expectations, risk perception and
strategic decision-making in the context of carbon-market
regulation (8],

6.9. Future Research Direction: Digital Gover-
nance and Intelligent Carbon Management

New governance and environmental performance as-
sessment opportunities with digital technologies. Emissions

monitoring, data verification, market transparency, and risk
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management can be enhanced with the use of big data, artifi-
cial intelligence, internet-of-things sensors, satellite monitor-
ing, and blockchain-based registries*'1. These technologies
can help to decrease information asymmetry and increase
the credibility of carbon trading.

But there are risks that are equally new in digital gov-
ernance. The data systems may be expensive, segmented
or tamperable. Incomplete or biased training data can re-
sult in inaccuracies in artificial intelligence models. While
blockchain systems can enhance the traceability aspect, they
do not guarantee the accuracy of the original emissions data.
So digital tools should be judiciously used. Their worth
rests on their ability to be integrated with good accounting
principles, regulatory supervision, and institutional responsi-
bility P11,

Further work is needed to examine the potential of intel-
ligent carbon management systems for aiding the firm-level
decision-making process. Companies require tools for pre-
dicting carbon prices, performing abatement calculations,
optimizing carbon portfolios, and incorporating carbon costs
into investment processes. This type of system could change
the nature of carbon trading from compliance to a strategic
management tool. This is especially relevant in the context of
the growing integration of carbon markets in different sectors

and with green finance and supply-chain management[°%].

6.10. Critical Synthesis

Whether existing problems can be leveraged to foster
institutional development for carbon trading markets will
ultimately determine future market development. Carbon
trading systems have a number of limitations, such as carbon
price volatility, allocation disputes, leakage concerns, poor
data systems, liquidity issues and policy coordination chal-
lenges. However, this does not mean that carbon trading is
not working. Instead, they demonstrate that carbon trading is
a governance tool that is complex and needs to be continually
tweaked, built on institutions and can be complemented by
other policy tools®3].

Future research should go beyond the question of ‘does
carbon trading work?’ and shift to the question of ‘how, when,
for whom, and at what cost does it work?” This change will
help to develop a more mature understanding of carbon mar-
kets. More attention needs to be given to institutional design

and firm behaviour, and research should combine economic

cost-benefit analysis and environmental resource manage-
ment performance evaluation, introduce some heterogeneity
and dynamic feedback 5234,

So, the four aforementioned priorities are worthy of a
critical research agenda: enhancing causal evidence, creating
multidimensional evaluation systems, examining behavioral
and distributional mechanisms, and examining the role of
digital and financial innovation. Future research can be more
robust on the theoretical and practical basis of carbon trading
as a tool for economic development, environmental protec-
tion and sustainable use of resources upon fulfilling these

priorities.

7. Conclusions

Carbon trading markets are now a key tool for combat-
ing climate change without sacrificing economic flexibility.
Carbon trading is a market-based system where emission
rights are priced, allocated and traded, as opposed to the
traditional command-and-control regulation. The aim of this
mechanism is to lower the social cost of reducing greenhouse-
gas emissions while giving the regulated entities the option
to either self-abate or trade in the allowances. But the im-
pact of carbon trading can only be judged based on emission
reductions and compliance costs. A more holistic assess-
ment should include economic measurements of cost-benefit
analysis in addition to environmental resource management
performance.

This review demonstrates that there are direct and indi-
rect economic effects of carbon trading. Direct costs consist
of allowance purchase costs, monitoring and verification ex-
penses, transaction costs, administrative costs and investment
in low-carbon technologies. Meanwhile, carbon trading can
generate carbon abatement-cost savings, energy efficiency
benefits, green innovation, auction revenue, and reallocated
resource benefits. Those benefits are not guaranteed; they
rely on the credibility of the carbon price, market liquidity,
how the carbon allowances are distributed, how they are
enforced, and the technological abilities of companies. A
low-cost carbon price or a large allowance surplus might not
encourage real transformation in the short term, but may also
decrease the cost of compliance.

Carbon trading also has a multidimensional dimension

in environmental resource management. It involves, apart

900



Journal of Environmental & Earth Sciences | Volume 08 | Issue 08 | August 2026

from carbon emission reduction, carbon productivity, en-
ergy efficiency, resource-use efficiency, pollution-control co-
benefits, green innovation, and governance capacity. Carbon
markets can stimulate companies to shift to cleaner power
technologies, reduce energy usage, and increase production
efficiency. However, if companies opt for the purchase of
allowances primarily to comply with the regulations, or if
monitoring is lax or carbon prices are not having an impact
on investment decisions, environmental improvements may
still be modest. Thus, there is a need to distinguish between
formal and substantive low-carbon transformation in the con-
text of performance evaluation.

One of the major features of this article is the creation
of an integrated approach that connects economic and envi-
ronmental aspects. Carbon trading is not just a trading tool,
but a governance mechanism. It is dependent on the trans-
formation of economic incentives into actual achievement
of enhanced environmental resource management. Ideally,
the outcome of carbon trading is coordinated improvement
that lowers emissions, reduces long-term abatement costs,
encourages innovation, enhances resource efficiency, and
preserves economic resilience. Low cost, no environmental
progress, however, or excessive economic cost for emission
reduction should not be considered high quality performance.

There are also some challenges highlighted in the re-
view. A variety of factors can decrease the impact of carbon
trading, such as carbon price volatility, allocation disputes,
carbon leakage risks, weak monitoring and verification sys-
tems, weak liquidity of carbon markets and the lack of ade-
quate coordination with energy and financial policies. These
problems suggest that there will be a need for ongoing in-
stitutional modification in carbon markets. The design of
future carbon trading systems should consider reinforcing
cap-setting mechanisms, optimizing allocation mechanisms,
boosting data transparency, increasing high-quality monitor-
ing and verification, and linking with green finance, energy-
market reform, and industrial transition policies.

Future studies should shift the debate on the effective-
ness of carbon trading from questions of “yes” versus “no”
to the question of “how, when, for whom, and at what cost”.
Greater emphasis is needed on the behavioral responses of
firms, regional and sectoral variation, dynamic cost-benefit
impacts, co-benefits for the environment, and distributional
justice. From a methodological perspective, future studies

should combine causal inference, efficiency evaluation, life-
cycle assessment, scenario simulation, and qualitative insti-
tutional analysis. This multi-dimensional research can give
a more solid basis for improving the design of the carbon
market.

In summary, the potential for carbon trading to con-
tribute to a coordinated and sustainable economic develop-
ment and environmental governance is conditional. A car-
bon market is an effective instrument to sustainably manage
resources only when it delivers credible price signals, is en-
vironmentally sound, fosters technological innovation, and
is equitably designed for the cost of transition. Combining
economic cost-benefit analysis and environmental resource
management performance assessment is a more comprehen-
sive way to analyze and optimize the carbon trading markets

in the context of low-carbon development.

Funding

This work was funded by the Key Research Base of
Humanities and Social Sciences of Universities in Guangxi
Zhuang Autonomous Region, “The Research Base for the
Revitalization and Development of Old Revolutionary Areas

in Guangxi”.

Institutional Review Board Statement

Not applicable.

Informed Consent Statement

Not applicable.

Data Availability Statement

All the data is presented in the article.

Conflicts of Interest

The authors declare no conflict of interest.

Al Use Statement

The authors declare that no artificial intelligence (Al)

tools were used in the preparation of this manuscript.

901



Journal of Environmental & Earth Sciences | Volume 08 | Issue 08 | August 2026

References

(1]

(2]

(3]

(4]

(7]

(8]

[10]

[11]

[12]

[13]

Hu, X., Li, P., Wu, H., et al., 2025. Synergistic cost-
benefit analysis of emission trading schemes and renew-
able portfolio standards in China. Energy. 322, 135329.
Hou, Q., Sun, J., 2020. Investment strategy analysis
of emission-reduction technology under cost subsidy
policy in the carbon trading market. Kybernetes. 49(2),
252-284.

Parry, 1., Zhunussova, K., Black, M.S., 2022. Carbon
taxes or emissions trading systems? Instrument choice
and design. International Monetary Fund: Washington,
DC, USA.

Koblianska, 1., 2025. Carbon Economy and Gover-
nance: A Comprehensive Study. In: Raj, A., Jhariya,
M.K., Meena, R.S. (Eds.). Agroforestry for Monetis-
ing Carbon Credits. Springer: Cham, Switzerland. pp.
369-393.

Verde, S.F., Borghesi, S., 2022. The international di-
mension of the EU emissions trading system: Bringing
the pieces together. Environmental and Resource Eco-
nomics. 83(1), 23-46.

Zhang, Z.,2022. China’s carbon market: Development,
evaluation, coordination of local and national carbon
markets, and common prosperity. Journal of Climate
Finance. 1, 100001.

Mundaca L., Mansoz, M., Neij, L., etal., 2013. Transac-
tion costs analysis of low-carbon technologies. Climate
Policy. 13(4), 490-513.

Zhao, Y., Dai, D., Shao, W., et al., 2024. Can the car-
bon trading policy enhance resource allocation effi-
ciency?—An analysis of the synergistic effect of mar-
ket mechanism and government intervention. Sustain-
ability. 16(22), 10128.

Hu, H., 2025. The impact of carbon emissions trading
on green total factor productivity based on evidence
from a quasi-natural experiment. Scientific Reports.
15(1), 3642.

Yu, X., Shi, J., Wan, K., et al., 2022. Carbon trading
market policies and corporate environmental perfor-
mance in China. Journal of Cleaner Production. 371,
133683.

Rising, J., 2026. Drivers of the country-level social
cost of carbon. Climate Change Economics. 17(1),
2640004.

Li, J., 2026. Optimizing Multidimensional Decision-
Making for Sustainable Agricultural Models: Establish-
ing an Evaluation System Based on Dynamic Entropy
Weight Method and Monte Carlo Validation. Journal
of Computer Science and Frontier Technologies. 2(2),
59-71.

Wang, B., Boute, A., Tan, X., 2020. Price stabiliza-
tion mechanisms in China’s pilot emissions trading
schemes: Design and performance. Climate Policy.
20(1), 46-59.

[14]

[15]

[16]

[17]

[20]

(21]

(23]

[24]

[25]

[26]

902

Samuel, S.A., 2025. Carbon pricing mechanisms for
reducing greenhouse gas emissions and encouraging
sustainable industrial practices. World Journal of Ad-
vanced Research and Reviews. 25(2), 1-24.

Shen, T., Chen, H.H., Zhao, D.H., et al., 2022. Examin-
ing the impact of environment regulatory and resource
endowment on technology innovation efficiency: From
the microdata of Chinese renewable energy enterprises.
Energy Reports. 8, 3919-3929.

Liu, H., Zhang, Z., Zhang, T., 2022. Shale gas invest-
ment decision-making: Green and efficient develop-
ment under market, technology and environment un-
certainties. Applied Energy. 306, 118002.

Astrdm, S., 2023. Perspectives on using cost-benefit
analysis to set environmental targets—A compilation
and discussion of arguments informed by the process
leading to the 2016 EU air pollution emission tar-
gets. Environmental Impact Assessment Review. 98,
106941.

Sitarz, J., Pahle, M., Osorio, S., et al., 2024. EU car-
bon prices signal high policy credibility and farsighted
actors. Nature Energy. 9(6), 691-702.

Chen, B., Yuan, K., Wen, X., 2024. The legal gover-
nance of the carbon market: Challenges and application
of private law in China. Carbon Management. 15(1),
2288591.

Zaklan, A., 2023. Coase and cap-and-trade: Evidence
on the independence property from the European car-
bon market. American Economic Journal: Economic
Policy. 15(2), 526-558.

Yu, Y., Li, X., Xu, X., 2022. Reselling or marketplace
mode for an online platform: The choice between cap-
and-trade and carbon tax regulation. Annals of Opera-
tions Research. 332, 1219.

Raufer, R., Coussy, P., Freeman, C., 2022. Emissions trad-
ing. In: Lackner, M., Sajjadi, B., Chen, W.Y. (Eds.). Hand-
book of Climate Change Mitigation and Adaptation.
Springer: Cham, Switzerland. pp. 3237-3294.

Taheri Hosseinkhani, N., 2025. Comprehensive Anal-
ysis of Carbon Taxation and Emission Trading Sys-
tems: Design, Implementation, and Impacts. DOI:
https://doi.org/10.13140/RG.2.2.20523.50720

Wang, X., Lu, F., Safi, A, et al., 2025. Unraveling the
dynamics of carbon price volatility: A comprehensive
analysis of impacts from climate policy, fossil fuel and
renewable energy shocks. Energy Strategy Reviews.
62, 101966.

Rydzewski, P., 2026. Environmental and Social Sus-
tainability Pathways in the Development of Energy
Storage Technologies: Global Scenario Analysis. Prob-
lemy Ekorozwoju. 21(1), 30-41.

Ostrovnaya, A., Ahrens, J., Smart, J., et al., 2026. Car-
bon cost pass-through and access to capital shape firms’
carbon strategies. Communications Earth & Environ-
ment. 7(1), 524.


https://doi.org/10.13140/RG.2.2.20523.50720
https://doi.org/10.13140/RG.2.2.20523.50720

Journal of Environmental & Earth Sciences | Volume 08 | Issue 08 | August 2026

[27]

[28]

[29]

[33]

[34]

[36]

[37]

[38]

[39]

Stavins, R.N., 2022. The relative merits of carbon pric-
ing instruments: Taxes versus trading. Review of Envi-
ronmental Economics and Policy. 16(1), 62-82.
Cassimon, D., Engelen, P.-J., Peters, L., et al., 2023.
Valuing investments in the Global Carbon Market
Mechanism as compound real options: Lessons from
the Clean Development Mechanism. Sustainable De-
velopment. 31(5), 3443-3458.

Peng, H.-R., Cui, J., Zhang, X., 2022. Does China emis-
sion trading scheme reduce marginal abatement cost?
A perspective of allowance allocation alternatives. Sus-
tainable Production and Consumption. 32, 690—699.
Sloss, L.L., 2011. Efficiency and Emissions Monitoring
and Reporting. IEA Clean Cloal Centre: Paris, France.
Lee, K.H., 2015. Drivers and barriers to energy effi-
ciency management for sustainable development. Sus-
tainable Development. 23(1), 16-25.

Song, Y., Luo, X., Lu, Y, et al., 2025. Improving the
data quality of CO, continuous emissions monitoring
systems: In the context of China’s emissions trading
scheme. Environmental Impact Assessment Review.
115, 108037.

Nizeti¢, S., Arici, M., Hoang, A.T., 2023. Smart and
sustainable technologies in energy transition. Journal
of Cleaner Production. 389, 135944,

Zhang, N., 2026. Comparative Analysis of Market-
Based Climate and Energy Policies in Northeast Asia.
In Comparative Carbon Markets in Northeast Asia:
Institutional Innovations in China, Korea and Japan.
Springer: Singapore. pp. 215-266.

Allart, G., 2025. Industry Investment Decisions Related
to the Energy Transition: Constraints and Technologi-
cal Possibilities in a Macroeconomic Framework [PhD
Thesis]. Université Paris Sciences et Lettres: Paris,
France.

Pan, H., Regemorter, D.V., 2004. The costs and bene-
fits of early action before Kyoto compliance. Energy
Policy. 32(13), 1477-1486.

Li, Q., Chen, Z., Min, J., et al., 2024. Hybrid transac-
tion model for optimizing the distributed power trading
market. Humanities and Social Sciences Communica-
tions. 11(1), 1473.

Chapple, L., Clarkson, P.M., Gold, D.L., 2013. The
Cost of Carbon: Capital Market Effects of the Pro-
posed Emission Trading Scheme (ETS). Abacus. 49(1),
1-33.

Tanveer, U., Ishaq, S., Hoang, T.G., 2024. Enhancing
carbon trading mechanisms through innovative collab-
oration: Case studies from developing nations. Journal
of Cleaner Production. 482, 144122.

Feldman, M., 2025. The Role of Cap-and-Trade in Cor-
porate Accountability: Evaluating the Effectiveness
and Challenges of Emissions Trading Systems [Bache-
lor’s Thesis]. Claremont McKenna College: Claremont,
CA, USA.

[41]

[42]

[43]

[44]

[45]

[46]

[49]

[50]

[52]

[53]

903

Zhao, X., Shang, Y., Ma, X., et al., 2022. Does carbon
trading lead to green technology innovation: Recent
evidence from Chinese companies in resource-based
industries. IEEE Transactions on Engineering Manage-
ment. 71, 2506-2523.

Borghesi, S., Ferrari, A., 2022. Policy Brief 2022/54:
Social Impact of Emissions Trading Systems: Auc-
tion Revenues and Social Expenditures in a Changing
World. Florence School of Regulation, Robert Schu-
man Centre for Advanced Studies: Florence, Italy.
Dong, Z., Xia, C., Fang, K., et al., 2022. Effect of the
carbon emissions trading policy on the co-benefits of
carbon emissions reduction and air pollution control.
Energy Policy. 165, 112998.

Troster, B., Von Arnim, R., Raza, W., 2024. Working
Paper No. 338: Cost-Benefit Analysis (CBA) of Health
and Safety Regulations. Hans-Bdckler-Stiftung: Diis-
seldorf, Germany.

Zhu, Q., Lu, K., Liu, S., et al., 2022. Can low-carbon
value bring high returns? Novel quantitative trading
from portfolio-of-investment targets in a new-energy
market. Economic Analysis and Policy. 76, 755-769.
Lameh, M., Al-Mohannadi, D.M., Linke, P., 2022. On
the development of minimum marginal abatement cost
curves for the synthesis of integrated CO, emissions re-
duction strategies. Journal of Cleaner Production. 365,
132848.

Choi, C., 2025. Trading carbon, trading justice: Ethi-
cal dimensions of market-based climate solutions. East
Asian Journal of Business Economics. 13(1), 1-16.
Bahman, N., Al-Khalifa, M., Al Baharna, S., et al.,
2023. Review of carbon capture and storage technolo-
gies in selected industries: Potentials and challenges.
Reviews in Environmental Science and Bio/Technol-
ogy. 22(2), 451-470.

Shu, Y., Dai, Y., 2024. The synergetic competition
of cross-regional integrated energy systems with low-
carbon technology heterogeneity under carbon emis-
sion trading mechanism to achieve carbon reduction
target. Renewable Energy. 236, 121394.
Olasehinde-Williams, G., Akadiri, S.S., 2025. Envi-
ronmental policy stringency and carbon leakages: A
case for carbon border adjustment mechanism in the
European Union. Environment, Development and Sus-
tainability. 27(12), 30817-30838.

Hofmann, J., 2023. Analysing the Carbon Market and
Co-Benefits of Carbon Offset Projects in South Africa:
Functioning, Implementation, Adoption and Impact
[PhD Thesis]. University of East Anglia: Norwich, UK.
Liu, J,, Li, J., 2023. Economic benefit analysis of the
carbon potential of construction waste resource man-
agement based on a simulation of carbon trading policy.
Environmental Science and Pollution Research. 30(36),
85986—86009.

Song, P., Mao, X., Li, Z., et al., 2023. Study on the



Journal of Environmental & Earth Sciences | Volume 08 | Issue 08 | August 2026

[54]

[58]

[59]

[60]

[61]

[63]

[66]

optimal policy options for improving energy efficiency
and co-controlling carbon emission and local air pol-
lutants in China. Renewable and Sustainable Energy
Reviews. 175, 113167.

Caglar, A.E., Askin, B.E., 2023. A path towards green
revolution: How do competitive industrial performance
and renewable energy consumption influence environ-
mental quality indicators? Renewable Energy. 205,
273-280.

Wang, N., Bai, Y., Guo, Z., et al., 2024. Synergies be-
tween the circular economy and carbon emission reduc-
tion. Science of The Total Environment. 951, 175603.
Sung, Y., 2023. Advances in reduction technologies
of gas emissions (CO,, NOy, and SO,) in combustion-
related applications. Energies. 16(8), 3469.

Kumar, A., Upadhyay, D., Kumari, S., et al., 2026.
Ecorestoration: An Alternative Approach for Achiev-
ing Carbon Neutrality and a Sustainable Future. In:
Singh, H. (Ed.). Forestry for a Carbon-Neutral and
Sustainable Future: A Scientific Perspective. Springer:
Cham, Switzerland. pp. 371-401.

Ahmed, R.R., Akbar, W., Aijaz, M., et al., 2023. The
role of green innovation on environmental and or-
ganizational performance: Moderation of human re-
source practices and management commitment. He-
liyon. 9(1), €12679.

Li, Y., Zhang, Y., 2026. Carbon neutrality: Evaluat-
ing the impact of carbon emissions trading policy on
green energy and environmental economic efficiency.
International Journal of Energy Technology and Policy.
21(1), 47-78.

Li, H., Zhang, Y.-J., 2022. Environmental performance
of carbon emissions trading policy: Evidence from a
new comprehensive analysis model. [IEEE Transactions
on Engineering Management. 71, 4336-4350.

Zhang, Z., Zhu, J., Lu, N, et al., 2024. Interaction
between carbon emission efficiency and ecological en-
vironment from static and dynamic perspectives. Eco-
logical Indicators. 158, 111436.

Song, M., An, Q., Zhang, W., et al., 2012. Environmen-
tal efficiency evaluation based on data envelopment
analysis: A review. Renewable and Sustainable Energy
Reviews. 16(7), 4465-4469.

Martinez, C.I.P., Poveda, A.C., 2022. The effects of
environmental performance on competitiveness and in-
novation: A stochastic frontier approach for Colombia.
Environment Systems and Decisions. 42(1), 51-62.
Sahin, M., 2024. Ensemble multi-attribute decision-
making for material selection problems. Soft Comput-
ing. 28(6), 5437-5460.

Cheng, H., Liu, X., Xu, Z., 2022. Impact of carbon
emission trading market on regional urbanization: An
empirical study based on a difference-in-differences
model. Economic Analysis Letters. 1(1), 15-21.
Amram, B., Leibler, Y., Listenberg, R., et al., 2025.

[67]

[68]

[69]

[70]

[72]

[74]

[75]

[76]

[77]

(78]

904

Navigating Compliance and Ethical Challenges in Car-
bon Trading: Strengthening Global Frameworks for
Market Integrity and Sustainability. Journal of Law,
Market & Innovation. 4(2), 176-219.

Heister, S., Hui, F.K., Wilson, D.I., et al., 2025. Beyond
opacity: Distributed ledger technology as a catalyst for
carbon credit market integrity. Computers. 14(9), 403.
Borghesi, S., Pahle, M., Perino, G., et al., 2023. The
market stability reserve in the EU emissions trading
system: A critical review. Annual Review of Resource
Economics. 15, 131-152.

Chai, S., Yang, J., Bi, X,, et al., 2026. Synergy or con-
flict? Assessing the combined emission reduction ef-
fects of environmental taxation and carbon trading in
China’s power sector. Utilities Policy. 98, 102084.
Lei, X., Qiu, R., Chen, X., et al., 2025. Evaluating the
impact of carbon emission trading on urban ecological
efficiency in an emerging economy. Journal of Cleaner
Production. 486, 144431.

Tian, Y., Wu, J., Xu, Z., et al., 2025. Integrated model-
ing and dynamic evaluation indicator system of urban
energy systems towards a sustainable, low-carbon path-
way. Energy. 319, 134993.

Fei, R., Lu, J., Li, H., 2026. Carbon trading sys-
tem and low-carbon economic efficiency in China:
Considering the roles of international capital flows
and regional coopetition. Environment, Development
and Sustainability. DOI: https://doi.org/10.1007/
$10668-026-07510-2

Wu, C., Zhang, Y., Zhao, J., et al., 2025. Pricing and
Emission Reduction Strategies of Heterogeneous Au-
tomakers under the “Dual-Credit + Carbon Cap-and-
Trade” Policy Scenario. Mathematics. 13(14), 2262.
Cong, J., Pei, Y., Xu, T,, et al., 2022. How does the car-
bon market impact the economy-energy-environment
system in resource-based regions of China? Empiri-
cal evidence from Shanxi Province. Journal of Cleaner
Production. 376, 134218.

Yan, K., Lin, B., 2026. Carbon—agriculture market con-
nectedness under the EU ETS: Evidence on sectoral
heterogeneity and market states. Energy Economics.
154, 109160.

Zhang, Y., Lu, Z., Zhang, W., 2025. Policy Synergy for
Conflicting Interests in Low-Carbon Innovation: An
Evolutionary Game Analysis of Dynamic Incentives
and Risk-Sharing in China’s Urban Renewal. Sustain-
ability. 17(22), 9924.

Verma, A., Chopra, A., Singh, V., et al., 2026. The Rip-
ple Effects of Environmental Policy Economic Growth,
Innovation, Finance, and Just Transitions in a Low-
Carbon Economy. In The Ripple Effects of Environ-
mental Policies: Economic, Financial, and Institutional
Perspectives. IGI Global Scientific Publishing: Her-
shey, PA, USA. pp. 1-48.

Liu, X., Ning, X., Wu, C., et al., 2024. Evolutionary


https://doi.org/10.1007/s10668-026-07510-2
https://doi.org/10.1007/s10668-026-07510-2

Journal of Environmental & Earth Sciences | Volume 08 | Issue 08 | August 2026

[79]

[80]

[81]

trends in carbon market risk research. Energies. 17(18),
4655.

van den Brule, J., 2023. Can the Share Be Fair? A Study
on the Cost-Benefit Analysis of the Redistribution of
Mitigation Costs Burden Sharing Regimes [Master’s
Thesis]. Utrecht University: Utrecht, The Netherlands.
Antoci, A., Borghesi, S., lannucci, G., et al., 2022. Free
allocation of emission permits to reduce carbon leak-
age: An evolutionary approach. In: Jakob, M. (Ed.).
Handbook on Trade Policy and Climate Change. Ed-
ward Elgar Publishing: Cheltenham, UK. pp. 76-93.
Grubb, M., Jordan, N.D., Hertwich, E., et al., 2022.
Carbon leakage, consumption, and trade. Annual Re-
view of Environment and Resources. 47(1), 753-795.
Morsdorf, G., 2022. A simple fix for carbon leakage?
Assessing the environmental effectiveness of the EU
carbon border adjustment. Energy Policy. 161, 112596.
Yan, Y., 2025. Reflexive law empowerment: Restruc-
turing China’s carbon trading third-party verification
regulatory system. DOI: https://dx.doi.org/10.2139/ss
m.5527888

Huang, C., Lin, B., 2023. Promoting decarbonization
in the power sector: How important is digital transfor-
mation? Energy Policy. 182, 113735.

Ehanmo, 1., 2026. Cross Regional Carbon Trading in
Africa: Policy, Legal, Regulatory, Governance and
Contractual Structures to Support Carbon Trading in
Africa. In: Gershon, O., Asekomeh, A., Azubuike, S.I.
(Eds.). The Palgrave Handbook of Carbon Trading in
Africa. Springer: Cham, Switzerland. pp. 339-372.

[86]

[87]

(88]

[90]

[91]

[92]

905

Otundo Richard, M., 2024. Examining the Inefficien-
cies in Carbon Trading Markets: A Focus on Market
Failures in Kenya’s Emerging Carbon Economy. DOI:
https://dx.doi.org/10.2139/ssrn.4945588

Zhao, Z., Zhou, S., Wang, S., et al., 2022. The Impact
of Carbon Emissions Trading Pilot Policy on Industrial
Structure Upgrading. Sustainability. 14(17), 10818.
Vaicondam, Y., Mustafa, A.M.A.A., Roslan, SN.M,, et
al., 2025. GHG and carbon emission intensity: Exam-
ining their impact on financial performance. Interna-
tional Journal of Energy Economics and Policy. 15(1),
190-196.

Zhu, J., Ge, Z., Wang, J., et al., 2022. Evaluating re-
gional carbon emissions trading in China: Effects, path-
ways, co-benefits, spillovers, and prospects. Climate
Policy. 22(7), 918-934.

Jiang, H., Lu, J., Zhang, R., et al., 2025. Investigation
of diverse urban carbon emission reduction pathways in
china: Based on the technology—organization—environ-
ment framework for promoting socio-environmental
sustainability. Land. 14(2), 260.

Katariya, J.R., Kulkarni, A.V., 2025. Transforming
Carbon Markets Using Blockchain, Al, and IoT. In
Proceedings of the 2025 International Conference on
Biomedical Engineering and Sustainable Healthcare
(ICBMESH), Manipal, India, 8-9 August 2025.

Wu, L., Li, K., Huang, Y., et al., 2025. Optimization of
carbon footprint management model of electric power
enterprises based on artificial intelligence. PLoS One.
20(1), e0316537.


https://dx.doi.org/10.2139/ssrn.5527888
https://dx.doi.org/10.2139/ssrn.5527888
https://dx.doi.org/10.2139/ssrn.4945588
https://dx.doi.org/10.2139/ssrn.4945588

	Introduction
	Theoretical Foundations of Carbon Trading Markets
	Conceptual Logic of Carbon Trading
	Externality Theory and Property-Rights Allocation
	Cap-and-Trade Mechanism and Market Architecture
	Carbon Price Formation and Investment Incentives
	Carbon Trading and Environmental Resource Allocation
	Comparative Insights from Major Carbon Trading Systems
	Critical Synthesis

	Economic Cost-Benefit Analysis under the Carbon Trading Market
	Analytical Logic of Cost-Benefit Evaluation
	Compliance Costs and Direct Economic Burdens
	Abatement Investment and Technological Transition Costs
	Transaction, Administrative, and Market-Operation Costs
	Economic Benefits: Cost Savings and Efficiency Gains
	Innovation Benefits and Green Transformation
	Public Revenue and Social Benefits
	Methodological Approaches to Cost-Benefit Analysis
	Sectoral and Regional Heterogeneity
	Potential Negative Mechanisms of Carbon Trading
	Critical Synthesis

	Environmental Resource Management Performance Evaluation
	Conceptual Scope of Environmental Resource Management Performance
	Carbon Emission Reduction as the Core Performance Dimension
	Energy Efficiency and Resource-Use Efficiency
	Pollution Control and Ecological Co-Benefits
	Green Innovation and Low-Carbon Transformation Performance
	Evaluation Indicator Systems
	Quantitative Evaluation Methods
	Governance Capacity and Institutional Performance
	Critical Synthesis

	Integrated Framework Linking Economic Benefits and Environmental Performance
	Need for an Integrated Evaluation Perspective
	Coupling Mechanism between Economic Incentives and Environmental Outcomes
	Trade-Offs between Economic Efficiency and Environmental Effectiveness
	Synergies between Economic Benefits and Environmental Performance
	Integrated Evaluation Model
	Causal Pathways and Feedback Relationships
	Heterogeneity across Sectors, Regions, and Enterprises
	Policy Interaction and System Coordination
	Critical Synthesis

	Current Challenges and Future Research Directions
	Carbon Price Volatility and Weak Long-Term Expectations
	Allowance Allocation, Market Liquidity, and Distributional Fairness
	Carbon Leakage and Competitiveness Risks
	Monitoring, Reporting, Verification, and Data Quality
	Integration with Energy Markets and Green Finance
	Policy Interaction and Regulatory Coordination
	Methodological Limitations in Current Research
	Future Research Direction: Dynamic and Multidimensional Evaluation
	Future Research Direction: Digital Governance and Intelligent Carbon Management
	Critical Synthesis

	Conclusions

