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Water-intensive industries such as steel production, with a significant
carbon footprint in both production stages and water treatment
processes, play a major role in environmental pollution. This issue has
prompted governments to develop policies and mechanisms aimed at
reducing carbon emissions in these industries. One such policy is carbon
trading—a mechanism in which each company is allocated a specific
carbon emission quota. Companies that exceed this quota face penalties,
while those with lower emissions can sell their surplus quotas to others.
This study employs a Stackelberg game model, where the government acts
as the leader and producers as the followers. Using game theory, the
effects of government subsidies on the equilibrium values of decision
variables, including production levels, carbon emissions, and costs, are
analyzed. The results of this analysis provide valuable insights for
governments and producers in formulating effective policies to reduce the
carbon footprint and improve the environmental performance of
industries. By offering practical insights into economic and environmental
interactions, this research plays a crucial role in understanding the impact
of governmental policies on decision-making in water-intensive industries.
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1. Introduction

Water-intensive  industries, particularly steel
manufacturing, are major contributors to
environmental degradation and greenhouse gas
emissions. These industries face a dual challenge:
managing high levels of water consumption while
mitigating the  environmental impacts of
wastewater treatment processes. Traditional
production activities generate substantial carbon
emissions, and the water treatment technologies
employed to handle industrial effluents are
themselves carbon-intensive. Consequently, the
cumulative carbon footprint of such industries is
significant, making them a central focus of
sustainable development and climate policy
debates.

Governments have implemented regulatory
mechanisms such as cap-and-trade schemes, under
which industries are allocated carbon emission
allowances. Companies emitting less than their
guota may trade surplus credits, while those
exceeding it must purchase additional allowances
or incur penalties. Although such policies
incentivize cleaner technologies, their effectiveness
in water-intensive industries, where profitability is
strongly linked to production scale and water
treatment costs—depends heavily on the strategic
interactions between regulators and producers. The
novelty of this study lies in its integrated evaluation
of cap-and-trade mechanisms and water treatment
subsidies from a game-theoretic perspective. Unlike
previous research that examined these policies
separately, this study highlights their
interdependence and simultaneous effects. The
results provide practical insights for policymakers
on designing balanced and adaptive environmental
policies that safeguard both industrial
competitiveness and sustainability objectives
(Jamali et al., 2022; Norang et al., 2010).

2. Problem definition

Water-intensive  industries such as  steel
manufacturing face the dual challenge of excessive
resource consumption and substantial carbon
emissions, further aggravated by the carbon-
intensive  nature of wastewater treatment.
Although policies such as cap-and-trade schemes
are designed to curb emissions, their effectiveness
is uncertain due to the complex feedback among
government interventions, producer profitability,
and consumer demand. To capture these dynamics,
this research employs a game-theoretic framework,
specifically a Stackelberg game model, in which the
government acts as the leader by setting regulatory
policies such as subsidies for water treatment or

penalties for excessive emissions, while producers,
as followers, determine production levels, emission-
reduction strategies, and investments in treatment
technologies. This hierarchical structure enables the
evaluation of equilibrium outcomes—including
production volumes, emission levels, costs, and
profitability—and provides a rigorous basis for
examining the trade-offs between environmental
sustainability and economic viability.

3. Results and Discussion

The findings highlight that while environmentally
beneficial, significant upgrades in water treatment
technologies are economically unfeasible for
producers, as they sharply reduce profit margins,
making compliance through advanced treatment or
the purchase of additional emission allowances
equally viable from a profitability perspective. On
the regulatory side, increasing the weight of carbon
costs by raising carbon pricing coefficients could
theoretically drive emission reductions, but such
measures are strongly opposed by producers due to
their adverse impact on competitiveness.
Moreover, the effects of cap-and-trade policies are
scale-dependent: at lower production levels,
inexpensive allowances may encourage emissions,
whereas at higher scales, the rising marginal cost of
purchasing credits discourages excessive emissions.
Importantly, the study shows that an integrated
policy framework—combining cap-and-trade
mechanisms with targeted water treatment
subsidies—can mitigate the economic drawbacks of
higher carbon pricing, thereby fostering cleaner
production while aligning government objectives
with industrial strategies.

4, Conclusions

This research advances the understanding of
environmental policy design for water-intensive
industries by combining cap-and-trade with water
treatment subsidies in a unified framework. The
results highlight the importance of synergistic policy
instruments that address the interconnected
challenges of production, water treatment, and
carbon emissions. Ultimately, achieving
sustainability in resource-intensive sectors requires
innovative, adaptive frameworks that balance
economic viability with environmental
responsibility.

This study acknowledges certain limitations. The
analysis relies on simplified assumptions and
limited datasets, which may restrict generalizability
to other industries or more complex contexts. Long-
term policy effects, social and cultural responses,
and uncertainties in producer behavior were not
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incorporated into the model. Future research could
address these limitations by integrating dynamic
regulatory mechanisms, such as adaptive carbon
taxes or flexible subsidy schemes that evolve in
response to observed outcomes. Considering
uncertainty in water treatment costs and
technological change would further strengthen
policy recommendations.
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Figure 2. The structure governing the game in
the research problem.
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Figure 3. The impact of penalty and incentive
costs on profits.
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Figure 5. The effect of carbon impact factor on
profits.
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Figure 6. The effect of water purification
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Figure 7. The effect of the carbon production
coefficient on the total amount of emissions

produced.
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