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Obijective: Carbon pricing is a critical tool for achieving environmental objectives while
maintaining economic equilibrium, yet determining an optimal carbon price remains a complex
challenge. Carbon pricing not only influences the optimal conditions and the technological
composition of the energy system but also leads to new emission patterns. The energy system has a
lot of external costs, including social, health, ecosystem damage, and resource depletion. It is
essential to set taxes in a way that minimizes market disruptions while internalizing externalities.
Greenhouse gas (GHG) emissions Penalty (GP) cannot only reduce health costs due to global
warming but also, through a co-benefit approach, reduce health costs associated with air pollution.
Thus, this study estimates the level of GP with the aim of internalizing the human health costs of
global warming and air pollution. The structure of the energy system significantly affects carbon
emissions and pricing, necessitating an integrated modeling approach.

Method: This study developed a novel bi-level integrated assessment model of emission-health-
energy, where the lower level optimizes the energy system and the upper level optimizes the
carbon price. The Shared Socioeconomic Pathways (SSP) scenarios depict the socioeconomic
status, while the Representative Concentration Pathways (RCP) scenarios represent the climatic
conditions. Based on the RCP scenarios, General Circulation Models (GCMs) are applied to
determine the climate condition. A data-driven Regional Climate Model (RCM) is developed to
estimate climate conditions in the study area.

At the upper level, the objective function seeks to minimize the GP annually. In the GP approach,
the price should compensate for the health costs stemming from climate change and air pollution.
This approach emphasizes that GP has the capacity to offset the damages caused by air pollution,
effectively demonstrating a co-benefit between carbon emissions and air pollution in policy-
making. In this approach, the discounted GHG emission penalty in each year is equal to discounted
health costs.

In the first step, the more complex lower-level model was developed. After running the integrated
energy-health-emission model at the lower level, the outputs were compared to verify whether the
discounted health costs match the discounted GHG emission penalty. If this condition was not
satisfied, the GP would be adjusted; otherwise, the optimal pathway for the energy supply chain
and the optimal GP were determined.

Results: This model was applied to four scenarios within a case study. The model revealed carbon
prices ranging from $3.3 to $7.9 per tCOzeq, varying across years and scenarios. The results
demonstrated the importance of considering economic benefits in carbon pricing, highlighting
significant differences compared to previous studies.

Conclusions: The proposed model provides a robust tool for policymakers to align carbon pricing
with environmental and climate policy while maintaining economic stability. By linking energy
system optimization, health cost internalization, and climate policy, this framework designs
efficient carbon policies. Future research could expand its applicability to other regions and
externalities, further refining the balance between sustainability and economic growth.
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Introduction

Environmental analysis is a key component of energy system studies (Afsari Mamaghani et al., 2023). Air pollution and
climate change are not only major environmental issues but also one of the most significant challenges to human society
(A. A. Rezazadeh, Avami, et al., 2022). Research suggests a significant link between these two challenges (Alizadeh,
Rezazadeh, et al., 2023). Emission control strategies can be categorized into behavior control (Erfan Doraki et al.,
2024), level control (DOE(Iran), 2015), and variable control (Xu et al., 2023). Behavior control mechanisms use
regulations or incentives to influence behavior, while level control focuses on limiting direct or indirect emissions.
Variable control includes price, quantity, and technology-based approaches. Quantity-based policies maintain a fixed
level of environmental damage while allowing price fluctuations, whereas price-based policies stabilize control costs
while permitting adjustments in pollution levels. Technical solutions, on the other hand, rely on technological
interventions to mitigate environmental damages (Rezazadeh et al., 2022).

Regulatory approaches, such as ambient air quality standards, process standards, industrial emissions standards, and
fuel quality standards, use state authority to reduce emissions ( Rezazadeh et al., 2022). However, these methods have
several limitations (Bhattacharyya, 2011). Economic tools, such as financial penalty (e.g., taxes) (Shahbazi et al., 2024),
financial aids (e.g., subsidies) (Shen et al., 2021), and market mechanisms (e.g., cap and trade) (Bhattacharyya, 2011),
offer alternative solutions. One such tool is the Greenhouse Gas (GHG) emissions Penalty (GP), which can reduce GHG
emissions by 90% (Lin & Li, 2011). GP increases the cost of using high-emission technologies and is sometimes
determined based on health impacts (Shahbazi et al., 2024). However, challenges such as determining the optimal GP
rate, addressing international trade implications, and mitigating inequality remain (Fremstad & Paul, 2019).
Externalities create a divergence between private and social costs, with market equilibrium reflecting only private costs
and ignoring social costs. Internalizing these externalities is essential to correct this inefficiency (Bhattacharyya, 2011).
There are two common approaches for internalizing externalities, namely Pigouvian taxes and quantity limitations
(Manta et al., 2023). Pigouvian taxes aim to align private and social costs by taxing activities causing negative
externalities at a rate equal to the marginal external cost. On the other hand, quantity limitations involve restricting
production levels (Bhattacharyya, 2011). While both methods achieve the same results, they have different effects.
Pigouvian taxes generate revenue for the government, while limitations on quantity lead to increased prices
(Bhattacharyya, 2011). Considering that tax revenue goes to the government, this income can be allocated to reduce
environmental impacts or adaptation mechanisms.

The cost per ton of GHG emissions varies across different studies. Carleton et al. (2021) estimated this cost to be $36.6
(with a range of $73 to $7.8 decrease) if moving towards RCP8.5, and $17.1 (with a range of $53.6 to $24.7 decrease) if
moving towards RCP4.5 (Carleton et al., 2021). Results from West et al. (2013) indicate the cost of GHG emissions to
be between $50 and $300 per ton (West et al., 2013). Additionally, Nemet, Holloway, and Meier (2010) found that the
cost per ton of GHG emissions ranges from $2 to $196, with an average of $49 per ton (Nemet et al., 2010). Moreover,
Ricke et al. (2018) demonstrated that the social cost of GHG varies across different regions. Some regions may benefit
by around $10 per ton of emissions, while others may incur damages of up to $50 per additional ton emitted (Ricke et
al., 2018).

These approaches do not consider co-benefits between climate change, economy, and health, and do not consider the
effects of change in the energy supply chain. Consequently, the GP amount is often set higher than what is necessary to
reduce emissions.

In this paper, we proposed an integrated approach to carbon pricing by developing a bi-level optimization model that
integrated energy supply chain, health, and emissions. Our results demonstrated that the optimal GP varies across
different scenarios and years (from 3.3 to 7.9 $/tCOeq), providing a balanced solution to reduce emissions while
minimizing economic pressure. It is important to note that the results of this study demonstrated that the carbon price
could be lower than the social cost of carbon while still achieving environmental goals and emission reduction targets.
The key aspects of this work included (1) a bi-level optimization model that incorporated energy transitions for
determining GP, (2) consideration of health co-benefits in carbon pricing, and (3) modeling the impact of GP on the
energy supply chain. This approach provides policymakers with a structured framework to balance environmental and
health objectives while maintaining economic stability.

Method

In this study, an integrated assessment model of emission-health-energy was developed. This bi-level model also
estimated the GP for study years and different scenarios. Global socio-economic conditions were considered. A data-
driven Regional Climate Model (RCM) was developed to estimate climate conditions in the study area (Rezazadeh et
al., 2024). Transportation demand was estimated from an agent-based model that considered behavior (Erfan Doraki et
al., 2024). Domestic energy demand was derived through a study employing data-driven models (Rezazadeh et al.,
2024). Also, industrial energy demand was extracted from a study utilizing energy intensity (Rezazadeh et al., 2025;
Rezazadeh & Avami, 2024). These data were fed into the Integrated Emission-Health-Energy Model (IEAEM). IEAEM
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was composed of several sets of equations. The first set consisted of flow balance equations, while the second set
included capacity adequacy equations. In addition, the model incorporated equations for emission assessment, health
impact assessment, and economic assessment. In the bi-level model, the lower level optimized the energy system using
IEHEM, while the upper level iteratively adjusted the GP until Discounted GHG Penalty (DGP) equaled the Discounted
Health Cost (DHC). This equilibrium ensured that the carbon price reflected true health costs while maintaining system
efficiency, demonstrating how carbon pricing could simultaneously address climate and air pollution impacts through a
co-benefits approach.

Results

The case study of this research was Tehran, the capital of Iran. This study modeled the energy system from primary
energy sources to useful energy, incorporating a wide range of technologies (see Rezazadeh & Avami, 2024 for details).
Four scenarios were developed to account for various possible future conditions. The Cheetah (SSP1-2.6) scenario
targeted net-zero emissions. The Caracal (SSP2-4.5) scenario aimed for emissions reduction but did not target net-zero
emissions. The Bear (SSP3-7.0) scenario prioritized the maximum economic growth, while the Hyena (SSP5-8.5)
scenario imposed no constraints and focused on minimizing costs.

The GP in the Cheetah scenario was higher than in the other scenarios. However, from 2040, the GP in the Bear
scenario was greater than the Cheetah scenario. The lowest GP was assigned to the Hyena scenario. In 2025, the highest
carbon price was observed in the Cheetah scenario, set at $4.16 per ton. This rate was comparable to the Tokyo
emissions trading program, which stood at approximately $4.01 in the same year. Other scenarios showed prices
ranging between $3.28 and $3.71. For example, the Hyena scenario, with the lowest price at $3.28, reflected a level
similar to Mexico at $3.94 and Japan at $1.92. By 2030, carbon prices were estimated to increase in all scenarios. In the
Cheetah scenario, the price rose to $4.61, comparable to the Fujian, China emissions trading program, which recorded
around $4.72 in 2025. The Bear scenario in the same year showed a price of $4.26, slightly surpassing the Tokyo
market rate. By 2050, the final year of the modeling period, the gap between scenarios became more pronounced. The
Bear scenario reached the highest price at $7.89 per ton, which was higher than Colombia’s $6.54 but lower than
Massachusetts’ $9.30 (World Bank, 2025).

The GP determined by this method was significantly lower than in other studies. This indicated that the GP specified in
previous studies was higher than necessary for emission reduction. Selecting an excessively high GP in previous studies
made its implementation impractical and unfeasible. Therefore, it was strongly recommended to utilize the method
proposed in this article for determining the GP.

It is important to note that higher GP wouldn’t necessarily lead to emissions reduction. For instance, in the Bear
scenario, GP in 2040 was more than in the Cheetah scenario, but the emission was higher too. The proposed GP aligned
very well with the marginal abatement cost curves in the study by Rezazadeh and Avami, indicating excellent
coordination (Rezazadeh & Avami, 2024). The trend of Total GHG Emission (TGE) illustrated that emission reduction
sharply decreased in the early years, resulting in a significant decline from 537.49 million tons of COzeq emissions to
much lower levels, attributed to system changes in all scenarios. Following the emission reduction in the early years
across all scenarios, an increase in emissions in the Bear scenario stood out. However, the reduction trend in the Caracal
scenario was even steeper than the Cheetah scenario, except in 2050 when the net-zero emission target constraint was
activated.

Despite the increase in the emission penalties, the total emission penalty accumulated in different years follows a
declining trend. This decrease was almost consistent across all the scenarios, but the overall amount was higher in the
Bear scenario compared to the other scenarios. A significant economic investment was required in 2025 for
fundamental changes in the energy system. This foundational investment would reduce costs in subsequent years.
Moreover, the Cheetah scenario, due to its net-zero emission target in 2050, required more investment. The funding for
this investment should have been sourced through a developed country. The health impact in the Caracal scenario was
declining at a steeper rate compared to other scenarios (except in 2050 for the Cheetah scenario). This trend suggested
that health effects may not decrease even with the implementation of higher GP, as in the Bear scenario. Therefore,
behavioral changes, which were prominently featured in the Caracal scenario, appeared to be the most effective actions.
Taking into account the optimal GP, the choice for selected technologies would be made in different scenarios. For
buses, two technologies, natural gas fuel bus and electric bus, were the primary options in the model. The natural gas
fuel buses had a greater share except in the Hyena scenario, where electric buses were allocated a larger share. This was
understandable given the lower price of electricity in this scenario. For cars, the most critical model choice was CNG
fuel, and the same applies to taxis as well. Additionally, the model choice for motorcycle was electric motorcycle in all
scenarios.

In all scenarios, 64.95% of cooling was provided by evaporative coolers and 9% by fans. The remaining share was
distributed among air conditioners by inverter, air conditioners with no-inverter, and absorption chillers. For cooking,
natural gas stove was utilized in all scenarios except for the Hyena scenario, where residual capacity of electric stove
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was used because of the lower electricity price. In the Cheetah, Caracal, and Bear scenarios, heat was provided by
package heaters at 90.03%, 100%, and 50.82%, respectively. However, in the Hyena scenario, 76.07% of heating was
supplied by an electric heater. The most important technology for hot water supply had been identified as the natural
gas water heater.

The model choice for processed waste was landfill in all scenarios except for the Cheetah scenario, where a municipal
solid waste incinerator was utilized to achieve a net zero emission target. Heat for industry supply was predominantly
facilitated by natural gas in all scenarios.

Conclusions

Many researchers and policymakers emphasize that reducing GHG emissions is essential for the energy supply chain.
There are numerous approaches to reduce GHGs, one of which is GP. To determine an optimal GP, an integrated
emission-health-energy nexus model was developed in this study. This bi-level model determined the optimal amount
of GP while the health costs were compensated, and at the same time it kept GP at its minimum level so that the market
balance was not disturbed. GPs ranging from $3.28 to $7.89 per ton were estimated across different years and scenarios.
These taxes can offset health costs due to global warming and air pollution, yet some social costs may remain. It's
noteworthy that the trend of GP is upward. It is suggested that such a framework be employed in future studies for
determining GP. It is recommended to consider resource availability and ecosystem quality in future studies.
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