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In a situation where environmental degradation, extreme climatic events, 
energy consumption, and increasing carbon dioxide emissions have 

become major challenges, fiscal decentralization is recognized as an 

effective strategy to promote environmental sustainability. Fiscal 
decentralization is an integrated system of the management of revenue, 

expenditure, and related liabilities to lower levels of government.  In the 

present study, RSM and seasonal data during the period 1996-2023 were 
used for multi-objective optimization. Two objective functions, carbon 

dioxide reduction and energy consumption, were also selected for 

optimization in two scenarios. The research variables also include 
revenue decentralization, expenditure decentralization, economic 

growth, urbanization rate, and industrialization. For optimization in both 

scenarios, 4 influential decision-making variables were selected and 
considered as optimization variables, and the goal was to reduce the two 

objective functions of carbon dioxide and energy consumption. In the 

first scenario, Important factors are the rate of urbanization, 
industrialization, and economic growth on the objective function of 

energy consumption and carbon dioxide. Also, the revenue 

decentralization parameter had the least impact on the objective 
functions of carbon dioxide and energy consumption. In the second 

scenario, the greatest impact on the objective function was economic 

growth and industrialization rate. Also, the least impact on the objective 
functions was the expenditure decentralization parameter. Therefore, in 

both scenarios, revenue decentralization and expenditure 
decentralization had a negligible and negative impact on carbon dioxide 

emissions, and therefore, a green paradox was not created in Iran. 
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1. Introduction  

Decentralization, in general, is the transfer of governance aspects from 

central government layers to local government layers. Decentralization involves 

the transfer of a wide range of powers, responsibilities, and resources from the 

central level to provincial levels as legal entities elected by popular vote and 

endowed with some degree of autonomy. Local governments consist of executive 

bodies with political legitimacy and administration. In addition to a certain 

decision-making power, the central sub-categories also have autonomy over 

expenditures, revenues, taxes, and budgets. Furthermore, the concept of 

decentralization is about reorganizing and reallocating relationships between 

different levels of governance to ultimately create greater coordination and 

cooperation between them. The interdependence they create requires structural 

and cultural changes at the central government level (OECD, 2019). Improved 

performance, increased equity, and economic growth are important outcomes of 

decentralization. Regional development is also managed more efficiently by local 

governments. Local government has great momentum in responding to the needs 

of people and residents due to its proximity to service recipients and the advantage 

of having detailed knowledge of the people's desires. With decentralization, 

deprived and less advantaged areas in the growth phase will have a more equitable 

allocation of urban services (Ji et al, 2020). One of the threats facing the world is 

environmental degradation as a result of excessive energy consumption and 

overexploitation of natural resources, such that carbon dioxide is now considered 

one of the most important factors in air pollution (Su et al., 2021). There are two 

approaches, upward competition and downward competition, regarding the 

impact of decentralization on energy consumption. In the first approach, the 

transfer of power from the central government to local institutions is expected to 

lead to a reduction in the consumption of non-renewable energy due to the 

imposition of restrictions on energy consumption by local institutions to improve 

environmental quality (Su et al., 2021). In this case, fiscal decentralization 

increases the revenues of provincial institutions. As a result, provincial 

institutions can use this opportunity to encourage companies to use clean 

technologies in production, and lower fossil energy consumption, and 

consequently, less pollution is produced (Wang et al., 2020). Directing public 

funds towards renewable energy solutions and environmental innovations, along 

with tax cuts for sustainable companies, is an effective policy. Implementing 

effective environmental policies can encourage local governments to invest in 

pollution treatment and prevention to shift the production process towards green 

and environmentally friendly production. As a result, strict environmental policies 

enable local governments to improve the environmental costs of economic 

recovery and coordinate economic and environmental goals. On the other hand, 

environmental protection costs create additional costs, increased burdens, and a 

new set of organizational challenges. Stringent environmental policies are a vital 

tool that can be used directly or indirectly to reduce environmental problems. The 

combination of strict environmental laws and strong institutions strengthens the 
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driving force of environmental sustainability (Yıldız, 2025). In this approach, 

even governments support energy-intensive heavy industries to achieve the goal 

of increasing GDP growth rates. Thus, fiscal decentralization increases fossil fuel 

consumption (Su et al, 2021). Controlling environmental pollution through fiscal 

decentralization is beneficial, but it may lead to regional heterogeneity. Fiscal 

decentralization, by creating heterogeneity, can lead to the adoption of conflicting 

development strategies between developed and less developed regions. Fiscal 

decentralization requires local governments to strike the necessary balance 

between economic progress and environmental protection while simultaneously 

advancing the economy and improving living conditions. (Kuai et al., 2019). The 

increasing attention to the topic of fiscal decentralization can be traced to various 

causes such as increased welfare and efficiency in various sectors and ultimately 

higher economic growth. (Romero molina, 2018). 

Given the spread of negative side effects of energy consumption, including 

global warming and its harmful effects on the environment and health of 

communities, it is necessary to implement policies to control it. One of the 

variables affecting air pollution and energy consumption that has recently 

attracted the attention of researchers is fiscal decentralization. Due to the 

importance of decentralization in economic issues, the need to examine the effects 

of fiscal decentralization on pollution in Iran is becoming more and more 

apparent. Therefore, the purpose of this research is to examine the green paradox 

test in fiscal decentralization in Iran.  After an introduction to the theoretical 

foundations, research history and studies conducted, research method, model 

specification, and results, and finally, conclusions are presented. 

 

2. Literature Review  

With destruction and extreme weather events, fiscal decentralization has 

been seen as an effective strategy to improve environmental health. Fiscal 

decentralization is defined as a comprehensive system, a framework for 

delegating the authority to manage revenues, expenditures, and financial 

obligations to lower levels of government. In many countries around the world, 

fiscal decentralization has been proposed as one of the key policy mechanisms to 

promote local economic and social development (Xu, 2022). Martinsozquez & 

McNabb (2003) define decentralization as the transfer of authority, decision-

making, and responsibility to local governments. They also show that there are 

two theories about fiscal decentralization. The first theory focuses on the benefits 

of economic efficiency and resource allocation at the domestic level. Oates's 

(1972) decentralization theorem suggests that proximity to residents, individuals, 

and institutions can have informational advantages. This approach can also lead 

to improved levels of efficiency, service delivery, and economic growth at the 

regional and national levels. Tiebout (1956) believes that decentralized powers 

lead to a better matching of goods and services than a centralized government 

system. Morgan (2002) argues that decentralization and greater delegation of 

political power lead to economic benefits. The second theory suggests that 
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decentralization is a means of promoting and sustaining the development of 

markets (Martinez-Vazquez & McNabb, 2003). The existing evidence on the 

relationship between financial decentralization and the environment is mainly 

divided into two mechanisms: upward competition and downward competition. 

Within the framework of the upward competition mechanism, the first example 

has favorable consequences for the environment, suggesting that a decentralized 

fiscal system allows local governments to track polluting industries and, if 

necessary, transfer them to other countries using coercive means. Instead of 

reducing environmental restrictions, local governments impose stricter standards, 

which leads to improved environmental sustainability. It is this system of fiscal 

decentralization that allows local institutions to design more effective 

environmental policies, taking into account the specific conditions and 

characteristics of each region. The upward competition mechanism also proposes 

the hypothesis that local administration is more efficient than central government 

in providing public services without adverse consequences. In contrast, the race 

to the bottom model suggests that regional authorities may prioritize economic 

growth over environmental sustainability. Increased fiscal decentralization may 

lead to competition between regions and force local authorities to reduce 

environmental considerations in order to attract foreign investment, which could 

threaten environmental stability. These policies could attract investment to 

polluting, fossil-fuel-dependent industries, leading to environmental degradation. 

In line with the "race to the bottom" model, increased fiscal decentralization is 

seen as a key driver of environmental problems (Satrovic  et al.,  2025). Classical 

public finance theory assumes that financial assets play special roles in the 

economy under the fundamental functions of resource allocation, income 

distribution, wealth, and macroeconomic stabilization (Musgrave, 1959). 

According to this theory, a decentralized fiscal structure establishes a closer 

connection between regional administrations and citizens, which leads to a better 

understanding of the needs of society and ultimately enables the formulation of 

more effective spending policies for local public goods than the central 

government. The study of the relationship between fiscal decentralization and 

economic progress has received special attention from economists for the past 

three decades. Fiscal decentralization provides a context for achieving economic 

growth. Martinez-Vazquez & McNabb (2003) argue that from a theoretical 

perspective, the classical theory of fiscal decentralization does not support the 

concept of economic growth. The observed inverse relationship between fiscal 

decentralization and economic development may indicate that in reality, local 

institutions are not adequately responsive to the demands of the local community. 

This situation mainly occurs in cases where regional officials are not elected 

through popular elections. In general, fiscal decentralization is a tool to improve 

public sector efficiency, encourage competition among local entities in the 

provision of public services, and facilitate economic progress. The ultimate goal 

of this process is to optimize public sector performance, which will ultimately 

lead to sustainable economic development. Economic efficiency is improved 
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through fiscal decentralization because provincial and local authorities have more 

accurate data and a more comprehensive understanding of local conditions than 

the central government. Traditional economic theorists have not provided a clear 

analytical framework to explain the direct causal relationship between fiscal 

decentralization and economic development. First, the decentralized financial 

system increases the accountability of local institutions to citizens' demands and 

highlights the key position of regional management in allocating public resources 

to provide local public services. Due to their proximity to citizens, local 

governments have the opportunity to reduce the costs of information collection 

and exchanges, which leads to the optimization of public spending. On the other 

hand, devolution of fiscal powers intensifies fiscal competition among local 

institutions. This mechanism plays a key role in aligning citizens' demands with 

policy directions. Fiscal competition also strengthens the accountability of local 

institutions, leading to a smaller government and reduced public spending (Buser, 

2011). Fiscal decentralization can have significant impacts on the environment 

and carbon dioxide emissions. This section examines the impact of fiscal 

decentralization on carbon dioxide emissions, fiscal decentralization on 

environmental impacts, and the Hotelling model. 

 

1.2. The Impact of Fiscal Decentralization on Carbon Dioxide Emissions 

Many researchers have studied the relationship between fiscal 

decentralization and greenhouse gas emissions (Yang et al., 2020). Increasing 

local fiscal authority can play an effective role in pollution management and 

greenhouse gas reduction. Supporters of this view believe that this approach, in 

addition to strengthening local institutions, leads to better resource efficiency and 

a more accurate understanding of environmental issues and regional needs. Within 

the framework of a decentralized financial system, local institutions are able to 

simultaneously achieve economic growth and improve environmental conditions 

(Yang et al., 2020). Hao et al. (2020) believe that a decentralized financial system 

would have a detrimental effect on carbon dioxide emissions. The opposing view 

believes that such a policy would exacerbate carbon emissions and create a race 

to the bottom mechanism (Liu et al., 2019). Many researchers have considered 

fiscal decentralization as a viable option for reducing carbon dioxide emissions 

(Matheus et al., 2019). Decentralization of fiscal powers may lead to productive 

competition between regional administrations. By setting stricter environmental 

protection standards, it is possible to significantly reduce pollution in the affected 

areas. In practice, many central governments have in recent years delegated some 

of their environmental responsibilities to the local level. However, disagreements 

about the impact of fiscal decentralization on carbon emissions have intensified 

concerns (Chen & Chang, 2020). Proponents of this view argue that fiscal 

decentralization may lead to low competitiveness, where municipalities ignore 

environmental considerations in order to attract foreign investment and 

exacerbate greenhouse gas emissions. These contradictory findings can be 
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explained by considering the quality of the human resource and the institutional 

framework (Ahmed et al., 2020). 

 

2.2 Fiscal Decentralization and Environmental Impacts 

Local governments in local geographic locations are closer to the people, 

which gives them an information advantage that allows them to deliver more 

efficient public services. Financial decentralization can encourage companies to 

develop environmental protection technology, thereby reducing the cost of 

environmental damage (Zhang et al., 2020). Fiscal decentralization can increase 

efficiency and improve environmental conditions (Liu et al., 2019) suggested that 

local government can take initiatives to improve public services that encourage 

companies to use cleaner production technologies and increase environmental 

protection. Comprehensive environmental protection policies can regulate 

organizational behavior and encourage the government to take responsibility for 

the environment, so that local governments can work together to improve 

environmental conditions and social welfare and compensate for efficiency losses 

as appropriate. However, fiscal decentralization lacks a deterrent mechanism that 

prevents local governments from considering cost savings when addressing 

environmental problems. Local governments can lower environmental monitoring 

standards to attract more companies to invest in local areas. Under the 

decentralization system, local governments improve local environmental 

standards, and polluting companies from developed areas can move to areas with 

low environmental standards. This phenomenon can ultimately lead to the 

deterioration of the environmental quality of the entire region (Zhang et al, 2020). 

 

3.2 Hoteling model 

This section examines the effects of different paths of carbon pricing 

(exogenously) within a closed economy. In the field of environmental policy, 

various solutions have been proposed to determine the price of carbon emissions, 

the most prominent of which is increasing taxes related to carbon emissions. To 

illustrate some of the underlying mechanisms in the impact of a fixed exogenous 

carbon tax pathway on the use of non-renewable resources, we use a simple 

resource extraction model. Subsidies are used as a substitute for the price of 

greenhouse gas emissions and to reduce these emissions. Hence, these subsidies 

are generally not optimal and may reflect reactions from fossil fuel reserve owners 

that were not considered during the decision-making process. Supporting these 

technologies in the form of research and development subsidies reduces the cost 

of alternative energy sources or as a subsidy per unit of alternative energy used. 

This section examines the effects of different paths of carbon pricing 

(exogenously) within a closed economy. In the field of environmental policy, 

various solutions have been proposed to determine the price of carbon emissions, 

the most prominent of which is increasing taxes related to carbon emissions. 

𝛲
∧

=
𝛲(𝑡)

0

𝛲(𝑡)
= 𝑟0                                                                                                  (1) 



  Anvari et al., Iranian Journal of Economic Studies, 13(2) 2024, 481-513 487 

There is a moment when the economy shifts away from fossil fuels as a 

support. τ(t) is the carbon emission tax (one unit of resource use creates one 

emission unit). c(X(t)) is the unit extraction and is an incremental function of the 

cumulative extraction amount X(t). Extraction cannot exceed the initial resource 

stock, X¯. With D(•) > 0. In addition to the non-renewable resource, a clean and 

completely technologically switchable energy alternative may be available at a 

fixed marginal cost b, such that D(•) = x(t) = 0 for p(t) > b. We denote the moment 

of switching to the previous energy source by tb, such that p(tb) = b The initial 

resource price (0) p and tb are determined immediately by the condition that the 

resource stock runs out before the change as a supporting factor. 

∫ 𝐷(𝛲(0)𝑒
𝑟𝑡

)
𝑡
𝑏

0
𝑑𝑡 = 𝑋

−

                                                                                     (2) 

And the condition that at tb, the price of b as a support is equal to the scarcity 

rent: 

𝛲(0)𝑒
𝑟𝑡

𝑏

= 𝑏.                                                                                                  (3)                           

What is the impact on greenhouse gas emissions of a policy that reduces the 

marginal cost of technology as a clean supporter (e.g., as a result of R&D 

subsidies for alternative energy technologies)? With the initial resource price 

unchanged (0) p, this indicates that some resources remain unexploited, which 

forces resource owners to supply more at any point in time, thereby lowering the 

equilibrium resource price. Hence, reducing the marginal cost of the supporting 

agent increases extraction at any point while the pollutant source is still in use. 

The phenomenon of weak environmental paradox is observed (Gerlagh, 2011). 

This is while the growth rate of final losses is considered to be lower than the 

interest rate, Gerlagh (2011) It shows that within the framework of the basic 

Hotelling model, it proves that reducing marginal support costs leads to an 

increase in the net present value of environmental damages, thus creating a strong 

green paradox. Van der Ploeg & Withagen (2012b) add to the Hotelling model by 

adding (linear) equity-dependent extraction costs and isolating the damage from 

atmospheric carbon dioxide stocks through a quadratic damage function. The 

marginal costs of the supporting technology, whether the resource reserves are 

completely exhausted (Hotelling model) or not (Hoel model). In the case of full 

utilization, they confirm the Gerlach result. The weak and strong Green paradox 

occurs in response to the reduction of the marginal cost of the supporting 

technology. 

 

4.2 Knowledge gap 

Carbon dioxide emissions as an indicator of environmental pollution are 

caused by several factors. One of the most important of these factors is energy 

consumption. Energy consumption causes the emission of a large amount of 

greenhouse gases and global warming. In fact, energy consumption and the spread 

of its polluting effects cause environmental degradation and the health of 
societies. Therefore, energy policy and environmental policy are closely related. 

In fact, if the incomplete design of environmental policy leads to an unwanted 
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increase in carbon dioxide emissions, this phenomenon is called the green 

paradox. Therefore, controlling carbon dioxide emissions as an indicator of 

environmental pollution is essential for achieving sustainable economic 

development. Therefore, implementing efficient and correct policies to manage 

and reduce energy consumption, recognizing the factors affecting it, and being 

aware of how these variables interact and influence, which have recently been 

examined in empirical studies, is fiscal decentralization. The fiscal 

decentralization index has attracted the attention of many economists and 

policymakers and in recent years has been on the agenda of research institutions 

in the field of energy economics and environment due to global warming and 

carbon dioxide emissions following the increase in energy consumption, because 

local governments implement more effective policies and planning to control 

energy consumption and carbon dioxide emissions than central governments due 

to their knowledge of the environment. However, empirical studies on the effect 

of fiscal decentralization on energy consumption have not reached a consensus, 

because in some studies, fiscal decentralization has led to an increase in energy 

consumption due to the expansion of competition between local institutions to 

attract investors for economic growth, and in some other cases, energy 

consumption has decreased with the increase in the degree of fiscal 

decentralization due to improved efficiency in consumption and efficient actions 

of local institutions. 

Despite many studies conducted in the field of fiscal decentralization, little 

attention has been paid to the environmental consequences of fiscal 

decentralization in Iran, and few studies have been conducted in this field. Also, 

no study has been conducted in Iran so far on the investigation of the green 

paradox using the multi-objective optimization and response surface methodology 

(RSM). Therefore, due to the issue of fiscal decentralization in regional 

sustainable development and the increase in pollutant emissions, the importance 

of investigating the effects of fiscal decentralization on energy consumption and 

pollution in Iranian provinces is becoming more and more apparent. Therefore, 

this research is trying to empirically evaluate the impact of various fiscal 

decentralization indicators (including fiscal decentralization of income and fiscal 

decentralization of expenditures) on energy consumption and environmental 

impacts in Iranian provinces using modern econometric tools. Therefore, the 

difference between this study and previous studies, in addition to the innovation 

of the subject, is the use of the response surface methodology to investigate the 

green paradox. This is a point that has been addressed in a few studies. 

 

5.2 Previous studies 

Malik et al (2006) examined the relationship between fiscal decentralization 

and economic growth in Pakistan, based on time series data for the period 1972 

to 2005, using OLS and first-order moving averages. The results showed that 

fiscal decentralization was a driver of economic growth. 
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Pansuwan (2009) conducted a study on industrial decentralization and 

industrialization policies in Thailand. Based on the results, the government has 

recently placed greater emphasis on rural industrial development and stated that 

rural industries should correct this geographical imbalance of industrialization in 

the country. 

Comola & Mello (2010) In a study examining fiscal decentralization and 

urbanization in Indonesia, used a dataset of local governments for 1996 and 2005 

to estimate the effect of decentralization. The findings showed that increasing the 

minimum wage was associated with faster population growth in urban areas, 

while it did not affect rural population growth. 

Jafari Samimi et al (2010) conducted a study to investigate the relationship 

between fiscal decentralization and economic growth in Iranian provinces during 

the period 2001 to 2007 using the panel data method. The results showed that 

fiscal decentralization to provincial levels has promoted economic growth. 

He (2015) investigated the impact of fiscal decentralization on 

environmental pollution control in China using provincial panel data from 1995 

to 2010 using the GMM method. The results showed that fiscal decentralization 

had a positive and significant effect on pollution abatement costs and pollutant 

discharge costs.  

Zhang et al. (2017) used panel data from 29 provinces in China during the 

period 1995-2012 to examine the impact of decentralization policies on the 

performance mechanisms of environmental policies. The results showed that 

environmental policies can reduce carbon emissions. However, decentralization 

policies significantly increase carbon emissions. The impact of decentralization 

also varies across regions. 

Wang & Gao (2018) examined fiscal decentralization and industrial structure 

upgrading based on evidence based on data from 2002 to 2015. The results 

showed that the reform of county-level administrations promoted local 

governments and fiscal decentralization promoted industrial upgrading. 

Khanzadi et al. (2019) analyze the effects of fiscal decentralization and 

environmental consequences in Iranian provinces during the period 2005-2015. 

The results of estimating the models using the generalized moments method 

showed that revenue decentralization had a negative and significant relationship 

and cost decentralization had a positive and significant relationship with pollution 

emissions. 

Wang et al. (2020) analyzed the effects of fiscal decentralization and 

industrial structure on energy efficiency and consumption in 30 administrative 

and executive regions of China during the period 1997-2017. They used a space 

camera model to examine the effects of fiscal decentralization on energy 

efficiency and consumption. The results showed that fiscal decentralization had a 

positive effect on energy efficiency in eastern and central China. Fiscal 

decentralization also had a significant negative effect on energy consumption and 

environmental degradation. 
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Cheng et al. (2020) estimated an equation to combine fiscal decentralization 

and carbon dioxide emissions and examine the impact of fiscal decentralization 

on carbon dioxide emissions in China using a dynamic panel regression model 

and cross-provincial data from 1997 to 2015. The results showed that the 

relationship between fiscal decentralization and carbon dioxide emissions is 

nonlinear. 

Elheddad et al. (2020) conducted a study to investigate the relationship 

between energy consumption and fiscal decentralization and the importance of 

urbanization in Chinese provinces during the period 2006–2015. To this end, this 

study used multiple panel data analysis and quantitative panel regression to 

analyze this effect. According to the results, financial decentralization has a 

nonlinear relationship with energy consumption. 

Wang et al. (2021) examined the impact of fiscal decentralization, green 

technology innovation, and air pollution for 30 provinces in China during the 

period 2003 to 2018 using a space camera model. The results showed that 

decentralization can exacerbate air pollution. Also, green technology innovation 

did not play a positive role in reducing pollution emissions. 

Salem & Jabbari (2021) investigated the nonlinear effect of fiscal 

decentralization on energy consumption in Iranian provinces using a quantile 

panel model during the period 2006-2019. The results of this study showed that 

fiscal decentralization had a nonlinear inverted U-shaped relationship with energy 

consumption. 

Udeagha & Breitenbach (2023) In a study examined the relationship between 

fiscal decentralization and carbon dioxide emissions in South Africa from 1960 

to 2020, using the dynamic ARDL method. The results showed that fiscal 

decentralization reduces carbon dioxide emissions. 

Anvari et al. (2024) studied the prediction of fiscal decentralization from two 

dimensions of expenditure and revenue, considering energy consumption and 

environmental impacts, using hybrid intelligent models with optimization 

algorithms in Iran during the period 1996-2022. The results showed that revenue 

decentralization had a better overall performance compared to the expenditure 

decentralization model due to the lowest RMSE, MAE error values, and the 

highest R-value. Also, the value of the R statistic and the results of the 

optimization combination model (GPA) and the neural simulator model (GAPSO) 

showed that revenue decentralization had the best performance compared to the 

expenditure decentralization model. 

Gao et al. (2025) examine the impact of financial decentralization and green 

innovation on facilitating the transition to a low-carbon economy in high-emission 

companies from 2008 to 2022. The research results show that fiscal 

decentralization significantly facilitates the transition to a low-carbon economy in 

polluting industrial companies. 

Satrovic et al. (2025) examine the effect of fiscal decentralization on 

environmental sustainability in selected European countries from 1995 to 2020 

using the momentum quantile regression method. The results showed that 
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positively affects environmental sustainability through stricter environmental 

policies. 

 

3. The Study Model  

In this research, the multi-objective and response surface optimization 

(RSM) method has been used to examine the Green paradox test in financial 

decentralization. 

 

1.3. Dynamic optimization and optimal control theory 

Optimal control theory is a method for solving dynamic optimization 

problems that emphasize one or more control variables as a dynamic optimization 

tool. Therefore, unlike the calculus of changes, which aims to find the optimal 

time path for the state variable, optimal control theory aims to determine the 

optimal time path for the control variable. Of course, when the optimal control 

path is found, the optimal state path corresponding to can also be obtained. The 

paths are obtained in a similar process (Pindyck, 1973). 

 

2.3. Principles and Methods of Control Theory 

Now consider the simplest case of dynamic optimization and the concepts 

related to optimal control. Suppose we want to choose the value of and in the time 

interval such that it maximizes the following problem: 

𝑀𝑎𝑥𝑉 = ∫ 𝐹(𝑢(𝑡), 𝑡)𝑑𝑡
𝑇

𝑡0
, 𝑢(𝑡) ∈ [𝑢0, 𝑢1]                                                        (4) 

Here are the initial and final times that are known. Now the question is how 

to choose the value to maximize the problem (4). In other words, we are looking 

for the optimal time path. The condition that it can maximize (4) is: 

𝐹(𝑢(𝑠), 𝑠) ≤ 𝐹(𝑢 ∗ (𝑠), 𝑠) 𝑠 ∈ [𝑡0, 𝑡1]                                                                 (5)                                                                                      

Condition (5) states that if we want the integral (4) to be maximized, the 

value of the function under the integral must be maximized at every instant of 

time. In other words, if at every instant of time, 𝑢* can maximize𝐹, then its sum, 

shown in (4), will also be maximized. 

 

3.3. Static optimization 

In static optimization, we have the following problem to maximize a function 

of one variable 𝐹(𝑋): 

𝑀𝑎𝑥𝐹(𝑋), 𝑋 ∈ 𝐼                                                                                                   (6) 

where 𝐼 = [𝑋1, 𝑋2] The necessary conditions 𝑋 ∗∈ 𝐼 to maximize Problem 

6 are stated as follows: 

𝐹′(𝑋 ∗)(𝑋 − 𝑋 ∗) ≤ 0or𝐹′(𝑋 ∗)𝑋 ≤ 𝐹′(𝑋 ∗)𝑋 ∗                                                       (7)                                                                       

The above condition can be called the maximum principle. 

We can also write the following condition for any concave function: 

𝐹(𝑋) ≤ 𝐹(𝑋 ∗) + 𝐹′(𝑋 ∗)(𝑋 − 𝑋 ∗)                                                                 (8) 
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It is obvious that if can maximize𝐹(𝑋), then is𝐹′(𝑋 ∗)(𝑋 − 𝑋 ∗)  non-positive 

according to condition (7) and therefore will be𝐹(𝑋) ≤ 𝐹(𝑋 ∗)   a necessary and 

sufficient condition for 𝑋 ∗ to maximize the function 𝐹 (Soori, 2006). 

 

4.3. Response Surface Method (RSM) 

Response Surface Methodology (RSM) is a set of statistical and 

mathematical methods that are very useful for modeling and analyzing problems 

in which the response variable is affected by several independent variables, and 

its goal is to optimize the response variables. The response surface methodology 

is a useful tool for describing quality indicators during a process. In this process, 

the response parameter is evaluated on a fixed scale. In most practical problems, 

more than one factor is involved in the quality and performance of a product, and 

these factors must be investigated. In response to surface optimization, input 

variables are defined as independent variables, and the effect of these variables 

on output (dependent) variables is studied. The most important advantage of 

response surface is the reduction of the number of experiments to evaluate 

multiple parameters and their interrelationships (Kleijnen, 2015). 

 

4. Empirical Results  

1.4. Solving the model and adjusting the coefficients 

According to the research history described, this study used the Green 

Paradox test in financial decentralization in Iran according to the model (Song et 

al, 2023). 

(9 ) 
𝑀𝑖𝑛 Cd𝑡 = 𝛽0 + 𝛽1Id𝑡 + 𝛽2𝐼𝐷𝑡 + 𝛽3𝑈𝑟𝑡 + 𝛽4𝐸𝐺𝑡 + 𝑈𝑡 

 

  (10 ) 
𝑀𝑖𝑛 𝐸𝐶𝑡 = 𝛽0 + 𝛽1Id𝑡 + 𝛽2𝐼𝐷𝑡 + 𝛽3𝑈𝑟𝑡 + 𝛽4𝐸𝐺𝑡 + 𝑈𝑡 

 

(11 ) 𝑀𝑖𝑛 Cd𝑡 = 𝛽0 + 𝛽1Sd𝑡 + 𝛽2𝐼𝐷𝑡 + 𝛽3𝑈𝑟𝑡 + 𝛽4𝐸𝐺𝑡 + 𝑈𝑡 

 

(12 ) 𝑀𝑖𝑛 𝐸𝐶𝑡 = 𝛽0 + 𝛽1Sd𝑡 + 𝛽2𝐼𝐷𝑡 + 𝛽3𝑈𝑟𝑡 + 𝛽4𝐸𝐺𝑡 + 𝑈𝑡 

Ec stands for energy consumption, EG for economic growth, In for 

industrialization, Ur for urbanization rate, Id for renenue decentralization, Sd for 

expenditure decentralization, and Cd for carbon dioxide. The statistical 

population of this study includes seasonal data from 1996-2023 for 31 provinces 

of the country. Statistics and information related to the provinces have been 

collected from the Statistical Yearbook of the Statistical Center of Iran. Matlab 

software has been used to analyze the data. 
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To calculate the revenue decentralization variable, the ratio of provincial 

revenue to total provincial expenditures (sum of expenditure credits and 

acquisition of capital assets) was used. Expenditure decentralization also includes 

the ratio of each provinces development credits to the country's total development 

budget. 

To calculate the carbon dioxide variable, the fuel-based carbon emission 

model was used according to the following equation. 

𝐶𝑂2 = 𝛴𝐴𝑖𝑡𝐶𝐶𝐹𝑖𝑡𝐻𝐸𝑖𝑡𝐶𝑂𝐹𝑖𝑡(
44

12
)  

In the above relationship, A is the consumption of each fuel, CCF is the 

carbon content, HE is the calorific value, COF is the carbon oxidation and the 

weight ratio of molecules to carbon. The urbanization rate is obtained by dividing 

the urban population of each province by the total population of the province. The 

energy consumption variable, this variable includes gasoline, kerosene, gas oil, 

fuel oil, electricity and natural gas, is calculated in terms of the physical unit of 

each carrier. In order to scale the energy units (petajoules), the conversion factor 

related to each carrier, according to the energy balance (2020), has been used. The 

economic growth variable. In this research, the added value of each province is 

considered as economic growth. 

 

2.4. Multi-objective optimization and response surface methodology (RSM) 

for optimal control 

In this study, two scenarios have been considered for optimization according 

to Table (1). 
Table (1). Introduction to optimization scenario 

Decision-making variables Objective functions Scenarios 

Economi

c growth 

Urbanization 

rate 

Industriali

zation 

Revenue 

decentralizati

on 

Energy 

consumpt

ion 

Carbon 

dioxide 
1 

Economi

c growth 

Urbanization 

rate 

Industriali

zation 

Decentralizat

ion 

expenditure 

Energy 

consumpt

ion 

Carbon 

dioxide 
2 

Source: Research calculations 

 

In Table (1), the objective functions of the two scenarios and decision 

variables are introduced. 

The multi-objective optimization of this research was carried out using the 

RSM method. Using this method, the most optimal values of the objective 

functions and optimization variables are ultimately extracted. For optimization in 

both scenarios, 4 influential decision-making variables are selected and 

considered as optimization variables. Two objective functions of carbon dioxide 

reduction and energy consumption were also selected for optimization in two 

scenarios, and the goal of controlling each of them is optimization. 
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Table (2) introduces the optimization variables of scenario (1) and their 

ranges. 

 
Table (2). Optimization variables of scenario (1) and their ranges 

Factor Name Lower limit Upper limit 

A Economic growth -0/99 2864/29124 

B Industrialization -0/99 341102/7383 

C Urbanization rate -0/99 2007157/708 

D Revenue decentralization -1 7454842257 

Source: Research calculations 

 

Table (2) introduces the optimization variables of scenario (1) and their 

upper and lower bounds. 

Table (3) introduces the optimization variables of scenario (2) and their 

ranges 

 
Table (3). Optimization variables of scenario (2) and their ranges. 

Factor Name Lower limit Upper limit 

A Economic growth -0/99 2864/29124 

B Industrialization -0/99 341102/7383 

C Urbanization rate -0/99 2007157/708 

D Expenditure Decentralization -1 4285899079797050000 

Source: Research calculations 
 

3.4. Results of Scenario (1) 

Tables (4) and (5) present the results of the most optimal solution obtained 

from the RSM method for the decision variables and scenario objective functions. 

This response was extracted after screening using the multi-objective 

optimization method. 

 
Table (4). Optimal value of decision variables for scenario (1) 

Solution 
Economic 

growth 
Industrialization 

Urbanization 

rate 

Revenue 

decentralization 

Composite 

Desirability 
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1 -0/522986 234376 2691/691 3296026 1 

Source: Research calculations 

 

Table (4) presents the optimal values of decision-making variables for 

scenario (1). 

 
Table (5). Optimal value of objective functions of scenario (1) 

Response Goal The optimal value Upper 

Energy consumption Minimum -1/001 1735333 

Carbon dioxide Minimum -0/99997 88377 

Source: Research calculations 

 

Table (5) presents the optimal values of decision-making variables for 

scenario (1). 

 

Table (6) presents the optimality limit with two ranges for the optimization 

objective functions. 
Table (6). Optimality limit 

Response Goal Lower limit Upper limit 

Energy 

consumption 
Minimum -0/674 25/1578 

Carbon dioxide Minimum -0/866 13/5762 

Source: Research calculations 

 

In the following, the regression equation of the two target functions of carbon 

dioxide and energy consumption of scenario (1) has been calculated in equations 

(13) and (14). Regression analysis is a statistical process for estimating 

relationships between variables. It involves many techniques for modeling and 

analyzing specific and unique variables, focusing on the relationship between the 

dependent variable and one or more independent variables. Optimization helps to 

determine how the value of the dependent variable changes with each of the 

independent variables changing while the other independent variables are held 

constant. In general, regression analysis is also used to identify the relationship 

between the independent and dependent variables and the shape of these 

relationships. 

 

Ec=-39+640EG-0/02 In +15/98Ur+0/00009Id +0/000000In* In -0/00157In  *  

Ur                                                                                                                  (13) 

Cd=337-1279 EG-2 In+ 323/1 Ur-0/0002Id + 0/000007+ In * In -0/0310In    *  Ur 

                                                                                                                               (14)                                                                                                                                           
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In equations (13) and (14), Ec is energy consumption, EG is economic 

growth, In is industrialization, Ur is urbanization rate, Id is income 

decentralization, and Cd is carbon dioxide. 

In Figure (1), the effect of design parameters on objective functions has been 

examined. The most influential design parameter is the rate of urbanization, 

industrialization, and economic growth, and the income decentralization 

parameter has the least effect on objective functions. 

 

 

 

 

 

 

 

 

 

 

 
 

Figure (1). The effect of design parameters on objective functions. 
Source: Research calculations 

 

Figure (2) shows the optimization process of two objective functions, 

including a normality diagram. The closer the points on the diagram are to the 

bisector line, the more the residuals follow the normal distribution, which 

indicates the correct process of the objective functions in optimization. 

 

 

                      

 

 

 

 

 

 

 

Energy consumption Carbon dioxide 
Figure (2). Normality diagram of objective functions. 

Source: Research calculations 

 

Figure (3) shows a histogram of the optimization process. In this graph, each 

axis represents information from the data. The height of each column represents 
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the frequency of each category in the available data. This chart shows the 

frequency or percentage of each class in the form of a column. Also, by using a 

histogram and drawing a normal distribution curve, one can find out the shape of 

the distribution (normality, skewness, and kurtosis) of the variable in question. 

 

 

 

 

 

 

 

 

 

Carbon dioxideEnergy consumption 
Figure (3). Histogram diagram of objective functions. 

Source: Research calculations 

 

Figure (4) shows the residual value and order of the optimization process of 

the two objective functions, and no abnormal behavior is seen in the results. 

 

 

 

 
 

 

Energy consumption  Carbon dioxide 
Figure (4) Objective function order diagram 
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Source: Research calculations 

 

In the chart, the Versus Fits Residual section shows the residuals versus the 

fitted values. The residuals of all the data are plotted against the objective 

functions, which are all located around the objective function value, so the points 

are still scattered around the zero horizontal line and no specific pattern is 

observed in the distribution of the points, indicating that there is no specific 

correlation between the residuals and the fitted values. The Residual Versus Fits 

chart also shows the residuals versus the order of observations. The purpose of 

this chart is to examine the independence of the residuals and identify any 

temporal patterns. Accordingly, the general dispersion of points in the charts 

indicates the absence of a specific pattern and the independence of the residuals. 

Figure (5) shows the impact of decision-making variables on the carbon 

dioxide objective function. According to the results, the greatest impact on the 

objective function was the urbanization rate and industrialization rate, which 

resulted in a decrease in the growth of carbon dioxide. Revenue decentralization 

has a very low and negative impact on carbon dioxide emissions, which appears 

to have been created in each province through measures such as capital taxes, 

greater monitoring, and control of different levels of pollution. In other words, the 

investments made and the revenue sources earned in each province have reduced 

carbon dioxide emissions and pollution. Given that revenue decentralization has 

had a negligible and negative impact on carbon dioxide emissions, the green 

paradox phenomenon has not been created. 

The urbanization rate also has a negative relationship with carbon dioxide 

emissions as an indicator of environmental pollution. It seems that with the 

increase in the relative density of the urban population, pollution decreases due to 

the demand for public transportation in the provinces. Economic growth also hurts 

carbon dioxide emissions. It seems that with increasing economic growth, the 

economic structure in the provinces has shifted towards information-based 

industries and services, and awareness about carbon dioxide emissions and the 

environment has increased, and more beneficial environmental laws have been 

enacted, leading to a reduction in pollution emissions. 

 

 
Figure (5). The impact of decision-making variables on carbon dioxide 

Source: Research calculations 
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Figure (6) shows the impact of decision-making variables on the energy 

consumption objective function. As the results show, the urbanization rate and 

industrialization rate have the greatest impact on the energy consumption 

objective function, leading to a decrease in the growth of energy consumption. 

 

 
Figure (6). The impact of decision-making variables on energy consumption 

Source: Research calculations 

 

According to the results, the greatest impact on the objective function was 

the urbanization rate and industrialization rate, which led to a decrease in the 

growth rate of energy consumption. Revenue decentralization has a very low and 

negative impact on energy consumption, which appears to have been achieved in 

each province through measures such as capital taxes, greater oversight, and 

control over different levels of energy consumption. In other words, the 

investments made and revenue sources earned in each province have reduced 

energy consumption and pollution. The urbanization rate also has a negative 

relationship with energy consumption. It seems that as the relative density of the 

urban population increases, pollution and energy consumption decrease due to the 

demand for public transportation in the provinces. Economic growth has also hurt 

energy consumption. It seems that with increasing economic growth, the 

economic structure in the provinces has shifted towards information industries 

and services, awareness about energy consumption and the environment has 

increased, and more beneficial environmental laws have been enacted, leading to 

a reduction in energy consumption. Industrialization also harms energy 

consumption. With the advancement of technology and industrialization, 

production waste, environmental damage, and energy consumption in the 

provinces have decreased. Figure (7) shows the contour of the impact of decision-

making variables on carbon dioxide. As the results show, simultaneous control of 

the two parameters of urbanization and industrialization had the greatest impact 

on carbon dioxide. 
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Figure (7). Contour of the impact of decision variables on carbon dioxid 

Surce: Research calculations 
 

Figure (8) shows the contour of the impact of decision-making variables on 

energy consumption. As the results show, the simultaneous change of the three 

parameters of urbanization, industrialization, and economic growth has the 

greatest impact on energy consumption. 
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Figure (8). Contour of the impact of decision-making variables on 

 energy consumption 
Source: Research calculations 

 

4.4. Results of Scenario (2) 

Tables (7) and (8) present the results of the most optimal solution obtained 

from the RSM method for the decision variables and objective functions of 

scenario (2). This response was extracted after screening from the multi-objective 

optimization method. 

 
Table (7). Optimal value of decision variables of scenario (2) 

Solution 
Economic 

growth 
Industrialization 

Urbanization 

rate 

expenditure 

Decentralization 

  

Composite 

Desirability 

1 0/0454545 0/783410 -0/151779 48/0280 0/662835 

Source : Research calculations 

 

In Table (7), the optimal value of decision variables for scenario (2) is 

presented. 
 

Table (8). Optimal value of objective functions of scenario (2) 

Response Goal The optimal value Upper 

Energy consumption Minimum -0/647664 0/281 

Carbon dioxide Minimum -0/910784 849/829 

Source: Research calculations 

 

In Table (8), the optimal value of the objective functions of scenario (2) is 

introduced. 

Table (9) presents the optimality limits of two ranges for the optimization 

objective functions. 
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Table (9). Optimality limit 

Response Goal Lower limit Upper limit 

Energy consumption Minimum -0/9709724 27/57813 

Carbon dioxide Minimum -0/84124 4/37764417 

Source: Research calculations 

 

In the following, the regression equation of two objective functions of carbon 

dioxide and energy consumption of scenario (2) is calculated in relation to (15) 

and (16). 

 

Cd=-1329+814 EG+ 2142 In*In+0/0001Sd                                                 (15)                                                        

Ec=2810711+269047EG- 2541844In* In + 0/0002Sd                                 (16) 

                                      

Figure (9) shows the impact of design parameters on objective functions. The 

most influential parameters are economic growth and industrialization, while the 

least influential parameters are expenditure decentralization and urbanization rate. 

expenditure decentralization has had a very low and negative impact on carbon 

dioxide emissions. It seems that provinces, given government constraints on 

budget allocation, have focused more on provincial development spending and 

current pollution abatement spending has been lower. Given that expenditure 

decentralization has had a negligible and negative impact on carbon dioxide 

emissions, the phenomenon of a green paradox has not been created. 
 

 
 

Figure (9). Effect of design parameters on objective functions. 
Source: Research calculations 

 

Figure (10) shows the optimization process of two objective functions 

including a normality diagram. The closer the points of the diagram are to the 

bisector line, the more the residuals follow the normal distribution, which results 

in the correct process of the objective functions during optimization. 
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Carbon dioxideEnergy consumption 
Figure (10). Normality diagram of objective functions. 

Source: Research calculations 

 

Figure (11) shows the histogram of the optimization process for scenario (2). 

 

                               
Energy consumptionCarbon dioxide 

Figure (11). Histogram diagram of objective functions. 
Source: Research calculations 

 

 Figure (12) shows the residual value and order of the optimization process 

of the two objective functions of scenario (2). According to the results, there was 

no abnormal behavior in the optimization. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Energy consumption Carbon dioxide                                                                        
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Figure (12). Objective function order diagram 
Source: Research calculations 

 

The Versus Fits Residual section shows the residuals versus the fitted values. 

The residuals of all data are plotted against the objective functions, which are all 

located around the objective function value. The points are still scattered around 

the zero horizontal line, and no specific pattern is observed in the distribution of 

points, indicating the absence of a specific correlation between the residuals and 

the fitted values. The Residual Versus Fits plot also shows the residuals versus 

the order of the observations. The purpose of this plot is to examine the 

independence of the residuals and identify any temporal patterns. Accordingly, 

the general scatter of points in the plots indicates the absence of a specific pattern 

and the independence of the residuals. 

Figure (13) shows the impact of decision-making variables on the carbon 

dioxide objective function. As the results show, economic growth and 

industrialization rate have the greatest impact on the objective function. 

 

 
Figure (13). The impact of decision variables on carbon dioxide 

Source: Research calculations 

 

The effects of decentralization on pollution are shown both directly and 

indirectly. With fiscal decentralization, regional governments pay less attention 

to environmental policies due to competition for investment and higher economic 

growth. In other words, to evaluate and promote local governments, the central 

government uses the local economic growth rate and collected revenues. 

Therefore, it is natural that local authorities in the provinces put all investment in 

to increasing economic growth instead of pollution control. Therefore, economic 

growth has a positive effect on environmental quality. According to Figure (13), 

industrialization initially leads societies towards other values by decentralizing 

finance and achieving industrial development and growth, and the capacity of the 

environment to dispose of waste, air pollution, and health threats, which, while 

maintaining industrial growth and economic development, reduces the growing 

trend of environmental destruction. Therefore, provincial institutions have moved 
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towards replacing less polluting sources and using new technologies to reduce 

pollution. Then, in the next stage, increasing industrial activities and production 

inputs, including energy, have caused pollution and greenhouse gas emissions. 

Figure (14) shows the impact of decision-making variables on the energy 

consumption objective function. As the results show, the greatest impact on the 

energy consumption objective function was economic growth and 

industrialization rate. 

 

 

 
Figure (14). The impact of decision-making variables on energy consumption 

Source: Research calculations 

 

In summary, there are two major approaches to the impact of fiscal 

decentralization on energy consumption. These two approaches are: the 

competition-up approach and the competition-down approach. As expected, 

economic growth has led to an increase in energy consumption. It seems that in 

economies that depend on environmentally polluting industries or have low 

institutional quality and environmental standards are not enforced, restrictions on 

fossil fuel consumption are reduced in the process of implementing fiscal 

decentralization to attract investors. In this approach, even governments support 

heavy industries that consume a lot of energy to achieve the goal of increasing 

economic growth. Therefore, fiscal decentralization increases energy 

consumption. The second approach is true. In line with the pattern of 

industrialization at the beginning of fiscal decentralization, provincial institutions 

reduce restrictions on energy consumption to compete with institutions in other 

provinces in attracting investors and increasing their economic growth. In the path 

of economic growth of their regions, they even support some heavy and energy-

intensive industries, which in turn increases energy consumption, but in the later 

stages, with the increase in environmental pollution as a result of excessive energy 

consumption, it forces provincial institutions to impose restrictions on energy 
consumption and control its consumption to deal with this problem. On the other 

hand, by implementing financial decentralization, more revenues accrue to 
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provincial organizations, and they use these revenues to encourage manufacturers 

to use low-energy technologies in production, which in turn leads to a reduction 

in energy consumption.  

Figure (15) shows the contour of the impact of decision-making variables on 

carbon dioxide. As the results show, only the simultaneous change of the two 

parameters of urbanization and industrialization had the greatest impact on carbon 

dioxide. 

 
Figure (15). Contour of the impact of decision variables on carbon dioxide 

Source: Research calculations 

 

Figure (16) shows the contour of the impact of decision-making variables on 

energy consumption. As the results show, only the simultaneous change of the 

two parameters of industrialization and economic growth had an impact on energy 

consumption. 

 

 
Figure (16). Contour of the impact of decision-making variables on energy 

consumption 
Source: Research calculations 
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5. Concluding Remarks  

In this paper, the green paradox in fiscal decentralization was investigated 

using multi-objective optimization and response surface methodology (RSM) in 

Iran. Given that in recent years the world has faced threats such as increased 

energy consumption, destruction, and extreme weather events following the 

increase in the production and use of fossil fuels, following such changes, one of 

the methods that has been considered an effective strategy for improving and 

maintaining environmental health has been the question of what the impact of 

fiscal decentralization is. For this purpose, multi-objective optimization was 

performed using the RSM method, and the most optimal values for the objective 

functions and optimization variables were obtained. For optimization, two 

scenarios and four policy variables were selected and introduced as optimization 

variables. Two objective functions of carbon dioxide and energy consumption 

were also selected for optimization in two scenarios. The most influential design 

variable is the rate of urbanization, industrialization, and economic growth, and 

the revenue decentralization variable had the least impact. In addition, the results 

showed that the urbanization rate and industrialization rate had the greatest impact 

on reducing the growth of carbon dioxide, while the urbanization rate and 

industrialization rate had the greatest impact on energy consumption and causing 

its growth to decrease. In the second scenario, the effect of decision-making 

variables on the carbon dioxide objective function shows that economic growth 

and industrialization rate have the greatest impact. Also, economic growth and 

industrialization rates have had the greatest impact on energy consumption. In 

both scenarios, revenue decentralization and expenditure decentralization had a 

negligible and negative effect on energy consumption and carbon dioxide 

emissions, so it seems that a green paradox has not been created. 

 

1.5. Policy implication 

1- Considering the results obtained from the impact of both revenue and 

expenditure decentralization indicators on pollution emissions and energy 

consumption, the government can, by implementing decentralization policies, 

delegate specific and relative powers to the provinces so that they can be decision-

makers and implementers in matters related to their localities, independent of the 

direct intervention of the central government. Of course, in the cost matters of 

each province, more attention should be paid to the quality of institutions for 

controlling pollution and energy consumption. 

2- Based on the results obtained from the impact of decentralization of 

revenue and expenditure on pollution emissions and energy consumption, 

attention should be paid to the regulation and implementation of tax policies in 

each province, such as determining provincial tax rates, which can be used in 

economic and environmental policies to control pollution and energy 

consumption. 

3-By establishing environmental non-governmental organizations 

(environmental organizations) in each province, efforts should be made to reduce 
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each province's revenue and expenditure channels to the lowest possible level for 

controlling pollution and specific energy consumption and the consequences of 

environmental hazards in each province. 
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