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Abstract

:

Thailand’s civil aviation industry has expanded rapidly in the past ten years resulting in increasing aviation greenhouse gas (GHG) emissions and energy consumption. The rapid growth in air transport is anticipated to continue further. Presently, domestic aviation and the economy of many countries are recovering rapidly in the post-COVID-19 period, resulting in fuel consumption and GHG emissions gradually increasing again. However, despite implementing the ICAO’s CORSIA (International Civil Aviation Organization’s Carbon Offsetting and Reduction Scheme for International Aviation) rule for international aviation, GHG emissions in the domestic aviation sector are largely unregulated. Moreover, the literature lacks a GHG emissions analysis that considers this sector’s potential growth and mitigation policies for future GHG emissions. To close the gap, this study conducted a GHG emissions analysis from this sector under various scenarios through 2050 using historical data during 2008–2020 to forecast future trends. It evaluates the impact of the mitigation policies, such as fuel switching and aircraft technology, on improving fuel efficiency due to technological advancements in aircraft and carbon pricing. The results show that the fuel switching option would result in a significant long-term reduction in GHG emissions, whereas the carbon pricing option and aircraft technology option are desirable in reducing GHG emissions in the short term. Therefore, to meet GHG emissions reduction targets more successfully, all measures must be simultaneously executed to address short- and long-term mitigation strategies. These findings have significant implications for both present and future GHG emissions reduction measures, supporting Thailand’s 2050 climate targets and energy efficiency policies as the domestic aviation industry adjusts.
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1. Introduction


In 2004, the global air transport sector utilized 0.19 billion metric tonnes (Mt) of fuel, producing approximately 0.59 billion tonnes of CO2 emissions [1]. Air travel flights accounted for 2–3% of global anthropogenic CO2 emissions in 2012 [2]. Projections indicate that global air traffic will double within 15 years from 2012, with a corresponding doubling of energy consumption and CO2 emissions within 25 years [3]. The aviation industry is one of the largest markets worldwide, transporting approximately 2.2 billion passengers annually and employing 32 million people globally [4]. This sector has a significant economic impact, contributing approximately 3.56 trillion USD or around 7.5% of the global gross domestic product (GDP) [5].



While it has been established that transportation emissions from rail, road, and water conveyance significantly impact the environment and contribute to climate change [6,7,8,9], aviation exhaust is the second-largest contributor to emissions. This constitutes approximately 12% of the annual emissions from all modes of transportation and contributes to around 4% of the current observed global warming caused by human activities [10,11]. In addition to its role in climate change stemming from aircraft operations, the aviation industry bears responsibility for various other environmental issues associated with the supporting systems of aircraft, such as airports and fuel production, as well as all stages of its value chain, including aircraft manufacturing and disposal. Examples of these impacts encompass noise pollution, the limited use of rare metals (like cobalt or chromium in specialized alloys), and potential harmful effects from the release of chemicals, all of which have the potential to harm human health, ecosystems, and deplete natural resources [12,13]. The aviation industry has experienced steady growth in recent years until it was abruptly halted by the onset of the COVID-19 pandemic [14]. In 2018, global CO2 emissions from aircraft operations, encompassing passenger and cargo transport, amounted to 0.92 billion metric tonnes [15]. This accounted for 2.4% of the estimated 37.9 gigatonnes of CO2 emitted globally that year due to fossil fuel usage [16]. Commercial aviation’s CO2 emissions increased by 32%, from 0.69 billion tonnes in 2013 to 0.92 billion tonnes in 2018 [17]. Consequently, CO2 emissions from international aviation are projected to triple by 2050, surpassing the rate forecasted by ICAO, corresponding to a compound annual growth rate of 5.7% [18]. Furthermore, there was a resurgence in worldwide international travel starting around June/July 2020, with notable improvements particularly observed by November 2020. Substantial expansion has persisted since June 2021, and this growth has been consistently maintained in numerous aviation markets. Domestic travel has displayed greater resilience in passenger volume when compared to the international tourism sector [19].



In Thailand, commercial aviation is one of the transportation sectors that contributes significantly to CO2 emissions. The emissions from international commercial aviation experienced a 29% growth, rising from 10.2 million tonnes of CO2 in 2014 to 13.2 million tonnes of CO2 in 2018 (an overall increase of 29%). Another notable source of CO2 emissions in Thailand is commercial domestic aviation. Emissions from passenger and freight flights grew by 42%, increasing from 1.9 million tonnes of CO2 in 2014 to 2.7 million tonnes of CO2 in 2018 [20]. The rapid increase in fuel consumption for commercial, domestic aviation generates substantial CO2 emissions. The issue of reducing CO2 emissions in Thailand’s domestic aviation industry is gaining more attention, particularly following Thailand’s government commitment to reducing GHG emissions during the UNFCC’s COP-20 [21].



The Thai government aims for its Nationally Determined Contribution (NDC) in line with global climate efforts. As a result, Thailand aims to reduce its GHG emissions by 20–25% (555 Mt-CO2-eq) in 2030, compared to the business-as-usual (BAU) scenario [22]. Thailand aims to decrease GHG emissions by approximately 111 to 139 Mt-CO2-eq. Climate policies are necessary across all industries and countries to achieve the objectives outlined in the 2015 Paris Agreement and limit global warming to 2 °C. Furthermore, a comprehensive study of greenhouse gas emissions in the aviation sector is required [23].



In 2016, following a comprehensive research-driven examination of the aviation industry, the ICAO Assembly reached a consensus to implement a global, market-driven initiative aimed at mitigating greenhouse gas emissions, arising from international aviation. This initiative is known as the Carbon Offsetting and Reduction Scheme for International Aviation (CORSIA) [24]. Furthermore, CORSIA mandates that airlines must offset CO2-eq emissions exceeding the levels recorded in 2019. The CORSIA framework is designed to facilitate offsetting through the use of credits or CORSIA Eligible Fuels (CEFs), with these choices determined by impact assessments and current scientific understanding. The overarching goal of this approach is to ensure that international aviation achieves carbon-neutral growth, commencing in the year 2020 [25].



The current focus on reducing GHG emissions in the aviation sector, particularly seen in ICAO’s CORSIA initiative, does not extend to domestic aviation [26,27]. However, the domestic aviation sector plays a role in national GHG mitigation efforts and contributes to the Nationally Determined Contributions (NDC) under the UNFCCC. Unfortunately, policymakers do not actively monitor the emissions from commercial domestic aviation. Thus, this study emphasizes the importance of forecasting energy use and GHG emissions in the commercial, domestic aviation industry. This study highlights the need for appropriate policies to effectively reduce future GHG emissions from the aviation sector, aligning with environmental and climate-related solutions.



Our literature review reveals that numerous studies have examined the issue of CO2 emissions from the aviation industry, both on a global and national scale. Some of these studies have focused on medium- to long-term scenario analysis [28,29,30]. Additionally, past research was concentrated on policies aimed at reducing GHG emissions in the medium to long term [29,31,32,33,34,35] and the different factors that influence the growth of GHG emissions [36,37,38,39,40,41].



Pathways for the mitigation of aviation sector have adopted a comprehensive mitigation strategy that relies on the successful implementation of individual policies or measures and other strategies. The International Civil Aviation Organization (ICAO) proposes five significant measures for reducing emissions in commercial aviation: Operational efficiency improvement; Use of alternative fuels; Demand shift engineering; Technological efficiency improvement; and Carbon pricing (market-based incentives) [33]. These efforts include advancing aircraft-related technologies and standards to encourage their adoption, enhancing air traffic management and aircraft operations (with a primary focus on reducing fuel consumption per flight through measures such as more direct cruise paths and more efficient altitude profiles in air traffic management), promoting the development and use of Sustainable Aviation Fuels (SAFs), and implementing market-based measures (MBMs) at both global and regional scales [42]. The initial two aspects, aircraft technology and operational enhancements, primarily aim to reduce fuel consumption as their main objective, ultimately resulting in a reduction in CO2 emissions [42]. However, all measures proposed by ICAO can be applied in the domestic aviation sector to reduce greenhouse gas emissions, aligning with national strategies for emission reduction.



This study is timely considering the current COVID-19 situation and the ongoing market restructuring in the aviation industry. This restructuring will impact energy efficiency and technology, bringing changes in the domestic aviation market. The aviation industry was significantly affected by the COVID-19 pandemic between 2020 and 2021, with the government implementing lockdown measures during this period, resulting in a direct impact on the decline in aviation activity. Domestic air travel within Thailand experienced a downturn, leading to a significant decline in both passenger numbers and flight frequencies, affecting both the domestic and international segments of the aviation industry [43]. The domestic aviation sector is currently experiencing a recovery phase. This recovery is expected to lead to structural adjustments and changes in the domestic aviation market. Previous studies have shown that the increase in the tourism industry and domestic air travel demand will correspond to a rise in energy consumption and emissions [44]. Therefore, this period of market adjustment in the domestic aviation sector presents a crucial opportunity to assess future trends in GHG emissions following the market restructuring and address the impact of the COVID-19 situation and the pandemic measures, factors that contribute to making the forecasting of energy consumption in the aviation sector more accurate and precise. Furthermore, it serves as a starting point for implementing policies to reduce greenhouse gas (GHG) emissions in the domestic aviation sector, aligning with the country’s targets for GHG reduction under the UNFCCC. Considering the current context, this study holds significant importance in understanding and addressing the future implications of market changes and the recovery of GHG emissions in the domestic aviation sector. It also highlights the need for appropriate policy interventions.



Over the past decade, Thailand has witnessed a significant increase in the number of travelers. The compound annual growth rate (CAGR) for all travelers from 2010 to 2019 was 11.38%, with a CAGR of 10.77% for international travelers and 12.13% for domestic travelers [45]. Before the COVID-19 pandemic, Thailand experienced a notable surge in domestic aviation passengers, rising from 3.482 million in 2008 to 76.256 million in 2019 [46]. These figures demonstrate domestic aviation’s substantial growth and importance in Thailand, driven by international and domestic travel demand.



In parallel, jet fuel consumption in Thailand’s domestic aviation sector witnessed a notable increase, rising from 246 kilotonnes of oil equivalent (ktoe) in 2008 to 856 ktoe in 2018 [47]. It is noteworthy that Thailand’s Nationally Determined Contribution (NDC) sets a greenhouse gas reduction target of 20–25% lower than the Business-As-Usual prediction for 2030 across all sectors [48]. Furthermore, during the UNFCCC’s COP-26 in Glasgow, Thailand committed to achieving carbon neutrality by 2050 and net-zero emissions by 2065. It indicates that Thailand’s domestic aviation sector can align with its climate commitments even during growth. However, medium-term to long-term GHG emissions forecasting and policies to reduce future emissions in the domestic aviation sector have yet to be developed and implemented. These observations highlight the need for comprehensive GHG emissions forecasting and the implementation of policies to reduce emissions in the domestic aviation sector to align with Thailand’s climate targets.



This study aims to contribute to understanding reference future scenarios, quantification of GHG emissions, and the mitigation potential of policies in Thailand’s commercial and domestic aviation sector for the medium-term (2030) and long-term (2050). It seeks to fill the research gap by being the first study to assess medium- and long-term mitigation policies tailored to Thailand’s commercial domestic aviation sector. Furthermore, the study aims to provide novel insights into the benefits of these policies in reducing GHG emissions. For example, Sustainable Aviation Fuel (SAF) can help mitigate the aviation sector’s impact on global warming [49]. Additionally, improving the auxiliary power unit (APU) can contribute to reducing greenhouse gas emissions within the aviation sector [50], aligning with Thailand’s greenhouse gas emission reduction targets under the UNFCCC. By conducting this analysis, the study intends to inform decision-makers and stakeholders about the effectiveness and implications of various mitigation policies in the domestic aviation sector. The findings can guide the development and implementation of targeted strategies to reduce GHG emissions in line with Thailand’s climate goals.




2. Methodology and Data


This study employs a comprehensive framework, as depicted in Figure 1, to forecast medium-term (2030) and long-term (2050) GHG emissions in Thailand’s commercial domestic aviation sector. The forecasting of GHG emissions is based on key factors such as the number of passengers, freight, gross domestic product (GDP), and jet fuel price.



Considering the above variables, this study uses a multiple linear regression method to forecast fuel consumption. By applying this approach, the study aims to provide an estimation of future fuel consumption in the commercial domestic aviation sector. This study also evaluated the impacts of three key policies in shaping reference future scenarios for GHG emissions reduction in Thailand’s commercial domestic aviation sector. These policies are fuel switching, carbon pricing, and advancements in aircraft technology. By analyzing these policies, the study aims to identify their potential impacts on reducing GHG emissions.



2.1. Key Data Sources


The data used in this study encompass all 39 airports in Thailand, as reported by [45]. Several key variables were gathered from official data sources from 2008 to 2020 to forecast fuel consumption in Thailand’s commercial domestic aviation sector. These variables include the number of passengers, the amount of freight, gross domestic product (GDP), jet fuel prices, and emission factors. The data sources are summarized and presented in Table 1. The data sources provide the necessary information to estimate fuel consumption and assess the factors influencing GHG emissions in Thailand’s commercial domestic aviation sector. This comprehensive data set allows for robust analysis and forecasting of reference future scenarios.




2.2. Forecasting Model of Jet Fuel Consumption


2.2.1. Multiple Linear Regression (MLR)


To forecast fuel consumption in the commercial domestic aviation sector, the Multiple Linear Regression (MLR) method was employed in this study. The future estimates were based on 2008, considering planning horizons up to 2030 and 2050. The analysis results were presented at five-year intervals, corresponding to 2025, 2030, 2035, 2040, and 2050. The MLR method has been widely utilized in previous research to predict energy consumption [40,55,56,57,58,59]. In this study, the dependent variable is the aviation jet fuel use in Thailand’s commercial domestic aviation sector, while the independent variables include aviation jet fuel prices, the amount of freight, the number of passengers, and GDP. The formula for Multiple Linear Regression is shown in Equation (1).


  B =   c +   m   1     a   1   +   m   2     a   2   +   m   3     a   3   +   m   4     a   4    



(1)




where



	
B = Dependent variable of aviation jet fuel consumption (Liter);



	
c = Intercept (constant term);



	
    m   1    ,     m   2    ,     m   3    ,     m   4     = Regression coefficient;



	
    a   1    ,     a   2    ,     a   3    ,     a   4     = Independent variable of aviation jet fuel prices (USD/Liter), the amount of freight (kg), the number of passengers (person), and GDP (Billion USD).






The MLR method enables the study to establish a quantitative relationship between fuel consumption and the independent variables, allowing for estimating future fuel consumption based on changes in the identified factors.



Linear regression is a statistical technique to model the relationship between an outcome variable and one or more explanatory factors. In this study, linear regression was employed to forecast the amount of freight, the number of passengers, aviation jet fuel prices, and GDP. The relationship is expressed mathematically through Equation (2):


    B   i   = c +   m   i     a   i    



(2)




where



	
    B   i     = Dependent variable;



	
c = Intercept (constant value);



	
    m   i     = Coefficient values;



	
    a   i     = Independent variable.






By estimating the coefficients through the linear regression analysis, the study could quantify the relationship between the explanatory factors and fuel consumption, enabling the prediction of future fuel consumption based on changes in the identified factors.



The correlation coefficient (r) is a statistical measure that evaluates the strength and direction of the relationship between two quantitative variables. It quantifies the degree to which the variables are linearly related. The correlation coefficient (r) was calculated using Equation (3):


  r =   [ n    ∑  a b     ] − [    ∑  a        ∑  b     ]   [    n  ∑    a   2   −      ∑  a       2       × [ n  ∑    b   2   −      ∑  b       2     ] ]     



(3)




where



	
r = Correlation coefficient;



	
n = The amount of data;



	
   ∑  a     = The first variable’s total value;



	
   ∑  b     = The second variable’s total value;



	
   ∑  a b     = The second value and the sum of the products of;



	
   ∑    a   2       = Sum of the squares of the first value;



	
   ∑    b   2       = Sum of the squares of the second value.






The coefficient of multiple determination (R2) is a commonly used statistical metric in multiple regression analysis. It assesses the proportion of the variance in the dependent variable that the independent variables in the model can explain. R2 compares the model’s accuracy to a basic benchmark model, where the forecast is the data’s average. It was calculated using Equation (4):


    R   2   = 1 −       ∑  i       (   y   i   −     y  ^    i   )   2         ∑  i       (   y   i   −     y  ¯    i   )   2          



(4)




where



	
R2 = The coefficient of multiple determination;



	
    y   i     = The actual value;



	
      y  ^    i     = The predicted value of y;



	
      y  ¯    i     = The mean of y values.






In linear models, the Adjusted R2 is a measure commonly used to assess the proportion of variation in the target variable that can be explained by the input or inputs in the model while considering the number of predictors and the sample size. The Adjusted R2 is calculated using Equation (5):


  A d j u s t e d     R   2   = 1 −       1 −   R   2       T − 1     T − v − 1      



(5)




where



	
R2 = R-squared sample;



	
T = Total sample size;



	
v = The number of independent variables.







2.2.2. Formula for Future Projection


Table 2 presents the Multiple Linear Regression forecasting models for aviation jet fuel consumption in the commercial domestic aviation sector. It includes the sample R-squared (r), which measures the strength of the correlation, and the coefficient of multiple determination (R2), which indicates the proportion of variation in fuel consumption explained by the independent variables in the model.





2.3. Assumptions and Scenarios for Analysis of Policies or Measure


It is essential to consider the potential reduction in energy-related greenhouse gas (GHG) emissions for each option to evaluate the effectiveness of various mitigation options and inform the development of appropriate regulations. Considering the reference future scenario, this study forecasted the fuel consumption and GHG emissions of Thailand’s commercial domestic aviation sector from 2021 to 2050. Three mitigation scenarios were assessed for their potential to reduce GHG emissions in Thailand’s domestic commercial aviation sector. The assumptions for each scenario are described below.



2.3.1. Reference Future Scenario


In the reference future scenario, after the recovery of the domestic economy and domestic transportation from the COVID-19 crisis, this study assumed that no changes would happen in the medium-term and long-term trends in demand for commercial domestic aviation fuel consumption. Additionally, no mitigation options are considered from 2021 to 2050. The study analyzed four-factor variables related to GHG emissions growth to create a realistic time series and project future fuel consumption. The study aims to capture each factor’s real behavior and realism by reproducing the historical time series of each factor’s growth. This approach creates a time series that reflects the continuous behavior cycle observed in the historical data. The analysis of these factor variables helps in understanding their impact on fuel consumption and enables the projection of future fuel consumption based on their historical trends. Figure 2 shows the historical data of four-factor variables related to GHG emissions growth for the analysis and time series.




2.3.2. Fuel Switching Scenario


Using alternative fuels in the aviation industry is of utmost importance for two key reasons: reducing dependency on fossil fuels and mitigating GHG emissions. Aviation specialists and researchers have been actively exploring alternatives to conventional jet fuel [60,61]. Numerous studies have demonstrated the potential of biofuels and synthetic fuels as substitutes for traditional petroleum-derived jet fuels to reduce emissions of pollutants [62,63]. Adopting alternative fuels in aviation presents an opportunity to address environmental concerns and contribute to reducing pollution emissions. Biofuels and synthetic fuels are being investigated as viable options for the industry.



This study focuses on reducing greenhouse gas (GHG) emissions in commercial domestic aviation by using hydro-processed esters and fatty acids (HEFA) as an alternative to conventional jet A-1 fuel. The choice of HEFA was based on the suitability of oil-to-jet technology, which utilizes biomass as a raw material. This approach takes advantage of the underutilized biomass resources available in the country and benefits from indirect biomass utilization, contributing to the reduction of GHG emissions [64]. Palm has a high agricultural yield, with a production rate of 15.7 tons/ha and an oil content ranging from 21% to 37%. Globally, palm production amounts to 282.2 million tons, with major producers including Indonesia (45%), Malaysia (37%), and Thailand (5%) [65]. The European Commission guidelines utilize Sustainable Aviation Fuel (SAF) volume shares. These volume shares indicate the proportion of SAF used in the aviation sector from 2021 to 2050. The European Commission guidelines serve as a reference for reducing conventional jet fuel use and transitioning to SAF to mitigate GHG emissions. The volume shares of SAF are presented in Table 3. This represents the recommended SAF ratios according to European Commission guidelines, illustrating the growing proportion of SAF usage in the domestic aviation sector over time.




2.3.3. Aircraft Technology Scenario


The primary factor contributing to emissions reduction in the aviation sector is the improvement in fuel efficiency. Effective strategies for enhancing efficiency include using fuel-efficient next-generation aircraft, advancements in air traffic management (ATM), re-engineering processes, and implementing technologically enhanced flight patterns [67]. The introduction of advanced aircraft designs has increased fuel economy in the aviation industry. ICAO’s predictions for international aviation activities indicate a future decrease in fuel demand. With a projected reduction of 10 MCMOED (million cubic meters of oil equivalent per day) by 2050, the scenario that achieves the 2% yearly fuel efficiency target yields the most significant savings. The ICAO has set a target of 2% improved efficiency for the global aviation fleet from 2021 to 2050 through non-engine-based efficiency enhancements and fuel efficiency improvements. Non-engine-based efficiency enhancements, such as lighter aircraft components and improved fuel efficiency, are considered crucial in significantly reducing aviation sector GHG emissions [33].



Improving fuel efficiency is crucial for reducing CO2 emissions in the aviation industry. Fuel costs account for approximately 20% of total operating costs for modern airplanes [68]. Over the years, significant advancements in aircraft fuel efficiency have been achieved. Since 1960, aircraft fuel efficiency has improved by approximately 70–80% [69]. Projections indicate that 40–50% improvements are possible by 2050 [68]. To incorporate the potential fuel efficiency improvements in this study, it is assumed that aircraft technology will continue to advance. Specific engine performance enhancements have been achieved through upgrading programs in recent years, reducing fuel usage by up to 2% [70].



Additionally, new engines and auxiliary power units (APUs) are expected to consume at least 15% less fuel than the aircraft they replace. These improvements are made possible through innovations in engine technologies, including materials, coatings, combustion methods, sensors, and cooling methods [70]. Based on the ICAO target, this study assumes that aircraft technology will continue to improve fuel efficiency by 2% annually from 2021 to 2050. This assumption reflects the ongoing efforts and advancements in aircraft design and technology to achieve greater fuel efficiency and reduce CO2 emissions.




2.3.4. Carbon Pricing Scenario


Carbon pricing is widely recognized as the primary policy tool for countries to reduce GHG emissions globally [71]. Imposing a price on carbon through taxes, emissions trading, or regulation is considered the foremost objective of mitigation policies [72]. Carbon pricing creates incentives for investments in new technologies that can mitigate global warming and holds emitters accountable for the environmental impact of their emissions [73,74]. By increasing the cost of carbon-intensive production, carbon pricing can reduce demand for fuel-based products, encouraging the substitution of technologies. Therefore, in theory, an effective carbon price should lower aircraft emissions by raising prices and subsequently reducing demand. Thus, market-based measures (MBM) are recognized as one of the international guidelines for reducing GHG emissions. This measure is in line with the existing international policy framework provided by the International Civil Aviation Organization (ICAO). MBMs encompass mechanisms such as carbon offset programs or emissions trading schemes, which create economic incentives and market mechanisms to encourage emissions reductions in the aviation sector. Carbon pricing and market-based measures play significant roles in global efforts to reduce GHG emissions and are particularly relevant in the aviation industry.



Carbon pricing mechanisms, such as cap and trade or direct taxation systems, can impact fuel use and CO2 emissions. As the price of carbon increases, the effective fuel price also rises, leading to a reduction in consumption due to the demand–price relationship. Hasan et al. [33] anticipated that increasing the high carbon price could result in a 12% reduction in overall emissions, equivalent to 180 MtCO2 of emissions in the mitigation pathway. To estimate the price elasticity of fuel demand, income elasticities were used to adjust the price elasticity. Hasan et al. [33] estimated that price elasticity of fuel demand is −0.48, indicating that a 10% increase in price will result in a 4.8% decrease in demand. This relationship demonstrates the responsiveness of fuel consumption to changes in price. In Thailand’s domestic aviation sector, this study examined the change in demand for fuel consumption and aviation jet fuel prices during 2009–2010 and 2016–2017. Figure 3 illustrates the relationship between jet fuel price increases and the corresponding change in demand for fuel consumption. The jet fuel prices increased and had an impact on decreased demand twice: first, between 2009 and 2010, when jet fuel prices increased by around 12%, resulting in an average 6% decrease in demand; and second, between 2016 and 2017, when jet fuel prices increased by around 7%, resulting in an average 4% decrease in demand. Therefore, the results show that the average increase in jet fuel prices in both periods was 10%, resulting in an average 4.9% decrease in demand. Based on these observations, the study assumes an annual increase in jet fuel prices by 10% from 2021 to 2050 will result in a 4.9% decrease in fuel demand. This assumption reflects the anticipated impact of carbon pricing on fuel consumption in the domestic aviation sector.





2.4. Calculation Method for GHG Emissions


The Intergovernmental Panel on Climate Change (IPCC) used the tier-I method to calculate GHG emissions from the domestic aviation sector’s jet fuel consumption activities [75]. This method is based on the quantity of energy used (aviation fuel consumption) multiplied by an average emission factor. Equation (6) shows the formula to estimate GHG emissions. Firstly, the activity data for aviation mode was established. After that, the amounts of aviation fuel consumed in physical units or other energy units (such as l, ktoe, kg, etc.) were converted to the terajoule (TJ), the common international energy unit; and the fuel consumption was multiplied by the factor for carbon emission to determine the carbon emission. Finally, only the fraction of oxidized carbon was utilized to determine the actual CO2 emission, as not all the carbon in the fuel is oxidized to generate carbon dioxide.


     C O   2     =   E   f     ×     N   f     ×     C E   c     



(6)




where



	
CO2 = An emission of carbon dioxide (t CO2);



	
E = A specific energy usage (ktoe);



	
N = A net calorific value specific to fuel (TJ/ktoe);



	
    C E   c     = A factor for carbon emissions (kg/TJ);



	
f = Type of fuel.






The global warming potential (GWP) conversion factors calculated GHG emissions to CO2 equivalent units. The impact of individual greenhouse gas emissions on global warming cannot be easily compared on a mass basis since the gases’ physical and chemical properties vary. Therefore, IPCC advises converting all computed greenhouse gas emissions to CO2 equivalent units using the GWP conversion factor to precisely compare the global warming effects between individual GHGs. The Global Warming Potential (GWP) value from IPCC, AR5 [76] and IPCC, AR6 [77] is used in this study. Table 4 shows the global warming potential (GWP). Moreover, the default parameters adopted in this study are those recommended by the IPCC [52], as shown in Table 5 for CO2 emission and non-CO2 emission factors and Table 6 for net calorific values.




2.5. Empirical Data


In this study, the forecasting of GHG emissions for 2021–2050 was calculated by forecasting fuel consumption and calculating GHG emissions using IPCC, Tier-I [52]. The data on fuel consumption for the domestic aviation sector was derived from the Department of Alternative Energy Development and Efficiency’s statistical data reports for 2008–2020 [47]. Gross domestic product (GDP) figures are available from the World Bank—Thailand Bureau through their statistical data report on gross domestic product [54]. However, GDP was converted into terms representing ‘real prices’. The conversion was performed using a deflator derived from the World Bank’s national accounts and the Organization for Economic Cooperation and Development’s (OECD) national accounts data [71,78]. The number of passengers and freights in the domestic aviation sector was obtained from the Civil Aviation Authority of Thailand (CAAT) [46]. Information on jet fuel prices is sourced from the Petroleum Authority of Thailand’s statistics data reports for 2015–2020 (Petroleum Authority of Thailand Oil and Retail Business Public Company Limited) [51]. However, jet fuel prices from 2008 to 2014 were calculated from the estimated rate of change of Brent crude oil futures. Moreover, all jet fuel prices include interior tax, a 7% VAT, and excise tax. For consistency in calculations, prices were converted to USD per liter.





3. Results


3.1. Historical Trends


The results highlight the rapid growth of domestic commercial aviation activities in Thailand, which can be attributed to various strategies to stimulate the economy, particularly targeting air travel and tourism. The implementation of Thailand’s Transport Infrastructure Development Strategy 2015–2022 has played a significant role in supporting the growth of the aviation sector. This strategy focuses on constructing domestic airports that meet international standards and cater to the increasing travel needs of the population. Additionally, the strategy emphasizes the utilization of regional airports to enhance their contribution to the country’s aviation industry. Through these efforts, the number of passengers in the domestic commercial aviation industry has witnessed a substantial increase of approximately 214% from 2008 to 2019.



Similarly, freight volume experienced a remarkable growth of about 793% during the same period. These statistics demonstrate the growing demand and importance of the aviation industry in Thailand. Consequently, the increased activity in the commercial domestic aviation sector has led to a significant rise in aviation fuel consumption. From 2008 to 2019, aviation fuel consumption in this sector increased from 246 ktoe (kilo-tonnes of oil equivalent) to 716 ktoe, representing a surge of approximately 190%.



In 2020, aviation fuel consumption decreased from 716 ktoe in 2019 to 477 ktoe in 2020 due to the COVID-19 pandemic, and Thailand proclaimed a state of emergency in all areas in March 2020 [79]. The pandemic affected the domestic and international aviation sectors [43]. The number of passengers and freight, GDP, fuel price, and aviation fuel consumption from sources mentioned in Table 1 are presented in Table 7.




3.2. Forecasting of Fuel Use and GHG Emissions


The analysis of GHG emissions in the reference future scenario is presented in Figure 4, reflecting forecasted trends based on factors such as aviation jet fuel price, the number of passengers and amount of freight, and GDP. Using Equation (6), the study calculated the predicted GHG emissions in the domestic aviation sector. The results indicate that GHG emissions and aviation fuel consumption trends will increase from 2021 to 2050. GHG emissions are expected to rise from 2340 thousand tonnes of CO2-eq in 2021 to 7200 thousand tonnes of CO2-eq in 2050, representing an average annual growth rate of 3.99%. This is consistent with other research on future increases in GHG emissions [31,80]. This growth rate signifies a substantial GHG emissions increase over the predicted period. The emissions are projected to increase by more than 9.2 times, reflecting the substantial impact of the sector on overall emissions in the long term. The forecasted increase in GHG emissions emphasizes the urgency of implementing measures to reduce emissions, aligning with the country’s climate targets.




3.3. Pathways for Mitigation in the Domestic Aviation Industry


The following sections describe mitigation measures or policies that were analyzed and considered to reduce the domestic aviation sector’s GHG emissions that could pave the path for sustainable reduction of aviation industry GHG emissions and support Thailand’s goal of reducing GHG emissions by 2050. Figure 5 shows the forecasting of the usage of aviation fuel and the mitigation pathways for greenhouse gas (GHG) emissions for each scenario.



3.3.1. Fuel Switching


According to the European Commission regarding volume shares of SAF fuel in Section 2.3.2, the use of alternative fuels in 2025 will be 2% and increase every five years. The results in Figure 5 indicate that GHG emissions in this scenario show a downward trend from 2025 to 2050. The GHG emissions reduction depends on the proportion of alternative fuels. The most considerable GHG emissions reduction is in 2050, when the proportion of alternative fuels is around 63%. It decreased by around 2300 thousand tonnes of CO2-eq compared to the reference scenario 2050. In addition, with the reduction of GHG emissions from alternative fuels compared to other scenarios, alternative fuels can reduce GHG emissions the most, according to the results of calculations and analysis.




3.3.2. Aircraft Technology


One method of reducing GHG emissions in the aviation industry is through increased fuel efficiency and non-engine-based efficiency improvements. This is the main factor and an important factor in reducing GHG emissions. Figure 5 shows that the goal is to enhance fuel efficiency by 2% annually regardless of costs or obstacles. It begins from 2021 to 2050, according to the ICAO target. The trends in GHG emissions are projected to decrease from 2021 to 2050. It decreased from 2340 thousand tonnes of CO2-eq to 2293 thousand tonnes of CO2-eq compared to the reference future scenario 2021, decreasing yearly. The short-term reductions in GHG emissions will be very effective because the first period (2021–2025) is the beginning of the aviation sector’s growth after the COVID-19 situation. As a result, the fuel consumption during that period was not intense compared to the improving fuel efficiency. However, improving fuel efficiency will be less efficient in the long term due to increased fuel consumption, because historical data on the growth of the aviation sector shows that Thailand’s aviation sector is growing rapidly, but the efficiency improvement goals will remain stagnant.




3.3.3. Carbon Pricing


Through the demand-price relationship, rising carbon prices lead to rising effective fuel prices, reducing consumption [41]. As mentioned in Section 2.3.4, a 10% increase in jet fuel price will lead to a 4.9% reduction in fuel consumed on demand. The results in Figure 5 show that GHG emissions will decrease from 2021 to 2050. GHG emissions began to decrease in 2021, from 2340 thousand tonnes of CO2-eq to 2225 thousand tonnes of CO2-eq, decreasing every year. The reduction in GHG emissions from this scenario depends on carbon pricing and the demand–price relationship. However, carbon pricing will be less efficient in the long term due to the forecasted increase in fuel consumption from the reference future scenario (the rapid growth of the aviation sector in the past). It will increase fuel consumption and GHG emissions; however, carbon pricing remains the same, causing a decrease in the efficiency of this scenario.




3.3.4. Creating Multi-Policy Scenarios by Combining Different Policies


The policies outlined in Section 2.3, aimed at reducing GHG emissions in the domestic aviation sector (e.g., fuel switching, aircraft technology, and carbon pricing), have been examined individually in specific areas of improvement. However, in this section, we analyze all these policies concurrently, as this represents the primary strategy for reducing GHG emissions from 2021 to 2050.



The three policies considered in this study have the potential to significantly reduce domestic aviation emissions by 2050 compared to employing only one policy to reduce greenhouse gas emissions. Combining all three scenarios leads to a greater reduction in GHG emissions than any single scenario alone. Specifically, it results in a decrease of approximately 2796 thousand tonnes of CO2-eq, equivalent to a 39% reduction compared to the reference future scenario projected for 2050.






4. Discussion


Figure 5 illustrates the mitigation pathways, each with its advantages and challenges. For instance, alternative fuels offer substantial potential for reducing emissions. However, there are limitations, including constraints on arable lands for biofuel production, the high cost of alternative fuels, and the need for policy support to facilitate large-scale production and utilization. Another effective approach to curbing GHG emissions is the implementation of carbon pricing [81]. Carbon pricing, often enacted as a carbon tax, has proven effective in reducing greenhouse gas (GHG) emissions by discouraging carbon emissions through increased fossil fuel prices, thereby reducing their use [35]. Additionally, carbon pricing mechanisms have been shown to promote biofuels [82].



Despite efforts to enhance fuel efficiency in the aviation industry, GHG emissions from this sector are projected to increase. Thailand’s aviation industry has undergone rapid growth, driven by the country’s economic development and the implementation of the Transport Infrastructure Development Strategy 2015–2022. Addressing rising GHG emissions requires accurate estimation of future emissions and fuel consumption in the commercial domestic aviation sector. This estimation forms the basis for implementing mitigation strategies over the next three decades, which include fuel switching, aircraft technology improvement, and carbon pricing. The objective of these mitigation measures is to reduce GHG emissions in Thailand’s aviation sector, aligning with the country’s commitment to decreasing GHG emissions under the UNFCCC. Accurate estimation of GHG emissions and fuel usage provides essential guidance for policymakers and stakeholders, aiding in the development of effective strategies to mitigate emissions and attain climate targets.




5. Conclusions


The forecasted growth in aviation fuel consumption in Thailand’s domestic commercial aviation sector indicates an average annual increase of approximately 4% over the past decade. In the reference future scenario, GHG emissions from the domestic commercial aviation industry are anticipated to more than triple, which is in line with other research that predicts a significant increase in the aviation sector’s GHG emissions [31,80]. This signifies a substantial increase in emissions over the three-decade period, highlighting the urgent need for mitigation strategies to address the environmental impact of the aviation sector. Adopting fuel switching, particularly alternative fuels, can significantly reduce greenhouse gas (GHG) emissions from Thailand’s domestic aviation sector. By 2050, the potential reduction in GHG emissions is projected to be as high as 2279.4 thousand tonnes of CO2 equivalent. This signifies a substantial decrease in emissions, highlighting the effectiveness of fuel switching as a mitigation strategy for reducing the environmental impact of the domestic aviation sector. The achievement of these reductions depends on the implementation of fuel switching measures and the gradual increase in the utilization of alternative fuels.



The aircraft technology and carbon pricing scenarios play important roles in reducing greenhouse gas (GHG) emissions from the domestic aviation sector in the short term. In the case of aircraft technology, the scenario will reduce 145.2 thousand tonnes of CO2 equivalent in GHG emissions by 2050. Similarly, the carbon pricing scenario aims to impose a price on carbon, incentivizing fuel consumption and GHG emissions reduction. This scenario will reduce 355.8 thousand tonnes of CO2 equivalent in GHG emissions by 2050. However, it is important to note that the effectiveness of these scenarios diminishes in the long term due to the constant goals of aircraft technology and carbon pricing.



All of the individual scenarios for reducing GHG emissions have differences in efficiency in short- and long-term reductions. However, each scenario has limitations and relevance to reducing GHG emissions in the future. For example, alternative fuels require arable lands that are limited for biofuel production, alternative fuels are currently expensive, and policy support is required for large-scale use and production. In addition, carbon pricing has been effective in promoting biofuels [82]. Therefore, combining all scenarios can reduce GHG emissions by about 2796 thousand tonnes of CO2-eq or 39% compared with the reference future scenario in 2050.



Indeed, reducing GHG emissions in Thailand’s aviation sector requires implementing significant ICAO measures and collaborating with various stakeholders. While the identified policies can potentially reduce emissions, it is important to acknowledge the obstacles and limitations associated with their implementation. Factors such as the availability of personnel and expertise, budgetary support, technological advancements, societal acceptance, and policy frameworks play significant roles in determining the success of emission reduction measures. Governmental policymakers and industry executives should engage in ongoing discussions, surveys, and assessments to identify and address barriers to implementation, prioritize effective policies, and promote best practices. By actively involving relevant stakeholders, including government bodies, industry players, research institutions, and civil society, developing comprehensive strategies that consider the unique context of Thailand’s aviation sector will be possible. Continuous dialogue and collaboration are essential to foster a supportive environment for adopting effective policies and measures to drive significant GHG emission reductions while aligning with national goals and international commitments. Through these efforts, Thailand can progress in achieving its GHG emission reduction targets, contributing to global climate change mitigation efforts and creating a more sustainable aviation sector.
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Figure 1. The overall framework. 
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Figure 2. The historical data of four-factor variables related to the growth in GHG emissions. (a) The number of passengers and the amount of freight 2008–2020. (b) Aviation Jet fuel price and GDP 2008–2020. 
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Figure 3. The relationship between fuel consumption and jet fuel prices. 
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Figure 4. Forecasting fuel consumption and GHG emissions for the reference future scenario. 
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Figure 5. Forecasting aviation fuel consumption and GHG emissions mitigation pathways for each scenario. 
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Table 1. Variables, description, period, sources factors of GHG emissions forecasting, and sources of the estimation of GHG emissions.
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	Variables
	Period
	Description
	Sources





	3Jet fuel prices (USD/Litre)
	2008–2020
	Aviation jet fuel prices
	Petroleum Authority of Thailand (PTT Oil and Retail Business Public Company Limited) [51]



	Number of passengers in domestic flight (person)
	2008–2020
	The number of passengers in domestic aviation sector
	The Civil Aviation Authority of Thailand [46]



	Emissions factors (kg/TJ), (kg/LTO)
	2006
	Emission factors for calculating GHG emissions from fuel consumption
	Intergovernmental Panel on Climate Change [52]



	Aviation Jet fuel use (ktoe)
	2008–2020
	Jet fuel use in domestic aviation sector
	Department of Alternative Energy

Development and Efficiency [47]



	Number of freights in domestic flight (kg)
	2008–2020
	The number of freights in domestic aviation sector
	The Civil Aviation Authority of Thailand [46]



	Gross domestic product (GDP)

(Billion Baht)
	2008–2020
	Thailand’s gross domestic product (Base year is 2008)
	Bank of Thailand [53]

The World bank [54]










 





Table 2. Forecasting model.






Table 2. Forecasting model.





	Type of Fuel Used
	R2
	R-Value
	Adjusted-R2
	Equation





	Aviation Jet fuel
	0.987
	0.994
	0.982
	Y = (14.170 × X1) − (0.924 × X2) + (190,013.386 × X3) − (132,057,994.567 × X4)










 





Table 3. Volume shares of SAF fuel from 2021 to 2050.
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	Year
	SAF Percentage (%)





	2021
	0



	2025
	2



	2030
	5



	2035
	20



	2040
	32



	2045
	38



	2050
	63







Sources: [66].













 





Table 4. The global warming potential (GWP) in IPCC 5th and 6th Assessment Reports.
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Industrial Designation or Standard Name

	
The Formula for Chemical

	
The GWP Value for the 100-Year Time Horizon




	
Fifth Assessment (AR5)

	
Sixth Assessment (AR6)






	
Nitrous oxide

	
N2O

	
265

	
273




	
Methane

	
CH4

	
28

	
29.8




	
Carbon dioxide

	
CO2

	
1

	
1











 





Table 5. CO2 emission factors.






Table 5. CO2 emission factors.





	Fuel
	CO2 Default (kg/TJ)
	CH4 Default (kg/TJ)
	N2O Default (kg/TJ)





	Jet fuel (Jet Kerosene)
	71,500
	0.5
	2










 





Table 6. Net calorific values.
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	Fuel
	Factors

(TJ/103 tonnes)





	Jet Kerosene
	44.59










 





Table 7. Historical trends of the number of passengers and amount of freight, GDP, fuel price, and aviation fuel consumption in Thailand’s commercial domestic aviation industry from 2008 to 2020.






Table 7. Historical trends of the number of passengers and amount of freight, GDP, fuel price, and aviation fuel consumption in Thailand’s commercial domestic aviation industry from 2008 to 2020.





	Year
	Passengers

(Person)
	Freight

(kg)
	GDP

Billion Baht (at 2008 Price)
	Fuel Prices

(USD/Litre)
	Fuel Consumptions

(ktoe)





	2008
	24,310,188
	8,706,271
	7722
	1.19
	246



	2009
	26,219,477
	9,273,089
	7668
	0.81
	288



	2010
	27,208,643
	9,109,330
	8243
	1.06
	258



	2011
	31,623,503
	10,238,865
	8302
	1.47
	265



	2012
	36,192,158
	10,777,970
	8903
	1.43
	261



	2013
	42,427,923
	11,210,853
	9143
	1.41
	295



	2014
	50,059,872
	12,800,068
	9233
	1.22
	625



	2015
	62,216,533
	14,292,021
	9523
	0.72
	732



	2016
	70,327,980
	119,490,892
	9866
	0.62
	818



	2017
	75,342,243
	112,653,693
	10,260
	0.73
	757



	2018
	78,625,622
	93,682,980
	10,692
	0.89
	856



	2019
	76,253,599
	77,828,059
	10,887
	0.89
	716



	2020
	41,996,665
	32,214,457
	10,348
	0.60
	477
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