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This study examines greenhouse gas (GHG) emissions from fossil fuel combustion in Thailand’s paper sector 

using Input–Output Analysis (IOA) together with Structural Path Analysis (SPA). The assessment draws on

Thailand’s 2015 national input–output table, fossil fuel consumption records, official emission factors from the 

Thailand Greenhouse Gas Management Organization (TGO, 2022), and production statistics reported by the

Office of Industrial Economics (OIE, 2021). The findings indicate that direct emissions from paper manufacturing

are relatively modest, while embodied emissions reveal strong dependencies on upstream sectors, particularly 

the public utilities and transportation sectors. The revised assessment distinguishes between direct and indirect 

emission intensities within the IOA–SPA framework. Direct emission intensity was normalized using total paper 

product output, whereas indirect embodied emission intensity was evaluated using pulp production as a proxy 

material-flow reference for upstream supply-chain dependencies. The resulting fossil fuel combustion–related

GHG emission intensity indicators showed reasonable consistency with weighted national benchmarks derived

from official TGO emission factors for paper products, supporting the applicability of the IOA–SPA framework

under Thailand’s current data constraints. The framework provides a practical basis for evidence-based

policymaking, sectoral decarbonization strategies, and Thailand’s transition toward net-zero emissions. 

1. Introduction

The continued dependence on fossil fuel combustion has significantly increased greenhouse gas (GHG) 

emissions and intensified climate change, making emission quantification essential for mitigation planning 

(Kofoworola and Gheewala, 2008; Mangmeechai, 2017). In Thailand, industrial activities remain important 

contributors to national energy consumption and GHG emissions, while the paper products sector plays a 

significant role in domestic consumption and international trade. Although global production is dominated by

major economies such as China and the United States (UNECE and FAO, 2023), Thailand’s pulp and paper

industry remains an important component of national industrial development. Increasing pressure for 

decarbonization has highlighted the need to reduce fossil fuel dependence and improve environmental 

performance within the sector. Life Cycle Assessment (LCA) has been widely applied to evaluate environmental 

impacts across product life cycles (Dias et al., 2004). However, detailed process-level data in Thailand remain 

limited, particularly at sectoral and industrial scales. Input–Output Analysis (IOA), originally developed by

Leontief, provides an alternative framework for evaluating intersectoral relationships and embodied emissions

at the national level, particularly where detailed process-level data are unavailable (Huang et al., 2009; Yuan et

al., 2014). Structural Path Analysis (SPA), as an extension of IOA, enables the identification of dominant

upstream emission pathways within supply chains (Muangthai and Lin, 2019). Previous studies have examined

environmental impacts in Thailand’s industrial sector (Khongprom and Suwanmanee, 2020; Park et al., 2022),

but limited attention has been given specifically to fossil fuel–related emissions in the paper products industry. 

Many existing studies rely on broad macroeconomic analyses or international case studies that may not fully 

reflect Thailand’s economic structure and policy context (Tsirimokos, 2023). This study applies an IOA–SPA

framework to quantify fossil fuel combustion–related GHG emissions in Thailand’s paper products sector and
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benchmark the resulting emission intensity indicators against official TGO emission factors. This study 

addresses these gaps by applying an IOA–SPA framework to quantify fossil fuel combustion–related GHG 

emissions in Thailand’s paper products sector. The resulting emission intensity indicators were benchmarked 

against official TGO emission factors to improve the interpretability of the sector-level assessment. The 

framework supports embodied emission assessment and provides policy-relevant insights for Thailand’s 

transition toward net-zero emissions. 

2. Materials and Methods

2.1 Data Sources and Emission Estimation 

Fuel use data were obtained from Thailand’s Annual Oil Report (2015). This source was adopted because it 

corresponds to the latest national Input–Output (I–O) table released by the National Economic and Social 

Development Council (NESDC) in the same year. Relying on datasets with a common reference period avoids 

inconsistencies that may arise when economic structures and energy profiles are drawn from different years. 

Greenhouse gas emission factors were taken from the Thailand Greenhouse Gas Management Organization 

(TGO, 2022). The factors cover seven gases—CO₂, CH₄, N₂O, HFCs, PFCs, SF₆, and NF₃—and were 

expressed as carbon dioxide equivalents (CO₂e) using 100-year Global Warming Potentials. Emission 

calculations followed the standard procedures outlined in the IPCC guidelines. 

𝐺𝐻𝐺 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛   =    𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑑𝑎𝑡𝑎   𝑥   𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 (1) 

Fuel consumption data covered nine fossil fuels—LPG, kerosene, premium and regular gasoline, high- and low-

speed diesel, fuel oil, natural gas, and coal. Quantities were converted to tons of oil equivalent (TOE) using 

conversion factors from the Department of Alternative Energy Development and Efficiency (DEDE) and 

allocated to 14 aggregated economic sectors consistent with the national Input–Output table. The analysis 

necessarily combines datasets from different reference years due to data availability: fuel use and the Input–

Output table refer to 2015, emission factors follow the latest national values released by the Thailand 

Greenhouse Gas Management Organization in 2022, and production data were obtained from the Office of 

Industrial Economics for 2021. Despite this temporal mismatch, the combined dataset provides the most 

coherent basis currently available for estimating emission intensity and conducting benchmarking under 

Thailand’s data constraints. 

2.2 Input–Output Analysis (IOA) 

The input–output (IO) framework is used to describe intersectoral economic relationships and to quantify both 

direct and indirect production effects. The intersectoral transaction matrix 𝑍 is obtained from Thailand’s input–

output table and represents the monetary flows between sectors. Each element (𝑍𝑖𝑗) represents the input from 

sector 𝑖 to sector 𝑗. The total output of each sector is represented by the vector 𝑥, where (𝑥𝑗) is the total output 

of sector j. The final demand is represented by the vector 𝑦, which denotes the demand for goods and services 

by final users. The technical coefficient matrix 𝐴 is calculated as: 

𝐴𝑖𝑗  =  
𝑍𝑖𝑗

𝑥𝑗
(2) 

where 𝐴𝑖𝑗 represents the input required from sector 𝑖 to produce one unit of output in sector  𝑗. The fundamental 

input–output relationship is expressed as: 

𝑥 = 𝐴𝑥 +  𝑦 (3) 

which states that total output is equal to intermediate demand plus final demand. Rearranging Eq. (3) gives: 

𝑥 =   (𝐼 − 𝐴)−1𝑦 (4) 

where  (𝐼−𝐴)−1 is the Leontief inverse matrix, representing the total (direct and indirect) production required to 

satisfy final demand. This study utilized Thailand’s 2015 Input–Output (I–O) table, which was aggregated into a 

14 × 14 sectoral matrix to provide a consistent framework for analyzing intersectoral linkages and tracing the 

propagation of fossil fuel–related GHG emissions throughout the Thai economy. Both direct and indirect GHG 

emissions from fossil fuel combustion were estimated by integrating the I–O table with data from the National 

Oil Report. The first step involved calculating the direct emission intensity for each sector, expressed as GHG 

emissions per unit of domestic output (kgCO₂e/THB), as shown in Equation (5): 

𝑐𝑖  =  
𝑒𝑖

𝑥𝑖
(5) 
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where 𝑐𝑖 is the direct GHG emission intensity of sector 𝑖 (kgCO₂e/THB), 𝑒𝑖 is the direct GHG emissions from 

fossil fuel combustion in sector 𝑖 (kgCO₂e), and 𝑥𝑖 is the total domestic output of sector 𝑖 (THB). Subsequently, 

the embodied emission multiplier matrix (𝑀, in kgCO₂e/THB) was derived by combining the direct emission 

intensity vector with the Leontief inverse matrix (𝐿), as expressed in Equation (6): 

𝑀 =   𝐶𝐿     (6) 

where 𝑀 represents the total embodied emission multiplier matrix incorporating both direct and indirect 

upstream emissions, 𝐶 is the direct emission intensity vector, and 𝐿 is the Leontief inverse matrix derived from 

the technical coefficient matrix of the Thai economy. 

2.3 Structural Path Analysis (SPA) 

Structural Path Analysis (SPA) was applied to identify upstream supply chain contributions and embodied GHG 

emissions associated with paper production. Within the Leontief input–output framework, the total production 

requirements were expressed as: 

𝐿 =   (𝐼 − 𝐴)−1  =   (𝐼 + 𝐴 + 𝐴2 + 𝐴3 + ⋯ )    (7) 

where 𝐿 is the Leontief inverse matrix, 𝐼 is the identity matrix, and 𝐴 is the technical coefficient matrix derived 

from intersectoral transactions. Each term in the series expansion represents a production layer ( 𝑃𝐿 ), 

where 𝑃𝐿0 corresponds to direct production activities satisfying final demand, while higher-order layers 

(𝑃𝐿1, 𝑃𝐿2, …) represent indirect upstream supply chain requirements. Total embodied emissions were estimated 

using: 

𝐸 =   𝑀𝑦   (8) 

where 𝐸 is the total embodied GHG emissions vector, 𝑀 is the embodied emission multiplier matrix derived from 

the product of the direct emission intensity matrix and the Leontief inverse matrix, and 𝑦 is the final demand 

vector. In this study, SPA was applied primarily at the 𝑃𝐿0 level to identify immediate upstream emission 

contributions to the paper products sector. Higher-order production layers were not explored in detail; however, 

the framework provides a basis for future extended structural tracing analyses (Lenzen, 2007; Wiedmann, 

2009). 

2.4 Emission Intensity and Benchmarking 

Direct and indirect emission intensities were evaluated using different functional references within the IOA–SPA 

framework. Direct GHG intensity was normalized using total paper product output to represent fossil fuel 

combustion during paper manufacturing. Indirect GHG intensity was normalized using pulp production because 

upstream embodied emissions are structurally associated with pulp-dependent intersectoral flows. Emissions 

were estimated using the IOA–SPA framework, and production data were obtained from the Office of Industrial 

Economics (OIE, 2021). Pulp was adopted as a proxy material-flow reference because it represents the principal 

intermediate input supporting downstream paper manufacturing.  

Therefore, the indirect intensity should be interpreted as an IOA-based indicator of upstream supply-chain 

emissions rather than a product-level carbon footprint. The resulting intensity indicators were benchmarked 

against official TGO emission factors reported per tonne of paper product. Weighted average emission factors 

were derived from major paper categories, including paperboard, kraft paper, corrugated paper, boxboard, and 

printing and writing paper, using domestic pulp distribution ratios as weighting parameters.  

The benchmarking provides an indicative consistency assessment between the IOA–SPA results and official 

national emission factors. Although the datasets originate from different reference years (2015 for I–O and 

energy data, 2021 for production data, and 2022 for TGO emission factors), they represent the most consistent 

national datasets currently available under Thailand’s data constraints. 

3. Results and Discussion 

In 2015, fossil fuel combustion across Thailand’s economic sectors generated an estimated 207.97 MtCO₂e 

(Figure 1). Most emissions came from Public Utilities (38.78%), Transportation and Communication (33.79%), 

and Non-Metallic Manufacturing (6.41%), together accounting for nearly 79% of the national total. Direct 

emissions from paper manufacturing were modest at 2.14 MtCO₂e (around 1% of the total). Including indirect 

contributions, the paper product group accounted for 876,862.54 tCO₂e, or about 0.42% of national emissions, 

reflecting the sector’s comparatively small scale and its dependence on intermediate inputs rather than primary 

fuel consumption. 
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Figure 1: Direct GHG emissions from fossil fuels combustion. 

The IOA results indicate strong intra-sectoral dependence within the paper industry, together with substantial 

upstream linkages to Trade and Services (T&S), Chemicals (Chem), Public Utilities (PubU), and Transportation 

and Communication (T&C). These results suggest that the paper sector remains structurally dependent on 

electricity, industrial services, and logistics-related activities. The largest embodied emissions were associated 

with Transportation and Communication (T&C), Trade and Services (T&S), and Public Utilities (PubU), whereas 

paper products contributed only a minor share. Despite relatively low direct fossil fuel use, the paper sector 

remained structurally dependent on electricity and transportation systems. These upstream dependencies are 

associated with the energy-intensive characteristics of pulp and paper manufacturing, including pulping, steam 

generation, drying, wastewater treatment, electricity consumption, and transportation activities throughout the 

supply chain. Consequently, Public Utilities and Transportation emerged as dominant contributors within the 

IOA–SPA framework despite relatively modest direct emissions from paper manufacturing activities (Hubbe, 

2021; DOE, 2015; Joyo et al., 2025; DIW, n.d.). The analysis of the share of embodied GHG emissions (Figure 

2) shows that the paper sector relies primarily on self-supply (65.39%), followed by Public Utilities (19.50%) and 

Transportation and Communication (10.54%). Other sectors, including Agriculture (1.48%) and Trade & 

Services (1.12%), contribute less than 5%, indicating that the sector’s footprint is mainly driven by in-sector 

processes and its dependence on electricity and logistics. 

 
 

Figure 2: Embodied GHG emissions associated with 

paper products. 

 

Figure 3: Sources of embodied GHG emissions in 

paper products. 

The 𝑃𝐿0  SPA results (Figure 3) mirror the IOA pattern, with Direct Responsibility (60.90%), Public Utilities 

(19.50%), and Transportation and Communication (10.54%) emerging as the main contributors. This 

consistency reinforces the robustness of the analysis. In practice, substantial emission reductions in Thailand’s 

paper sector will depend more on national shifts in electricity generation and transport systems than on actions 

within individual mills. Overall, the findings show that, despite modest direct fossil fuel use, embodied emissions 

are driven largely by self-supply, utilities, and transport. Although this study focuses on 𝑃𝐿0, the results point to 

clear leverage points for mitigation, with deeper SPA layers reserved for future investigation. 

Direct and indirect emission intensities were evaluated using different functional references within the IOA–SPA 

framework. Direct GHG intensity was calculated from fossil fuel combustion emissions divided by total paper 

product output, resulting in 0.0981 tCO₂e per tonne of paper products. Indirect GHG intensity was estimated 

from upstream embodied emissions normalized by pulp production, resulting in 0.3454 tCO₂e per tonne of pulp. 
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These embodied emissions were primarily associated with electricity generation, transportation, and upstream 

industrial services linked to pulp-dependent production flows. Accordingly, pulp production was adopted as a 

proxy material-flow reference for indirect emission allocation. Although the datasets originate from different 

reference years, they represent the most consistent national data currently available. Benchmarking was 

performed using weighted national emission factors derived from domestic pulp distribution ratios across major 

paper categories (Table 1). Corrugated paper and containerboard were combined to align with Thailand’s official 

GHG emission factors. The resulting weighted benchmark intensity was 0.9159 tCO₂e per tonne of paper 

products.  

Table 1: Weighted Benchmarking Parameters for Paper Product Categories Based on Domestic Pulp 

Distribution 

Paper Types Pulp Distribution 

Volume (tonnes) 

Capacity (Ton) Emission Factor (kgCO₂e/kg) 

Residual pulp (remaining pulp)1 563,809.34 - 0.2994 

Paperboard 27,231.73 493,524.00 1.8679 

Kraft paper 164,554.61 2,982,243.96 1.6324 

Corrugated and boxboard paper 160,263.59 2,904,477.30 1.6184 

Printing and writing paper 76,874.16 1,393,200.00 2.1020 

Total2 992,733.43 7,773,445.26  
1 Residual pulp is accounted as an unused by-product fraction in emission allocation; this inclusion highlights 

the dominant share of remaining pulp in the total emission responsibility. 
2 “Total” represents the aggregated sum of paper types and is not itself a separate product category. 

The resulting emission intensity indicators showed reasonable consistency with weighted benchmark values 

derived from official TGO emission factors. Although the revised indicators are not directly equivalent to product-

level carbon footprint values, the benchmarking results support the applicability of the IOA–SPA framework for 

sector-level embodied emission assessment under current national data limitations. Differences between the 

IOA–SPA indicators and official TGO benchmark values may arise from methodological differences, allocation 

approaches, reference years, and system boundaries. The IOA–SPA framework applies economic allocation, 

whereas the TGO methodology primarily uses mass-based allocation at the product level. In addition, the 

present study focuses on fossil fuel combustion emissions, whereas the TGO framework follows a broader 

cradle-to-gate approach. Therefore, the benchmarking results should be interpreted as an indicative consistency 

assessment rather than a direct equivalence between IOA-based indicators and product-level carbon footprint 

values. Future studies should incorporate updated input–output tables and sector-specific datasets to improve 

temporal consistency and embodied-emission interpretation. 

4. Conclusions 

This study quantified fossil fuel combustion–related GHG emissions in Thailand’s paper products sector using 

an integrated IOA–SPA framework. Although direct emissions were modest, embodied emissions showed 

strong dependencies on upstream utilities and transportation sectors. Direct emission intensity was evaluated 

using paper product output, whereas indirect embodied intensity was interpreted using pulp production as a 

proxy material-flow reference. The resulting intensity indicators showed reasonable consistency with weighted 

benchmark values derived from official TGO emission factors. Key limitations include differences in allocation 

approaches, system boundaries, temporal datasets, and the aggregated structure of the national input–output 

table. Future studies should incorporate updated input–output datasets and deeper SPA layers to improve 

embodied-emission interpretation. Despite these limitations, the study demonstrates that the IOA–SPA 

framework can support sector-level embodied-emission assessment, operational benchmarking, and evidence-

based decarbonization planning for Thailand’s paper products sector under national data constraints. 
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