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Abstract:  Increased  agricultural  production  could  improve  household  income  but  often  generates  adverse environmental  impacts,  including  soil  degradation,  rising  temperatures,  and  drought,  thereby  contributing  to climate change. This study aims to optimize income and carbon emissions in the trade of rice,  corn, and cattle commodities in the Indonesia–Timor Leste border region and to assess the performance of integrated sustainable trade among farmers, traders, and processing industries. A Multi-Objective Linear Programming (MOLP) model and Partial Least Squares  Structural Equation Modeling (PLS-SEM) were employed for analysis. The findings indicated that increased trade activities could improve economic outcomes while maintaining emissions within manageable  limits.  Farmer  income  is  projected  to  increase  by  IDR  5.779  billion  per  production  season,  with improved cost efficiency at approximately IDR 64,000 per acre and maximum emissions of 356,561 tons CO₂e. 

Traders’ income is expected to increase by IDR 8.526 billion, with maximum emissions of 2,443.241 tons CO₂e and average transport costs of IDR 4,600 per kilometer. Carbon emissions at the farm level primarily stem from inefficient use of fertilizer and land burning, while emissions at the trader level are driven by transport capacity and  travel  distance.  Although  processing  industries  have  established  direct  relationships  with  farmers,  most farmers remain dependent on traders for market access. Strengthening the capacity of processing industries in the border region is therefore considered essential for maximizing farmers’ income. 

Keywords: Agricultural-livestock trade; Border region; Carbon emissions; Commodities; Sustainability 1. Introduction

Infrastructural  development  in  the  Indonesia–Timor  Leste  border  region  is  intended  to  enhance  public accessibility  and  stimulate  economic  growth.  Empirical  evidence  showed  that  infrastructure  investment contributed to long-term economic development and reduced income inequality (Nugraha et al., 2020; Taena et al., 

2023b; Zhang & Cheng, 2023). The local economy in this region is predominantly supported by traditional food crop farming and cattle breeding, characterized by low levels of education, productivity, and a high poverty rate among farmers (Sipayung et al., 2023; Taena et al., 2023a). The border region functions as a key production center for rice, corn, and beef cattle. Production of rice increased from 131,000 tons in 2020 to 164,000 tons in 2022, https://doi.org/10.56578/cis140302 
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while corn production rose from 167,000 tons to 193,000 tons over the same period. Similarly, the cattle population increased from 575,000 heads in 2020 to 631,000 heads in 2022 (Badan Pusat Statistik,  2023). 

Development  of  infrastructure  and  increased  production  directly  increase  trade  flows,  which  impact  parties involved in the supply chain. Although rising agricultural output and infrastructure contribute to higher household income, it also generates adverse environmental impacts, including soil degradation, drought, and increased carbon emissions  (Waithaka, 2023).  These  environmental  effects  reflect  the  inverse  relationship  between  production growth and sustainability (Agovino et al.,  2019; Raihan,  2023), especially when production is driven by traditional farming practices and limited environmental awareness (Waseem et al., 2020). Increased production also tends to intensify trade activities, further elevating carbon emissions (Chen et al., 2021). Sustainable development should address social, economic, and ecological aspects in a balanced manner (Fauzi,  2019; Purvis et al., 2019). 

This study aims to optimize both income and carbon emission levels associated with the trade of rice, corn, and cattle  in  the  Indonesia–Timor  Leste  border  region,  and  to  evaluate  the  sustainability  performance  of  these commodity trade systems. 




2. Methodology 




2.1 Research Site and Setting   

This  study  was  conducted  in  Indonesia’s  border  region  with  Timor  Leste  which  can  be  seen  in  Figure  1,  

encompassing four regencies: Kupang, North Central Timor, Belu, and Malaka. The research was carried out from July 2024 to December 2024. 





Figure 1.  Location of the research 




2.2 Data Collection 

 

This study examined both primary and secondary data. Primary data were collected through interviews with key marketing institutions in the border area, including food crop farmers who also raise cattle, food traders, livestock traders, processing industry actors, and consumers. The total sample consisted of 500 respondents: 100 food crop farmers  with  cattle,  100  food  traders,  100  livestock  traders,  100  processing  industry  representatives,  and  100 

consumers. Secondary data were obtained from the East Nusa Tenggara Provincial Agriculture Office, the Central Statistics Agency, and the East Nusa Tenggara Provincial Directorate of Land Transportation. 




2.3 Data Analysis 

 

The supply chain system consists of three production nodes (rice, corn, and livestock farmers), intermediate 458

distribution warehouses, and consumers. Product flow can be direct from farmers to consumers or indirect through warehouses,  depending  on  production  capacity,  storage,  transportation,  and  environmental  constraints.  The agricultural-livestock  trade  system  in  the  Indonesia-Timor  Leste  border  region  reflects  an  inherent  trade-off between  economic  objectives,  namely  increasing  income  and  cost  efficiency,  and  environmental  objectives, namely controlling carbon emissions. Therefore, a Multi-Objective Linear Programming (MOLP) approach was adopted  to  explicitly  model  the  existing  trade-offs  and  generate  Pareto-efficient  solutions,  which  allowed policymakers to evaluate various scenarios of alternative development while considering sustainability constraints. 

Incomes and carbon emissions related to food crop and cattle production were also analyzed by a MOLP model, which  incorporated  cost  efficiency,  income  maximization,  and  objectives  of  environmental  sustainability. The model was adapted and developed based on previous approaches recommended by Bacchetti et al. (2021), Wangsa et al. (2023), and Yuniarti et al. (2023). The finalized model aims to (1) increase production and income from rice, corn, and cattle commodities; (2) achieve total cost efficiency in trade activities; and (3) reduce carbon emissions associated with the commodity trade system. 

The MOLP model is formulated as follows: 

Objective Function: 
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Descriptions: 

𝑖: index of rice farmers 

𝑗: index of corn farmers 

𝑘: index of cattle farmers 

𝑚: index of rice distribution warehouses 

𝑛: index of corn distribution warehouses 

𝑞: index of cattle distribution warehouses 

𝑟: index of consumers 

𝑡: index of transportation modes 

𝑍1: objective function for the income of food crop and cattle farmers 𝑍2: objective function for the total cost in the supply chain system 𝑍3: objective function for carbon emissions released into the air from supply chain activities 𝛼1: carbon productivity level from rice farming 

𝛼2: carbon productivity level from corn farming 
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𝛼3: carbon productivity level from cattle farming 𝑧𝛽: carbon productivity level resulting from the use of transportation  t 𝑋𝑖𝑟𝑡: rice produced by farmer  𝑖  distributed to consumer  𝑟  using transportation  𝑡 

𝑋𝑗𝑟𝑡: corn produced by farmer  𝑗  distributed to consumer  𝑟  using transportation  𝑡 

𝑋𝑘𝑟𝑡: cattle produced by farmer  𝑘  distributed to consumer  𝑟  using transportation  𝑡 

𝑌𝑚𝑟𝑡: rice in distribution warehouse  𝑚  distributed to consumer  𝑟  using transportation  𝑡 

𝑌𝑛𝑟𝑡: corn in distribution warehouse  𝑛  distributed to consumer  𝑟  using transportation  𝑡 

𝑌𝑙𝑟𝑡: cattle in distribution warehouse  𝑙  distributed to consumer  𝑟  using transportation  𝑡 

𝑌𝑞𝑟𝑡: cattle in distribution warehouse  q distributed to consumer  r using transportation  t 𝑝𝑖𝑟𝑡: profit obtained by farmer  𝑖  if rice is distributed to consumer  𝑟  using transportation  𝑡 

𝑝𝑗𝑟𝑡: profit obtained by farmer  𝑗  if corn is distributed to consumer  𝑟  using transportation  𝑡 

𝑝𝑘𝑟𝑡: profit obtained by farmer  𝑘  if cattle is distributed to consumer  𝑟  using transportation  𝑡 

𝑐𝑖𝑟𝑡: transportation cost incurred to farmer  𝑖  if rice is distributed to consumer  𝑟  using transportation  𝑡 

𝑐𝑗𝑟𝑡: transportation cost incurred to farmer  𝑗  if corn is distributed to consumer  𝑟  using transportation  𝑡 

𝑐𝑘𝑟𝑡: transportation cost incurred to farmer  𝑘  if cattle is distributed to consumer  𝑟  using transportation  𝑡 

𝑐

:  transportation  cost  incurred  to  distribution  warehouse 

𝑚𝑟𝑡

𝑚  if  rice  is  distributed  to  consumer  𝑟  using 

transportation  𝑡 

𝑐𝑛𝑟𝑡 :  transportation  cost  incurred  to  distribution  warehouse  𝑛  if  corn  is  distributed  to  consumer  𝑟  using transportation  𝑡 

𝑐𝑞𝑟𝑡: transportation cost incurred by cattle distribution warehouse  𝑞  when cattle are distributed to consumer  𝑟 

using transportation mode  𝑡 

𝛼1: carbon production level from rice farming 

𝛼2: carbon production level from corn farming 

𝛼3: carbon production level from cattle farming 

𝛽𝑡: carbon emission coefficient associated with the mode of transportation 𝑡 

𝑆𝑖: production capacity of rice farming from farmer  𝑖 

𝑆𝑗: production capacity of corn farming from farmer  𝑗 

𝑆𝑘: production capacity of cattle farming from farmer  𝑘 

𝑆𝑚: storage capacity of rice distribution warehouse -𝑚 

𝑆𝑛: storage capacity of corn distribution warehouse -𝑛 

𝑆𝑞: storage capacity of cattle distribution warehouse -𝑞 

D1r: demand for rice by consumer  r 

D2r: demand for corn by consumer  r 

D3r: demand for cattle by consumer  r 

𝐾𝐴𝑃𝑡: transport capacity of transportation mode  𝑡 

The  α and  β parameters were calibrated using region-specific emission factors derived from Intergovernmental Panel on Climate Change (IPCC) guidelines and field survey data. Production-related emissions ( α) account for the  use  of  fertilizer,  land  preparation  machinery,  and  livestock  management,  while  transport  emissions  ( β)  are estimated based on vehicle type, carrying capacity, and distance travelled. 

To analyze the performance of sustainable integrated trade between food crops (rice and corn) and cattle in the Indonesia–Timor  Leste  border  region,  the  Partial  Least  Squares  Structural  Equation  Modeling  (PLS-SEM) approach  was  applied  due  to  its  predictive  capability  (Chin, 2009; Hair  et  al., 2019a; Hair  et  al., 2021).  The conceptual framework of this study, including all latent variables and their corresponding observed indicators, is 

presented in Figure  2. Farmers’ production is reflected by cultivated land area (Pr11), amount of seeds (Pr12), amount of fertilizer (Pr13), labor input (Pr14), and fixed costs (Pr15), while farmers’ marketing is represented by marketing distance (Pe11), marketing costs (Pe12), selling price (Pe13), quantity sold (Pe14), and sales frequency (Pe15). The social dimension is indicated by motivation (S1), farmer group participation (S2), cooperation (S3), social control (S4), and the ability to access information (S5). Farmers’ sustainability performance is suggested by CO₂ emissions (P1), CH₄ emissions (P2), N₂O emissions (P3), farm income (P4), and investment growth (P5). 

Livestock  traders’  production  is  mirrored  by  the  number  of  cattle  purchased  (Pr21),  pen  capacity  (Pr22), production  costs  (Pr23),  and  labor  costs  (Pr24),  while  their  marketing  performance  is  shown  by  transportation costs  (Pe21),  travel  distance  (Pe22),  transport  capacity  (Pe23),  and  vehicle  age  (Pe24).  Moreover,  traders’ 

sustainability performance is reflected by CO emissions (Pt1), HC levels (Pt2), CO₂ levels (Pt3), and revenue (Pt4). 

Food crop traders’ production is exhibited by the amount of harvest purchased (Pr31), warehouse capacity (Pr32), depreciation costs (Pr33), and labor costs (Pr34), while their marketing is reflected by transportation costs (Pe31), travel distance (Pe32), transport capacity (Pe33), and vehicle age  (Pe34). Apart from these,  their sustainability performance is manifested by CO emissions (Pp1), HC levels (Pp2), CO₂ levels (Pp3), and revenue (Pp4). The processing  industry  is  assessed  by  travel distance  (IP1),  transport  capacity  (IP2),  CO  emissions  (IP3),  and  HC 

levels (IP4), while consumer performance is reflected by consumer satisfaction (K1), travel distance (K2), CO 
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emissions (K3), and HC levels (K4). 



 

Figure 2.  Hypothetical framework of sustainable trade performance of three commodities in the Indonesia–

Timor Leste border region 




3. Results 

3.1 Optimization of Income and Carbon Emissions at the Farmer and Trader Levels The results indicated that farmers’ income could increase by approximately IDR 5,779,300,000 per planting season  or  livestock  production  cycle,  equivalent  to  an  average  of  around  IDR  1,200,000  per  month,  with  a production  cost  of  IDR  64,000  per  acre.  Production  growth  can  be  promoted  through both  intensification  and extensification of rice and corn cultivation. For traders, income  is expected to increase by approximately IDR 

8,526,000,000, with maximum carbon emissions of 2,443,241 tons CO₂e and average transport costs of IDR 4,600 

per km.  The optimization results for farmers’ and traders’ income based on considerations of carbon emissions are 

presented in Table 1. 



Table 1.  Results of income optimization and carbon emissions in the Indonesia–Timor Leste border region Earning

Distance

Cost


No. 

 

 

 

 


Actor 

Carbon Emissions (ton CO

(IDR)

2e) 

 

(km) 

(IDR) 

1 

Farmer  5,779,300,000 

356.561 

- 

64,000 

2 

Trader 

8,526,000,000 

2443.241 

767 

4,600 

Source: Primary data; processed in 2025. 



3.2 Integrated Agricultural–Livestock Trade Performance  among Three Sustainable Commodities in the Indonesia–Timor Leste Border Region 

 

3.2.1 Validity and reliability testing 

a. Convergent validity 

The convergent validity test indicated that each indicator adequately represented its corresponding variable. All indicators used in the model had outer loading values greater than 0.7, which confirmed that they appropriately 462

reflected their latent variables. Indicators with outer loading values below 0.7 were removed from the model, as this study employed a reflective measurement model that emphasized predictive capability (Ghozali, 2021; Hair et al.,  2021). The outer loading values of the indicators used in this study are presented in Table 2. 



Table 2.  Outer loading values of each variable and indicator Variable 

Indicator 


Outer Loadings  Remarks 

Transport Capacity (IP1) 

0.829 

Valid 

Processing Industry 

Amount of CO Emissions (IP3) 

0.967 

Valid 

Amount of Hydrocarbon Emissions (IP4) 

0.966 

Valid 

Amount of CO Emissions (K3)

Consumers



0.986 

Valid 



Amount of Hydrocarbon Emissions (K4) 

0.963 

Valid 

CO₂ Emissions (P1)

Farmers



0.916 

Valid 



N₂O Emissions (P3) 

0.923 

Valid 

Quantity Sold (Pe14)

Farmers’ Marketing



0.902 

Valid 



Sales Frequency (Pe15) 

0.85 

Valid 

Transportation Cost (Pe21)

Livestock Traders’ Marketing



0.936 

Valid 



Distance Travelled (Pe22) 

0.927 

Valid 

Transportation Cost (Pe31) 

0.981 

Valid 

Food Traders’ Marketing 

Distance Travelled (Pe32) 

0.981 

Valid 

Transport Capacity (Pe33) 

0.707 

Valid 

CO Emissions (Pp1) 

0.942 

Valid 

Food Traders 

Hydrocarbon Emissions (Pp2) 

0.921 

Valid 

CO₂ Concentration (Pp3) 

0.993 

Valid 

Amount of Fertilizer (Pr13)

Farmers’ Production



0.99 

Valid 



Fixed Costs (Pr15) 

0.711 

Valid 

Pen Capacity (Pr22)

Livestock Traders’ Production



0.769 

Valid 



Labor Costs (Pr24) 

0.874 

Valid 

Amount of Harvest Purchased (Pr31)

Food Traders’ Production



0.888 

Valid 



Labor Costs (Pr34) 

0.738 

Valid 

CO Emissions (Pt1) 

0.976 

Valid 

Livestock Traders 

Hydrocarbon Emissions (Pt2) 

0.985 

Valid 

CO₂ Concentration (Pt3) 

0.956 

Valid 

Farmer Group Participation (S2)

Farmers’ Social



0.964 

Valid 



Cooperation (S3) 

0.898 

Valid 

Source: Primary data processed, 2025. 



b. Composite reliability 

Composite reliability is used to measure the consistency of indicators in representing their respective variables. 

A variable is considered to have acceptable reliability if its composite reliability value is greater than 0.7 (Ghozali, 

2021; Hair et al.,  2019b; Monecke & Leisch,  2012). The composite reliability values for each variable are presented 

in Table 3.  



Table 3. Composite reliability value 



Variable 


Composite Reliability Remarks 

Consumers 


0.798 

Reliable 

Farmers 

0.916 

Reliable 

Food Traders 

0.891 

Reliable 

Livestock Traders 

0.982 

Reliable 

Farmers’ Marketing 

0.869 

Reliable 

Food Traders’ Marketing 

0.925 

Reliable 

Livestock Traders’ Marketing 

0.783 

Reliable 

Processing Industry 

0.945 

Reliable 

Farmers’ Production 

0.898 

Reliable 

Food Traders’ Production 

0.799 

Reliable 

Livestock Traders’ Production 

0.808 

Reliable 

Farmers’ Social 

0.929 

Reliable 

Source: Primary data processed, 2025. 



3.2.2 Goodness-of-fit test   

The goodness-of-fit of the PLS-SEM model was assessed using the  R ²,  Q ², and  f ² values. The  R ² value indicates the extent to which the exogenous constructs explain variance in the endogenous latent variables (Ghozali, 2021; 

Guenther et al., 2023). The consumer variable  had an  R ² value of 0.24, meaning that 24% of its variance  was explained by the model. The farmer variable had an  R ² value of 0.462, indicating 46.2% explanatory power. The 463

food  trader  variable  had  an   R ²  value  of  0.962,  while  the  livestock  trader  variable  had  an   R ²  value  of  0.978, suggesting  that  both  were  strongly  explained  by  their  respective  construct  variables.  The  processing  industry variable showed an  R ² value of 0.22, indicating 22% explanatory capability. 

Predictive relevance was evaluated using the  Q ² value. A  Q ² value greater than zero signifies that the model has predictive relevance and is therefore suitable for prediction purposes (Hair et al., 2011; Leguina, 2015). The  Q ² 

values for all latent variables in this study exceeded zero, confirming the predictive adequacy of the model. The R ² and  Q ² results are presented in Table 4. 



Table 4.   R 2 and  Q 2 value of each variable Variable 

 R2 

 Q² 

Consumers 

0.24 

0.18 

Farmers 

0.462  0.428 

Food Traders  0.962 

0.96 

Livestock 

0.978

Traders



0.977 



Processing 

0.22

Industry



0.17 



Source: Primary data processed, 2025. 



The  f ² value measures the effect size of exogenous variables on endogenous variables within the model. An  f ² 

value of 0.02 indicates a weak effect, 0.15 indicates a moderate effect, and 0.35 indicates a strong effect. Values below  0.02 are  considered to have  no meaningful influence. The   f ²  values for each construct  in this study are 

presented in Table 5. 



Table 5.   F 2 value of each latent variable 




Latent Variable 

 F2 

Farmers → Consumers 

0.02 

Farmers → Food Traders 

0.04 

Farmers → Livestock Traders 

0.02 

Farmers → Processing Industry 

0.181 

Food Traders → Consumers 

0.06 

Livestock Traders → Consumers 

0.02 

Farmers’ Marketing → Farmers 

X` 

Food Traders’ Marketing → Food Traders 

21.897 

Livestock Traders’ Marketing → Livestock 

33.648

Traders





Processing Industry → Consumers 

0.05 

Farmers’ Production → Farmers 

0.766 

Food Traders’ Production → Food Traders 

0.04 

Livestock Traders’ Production → Livestock 

0.056

Traders





Food Traders → Processing Industry 

0.04 

Livestock Traders → Consumers 

0.03 

Farmers’ Social → Farmers 

0.206 

Source: Primary data processed, 2025. 



The farmer variable had a weak influence on the variables of food traders, livestock traders, and consumers, but it had a moderate influence on the processing industry variable. Among the determinants of the farmer variable, farmers’ marketing showed a weak effect, farmers’ production had a strong effect, and social factors had a moderate effect on farmer outcomes. 

Similarly, both the livestock trader and food trader variables exerted only weak influences on the processing industry and consumer variables. For both trader types, the marketing construct showed a strong influence on the trader variable, while the production construct showed only a weak influence. 



3.2.3 Sustainable integrated agricultural–livestock trade performance The PLS-SEM analysis produced both direct and indirect effect estimates. The direct effects are presented in 

Table 6, while the indirect effects are presented in Table 7. 
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Table 6.  Results of direct effects on sustainable integrated agricultural–livestock trade performance in the Indonesia–Timor Leste border region 




Variable 

Original Sample   t-Statistics   p-Values Farmers → Consumers 

0.04 

0.441 

0.659 

Farmers → Food Traders 

0.002 

0.149 

0.882 

Farmers → Processing Industry 

0.365 

2.994 

0.003a 

Farmers → Livestock Traders 

0.011 

0.804 

0.422 

Food Traders → Consumers 

-0.122 

1.177 

0.239 

Food Traders → Processing Industry 

-0.015 

0.285 

0.776 

Food Traders’ Marketing → Consumers 

-0.116 

1.18 

0.238 

Food Traders’ Marketing → Food Traders 

0.949 

68.126 

0.000a 

Food Traders’ Marketing → Processing Industry 

-0.015 

0.285 

0.776 

Food Traders’ Production → Consumers 

-0.007 

0.904 

0.366 

Food Traders’ Production → Food Traders 

0.059 

2.096 

0.036a 

Food Traders’ Production → Processing Industry 

-0.001 

0.265 

0.791 

Processing Industry → Consumers 

0.101 

0.998 

0.318 

Livestock Traders → Consumers 

0.075 

0.743 

0.458 

Livestock Traders → Processing Industry 

-0.117 

2.05 

0.04a 

Livestock Traders’ Marketing → Consumers 

0.075 

0.744 

0.457 

Livestock Traders’ Marketing → Processing Industry 

-0.116 

2.056 

0.04a 

Livestock Traders’ Marketing → Livestock Traders 

0.996 

92.986 

0.000a 

Livestock Traders’ Production → Consumers 

-0.002 

0.63 

0.529 

Livestock Traders’ Production → Processing Industry 

0.004 

1.12 

0.263 

Livestock Traders’ Production → Livestock Traders 

-0.033 

1.603 

0.109 

Farmers’ Marketing → Consumers 

0.007 

0.376 

0.707 

Farmers’ Marketing → Farmers 

0.168 

2.167 

0.03a 

Farmers’ Marketing → Food Traders 

0.000 

0.13 

0.897 

Farmers’ Marketing → Processing Industry 

0.061 

1.717 

0.086b 

Farmers’ Marketing → Livestock Traders 

0.002 

0.664 

0.507 

Farmers’ Production → Consumers 

0.023 

0.43 

0.667 

Farmers’ Production → Farmers 

0.574 

15.526 

0.000a 

Farmers’ Production → Food Traders 

0.001 

0.146 

0.884 

Farmers’ Production → Processing Industry 

0.21 

3.12 

0.002a 

Farmers’ Production → Livestock Traders 

0.006 

0.782 

0.434 

Farmers’ Social → Consumers 

0.003 

0.309 

0.757 

Farmers’ Social → Farmers 

0.086 

0.918 

0.359 

Farmers’ Social → Food Traders 

0.000 

0.109 

0.913 

Farmers’ Social → Processing Industry 

0.032 

0.783 

0.433 

Farmers’ Social → Livestock Traders 

0.001 

0.533 

0.594 

Source: Primary data processed, 2025.  a and  b are significant at  α = 5% and  α = 10%, respectively. 



Table 7.  Results of indirect effects on sustainable integrated agricultural–livestock trade performance in the Indonesia–Timor Leste border region 




Original 

 t-

 p-

Variable 

Sample 

Statistics 


Values 

Livestock Traders → Processing Industry → Consumers 

-0.012 

0.717 

0.473 

Farmers’ Production → Farmers → Processing Industry → Consumers 0.021 

0.945 

0.345 

Farmers’ Social → Farmers → Livestock Traders → Consumers 

0.000 

0.359 

0.719 

Farmers’ Social → Farmers → Livestock Traders → Processing Industry 0.000 

0.454 

0.650 

Farmers’ Social → Farmers → Food Traders → Consumers 

0.000 

0.078 

0.938 

Farmers’ Production → Farmers → Consumers 

0.002 

0.027 

0.978 

Farmers’ Social → Farmers → Food Traders → Processing Industry 

0.000 

0.028 

0.978 

Farmers’ Production → Farmers → Food Traders 

0.001 

0.146 

0.884 

Livestock Traders’ Production → Livestock Traders 

0.000

→ Processing Industry → Consumers



0.636 

0.525 



Farmers’ Production → Farmers → Processing Industry 

0.21 

3.132 

0.002a 

Farmers’ Production → Farmers → Livestock Traders 

0.006 

0.782 

0.434 

Farmers → Livestock Traders → Processing Industry → Consumers 

0.000 

0.417 

0.676 

Farmers’ Marketing → Farmers → Food Traders → Processing Industry → 

0.000

Consumers



0.027 

0.979 



Food Traders’ Production → Food Traders → Processing Industry → 

0.000

Consumers



0.202 

0.840 



Farmers’ Marketing → Farmers → Livestock Traders → Processing Industry 0.000

→ Consumers



0.352 

0.725 
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Farmers’ Production → Farmers → Livestock Traders → Consumers 0.001 

0.445 

0.656 

Food Traders’ Production → Food Traders → Consumers 

-0.007 

0.890 

0.374 

Livestock Traders’ Production → Livestock Traders → Consumers 

-0.003 

0.693 

0.488 

Farmers’ Production → Farmers → Food Traders → Consumers 

0.000 

0.104 

0.917 

Farmers’ Production → Farmers → Livestock Traders → Processing Industry 

-0.001 

0.592 

0.554 

Food Traders’ Production → Food Traders → Processing Industry 

-0.001 

0.265 

0.791 

Livestock Traders’ Production → Livestock Traders → Processing Industry 0.004 

1.120 

0.263 

Farmers’ Marketing → Farmers → Processing Industry → Consumers 

0.006 

0.789 

0.43 

Farmers’ Production → Farmers → Food Traders → Processing Industry 0.000 

0.036 

0.971 

Livestock Traders’ Marketing → Livestock Traders → Processing Industry → 

-0.012

Consumers



0.718 

0.472 



Food Traders’ Marketing → Food Traders → Processing Industry → 

-0.001

Consumers



0.208 

0.835 



Farmers → Processing Industry → Consumers 

0.037 

0.943 

0.346 

Farmers’ Marketing → Farmers → Livestock Traders → Consumers 

0.000 

0.393 

0.695 

Farmers’ Marketing → Farmers → Food Traders → Consumers 

0.000 

0.093 

0.926 

Farmers’ Marketing → Farmers → Consumers 

0.000 

0.024 

0.981 

Farmers’ Marketing → Farmers → Food Traders 

0.000 

0.130 

0.897 

Farmers’ Social→ Farmers → Consumers 

0.000 

0.022 

0.983 

Farmers’ Marketing → Farmers → Livestock Traders → Processing Industry 0.000 

0.520 

0.603 

Farmers’ Social→ Farmers → Food Traders 

0.000 

0.109 

0.913 

Farmers’ Marketing → Farmers → Processing Industry 

0.062 

1.719 

0.086 

Farmers’ Marketing → Farmers → Livestock Traders 

0.002 

0.664 

0.507 

Farmers’ Marketing → Farmers → Food Traders → Processing Industry 0.000 

0.033 

0.974 

Farmers’ Social → Farmers → Processing Industry 

0.032 

0.784 

0.433 

Farmers’ Social → Farmers → Livestock Traders 

0.001 

0.533 

0.594 

Farmers → Livestock Traders → Consumers 

0.001 

0.458 

0.647 

Farmers → Food Traders → Consumers 

0.000 

0.106 

0.915 

Farmers → Livestock Traders → Processing Industry 

-0.001 

0.619 

0.536 

Food Traders’ Marketing → Food Traders → Consumers 

-0.114 

1.155 

0.248 

Livestock Traders’ Marketing → Livestock Traders → Consumers 

0.087 

0.825 

0.409 

Farmers’ Social→ Farmers → Processing Industry → Consumers 

0.003 

0.520 

0.603 

Farmers → Food Traders → Processing Industry 

0.000 

0.037 

0.970 

Food Traders’ Marketing → Food Traders → Processing Industry 

-0.015 

0.285 

0.776 

Livestock Traders’ Marketing → Livestock Traders → Processing Industry 

-0.116 

2.056 

0.04a 

Farmers’ Production → Farmers → Food Traders → Processing Industry → 

0.000

Consumers



0.030 

0.976 



Farmers’ Production → Farmers → Livestock Traders → Processing Industry 0.000

→ Consumers



0.398 

0.691 



Farmers → Food Traders → Processing Industry → Consumers 

0.000 

0.030 

0.976 

Farmers’ Social→ Farmers → Food Traders → Processing Industry → 

0.000

Consumers



0.022 

0.982 



Farmers’ Social → Farmers → Livestock Traders → Processing Industry → 

0.000

Consumers



0.352 

0.724 



Food Traders → Processing Industry → Consumers 

-0.002 

0.209 

0.835 

Source: Primary data processed, 2025.  a is significant at  α = 5%. 

 


4. Discussion 

Food  crop  farmers  in  the  Indonesia–Timor  Leste  border  region  cultivate  an  average  of 41  acre  of  land  and maintain 1–2 head of cattle. Their average monthly income from food crop farming is IDR 475,000. Income from cattle is not calculated regularly because cattle are generally treated as a form of savings to meet urgent needs such as education or social obligations. Livestock are raised under a free-range system, and production inputs are seldom recorded. On average, farming and livestock activities generate approximately 32.21 kg CO₂e emissions per farmer. 

Annual  carbon  emissions  in  the  border  region  remain  below  the  optimized  emission  threshold,  indicating  that increased agricultural activity can still take place within sustainable limits. Higher incomes may influence changes in farmers’ socioeconomic practices. However, carbon-intensive practices such as land clearing through burning and limited integration between crop and livestock systems pose challenges to sustainability (Movilla-Pateiro et al., 2021). 

Farmers  in  the  border  region  are  predominantly  conventional  farmers  with  relatively  low-income  levels. 

Farmers’ income is affected by limited access to agricultural tools and technology, as well as low land productivity for rice and corn. Inappropriate use of fertilizer and limited purchasing power reduce yields (Haneloy et al., 2021; 

Painneon  et  al., 2022).  Besides,  improper  fertilizer  dosage,  suboptimal  land  management,  and  waste  burning contribute to increased greenhouse gas emissions (Park et al.,  2023; Song et al.,  2023). Farmers typically sell their harvest in several batches to avoid decline in prices during peak harvest periods and to maintain financial reserves 466

for unexpected expenses. However, repeated transport of small quantities contributes to additional emissions due to increased transportation frequency (Yang et al., 2022; Yang, 2023). Agricultural waste can be converted into fertilizer and complete feed, which can be used to stop the burning process and is expected to have an impact on reducing carbon emissions (Ngadisih et al., 2024). Agricultural contracts can be implemented to maintain price fluctuations at the farm level and reduce the use of repeated transportation. This kind of contracts maintain price stability and simplify farmers’ work (Hoang,  2021; Miyata et al., 2009). 

Farmers raise beef cattle, which are mostly free-range in forests and pastures. Cattle farming in border areas contributes significantly to carbon emissions (Pazla et al.,  2022). In addition to the increasing livestock population, carbon emissions are generated from livestock manure released from feed obtained from agricultural waste, which is generally high in fiber. Changing livestock farming practices from free-range to intensive systems can reduce carbon emissions by modifying the feed used and utilizing methane for biogas production (Bayat et al., 2017; 

Giamouri et al., 2023). 

Livestock and food traders operate with an average transport capacity of 1.5–2 tons and vehicle ages averaging 8.6 years. Traders travel an average distance of 533.35 km per purchasing cycle. Livestock traders typically have a pen capacity of 16 heads, while food traders have warehouse capacities averaging 2.7 tons. When combined, their trade activities generate approximately 425 kg CO₂e emissions and longer travel distances per purchase cycle. 

This  shows  that  market demand for food and livestock products remains strong. Enhancing trade  efficiency is essential to maintain trade sustainability and support continued income growth among traders (Balcom et al.,  2023). 

Traders in the border region procure commodities by travelling extensively across the Indonesia–Timor Leste border  area.  Limited  availability  of  commodities  and  increased  competitions  encourage  traders  to  make  more frequent purchasing trips and engage more assertively in negotiations. Traders often travel long distances, stay overnight  during  procurement  trips,  and  conduct  vehicle  repairs  independently.  Low  awareness  and  limited enforcement of testing related to routine vehicle emissions contribute to higher greenhouse gas emissions among traders (Hussain et al., 2022; Porter et al., 2013). 

Processing industries in the Indonesia–Timor Leste border region source limited raw materials from local food and livestock traders. Instead, inputs are primarily obtained directly from farmers or imported from other regions or  islands.  Raw  materials  are  delivered  either  directly  by  farmers  or  collected  by  operators  in  the  processing industry. Transportation  activities  associated  with  this  supply  chain,  along  with  the  use  of  firewood  and  other biomass fuels, are major contributors to carbon emissions in the processing sector. The reliance on locally available natural fuels reflects the broader energy conditions in rural border areas (Su et al.,  2023). 

Trader behavior, both in food and livestock markets, influences carbon emissions in the processing industry. 

Increased trading activity can lead to shortages of raw materials for processors, hence disrupting production. Such disruptions may temporarily reduce emissions but also risk lowering processing industry income due to reduced output (Nayaka & Kartika,  2018; Suryani et al.,  2022). Farmers in the border region act as price takers (Lanamana, 

2019;  Mulyana et al., 2022). Although processing industries offer better prices, their limited capacity restricts the volume of produce they can absorb (Kanza et al. , 2015). 

The interactions among farmers, traders, and processing industries do not substantially affect consumer behavior. 

Consumers generally purchase from the nearest market or processing facility and have little direct engagement with farmers. Consequently, consumer choices have limited influence on income distribution or carbon emissions within the agricultural-livestock trade network. 




5. Conclusions 

Trade activity in the Indonesia–Timor Leste border region has the potential to substantially increase economic gains while maintaining carbon emissions within manageable limits. Farmer income could rise by IDR 5.7793 

billion per planting season, with improved production efficiency at an average cost of IDR 64,000 per acre and a maximum carbon emissions of 356.561 tons CO₂e. Trader income could increase by IDR 8.526 billion, with a maximum carbon emissions of 2,443.241 tons CO₂e and average transportation costs of IDR 4,600 per kilometer. 

At the  farm level, carbon emissions primarily stem from inefficient  use  of  fertilizer, land management,  and waste  burning.  For  traders,  emissions  are  driven  by  transport  distance  and  limited  vehicle  capacity. Although processing industries have direct relationships with some farmers, most farmers remain dependent on traders for access to the market. Strengthening and expanding the capacity of the processing industry in the border region is therefore essential to increasing farmers’ income and improving the sustainability of agricultural-livestock trade. 

Despite its contributions, this study has several  limitations. The  analysis  was  limited to four districts in the Indonesia–Timor Leste border region and three commodities, i.e., rice, corn, and livestock, which may limit the generalizability  of  the  findings.  Communities  in  the  Indonesia–Timor  Leste  border  region  are  predominantly traditional farmers dependent on rainfall. Livestock farming is practiced in open pasture. Furthermore, the MOLP 

framework relies on linear assumptions, and carbon emission estimates do not fully capture indirect or life-cycle emissions. PLS-SEM results also depend on selected reflective indicators and self-reported survey data. Future research should expand the geographic and commodity coverage, incorporate additional supply chain actors, and 467

adopt dynamic or non-linear approaches to better capture the complexities of sustainable border trade systems. 

 


Author Contributions   

Conceptualization, B.P.S., U.J., F.M.A.B., and A.S.M.; methodology, B.P.S., A.N., and Y.P.V.M.; software, B.P.S.,  F.M.A.B.,  and  R.A.D.;  validation,  B.P.S.,  P.D.K.P.,  A.S.M.,  and  U.J.;  formal  analysis,  B.P.S.,  R.A.D., F.M.A.B., and A.S.M.; investigation, B.P.S., U.J., A.S.M., F.M.A.B., and R.A.D.; resources, B.P.S., U.J., A.S.M., F.M.A.B., and R.A.D.; data curation, B.P.S., U.J., A.S.M., F.M.A.B., and R.A.D.; writing—review and editing, B.P.S.,  U.J.,  A.S.M.,  A.N.,  and  P.D.K.P.;  visualization,  R.A.D.;  supervision,  B.P.S.,  U.J.,  A.S.M.,  F.M.A.B., Y.P.V.M.,  and  P.D.K.P.;  project  administration,  R.A.D.;  funding  acquisition,  B.P.S.  All authors have read  and agreed to the published version of the manuscript. 

 


Funding   

This research was funded by the Directorate General of Higher Education, Research, and Technology, Ministry of Education, Culture, Research, and Technology of the Republic of Indonesia, under the Fundamental Research Scheme (Grant No.: 100/E5/PG.02.00.PL/2024). 




Data Availability 

The data used to support the research findings are available from the corresponding author upon request. 

 


Conflicts of Interest 

The authors declare no conflict of interest. 

 


References 

Agovino, M., Casaccia, M., Ciommi, M., Ferrara, M., & Marchesano, K. (2019). Agriculture, climate change and sustainability: The case of EU-28.  Ecol. Indic. ,  105, 525–543. https://doi.org/10.1016/j.ecolind.2018.04.064. 

Bacchetti, A., Bertazzi, L., & Zanardini, M. (2021). Optimizing the distribution planning process in supply chains with 

distribution 

strategy 

choice. 

 J. 

 Oper. 

 Res. 

 Soc. , 

 72(7), 

1525–1538. 

https://doi.org/10.1080/01605682.2020.1727785. 

Badan Pusat Statistik. (2023).  Provinsi Nusa Tenggara Timur Dalam Angka 2023. BPS Provinsi Nusa Tenggara Timur. 

https://ntt.bps.go.id/id/publication/2023/02/28/b42d42d6480b55670ba67964/provinsi-nusa-tenggara-timur-dalam-angka-2023.html 

Balcom, R., Abebe, G. K., Yiridoe, E. K., & Hartt, C. M. (2023). Sustainable production and distribution practices in  Atlantic  Canadian  short  food  supply  chains:  Explorative  study.  Front.  Sustain.  Food  Syst. ,  7. 

https://doi.org/10.3389/fsufs.2023.1121006. 

Bayat, A. R., Ventto, L., Kairenius, P., Stefański, T., Leskinen, H., Tapio, I., Negussie, E., Vilkki, J., & Shingfield, K.  J.  (2017).  Dietary  forage  to  concentrate  ratio  and  sunflower  oil  supplement  alter  rumen  fermentation, ruminal methane emissions, and nutrient utilization in lactating cows1.  Transl. Animal Sci. ,  1(3), 277–286. 

https://doi.org/10.2527/tas2017.0032. 

Chen, F., Jiang, G., & Kitila, G. M. (2021). Trade openness and CO2 emissions: The heterogeneous and mediating effects for the belt and road countries.  Sustainability,  13(4), 1958. https://doi.org/10.3390/su13041958. 

Chin, W. W. (2009). How to write up and report PLS analyses. In  Handbook of Partial Least Squares (pp. 655–

690). Springer Berlin Heidelberg. https://doi.org/10.1007/978-3-540-32827-8_29. 

Fauzi, A. (2019).  Teknik Analisis Keberlanjutan. Gramedia Pustaka Utama. 

Ghozali, I. (2021).  Partial Least Squares: Konsep, Teknik, dan Aplikasi Menggunakan Program SmartPLS 3.2.9 

 Untuk penelitian Empiris. 

Giamouri, E., Zisis, F., Mitsiopoulou, C., Christodoulou, C., Pappas, A. C., Simitzis, P. E., Kamilaris, C., Galliou, F.,  Manios,  T.,  &  et  al.  (2023).  Sustainable  strategies  for  greenhouse  gas  emission  reduction  in  small ruminants farming.  Sustainability,  15(5), 4118. https://doi.org/10.3390/su15054118. 

Guenther, P., Guenther, M., Ringle, C. M., Zaefarian, G., & Cartwright, S. (2023). Improving PLS-SEM use for business 

marketing 

research. 

 Ind. 

 Mark. 

 Manag. , 

 111, 

127–142. 

https://doi.org/10.1016/j.indmarman.2023.03.010. 

Hair, J. F., Hult, G. T. M., Ringle, C. M., Sarstedt, M., Danks, N. P., & Ray, S. (2021). An introduction to Structural Equation  Modeling.  In   Classroom  Companion:  Business  (pp.  1–29).  Springer  International  Publishing. 

https://doi.org/10.1007/978-3-030-80519-7_1. 

Hair, J. F., Ringle, C. M., & Sarstedt, M. (2011). PLS-SEM: Indeed a silver bullet.  J. Mark. Theory Pract. ,  19(2), 468

139–152. https://doi.org/10.2753/mtp1069-6679190202. 

Hair, J. F., Risher, J. J., Sarstedt, M., & Ringle, C. M. (2019a). When to use and how to report the results of PLS-SEM.  Eur. Bus. Rev. ,  31(1), 2–24. https://doi.org/10.1108/ebr-11-2018-0203. 

Hair, J. F., Sarstedt, M., & Ringle, C. M. (2019b). Rethinking some of the rethinking of partial least squares.  Eur. 

 J. Mark. ,  53(4), 566–584. https://doi.org/10.1108/ejm-10-2018-0665. 

Haneloy, M. L., Sipayung, B. P., Joka, U., & Bukifan, M. (2021). Preferensi dan pengambilan keputusan petani jagung menggunakan pupuk bersubsidi di kecamatan biboki anleu kabupaten timor tengah utara (studi kasus desa kotafoun). In  Prosiding Seminar Nasional Agribisnis: Fakultas Pertanian Universitas Khairun (Vol. 1, Issue 1, pp. 1–5). 

Hoang, V. (2021). Impact of contract farming on farmers’ income in the food value chain: A theoretical analysis and empirical study in Vietnam.  Agric. ,  11(8), 797. https://doi.org/10.3390/agriculture11080797. 

Hussain,  Z.,  Khan,  M.  K.,  &  Shaheen,  W.  A.  (2022).  Effect  of  economic  development,  income  inequality, transportation,  and  environmental  expenditures  on  transport  emissions:  Evidence  from  OECD  countries. 

 Environ. Sci. Pollut. Res. ,  29(37), 56642–56657. https://doi.org/10.1007/s11356-022-19580-6. 

Kanza, P., Vitale, J., Kanza, P., & Vitale, J. (2015). Agriculture in developing countries and the role of government: Economic perspectives. In  2015 AAEA & WAEA Joint Annual Meeting (p. 205362). San Francisco, California. 

https://doi.org/10.22004/AG.ECON.205362. 

Lanamana, W. (2019). Measurement of economic efficiency of upland rice farming in different land ownership status in mausambi village, maurole sub-district, ende regency.  J. AGRISEP Kaji. Masal. Sos. Ekon. Pertan. 

 Agribisnis,  18(2), 387–402. https://doi.org/10.31186/jagrisep.18.2.387-402. 

Leguina, A. (2015). A primer on partial least squares structural equation modeling (PLS-SEM).  Int. J. Res. Method Educ. ,  38(2), 220–221. https://doi.org/10.1080/1743727x.2015.1005806. 

Miyata, S., Minot, N., & Hu, D. (2009). Impact of contract farming on income: Linking small farmers, packers, and supermarkets in China.  World Dev. ,  37(11), 1781–1790. https://doi.org/10.1016/j.worlddev.2008.08.025. 

Monecke, A. & Leisch, F. (2012). SemPLS: Structural equation modeling using partial least squares.  J. Stat. Softw. , 48(3). https://doi.org/10.18637/jss.v048.i03. 

Movilla-Pateiro, L., Mahou-Lago, X. M., Doval, M. I., & Simal-Gandara, J. (2021). Toward a sustainable metric and indicators for the goal of sustainability in agricultural and food production.  Crit. Rev. Food Sci. Nutr. , 61(7), 1108–1129. https://doi.org/10.1080/10408398.2020.1754161. 

Mulyana, M., Budiman Hakim, D., & Hartoyo, S. (2022). Analysis of entrepreneurship activities in rice farming. 

 Int. J. Progress. Sci. Technol. ,  35(1). https://doi.org/10.33258/birci.v5i2.4973. 

Nayaka,  K.  W.  &  Kartika,  I.  N.  (2018).  Pengaruh  modal,  tenaga  kerja  dan  bahan  baku  terhadap  pendapatan pengusaha  industri  sanggah  di  kecamatan  mengwi.  E-Jurnal  Ekon.  Dan  Bisnis  Univ.  Udayana,  1927. 

https://doi.org/10.24843/eeb.2018.v07.i08.p01. 

Ngadisih, N., Sinatrya, A., Retno Wulan, I., Claudea Tanjung, J., Fahima, S., & Lestari, P. (2024). Potensi ancaman dan upaya mitigasi emisi gas rumah kaca di sektor pertanian Indonesia: Tinjauan sistematis atas literatur.  J. 

 Teknol. Lingkung. Lahan Basah,  12(1), 245–254. https://doi.org/10.26418/jtllb.v12i1.74231. 

Nugraha, A. T., Prayitno, G., Situmorang, M. E., & Nasution, A. (2020). The role of infrastructure in economic growth and income inequality in Indonesia.  Econ. Sociol. ,  13(1), 102–115. https://doi.org/10.14254/2071-789x.2020/13-1/7. 

Painneon, E. A., Sipayung, B. P., & Taena, W. (2022). Kinerja penyuluh dan efektivitas distribusi pupuk bersubsidi di  kabupaten  timor  tengah  utara  (studi  kasus:  Desa  oepuah  selatan).  Agribus.  Agric.  Econ.  J. ,  5(1),  1. 

https://doi.org/10.52434/mja.v5i1.1683. 

Park, C. Y., Takahashi, K., Li, F., Takakura, J., Fujimori, S., Hasegawa, T., Ito, A., Lee, D. K., & Thiery, W. (2023). 

Impact of climate and socioeconomic changes on fire carbon emissions in the future: Sustainable economic development 

might 

decrease 

future 

emissions. 

 Glob. 

 Environ. 

 Change, 

 80,  102667. 

https://doi.org/10.1016/j.gloenvcha.2023.102667. 

Pazla, R., Pt, S., Antonius, M. P., Erpomen, S. P. M. S. I., Sari, M. D. N. I., & Pt, S. (2022).  Upaya Mengurangi Gas Metan dari Sektor Peternakan. Penerbit Adab. 

Porter, C. D., Brown, A., DeFlorio, J., McKenzie, E., & Vimmerstedt, L. (2013). Effects of travel reduction and efficient driving on transportation: Energy use and greenhouse gas emissions.  Transp. Energy Futur. Ser.  

Purvis, B., Mao, Y., & Robinson, D. (2019). Three pillars of sustainability: In search of conceptual origins.  Sustain. 

 Sci. ,  14(3), 681–695. https://doi.org/10.1007/s11625-018-0627-5. 

Raihan, A. (2023). Toward sustainable and green development in Chile: Dynamic influences of carbon emission reduction variables.  Innov. Green Dev. ,  2(2), 100038. https://doi.org/10.1016/j.igd.2023.100038. 

Sipayung,  B.  P.,  Joka,  U.,  Maulana,  A.  S.,  &  Onuigbo,  D.  M.  (2023).  Fiscal  decentralization  and  farmer empowerment in Indonesia-Timor Leste border: A case study of village fund.  Caraka Tani J. Sustain. Agric. , 38(2), 273. https://doi.org/10.20961/carakatani.v38i2.67578. 

Song, S., Zhao, S., Zhang, Y., & Ma, Y. (2023). Carbon emissions from agricultural inputs in China over the past three decades.  Agriculture,  13(5), 919. https://doi.org/10.3390/agriculture13050919. 


469

Su, L., Wang, Y., & Yu, F. (2023). Analysis of regional differences and spatial  spillover effects of agricultural carbon emissions in China.  Heliyon,  9(6), e16752. https://doi.org/10.1016/j.heliyon.2023.e16752. 

Suryani, E., Rahmawati, U. E., & Zahra, A. A. (2022). Improving maize production and farmers’ income using system dynamics model.  J. Agric. Sci. ,  14(6), 68. https://doi.org/10.5539/jas.v14n6p68. 

Taena, W., Sipayung, B. P., Blegur, F. A., & Klau, A. D. (2023a). Comparative advantages and factors affecting agriculture  production and income  in the  food estate  area on the  Indonesia–Timor-Leste border.  Asian J. 

 Agric. Rural Dev. ,  13(1), 56–65. https://doi.org/10.55493/5005.v13i1.4762. 

Taena,  W.,  Sipayung,  B.  P.,  Blegur,  F.  M.  A.,  &  Klau,  A.  D.  (2023b).  Impact  of  agricultural  infrastructure development on inequality and optimization equality of farmers’ income in Indonesia-Timor Leste Border Area.  Asian J. Agric. Rural Dev. ,  13(4), 269–276. https://doi.org/10.55493/5005.v13i4.4933. 

Waithaka,  S.  (2023).  Effects  of  agriculture  on  the  environment.  Int.  J.  Agric. ,  8(1),  10–20. 

https://doi.org/10.47604/ija.1933. 

Wangsa, I. D., Vanany, I., & Siswanto, N. (2023). An optimization model  for fresh-food electronic  commerce supply  chain  with  carbon  emissions  and  food  waste.  J.  Ind.  Prod.  Eng. ,  40(1),  1–21. 

https://doi.org/10.1080/21681015.2022.2099473. 

Waseem, R., Mwalupaso, G. E., Waseem, F., Khan, H., Panhwar, G. M., & Shi, Y. (2020). Adoption of sustainable agriculture practices in banana farm production: A study from the Sindh Region of Pakistan.  Int. J. Environ. 

 Res. Public Health,  17(10), 3714. https://doi.org/10.3390/ijerph17103714. 

Yang, F. (2023). Impact of agricultural modernization on agricultural carbon emissions in China: A study based on the spatial spillover effect.  Environ. Sci. Pollut. Res. ,  30(39), 91300–91314. https://doi.org/10.1007/s11356-023-28350-x. 

Yang, T., Huang, X., Wang, Y., Li, H., & Guo, L. (2022). Dynamic linkages among climate change, mechanization and  agricultural  carbon  emissions  in  rural  China.  Int.  J.  Environ.  Res.  Public  Health,  19(21),  14508. 

https://doi.org/10.3390/ijerph192114508. 

Yuniarti,  R.,  Masudin,  I.,  Rusdiansyah,  A.,  &  Handayani,  D.  I.  (2023).  Model  of  multiperiod  production-distribution for closed-loop supply chain considering carbon emission and traceability for agri-food products. 

 Int. J. Ind. Eng. Oper. Manag. ,  5(3), 240–263. https://doi.org/10.1108/ijieom-10-2022-0045. 

Zhang, Y. & Cheng, L. (2023). The role of transport infrastructure in economic growth: Empirical evidence in the UK.  Transp. Policy,  133, 223–233. https://doi.org/10.1016/j.tranpol.2023.01.017. 


470

index-1_8.jpg





index-1_7.jpg





index-2_1.jpg
‘South Cantral Timor Regency.

ATION OF RESEARCH]

@

Logend
i)
[ psu——
[ i

[ s
[
[—peeve

ooy A oss
ftiysieaict o)

Dot WS84
Zone" i

wserpem

=78






index-1_9.jpg





index-6_1.jpg





cover.jpeg
Challenges in Sustainability A A CADLORE

qm\\% ‘https://www.acadlore.com/journals e b sk St

Sustainable Income Optimization Model Through Food and
Livestock Commodity Trade Integration in the Indonesia—Timor
Leste Border Area

Gheck for
Cies

Boanerges Putra Sipayung'*®, Umbu Joka'®, Achmad Subchiandi Maulana'®,
Agustinus Nubatonis'®, Yohanes Pv Mambur'(®, Fried Markus Allung Blegur®,
Rifgi Adi Darmawan’®, Piki Darma Kristian Pardede*®

‘Agribusincss Program, Faculty of Agricultural, Science, and Health, Timor University, 85614 Kefamenanu,
Indonesia

2 Mathematic Program, Faculty of Agricultural, Science, and Health, Timor University, 85614 Kefamenanu,
Indonesia

3 Ministry of Agrarian Affairs and Spatial Planning National Land Agency, 85614 Kefamenanu, Indonesia

4 Public Administration Program, Faculty of Social and Political Science, Timor University, 85614 Kefamenanu,
Indonesia

* Correspondence: Boanerges Putra Sipayung (sipayung.boanerges@gmail.com)
Received: 11-24-2025 Revised: 04-02-2026 Accepted: 04-14-2026

Citation: Sipayung, B. P., Joka, U., Maulana, A. S., Nubatonis, A., Mambur, Y. P., Blegur, F. M. A, Darmawan,
R. A, & Pardede, P. D. K. (2026). Sustainable income optimization model through food and livestock commodity
trade integration in the Indonesia-Timor Leste border area. Chall. Sustain., 14(3), 457-470.
https://doi.org/10.56578/cis140302.

© 2026 by the author(s). Published by Acadlore Publishing Services Limited, Hong Kong. This article is available for free
download and can be reused and cited, provided that the original published version is credited, under the CC BY 4.0 license.

Abstract: Increased agricultural production could improve houschold income but often generates adverse
environmental impacts, including soil degradation, rising temperatures, and drought, thereby contributing to
climate change. This study aims to optimize income and carbon emissions in the trade of rice, corn, and cattle
commodities in the Indonesia-Timor Leste border region and to assess the performance of integrated sustainable
trade among farmers, traders, and processing industries. A Multi-Objective Linear Programming (MOLP) model
and Partial Least Squares Structural Equation Modeling (PLS-SEM) were employed for analysis. The findings
indicated that increased trade activities could improve economic outcomes while maintaining emissions within
manageable limits. Farmer income is projected to increase by IDR 5.779 billion per production season, with
improved cost efficiency at approximately IDR 64,000 per acre and maximum emissions of 356,561 tons COze.
Traders’ income is expected to increase by IDR 8.526 billion, with maximum emissions of 2,443.241 tons COze
and average transport costs of IDR 4,600 per kilometer. Carbon emissions at the farm level primarily stem from
inefficient use of fertilizer and land burning, while emissions at the trader level are driven by transport capacity
and travel distance. Although processing industries have established direct relationships with farmers, most
farmers remain dependent on traders for market access. Strengthening the capacity of processing industries in the
border region is therefore considered essential for maximizing farmers’ income.

Keywords: Agricultural-livestock trade; Border region; Carbon emissions; Commodities; Sustainability
1. Introduction

Infrastructural development in the Indonesia-Timor Leste border region is intended to enhance public
accessibility and stimulate economic growth. Empirical evidence showed that infrastructure investment
contributed to long-term economic development and reduced income inequality (Nugraha et al., 2020; Taena et al.,
2023b; Zhang & Cheng, 2023). The local economy in this region is predominantly supported by traditional food
crop farming and cattle breeding, characterized by low levels of education, productivity, and a high poverty rate
among farmers (Sipayung et al., 2023; Taena et al., 2023a). The border region functions as a key production center
for rice, corn, and beef cattle. Production of rice increased from 131,000 tons in 2020 to 164,000 tons in 2022,
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