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Abstract

The aim of this study was to assess and compare the life cycle greenhouse gas (GHG) emission of commercial
vegetable production in conventional and organic production systems in Phitsanulok Province in Thailand. A
cradle-to-farm-gate life cycle assessment approach was used to calculate the carbon footprint of lettuce, spring
onion, and cabbage, in terms of one kg of fresh crop. Structured farm surveys were conducted on 36 farms,
which were synchronized according to cultivation schedule. The results showed that the GHG emissions from
conventional farming were always higher in all the crops investigated, with the GHG emission values of the
crops lettuce, spring onion, and cabbage being 0.3493, 0.2009, and 0.2757 kg CO2eq kg™ respectively. Organic
practices lowered these values to 0.1123, 0.0753, and 0.1044 kg CO2eq kg™ for the corresponding crops,
resulting in the total carbon footprint reduction by approximately 62-68%. The crop management stage was
found to be the most carbon intensive stage of both systems in inventory disaggregation. The rather distinct
emission gap was mainly caused by differences in inputs in the course of crop management; conventional
systems made heavy use of synthetic N-P-K fertilizers as well as grid electricity for irrigation, which resulted in
high production burdens at the beginning of the value chain and high nitrous oxide (N20) emissions in the field.
However, the organic alternative eliminated these hotspots by replacing chemical fertilizers with dried chicken
manure and introducing solar-powered water pumping systems, thus reducing emissions associated with en-
ergy use. Furthermore, emission reduction from organic waste management was reduced by lower amounts
of agricultural residues from the organic sector. The results enable the development of a science-based green-
house gas emission inventory in the region and show that, by using organic amendments, low-carbon agricul-

tural transitions can be achieved with a low carbon intensity in commercial vegetable production.
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1. INTRODUCTION

The current state of the global food system is at a critical environmental situation, where agriculture is respon-
sible for the estimated 23-30% of total greenhouse gas (GHG) emissions (Tubiello et al. 2013). The significant
role of this substantial share of emissions in the atmosphere highlights the need for a shift in the agricultural
sector towards more sustainable and climate-resilient production systems. This shift, however, is complicated
by multiple global efforts, such as increasingly stringent regulations to meet international climate commitments,
decreasing land and water resources, and the growing demand for food security (Godfray & Garnett 2014).
These challenges have been addressed by implementing sustainable intensification in agriculture by increasing
production efficiency while decreasing emissions and environmental impacts. To overcome these constraints,
in this context, the agricultural sector is implementing sustainable intensification for efficient production and
reduction in emissions and environmental impacts (Impallomeni et al. 2026). This method involves better nutri-
ent management, conservation agriculture, effective mechanization, and efficient use of resources to boost
yields, while also sequestering carbon, boosting soil health, and reducing the overall carbon footprint of the
sector (Lal et al. 2015).

Global warming is an issue of great environmental interest to humanity and requires an integrated ap-
proach to policy, science, social action, and industry (Sending et al. 2019). This phenomenon is, in part, caused
by three major anthropogenic greenhouse gases, which all make specific contributions to global warming. The
most common is Carbon dioxide (CO2), which is mainly produced by the burning of fossil fuels in power gener-
ation, transport, and heating. Methane (CH4) is derived from anaerobic decomposition in landfills, rice paddies,
wetlands, and enteric fermentation in farm animals. Nitrous oxide (N20), a byproduct of nitrogenous fertilizer
application and denitrification, presents significantly higher global warming potentials (GWP) than CH4 and CO:
(IPCC 2021). Within this context, agricultural and land-use activities are disproportionately responsible for the
global budget of CO2, CH4, and N20O (Li et al. 2025; Han et al. 2019). Agriculture can play an important role in
GHG emissions (Yang et al. 2024), and there is a serious feedback loop between agriculture and climate
change, as well as scaling up agricultural production to meet the growing needs of a global population (Yang et
al. 2024).

Carbon footprint (CF) has been recognized globally as a standardized tool to evaluate GHG emissions
in agricultural production systems (Avasthe et al. 2023). In addition to its monitoring function, CF can also offer
strategic information as regards sustainable food production, such as finding pathways to reduce agriculture's
impact on climate change (Niemiec et al. 2024). Extensive longitudinal studies, such as those conducted in
China between 1990 and 2019, demonstrate high emission intensities in staple grain production, with rice (4871
+ 418 kg CO2¢e ha') significantly exceeding wheat and maize (Fan et al. 2022). Similarly, commercial perennial
crops like cacao exhibit substantial variability, with carbon footprints ranging from 1.55-2.703 kg CO-e kg™ of
dry beans (Cornelius et al. 2025). For vegetable systems, the GHG emissions from the intercropping systems
(collard greens and spinach, collard greens and chicory) resulted in CF values of 0.030 and 0.033 kg CO2eq kg
' respectively, which are both lower than the monoculture systems, even by 31% less than monocultures (Pe-

reira et al. 2022). In all of the various vegetable production scenarios, across different geographies, the main
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sources of emissions are fertilizer, fuel (diesel), and irrigation, and they represent the highest contributing
sources when considering the total GHG emissions.

Thailand is a major agricultural country in Southeast Asia, and the commercial crop sector is a significant
contributor of GHGs in the country due to the intensive use of production inputs and farming practices, such as
synthetic fertilizers, etc., on fields and farms (Pengthamkeerati 2024). As such, Thailand is highly climate-
change sensitive and has always been among the top ten most climate change impacted countries in the past
twenty years (2000-2019) (Eckstein et al. 2021). The agricultural sector was the second largest emitter of green-
house gases, with estimated shares of 15-17% of total GHG emissions in the late 2010s (MNRE 2024). These
emissions are primarily driven by crop cultivation practices, that are major sources of CO2, CH4, and N2O (Kumar
& Bordoloi 2024). In particular, Thai cassava farming experience shows that synthetic fertilizers produce almost
20 times as much GHGs, at 51.83 kg COzeq ton™ of cassava roots compared to only 2.74 kg CO2eq ton™ from
organic fertilizers (Janchai et al. 2025). In such systems, nitrogen application frequently turns out to be a major
emitter, accounting for 60-80% of the total carbon footprint (Saeed et al. 2025), along with fuel use for machinery
and energy use for irrigation (Li et al. 2018). The Province of Phitsanulok in Northern Thailand is a good example
of this, with various types of crops grown there, as it is a strategic region for agriculture. In recent years, com-
mercial vegetable production, especially that of leafy vegetables and brassica vegetables like lettuce, spring
onion, and cabbage, has emerged as an important economic source for rural livelihoods (Nath et al. 1999).
Despite the growth of organic agriculture in response to greater institutional support, intensive commercial farm-
ing is still common in the region and is still a significant source of greenhouse gas (GHG) emissions. The
knowledge of the carbon footprint of these production systems in Phitsanulok Province will provide scientific

inputs for developing targeted mitigation measures and for agricultural sustainable policy.

This study compares the carbon footprint of the organic and conventional farming models for vegetables. The
analysis is conducted based on a methodology that combines the life cycle assessment (LCA) approach and
Intergovernmental Panel on Climate Change (IPCC) and Thailand Greenhouse Gas Management Organization
(TGO) guidelines by Janchai et al. (2025) and Traware et al. (2025), respectively. The system boundaries were
identified with a cradle-to-farm-gate approach, accounting for all production related inputs and processes up to
the harvest stage. The main purpose of this paper is to quantitatively analyze and compare GHG emissions of
the conventional and organic cultivation of the three major commercial vegetables: lettuce, spring onion, and
cabbage, along with the cultivation process in Phitsanulok Province. Emissions were broken down into input
categories and cultivation stages to determine the contribution of individual cultivation activities to total carbon
emissions. The results provide a science-based GHG emissions inventory representative of the region, which
can be used in agricultural policy development and for farm level GHG emissions reduction and low carbon

vegetable production strategies.
2. MATERIALS AND METHODS
2.1 The study area and vegetable production system

The study was done in the lower northern part of Thailand, in Phitsanulok Province. The tropical monsoon

climate, with well-defined wet and dry seasons, is suitable for year-round commercial vegetable production in
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this area. It has been more than 20 years since this area has been a major source of vegetables, which plays
an important role in the regional and national vegetable market. The total agricultural area is approximately
552,218 ha; the area of 175,943 ha is dedicated to the field crops and vegetables sector (Phitsanulok Provincial
Office of Agricultural Extension 2022). Conventional farming still prevails in this sector, and certified organic
farming is still very small, less than 1% (Phitsanulok Provincial Office of Agricultural Extension 2022). The crops
selected for this research were three economically important vegetable crops: lettuce (Lactuca sativa L.), spring

onion (Allium cepa var. aggregatum), and cabbage (Brassica oleracea L. var. capitata L.)

In the conventional farming system used in this study, synthetic inputs, such as N-P-K fertilizers and chemical
pesticides, are widely used, and there is a high use of fuel and electricity. On the other hand, organic farming
in line with organic certification standards involves the use of natural amendments like animal manure compost
and natural mineral supplements and avoids the use of synthetic chemical pesticides. Furthermore, part of the
electricity consumption is covered by photovoltaic (PV) system in the organic system. Although there are some
differences in management, both systems use tillage to prepare the soil, purchase seeds and seedlings, and

perform other common farm activities.
2.2 Data collection methods and farm survey procedures

In this study, Phitsanulok Province was selected through purposive sampling to identify different clusters of
conventional farms and organic farms in the province. In each farming system, six farms were sampled for each
of the three target vegetable crops, namely lettuce, spring onions, and cabbage, giving a total of 36 farmers.
Due to the purposive sample size of six commercial farms per crop system (n=6), the collected life cycle inven-
tory data are presented as representative of the sampled commercial farming practices within the study area of
Phitsanulok Province. The sampling design enabled a well-done comparative analysis of average performance
of the farm under both systems, especially in terms of the efficiency of inputs and GHG emissions. Structured
on farm surveys were employed to collect primary data by interviewing farm operators in 2025. The question-
naire used to collect the data was validated by three independent experts. The procedure that led to the valida-
tion of the questionnaire was appropriate and reliable. These interviews were conducted on input, management,
and output of agriculture. In addition, secondary data were accessed from Thai national databases, namely Life
Cycle Inventory (LCI) and CF repositories, peer reviewed literature, and local studies that reflect the setting and

socioeconomic background of Thailand.

Life Cycle Inventory data for all agricultural inputs were compiled for each vegetable crop. The farming systems
adopted were conventional and organic, and the farming schedules and duration were synchronized; for lettuce
and spring onion (40-50 days), the first planting was in May (early rainy season), and the second was in July
(mid-rainy season); for cabbage (50-60 days), the first planting was done in October (early winter), while the
second one was in December (late winter). Systematic data collection was done from showing to carry out a
detailed input-output analysis. The number of agricultural inputs used was measured for fertilizers, natural min-
eral use, pest control products, water, energy (i.e., fuel and electricity), seeds and seedlings, and machinery
use. The total amount of crops (kg of fresh weight) and the volume of agricultural wastes were measured as the

corresponding outputs. The inventory data, based on an area of 1,600 m?, were broken down into four main



NEPT

5 of 20

production stages: soil preparation (machine operation, initial amendments, pre-emergence herbicide); culti-
vation (seeding, initial fertilization); crop management (subsequent fertilization, pest control, irrigation); and har-
vest (machine operation, post-harvest irrigation). Data collection was carried out over an entire production cycle

for each crop to reflect typical resource levels and farm activities (He et al. 2024).
2.3 Life cycle assessment methodology and system boundaries

A cradle-to-farm-gate life cycle assessment (LCA) methodology was used in this study, in line with the international
standards of ISO 14040/14044. The entire system boundary included all upstream activities and the core activities,
including the production of inputs and the final harvest. However, this study did not include post-harvest processing,
transportation downstream to the market, retail distribution, and consumer use (Jensen et al. 2024). The four main
stages of production systems logistics, soil preparation, cultivation, crop management, and harvesting are consid-
ered as a system boundary for both production systems, as well as the transport of all the material inputs and waste
management during agricultural production. Conventional farming systems included chemical fertilizers, synthetic
pesticides, and grid electricity for irrigation, as shown in Fig. 1. In contrast, the organic farming system relied on
organic fertilizers, and electricity was generated by photovoltaic (PV) systems. Embodied carbon emissions asso-
ciated with the manufacturing, installation, and infrastructure of the PV systems were excluded from the inventory.
When allocated over an expected 20-year operational lifespan and total crop yield, these infrastructure emissions
contribute negligibly per functional unit and do not impact the rounded carbon footprint results. All transport opera-
tions and mechanized farm operations, including fuel used for delivery of materials, soil preparation, and waste
management, are fully included in the system boundary. A life cycle assessment of total GHG emissions was
carried out for the full production process. To ensure a standardized comparison between the two farming systems
and the three vegetable crops, the Functional Unit (FU) was defined as 1 kg of fresh crop yield, with the environ-

mental impact expressed in kilograms of carbon dioxide equivalent per kilogram of product (kg CO2eq kg™).
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Fig. 1: System boundary of conventional and organic production of three commercial vegetable crops

2.4 Carbon footprint calculation

in Phitsanulok Province.

Determination of the accurate carbon footprint (CF) of crops harvested is still a crucial process to assess the envi-

ronmental efficiency and sustainability of contemporary agriculture (Marini 2020). Total GHG emissions were quan-

tified in carbon dioxide equivalents (COz eq) while using Global Warming Potential (GWP) with a 100-year time

horizon. Following the strict rules of the IPCC Fifth Assessment Report (AR5), the mathematical model assigned
GWP values of 1 for COz2, 28 for CH4, and 265 for N2O (Mulya et al. 2025). Specific emission factors for all industrial

and agricultural inputs were obtained from validated academic databases and national registries. The model recal-

ibrated these and adjusted them to accurately reflect the actual transportation distances and actual production

processes of Thailand's local agricultural supply chains.

The mathematical technique was in strict adherence to IPCC guidelines on monitoring agricultural pollution (Mulya

et al. 2025). The total GHG emissions from each vegetable crop were calculated by applying the emission factors

to the activity data, and the following simple equation was applied:

CF = E(Activity data, X EF; x GWP))

(1)
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Where: CF represents the carbon footprint (kg CO2eq).

Activity data; denotes the exact quantity of material inputs, energy consumption, or waste management as-

sociated with vegetable production.

EF; refers to the emission factor, representing the precise mass of pollution released per unit of farming

activity.

GWP;acts as the multiplier for the specific gas over a 100-year time horizon

The CFs for the individual farming systems were obtained by aggregating the environmental impacts of all relevant

activities and input materials in the agricultural farming systems. Emission factors used for the assessment are

listed in Table 1.

Table 1: Emission factors for vegetable production.

Agricultural activity data Unit Emission factor References
(kg CO.eq/unit)

Material inputs
Organic fertilizer kg 0.1097 TGO (2022)
Chemical fertilizer as Nitrogen (N) kg 3.3036 TGO (2016)
Chemical fertilizer as Phosphorus (P) kg 1.5716 TGO (2016)
Chemical fertilizer as Potassium (K) kg 0.4974 TGO (2016)
Dolomite kg 0.0265 TGO (2022)
Alachlor kg 8.0900 TGO (2022)
Chlorfenapyr kg 13.4000 Agri-footprint database - SimaPro (2025)
Emamectin benzoate kg 13.4000 Agri-footprint database - SimaPro (2025)
Diesel (upstream emission) kg 0.3522 TGO (2022)
Diesel (field combustion emission) L 2.9793 TGO (2022)
Gasoline (upstream emission) kg 0.4024 TGO (2022)
Gasoline (field combustion emission) L 2.3171 TGO (2022)
Electricity kWh 0.5986 TGO (2022)
Waste management
Vegetable waste - composting kg 0.3326 TGO (2022)
Packaging waste - sanitary landfills kg 0.7933 TGO (2022)
Transportation
4-wheel pickup truck- 100% loading tkm 0.1411 TGO (2022)
4-wheel pickup truck - 0% loading km 0.3131 TGO (2022)
4-wheel van - 100% loading tkm 0.2154 TGO (2022)
4-wheel van - 0% loading km 0.2415 TGO (2022)
10-wheel van - 100% loading tkm 0.0454 TGO (2022)
10-wheel van - 0% loading km 0.5747 TGO (2022)
6-wheel garbage truck - 100% loading tkm 0.0475 TGO (2022)
6-wheel garbage truck - 0% loading km 0.4923 TGO (2022)

3. RESULTS

3.1. Life cycle inventory (LCI) of vegetable production systems

The vegetable production data used in the Life Cycle Inventory (LCI) also showed considerable differences

between provinces, which are due to the differences in the farming systems and management practices in
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Phitsanulok Province. These inventory metrics have been separated into four production stages and summa-
rized in Table 2. The data revealed a difference in fresh yields, nutrient input, pest management, and energy

management practices between conventional and organic farming systems.

Dolomite was used in both systems to address soil acidity and to improve the pH for soil nutrient availability as
a nutrient amendment and/or to manage the soil's nutrient status, especially for Ca and Mg. The nutrient man-
agement in the conventional farming system was largely based on the application of synthetic nitrogen, phos-
phorus, and potassium (N-P-K) fertilizers (e.g.,15-15-15; 25-7-7; 16-16-16) and dried chicken manure. On the
other hand, the concern with organic farming systems was the use of dried chicken manure to preserve soil
fertility. Specifically, the manure needed for organic lettuce was 76.67 £ 8.16 kg, while that used to 56.67 + 8.16
kg in the conventional system during the cultivation stage.

In terms of pest and weed control, weed control in conventional systems used the pre-emergence herbicide
alachlor; in the organic systems, it did not use any of this herbicide. Conventional plots used synthetic insecti-
cides, such as chlorfenapyr and emamectin benzoate, for insect management to reduce larval infestation. In
the meantime, organic systems composed of certified organic materials were prevented from using any syn-

thetic chemical inputs in order to meet the strict standard of certification.

There were differences between the two farming systems in energy use and in input use. The amount of diesel
fuel consumed was similar, at approximately 12.00 to 14.00 L, for both systems for mechanized tillage and
ridging. However, grid electricity and gasoline were required to operate irrigation and mechanical spraying in
conventional plots, while solar energy was used in organic plots for pumping water. The high electricity con-
sumption was observed in conventional production of cabbage, at the crop management stage, at 131.39+6.73
kWh.

The collected data revealed that the conventional farming method generated a greater amount of waste, which
consisted of vegetable waste. Conventional cabbage farming recorded the highest amount of agricultural waste

at 493.33 + 16.33 kg, whereas organic farming recorded a lower level of agricultural waste at 315.00 + 25.88
kg.

Overall, there was no need for synthetic chemicals after conversion to the organic system, but more organic
amendments were needed. The same change also resulted in reduced yields of crop residues per production

cycle.
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Table 2: Life Cycle Inventory (LCI) data on vegetable production between conventional and organic farming systems.

Conventional farming (amount/1600 m?) Organic farming (amount/1600 m?)

Activity data unit Lettuce  Springonion  Cabbage Lettuce Spring onion Cabbage
(n=6) (n=6) (n=6) (n=6) (n=6) (n=6)

Fresh crop yield kg 1,113.33 2,256.67 1,703.67 1,773.33 2,611.67 2,085.00
128.05 142.27 +36.56 +36.70 +40.70 kg +36.19

Soil preparation

Dolomite kg 83.33+12.91 116.67+12.91 112.50+13.69 79.17£10.21 87.50+13.69 95.83+10.21
Alachlor L 0.30£0.00 0.30£0.00 0.30£0.00 - - -
Diesel L 14.00+1.10 13.67+1.51 13.50+1.22  13.00+1.10 13.33%0.52 12.00+0.63
Gasoline L 0.50+0.00 0.50+0.00 0.50+0.00 - - -

Cultivation
Dried Chicken Manure kg 56.67+8.16 63.67+8.16 70.00+10.95 76.67+8.16 106.67+10.33 63.33+8.16

Crop management
Fertilizer (15-15-15) kg 44.17+4.92 56.67+5.16 41.6749.83 - - -

Fertilizer (25-7-7) kg 37.50+2.74 43.33+9.83 33.331£5.16 - - -
Fertilizer (16-16-16) kg - 23.331£19.66 - - - -

Dried chicken manure kg - - - 136.67+£15.06 133.3310.52 113.33%£10.33
Chlorfenapyr L 0.09+0.00 0.09+0.00 0.09+0.00 - - -
Emametin Benzoate L 0.09+0.00 0.09+0.00 0.09+0.00 - - -
Gasoline L 1.00+£0.00 1.00+0.00 1.00+0.00 - - -
Electricity kWh 94.07+1.54 87.09+2.52 131.3946.73 - - -
Harvesting

Diesel L 5.67+1.03 5.83+0.98 5.50+0.48 5.33+0.52 5.17+0.41 5.25+0.42
Electricity kWh - 19.80+2.41 - - - -
Waste management

Vegetable waste kg 286.67+15.06 243.33+10.33 493.33+16.33 226.67+22.51 188.33+13.29 315.00+25.88
Packaging waste kg 1.08+0.20 1.2040.17 0.87+0.08 1.1040.11 1.10£0.11 1.074£0.10

3.2. Comparison of carbon footprint per functional unit of selected vegetables under different cul-tivation

practices

The comparative assessment of GHG emissions for conventional and organic farming systems for lettuce,
spring onion, and cabbage, as specified in Table 3, revealed substantial reductions in GHG emissions through
the adoption of organic practices as compared to conventional practices. The total GHG emissions from
conventional farming systems were higher for all three vegetable types, with values of 0.3493, 0.2009, and
0.2757 kg CO2eq kg™ for lettuce, spring onion, and cabbage, respectively. In contrast, organic farming reduced
these emissions to 0.1123, 0.0753, and 0.1044 kg CO2eq kg™ for the same crops, respectively. Overall, the
transition to organic farming can lead to a reduction of the CF of around 62-68%, showing a marked reduction
compared to conventional farming. This emission gap was mainly due to the crop management stage. In
conventional farming systems, synthetic fertilizers like 15-15-15, 25-7-7, and 16-16-16, were largely used,
which created high emissions during both the production of synthetic fertilizers and N2O emissions in the field
during the farming process. In conventional cultivation, the highest percentage of CF contribution was from
synthetic fertilizers and electricity use, while in the case of organic cultivation, these contributions were

eliminated by using chicken manure instead of chemical fertilizers as an organic fertilizer. Furthermore, waste
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management (composting of vegetable waste; sanitary landfills of packaging waste) were identified as an

important emission source in the traditional farming system.

Organic farming's contribution to environmental benefits was mainly realized through the utilization of organic
amendments rather than synthetic inputs, and by the use of renewable energy. However, the use of dried
chicken manure led to reduced emissions in upstream areas compared with chemical alternatives.
Incorporating solar pumping removed GHG emissions from electricity consumption during the crop
management and harvesting phases. Across both systems, crop management remained the most carbon-
intensive, followed by waste management and soil preparation, while transport, cultivation, and harvesting

activities contributed the least to the total CF.

Table 3: Comparison of carbon footprint of conventional and organic farming system.

GHG emissions (kg CO.eq kg™)

Activity data Conventional farming Organic farming

Lettuce Spring onion Cabbage Lettuce Spring onion Cabbage

Soil preparation

Dolomite 0.0020 0.0014 0.0017 0.0012 0.0009 0.0012
Alachlor 0.0025 0.0012 0.0016 - - -
Diesel (upstream and field emission) 0.0413 0.0198 0.0260 0.0230 0.0167 0.0188
Gasoline (upstream and field emission) 0.0011 0.0006 0.0008 - - -
Cultivation

Dried Chicken manure (upstream emission) 0.0056 0.0031 0.0044 0.0047 0.0045 0.0033

Dried chicken manure (field emissions as N.O)  0.0085 0.0047 0.0067 0.0072 0.0068 0.0051

Crop management

Fertilizer (15-15-15) (upstream emission) 0.0320 0.0202 0.0197 - - -
Fertilizer (15-15-15) (field emissions as N20) 0.0248 0.0157 0.0152 - - -
Fertilizer (25-7-7) (upstream emission) 0.0327 0.0186 0.0190 - - -
Fertilizer (25-7-7) (field emissions as N20) 0.0351 0.0200 0.0203 - - -
Fertilizer (16-16-16) (upstream emission) - 0.0089 - - - -
Fertilizer (16-16-16) (field emissions as N20) - 0.0069 - - - -
Dried chicken manure (upstream emission) - - - 0.0085 0.0056 0.0060
Dried chicken manure (field emissions as N20) - - - 0.0128 0.0085 0.0091
Chlorfenapyr 0.0011 0.0006 0.0007 - - -
Emametin Benzoate 0.0011 0.0006 0.0007 - - -
Gasoline 0.0031 0.0014 0.0016 - - -
Electricity 0.0506 0.0231 0.0461 - - -
Harvesting

Diesel (upstream and field emission) 0.0167 0.0095 0.0106  0.0099 0.0065 0.0083
Electricity - 0.0053 - - - -
Waste management

Vegetable waste 0.0856 0.0359 0.0961 0.0425 0.0240 0.0502
Packaging waste 0.0008 0.0004 0.0004 0.0005 0.0003 0.0004
Transportation

Diesel for transport of materials 0.0037 0.0026 0.0028 0.0015 0.0012 0.0014
Diesel for transport of waste 0.0010 0.0004 0.0011  0.0005 0.0003 0.0006
Total 0.3493 0.2009 0.2757 0.1123 0.0753 0.1044

3.3. Contribution of farming activities to total carbon footprint.
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Fig. 2 shows the distribution of CF across all four main phases (soil preparation, cultivation, crop management,
and harvesting), and waste management and transportation for both systems. A detailed process-based
analysis revealed differences between the GHG emissions associated with conventional and organic methods
in all production steps. During soil preparation, conventional farming generated higher emissions than organic
farming, with values of 0.0469 kg CO2eq kg™, 0.0230 kg CO2eq kg™', and 0.0301 kg CO-eq kg™ for lettuce,
spring onion, and cabbage, respectively. Organic practices lowered these emissions to 0.0242, 0.0176, and
0.0200 kg CO2eq kg™', respectively.

During the cultivation stage, organic fertilizers were used in both systems. For lettuce and cabbage,
conventional farming remained more carbon intensive approach, with emission reaching 0.0141, and 0.0111
kg CO2eq kg™, respectively. Organic practices successfully lowered these values to 0.0119, and 0.0084 kg
CO2eq kg™ for lettuce and cabbage. The opposite trend was observed in spring onion cultivation, where the
organic farming generated higher emission (0.0113 kg CO2eq kg™) than the conventional farming (0.0078 kg
CO2eq kg™). For organic spring onion, this was found to be mainly due to the larger application of dried chicken

manure during this stage, which was required to restore soil nutrients after the prior harvest.

Although this deviation is present, the crop management stage was still the main contributor to the carbon
footprint gap between the two systems. In conventional farming, this stage accounted for the highest emission,
reaching 0.1805, 0.1160, and 0.1233 kg COzeq kg™ for lettuce, spring onion, and cabbage, respectively.
Organic farming, however, lower these values to 0.0213, 0.0141, and 0.0151 kg CO2eq kg™~'. The major reason
for this considerable decrease was the elimination of synthetic fertilizers and the adoption of solar-powered
irrigation.

The organic systems' environmental benefits were verified in the post cultivation phases: harvesting, waste
handling, and transport. Waste management represented a major emission hotspot, particularly for
conventional cabbage, which generated 0.0965 kg CO2eq kg™' nearly twice the 0.0506 kg COzeq kg™! emitted
by the organic system. Similarly, for lettuce and spring onion, conventional waste management also led to
higher emissions, at 0.0864, and 0.0363 kg CO2eq kg™'. The same trend was observed for transportation and
harvesting, where the organic systems had lower carbon loads for all vegetable types. These outcomes
showed that the adoption of organic farming can reduce carbon footprint during the resource intensive part of
the management system and can ensure systematic emission reductions throughout the entire life cycle of
vegetable production.



NEPT 12 of 20

0.002

c
g Cabbage 0.0039
g
: : 0.0015
§ Spring onion 0.003
S
[ Lettuce 0'8.%%47
0.0508
% Cabbage 0.0065
g s Spring onion 20243
@ o
= g 0.0363
E Lettuce 0005 0.0864
0.0083
o Cabbage 0.0106
a . ) 0.0065
¢ Spring onion .
z pring 0.0148
T 0.0099
Lettuce 0.0167
0.0151
[ Cabbage 0.1233
a E
g a . . 0.0141
S g Spring onion 0116
m
E Lettuce 0.0212 0.1805
0.0084
< Cabbage 0.0111
8
] . . 0.0113
g Spring onion 0.0078
3
Lettuce 0(%%%1
< 0.02
% Cabbage 0.0301
g Spring onion 0.017¢
g oPring 0.023
a
= 0.0242
2 Lettuce 0.0469
) 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
kg CO, eq kg™
M Organic farming B Conventional farming

Fig. 2: Carbon footprint contributions by activity data for conventional and organic vegetables production.
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3.4. Input emission sensitivity analysis of organic amendment variation for spring onion cultivation

An input emission sensitivity analysis was performed to evaluate how variations in dry chicken manure appli-
cation affect greenhouse gas emissions during organic spring onion cultivation. The baseline application rate
of 106.67 kg per 1,600 m? during the cultivation stage generated 0.0113 kg CO2eq kg™ (under a constant
baseline yield assumption). Three reduction scenarios were simulated: 10%, 20%, and 30%. Decreasing the
application rate by 10% (96.00 kg) lowered the stage-specific emissions to 0.0102 kg CO2eq kg™'. Deeper
reductions of 20% (85.34 kg) and 30% (74.67 kg) further minimized these emissions to 0.0090, and 0.0079 kg
CO-2eq kg, respectively. This sensitivity analysis demonstrates the direct input driven emission response to
reduced organic amendments at the plot level; however, it reflects input variation rather than an optimized farm
gate carbon footprint scenario. Reducing inputs lowers emission intensity per unit area, but in practical farming,
it carries a crucial trade-off with crop productivity. Lower nitrogen application may cause soil nitrogen deficien-
cies, potentially reducing the fresh yield of spring onion and counteracting carbon footprint reductions per
kilogram of harvested product (functional unit). Therefore, holding yield constant in this scenario serves exclu-
sively to isolate input-emission sensitivity. Agronomic field trials are required to establish actual yield response

curves before implementing input reduction strategies in commercial farming.
4. DISCUSSION
4.1. Carbon footprint analysis in conventional and organic vegetable production

This research found that the carbon footprints of organic vegetable production in Phitsanulok Province were sub-
stantially lower than those of conventional production, by 67.9%, 62.5%, and 62.1% for lettuce, spring onion, and
cabbage, respectively. The observed 62-68% carbon footprint reduction is driven by an integrated cultivation prac-
tices rather than a single practice. Inventory disaggregation indicates that replacing synthetic N-P-K fertilizers with
chicken manure accounted for the largest share of overall mitigation (45.2-54.8%), followed by the transition from
grid electricity to solar-powered irrigation (31.8-37.1%), and reduced post-harvest residue generation (10.5-18.3%).
These results were in line with the global trends reported in the life cycle assessment of agricultural systems. The
reductions reported in this study were in line with the long term reductions reported by Graham et al. (2025), which
reported reductions in emission of 52-74% for organic legume-based systems and 25-37% for manure-based meth-
ods compared to a conventional method. Eliminating energy-intensive synthetic sources was the biggest factor in
reducing the carbon footprint in this study. This was also reported by Pandey & Pant (2026), who reported that total
energy use in organic farming was reduced by 15-45%, primarily due to the lack of agrochemicals. This study also
clearly revealed that the use of energy in organic farming is considerably less than conventional farming using both

chemical inputs and electrical energy used for irrigation.

The difference in the carbon footprints of conventional and organic farming methods in Phitsanulok Province was
mainly due to the intensive use of synthetic fertilizers in the conventional farming system. The crop management
stage proved to be the highest emitter in conventional systems in this study. These emissions were primarily from
the production of synthetic fertilizers (upstream) and release of N2O from soils (downstream) after field application.

This finding concurred with broader agricultural research conducted globally and across Asia. For instance, Ma et
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al. (2021) indicated that synthetic nitrogen fertilizer accounted for 60-80% of total agricultural carbon footprints in
certain cropping systems, placing the vegetable sector among the most emission-intensity categories.

Yet another difference between the two systems was emphasized by waste management, especially the compost-
ing of vegetable residues. The conventional cabbage production system generated 0.0965 kg CO2eq kg™ from
waste management operations, nearly doubling the 0.0506 kg CO2eq kg™' recorded in the organic system. This
differential was caused by the fact that, in the conventional system, a larger amount of vegetable scraps was
generated per functional production unit. The higher number of residues in conventional plots was probably related
to intensive chemical fertilization. This practice can encourage faster vegetative growth but can lead to increases
in non-marketable biomass and outer-leaf trimming when compared to organic systems. Hence, the shift to organic
farming reduced environmental impact by reducing the amount of waste generated, and thus the overall resource
efficiency of the farming production cycle was enhanced, while at the same time input-related emissions were

reduced.
4.2. Fertilizer application as the primary driver of greenhouse gas emissions

Fertilizer application was the highest source of GHG emissions in conventional systems. The nitrogen related
emissions recorded in this study came from two sources: upstream emissions from the production of fertilizers,
and N20 emissions from the field related to soil nitrification and denitrification. Such a strong impact shows life-
cycle system boundaries are essential to agricultural carbon accounting, where product footprint metrics evalu-
ate combined emissions from both input manufacturing and on-field activities (Chaurasia et al. 2024). In con-
ventional farming, the proportion of fertilizers (combining synthetic and organic) was 31-48% of all cultivation
emissions. This proportion was much higher than in organic farming, where 22-33% of the sector could be
attributed to organic fertilizers. The effects of synthetic pesticides, such as alachlor, chlorfenapyr, and
emamectin benzoate, were limited and low (less than 2%) in the conventional plot and were not included in the
organic plot, as it was not possible to certify pesticides in organic systems. These results were comparable to
recent observations by Hou et al. (2024), who observed that nitrogen application in the Chengdu Plain, south-
west China, accounted for about 70% of all emissions from the agricultural sector. For the same reason, longi-
tudinal data spanning from 2011 to 2023 also reveals that although the carbon footprint of herbicides has con-
tinued to increase, fertilizer production was still the largest emission hotspot, especially in the production of
vegetables as an intensive cultivation crop (Traware et al. 2025). Overall, the findings established that nitrogen
management, instead of reducing the use of pesticides, is the most important lever to reduce GHG emissions
from the vegetable subsector in Phitsanulok. Although organic farming provided a clear direction towards reduc-
ing the overall carbon footprint, the continued high levels of emissions from the use of fertilizers in both systems
make clear the need for optimized nutrient management.

4.3. Diesel fuel and agricultural mechanization impacts

Diesel fuel consumption ranked among the top emission source across both farming systems, contributing
0.0167-0.0413 kg COz2eq kg™ during soil preparation phase, to 0.0065-0.0167 kg CO2eq kg™' throughout har-
vesting stage, and 0.0015-0.0047 kg CO2eq kg™ of transportation for materials and waste management. These

results are indicative of the general picture of mechanization in agriculture in the entire Southeast Asian region.
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To illustrate, a comparative study of the two types of urban agriculture undertaken in Beijing by Hu et al. (2021)
showed that, although the smallholder operations required fewer fixed factors of machinery production than the
large-scale operations, the efficiency of the machines was not as high. The organic systems did not need to use
gasoline-powered chemical sprayers for the application of pesticides, which were used in conventional systems
in the Phitsanulok context. In addition, the usage pattern of energy in Phitsanulok Province was relatively clear,
with a transition from diesel pumps to electric pumps for irrigation. This switch contributed to reducing the total
carbon footprint, as the carbon footprint of grid electricity was less than the carbon footprint of direct diesel fuel
combustion in this area. These infrastructural developments at the local level, coupled with the lower fuel con-
sumption in organic farming for pest control, showed the potential of decarbonizing the vegetable production

sector as a whole.
4.4. Electricity consumption and irrigation energy requirements

Energy sources for irrigation and post-harvest activities differed substantially between two farming systems.
Conventional setup relied on grid-supplied electricity for irrigation pumping, which contributed 0.0506, 0.0231,
and 0.0461 kg COzeq kg™ for lettuce, spring onion, and cabbage, respectively. In contrast, the organic systems
used photovoltaic (PV) technology instead of grid electricity, thereby eliminating these operational emissions
from the life cycle assessment. The change not only mitigated environmental issues but also long term energy
expenses in the agricultural sector in the region. The findings of these were also consistent with the results
obtained by Utami et al. (2025), who conducted a case study in Indonesia by implementing a smart solar-pow-
ered cold storage system for export vegetables that produced more than 12 kWh per day and reduced CO>
emissions by about 212 kg per month. The environmental benefit of the use of solar energy in Phitsanulok was
directly linked to the high amount of fossil fuel use of the national electricity grid, which, according to historical
data from 2022, had an average emission factor of 0.5986 kg CO2eq kWh™' PV technology has embodied carbon
from manufacturing and installation but was demonstrated to reach carbon breakeven in 3 to 6 years of operation
in tropical climates, and then provide emission-free electricity for a lifetime of 20 years (Samaarpat & Ru-

angrungchaikul 2015).
4.5. Waste Management and Composting Emissions

Waste management was another major source of emissions, consistently the second largest after the crop man-
agement stage. Within conventional systems, vegetable residue composting accounted for 0.0359-0.0961 kg
CO2¢eq kg™"'. Specifically, conventional cabbage production generated 0.0961 kg COzeq kg™, a value roughly
1.9 times higher than that of the organic systems (0.0502 kg CO2eq kg™'). This difference is explained by the
minimum post-harvest losses and the high quality of the crops in the organic plots, mostly due to lower absolute
losses of the crop at harvest, but not to better methodologies of composting. To provide context on the organic
fertilizer inputs, Chen et al. (2026) assessed the carbon footprint of poultry manure (PM) composting and deter-
mined that conventional methods generate around 684 kg CO2eq per Mt, primarily from the release of methane
in anaerobic conditions, whereas high-temperature microbial decomposition could raise the carbon footprint to

801 kg COz2eq per Mt due to increased electricity consumption. To ensure sustainable management of residues,
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it is essential that the process of vegetable residue decay is carried out by a controlled composting process with

sufficient aeration, as stated by Nengsi (2025).

5. CONCLUSIONS

This life cycle assessment evaluated the environmental performance of prevailing observed integrated manage-
ment systems for commercial vegetable production in Phitsanulok Province. The findings demonstrate that or-
ganic production systems achieve substantial GHG reductions compared to conventional practices, lowering the
carbon footprints of lettuce, spring onion, and cabbage by 67.9%, 62.5%, and 62.1%, respectively. The observed
62-68% emission reduction reflects the synergistic performance of integrated cultivation practices rather than
any single practice. Inventory disaggregation confirms that substituting synthetic N-P-K fertilizers with organic
amendments delivered the single largest decarbonization benefit, while solar-powered irrigation and residue

minimization provided secondary emission savings.

The data show that nutrient application is the main slice of the nutrient emission pie in both conventional and
organic systems, ranging from 31-48% for conventional systems and 22-33% for organic systems. Thus, to
maximize climate mitigation in the vegetable value chain in Phitsanulok, it is better to optimize nitrogen applica-
tion than reduce the use of pesticides. Additionally, the integration of PV systems in organic operations elimi-
nates irrigation-related emissions, which otherwise contribute up to 0.0506 kg CO2eq kg™ in conventional lettuce
production. Waste management operates as a secondary emission hotspot; for example, residue composting in
conventional cabbage production generated 0.0961 kg CO2eq kg™, nearly double the 0.0502 kg COz2eq kg™
found in organic systems. Given that the agriculture sector contributes approximately 15-17% of the total GHG
emissions in Thailand, growing more organics provides a feasible pathway towards achieving national climate
targets. Though there are evident advantages of certified organic farming, it is only less than 1% of the agricul-
tural land in Phitsanulok Provine. Policy actions, therefore, need to focus on institutional measures to support
the certification of organics, adaptation of renewable energy infrastructure, and nutrient management precision.
Further studies are needed to assess the economic feasibility of transition to organic farming practices for small
farmers and the potential for soil health to change over the long term in various agroecological regions of South-

east Asia.
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