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Abstract This study aims to assess the external costs of environmental impacts 

associated with the rice production systems using LCA approach and evaluated 

them into the economic value. The study compared the different chemical and 

energy use, as well as straw management of the three different rice production 

systems, included the mainstream conventional rice system, GAP rice system, and 

the organic rice system in Northern Thailand. The LCA analysis quantified the 

midpoint and endpoint of five environmental impacts, including climate change, 

terrestrial acidification, eutrophication, water depletion, and human health 

damage, from cradle-to-farm gate. 

The results of economic valuation revealed that the external costs of the 

conventional and GAP rice systems have significantly higher than that of the 

organic system. Most external costs came from the wastewater treatment cost 

due to the eutrophication mainly arising from the use of chemical fertilizer. 

Besides, about one-fourth of the total external costs came from the human health 

damage cost due to the open-air rice straw burning. To reduce the external costs 

of rice production, the amount of chemical fertilizer use causing eutrophication 

should be diminished and replaced by applying organic fertilizer from 

incorporating rice straw into the soil as well as growing a rotational crop after rice 

cultivation to stop the open-air rice straw burning and reduced the human health 

damage. The government should encourage rice farmers to the organic rice 

farming and manage the rice straw without burning because they may have the 

cost burden, whereas society gains more benefits from less pollution. 
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INTRODUCTION 

Rice is Thailand’s most important crop for both consumption and export. Thailand 

produced 27 million tons of rice in 2018 and rice export (11.5 million tons) (OAE, 2019). 

However, conventional rice production has led to a growing number of environmental 

and health impacts. Excessive use of chemical fertilizers and pesticides in rice 

production has polluted surface water and groundwater through seepage (Pathak et al., 

2006; Tirado et al., 2008; PCD, 2011). Some pesticide uses of paddy farming have also 

affected farmers’ health as it decreased the level of acetylcholinesterase (AchE) in 

farmers’ blood (Aittiphol et al., 2014). Traditional rice growing in flooded fields have 

produced vast amounts of methane greenhouse gas (ONEP, 2000; Sakaorat et al., 

2009). Besides, open-field burning of rice straw after harvesting has generated air 

pollution, especially in Northern Thailand (Gadde et al., 2009; Thambhitaks et al., 

2019). These negative environmental impacts and health damage also have generated 

the external costs to farmers and society which were omitted from the cost of rice 

production. Even though there has been the promotion of organic rice production and 

the reduction of open-field burning in Thailand, there is still less practice due to a lack 

of strong supports from the government. In this paper, we will comparatively analyze 

the negative impacts of rice production systems using Life Cycle Assessment approach 

and evaluate the negative impacts into monetary terms (economic value) as the 

external costs of rice production as well as identify which production activity created 

the most external cost. The findings will provide a clear understanding of the steps 

essential for management attention to lower negative impacts and promote the 

environment-friendly rice production systems. 

MATERIALS AND METHODS 

Rice production in Thailand has been distinguished into three systems based on 

the input use and management criteria for the purposes of certification, and 

environmental and consumer concern. These systems include the mainstream 

conventional systems (CON) in which chemical fertilizers and pesticides are usually 

applied based on farmers’ knowledge and experience, the GAP systems in which farmers 

can apply chemical fertilizers and pesticides by following the Thai Good Agricultural 

Practice Standard, and the organic system (OR) in which farmers cannot use any 

chemicals for production. All three rice production systems are investigated in terms of 

method and input factors from the stage of land preparation, planting, cultural 

practices, to the stage of harvesting. This study on the environmental impacts deals 

with the significant environmental impacts (climate change, terrestrial acidification, 

eutrophication, water depletion and human health damages) which are calculated to 

obtain the negative externality costs of each rice production system. The assessment is 

made employing the Life Cycle Analysis (LCA) algorithm and economic value. 

Study area and sample collection 
The target population in the study area was in the plain valley between the Kok 

River and Ing River Basin and focused on rain fad rice of lowland production system in 

Chiang Rai and Phayao. The number of rice-growing households was surveyed during 

the crop-year 2015/16, coming to a total of 413 samples (without controlled) which 

was determined using the Taro Yemen technique at the 95 % confidence level. These 

numbers consisted of CON farmers 82% (329 cases), good agricultural GAP farmers 

14% (58 cases) and OR farmers 4% (26 cases). 

Life Cycle Analysis (LCA) 
This study applies LCA (cradle-to-gate) to evaluate the effect of a production 

activity throughout the entire period of its life cycle (Hayashi et al., 2006). The study 

hypothesis is that different rice production systems use the dissimilar quantity of input 

factors (fertilizer, fuel, pesticide ---field data---) and pollute mainly the different 
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quantity of environmental impacts (the midpoint level) which includes climate change, 

acidification, eutrophication, water depletion, and human toxicity. Additionally, the 

endpoint level is human health  damage which is expressed by Disability of Adjust Life 

Year (DALY) following the manual report of ReCiPe 2008 (Mark et al., 2008). The 

assessment of midpoint level and endpoint level are made on functional of area (land 

size: rai) and a kilogram of rice (Hayashi et al., 2006; Gian et al., 2009; Hokazono  

et al., 2009) 

Besides, the pollutant of fertilizer used, NUTMOM approach is used to calculate the 

precise amount of nitrogen and potassium leaching for LCA from fertilizer used (Willigen, 

2000). The assessment of the methane from the decomposition organic matters (DOM) 

and open-air rice straw burning (ORSB) are separately calculated by the IPCC method 

(IPCC, 1996, 2006; Gadde et al., 2009; Siriruk et al., 2013) as showed in Figure 1. 
 

 
 

Figure 1. Conceptual framework. 

 

Estimate of CH4 from the decomposition of organic matters (DOM) 

To estimate the volume of methane, this study adopts the formula of IPCC (1996) 

and Siriruk (2013) as shown in Equation 1   

 

CH4 emission from paddy field (kg CH4) =EF * SF *A * T * 10-3 --- (1) 

EF is the emission factor of CH4 in the rice paddy field (g CH4 / day.m2) that is 0.2. SF 

is the scaling factor of water of paddy field in season that is 1.4. A is paddy area (m2). 

T (field data) is the total day of rice cropping season (125 days). 

 

Assessment of environmental impacts from open-air rice straw 
burning (ORSB) 

In order to quantify the gas emission from ORSB, the initial step is to estimate 

the quantity of rice straw burning based on the quantity of rough rice product (yield) 

as shown by equations (2) and (3) (Gadde et al., 2009). 

QSSFB = PRR*SGR*QSFB --- (2) 

Where QSSFB is the quantity of rice straw subject to open burning in kg per rai. PRR(field 

data) is the rough rice production in kg per rai. SGR is a straw to grain ratio (0.75). 

QSFB (field data) is a proportion of rice straw subject to open field burning (%). The next 

step is to estimate GHG emissions from the quantity of rice straw open burning by the 

following equation (3) 

Ea = QSSFB * EFa * fco --- (3) 
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Ea is the emission of a (type of greenhouse gas) in kg per rai. EFa is the emission factor 

of a in gram per kg of dry straw. Fco is the combustion factor 0.8. Additionally,  

the emission factors (EFa) for GHGs emitted from ORSB (1,460 of CO2, 1.2 of CH4, 0.07 

of N2O, 34.7 of CO, 4 of NMHC, 3.1 of NOx, 2.0 of SO2, 12.95 of PM2.5, 3.7 of PM10, 

18.62 x 10-3 of PAH and 5 x 10-10 of PCDD) (IPCC, 2006; Gadde et al., 2009).  

 

Assessment disability-adjusted life year (DALY)  
Following the assessment of human health damage from climate change, human 

toxicity and particulate matter (PM), WHO (2013) has developed a measure of a life 

year lost from mortality and morbidity in 1993 and called the disability-adjusted life 

year (DALY). The calculation of DALY of LCA is made by characterization factors (CFs) 

of emission impacts (climate change and human toxicity) (Mark et al., 2008).  

To calculate DALY of GHGs and particulate matter (PM) from open-air rice straw  

burning (ORSB), the marginal changes of GHGs and PM emission from ORSB are 

considered (Rosalie et al., 2008). In this study CFs (DALY per 1 kg emission gas) are 

CO2 1.19 x 10-6, NMHC 1.28 x10-6, NOx 5.7 x10-5, SO2 5.1 x10-5, PM2.5 3.02 x10-7, PM10 

0.00026, PAH 1.7 x10-4 and PCDD 2.02 x10-3 (Mark et al., 2008; Rosalie et al., 2008; 

CML, 2016; UNEP, 2017).  

 

Calculation of external costs 
The external costs of rice production are calculated by the quantity of 

environmental impacts (CH4 decomposition of organic matters, open-air rice straw 

burning, climate change, terrestrial acidification, eutrophication, and human health 

damage) multiply with prices (the market price of CO2 and SO2, the replacement cost 

of water treatment, and the opportunity cost of human health damage) as follows.  

Environmental impacts cost of climate change and terrestrial acidification, the 

amount of gas emission equivalent CO2 and SO2 are multiplied with its market prices 

which are the average CO2 price of European Emission Allowances 12 months (January 

– December 2017) (EUA, 2017; Worldbank, 2018) and the SO2 spot price of 2017 Acid 

Rain SO2 Allowance Auction program (EPA, 2017). For the cost of eutrophication, this 

study applies the replacement cost method of the constructed wetland (adjusting the 

present value). The cost of construction and maintenance was 6.96 baht per m3  

(PCD, 2004). Additionally, the critical of the eutrophication problem was considered the 

weight kg of phosphate, which is larger than 0.00004 kg phosphate per m3 (William  

et al., 1995).  

The cost of human health damage is estimated by the total disability of adjusted-

life year (DALY) multiplied with the opportunity costs of illness. The calculation of illness 

opportunity costs was an acceptable threshold budget of WHO (2002). This number was 

the budget of developing country for the investment of healthcare improvement each 

year. The effective cost for reducing one unit of DALY would be less than three times of 

Gross Domestic Product per head (GDP per capita) (WHO, 2002; John and Ross, 2008). 

This study applies the average one time of GDP per capita (193,961 baht) during 2012-

16 (Worldbank, 2018).  

RESULTS  

 
Inputs and outputs of three different rice production systems 

In the study area, rice is cultivated in the water-logged condition under which the 

microbial decomposition of organic matters in soil produces methane that is released 

into the atmosphere and the ploughing of crop residues to add organic matters into the 

soil is partly a cause of the problem. Besides, some farming households in the 

conventional system (40%) and the GAP system (24%) still burned rice straw residues 

after harvesting to prepare the land for the next cropping season. The volume of rice 

produced and that of rice straws vary proportionally in the same direction. The study 

found rice yield of the organic system to be significantly lower than those in the 

conventional system and the GAP system, as shown in Table 1.  
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Rice farmers applied synthetic fertilizers, crop residues (rice straw and rotational 

crop residues) and animal manure as fertilizers in the rice production. 

N fertilizer used. The conventional system used N synthetic fertilizer significantly 

more than the GAP system. The organic system used N crop residue and N manure 

significantly higher than the levels in the conventional and the GAP systems. Besides, 

the total N of the conventional system is significantly more than the GAP system, as 

shown in Table 1.  

P fertilizer used. From nature, most plants receive phosphate from the 

breakdown of rocks making this fertilizer difficult to dissolve in water and thus plants 

need the supplement of this nutrient from synthetic phosphate fertilizer. This study 

found that the total P used was not significantly different across rice production 

systems, as shown in Table 1.  

Meanwhile, the Rice Department has established the recommended doses of 16-

20-0 fertilizer for the production of daylight sensitive rice varieties at 20-35 kg/rai which 

are equivalent to 3.2-5.6 kg nitrogen (N) /rai and 5.6 -7 kg phosphate (PO4
-3)/rai. 

Meanwhile, if the 46-0-0 fertilizer is applied instead, the recommended rate is 5-10 

kg/rai, equivalent to 2.3-4.6 kg nitrogen /rai (RD, 2015). Apparently, the farming 

households in this study used N fertilizer over the recommended rates. 

K fertilizer used. This study found that most of the K fertilizer for rice growth 

was derived from green manure which is the product of ploughing over the rice straws 

and stubs and rotational crop residues into the soil. The total K of the organic system 

were detected significantly higher than those in the conventional system and the GAP 

system, as shown in Table 1.  

 Water used. The volume of water used in rice production formed the basis for 

assessing the amount of water depletion from applying fertilizer and pesticides as well 

as to determine the replacement cost of eutrophication. The volume of water used for 

the GAP system was significantly more than those in the conventional system and the 

organic system, as shown in Table 1. 

Fuel used in rice production systems, beginning with the various paddy plot 

activities including land ploughing, pumping water by a small engine, crop care and plot 

maintenance, harvesting, and then transportation. The main farm machinery is 

classified into two types by size: large diesel-operated machines (tractor, two-wheel 

tractor, cart, combine harvester and water pump) and small gasoline-operated 

machines (weed mower, fertilizer and pesticide sprayers, and small water pump). The 

fuel used for machinery shows the average gasoline use per rai for the organic system, 

which is significantly more than the consumption in the conventional system and the 

GAP system, as shown in Table 1. The combustion of gasoline and diesel in the engines 

emit toxic gases to the environment which will be analyzed for impacts in terms of 

terrestrial acidification and the endpoint of climate change. 

Pesticides are used by the farming households in the conventional system and 

the GAP system for weed control by spraying liquid herbicides before broadcasting rice 

seeds and before transplanting rice into the main plot. Insecticides in either solid 

(kg/rai) or liquid (cc/rai) forms are also used if there are plant disease and insect 

outbreaks. The finding of pesticide used reveals no difference in the pesticide use rate 

between the two rice systems, as shown in Table 1. 
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Table 1. Factor inputs in rice production.  

Production systems CON GAP OR 

Case N=329 N=58 N=26 

Yield (kg/rai) 568b 527b 297a 

Fertilizers used    

N synthetic (kg/rai) 9.3a 5.5b 0c 

N crop residue (kg/rai) 2.2a 3.1b 7.9c 

N manure (kg/rai) 0.1b 0.5b 3.3a 

Total N (kg/rai) 11.6a 9.2b 11.2ab 

P synthetic (kg/rai) 5.6b 4.6b 0a 

P crop residue (kg/rai) 0.4a 0.5b 1.1c 

P manure (kg/rai) 0.1a 0.6a 3.5b 

Total P (kg/rai) 6a 5.7a 4.6a 

K   synthetic (kg/rai) 2.3a 1.5a 0b 

K crop residue (kg/rai) 9.5a 12.0b 19.9c 

K manure (kg/rai) 0.2b 0.6b 3.9a 

Total K (kg/rai) 12b 14.1b 23.7a 

Water used (m3 / rai) 938a 1,046b 935a 

Fuel used    

Gasoline (liter/rai) 3.15a 2.67a 5.86b 

Diesel (liter/rai) 14.24a 13.19a 14.08a 

Pesticide used    

Solid herbicide (kg/rai) 4.73a 5.39a 0 

Liquid herbicide(cc/rai) 224a 250a 0 

Solid insecticide(kg/rai) 3.48a - 0 

Liquid insecticide(cc/rai) 36.3a 68.8a 0 

Note: a, b, c Different letters show a difference at 0.05 level of statistical significance of means comparing three groups; CON (conventional); 

GAP (Good Agricultural Practice); OR (organic) 

 

Environmental impacts  
Climate change. This study assessed the environmental impacts on climate 

change associated with the methane emitted from the organic matters decomposition 

process and the removal of crop residues from paddy fields through the open-air rice 

straws burning (ORSB). The impact was assessed upon the calculated kg CO2 equivalent 

per rai of the pollutants. The results show that the conventional system has emitted the 

highest levels of CO2 and followed by the GAP system and the organic system, as shown 

in Figure 2. 

 
 

Figure 2. Climate change (kg CO2 equivalent / rai) 

 

 

Terrestrial acidification was assessed by the weight of air pollutants emission 

converted into kg equivalent of sulfur dioxide (SO2) per rai from the fertilizer and fuel 

used. The results show the extent of the terrestrial acidification contributed by all the 

three rice production systems from the fertilizer used. The lowest SO2 emission is the 
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organic system and followed by the GAP system and the conventional system, as 

presented in Figure 3. 

 

Figure 3. Terrestrial acidification (kg SO2 equivalent /rai) 

Water depletion. The estimated volume of water depletion from the fertilizer 

and pesticide used is used for the estimation of the concentration of water-soluble 

phosphate and the evaluation of the external cost of eutrophication. The findings 

indicate that water depletion was primarily caused by the fertilizer used. The total 

volume of water depletion is accounted mainly by the GAP system and the conventional 

system and with the relatively smaller amount by the organic system, as shown in 
Figure 4. 

 
 

Figure 4. Water depletion (Cubic meter (m3) /rai) 

Eutrophication. The eutrophication impact was estimated by the average weight 
of pollution emissions equivalent to PO4

-3 per rai from the use of fertilizer and pesticide. 

Most eutrophication was caused by fertilizer use in all three rice production systems and 
the organic system was lowest PO4

- 3, as shown in Figure 5. Besides, the total 

contribution to eutrophication for all systems was divided by the volumes of water 
depletion. These provided the concentration rates of the water-soluble PO4

-3 for the 

conventional system (0.000338 kg/m3), the GAP system (0.0003104 kg/m3) and the 

organic system (0.0000173 kg/m3). Besides, the concentrations of the water-soluble 
PO4

-3 of the conventional system and the GAP system are over the threshold level that 

induces algae booming (William, 1995). Therefore, there is a problem with 

eutrophication (CON, GAP) in assessing the external costs section. 
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Figure 5. Eutrophication (kg PO4
3- equivalent /rai) 

Human health damage. The environmental impact in terms of human health 

damage is estimated from 1) pollutants released to the ambient air from the open-air 

rice straw burning, the midpoint analysis of climate change from 2) fertilizer used, 3) 

fuel used, 4) pesticide used and 5) human toxicity of pesticide used. This impact is 

displayed by Disability Adjusted-Life Years (DALY) unit/rai. The results show that most 

human health damage is caused by the open-air rice straw burning, which happens in 

the conventional system and GAP system. Some human health damage from the 

conventional system associated with fertilizer. Meanwhile, human health damage 
caused by the organic system is shallow, as presented in Figure 6.  

 
 

Figure 6. Human health damage (DALY /rai) 

Monetary value of environmental impacts (External costs) 

The external costs of impact on climate change, terrestrial acidification and human 

health damage component of the organic system are significantly lower compared to 
the conventional system and the GAP system.  Besides, the external cost of 

eutrophication shows that the GAP system is higher significantly than the conventional 

system. The total external cost of impacts shows the convention system and the GAP 

system are higher significantly the organic system. The most external cost was caused 

by the cost of eutrophication (fertilizer used) and followed by the cost of human health 

damage (the open-air rice straw burning) and the cost of climate change (the open-air 

rice straw burning) as presented in Table 2. 
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Table 2. Total environmental impact value. 

Rice 
product 
systems 

Sample 
size 

Average 
Yield 

(kg/rai) 
 

Value of environmental impacts (baht/rai) External costs 

Climate 
change 

Acidifi-
cation 

Eutrophi-
cation 

Human 
health 

damage 
(baht/rai) (baht/kg) 

CON 329 568a 921a 0.0334a 10,102a 4,032a 15,055a 31a 
   (6.11%) (0.0002%) (67.10%) (26.78%) (100%)  

GAP 58 527a 804a 0.0305a 11,020b 3,199a 15,024a 35a 

   (5.35%) (0.0002%) (73.35%) (21.29%) (100%)  

OR 26 297b 413b 0.0022b - 20.7b 434b 1.86b 

   (95.16%) (0.0005%)  (4.77%) (100%)  

 413 545 872 0.0310 9,595 3,662 14,130 29.84 

   (6.2%) (0.0002%) (67.9%) (26%) (100%)  

Note: a, b, c Different letters show a difference at 0.05 level of statistical significance of means comparing three groups; CON (conventional); GAP 

(Good Agricultural Practice); OR (organic) 

DISCUSSION 

This study has integrated LCA for environmental impact assessment and evaluated 

the impacts into the economic value (external costs). Accurate calculation of both tools 

is suitable to compare the external costs of different rice product systems (the 

conventional rice system, the GAP rice system and the organic rice system) 

This study LCA was able to assess both the midpoint environmental impacts 

(climate change, terrestrial acidification, eutrophication) and the endpoint 

environmental impacts (human health damage). This study was different from previous 

studies of Hokazono et al. (2009) which studied the environmental impact of the climate 

change and eutrophication, and of Akaraphon (2014) which studied mainly the climate 

change impact as well as of Benoit et al. (2014) which studied only the impact of nitrate 

leaching. 

The result of the external costs show that the organic rice system had less the 

cost of the negative impacts than other rice systems and was consistent with the study 

of Hokazono et al. (2009) and Benoit et al. (2014). However, Akaraphon (2014) found 

particularly issue that the climate change assessment of the organic rice system for the 

methane emission of organic matter decomposition in the paddy field, GHGs from the 

open-air burning rice straws and the fertilizer used (both manure and green manure) 

was higher than the other rice systems. Meanwhile, this study assessed the climate 

change of the methane emission of organic matter decomposition for all rice systems 

and found that there were no significant differences among the systems and the 

diffusion GHGs from the open-air burning rice straw occurred only in the conventional 

and GAP rice systems. In this study, the GHGs from the fertilizer used was assessed as 

a part of the endpoint analysis. Besides, the overall result of the endpoint analysis 

disclosed that the organic rice system produced a lower impact than the other rice 

systems. Whereas, Hokazono et al. (2009) assessed only the GHGs from fertilizer used 

and the organic rice system also showed the lowest impact. 

The highest impact from the rice production system in this study was from the 

overuse of fertilizer which had affected eutrophication in both conventional and GAP rice 

systems. This result was consistent with the previous study of Hokazono et al. (2009), 

Benoit et al. (2014), and some studies showing the overuse of nitrogen fertilizer caused 

the water pollution in the central watershed in Thailand (Pathak et al., 2006; PCD, 

2011). Besides, the chemical fertilizer used of the conventional and GAP rice systems 

had affected terrestrial acidification because the production process of chemical 

fertilizers was the most significant energy consumption and closely related to GHGs 

emission (Galloway et al., 2003). Therefore, the rice production system must attempt 

to reduce the environmental impact by the use of the appropriate amount of N for both 

chemical and organic fertilizers. Soil testing before fertilizer application should be 

introduced to farmers. 

This approach of the study was different from other previous studies. The 

environmental impact of the rice production process was assessed in the initial stage 

throughout the endpoint of the human health’s impact, which was rarely found in other 
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studies. Disability-adjusted life years (DALYs) was adapted to assess the human health 

damage from GHGs, human toxicity of the pesticide used and particular matter of the 

open-air burning rice straw as well as the pollution emission from the production process 

of input factors. This approach adapted the study of McMichael et al. (2003). 

The external costs of rice production were assessed at the midpoint throughout 

the endpoint and transformed to be the economic value. The result of this study 

disclosed that the organic rice production system produced the lowest environmental 

impact compared to the conventional and GAP systems. The results of this study 

confirmed the conclusion of Hokazono et al. (2009) and Benoit et al. (2014) that the 

organic rice production system is beneficial for the health of producers and consumers 

as well as the environment. 

CONCLUSION 

The result of the study shows that the conventional and GAP rice systems produced 

higher the external costs of environmental impacts than the organic rice system. These 

cost impacts were from the overuse of fertilizer and the open-air burning rice straw. 

Therefore, to reduce the environmental impacts of rice production, the government has 

to promote the use of rice straw as organic fertilizer by providing knowledge on how to 

use it appropriately. For example, farmers should know how many kilograms of rice straw 

that incorporated into the soil as organic fertilizer can replace the use of one kilogram of 

synthetic fertilizers. Besides, how much the production cost can be reduced from saving 

the use of synthetic fertilizers as well as how much the external cost from burning rice 

straw can be reduced or how good to environment and society to stop burning crop 

residue. Knowledge on the benefits of using the alternative rice straw of management 

should be compared to its cost. If a farmer’s benefit is lower than its cost, an incentive 

payment should be considered in order to reduce the external costs of society. 

However, transforming environmental impacts to the economic value has the 

limitation as the market price is applied. The monetary value of the external cost from 

climate change and terrestrial acidification seems to be not significant because the carbon 

price and the spot price of Acid Rain Sulfur Dioxide Allowance Auction program have been 

declined since 2008 as the international carbon market has been failing. Therefore, the 

estimation of external costs (climate change, terrestrial acidification) have to use the 

alternative methods for the next future study.   
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