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ABSTRACT 
Generally, water is regarded as one of the most important resources in every aspect of life. The 
reduction of water consumption is a crucial issue for both business and environmental perspectives. 
This study focuses on the integration of life cycle analysis (LCA), six-sigma, and water footprint 
method to reduce the water consumption in the agricultural sector. The scenario utilized in this study is 
the water management in the rice production process. The life cycle analysis and water footprint are 
used to effectively quantify the water consumption of each production activity covering the analysis 
scope from cradle to gate. The analysis is based on the type of water footprints which are differentiated 
into green, blue, and grey. Green and blue water footprint are the rainwater and irrigation water required 
to grow paddy rice while grey water footprint is the amount of polluted water caused by the production. 
Afterwards, the main tool of six-sigma, DMAIC (define, measure, analyze, improve, and control), is 
implemented to reduce the water footprint. The measurement stage shows that the proportion of water 
use falls in these categories, farm water (93.4665%), polluted water (6.4196%), transportation 
(0.1135%), and milling (0.0003%). Since rice is the semi-aquatic plant so the reduction of farm use 
water is likely to be impossible, the spotlight is on the polluted water accounted for the second highest 
water consumption and it is caused by the fertilizer use. Therefore, the cause-and-effect diagram 
deployed in the analyze phase points out that the utilization of the green manure from the cover crops 
should be used in conjunction with the tradition fertilizer use. In the improvement phase, after the 
intervention measure is implemented, through the simulated calculation, the experimental design 
method statistically shows that the amount of grey water footprint is significantly reduced. To ensure 
the sustainability of the improvement, the individual X control chart will be applied to monitor the 
value of grey water footprint in the control stage. 
Keywords:  DMAIC, life cycle analysis, rice, six-sigma, sustainability, water footprint. 

1  INTRODUCTION 
Water is not only the resource needed for human and its scarcity is the global issue on the 
spotlight of many countries. As a result, there are water saving initiatives introduced in many 
parts all over the world. Water saving is mostly regarded as the environmental issue and it is 
always connected to the water security. However, according to the business industry, water 
is considered as one of the most important resources for the process production, both in 
service, manufacturing, and agricultural sectors. Moreover, major production cost also 
involves the utility bill, especially, water. If the water consumption in the organization is 
significantly reduced, this initiative will lead to the huge amount of cost saving. 
     Although the reduction in water consumption is known to influence the business 
operation, it is difficult to implement the saving measures in the organization effectively. One 
of the main reasons is that the practitioners mostly ignore how to tackle the problem right at 
the target. Therefore, the water consumption of each process activity should be clearly 
defined and calculated so the practitioners can make the right decision based on the 
information regarding the saving implementation. Water footprint is the potential method to 
quantify the water consumption related to each life cycle activity just like the price tag 
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attached to the product so it is the crucial information for the implementation. In Southeast 
Asia region, the economy substantially relies on the agriculture and rice is considered as one 
of the major exported crops so it is widely grown overall the region. Water is the main 
resource of the production of rice. As a result, if the water is consumed efficiently, it will 
lead to the sustainable consumption of the water in this sector.  
     Before implementing any measures leading to the water saving, it is important to 
determine the amount of water consumption for the whole process of production. The life 
cycle analysis has played an important role of quantifying the water consumption regarding 
to each production activity while water footprint is proved to be the measurement unit of 
water consumption. Afterwards, the effective management method will be implemented to 
tackle the root cause of inefficient consumption. Six Sigma is the tool widely used in the 
industry since it is the powerful method proved to effectively reduce the variation in the 
process. Therefore, it is the appropriate tool to be integrated with the life cycle analysis 
method to reduce the water consumption in the organization. Moreover, another major 
advantage of the six sigma is its continuous improvement driven mechanism so it is suitable 
to be utilized as a tool to achieve the sustainable development goals (SDGs). According to 
SDGs, two major agenda, clean water and responsible consumption, are the global 
sustainable development goals set by United Nations to be accomplished in 2030. Therefore, 
in this study, the life cycle analysis, six sigma method, and water footprint are utilized with 
the attempt to cut down the water consumption in the production process of rice.  

2  LITERATURE REVIEW 
Research by Calzadilla et al. [1] indicates that there is a clear trade-off between the economic 
welfare due to the water use and the sustainability of environment. Guodong [2] signifies that 
water footprint is one of the most strategic instruments to achieve the water security, 
especially, in the agricultural sector. Sadraoui et al. [3] studied the effectiveness of 
implementing six sigma method in the soft drink factory for the purpose of reducing the water 
consumption. The result concludes that the implementation leads to the significant saving of 
the water bill. Six Sigma method is also integrated with the lean initiatives and forms the lean 
six sigma methodology. There are many studies carried out based on lean six sigma to reduce 
the environmental waste from the industries. Sarkar et al. [4] have applied lean six sigma in 
the wind turbine factory to decrease the environmental waste from the manufacturing 
process. Another combined method is the lean and green which are utilized in many research 
works. To promote the sustainability in the industry, Parveen et al. [5] have conducted a study 
to assess the major lean tools used in lean and green supply chain and these tools also include 
the six sigma method. Franchetti et al. [6] pointed out that six sigma is an important tool for 
implementing with the lean and green initiatives in the organization, especially, 
manufacturing enterprises, since the proper utilization will reduce the non-value added waste 
in the organization efficiently. Sertyesilisik [7] has studied impact of lean and agile method 
on the reduction of water footprint in the construction industry. 
     Besides the implementation on water consumption, six sigma method was also used to 
effectively reduce other types of pollution, e.g. greenhouse gas emission from the 
manufacturing. This was justified by the work of Sekhar and Mahanti [8] who conducted the 
study in the foundry manufacturing plant. Kaya and Kahraman [9] also successfully applied 
the process capability index which is the measurement tool in the six sigma method to 
monitor the amount of SO2 in the city of Istanbul, Turkey. Calia et al. [10] have studied the 
effectiveness of the six sigma implementation in many countries and concluded that pollution 
is significantly effectively prevented in the countries where six sigma is sporadically 
implemented in the industrial sector. Cherrafi et al. [11] has reviewed the appropriate model 
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of integrating the lean manufacturing and six sigma method to achieve the sustainability. The 
detailed study conducted by Cherrafi et al. [12] indicates that the implementation of six sigma 
method in the industries is able to reduce resources consumption from 20 to 40 percent and 
minimize the cost of energy and mass streams by 7 to 12 percent. Therefore, six sigma 
method is one of the most appropriate tools to be implemented in order to achieve the 
environmental sustainability. 

3  RESEARCH METHODOLOGY 
Life cycle analysis (LCA) is the assessment technic to quantify the environmental effect 
(exchange flows between the system and the ecology) for all stages of the entire life of a 
product or process. This is accounted from the resource extraction to the end of its life cycle. 
Six sigma is a management strategy which aims to improve the process quality. The main 
purpose of six-sigma is to identify and remove the causes of variability in the processes. The 
project methodology of six-sigma is divided into five phases, DMAIC, define, measure, 
analyze, improve, and control. Define is a starting step which states the problem definition 
while measure is the stage where the as-is process is measured. Analyze is the step when 
cause and effect are identified and the improve stage is the intervention which is implemented 
to improve process. Control is the last step which is done to ensure the sustainability of the 
improvement. 
     The water footprint method is initially introduced by Hoekstra and Chapagain in 2007 to 
signify the amount of water consumed for the production of services and commodities. The 
purposes of water footprint are differentiated into four categories, the measurement of water 
consumption, the identification of environmental influence in term of numerical results due 
to the consumption, the risk assessment regarding the consumption, and the introduction of 
strategies leading to the reduced consumption. 

4  SCENARIO 
Rice is the crop widely grown in Southeast Asian countries including Thailand which is 
among the top rice exporters in the world. A large amount of water is required to grow rice. 
To achieve the water sustainability in the country, it is important to elaborately study the 
water consumption of the production process. As a result, to facilitate the study, the analysis 
and experiment were conducted in a demonstration farm located in a public University and 
the size of the field is about 1 rai or 0.16 hectare. The main crop grown in the farm is the 
paddy rice. Rice is the semi-aquatic crop so water is the main resource required. Since the 
source of water comes from both rainwater and irrigation water, there are two types of water 
footprint, i.e. blue and green, to be calculated. Moreover, another aspect of water 
consumption is the amount of water polluted because of the production process. To initiate 
the water consumption study, the study on water source is conducted. The main supply of 
irrigation water in the central area of Thailand is Chao Praya river. Figs 1 and 2 show the 
paddy rice field in two phases, vegetative and ripening. 

5  RESEARCH RESULTS 
The water consumption from different stages of rice production is analyzed by using the life 
cycle analysis. The scope of the analysis is cradle to gate, i.e., the whole process of production 
until the rice is ready to be delivered to customers. After the life cycle analysis was carried 
out, the six sigma method is implemented to analyze and effectively reduce the water 
footprint. 
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Figure 1:  Vegetative phase. 

 

Figure 2:  Ripening phase. 

5.1  Life cycle analysis 

To accurately quantify the water consumption, the life cycle analysis (LCA) is used to 
analyze the water consumption related to each activity of the life cycle. Since the main water 
supply of rice is from two sources, rainwater and irrigation water, according to Silalertruksa 
et al. [13], the relationship between rice yield and water use is shown in Table 1. 
     Because the rice yield from the demonstration farm is 505 kg, the total water footprint for 
the cultivation is shown in Table 2. 
 

Table 1:  Water footprint and rice yield. 

Source Footprint (cubic meter/kg)
Rainwater 1.08

Irrigation water 0.35
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Table 2:  Total water consumption for rice yield. 

Source Water consumption (cubic meter)
Rainwater 545.4

Irrigation water 176.75
Total 722.15

 
     Therefore, the total amount of water consumption for growing rice is cubic meter (yield 
is 505 kg). The rice production does not only consume rainwater and irrigation water but also 
polluted the water. Because the application of Nitrogen fertilizer is important for the soil 
fertility which will result on the consistent productivity of the farm. However, it also pollutes 
the water. Therefore, it contributes to another type of water footprint, grey water footprint. 
The grey water footprint is calculated in eqn (1). The calculated grey water footprint is equal 
to 49.6 cubic meter 

GWF = R*L/Lcrit,                                                          (1) 

where R is the runoff of the water body (volume/time) 
L is the pollutant load entering a water body (mass/time) 
Lcrit is the critical pollutant load entering a water body (mass/time). 
     Another stage of LCA to be considered is the transportation of rice to be milled. A four-
wheel truck will be used to deliver the harvested rice to be milled. The one-way distance 
from the farm to the milling plant is 6.9 km so the round-trip distance is 13.8 km. 
     The fuel used in the vehicle is diesel and the amount of fuel consumption for the distance 
is 1.53 liter. The water footprint calculation is shown in Table 3 and the total water 
consumption for the production of the fuel is 0.877 cubic meter. 
 

 

Figure 3:  Traveling distance between the rice field and rice mill plant. 

Table 3:  Water footprint due to fuel use. 

Fuel 
Density 
(kg/liter) 

Fuel used 
(liter) 

Fuel used 
(kg)

(Liter/kg)
Water footprint 

(Liter)
Water footprint 
(cubic meter) 

Diesel 0.832 1.53 1.272 690 877 0.877 
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     Harvested rice was milled by using a machine which is the capability of 40 kg per hour 
so the total hours are 12.6. Therefore, the electricity consumption is 9.45 kWh. Since the 
water consumption on the electricity generation is 0.26 liter/MWh, the water footprint for the 
electricity is 0.002457 cubic meter. 

5.2  Six-sigma implementation 

The reduction of water consumption is based on the application of six-sigma method, which 
are categorized into five stages, define, measure, analyze, implement, and control (DMAIC). 

1. Define 
Obviously, the focused problem is the reduction of water consumption used in the production 
process of rice. According to the LCA of rice production process, the amount of water 
footprint per one season of crop growing in the demonstration farm is shown in Table 4. 
 
2. Measure 
The life cycle analysis of rice production regarding the water consumption is divided into 
four stages, farm water, polluted water (due to the fertilizer use), transportation and milling 
process. According to the chart depicting the LCA, the majority of water use falls into the 
category of farm water which is accounted for 93.4665 percent. The second highest footprint 
is caused by the fertilizer use (6.4196 percent). However, the footprints due to the 
transportation and milling process are very low (less than 1 percent). Therefore, the 
intervention measure should be implemented to reduce the amount of farm water use since it 
is contributed to the highest water use. However, since rice is the semi-aquatic plant which 
requires a lot of water to grow, it is not likely to reduce the farm water use. Therefore, the 
second highest water use in the LCA, i.e., polluted water, is the main target to be improved. 

3. Analyze 
The cause-and-effect diagram in Fig. 5 is utilized to reduce the grey water footprint. Due to 
the brainstorming by the experts, there are four alternatives for reducing grey water footprint, 
water treatment, growing cover crops, manure use, and fertilizer use reduction. Elaborately, 
water treatment is accomplished by using water filtration. On the other hand, two types of 
cover crops, pummelo and peanuts, are recommended to use as the green manure. Manure 
use includes animal and compost. 
     To select the most appropriate alternative, each option is assessed by following two 
categories, the likeliness of being the major source of the issue and the level of easiness to 
implement. The levels of source likeliness are differentiated into three levels, very likely, 
somewhat likely, and not likely. Likewise, the levels of implement easiness are divided into 
very easy, somewhat easy, and not easy. If any proposed option passes the screening test, it 
should get the green light to be implemented. 

Table 4:  Total water consumption in each LCA stage. 

LCA stage Water consumption (Cubic meter) Type of water footprint 
Farm water 722.15 Blue and green 

Transportation 0.877 Blue 
Mill 0.002457 Blue 

Fertilizer use 49.6 Grey 
Total 772.629457
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Figure 4:  Life cycle analysis of rice production. 

 

Figure 5:  Cause-and-effect diagram. 

     According to Table 5, each alternative is listed with the assessment in the above mentioned 
categories. Due to the experts, the cover crops is the preferred option to others since it is rated 
as “somewhat likely” due to the source likeliness while it is quite easy to be implemented. 
However, although water treatment is “somewhat likely” to be major source, it is not easy to 
be applied because it needs a lot of investment for filtration system. Likewise, manure use 
(animal and compost) is not believed to reduce the amount of polluted water even they are 
easy to practice. Lastly, the reduction of fertilizer use might affect the productivity of the 
crop yield so it is not the preferred option too. 
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Table 5:  Intervention and their competency outcome. 

Intervention The likeliness of being the major 
source of the issue

The level of easiness to 
implement 

Very likely Somewhat 
likely

Not 
likely

Very 
easy

Somewhat 
easy

Not easy 

Water 
treatment 

 X    X 

Growing 
cover crops 

 X  X   

Manure  X X  
Fertilizer use  X X  

 

 

Figure 6:  Pummelo. 

     As a result, the option of growing cover crops is selected since the application of cover 
crops as the green manure will help to enrich the nutrient, especially, Nitrogen in the soil 
which is important for the growth of paddy rice. Two types of cover crops, pummelo and 
peanuts, are considered to be grown. It is interesting to note that growing pummelo (Fig. 6) 
is highly likely to reduce the amount of polluted water.  
     Generally, it will be grown after the harvest season and ploughed when their flowers are 
fully bloom. It is known as the natural fertilizer or green manure. The residue left in the field 
has contributed to a significant amount of the nutrients required for the paddy rice. Moreover, 
this approach is quite easy to implement since pummelo can grow easily after their seeds are 
planted in the field. According to the study, the pummelo in 1 rai (or 0.16 hectare) is 
equivalent to fertilizer formula 46-0-0 for the amount of 15 kg which is enough for the growth 
of paddy rice. 

4.  Improve 
In the improvement phase, pummelo will be grown on the field before the next cropping 
season. The experimental design technique is used to study the impact of pummelo on the 
amount grey water footprint. Therefore, the rice field is divided into four fields as shown in 
Fig. 7. pummelo will be grown as the cover crop fertilizer in two fields (No. 1 and No. 2 
pummelo crop) while fertilizer was used in the other two fields (No. 1 and No. 2 Fertilizer). 
The grey water footprint data w collected from these four fields will be simulated and 
statistically analyzed. The result shows that the utilization of pummelo as the cover crop 

 
 www.witpress.com, ISSN 1743-3541 (on-line) 
WIT Transactions on Ecology and the Environment, Vol 217, © 2019 WIT Press

344  Sustainable Development and Planning X



fertilizer is able to reduce the amount of grey water significantly (p-value = 0.000). The 
average grey water footprint from the rice growing by using two types of fertilizers is shown 
in Fig. 8. Since there is no overlap between the average values of grey water footprint of 
these two treatments, it explicitly signifies that there is a significant difference between the 
water footprints after these two different methods are utilized.  

 

Figure 7:  Proposed experimental field. 

 

Figure 8:  Projected grey water footprint of different treatments. 
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5.  Control 
The control stage is the phase where certain measures are implemented to ensure the 
sustainable control of the grey water footprint after the improvement is implemented. It 
involves the measures to monitor the value of the grey water footprint. The statistical tool 
used is the control chart, individual X, which has the upper and lower control limit (UCL) 

Upper control limit: �̅�  3𝑀𝑅തതതതത/1.128 
Center line: �̅� 

Lower control limit: �̅� െ 3𝑀𝑅തതതതത/1.128 
�̅� ൌ ∑ ௫



ୀଵ , 𝑀𝑅തതതതത ൌ |𝑥 െ 𝑥ିଵ|, 

where: xi is the water footprint at season i 
m is the number of season. 
     Since there are two growing seasons (April and October 2018) going on, the control chart 
depicts only two simulated values of grey water footprint from these two seasons. The upper 
and lower control limits are based on the initial value since there are no historical data. 
     If the value of grey water footprint is still in the range of upper and lower control limit, it 
explicitly means that this value is in control, i.e., the control continuous improvement is 
effective. 
 

 

Figure 9:  A control chart for monitoring grey water footprint. 
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6  CONCLUSIONS AND DISCUSSIONS 
The life cycle analysis of the rice production is assessed by considering the water 
consumption in each stage. The assessment result indicates that the major source is the water 
used for nurturing the rice. However, because the rice growth mainly depends on the water 
supply, it is not likely to reduce the water use in this category. Therefore, the initiative is 
switched to the second source which is the polluted water. Since fertilizer is the source of the 
pollution, the amount of fertilizer use should be reduced. As a result, a six-sigma tool, 
DMAIC, is applied with the attempt to reduce the fertilizer use. The analysis phase points 
out that the green manure (growing cover crops) should be utilized to reduce use of chemical 
fertilizer. Pummelo is the plant chosen to grow as cover crops in the paddy rice field in the 
improvement phase. The final result show that the green manure can replace the fertilizer use 
completely. Anyway, another advantage of DMAIC implementation is the achievement of 
the sustainability since the monitoring tool will be used in the control phase to ensure the 
value of grey water footprint to be in the acceptable range. 
     In conclusion, the application of water footprint greatly influences the successful saving 
of water consumption since it has the capability of quantification. Practitioners are always 
adhered to the quantified amount related to each activity, so they know exactly their 
contribution to the water consumption. On the other hand, six-sigma is a quality management 
technique which is widely used in the service and manufacturing sector. However, this study 
proves that it can also be implemented successfully in area of the agricultural management. 
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