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This study explored energy inputs and consumption patterns to determine energy 

and economical indices for maize cultivation in Thailand. To assess the energy 

performance of four used cropping systems, namely, highland cultivation in wet 

season (HLWS), highland cultivation in dry season (HLDS), plains cultivation in 

wet season (PLWS), and plains cultivation in dry season (PLDS), data from 

energy consumed and produced show Net Energy Value (NEV) gains of +77.0, 

+106.5, +191.6, and +228.5 GJ/ha, respectively. Positive signs indicate that the

required energy was less than energy produced which reveals sustainability. Use

of fertilizer accounted for the major input energy in all systems, followed by

fossil fuels, human labor and seeds. A cost performance analysis demonstrated

PLDS production exhibited the highest profit earnings (1,365.2 USD/ha). To

establish an alternative way to reduce the amount of energy consumed together

with increased profit returns to farmers, the renewable energy from waste manure

was used to replace dependence on chemical fertilizers. Scenarios using manure

from cows, chickens, and farmyards were considered. Results showed that the

use of farmyard manure created greater amounts of energy efficiency and

economical return rates. Moreover, the benefits increased with increased amounts

of organic material applied.
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1. INTRODUCTION

In the 21st century, critical issues concerning 

energy have drawn the attention of the United Nations 

Environment Programme (UNEP, 2012). High energy 

need, depletion of non-renewable energy resources 

and unlimited negative level of local environmental 

topics were cited frequently in many previous studies 

(Demirbas, 2009; Singh et al., 2019). With currently 

increasing rapid development and world population, 

staple and non-staple foods are required to serve both 

human and animal needs and have created competition 

for land and water, and increased greenhouse gas 

(GHGs) emissions as well as energy consumption (Qi 

et al., 2018; Silalertruksa and Gheewala, 2018; Jiang 

et al., 2020). To meet the global requirement of food 

in 2050, food production needs to increase 60% to 

meet all population demands (FAO, 2011; van Dijk 

and Meijerink, 2014).  

The agriculture sector is one of the main 

producers and consumers of energy where the 

operations need both direct and indirect energy 

including human labor, fossil fuel, electricity, 

fertilizers and herbicides, etc. (Elsoragaby et al., 

2019a; Kosemani and Bamgboye, 2020). With the 

progression of agriculture, energy has become a key 

input for activities during the age of subsistence 

agriculture (Król-Badziak et al., 2021). The demand of 

energy in the cultivation sector has increased 

considerably with the need for high-yielding varieties 

and introduction of mechanized production practices 

(Canakci and Akinci, 2006). Their expansion has 

further resulted in significant increase in food 

production and energy security together with the risk 

of environmental contamination and economic 

development (Nutongkaew et al., 2019; Zhong et al., 

2020). To address these issues, the link between 

resource consumption and agricultural activity was 
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analyzed. Several studies have concerned 

environmental problems in agricultural areas during 

the last decade such as loss of biodiversity and 

pollution in the soil and aquatic media by nitrogen and 

phosphorus fertilizers (Nemecek et al., 2011; Yousefi 

et al., 2014). However, developing energy efficient 

agricultural production systems with lower energy 

input compared with the output has been 

recommended from the Thai government by adopting 

the 4th Thai National Economic and Social 

Development Plan together with creating equilibrium 

among production, environmental, and economic 

dimensions to achieve the sustainable development 

goals (Dalgaard et al., 2001; Esengun et al., 2007; 

Manzone and Calvo, 2016; Singh et al., 2019).  

Two evaluation methods for energy use in 

agricultural production system are economic analysis 

of energy and input-output analysis of energy use 

(Kusek et al., 2016; Lal et al., 2019; Elsoragaby et al., 

2019b). Lately, energy input-output analysis has been 

widely used to investigate efficiency and 

environmental performance which can be applied to 

energy management in production systems. It can be 

used as the first step to identify how benefits can be 

obtained and further show methods to minimize 

energy input and increase productivity (Mohammadi 

et al., 2008; Mohammadi et al., 2010). Energy analysis 

has become an important issue and a reliable approach 

that can provide reasonable opportunities for planners 

and policy makers to determine the interactions 

between energy use and efficiency (Ozkan et al., 2004; 

Hatirli et al., 2006; Yousefi et al., 2014).  

Thailand has 51.3 million hectares of land of 

which 41% is under cultivation of various crops 

(OAE, 2020). Maize (Zea mays L.) is one of the most 

important crops in tropical climatic zone plantations 

including Thailand (Gong et al., 2015). In 2019/2020, 

their total production of 4.54 million tons in a 

cultivation area of 1.13 million hectares proved 

important for both food and feed (OAE, 2021). Maize 

is valued as the fifth most important economic crops 

after rice, cassava, sugarcane, and rubber in Thailand. 

Its demand increased by 3.6% from previous years due 

to the expanding livestock industry corresponding to 

the increased demand for maize in animal feed. It 

occupies 33% of Thai upland rainfed farmlands after 

the rainy season with a portion of  in total and debuts 

in paddy rice fields in the dry season in recent years 

from the promotion of many governmental projects 

(Supasri et al., 2020). To date, differences in 

production areas may pose varying management 

performances for both resource use and energy 

efficiency. The diversity renders difficulty in decision 

making and appears attractive to researchers. 

Therefore, several studies conducted in Thailand have 

concentrated on energy efficiency in field crop 

production such as sugarcane, tapioca, para rubber, 

paddy rice, etc., to improve sustainability and find 

strategies to minimize environmental problems 

(Gajaseni, 1995; Demircan et al., 2006; Neamhom et 

al., 2016; Silalertruksa and Gheewala, 2018; 

Jaroenkietkajorn and Gheewala, 2020; Prasara-A and 

Gheewala, 2021).  

Because of the few energy analysis studies 

concerning maize farming in Thailand, this study 

aimed to determine energy input and consumption 

patterns of different cultivation systems of maize in 

Thailand. The assessment of energy consumption for 

maize cultivation is required to understand its existing 

operations and identify alternative approaches to 

reduce energy requirements. It will help to increase 

production, productivity, and profitable returns 

contributing to the Thai economy, and make maize 

production systems sustainable.  

2. METHODOLOGY

2.1 Scope of study and system boundary

The energy requirements and performance of 

energy indicators were evaluated using energy and 

resource materials consumed and produced in the 

cultivation of maize for the animal feed industry. 

Figure 1 presents a schematic flow diagram of overall 

maize cultivation practices in Thailand divided into 

eight basic steps. The activity occurs by using 

resources and materials applied in the field including 

chemical fertilizers, herbicides and pesticides and 

fossil fuel energy. In general, maize is grown mostly 

in rainfed upland areas divided in two seasonal crops 

which are crop planted from May to September and 

planted from August to December (MCC, 1999; 

Ekasingh et al., 2004). Currently, the practices of 

farmers contributing to increased production of maize 

and reducing paddy rice cultivated during the dry 

season (March to July) have become common due to 

the lack of water and their local market price. Four 

maize cultivation systems were classified based on the 

location and growing season of the crop. These four 

systemsare designated as: (1) highlands in wet season 

(HLWS); (2) highlands in dry season (HLDS); (3) 

plains in wet season (PLWS) and, (4) plains in dry 

season (PLDS). This study used the functional unit of 

energy or mass per unit area to express the quantity of 
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energy and materials consumed or produced 

throughout these systems. The quantity per unit area 

(hectare; ha) is used to indicate the importance of land 

where photosynthesis takes place to produce maize 

seed as a main product and three other co-products. 

These include maize straw, maize husk, and maize 

cob. Notably, machinery energy was not accounted for 

in this study as their quantity was much less than those 

of solar energy radiation throughout the working 

lifetime of the machines. 

Energy inputs
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Figure 1. System boundary and pattern of energy flow in maize cultivation in Thailand 

2.2 Field survey and data collection 

In this study, the value of energy occurring in 

maize cultivation was determined using both primary 

and secondary data from a field survey and literature 

reviews, respectively. For the field survey, a face-to-

face questionnaire was used to gather relevant 

information from 110 Thai maize farmers in HLWS, 

HLPS, PLWS, and PLDS systems. Sample size was 

calculated using a simplified formula to determine 

80% confidence level and 0.2 precision (Yamane, 

1967). Data were collected for one hectare maize 

cultivation regarding productivity, resources used, 

type and quantities of fossil fuel energy and fossil fuel-

based materials, i.e., diesel and gasoline for machinery 

operation, chemical fertilizer, herbicides and 

pesticides for crop maintenance. Also, related human 

labor requirements and payroll information were 

obtained using the questionnaires. The energy 

equivalents of various energy inputs and local market 

prices of energy and products used in this study were 

sought from the literature and reliable webpages. Only 

energy equivalents in the maize yield collected from 

field trips (both product and co-products) were 

analyzed following the standard method for food and 

nutrition (FAO, 2003). Cultivation, prior to harvest, 

takes approximately three months beginning in 

October until February for the wet season and March 

until July for the dry season yearly. However, data 

variation was analyzed and presented with average 

values and standard deviation.  

2.3 Computation of energy indicators 

Data values of energy and material input and 

output were measured to determine the demand of 

energy in the production of maize and interpreted in 

terms of energy equivalences. In this study, the 

environmental input of solar radiation was 

considered as 168 W/m2 over 12 h daily. Table 1 

provides the energy coefficients for various materials 

and energy input sources. 

2.3.1 Energy input-output analysis 

Energy input (EI) and energy output (EO) were 

calculated using Equation 1 and Equation 2, 

respectively.  

EI =  
∑(Es ×ϵs)

A
 (1) 

EO =  
∑(Pmc × εom)+ ∑(Pbc × εob)

A
(2) 

Where; EI is the total energy input for maize 

production (MJ/ha); Es is the total amount of energy 

input and output components used for maize 

production (their functional units are presented in 

Table 1); ԑs is the energy equivalent coefficient for 

input energy forms; Pmc is the total production quantity 

of maize seed yield (kg); Pbc is the total production of 

by-products or co-products (kg); ԑom and ԑob are the net 

calorific value (NCV) of maize seed yield and co-

products (MJ/kg), respectively; and A is the total 

harvested area under cropping systems (ha). 
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Table 1. Energy equivalent coefficient of inputs and outputs for agricultural components 

Energy inputs/productivities Energy equivalent (MJ) References 

Organic carbon 

Diesel fuel (L) 39.6 Kosemani and Bamgboye (2020) 

Gasoline fuel (L) 32.4 Kosemani and Bamgboye (2020) 

Energy inputs/ Fossil-based materials 

Manual energy (h) 1.96 Šarauskis et al. (2014) 

Pesticides 

i. Glyphosate (L) 454.2 Ferreira et al. (2018) 

ii. Paraquat (L) 459.6 Romanelli and Milan (2005) 

iii. Atrazine (L) 188.4 Ferreira et al. (2018) 

iv. Emamectin (kg) 69.6 Šarauskis et al. (2014) 

Chemical fertilizers (kg) 

i. Nitrogen (N) 78.1 Kosemani and Bamgboye (2020)

ii. Phosphorus (P2O5) 17.4 Kosemani and Bamgboye (2020)

iii. Potassium (K2O) 13.7 Kosemani and Bamgboye (2020)

Productivities 

Maize grain (kg) 17.3 This study 

Maize straw (kg) 16.3 This study 

Maize cob (kg) 16.2 This study 

Maize husk (kg) 16.5 This study 

Organic materials 

Cow manure (kg)a 4.4 European Commission (2021) 

Chicken manure (kg)a  1.7 European Commission (2021) 

Farm Yard manure (kg) 0.3 Soni et al. (2018) 

aCalculated from the net calorific value reported in (European Commission, 2021)

2.3.2 Net energy value (NEV) 

NEV (MJ/ha) is the difference between the 

energy output and fossil fuel input required in the 

production processes which is calculated using 

Equation 3 (Dai et al., 2006; Khatiwada and Silveira, 

2009; Kusek et al., 2016; Neamhom et al., 2016; 

Nguyen et al., 2008). When the NEV value is positive 

(output more than input), the products produced are 

said to be acceptable in terms of production efficiency. 

NEV = EO  ̶  EI    (3) 

2.3.3 Energy transfer efficiency (ETE) 

ETE indicates how efficiently a crop production 

system is in terms of its energy output and input forms. 

Modified from energy use efficiency (EUE), ETE is 

calculated beginning with solar radiation absorbed by 

the earth and continues until the energy content is 

stored in the end-user product (Neamhom et al., 2016). 

This ratio has been used to express the ineffectiveness 

of crop production systems (Kaur et al., 2021; Soni et 

al., 2018). It is calculated, using Equation 4. 

ETE (%) =  
EO

EI
 × 100     (4) 

2.4 Net return (NR) 

NR is the total profit gain to farmer in a 

particular cropping system. Residual income remains 

after all production factors mentioned are paid off to 

calculate this value (Soni et al., 2018). It considers the 

farm labor cost, management cost, other resources 

used for operation and production of the crops which 

is calculated using Equation 5. Where gross income is 

calculated by multiplying the total crop produced by 

its local market price, and total input cost represents 

all the cost fixed to produce the crop.  

NR = Gross income − Total input cost          (5) 

3. RESULTS AND DISCUSSION

3.1 Overall maize cultivation systems

Data information concerning energy and 

materials consumed in the field were collected from 

four different maize cultivation systems in Thailand. 

Farmers always plant maize in two seasons annually. 

The first crop in is planted in March and planting the 

second crop starts in October. To produce maize seed 

products, the tillage for land clearance, aimed to plow 

crop residues under the soil, is first operated using 
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tractors with 3, 4, or 7-disk plows. Following the 

plowing using a moldboard, the soil is tilled using a 7-

disk plow tractor. The planting process then employs 

various methods, e.g., manual and tractor-mounted 

seeder, which use a seed ratio of 17.6 to 23.3 kg/ha. 

During the cultivation process, farmers use four types 

of synthetic herbicides and pesticide, Emamectin, 

Glyphosate, Paraquat, and Atrazine, to control insects 

and maize diseases. Fertilizers are also applied on land 

using different formulae, e.g., 15-15-15, 16-20-0, and 

46-0-0. Three months after planting, maize is fully 

mature for harvesting. Maize is harvested manually or 

using a seed milling machine, depending on land 

terrain. Not only is the maize seed produced, other co-

products are also generated, i.e., maize straw, maize 

husk, and maize cob. Figure 2 shows the production 

rate of product and co-products in maize cultivation 

systems in Thailand. After harvesting, the maize seed 

yield is transported by tractor or truck to a mill located 

within a 10-km radius. Meanwhile, the co-products 

remain on the farm for the next crop planting. 

Figure 2. Yield of product and co-products in maize productions 

The average main productivity of maize 

cultivation ranges from 4.5 to 7.5 tons per hectare and 

is highest in the PLDS system (7.5±2.1 tons/ha). To 

achieve these yields, four types and quantities of 

resources are consumed and applied to the maize field. 

First, maize farmers apply chemical fertilizers around 

three times per crop, first at the time of maize seed 

planting and then approximately 30 and 60 days later. 

As presented in Figure 3, the quantities of chemicals 

are classified ranging from 128.1 to 245.7 kg/ha for 

nitrogen, 31.3 to 121.9 kg/ha for phosphorus, and 31.3 

to 107.5 kg/ha for potassium. Importantly, the 

cultivations in dry season during March consumed 

more overall nutrients (461.0 kg/ha for PLDS and 

425.1 kg/ha for HLDS) compared with 342.7 kg/ha for 

HLWS and 201.9 kg/ha for PLWS. Second, diesel fuel 

is consumed at 66.5, 108.6, 133.8, and 204.3 L/ha for 

HLWS, HLDS, PLWS, and PLDS, respectively. 

Details of diesel fuel consumed for production 

processes are shown in Figure 4. Notably, around 30% 

of total diesel fuel consumption was applied to operate 

water pumping machines for plains cultivation (both 

in wet and dry seasons). Third, gasoline fuel for lawn 

mower machine operation was consumed at a rate of 

40 L/ha in HLWS and PLWS while 6.3 and was for 

14.1 L/ha for HLDS and PLDS, respectively. Lastly, 

concerning herbicide and pesticide consumption, 

farmers spray pre-emergence herbicide after planting 

and perform mechanical weeding at 7 and 45 days 

later. 

3.2 Energy inputs 

As tabulated in Table 2, summarized data were 

calculated from existing operations. The high land 

cultivation systems, in wet and dry season, required an 

average energy input of 32.6 GJ/ha and 32.9 GJ/ha, 

respectively. However, plains cultivations showed a 

variation of 37.2 GJ/ha in dry season and 22.1 GJ/ha 

during the wet season, a difference of 32%. The results 

showed that fertilizer had the greatest input in all 

systems, comprising approximately 48.5, 66.3, 52.9, 

and 68.9% of totals for HLWS, HLDS, PLWS, and 

PLDS, respectively. Nitrogen was the largest 

component in all fertilizer input followed by 

phosphorus and potash. When compared with other 

studies (Banaeian and Zangeneh, 2011; Kosemani and 

Bamgboye, 2020; Šarauskis et al., 2014), these values 

show similar movements due to the mindset of farmers 
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who believe that the productivity yield depended on 

the direct consumption of fertilizers (Soni et al., 2018). 

Diesel fuel was the second ranked contributor due to 

its requirement in all steps of cultivation. For 

highlands, higher fuel consumption could be attributed 

to the operation of machinery for land preparation and 

harvesting. However, in plains, fuel was consumed 

significantly to pump water, around 32% and 35% of 

the total for WS and DS, respectively. The findings of 

this study were in line with those of other studies in 

maize cultivation reporting fertilizers and diesel fuel 

were the two main contributors in terms of energy 

input (Kaur et al., 2021; Manzone and Calvo, 2016; 

Yousefi et al., 2014). Energy from human work, 

expressed for each operation, is summarized in Table 

2. The operations with the highest manpower

consumption were in planting and fertilizer spreading

during planting, weeding, and harvesting,

respectively.

Figure 3. Quantity of fertilizer consumption in maize cultivation systems; (a) Total; (b) N fertilizer; (c) P2O5 fertilizer; (d) K2O fertilizer 

Figure 4. Diesel fuel consumption (L/ha) in maize cultivation systems; (a) HLWS; (b) HLDS; (c) PLWS; (d) PLDS 

0

50

100

150

200

250

300

HLWS HLDS PLWS PLDS

F
er

ti
li

ze
r 

co
n

su
m

p
ti

o
n

 (
k
g
/h

a)

N P2O5 K2O

0

20

40

60

80

100

120

140

HLWS HLDS PLWS PLDS

N
 c

o
n

su
m

p
ti

o
n

 (
k
g
/h

a)

1st round 2nd round 3rd round

0

20

40

60

80

100

120

HLWS HLDS PLWS PLDS

P
2
O

5
co

n
su

m
p

ti
o

n
 (

k
g
/h

a)

1st round 2nd round 3rd round

0

5

10

15

20

25

30

35

40

45

50

HLWS HLDS PLWS PLDS

K
2
O

 c
o

n
su

m
p

ti
o

n
 (

k
g
/h

a)

1st round 2nd round 3rd round

19%

11%

13%

11%

1%

26%

10%

9%

Land preparation

1st mold board plow 

2nd mold board plow 

Planting process

Herbicide sprader

Harvesting machine

Seed milling process

Transport to the mill

19%

11%

13%

11%

1%

26%

10%

9%

Land preparation

1st mold board plow 

2nd mold board plow 

Planting process

Herbicide sprader

Harvesting machine

Seed milling process

Transport to the mill

(a) (b) 

(c) (d) 

(a) (b) 

440



Thongmai S et al. / Environment and Natural Resources Journal 2021; 19(6): 435-448 

Figure 4. Diesel fuel consumption (L/ha) in maize cultivation systems; (a) HLWS; (b) HLDS; (c) PLWS; (d) PLDS (cont.) 

Table 2. Energy and energy indicators analyses for four maize production systems 

Resources/Productivities Unit Energy (MJ/ha) 

HLWS HLDS PLWS PLDS 

1st Land clearance (1) 

Diesel (for plowing machine) L 922.8±53.1 838.0±58.4 853.9±306.1 918.3±522.8 

Manual energy h 24.5±6.3 19.4±13.4 45.9±48.6 58.0±29.5 

2nd Land clearance (2) 

Diesel (for tractor) L 466.7±178.7 431.3±111.9 387.8±62.3 921.0±269.8 

Manual energy h 24.5±6.3 16.1±11.5 45.9±8.6 55.4±21.7 

Moldboard plow (3) 

Diesel (for tractor) L 618.8±525.0 546.2±153.4 346.5±0.0 993.7±347.0 

Manual energy h 17.2±3.5 18.6±12.5 45.9±8.6 54.9±27.9 

Planting (4) 

Maize seed kg 269.1±53.1 326.1±58.4 318.0±45.1 356.4±73.9 

Diesel (for tractor) L - - 321.8±35.0 396.6±126.4 

Diesel (for fertilizer spreader) L - - - 89.1±0.0 

Manual energy (for planting) h 499.8±0.0 18.6±12.2 45.9±8.6 427.7±405.3 

Nitrogen fertilizer kg 2,277.9±1,491.2 2,889.3±1,081.3 1,562.0±390.5 2,395.9±1,054.0 

Phosphorus fertilizer kg 543.8±108.8 734.1±276.4 217.5±0.0 580.3±287.1 

Potassium fertilizer kg 428.1±121.1 578.0±135.4 171.3±0.0 417.9±206.7 

Manual energy (for fertilizer 

spreader) 

h 18.0±2.8 18.6±12.2 57.9±51.7 427.7±405.3 

Weeding (5) 

Diesel (for herbicide spreader) L - 51.2±10.0 175.7±0.0 - 

Gasoline (for lawn mower) L 1,296.0±0.0 202.5±0.0 1,296.0±0.0 456.4±140.1 

Emamectin kg 391.5±130.5 173.8±57.2 229.6±64.6 443.2±123.5 

Paraquat L 4,883.3±3,745.3 2,528.8±691.2 1,532.0±663.4 2,238.1±503.9 

Glyphosate L 5,109.8±2,007.3 2,838.8±0.0 - 1,520.2±442.4 

Antrazine L - - 459.2±23.2 52.6±27.9 

Manual energy  h 179.3±27.4 114.1±62.2 209.4±157.7 364.7±174.8 

Farming (6) 

Diesel (for fertilizer spreader) L - - - 178.2±0.0 

Diesel (for water pumping) L - - 1,697.9±0.0 2,846.3±808.5 

Nitrogen fertilizer kg 10,820.1±7,119.3 15,903.4±6,879.3 9,323.2±4,763.2 16,815.1±7,457.3 

Phosphorus fertilizer kg 978.8±0.0 1,280.1±1,039.6 217.5±0.0 1,540.8±513.7 

Potassium fertilizer kg 770.6±0.0 385.3±172.8 171.3±0.0 861.6±476.4 

Manual energy h 187.8±62.7 40.5±25.5 237.9±2.3 183.7±82.7 
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Table 2. Energy and energy indicators analyses for four maize production systems (cont.) 

Resources/Productivities Unit Energy (MJ/ha) 

HLWS HLDS PLWS PLDS 

Harvesting (7) 

Diesel (for seed milling tractor) L 366.3±0.0 422.1±96.3 366.3±0.0 527.5±131.8 

Diesel (for small tractor) L - 1,113.8±0.0 841.5±373.7 742.5±0.0 

Manual energy h 1,176.0±0.0 21.0±12.8 294.0±0.0 294.0±0.0 

Transport to the mills (8) 

Diesel (for truck truck) L 307.2±8.6 481.6±212.9 305.3±14.3 479.0±137.7 

Manual energy h 24.5±6.3 21.4±14.0 57.9±51.7 56.0±27.2 

Productivities (9) 

Maize grain ton 79,065.7±2,205.8 90,738.1±20,329.6 78,165.2±3,119.5 129,572.5±36,470.3 

Maize straw ton 76,593.8±19,403.8 84,661.6±19,403.8 76,593.8±19,403.8 84,661.6±19,403.8 

Maize husk ton 14,886.0±7,236.3 17,780.5±4,135.0 14,886.0±7,236.3 17,780.5±4,135.0 

Maize cob ton 11,658.1±2,534.4 18,754.4±5,068.8 11,658.1±2,534.4 18,754.4±5,068.8 

Total energy input (-) 

[(1)+(2)+(3)+(4)+(5)+(6)+(7)+(8)] 

32,584.2 32,849.5 22,047.4 37,177.1 

Total energy output (+) [(9)] 182,203.6 211,934.6 181,303.1 250,769.0 

Net Energy Value (NEV)a MJ/ha 77,043.4 106,509.1 86,679.7 141,015.9 

GJ/ha 77.0 106.5 86.7 141.0 

Energy Transfer Efficiency (ETE)b 1.73 2.01 1.92 2.29 

aPositive sign (+) means gain the energy from production process, Negative sign (-) means loss of energy.  
bCalculated from the input starting from solar radiation (168 W/m2, 12 h/day) through output as product and co-products.

3.3 Energy outputs of system 

Total energy output from maize cultivation 

systems in Thailand are reported in Table 2. According 

to the product and co-products presented in Figure 2, 

energy output was computed from maize grain as a 

main product and co-products including maize straw, 

maize husk, and maize cob. In wet season, the reported 

values were 182.2 and 181.3 GJ/ha for HLWS and 

PLWS, respectively, whereas the values for HLDS 

and PLDS were higher. A greater amount of grain and 

straw products during dry season led to output energy 

results in more than 212.0 GJ/ha and peaked at 250.8 

GJ/ha in PLDS. It could be said that production of 

maize and co-products cultivated during dry season 

(both in highlands and plains) had higher energy 

output. This outcome was significantly (p<0.05) 

greater to others. One reason related to this result was 

a significantly higher energy use resulting in greater 

grain yield in dry season. Moreover, different levels of 

climatic factors, geographical locations, and required 

water were also contributed. The results reported in 

studies of paddy rice, wheat, and other economic crops 

were similar to the results obtained in this study 

(Neamhom et al., 2016; Patthanaissaranukool and 

Polprasert, 2016; Soni et al., 2018).  

3.4 Energy indicators 

From existing maize cultivation, as shown in 

Figure 5, the four defined systems indicated positive 

values of 77.0, 106.5, 86.7, and 141.0 GJ/ha for 

HLWS, HLDS, PLWS, and PLDS, respectively. The 

positive sign showed an energy output greater than 

that of fossil fuel energy required in the production 

process. Lower values in wet season may have resulted 

from the loss of energy especially nutrients and crop 

residues (Khonpikul et al., 2017). Rainfall, pests, and 

the type of terrain make it difficult to grow, harvest, 

and collect crop residue. The results of the net energy 

value assessment were consistent with the findings of 

other studies as presented in Table 3. Grassini and 

Cassman (2012) reported higher NEV performance 

(159.0 GJ/ha) in US maize systems because of greater 

fertilizer input, higher yield, and more appropriate 

irrigated systems. Similar to the study in Germany by 

Felten et al. (2013) rounded net energy production 

amounted to 91.0 GJ/ha due to their high energy 

yields. Therefore, in most cases, beneficial co-

products of straw, husk, and cob were absent from the 

computation resulting in a lower NEV. 

By applying Equation 4 using the different net 

inputs of  fossil fuel and fossil-based resources energy 
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and sun energy radiated to the earth's mantle 

(168W/m2, 12 h/d) (Masters, 1998) and the energy 

output of maize grain and co-products produced, ETE 

was found to be 1.73, 2.01, 1.92, and 2.29 for HLWS, 

HLDS, PLWS, and PLDS, respectively. As shown in 

Table 3, these values were relatively low compared 

with other related studied. This index for maize 

cultivation systems in different regions of Thailand 

was higher due to the high output energy obtained. The 

low energy efficiency of maize productions in 

Thailand was due to high energy consumption from 

activity and low product output.

Figure 5. Net energy and cost performance in four different maize cultivation systems 

Table 3. Comparison of Net Energy Value and ETE in maize cultivations 

References Country NEVa (GJ/ha) ETE (%) Remarks 

Lorzadeh et al. (2011) Iran +18.8 1.48 Not include co-products   

Felten et al. (2013) Germany +91.0 5.5 High product and co-products 

Akdemir et al. (2012) Turkey - 0.76 Not include co-products   

Grassini and Cassman (2012) USA +159.0 6.6 - 

Memon et al. (2015) Pakistan +52.0 5.2 Moldboard plow practice  

+47.0 5.1 Cultivator practice 

+31.8 4.1 Zero tillage practice  

Chilur and Yadachi (2017) India +68.1 5.1 - 

This study Thailand +77.0 1.73 HLWS 

+106.5 2.01 HLDS 

+86.7 1.92 PLWS 

+141.0 2.29 PLDS 

aPositive sign (+) indicates energy gain; negative sign (-) indicates energy loss from production processes. 

3.5 Economic return 

From an economic point of view, the net return 

to the farmers was obtained from the difference 

between gross income and total input cost. At the time 

of this study, the current local market prices for maize 

grain and maize cob were found to be 0.3 USD/kg 

grain and 0.01 USD/kg cob. As summarized in Table 

4, all cultivation systems were profitable operations in 

the studied region. PLDS had the highest cost of 

production (924.3±393.1 USD/ha), followed in rank 

by HLWS (778.0±208.6 USD/ha), PLWS 

(623.0±206.2 USD/ha), and HLDS (541.2±168.9 

USD∙/ha). Added chemical fertilizers, maize seed, and 

labor used during farming and weeding activities 

contributed to higher production costs. The highest 

gross incomes from selling the products of maize grain 

and maize cob were observed from the PLDS of 

2,289.4±644.2 USD/ha. In wet season planting, the 

total selling price was lowest compared with 

1,397.2±41.0 USD/ha and 1,381.4±57.0 USD/ha for 

HLWS and PLWS, respectively. In terms of NR, 

planting in dry season offered higher returns than wet 

season and reached the highest returns to farmers in 

PLDS (1,365.2 USD/ha). According to the beneficial 

by-products utilization occurring in the production 

processes, this value was relatively low as compared 
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to 2,107.5 USD/ha/year of the sugarcane industry 

(Neamhom et al., 2016), 3,574.4 USD/ha/year of the 

palm oil production industry (Patthanaissaranukool et 

al., 2013), and 3,101.4 USD/ha/season of paddy rice 

cultivation (Polprasert and Chaiyachet, 2007).

Table 4. Cost analysis for maize cultivation systems in Thailand 

Cultivation systems Total input cost (USD/ha) Total selling price (USD/ha) NRa (USD/ha) 

HLWS 778.0±208.6 1,397.2±41.0 619.2 

HLDS 541.2±168.9 1,608.5±361.2 1,067.3 

PLWS 623.0±206.2 1,381.4±57.0 758.4 

PLDS 924.3±393.1 2,289.4±644.2 1,365.2 

aPositive sign indicates the cost saving, Negative value indicates that the resources cost is higher than the return values. 

3.6 Simulations to reduce energy consumption 

According to the criteria for energy saving in 

crop production and heavy consumption of agro-

chemical fertilizer on maize field, sharing more than 

48% of total energy inputs, 15 scenarios were 

established as described in the following to find the 

sustainable ways to produce maize grain used in the 

animal feed industry. In this work, they are replaced 

with bio-nutrients and organic residues from livestock 

farming. Selected materials and their nutrient 

components used are presented in Table 5. The 

scenarios were ranked from 20 to 100% replacement 

with organic residue materials. NEV and NR were 

calculated to measure how much the organic materials 

could help reduce energy input consumption and the 

returns to farmers, respectively. In terms of NEV, a 

positive sign indicated that the substitute could not 

help reduce energy input while a negative sign meant 

it helps reduce energy consumption. In the opposite 

way, a negative value of NR revealed that the gross 

input was higher than the incomes resulting in less 

return to the farmer. Figure 6 shows the net energy 

outcome from reduced chemical fertilizer 

consumption. Compared to existing operation, cow 

manure substitute created the higher energy 

requirement when the replacement ratios were more 

than 20%, whereas chicken and farmyard manures had 

a lower energy consumption movement. The resulting 

values of NEV and NR in the results of organic residue 

replacement activity for each scenario as compared 

with those of existing operations are summarized in 

Table 6. Although the use of chicken and farmyard 

manures exhibited lower energy requirement, only 

replacing of chemical fertilizer by farmyard manure 

could achieve the maximum returns for both energy 

gain and profit. Therefore, the economic benefits for 

implementing those approaches seem attractive for 

maize plantation owners and local governments to 

follow and encourage. 

Table 5. Selected materials and nutrient components of substituted residues 

Organic residues Nitrogen (N, %) Phosphorus (P2O5, %) Potassium (K2O, %) References 

Cow manure 1.10 1.84 0.52 Ministry of Agricultural and 

Cooperative (2016) 

Chicken manure 2.42 6.29 2.11 Ministry of Agricultural and 

Cooperative (2016) 

Farmyard manure 0.50 0.20 0.50 Tamil Nadu Agricultural 

University (2016) 

Table 6. Energy reduction and cost-saving potential from chemical fertilizer replacements 

Maize cultivation/scenarios NEVa (GJ/ha) NRb (USD/ha) 

HLWS HLDS PLWS PLDS HLWS HLDS PLWS PLDS 

Existing condition +15.8 +14.8 +11.9 +22.6 -106.1 -193.4 -61.5 -141.7

S-1: 20% Cow manure +8.2 +16.5 +7.1 +12.1 -38.8 -81.1 -37.6 -59.6

S-2: 40% Cow manure +16.4 +32.9 +14.1 +24.2 -77.6 -162.2 -75.2 -119.3

S-3: 60% Cow manure +24.6 +49.4 +21.2 +36.4 -116.5 -243.3 -112.8 -178.9

S-4: 80% Cow manure +32.8 +65.9 +28.3 +48.5 -155.3 -324.4 -150.4 -238.5

S-5: 100% Cow manure +40.9 +82.3 +35.3 +60.6 -194.1 -405.5 -188.0 -298.2
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Table 6. Energy reduction and cost-saving potential from chemical fertilizer replacements (cont.) 

Maize cultivation/scenarios NEVa (GJ/ha) NRb (USD/ha) 

HLWS HLDS PLWS PLDS HLWS HLDS PLWS PLDS 

S-6: 20% Chicken manure -0.8 -1.5 -0.4 -1.1 -5.0 -13.6 -9.5 -10.1

S-7: 40% Chicken manure -1.6 -3.0 -0.8 -2.1 -10.0 -27.2 -19.0 -20.1

S-8: 60% Chicken manure -2.4 -4.4 -1.2 -3.2 -15.0 -40.8 -28.5 -30.2

S-9: 80% Chicken manure -3.2 -5.9 -1.7 -4.3 -20.0 -54.4 -38.0 -40.3

S-10: 100% Chicken manure -4.0 -7.4 -2.1 -5.3 -24.9 -68.0 -47.5 -50.3

S-11: 20% Farmyard manure -1.2 -2.2 -0.7 -1.6 +14.7 +25.7 +6.9 +18.8

S-12: 40% Farmyard manure -2.3 -4.3 -1.4 -3.1 +29.4 +51.4 +13.8 +37.6

S-13: 60% Farmyard manure -3.5 -6.5 -2.1 -4.7 +44.2 +77.1 +20.7 +56.4

S-14: 80% Farmyard manure -4.6 -8.7 -2.8 -6.3 +58.9 +102.8 +27.5 +75.2

S-15: 100% Farmyard manure -5.8 -10.8 -3.5 -7.9 +73.6 +128.5 +34.4 +94.0
aPositive sign (+) means still consumed energy, Negative sign (-) means help reduce energy consumption.  
bPositive sign indicates the cost saving, Negative value indicates that the resources cost is higher than the return values. 

Figure 6. Methods to reduce energy consumption from organic material substitution; (a) cow manure; (b) chicken manure; (c) farmyard 

manure 

4. CONCLUSION

The cultivations of maize fed to animal feed 

industry in Thailand depends on seasonal and 

geographical factors classified in four systems, 

HLWS, HLDS, PLWS, and PLDS. Regarding 

agricultural activity, consumption of chemical 

fertilizers created the highest energy input value 

followed by the consumption of fossil fuels for all 

methods. Following the concept of energy input-

output analysis, the net energy value was found to be 

+77.0, +106.5, +191.6, and +228.5 GJ/ha, whereas

ETE was computed to be 1.73, 2.01, 1.92, and 2.29%,

respectively. The positive value of NEV presented a

significantly energy gain from production processes.

In terms of ETE, the values were quite lower than

those found in previous studies because of the lack of

further uses of co-products from the production

processes, i.e., maize husk, straw, and cob. To
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determine a sustainable method to produce grain 

products together with lowering energy consumption, 

different scenarios were established. These included 

replacing chemical fertilizers with cow, chicken, and 

farmyard manures. Results showed that chicken 

manure and farmyard manure substitutions could 

achieve this goal. Although these results from chicken 

and farmyard manure appeared best and may achieve 

a lesser rate of energy input, only the use of farmyard 

manure provided profit returns to farmers.  

Results from cost performance analysis showed 

that all systems produced profit returns of about 

619.2  1,067.3  758.4 and  1,365.2 USD/ha for HLWS, 

HLDS, PLWS, and PLDS, respectively. The highest 

profit return was found in the PLDS system due to its 

huge amount of product, about 1.7 times compared 

with the lowest system. 

ACKNOWLEDGEMENTS 

This study was approved by the Ethics 

Committee for Research Involving Human Subjects 

(COA. No. MUPH 2020-163). This work was partially 

supported by funding from the Department of 

Environmental Health Sciences, Faculty of Public 

Health, Mahidol University. The authors would like to 

thank all maize farmers for the data provided to this 

study. Also, the authors would like to thank Mr. 

Thomas McManamon of Mahidol University Faculty 

of Public Health International Center for editing the 

English used in this paper. 

REFERENCES 
Akdemir S, Akcaoz H, Kizilay H. An analysis of energy use and 

input costs for maize production in Turkey. Journal of Food, 

Agriculture and Environment 2012;10(2):473-9. 

Banaeian N, Zangeneh M. Study on energy efficiency in corn 

production of Iran. Energy 2011;36(8):5394-402. 

Canakci M, Akinci I. Energy use pattern analyses of greenhouse 

vegetable production. Energy 2006;31(8-9):1243-56.  

Chilur R, Yadachi S. Energy Audit of Maize Production System 

of Selected Villages of North Karnataka, India. International 

Journal of Current Microbiology and Applied Sciences 

2017;6(8):3564-71.  

Dai D, Hu Z, Pu G, Li H, Wang C. Energy efficiency and potentials 

of cassava fuel ethanol in Guangxi region of China. Energy 

Conversion and Management 2006;47(13-14):1686-99.  

Dalgaard T, Halberg N, Porter JR. A model for fossil energy use 

in Danish agriculture used to compare organic and conventional 

farming. Agriculture, Ecosystems and Environment 2001; 

87(1):51-65.  

Demirbas A. Political, economic and environmental impacts of 

biofuels: A review. Applied Energy 2009;86(Supplement 

1):108-17.  

Demircan V, Ekinci K, Keener HM, Akbolat D, Ekinci C. Energy 

and economic analysis of sweet cherry production in Turkey: 

A case study from Isparta province. Energy Conversion and 

Management 2006;47(13-14):1761-9.  

Ekasingh B, Gypmantasiri P, Thong-ngam K, Grudloyma P. 

Maize in Thailand: Production Systems, Constraints, and 

Research Priorities. Mexico: CIMMYT; 2004. 

Elsoragaby S, Yahya A, Mahadi MR, Nawi NM, Mairghany M. 

Analysis of energy use and greenhouse gas emissions (GHG) 

of transplanting and broadcast seeding wetland rice 

cultivation. Energy 2019a;189:116160.  

Elsoragaby S, Yahya A, Mahadi MR, Nawi NM, Mairghany M. 

Energy utilization in major crop cultivation. Energy 2019b; 

173:1285-303.  

Esengun K, Erdal G, Gündüz O, Erdal H. An economic analysis 

and energy use in stake-tomato production in Tokat province 

of Turkey. Renewable Energy 2007;32(11):1873-81.  

European Commission. Database for the physico-chemical 

composition of (treated) lignocellulosic biomass, micro- and 

macroalgae, various feedstocks for biogas production and 

biochar [Internet]. 2021 [cited 2021 Jan 19]. Available from: 

https://phyllis.nl/. 

Food and Agricuture Organization of the United Nation (FAO). 

“Energy-smart” food for people and climate: issue paper 

[Internet]. 2011 [cited 2021 Mar 6]. Available from: 

http://www.fao.org/sustainable-food-value-chains/library/ 

details/en/c/266092/. 

Food and Agricuture Organization of the United Nation (FAO). 

Food Energy-Methods of Analysis and Conversion Factors. 

Rome: FAO; 2003. 

Felten D, Fröba N, Fries J, Emmerling C. Energy balances and 

greenhouse gas-mitigation potentials of bioenergy cropping 

systems (Miscanthus, rapeseed, and maize) based on farming 

conditions in Western Germany. Renewable Energy 2013; 

55:160-74.  

Ferreira TA, Ferreira SC, Barbosa JA, Volpato CES, Ferreira RC, 

da Silva MJ, Barbosa LM. Energy balance of irrigated maize 

silage. Ciencia Rural 2018;48(5):4-10.  

Gong F, Wu X, Zhang H, Chen Y, Wang W. Making better maize 

plants for sustainable grain production in a changing climate. 

Frontiers in Plant Science 2015;6:1-6.  

Grassini P, Cassman KG. High-yield maize with large net energy 

yield and small global warming intensity. Proceedings of the 

National Academy of Sciences of the United States of America 

2012;109(10):4021.  

Hatirli SA, Ozkan B, Fert C. Energy inputs and crop yield 

relationship in greenhouse tomato production. Renewable 

Energy 2006;31(4):427-38.  

Jaroenkietkajorn U, Gheewala SH. Interlinkage between water-

energy-food for oil palm cultivation in Thailand. Sustainable 

Production and Consumption 2020;22:205-17.  

Jiang Z, Lin J, Liu Y, Mo C, Yang J. Double paddy rice conversion 

to maize-paddy rice reduces carbon footprint and enhances net 

carbon sink. Journal of Cleaner Production 2020;258:120643. 

Gajaseni J. Energy analysis of wetland rice systems in Thailand. 

Agriculture, Ecosystems and Environment 1995;52(2-3):173-8. 

Kaur N, Vashist KK, Brar AS. Energy and productivity analysis of 

maize based crop sequences compared to rice-wheat system 

under different moisture regimes. Energy 2021;216:119286. 

Khatiwada D, Silveira S. Net energy balance of molasses based 

ethanol: The case of Nepal. Renewable and Sustainable 

Energy Reviews 2009;13(9):2515-24.  

446



Thongmai S et al. / Environment and Natural Resources Journal 2021; 19(6): 435-448 

Khonpikul S, Jakrawatana N, Gheewala SH, Mungkalasiri J, 

Janrungautai J. Material flow analysis of maize supply chain 

in Thailand. Journal of Sustainable Energy and Environment 

2017;8:87-9. 

Kosemani BS, Bamgboye AI. Energy input-output analysis of rice 

production in Nigeria. Energy 2020:207:118258. 

Król-Badziak A, Pishgar-Komleh SH, Rozakis S, Księżak J. 

Environmental and socio-economic performance of different 

tillage systems in maize grain production: Application of life 

cycle assessment and multi-criteria decision making. Journal 

of Cleaner Production 2021;278:123792.  

Kusek G, Ozturk HH, Akdemir S. An assessment of energy use of 

different cultivation methods for sustainable rapeseed 

production. Journal of Cleaner Production 2016;112: 2772-83.  

Lal B, Gautam P, Nayak AK, Panda BB, Bihari P, Tripathi R, et 

al. Energy and carbon budgeting of tillage for environmentally 

clean and resilient soil health of rice-maize cropping system. 

Journal of Cleaner Production 2019;226:815-30.  

Lorzadeh SH, Mahdavidamghani A, Enayatgholizadeh MR, 

Yousefi M. Energy input-output analysis for maize production 

systems in Shooshtar, Iran. Advances in Environmental 

Biology 2011;5(11):3641-4. 

Manzone M, Calvo A. Energy and CO2 analysis of poplar and 

maize crops for biomass production in north Italy. Renewable 

Energy 2016;86:675-81.  

Masters GM. Introduction to Environmental Engineering and 

Science. 2nd ed. New Jersey, USA: Prentice-Hall; 1998. 

Multiple Cropping Center (MCC). Maize Research in Thailand 

Past Impacts and Future Prospects. Chiang Mai, Thailand: 

MCC; 1999. 

Memon SQ, Amjad N, Dayo RH, Jarwar G. Energy requirement 

and energy efficiency for production of maize crop. European 

Academic Research 2015;2(2):14609-14.  

Ministry of Agricultural and Cooperative. Soil management and 

nutrients in rice farming [Internet]. 2016 [cited 2021 Jan 22]. 

Available from: http://www.ricethailand.go.th/rkb3/title-

index.php-file=content.php&id=005.htm. 

Mohammadi A, Rafiee S, Mohtasebi SS, Rafiee H. Energy inputs-

yield relationship and cost analysis of kiwifruit production in 

Iran. Renewable Energy 2010;35(5):1071-5.  

Mohammadi A, Tabatabaeefar A, Shahin S, Rafiee S, Keyhani A. 

Energy use and economical analysis of potato production in 

Iran a case study: Ardabil province. Energy Conversion and 

Management 2008;49(12):3566-70.  

Neamhom T, Polprasert C, Englande AJ. Ways that sugarcane 

industry can help reduce carbon emissions in Thailand. Journal 

of Cleaner Production 2016;131:561-71.  

Nemecek T, Dubois D, Huguenin-Elie O, Gaillard G. Life cycle 

assessment of Swiss farming systems: I. Integrated and 

organic farming. Agricultural Systems 2011;104(3):217-32.  

Nguyen TLT, Gheewala SH, Garivait S. Full chain energy analysis 

of fuel ethanol from cane molasses in Thailand. Applied 

Energy 2008;85(8):722-34.  

Nutongkaew P, Waewsak J, Riansut W, Kongruang C, Gagnon Y. 

The potential of palm oil production as a pathway to energy 

security in Thailand. Sustainable Energy Technologies and 

Assessments 2019;35:189-203.  

Office of Agricultural Economics (OAE). Land utilization by 

provience in 2019 [Internet]. 2020 [cited 2021 Mar 6]. 

Available from: http://www.oae.go.th/assets/portals/1/files/ 

socio/LandUtilization2562.pdf. 

Office of Agricultural Economics (OAE). Maize: plantation area, 

cultivation area, yields, and product by province for 2019/2020 

[Internet]. 2021 [cited 2021 Mar 4]. Available from: 

http://www.oae.go.th. 

Ozkan B, Akcaoz H, Karadeniz F. Energy requirement and 

economic analysis of citrus production in Turkey. Energy 

Conversion and Management 2004;45(11-12):1821-30.  

Patthanaissaranukool W, Polprasert C. Reducing carbon emissions 

from soybean cultivation to oil production in Thailand. Journal 

of Cleaner Production 2016;131:170-8.  

Patthanaissaranukool W, Polprasert C, Englande AJ. Potential 

reduction of carbon emissions from Crude Palm Oil 

production based on energy and carbon balances. Applied 

Energy 2013;102:710-7.  

Polprasert C, Chaiyachet Y. Biological potential: A concept for 

sustainable development based on a carbon balance model. 

Proceedings of the 1st GMSARN International Conference on 

Sustainable Development: Challenges and Opportunities for 

GMS; 2007 Dec 12-14; The Ambassador City Jomtien Hotel, 

Pattaya: Thailand; 2007. 

Prasara-A J, Gheewala SH. An assessment of social sustainability 

of sugarcane and cassava cultivation in Thailand. Sustainable 

Production and Consumption 2021;27:372-82.  

Qi JY, Yang ST, Xue JF, Liu CX, Du TQ, Hao JP, et al. Response 

of carbon footprint of spring maize production to cultivation 

patterns in the Loess Plateau, China. Journal of Cleaner 

Production 2018;187:525-36. 

Romanelli TL, Milan M. Energy balance methodology and 

modeling of supplementary forage production for cattle in 

Brazil. Scientia Agricola 2005;62(1):1-7.  

Šarauskis E, Buragiene S, Masilionyte L, Romaneckas K, 

Avižienyte D, Sakalauskas A. Energy balance, costs and CO2 

analysis of tillage technologies in maize cultivation. Energy 

2014;69:227-35.  

Silalertruksa T, Gheewala SH. Land-water-energy nexus of 

sugarcane production in Thailand. Journal of Cleaner 

Production 2018;182:521-8.  

Singh P, Singh G, Sodhi GPS. Energy auditing and optimization 

approach for improving energy efficiency of rice cultivation in 

south-western Punjab, India. Energy 2019;174:269-79.  

Soni P, Sinha R, Perret SR. Energy use and efficiency in selected 

rice-based cropping systems of the Middle-Indo Gangetic 

Plains in India. Energy Reports 2018;4:554-64.  

Supasri T, Itsubo N, Gheewala SH, Sampattagul S. Life cycle 

assessment of maize cultivation and biomass utilization in 

northern Thailand. Scientific Reports 2020;10(1): 1-13.  

Tamil Nadu Agricultural University. Organic farming: Organic 

inputs and techniques [Internet]. 2016 [cited 2021 Jan 22]. 

Available from: https://agritech.tnau.ac.in/org_farm/orgfarm 

_manure.html. 

United Nations Environment Programme (UNEP). 21 Issues for 

the 21st Century - Results of the UNEP Foresight Process on 

Emerging Environmental Issues. Environmental Development 

(Vol. 2) [Internet]. 2012 [cited 2016 Jun 20]. Available from: 

http://www.unep.org/pdf/Foresight_Report-21_Issues_for_ 

the_21st_Century.pdf. 

van Dijk M, Meijerink GW. A review of global food security 

scenario and assessment studies: Results, gaps and research 

priorities. Global Food Security 2014;3(3-4):227-38.  

Yamane T. Statistics: An Introductory Analysis. 2nd ed. New York, 

USA: Harper and Row; 1967. 

447



Thongmai S et al. / Environment and Natural Resources Journal 2021; 19(6): 435-448 

Yousefi M, Damghani AM, Khoramivafa M. Energy consumption, 

greenhouse gas emissions and assessment of sustainability 

index in corn agroecosystems of Iran. Science of the Total 

Environment 2014;493:330-5.  

Zhong F, Jiang D, Zhao Q, Guo A, Ullah A, Yang X, et al. Eco-

efficiency of oasis seed maize production in an arid region, 

Northwest China. Journal of Cleaner Production 2020; 

268:122220. 

448




