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Abstract

Due to the scarcity of land for cultivation especially in Asian countries, the lack
of knowledge about rice straw management and its environmental
consequences, as well as low opportunities for income, large amounts of
biomass residues are being burnt by farmers on-site after harvesting. Such
"Rice straw open burning” (RSOB) wastes nutrients like Nitrogen and
Phosphorus, and emits pollutants causing environmental and health
problems. RSOB is also contributing to declining soil fertility resulting in rather
low yields in paddy rice fields.

The goal of this thesis is to develop a methodology for simulating the
economic and environmental effectiveness of rice straw management
considering knowledge and financial limitations of small farm holders. To
reach the objectives, the concepts of Material Flow Analysis (MFA),
Substance Flow Analysis (SFA), Scenario Analysis, and Economic Analysis
(EA) are applied for assessing straw management on a hectare of an
exemplary farm in view of resource management practice, environmental
consequences, and economic advantages. Data and statistics for describing
the farm by the software STAN are collected from national and international
organizations, including data by satellte imageries and from personal
interviews.

Based on stoichiometric equations and mass balances, process equations for
Status Quo and four scenarios are developed. The scenario results serve to
design an optimized scenario, a combination of simple technologies for straw
management allowing farmers to utilize straw for producing food, feedstock,
energy, and construction material. By optimizing straw management,
emissions of 800 kg CO.ely.ha, of 110 kgl/y.ha CO, and of 11 kgly.ha
particulate matter (PM) affecting climate change and public health are
eliminated. In addition, substances previously released to the environment are
transformed into food and feed products, in biogas, and in straw bricks. At the
same time, economic profits for farmers increase 4.7 times, motivating
stakeholders to change their straw management.

This research shows the potential of combining MFA (STAN), SFA, EA, and
scenario analysis to improve resource management, environmental
management, and human health, and at the same time to increase farming
profits.



Terms and Abbreviations

Terms

Aerosol - The small particles suspended in air, e.g. dust, or formed by the
conversion of e.g. nitrogen oxides, ammonia and organic
compounds in atmospheric chemical reactions (Slanina, 2013)

Available Nitrogen for plants : Nitrogen that can be uptaken by plants
Available Phosphorus for plants : Phosphorus that can by uptaken by plants

Atmosphere - the envelope of gases surrounding Earth (CCPO, 2003)

Emerging Economies - countries with low to middle per capita income. They
are in the process of moving from a closed economy to an open market
economy while building the accountability within the system. They are
also most likely receiving aid and guidance from large donor countries
and/or world organizations. The local politics and social factors are
always influent on their economic stability and reliability (Heakal, 2003)

Hydrosphere - Discontinuous layer of water at or near Earth’s surface. It
includes all liquid and frozen surface waters, groundwater held
in soil and rock, and atmospheric water vapor (Encyclopedia Britannica
Online, 2015)

Mineralization - Process through which an organic substance becomes
impregnated by or turned into inorganic substances (Vert et al, 2012)

Particulate Matter (PM) - The total mass of aerosols per unit of volume,
e.g. PMyo represents the mass of aerosol particles with a diameter of
10 micrometers or smaller. PM;s is the mass of aerosol particles with
a diameter of 2.5 micrometers or smaller (Slanina, 2013)

Pedosphere - Relatively thin soil layers found on top of much of Earth's land
surface, processes interacting between the lithosphere, atmosphere,
hydrosphere, and biosphere resulting in the formation of individual soil
units with unique properties across the landscape (CCPO, 2003).

Soil fertility - the ability of the soil to supply essential plant nutrients and water
in adequate amounts and proportions for plant growth and
reproduction in the absence of toxic substances which may inhibit plant

growth (FAO, 2015).

Total Nitrogen in soil - The sum of nitrate, nitrite Nitrogen, and Total
Kjeldahl Nitrogen (ammonia, organic and reduced nitrogen) existing in
soil (EPA, 2013)

Total Phosphorus in soil - The sum of total inorganic, organic, soluble and
insoluble phosphorus e.g. orthophosphate, condensed phosphate, and
organic phosphate existing in soil

iv


https://en.wikipedia.org/wiki/Countries

Abbreviations for chemical elements and compounds

C - Carbon
N - Nitrogen
P - Phosphorus

CO, - Carbon Dioxide
CHs - Methane

N.O - Nitrous Oxide

CO.e - Carbon Dioxide equivalent
CO - Carbon Monoxide
NH; - Ammonia

NO, - Nitrogen Dioxide
OC -Organic Carbon

OM - Organic Matter
SOC - Soil Organic Carbon
VS - Volatile Solid

Other abbreviations in this study

approx. - approximately

HH - House Hold

kgly.ha - kilograms per year per hectare

OAE - Office of Agricultural Economics, Thailand
RSM - Rice Straw Management

RSOB - Rice Straw Open Burning

SMS - Spent Mushroom Substrate

USD - U.S. Dollar (at the rate 1 USD = 30 THB)
THB - Thai Baht



Table of Contents

Acknowledgements
Abstract

Terms and Abbreviations
List of Tables

List of Figures

Chapter 1. Introduction

1.1. Problem definition
1.1.1. Environmental problems
1.1.2. Human health problems
1.1.3.Low resource efficiency

1.2. Scope of thesis

1.3. Hypothesis

1.4. Objectives

1.5. Research questions

Chapter 2. Literature Review

2.1. Global rice production and rice production
in emerging economies

2.2. Production and management of rice straw
by small farms in Thailand
2.2.1. Characteristics of small farms in Thailand
2.2.2. Agricultural soil at present
2.2.3. Rice cultivation- the source of straw
2.2.4. Rice straw management (RSM) of small farms

at present

2.3. Rice Straw Open Burning in Thailand (RSOB)
2.3.1. Identification and quantification of straw burning area
2.3.2. Characteristics of air pollutants from RSOB
2.3.3. Impacts of RSOB

2.4. Possible technologies for utilizations of straw and
RSM residues in small farms
2.4.1. Straw for mushroom production
2.4.2. Straw as a main animal feedstock
2.4.3. Straw for construction materials
2.4.4. Straw and RSM residues for producing

alternative energy

2.4.5. Straw and RSM residues for aquaculture
2.4.6. RSM residues as soil fertilizers

vi

Page

Vil

GO b wWNDNPREPRE

(o2}

(o2}

12

15
15
17

20
20
21
22

23
25
27



Table of Contents (continued)

Chapter 3. Methodology
3.1. Definition of exemplary small-scale Thai farm system
3.2. Developing a Rice Straw Management (RSM) model
3.2.1. Concept for studying a RSM model
3.2.2. Tool to study RSM
3.3. Data selection and uncertainty
3.4. Analysing and Evaluating of model
3.5. Quantification of Status Quo
3.5.1. Concept for developing the model "Status Quo"
3.5.2. System development for "Status Quo"
3.6. Scenario analysis
3.6.1. Goal of scenario analysis
3.6.2. Developing of scenarios
3.7. Designing an optimized scenario for straw utilization
3.7.1. Concept of an optimized scenario
3.7.2. Adjusting of the existing processes
from Status Quo and improved Scenarios
3.7.3. The additional Processes for optimized scenario

Chapter 4. Results and Discussion
4.1. Actual results
4.1.1. Actual results from Status Quo
from an exemplary farm
4.1.2. Scenario analysis per ha
of improved RSM in a small farm
4.1.3. Actual results from the optimized scenario
4.2. Answers to the research questions
4.3. Interpretation
4.3.1. Interpretation in terms of environment
4.3.2. Interpretation in terms of resource management
4.3.3. Interpretation in term of economics
.4.3.4. Interpretation of integrative technologies
in Optimized Scenario

Chapter 5. Conclusion and Recommendation

References
Annex
Curriculum Vitae

Vii

Page

28
28
30
30
32
32
33
34
34
37
47
47
47
62
62

64
65

69
69

69

77

105
116
119
119
120
121

122

123

127
145
155



List of Tables
Tables

2.1. Ratio of rice straw to paddy grain from different studies
2.2. Pollutant emissions from RSOB in Thailand
2.3. Life-time and Global Warming Potential (GWP)

of GHG from RSOB
2.4. Consumption of biogas for different activities

and compared to other fuels
3.1. Indicators to assess the effectiveness of Scenarios

compared with Status Quo
4.1. Material and substance dynamics per ha

from RSM in Status Quo of an exemplary farm in 2011
4.2. Material and substance dynamics per ha from RSM

in Scenario A "Food" of an exemplary farm in 2011
4.3. Material and substance dynamics per ha from RSM

in Scenario B "Fodder" of an exemplary farm in 2011
4.4. Material and substance dynamics per ha from RSM

in Scenario C "Energy" of an exemplary farm in 2011
4.4. Material and substance dynamics per ha from RSM

in Scenario D "Construction of an exemplary farm in 2011

4.5. RSM products from optimized scenario
4.6. Material and substance dynamics per ha from RSM

in the optimized scenario of an exemplary farm in 2011

4.7. Input flows, output flows, and stock of model Status Quo
Al. Data for MFA calculation in Status Quo

A2. Data for MFA calculation for scenario analysis

A3. MFA data for calculating model "Optimized Scenario"
A4. Economic data for an exemplary small farm in Thailand

viii

Page

12
16

19
24
33
70
77
83
89

95
105

106
116
146
149
152
154



List of Figures

Figures

1.1.
2.1
2.2.
3.1.

3.2.

3.3.
3.4.
3.5.
3.6.
3.7.
3.8.
3.9.

3.10.
3.11.
3.12.

3.13.

3.14.
3.15.

3.16.
3.17.

3.18.
3.19.

4.1.
4.2.

4.3.

4.4.

4.5.

4.6.

main air pollutants from RSOB
Global rice production in year 2011
Area for rice cultivation in Thailand at year 2011
General description of an exemplary small Thai farm
for rice cultivation in 2011
MFA per ha in "Status Quo" on an exemplary farm
in 2011 (no values shown)
Subsystem in process "RSOB"
Subsystem in process "Chemical Distribution”
Subsystem in process "Trade&Profit"
Environmental subsystem "Pedosphere and Hydrosphere"
Environmental subsystem "Atmosphere"
Subsystem Process "Baling”
MFA per ha in Scenario A "Food" on an exemplary farm
in 2011 (no values are shown)
Subsystem of process "Chemical Distribution”
Subsystem of process "Livestock Digestion”
MFA per ha in Scenario B "Fodder" on an exemplary farm
in 2011 (no value are shown)
MFA per ha in Scenario C "Energy" on an exemplary farm
in 2011 (no values are shown)
Subsystem of Process "Biogas Digestor"
MFA per ha in Scenario D "Construction”
on an exemplary farm in 2011 (no values are shown)
Subsystem of Process "Straw Brick"
MFA per ha in optimized scenario
on an exemplary farm in 2011 (no values are shown)
Subsystem of Process "Duckweeds"
Subsystem of Process "Tilapia"
Pollutant emission from RSOB in Status Quo
Material flows (Layer Goods) per ha in Status Quo
on an exemplary farm in 2011
Carbon flows (Layer C) per ha in Status Quo
of an exemplary farm in 2011
Nitrogen flows (Layer N) per ha in Status Quo
on an exemplary farm in 2011
Phosphorus flows (Layer P) per ha in Status Quo
on an exemplary farm in 2011
Cost and profit flows (Layer Money) per ha in Status Quo
on an exemplary farm in 2011

Page

29

36
38
41
42
43
46
49

51
53
54
55

57
58

60
61

63
66
67
69

71
72
73
74

75



List of Figures (continued)

Figures

4.7. Material flows (layer Goods) per ha in Scenario A "Food"

of an exemplary farm in 2011

4.8. Carbon flows (layer C) per ha in Scenario A "Food"

on an exemplary farm in 2011

4.9. Nitrogen flows (layer N) per ha in Scenario A "Food"

4.10

4.11.

4.12.

4.13.

4.14.

4.15.

4.16.

4.17.

4.18.

4.19.

4.20.

4.21.

4.22.

4.23.
4.24.

4.25.

4.26.

on an exemplary farm in 2011

Phosphorus flows (layer P) per ha in Scenario A "Food"
on an exemplary farm in 2011

Material flows (layer Goods) per ha in Scenario B "Fodder"
on an exemplary farm in 2011

Carbon flows (layer C) per ha in Scenario B "Fodder"
on an exemplary farm in 2011

Nitrogen flows (layer N) per ha in Scenario B "Fodder"
on an exemplary farm in 2011

Phosphorus flows (layer P) per ha in Scenario B "Fodder"
on an exemplary farm in 2011

Material flows (layer Goods) per ha in Scenario C "Energy
on an exemplary farm in 2011

Carbon flows (layer C) per ha in Scenario C "Energy"
of on exemplary farm in 2011

Nitrogen flows (layer N) per ha in Scenario C "Energy"
on an exemplary farm in 2011

Phosphorus flows (layer P) per ha in Scenario C "Energy"
on an exemplary farm 2011

Material flows (layer Goods) per ha in Scenario D
"Construction” on an exemplary farm in 20111

Carbon flows (layer C) per ha in Scenario D
"Construction” on an exemplary farm in 2011

Nitrogen flows in (layer N) per ha Scenario D
"Construction” on an exemplary farm in 2011

Phosphorus flows (layer P) per ha in Scenario D
"Construction” of on an exemplary farm in 2011

GHG emission from Status Quo and all scenarios

Primary emissions of substances to the atmosphere
from Status Quo and all scenarios

Substance accumulations in the hydrosphere
from Status Quo and all scenarios

Substance accumulations in farm soil
from Status Quo and all scenarios

Page

78
79
80
81

84
85
86
87
90
91
92
93
96
97
98

99
101

101
102

102



List of Figures (continued)

Figures

4.27

4.28

4.9.
4.30

4.31

4.32.

4.33.

4.34.

4.35.

4.36.

4.37.

4.38.

4.39.

4.40.

. Substance distributions to RSM products
from Status Quo and all scenarios
. Total investment in the first year RSM-operation
for Status Quo and all scenarios
Net economic profit in Status Quo and all scenarios
. Material flows (Layer Goods) per ha
in the optimized scenario on an exemplary farm in 2011
. Carbon flows (Layer C) per ha in the optimized scenario
on an exemplary farm in 2011
Nitrogen flows (Layer N) per ha in the optimized scenario
on an exemplary farm in 2011
Phosphorus flows (Layer P) per ha
in the optimized scenario on an exemplary farm in 2011
Cost and profit flows (Layer Money) per ha
in optimized scenario on an exemplary farm in 2011
Primary emissions of air pollutants from
Status Quo and optimized scenario
Primary emissions of substances to the atmosphere
from Status Quo and optimized scenario
Substance accumulations in the hydrosphere
from Status Quo and optimized scenario
Substance accumulations in farm soil
from Status Quo and optimized scenario
Substance distributions to RSM productions
from Status Quo and optimized scenario
Net economic profit in Status Quo and optimized scenario

Xi

Page

103

103
104

107
108
109
110
111
113
113
114
114

115
115



Chapter 1

Introduction

1.1. Problem definition

Emerging Economies are big producers of rice and most of them are located
in Asia (OAE, 2012). More than 1.2 million km? of land on this continent is
used to grow rice. Large amounts of straw biomass, i.e. the main by-product
from rice cultivation, are being burned on-site before cultivating the next crop.
Street et al (2003) reported that biomass burning of forest and agricultural
residues emit 20-30% of total emissions of air pollutants in Asia. Rice Straw
Open Burning (RSOB) is an uncontrolled and incomplete combustion process
which emits air pollutants such as CO, CO, CH,, Particulate Matter (PM) as
well as other gases (Koppmann et al, 2005) as shown in Fig. 1.1. are causing
the following problems:

Atmosphere
(COZCOLCHAX PICOthers
Rice Straw Open Burning @D
deposed air
pollutants
Residues
Pedosphere and

Hydrosphere

Fig. 1.1. main air pollutants from RSOB



1.1.1. Environmental problems

RSOB not only emits CO,, a green house gas (GHG), but it also emits many
primary pollutants e.g. CO, CH4, NOx Volatile Organic Carbon (VOC) which
impact on the Ozone formation in the troposphere thus increasing climate
change.

PM from RSOB is also deemed to be part of periodic Haze Episodes in many
countries affecting human health and environment. PM can be carried over
distances and deposed to soil and water causing nutrient change in those
environments. US-EPA (2013) reported that PM;s is the main cause of
visibility impairment. PM which are deposed in city areas tentatively even
stain material surfaces. The Department of Pollution Control (DPC, Thailand)
reported that "Haze Episodes" especially in Northern Thailand were directly
related to the hotspots from open burning of forest and agriculture residues
after each harvesting in Thailand and surrounding countries; a study of Tai-Yi
(2012) also mentioned that air quality was highly related to straw burning.
Although ASEAN agreed to develop a common policy and to implement a
plan to control burning in order to solve Haze's problems (Garivait et al, 2007),
the phenomenon still exists due to lack of cooperation from farmers as well as
of reliable monitoring of on-going RSOB.

1.1.2. Human health problems

The air pollutants mentioned above have raised awareness of a public health
problem. Not only do they release CO, quantitatively the second biggest air
pollutant from RSOB after CO, (Chang et al, 2013) reducing oxygen
transportation in blood (EPA, 2015), they also release toxic smoke containing
e.g. VOC, Carcinogenic Polycyclic Aromatic Hydrocarbon (PAHS), together
with the most crucial pollutant PM (WHO, 1999). EPA (2013) warns that PM
smaller than 10 um can irritate eyes and the respiratory system by penetrating
into the lung and bloodstream, thus affecting lung and heart. The problems
resulting from PM in the dry season are more relevant than those in the rainy
season during which PM can be deposed by rain. These problems are also
more severe in an area with geographical limits such as mountains, since the
pollutants can accumulate longer in the atmosphere. Although these problems
have been recognized and studied since 2004 at local, regional and country
level in Thailand, the amount of air pollution still remains beyond acceptable
limits of PM concentration in the atmosphere. For example, the average
pollution of PMy 5 in 24 hours from January to April 2012 was the highest at
Mae Sai, Chiang Rai, Thailand (471 ug/m®), i.e. almost ten times higher than
the maximum limit defined by the DPC, Thailand (namely 50 pg/m?).



Statistic data from the Faculty of Medicine, Chiang Mai University-Thailand
showed that concentration of PMyo higher than 50 pg/m? in the atmosphere
increases the number of the patients suffering from Asthma and Chronic
obstructive pulmonary disease (COPD) by 3.5 times (Simachaya, 2011).
Prapamongkol et al (2012) reported that the area in Chiang Mai where
hotspots from burning were detected, had higher amounts of PM in the
atmosphere. The children in these areas had higher 1-Hydroxypyrene (1-
HOP), a metabolite intermediate of PAHs from burning, in their urine. Their
respiratory problems increased according to the amount of PM detected, and
were more prevalent than those from in other areas.

In addition, the carcinogenic compounds from RSOB might also be another
cause of lung cancer in men and women especially in the area of northern
Thailand. Statistic data from Lampang's Cancer hospital (2012) showed that
the highest rate of lung cancer in Thailand was found in men and women from
Northern Thailand. Furthermore, lung cancer in Thai women in Northern
Thailand was even the highest in Asia (Polpibool et al, 2014), although wood
and coal's stove cooking -a possible cause for lung cancer- is not as prevalent
there as in the past anymore. The Department of Disease Control (DDC)
Thailand reported that 950,000 patients in Northern Thailand were affected by
the Haze Episode with costs estimated at 390 million Bahts or 13 million USD
(DPC, 2013).

To counter the scourge, local authorities in Thailand have been taking action
with a "Stop Burning" Campaign, but problems still linger on.

1.1.3. Low resource efficiency

From long-term use of land for rice cultivation, the soil has been continuously
losing nutrients, e.g. N and P. 35 million ha in Thailand have had a problem of
soil and nutrient depletion (Ministry of Agriculture and Cooperatives (MAC)
Thailand, 2015). 16 million ha of soil in Thailand contained OM lower than
1.5%, especially soil in Northeastern Thailand. As the majority of agricultural
land in Thailand is used for rice cultivation (Land Development Department
(LDD) Thailand, 2011), most of paddy field’s soil in Thailand is assumed to
have this problem. The decrease of C stock in soil is also caused by long term
land uses for agriculture (IPCC, 2007). In addition, paddy soil encounters high
soil respiration and leaching by water drainage at the end of rice cultivation,
thus causing the loss of organic nutrients in soil as well (Cui et al, 2013).

Small farm holders not only have a lack of knowledge how to manage rice
straw efficiently, but are also lacking land. RSOB is therefore the method they
use for eliminating this agricultural by-products as fast as they can in order to
either use their land for the next cash crop cultivation, or working off-farm to
increase their family income. They cannot leave straw degrading naturally on
the field because it might cause fungal and insect contamination and affect
their next crop. RSOB by farmers at the end of each cultivation period
therefore releases of soil nutrients -absorbed in straw- into the atmosphere,
carrying them away by wind and depositing them at further distance.



The effect of nutrient depletion in soil from improper RSM besides long term
land use for rice cultivation, can be observed from the yield of paddy grain
produced in Thailand. From statistic data of rice production from different
countries in year 2011 (OAE, 2012), the yield of paddy grain from Thailand
was 3200 kg/ha, i.e. only 41% of the rice production’s yield in the USA (7900
kg/ha) in the same year (FAO, 2011). The highest record of individual
production was achieved by Sunan Kumar, an Indian farmer who gained 22
tons/ha (Vidal, 2013), though the accuracy of this data has been questioned.

Farmers have tried to compensate the nutrient depletion in soil by overusing
chemical fertilizers in order to improve the yield of rice production (Verapat,
1977; Junnual and Klangsuk, 2012), thus increasing the problem of water
contamination on top of the existing problems of air pollution by RSOB.
Overusing of fertilizers by farmers increases the costs of rice production and
affects farm’s economics. According to a report from OAE (2012), 5.8 million
farms in Thailand earned only a low income, 37-39% of which was from
agriculture. Their economic problems are further increased by the above
mismanagement of fertilizers.

1.2. Scope of thesis

Due to the lack of comprehensive or integrative studies on economic,
environmental, and resource efficiency at small farm level, this thesis studies
the problems and possible solutions that a farmer, as a decision maker, could
handle by himself, namely reducing emissions causing problems for health,
environment, as well as improving resource efficiencies in terms of C, N, P at
individual, local and global levels.

Proper technologies and management schemes are selected to divert the
emitted substances from straw burning into more appropriate sinks e.g. food,
fodder, energy, and construction materials. Hence, the selected technology
can improve resource efficiency which in turn reduces negative effects on the
environment and public health. However, as the farmer’s income is their main
concern, these suitable technologies should increase the economic benefits to
motivate the farmers to implement them.

Thailand is selected as a study case of an emerging economy as it is i) one of
the top ten rice producers (OAE, 2012), rice being their biggest agriculture
crop for worldwide export, and ii) data collection was comparatively easy
because of the writer's access to Thai data. C, N, P were focused on as the
main substances in rice plants as well as the main constituents of relevant
living organisms, farm products, and pollutants related to straw utilizations in
small farms, allowing for the observation of nutrient balances of the whole
straw management in farms



1.3. Hypothesis

MFA and Economic analysis are instrumental for the solution of problems at
the three relevant levels mentioned in 1.2.

1.4. Objectives

As the goal of this thesis is to develop a methodology for simulating the
efficiency of straw management in Thailand based on lack of knowledge as
well as financial limitations of small farm holders, the objectives for this study
are as follows:

1.4.1. to develop a model and analyze the Status Quo in view of Rice Straw
Management (RSM) and economics using MFA, SFA, and EA via STAN of
Status Quo of small farms in Thailand.

1.4.2. to develop and analyse scenarios of proper technologies in different
schemes for small farms to solve the problems of resource availability, as well
as environmental, economics, and health issues.

1.4.3. to combine the results of scenario analysis in order to develop an
optimized small farm straw management system

1.4.4. to demonstrate the advantages of the optimized system in terms of
environment, resource management, and economics for a household
management system at individual, local, and global level.

1.5. Research Questions

1.5.1. How to define the model farm (Status Quo)

1.5.2. How to model RSM in small Thai farms by MFA, SFA, EA

1.5.3. How to select the data for MFA, SFA, EA

1.5.4. How to reduce uncertainty

1.5.5. What are appropriate criteria to select technologies for improving
scenarios

1.5.6. What should be the criteria to combine technologies for an optimized
scenario

1.5.7. What are suitable indicators for assessing the effectiveness of each
scenario



Chapter 2
Literature Review

2.1. Global rice production and rice production in emerging economies

OAE (2012) reported that global rice production in 2011 was 722 million tons.
The 10 biggest rice producers were China, India, Indonesia, Bangladesh,
Vietnam, Thailand, Burma, the Philippines, Brazil, and Cambodia. Most of
them are Asian emerging economies (IMF, 2012), as shown in Fig 2.1.

Vietnam

Indonesia 6]%’ Thailand

9% 5%

Brazil
2%

Bangladesh

Burma
Cambodia

others

Fig. 2.1. Global rice production in year 2011
source: OAE, 2012

Small farms are a main factor in agricultural economics and rice cultivation in
Asia (Devandra, 1980). Nagayets (2005) reported from data of the FAO and
national statistic agencies that 87% of small farms were located in Asia. The
size of small farms varies from country to country. FAO (2010) reported that
the global average size of small farms was 5.5 Ha. Hazel et al (2007) reported
FAO-data from 1978-2003 according to which the farm size in Thailand was
approximately 3 Ha while in other countries in the developing world, it varied
from less than 1 Ha to 11 Ha (1970-2002). However, the decisive criteria for
categorizing small farms is not only farm size, but also e.g. farm income,
source of labourers, as well as technologies used in the farms.

This study focuses on rice straw utilization of small farms in Thailand as
mentioned in Chapter 1. The main literature about rice straw production and
utilization in Thailand are hereby reviewed and used as references.



2.2. Production and management of rice straw in Thailand

2.2.1. Characteristics of small farms in Thailand

The average farm size in Thailand changed from 2.7 Ha in 1976 (Devandra,
1993) to 4.1 Ha in 2011 (OAE, 2012). 75% of the rice farm's area in 2011 was
used for cultivating rice. In general, household members are the main
labourers on the farm. The machineries e.g. tractors are rented when needed,
e.g. during plantation and harvesting stage. Farmers raise ruminant livestock
rather for meat production than drafting unlike in the past. Some households
also raise non-ruminant livestock e.g. chicken or pigs. Small farm holders
traditionally manage livestock production by tethering cattle on small plots
nearby their house or their rice field.

2.2.2. Agricultural soil at present

2.2.2.1. Factors indicating soil fertility

To understand the present situation of agricultural soil in Thailand, soil fertility
needs to be mentioned. FAO (2006) defines the meaning of "soil fertility" as
"the ability of the soil to supply essential plant nutrients and soil water in
adequate amounts and proportions for plant growth and reproduction in the
absence of toxic substances which may inhibit plant growth". Soil fertility is
indicated from physical properties, e.g. soil aggregation and porosity, from
chemical properties, e.g. pH, OM, N, available P (LCD and FAO, 1973),
including biological properties like soil biota.

OM improves soil structure by better aggregation (Hongkul et al, 2014) and
soil density (Deejring and Sa-nguanpong, 2014). The Organic carbon (OC) in
soil is mineralized then partly converted to stable C, e.g. organic C in humus,
organic-material compounds, as well as polymers. The stable C from
mineralization has a long residence time in soil (Corsil et al, 2012). Some
organic acids from OC mineralization can increase soil fertility, bringing a
positive effect on farm productivity (Leu, 2007).

Organic N improves available N in soil, thus increasing soil fertility (Cong et
al, 2014). Percentage of OM in soil indicates the level of N in soil. A study by
Koyama et al (1973) showed that 60% of N used as rice nutrients are from N
mineralization of organic matter in soil.

Although there is plenty of P in soil. However, available P in soil that plants
can uptake is generally limited due to P fixation of P by Cation in soil e.g. ion
of Ca, Al, Fe (CTAHR, 2015). OM helps to increase the available P in soil by
reducing the binding of P and these ion (Violante and Huang, 1989).
Furthermore, OM also forms complexes with organic phosphate hence
increasing phosphate uptaken by plants. It also acts as a P source via
mineralization in soil (CTAHR, 2015).



Substances from top layer are slowly translocates from top to the lower layer
by water that drains through the soil. OC that is moved to a lower depth than
50 cm is stable and takes 50-100 years to degrade (Jai-ree, 2007; Bernoux,
1998). The mineralization and translocation of C in soil also similar to those of
N and P (Manzoni and Porporato, 2009).

2.2.2.2. Characteristics of Fertile Soil in Thailand

To compare soll fertility and stocks of substances, the best reference for fertile
soil would be forest soil without land use. Soil at 1 m depth contains 1550 Pg
organic C and 750 g inorganic C (Batjies, 1996). Dixon et al (1994) mentioned
that undisturbed soil in tropical forest contains 250 tons C/ha. In Thailand,
Pibumrung et al (2008) reported that C stock in a forest soil in Northern
Thailand was 200 tons C/ha at top soil layer (0-30 cm). Del Datta et al (1981)
assumed that 1960 kg N/ha existing in 10 cm-depth soil with soil bulk-density
of 1.3 g/cm® could be utilized for rice cultivation for 13 years without fertilizers
or biological degradation to compensate fertility losses. A study of Jai-aree
(2007) showed that a forest soil in Thailand at 0-30 cm depth contained 8.1
tons N /ha and 89 kg available P/ha.

2.2.2.3. The Changes of substance stocks by agriculture

Due to long term agriculture, soil fertility and substance stocks in soil have
decreased (IPCC, 2006) as follows:

A) C stock in agricultural soil

Changing from forest or grassland to crop-cultivation causes app. 50% of C
loss in soil (Guo and Gifford, 2003; Funakawa et al, 2012; Stewart 2014;
Pibumrung et al, 2008). This loss is higher in tropical regions than in
subtropics (Kawaguchi and Kyuma, 1976). Jai-aree (2007) reported that 47%
of existing Soil Organic Carbon (SOC) was lost in 12 years by corn cultivation
while its OC, newly accumulated from agriculture, increased only by 10%
during the same period. Anurakipan (2012) studied the C stock at agricultural
soil surface (0-15 cm depth) in Thailand and reported the average C stock of
agricultural soil in Thailand was 1.9% (39 tons C/ha at soil bulk-density mainly
1.4 g/cm®). The highest C stock in agricultural soil in 2011 was 17% (360 tons
C/ha). Cha-un et al (2010) reported the substance content in low fertility long
term agricultural soil of Rachaburi Province after it was abandoned for many
years. Its C stock at 0-15 cm and 15-30 cm depth was 11 tons C/ha and 6.2
tons C/ha, respectively. 56% of C were in the top layer, i.e. a similar
proportion to that in forest soil.

B) Using soil as a sink for C sequestration

Returning C back to soil is not only recovering the amount of C stock, but also
reducing C emitted e.g. as GHG to the atmosphere. Carbon sequestration in
soil removes C from the atmosphere and subsequently transforms and
accumulates it as OM in plants. Afterwards, their debris in soil decomposes
and captures C as SOC. Soil is an important sink for C as its C is a more



stable form than that in living organisms (Cha-Un et al, 2010). Lal, the director
of Ohio State University’s Carbon Management and Sequestration Center
also advised in an interview to return carbon into soil as a main C sink.
Efficient C-sequestration can restore 1-3 billion tons/y C from 11 billion tons
CO; emitted to the atmosphere (Schwartz, 2014). Soil offset projects (as C
credits for soil sequestration on agricultural land) have been supported by
IPCC for the C market (Ignosh et al.,, 2009). The agricultural sector in Asia
has a high potential as a soil carbon sink (Tawprayoon et al, 2013).
Anuraktipan (2012) reported that 350-420 kg/.ha of C in agricultural soil in
Thailand was lost every year. He recommended that adding the same
amounts of C from organic litter into the soil could compensate the C loss and
maintain its equilibrium in soil.

C) N and P stocks in agricultural soil

Total N and available P in soil also decrease by long term and intensive
agriculture. Funakawa et al (2012) reported that 3.9 g N/kg of forest soils in
Asia were reduced to 2.2 g N/kg in cropland soil. Anurakipan (2012) reported
that N in agricultural soil in Thailand decreased on average from 0.17%
(2010) to 0.14% N in 2011 (from 3.6 to 2.9 tons N/ha). Cha-un et al (2010)
reported that total N in an abandoned agricultural soil was 1.1 tons/ha while
available P was only 10.5 kg/ha.

D) Soil fertility in Thai rice farms

The state of the soil on Thai rice farms is estimated from the fertility of the soll
in the major areas for rice cultivation. The geographical repartition is shown in
Fig. 2.2.

Southern
region, 2,
14%

Fig. 2.2. Area for rice cultivation in Thailand
at year 2011 (million hectares)

Source: OAE, 2012



The most complete and precise data for soil in paddy fields for the whole of
Thailand was done by Kawaguchi and Kyuma (1974;1976). They concluded
that OM and SOC was low at 1.05% (app. 22 tons/ha if soil density was
assumed at 1.4 g/cm® at 0-15 cm depth), similar to that in other tropical
countries (1.4%) due to high soil decomposition in this region. Total P was 19
mg/100 g soil (410 kg P/ha). OM and available P were at poor level, related to
the results of soil in the majority of Thailand. Available P was only 0.61 mg
P/100 g soil (13 kg P/ha).

There is still no precise and updated data set of complete substance stocks in
soil from paddy fields in Thailand. Most of them are only either assumed data
or data from some specific soil series. Data of C stock in soil was estimated
by JGSEE (2012) that the soil from paddy fields should contain 47 tons C/ha
at 0-30 cm depth.

The Department of Soil Science, Thailand (2000) estimated that the available
N and P in the soil of paddy fields is still deficient, especially in the soil from
Northeastern region. Only 0.65% of the total rice cultivating area contain
Vertisol soil with medium soil fertility e.g. soil from the Central region
(Morakarn et al, 2015; Luangta et al, 2015). The average data of total Nitrogen
in top-layer soil of paddy field from whole of Thailand is not reported.
Promnart (2006) estimated that available P in paddy field was approx. 3-7
mg/kg (6.3-15 kg/ha if soil density was assumed at 1.4 g/cm®). Wanchai
(2013) also reported that available P in soil from Ayuthaya province in
Thailand was 20 mg/kg (42 kg/ha at 1.4 g/cm® soil density), categorized in a
rather high range of available P due to higher soil fertility in this area.

Nutrient deficiency in soil is caused by nutrients uptaken by rice plants in
order to build up their tissues and grains. Nitrogen is lost from soil e.g. by
volatization of either Ammonia Nitrogen (NH3-N) or Oxide Nitrogen (NOx-N). N
is also washed out from soil e.g. by rain and surface water, eroded to deeper
layer of soil and to the water system.

Meanwhile, the available P in soil is also deficient due to the binding or
sorption of P with Cation called "P-fixation". Al ion, a main metal ion in soil
actively bound with P at pH approx. 4-6 (Busman et al, 2009) - which is the pH
range of paddy soil in many areas in Thailand (Multiple Cropping Center-
CMU, 2015). Furthermore, as plenty of Fe (lI) exists in this intermittently
flooded soil, amorphous oxide of Fe (ll) is formed as well. This compound
has a larger surface area, especially on clay surface. It has therefore a higher
sorption capacity than typical soluble Fe(ll) crystalline. Immobilized P is then
either precipitated as a highly insoluble iron and aluminium phosphates, or
adsorbed to the oxide surface, resulting in low available P in soil (Holford and
Patrick, 1979). Both mobilized and immobilized P can also be washed out or
eroded by water as N. Anurak (2010) reported that substances from soil
decomposition, i.e. soluble N and bound phosphate with soil particles were
washed out by water run-off from the paddy field. Anyhow, the level of N and
P from paddy fields that contaminated into water were still not higher than the
legal limits set by the Department of Pollution Control (DPC, Thailand).
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For every 1000 kg of paddy grain production, rice plants need 17-18 kg N,
3.0-3.8 kg P. N and P are added in order to compensate for the amount of
nutrient loss and to achieve the nutrient levels plants need (Promnart, 2006).
Farag et al (2013) reported that the average amount of N fertilizer applied for
rice cultivation was 285 kg N/ha. Only 30-40% of water-soluble nitrogen from
chemical fertilizers can be uptaken by plants before it is eroded away from
plant roots to soil's interlayer and fixed with other ions, making Nitrogen
unavailable (Rambo, 2015). Ongprasert (2004) suggested farmers to add N
from N-chemical fertlizers for 3 times of N that plants still need. At the same
time, available P in soil is limited as 95-99% of the total P in soil are present in
non-soluble form which cannot be utilized by plants (Wanchai, 2013). 19.5%
of P from chemical fertilizers can be uptaken by plants. Therefore, it is
recommended to add P from chemical fertilizers for 5 times the available P
that plants still need from soil (Rehm et al, 2002).

2.2.3. Rice cultivation- the source of straw

In general, the farmers in Thailand cultivate the rice twice a year, i.e. major
rice cultivation in the rainy season (May to October) and minor rice cultivation
in the dry season (November to April), depending on the irrigation capacity in
each area (DPC, 2011). 41% of the cultivation area is irrigated, while the
remaining areas have no irrigation capacity. Nevertheless, farmers can still
cultivate rain-fed rice (DOI, 2009; Premprasit, 2012; Chidthaisong et al, 2011).
Jasmine rice was the main type used in 2007 (Chidthaisong et al, 2011).
Farmers increase soil nutrients by collecting cattle’'s manure, using it as a
fertilizer in addition of applying chemical fertilizers (Premprasit, 2012). DPC
(2011) reported that the consumption of pesticides and herbicides for rice
cultivation is lowest compared to other crop cultivations. Pesticides and
herbicides with a long residence time are prohibited. Therefore, the short-life
pesticides and herbicides , most of them have life time app. 3-15 days (DPC,
2011), are applied during cultivation if needed. These pesticides and
herbicides are mineralized to be non-existing or in the safe level at the end of
harvesting (Paipard et al, 2014).

Rice field is flooded for the whole cultivation period until 1-2 weeks before
harvesting. At this time, the rice stalk above the ground has 140-150 cm
height for major rice and 98-120 cm for minor rice (Cheewapongpan et al
(2011). The root length is 15 cm (Premprasit et al, 2012). Harvesting is
operated after 90-110 days of cultivation. During the harvesting, farmers cut
stalk manually or by machinery over the soil surface, followed by the
separation of grains. Cheewapongpan et al (2011) reported manual cut of
straw at 90 cm above the ground while machinery cut was only 30 cm above
the ground. The rice stubble and straw are residues. The ratio of rice straw to
rice stubble in the Lower Northern Thailand was 0.96. (Premprasit, 2012).
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2.2.4. Rice straw management (RSM) of small farms in the present situation

Rice straw is lignocellulosic residue which can be removed from paddy fields
unlike rice stubble. Straw dried weight (DW) contains C 37-52%, O 36-45%,
H 4.2-6.3%, N 0.50-0.90%, and P 0.05-0.17%. Straw ash is 13-19% of straw
total DW (Kadam et al, 2000, Jenkins et al, 2003; Koppmann et al, 2005;
Wanapreecha et al, 2008; Oahn et al, 2012; Kanokkanjana and Graviat, 2013;
Drake et al, 2002); IRRI, 2015). Jenkins et al (2003) reported that straw ash
contained Si 33% as well as other substances e.g. P, K, Cl, Mg, Na, etc.
Thailand Research Fund (2007) estimated the annual total production of rice
straw in Thailand at 32 million tonsly.

With the different harvesting methods as well as different methods for data
collection, result in different ranges of paddy grain straw ratio. Some
examples are shown in table 2.1.

Table 2.1. Ratio of rice straw to paddy grain from different studies

Ratio of rice straw to paddy grain Sources
1.5 Linquist and Sengxua (2005)
1.4 IPCC (2006)
1.35 Kadam et al (2000)
1.0 Devandra (1976, 1980)
0.81 DEDE (2015)
0.69 Kanokkanjana and Gariviat (2013)

Although rice straw can be removed from the field (unlike rice stubble which is
burnt or left on the field), farmers still manage the tremendous amount of
straw mainly by rice straw open burning (RSOB). Only some portions of the
straw are used by farmers, mainly for feeding ruminant livestock or are left
over for fertilize the soil (soil incorporation). Utistham et al (2007) reported that
only 50% of rice straw were taken from the field for straw utilization. The data
from DEDE (2003) and Premprasit (2012) showed that only 0.83-11% of total
rice straw produced were kept for other agriculture uses as well as for trading
to the bale straw traders. Truc (2011) also reported farmers in Mekong Delta
used a small percentage of straw for mushroom production.

The main rice straw management in small farms is reviewed in the following
paragraphs.
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2.2.4.1. Rice Straw Open Burning (RSOB)

Open burning is typically found in tropical regions, especially in Southeast
Asia, Africa, and Brazil. Most cases are Anthropogenic burning of forest and
agricultural residue in order to prepare the land for next cash-crop cultivation
(Koppmann et al, 2005). At least 40% of straw are removed from the field by
RSOB (Premprasit et al, 2012; DEDE; 2003). The burning season in Thailand
starts in October to December for burning straw from Major rice harvesting
and March to May for straw from minor rice harvesting (Cheewapongpan et al,
2011). Premprasit et al (2012) reported that Minor rice straw was burned 1.6
times more than major rice residue and most emissions from burning were
from straw rather than stubble. In 2009, 26 million tons of straw in Thailand
were removed by RSOB (Premprasit et al, 2012).

2.2.4.2. Straw as ruminant feedstock

Besides burning, the main use of rice straw in Thailand and Southeast Asia
(SEA) is to feed rumen livestock (Truc, 2011). Livestock consumes straw in
order to produce the energy for its daily activities and to gain weight (Weiss,
2007). Rice straw is partly collected as the only agricultural residue and used
as feedstock in small farms when livestock is fed at home especially during
the dry season. In general, ruminant livestock in southeast Asia is raised
individually by small farm holders rather than herds, The farmers tether it for
grazing in the community areas (Khajarerns, 1984).

2.2.4.3. Straw left over for soil incorporation

Asian farmers incorporate straw into soil after the harvesting of major rice,
then leave the field for 8 months until the next cultivating year (in the past
when only one harvest per year was common or in the areas which can
cultivate rice only once a year) in order to enrich soil with nutrient from
degraded straw degraded in soil. Soil incorporation of straw improves soil
fertility because this process returns substances in straw back to soil.
Towprayoon et al (2013) reported that the top layer soil of rice field (0-15 cm
depth) accumulated SOC 2.0 tons Cly.ha. They predicted that SOC in
Thailand could increase 20 to 60 tons C/ha in 20 years (2011-2030) due to
accumulation of organic matters from rice into soil. MOAC (2015) assessed
that using straw compost together with chemical fertilizers for long term could
increase soil's OM and improve the physical properties of soil as well as
increase rice yield by 72-115%.
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Soil microorganisms produce their cell and energy from converting organic
carbon in straw and in other decomposable matter to metabolic products e.g.
CO,, CHy, and NH,". Smaller size of straw residue could increase the rate of
OM degradation and nutrient absorption by soil microorganisms (Kimura et al,
2004). The conversion process by soil microorganisms is slow due to high
C:N ratio in straw. Soil microorganisms can degrade straw faster when C:N
ratio is around 20-30 by adding low C:N materials, e.g. compost or manure
(Ongprasert, 2004). The remaining OM accumulates in soil therefore
gradually increasing OM content in soil over years.

Although OM, e.g. straw or manure incorporated in soil increases soil fertility,
OM decomposition in soil also emits GHG i.a. CO,, CH4, and N2O. IPCC
(2007) reported that rice cultivation contributed more than 10% of total CH,4
emissions at global level. Farag et al (2013) found that soil contributed about
53.25% of total GHG emissions from rice cultivation in Egypt. ONREPP
Thailand (2010) estimated that CH,4 emissions by rice production in Thailand
was 1.4 million tons/y in 2000-2004 and remained relatively stable over years.

CH4 emissions vary according to climate, location, method of rice cultivation
as well as the amount of Root Organic Carbon (ROC), and SOC which
enhances CH, production (Yuan et al, 2012). CH; mainly emits from straw
decomposition during the early stages of rice cultivation as the soil is under
anaerobic conditions from the flooding period (Watanabe et al, 1998, Kimura
et al, 1991). CH4 is produced anaerobically by methanogen at rhizosphere
then mainly emits through the rice stem as well as partly from ebullition and
diffusion directly from soil (Towprayooon, 2006). Amendment of chemical
fertilizers can inhibit CH, Oxidation on the soil surface (Conrad and Rothfuss,
1991). Thus, CH4 emissions from incorporating OM e.g. stubble, manure,
together with chemical fertilizers increase (Vibol and Taoprayoon, 2009;
Saenjan et al, 2014).

CO; is produced from plant respiration during the whole cultivating period.
After draining water from the flooded field at the end of cultivation, straw and
other OC in soil is further aerobically degraded and converted to CO..

In addition, N,O is produced by soil microorganisms via the N cycle.
Rubasinghege et al (2011) reported that minor amounts of N,O can be also
converted from either ammonium or nitrate N via an abiotic mechanism in light
in combination with humid surface of aerosols or particles in the atmosphere.
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2.3. Rice Straw Open Burning in Thailand

2.3.1. Identification and quantification of straw burning area

Data of burning areas vary according to the methods for data collection e.g.
interviewing, questionnaire, field surveying, or satellite imagery. The problem
of interviewing and questionnaires with farmers is data reliability. As RSOB is
now illegal in Thailand, satellite imagery is an alternative method to detect fire
spots of open burning, e.g. the study on biomass burning in tropical America
(Hao and Liu, 1994), the fire hot spot (FHS) detected by Moderate resolution
Imaging Spectroradiometer (MODIS) sensor from BlueSky Frame work
developed by US Forest Service (USFS) (Choi et al, 2013) and from
LANDSATS5 (Choenchooklin et al, 2010), or the hot spots provided by NASA's
Earth Observatory Website (Tippayarom, 2012). FORMOSAT-2 satellite
image was also used in a study of Chang et al (2013) and Liu et al (2013) to
detect straw burning areas in Taiwan.

From the questionnaire in the detected hot spot areas in 2007-2008,
Cheewaphongphan et al (2011) found that burning areas were 30-69% of total
areas and emitted annually 27 Megatons CO2e from 22 Megatons rice
residue. Premprasit et al (2012) reported from his questionnaire in 2009 that
7.9 million Ha of paddy fields were burnt, equalling 69% of the total cultivated
area.

Based on calculations of burning areas from hot spot and field experiments,
Choenchooklin et al (2010) reported that the burning areas in the Lower north
of Thailand in 2010 were 50-57% of total cultivating area and emitted CO, 3.7
tons/ha. Pollutant emissions calculated from satellite imageries by
Towprayoon (2007) were 79 million kilograms CO, and 8.7 million kilograms
PM from rice straw and stubble burning in Thailand in 2002, i.e. more than
those in Cambodia, Vietham, and Lao PDR. The peak period for RSOB in
Thailand, Lao PDR, and Cambodia is from January to April, similar to the that
in Indochina (January-March) according to Gariviat et al (2007).

2.3.2. Characteristics of air pollutants from RSOB

The pollutant emissions from RSOB can be either evaluated directly from
experiments or calculated from default values of emission factors. RSOB is an
incomplete combustion process. The air pollutants emitted from RSOB are
composed of CO;, 70-97%, CO 7-11.3% (Cofer et al, 1998 in Koppman et al,
2005; Choenchooklin et al, 2010; Chang et al, 2013; Singh et al, 2004), as
well as other gases and aerosols e.g. CH4, NOx, N,O, NMHC (None-methane
hydrocarbon), and PM (Koppman et al, 2005). In general, 90% of C in straw
were burned then oxidized to CO, and CO while less than 5% of total C was
contained in PM (Oanh et al, 2011).

The example of air pollutants from RSOB in Thailand is shown in Table 2.2.
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Table 2.2. Pollutant emissions from RSOB in Thailand

Type of pollutants Emission Factor Amount of Emission

(EF, g/kg DM) (Gg)

CO2 1500 12000
CO 35 290
CH4 1.2 10

N20 0.07 1

NO2 3.10 25
SO2 2.0 16
Total Particulate Matter (TPM) 13 106
NMHC 4.0 32

Source: Gadde et al (2009)

PM is a particles mixture of soot, ash, fumes, volatile organic Carbon (VOC),
Polycyclic aromatic hydrocarbon or PAHs (Jenkins et al, 1998), metal ions as
well as oxidized ions e.g. NOs', NH, (Herrera et al, 2009). It is the particles
part of aerosols containing mainly organic C and partly black C (Reid et al,
2005). Oanh et al (2012) reported RSOB in Thailand emitted PM; 5 containing
393 mg total C/g PM and PM3, containing 385 mg total C/g PM. Both of them
contained significant amounts of OC, water soluble ion, Levoglucosan,
including relatively high amounts of methoxyphenol, PAHs, as also reported
by Shen et al (2011). PM may also contain pesticides from contaminated
straw. Organic pollutants e.g. NMHC, PAHs especially dioxin, are possibly
emitted in the gas phase, or as constituents of the PM (Oanh et al, 2011;
Sanchis et al, 2014).

Amounts and varieties of pollutants from RSOB are influenced by the
composition and moisture content of burning materials as well as the burning
temperature. Sanchis et al (2014) reported that the emission of 690-840 kg
CO2/dry straw varied between 10-20% according to the moisture content.
They also found that burning straw with a higher moisture content increased
the emissions of PM, Dioxin, PAHs as well as burning time. In their
experiment, CH,4, Aldehyde, aromatic compounds emitted at a burning
temperature of 200-250°C. Oanh et al (2012) also reported that pile burning
emitted a higher level of pollutants than spread burning.
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2.3.3. Impacts of rice straw open burning (RSOB)

2.3.3.1. Impacts at farm level

During burning, the plant nutrients, typically more than 90-100% of C, 80-
100% of N, 24-25% of P are lost to the atmosphere (Heard et al, 2006; Singh
et al, 2008; Jain et al, 2014). RSOB therefore results in nutrient depletion in
soil (Promnat, 2006). It was also reported that the loss of C, N, and P from
RSOB in Panjab/India during 2008-2009 was equivalent to 2400 kg Cly.ha, 35
kg N/y.ha, and 3.2 kg P/y.ha. (Singh et al, 2008).

P is a critical nutrient affected by RSOB because it can be carried by a
distance before deposing back to soil and water system. Anderson et al
(2010) reported that P emissions are mainly composed in different phases in
dust and PM. Only 17% of P emitted from burning were water soluble and can
become bioavailable for living organisms, resulting in lower rice productivity.
Ponnaperuma (1984) reported that productivity from rice cultivation with
RSOB practice (3.4 tons paddy grain/ha) was lower than without RSOB (4.1
tons paddy grain/ha). Because of this effect, farmers need to use more
fertilizers, causing higher investment for their rice cultivation as well as
fertilizer contamination of the water resource.

2.3.3.2. Impacts at regional level

2.3.3.2.1. Direct impacts of pollutant dispersions

The air pollutants from RSOB can be carried away from the burning location
by wind. The atmospheric residence time of each pollutant is different. The
pollutant having a longer residence time can disperse further. For example,
CO has an atmospheric residence time of approx. 2 months (Wang and Prinn,
1998). Hence, CO can be widely distributed and transported over a long
distance into the troposphere. CO is therefore used an indicator to trace
biomass burning (Koppmann et al, 2005). NOy can last in the atmosphere only
for hours or days while PM is dispersed by wind to the lower troposphere in 1-
2 weeks (Jacob, 1999; US-OAQS, 1995).

CO carried by wind from Southeast Asia can be transported to Western South
Pacific (Matsueda et al, 1999). The particles from RSOB in Thailand are
carried by west and southwest Monsoon-winds during the wet season. They
travel over the 2-4 km high mountains in Lao PDR, Vietnam, and further to the
Pacific Ocean and beyond (Reid et al, 2013). The precipitation of the
particles is low in the dry season due to weaker winds from the North-east
(China). At the same time, high mountain ranges in the north and west of
Thailand delay or block particle translocation by wind out of the valleys of
Thailand, Burma/Myanmar and Cambodia (Reid et al, 2013). Therefore, they
have a longer residence time in the atmosphere, resulting in Haze problems in
the region. Slillapapiromsuk et al (2013) reported that PM10 from open
burning in Chiang Mai were 3051 tons in 2010 and 705 tons in 2011. 2-5% of
total PMyp emitted from burning in rice field areas. Thipayarom and Oanh
(2007) found that the PMyg level in the central region was highest in March.
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PMjowas translocated from 12 hours to many days from its source in the west
of Bangkok to Bangkok City, depending on wind speed and season. Anyhow,
the PM1o emissions (88 pg/mS) in their experiment did not reach the maximum
limit of air quality standards due to the geographical advantages of that area,
unlike the mountain areas in Northern Thailand.

The other relevant effect of the dispersion into the atmosphere is the
reduction of solar radiation. The combination of black carbon (BC) patrticle in
aerosols and clouds can reduce solar radiation to the earth surface (IPCC,
2007), causing problems of visibility. Furthermore, the hydrophobic particles
from aerosol e.g. BC, OC also delay the growth of cloud condensation nuclei,
inhibit the buildup of water vapor pressure in the nucleating droplet, hence
only non-precipitation clouds are formed, delaying rain fall (Jacobson et al,
2000; Fowler et al, 2011; CU, 2005).

PM have the most crucial effect on the human health among all pollutant
dispersions via RSOB in Thailand. PM of less than 10 um can penetrate deep
into the lung (Oanh, 2012; Tripathi et al, 2013). CO is also hazardous as it
competitively binds with Hemoglobin reducing its capacity for oxygen
transportation. These health problems are already mentioned in Chapter 1.

2.3.3.2.2. Direct impacts of pollutant depositions

Pollutants’ deposition happen mainly with the atmospheric short residence
time of pollutants e.g. NOx, PM. Kim and Betram (2014) found that 15% of
NOy from the shore was taken to the sea overnight to form Nitryl Chloride.

There is no clear data about PM deposition. IPCC (2007) estimated that 30%
of the particles emitted in Asia deposed in the deserts and 20% were carried
over the region while 50% were transported to the Pacific Ocean and beyond.
The meteorological parameters e.g. rain, wind, influence its deposition. In the
rainy season, short residence time pollutants are deposed from the
atmosphere faster (Singh, 2010).

Wet deposition of NO4-N and NHs-N from the atmosphere, e.g. by rain, is
affecting the carbon cycle through increased nutrient supply at the deposing
location. Their precipitation increase the acidity of rainfall hence affecting
terrestrial and aquatic environment. These pollutants combined with the
climate conditions e.g. rain, wind direction, as well as geographic condition
cause environmental problems in that region. It is estimated that N deposition
rates over Asia are likely to increase 1.4 to 2 times by 2030 (IPCC, 2007)

2.3.3.2.3. Indirect impact of pollutant depositions

The losses of soil nutrients are remedied by using chemical fertilizers on
agricultural soil. However, the overusing of chemical fertilizers leached into
the water system causes water pollution. Too high amounts of substances
from fertilizers leaching into water e.g. NHs-N, PO,* induce overgrowth of
microorganisms, algae, and aquatic plants which leads to the depletion of
dissolved oxygen and increases the risk of eutrophication (UNESCO, 1982).
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2.3.3.3. Impact at global level

The biggest amounts of air pollutants emitted from RSOB are GHG, i.e. CO»,
CHg4, and N,O. Gadde et al (2009) reported that RSOB in Thailand caused
0.18% of total country GHG emissions. CO, has a longer life time but cannot
be defined precisely, as CO, can be turned over from the atmosphere by
photosynthesis via terrestrial and aquatic plants, as well as by phototrophic
microorganisms in the hydrosphere. It can also react with water at the ocean
surface by forming Bicarbonate and Carbonate ions. Otherwise, CO, might
remain in the atmosphere for decades or centuries (IPCC, 2007). CH,4 can
remain in the atmosphere for 12 years before being mainly transformed by
chemical oxidation in the troposphere to CO. The sink CHy4 is the reaction with
OH' radical in the atmosphere. This reaction is controlled by the complex
reaction of CO and NOy in the troposphere (Jain et al, 2004). N,O remains in
the atmosphere for approximately 114 years before moving into the
stratosphere as N, and O (IPCC, 2007). Less than 5% of N,O are converted
to NO which depletes Ozone (Jacob, 2004). Not only do GHG have the
capacity to absorb heat energy, they also have a long residence time in the
atmosphere, as shown in table 2.3. Therefore, they strongly contribute to
global warming.

Table 2.3. Life-time and Global Warming Potential (GWP) of GHG from RSOB

GHG Atmospheric life time GWP (100 years)
CO» 30-95 years or more 1

CH4 12 years 21

N>O 114 years 310

source: IPCC (2007), Jacobson (2005)

IPCC (1996) reported that CO is the only atmospheric source of CO,, approx.
20% of total CO; in the atmosphere. CO can covert to CO, a reaction with
OH' in the troposphere. Wang and Prinn (1998) predicted from mathematic
modeling that the percentage of CO, from CO should be less than 10% by the
end of year 2100 due to higher proportion of CO, input into the atmosphere.
As the atmosphere is the major sink of CO via oxidation with at least 50%
atmospheric OH(Collin et al, 1997), increasing of CO reduces OH" (Wang and
Prinn,1998) affecting the gases which need the OH" radical for their
conversion, e.g. CH4, O3, NOy (US-EPA, 2000).

PM has a certain mitigating effect on global warming. Jacobson et al (2004)
concluded that these particles cooled down climate temperature, however
only for a short time while GHG, on the contrary, increase climate temperature
for many decades.
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2.4. Possible technologies for utilizations of straw and RSM residues in
small farms

With all impacts mentioned above, improving straw management in small
farms would be an effective approach. Furthermore, Kadam et al (2000)
suggested to motivate farmers with the prospect of economic profits and time
efficiency to implement possible solutions.

Owing to the lack of knowledge of the farmers, suitable technologies should
be simple as well as less labour, and low cost, combined with an efficient
storage system like baling which reduces the storage space needed and also
allows farmers to easily move the bales of straw for storage or for trade. Bale
straw prices in Thailand fluctuate depending on market demand.
Chinawerooch et al (2014) reported that baling increases straw price to 66
USD/tons, making it 11 times more valuable than traded unbaled straw;
Kannokanchana and Gariviat (2013) reported that its price was even as high
as 67-150 USD/tons in 2010.

Some potential technologies for utilizing straw and its residues in small farms
are described below.

2.4.1. Straw for mushroom production

Mushroom cultivation is a value-added process to produce a valuable product
for the market from agricultural waste by mushroom degradation (Akinyele
and Adetuyi, 2005). Paddy Straw Mushroom (Volvariella volacea) is one of
the most cultivated mushrooms due to its pleasant flavour and taste
(Thiribhuvanamala et al, 2012). Its production amounts to 5-6% of global
mushroom cultivation (Buswell and Chen, 2005). Rice straw is a natural
habitat of this mushroom in tropical and subtropical countries (Stamets and
Chilton, 1985). Unlike other mushrooms which need sophisticated cultivation,
e.g. in a mushroom house with sterilized nutrients for mushroom inoculum,
the cultivation of straw mushroom is simple. It can be done by straw bed
method or in a mushroom house at industrial scale with a Biological Efficiency
(B.E.) of 8-15%, depending on the quality of the substrate and method used
(Biswas and Layak, 2014). Producing straw mushroom would increase food
security for farmers in low-income countries and can be an supplementary
income for those in emerging economies due to high demand on the domestic
and international markets. Mushroom emit low CH,; compared to rapidly
composing and incorporating straw to soil (Truc et al, 2014).

Mushrooms are aerobic microorganisms and contain 90% moisture content in
its tissue. The Respiratory Quotient of straw mushroom (using carbohydrate
from cellulose and hemicellulose containing substrates) is between 0.7-0.93
(Hou and Wu, 1972). Its metabolism is high during 14 days of cultivation until
it reaches its egg stage which is the time for harvesting (Bechara, 2007;
Chang and Quimo, 1989). The size of mushroom spawn fresh weight (FW) for
each cultivation is app. 2-5% of its substrate (Stamets and Chilton, 1984;
Lardmahalab, 2010). As the alternative, smaller size of this inoculum takes a
longer cultivation period to reach its maximum cell density. Thus, it might not
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be able to compete with any contaminant microorganism growing faster,
resulting in cultivation failure. In Thailand, the farmers use 1/3 to 1 bag of 500-
600g spawn bag for 1 basket containing 5 kg straw (Lardmahalab, 2010).
Mushroom only needs few portions of starch (Rennan et al, 2008) in order to
be used as initial substrate to activate initial growth before it can start
degrading the cellulose component in straw substrate. N source should be
enough for mushroom uptake in order to build up its protein. Any costless OM
with high N, e.g. manure, chopped street and aquatic plants, can be used as a
N source for the mushroom in a low cost production, e.g. basket cultivation
(OAE, 2015).

The high amounts of nutrients and extracellular enzymes secreted from the
mushrooms which remain in the Spent Mushroom Substrate (SMS) make this
residue valuable. SMS composition varies and depends on the substrate’s
composition and the mushroom type’s ability to consume and degrade
nutrients in its substrate. Protein N, and C:N ratio in SMS increase from
mushroom hypha and other OM from cultivation, comparing to original straw,
e.g. SMS from Agaricus Cultivation contains a C:N ratio of 13:1 (Jordan et al,
2008). Its texture and nutrients can improve soil fertility. Pennsylvania State
categorized SMS as fertilizer and soil amendment (Fidanza et al, 2010).

Extracellular enzymes excreted from mushrooms as well as crude protein in
SMS cause high in vitro digestibility resulting in a potential N source for
poultry and animal feedstock (Zhang et al, 1995). Most studies are about
feeding by Agaricus and Pleutorus. Fazaeli and Masoodi (2006) found that
SMS of Agaricus mushroom provided considerable amounts of crude protein
for feeding ruminant animals. However, high ash content in SMS depletes its
available minerals and reduces the voluntary intake by rumen animal (Phan
and Sabaratnam, 2012) as well as the animal's daily weight gain. For
example, Fazaeli and Masoodi (2006) reported that voluntary intake by sheep
was significantly reduced when it was fed by 30% SMS instead of only 10 to
20% of its diet. By contrast, Oh et al (2010) reported that Pleutorus's SMS
could replace 40% of rice straw for the diet of Hanwoo Steers without
negative effect. Katya et al (2014) recently found that SMS from Pleurotus can
be used at 6.3% of the total fish meal to feed juvenile Amur catfish without
negative effect. The studies on SMS as feedstock are still ongoing.

2.4.2. Straw as a main animal feedstock

Rice straw contains high C, it is therefore a potential energy source for
ruminant livestock. As straw contains complex lignified structures in the cell
walls as well as low N, its quality needs to be improved before using as a
main feedstock. N from non-protein Nitrogen, e.g. NHs, urea, are added to
solubilize the straw’s cell walls resulting in increased straw digestibility, as
rumen microorganisms anabolize protein from non-protein N sources during
digestion (Trach et al, 2001; FAO, 2001). "Ammonia treatment" is hazardous,
the method is complicated and NHj3; loss via volatization is very high. In
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Denmark, N volatization from NH; treatment was 4.5% of total N volatization
from agriculture in 1996 and 2.3% in 2003 (NERI and DIAS, 2001). Using
urea approx. 4-6% of total straw for "Urea treatment" can effectively solubilize
cell walls. Urea treatment needs 30% moisture content in straw, thus risking
mold contamination during the storage of treated straw (Chenost and Kayouli,
1997). Furthermore, 4-6% is too high for rumen bacteria efficiently utilize,
resulting in the remaining of unused N in livestock's manure. "NaOH
treatment” is an extreme method as NaOH is a strong base. Technically, this
chemical is hazardous, complicated to handle, and too expensive for small
farms (Owen et al, 1984). Using CaO or Ca(OH), as single chemical for a
"Lime treatment” is quite ineffective as lime is not water-soluble enough.
Farmers would therefore need to use large amounts to maintain the alkalinity
effect of straw treatment (Zaman et al, 1994).

Using Lime and Urea combined as "U-lime treatment" is an alternative method
for straw treatment as it is inexpensive and available (Owen et al 1984). NH;
slowly released from ureolysis can disperse and solubilize straw's cell wall
together with lime. Adding N from urea also increases nutritional values of
straw. At the same time, the alkalinity of NH4;OH from the reaction of both
chemicals is also strong enough to prevent mold growth (Trach et al, 2001).
Calcium from lime remaining in treated straw also acts as a supplement
nutrient for animal and has no hazardous effect on the environment
(Chaudhry, 1998a; Nath et al, 1969). Trach et al (2001) suggested combining
3% lime together with 2% Urea in order to avoid overusing lime as well as
minimizing the loss of NH3 from urea during the storage (Trach et al, 2001;
Zaman et al, 1994; Jayasuryia and Perera, 1982).

2.4.3. Straw for construction material

Straw has been used world-wide as construction material. In rural areas,
farmers also use straw as a roofing material. Nowadays, baled straw is used
as a building block for straw houses while loose straw is mixed with cement
and sand to produce mortar for building walls and producing bricks (Phyper,
2014). Other uses include are particle board composites from mixtures of rice
straw and wood subjected to a high temperature and pressure process
(Russell and Johnson, 1996; Zheng Chang, 2015).

Light weight brick is an example of construction material produced by a simple
process with unsophisticated machines as that for particle board. It can be
produced by template, semi-mechanized machine, or more sophisticated
machinery (Allam et al, 2011; Kamwangpreuk, 2011). It is therefore possible
to produce light-weight brick at farm or community level. For effective use, the
quality of straw brick should reach existing standards e.g. the Thai Industrial
Standard for community Light-Weight Concrete Element with a minimum
stress of 2.5 MPa for filler brick and 7.0 MPa for load bearing walls (TISI,
2004). Allam et al (2011) found that 40 kg straw with 3010 kg of Portland
cement result in a strong light weight density 1.7 kg/dm3 at a maximum stress
of 120 kg/cm2 (12 MPa) and no significant loss of strength at 300 °C fire.
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Straw brick has excellent properties for trapping C emitted from straw due to
the slow degradation of dry straw because of low contents of N, O, and
especially few moisture in the brick. Summer et al (2003) reported that only
3%lyear of the weight of straw with a moisture content below 39% DW was
lost by microbial degradation.

2.4.4. Straw and RSM residues for producing alternative enerqy

2.4.4.1. Solid fuel and liquid fuel

Liu et al (2011) report that rice straw in China contained 10-20% of moisture
and an energy value of 18 MJ/kg at a 50-120 kg/m® bulk density compared to
green coal and brown coal (600-900 kg/m®). Although its high volatile matter
(up to 85% DM) helps straw to be ignited easily, its low density increases
complications for processing, storage, and firing. Its combustion is rapid and
difficult to control compared to coal (Liu et al, 2011). Straw must be pressed to
pellets or briquette by machines in order to be used as solid fuel. Jenkins et al
(1998) reported that rice straw emitted NOy, 0.40% and SO, 0.035% of dry fuel
in the combustor, i.e. more than wood. The ash of Rice straw has a high
amount of SiO, and also contains Na, K, Cl| (Liu et al, 2011). These
substances cause fouling, slagging, and corrosion by alkali in the machine
(Zarfar, 2015). K also deactivates the catalytic reduction of NO, hence
reduces the quality of fly ash from the combustion process of straw and coal
in power plants (Jenkins et al, 1998; Jensen et al, 2001). Therefore, it cannot
replace coal combustion in commercial/or industrial combustion engines
without proper design and operation. Thananont (2014) reported that
electricity production from straw in Thailand is still not accepted by the local
communities. Thermal conversions e.g. pyrolysis, gasification should handled
by professionals due to high ash, tar and emission of hazardous pollutants i.a.
CO (Pottmaier et al, 2013; DEDE, 2014).

Another alternative energy is bioethanol. A study of Silalertruksa and
Gheewala (2013) concluded that the bio-ethanol pathway resulted in highest
environmental sustainability compared to using straw for either direct
combustion or thermo-chemical conversion to bio-Dimethylether (DME) as it
reduces global warming and resource depletion. However, Bioethanol is
effectively produced only at industrial scale as it needs knowledge and costs
to chemically or enzymatically convert cellulose.

2.4.4.2. Biogas

Biogas is a potential energy source that can be produced at the level of small
farms as the organic materials needed for producing biogas in an anaerobic
digester, e.g. agricultural wastes and animal wastes, are readily available. It is
as sustainable as bioethanol (Silalertruksa and Gheewala, 2013). Digestor
slurry, the residue after anaerobic digestion, also contains high nutrients for
plants (Wilke, 2013). Furthermore, it is defined as a clean fuel thanks to
combustion without smoke. Capacity for using biogas at household level is
concluded in Table 2.4.
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Table 2.4. Consumption of biogas for different activities and compared to
other fuels.

Energy consumption amount of biogas consumed
cooking for 1 person 1 meal 150-300 litres

1 litre water boiling 30-40 litres

1 day of a 25-75 W lighting 120-150 litres

1 kKWh electricity 1m3

0.46 kg LPG or 0.6 I. Diesel or 1.5 1 m3orl.15 kg

kg fire wood

Source : Kossmann et al (1997)

Biogas can replace LPG, hence reduce LPG consumption as the main cost
for household (HH) cooking in 2011 (NSO, 2011). Onwongsa (2012) reported
that 21.5% of LPG consumption in 2011 were imported, increasing at a rate of
7% per year. 38% of LPG consumption was used for household consumption
(220 kilotons/month). Seeing the potential of clean energy and waste
reduction, the Thai government subsidized construction costs of biogas units
at small and medium animal farms from 1999-2003 (EPPO, 2003).

Under anaerobic condition, carbonaceous molecules in the substrates are
hydrolyzed by hydrolytic bacteria, then converted to acetic acid by acidogenic
bacteria. Methanogen then converts those C intermediate products mainly to
CHy and CO; in approx. 21 days. The digestor slurry, the residue from
fermentation, consists of refractory organics, new microbial cells, including
ash (Marchaim,1992; Gupta et al, 2012 All germs and seeds in the digestor
slurry are killed (NEPO, 2000). The proportion of NH3-N in the slurry is also
increased from around 33% of total N to 80% (Joergensen et al, 2009).
Furthermore, its C:N ratio is 15-20, suitable and sanitized to be used as a
plant fertilizer, soil conditioner, compost, N-source for mushroom production
and for supplementary fish feeding (Marchaim, 1992; Kossman et al, 1997). N
effectiveness is reduced from 100% in the fresh slurry to 85% in the dry slurry
due to losses from N volatization (Marchaim, 1992).

Biogas from agricultural waste has a density of approx. 1.2 kg/m® and
contains CH,; 60-75%, CO0,19-33%, N, 0-1%, H,O 6%, including trace
amounts of other gases e.g. O,, H,S (FAO, 1996). Various types of simple
and low-cost digestors are suitable for producing biogas in small farms e.g.
fixed-dome, floating drum, PVC digestor developed from tube digestor
"Taiwan model", as well as 200 litres small tank digestors for HH level
(Kossman et al, 1997; DEDE, 2015). Recycling of fresh slurry helps the fluid
flow into the plug-flow digestor (Usack et al, 2014). Biogas yield from cattle
manure is 0.2-0.3 m%kg of Volatile Solid (Jgrgensen, 2009; Steffen et al,
1998).

24



Although straw contains high C, the perfect C-source for biogas production,
lignin in cell wall structure, rigid texture and rough size are the main problems
for mixing it and cause lower biogas yield. Pretreatment processes like
mechanical e.g. grinding, thermal e.g. steaming, and biological e.g. enzymatic
conversion, improve straw fermentation in the digestor. The principles of
pretreatment are i) to increase the surface for enzymatic reaction ii) to reduce
the barrier e.g. lignin, for enzymes to attach to the substrate surface iii) to
degrade cellulose and hemicellulose from straw for accelerating the
fermentation process iv) to improve homogeneity of substrate slurry for ease
of mixing (Garrote et al., 1999; Knappert et al., 1981; Montgomery and
Bochmann, 2014).

Furthermore, straw has C:N ratio higher than 40. Co-digestion with other low
C:N ratio substrates can improve the performance of biogas production. At the
same time, increasing of bacteria inoculum also helps to increase the number
of microbial cells to speed up the fermentation rate. Gupta et al (2013)
reported that biogas yield of pretreated straw in the co-digestion of straw-cow
manure for 30 days was 39% higher than from untreated straw.

However, the effective pretreatments mentioned above are costly and need
knowable handling, suitable only for industrial scale. In small farms, cattle
digestion works best as pre-treatment and is even cost-free.

2.4.5. straw and RSM residues for aguaculture

Aquaculture for fish production in small farms is a method to reduce residues
from farms e.g. straw, manure, etc., by converting them into fish protein, the
main component of the fish body (Ahmed et al, 2010 ). This method improves
farm economics either via direct income from selling the fish or as an
alternative protein source for the HH. The fish produced on small farms
should need less care and respond to market demand, e.g. Tilapia.

2.4.5.1. Preparing fish feed

The traditional method to produce fish feed for Tilapia culture in Thailand is for
farmers to soak straw with or without manure at the corner of the fishpond.
This softens straw, allows nutrients from straw and manure to be slowly
released and degraded, and grows algae in the pond feeding the fish
(Chinapong, 2014). DOF Thailand (2015) recommended to add either 9 kg of
manure or other plant residues from farm in a 50 m? pond every month for the
first 6 months of cultivation, after which it should be reduced to half or instead
using 3 kg of dried manure together with rice straw. Some farmers found that
overusing straw into fishponds increases plenty of mud and sediments,
originated potentially from which might be from high content of ash (OAE,
2014).
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The other potential feeds from residue are SMS as well as digestor slurry.
Dong et al (1995) reported that SMS containing 39.8% protein with 1.76%
lysine and 3.82% alanine increased bream net fish production by 6.31%. The
problem of using high NH3-N substrate e.g. manure and slurry from biogas
digestion directly into the fishpond is oxygen reduction due to eutrophication.
Furthermore, high NH3-N in slurry might be toxic for the fish. As many aquatic
plants are suitable for N and P absorption reducing the effects above, farmers
can cultivate them for trapping NH3-N and P from wastes and subsequently
use them as alternative fish feed.

Duckweeds (Lemnaceae) are small floating plants forming mat-like over the
water surface. It can utilize N from nutrient-rich water e.g. NH3-N and convert
it to protein. Duckweed protein is 15-45% of DM depending on the amount of
N in the water (Ansal et al, 2010). Duckweed can grow properly in the pond
using slurry from biogas digestor (Rodriguez and Preston, 1996), and even
contains higher crude protein than cultivated with manure (Chau, 1998).
Duckweeds are therefore considered as a potential N remediator and nutrient
sink in the tropical region. Ansal et al (2010) and Zimmo (2003) reported that
duckweeds removed N 26-33% of total N existing in ponds at pH 5-7 and N
38-41% at pH 7-9. Their doubling time is 1-2 days and they can grow in a 0.2-
1 m deep pond without any need for chemicals, e.g. herbicides, pesticides or
fertilizers (Skilicom et al, 1993; Chau, 1998). After reaching 1 kg/m?,
duckweeds can be harvested daily (Skilicorn et al, 1993). As Duckweeds
contain high protein and is easy to harvest unlike algae, they can be used as
N-source for feeding fish and animals or for cultivating mushrooms.

2.4.5.2. Fish production

Referring to the criteria for fish production above, Tilapia (Oreochromis spp.)
is a suitable fish for small farms. 95% of total Tilapia production of 2012 in
Thailand was only for the domestic market (OAE, 2013). Tilapia is easily
handled by farmers because of its tolerance to changes in cultivating
conditions from 8-42 °C and pH 6-9 (McGee, 2010).

Tilapia has a moisture content of approx. 77-79 % and contains protein 10-
19% DW (Biro, 2013; Santos et al, 2012). Its body composition remain
unchanged in different stages (Chowhury and Bureau, 2009). Tilapia is
herbivore and occasionally omnivore. It can be fed by various fish meals as
well as algae and plants like duckweeds. 500 kg FW/fish should be gained in
12 month (DOF, 2015). Cultivating tilapia can be very basic with 1-3 fish/m? of
a 1 m-deep pond's surface area but it can also be cultivated at higher density
which however needs more attention and intensive feeding and handling.
Tilapia can be cultivated as either monoculture or polyculture together with
e.g. Pangasius. The critical factor for tilapia cultivation is the NH3z-N
concentration due to possible negative effects on fish health (Godkin et al,
2015). The Nitrite and NH3-N levels in the pond should not be higher than 5
and 0.20 mg/l, respectively (Rakocy, 1989; Popma and Masser, 1999).
Abdella (1990) found that NH3-N at 0.8-0.9 ppm reduced fish growth by 50%.
Protein content in fish increases with higher protein in fish feed (Ahmed et al,
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2010; Godkin et al, 2015). Mueller and Bauer (1996) found that every 1 kg of
total protein input in the pond was converted to 0.21 kg fish protein in its
tissue N in fish is also from. N input in pond can be also from N fixation by N-
fixing algae in the pond but the ratio varies and depends on N concentration in
pond. Egna and Boyd (1997) reported that the ratio of N consumed by fish
from manure: from the N fixation was changed from 1:3.8 (at 2500 kg
manure/ha in 5 months) to 43:1 (at 20000 kg manure/ha in 5 months).
However, the precise nutrient balance of this phenomenon is still unclear.

2.4.6. RSM Residues as soil fertilizers

SMS from mushroom production, manure from livestock production, digestor
slurry from biogas production, as well as effluent from duckweed and fishpond
can be used as soil fertilizer thanks to a suitable C:N ratio approx. 20:1 to
35:1, similar range of C:N in soil microorganisms of approx. 30:1. Too high C
will induce temporary N limitation in soil and slow down microbial growth rate
and organic mineralization while too low C will limit microbial respiration due
to lack of energy sources from Carbon (Ongprasert, 2004; Promnat, 2006 ).

Adding of OM together with chemical fertilizers can improve soil fertility and
leads to higher productivity. Intrawech and Imsompooch (2011) reported that
soil fertility in an area in Northeastern Thailand was improved by this
combination. OM of this soil at 0-30 cm depth was gradually increased.
Likewise, its available P increased from 5.5 mg/kg or app. 23 kg/ha (low) to
9.6 mg/kg (rather low) or 40 kg/ha (if soil density is assumed to be 1.4 g/cm?).
Keophila et al (2013) found that soil density of paddy fields in an area in
Northeasten Thailand was reduced from 1.5 g/cm® to 1.2-1.3 g/cm?® after
incorporating soil with the left over straw for 8 months together with the adding
of chemical fertilizers. This combination increased the rice yield e.g. from 1.8
tons/ha to 2.8-4.9 tons/ha in Khon Kaen Province (Keophila et al, 2013) and
from 1.2 tons/y.ha in year 1986 to 3.0 tons/y.ha in year 2000 in Toong Kula
Rong Hai area of Northeastern Thailand (DLD data reported by Intrawech and
Imsompooch, 2011). N and P from OM degradation are slowly released and
uptaken on time by plants before being leached away by water or trapped by
ion in soil. Organic N in soil is mineralized at approx. 60-70%. This amount is
ready to be uptaken by plants in the first few years. P efficiency for plant
uptake from OM e.g from manure is about 60-70% compared to approx. 20%
from chemical fertilizers (Shiga, 1997). 60-80% of the total P in manure is
already available for plants within 1 year, compared to 20-38% of available P
from chemical fertilizers (Rehm et al, 2002).

In 2010, DLD promoted organic fertilizers in order to increase OM and reduce
chemical fertilizers used by farmers (Banmeung, 2010). Therefore, the trend
of using organic fertilizers in Thailand has increased
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Chapter 3
Methodology

3.1. Definition of an exemplary small-scale Thai farm system

The descriptions of the farmer’s farm management and of his household are
collected from available statistics and literature reviews as well as by personal
interviews of 50 farmer households (HH), the data of which can be used only
as auxiliary data as the farmer’s interviews were not consistent.

From the interviews, farmers cultivate rice twice a year. They rent both
labourers and machines for cultivating and again for harvesting. Herbicides or
Pesticides are used only if really needed. Rice straw is partly collected for
feeding cattle while tethered at home, especially during the dry season. The
remaining is left on the soil together with rice stubble followed by tillage to
prepare the soil for the next cultivation. Only few farmers are willing to confirm
that they burn straw to remove this waste. Farmers also sell straw for baling if
a professional baler comes on-site. Farmers do tillage the remaining straw
and stubble that are left over on the field and use e.g. Urea (46-0-0) and
Ammophos (16-20-0) as chemical fertilizers alongside manure as organic
fertilizer. Most of small farms buy cattle to be raised for meat production from
4 months to 1 year, then resell it as live-cow to dealers who come to buy on-
site. Small farm holders traditionally managed livestock production by
tethering the cattle in small plots nearby their house or paddy field. Other
animals raised in their farms are buffaloes, pigs, chicken, ducks, fish
depending on the household. Some farmers also cultivate other crops for
either HH consumption or for trading. The water resource on the farm come
from rain and irrigation, as well as wells next to their house. Most of them
have a pond fed by canal water . Water from the pond is a back up for farm
and household consumption . Sometimes, farmers catch wild fish for their own
consumption.

They earn income from selling paddy grain, cattle and other animals they
raise. Some household also get income from selling products they picked in
the forest.

Referring to the statistic data of the Office of Agriculture Economics (OAE)
Thailand for 2011, the average size of small farms was 4.0 ha. 52% of these
farms were cultivating rice on 75% of the farm area (3.0 ha). The net annual
income of farmers in 2011 from agriculture was 1900 USD/HH, i.e. 37% of
their total income (5200 USD/HH).
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3200 kg paddy grain/y.ha harvested area were produced. 73% of their
ruminant livestock was cattle for meat production. The average number of
Cattle was 1.0/HH. Market price of a live-cow Fresh Weight (FW) was 1900
USD/tons. The market prices of urea and Ammophos fertilizer were 0.50
USD/kg and 0.52 USD/kg.

Meanwhile, the data from the Department of Pollution Control (PCD) Thailand
in 2009 showed that water consumption for rice cultivation was 13000
m?/y.ha. The farms’ wash out contaminated with herbicides and pesticides
was on average 0.000046 kg/y.ha, which DPC counted as 0 kg/ha.

The general concept of an exemplary small farm system, concluded from
statistic data and interviewing, is shown in Fig. 3.1. The process straw
production and management in the red box consists of straw production and
management (RSM) by feeding cattle and collecting its manure, trading straw,
eliminating it by burning on-site, including leaving the remaining straw on the
field. This system is the present situation of RSM focused on in this study.
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Fig. 3.1. General description of an exemplary small Thai farm for rice
cultivation in 2011
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3.2. Developing a Rice Straw Management (RSM) model

3.2.1. Concept for studying a RSM model

In this study, RSM is modeled by using STAN software. The RSM model
should be consistent with RSM regular practice in order to reduce data
differences thereby allowing comparisons with other years.

The concept for studying a RSM model is to simulate the behavior of a RSM
unit on an exemplary farm, in order to observe how much resources are
needed to produce and manage rice straw as well as how much waste and
pollution is emitted by this management. From this study, the change of
substrates, products, pollutants, substances (C, N, P) and profits by RSM
should be better understood. The results from the model can show
weaknesses and strengths of the RSM system in terms of environment,
resource efficiency, and economic profits.

The meaning of straw in this study are the dry stalks from rice cultivation, cut
over the ground and partly taken away from the field after harvesting.

Stoichiometries and mass ratios are used for defining mass balance
equations in the RSM model. The main emphasis is only on the straw flow
and its dynamics in order to reduce the complexity of the model by eliminating
unnecessary flows.

Based on stoichiometry and mass ratios under status Quo as well as under
each scenario, complete balance equations are developed at every level:
goods (Dry Weight, DW), substances, and economics. An example of a
process equation is described as follows:

aA+ bB ------ > cC+ dD+AA +AB
or A+ B = cC +dD +AA +AB
where A, B = substrate A and B input for the reaction
C, D = product C and D output from the reaction
AA,AB = stock of A and B remaining from the reaction

Unknown values are calculated via the defined mass ratios and mass fraction.
In this study, the mass ratio of any output flow/total input flow is called
"Transfer coefficient" (Ty/). It shows the mass proportion of the mass from the
input flow A distributed to the output flow D.

Do = Toia. A

Another mass ratio defined in this study is called "Conversion coefficient” (M).
It is defined as a mass ratio of any 2 focal flows e.g. mass ratio of 2 input
flows (A/B), mass ratio of 2 output flows (C/D), or mass ratio of an input flow
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and an output flow (A/D). This coefficient is defined together with the
additional relation when the relation is needed for STAN to calculate an
unknown variable.

For example, M helps software STAN to calculate the unknown flows when
the transfer coefficient of some unknown substances e.g. O, H, etc., which are
not the focal substance and their mass fraction cannot be defined by any
substance layer. In this case, STAN needs additional relations, sufficient for
calculating unknown values.

This coefficient is also used for calculating processes with a stock for which a
transfer coefficient cannot be defined in STAN as it also needs the additional
relations for this mass ratio to be defined. Furthermore, this mass ratio also
simplifies STAN's work by using this mass ratio from the balance equations to
calculate directly instead of by defining elemental distribution in the
subsystem.

Some equations with concepts of M are demonstrated as follows:

Ai = Marc.Co

Ai = Map.B;
"Mass Fraction (Fy)" is defined as a ratio of material content (x) in compound
(A), as shown in the equation below:

X =Fy.A

Price (PA) and cost (C,) factors, defined as price or cost of A per mass unit.
Price of A is calculated from weight of A (Ma) as shown below:
PA = PA. MA
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3.2.2. Tool to study RSM

Material Flow Analysis (MFA) is a tool to analyze straw dynamics while
Substance Flow Analysis (SFA) is another tool to analyze substance
dynamics in the RSM. In addition, economic Analysis (EA) is a tool to analyze
economic profits of the system. All flow analysis are used for evaluating and
comparing material, elemental, and economic differences of RSM in the
improved Scenarios with "Status Quo" .

System boundaries are defined in terms of spatial and temporal boundaries.
Spatial boundary is 1 ha of farm space over the ground for RSM. The
temporal boundary of the system is 1 year of regular RSM practice. The input
flows are substrates for producing and utilizing straw as well as RSM
residues. The output flows are traded products and wastes from farm emitted
to the environment.

In MFA , SFA and EA, the Data input into the system is straw in order to
calculate the remaining data in the systems from straw production until
utilization. Other inputs are only used for completing straw production and
conversion regarding its chemical and biochemical reactions The Data
Outputs are the changes of products from RSM e.g. Weight gain of Protein in
Livestock, waste converted from straw burning and from straw utilization, as
well as economic profits as money. In EA, data input of the system is any
operational cost and data output is the economic profit in terms of money.

To simplify the model which is focusing only on straw dynamics, any process
required for RSM is located within the system boundary and named "System
Process". The complex processes for collecting the export flows from the
systems are outside of the system boundary, named "Environmental
Subsystems". These subsystems, i.a. "Pedosphere and Hydrosphere" as well
as "Atmosphere" are the natural sinks of straw and its related substances
emitted to the environment. Including all of them in the boundary would make
the system too complex.

3.3. Data selection and uncertainty

The main data used in this study are secondary data. Secondary data
reported by reliable organizations such as IPCC, FAO, OAE, DPC,
Department of Livestock Development (Thailand), and scientific literature
cited are used for establishing a data base for modeling small farms in
Thailand including data calculations. Data used for calculation is country or
locally specific data in order to avoid any uncertainty concerning i.a.
environment, climate, geography, methods, etc, unless it either does not exist
or it is too varied. In that case, default or universal data from international
organizations is chosen. Primary data from laboratory analysis is also used
where no secondary data exists.

Statistic data sets on rice cultivation in Thailand in 2011 are chosen as they
are the most complete to calculate rice straw and general characteristics of
small farms. Therefore, other data e.g. pollutant emissions, monetary costs
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and value, etc., are also chosen from the same year. If they do not exist,
those from a similar year are chosen. The lists of data chosen in this study are
collected in Annex.

The uncertainty from primary data is defined at 10%. Due to the unavailability
of uncertainty data of secondary data, the uncertainty of input data referring to
similar conditions in this study e.g. similar type of plants, animal, methods,
climate, etc is set at 20%, based on the guidelines of IPCC (2006) for
national data, population data, and estimated data on digestibility. The
uncertainty from universal or default data is assumed to be 30%. The
uncertainty of N,O and PM emissions in this study are assumed to be 100%,
based on their large uncertainty, according to IPCC (2006).

3.4. Analysing and Evaluating of the model

The software STAN is chosen for drafting the model for calculating the
material flows and stocks in MFA, substance flows and stocks in Substance
Flow Analysis (SFA), and economic profits in Economic Analysis (EA).
Selected data and uncertainty are added into the drafted model in STAN to
allow the software to calculate the results. Values are reported in 2 significant
decimals. In addition to STAN, Excel has been used for additional calculations
as well as for drawing graphs of results.

The quantitative results from Status Quo and the scenarios are taken to
evaluate the impacts on the environment, resource efficiency, and economic
profits by the indicators mentioned in Table 3.1 below in order to assess
effectiveness of the measures taken.

Table 3.1. Indicators to assess the effectiveness of Scenarios compared with
Status Quo

Evaluation of Indicators Units

the impacts on

Environment The emissions of CO.e, CO, kgly.ha
Particulate Matter (PM)

Resource The distribution of substances from | % distribution of

management total substances input for straw substances to RSM
production and utilization in the products from total
RSM products input

Economic Profit | The farm's income from straw USD/y.ha
utilization
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3.5. Quantification of Status Quo

3.5.1. Concept for developing the model "Status Quo"

The concept for developing the model "Status Quo" is to simulate the present
system of RSM on small Thai farms in order to quantify its impacts and
effectiveness by MFA. The equations in each process of "Status Quo"
represent the traditional management of straw i.a. straw production and
distribution, burning (RSOB), livestock production, manure collecting,
including chemical distribution for straw production. Cattle is the tool in the
process "livestock Digestion" for converting straw to end products.

The input flows in Status Quo are the substrates for straw production
including utilization of straw and RSM of residues e.g. CO;, chemical
fertilizers, substances from soil, etc. Nitrogen added for livestock production is
contained in naturally growing thus free plants. The chemical fertilizers Urea
(46-0-0) and Ammophos (16-20-0) are also added in this system in order to
complete the ratio of N and P that plants should absorb for straw production.

The output flows in this model are RSM products, residues, and waste from
the RSM system. Its products are livestock weight gain and traded straw. Its
residues and waste are i.a. left-over straw, manure, fertilizer residue released
to farm soil, and air pollutants. As all substrates and products are either
consumed or traded, they do not remain in the system, their stock in the
system is therefore defined as 0. Stocks from the environment, i.a. farm soil,
atmosphere, as well as undefined hydrosphere and pedosphere exist to
observe pollutants and substance accumulation.

All gases taken from/released to the environment have no micro-economic
costs. The secondary costs of rice production i.e. labour, plant hormones,
pesticides etc., are not included in the analysis because this study focuses
only on the RSM unit on farms. The other units in the same farm, especially
paddy grain production, will remain unchanged between Status Quo and the
improved scenarios. Therefore, secondary costs of both statuses are equal
and therefore irrelevant. In order to categorize the different flows in the
system, the colours of flows in MFA are defined for different meanings.
"Orange flows" mean flows of straw. "Grey flows" mean any flow of material or
substance to complete the system calculation. "Red flows"™ mean the flow of
pollutants. "Blue flows" mean the flow of products for trading. "Green flows"
are pure money flows for profits. "Pink flows" are money flows for costs. The
blue-box Processes are defined as subsystems with the internal processes in
order to calculate a series of equations.
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In order to calculate EA of RSM in STAN, the concept of material balance for
stock equation used in STAN has to be applied as an example:

Astock = import flow-export flow
To implement STAN for calculating money profits gained, import flows
(material costs) and export flows that pass the system boundary have to be

technically defined as minus. Cost and value of waste and residues are
defined as O.

Following the stock equation, the profit equation is as follows:
AProfit =(-cost of import materials)-(-market price of exported traded-products)
The profit's equation above can be rearranged to:

AProfit = Price value of export product - cost of import materials

Constant values, coefficients, and mass fraction for calculating processes in
Status Quo and in all scenarios are either calculated in this study or selected
from data, are listed in the annex. The concept of Status Quo is concluded in
Fig. 3.2.
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3.5.2. System development for "Status Quo"

3.5.2.1. System Process "Straw Production"

A certain amount of straw is converted from a certain amount of paddy grain
produced in 2011 according to the ratio of straw/grain (B) of Devandra (1985).
A complete set of data by Jenkins (2003) is selected. 91% of substances in
straw are converted to the elemental formula CHj 200 80No.015P0.0016- The
remaining contains other trace elements e.g. K, Na, Mg, Ca, S, etc. 17% of
substances in straw are mixed together in a complex way, e.g. straw ash.

The combination of photosynthetic equations and material balances in
stoichiometry is the key for calculating the material's proportions for straw
produced (stl1, as follows:

CO,+ 0.62H,0 + 0.015N +0.0016P+ ------------ >
CH1.200.80N0.015P0.0016 + 0.910;
where N, P= the additional nutrients absorbed by rice plants to produce straw

Other substances (Mss) in straw are calculated by subtraction of mass
balance equation in order to complete straw's molecular weight.

define Mx =Mass of substance X
Mc + Mo + My+Mn+ Mp +Mss = Msn

As the contents of available N and P existing in soil (Nss, Pss) are not
sufficient enough, N and P from fertilizers (N, Ps,) are added in order to
complete the nutrient requirements at the level of N and P composition in
straw. An example equation of N and P calculation is shown in the following
equation:

Nst1 = Nss +Ngy

3.5.2.2. System Process "Straw Distribution"

In this process, straw (stl) is used by traditional RSM as animal feed (sty), as
the residue for burning on-site (sts), as goods to be traded (tst) and as the left-
over straw on the paddy field (sts). The transfer coefficient for distributing
straw utilization (Tsws) in Thailand is concluded from the data done by
Questionnaire data of DEDE (2003) and from data from Satellite Imageries of
Choenchoklin et al (2010), compared with the data from interviewing. The
process equation is as follows:

Sty = sty +st3 + tSt+S;g
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3.5.2.3. System Process "RSOB" and its subsystem

Straw (st3) contains the combustible part (ste,) and non-combustible part or
residue from burning (Ryp).

st = Sty +Rp

By burning, various air pollutants (APp) e.g. CO,, CO, CH4, N2O, NO,, and
PM, are generated from the chemical reaction of the combustible part and
oxygen. Oxygen in this process oxidizes the combustible part (Oz,). The
residue from burning remains and accumulates in soil. This process is
concluded in Fig. 3.3. The process equation is as follows.

stz +Oyp = APy + Ry

where APp= COyp+ COp+CH4,+NO2,+N,Op+PM+o0thers
Import: 3 Import dStock: A Stock kg/a Export: 3 Export
: 02 to for burning
straw for et " i
! g combustion wi :
: burnin —.—> *“:)
: 4 02 Air potutants from ®
i combusible part burnlpg
residuesfrom >®

burnt straw

Fig. 3.3. Subsystem in process "RSOB"

Emission of major pollutants i.a. CO,, CO, CH4, N20O, NO,, and PM are
calculated, as well as the amounts of Oxygen needed for combustion.
Combustible factor (CFx) and emission factor (EFx) are selected from
experimental data of the same region from literature e.g. Kanokkanjana and
Gariviat (2013), Singh et al (2008), Oanh et al (2011), Christian et al (2003),
underpinned by default data from international organizations i.a. IPCC (2006).
For STAN calculation, the combustible factor is defined as a transfer
coefficient (Tswcwsts) iN STAN in order to calculate the amounts of the
combustible part of straw and its substances (st.,). The emission factor of
each air pollutant (Yp) is defined as a conversion factor calculated from
straw's combustible part (Mypsich) Or from straw (Mypssiz) by general mass ratio
equations mentioned in paragraph 3.2.
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3.5.2.4. System Process "Livestock Digestion"

Livestock in this process is defined as a cattle (CHg 4000.30No.25P0.0010) Owned
by farmer. Its molecular formula is defined from data by IPCC (2000) and by
Stewart (2013). In this process, cattle converts straw into different products.
As straw has not enough N for cattle, supplement N from free wild plants is
added into the process in order to fulfill the N requirements of the cattle. In
Cattle's digestive system, fed straw (st,) is digested, catabolized aerobically
by cattle's respiration as well as through anaerobic fermentation by the rumen
bacteria. From these processes, chemical energy of straw, substances from
straw as well as O, (Ozs) and the free N-source (Ngs) are distributed into
different products. Substances and energy together forms new products i.a.
Cattle tissue (LSwg), methane (CH4;s), Carbondioxide (CO2s) and other gases
from catabolism (Gis), €.9g. H2O. The remaining is secreted out as waste,
called manure. In this study, manure (M) is the combination of cow's faeces
and urine. The livestock in this process is raised by the farmer for only 4
months to 1 year, then sold to traders. Therefore, weight gain of the stock
(ALSwg) is defined as 0. To simplify the model and delete unnecessary flows,
livestock weight gain is only a focal point to identify how much straw can be
converted while livestock's input has the same composition and cost of its live
weight. Therefore, livestock's input is not calculated. The process equation is
as follows:

Sta + Ogs + Nais = LSwg + CHys + COgzs + Gisc +Mis

The energy distribution from feed consumption by cow from birth to maturity
concluded by Weiss (2007) is an estimation to find the proportion of straw
dynamics in the digestion process in order to calculate the changes in this
complex biochemical process. Straw for livestock (sty) is defined as the only
focal substrate for energy disbution. In this process, the chemical energy is
divided in several parts, i.a. as tissue energy in livestock’s tissue (LSyg), as
gas energy in CH, (CHys) converted by methanogenic bacteria in the cattle's
rumen, as heat energy generated together with CO, (COys) from cattle's
respiration and catabolism to produce its energy for daily activities, and as
manure energy in manure (M;s). The distribution of chemical energy in straw is
concluded in the following equation.

energy in straw fed = tissue energy + gas energy + heat + manure energy

The equation above is equivalent to the same proportion of Carbon
distribution from straw by digestion as C is the only substance distributed from
straw to every product mentioned in the energy distribution. With C balance,
the mass of remaining materials and substances for this process can be
calculated from the process equation. Mass balance of C is as follows:

Cst2 = Ciswg + Cchaist Ceo2is +Cwis
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Not only energy ratios are used as a conversion factor for calculating C
dynamics in the process, but also the conversion factor O, is calculated from
the mass stoichiometry of cattle's respiration. This stoichiometry is based on
catabolism of straw into CO,, H,O, NH,", and P in various forms, as follows:

CH1 500.80No0.015P0.0010 + 0.8905------- > CO, + 0.58H,0 + 0015NH4++00010P

3.5.2.5. System Process "Manure Storage"

In traditional RSM, farmers collect livestock's manure (Ms), leaving it outside
until it dries. Afterwards, the dry manure is piled or filled into a big bag and
kept for using as a whole as fertilizer (Ms) for the upcoming cultivating
season, i.e. for 4-6 months. Therefore, the manure stock (AMSs) is defined as
0. In the drying process, total N loss from manure (N;) is mainly NH3-N to
atmosphere by ammonia evaporation including N>O which is only 1% of this
total N loss. CHs (CHgm) is also emitted from kept manure via microbial
fermentation. The process equation is concluded as follows:

Mis = Nim + CHam + Ms

The N loss varies because of different methods of collecting and storing.The
amounts of N loss (Njn) relate to the remaining N in manure after the
evaporation (nitrogen effectiveness, Enwmis), base on a report data by FAO
(2001). Its transfer coefficient (Tnimmis) is calculated as follows:

Tamis = 1-Enmis

Transfer coefficient of Methane (Tcuam) is calculated from the equation and
constant value of CH4 emissions according to IPCC (2000) in order to change
the measuring unit of methane from “total volume” to “mass ratio”, as follows:

TcHam = Dcha.( Boa. Cysm.MCF.MS)

Where Dcrs = density of methane (kg/m?)
Cvsm = mass fraction total volatile solid in dry manure (kgVS/kgMs)
Boa = Biodegradability of manure in Asia (m*CHa/kg VS)
MCF = methane conversion factor in warm climate and dry lot
MS = manure usage's ratio

The value of the specific parameters in the equation above is selected under

the condition of low cost management in a warm climate. MS in this process is
defined as 1 because the farmer uses 100% of the manure in this practice.
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3.5.2.6. System process "Chemical Distribution" and its subsystem

In addition of available phosphorus and nitrogen in the soil (Nss, Pss) for
plants to produce straw during rice cultivation, the farmers have to add
chemical fertilizers (Fy) in order to supply all nutrients that plants need.
Fertilizer absorption by plants is not 100% due to physical phenomena in
nature. Therefore, only certain amounts of N and P (N, and Py) can be used
by plants. The residue fertilizers (RFs) accumulate in the environment e.g.
soil, water. The process equation is concluded as follows:

Fa = Nt+ Pry + RFs

As Urea (F,;) and Ammophos (Fan) are the most common fertilizers the
farmers use for rice cultivation, Ammophos is the inorganic N and inorganic P
source in this study, while Urea is the main inorganic N source farmers use for
providing N for plants. N that plants use can be concluded as follows:

Nty = Nam +Ny

N and P from soil are defined as the first source of plant nutrients in this
study. The values phosphorus and Nitrogen from chemical fertilizers added
are base on data of Rehm et al (2002) and Ongprasert (2004). These values
are used as conversion factors (Mpfypram and Myunrur) for calculating the
amounts of N and P added from each fertilizers (Ng,r and Pam).

Nrur =Mnwnrur - Ny

Pam = Mptwpram. Ptu

Subsystem of this process is shown in Fig. 3.4.
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3.5.2.7.System process "Trade&Profit" and its subsystem

This subsystem is a system process within the system boundary containing
internal processes: Trading processes, and Money Profits. (Fig. 3.5). As all
purchases and profits by farmers are done at the farm, this subsystem
remains in the system boundary. The goods from the RSM: trade straw (tst)
and livestock weight gain (LSyg) are traded at the market price of goods.
Traded straw is sold to traders who purchase unbale straw at the farm and
bale it on-site with their own machinery. Livestock traders also come to
purchase the cattle from the farmers on-site. Both goods i.a. trade straw
market price (tstyk) and livestock market price (LSn«) are exported to traders
while the pure money flows(Ps, P.s) from both trading processes are
calculated for the total profit.

As all goods produced from the system are calculated as goods dry weight, all
market prices are converted from Live weight Price (P.w), as follows:

Ppwx = Pwx . 100

%DWx
Import: 3 Import dStock: A Stock USD/a Export: ¥ Export
____________________________________________________________________ 5
straw trading tstmk . @
trade straw straw market !
profit from straw Money Profit
0
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livestock trading LSmk T =@
LS weighjt gain livestock market L

Fig. 3.5. Subsystem in process "Trade&Profit"

3.5.2.8. Environmental Subsystem "Pedosphere and Hydrosphere"

This process is defined as 3 natural sinks i.e. farm soil, undefined location of
hydrosphere, as well as undefined location of pedosphere, for the exported
materials from RSM. The process boundary of this subsystem extends from
the soil surface of farm soil to the underground water, including the water
body of hydrosphere receiving water flowing through the RSM system and
undefined pedosphere and hydrosphere containing the substances deposed
from the atmosphere.
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The focal output data are the quantitative changes of substances in the soll
and hydrosphere sinks in order to observe the substance's dynamics.
Unfortunately, the existing and updated data of C, N, and P in soil from paddy
fields and water in Thailand are not complete. These data are therefore not
chosen for STAN calculation. Thus, the values of substance stocks in this
subsystem are defined as 0 in other to reduce error warning from STAN. In
any event, Material dynamics from every year are assumed to be the same.

In this subsystem (Fig. 3.6), all substances flowing into the soil are from left-
over straw (sts) as well as the residues from burning (Ry), unavailable parts of
chemical fertilizers (Rfs), the manure as organic fertilizer (Ms), PM deposed
from atmosphere (PMgy), including N deposed from atmosphere by rain (RN,).
The output flows are mixed substances for plants absorbed during straw
production (Ss), N loss to atmosphere (Nsg), and CO, and CH4 from organic
decomposition (CO,s and CHygs). In this study, all substances deposed from
the atmosphere are defined to be only accumulated in undefined pedosphere
and hydrosphere but not counted for rice straw production due to their
unpredictable locations.
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Fig. 3.6. Environmental subsystem "Pedosphere and Hydrosphere"
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During the cultivating stage, farmers flood the paddy field in order to cultivate
the rice which induces an anaerobic condition in soil. The fermentation by soil
microorganisms decompose organic matter. Organic C is converted into CO>
and CH, (CHys). Farmers drain the water at the end of cultivation and harvest
the paddy grain. The soil is left dry until the next round of cultivation. At this
stage, the aerobic respiration in soil produces CO,. CO, from soil (COys)
comes not only from organic decomposition, but also from demineralization of
urea fertilizer (Crrs). The remaining C mainly accumulates in farm soil (ACso)
and is partly leached to end up at undefined location in the hydrosphere
(ACup). The balance of C in soil is as follows:

Csts TCrb+ Cmis +Crts +Cpmd = Ccozs +Cchias + ACso +ACHp

Parts of N emitted into farm soil are decomposed or mineralized in soil then
converted to ON. Afterwards, it is slowly released and adsorbed by plants
(Nss). Some of N is volatized into the atmosphere via denitrification in soll
(Nsa). N is also partly leached by water and accumulated in undefined
locations in the hydrosphere (ANup) while the deposed N and PM also
accumulates in undefined locations of the hydrophere and pedosphere
(ANpp). The remaining N is accumulated in soil sink (ANsp). N balance in soil
is as follows:

Nsts +Nrb +Nmis ¥Nrist Npma #Nrna = Nss + Nsa +ANs + ANpp+ANpp

Part of P emitted into farm soil are mineralized in soil then partly converted to
OP which is then slowly released and adsorbed by plants (Pss). Some of it
binds with soil ion. P is also partly removed by water and accumulated in
undefined location in hydrosphere (APyp) while the deposed P from PM also
accumulated in undefined hydrophere and pedosphere (APpp). The remaining
P is accumulated in soil sink (APsp). N balance in soil is as follows:

Psts + Pro +Pwmis +Pris + Ppma = Pss +APso + APpp + APpp

The conversion factors for this process are developed from the references in
annex e.g. the experimental data in Thailand from Thammasom et al (2013),
Phaoseeha and Pengdhammakitti (2011), DPC Thailand (2011), as well as
literature data from Lory et al (2007), Rehm et al (2002), and IPCC (2006).
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3.5.2.9. Environment Subsystem "Atmosphere"

This subsystem is defined as a sink of the air pollutants emitted from RSOB
(Ap), from other processes in the system, e.g. Livestock digestion (Is), from
manure collecting (M;s), as well as from soil (S). It also provides CO,, for straw
production as well as O, for RSOB and for livestock digestion in the RSM
system. The total emissions of the main pollutants into the atmosphere sink
are evaluated. The transfer cofficients and converstion factors in this
subsystem are from IPCC (2006).

total GHG are quantified total emissions of each GHG from the system i.e.
CO; (CO2i), CHs (CHam) and and N2O (N2O:w), multiplied by its default
conversion factors, as follows:

GHG = COyta + 21CHyta + 310N2044

where CO2i3 = COxpp +COg5 + COog
CHata = CHaap +CHa s +CHs

N2O in Status Quo is released mainly from RSOB (Nap). Few amounts of this
gas are also emitted from total volatile N (Ns) from manure (Ni,) and from soil
(Nsa). The equation is concluded as follows:

N20+a = Nap + N2Os

where N nzos = 0.01 (Nsa+Nim)

In this study, PM is defined as PM,sto PM3p. PM and CO are only emitted via
RSOB, therefore,

COia = COpp and PMiz = PMap

CH4, CO, and N,O are accumulated in the atmosphere, while CO; is
assimilated back by photosynthesis. All of N from NO, of RSOB (Nno2b), and
remaining volatile N (RNs) are deposed back to undefined locations of the
pedosphere and hydrosphere (Rya). Therefore,

PMAb = PMd

Rna = Nno2b +(NsatNim)- Nn2os

This subsystem is shown in Fig.3.7.
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3.6. Scenario Analysis

3.6.1. Goal of scenario analysis

As RSOB process in "Status Quo" emits air pollutants to the atmosphere
affecting human health and the environment on top of the problem of losing
nutrients from the paddy field, replacing RSOB with other proper technologies
should contribute solutions for the above issues.

As mentioned before, income is the main motivating factor for mainly
uneducated farmers to utilize straw instead of burning it via RSOB, the
alternative methods replacing RSOB should increase the HH's economic
benefits from better resource efficiency. Furthermore, it should reduce
environmental problem causes by RSOB. At the same time, it should be
easily handled and less labour intensive to avoid complications from the lack
of knowledge especially of farmers and their families. Therefore The concept
of selected technology is "Simplicity - Higher income - Lower emissions"

Each single product from straw i.a. food, feedstock, energy, or construction
material are analysed and evaluated in each scenario the approaches
implemented according to the concepts above.

The results of each scenario analysis shows the effectiveness in terms of the
environment, resource management, including farm economics. The
technologies and results from scenario analysis are subsequently combined
in a single optimized scenario to propose an optimal solution.

3.6.2. Developing of scenarios

To analyze the behavior of the system under alternative technologies, several
scenario analysis are implemented. RSOB in Status Quo's system is the only
process to be replaced with alternative processes created from each single
technology to produce its product directly from straw usually burnt by RSOB
process (Sp). 4 new scenarios are studied, i.e. scenario food producing
mushroom, scenario fodder to produce feedstock, scenario energy to
produce biogas, as well as scenario construction to produce straw brick,
respectively. With scenario analysis, the effectiveness of using new processes
in the system is compared.

In every improved scenario, utilized straw i.a. for trading, straw for livestock
feeding, including straw otherwise burnt is baled by farmers before utilizing in
order to be kept properly before utilizing or trading.

Most of the equations in each process of "Status Quo" except RSOB are the
same to make the system behavior in the different improved scenarios
comparable. The equations for the baling process, mushroom cultivation,
straw treatment as feedstock, biogas digestor, including straw-brick
production therefore take into account the additional treatment as opposed to
traditional straw handling. MFA, SFA, and EA are studied. Data input as well
as temporal and spatial system boundaries of scenario analysis are still same
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as those in Status Quo. For EA, Nitrogen added for livestock and mushroom
production is contained in naturally growing thus cost free plants. The
economic benefits stemmed both from direct incomes by trading products and
from indirect incomes from money savings as farmers would use their own
product e.g. biogas instead of buying LPG. Besides, any additional costs for
the improved scenarios from traditional management are calculated, e.g. fuel,
labour, etc. On an assumption that there should be no heavy machinery costs
for the farmers as all heavy machines used in the improved Scenarios should
be bought by a village fund supported from the government if available, and
then owned by the farmer's community which lends them to the farmers when
needed.

The output flows as the indicators for scenario analysis are same as those for
Status Quo, as mentioned in paragraph 3.4.

In scenario analysis, the substances analysis of materials and waste from
construction and operation e.g. container waste from mushroom, concrete for
construction, fuel, etc., are not counted as they are not involved directly in
substance dynamics of straw utilization (the focal flows). At the same time,
they vary depending on farmers choices and there is no data available either.
Their amount of material for construction and operation is used only for
calculating the operation cost while fuel amount is used for calculating cost
and only CO, emission due to the reasons mentioned above.
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3.6.2.1. Scenario A "Food"

This scenario gives the advantage to the farmers to generate supplementary
income from trading mushroom under high demand in the market.
Furthermore, it can be the a supplement food source for their family.

A) System Process "Baling" and its subsystem

As baling is the first step, diesel oil is used for the baling process. Total cost
for baled straw (Cogpa) in this process is the cost from straw production i.a.
fertilizers (Cost1) and baling cost (Copast), i.€. 4 labourers for 1 day as well as
material costs. The equation of baling costs is concluded as follows.

COstha = COst1 + COpast

CO; is the main pollutant from its combustion. Its emission is therefore
calculated from C oxidized from oil (Co1). The equations for CO, emission and
costs are as follows.

Cco2 = Coit. Tecozicoil

All coefficients for mass and costs of straw baling are from an experiment in
Thailand of Chinawerooch et al (2014) while the composition of diesel and
CO, emissions are from US-EPA (2005). PM and other pollutants from diesel
combustion are not calculated as they are not from direct straw utilization. At
the same time, it depends on the diesel and engine type for which precise
data do not exist.

This subsystem is concluded in Fig. 3.8.
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Fig. 3.8. Subsystem Process "Baling"
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B) System Process "Mushroom Cultivation"

Straw Mushroom (Volvariella sp. with C 27%, N 4.4%, and P 0.84% DW)
cultivation is the process in "Scenario Food" as the only direct food-production
from straw. By "basket cultivation” for 14 days/crop, the farmers can harvest
mushroom with neither sophistication nor intensive handling. Mushroom is
chosen because of a good and constant market value due to permanently
high demand on the domestic and export markets.

Mushroom spawn (SPn,) consumes substances in straw (stz) to form
mushroom's Tissue. Flour (Fl) is added in a small amount in order to supply
C source for its growth at the initial stage. Spent Mushroom Substrate (SMS)
and other gases from catabolism (COzmy and H2Op) as well as CH4 (CHamy)
from straw fermentation by existing natural flora are process residues.

N from Nitrogen sources for mushroom production is the only focal substance.
N choices depend on individual decisions by farmers which can be used
without costs e.g. from agricultural waste or street plants. It is added in order
to control C:N appropriately for mushroom growing. Carbon in supplement
food is not calculated as different supplement foods contain various amount of
carbon. The model for Scenario food is shown in Fig. 3.9.

The materials utilized, including products and waste from mushroom
cultivation are concluded in the concept equation below.

St3+ Spmu+02mu+Nmu+F| = MU+SMS+CH4mu+C02mu+HZOmU

Due to heavy duty permanent use, the mushroom basket (Bmy) and its plastic
cover (Pln), will last for max. 1 year. Therefore, Waste from operating
mushroom cultivation (W¢m) is concluded below.

Wem = Bmu + Pl

The coefficient of each material is calculated from laboratory analysis and
balancing equations at the level of goods and substances, as well as data for
CH4 emissions, as shown in Annex. e.g. experimental data from Lardmahalab
(2010), report data from Landschoot and Mcnitt (2015) and Truc et al (2013).

The costs in this mushroom cultivation are only the material costs for
mushroom and for the operation i.e. baskets and plastic covers, since the
farmers and HH members can cultivate the mushrooms by themselves. The
costs for materials are listed in Annex. To provide enough containers for the
amount of straw used for 1 year, 12 baskets are used for 2 weeks of
cultivation cycle. The costs from every year are the same. Therefore:

Total costs = material costs for cultivation + material costs for operation
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3.6.2.2. Scenario B "Fodder"

In Scenario Fodder, baled straw was treated by Urea (Ug) and lime (CaO) before
feeding the cattle. This treatment improves the percentage of N as well as straw's
digestibility. The advantage of this scenario is the convenience to feed the cattle at
home instead of tethering them around as the cattle can gain weight from straw.
Furthermore, farmers can collect the more manure easily for further.

In order to fulfil the task of this scenario, subsystem process "Chemical distribution"
and process "Livestock Digestion" are changed as follows:

A) System Process "Chemical Distribution" and its subsystem

U-lime unit is added in this existing process from Status Quo as the U-lime treatment
also consumes Urea (Ug) for improving the straw quality on top of the urea normally
used as fertilizer for straw production (Np). Part of NH sfrom U-lime treatment is lost
to Atmosphere by volatization (Ny,) while the remaining substances (Uis) from urea
and CaO from the treatment is mixed with treated straw for feeding cattle.

In order to operate U-lime treatment, 2 concrete pits (Ct;) are constructed in order to
treat U lime straw for 3 weeks in parallel. Their size and construction materials
needed are based on the model proposed by Suranaree University of Technology
(2015). The life-time of these pits is estimated to 10 years. The removable plastic
cover (Ctp) holding NH3z from ureolysis needs to be changed yearly as it will be
broken from handling after some time.

The additional equations of material utilized for U-lime treatment are as follows:

Cal +Ug = Uis +Niy
N balance from urea used is concluded in the following equation.
Nror - = Nup +Nust

The pit construction needs 2 labourers (Lb). Afterwards, HH members can do the
treatment and feed straw to livestock daily by themselves.

The equation of materials spent at the first year of operating U-lime treatment is as
follows:

th + Ctp = Ath + Ctp

Average yearly cost (Co,) for U-lime treatment is calculated from the following
equation.

Coy = (Cocic + Copp )+ Coust + Cocao
10

The conclusion of this process in scenario fodder is shown in Fig. 3.10.
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B) System Process "Livestock Digestion" and its subsystem

In this study, N from plants for livestock feeding is still defined as equal to status
Quo. The additional N for this process is from added urea (Fig. 3.11). Process
equation, based on that from livestock digestion in Status Quo, is as follows.

Sta + Nas + Ugt +O25s :I—Swg + COo+ CHs + Gisc + Mis
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Fig. 3.11. Subsystem of process "Livestock Digestion"

The additional coefficients used in this scenario are from the studies of Jayasuriya
and Pierce (1983), including Trac et al (2001), as listed in Annex. The model of this
scenario is shown in Fig. 3.12.
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3.6.2.3. Scenario C "Energy"

This scenario produces energy directly from baled straw by using cattle as a
pre-treatment unit to manure, the substrate for biogas production. C in cattle
manure is then converted to biogas, the energy product from the biogas
digestor. Biogas is a chosen product in Scenario Energy as an alternative HH
energy instead of LPG which are usually the main fuel cost for HH use. By
using biogas, farmers can reduce the cost of fuel consumption.

In order to reduce straw size, adjusting the C:N ratio to around 20:1, as well
as increasing the inoculum size of methanogen bacteria in order to improve
microbial reaction in the biogas digestor, cattle is used as a natural grinder
machine in this study as well as a pre-digestor to increase the inoculum's size.
Furthermore, it is used for digesting straw into more digestible intermediates
before fermentation in the biogas digestor. Although the cattle is another main
source of CHyg, this simple tool can reduce complexity, being therefore realistic
for the farmers to produce energy from small amounts of straw, while gaining
additional meat weight as another economic benefit of this scenario.

In this study, the digestor is the additional process for producing biogas from
cattle manure on top of scenario B "Fodder", as shown in Fig. 3.13. Biogas for
small-farm scale is produced in a plug-flow digestor made from a PVC bag
that DEDE (Thailand) developed from a Taiwanese model. This digestor is
chosen for farmers thanks to its easy installing, and low-costs. The basic
biogas reservoir is made from 2 plastic tanks, normally installed for small
farms and HH uses in rural areas, see the example model from DEDE
(Thailand). Manure is regularly fed as an input flow into the digestor. The
retention time for digesting manure in this digestor is 21-30 days. Biogas (Bg)
from and digestor slurry (Sb) are the outputs of this process. Biogas produced
relates to Biogas Yield (Yy,g) and the fraction of volatile solid (VS) in the
manure.

The process equation of the digestor is as follows.

Manure (M;s) = Biogas (Bg)+ digestor slurry (Sb)
Where Bg = Ypg. Dug. VS.Mls
and Dpgy  =Density of Biogas

Following the traditional RSM for manure collecting, the process is used for
drying slurry (Sfs) before collecting it as soil fertilizer. With this process, N
produced during fermentation is partly lost to the atmosphere (Ni), mainly
NH3-N.

N balance at process slurry drying is calculated from the equation below.

Nsp = Nsts + Nigi
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Total costs in this scenario are from constructing the biogas digestor and
installing the gas reservoir. The costs are from long term materials (LMgyq) for
2 concrete pits for manure slurry as the digestor's influent and effluent slurry
from digestor. The duration of the long term materials are defined as 10
years. The short term materials (SMqg), €.9. Plastic tube digestor, 2 plastic
tanks for the gas reservoir, as well as their accessories are defined to last for
5 years.

With this size of digestor, a laborer is employed for constructing the influent
and effluent pits (C.p1) as well as another one for constructing the plastic
digestor and gas reservoir (Cp2). Afterwards, HH members can operate the
system by themselves.

The average yearly cost for construction are calculated in the subsystem of
the process "biogas digestor”, as shown in Fig. 3.14.
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Fig. 3.14. Subsystem of Process "Biogas Digestor"

The equation of materials spent at the first year of operating the biogas
digestor unit is as follows:
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Average yearly cost (Coyqgg) for constructing the unit of biogas digestor is
calculated from the following equation.

Coydg = (CO 1dq+C0; 1) +(COsTdg +CO B2)
10 5

Economic profit is compared to the return value of biogas HH cooking (Rung)
or using in the farm instead of using LPG .It is calculated from conversion
factor of energy from biogas to LPG (Epgipc) and price of LPG (P.pg) as
follows:

Rwg = Ebgirc-PLrc

All parameters and coefficients for calculating in this scenario are based on
experimental data from Usack et al (2014) as well as reported data e.g. from
Joergensen et al (2009), Steffen et al (1995), as listed in the annex.

3.6.2.4. Scenario Construction

In Scenario Construction, straw brick, a light-weight brick, is produced as a
construction material either in small amounts when needed by the farmers
themselves or by using simple machines with labourers to produce bigger
amounts as this product can also be sold to the market. The advantages of
this scenario is not only to allow farmers to gain more income, but that straw
brick can trap the substances normally emitted by RSOB to environment.

Materials for producing straw brick (BRs;) are fine aggregate (Agr), coarse
aggregate (Agc), straw (sty) and cement Portland (cm). Minor part from the
production is residue (Wy). Mass equation of the process is as follows.

Agf + Agc + Stz +Cm = BRst + Wbr

number of straw bricks (NBr) = total mass of material in straw bricks (BRst)
mass straw brick 1 unit (my,)

The model of this scenario is shown in Fig. 3.15. Subsystem of process straw
brick is shown in Fig. 3.16.
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As the amounts of straw used as material for straw brick is huge, farmers
cannot produced all by themselves. In this study, the model for big scale
production is based on a data of Kamwangpruek (2011). Farmers employ
labourers and use a brick-producing machine with a capacity of 1000
bricks/day for the community. The number of days for brick production (Ty,) is
calculated from the following equation.

Number of days producing brick (Tyr)= total mass produced for brick (MTgg)
mass of 1 brick (myy) X machine capacity

Base on a data of small brick factory collected by Kamwangpruek (2011) to
produce straw brick from the big amounts of straw in this scenario, 2 skilful
brick makers (Lbs) are employed for chopping straw, mixing materials, and
producing bricks by machine. Their fee is calculated per brick per person (Fpm)
while other 2 daily labourers (Lbgy) are used for transferring the bricks to sun-
dry followed by collection. 1 truck (Cyy) is rented to transfer the machine and
products. Electricity costs for the brick machine is also counted (Cogy). The
costs from every year are the same as there is no construction unit. Total
costs for producing bricks (Coy,) are calculated as follows.

Copr = (2 Fom. BRst) + 2 (Cigdbr-Tor) + COgr +COgpy
Mp

All coefficient and conversion factors are e.g. from the study data of Allam et
al (2011), Kamwangpruek (2011), Srichana and Khwalamtarn (2012) as well
as data for material calculation from Council of Engineers (COE) Thailand,
(2010), as listed in the annex.

61



3.7. Designing an optimizing a scenario for straw utilization

3.7.1. Concept of an optimized scenario

An "Optimized Scenario" is designed to optimize a combination of
technologies from the improved scenarios above to optimize economic profit
while minimizing negative impacts on the environment as well as to avoid a
system failure and the economic risks from producing only a single product
from one scenario analysis.

Most of the equations in each process of "Status Quo" except RSOB are
equal to keep the system behavior in the optimized scenario unchanged.
MFA, SFA, and EA are studied under the same criteria of Status Quo and
Scenario analysis. The additional equations, materials input flows, output
flows as products and waste, costs, and profits stem from supplementary
processes from every scenario i.a. mushroom cultivation, straw treatment as
feedstock, biogas digestor, and straw-brick production.

Data input as well as temporal and spatial system boundaries of scenario
analysis are still equal to those in Status Quo. As the optimized scenario has
various processes for the farmer to handle, the amount of materials for
construction and operation of each unit are adjusted to the size of straw used
for the most effective production. Model effectiveness of the optimized
scenario is compared to that of Status Quo, by using the indicators
mentioned in paragraph 3.4.

The substance analysis of materials and waste from the construction and
operation in this scenario are not counted due to the same reasons as those
in scenario analysis.

The model of optimized scenario is shown in Fig. 3.17.
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3.7.2. Adjusting of the existing processes from Status Quo and improved
Scenarios

Following the criteria for realistic and effective production by unskilled farmers
as well as minimizing of costs, the proportion for using of straw normally burnt
by RSOB in Status Quo is used as different amount of substrates for the
following methods:

3.7.2.1. Producing 8 baskets of straw mushroom every 2 weeks

The material costs of the baskets for mushroom operation in this scenario is
reduced from 12 basket/y. to 8 baskets/year.

3.7.2.2. Producing 20 units of straw brick per year

Straw brick should be only minimally produced in order to avoid the risk from
labour cost which is the main cost of scenario construction. These amounts
are for HH and farm maintenances, and storing some as stock brick when
needed.

In this production scale, labour and electricity costs for straw brick production
is defined as 0 since small amounts of brick can be produced by manual brick
template and do not need skilful labour or daily labour. This process can be
completed in 1-2 days.

3.7.2.3. Producing U-lime straw for feeding cattle

As straw is divided for several uses, this unit is then smaller. Therefore, it
does not need the pits for administering the U-lime treatment as straw can
also be wrapped in plastic sheets as an alternative method suggested by the
Thai Ministry of Agriculture. Therefore, the cost for concrete and labour for
construction in the initial equation of that process are defined as 0.

3.7.2.4. Producing biogas from cattle manure

Referring to paragraph 3.7.2.3. above, the amount of manure from straw
digestion is also reduced. The total volume of the biogas digestor (Vi) is
calculated from the following values: the fraction of volatile solid (VS) in
manure (Mls) from cattle produced in 1 year, the dilution factor (dfys) of water
to dilute Volatile solid in manure slurry at 15-20%, density of manure slurry
(Dwmsi), fraction of Volume of manure slurry per total volume of digestor (Vms|),
as well as retention time (Rt) of manure slurry fermented in the digestor. The
equation is as follows.

Vbd = M|§. VS. dfm_gﬂ
365.DM3|. Vms|
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From the calculation, A suitable example for this size of production is a 200 |
plastic tank digestor, based on the models developed in Thailand and India
e.g. Panpradist and Ruenreungjai (2006) from Kasetsart University, Kerdme
et al (2012), Gupta et al (2012). The duration of these materials is defined as
5 years due to the plastic structure. The construction costs is based on
reports of the maximum costs of materials and labour to install the pilot model
at Council Song Peenong's community (2015), Thailand.

3.7.3. The additional Processes for optimized scenario

In order to optimize the scenario's effectiveness, system process
"Duckweeds" was added in this Scenario in order to trap volatile Nitrogen from
digestor slurry, followed by Tilapia fish in process "Tilapia" converting
substances in the duckweed into fish tissue hence reducing waste emissions
while growing fish.

3.7.3.1. System Process "Duckweeds" and its subsystem

Duckweeds (Lemma sp. C 37%, N 6.1%, P 1.4% DW) is used in this scenario
in order to fix NHs-N and P from Digestor slurry (Spg) into its tissue instead of
using algae for reduced risk of oxygen depletion in the pond as well as for
easier handling.

Duckweeds inoculum (Dui) which is added into the pond converts C from CO
by photosynthesis, as well as N , P, and other substances from digestor slurry
(Sbg) to produce its tissue (Du). Part of N is volatized from duckweeds pond
(Nlgy), while the remaining is still in the water and sediments of the ponds.
These remaining substances (ESq,) from digestor slurry in the water pond are
drained in order to clean the pond at the end of each cultivating year.
Sediments from the pond is put as fertilizers on the paddy field before the next
cultivation year. Therefore, the stock of substances in the pond is defined as
0. Retention time (Riy) for cultivating duckweeds is only 3 days before
harvesting. For daily harvesting, duckweeds in one third of the pond can be
harvested and allow the growth duckweeds in the remaining area to reach
maximum growth before harvesting.

Based on Photosynthesis reaction and material balances, process equation of
main substances and N balance for Process duckweeds (Du) is as follows:

COsqy +H2Oqy + Sbg +Dui =Du+ Nlgy, + ESqy + O
N distribution in this duckweed ponds is concluded as follows:
N sbgtNpui = Npy + Nigu + NEstau

The subsystem of this process is shown in Fig. 3.18.
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Fig. 3.18. Subsystem of Process "Duckweeds"

Pond's surface area at duckweeds' density 1 kg FW/m?, is calculated from
the yearly yield of duckweed DW (Du), and mass fraction of Duckweed DW
(DWdu). The equation is based on data of Leng (1999).

pond's surface area = Du. Rty
365.DWdu

From this small scale production, farmers and HH members do not need a big
pond. They can use existing ponds or setup a 10 cm to 1 m deep pond as well
as draining and cleaning the pond by themselves. Therefore, labour cost is 0.

Duckweeds vyields and coefficients using in this process are e.g. from the
experiment of Rodriguez and Preston (1996), Zimmo (2003) as well as the
report from Leng (1999), and Skillicorn et al (1993), as listed in the annex.

3.7.2.3. System Process SMS Distribution

As amounts of N, Proteins and enzymes in SMS have a potential for fish
feeding, SMS is used in this study as a supplement fodder for fish. The
amount of SMS as fodder, is based on the amount of OM and straw
recommended by the Department of Fisheries, Thailand (DOF, 2015), in order
to avoid too much straw substrate accumulation in the pond, as mentioned in
Chapter 2. The remaining SMS is used as soil fertilizer. Process equation is
as follows.

SMS+ = SMSy; + SMSgj

66



3.7.3.2. System Process "Tilapia" and its subsystem

The advantage of this additional process is increasing the capacity for
trapping organic C, N, and P from products and waste as fish feed, i.a. SMS
(SMS) and Duckweed (Du) by Tilapia (Ti). The Tilapia can also be for HH
consumption and sold under high market demand.

Base on N balance, Tilapia fingering (Ts) consumes part of N input into fish
tissue (Ti). Residues from fish consumption remain in the water and sediment
until the fish pond is drained to catch the fish with approx. 500 g FW and
clean the pond (ESyy). Some N is lost by N volatization. Water and sediment
are used on the farm soil in order to increase soil nutrients. The process
equation of Tilapia cultivation is as follows:

Total material input =T+ Du+ SMS = Ti +ES+; + COy + Ny

N from N-fixation in pond is not calculated in this process in order to observe
only the yield from only N of wastes produced by RSM. At the same time, data
on N balance of Tilapia fish and Tilapia growth from N-fixation is still unclear
or imprecise.

With N balance from the equation below, the yield of products and residues
from the process are calculated as follows

Nau + Nsms+ Tti = N1 + Nesgp + Ny

The subsystem of process Tilapia is shown in Fig. 3.19.
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Fig. 3.19. Subsystem of Process "Tilapia"
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Farmers can use existing ponds or adjust their size according to the number
of fish to cultivate, i.e. 1-3 fish/m? pond surface. Farmers need to employ 2
labourers only at the end of the year to harvest the fish and clean the pond for
the next round of cultivation. The amount of fuel consumed (Oti) for pumping
out the water from 1m depth- pond is calculated as follows:

Oti = Iﬂ . PUQED;
pr.PuCp.

where Ry, = ratio of number of fish per pond's surface area (fish unit/m?)
Doyi = fuel density (kg/dm®)
Tin = numbers of Tilapia in the pond
Puc, = Pumping capacity (m3/h)
Pues = fuel consumption rate of the pump (dm? diesel oil/h)

The calculation of CO, emission are same as that from baling process. PM
and other pollutants from diesel combustion are not calculated as mentioned
before that they are not from direct straw utilization. At the same time, it
depends on the diesel and engine type for which precise data do not exist.

Total cost for fish cultivation (Cor) in this process are the cost from fuel and

labourers (Lb). The equation the cost in this process is concluded as follows.
Cori = Coryi +Cogj + Coyp

Data for calculation as from references listed in Annex are e.g. the experiment

data from Mueller and Bauer (1996), Knud-Hansen et al, 1991, as well as the

guideline data from DOF Thailand.
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Chapter 4

Results and Discussion

4.1. Actual results of MFA for RSM on small farms in Thailand in 2011

4.1.1. Actual results from Status Quo from an exemplary farm

Based on MFA and EA of a traditionally managed farm in 2011 (Status Quo),
3200 kg of straw were produced per hectare of rice farm. With traditional
RSM, 27 kg DW or 110 kg FW of livestock were gained from 480 kg of straw.
45 kg of unbale straw was traded. In this traditional RSM, the most crucial as
environmentally and health damaging process is RSOB since the air
pollutants as well as 54% of total GHG and 85% of CO, emissions in this
system are generated by the 1500 kg of straw burnt in the field. The pollutants
emitted from RSOB are shown in Fig. 4.1. 90% of RSOB’s total emissions are
CO,. The incomplete combustion in this process also produces 5.5% CO,
0.60% CHyg4, and 0.55% PM. Few amounts of N,O and NO; are also generated
as well as other mixed gases and aerosols. Further investigation of these
mixtures would require more data for further qualitative and quantitative
identifications.

CO, 110

CH4, 12
PM, 11
NO2, 3.1
others, 94 N20, 0.091

Fig. 4.1. Pollutant emissions from RSOB in Status Quo
(kgly.ha)

The summary of material and substance dynamics from RSM in Status Quo is
concluded in Table 4.1.
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Table 4.1. Material and substance dynamics per ha from RSM in Status Quo
of an exemplary farm in 2011

Indicators Values Units
Total substances input for C 1300 kgly.ha.
straw utilization N 41 kgly.ha
P 8.5 kgly.ha
GHG emission 3800 kg COqely.ha

CO emission 110 kgly.ha.

PM emission 11 kgly.ha.

Substances exported to C 710 kgly.ha.
atmosphere N 15 kgly.ha.
P 0.65 kgly.ha.

Substances exported then C 56 kgly.ha
accumulate in hydrosphere N 9.9 kagly.ha
P 1.0 kagly.ha

Substances exported then C 510 kgly.ha
accumulate in farm soil N 2.8 kgly.ha
P 2.4 kgly.ha

Substances exported in C 34 kagly.ha
RSM products N 4.9 kagly.ha
P 0.12 kgly.ha
Economic profit 130 USDl/y.ha

Not only pollutants are generated by RSOB, but residues from the system i.a.
left over straw, manure as well as residues from fertilizers are also released to
the soil and do partly run off into the hydrosphere. Besides, CO, and CH, from
livestock digestion and soil decomposition are emitted to the atmosphere.
MFA, as shown in Fig. 4.2.

The substance flow analysis of C, N, P, and cost and profit for Status Quo are
shown in Fig. 4.3-4.6.
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From SFA, the distribution of C, N, and P from total input are explained as
follows:

2.6% of total C input from CO, and urea fertilizers are distributed to RSM
products. 54% of total C are emitted to the atmosphere, 80% of which are
from RSOB only. The remaining C emissions are from livestock digestion as
well as from straw decomposition in the rice field. C from manure and
fertilizers as well as few remaining amounts from RSOB accumulate in farm
soil and the hydrosphere, namely 39% and 4.3% respectively.

12% of total N from fertilizers, from plants in the livestock, as well as from soil
input into this system are accumulated in RSM products i.a. livestock weight
gain and traded straw. 38% of total N are lost to the atmosphere, 63% of
which are from RSOB. The remaining are from N volatization from waste and
soil decomposition. 0.78% of N lost to the atmosphere accumulate as N2O in
the atmosphere while most of volatile N is deposed back by precipitation to
undefined locations of the lithosphere and hydrosphere. The accumulation of
N in farm soil and hydrosphere for each year is 6.9% and 24% respectively.
The remaining amounts are recycled from soil as plant nutrients.

1.4% of total P input from fertilizers and soil into this system is used for
producing RSM products. 7.6% of total P are lost to the atmosphere by
RSOB, then deposed back to undefined locations in the lithosphere and
hydrosphere. P accumulated in farm soil is from the non-combustible parts of
RSOB as well as manure and left over straw. Total accumulations of P in farm
soil and the hydrosphere are 28% and 12%, respectively. The remaining
amounts of P are recycled from soil as plant nutrients.
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4.1.2. Scenario analysis per ha of improved RSM in a small farm

In all Scenarios below, CO;, N,O as well as total N from farm lost to the
atmosphere are reduced. N and P flows to the hydrosphere are reduced as
well. Furthermore, PM and CO as well as P emitted directly from straw to the
atmosphere are eliminated. Typical products for all scenarios are baled straw
and livestock weight gain in the same amounts as those from Status Quo.
Typical waste is left-over straw on the field including manure from livestock
digestion. The additional substrate materials, products and waste depend on
the process implemented in each scenario.

4.1.2.1. Scenario A “Food”

In this scenario (Fig. 4.7-4.10), the additional product is 24 kg DW or 240 kg
mushroom FW. Its Spent Mushroom Substrate (SMS) is added as soil
conditioner. Farmer’s profit is 570 USD/a. This scenario emits 95 kg CHg,
mainly from livestock production as well as 1000 kg CO, and 0.11 kg N.O.

The relevant data of pollutant emissions and substances accumulation are
concluded in Table 4.2.

Table 4.2. Material and substance dynamics per ha from RSM in Scenario A
"Food" of an exemplary farm in 2011

Indicators Values Units
Total substances input for C 1300 kgly.ha.
straw utilization N 40 kgly.ha
P 8.1 kgly.ha
GHG emission 3100 kg COqely.ha
CO emission 0 kgly.ha.
PM emission 0 kgly.ha.
Substances primarily C 350 kaly.ha.
exported to atmosphere N 7.2 kgly.ha.
P 0 kgly.ha.
Substances exported then C 87 kgly.ha
accumulate in hydrosphere N 6.5 kgly.ha
P 0.69 kgly.ha
Substances exported then C 820 kgly.ha
accumulate in farm soil N 3.6 kgly.ha
P 2.5 kgly.ha
Substances exported in C 41 kagly.ha
farm products N 6.0 kgly.ha
P 0.32 kgly.ha
Economic profit 570 USD/y.ha
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From SFA of scenario food, the distribution of C, N, and P from total input are
explained as follows:

3.1% of total C input from CO,, urea, and mushroom substrates for RSM
utilization are distributed to the scenario's products. In 1 year, 63% of the total
C input accumulate in soil. These percentages are from SMS, left-over straw,
manure, fertilizers, typical waste and residues (the same as those in Status
Quo). 6.6% of total C accumulate in the hydrosphere. 27% of C are emitted to
the atmosphere as CO, and CHy,.

15% of total N input from N sources for mushroom utilization, fertilizers, soil,
as well as N from plants for livestock feeding, are distributed in the scenario's
products. 18% of this total N are emitted to atmosphere via N volatization from
denitrification in soil. 1.0% of the volatized N remains in the atmosphere as
N.O while most of N is deposed back to undefined locations of the
pedosphere and hydrosphere. The yearly accumulations of N in farm soil and
hydrosphere are 9.0% and 16% of total N input, respectively. The remaining
are recycled as plant nutrients from soil after the decomposition of waste and
residues in soil.

Without losing any P to the atmosphere, 3.9% and 31% of total P input (8.1
kg) from P source for mushroom utilization, fertilizers and soil, are distributed
to the scenario's products and soil, respectively. 8.5% of P are lost into the
hydrosphere. The remaining P is recycled as plant nutrients from soil after the
RSM waste and residues are decomposed.
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4.1.2.2. Scenario B “Fodder”

In Scenario Fodder (Fig. 4.11 - 4.14), 83 kg DW out of 110 kg DW (440 kg
FW) of livestock are gained additionally from feeding livestock with straw
previously burnt in RSOB. Straw is treated by Urea and Lime before feeding.
The waste and residues are the same as in Status Quo. Farmer’s profit is 560
USD/a. This scenario emits 140 kg CH4 from livestock production as well as
1300 kg CO, and 0.20 kg N,O.

The relevant data of pollutant emissions and substances accumulation are
concluded in Table 4.3.

Table 4.3. Material and substance dynamics per ha from RSM in Scenario B
"Fodder" of an exemplary farm in 2011

Indicators Values Units
Total substances input for C 1300 kgly.ha.
straw utilization N 55 kgly.ha
P 8.1 kgly.ha
GHG emission 4300 kg COely.ha

CO emission 0 kgly.ha.

PM emission 0 kgly.ha.

Substances primarily C 480 kgly.ha.
exported to atmosphere N 13 kgly.ha.
P 0 kgly.ha.

Substances exported then C 67 kgly.ha
accumulate in hydrosphere N 8.8 kagly.ha
P 0.69 kgly.ha

Substances exported then C 680 kgly.ha
accumulated in farm soil N 3.2 kgly.ha
P 2.5 kgly.ha

Substances exported in C 84 kagly.ha
farm products N 19 kgly.ha
P 0.26 kgly.ha
Economic profit 560 USDl/y.ha
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From SFA of scenario fodder, the distribution of C, N, and P from total input
are explained as follows:

6.4% of total C input from CO, and urea are distributed to straw and RSM
products. 52% of total C accumulate in soil from decomposition of typical
waste and residues in 1 year (the same as those in Status Quo). 5.1%
accumulate in the hydrosphere. 36% are emitted to the atmosphere as CO,
and CHa.

35% of total N input from fertilizers, N from plants added for normal feedstock
as in Status Quo, as well as N from soil are distributed in the scenario's
products. 23% are emitted to atmosphere via N volatization from
denitrification of waste and residues released to soil as well as volatile N lost
from U-lime treatment. 1.0% of the volatized N remains as N;O in the
atmosphere while most of it is deposed back to undefined locations of the
pedosphere and hydrosphere. The yearly accumulations of N in farm soil and
hydrosphere in this condition of land use are 5.8% and 16% of total N input,
respectively. The remaining are recycled as plant nutrients from soil after the
decomposition of waste and residues in soil.

3.2% and 31% of total P input from fertilizers and soil are distributed to the
scenario's products and soil, respectively. 8.5% are lost into the hydrosphere.
The remaining are recycled as plant nutrients from soil after the RSM waste
and residues are decomposed.
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4.1.2.2. Scenario C “Energy”

In Scenario Energy (Fig. 4.15.- 4.18), not only the products mentioned in
Scenario Fodder, but also 190 kg of biogas are produced. The waste and
residue types are the slurry from the biogas digestor as well as residues from
left over straw and from fertilizers. Farmer’s profit is 580 USD/a from both
direct income from trading of RSM products as well as indirect economic
benefits to consume the self-produced biogas as HH energy instead of
purchasing LPG for the same calorific value. This scenario emits 130 kg CH,
from livestock production as well as 1300 kg CO, and 0.0.15 kg N.O.

The relevant data of pollutant emissions and substances accumulation are
concluded in Table 4.4.

Table 4.4. Material and substance dynamics per ha from RSM in Scenario C
"Energy" of an exemplary farm in 2011

Indicators Value Unit
Total substances input for C 1300 kgly.ha.
straw utilization N 54 kgly.ha
P 8.1 kagly.ha
GHG emission 4100 kg COely.ha
CO emission 0 kgly.ha.
PM emission 0 kgly.ha.
Substances primarily C 470 kgly.ha.
exported to atmosphere N 9.6 kgly.ha.
P 0 kgly.ha.
Substances exported then C 63 kagly.ha
accumulate in hydrosphere N 7.4 kagly.ha
P 0.69 kgly.ha
Substances exported then C 590 kgly.ha
accumulate in farm soil N 3.2 kgly.ha
P 2.5 kgly.ha
Substances exported in C 180 kgly.ha
farm products N 21 kgly.ha
P 0.26 kgly.ha
Economic profit 580 USDl/y.ha
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From SFA of scenario energy, the distributions of substance C, N, P are
explained as follows:

14% of total C consumed from the same sources as in scenario fodder are
used for producing the scenario's products. 45% accumulate into soil from
left-over straw, digestor slurry, and a tiny amount from fertilizers. 4.8%
accumulate in the hydrosphere. The remaining are emitted to the atmosphere
as CO; and CHa,.

39% of total N input from the same sources as in scenario fodder are
accumulated in the scenario's products. 18% of the total input are lost to the
atmosphere via N volatization from digestor slurry and soil denitrification as
well as from U-lime treatment of straw for feeding livestock. 1.0% of total
volatile N is transformed into N,O in the atmosphere while most of it is
deposed back to an undefined location of the pedosphere and hydrosphere.
The accumulation of N in soil and hydrosphere each year is 5.9% and 14% of
the total N input. The remaining is recycled as plant nutrients from soil after
the RSM waste and residue are decomposed in soil.

3.2% and 31% of total P consumed (8.1 kg) from the same sources as in
scenario fodder are distributed to the scenario's products and soil,
respectively. 8.5% of total P are accumulated into the hydrosphere as in
Scenario Food and Fodder. The remaining are recycled as nutrients from soil.
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4.1.2.4. Scenario D “Construction”

In Scenario Construction (Fig. 4.19-4.22), all straw from RSOB is used as
material for producing 110,000 kg or 23,000 blocks of straw brick. The waste
and residue types for fertilizing the farm soil are the same as in Status Quo
including a small amount of wastes from the brick production. Farmer’s profit
is 520 USD/a. This scenario emits 62 kg CH,4 from livestock production as well

as 340 kg CO, and 0.090 kg N2O.

The relevant data of pollutant emissions and substances accumulation are

concluded in Table 4.4.

Table 4.4. Material and substance dynamics per ha from RSM in Scenario D
"Construction of an exemplary farm in 2011

Indicators Value Unit
Total substances input for C 1300 kgly.ha.
straw utilization N 41 kgly.ha
P 9.9 kgly.ha
GHG emission 1700 kg CO.e/ha
CO emission 0 kgly.ha.
PM emission 0 kgly.ha.
Substances primarily C 135 kgly.ha.
exported to atmosphere N 5.7 kgly.ha.
P 0 kgly.ha.
Substances exported then C 49 kgly.ha
accumulate in hydrosphere N 5.0 kagly.ha
P 0.63 kgly.ha
Substances exported then C 460 kgly.ha
accumulate in farm soil N 2.8 kgly.ha
P 2.2 kgly.ha
Substances exported in C 640 kagly.ha
farm products N 16 kgly.ha
P 2.7 kgly.ha
Economic profit 520 USDl/y.ha
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From SFA of scenario construction, the distributions of substance C, N, P are
explained as follows:

49% of total C input, same as in Status Quo, for producing straw and RSM
products are distributed to this scenario's products, while 35% accumulate in
soil from residue decomposition. 3.7% accumulate in the hydrosphere. 10%
are emitted to the atmosphere as CO, and CHa.

39% of total N input, in this scenario, same as that in Status Quo, are used
for producing the scenario's products. 14% are lost to atmosphere via N
volatization from manure and soil denitrification, but subsequently, 99% are
deposed back to the undefined pedosphere and hydrosphere. The
accumulation of N in soil and hydrosphere are 6.9% and 12% of total N input.
The remaining is recycled as soil nutrient.

27% of total P input in this scenario are distributed to the scenario's products
as in Status Quo. 22% of the total amount of P accumulate in soil while 6.4%
is lost from the scenario's waste and residues accumulated into the
hydrosphere. The remaining are recycled as nutrients from soil after the waste
and residues have decomposed in the soil.
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The comparison of GHG emissions in all scenarios are shown in Fig.4.23.
Scenarios food and construction emit less GHG to the atmosphere than
scenarios Fodder and Energy, and Status Quo. For all scenarios, CO and PM
emissions are completely eliminated (as mentioned in previous paragraphs).
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Fig. 4.23. GHG Emissions from Status Quo and all scenarios

The comparison of substances distributed into different sinks, e.g.
atmosphere, hydrosphere, farm soils, as well as RSM products, are shown in
the graphs 4.24-4.26 as percentages of substances distributed from the total
substances for straw utilization and producing RSM products in the system.

In all scenarios, 140-480 kg/y.ha C and 5.7-13 kg/y.ha N are primarily emitted
to the atmosphere, less than those in status Quo (710 kg/y.ha C and 15
kgly.ha N). Furthermore, in all scenarios, P is no longer emitted to the
atmosphere (Fig. 4.24).

H Status Quo
m Food
Fodder

Energy

in RSM

m Construction

% substances emitted from total input

C N P

Fig. 4.24. Primary emissions of substances to the atmosphere
from Status Quo and all scenarios
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In the hydrosphere (Fig. 4.25), the accumulation of 63-87 kg/y.ha of C from
Scenario Food, Fodder, and Energy are higher than in Status Quo (56
kgly.ha). Otherwise, all substances from Scenario construction as well as N
and P for every improved scenario are less than in Status Quo (9.9 kg/y.ha N,
and 1 kgl/y.ha P).
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Fig.4.25. Substance accumulations in the hydrosphere
from Status Quo and all scenarios

All scenarios except scenario construction release a higher amount of C (590-
820 kgly.ha) and P (2.5 kg/y.ha) to accumulate in soil than those from Status
Quo (510 kg/y.ha C and 2.4 kg/y.ha P). Only scenario Construction distributes
less C and P to soil than in Status Quo. Although scenario fodder and energy
provide higher N to soil (3.2 kg/y.ha N) than in Status Quo (2.8 kg/y.ha), the
percentages of N release from their total input to RSM to soil are lower, as
shown in Fig. 4.26.
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To compare resource efficiencies in terms of the percentage of substances
distributed into useful products, RSM products from total input are compared
(Fig. 4.27). All scenarios distribute and utilize C, N, P higher than in Status
Quo. Scenario construction provides the highest C and P efficiencies to its
products while scenario energy and scenario construction provide the highest
N efficiency to its products.
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Fig.4.27. Substance distributions to RSM products
from Staus Quo and all scenarios

To compare the maximum money reserves that farmers need to prepare for
labour, operation, and material costs, including the construction costs for the
treatment unit in the first year. Scenarios fodder and energy need construction
units for U-lime treatment and biogas digestor to be built while Status Quo,
scenario food, and scenario construction don't need any extra construction
units.

The total investment costs of each scenario for first year operation are shown
in Fig. 4.28.
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Fig. 4.28. Total investment in the first year RSM-operation for
Status Quo and all scenarios
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Fig. 4.28 shows that All scenarios need to meet investment costs compared to
Status Quo (30 USD/y.ha). Scenario Construction needs the highest
investment (3500 USD/y.ha), same for first year and every year for only
operation cost of e.g. materials, labour. Without construction costs, the money
needed for material and labour costs is 190 USD/y.ha for scenario food, 100
USD/y.ha for scenario fodder and energy, i.e. much lower than in scenario
construction (3500 USD/y.ha)

In view of economic profit (Fig. 4.29), all scenarios result in much higher net
income (520-580 USD/y.ha) than in Status Quo. The highest income is from
Scenario Energy, followed by Scenario Food, Fodder, and Construction,
respectively.
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Fig. 4.29. Net economic profit in Status Quo and the scenarios
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4.1.3. Actual results from the optimized scenario

The optimized scenario combines the results from Status Quo and all
scenarios in order to reduce environmental problems, increase resource
efficiency as well as increasing economic profit to motivate the farmers. The
imported materials are the same as in Status Quo with the addition of material
for mushroom cultivation, lime for improving livestock feed, duckweed
inoculum, as well as tilapia fingerling. One additional product to Status Quo
and all scenarios is 8.2 kg DW Tilapia (27 kg FW). Total products of the
optimized scenario are given in table 4.5.

Table 4.5. RSM products from optimized scenario

RSM products Amounts (kg DW/y.ha)
Bale straw 45
Mushroom 17

Livestock weight gain 54
Biogas 90
Tilapia 8.2

Straw brick 95

This scenario emits 3000 kg/y.ha GHG containing 900 kg CO2, 100 kg CH,,
and 0.12 kg N,O. CO and PM are not generated from straw utilization.
Farmer’s profit is 610 USD/y.ha of direct income from trading products and
indirect income by using their own products instead of buying them from the
market.

The relevant data of pollutant emissions and substance’s accumulation are
concluded in Table 4.6. MFA, SFA, and EA of Optimized scenario are shown
in Fig. 4.30-4.34.
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Table 4.6. Material and substance dynamics per ha from RSM in the
optimized scenario of an exemplary farm in 2011

Indicators Value Unit
Total substances input to C 1300 kgly.ha.
RSM system N 45 kgly.ha
P 8.2 kgly.ha
GHG emission 3000 kg COely.ha
CO emission 0 kgly.ha.
PM emission 0 kgly.ha.
Substances primarily C 400 kgly.ha.
exported to atmosphere N 7.8 kgly.ha.
P 0 kgly.ha.
Substances exported then C 78 kgly.ha
accumulate in hydrosphere N 6.7 kgly.ha
P 0.69 kgly.ha
Substances exported then C 740 kagly.ha
accumulate in farm soil N 3.5 kagly.ha
P 2.5 kagly.ha
Substances exported in C 110 kagly.ha
farm products N 12 kagly.ha
P 0.32 kagly.ha
Economic profit 610 USD/y.ha
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In view of substances distributed from total import into RSM, the percentages
of C, N, P distributions are described as follows.

8.1% of total C input for straw production and all material utilizing straw and
its residues are used for producing the scenario's products while 30% are
emitted to the atmosphere as CO, and CH4. 56% accumulate into soil from
residue decomposition. The remaining accumulate in the hydrosphere.

26% of total N input from all material for producing and utilizing straw and its
residues as well as from soil, accumulate in the scenario's products. 17% are
lost to atmosphere via N volatization from soil denitrification and from U-lime
treatment. 1% of this volatile N remains in the atmosphere as N,O while most
of them are deposed back to an undefined location of the pedosphere and
hydrosphere. 7.7% and 15% from total N input accumulate in the soil and
hydrosphere, respectively. The remaining are recycled as plant nutrients from
soil.

3.9% of total P input into the system from all materials producing and utilizing
straw and its residues as well as from soil are distributed into scenario's
products. 30% and 8.4% of total P are accumulated in soil and hydrosphere,
respectively. The remaining are recycled as plant nutrients from soil.
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In term of pollutants emissions, the relevant indicators are air pollutants
emitted in Status Quo e.g. GHG, CO, and PM. The GHG emissions in the
Optimized scenario are reduced by 800 kgCO,e to 3000 kgCO,e while CO
and PM are completely eliminated from the optimized RSM, as shown in
Fig.4.35.
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Fig. 4.35 Primary emissions of air pollutants from
Status Quo and optimized scenario

The comparison of substance distribution into different sinks e.g. atmosphere,
hydrosphere, farm soils, as well as RSM products are shown in the graphs as
percentages of substances distributed from total substances entering into the
RSM system.

Compared with Status Quo, C and N emissions to the atmosphere from the
optimized scenario are reduced from 710 kg Cl/y.ha and 15 kg N/y.ha to only
400 kg Cly.ha C and 7.8 kg N/y.ha while completely eliminating P emissions.
The percentages of substance emissions are shown in Fig. 4.36.
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Although the accumulation of 78 kg/y.ha C in the hydrosphere from the
optimized scenario is higher than 56 kg/y.ha from Status Quo, the
accumulations of N and P in this scenario (6.7 kg/y.ha N and 0.69 kg/y.ha P)
are less than in Status Quo (9.9 kg/ly.ha N and 1.0 kgl/y.ha P). The
percentages of substance accumulation in hydrosphere are shown in Fig.
4.37.
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Fig.4.37 Substance accumulations in the hydrosphere
from Status Quo and optmized scenario

The optimized scenario distributes 740 kgly.ha C, 3.5 kg/y.ha N, and 2.5
kg/y.ha P to accumulate in the farm soil, more than in Status Quo. The
percentages of substances distribution to soil are higher than in Status Quo,
as shown in Fig. 4.38.
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Fig 4.38. substance accumulations in farm soil

from Status Quo and optimized scenario

The distribution of substances to useful products i.e. RSM products of
optimized scenario are 110 kg/y.ha C, 12 kg/y.ha N, and 0.32 kg/y.ha P,
showing that resource efficiencies from optimized scenario are higher than
those from Status Quo, as shown in Fig. 4.39.
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In view of economic profit (Fig. 4.37), Farmers need 170 USD/y.ha for
operation costs, e.g. materials or labour, to produce the supplementary
products as well as 83 USD/ha for installing a biogas unit at the beginning.
Afterwards, yearly investments for operation and labourers are reduced to 170
USD/y.ha, i.e. higher than that of Status Quo. Nevertheless, with this
investment, the optimized scenario results in 610 USD/y.ha of net profits for
the farmer, i.e. higher than in Status Quo and all scenarios, as shown in Fig.
4.40.
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Fig. 4.40. Net economic profit from RSM
in Status Quo and Optimized Scenario
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4.2. Answers of research Questions

4.2.1. How to define the model farm (Status Quo)?

To complete the analysis of the model farm "Status Quo” by Material Flow
Analysis (MFA), System boundaries were defined. The boundary of the spatial
system was the space over the ground for rice straw production, usage, and
removal on 1 ha of an exemplary small-farm in Thailand. Farm soil,
pedosphere, hydrosphere, and atmosphere are not in the boundary as the
system focuses only the dynamics of straw above the ground. The boundary
of the temporal System was 1 year.

Straw flows, dynamics, and analysis are the main focus in this MFA. Straw
from paddy production is defined as data input for MFA calculation. Other
data input is only used for completing material balances for straw production
and conversion regarding its chemical and biochemical reactions. As all
materials and products are either consumed or traded, they do not remain in
the system, the stock in the system is therefore defined as 0. Stocks from the
environment, i.a. farm soil, atmosphere, as well as undefined hydrosphere
and pedosphere exist to observe pollutants and substance accumulation.

The summary of input flows, outflows and stocks are shown in Table 4.7.

Table 4.7. Input flows, output flows, and stock of model Status Quo

Type of flows meaning Examples
or stocks

Input flows materials for producing straw and | flows of CO2, fertilizers,
RSM products substances from soils

Output flows products from straw utilization in | Livestock weight gain,
RSM traded straw

stock of none none

RSM system

stocks of | stock of materials of substances | stocks of pollutants in

environmental | in environment the atmosphere, stocks

system of substances in farm

solil
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4.2.2. How to model RSM in small Thai farms by MFA, SFA, EA?

The processes in the model RSM in a small Thai farm are set according to the
farm's description, collected from statistic and literature reviewing, as well as
interviewing. Based on Material Stoichiometry and Material balances of straw
production and utilizations, process equations are defined, created and
developed in order to analyze straw flow and its dynamics. The equation of
each process represents each process unit of RSM. Cattle, a rumen-
Livestock, is used as a tool in part of the processes converting straw to end
products. Data Output analysed by STAN are RSM products e.g. Weight gain
of livestock protein, including waste converted from straw burning and from
straw using, and finally emitted into the atmosphere, as well as accumulated
in farm soil and hydrosphere. Costs and profits are calculated from the costs
of materials, labour, and other operational costs. The profits are calculated
from either market values of traded products or from return values of RSM
products that farmers use instead of buying commercial products on the
market. The software STAN is used for evaluating and comparing material,
elemental, and economic differences between "Status Quo" and the improved
Scenarios. Calculated values are reported in 2 significant digits.

4.2 .3. How to select the data for MFA, SFA, EA?

Statistic data are drawn from International Organizations, Thai authorities as
well as scientific literature. The spatial ratio of straw-burning per rice-
cultivated area was precisely visualized by Satellite Imageries and GIS data
combined with data from surveying and interviewing. Laboratory data of
mushroom and spawn composition, as primary data, are also used in this
study.

4.2.4. How to reduce uncertainty?

Referring to the guidelines of IPCC (2006), minimizing uncertainties in this
study is done by data collection: choosing the most suitable and
representative data for the study conditions. In this study, specific data for e.qg.
type of plants or animals, methods, regions, climate, and year from scientific
Institutions or Thai authorities are given priority e.g. the Office of Agriculture
Economics (OAE), Department of Pollution Control (DPC), Bank of Thailand
(BOT), etc.

In the calculation process, STAN can also reduce uncertainty and
contradictions by data reconciliation in order to reconcile data values to be
inside a range of 95% interval (i.e. normal distribution).
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4.2.5. What are appropriate criteria to select technologies for improving
scenarios?

The concept of selected technology is "Simplicity - Higher income - Lower
emissions”. To find technology contributing to the solution of RSOB's
problems, the criteria for selecting technologies are combined from the
classified criteria, as follows:

A) criteria for stake holders (farmer): Processes must be easily handled
without sophisticated machines, labourers, and knowledge.

B) criteria for economics: Farm income must increase in order to motivate
farmers to operate the processes since farmers are the decision makers and
are operating the technologies by themselves. At the same time, the
investment should be feasible and realistic for a small farm scale

C) criteria for the environment: it should contribute to the solution of air
pollution from RSOB e.g. GHG, CO, Haze. At the same time, should reduce
the problem of nutrient loss from soil due to RSOB.

D) criteria for resource management: the technology should increase resource
efficiency of RSM in order to reduce the loss of substances and use them
effectively in the RSM products. Furthermore, the technology should improve
the amount of soil nutrients in farms in which they are depleted.

4.2.6. What should be the criteria to combine technologies for an Optimized
scenario?

The main concept is to find the optimize solution from the combine
technologies in view of the economics, resource efficiency, environment,
public health and by motivating farmers through economic benefit gain from
increasing of farm products. Using of combination technologies should
reducing or eliminating hazardous pollutants e.g. CO, PM. All technogies must
be financially and practically possible for handling, mainly by farmers and
household members.

4.2.7. What are suitable indicators for assessing the effectiveness of each
scenario?

In this study, 3 suitable indicators are used for assessing model effectiveness.
The first indicator is the environmental impact, e.g. emissions of air pollutants.
The second indicator is the effect on resource management by farmers in
terms of resource efficiencies of substances utilized in useful RSM products.
The last indicator is the economic benefit from trading or using RSM products
by farmers.
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4.3. Interpretation

As shown above, the scenarios have different advantages and disadvantages.
The following interpretation of the analysis’ results helps to combine the most
appropriate technologies in order to identify the most effective optimized
scenario.

4.3.1. Interpretation in terms of environment

From an environmental perspective, all scenarios can eliminate PM and CO
emissions, reducing respiratory health problems at individual and regional
level caused by these pollutants.

In view of GHG emission by scenario analysis, all scenarios emit less CO,
and N,O than in Status Quo. Although GHG emissions from scenario Food
are already lower than in Status Quo, Scenario Food unavoidably emits more
CH4 due to the anaerobic decomposition of organic matter from SMS and
manure used as soil conditioners and organic fertilizers. In scenario Fodder
and Energy, the large amounts of straw feed for livestock also cause relevant
amounts of CH,4, hence increasing the total GHG compared to Status Quo.
Scenario construction has the lowest emissions of air pollutants, since all
substances usually emitted by RSOB are trapped into straw brick due to the
slow rate of microbial degradation because of low N content, as well as low
moisture and low O, (mentioned in Chapter 2). Therefore, straw brick is an
excellent long term material for trapping C from straw.

The substances accumulating in the hydrosphere in Status Quo and all
improved scenarios are highly diluted by the tremendous volume of water
used in rice production (max. 0.75 mg/l N and 0.076 mg/l P from Status Quo
and all improved scenarios). Therefore, those concentrations are less than the
minimal standard of Nitrogen and Phosphorus set by the Department of
Pollution Control (PCD) Thailand for wastewater released to natural water
resources from agriculture. Hence, these accumulations are not relevant.
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4.3.2. Interpretation in terms of resource management

The Efficiency of resource management is indicated by amount of substance
distribution into useful products from the RSM system. At the same time,
substance depletion in soil is a problem in Thailand. Therefore, the
assessment of soil fertility according to available substance stocks in soil is
another relevant assessment.

4.3.2.1. Level of resource efficiency

In view of substance accumulation in useful products indicating the level of
resource efficiency of scenario analysis, Scenario Construction offers the best
results of C, N and P distributed in its useful product (straw brick). At the
same time, scenario energy also provide best result of N efficiency. Scenario
Fodder and Energy absorbed more C and N into their RSM products
(livestock and biogas) than scenario Food due to higher yield of Protein
produced from livestock and minor N content in biogas. Unfortunately, NH3-N
from the manure of livestock in scenario Fodder also score high N losses from
volatization. Optimizing the RSM system by trapping this N loss by absorbing
it into another RSM product is a good solution to increase its N efficiency.

4.3.2.2 Level of availability of plant nutrients in soil

Substance accumulations in soil indicate the stage of soil nutrients, from
which one can estimate the level of solil fertility, especially as the soil of rice
farms in Thailand has a deficiency in nutrients as mentioned in Chapter 1 and
2.

Adding organic matter into soil can improve nutrient availability for plants as
the organic matter is degraded by soil microorganisms, slowly releasing
substances to soil. Hence, the amounts of available nutrient substances are
maintained for plants instead of being leached or eroded away by water as
inorganic fertilizers would be or being bound with metal ion in soil.

In view of C, OC from RSM's waste and residues accumulation in soil has
both positive and negative effects. The negative effect of adding high amounts
of organic fertilizer in flooded soils during rice cultivation is that CH, emissions
from the anaerobic fermentation in soil are increased due to adding of higher
organic C. Furthermore, the large accumulation of C to soil in Status Quo (510
kg/ly.ha) and all scenarios (460-820 kg/y.ha) sounds critical. However, the
maximum amount of C accumulation in soil from this study is still a very small
amount compared to the C stock in top layer fertile-soil from forests, e.g. 200
tons C/ha (mentioned in Chapter 2). To reach the level of fertile soil from
agricultural soil, generally containing C 50% of C in fertile soil from forest, it
will take more than 100 years. Furthermore, carbon sequestration by
agricultural soil helps to remove C from the atmosphere and turn it to stable C
in soil as well, comparable to the explanation of N accumulation in soil in this
study (2.8-3.6 kg/y.ha), which is only approx. 0.035-0.044% of total N in forest
soil.
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Considering total P (2.2-2.5 kgl/y.ha from all scenarios), the accumulation
amount per year is 3% of available P in average forest soil. Therefore, the
amount of P accumulating in soil year by year is still small amount.

Furthermore, Farmers generally add N and P for paddy grain production,
another unit in the farm referring to farm definition in Chapter 3. Base on
nutrient composition in rice plant and paddy grain,. 54-58 kg N/ha and 12 kg
P/ha are uptaken by rice plants for producing paddy grain in this exemplary
farm. Amounts of N and P that plants need are higher than the those released
from RSM system to soil. Therefore, the amounts of N and P from RSM unit
will not accumulate but rather compensate parts of N and P rice plants need
to produce rice grain from this soil in the "paddy grain production unit" in the
model farm. Hence, the demand for chemical fertilizers should be reduced.

For this reason, all scenarios can remedy the nutrient depletion in soil.
Concerning plant nutrients from substance accumulations in soil, scenario
Food therefore provides for the highest amount.

4.3.3. Interpretation in term of economics

The prices of products and production costs are the most important factors to
indicate the economic profit. All improved scenarios result in higher profits
than Status Quo. Scenario energy offers the highest profit from the trading of
livestock protein. and also helps farmers to save money by not having to
purchase LPG for HH consumption (equaling 80% of the LPG consumed by
one person for cooking 1 meal/day for a whole year) while Scenario
construction on the other hand generates the lowest profit due to high yearly
investment costs on material and labour.

Market demand can influence the market price. There is e.g. a constant high
demand for mushrooms on domestic and international markets compared
other RSM products.

Cost factor is another factor influencing economic profit. The maximum costs
of scenario energy, to be spent on construction and material, is 15% of farm's
agricultural income. Therefore, farmers can either spend their money reserve
or get loans from community cooperatives. Later, they will only have to
replace some materials at a cost of 5% of their agricultural income. In
contrary, scenario construction would require 180% of the farmer’s agricultural
income every year for material, electricity, and labour. In view of farmer’s
income, scenario construction is not feasible if all straw would be processed
to straw brick.

In view of labour demand, Scenario Food does not require any supplementary
labour. Scenarios Fodder and Energy need 2 labourers during the
construction phase of its treatment unit. By contrast, scenario Construction
needs skilled labourers to mix materials properly as well as to handle the
machines.
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Furthermore,the production scale in its scenario is too big for operating by
small farm holders. The farmers would need to prepare large amounts of
mortar materials for brick production and hire labourers for producing all straw
bricks. On top of that, the quality of straw bricks needs to be quality-controlled
in order to meet official quality standards before being sold at large scale on
the market. This scale of production is therefore feasible only for a
professional manufacturer but not at HH scale.

.4.3.4. Interpretation of integrative technologies in Optimized Scenario

Based on the above criteria to select and combine appropriate technologies,
the most effective method is producing straw brick for HH uses in order to trap
a number of substances into the brick, producing mushroom and using its
SMS for improving soil fertility, as well as using livestock as a pre-treatment
unit to trap more C in manure for producing biogas. To reduce N loss from
biogas slurry, N and P are additionally trapped by duckweed then used for
feeding tilapia fish.

With the combinations of technologies in the Optimized Scenario, the model's
effectiveness in terms of environment, resource management, and economics
is improved. It is proven that this scenario can contribute solutions to the
problems of traditional RSM.

At individual level, The improving of resource efficiency by increasing of
substance transferring from straw into RSM products results in farmers getting
direct benefits from higher economic profit. Farmers also get indirect benefits
from the reduction of N and P losses in farm soil resulting in the improvement
of soil fertility.

Reducing air pollutants from the optimized scenario also contributes to the
solution of environmental and health problems. At regional level, the
community’s health is improved by the relevant reduction of PM and CO. At
international level, the reduction of GHG emissions also contributes to the
mitigation of climate change.

In order to simplify the models in this study, the system is not representing the
whole farm system but only the rice straw management system. Data on
material's compositions, quantification, costs or prices, etc, are cited from
various resources in order to fulfil the MFA, SFA, and EA from complex
biochemical processes. Therefore, the data set used in this research
unavoidably contains some inconsistencies. At the same time, each data also
has its own uncertainty, e.g. the amounts of straw produced and collected by
different harvesting techniques, i.e. manual versus machine cutting. In
addition, different methods of calculation and interpretations of those data
also result in different data uncertainties. The uncertainty range of data input
in this research covers the incompleteness or uncertainty of available data.
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Chapter 5

Conclusion and Recommendation

Material Flow Analysis (MFA), Substance Flow Analysis (SFA) and Economic
Analysis (EA) of model "Status Quo" is developed and evaluated via STAN in
order to simulate Rice Straw Management (RSM) and its economics on small
farms in Thailand. The uncertainties in MFA are minimized by using the
average values of quantitative statistical data, together with experimental data
and visualized data by Satellite Imageries. Default data from international
organizations are also used in case the specific data do not exist.
Descriptions of farm management and of the farmer's household have been
collected from statistical and literature reviews as well as personal
interviewing. Calculated values are reported in 2 significant digits.

In Thailand, farmers normally cultivate rice twice a year. They rent both
labourers and machines for cultivating and again for harvesting. Herbicides or
pesticides are used only when needed. Rice straw is partly collected for
feeding cattle while tethered at home, especially during the dry season. The
remaining is left on the soil together with rice stubble followed by tillage to
prepare the soil for the next cultivation. Farmers also sell straw for baling if a
professional baler comes on-site and do tillage the remaining straw and
stubble that are left over on the field. The chemical fertilizers e.g. Urea (46-0-
0) and Ammophos (16-20-0) are used alongside manure as organic fertilizer.
Most of small farms buy cattle to be raised for meat production from 4 months
to 1 year, then resell them as live-cows to dealers who come to buy on-site.
Small farm holders traditionally managed livestock production by tethering the
cattle in small plots nearby their house or paddy fields. Other animals raised
on their farms are buffaloes, pigs, chicken, ducks, and fish depending on the
household. Most of them have a pond fed by canal water. Water from the
pond is a backup for farm and household consumption. Sometimes, farmers
catch wild fish for their own consumption. The main farm income is from
selling paddy grain, cattle and other animals they raise.

Referring to the statistic data of the Office of Agriculture Economics (OAE)
Thailand for 2011, the average size of small farms was 4.0 ha. 52% of these
farms were cultivating rice on 75% of the farm area (3.0 ha). The data from
the Pollution Control Department (PCD) in 2009 showed that water
consumption for rice cultivation was 13000 m?/y.ha. The farms’ wash out
contaminated with herbicides and pesticides was on average 0.000046
kgly.ha, which DPC assessed as 0 kg/ha. At an exchange rate of 30 BHT per
USD, the net annual income of farmers in 2011 from agriculture was 1900
USD/HH, i.e. 37% of their total income (5200 USD/HH). In this year, 3200 kg
paddy grain/y.ha were produced. 73% of their ruminant livestock was cattle
for meat production. The average number of Cattle was 1.0/HH. Market price
of a live-cow Fresh Weight (FW) was 1900 USD/tons. The market prices of
urea and Ammophos fertilizer were 0.50 USD/kg and 0.52 USD/kg.
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To define the RSM model of an exemplary farm, the spatial system of a small
farm is defined as 1 ha containing Rice Straw management units (RSM):
straw production, uses, and removal. Its temporal System is defined as 1
year. Straw from paddy production is data input for calculating all flows in the
MFA. Process units in the system are defined from the description of rice
straw management on Thai small farms, i.a. straw production, straw
distribution, livestock production, manure collecting, and chemical distribution,
collected from statistic data as well as from interviewing. Cattle is used as a
tool for converting straw into end products. Input flows are substrates for
straw production and utilization as well as for producing RSM products.
Output flows are livestock weight gain and traded straw. All substrates are
used to fulfil the production potential of the system. At the same time, all RSM
products without exception are traded yearly. Therefore, no stock of neither
substrates or products exists. Based on stoichiometry and material balances,
process equations are defined and developed. The equations in each process
of Status Quo represent the traditional RSM of straw in Status Quo. The
effectiveness of the system is indicated from the amount of pollutant
emissions, the percentage of resource efficiency of substances being
distributed into the RSM products, including economic profit the farmer gains.

Based on MFA analysis for Status Quo of an exemplary farm in 2011, 3200 kg
straw is produced. 1500 kg of straw is burnt by RSOB, which emits 3800 kg
CO.e, 110 kg CO, and 11 kg PM into the atmosphere. Substance distribution
into products are only 2.6%C, 12%N, and 1.4%P of its total input. The
economic profit from Status Quo is 130 USD/a from trading 27 kg DM of
livestock weight gain as well as 45 kg unbale straw, equal to 6.8% of the
agricultural income. The RSOB in traditional management causes the
problems from emission of GHGs and hazardous air pollutants e.g. CO, PM. It
also causes nutrient loss to the atmosphere.

As the concept of technology is "Simplicity - Higher income - Lower
emissions”, suitable technologies for small farms are selected. They must be
easily handled by the unskilled farmers without sophisticated machines, as
well as labourers. At the same time, they must increase resource efficiency to
produce RSM products as well as increasing soil nutrients to raise farm
income thus motivating farmers to operate them as farmers are the decision
makers and operate the technology by themselves. The investment for
technology should be affordable for small farm holders. Most important is the
suitable technology for the environment. It should contribute a solution for
environmental problems from RSOB e.g. GHG, CO, Haze.

Based on the criteria above, production of food (straw mushroom), fodder (U-
lime straw), energy (biogas), and construction material (straw brick) from
straw are selected. Scenario analysis is to observe weaknesses or strengths
of each technology when replacing RSOB in Status Quo. Stock in scenario
fodder is a construction unit of straw treatment units while that in scenario
energy are construction units for straw treatment and biogas. Stocks in
scenario food and construction are defined as 0 as materials neither
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substrates for RSM nor products remain after 1 year. Same amount of straw
usually burnt in RSOB is utilized to produce different products for each
scenario. Substrates and materials for each scenario are added in order to
fulfill the production.

From scenario analysis, CO and PM from straw burning are eliminated by
selected technology used in all scenarios thus reducing health problems.
Scenarios food and construction reduce GHG emissions by 700 and 2,100
kgCO.e, i.e. lower than Status Quo, while scenario fodder and energy emit
higher GHG than Status Quo due to a higher amount of CH,4 being produced
from livestock's rumen. Scenario construction offers the best improvement on
substance distribution into its RSM products as well as lowest emission of air
pollutants. Scenario food offers the highest amount of substances
accumulation in soil as soil nutrient. The economic profit in all scenarios are
4.0-4.5 times higher than in Status Quo. Scenario energy offers the best
economic profit while scenario construction is the only scenario that needs
yearly investment costs of about 180% of the yearly agricultural income of
farm's household. This scenario is therefore neither financial feasible nor
affordable for small farms to produce the product at large scale.

The appropriate technologies above are combined and optimized for best
results in terms of environment, resource efficiency, and economic profit. The
most effective combination is producing a few straw bricks for farm and HH
use in order to trap a number of substances, converting substances from
straw into mushroom's tissue, using Straw Mushroom Substrate (SMS) for
improving soil fertility and as supplement fish feed, using livestock to convert
straw substances into its tissue and acting as pre-treatment unit before
producing biogas to trap further C and other substances into biogas.
Afterward, using duckweed to trap N and P from biogas slurry, then use it for
tilapia fish feed to convert the substances from duckweed and SMS into its
tissue.

With the combinations above, the model's effectiveness in terms of
environment, resource management, and economics is improved. Compared
to Status Quo, emissions into the atmosphere of 800 kg CO,e are avoided
while CO and PM are eliminated. The percentages of substance accumulation
in soil to increase hence the amount of soil nutrients is also improved.
Resource efficiency as percentages of substances’ distribution in the RSM
products from total input for producing and utilizing straw is also increased
from 2.6 %C, 12%N, and 1.4%P in Status Quo, to 8.1%C, 26%N, 3.9%P in
optimized scenario. The highest investment at the first year, for installing
biogas unit as well as operation cost, is only 13% of the household income
from agriculture. On top of that, the economic profit from RSM in optimized
scenario increases 4.7 times compared to Status Quo.
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This effectiveness contributes to solutions at different levels. At individual
level, the farmers benefit directly via economic profits from higher resource
efficiency of RSM products, and indirectly from the reduction of N and P
depletion in farm soil resulting in the improvement of soil fertility. At regional
level, the community’s health is improved by the reduction of the hazardous
pollutants from RSOB i.a. PM and CO. At global level, the reduction of GHG
emissions contributes to the mitigation of climate change.

According to this study, at least one or two technologies can already improve
RSM in different perspectives of resource management at individual level.
However, it is the optimized scenario that brings the highest economic profits,
and increases resource efficiency as well as nutrients in the farm's soil. It also
contributes environmental benefits to the community as well as at regional
level. Ideally, the optimized scenario would be implemented by farmer's
cooperatives - if any.

The government can also motivate farmers to implement this scenario by
supporting village funds or cooperative funds for machinery or paying
subsidies for reducing GHG emissions directly to the farmer, as e.g. the Thai
government used to do for the construction costs of biogas digestors for small
and medium scale animal farms from 1999-2003.

Referring to the comprehensive data processed by MFA via STAN on small
farms in Thailand, it can be concluded that MFA is a potential tool for
analyzing, evaluating, and investigating not only the present situation with all
its issues, but also for proposing solutions for resource management in
Thailand as well as in other emerging economies.

However, it was challenging to implement the STAN software which is aimed
at straightforward industrial processes to simulate agricultural processes in
open nature in all their complexity. Therefore, a more complete and varied
database would assist STAN's performance and result in further perspectives
to raise people's awareness for environmental problems stemming from
ineffective resource management. The present study already guides
stakeholders to choose more efficient RSM solutions by offering micro-
economic benefits to them with positive external effects on the environment.
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Annex

Data from references for MFA Calculation in STAN

The definition of abbreviations used for data sources in this Annex.

al= primary data from chemical analysis in the laboratory

a2 = secondary data from the experiment or statistics

a3 = secondary data from reports or reviews

b1= data with country or conditions specific to Thailand

b2 = data with specific or similar to type of plant, animal, region, climate, method
b3 = universal data, default data, or estimated data

b4 = emission data of N,O from volatile N loss to the atmosphere, deposition data of N and
PM

where

albl = 10% uncertainty
a2bl-a3b2 = 20% uncertainty
a3b3 = 30% uncertainty
a3b4 = 100%
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Table Al. Data for MFA calculation in Status Quo

Processes Parameters or constant values
Flows Data Abbreviations Values Units/ Sources
y.ha
Straw stl paddy B 1 kg/kg Devandra
production grain/ straw (198572
Carbon in straw Cst 0.41 ka/kg Jenkins et al
Oxvaen (2003)*
ygen in straw Ost 0.44 kg/kg
Hydrogen in straw Hst 0.0042 kg/kg
N in straw Nt 0.0070 kg/kg
Phosphorus in straw Pst 0.0017 kg/kg
Ozp O,/ produced straw Mozssta 0.93 ka/kg Calculated
data
H.Op H,O/ produced straw Mh2o/st1 0.35 kg/kg Calculated
data
Nfu N in N flow fertilizer to Nnfu 1 kg/kg defined data
produce straw
Pfu P in P flow from fertilizer Ppiy 1 kag/kg defined data
for straw
Straw st2 Straw for livestock Tstorst 0.15 kg/kg | DEDE
Distribution Iproduced straw (2003)**' and
st3 Straw for burning Tstarst1 0.48 kg/kg | Choenchoklin
/produced straw et al (2010)
tst Trade straw Tisust1 0.014 kg/kg , comparing
/produced straw to the data
sts Straw to soil /produced Tstsist1 0.35 kg/kg from o
straw interviewing
RSOB stch Combustible part Tstebrsts 0.80 kg/kg Kanokkanjana
[straw for burning and Gariviat
(2013)?*** and
IPCC, 2006
C in Combustible part Tcstebicsta 0.92 kg/kg Kanokkanjana
/total C in straw and Gariviat
(2013)a2b1
N in combustible TNstcb/Nst3 0.90 kg/kg Singh et al
part/total N in straw (2008) 2”2
P in combustible P/total Testcbipst3 0.25 kag/kg Singh et al
N in straw (2008) *#*2
0O2b O, for RSOB/ Mo2bisteh 0.65 kg/kg Base on Oanh
combustible part in straw et al (2011)***
CO2b CO; emitted/ Mco2bisteh 1.50 kg/kg Gadde et al
combustible part in straw (2009)***
(60] CO emitted/ Mcorsteb 0.093 ka/kg Oanh et al
combustible part in straw (2011)aZbl
PM PM emitted/ Mpwmisteh 0.0091 kg/kg
combustible part in straw
CH4 CH, emitted/ McHarsten 0.0096 ka/kg Christian et al
combusible part in straw (2003)*?
NO2 NO, emitted/ Mno2/st3 0.0020 kg/kg IPCC
straw for burning (2006)*"?
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Table Al Data for MFA calculation in Status Quo (continued)

Process Parameters or constant value
Flows Data Abbreviations Values Units/ Sources
y.ha
Livestock LSwg C in livestock tissue Clswg 0.58 kg/kg IPCC (2000)
Digestion N in livestock tissue Niswg 0.17 ka/kg 232 and
inli i Stewart
P in livestock tissue Plswg 0.0016 ka/kg (2013) 2
cinLS/ Mciswgicste 0.081 ka/kg Calculated
straw for livestock data
Livestock DM DMs 26 % de Almeida
etal
(2006)a2b2
O2Is O, consumed/straw for Moaisist2 0.99 kg/kg Calculated
livestock data
Mls Manure produced Mmis/st2 0.45 ka/kg Based on
[straw for livestock Weiss
(2007)a3b2
and FAO
(2001)a3b2
Nals Supplement N from Mnals/st2 0.0080 ka/kg Calculated
cost-free plants/ data
straw for livestock
LSwg Cin LS tissue / Teiswgicst2 0.081 ka/kg Base on
C straw for livestock Weiss
CH4ls C in CH4 from Teeharcstz 0.07 ka/kg (2007)*
rumen/C straw for
livestock
CO2ls Cin CO2 from LS Tcozrcstz 0.45 kg/kg
respiration/
C straw for livestock
Manure NIm total volatile N loss / Tnimmis 0.29 kg/kg Masse et al
Collecting N in fresh (2008)%2%% |
manure Gunnerson
and Stukely
(1986)°%"
CH4m Fraction of VS in VSn 0.75 kg/kg Joergensen
manure etal
(2009)a3b2
Biodegradability of Bo 0.10 m°CH,/ IPCC
manure kgVvs (2000)*"?
Density of methane Dcha 0.75 kgCH4/ | Joergensen
m>*CH, etal
(2009)a3b2
Methane conversion MCF 0.02 kg/kg IPCC
factor (2001)*"?
manure used/total MF 1 kg/kg OAE
manure (2011)%%"*
and
interviewing
Methane CH4/manure 0.0027 kg/kg calculated
emitted/manure data®®
Chemical Fam P from ammophos/ Mpfarpiu 5 ka/kg Rehm et al
Distribution P plants need from (2002)*0?
Ammophos to produce
straw
Fur N from urea / N plants MEuriNu 3 kg/kg Ongprasert
need from Urea to (2004)>"*

produce straw
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Table Al Data for MFA calculation in Status Quo (continued)

Process Parameters or constant value
Flows Data Abbreviations | Values Units/ Sources
y.ha
Pedosphere CH4s C in CH4 emitted Mcchasicsts 0.059 ka/kg Thammasom
and /C straw to soil et al (2013)***
hydrosphere CO2 Carbon in Mccozs/csts 0.003 ka/kg Phaoseeha and
CO2emitted/straw left Pengdhammakitti
on paddy soil (2011)**
Ss N effectiveness from MnssiNRs 0.6 ka/kg Lory et al
soil (2007)*"®
Available P from soil Mpa/prs 0.6 ka/kg Rehm et al
(2002) a3b3
Nsa N loss from soil to the Mnsa/NRs 0.2 kg/kg IPCC, 2006
atmosphere (JGSEE,
2012)a3b2
Rhd Drain water from Vud 12500 | m°/y.ha. | DPC (2011)*""
paddy field
Cwash-out/ McRhdicRs 0.090 ka/kg DPC (2011)*"*
C released to soil
N wash-out/ MNRhd/NRs 0.089 ka/kg DPC (2011)*""
N released to soils
P wash-out/ MpRhd/PRs 0.088 ka/kg DPC (2011)*""
P released to soil
PMd deposed PM to TeMha/PMd 0.5 kg/kg IPCC (2006)="*
hydrosphere/
total deposed PM
RNa deposed N to TiNIvRNa 0.5 kg/kg Assumed data
hydrosphere/ from IPCC
total deposed N (2006)**
Atmosphere N20s | Nin N2O from volatile TNN20s/NI 0.01 kg/kg IPCC, 2006
N/ (JGSEE,
total loss of volatile N 2012)%
Trade&Profit tstmk Market price of trade Prstmk 0.006 usD/ Chinawerooch et
straw/kg straw kg st al (2014)**
LSmk Market price of Price PLsmk 7.55 usD/ OAE, 2010 (from
of Livestock weight kg DLD, 2011)*"*
gain/kg DW livestock DW
livestock
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Table A2. Data for MFA calculation for scenario analysis

Process Parameters or constant values
Flows Data Abbreviations Values | Units/ Sources
y.ha
Baling stba Bale straw Tstoasst 0.64 kg/kg | Calculation data
Coba C in Diesel Coil 0.82 kg/kg | EPA (2005)*"
N, P in Diesel Noil, P oil 0 kg/kg | defined data due
to no SFA in oil
oil consumed/ Mcobasstba 0.004 ka/kg Chinawerooch
bale straw et al (2014)%*
Total cost/kg oil Coba 8.76 usbD/ Chinawerooch
kg et al (2014)*%*
Oil density Do 0.837 | kg/dm | EPA (2005)™*
CO2ba Carbon in Mccozbaicoil 0.99 | kglkg | EPA (2005),
CO2/Carbon from
diesel
Scenario A "Food"
Mushroom sp spawn DW DWsp 35 % Laboratory data
cultivation aibl
C in spawn Csp 0.16 kg/kg Labor%tlcb){y data
N in spawn Nsp 0.0090 | kg/kg Laborgtlcg{y data
P in spawn Psp 0.00080 | ka/kg Laborz:tlcg{y data
Spawn/straw Mspista kg/kg Lardmahalab
(2010)512131
Nmu N source for Mnmust3 0.005 kg/kg | Composejunkie.
mushroom/ com (2015)%%*
straw for mushroom
O2mu 02 for mushroom/ Mozssta 0.325 kg/kg Calculated data
straw for mushroom
flour Starch for mushroom/ Meusta 0.003 kg/kg Calculated data
straw for mushroom
C in flour/flour Cfl 0.42 kag/kg Rennan et al,
(2008)a2b2
N in flour/flour Nfl 0.0004 | kg/kg Rennan et al,
(2008)a2b2
P in flour/flour Pl 0.0012 | kag/kg Rennan et al
(2008)32b2
Mu Mushroom DW Mu 10 % Laboratory
dataalbl
C in mushroom DW Cmu 0.27 kg/kg Laboraatlcg{y data
N in mushroom DW Mmu 0.044 kg/kg Laboraatlﬂy data
P in mushroom DW Pmu 0.0084 | ka/kg Laboraatlcg{y data
Mushroom DW/st Mmu/stmu 0.016 | kg/kg | Lab.data® " and
Lardmahalab
(2010)32b1
SMS N in SMS Nsws 0.16 kg/kg Landschoot and
Mcnitt (2015)**
CO2 CO2 mushroom Mcozsst1 0.46 kg/kg Calculated data
produced/straw for
mushroom
H20 H20 mushroom Muzorst1 0.17 ka/kg Calculated data
produced/
straw for mushroom
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Table A2. Data for MFA calculation for scenario analysis (continued)
Process Parameters or constant values
Flows Data Abbreviations | Values Units/ References
y.ha
Scenario A "Food" (continued)
Mushroom CH4 CH4 produced from McHassta 7.0x10° ka/kg Truc et al
cultivation mushroom (2013)**? i
(continued) cultivation/straw for Launio et al
mushroom (2013)%%"
Comu material for operation Macomu 4.1 kg Estimated
12 mushroom's basket data®"
Material costs for Pcomu 24 usD Calculated
mushroom operation data
Wecmu material waste from Mwemu/Comu 1 kg/kg Calculated
operation/material used data
for operation
Scenario B "Fodder"
Livestock Nals Supplement N from Mnals/st2 0.0019 kag/kg Calculated
digestion cost-free plants/ data
straw for livestock
Ust Urea for straw Musust2 0.020 ka/kg Trac et al
treatment/straw for (2001)722
livestock
CaO Lime for straw Mcaorst2 0.030 kag/kg Trac et al
treatment/straw for (2001)722
livestock
Nlul N-loss from Ulime/N in Mnul/Nust 0.15 kg/kg Jayasuriya
Urea for treatment and Pierce
(1983)a2b2
Coul Materials for Macoul 1400 kg Base on SUT
construction of U-lime (2015)32**
pit
Construction costs for Pcoul 48 USD/unit Calculated
operating U-lime unit data
1- year Material for Macoulst 1 kg/unit Estimated
operating U-lime unit data®®3
cost of Pcoutst 8.7 USD/unit base on
1 year- material/unit Kijthavorn
plastic
(2015)a2b1
Coyul yearly construction Pcoyaiicoul 0.27 usD/ Calculated
costs for operating U- uUsbD data
lime unit /total cost
Scenario C "Energy"

Biogas Bg N in biogas Nbg 0.01 0.01 FAO
digestor (1996)*"2
(continued) Biogas Density Dgy 1.15 kg/dm® Joergensen

et al
(2009)a3b2
Fraction of Volatile VS 0.75 kg/kg Joergensen
Solid in manure et al
(2009)a3b2
Biogas Yield Yag 0.24 m3/ Steffen et al
kg VS (1995)*°?
Biogas produced/ Tegmis 0.21 ka/kg Joergensen
Manure et al
(2009)a3b2
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Table A2. Data for MFA calculation for scenario analysis (continued)

Process Parameters or constant values
Flows Data for calculation Abbreviations | Values | Units/ References
y.ha
Biogas Cobg Materials for Macobg 390 kg/unit Base on
digestor constructing biogas MOST(2011)*%*
(continued) unit
Material Cost of Pcobg 130 usbh/ Base on
biogas unit unit MOST(2011)*%"*
Long term material Macobgt 340 kg/unit | Calculated data
for constructing
biogas unit
Cost of long term Pcongit 20 usD/ Calculated data
material/unit unit
Coydg Average yearly cost Pcoydgicobg 0.19 usbh/ Base on MOST
for construction USD (2011)2*2
biogas unit/total
construction cost
Biogas Energy equivalent of EbgiLrc 0.40 MJ/MJ DEDE
Return biogas/LPG (kg/kg) (2015)***and
Value Ananthakrishnan
et al (2013)%*
Surry Drying Nlsl total volatile N loss TNisiiNSb 0.084 kag/kg Marchaim,
from slurry/ (1992)*** and
total N in fresh slurry Joergensen et al
(2009)a3b2
N20/total N loss Thzolsins! 0.01 | kgkg | IPCC (2006)™
from slurry
Straw Brick Agf Fine aggregate/ Magtista 33 kg/kg Allam et al
straw for brick (2011)**2
Agc Coarse aggregate/ Magersts 33 kag/kg Allam et al
straw for brick (2011)*2
Cement Portland cement/ Memista 10 ka/kg Allam et al
straw for brick (2011)%?
BRst Brick weight Mg 4.8 ka/ Base on
brick Kamwangpruek
(2011)a2b1
Whbr Material Waste from TwbriMbr 0.013 kg/kg Srichana and
brick production/ Khwalamtarn
total material for (2012)%"*
producing brick
Cobr Operation Cost Pcobr 1200 UsSD Calculated data
Brmk Market price of straw Permier 0.034 usbh/ Base on
brick/brick weight kg Kamwangpruek
brick (2011)***
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Table A3. MFA data for calculating model "Optimized Scenario”

Process Parameters or constant values
Flows Data for calculation Abbreviations Values Unit/ References
y.ha
Bale straw stmu straw for mushroom/ Tstmistoa 0.51 ka/kg Calculated
storage total bale straw data
tst traded-bale straw/ Tiststba 0.022 ka/kg Calculated
total bale straw data
straw brick Br straw brick Mar 95 kg Calculated
production data
Mbr Material for straw Mmbistor 75.25 ka/kg Calculated
brick/straw data
Cobr Cost of material for Pwmbor 19 USD/k Calculated
straw brick g data
Mushroom Mam Material for cultivating Mmamistmu 0.029 ka/kg Calculated
cultivation mushroom/ data
straw for mushroom
Cost of material for PMam 2.2 USD/k Calculated
cultivating mushroom/ g data
mass material used
Gmu Gas produced from Memuistmu 0.63 kg/kg Calculated
mushroom/ data
straw for mushroom
Comu Material for operating Mcomu 2.9 kg Calculated
mushroom cultivation data
Cost of material for Pcomu 14 usD Calculated
operating mushroom data
cultivation
SMS SMSti SMS for Tilapia/Total TsmstiisMsmu 0.1 kg/kg Base on
distribution SMS DOF
(2015)a3b2
Chemical Coul Material for U-lime MCoul 1.9 kg Base on
distribution operation Kongsawat
(2015)512131
Biogas Mls fraction of volatile VSms 0.20 kg/kg MOST
digestion solid in manure slurry (2011)33b2
Volume of manure Vmsidg 0.6-0.75 | m°m® MOST
slurry/total volume of (2011)*"2
biogas digestor
Cobg material for HH Mcobg 50 kg Calculated
digestor data
Duckweeds Dui Inoculum size DW/N Mbuinsbg 0.011 kg/kg Rodriquez
pond slurry and Preston
(1996)a2b2
and
Skillicorn et
al (1993)*®
CO2du CO2 for duckweeds/ Mccozduicdu 1.0 kg/kg Calculated
duckweeds produced data
H20du H20 for duckweeds/ MH20du/ico2du 0.41 kg/kg Calculated
CO2 for duckweeds data
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Table A3. MFA data for calculating model "Optimized Scenario" (continued)

Process Parameters or constant values
Flows Data for calculation Abbreviations Values Unit/ References
y.ha
Duckweeds Du C in Duckweeds Cou 0.37 0.37 Landolt and
pond Kandeler
(continued) (1987)*"2
N in Duckweed Npu 0.061 0.061 Dewanji and
Matai
(1993)32b2
Pin Duckweed Pou 0.014 0.014 Men et al
(1995)a2b2
N uptake by MnduNsbg 0.4 0.4 Zimmo,
duckweeds /N in 2003722
digestor slurry
Duckweeds DW DWpy 0.07 ka/kg Cross
(2012)a3b2
0O2du CO2 from Mco2du/o2du 1.22 kg/kg | calculated data
duckweed/O2 for
duckweed
NIdu N loss from Mnidu/Nsbg 0.10 kg/kg Zimmo, 2003
duckweed ponds/
N in slurry
Tilapia Tfi, Ti C in Tilapia and Crii, Cri 0.48 0.48 Knud-Hansen
Tilapia fingerling et al, 1991°%"
N in Tilapia and Nrsi, Nri 0.095 0.095 Knud-Hansen
Tilapia fingerling et al, 1991%%"
P in Tilapia and P, Pri 0.20 0.20 Selfnutrientdat
Tilapia fingerling a (2015)*"®
Tilapia and Tilapia DWri, DWrj 0.30 kg/kg Knud-Hansen
fingerling DW et al (1991)%”
O2tir 02 consumed by Mozicri 0.84 kag/kg Mueller and
Tilapia/total C from Bauer
RSM residues for fish (1996)72°2
feed
Tfi Tilapia figerling/ Mreii 0.02 ka/kg DOF®*
1 year cultivated
Tilapia
Stip N for tilapia/total N for Mstip/sti 0.21 kg/kg Mueller and
Tilapia Bauer
(1996)*? and
Knud-Hansen
etal, 1991%"
CcO2tr C in COZ2respiration/ Mccoztcysti 0.24 kg/kg Mueller and
C in total substances Bauer
for Tilapia (1996)*°2
Nlti N loss from Ti pond/ Mniti/NESti 0.38 kg/kg Gross and
N in effluent and Boyd
sediment from pond (1999)*"2
Coti Density of tilapia in Dti 2 fish/m” | DOF (2015)*""
pond
Oil for pumping 40 Mcotirri 0.0070 ka/kg base on data
m3/hr/Ti from DOF
(2015)a3b1’
EPAa3b2,
Hinota
(2015)a2bl
oil consumption of Opu 0.33 dm’/hr | Example data
water pump from pump
Hinota
(2015)a2b1
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Table A4. Economic data for an exemplary small farm in Thailand

(exchange rate at 1 USD= 30 BHT)

Data Types Values Units references
Unbale straw Market price at 0.0060 USD/kg Chinawerooch et al
farm (2014)**
Bale straw Market price at | 0.067 USD/kg Chinawerooch (2014)%™
farm
Urea fertilizer Market price 0.50 USD/kg OAE(2011) ™™
Ammophos fertilizer Market price 0.50 USD/kg OAE (2011) *™*
Lime (CaO) Market Price 0.060 USD/kg Pantip.com (2005)*"
Live Cow DW Market price at 5.86 USD/kg OAE(2009) in DLD Thailand
farm (2012)%"*
500 g Tilapia DW Market price at 3.9 USD/kg DOF and OAE (2012)%"
(middle size) farm
10 g Figerling Tilapia Market price 2.25 USD/kg DOF(2011)*™
DW
Mushroom Market price 25 USD/kg Banmuangkam (2015)**>
Mushroom spawn DW Market price 3.0 USD/kg Mushroom dealer (2015)**"
Flour Market price 0.67 USD/kg Infoquest news (2011)*™"
0.3 kg Basket Market price 1.3 USD/piece Thethaitool.com (2015)*°*
0.5 kg Plastic cover size Market price 43 USDI/piece | Kijthavorn plastic (2015)*™
2.5x4.5 m’
5.25 kg Soft PVC Market price 21 USD/piece | Marketintrend.com (2011) ***
3.5x6 m%, 0.25 mm
1.9 kg water proof- Market price 2.1 USD/piece Piboolsin (2013)*"*
blue sheet plastic for
wrapping
4x6 m2
10.5 kg plastic tank 200 | Market price 17 USD/unit | www.chiangraifocus.com®*
(second hand)
6.2 kg Brick Market price 0.16 USD/brick Kamwangpreuk (2011)*°"
Coarse aggregate Market price 12 usb/m® Kamwangpreuk (2011)*°"
1 m3 (1500 kg)
Fine aggregate 1 m3 Market price 15 uUSD/m® Kamwangpreuk (2011)*°*
(1500 kg)
50 kg bag of Cement Market price 4.3 USD/bag Kamwangpreuk (2011)®°*
Portland
250 kg concrete pit and Market price 6.9 USD/unit MOC Thailand (2011)*"*
cover plate
diameter 80 cm
Electricity cost for producing | Electricity cost | 0.0033 | USD/brick Kamwangpreuk *2011)%°*
brick
200 | biogas digestor and Material and 83 USD/set Council of Song Peenong's
reservoir installing cost community (2015)albz
Diesel oil Market price 0.98 USDllitre BOT (2011)*"
LPG Market Price 0.65 USD/kg BOT (2011)*™
Labour fee for skilful brick Labour fee 0.017 USD/brick Kamwangpreuk (2011)®°*
maker
Daily worker Labour fee 5.3 USD/day NESDB (2011)*""
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