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1. Goal

This study aims to (1) select the best strategy for algal transportation fuel production in
Bangkok, Thailand, based on vehicle kilometers traveled (VKT) and net energy ratio (NER); (2)
compare the algal biofuels produced from the selected scenario to petroleum fuel equivalents
in respect to life cycle environmental impact potentials, including global warming, acidification,
photochemical ozone creation, and eutrophication potentials; and (3) gauge the ability of
biofuels to offset Bangkok’s petroleum fuel use given the available land area for algae
cultivation in Bangkok.
This study focuses on the production of three algal biofuels: biodiesel produced by
transesterification to be blended into a 95% diesel, 5% biodiesel blend (B5) and combusted in
a conventional diesel engine, ethanol produced by yeast fermentation to be blended into a 90%
gasoline, 10% ethanol blend (E10) and combusted in a conventional gasoline engine, and
biomethane produced by anaerobic digestion to be compressed and used for combustion in
dedicated compressed natural gas (CNG) vehicles.
The results of this study are intended for use by scientific and political communities in
Thailand to direct algae fuel research and to guide investment and policy in algae fuel
production, respectively. This study only compares scenarios for the production of algal
biodiesel, ethanol, and biomethane and does not consider the production of other end fuels or
products such as bioelectricity or dietary supplements. Therefore, the results cannot be used to
declare the absolute best use for algae production in Thailand. Furthermore, the study
considers only energy inputs and outputs and environmental impacts, so it cannot provide
recommendations based on economic or societal impacts.
The study is geographically limited to Bangkok, Thailand. While not all data collected
was specific to Bangkok, all data was adjusted to apply to Bangkok. The data on transportation
fuels and emissions are based in Bangkok. The driving cycle used to determine reference flow
is customized to Bangkok, and differs significantly from other standardized driving cycles. The
study is temporally limited to ten years, after which it is likely that new technologies will be
developed, and the findings of the study will no longer be relevant.
2. Scope
A “well-to-wheel” analysis will be performed for biodiesel, ethanol, and biomethane
produced from algae. Well-to-wheel life cycle assessments are used when evaluating the life
cycle efficiency of fuels used for road transportation. The steps included in this well-to-wheel
LCA are:
1. Cultivation of two strains of algae
2. Harvesting
3. Conversion of algae biomass to biofuels by three different scenarios
o Scenario 1: lipids to biodiesel, carbohydrates to ethanol, and proteins and
remaining biomass to biomethane (Figure 1)
o Scenario 2: lipids to biodiesel, all remaining biomass to biomethane (Figure 2)
o Scenario 3: all biomass to biomethane (Figure 3)
4. Combustion of biodiesel, ethanol, and biomethane in passenger vehicle
The life cycle inventory analysis in this study quantifies the life cycle energy use from
each algae fuel production scenario. Air emissions were calculated from the energy inputs and
outputs of the scenario selected as most favorable by the criteria of this study. These emissions
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were are classified in terms of their global warming, acidification, photochemical ozone
creation, and eutrophication potentials, to be compared with life cycle impacts from petroleum
transportation fuels.
Since commercial scale production of microalgae for fuel is not yet available in Thailand,
production data was found in academic literature. The data obtained in the reports were
adapted to Thailand based on average solar radiation, average temperature values, and
wastewater nutrient concentrations specific to Thailand.

Figure 1: Scenario 1 - Production of biodiesel, ethanol, and biomethane
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Figure 2: Scenario 2 - Production of biodiesel and biomethane

Figure 3: Scenario 3 - Production of biomethane
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Functional Unit and Reference Flow
The functional unit of the study is to move a passenger vehicle 1,000 km based on
standardized driving behavior in city traffic measured in Bangkok, Thailand (Tamasanya et al,
2006).
The Bangkok Driving Cycle shows that 84.8 L of standard gasoline is used for every
1000 km driven in Bangkok traffic (Tamasanya, 2006). The energy density of gasoline is
assumed to be 29.7 MJ/L, and the efficiency of a standard gasoline-powered engine is assumed
to be 30% (GREET, 2012; Reitz, 2010). Using this information, the energy required to satisfy
this cycle was calculated to be 823.24 MJ per 1000 km. This number was then taken and
converted to MJ input needed for a diesel engine, assuming a diesel engine efficiency of 40%
(Reitz, 2010). This yielded the total energy needed to input into the engine, and was then
divided by the energy density of diesel, 36.14 MJ/L, to achieve the total number of liters needed
to drive 1000 km (GREET, 2012). Biodiesel in the form of 5% biodiesel/ 95% petrol diesel
blend (B5) was found to have 0.4% increase in fuel consumption from diesel, and this value
was used to calculate the reference flow from the existing diesel data (Anderson, 2012). E10
was shown to have 1.5% higher fuel consumption than gasoline, so the reference flow for E10
was found using this number and the existing reference flow for gasoline (ACE, 2005).
Compressed biomethane was calculated to have an energy density of 8.96 MJ/L, and CNG was
assumed to have an energy density of 9.18 MJ/L (US DOE, 2005). Vehicles using compressed
gas were found to have an engine efficiency of 40% (Takaishi et al., 2008). The calculated
reference flows are summarized in Table 1.

Table 1: Reference flows for each fuel type
Fuel

Reference Flow (L per 1000 km)

Gasoline

84.8

Diesel

57.1

Compressed natural gas

225.2

Compressed algal biomethane

230.0

E10

86.1

5% Algal biodiesel / diesel blend 57.4

Key Assumptions




The energy necessary to construct the cultivation and conversion facilities were
excluded from the report due to the very small value per Mg algae produced. The low
energy per Mg value is a result of applying fixed energy inputs to all products and coproducts over the lifetime of the plant.
The main energy inputs, environmental consequences, and nutrient absorptions by
microalgae are included throughout the life cycle (well-to-wheel).
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All data, including efficiency of vehicles and fossil fuel production, have been adapted to
Thailand to determine the potential impact of algal fuels in Thailand.
Driving behaviors are used from the research project “Development of Automobile
Bangkok Driving Cycle for Emissions and Fuel Consumption Assessment” conducted in
2006 by the School of Manufacturing Systems and Mechanical Engineering, Sirindhorn
International Institute of Technology,Thammasat University, Pathumthani, Thailand.
Emissions data for combustion are obtained from the 2012 Greenhouse Gases,
Regulation Emissions, and Energy Transportation (GREET) model developed by the
Argonne National Laboratory, which is assumed to accurately model combustion
emissions of a passenger car.
For the emissions from combustion of diesel, low sulfur diesel (<.05% sulfur) is
assumed.
The pollution offset by the use of algal biofuels will be based upon the fuels they
replace. Biodiesel is assumed to replace diesel, biomethane is assumed to replace
natural gas (CNG), and ethanol is assumed to replace gasoline produced from crude oil.
Algal fuels will be both produced and consumed in Bangkok, therefore transportation
from refinery stations to fueling stations is considered negligible.
The Thai Government made all diesel a compulsory 5% biodiesel blend (B5) by 2012
(Preechajarn, 2010). Therefore, the present study considers biodiesel use in a B5 blend.

3. Inventory Analysis
3.1 Strain Selection
Two strains were selected for this study. One strain, Botryococcus braunii, was
considered as the ideal case for biodiesel production due to its high growth rate and high lipid
content. The other, an average of several algae strains, was kept unspecific so as to represent a
potential “generic” strain that would likely be found in Thailand.
3.1.1 B. braunii
Botryococcus braunii was selected for this study for its demonstrated high lipid content
and high growth rate, both of which are important considerations for algal biodiesel production
(Metzger, 1987). One of the most important aspects of B. braunii that sets it above other fastgrowing, lipid-producing strains is the ability to produce high hydrocarbon content. The
hydrocarbon content can be extracted from the algae with lipids and used for biodiesel
production in a similar process.
One of the most pressing challenges facing algal biodiesel production in Thailand and
other tropical climates is finding a strain which produces high lipid content in tropical
conditions. The lipid content in the strain B. braunii Kutz No. LB 807, a native Russian strain
grown under laboratory conditions, declined from 22% to 5% when the temperature was
raised from 25°C to 32°C, and was therefore ruled out for the purposes of this study (Kalacheva
et al. 2001). A different strain of B. braunii discovered in Thailand would be optimal for algae
growth. Ruangsomboon (2012) isolated the strain B. braunii KMITL 2, which grows favorably in
Thailand's tropical conditions.
The present study bases growth off of an Indian strain, B. braunii AP103, grown in pilot
scale by Ashokkumar and Rengasamy (2012). Although the strain KMITL 2 is not modeled in
the present study, it showed similar laboratory yields and should, therefore, be considered for
7

actual growth in Thailand.
3.1.2 Generic Strain
There are many limitations to controlling the growth of one specific, high lipid-yield
algae strain. In open ponds, non-native strains can be out-competed by native strains that are
more adapted to the local climate. Additionally, strains that favor high lipid content often
achieve the elevated lipid content at the price of a decreased growth rate. This can give an
advantage to fast-growing species. For these reasons, as well as to model the growth of a
potential native strain grown in Thailand without intensive cultivation, a generic strain is
considered.
The generic strain to be used in this study is based off of Wenguang et al. (2011). The
report identifies 17 strains collected from various bodies of water around St. Paul, Minnesota,
which are able to grow on concentrated municipal wastewater. Although the climatic
conditions of Minnesota and Thailand differ significantly, the purpose of the strain data is to
map potential growth under natural conditions, not to choose specific strains. Wenguang et al.
observes algal strains that are adapted to and grow well under the conditions of St. Paul.
Thailand has similar strains that are adapted to the conditions of Thailand and grow well there.
Therefore, the average growth rates and lipid contents of the 17 strains in St. Paul are assumed
to be a reference for average strains in Thailand for the purposes of this study.

3.2 Strain Cultivation
3.2.1 B. braunii
Published data was adapted to show the change in growth under various conditions in the
cultivation process.
Basis for Growth Model:
Ashokkumar and Rengasamy (2012) observed algae growth in a laboratory and in a
pilot-scale raceway pond. Growth was conducted in Erlenmeyer flasks with 180 mL modified
CHU-13 medium, a growth medium containing essential nutrients and trace minerals for algae
growth. Outdoor growth was conducted in an 1800-L raceway pond, containing CHU 13
medium. After 12 days of growth, the laboratory data revealed the selected Indian strain,
Botryococcus braunii AP103, produced maximum biomass concentration and lipid content of
1.7 ± 0.12 g/L and 0.540 ± 0.0162 mg/L, respectively. The final biomass concentration and lipid
content of B. braunii in the outdoor raceway pond were 1.8 ± 0.13 g/L and 0.342 ± 0.19 g/L,
respectively. Beyond 12 days of growth, the lipid content of B. braunii showed a slight decrease.
Hydrocarbon content was judged at 11% of dry biomass, or 0.198 mg/L (Ashokkumar &
Rengasamy, 2012).
Although it is unusual to see an increase in productivity when switching from a lab to
pilot scale, this can likely be explained by the strain of algae selected. B. braunii AP103 is native
to India, where natural temperatures and sunlight are greater than the lab control that was
held. These results are standard with other reports published on cultivation of B. braunii: In a
similar study, a strain of B. braunii (B. mahabali) was scaled up from laboratory scale to
raceway ponds. The lab results showed a biomass concentration range of 2 - 2.8 g/L. In
raceway ponds, the biomass concentrations were found to be 2 g/L (Dayananda et al., 2010). In
another study conducted in India, biomass yield for B. braunii growth in a raceway pond was
8

recorded as 1.8 ± 0.13 g/L. Hydrocarbon and total lipid content were found to be 24% and
20%, respectively (Rao et al., 2012). Due to the agreement from literature, the yields achieved
in Ashokkumar and Rengasamy (2012) were assumed to be appropriate for further use.
Addition of Carbon Dioxide:
The scale-up study by Ashokkumar and Rengasamy (2012) did not concern the use of
CO2 for growth. However, research has been published that suggests a positive effect of CO2 on
strains of B. braunii (Ge et al., 2011; Ranga Rao et al., 2007). Ge et al. (2011) tested CO2 aeration
in a range between 2-20% and recorded highest growth at 20% CO2 aeration. However, 2%
aeration also returned favorable results. Based on these findings, the present study implements
2% CO2 aeration.
A growth time of 12-15 days, determined to be optimum for growth in raceway ponds,
is used for this portion of the study (Ashokkumar & Rengasamy, 2012). At 15 days, Ranga Rao
et al. (2007) recorded a 22% improvement in total biomass content when using 2% (v/v) CO2
aeration compared to the control of no CO2 addition. The hydrocarbon increase after 12 days
with 2% CO2 aeration is very substantial with a roughly 48% increase. Determination of lipid
increase due to CO2 addition was calculated using a linear regression of data values provided in
Ge et al. (2011). A corresponding equation, y = 0.253x + 9.92, r = 0.99, was generated that
relates the lipid content (% dry weight), y, to the CO2 addition aeration (%), x. The y-intercept
of the equation represents the percentage lipid content when no CO2 is added. Based off of this
regression, the increase in the percentage lipids between the control and the 2% CO2 level was
5.1%.
2

Use of Wastewater Medium:
Research has been done regarding the optimal nutrient concentration for hydrocarbon
and lipid growth in B. braunii (An et al. 2003; Zhila et al., 2004). In the present study, however,
the nutrient concentration cannot be adapted, as all algae will be grown in secondary treated
sewage from Bangkok, the concentration of which is reported in Sreesai and Pakpain (2007). A
middle value was selected for both total nitrogen and total phosphorus out of the range given.
Thus, nitrogen content in the wastewater is assumed to be 184 mg/L, and phosphorus content
is assumed to be 18.6 mg/L.
An et al. (2003) tracks the effect of increased nitrogen and phosphorus content on
B.braunii growth. Like Ashokkumar and Rengasamy (2012), An et al. (2003) based their study
on CHU-13 medium. An et al. (2003) studied the effect of various nutrient concentrations on
B.braunii growth and hydrocarbon concentration. CHU-13 containing a nitrogen content of 51
mg/L and phosphorus content of 14 mg/L was used as the control. The nutrient concentration
of 204 mg/L for nitrogen and 14 mg/L for phosphorus was the closest value tested to the actual
concentration in Bangkok wastewater of 184 mg/L nitrogen and 18.6 mg/L phosphorus, and
algae growth in this nutrient concentration was assumed to be comparable. When increasing
the nitrogen content from CHU-13 level to approximately Bangkok wastewater level, the
growth rate of algae increased by 2.9%, while the hydrocarbon content increased by 47%. All
data is based on a 12-day growth cycle (An et al., 2003).
Ruangsomboon (2012) reported an increase of lipid content with rising nitrogen
concentration in a strain of B. braunii native to Thailand. The report recorded a 31.5% increase
in lipid content when nitrogen concentration increased from 43 mg/L to 172 mg/L.
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Final Algae content:
The recorded increases are shown in Table 2. The data is based off of a 12-day growth cycle.
Table 2: Changes in properties of algal biomass with CO2 addition and use of wastewater
CO Addition Initial (g/L) Increase (%) Increase (g/L)
2

Biomass

1.8

22

0.396

Lipid

0.342

5.1

0.0174

Hydrocarbon

0.198

48

0.0950

Wastewater Initial (g/L) Increase (%) Increase (g/L)
Biomass

1.8

2.9

0.0522

Lipid

0.342

33

0.109

Hydrocarbon

0.198

47

0.0930

As there are no studies that fully examine the impact of the combination of 2% CO2
aeration and wastewater usage, no evidence exists that suggests gains from the respective
additions are mutually exclusive or synergetic. For that reason, the high and low increases are
added together to determine the overall high and low increase of all parameters. The values are
also divided by the growth period, 12 days, to give the content productivities, which are as
listed in Table 3.
Table 3: Overall B. braunii content increases from CO2 addition and growth in wastewater
Final algae
content

Initial
(g/L*d)

Total Increase
(g/L*d)

Final Total
(g/L*d)

% of Total
Biomass

Biomass

0.15

0.0374

0.187

100

Lipid

0.0285

0.0106

0.0391

20.9

Hydrocarbon

0.0165

0.0157

0.0322

17.2

Carbohydrate content in B. braunii AP103 was determined to be 33% at pilot-scale
(Ashokkumar and Rengasamy, 2012). Protein content is recorded as 18% of total.

For cleansing of wastewater, An et al. (2003) shows near complete cleansing of nitrate
in 6 days of growth, and phosphate removal by B. braunii in 3 days. Therefore, after 12 days of
growth, both nitrogen and phosphorus are assumed to be removed to a level acceptable for
discharge into natural waterways, as determined by the Bangkok effluent standards published
in Sreesai and Pakpain (2007).
10

3.2.2 Generic Strain
As discussed above, no adaptations to Thailand were made to model the growth of this
strain. This is done to model an average strain which could be grown in Thailand without
specific cultivation. The data on this strain is taken as published to represent it as an average.
The biomass productivities and lipid contents of the strains are shown in Table 4.
Table 4: Biomass productivity and lipid content of algae strains grown on concentrated
municipal waste (Wenguang et al., 2011)*
Species found in St. Paul

Biomass Productivity
(g/L-d)

Lipid (g/Ld)

Lipid Content (% dry
weight)

Heynigia sp.

0.2104

0.0508

24.14

Chlorella sp.

0.2314

0.0775

33.49

Auxenochlorella
protothecoides

0.2688

0.0777

28.91

Chlorella sp.

0.1792

0.0417

23.27

Chlorella vulgaris

0.1208

0.021

17.38

Micractinium sp.

0.2314

0.0426

18.41

Scenedesmus sp.

0.1938

0.0498

25.7

Hindakia sp.

0.275

0.0778

28.29

Chlorella sp.

0.1375

0.0369

26.84

Chlorella sorokiniana

0.1875

0.0494

26.347

Chlorella sp.

0.2417

0.0747

30.91

Chlorella sp.

0.2125

0.0585

27.53

Chlorella sp.

0.1979

0.0413

20.87

Scenedesmus sp.

0.2475

0.0745

30.1

Average

0.209671429

0.0553

26

* Three species were exempted as outliers according to the IQR method of identifying outliers.
These three species were: Chlorella vulgaris (biomass: 0.1625, lipid: 3.69E-05 g/Ld, lipid %:
0.02%), Chlorella sp. (0.1375, 0.0645, 47.56%), and Chlorella sorokiniana (0.1833, 0.0948,
51.72%)
Carbohydrate and protein contents are not recorded in Wenguang et al, but are taken from
Singh & Gu, 2010, and recorded in Table 5. For ranges, a middle value was selected.
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Table 5: Protein and carbohydrate content of algae strains (Singh & Gu, 2010)
Algae Strain

Protein (% dry weight) Carbohydrate (% dry weight)

Scenedesmus obliquus

53

14

Scenedesmus quadricauda

47

--

Scenedesmus dimorphus

13

35

Chlamydomonas reinhardtii

48

17

Chlorella vulgaris

55

14

Chlorella pyrenoidosa

57

26

Spirogyra sp.

13

48

Dunaliella bioculata

49

4

Dunaliella salina

57

32

Euglena gracilis

50

16

Prymnesium parvum

36

29

Tetraselmis maculate

52

15

Porphyridium cruentum

36

48

Spirulina platensis

52

11

Spirulina maxima

32

15

Synechococcus sp.

54

15

Anabaena cylindrica

49

28

Average

44.3

22.9
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3.2.3 System Design
The same system pond design is used for the cultivations of both strains in the present
study. The assumed pond design is consistent with industrial standards: a 10-m wide, 100-m
long, and 30-cm deep, oval-shaped pond built in concrete blocks, on a 10-cm-thick sole. A PVC
liner covers the concrete to decrease roughness and to avoid biomass attachment. The 300 m3
design is 107.85 times bigger than the pilot scale design of 2.7816 m3. Each pond spans a
growth area of 0.1 hectare (ha) and contains 300,000 L of water. Thus, 1 ha of algae holds 10
ponds and 3 million L of water. As noted in the introduction, the costs of the infrastructure are
not included in the LCA due to the large amount of biodiesel that can be produced over the
lifetime of a raceway pond. The pond has several energy requirements listed below:
Pumping:
Wastewater is provided from a nearby municipal wastewater treatment plant. The algae plant
is assumed to be located very close to the wastewater plant, so pumping of wastewater
between plants is not included. However, pumps are needed to move water to and from the
pond. The total pumping energy requirement is shown to be 40,822 MJ/ha-yr (Clarens et al.,
2011).
Stirring:
The water is stirred by paddle wheels. The energy assumed for this portion is 1,167 MJ/ha-yr
based on Clarens et al. (2011).
CO2 Aeration:
CO2 is captured from a nearby power plant and brought to the ponds for algae production. Flue
gas at 12.5% CO2 is captured and compressed. As only 2% aeration is desired for B. braunii
growth, the flue gas will be diluted to 2% CO2. The energy usage is estimated to be 0.31 MJ/kg
of CO2 for this process (Clarens et al., 2011). Total CO2 usage is 124.97 Mg/ha-yr. The final
energy requirement will be 38,740.7 MJ/ha-yr.

3.3 Yearly Totals
For subsequent calculation and comparison purposes, the yearly totals of the two strains are
shown below.
3.3.1 B. braunii:
As industrial-size ponds represent a very large increase from the pilot scale in which
data collection occurred, a large decrease of 15% is assumed. With this loss, biomass
production is 0.159 g/L*d based on the recorded value in Table 3. Table 6 records the algae
content in Mg/ha-yr which is obtained by multiplying the values from Table 3, assuming a 15%
loss in scale up, by the liters in one hectare and days in one year. One hectare, using the pond
dimensions described in Section 3.3.4, contains 3 million L. A year is assumed to have 365 days.
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Table 6: Annual yield of B. braunii per hectare and year
Final Algae Content

Mg/ha-yr % dry weight

Biomass

174

100

Lipids & Hydrocarbons

66

38

Carbohydrate

57

33

Protein

31

18

3.3.2 Generic Strain:
An assumed loss of 15% in scale up process is considered, as with B. braunii. Data is based off
the averages recorded in section 3.2.2, and annual yields are listed in Table 7.
Table 7: Annual yield of generic strain per hectare and year
Final Algae Content Mg/ha-yr % Dry Weight
Biomass

195

100

Lipids

51

26

Carbohydrate

45

23

Protein

86

44

3.4 Strain Harvesting
To achieve low water content algae biomass, flocculation from alum followed by gravity
thickening is used. The addition of alum causes individual algae organisms to stick together by
neutralizing the electrode double layer surrounding them. Once clumped, the algae will settle
to the bottom which allows for harvesting.The upstream energy from alum is 5.7MJ/kg
Al2(SO4)3. Alum is added at 150 mg/ L (Becker, 1994). Total energy from alum, assuming
harvesting every 12 days, is 78,018 MJ/ ha-yr.
The energy input of gravity thickening is assumed to be 7,400 MJ/ha-yr. The final algal
content is approximately 140 g/L (Clarens et al., 2011). It is assumed that this concentration is
suitable for subsequent steps without the need of further concentration.

14

3.5 Fuel Production Process
3.5.1 Biodiesel
Biodiesel production consists of a long value chain, or production process, summarized
into homogenization with thermal pretreatment, lipid extraction, and refining.
Homogenization:
It is assumed that homogenization is required to break the algae cell walls to allow for
hexane extraction of lipids. Homogenization through a mechanical homogenizer is assumed to
achieve 96% cell disruption and use 825 MJ/Mg algae biomass (Clarens et al., 2011).
Thermal Pretreatment (B. braunii only):
Before lipid extraction, B. braunii must undergo thermal pretreatment to fully extract
the available hydrocarbons. Thermal pretreatment involves heating algae biomass up to 60°C
for 10 minutes (Magota et al., 2012). At this point, the algae slurry is 14% algae. Thus, the
thermal capacity of the algae slurry is estimated to be 3.84 J/g°C, using a weighted average of
the thermal capacity of algae biomass, 1.702 J/g°C, and the specific heat of water, 4.187J/g°C.
The thermal capacity of the algae biomass was approximated from the thermal capacity of
wood biomass from Joaquín et al. (2012). Based on the thermal capacity of the algae slurry and
an ambient temperature of 30°C, the energy requirement would be 115 MJ/Mg algae.
Lipid & Hydrocarbon Extraction:
Lipid and hydrocarbon extraction is carried out using hexane. The yearly total of hexane
is estimated at 14.74 kg/ Mg algae. Hexane production is estimated to require 59.7 MJ/kg
hexane. The total energy for the upstream production of hexane is 879.98 MJ/ Mg algae.
Electricity inputs for lipid refining and heat inputs for hexane recovery total to 123 MJ/ Mg
algae (Clarens et al., 2011).
As hexane only extracts nonpolar lipids, the percentage of nonpolar lipids is very
important. The nonpolar lipid content of B. braunii is estimated to be 84.3% as shown in
Yamaguchi et al. (1986). The hydrocarbon extraction from B. braunii is estimated at 90% when
using thermal pretreatment (Magota et al., 2012). The composition of nonpolar lipids in the
generic strain is estimated at 80% based on that of B. braunii.
Transesterification:
All unit data and assumptions in the transesterification step are borrowed from the
NREL report by Sheehan et al. (1998). The report data is based on a soybean oil conversion
factory, however, evidence supports the similar nature of lipid oils once extracted from the
biomass. Although all details are available in this report, the current study extracts only the
details necessary to give a summary of the process along with a summary of all energy
consumption. The total yield of biodiesel to oil inputs to the refining process is 96.4%
A pre-transesterification refining step is assumed necessary to remove free fatty acids.
This is done by alkali refining using a sodium methoxide catalyst. The energy upstream energy
requirement for sodium methoxide catalyst and process energy usage is 0.77 MJ/ kg biodiesel.
1% oil loss is assumed in this stage.
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Transesterification is modeled in Sheehan et al. (1998) using methanol as the catalyst in
the transesterification reaction. The reaction is shown below:

In the present study, ethanol will be used in Scenario 1 when produced as a co-product of
biodiesel. In Scenario 2 where ethanol is not produced, methanol will be used as the conversion
catalyst. Methanol production requires 2.9 MJ/ kg biodiesel of upstream energy. It is assumed
that methanol is produced in Thailand, using energy from the Thai electrical grid. This process
is 99% efficient.
Methyl-ester is cleaned in wash water using concurrent wash columns. Water is fed into
the top of the columns while ester being fed into the bottom. Wastewater leaving the bottom of
the columns goes into glycerol recovery steps. It is assumed that no ester is lost with the
wastewater. Washed ester is then settled, heated to steam, and dried to recover the ester.
Glycerol recovery is carried out by collecting glycerol from the transesterification
settlers, ester purification wash columns, and ester dryer condensate. The conglomerate is
heated and fed to the glycerol distillation column. The crude glycerol extracted is 80%
concentration and is assumed to be sold without any further refining. The yield of glycerol is
0.213 kg/ kg biodiesel.
Methanol or ethanol is added at a level six times the stoichiometric requirement. The
excess methanol is recovered using a methanol dryer. Steam production in this step requires
225 MJ/ Mg biodiesel produced.
A small amount of onsite waste treatment is done. Wastes collected from alkali refining,
methyl ester purification, and methanol recovery are sent to clarifiers, which are large settling
tanks, for removal of oil and grease. The oil and grease is skimmed off and landfilled, and the
remaining wastewater is sent to the municipal sewer system located on site.
Energy uses not specified in the process above are as follows (Sheehan et al., 1998):
Sodium hydroxide production: 0.0374 MJ/kg biodiesel
Hydrogen chloride production: 0.1304 MJ/kg biodiesel
Steam production: 1.465 MJ/kg biodiesel
Electricity: 0.290 MJ/kg biodiesel
Blending:
Algal biodiesel is not combusted in personal transportation vehicles as 100% biodiesel
but is instead blended with diesel. Thailand currently has policy in place which mandates a
blend of 5% biodiesel with 95% diesel (B5). The present study therefore assumes the final
product must be made into B5 before being sold on the market. Blending occurs at the oil
refineries located in Rayong province, 185km from Bangkok. Biodiesel must be trucked to
Rayong, blended and trucked back to Bangkok. The energy associated with this step is 0.37
MJ/kg biodiesel.
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Allocation of Glycerol Co-Product:
Although market data on glycerol in Thailand is hard to access, there is evidence that
Thailand is a net importer of glycerol. Therefore, it is assumed that glycerol production in
Thailand is economical and could therefore be a realistic scenario.
The yield of glycerol is 212.83 kg/Mg of biodiesel (Sheehan, 1998). By mass allocation
glycerol would represent 17.4% of biodiesel production energy. By energy allocation, glycerol
would represent 8.36%. For economic allocation, a price of US$ 450 per Mg glycerol was found
through independent retailers on Alibaba and US$ 1,142.60/ Mg crude palm oil, which crude
algae oil could replace on the market (“The Nation”). Per 1 Mg biodiesel, and the resulting
0.213 Mg of glycerol, the glycerol co-product would represent 7.74% of the total economic
potential if the products were sold at market prices. As economic allocation seems the most
appropriate way to allocation, based on the products properties and uses, economic allocation
will be used for the remainder of the study.

3.5.2 Ethanol
Carbohydrates from algae--specifically, the cellulose that makes up the cell wall and the
starch used for storage within the algae cell-- can be converted into ethanol via fermentation.
Once the algae has been cultivated, harvested, and dewatered to produce algal biomass, it can
be converted into ethanol. Lipid extraction prior to ethanol conversion is not necessary but is
ideal, as demonstrated in a study by Harun et al. in which lipid-extracted algae yielded 60%
higher ethanol concentrations than dried, intact algae (2010).
Unlike many of the biofuel feedstocks in current use, algae contains very little lignin
(about 1.5%), a complex carbohydrate that cannot be broken down by yeast during
fermentation (Ververis et al., 2006). Because algae does not contain significant amounts of
lignin, certain pretreatment processes necessary for lignocellulosic feedstocks can be avoided.
The ethanol conversion process will follow lipid extraction for biodiesel production and
will consist of the following steps: saccharification, fermentation, distillation, refining, and
blending.
Saccharification & Fermentation
The cellulose, hemicellulose, and starch undergo saccharification, also known as
hydrolysis, which converts the complex carbohydrates into simpler sugars that can be
fermented by yeast. The sugars are converted to a dilute ethanol solution (usually, 10-15%
ethanol) via fermentation by a common yeast species, Saccharomyces cerevisiae. From Anudit
(2001), saccharification requires 0.41 MJ/L ethanol and fermentation requires 0.99 MJ/L.
Energy values for the saccharification and fermentation of algae were not readily available, so
energy values for the saccharification and fermentation of cassava were used. As algae contains
little lignin, there should be less energy expended in the pretreatment stage for algae than for a
feedstock with higher lignin content, like cassava. However, the amount of energy that goes
into saccharification and fermentation is relatively small compared to the overall energy input
for ethanol conversion, so the energy differences between algae and cassava for these two
steps are deemed negligible.
Distillation and Refining
The dilute ethanol mixture is subjected to distillation in which water and impurities are
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removed to produce 95% concentrated, liquid ethanol. Distillation consumes the largest
portion of the overall energy in the ethanol conversion process. Refining removes even more
water so that the final product is 99.5% ethanol. Distillation and membrane refining consume
14.17 MJ/L ethanol and 0.69 MJ/L ethanol, respectively (Anudit, 2001).
Blending
Finally, the concentrated ethanol is transported to an oil refinery where it is blended to
the desired ratio. This report will examine ethanol in the form of E10, a blend that is 10%
ethanol, 90% gasoline by volume. Blending occurs at refineries which are located in the Rayong
region, approximately 185 km from Bangkok. The ethanol is transported in a tank truck with
an energy requirement of 0.295 MJ/L ethanol (Sheehan et al., 1998).
Calculating Ethanol Yield
Ethanol yield was calculated from carbohydrate contents using the following
assumptions from Vanger Gheynst (2008): (1) 75% of the carbohydrates can be hydrolyzed
into fermentable hexose, and (2) the ethanol yield is 80% of the theoretical yield.
The chemical equation for the fermentation of hexose to ethanol and carbon dioxide is
C H O → 2 C H OH + 2 CO
According to this formula, hexose produces ethanol in a 1:2 mole ratio or 180.16 : 92.14 mass
(kg) ratio. The density of ethanol is 0.789 kg/L, therefore, 1.5427 kg of hexose produces 1 L
ethanol. Carbohydrate contents for B. braunii and the generic strain were multiplied by 0.75 to
find the mass of fermentable hexose. The mass of hexose was divided by the amount of hexose
needed per liter of ethanol (1.5427 kg hexose/L EtOH) to find the theoretical ethanol yield. We
assume that 80% of this theoretical ethanol yield will actually be produced. Pure ethanol will
make up 99.5% of the volume of the end product. So, the total volume of “ethanol” produced is
the pure ethanol yield divided by 0.995.
As recorded in Tables 6 and 7, the carbohydrate contents of B. braunii and the generic
strain are 57 Mg/ha-yr and 45 Mg/ha-yr, respectively. Thus, the ethanol yields are calculated to
be 22,280 L/ha-yr for B.braunii and 17,590 L/ha-yr for the generic strain.
6

12

6

2

5

2

3.5.3 Biomethane
Algal biomass goes through multiple steps to be made into biogas that will be upgraded into a
gas that is 96% biomethane and then be utilized in vehicles as a fuel source. These steps
include anaerobic digestion, biogas upgrading, and compression.
Anaerobic digestion:
Theoretical biomethane yield was modeled off of Angelidaki and Sanders (2004), Ras et
al. (2011), and Sialve et al. (2009), while energy input values were taken from Collet et al.
(2011). The biomethane yield is modeled off of the mathematical equation derived using the
balanced chemical formula reported in Angelidaki and Sanders (2004). The production ratio
between CH4 and CO2 depends on the oxidation state of the carbon in the algal biomass. The
more reduced the organic matter is, the more CH4 produced. This equation balances the total
conversion of the organic material to CH4 and CO2 with H2O as the only external source during
anaerobic digestion.
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From the chemical formula, the following equation can be derived:

Source: Angelidaki and Sanders (2004)
Where B is the theoretical yield of biomethane in L/g volatile solids (VS) and 22.4 is the
volume of 1 mole of biomethane at STP. This relation can be simplified as the following chart:
o

*N is converted to NH3
Source: Angelidaki and Sanders (2004)
It is important to recognize that this is the theoretical yield and not the yield that is
accomplished in practice. Algae has been shown to have poor digestion efficiency relative to
other feedstocks. Chen (1987) and Foree and McCarty (1970) showed that for hydraulic
retention times of 30 days, efficiency of biomethane production did not exceed 60% of the
theoretical methane yield. For the present study, it is assumed that the obtained yield is 60% of
the theoretical.
The optimal temperature for anaerobic digestion of most algae is 40°C (Chen, 1987).
Higher biomethane yields are recorded with increased temperatures, as in Samsun and LeDuy
(1986), but the energy input to increase the temperature often renders an unfavorable NER
(Chen, 1987), so the present study will use 40°C.
Collet et al. (2011) chose an organic loading rate of 1.4 gCOD/L*d. Organic loading rate
is the measure of soluble and particulate organic matter in solution. Higher organic loading
rates can cause inhibition of biomethane production due to increased ammonia production
associated with more organic matter in solution being anaerobically digested (Ras et al., 2011).
The chemical oxygen demand (COD) of the organic loading rate has an effect on how much
biomethane is produced because COD refers to the total amount of organic compounds in the
mixture of algae and water. This combination of this organic loading rate and hydraulic
retention time will result in the highest biomethane yield. Even higher biomethane production
yields can be achieved by higher organic loading rates, but they require additional
centrifugation steps and the present study decided to use minimal energy inputs (Ras et al.,
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2011). The algal biomass is loaded into the anaerobic digester, where a mixture of
microorganisms break down the biomass and create biomethane and CO through the
processes of hydrolysis, acidogensis, acedogenesis, and methanogenesis. During hydrolysis,
some microorganisms degrade the macromolecules into simpler monomers. The process of
acidogenesis converts monomers into fatty acids. Other microorganisms in the anaerobic
digester produce acetic acid through acedogenesis, and methanogensis is the conversion of
acetic acid into biomethane (Borjesson and Mattiasson, 2006).
The main deviation from Collet et al. (2011) is the hydraulic retention time. In Collet et
al. (2011), it has been suggested that a hydraulic retention time of 46 days is needed to fully
digest the algae. Chen (1987) showed that for algae, hydraulic retention times above 30 days
do not cause significant increase for biomethane yield. Therefore, the present study assumes a
hydraulic retention time of 30 days. The energy inputs from Collet et al. (2011) are all directly
applicable, except the energy required for the hydraulic retention time of 46 days. This
assumption causes no changes in energy requirements of the present study from Collet et al.
(2011), as infrastructure costs are not included in the present study. A shorter retention time
would allow for a smaller digester volume.
2

Biogas Upgrading
The least energy intensive method of upgrading biogas is bubbling the biomethane and
carbon dioxide mixture of gas in pressurized water. Carbon dioxide and dusts are highly
soluble in water, while biomethane is not. Thus, when the biogas (70% biomethane, 30% CO2)
comes in contact with the pressurized water, a 96% concentration of biomethane gas is
produced, while the remaining components of the biogas are taken up by water and returned to
the mixing tank for further use in the algae production process. The energy consumption for
this step is 1.1 MJ per m of biogas upgraded (Collet et al., 2011).
3

Compression for Vehicle Use:
Biomethane must be compressed before use in vehicles. The biomethane is compressed
at the pump from a pressure of 0.1 mPa to a pressure of 25 mPa, or 250 bar. The energy
requirement for this step is 0.453 MJ/L (López et al. 2011). Assuming methane to behave as an
ideal gas, given the heating value at 0.1 mPa as 35.83 , the energy density of the compressed gas
is 8.96 MJ/L (GREET, 2012).
Fertilizer Co-product:
Following the gasification process, a digestate high in nitrogen, phosphorus, and
potassium is left over. Fertilizer is allocated through system expansion. Fertilizer production is
assumed to take place in Thailand using a traditional process outlined in Kraatz (2008). The
digestate is primarily water, and thus requires centrifugation to achieve a concentration of
30% dry matter. The high nutrient liquid that has been separated out is returned to the algae
growth ponds. As the liquid flow rate in Collet et al. (2011) is 4.67 m3/ha-d, and the raceway
ponds have a volume of 300 m3, the input of high nutrient water is assumed to be too low in
volume to cause significant impact to the nutrient concentration in the ponds, and, thus, the
algae is assumed to clean the additional nutrients out with no problems.
The solid digestate is used in replacement of inorganic fertilizers for agriculture in
Thailand. The concentration of the fertilizer per m3 of biogas is 4.5 kg nitrogen, 0.607 kg
phosphorus, and 0.495 kg potassium. At an energy costs of 35.3 MJ/kg N, 36.2 MJ/kg P, and
11.2 MJ/kg K, the energy offset per m3 of digestate production is 186.37 MJ/ m3 (Kraatz, 2008)
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Transportation of digestate fertilizer is assumed to be comparable to transportation of
inorganic fertilizers as both will be produced and consumed within Bangkok. Therefore,
transportation of fuels are considered equal and are not counted in energy offsets.

3.6 Energy Inputs and Outputs in Fuel Production and NER
Fuel production was modeled in three scenarios, using both strains in each scenario to
create a total of six scenarios. The energy outputs are divided by primary energy inputs to find
the net energy ratio of each scenario. Primary energy is calculated using data from the Thai grid
presented in Krittayakasem et. al. (2011) and GREET (2012) and an average thermal efficiency
of electricity production from EIA (2011). All electricity requirements, excluding data on
transesterification and the resulting processes, must be converted to primary energy. The data
provided by Sheehan et al (1998) is given in primary energy.

3.6.1 Scenario 1
3.6.1.1 B. braunii, Scenario 1 (Table 8-12):

Cultivation:
Table 8: Total energy consumption for cultivation of B. braunii, Scenario 1
Energy Usage (B. braunii) MJ/ha-yr
Mixing

1,167

Pumping

40,822

CO2 Compression

38,741

Cultivation Total

80,730
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Biodiesel:
Table 9: Total energy consumption for biodiesel production from B. braunii, Scenario 1
Energy Input Categories

MJ/ha-yr

Alum Upstream Production

78,018.75

Thickening

1,997.36

Homogenization

143,789.25

Thermal Pretreatment

20,043.35

Lipid Extraction

25,265.08

Hexane upstream production

153,371.71

Steam Production

32,642.60

Electricity Production

6,413.16

Sodium Methoxide Production

17,106.74

Sodium Hydroxide Production

827.06

Hydrogen Chloride Production

2,884.29

Transport for Blending

9,587.97

Total

637,617

The final production of biodiesel from B. braunii is 57,778 L/ha-yr based on the initial
hydrocarbon and lipid content, 66.3 Mg/ ha-yr, minus the losses from homogenization, hexane
extraction, and losses in refining process. The heating value is assumed to be 32.80 MJ/ L.
Glycerol production is 10.9 Mg.
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Ethanol:
Table 10: Total energy consumption for ethanol production for B. braunii, Scenario 1
Energy Input Categories MJ/ha-yr
Saccharification

9,134.8

Fermentation

22,057.2

Distillation

315,707.6

Membrane Refining

15,373.2

Transport to Refinery

2,042.12

Total

294,855.9

The total ethanol production is 22,280 L/ha-yr from B. braunii. In scenario 1, the ethanol
produced is reintroduced into the fuel production system to serve in the biodiesel production
process. The amount of ethanol needed to replace methanol, as discussed in section 3, is 8,437
L ethanol/ ha-yr, using data from Sheehan et al. (1998). The net production of ethanol is 13,843
L/ha-yr. The heating value used is 21.3 MJ/L (GREET).

Biomethane:
Table 11: Total energy consumption for biomethane production for B. braunii, Scenario 1
Energy Input Categories

MJ/ha-yr

Mixing

20,215.98

Centrifugation of digestates

4,717.06

Internal Biogas Used

127,285.82

Purification

15,536.36

Compression for Vehicle Use

10,696.17

Total

178,451.39

The total biomethane produced was 5,909 m3/ha-yr and a heating value of 35.83 MJ/m3 was
assumed (GREET, 2012). 69 m3 of fertilizer is produced in this scenario. The methane is then
transported to pumps in Bangkok and compressed onsite. The total compressed biomethane
(CBG) is 23,636 L/ha-yr.
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Totals:
Table 12: Total energy consumption for biofuel production from B. braunii, Scenario 1
Energy Input Categories

No Allocation (MJ/ ha-yr)

With Allocation (MJ/ ha-yr)

Cultivation

80,729.70

80,729.70

Biodiesel

572,424.46

528,347.78

Biogas

178,451.39

165,573.27

Ethanol

364,314.92

351,436.80

Tertiary Treatment

2,299.5

2,299.50

Internal Biogas Used

127,285.82

127,285.82

11,603.1

11,630.09

Total Electricity Demand

1,054,705.1

984,872.14

Total Primary Energy

2,586,027.4

2,424,002.08

Total Energy Output

2,431,758.37

2,431,758.37

-154,268.1

7,756.29

0.94

1.00

Total Diesel Used

Net Energy
NER

3.6.1.2 Generic Strain, Scenario 1 (Tables 13-17):
The cultivation is assumed to not require CO2, but otherwise have the same pumping and
mixing energy inputs as B. braunii.
Cultivation:

Table 13: Total energy consumption for cultivation of generic strain, Scenario 1
Energy Usage (Generic Strain) MJ/ha-yr
Mixing (MJ/ha-yr)

1,167

Pumping (MJ/ha-yr)

40,822

Total

41,989
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Biodiesel:
Table 14: Total energy consumption for biodiesel production of generic strain, Scenario 1
Energy Input Categories

MJ/ ha-yr

Alum Upstream Production

78,018.75

Thickening

2,236.76

Homogenization

161,023.50

Lipid Extraction

22,484.74

Hexane upstream production

171,754.50

Steam Production

24,624.01

Electricity Production

4,875.50

Sodium Methoxide Production

13,005.12

Sodium Hydroxide Production

628.76

Hydrogen Chloride Production

2,192.73

Transport for Blending

7,694.50

Total

579,329.42

The final yield of biodiesel is 43,925L. The heating value is assumed to be 32.80 MJ/ L (GREET,
2012). The glycerol yield is 8.30 Mg/ ha-yr.
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Ethanol:
Table 15: Total energy consumption for production of ethanol for generic strain, Scenario 1
Process

MJ/ha-yr

Saccharification

7211.9

Fermentation

17414.1

Distillation

249250.3

Membrane Refining

12137.1

Transport for Blending

1603.55

Total

287616.95

Total ethanol production 17,590 L/ha-yr from generic strain. The heating value is calculated as
21.3 MJ/L (GREET, 2012). 6,717 L ethanol/ ha-yr is used in the biodiesel production process
based on data from Sheehan et al. (1998). The net production of ethanol is thus 10,873 L/ ha-yr

Biomethane:
Table 16: Total energy consumption for biomethane production for generic strain, Scenario 1
Energy Input Categories

MJ/ha-yr

Mixing

38,876.89

Centrifugation of Digestates

9,071.27

Internal Biogas Used

244,780.42

Purification

29,877.61

Compression for Vehicle Use

35,373.97

Total

357,980.16

The total biomethane produced was 19,544 m3/ha-yr and a heating value of 35.83 MJ/m3 was
assumed (GREET). Fertilizer yield is 71m3 in this scenario.The methane is transported to
pumps in Bangkok where it is compressed onsite. The total compressed biomethane produced
is 78,176 L/ha-yr.
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Totals:
Table 17: Total energy consumption for algal biofuel production for generic strain, Scenario 1
Energy Input Categories

No Allocation (MJ/ ha-yr)

With Allocation (MJ/ ha-yr)

Cultivation

41,989.00

489,677.20

Biodiesel

530,527.85

333,130.83

Biogas

357,980.16

287,616.95

Ethanol

287,616.95

2,299.50

Tertiary Treatment

2,299.50

244,780.42

Internal Biogas

244,780.42

Total Electricity

9,298.03

Total Diesel Fuel

961,736.01

2,333,048.36

Total Primary Energy

2,485,484.50

2,395,419.26

Total Energy Output

2,395,419.26

62,370.90

-90,065.25

1.03

Net Energy
NER

0.96

9,298.03
896,036.03

489,677.20

3.6.2 Scenario 2
(lipids to biodiesel, 100% remaining biomass to biomethane)
3.6.2.1 B. braunii Scenario 2 (Tables 18-19):
Biodiesel:
The energy inputs and biodiesel and glycerine outputs are the same as scenario 1 with one
change. In scenario 2 ethanol used in the biodiesel production process is replaced by methanol
with the upstream energy requirement of 64,193 MJ/ ha-yr.
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Biomethane:
Table 18: Total energy consumption for biomethane production for B. braunii, Scenario 2
Energy Input Categories

(MJ/ha-yr)

Mixing

41,987.04

Centrifugation of Digestates

9,796.98

Internal biogas used

264,362.85

Purification

32,267.82

Compression for Vehicle Use

30,242.74

Total

378,657.42

The total biomethane produced was 16,708 m^3/ha-yr and a heating value of 35.83 MJ/m^3
was assumed (GREET). This scenario produces 115 m^3 of fertilizer per ha-year. The
biomethane produced is compressed into CBG for vehicle use. The final yield is 66,820 L/ha-yr
with a heating value of 9.89 MJ/L.
Totals:
Table 19: Total NER and Allocation of B. braunii, Scenario 2
Energy Input Categories

No Allocation

With Allocation (MJ/ ha-yr)

Cultivation

80,729.70

80,729.70

Biodiesel

636,617.30

587,597.76

Biogas

378,657.42

351,812.89

Tertiary Treatment

2,299.50

2,299.50

Internal Biogas

264,362.85

264,362.85

Total Electricity

9,587.97

9587.97

Total Diesel

819,754.10

743,890.03

Total Primary Energy

2,175,932.49

1,999,913.77

Total Energy Output

2,523,838.05

2,523,838.05

Net Energy

347,905.56

523,924.28

NER

1.18

1.26
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3.6.2.2 Generic Strain, Scenario 2 (Tables 20-21):
Biodiesel:
Energy inputs and biodiesel and co-product outputs are the same as in scenario 1 with one
exception. Ethanol used in the production process of biodiesel must be replaced by methanol
with energy production costs of 48,801 MJ/ ha-yr.
Biomethane:
Table 20: Total energy consumption for generic strain, Scenario 2
Energy Input Categories

MJ/ha-y

Mixing

56,371.49

Centrifugation of Digestates

13,153.35

Internal Biogas Used

354,931.61

Purification

43,322.53

Compression for Vehicle Use

50,703.78

Total

518,482.75

The total biomethane produced was 28,013 m^3/ha-yr and a heating value of 35.83 MJ/m^3
was assumed (P Collet et al 2011). In this scenario 181 m^3 of fertilizer was produced.The
biomethane is transported to pumps in Bangkok and compressed on site. The total compressed
biomethane gas (CBG) produced is 112,052 L/ha-yr with a heating value of 8.96 MJ/L.
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Totals:
Table 21: Total NER and allocation of generic strain, Scenario 2
Energy

No Allocation Energy Allocation

Cultivation

41,989.00

41,989.00

Biodiesel

579,329.42

534,721.05

Biogas

518,482.75

482,433.08

Tertiary Treatment

2,299.50

2,299.50

Internal Biogas Used

354,931.61

354,931.61

Total Electricity

7,694.48

7,694.48

Total Diesel Used

774,875.59

694,217.55

Total Primary Energy

2,160,481.28

1,973,339.66

Total Energy Output

2,467,286.82

2,467,286.82

Net Energy

306,805.54

493,947.16

NER

1.14

1.25
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3.6.3 Scenario 3
(All Biomass to Biomethane)
3.6.3.1 B. braunii, Scenario 3 (Tables 22-23):
Biomethane:
Table 22: Total energy consumption for biofuel production for B. braunii Scenario 3
Energy Input Categories

MJ/ha-yr

Alum Upstream Production and Gravity Thickening

80,016.11

Mixing

67,645.79

Centrifugation of Digestates

15,784.02

Internal Biogas Used

425,917.93

Purification

51,987.04

Compression for Vehicle Use

97,449.29

Total

738,800.2

The total biomethane produced was 53,580 m^3/ha-yr and a heating value of 38.3 MJ/m^3
was assumed (Timothy 2001). In this scenario 217 m^3 of fertilizer was produced. The total
production of compressed biomethane gas (CBG) is 214,320 L/ha-yr.
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Totals:
Table 23: NER and Allocation for biofuel production for B. braunii, Scenario 3
Total Energy

No Allocation (MJ/ ha-yr)

With Allocation (MJ/ha-yr)

Cultivation

80,730.00

80,730.00

Biogas

738,800.18

695,585.92

Tertiary Treatment

2,299.50

2,299.50

Internal Biogas Used

425,917.93

425,917.93

Total Electricity Used

391,312.45

348,098.19

Total Primary Energy

1,333,835.45

1,233,570.35

Total Energy Output

1,929,065.27

1,929,065.27

Net Energy

595,229.82

695,494.93

NER

1.45

1.56

3.6.3.2 General Strain, Scenario 3 (Tables 24-25):
Biomethane:

Table 24: Total energy consumption for algal fuel production for Generic Strain Scenario 3
Energy Usage Categories

MJ/ha-yr

Alum Upstream Production and Gravity Thickening

80,255.5

Mixing

75,809.94

Centrifugation of Digestates

17,688.98

Internal Biogas Used

477,321.81

Purification

58,261.34

Compression for Vehicle Use

101,617.83

Total

810,955.4

The total biomethane produced was 56,143 m^3/ha-yr and a heating value of 35.83 MJ/m^3
was assumed (GREET, 2012). In this scenario 250m^3 of fertilizer was produced.The
biomethane produced is transported to pumps in Bangkok and compressed onsite. The amount
of compressed biomethane gas (CBG) is 224,572 L/ha-yr.
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Totals:
Table 25: NER and allocation for biofuel production for generic strain, Scenario 3
Energy Usage Categories

No Allocation (MJ/ ha-yr)

With Allocation (MJ/ha-yr)

Cultivation

41,989.00

41,989.00

Biogas

810,955.42

762,526.43

Tertiary Treatment

2,299.50

2,299.50

Internal Biogas Used

477,321.81

477,321.81

Total Electricity

373,323.11

324,894.11

Total Primary Energy

1,343,500.72

1,231,136.46

Total Energy Output

2,011,583.98

2,011,583.98

Net Energy

668,083.27

780,447.52

NER

1.50

1.63

3.7 Comparison of NER and VKT (Tables 26-27):
The NER is calculated as a ratio of output energy of input energy. A NER of 1.0 implies that the
energy input is exactly equal to the energy output. The NERs obtained in this report all show
positive energy output. Vehicle kilometers traveled are calculated based off the reference flow
and total L of fuel produced. As the energy content is not directly correlated to volume, the
energy percentages of biofuels rather than the volume in the total fuel mix are used to
determine VKT for algal biofuels. The percentages used are 7.38% ethanol by energy in E10
and 4.63% biodiesel by energy in B5. These values were calculated using the energy contents
from Argone GREET (2012), reported earlier in the SI.
Table 26: Comparison of NER and VKT for B. braunii
Scenario

NER

Total Energy Output (MJ)

VKT

S1-BB

1.003

2,431,758.37

1,155,153.98

S2-BB

1.26

2,523,838.05

1,224,311.98

S3-BB

1.56

1,929,065.27

936,337.18
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Table 27: Comparison of NER and VKT for generic strain
Scenario

NER

Total Energy Output (MJ)

VKT

S1-GS

1.03

2,395,419.26

1,142,936.51

S2-GS

1.25

2,467,286.82

1,197,035.15

S3-GS

1.63

2,011,583.98

976,390.43

3.8 Algal Fuel Production Emissions by Strain (Tables 28-29)
The emissions for each production scenario are calculated from the energy inputs and outputs.
Table 28: B.braunii production emissions (g) with allocation
Total

BB-S1

BB-S2

BB-S3

CH4

4.40E+03

6.52E+03

5.01E+03

CO

8.09E+04

1.77E+05

1.60E+05

CO2

1.63E+08

1.51E+08

8.88E+07

N2O

2.36E+03

4.82E+03

4.28E+03

NOX

4.14E+05

4.51E+05

3.00E+05

PM10

1.54E+04

2.22E+04

1.69E+04

SOX

2.03E+05

1.54E+05

7.19E+04

Table 29: Generic Strain production emissions (g) with allocation
Total

GS-S1

GS-S2

GS-S3

CH4

5.17E+03

5.61E+03

5.44E+03

CO

1.18E+05

1.50E+05

1.78E+05

CO2

1.59E+08

1.37E+08

8.96E+07

N2O

3.31E+03

4.09E+03

4.73E+03

NOX

4.29E+05

4.02E+05

3.13E+05

PM10

1.79E+04

1.92E+04

1.83E+04

SOX

1.85E+05

1.44E+05

6.73E+04

VOC

7.49E+03

9.61E+03

1.17E+04
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3.9 Exhaust Emissions of Fuels
It is important to compare the emissions from the fossil fuels that biofuels from
wastewater algae would be potentially replacing when looking at environmental impacts. For
this study the emissions from combustion of gasoline, diesel, natural gas (CNG), and ethanol
(E10) will be compared to the algae fuels, specifically Volatile Organic Compound (VOC),
Carbon Monoxide (CO), Nitrous Oxides (NOx), Particulate Matter 10 (PM10), Sulfur Oxides
(SOx), Methane (CH4), Nitrous Oxide (N2O), and Carbon Dioxide (CO2). They have been
calculated per functional unit.
Table 30: Emissions from combustion of analyzed fuels
Emission
(g/ 1000
km)

Biodiesel
(95% diesel,
5%biodiesel)

Natural Gas
(CNG)

Diesel

Compressed
Biomethane Gas
(CBG)*

CH4

1.86

93.15

1.86

93.15

CO

352.84

2,325

334.72

2,325

CO2

187407.14

156,841.54

168,954.72

156,841.54

N20

7.45

7.45

7.45

7.45

NOx

87.56

87.56

87.56

87.56

PM10

18.62

18.02

18.62

18.02

SOx

1.062

0.72

1.17

0.72

Source: GREET (2012)
*CBG emissions are not significantly different from CNG
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4. Impact assessment
4.1 Total Emissions
Table 31: Emissions for production and combustion of biofuels produced in Scenario 1 (grams
per functional unit)
Emissions

B. braunii

Generic

CH4

22.31

24.22

CO

606.72

672.20

CO2

348,457.27

343,271.92

N2O

10.22

11.07

NOX

542.06

557.44

PM10

34.44

36.72

SOX

336.68

320.29

Table 32: Emissions for production and combustion of biofuels produced in Scenario 2 (grams
per functional unit)
Emissions

B.braunii

Generic

CH4

22.06

23.96

CO

507.25

566.28

CO2

313,968.94

312,875.03

N2O

10.87

11.55

NOX

492.27

512.86

PM10

34.94

36.96

SOX

277.95

269.67
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Table 33: Emissions for production and combustion of biofuels produced in Scenario 3 (grams
per functional unit)
Emissions

B. braunii

Generic strain

CH4

98.50

98.72

CO

2,496.36

2,507.10

CO2

94,857.90

91,735.07

N2O

12.02

12.29

NOx

408.04

408.61

PM10

36.05

36.75

SOx

77.53

69.68

4.2 Comparison of Conventional fuels Specific to Thailand
Diesel:
Diesel emissions have been calculated based on a life cycle assessment on the production of
diesel in Thailand.
Table 34: Emissions from the production and combustion of diesel

Emissions g/ 1000km traveled
CO2

190864.43

CO

353.09

CH4

11.78

N2O

7.96

NOx

146.21

SOx

110.74

PM10

21.1
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Natural Gas:
The upstream emissions from natural gas are taken from Phumpradab et al (2009),
which conducts an LCA of natural gas in Thailand. The study focuses on natural gas for power
production, however the steps before combustion concern extraction, separation, and
transportation to Bang Pakong power plant in Bangkok. The emissions from these steps are
reported in g/MWh of electricity production from a combined cycle power plant. The reference
flow of natural gas to create one MWh is 252 m3. This is used to convert the emissions into
g/m3 which can be used for comparison. Emissions from compression are calculated based on
the Thai grid. Combustion emissions are added.
Table 35: Emissions for production and combustion of natural gas
Emission g/1000km
CO2

2.49E+05

CO

2.41E+03

CH4

3.03E+02

NOx

8.79E-01

N2O

9.51

SO2

1.07

VOC

8.63E-01

PM10

1.80E-01

PM2.5

9.33
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Comparison of Emissions per Functional Unit
Table 36: Comparison of emissions for algal fuel and conventional fuel production and use
B.braunii, Scenario 2 (B5 and CNG)
BB-S2

Conventional Fuel (CNG and diesel)

Algae Fuel (CBG and B5)

CH4

19.33

22.06

CO

392.61

507.25

CO2

196,830.38

313,968.94

N2O

8.18

10.87

NOx

183.67

492.27

PM10

21.13

34.94

SOx

159.63

277.95

Table 37: Comparison of emissions for algal fuel and conventional fuel production and use
generic strain, Scenario 2
GS-S2

Conventional Fuel (CNG and diesel)

Algae Fuel (CBG and B5)

CH4

21.30

23.96

CO

425.45

566.28

CO2

196,604.56

312,875.03

N2O

8.18

11.55

NOx

182.65

512.86

PM10

21.09

36.96

SOx

157.31

269.67
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4.3 Environmental Impacts
Using the most recent CML LCIA method (CML 2 Baseline Method) the following
environmental consequences have also been calculated. Global Warming Potential (GWP) is an
expression of the time-integrated radiative-forcing effects of atmospheric pollutants, measured
in kg of CO2 equivalents. CO, CH4, N20, and CO2 are the emissions from diesel that contribute to
GWP, each multiplied by their equivalency factors for GWP. Acidification Potential (AP) refers
to the increase in acidity in water and soil systems, calculated in kg of SO2 equivalents.The
compounds contributing to acidification are SOx and NOx, which are also multiplied by
equivalency factors for AP. Photochemical Ozone Creation Potential (POCP) is the formation of
ground level ozone by VOC’s and NOx reacting with heat and sunlight. POCP depends on the
amount of CO, SOx, and NOx, measured in kg of ethylene (C2H4) equivalent.
Table 38: Comparison of environmental impact potentials for algae fuels and conventional
fuels
Impact
Category

B.braunii Algae
Fuels

Conventional
Fuels

Generic Strain
Algae Fuels

Conventional
Fuels

AP

0.58

0.28

0.58

0.28

POCP

0.03

0.02

0.03

0.02

EP

0.07

0.03

0.07

0.03

GWP

317.78

199.77

316.94

199.59

5. Wastewater Treatment in Bangkok
The majority of the wastewater in Bangkok goes through secondary treatment by a
process known as activated sludge (Simachaya et al.). However, this secondary treatment
process does not clean the wastewater enough for it to reach government standards in terms of
pH, total nitrogen, total phosphorus, suspended solids, and chemical oxygen demand. Sreesai
and Pakpain (2007) show that growing algae in wastewater as a tertiary treatment can
significantly reduce the amount of total nitrogen and total phosphorous in the wastewater
effluent, helping it to reach the standards outlined by the Thai government. They also show
that growing algae in natural light, as opposed to a range of artificial light conditions, yields the
highest mean algal production (Sreesai et al., 2007). In this study, algae is hypothetically being
grown in raceway ponds exposed to natural light, eliminating the need for energy inputs in the
form of added light to cultivate the highest yield of algae. Biogas (majority methane) from the
activated sludge process could also be used as an energy input to offset the cultivation of the
algae. Tertiary treatment is currently not widely used in Bangkok, although submerged
membrane bioreactors coupled with activated sludge provide similar treatment results as algal
tertiary treatment in terms of percent reduced total nitrogen and chemical oxygen demand
(Visvanathan et al). Therefore, this method of tertiary treatment will be used as the treatment
offset by the algae. Air emissions are calculated from the Thailand electricity grid mix that goes
into this treatment, as the process itself produces primarily water, not air, emissions.
Visvanathan et al. reports the energy consumption of this treatment method to be 0.0252
MJ/m . Based on the electricity grid mix for Thailand given in Krittayakasem et al. (2011),
3
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emissions were calculated for the electricity consumption of this tertiary wastewater treatment
system to be used as an offset when considering algae. The present study assumes that the
algae would absorb nutrients as a tertiary treatment for a volume of 91,250 m /ha-year, based
on the system design of 3,000 m / ha and 12 day growth cycles giving a total of 30.41batches of
algae per year. Under this assumption, the tertiary treatment would demand 2,300 MJ/ha-year.
Using algae to treat wastewater has many benefits over more traditional methods that
have the potential for nutrient loading when being discharged. Chemical and physical methods
of nutrient and metal removal from wastewater are used, but are expensive. Using algae to
treat domestic wastewater in shallow oxidation ponds has shown a high level of treatment in
the form of the reduction of biological oxygen demand (BOD), total suspended solids (TSS),
nitrogen, phosphorus, and metals (Hoffman, 2002).
In the Bangkok Metropolitan Area (BMA), there are seven central wastewater treatment
plants. After assessing the viability of algae production at each site, three were omitted from
the list of potential sites. The wastewater treatment plants at Chatuchak, Si Phraya, and
Rattanakosin are all less than 1 ha and treat most of the water indoors, leaving no room for
large scale algae production. The four remaining treatment plants have a total capacity to take
in 772,000 m /day of wastewater, but, in actuality, the total influent totals only a fraction of
that (UNEP, 2003). Influent values and capacity size of the individual plants were taken from
the State of the Environment Report for Bangkok - 2003. These values are reflected in Table
39 below.
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Table 39: Capacity and Influent Totals for Wastewater Treatment Plants in the BMA
Plant

Capacity Influent (m3/day) Capacity Used (%)
(m3/day)

Chong Nonsi

2.00E+05

1.07E+05

53.50

Thung Khru

6.50E+04

4.70E+04

72.31

Nong Khaem

1.57E+05

1.00E+05

63.69

Din Daeng

3.50E+05

2.37E+05

67.71

TOTAL

7.72E+05

4.91E+05

63.60

6. Assessment of land available for algal biofuel production in Bangkok
Using Google Maps, the area of each facility and potential room for expansion was
measured, excluding Si Phraya, Rattanakosin, and Chatuchak because they are inside with no
surrounding area. The blue lines represent the current area of the plant, and the red lines
represent potential expansion area. We evaluated each plant and assessed the feasibility of
retrofitting each one to incorporate raceway ponds for growing algae. While specific
information on the surrounding area of each plant (such as the property’s ownership or
suitability for use) is not known, this study assesses the theoretical algae yields that could be
obtained by converting the surrounding area into raceway ponds used for growing algae. At the
Nong Khaem Waste Water Treatment Plant, they use a vertical loop reactor process for
activated sludge. The last step of the wastewater treatment process at this plant is to put the
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water into outside aeration tanks. These tanks could be converted to open ponds for the
potential cultivation of algae. In addition, there is approximately 12.2 ha of land surrounding
Nong Khaem plant that could be converted to raceway ponds (Figure 6). At the Thung Khru
plant (Figure 7), one of the last processes in treating the waste water is to put the water into
sedimentation tanks. These are outside, but covered, and could potentially be retrofitted to
grow algae. Surrounding the plant there is approximately 8.5 ha to expand and build raceway
ponds. At both the Din Daeng (Figure 4) and Chong Nonsi (Figure 5) plants, there is no open
area surrounding them, but the actual plants are 1.8 ha and 4.7 ha, respectively, and could be
retrofitted slightly to incorporate algae production. Because of the limited amount of
information regarding the possibility of retrofitting each wastewater treatment plant for algae
cultivation, this study will only take into account the possible production of raceway ponds
implemented in Bangkok at the Nong Kham and Thung Khru that have surrounding area.

Figure 4: Din Daeng Water Treatment Facility
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Figure 5: Chong Nonsi Water Treatment Facility
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Figure 6: Nong Khaem Water Treatment Facility
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Figure 7: Thung Khru Water Treatment Facility
7. Application from Bangkok to Thailand
7.1 Available land at WWTPs in Thailand
There are a total of 90 constructed wastewater treatment plants in all of
Thailand. Broken down by region, there are 18 in the north, 16 in the northeast, 14 in the east,
27 in central Thailand, and 15 in the south. After surveying aerial photography of plants in
each region, it is assumed the open area surrounding the wastewater treatment plants in these
regions is double the area available of wastewater treatment plants in Bangkok, potential
hectares have been calculated. The north has a potential of 106.5 hectares, northeast has 94.6
hectares, central has 127.2 hectares, east has 82.8 hectares, and south has 88.7 hectares
potentially available. This has been used in part with the USDA Thailand Biofuels Annual
Report to calculate potential displacement of biofuels in Thailand for each scenario, calculated
in million liters per year (Preechajarn & Prasertsri, 2011). This is also assuming the
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wastewater nutrient content of each region is the same as Bangkok and is only an estimate for
future recommendations. Diesel and natural gas used per year in Bangkok comes from World
Bank & NESDB (2009). The petroleum fuel displaced by using algae production land in
Bangkok as compared to all of Thailand are shown in Table 40.
Table 40: Fuel use and amount displaced per year using algae production land in Bangkok
versus all of Thailand

Bangkok
Only

All of
Thailand

Fuel
Type

Fuel Use
(million L)

Fuel Displaced
by S2, BB
(million L)

% Fuel
Displaced
by S2, BB

Fuel Displaced
by S2, GS
(million L)

% Fuel
Displaced
by S2, GS

Diesel

18,700

1.20

0.00640

0.955

0.00510

CNG

383

1.40

0.350

2.27

0.590

Diesel

18,700

29.6

0.15

22.5

0.12

CNG

383

34.2

8.7

57.3

14.0

7.2 Biofuel Land Demand Comparisons
Thailand currently produces most of its ethanol for E10 from molasses. However, there
is a growing push from the government to produce ethanol instead from cassava. In 2012, there
are 5 cassava-ethanol production plants currently online, with 6 more under
construction. Molasses-ethanol production plants currently total 5, and there are none being
constructed. (Preechajarn 2012). The current study assumes molasses ethanol is being phased
out and algae ethanol will look to replace cassava ethanol in the future. Land use for producing
1 L of ethanol from cassava was calculated to be 3,703.7 L per hectare-year (Nguyen
2008). Based on an assumed energy density of 24.3 MJ/L of pure ethanol, the total energy
produced from cassava is 90,000 MJ/ hectare-year. Biodiesel in Thailand is produced from
palm oil, where land use for producing 1 L of biodiesel from palm oil is 4,166.67 L/ha-yr
(Silalertruksa 2012). The total energy produced in the fuel is 139, 591.79 MJ/ha-yr, assuming
the same 33.5 MJ/L given in Silalertruksa et. al. (2012).
8. Sensitivity Analysis:
A sensitivity analysis of the actual yield of the theoretical methane production is
necessary to examine the assumption that only 60% of the potential is realized. An increase of
5% to 65% shows an increase of 13%-10% of biomethane production overall all strains. The
overall energy increase in scenario 1 and 2 is 1% for B.braunii scenario 1, 3% for B.braunii
scenario 2, 3% for generic strain scenario 1,and 5% for generic strain scenario 2. A decrease to
55% shows corresponding results. This suggests that methane yield is very significant for
scenarios where methane is the only fuel produced, and more significant for generic strain over
B.braunii. Generic strain scenario 2 shows an increase in total energy equivalent to the percent
increase in percent methane yield. This suggests that the assumption used in our study is
significant and should be examined closer before any production occurs.
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