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Abstract

As the world's second largest rice grower, India can generate up to 5 million MT of ash

from burning rice husk for fuel. The material that remains after combustion, known as Rice

Husk Ash (RHA), is high in silica content, provides good insulation, and has a large surface

areas for chemical reactions. These characteristics of RHA allow it to be used in a variety of

applications such as insulation in steelmaking, substitute for raw material in the cement and

brickmaking industry, water filtration, pest control, and the production of precipitated silica.

While RHA is currently used in the steel industry in India, and to a smaller degree, in the cement

industry, there are many waste-to-wealth opportunities to use RHA which are currently not being

leveraged. This results in a loss of land for RHA disposal and more importantly, wasted

opportunities to extract value from RHA.

There has been a large amount of research conducted on using RHA. The publications

around this research have typically been broad and qualitative, describing the potential

applications of RHA on a high level, or focused on technical details pertaining to a specific set

up using RHA. While the information currently available is extremely important, it is not easily

leveraged by entrepreneurs who would be interested in increasing their use of RHA. There

seems to be a lack of studies which compare the various applications for RHA qualitatively.

The purpose of this thesis is to help current and potential RHA entrepreneurs to apply

available research in making decisions about how to make use of RHA, by creating a framework

to assess the applications of RHA economically. While this paper is focused on RHA, it is

intended that the framework can be used in assessing opportunities to use other biomass ash

material.

Thesis Supervisor: Dr. Randolph E. Kirchain

Title: Principal Research Scientist, Materials Systems Lab
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Chapter 1: Introduction

India is the second largest rice grower in the world. Between 2000 and 2011, India

produced on average, 90 million metric tons (MT) of rice paddy per year [1]. During milling, this

rice paddy yields almost 20 million MT (approximately 22%) of husk [2]. Rice husk has a

significant calorific value of 13 to 16 MJ/kg. This is comparable with lignite (brown coal), and is

approximately one-half the energy density of high quality coal [3]. This makes rice husk a good

source of fuel for industries close to where rice is milled. While leveraging rice husk as fuel is a

great way to reuse what would otherwise be waste, this process still results in up to 5 million MT

(25% of husk) of rice husk ash each year in India [2].

Rice husk contains about 50% cellulose, 25-30% lignin, and 15-20% silica [4]. When

rice husk is burned, cellulose and lignin are removed to leave behind rice husk ash composed

primarily of silica. Currently, the most common commercial use of RHA is as an insulation

material known as tundish powder in steelmaking. Unused RHA are disposed of in landfills.

There is no data on the amount of RHA currently used versus disposed of. However, we can try

to deduce the scale of the RHA dumping problem by considering that even if the steel industry

uses RHA for all of its tundish powder needs, only 40,000 MT of RHA will be consumed each

year (details in Chapter 3). This means the amount of RHA ending up in landfills is in the

millions of metric tons each year.

Figure 1 Dump for rice husk ash in Muzaflamagar

Based on ash pond height of 5ft [5], each million metric ton of unused RHA would take

about eight hundred acres of land for disposal. If the ash being disposed of contains largely

amorphous ash, it is not considered harmful unless it is very fine [6]. If the ash contains

crystalline silica, however, it can cause very serious health issues such as silicosis and cancer

when breathed in [7].
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From a business perspective, the disposal of RHA represents wasted opportunities to

turn waste into wealth. Years of research have shown promising results when using RHA in a

variety of applications. For example, aside from being a good insulation material, RHA

generally contains a large amount of amorphous silica, which can react with water and calcium

hydroxide to become cement-like, a quality known as pozzolanic [4]. There is also the potential

to use RHA as a raw material for manufacturing specialty silica [8]. These applications can

create significant value from RHA. Hence aside from the cost of disposal, dumping RHA also

represents lost opportunities.

Research and Commercial

In 1973, Mehta published the first of several papers regarding the pozzolanic potential of

RHA [9]. Since then, a large amount of research has been conducted regarding the various

uses of RHA, from supplementary material in concrete to water filtration to pest control

[9][10][11].

There are hundreds of published papers related to waste to wealth opportunities using

RHA to date. There are publications which talk about the use of RHA broadly on a qualitative

level [3][12][6], but primarily, the literature currently available focuses on the technical

performances of RHA in specific experimental set-ups. While these works are critical in both

providing a background understanding of RHA and in-depth knowledge regarding specific uses,

there is a void when it comes to literature that provides a quantitative comparison of the different

opportunities to use RHA. Based on interviews with RHA vendors in India [13][14][15], while

they're interested in expanding their usage of RHA, they lack the resources to assess the

different opportunities and the know-how to scale promising research data into a business

operation. There is need for a study that provides a more comprehensive view of the different

RHA applications from a business perspective.

Research Objective

Why create another paper on the use of RHA when research and publication in this

space has been ongoing since the 1970's [9]? The purpose of this thesis is to process the large

amount of research related to RHA use, filter the information, and present it with entrepreneurs

as the target audience. The following method will be used:
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I) Literature review to understand current and potential applications of RHA in India.

This includes technical requirements and the current status of the application (e.g.

early or late research, commercial).

ii) Market analysis of the various current and potential applications for RHA. This

includes assessing the applications by their market size, value given to RHA, growth

potential, and competition. This step will help us to determine which applications the

potential to become business operations.

iii) Model the short term (annual profit) and the long term (Net Present Value) cash flow

of the businesses set up around the RHA applications we have identified from

market analysis to have good potential. The short and long term cash flows will

provide metrics for comparing the different projects by.

iv) Perform sensitivity analysis to determine each application's tolerance to changes in

sales volume, price, and costs.

v) Estimate the demand for each business based on how far it is economical for each

business to transport its products to. This will help us to determine if there's enough

demand to support a business.

Through the process described above, applications which are considered uncompetitive will be

filtered out to increase focus on applications with the highest business potential.

This thesis will provide a qualitative comparison of RHA applications to either help a

potential or current RHA vendor to assess how to grow his or her business. It is also the goal of

this study to present a framework which can be used in considering applications for other

biomass ash or waste material in general.
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Chapter 2: Literature Review

While Rice Husk Ash (RHA) is a general term used to describe all the ash that results

from burning rice, the ash varies based on the characteristics of the rice paddy and more

importantly, the combustion process of the husk [4]. These characteristics affect where RHA

can be used. For example, rice husk that is burned above 7000 C tends to be crystalline and

lacks pozzolanic potential. Since Mehta's publication regarding the pozzolanic potential of RHA

[9], research regarding the various other uses of RHA has been conducted. This chapter will

review the published literature regarding RHA use to identify promising applications and the

RHA properties required to make these applications feasible.

Applications for RHA

The two main commercial uses of RHA are as insulation in the steel industry and as

pozzolan in the cement industry [16]. Figure 2 shows a variety of RHA products sold by JM

Biotech located near Kolkata, India, to be used in the steel and cement industries.

Figure 2. Rice husk ash produts from JM Biotech in West Bengal India

Insulation in the steel industry, "Tundish" Powder

RHA is a great insulator, has a high melting point, and low bulk density [17]. These

qualities make RHA an excellent insulator to prevent the rapid cooling of steel and to ensure

uniform solidification during the continuous casting process of steel [16]. In continuous casting,

a vessel which buffers the flow of molten steel as it flows from a large ladle to the rest of the

process, is called a tundish dish. RHA is thrown on top of the tundish after it's filled with molten
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metal. The role of RHA as "tundish powder" is to prevent rapid heat loss from the steel surface

and re-oxidation of the steel [17]. Approximately 0.5 to 0.7 kg of RHA is used per MT of steel

produced [6][18].

While RHA provides a low-cost and effective insulation, there is health concern

associated with this usage. Liquid steel through the casting process is typically at temperatures

exceeding 15004 C, exceeding the melting temperature of 1350* C for rice husk ash. This

causes amorphous silica to change into crystalline silica, mainly in the form of quartz and/or

cristobolite [19]. Inhalation of crystalline silica may lead to respiratory diseases [17]. A British

study published in 2004 indicated that certain European countries have banned the use of RHA

as tundish powder [6], but there is no official information regarding the ban or the countries

involved. Some RHA vendors are pelletizing RHA with binders such as molasses in attempt to

alleviate the problem. The success of this is unclear as there are reports indicating that the

binders used to hold the dust in pellet form can decompose.

The carbon content allowable in tundish powder varies by the type of steel being

produced, as there is concern of carbon from the RHA being picked up by the steel. The

unburned carbon found in some commercial tudish powder is between 2% and 4% [20]. Also, in

the production of certain steels, it's inappropriate to use RHA because of its oxidation activities

with elements in steel which can form alumina (A1203) [6]. These issues makes RHA not usable

as a tundish powder in the production of certain steel. A variety of alternative tundish powders

are available, such as crushed refractory brick or alum ino-silicate powder [17]. So while tundish

powder is a very established use of RHA in India (and in the US), there are limitations to this

application.

Substitute for Cement

Concrete is produced by mixing Ordinary Portland Cement (OPC) with sand, gravel, and

water. Since OPC is the most expensive component of concrete [21], substituting cement with

pozzolanic material, such as RHA, improves the economics of many building projects. The

reactivity of RHA is due to its high content of amorphous silica, which provides large surface

area due to the porous structure of the particles [4]. The SiO2 content in RHA can react

chemically with calcium hydroxide when in the presence of water, to become cementitious [22].

This results in a more stable hydrate that is less permeable to chemical attacks, creating more

durable and resistant concrete [4]. Other pozzolans such as coal fly ash have long been used

as a cement substitute.
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Table 1 compares RHA samples from India with the chemical requirements of the Indian

Standard (IS 3812 (Part 2): 2013) and ASTM (C-618) Specifications for using fly ash in

concrete. If we compare the characteristics of RHA with the available standards for using

pulverized fly ash for concrete, we see that RHA fits many of the requirements. The property of

main concern is the amount of unburned carbon that remains in the RHA, also known as the

Loss on Ignition (LOI) measured in percentage. The carbon content is not pozzolanic and can

affect water absorption as well as affect the amount of concrete admixtures required [23].

Characteristics IS 3812 ASTM Mehta Bui et Ganesan Balakrishnan Muzaffarnagar
Class C [24] al. et al. [10] sample
Fly Ash [4] [4]

SiO 2 + A12 0 3+Fe 2 O 3  70 50 87.51 88.55 87.82 94.02 88.07

(% by mass, min)
Si0 2  35 n/a 87.2 86.98 87.32 81.6 83.24
(% by mass, min)-
MgO 5 n/a 0.35 0.57 0.28 0.47 n/a
(% by mass, max)
SO 3  3 5 0.24 n/a n/a n/a 2.73

(% by mass, max)
Available alkalis as 1.5 n/a 1.12 0.11 1.02 0.4 n/a
equivalent Na20
(% by mass, max)
Total chlorides 0.05 n/a n/a n/a n/a n/a n/a
(% by mass, max)
LOI 7.0 6 8.55 5.14 2.1 0.8 35.1
(% by mass, max)
Moisture Content Decided 3 n/a n/a n/a n/a 3.48
(%, max) by user

Table 1: Comparing RHA samples with ASTM and Indian Standard for using fly ash in concrete IS 3812 Chemical
Requirements and ASTM C-618 Chemical Properties C618

Table 2 compares the physical properties of RHA samples with the requirements of the

Indian and American standards for using fly ash in concrete. There's not enough sampled data

to see a clear pattern regarding the fineness of RHA. However, since this property can be

improved through mechanical grinding, it's not an irresolvable concern.

Characteristics IS ASTM Mehta Bui et al. Ganesan Muzzarfarnagar
3812 Class C [24] [4] et al. [4] sample

Fineness 200 n/a n/a n/a 36470 n/a
(m 2 /kg, min)
Particles retrained on 50 34 1 n/a 1 79.23
45 micro sieve (%,
max)
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Soundness by 0.8 n/a n/a n/a n/a n/a
autoclave test,
expansion of specimen
(%, max)

Table 2: IS 3812 and ASTM C-618 physical requirements for fly ash used in concrete IS 3812 and ASTM C 618
Physical Requirements

The amount by which cement can be replaced with RHA depends on the type of

concrete desired as well as the nature of the RHA. There are several sources in the literature

indicating that concrete with 25% of cement substituted by RHA retains similar or better

compressive strength than not using cement substitution from day 7 on [25][26]. Table 3 shows

resulting concrete strengths from using different proportion of RHA (with 2% unburned carbon)

as cement substitute. We see that strengths begin to decrease after 25% of RHA substitution.

RHA (%) Compressive Strength Splitting Tensile Strength Bond Strength (MPa) at
(MPa) (MPa) 25 mm slip

0 36.45 4.49 3.32
5 36.49 4.57 4.11
10 37.43 4.65 4.31
15 37.38 4.92 3.79
20 37.71 4.60 3.43
25 39.55 4.58 4.07
30 37.80 3.67 3.87

Table 3: Compressive and tensile strength of RHA concrete [26]

While the use of RHA in the cement industry is not well known, based on the established

requirements and experimental results of concrete using RHA, it is a very promising application.

Substitute for Clinker

Another way to introduce RHA into cement is by using it as clinker substitution [27]. This

is similar to replacing the cement in concrete with fly ash, but is done in the cement production

process so that cement is pre-blended with fly ash. Clinker is created in an energy intensive

process where processed raw material such as limestone is heated in a kiln at up to 14500C

[28]. The mixture is then grounded to produce cement. More and more, the cement industry is

blending clinker with materials such as fly ash or slag in order to reduce the amount of clinker

used [28]. In conversations with Shree Cement, the high silica content of RHA should make it

an equivalent or better clinker substitute than coal fly ash [27].

The clinker-to-cement ratio in Table 4 describes the amount of clinker required in

different types of cement. On average, each MT of cement produced in India requires 0.744 MT
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of clinker. This means on average, the need for RHA as clinker substitute in India is 25% of the

cement production. The properties required for the RHA used as clinker substitute is the same

as that required for cement substitute, hence it is based on IS 3812 [29] as described in the

previous section.

Type of Cement Million MT per Annum Clinker-to-Cement Ratio
OPC 48 0.95
PPC 130 0.69
PSC 16 0.57
Others n/a n/a
Total/Weighted Average 200 0.744

Table 4: Clinker to cement ratio in India [28]

Substitute for Microsilica/Silica Fume

Microsilica, also known as silica fume, is a very fine non-crystalline silica material,
included to concrete to enhance its performance. It is typically a byproduct of silicon metal or

ferrosilicon alloy production. Silica fume contributes very small particles which fills in the spaces

between coarse aggregate particles and cement grains. Table 5 shows the relative sizes

between silica fume particles and other components of concrete.

Material Nominal Size
Silica fume particle 0.5 pm
Cement grain 45 pm
Sand grain 2,360 pm
Coarse grain particle 19,000 pm

Table 5: Comparison of size of particles of concrete components [30]

The inclusion of microsilica provides benefits in the process of working with fresh

concrete as well as improved properties of hardened concrete. Fresh concrete made with silica

fume is more cohesive and has less segregation, which leads to less bleeding. Concrete

bleeding occurs when the heavier components such as cement and the aggregates settle due to

gravity before the concrete stiffens, forcing water upward. This causes concrete to become less

durable [30]. Also, microsilica increases the compressive strength and flexural strength of

finished concrete [30].

To see the suitability of RHA as microsilica, we use Table 6 and Table 7 to compare the

properties of RHA to the Indian specifications for microsilica (IS 15388:2003) and ASTM

Specification for Silica Fume Used in Cementitious Mixtures (ASTM C1240-12).

Chemical Property IS 15388 ASTM Mehta Ganesan et al.
C1 240 [24] [4]
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SiO2 (% min) 85 85 87.2 87.32
Moisture Content (%, max) 3.0 3.0 n/a n/a
LOI (%, max) 4.0 6.0 8.55 2.1

Table 6: Chemical requirements of microsilica and RHA properties

Physical Property IS 15388 ASTM Mehta Ganesan et
C1240 [24] al.

Specific Surface m2/g 15 15 n/a 36.47
% retained on 45 um sieve (max) 10 10 1 1
% retained on 45 um sieve, 4.0 5 n/a n/a
variation from average (max)
Compressive strength at 7 days as 85 n/a n/a n/a
% of control sample (min)
Accelerated pozzolanic strength n/a 105 n/a n/a
activity index:
With Portland cement at 7 days, (%
of control, min)

Table 7: Physical requirements of microsilica and RHA properties

While data for accelerated pozzolanic strength activity index were not available for the

samples used in Table 7, the research of Agarwal (Table 8) shows that RHA with small particle

sizes (<45 pm) have similar accelerated pozzolanic activity as silica fume.

Accelerated 7 day 28 day % Accelerated
Pozzolanic (kg/cm 2) (kg/cm 2) Pozzolanic Index of

Index (kglcm 2) control at 7 days
43 Grade OPC 310 250 360 100
Silica Fume 380 240 400 96
RHA (1.2% LOI), as 260 140 260 56
received
<45 pm 420 240 415 96
RHA (13% LOI, <75 pm) 390 260 400 104
RHA (20% LOI, <45 pm) 380 260 410 104

Table 8: Accelerated pozzolanic index of various RHA as per ASTM 1240-98 at room temperature [31]

Based on the comparison of RHA properties with the microsilica requirements, the main

concern for using RHA as microsilica are its level of unburned carbon (LOI) and fineness. The

particle size of RHA can be achieved by physically grinding RHA, as is currently being done by

one of the RHA vendors visited in Kolkata. Smaller particles of RHA have the added benefit of

alleviating the higher water requirement which occurs when using RHA as microsilica substitute

in concrete (compared to traditional microsilica). The feasibility of using RHA as silica fume

substitute is reinforced by the availability of products such as "Silpozz", which is RHA with

13



particles smaller than 35 micrometer. Slipozz is currently marketed to enhance the performance

of concrete. Also, there are patents related to using ground RHA in cement to achieve

performance similar to that of silica fume [6], validating the role of RHA as microsilica substitute.

Fired Clay Bricks

Similar to RHA, the clay used in brick making also contains a large amount of silica [32]

[33]. The use of coal ashes with clay for brick making has been happening since the

seventeenth century [33]. In the effort to reduce erosion of top soil and increase the reuse of

waste material, a good amount of research has been done in including biomass ash, including

RHA, with clay in the production of fired bricks. Aside from a reduction in top soil use, the

incorporation of RHA can also reduce the energy required for brick firing by between 15% to

25% [34] due to the presence of unburned carbon.

The Indian Standard for Burnt Clay Fly Ash Bricks (IS 13757) designates for required

compressive strength for bricks are shown in Table 9. Aside from compressive strength, the

other main requirement for brick is water absorption. IS 13757 states that after immersion in

cold water for 24 hours, water absorption of bricks shall not be more than 20% by weight for

classes 3.5 to 12.5. For higher class designations, water absorption should be below 15% of

brick weight [35].

Class Designation Average Compressive Strength Not Less Than
(N/mm 2 or MPa)

30 30
25 25
20 20

17.5 17.5
15 15

12.5 12.5
10 10
7.5 7.5
5 5

3.5 3.5

Table 9: Indian Standard for burnt clay brick compressive strength [35]

Based on the research of Mohan, Satyanarayana, and Rao, up to 40% RHA can be

added to clay bricks to achieve 3.5 MPa as required in class 3.5 (Figure 3), with water

absorption of less than 18.3% [36].
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Compressive Strength of Fired Clay Bricks incorporating RHA

50
45

E 40
35

S30
25 M RHA- 1
20
15 a RiA -2
10

5 S RIIA-3
0

'ERHA - 4o o o 6 6 6
E
o 0 ) 0 0 t c 0 e to ro 6

% of Rice husk ash + clay

Figure 3: Compressive strength of fired bricks composed of clay + RHA [36]. The different RHA used varied in
CaO and SiO2 content.

However, according to the research by Parashar, a brick made of 100% clay has

compressive strength of 5.26 MPa [37], and the addition of merely 8% RHA reduces the

strength to 3.68 MPa [37]. To help decide between the two different experimental results, we

consider the data collected from visits to three brick kilns in Hyderabad in 2013 (Figure 4),

where the amount of RHA used is less than 2% by mass. There needs to be more data to

validate that the addition of up to 40% of RHA in fired clay bricks can provide sufficient

compressive brick strength in practice.

~~44

'1'

Figure 4 RHA pile (left) used in fire clay brick production in Hyderabad (right)

The clay-RHA bricks in Hyderabad sold for Rs 3.5 to 4 per brick, similar to the pricing for

traditional fired clay bricks. The practice of using RHA in fired clay bricks was not observed in

brick kilns around New Delhi. This may be due to the high availability of brick quality soil in

northern India [38].
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Flyash-Lime-Gypsum (FaL-G) Bricks

FaL-G bricks were invented by two Indian investors in 1990, using a mix of coal fly ash,

lime, and gypsum to replace the use of clay completely [39]. With the help of the World Bank,

more than 16,000 FaL-G brick plants are now operating, using up to 20 million MT of fly ash

yearly. FaL-G bricks are now considered to be one-sixth of India's brick production [39].

According to Indian Standard for Pulverized Fuel Ash Lime Bricks (IS 12894-2002), the

minimum compressive strength and water absorption limitation for FaL-G bricks are the same

as for burnt clay bricks Table 9. From Figure 5, we see that the highest compressive strength

using RHA occurs when a brick uses of 50% RHA, 30% lime, and 20% gypsum [36]. The

compressive strength at 28 days is around 4MPa (1MPa = 10.2kg/cm 2). The water absorption

at this composition is 16.9% [36], which is less than the 20% required by IS 12894.

Comparison of Compressive Strength for RHA + Lime + Gypsum

45
40
35-
30
25 -
20
15
10

*7days

0 *28days

+e: 00 lo I=? 0* 0 0

4 ++ +
0J 0g -. 0

CO~

% of RHA + lime+ Gypsum

Figure 5: Companson of compressive strength for RHA + Lime + Gypsum [36]

FaL-G bricks have the added benefit of not requiring firing, which reduces the cost of

fuel as well as carbon emission when compared to fired-bricks. Since 2006, the World Bank

has also been helping some of the FaL-G enterprises to earn carbon credit revenues. While

this paper is not modeling the environmental effects of the RHA applications, it is encouraging to

see that an economically sound choice can also equates to environmental benefits.
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Geopolymer Bricks

Geopolymerization is a chemical reaction between an alkali metal hydroxide/silicate

solution and a fine aluminosilicate binder. The binder needs to have a significant portion of

silicon ions in amorphous phase [40]. Common binders include class C flyash, ground

granulated slags or metakaolin. The binder, such as fly ash, reacts with alkaline solution such

as sodium hydroxide (NaOH) and sodium silicate (NaSiO 3) to form a gel which binds the fine

and coarse aggregates [41]. Depending on the process, geopolymerization can occur without

firing [42], which also presents fuel saving over fired clay bricks.

RHA, being high in silica content, is a good candidate for geopolymer bricks. In the

experiments by Songpiriyakij et al., up to 65% by weight of the brick can be composed of RHA

and Bark Ash to maintain compressive strength of 19.6 MPa after curing at 60 0C for 3 days, and

up to 39.3 MPa after 28 days [43]. These compressive strength values surpass the

requirements of those of clay or FaL-G bricks. In fact, based on the Indian Standard for

Concrete (IS 456:2000), the compressive strengths shown by the geopolymer are comparable

to those of high standard concrete such as M35 and M40. In January of 2014, students from

the Tata Center for Design and Technology tested the use of RHA and black liquor (waste

material from paper industry) in geopolymer bricks. Using 23% by weight of RHA collected from

Ahmedabad, along with 23% clay, 45% black liquor and 9% sodium hydroxide, all by weight, the

first brick yielded a compressive strength of 9 MPa.

Geopolymer bricks are relatively new in the construction market. However, in July of

2011, half a million geopolymer pavement bricks were manufactured under supervision of the

Council of Scientific and Industrial Research in Jamshedpur, India [44]. This is encouraging

news for the acceptance of geopolymer bricks and provide yet another promising opportunity to

use RHA.

Water Filtration

The silica content in RHA provides it with the capability to reduce turbidity in water, while

the carbon content can bind with non-polar materials [45], which include many chemicals. RHA

has been reported to have an absorption efficiency of 60% for iron, 30% for fluoride, and 78%

for microbial contaminant [46]. However, due to the limited ability of RHA to remove microbial

contaminants, the World Health Organization recommends using RHA with another method to

remove microbial pathogens [45]. There are concerns from Aqueous Solution, a research

organization, that depending on how rice husk was combusted, there may not be sufficient

porosity and molecular surface area to be effective in water filtration [45].
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In 2004, Tata Research, Development and Design Center (TRDDC) and Tata Chemicals

developed a water purifier called Sujal, which uses RHA as a water filter. However, while Sujal

was able to remove color, odor, and suspended particles from water, many pathogens remained

in the filtered water. In the following version of the filter, Swach, RHA is impregnated with nano

silver particles [45]. The amount of RHA used and the process which it undergoes are not

public information. Each cartridge sells for around $5 and there are about 1 million cartridges

produced each year. MaxFlo Filtration is a company based in the US who sells rice husk ash

water filtration products for industry use. MaxFlo is a sister company of Farmers Rice Milling

and Agrilectric Power Partners, an operator of rice husk powered plants [47]. MaxFlo products

have been shown to remove green algae, heavy metals, oil and grease, chemical oxygen

demand (COD), and biological oxygen demand (BOD) from waste water [48].

While there seems to be many possibilities around the use of RHA in water filtration in

general, it is uncertain where RHA can fulfill the requirements economically. However, the use

of RHA in industrial water treatment may have fewer requirements and hence be a better initial

market.

Specialty Silica

There has been a large amount of research conducted on recovering different forms of

silica from RHA. The most common silica include silica gel [49], sodium silicate (primarily used

as in producing silica gel) [50], and precipitated silica [8].

Silica gel is used primarily as a desiccant (30 to 50%), followed by use as adsorbent for

polar material, an insulator, and as a catalyst [51]. In 2007, the estimated production of silica

gel in 150,000 MT per year [51]. Precipitated silica has become the most commonly produced

silica in the world[51]. The oldest and most important use of precipitated silica is the

reinforcement of products such as shoe soles, technical rubber items, and tires [51] (Figure 6).
Shoe soles

Tires 25%
25%

Mechanical
8% rubber goods

5%

Paper and
paints

8% Carrier/free flow
Toothpaste 20%

9%

Figure 6: Global use of precipitated silica in 1999 [51]
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It's technically possible to use RHA to produce a wide variety of silica, but the important

aspect is to look at are whether the process involved can be scaled up from the laboratory

economically, and whether using RHA provides competitive advantages over the existing

processes. In 2006, AgriTech started a plant in the US to produce sodium silicate and activated

carbon from RHA. The plant is designed to process 12,000 tons per year of RHA, resulting in a

design output of 25,000 tons of liquid sodium silicate and 5,000 tons of activated carbon

annually [52]. Unfortunately, the AgriTech plant closed down after several years of operation

for reasons they would not disclose. Based on the annual reports, it appears that sales and

revenue were continuously in decline.

In 2007, the Combustion Gasification and Propulsion Laboratory (CGPL) at the Indian

Institute of Science in Bangalore patented method which allows the recycling of chemicals used

in precipitated silica production. The benefits of this process include the use of an

environmental waste (RHA), recycling of chemicals, environmentally benign process, and lower

cost of production [53]. Mumbai-based Usher Agro, a rice and wheat processor, has licensed

the technology from CGPL and is currently building a pilot plant near New Delhi. Usher Agro

will be the first in India to extract precipitated silica from RHA on a commercial scale [54].

Soil Conditioner

It's believed that RHA can improve soil structure by breaking up clay soil as well as

distributing water in the soil [6]. The quantity used for this purpose is not known, but according

to the Central Pollution Control Board of India, use of RHA in farms represent a small quantity

[55]. There are anecdotes of farmers using RHA as fertilizer in India, there's no research

showing the potential of RHA to be a fertilizer. In the US, American Hydrosoil is a company that

markets and sells RHA to help soil retain water [56], priced at $18 per 10kg.

Oil Adsorbent

The porosity that make RHA a candidate for water filtration, also makes it a good

candidate as adsorbent for oil and grease. There are RHA based products being marketed for

cleaning up grease or oil spills, such as MaxSorb, Greasweep, and SpillKing. There has been

laboratory success in using RHA to purify biodiesel from frying oil [57].
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Incense

Husk Power Systems (HPS) is currently running an operation in the West Champaran

District in Bihar to create incense sticks, also known as agarbattis. HPS uses a proprietary

method to mix rice husk ash and binder to a bamboo stick. This application has allowed HPS to

create revenue to supplement rice husk power plants while creating employment for many

women [58].

Others

There have been reports of using RHA with primarily crystalline silica to control pests in

food or to prevent food spoilage, and as an abrasive filler for toothpaste. These practices are

anecdotal and lack sufficient data regarding the suitability of RHA. In the presence of the

current and many other potential applications that have been well study, we will first focus on

the aforementioned applications which have either current commercial operations or a good

amount of supporting research.

Properties of RHA

The three main characteristics of RHA which have come up as a determinant of the

suitability of RHA in the applications above include the content of amorphous silica, unburned

carbon, and particle size.

Amorphous silica molecules are arranged randomly, creating holes in the structure and a

large specific surface area compared to crystalline silica, allowing for reactions to take place

[59]. It is reported by Chopra et al [3] that amorphous rice husk ash can result from burning rice

husk at temperatures up to 7000C. The reactivity of rice husk ash is directly affected by its

content of amorphous silica due to the surface area provided [4]. More importantly, crystalline

silica is classified as a human lung carcinogen. The inhalation of crystalline silica can cause

silicosis, which is a severe or even fatal lung disease [60].

The level of unburned carbon in RHA is commonly expressed as a percentage known as

Loss on Ignition (LOI). When rice husk is fully burned, it is usually grey or white in color.

Partially burned RHA is black due to the presence of unburned carbon. Unburned carbon

represents lost efficiency from the fuel source and may prohibit the use of RHA in applications

such as cement, which is specified to be less than 7% by the Indian Standard [61]. Table 10

shows the unburned carbon percentage present in RHA from three rice mills studied [55].
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Sampled Milling Capacity Type of Combustion Appearance % of Unburnt

Mill # (MT/hour) of Ash Carbon

1 55 Traveling & Pulsating Grey 6.98

2 12 Extended Combustion Blackish 8.83

3 2 Fluidized Bed White 0.24

Table 10: Percentage carbon in RHA samples from various ,ice mills [55]

The particle size of RHA can affect the amount of surface are available for reactivity, as we

have seen in the application of RHA in concrete. Figure 7 is a cumulative distribution of the

particle sizes found in RHA sampled from a paper mill [4]. We see there's a wide distribution.

Fortunately, the process of milling can be used to reduce particle size. This practice was

observed when visiting a RHA vendor near Kolkata.

100 1 1 mnt I I[1!
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Particle size (pM)

Figure 7: Particle size analysis of RHA collected from a paper mill [4]

Fly Ash Beneficiation

Fly ash beneficiation is the processing of fly ash to make it suitable for applications,

primarily used to reduce the amount unburned carbon. There are three main types of

commercial fly ash beneficiation processes: Triboelectric Separation, Carbon Burn Out (CBO),

and the Staged Turbulent Air Reactor (STAR). Triboelectric separation imparts different

electrical charges on the carbon and mineral particles in fly ash. These charges allow the high

and low carbon particles to be separated. In CBO, bubbling bed combustion is used to burn out

high carbon fly ash. Hot water is a byproduct of the CBO process, which can be leveraged as

an energy source in a plant. STAR is a thermal process that can lower or eliminate the

unburned carbon in fly ash to allow its use as pozzolan with cement. Similar to CBO, STAR

also produce hot water for use. There are several commercial plants based on triboelectric

separation, CBO, and STAR process in the US. The beneficiation plants installed to date
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appear to have a minimum capacity of 100,000 MT per year. In 2006, Brayton Point installed a

CBO facility to handle 300,000 MT of fly ash each year at $46 million [62]. The smallest STAR

plant installed handles 100,000 MT of fly ash per year, with a capital expenditure of

approximately $10 million. There is also an option to finance the build, operation, and

maintenance of the plant at $1.5 million per year with a 15 to 20 years commitment. It is

believed that the STAR technology offers the cheapest commercial beneficiation plant available

currently.

Chapter Summary

This chapter has tried to review available literature as extensively as possible to include

a comprehensive list of RHA applications for this study. We looked at the suitability of RHA for

each application as well as the potential amount of RHA that can be used. With this

background, we can now move to begin analyzing the different applications.
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Chapter 3: Market Analysis of Current and Potential
Applications

It is common evaluate projects using their expected Net Present Value. To evaluate and

compare the different applications described in Chapter 2 economically, we will create cost

models of the potential businesses. We want to first identify applications which have the right

market size and state of development that will lead to the highest chances of success in the near

term. To do this, we want to identify as many of the following factors as possible for each of the

current and potential RHA applications:

- Market size

- Value obtained by RHA in the market

- Competition

- Growth potential

- Grade of RHA required

The goal of this chapter is to conduct a macro market analysis of the RHA applications. This

will allow the prioritization of RHA uses and a refined list of RHA applications for more in-depth

cash flow modeling and analysis.

Market Analysis

Tundish Powder

Tundish powder is used when steel is produced through the continuous casting process.

To identify the maximum amount of RHA which the domestic Indian market can absorb as

tundish powder, we calculate the amount of RHA needed if all steel produced via continuous

casting in India used RHA as tundish powder.

Based on statistics published by the World Steel Association, India produced almost 50

million metric tons (MT) of steel through the continuously cast process in 2011 [63]. Since there

is insufficient information to identify the percentage of this steel production that is suitable for

using RHA as tundish powder, we will proceed to use the entire 50 million MT to calculate the

maximum amount of tundish powder use in India. The amount of tundish powder used in steel

production ranges between 0.5 to 0.7 kg per MT of steel produced [6]. This gives a domestic

market size for RHA as tundish powder within India between 25,000 to 35,000 MT. Even as an

overestimation since RHA cannot be used as tundish powder for all steel types, this quantity is a
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relatively small percentage of the 5 million MT of RHA India can produce. The steel industry is

forecasted to have a growth of 11.5% to 12.5% in the coming decade [64].

The price range from online vendors for rice husk ash as tundish powder is between $100 to

$250 per MT (See Appendix A), which is significantly higher than the feedback from a large

steel manufacturer in India indicating they're getting tundish powder at $67 per MT. From

interviews with JM Biotech and Guru Chemicals in India, the price varies based on factors such

as quantity needed, supply, and demand.

Using the market size and pricing data of $67 to $250 found, the maximum domestic

market value for RHA as tundish powder is between $1.675 million to $7.5 million.

The use of RHA as tundish powder is acknowledged and accepted in practice and in literature

[17]. While this eliminates feasibility and adoption barriers, there are also many rice husk ash

providers who are serving this market. There are also non-RHA powders which can substitute

the insulation task. These factors create a crowded competitive landscape.

Substitute for Cement and Clinker

It makes sense to analyze the market for clinker and cement substitute together as

they're essentially the same product used at different stages of a product. We can either

estimate the market size of RHA in concrete by the amount of RHA allowable in concrete, or by

the clinker-to-cement ratio. In 2012 to 2013, India produced 185 million MT of Portland Cement

[1]. Based on different laboratory research reports, RHA can substitute from 5% to 25% of

cement in a concrete mixture [65][4], depending on the application. This creates a market for

RHA that ranges from 9 million to 46.25 million MT. To validate this range, we can use the

current consumption of coal fly ash in the cement industry as a benchmark. Between 2010 to

2013, the Indian cement industry has utilized around 40 million MT of coal fly ash per annum

[66], which is within the calculated range. More important than a precise market size, is the fact

that the Indian cement industry is large enough to support the use of a significant amount of the

RHA produced. Furthermore, the growth rate for cement in India in the coming decade is

estimated to be 7% per annum [1], which makes this market sustainable for the long term.

While the price of cement in India is between $87 per MT [21], coal fly ash has only been

able to generate a price of $16 per MT [67] to $25 per MT [21] in India. Since RHA production

is limited to 5 million MT, the maximum domestic market value is $80 million.

The export market for RHA may be more attractive since the average price of domestic

fly ash in the Gulf Corporation Council region (e.g. Saudi Arabia, Qatar, Oman, etc.) is $88 per

MT in 2011[67]. In 2011-2012, India exported 1.617 million MT of cement and 1.86 million MT
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of clinker [1]. We can use these export amounts to estimate the potential export for clinker and

cement substitute. Without granular information on the kinds of cement the clinker will be used

to produce, we will use the Indian average clinker substitute to clinker rate, which is 1:3. This

means the potential clinker substitute market is 404,250 MT. For use as cement substitute, we

will use the range of 5% to 25% of the total exported cement (1.86 million MT) which yields

93,000 to 465,000 MT of RHA. This gives us a total export market between 497,250 MT to

869,250 MT.

We will assume that one would sell RHA on the export market first due to the higher

price. This would give a market size range between $115.8 million (Equation 1) to $142.59

million (Equation 2).

$88 $16
Max. Market Value @ 497,250 MT export [$ = *497,250 MT + * 4,502,750 MT

MT MT

Equation 1: Market value for cement substitute given 280k MT export

$88 $16
Max. Market Value @ 869,250 MT export [$] = * 869,250 MT + * 4,130,750 MT

MT MT

Equation 2: Market value for cement substitute given 1,6 million MT export

The fact that coal fly ash is currently used in the cement industry can be both helpful and

challenging for the use of RHA in the cement industry. Adoption barrier is reduced by the fact

that coal fly ash is an accepted cement admixture. On the other hand, coal fly ash is a much

bigger problem in India than RHA, and is expected to grow as energy consumption increases

with development in India. Coal fly ash producers are typically large power plants or industries

with more resources to push the use of coal fly ash. Also, the government will continue to use

the Fly Ash Mission to market and sell the use of coal fly ash. However, seeing that the RHA

available in India is a small fraction of the coal fly ash available (5 MT vs. over 100 MT), it is

hoped that RHA can ride on the advances of coal fly ash instead of competing. Furthermore,
opportunities for RHA use in cement can be geographic based. For example, during a meeting

with Shree Cement, it became evident that certain manufacturing sites are not located close

enough to the amount of fly ash needed, thus creating an opportunity for RHA.

Substitute for Microsilica/Silica Fume

The recommended ratio of microsilica/ silica fume to cement in creating high strength

concrete ranges from 4% to 15%, depending on the type of structure where the concrete is used

[30]. Since high performance concrete is most desirable for infrastructure, we will estimate the

amount of high performance cement that India demands to obtain a market size for microsilica.
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We have identified that India produced 185 million MT of Portland Cement [1] in 2012-2013.

The India Infrastructure report indicates that in 2012-13, 40% of India's total construction

spending is in infrastructure construction [68]. If we use this to proportion to estimate the

amount of cement that is used in infrastructure, we arrive at 74 million MT of cement. At a

microsilica proportion of 4% to 15%, the total addressable market for microsilica is be between 3

million MT and 32 million MT. Again, we will set the maximum market size to the capacity of

RHA, which is 5 million MT. At the price of $533 per MT of microsilica provided by the Central

Public Works Department of the Government India [21], the potential market value for

microsilica ranges from $1.6 billion to $2.66 billion. When we use the lower rates of $150 to

$300 per MT as found from online vendors such as Alibaba.com, which is more reflective of the

real value for microsilica, there is a potential market of $450 million to $1.5 billion.

Based on a presentation given at the Global CemTrader Conference on Supplementary

Cementitious Materials (SCM), the utilization of microsilica is underdeveloped [69]. In 2012,

only 400,000 to 600,000 MT of microsilica were used worldwide. This indicates there's a market

opportunity for RHA. Further evidence supporting this is the fact that the construction chemicals

market [70] (which microsilica is a part of) in India appears underdeveloped. In 2008, the

admixture market in India is $145 million, compared to over $7 billion in the US [70].

Fired Clay Bricks

Fired clay bricks are amongst the most widely used construction material in India [71].

India is estimated to have more than 100,000 brick kilns, producing between 150 to 200 billion

bricks each year [72]. This number can be expected to grow since the construction industry is

forecasted to grow at 6.6% each year [72]. The benefits of using RHA in fired clay bricks are

twofold: i) reduces the use of topsoil and ii) reduces the amount of coal used for firing. We will

calculate the value of RHA in this market bearing these two benefits in mind.

Each fired clay brick uses approximately 2.94 kg of topsoil [38]. Based on literature

review, it's been shown that 2% (practically) to 40% (theoretically) by mass of the soil can be

replaced with RHA [36]. If we focus on how RHA is used in practice, 5 million MT of RHA can

supply 83 billion bricks (providing 0.06 kg of RHA per brick) or about 40-55% of the market.

Based on survey data, the raw material cost for 1000 bricks is on average $6.25 [72]. This

amounts to a soil saving of $10.375 million in top soil (Equation 3), which gives the RHA a value

of $2.08/MT of RHA.

6.25 Es] * 2%
10,375,000 [] = 83 billion [bricks] * 6.2 br2s1000 [bricks]
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Equation 3: Calculating savings in top soil due to RHA use

There is research to suggest a savings of 15% to 25% in coal when fly ash is used to

substitute for clay, due to the unburned carbon content, when 20% to 50% of the soil is

substituted with fly ash [34]. We will assume the same fuel saving transfers to RHA because it

similarly has unburned carbon. With 2% of RHA use, we will optimistically assume that there

can be a fuel saving of 2%. The cost for coal to produce 1000 bricks is roughly $16 [72]. With

83 billion bricks, this would be a saving of $26.56 million (Equation 4). This gives each MT of

RHA a fuel saving value of $5.31.

16 [$] * 2%
26,560,000 [$] = 83 billion [bricks] * 1000[bricks]

Equation 4: Calculating savings in fuel due to RHA use

Therefore, the maximum total savings in top soil and fuel when RHA is used would be $7.39

($2.08 + $5.31) per MT. Since it would not make economic sense for a brick kiln to replace soil

with RHA at a price higher than $7.39 per MT, we can effectively call this the value of RHA

when used in fired clay bricks. Even though this is lower in value than the coal fly ash being

sold into the cement industry ($16/ MT), the advantage of this application is that a high LOI is

acceptable if not beneficial.

Flyash-Lime-Gypsum (FaL-G) Blocks

Currently, there are 16,000 FaL-G plants in India producing FaL-G bricks. In 2012,

approximately 20 million MT of fly ash were used [73]. This indicates there's enough market for

FaL-G bricks to absorb 5 million MT of RHA.

If we assume that RHA will replace coal fly ash at the same value of $16 per MT [67],
the maximum market value for RHA used as FaL-G bricks is $80 million. While the World Bank

has been active in promoting FaL-G enterprises by enabling some FaL-G plants to earn carbon

credit revenue [73], there's no indication that this will be a continued stream of revenue. As a

result, this revenue is not taken into account.

Since RHA will be replacing coal fly ash, which is being encouraged by Indian policies, there

may be competition. However, similar to the fired clay brick case, the fact that RHA is less toxic

than fly ash can be a competitive advantage for using RHA over coal fly ash in FaL-G brick.

27



Geopolymer Bricks

Geopolymer brick making is a relatively new technology, hence no market share

information could be found. Since the goal for creating these environmentally friendly bricks is

to replace fired clay bricks (reducing carbon emission, energy use, and industrial waste), we will

use the maximum market size of 150 to 200 billion bricks.

In the experimentation conducted in the Tata Program by Thomas Poinot and Michael Larcy, a

geopolymer brick with standard dimension (5" x 10" x 3") as fired clay brick can use 1.04kg of

RHA. At the 150 to 200 billion maximum market size range, this can consume approximately

156 to 208 million MT of RHA. Since RHA will be substituting coal fly ash, its value would

unlikely be more than that of coal fly ash at $16/MT [67].

Precipitated Silica

Data related to the production or demand for precipitated silica in India could not be

found. As a result, the production of precipitated silica in China is used to help estimate the

precipitated silica market in India. In 2010, China produced 934,000 MT of precipitated silica,

up from 219,000 MT in 2001 [74]. Since precipitated silica is largely used in synthetic rubber

manufacturing, we compare India's production of synthetic rubber to that of China to get an

estimation of the potential market size for precipitated silica in India. .

Based on IBIS World Report, China produced 4 million MT of synthetic rubber in 2012

[75]. In the same time period, India produced 405,000 MT [1]. This means the Indian

production of synthetic rubber is roughly 10% of China's production. The demand for

precipitated silica in India can hence be estimated to be 93,400 MT (10% of 934,000 MT).

The yield when producing precipitated silica from RHA is roughly 70% [53]. This means the

amount of RHA required is 133,428MT. The price for each metric ton of precipitated silica in

India is approximately $950. This creates a value of RHA $665 per MT of RHA.

It is expected that the global demand for precipitated silica will grow round 5.6% each year to

1.86 million MT in 2016 [76]. This projected growth is supported by the expansion of

precipitated silica plants by large chemical manufacturers such as Evonik and Huber. Despite

this competition, Usher Agro in New Delhi, who is building the first plant to produce precipitated

silica from RHA, believe that a lower production cost of precipitated silica using RHA provides

competitive advantage.
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Water Filtration

RHA can be used in its original form of ash or be produced into activated carbon for

water filtration. In both cases, the role of RHA in commercial water filtration is relatively new.

There aren't many competitors as a result but there is also limited market data available.

When used in the ash form, the value for RHA appears to be very low. In talking to Tata

Chemicals, the cost of RHA used for Tata Swach is close to zero. There's no information on

products such as MaxFlo. We will use the price information of activated carbon, which is

commonly used in water filtration and could be displaced by the use of RHA.

The estimated market for activated carbon water treatment in India in 2013 is $9.4

million [77]. The growth rate is expected to be 15% but there are also several big players in the

market amongst other competitors [77]. Based on prices found from online vendors, activated

carbon for water filtration ranges between $500 and $1000 per MT. The demand for activated

carbon is hence between 9,400 MT to 18,000 MT.

In 2006, AgriTech in USA began producing 5000 MT of activated carbon from 12,000

MT of RHA each year [78]. Using this RHA to activated carbon ratio, water filtration can

demand between 22,500 and 43,200 MT of RHA. This yields a unit value of RHA between

$218/MT to $417/MT.

Oil adsorbent

There are two known commercial vendors leveraging the porous characteristic of RHA

amorphous silica as absorbents for grease (Greasweep and Maxsorb). There's too much

variety in the oil absorbent market to identify the market for RHA. However, based on an

industry report published in 2003, oil adsorbent is considered a small market compared to

construction material and silica materials [6]. The price for non-RHA oil adsorbents currently on

the market is approximately $533 per MT [79].

Incense

According to Husk Power Systems, the incense market in India is around $150 million

[58]. There is no information found on the production process of this to value the market for

RHA in this industry. The method used to create incense sticks using RHA is kept proprietary

by HPS, hence it's not possible to assess the feasibility of this method. Also, aside from HPS,
there's no other commercial use of RHA to produce incense found.
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Soil Conditioner

During discussions with RHA vendors in India, it was mentioned that RHA is often given

out to farms to use as a fertilizer for free. The market value of RHA in this case would be zero.

The Hydrasoil product is sold in the US for $18 per 10 kg ($1800 per MT).

Summary of Analysis

Table 11 compares the unit RHA value, market size, potential market growth, state of

development, and competitive environment for the various RHA applications.

30



Application State of Market Potential RHA Potential RHA Growth Competition RHA
using RHA Development Value of Use (MT) Market Size ($) Forecast Requirement

RHA (high-level)
($ per MT)

Tundish Widely existing 67 - 200 25,000 - 35,000 1.675 million - 11% High Low carbon
powder commercial 7.5 million

market
Substitute for Research 16 - 88 5 million* 115.8 million - 10% Medium Amorphous,
clinker/cement 142.6 million low carbon
Substitute for Existing 150 - 300 3 million to 5 450 million - 10% Low Amorphous,
microsilica commercial million* 1.5 billion low carbon,

market & small particles
research

Fired clay Some 7.39 8.7 million to 24.45 million - 6.6% Medium No known
bricks commercial 11.6 million* 37.25 million requirements

use cases &
research

Flyash Lime Research 16 20 million* 80 million 6.6%** Medium No known
Gypsum bricks requirements
(FaL-G)
Geopolymer Research 16 112 million - 80 million 6.6%** Low No known
bricks 176 million* requirements
Precipitated Commercial 665 133,428 88 billion 5.6% Low No known
silica market about requirements

to start and
research

Water filtration Research, 0 - 417 22,500 - 43,200 0 - 18 million 15% Low Amorphous

some
commercial

Oil adsorbent Small 533 Unknown Unknown Unknown Unknown Amorphous
commercial
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Incense One <16 Unknown Unknown Unknown Unknown No known
commercial requirements
use case

Soil Research, 0 - 1800 Unknown Unknown Unknown Unknown Amorphous
conditioner small

commercial
* Capped by 5 million MT as max. RHA production
** Assumption based on construction market

Table 11: Comparison of markets for RHA applications
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Recalling that the goal of this thesis is to qualitatively analyze the uses of RHA,

applications with too many unknowns are eliminated. The remaining applications are

categorized based on the grade of RHA required and ranked according to market size in Table

12. Also, we note that cement and clinker substitute requires essentially the same product.

Hence it makes sense to consider them the same application with an expanded market.

Low carbon (<4%), amorphous No requirements

Microsilica Bricks

Cement/ clinker substitute - Fired clay bricks

Tundish Powder - FaL-G bricks

Water filtration (amorphous only) - Geopolymer bricks

Precipitated silica

Table 12: RHA applications categorized by RHA grade required

To assess these applications further, the parameters of the applications can be

visualized using radar plots. We first categorize the parameters of the RHA applications (Table

13).

Category\Score 0 1 2 3 4
Price of RHA >200
($perMT) 0 1-15 16-100 100-200

501,000 - 1 million - >2 million
Market Size (MT) Unknown 1 - 500,000 1 million 2 million
Growth (%) Unknown Negative 1-5 5-10 >10
Competition Unknown High Med Low

Table 13: Categorization of RHA application parameters

First we look at applications for low carbon (< 4% LOI) RHA in Figure 8. While water

filtration looks like an attractive application, RHA value in this market ranges between 0 to $417,

which is a large range of uncertainty. There is also little evidence of success to date. Tundish

powder is not superior to the other applications, but it is currently the most common application

of RHA, hence it's important to analyze it as a baseline. As a result, we will move on with

analyzing microsilica and cement/clinker substitute.
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Comparison of applications using RHA with low LOI

Tundish - Cement/clinker substitute -- Microsilica Water filtration

RHA Value

Competition 0 Market Size

Growth

Figure 8: Radar plot for applications using low carbon (<4%) RHA

From Figure 9, it's evident that FaL-G and geopolymer bricks are more advantageous than fired

clay bricks, hence we will further analyze this. While precipitated silica has a smaller market

size than bricks, it has a higher value, justifying further analysis.

Comparison of applications using RHA with high LOI

Fired clay bricks - FaL-G bricks - Geopolymer bricks

RHA Value

Precipitated silica

4

3

2

a 
Market Size

Growth

Figure 9: Radar plot for applications using high carbon (>4%) RHA
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Chapter 4: Cost Modeling of Potential RHA Businesses

In Chapter 3, we arrived at six applications for cost modeling: i) tundish, ii)

cement/clinker substitute, iii) microsilica substitute, iv) FaL-G bricks, v) geopolymer bricks, and

vi) precipitated silica. The purpose of this chapter is to look at the finances of potential

businesses set up around each of these applications, using models for annual profit as well as

long-term cash flows. To establish a base case, the analysis in this section will assume a

perfect market where the entire production will be purchased and zero operational loss.

Chapter 5 will be dedicated to sensitivity analysis where the financial impact of variations in

different parameters will be assessed.

To develop models that are based on real world values, we will use the example of a rice

husk ash vendor located in the Ahmedabad area of Gujarat. This will provide us with more

practical restrictions regarding RHA availability, required transportation, and land cost. To set

the boundary for the maximum amount of RHA we can access, we look at a radius of 100 km

within Ahmedabad (Figure 10). The main rice producing cities within this region are

Gandhinagar, Kheda, Vadodara, and Mehsana, which yielded a total rice production of

1,326,100 MT between 2010-2011 [80]. The maximum amount of ash resulting from this rice

production is 72,935 MT per year. Since RHA is collected within a radius of 100km, the models

will use an average inbound transportation distance of 50km. Products which are exported are

typically brought to a designated port. The closest port to Ahmedabad used for export is

Kandla, located around 300 km away.
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Figure 10: 100~km radius from Ahmedabad, Gujarat
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Annual Cash Flow

To calculate annual profit, the expenses considered are land leasing, transportation, raw

materials, labor, and miscellaneous operations (e.g. maintenance, power, office supplies). We

will first establish the rates for these expenses which are used across the models.

Establishing Rates

Each business will require space for production. It is assumed that the business will

take place on rural land in order to be close to the sources of RHA and to avoid the

unnecessary price premiums of being in the city. Table 14 provides a range of cost for leasing

one acre of land in rural India; we see that that price varies by geography. For a business

owner who might have land possession already, the cost of land will represent an opportunity

cost.

State Range of Rent Range of Rent
(Rs/acre/month) ($/acre/month)*

Andra Pradesh 21814 - 27017 363.57 - 450.28
Bihar 20613 - 21927 343.55 - 365.45
Uttar Pradesh 21146 - 32200 352.43 - 536.67
Kerala 113776 1896.27

*Conversion rate of 60 Rs for I USD

Table 14: Cost of land rental [81]

Amongst the Indian states, the cost to purchasing rural land in Gujarat is on the lower end of the

spectrum [82], we expect it to have pricing more similar to Andra Pradesh, Bihar, and Uttar

Pradesh than a state like Kerala. Hence, we will use the per acre rental range of $340 to $540.

For the base case, we will be conservative and use a rate of $540 per acre per month.

Trucking is the main method by which fly ash and related products are transported

domestically. Table 15 shows example freight rates reported in an article regarding a recent

rate hike [83]; these are used to calculate the average freight rate. These rates include return

travel and requires a minimum payload of 9 MT (Equation 5).

Point Point Distance Payload Cost Rate (Rs per MT per Rate (USD per MT per
A B (kin) (MT) (Rs.) kin), including return kin), including return

Delhi Mumbai 1410 9 61000 4.80 0.08
Delhi Chennai 2186 9 88500 4.50 0.08
Delhi Ranchi 1228 9 61000 5.52 0.09

Table 15: Freight cost between destinations in India [83]
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Rs
R MT Cost [Rs]

km 2 * Distance [km] * 9 [MT]

Equation 5: Calculation of truck freight rate

While international export requires ocean freight, this cost does not usually affect the vendor

directly. Most RHA vendors found online specify "free on board" (FOB) prices, meaning the

buyer pays for the transportation from the designated port onward. This means the

transportation cost for export will only consider the distance between the plant and the

designated port. In the case of Ahmedabad, the closest port for export is Kandla, located 300

km away.

The labor rates for unskilled and skilled labor rates used will follow the rates published in

the Delhi Analysis of Rates report [21]. Since rates for managerial position are not included in

the Delhi Analysis of Rates, we estimate a plant manager's daily salary using an online salary

website [84]. These rates are listed in Table 16. Unskilled labor include workers who can

transition between jobs without significant training necessary. Skilled labor is positioned where

the necessary skills cannot be acquired within a few hours. Managerial positions will cover

responsibilities such as plant, people, and operations management (e.g. accounting and

overseeing supply chain).

Type of Labor Rate (Rs per day) Rate (USD per day)

Unskilled 297 4.95

Skilled 393 6.55

Managerial 1258 21

Table 16: Table of labor rates in India

Despite the fact that according to a 2008 report from The Energy Research Institute

(TERI), the cost of disposing fly ash was $2.58 per MT (using an average inflation rate of 8% in

India, this would be approximately $4 per MT in 2014), none of the vendors who have collected

RHA for commercial use have leveraged this as a revenue stream. Instead, depending on the

location and demand of RHA available, RHA is available for free or for a fee up to $3.33 per MT

(Rs. 200/MT) [85]. If a RHA based business is successful, it is reasonable to expect that RHA

will not remain free for the long term, hence we will use an estimated RHA cost of $3.33/MT.

To simplify accounting for miscellaneous costs such as maintenance, office supplies,

and power (for businesses that are not machine intensive), we will assume miscellaneous

expenses to be 10% of total variable costs.
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Tundish Powder

To use RHA as a tundish agent, it is common to mix RHA with binding substances and

pelletize it. The RHA vendors we visited did not want to reveal their production process. To

create a cost model for tundish powder production, we will use the process described on the

patent application to turn RHA into steelmaking insulation [86]. The patent describes a process

mixing RHA with lime, molasses, and water. While we have access to 72,935 MT of RHA, recall

that the estimated market for tundish powder is only 35,000 MT. Hence we will limit our

production capacity to 35,000 MT of tundish powder. For outbound transportation, we will use

the location of the closest steel plant to Ahmedabad, which is located 300km away in Hazira,

Gujarat. Table 17 shows the annual revenue from a tundish powder business.

Revenue
Sales 35,000 MT * $67/MT 2,345,000
Total Revenue 2,345,000

Expense Lease 1 acre * $540/month * 12 6,480
Depreciation 3,800
Total Fixed Expense 10,280
Labor 10 unskilled, 1 skilled, 1 managerial 24,040
Raw material RHA, lime, molasses 597,835
Inbound transportation 35,000 MT * 50km * 0.08 144,083
Outbound transportation 35,000 MT * 300km * 0.08 812,630
Miscellaneous 10% of variable costs 157,859
Total Variable Expense 1,736,447
Total Expense 1,746,727

Profit Net Profit Total Revenue - Total Expense 598,273
Profit Margin Net Profit/Total Revenue 26%

Table 17: Profit for using RHA as tundish powder domestically

Substitute for Clinker and Cement

RHA can be used directly as clinker or cement substitute if the LOI, moisture level, and

fineness meet the standard. Assuming 100% of the RHA produced has sufficiently low LOI

(<4%), the main processes involved in using RHA as a cement substitute are sampling and

testing for quality assurance, packaging, and transportation. Assuming full utilization of the

RHA available (72,935 MT), the average daily throughput is 234 MT of RHA. Bagging machines

would most likely become the bottleneck o the process. Based on the bagging machines found

online, a throughput of at least 150kg (6 bags/minute * 25kg) can be expected, indicating 3
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stations would be required. We assume 2 unskilled laborers will be needed at each bagging

station and the remaining 14 unskilled laborers would be responsible for loading, unloading, and

transportation internal to the plant. The skilled labor will be responsible for testing and taking

care of machinery. 1 manager would be required for each shift.

The most likely customers for clinker substitute around Ahmedabad is the Jaypee

Wanakbori Cement Grinding Plant, located 120km away. The other cement plants which

located in Vadnagar, Gujurat and Sirohi, Rajastan, approximately 300km away, result in

prohibitive a transportation cost of $24.70 per MT. From Table 18, we see that the business

would not be profitable due to the high transportation cost.

Revenue
Sales 72,935 MT * $16/MT 1,166,960
Total Revenue 1,166,960

Expense Lease 2 acre * $540/month * 12 12,960
Depreciation 3,133
Total Fixed Expense 16,093
Labor 20 unskilled, 2 skilled, 2 managerial 83,054
Raw material 72,935 MT * $3.33/MT 242,874
Inbound transportation 72,935 MT * 50km * 0.08 300,249
Outbound transportation 72,935 MT * 120km * 0.08 700,176
Miscellaneous 10% of variable costs 242,767
Total Variable Expense 1,569,120
Total Expense 1,585,213

Profit Net Profit Total Revenue - Total Expense (418,253)
Unit Profit Total Profit /72,935 MT ($5.73/MT)

Table 18: Profit for using RHA as cement substitute domestically

If we consider exporting the RHA for use as cement or clinker substitute, the value of the

product is able to offset the transportation expense (Table 19). Recall that in export, vendors

are responsible for transporting the product to the designated port. In the case of Ahmedabad,
the closest port is 300 km away in Kandla. At the export price of $88 per MT for RHA used to

substitute cement or clinker, the profit resulted from each MT of RHA is $51.

Revenue Sales 72,935 MT * $88/MT 6,418,280
Total Revenue 6,418,280

Expense Lease 2 acre * $540/month * 12 12,960
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Depreciation 3,133
Total Fixed Expense 16,093
Labor 20 unskilled, 2 skilled, 2 managerial 83,054
Raw material 72,935 MT * $3.33/MT 242,874
Inbound transportation 72,935 MT * 50km * 0.08 300,249
Outbound transportation 72,935 MT * 300km * 0.08 1,801,495
Miscellaneous 10% of variable costs 242,767
Total Variable Expense 2,670,439
Total Expense 2,686,532

Profit Net Profit Total Revenue - Total Expense 3,731,748
Profit Margin Net Profit/Total Revenue 58%
Profit per MT RHA Net Profit / 72,935 MT $51.17/MT

Table 19: Approximate balance sheet using RHA as cement substitute in export market

Fly Ash Beneficiation

The analysis so far has assumes 100% of the RHA has lower than 4% LOI. In the event

that the RHA contains more unburned carbon, fly ash beneficiation can be used to reduce the

unburned carbon in the fly ash. This will incur a capital expenditure as well as additional

operational cost. We will consider a cost model for exported clinker and cement substitute

using beneficiation in Table 20. To simplify calculation, we will estimate the cost for build,

operation, and maintenance for $1.5 million per year with a 15 years commitment, with a

capacity of up to 100,OOOMT. The present day value of this stream of payment is $10,948,390.

Table 20 illustrates the resulting profit of exporting RHA as clinker/cement substitute with costs

from beneficiation.

Revenue Sales 72,935 MT * $88/MT 6,418,280
Total Revenue 6,418,280

Expense
Total Expense w/o 2,686,532
Beneficiation Cost
Beneficiation Cost 1,500,000
Depreciation for 729,893
Beneficiation plant
Total Expense 4,916,425

Profit Net Profit Total Revenue - Total Expense 1,501,855
Profit Margin Net Profit/Total Revenue 23.40%
Profit per MT RHA Net Profit / 72,935 MT $20.59/MT

Table 20: Cement/clinker substitute export with beneficiation
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Substitute for Microsilica

Assuming the RHA collected have the right characteristics to be grinded down for use as

micro silica substitute, the value of each MT of RHA can be in the range of $150 to $300 (we

use the lower range that reflects what people are paying for microsilica). Similar to the case of

cement substitute, the distance which the product needs to be transported (domestic and

export) is 300km. This primary difference between this business and the cement substitute one

is the grinding of the RHA to get sufficient fineness. This requires additional labor and

equipment (ball mills) in the business model. Table 21 illustrates that regardless of where the

price falls in the range, this business can be very profitable, returning $112 to $495 per MT of

RHA.

Price= Price=
$150/MT $300

Revenue Sales 72,935 MT * Price 10,940,250 21,880,500
Total Revenue 10,940,250 21,880,500

Expense Lease 2 acre * $540/month * 12 12,960 12,960
Depreciation 4,800 4,800
Total Fixed Expenses 17,760 17,760
Labor 35 unskilled, 2 skilled, 2 managerial 133,474 133,474
Raw Material 72,935 MT * $3.33/MT 242,874 242,874
Inbound transportation 72,935 MT * 50km * 0.08 300,249 300,249
Outbound transportation 72,935 MT * 300km * 0.08 1,801,495 1,801,495
Miscellaneous 247,809 247,809
Total Variable Expenses 2,725,901 2,725,901
Total Expense 2,743,661 2,743,661

Profit Net Profit Total Revenue - Total Expense 8,196,589 19,136,839
Profit Margin Net Profit/Total Revenue 74.92% 87.46%
Profit per MT RHA Net Profit / 72,935 MT $112/MT $262/MT

Table 21: Estimated balance sheet using RHA as microsilica substitute

Similar to cement substitute, we will consider to cost involved if a beneficiation plant was

involved. We see from Table 22 that while the profit is reduced, the microsilica business is very

profitable.

Price = Price =
$150/MT $300

Revenue Sales 72,935 MT * Price 10,940,250 21,880,500
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Total Revenue 10,940,250 21,880,500

Expense Total Expense w/o 2,743,661 2,743,661
Beneficiation Cost
Beneficiation Cost 1,500,000 1,500,000
Depreciation for 729,893 729,893
Beneficiation plant
Total Expense 4,973,554 4,973,554

Profit Net Profit Total Revenue - Total Expense 5,966,696 16,906,946
Profit Margin Net Profit/Total Revenue 54.54% 77.27%
Profit per MT RHA Net Profit / 72,935 MT $82/MT $232/MT

Table 22: Estimated balance sheet using RHA as microsilica substitute with beneficiation

FaL-G Bricks

Based on the experiments of Rao, an acceptable composition of RHA FaL-G bricks

consists of 50% RHA, 30% lime, and 20% gypsum [36]. However, existing FaL-G bricks using

coal fly ash has a composition of 60% coal fly ash, 20% sand, 15% lime, and 5% gypsum [87].

While there's no clear documentation indicating that RHA can be a direct substitution for coal

flyash, there is a good possibility that RHA can be used in a manner similar to coal fly ash. This

existing FaL-G brick composition uses less lime and gypsum than the composition tested by

Rao. Since lime and gypsum are more expensive than RHA sand, using less of them would

reduce the raw material cost. Keeping all other parameter the same, Table 23 shows that the

FaL-G composition replacing gypsum and lime with sand will lead to $13 versus less than $1 of

profit per MT of RHA.

Lime + Lime +
Gypsum Gypsum

=40% =20%

Revenue Sales 6,000,000 bricks * $0.067 400,000 400,000
Total Revenue 400,000 400,000

Expense Land 2 acre * $540/month * 12 12,960 12,960
Depreciation 4,133 4,133
Total Fixed Expense 17,093 17,093
Labor 20 unskilled + 4 skilled + 1 91,229 91,229

manger
Raw Material 123,785 40,736
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Inbound transportation (6,000,000bricks * 3.6kg/brick) 88,198 88,198
* (50km *$0.082/km)

Outbound transportation (6,000,000bricks * 3.6kg/brick) 44,099 44,099
* (25km *$0.082/km)

Miscellaneous 34,731 26,426
Total Variable Expenses 382,042 290,688
Total Expense 399,135 307,781

Profit Net Profit Total Revenue - Total Expense 865 92,219
Profit Margin Net Profit/Total Revenue 0.22% 23.05%
Profit per MT RHA Net Profit / 10,712 MT $0.08/MT $7/MT

or 12,854 MT

Table 23: Balance sheet for using RHA in FaL-G bricks plant.

The model in Table 23 produces a maximum of 6,000,000 bricks per year, which is the largest

capacity FaL-G brick plant where capital information is provided [87]. The amount of RHA

required is 10,712 MT and 12,854 MT for the composition without and with sand respectively.

While this is not full utilization of the RHA, we will look at how much this can be scaled up in

Chapter 5 and 6. To account for inbound transportation of all the materials, we use the law of

conservation of mass to assume that mass of bricks being shipped out should equal the mass of

the materials brought in. We assume all ingredients are coming from within 50km distance of

the plant. For outbound, we assume bricks will be sold on not farther than 50km away [88],
hence 25km is the average distance traveled. For farther transportation, a surcharge will be

necessary from the buyer.

Geopolymer Bricks

Students within the Tata Group have been experimenting making geopolymer bricks with

RHA. The composition which has shown initial success by demonstrating a compressive

strength of 10 MPa is shown in Table 24. If we scale this composition to a brick with the

dimension of 230 x 115 x 75 mm (size of FaL-G bricks), we get the mass per brick as listed in

Table 24.

Material % Mass per brick (kg)
RHA 23 0.47
Clay 23 0.47
Black Liquor 45 0.945
NaOH 9 0.189

Table 24: Proposed composition of geopolyrner bricks using RHA
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Black liquor is a byproduct of the paper making industry. Currently, paper mills are dumping

black liquor into local waterways directly or with some treatment. If black liquor can be

leveraged in brick making, it will resolve another waste disposal issue. Hence we will assume

the cost of obtaining black liquor to be only the transportation cost. The closest paper mill from

Ahmedabad which can potentially supply black liquor is in Gandhinagar, located about 22 km

away. There's no data on the cost for transporting liquid. We will assume the cost to be twice

the amount of regular freight due to the more equipment and logistics involved.

The major steps involved are mixing, stamping, curing, and transportation. This is similar to the

FaL-G brick production process with the additional step of curing at 100 degrees, which will

require a kiln. Hence we will base the model for geopolymer bricks, but will add additional labor,

fuel, and the investment for a kiln to cure the bricks.

Revenue

Sales 6,000,000 bricks * $0.067 400,000
Total Revenue 400,000

Expense
Land 2 acre * $540/month * 12 12,960
Depreciation 9,467
Total Fixed Expense 22,427
Labor 30 unskilled + 6 skilled + 1 manger 130,291
Raw Material 82,915
Inbound transportation (0.95kg/brick *6 million bricks)/1000 22,873
(dry material) * 50 km *(2*$0.082/MT/km)
Inbound transportation (0.93kg/brick *6 million bricks)/1000 23,381
(black liquor) * 25 km *(2*$0.082/MT/km)
Outbound transportation (2.1kg/brick *6 million bricks)/1 000 25,414

* 25 km *$0.082/MT/km
Miscellaneous 28,487
Total Variable Expenses 313,361
Total Expense 335,788

Profit
Net Profit Total Revenue - Total Expense 64,212
Profit Margin Net Profit/Total Revenue 16.05%
Profit per MT RHA Net Profit /2,840 MT $22.6/MT

Table 25: Estimated balance sheet using RHA in geopolymer brick production

Table 25 shows that a geopolymer brick business based on the composition being

be profitable.

tested can
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Precipitated Silica

The only commercial use of RHA in the production of precipitated silica is based on the work

patented by the Combustion Compulsion Gasification Lab at the India Institute of Science (IISc).

We will model this business based on the estimated production cost published in their 2007

paper [53]. IISc outlined plants with the capacity of producing 4.8 MT or 24 MT of precipitated

silica per day, requiring the initial investment of $1.6 million and $5.9 million respectively. The

price for precipitated silica is $950/MT.

Small Large
Plant Plant

(1,500 (7,488
MT/yr) MT/yr)

Revenue Sales of Precipitated $950/MT*(52 weeks * 6 1,422,720 7,113,600
Silica days/week * Daily Production)
Sales of CaO $200/MT (52 weeks * 6 299,520 1,497,600

days/week * Daily Production)
Total Revenue 1,722,240 8,611,200

Expense Lease 1 acre * $540/month * 12 12,960 12,960
Depreciation 160,000 590,000
Total Fixed Expenses 172,960 602,960
Labor $0.01 per MT of silica 89,856 374,400
Raw Material $0.22 per MT of silica 329,472 1,647,360
Power $0.1 to $0.11 per MT of silica 164,736 748,800
Packing and handling $0.05 per MT of silica 74,880 374,400
Thermal energy $0.14 per MT of silica 209,664 1,048,320
Inbound 72,935 MT * 50km * 0.08 8,807 44,037
transportation
Outbound 72,935 MT * 300km * 0.08 36,991 184,954
transportation
Miscellaneous 91,440 442,227
Total Variable 1,005,846 4,864,498
Expenses
Total Expense 1,178,806 5,467,458

Profit Net Profit Total Revenue - Total Expense 543,434 3,143,742
Profit Margin Net Profit/Total Revenue 31.55% 36.51%
Profit per MT RHA Net Profit / 2,14OMT or $254/MT $294/MT

10,697MT

Table 26: Estimated balance sheet using RHA in precipitated silica [53]

Based on Table 26, a higher capacity plant will result in a more profitable business. However,
the larger plant has a larger fixed cost which must be supported by a minimum volume of sales.

The profitability of this business will likely be very sensitive to sales price and volume.

Furthermore, while not shown here, the maintenance and labor cost should have a fixed
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component as well. While the previous models didn't separately consider the fixed component

of maintenance and labor cost, they are relatively low compared to the costs in the precipitated

silica model (holding cost for a large plant is higher than that of a largely manual process).

Hence the profit sensitivity of the precipitation silica plant to sales volume will be important

consider.

Section Summary

We can use Table 27 to summarize the annual profit analysis and decide which

applications to proceed with long term cash flow. Since there's a loss due to transportation

expense in each MT of RHA shipped domestically as cement/clinker substitute, it's not

meaningful to continue considering this application. For RHA with lower than 4% LOI, we will

only consider the export of RHA as clinker/cement and as microsilica substitute. All the

applications for RHA without specific LOI requirements are profitable. We will conduct NPV

analysis on them to determine the return on investment for each project. In the applications with

no specific LOI requirement, we will consider all the applications.

Application RHA Used Profit Margin Unit Profit for LOI
(MT) (%) RHA ($/MT) required?

Tundish powder 35,000 26 17.09 Yes
Clinker/cement substitute in 72,935 negative (-5.73) Yes
domestic market
Clinker/cement substitute exported 72,935 58 51.17 Yes
Clinker/cement substitute with 72,935 22 19.45 No
beneficiation exported
Microsilica substitute 72,935 75-87 112-262 Yes
Microsilica substitute with 72,935 54-77 82 - 232 No
beneficiation
FaL-G bricks (Lime + Gypsum = 10,712 0.22 0.08 No
50%)
FaL-G bricks (Lime + Gypsum = 12,854 23 7 No
20%)
Geopolymer bricks 2,840 16 22.6 No
Precipitated silica (4.8 MT/day) 2,140 32 254 No
Precipitated silica (24 MT/day) 10,697 37 294 No

Table 27: Summary of annual profits for RHA applications

Net Present Value (NPV)

The purpose of calculating NPV is to determine if the cash flows from the annual

revenue and expenditure will result in a positive payoff over time given the initial investment.
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We will be calculating the NPV for fifteen years of cash flow. Since the business models we

built use different amount of the RHA available, we will normalize them by the capital

expenditure. Not only does this help to equalize the different projects for comparison, but it will

also give us the Return on Investment (ROI) for each project. While it is important to maximize

NPV, it is also important to consider the amount of initial capital required.

Discount Rate and Lifetime of Building and Equipment

First we establish the discount rate used, which reflects the opportunity cost for the

money. This rate ranges from the no-risk investment rate of return to a higher rate reflecting the

investor's desire for investment return. As of April, 2014, the interest rate from the Bank of India

for deposits over 5 years is 8.50% [89]. If we assume an investor's desired rate of return is 5%

better than the no-risk rate. This results in a discount rate is 13.5%. The building and

equipment lifetime will both be 15 years.

Tundish Powder

Based on visits to two vendors in India who sell RHA as tundish powder, we have an

idea of the type of equipment involved, which we can base our cost model on. Table 28 lists the

main capital required for turning RHA into tundish powder.

Cost Category Main Components USD $
Building 10,000
Machinery Bagging machines, Pin mixer, pelletizing 37,000

machine
Lab equipment for testing RHA Calorimeter, silica test kits, scale, testing 5,000

sieves, etc.
General equipment Skids, wheel barrows, shovel, storage, etc. 5,000
Total Capital Expenditure 57,000

Table 28: Capital investment for using RHA as tundish powder

The NPV for 15 years for tunidsh powder is $3,466,081. With an annual profit of over $500,000,
the payback period for the capital is less than 1 year.

Substitute for Clinker and Cement

We will focus on the export market since the import market is not a reasonable business

model to continue overtime. From visiting a vendor in Kolkata who sells RHA into the cement

industry, we identified the main equipment have listed them Table 29. We will based the

47



building cost on what's required to produce 6 million FaL-G bricks since that should require a

similar scale of enclosed space. Even though beneficiation expense was simplified as a fixed

cost earlier, it would be inaccurate to model the NPV assuming beneficiation is simply an annual

cost of $1.5 million. Since the beneficiation project comes with a contract for 15 to 20 years at

$1.5 million each year, it becomes an obligation that should be considered upfront. We

consider the present day value of this stream of committed payments as an initial expenditure,

which amounts to $10,948,489. To avoid double counting beneficiation expense, we will

eliminate the annual $1.5 million expense. We will perform NPV calculation for cement

substitute both with and without this investment.

Cost Category Main Components USD $
Building 10,000
Machinery Bagging machines, skid loader 27,000
Lab equipment for testing RHA Calorimeter, silica test kits, scale, testing 5,000

sieves, etc.
General equipment Skids, wheel barrows, shovel, storage, etc. 5,000
Total Capital Expenditure 47,000
Beneficiation Plant 10,948,489
Total Capital Expenditure 10,995,489
with Beneficiation

Table 29: Capital investment for using RHA as clinker/cement substitute

Based on the capital expenditures in Table 29 and the annual profit calculated in Table

19, we have calculated the 15 years NPV in Table 30. We see that if no beneficiation is

required, producing cement substitute from RHA has a large NPV and very short payback

period. As expected, the beneficiation plant lowers NPV will be lowered and increases the

Payback Period; however the business case situation is still quite positive.

Capital Expenditure NPV Payback Period
($) ($) (years)

100% Export 47,000 23,095,461 < 1
100% Export with Beneficiation 109,531,389 7,549,531 -5.5

Table 30: NPV values for cement/clinker substitute

Substitute for Microsilica

The capital expenditure for microsilica substitute (Table 31) is similar to that of clinker or

cement substitute except for the addition of ball mills for grinding the RHA for additional

fineness. Since ball grinders are not huge capital, their addition does not create a large impact.

Cost Category Main Components USD $
Building 10,000
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Machinery Bagging machines, skid loader, ball mills 52,000
Lab equipment for testing RHA Calorimeter, silica test kits, scale, testing 5,000

sieves, etc.
General equipment Skids, wheel barrows, shovel, storage, etc. 5,000
Total 72,000
Beneficiation Plant 10,948,489
Total Capital Expenditure 11,020,489
with Beneficiation

Table 31: Capital expenditure for microsilica production

With the higher market value of microsilica, the NPV for microsilica substitute is several

times higher than the NPV of cement substitute (Table 32). The range of NPV is dependent on

the selling price of the microsilica substitute, which is between $150 and $300 per MT. The

effect of the additional beneficiation plant on payback period is also minimal.

Capital NPV ($) Payback
Expenditure ($) Period (years)

Microsilica 72,000 51,557,717 - 120,469,545 < 1
Microsilica w/ Beneficiation 11,020,489 36,011,788 - 104,923,616 <1 to - 1.5

Table 32: Capital expenditure, NPV. and Payback Period for Microsilica substitute

Since the capital equipment involved for clinker/cement and microsilica substitute does

not differ greatly, it would make sense for a business operation to sell all these cement

substitutes in order to expand the market (Table 33). In a plant equipped to make clinker,

cement, and microsilica substitute, and selling to all those markets, the NPV will range from $23

million to $120 when beneficiation is not used. The lowest value of the NPV in this case will

occur when 100% of products are sold at the price of cement substitute. The best case occurs

when 100% of microsilica is sold at $300/ MT.

Capital NPV Payback
Expenditure ($) Period

($) (years)
Clinker, cement & microsilica 72,000 23,074,162 - 120,469,545 <1
Clinker, cement & microsilica 11,010,389 7,528,232 - 104,923,616 <1 to ~ 5.5
with beneficiation I

Table 33: Capital expenditure, NPV and Payback Period for Microsilica substitute

FaL-G Bricks

Based on information from the Society for Excellence in Habitat Development,

Environment Protection and Employment Generation, the capital costs involved in creating a

plant for 6 million bricks are listed in Table 34.

Cost Category Main components USD $
Building 8,000

49



Machinery Brick making machine, pan mixer 41,000
Essential spare parts and tools Molds 2,000
Design and installation 2,000
Other expenses 1,000
Total 54,000

Table 34: Capital expenditure for FaL-G plant

If the recipe for Fal-G (no sand), consisting of 50% RHA, 30% lime, and 20% gypsum, is used,

the NPV becomes a loss of $7,734. In the alternative composition where the lime and gypsum

used are 15% and 5% of the brick respectively (hereon called FaL-G (sand) bricks), the NPV of

$675,704, with a payback period of less than 1 year.

Geopolymer Bricks

The facility required to make geopolymer bricks is similar to that of FaL-G brick plants,

with the addition of a kiln to cure the bricks at 1000C. A zig-zag kiln for 6 million bricks has a

capital expenditure of $80,000 [72]. This yields a total capital expenditure of $134,000.

Cost Category Main components USD $
Building 8,000
Machinery Brick making machine, pan mixer 41,000
Essential spare parts and tools Molds 2,000
Design and installation 2,000
Other expenses 1,000
Kiln 80,000
Total 134,000

Table 35: Capital expenditure for geopolyner brick production

The production of geometric bricks yields an NPV of $538,466, with a payback period of just

under 3 years.

Precipitated Silica

The capital investment required for precipitated silica plants of two different capacity as

well as the corresponding NPV and Payback Period are shown in Table 36. We see that the

smaller plant does not provide a positive return on investment.

4.8 MT/day 24 MT/day
Capital Expenditure $1,600,000 $5,900,000
NPV ($) 1,290,803 10,823,195
Payback Period (years) -3.5 -2.5

Table 36: Capital investment for precipitated silica plant [53]
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Chapter Summary

Table 37 summarizes the cash flow analysis of the applications requiring RHA. Using

NPV/Capital to assess the return on investment (ROI) of the project, we see that for using RHA

with lower than 4% LOI, exporting the product as clinker, cement, and microsilica substitute is

more profitable than selling it as tundish powder (or other applications with no LOI requirement).

For RHA with higher unburned carbon level, FaL-G (sand) bricks yield the highest ROI of 12.5.

The project with the second best return is the use of RHA as clinker, cement, and microislica

substitute using beneficiation (0.68 to 9.5). However, this project requires large capital required

for the beneficiation plant which can provide a barrier. In the case where capital is limited,

geopolymer brick project would be the second best option after FaL-G bricks for using high LOI

RHA.

As discussed, we have assumed that all projects have are able to find customers for all

products produced at the market price. In Chapter 5, we will test what the tolerance this

projects have to partial sales, discounted prices, and increased costs, to see project may be

more prone to problems.
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Application Capital ($) NPV RHA Used NPV/Capital NPV/RHA Payback Period
($) (MT) ($/MT) (years)

Requires LOI < 4% _______ ________

Tundish powder 57,000 3,466,081 34,500 61 100.47 <1
Clinker, cement & 72,000 23,074,162 - 72,935 320-1673 316-1651 <1
microsilica substitute 120,469,545
No LOI requirement
Clinker, cement & 11,010,389 7,528,232 - 72,935 0.68 to 9.5 103 - 1438 <1 - 5.5
microsilica substitute 104,923,616
with Beneficiation
FaL-G 54,000 675,704 12,855 -8.85 (0.72) < 1
(Lime + Gypsum
< 20%)
FaL-G (no sand) 54,000 (7,734) 10,712 12.51 159.11 Never
Geopolymer 134,000 451,860 2,840 -0.14 603.46 -2.5
Precipitated silica 1,600,000 1,290,803 2,139 3.37 159.11 -3.5
(small plant)
Precipitated silica 5,900,000 10,823,195 10,697 0.81 603.46 -2.5
(large plant)

Table 37: Cash flow analysis for applications using RHA
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Chapter 5: Sensitivity Analysis

In the previous chapter, we established the cost models of potential businesses around

RHA applications with several assumptions. These assumptions include the ability to access all

the needed raw material for full capacity production, the market's ability to absorb full capacity

production at the estimated market prices, and estimated rates for labor and freight. In real

business operation, there are many circumstances which would cause these assumptions to

change; it's important to anticipate what these changes can cause. The purpose of this chapter

is to perform sensitivity analysis of the cost models we have developed to answer the following

questions:

- What volume of sales is needed for the potential business to yield the desired rate of

return?

- How much RHA do I need access to?

- What would happen if price drops?

- What would happen if production costs go up (but the costs cannot be passed on to

consumers)?

Since the discount rate used to calculate NPV already includes a 5% desired rate of

return, we are interested to see what changes in the parameters of interest would cause the

NPV to become zero. At this point, the business is no longer able to achieve the desired rate of

return of 5%.

Sensitivity to Volume

There are two reasons why understanding the NPV's sensitivity to volume is important.

First, we need to understand what sales volume (demand) is required for the business to be

profitable. Second, we need to know the amount raw material we need access to (supply

planning). Since this paper is focused on the use of RHA, we will focus on the amount of RHA

required to keep the NPV of the potential businesses positive.

Tundish Powder

The minimum amount of sales volume required to keep NPV above 0 is 1,676 MT

(Figure 11), which represents 4% of full production. With 70% of tundish powder being RHA,

this means a minimum of 1,173 MT of low carbon RHA is required.
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Figure 11: Sensitivity of NPV to volume of products sold for businesses selling tundish powder

Clinker, Cement, and Microsilica Substitute

For a clinker, cement, and microsilica substitute business, highest profit occurs when

100% of sales are microsilica, versus the worst case when 100% of sales are exported as

clinker and cement substitute. Figure 12 shows the relationship between NPV and volume sold

for the best (red plot) and worst (blue plot) case scenarios.

NPV Sensitivity to Sales Volume for Cement/Microsilica Substitute
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Figure 12: Sensitivity of NPV to volume of products sold for businesses selling cement/microsilica substitute
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If all production is sold as microsilica substitute, the business has a positive return until sales

volume dips below 3% of full capacity (based on 72,935 MT of RHA available). If all sales made

are as cement substitute, NPV becomes negative when sales volume dips below 12% of full

capacity. For a combination of cement and microsilica substitute, the minimum volume of sales

required falls between 3% and 12% of all the RHA available. This also means to support a

"breakeven" NPV, we would need access to a minimum of 2,188 MT (3%) to 8,752 MT (12%) of

RHA with less than 4% unburned carbon.

Clinker, Cement, and Microsilica Substitute with Beneficiation

From Figure 13, we see that when our cement and microsilica operation includes a

beneficiation plant, sales volume needs to be around 10% of full plant capacity if all products

are sold as microsilica. If all products are sold as cement substitute, we need to operate and

sell at about 51% plant capacity. This translates to a minimum production of 7294 MT to 37,200

MT.

NPV Senitivity to Sales Volume

of Beneficiation Plant
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Figure 13: Sensitivity of beneficiation plant NPV to amount of RHA processed and sold

Bricks

Figure 14 shows how the NPV of the brick operations react to changes in the number of

bricks sold. Since FaL-G (no-sand) bricks cannot yield the required ROI, we will not consider

this type of brick in the sale volume sensitivity analysis. Instead, we will focus on FaL-G (sand)

bricks. From Figure 14, we see that FaL-G (sand) bricks reach a negative NPV of 0 when the
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number of bricks sold falls below around 2,970,000 (less than 50% of plant capacity) versus

about 3,750,000 for geopolymer bricks (63%). This means the geopolymer brick business has a

higher sales requirement and would be less tolerant to a drop in sales volume.

NPV Sensitivity to Sales Volume for Bricks
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Figure 14: Sensitivity of NPV to number of bricks sold

The amount of RHA required to sustain the FaL-G and geopolymer brick businesses is

5,317 MT and 1,763 MT respectively. This means FaL-G bricks are more sensitive to the

availability of RHA than geopolymer bricks are. However, this should not be a huge concern

given the amount of RHA required is a small fraction of the RHA available in the defined area.

Furthermore, the RHA used FaL-G bricks may be substituted with other sources of fly ash if

necessary, providing a backup supply chain.

Precipitated Silica Plants

With a small precipitated silica plant, we need to produce at roughly 75% of capacity,

which amounts to 1,395 MT of silica per year. Since the RHA to silica yield ratio is 1.43, the

amount of RHA required is 1,995 MT per year. With a large plant, we need to sell about 45% of

full plant capacity, or 3,370 MT of silica each year for the business to be sustainable. This

requires 4,820 MT of RHA each year. While the smaller plant requires production at a larger

percentage of capacity than the larger plant, the tradeoff is the requirement for a smaller capital

expenditure.
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NPV Sensitivity to Sales Volume for Precipitated Silica Plants
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Figure 15: Sensitivity of precipitated silica plant NPV to amount of RHA processed and sold

Section Summary

Table 38 summarizes the results pertaining to minimum sales volume and the RHA

required. The business which requires the highest percentage of planned capacity is the 5

MT/day precipitated silica plant, suggesting it has the highest percentage of fixed costs. For the

production of cement and microsilica substitution, it is important to ensure that the specified

amount of RHA with low unburned carbon (or a substitute) is available consistently. The

beneficiation plant requires the highest amount of RHA and hence has the smallest tolerance to

RHA shortage.

Application Minimum Minimum
Sales Volume Amount of RHA
as a % of Full required (MT)

Capacity

Tundish powder 4 1173
(<4% ROI)

Clinker, cement and microsilica substitute 3 - 12 2,188 - 8,752
(< 4% LOI)

Clinker, cement and microsilica substitute w/ beneficiation 10 to 51 7,294 - 37,200
FaL-G (sand) bricks 50 5,317
Geopolymer bricks 62 1,763
Precipitated silica (5 MT/day plant) 75 1,395
Precipitated silica (24 MT/day plant) 45 3,370

Table 38: Summary of minimum volume of sales for "breakeven" NPV
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Sensitivity to Price

The required sales price is an important parameter to consider as it tells us how tolerant

a business is to a drop in market price. It also indicates how competitive a business can be with

pricing in order to gain a bigger market share. Ultimately, the lower the price threshold a

business can maintain to yield an NPV above zero, the more price competitive it can be in the

market.

Tundish Powder

Based on Figure 16, the "breakeven" price for tundish powder is at 76% of market price

($67/MT). This means a business is able to have price flexibility down to an average of $51 per

MT before the business would not be profitable at the desired rate.

NPV Sensitivity to Sales Price for Tundish Powder
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Figure 16: Sensitivity of tundish powder business NPV to price

Clinker, Cement and Microsilica Substitute

To support a positive NPV, each MT of clinker/cement, and microsilica substitute needs

to be sold at 50% and 24% of market price respectively. This means there's a large competitive

advantage in price available when selling RHA as substitute for microsilica, but both have good

margin to be competitive in the market.
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NPV Sensititvity to Price

for Clinker, Cement and Microsilica Substitute
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Figure 17: Sensitivity of cement and rnicrosifica plant NPV to price

Clinker, Cement and Microsilica Substitute with Beneficiation

When cement and microsilica substitute are produced with the beneficiation process, the

price required for "breakeven" NPV is higher to support the beneficiation cost (Figure 18). The

minimum percentage of market price required for clinker/cement and microsilica substituted

when beneficiation is used is 75% and just under 30% respectively. While these values are

higher than when beneficiation is not used, they still provide good margin.

NPV Sensitivity to Price

for Clinker, Cement and Microsilica with Beneficiation
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Figure 18: Sensitivity of NPV to price for cement and microsilica produced with beneficiation process
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Bricks

Looking at Figure 19, FaL-G (sand) bricks can have a sales price of just below Rs 2.9

per brick before NPV = 0, compared to a price of Rs. 3.1 for each geometric brick. This

indicates geometric bricks are less tolerant to price pressure. We also consider FaL-G (no

sand) bricks to find out what price point would make this business a possible investment. The

orange plot shows that the FaL-G brick needs to achieve a price point higher than Rs. 4.02 for

NPV to be positive. This is a possible brick price in India's brick market today. Hence even if

using RHA in the FaL-G brick composition of 15% lime and 5% gypsum isn't feasible, using the

FaL-G brick recipe which requires more gypsum and lime in FaL-G bricks is still a possible

option.

NVP Sensitivity to Price for Bricks
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Figure 19: Sensitivity of precipitated silica plant NPV to amount of RHA processed and sold

Precipitated Silica Plants

For the precipitated silica plants to bring in a positive NPV, we would need to sell the

silica produced at about 75% of the market price for the large plant and 80% for the smaller

plant (Figure 20).
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NPV Sensitivity to Price for Precipitated Silica
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Figure 20: Sensitivity of precipitated silica plant NPV to amount of RHA processed and sold

Section Summary

Table 39 summarizes the results from the sensitivity to price analysis. We see that

microsilica substitute can afford the biggest price competition.

Application Minimum % of
Market Price

Tundish powder 76

Cement/clinker and microsilica substitute 24 to 50

Cement/clinker and microsilica substitute with beneficiation 30 to 75

FaL-G bricks 73

Geopolymer bricks 78

Precipitated silica (5 MT/day plant) 80

Precipitated silica (24 MT/day plant) 75

Table 39: Summary of minimum required % of market price to yield desired rate of retum

Sensitivity to Cost

To be more effective in our sensitivity analysis of cost, we want to first look for costs that

have a large representation in the businesses we are looking at. We also want to answer

questions such as how far can the products can be transported, which is related to

transportation cost and distance. The parameter of outbound transportation distance will also

determine the size of the geographical area that can be accessed, and hence the market size.
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Tundish Powder

The cost breakdown for tundish powder can be seen in Figure 21. We see that the

largest expense by percentage is outbound transportation.

Cost Breakdown for Tundish Powder
Lease Labor

Miscellaneous
variable cost 1%

9%

Figure 21: Cost breakdown for tundish powder production

Transportation expense is dependent on unit transportation rate ($/MT/km) and the distance

traveled. Looking at the unit transportation rate first, we see that the NPV for producing tundish

powder is 0 when the transportation rate becomes $0.125/MT/km (Figure 22). The maximum

distance which the product can be transported to before NPV = 0 is 450km (Figure 23).

NPV Sensitivity to Unit Transportation Cost
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Figure 22: Sensitivity of NVP to unit transportation for tundish powder production
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NPV Sensitivity to Outbound Distance
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Figure 23: Sensitivity of NVP to outbound transportation distance

Clinker, Cement and Microsilica Substitute

In the production of clinker, cement and microsilica substitute, the largest expense is in

outbound transportation (Figure 24).

Cost Breakdown for Cement & Microsilica Substitute
Lease

Miscellaneous Labor

expense5%
9%

Figure 24: Cost breakdown for cement/nicrosilica substitution production

Based on an inbound distance of 50km and an outbound distance of 300km in the base case,

the NPV can stay positive even with a 200% price hike in truck freight rate (Figure 25). In the

case of microsilica sales, the tolerance is even higher.
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NPV Sensitivity to Transportation Unit Cost
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Figure 25: Sensitivity of NVP to unit transportation for cement & microsilica substitution production

Figure 26 looks at the outbound transportation distance that can be afforded by this

business without requiring a transportation price premium from the customer. At the price of

$300/MT, microsilica can be transported more than 2403km before NPV becomes 0. 2400 km

would be sufficient to almost travel across the width of India, going from Ahmedabad to Kolkata.

In the case of exported cement substitute, we can reach a port up to 960km away before NPV

becomes negative. This is sufficient distance to travel from Ahmedabad to the Mumbai shipping

port. This can also be interpreted as if we were to lower the price of microsilica to $88/MT, we

can reach a distance of 960 km.

NPV Sensitivity to Outbound Distance

$140,000,000

$120,000,000

$100,000,000 y -41607x +

$80,000,000

$60,000,000
$

$40,000,000

$20,000,000 407+4E7

$(20,000,000) 210 310 410 510 610 710 810 910

Average distance for outbound transportation (kin)

-4-100% Microsilica -4- Microsilica @ $88/MT

Figure 26: Sensitivity of NVP to transportation distance for cement & microsilica substitution production
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In terms of tolerance to RHA prices, which represent the majority of raw material cost,

we found that the cement and microsilica substitute production can tolerate an increase of RHA

cost to between $39 and $197 per MT. This would only occur with a price increase of more

than 1000%.

Beneficiation Plant

Beneficiation maintenance and operation represents the largest expense when

beneficiation is used. We have so far assumed a constant annual expense for operations and

maintenance of $1.5 million. Given inflation and other uncertainties, maintaining zero increases

in this expense over fifteen years is highly unrealistic. Figure 27 shows how growth in this

annual expense can affect NVP.

NPV Sensitivity to Annual Beneficiation Cost Increase
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Figure 27: Sensitivity of NVP to increase in beneficiation cost

In the best case, where all products can be sold as microsilica for $300 per MT, the business

can tolerate a growth in annual operations and maintenance expense of around 30%. In the

worst case where all products sold for $88/MT, the business yields a positive NPV until

beneficiation expense increases at more than 5% each year on average.

In terms of outbound distance, we see that when beneficiation is used, the maximum

distance that the finished products can be transported to maintain NPV = 0 is between 480 km

to 2400km (Figure 28).
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Figure 28: Sensitivity of NVP to outbound transportation distance

Bricks

Since the production of the different bricks have a similar cost structure, we will combine

their cost sensitivity analysis. Figure 29 and Figure 30 show the cost breakdown for FaL-G

(sand) and geopolymer bricks respectively.

Cost Breakdown for
Outbound

transportation
3%

FaL-G (sand) Bricks

,I

Figure 29: Cost breakdown for production of FaL-G bricks using sand
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Cost Breakdown for Geopolymer Bricks
Outbound Lease

Inbound transportatio Equipment
transportation depreciation

(dry) 3%
7%

Inbound
transportation

(wet)
7%

Figure 30: Cost breakdown for production of geopolyrner bricks using sand

We see that labor represents a large cost component in both the production of FaL-G (sand)

and geopolymer bricks. In spite of this, the sensitivity analysis (Figure 31) shows that the FaL-G

(sand) brick business can afford more than 100% in labor increase. Geopolymer bricks can

tolerate up to 60% in labor rate increase before NPV becomes negative. This tolerance may

seem high, but it is not far out of reach considering the Mahatma Gandhi National Rural

Employment Guarantee Act (MNREGA) raised its daily wage from Rs. 155 to Rs. 174 between

2012 and 2013 [90]. This is a 12.25% increase in one year. However, since an increase in

labor expense will affect the entire industry, it is likely that increases in this cost can be passed

on to the consumers.

Sensitivity of NPV to Labour Change in Brick Production
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Figure 31: Sensitivity of NVP to labor rate change for FaL-G and geopolymer brick production
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Transportation cost represents the next largest expense for making FaL-G (sand) and

geopolymer bricks. First, let's take a look at the brick businesses' sensitivity to the unit cost of

freight (Figure 32). For Fal-G (sand) bricks, NPV stays above 0 until transportation cost rises

above $0.14 per MT per km. Geopolymer bricks can afford a freight rate of around $0.15 per

MT per km. We also see that if freight cost reduces to below $0.08, FaL-G bricks (no sand) can

create a profitable business.

Sensitivity to Unit Transportaiton Cost for Bricks
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Figure 32: Sensitivity of NVP to transportation distance for cement & microsilica substitution production

For inbound transportation, we have set the distance based on the average travel

distance required to obtain RHA. We consider this a boundary of the model. Instead we focus

on the farthest outbound distance the brick business can travel. In Figure 33, we see that FaL-

G (sand) bricks can be transported up to 75km before NPV becomes negative or buyers have to

pay an additional transportation fee. For geopolymer bricks, the maximum outbound distance is

100km. This means geopolymer bricks can reach a larger geographical market.

NPV Sensitivity to Outbound Distance
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Figure 33: Sensitivity of NVP to transportation distance for FaL-G brick production
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Precipitated Silica Plant

If we look at the cost breakdown for the precipitated silica plants (Figure 34 and Figure

35), we see the largest cost is the raw material.

Cost Breadown for 5MT/day

Miscellaneous
8%

Packing & handling
6%

Precipitated Silica Plant

1%

Figure 34: Cost breakdown for precipitated silica with small plant

Cost Breakdown for 24MT/day Precipitated Silica Plant

transportation
1%

Maintenance cost
1%

Figure 35: Cost breakdown for precipitated silica with small plant

We first look at the sensitivity of the precipitated silica cost models to changes in the cost

of raw materials in Figure 36. The smaller plant can tolerate a 70% increase in the cost of raw
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material whereas the larger plant can tolerate close to a 120% increase. These values provide

relatively large margins.

NPV Sensitvitiy to Increase in Raw Material Rate
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Figure 36: Sensitivity of NPV to increase in raw material rate

While transportation costs represent a small portion of precipitated silica production

expense, it is still important to understand what outbound distance the material can be

transported. From Figure 37, we see that the small precipitated silica plant has a "NPV break-

even" outbound distance of 1,386 km whereas the larger plant has a distance of 2,772 km.

NPV Sensitivity to Outbound Distance
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Figure 37: Sensitivity of NPV to outbound distance to transport finished goods
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Section Summary

All the businesses have a good buffer to deal with increases in freight. As the most

labor intensive operations of what we're considering, bricks have margin for 60% to 100% labor

rate increase before NPV = 0. Since freight and labor costs are common to the entire industry,

their increases would likely be passed on to consumers. Expenses such as raw material and

operation and maintenance (O&M) however, are more unique to a business. Since they could

affect a business' competitiveness, we need to be more cautious. For example, the

beneficiation plant's low tolerance to increases in O&M expenses is concerning.

Application Maximum Maximum Maximum Maximum Annual
Freight Outbound Labor Raw Material Growth

Rate Distance Increase Increase in O&M*
($/MT/km) (km) (%) (%) (%)

Tundish powder 0.125 450
Clinker, cement & 0.5-2 961 -2403 1171 -4114
microsilica substitute
Clinker, cement & 0.12-0.67 480-2400 5-30
microsilica substitute w/
beneficiation
FaL-G bricks 0.14 75 100
Geopolymer bricks 0.15 100 60
Precipitated silica 0.33 1386 70
(5 MT/day plant)
Precipitated silica 1 2772 120
(24 MT/day plant)
*O&M represents operations and maintenance costs

Table 40: Summary of cost increases tolerated by different expenses in the business model to yield a positive NPV

Interpretation of Results

Table 41 summarizes results from this chapter's sensitivity analysis. We can make

some immediate observations from the table, such as the amount of RHA we require and

tolerances in different parameters. As mentioned, there's a need to reduce or limit O&M costs

for the beneficiation plant should if this project is to proceed. Also, we can compare similar

businesses such as the two types of bricks, to see that that FaL-G (sand) bricks are more price

competitive than geopolymer bricks. For the precipitated silica plants, we see that the larger

plant can tolerate lower pricing as well. Price competiveness becomes advantageous if there

are other suppliers in the area.

71



Application Minimum Minimum RHA Minimum Maximum Maximum Maximum Increase in
Sales Needed (MT) Product Freight Outbound Significant Expense

Volume Price Cost Distance (%)
(% of full (% of ($/km/MT) (km)
capacity) Market)

Tundish powder 4 1173 76 0.125 450
Cement & microsilica 3 - 13 2,188 - 7,294 24 - 82 0.5 800 - 2400 Raw Materials: 1171 - 4114
substitute (< 4% LOI)
Cement & microsilica 10 - 51 7,294 - 37,200 30 - 75 0.12 - 0.67 480 -2400 Annual growth in O&M: 5 - 30
with beneficiation
FaL-G bricks (sand) 50 5,317 73 0.14 75 Labor: 100
FaL-G bricks (no sand) n/a n/a 101 0.08 n/a n/a
Geopolymer bricks 62 1,763 78 0.15 100 Labor: 60
Precipitated silica plant 75 1,395 80 0.33 1386 Raw Material: 70
(small)

Precipitated silica plant 45 3,370 75 1 2772 Raw Material: 120
(large)

Table 41: Summary of parameters which yield an NPV of 0 for the cost models
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Another way we can apply the sensitivity analysis results is to estimate the demand

within the outbound distance used in the model and the maximum travel distance calculated.

This will help us determine if there's sufficient demand to support our business model.

To estimate the demand for exported clinker/cement, microsilica, bricks, and precipitated

silica across India, we will take the estimated market size from Chapter 3 and assume it is

uniformly distributed. There are caveats to this estimation (e.g. construction material demand is

likely higher around cities, India is not a circular country), but this assessment provides a

benchmark demand and a consistent method to compare the different models by.

Figure 38 is a visualization of the minimum sales production and maximum

transportation distance for tundish powder. While tundish powder is only used in steel mills, we

will assume that these mills are somewhat even distributed around India. If we take the

estimated tundish powder market of 35,000 MT in India and divide it by the entire area of India,

which is 3,166,414 km2 [91], we arrive at an average demand density of 0.011 MT per km2 .

300 km

1,400 MT

Min. demand required in modeled
outbound distance

Figure .38: Market size vs. location for tundish powder

Based on the estimated demand density, the demand within a radius of 300km is 3,109

MT. This is sufficient demand to meet the required minimum sales volume of 1,400 MT, which

means we're able to meet the 5% desired rate of return with a smaller production. However, we

see that the demand within the 450 km we can reach cannot meet the 35,000 MT of tundish
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powder we had initially modeled. We use this insight to revise our model, reducing the tundish

powder production in our model to 6,994MT, and reducing our unskilled labor by 50% to scale

down costs. The revised NPV is now $606,641 versus over $3 million previously, with a new

ROI of 10.6 versus 61. It is still a profitable business, but now it compares differently with the

other uses of RHA.

We now use the same estimation and analysis for microisilica. Microsilica is used in

high strength concrete and hence ideal for infrastructure projects, which we can expect to be

spread across the country. If we take the estimated market of 3 million MT of microsilica in

India and divide it by the area of India, we arrive at an average demand density of 0.912 to 1.5

MT per km 2. Using this demand density, the demand within a radius of 2400km, which is the

furthest we can travel to, is 16,502,190 MT. Similarly, the demand within the 300km radius

which we had estimated is 282,600 MT (Figure 39). We see that the supply from our business

operation is below the estimated demand in both cases, indicating there's an opportunity to

scale the business up.

282k MT
~00km

2,188 MT

Min. dermand required in modeled
outbound distance

Figure 39: Market size vs. location for microsilica substitute

When beneficiation is used, the minimum sales required within 300km is 37,196 MT.

This can be absorbed by the estimated demand of 28,000 MT (Figure 39). The maximum

outbound distance of 2,400 km still has sufficient demand to absorb the 72,935 MT of full
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capacity production. Again, there is an opportunity to scale production further if we can accept

lower profit for products going farther, or negotiate transportation surcharge from the customers.

For the export of clinker and cement substitutes, we had earlier calculated an export

potential of 497,250 MT to 869,250 MT. There are 13 seaports in India [92]. If we assume

equal distribution of clinker and cement substitute export amongst the ports, each port can

export between 38,250 and 66,865 MT of RHA. To be profitable, our business needs to export

7,294 MT from a port within 300km or 72,935 MT from ports within 800km. From Ahmedabad,

we can reach Kandla within 300km and Mumbai within 800km. The estimated demand at

800km radius is doubled because of the availability of two ports. We see that there is definitely

sufficient demand within one port to export the required minimum sales volume of RHA as

clinker/cement substitute. With two ports involved, the estimate demand is still larger than full

capacity supply.

~7,294 MT

3 1~. edon -1-1

Min, demand required in modeled
outbound distance

Figure 40: Market size vs. location cement substitute

When beneficiation is used, the sales required within 300km grows to 37,200 MT, which is still

below the predicted demand, but with a very small margin. Also, the maximum outbound

distance now drops to 480km, which is insufficient to cover a second port. The full capacity

volume of 72,935 MT in this case may not be met by the predicted demand of one port, unless

more customers can take delivery at the Kandla port. This is a possible point of negotiation.
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We can do a similar demand estimation for bricks. In 2012, the number of FaL-G bricks

produced is equivalent to 36 billion traditional bricks [93]. If we divide this by the area of India,
the demand density for FaL-G bricks of 11,369 bricks/km2. We use this density to estimate the

demand for FaL-G bricks within a 25km and 75km radius (Figure 41). We find that within the

modeled outbound distance of 25km, the estimated brick demand is seven times greater than

the brick plant capacity modeled. If we expand the geographic market to 75km, the required

sales volume of 6 million FaL-G brick is met by the estimated demand about 30 times. This

means depending on other competition in the area, there is a large opportunity to scale the FaL-

G brick business. For geopolymer bricks, we will estimate the demand to similarly be 35 billion

per year since they're also non-fired fly ash bricks also. From Figure 42, we see there is

potential to scale a geopolymer brick operation up also.

2 rn ion

25 km I
d stribution

Min. demand required in modeled
outbound distance

Figure 41: Market size vs. location for FaL-G (sand) bricks

12 mit
3 7,000

25 km

Min. demand required in modeled
outbound distance

Figure 42: Market size vs. location for geopolymer bricks
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For precipitated silica (Figure 43), we use the potential market size of 93,400 MT, as

calculated in Chapter 3. The demand for precipitated silica is unlikely to be uniformly distributed

since our intended customer is the rubber industry. However, with the maximum outbound

transportation distance of 2,400 km, we are essentially estimating the demand of precipitated

silica for the entire country. For both the small and the large plant, the required sales volumes

are surpass by the estimated demands, indicating there's room for the plant to grow.

1,395 MT 306 km

3,370 MT

Demand based on uniform
distribution

Min. demand required in modeled
outbound distance

Figure 43: Market size vs. location for precipitated silica plants at 5 MT/day (left) and 24 MT/day (right)

Aside from the tundish powder operation, all the other businesses have sufficient

estimated demand to meet at least the minimum sales production. This helps to validate the

business models developed. We note that the estimated demand tends to be large because

we're not considering the presence of local competitors (the scale of this thesis cannot account

for that data). This is an important consideration and should be factored in for future work.
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Chapter Summary

The sensitivity analysis has shown that most of the businesses we are considering have
relatively large margins to deal with changes in different parameters. This is encouraging in the

effort to extract value from RHA. This chapter has also served the important purpose of

providing information regarding the operations of each business, allowing us to better assess

the different applications of RHA. For example, if a potential RHA vendor is too far from an

export port, the clinker/cement business operation may not be profitable. Also, a vendor who

faces a high demand for clinker or cement substitute nearby may find a better business case for

a beneficiation plant than the baseline model used in our analysis. We see that some business

operations are better suited for certain settings than others.
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Chapter 6: Discussion

As stated in the first chapter, the purpose of this thesis is to identify and characterize the

economics of different applications using RHA. We started off with all the documented RHA

uses we could find, and have gone through market analysis, cost modeling, and sensitivity

analysis to arrive at a list of applications that have the potential to be economically successful in

the short term. The business operations which we have carried through the entire analysis

process are:

- Tundish powder

- Clinker, cement, and microsilica substitute

- Clinker, cement, and microsilica substitute using beneficiation process

- FaL-G bricks

- Geopolymer bricks

- Precipitated silica (4.8 MT/day or 24 MT/day plant)

This study has found that determining the most appropriate RHA application(s) is largely

dependent on the location of customers, the demand in the reachable market, and

characteristics of the RHA available. For this thesis, we have picked a vendor situated near

Ahmedabad as an example for the modeling and the analysis. The goal however, is that the

models and process developed can be customized for other current and potential RHA vendors.

Optimizing Return on Investment (ROI)

It is common to use ROI maximization to drive the decision of what projects to invest in.

In this study, ROI is represented by NPV/Capital. Table 42 ranks the various RHA applications

by their ROI (NPV/Capital), from the highest to the lowest. However, we see that there are

different considerations involved which make the decision making process more involved than

simply picking the application with the highest ROl. These considerations will affect RHA

vendors differently depending on their location, experience, business influence, and appetite for

risk. For example, for a RHA vendor located close to a paper mill, the use of black liquor in

geopolymer bricks may be of added benefit if there is a need to dispose of the black liquor. This

may improve the ROI of a geopolymer bricks operation. Also, for someone unfamiliar with the

export business, selling RHA to the steel industry as tundish powder may be preferential to

developing businesses to export RHA as clinker/cement substitute, despite the lower ROI.
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Application Min. RHA NPV/Capital Capital Payback Considerations
Required Required Period

(MT) (Years)
Clinker, cement 1,173 320 - 1673 72,000 <1 - Availability of RHA
and microsilica with LOI < 4%
substitute - Need to develop

export clinker/cement
substitute businesses
and local business for
microsilica

FaL-G (sand) 2,188 - 8,752 16.8 54,000 <1 - Nearby demand sine
bricks transportation distance

is limited
- Validate composition
of lime and gypsum can
be reduced to 20% as
with coal fly ash FaL-G
bricks

Clinker, cement 7,294 - 0.68 - 9.5 11,020,489 5.5 - Large capital required
and microsilica 37,200 - Demand for exported
substitute with cement substitute may
beneficiation not meet required

operation volume
- A 5% increase in
operation and
maintenance cost ca
result in a negative NPV

Geopolymer 5,317 3.37 134,000 -2.5 - Nearby black liquor
bricks availability

- New technology,
requires adoption

Tundish powder 1,763 149,0531/ 57,000 <1 - Availability of RHA
57,000 with LOI < 4%
=2.61 - Steel mills close by

that can use RHA as
tundish powder

Precipitated 2,395 1.83 5,900,000 -2.5 - Large capital required
silica (Large - Requires reliable
plant) power
Precipitated 3,379 0.81 1,600,000 -3.5 - Large capital required
silica (Small - Requires reliable
plant) power
1 Revised NPV using scaled down demand from sensitivity analysis

Table 42: Applications listed from highest to lowest in NPV/Capital

Optimizing RHA Consumption

The decision for the appropriate applications for RHA can also be tied to maximizing the

consumption of RHA. For a vendor who is simply collecting RHA from local industries,
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maximizing consumption of RHA may be of secondary importance to maximizing ROL. For a

large RHA producer however, such as an agricultural enterprise producing large amounts of

rice, the ability to reuse as much RHA as possible to minimize disposal would be an important

goal. Bearing this in mind, we need to find a method of comparing the businesses we have

considered based on their consumption of RHA.

To figure out the consumption of RHA of each business, we can use the demand

estimation from Chapter 5. Essentially we want to identify how many times each of our modeled

businesses can scale up before production saturates the maximum reachable market. For

example, the FaL-G bricks business can reach a market with the demand of 200.8 million bricks

(within 75 km radius reach). This means with the current modeled capacity of 6 million bricks,

the business can scale up around 33 times, leading to a consumption of 424,215 MT of RHA.

While this may be more RHA than the Ahmedabad RHA vendor has access to, a large

agricultural enterprise such as Usher Agro would have more RHA to deal with. Table 43 shows

the result after scaling the businesses to meet the estimated demand.

Application Max. RHA # of times model can Scaled RHA Use (MT)
Consumption scale before reaching

based on Model estimated demand
(MT)

Tundish powder 4,896 1 4,896
Clinker, cement and 72,935 1.04-219 75,852 - 15.97 million
Microsilica
Clinker, cement and 72,935 0.9-219 65,641 to 15.97 million
Microsilica w/
beneficiation
FaL-G bricks 12,855 33 424,215
Geopolymer bricks 10,712 59 632,008
Precipitated silica 2,139 115 245,985
(small)
Precipitated silica 10,697 91 973,427
(large)

Table 43: Consumption of RH A based on demand for product

Based on Table 43, the usage of RHA as substitutes for clinker, cement and microsilica, have

the highest potential consumption of RHA. However, there's a lot of uncertainty in the amount

of RHA that can be consumed due to the varying amount of substitutes that can be used. Also,
the use of RHA in concrete is limited by the availability of RHA with low unburned carbon. The

next highest consumer of RHA regardless of LOI content is the large precipitated silica plant. If
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the capital involved is an issue however, the production of geopolymer bricks would be the next

best contender in terms of RHA consumption.

Recommendations

Using the analysis performed in this study, the following recommendations can be made

to the vendor in Ahmedabad:

- Using RHA in concrete can yield a higher ROI than using RHA as tundish powder. If low

LOI RHA is available, the best option for maximizing return on investment is to sell the

RHA as cement substitute outside of India or as microsilica substitutes within India. We

should seek opportunities for microsilica use in high performance concrete.

- The existing O&M costs for the beneficiation is too high for a beneficiation model

- For RHA with high LOI, FaL-G bricks would be a good application provided the

reachable market is not currently saturated with brick products. The FaL-G brick

operation currently modeled can be scaled down.

- If the demand for microsilica and clinker/substitute grows, we should look for ways to

reduce the cost of beneficiation or incentivize the local industries to install furnaces

optimized for biomass.

For other current or potential RHA producers or vendors, it is recommended that they use the

analysis described in this thesis using parameters from their current situation (e.g. RHA and

capital available, location, etc.) to identify the appropriate applications for using the RHA

available to them.

Barriers to using RHA

We have talked about many valuable applications using RHA which leads to the question of

why this material is currently being disposed of in landfills. In interviews with several RHA

producer/vendors in India, there was interest from the all parties to expand the use of RHA. The

challenges faced were the lack of knowledge of what to do with the RHA and the ability to

transfer technology described in research to a commercial setting. These reflections echo the

barriers to using coal fly ash described in the TERI report, "Policy, institutional and legal barriers

to economic utilization of fly ash", which talks about the lack of know-how and R&D

dissemination [94]. Other barriers to coal fly ash use described can also apply to the use of

RHA:

82



- High initial investment for fly ash bricks compared to conventional clay bricks, which are

largely done manually

- Costs associated with the transportation, handling, and storing of fly ash

- Lack of monitoring institutions or mechanism for implementing fly ash policy

- Lack of awareness and public acceptance of fly ash based products

The goal of this thesis has been to address issues related to awareness and initial costs by

curating information regarding different applications to increase awareness, and performing

economic analysis to demonstrate the investment potential of RHA applications.

Future Work

In the estimation of demand for brick and concrete, we have assumed uniform

distribution across India. In reality, the use of construction material will likely be higher where

there is a large population. Data regarding India's population density can be used to better

estimate the demand distribution for brick and concrete. We can also merge location data of

potential consumers and competitors such as cement plants (Appendix C) and brick kilns to

better understand how demand is distributed. .

Since FaL-G bricks offer a relatively high ROI using high RHA with a high percentage of

unburned carbon, we need to confirm whether RHA can be used in the same "recipe" as coal fly

ash in FaL-G bricks. Second, it would be helpful to work with the FaL-G organization to certify

or promote the use of RHA in FaL-G bricks. Since the technology and business model for FaL-

G bricks are already proven, the existing success can be leveraged for RHA FaL-G bricks. This

will decrease the technology or adoption barriers that current RHA vendors have faced.

Finally, due to the scope of this thesis, we only considered the economics of the

businesses. There are different environment benefits associated with different usage of RHA,
such as reduced emission and energy use. These effects can change overall benefits of the

applications considered. An environmental study can be conducted to provide a more

comprehensive picture of the RHA applications.
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Appendix A:

Place of Silica Content LOI Moisture Price
Company Origin (%) (%) (%) ($/MT)

Manas Rice Husk Ash Research & Kolkata,
Export India 80 - 95 1-2 1-5 140-200

Gujurat,
Unknown India 85-95 <1.5 <1 170-250

Tuticorin,
Alangar Import and Export India 87 90-150

Table 44: Tundish prices found online

Place of Silica Content LOI Moisture Price
Company Origin (%) (%) (%) ($/MT)

Luoyang Jihe Micro-Silica Fume Co. China 85 - 95 <4 <3 175-200

Wuhan Newreach Materials China 95 <1.5 <1 150-300

Sincerety China 87 260-290

Table 45: Microsilica prices found online

Place of Capacity Price
Company Origin (MT/hr) ($)
Henan Lanji Machine China 2 - 6 3,000 - 10,000

Jiangxi Shicheng Mine Machine Factory China 4-24 1,000 - 10,000

Table 46: Small ball mill prices found online

Place of Capacity Price Source
Item Origin (Bags/min) ($)

http://www.alibaba.com/product-

50kg bagging 3,500 - detail/50KG-bag-Filling-Machine-Powder-
machine China 3-5 5,000 Bagging 1452951854.html

http://www.alibaba.com/product-detai/YB-
5,000 - 50-50kg-Bag-Weighting-

China 6-12 55,000 Filling 668602168.html

Table 47: Bagging machine prices found online

Place of Price
Source Origin ($/MT)

Ukraine molasses Odessa 90-100

Indonesian sugar cane molasses Indonesia 112-113

Table 48: Molasses prices found online
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Appendix B

We created a cost model for using 2% of RHA as clay substitute in fired clay bricks

because of the popularity of fired clay bricks. Table 49 lists the 15 years NPV and payback

period using two different types of brick kiln. It is important to note that the cost of soil in India is

believed to be underpriced [94].

Kiln Type Capital (Kiln only) NPV ($) NPV/Capital Payback Period

for 6 million bricks (years)

($)

Fired BTK 50,000 641,790 12.84 <1

Zig-Zag 70,000 613,392 8.76 <1

Table 49: Cost model results for fired clay bricks [72]
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Appendix C

Map showing the location distribution of some of the cement operations in India.

SJAW-u&

A Cnr MAg Anit

* *tH
* * 1)154 I1 'Pn4

A eg nA -o -k

S - 4*

*4 .

- 7 -

0uMA a 
'IT~l '

MAD AA PiA

A W) I IAP oI I 7

LZhu

JItA t

86



References

[1] "IndiaStat.Com - India's Comprehensive Statistical Analysis, Data Information & Facts
About India." [Online]. Available: http://www.indiastat.com/default.aspx. [Accessed: 20-
Mar-2014].

[2] S. D. Nagrale, H. Hajare, and P. R. Modak, "Utilization Of Rice Husk Ash," vol. 2, no. 4,
pp. 1-5, 2012.

[3] K. G. Rozainee, M., Ngo, S.P., Johari, A., Salema, A.A., Tan, "Utilisation of Rice Husk
Waste and its Ash (Part 1)," Ingenieur, vol. 41, pp. 46-50.

[4] M. 1. Siddique, Rafat, Khan, Supplementary Cementing Materials. Springer-Verlag Berlin
Heidelberg, 2011.

[5] S. Mani, R. Banerjee, and P. Saxena, "Health Impact Assessment and Remediation
Strategies of Fly Ash on the Affected Population in Kanpur, India," 2007.

[6] "Rice husk ash market study," 2003.
[7] "9th Report on Carcinogens," 2001.
[8] S. Ghosh, Rajesh, Bhattacherjee, "A Review Study on Precipitated Silica and Activated

Carbon from Rice Husk," Chem. Eng. Process Technol., vol. 4, no. 4, 2013.
[9] B. Bouzoubaa, N., Fournier, "Concrete Incorporating Rice-Husk Ash: Compressive

Strength and Chloride-Ion Penetrability," Ottawa, Canada, 2001.
[10] V. S. Balakrishnan, M, Batra, "Ceramic membrane filters from waste fly ash and their

applications," Waste to Wealth, no. 3rd, pp. 329-338, 2011.
[11] A. Naito, "Low-Cost Technology for Soybean Pests," Tokyo, 1999.
[12] A. P. Gidde, M.R., Jivani, "Waste to Wealth - Potential of Rice Husk in India a Literature

Review," Proc. Int. Conf. Clean. Technol. Environ. Manag., pp. 586-590, 2007.
[13] "Interview with V. Chaturvedi, Usher Agro, Jan 10, 2014."
[14] "Interview with Ajay Patel, Guru Chemicals, Jan 11, 2014."
[15] "Meeting with Jayanata Moitra, Tanmoy Sengupta from JM Biotech, Jan 20, 2014."

Kolkata, India.
[16] T. Bondioli, Federica, Barbieri, Luisa, Ferrari, Anna Maria, Manfredini, "Characterization

of Rice Husk Ash and its Recycling as Quartz Substitute for the Production of Ceramic
Glaze," J. Am Ceram. Soc., vol. 93, no. 1, pp. 121-126, 2010.

[17] V. Watkinson, H., Bain, K., Ludlow, "A study of tundish powder and their influence on
tundish slag chemistry and steel cleanness for carbon and stainless steels," 1997.

[18] J. Moitra, "Interview with JM Biotech." Kolkata, 2013.
[19] P. Vadya, "Use of Rice Hull Ash in Steelmaking," 6773486 B22004.
[20] "Agrilectric Insulation." [Online]. Available: http://www.agrilectric.com/agrilectric-

research/additive-insulator. [Accessed: 24-Apr-2014].
[21] "Analysis of Rates for Delhi," 2013.
[22] ASTM, C618-12a: Standard Specification for Coal Fly Ash and Raw or Calcined Natural

Pozzolan for Use in Concrete. 2014.
[23] US Department of Transportation, "Fly Ash in Portland Cement Concrete." [Online].

Available: http://www.fhwa.dot.gov/pavement/recycling/fach03.cfm. [Accessed: 22-Apr-
2014].

[24] P. K. Mehta, "Natural pozzolans: Supplementary cementing materials in concrete,"
CANMET Spec. Publ., no. 86, pp. 1-33, 1987.

[25] M. N. Karim, M.R., Zain, M.F.M, Jamil, M., Lai, F.C., Islam, "Strength of Mortar and
Concrete as Influenced by Rice Husk Ash: A Review," World App/. Sci. J., vol. 19, no. 10,
pp. 1501-1513, 2012.

[26] H.-W. Saraswathy, V., Song, "Corrosion performance of rice husk ash blended concrete,"
Constr. Build. Mater., no. 21, pp. 1779-1784, 2007.

87



[27] "Email correspondance with Ram Rai from Shree Cement between June 2013 and April
2014.".

[28] "Technology Roadmap, Technology, Low-carbon Industry, Indian Cement," India.
[29] Bureau of Indian Standard (Institution/Organization), Indian Stanard 1489. 1991.
[30] "Silica Fume User's Manual," 2005.
[31] S. K. Agarwal, "Pozzolanic activity of various silieous materials," Cem. Concr. Res., vol.

36, no. 9, pp. 1735-1739, 2006.
[32] A. mohammed Hegazy, badr El-Din Ezzat, fouad, Hanan Ahmed, Hassanain,

"Incorporation of water sludge, silica fume, and rice husk ash in brick making," Adv.
Environ. Res., vol. 1, no. 1, pp. 183-96, 2012.

[33] L. K. A. Sear, The properties and use of coal fly ash. London: Thomas Telford publishing,
2001.

[34] R. Dayal, Umesh, Sinha, Geo Environmental Design Practice in Fly Ash Disposal &
Utilization. New Delhi, 2005, p. 495.

[35] IS 13757: 1993 Burnt Clay Fly Ash Building Bricks Specifications. India, 1993.
[36] N. V. Mohan, P. P. V. V Satyanarayana, and K. S. Rao, "Performance Of Rice Husk Ash

Bricks," vol. 2, no. 5, pp. 1906-1910, 2012.
[37] R. Parashar, Ashish Kumar, Parashar, "Comparative Study of Compressive Strength of

Bricks made with Various Mateirals to Clay Bricks," Int. J. Sci. Res. Publ., vol. 2, no. 7,
2012.

[38] N. Schuchman, "Fired clay brick making in India," Massachusetts Institute of Technology,
2014.

[39] E. Dodge, "Can Coal Fly Ash Waste be put to Good Use?" [Online]. Available:
http://theenergycollective.com/ed-dodge/343106/can-coal-fly-ash-waste-be-put-good-use.
[Accessed: 01-Apr-2014].

[40] Geopolymer Alliance, "The Geopolymerization Process." [Online]. Available:
http://www.geopolymers.com.au/science/geopolymerization. [Accessed: 03-Apr-2014].

[41] P. D. Aleem, M.I. Abdul, Arumairaj, "Optimum mix for the geopolymer concrete," Indian J.
Sci. Technol., vol. 5, no. 3, 2012.

[42] B. K. Muduli , S.D., Sadangi, J.K., Nayak, B.D., Mishra, "Effect of NaOH Concentration in
Manufacture of Geopolumer Fly Ash Building Brick," GreenerJ. Phys. Sci., vol. 3, no. 6,
pp. 204-211, 2013.

[43] P. Songpiriyakij, Smith, Kubprasit, Teinsak, Jaturapitakkul, Chai, Chindaprasirt,
"Compressive strength and degree of reaction of biomass- and fly ash-based
geopolymer," Constr. Build. Mater., vol. 24, pp. 236-240, 2010.

[44] "'World first' production run: 2,500 tonnes of polygeomer," Geopolymer Institute. [Online].
Available: http://www.geopolymer.org/news/world-first-production-run-2500-tonnes-of-
geopolymer. [Accessed: 04-Apr-2014].

[45] "Tata uses nano technology for water purifier," 2010. [Online]. Available:
http://www.cseindia.org/node/852. [Accessed: 01-Apr-2014].

[46] D. of S. and T. (India), "Annual Report 2011-2012."
[47] "MaxFlo Filtration." [Online]. Available: www.maxflofiltration.com.
[48] "MaxFlo rice hull ash as an efficient filtration aid "2009.
[49] M. Prasad, Ram, Pandey, "Rice husk ash as a renewable source for the production of

value added silica gel and its application: an overview," Bull. Chem. React. Eng. Catal.,
vol. 7, no. 1, pp. 1-25, 2012.

[50] J. Kalapathy, U., Proctor, A., Shultz, "An improved method for production of silica from
rice hull ash," Bioresour. Technol., vol. 85, pp. 285-289, 2002.

[51] et al. Otto, . Florke, "Silica," in Ullmann's Encyclopedia of Industrial Chemistry, Wiley-
VCH Verlag GmbH & Co. KGaA Weinheim, 2012, pp. 422-483.

88



[52] "AgriTec Systems Current Projects." [Online]. Available:
http://www.agritecsystems.com/projects.html. [Accessed: 15-Mar-2014].

[53] N. K. S. Subbukrishna, D.N., Suresh, K.C., Paul, P.J., Dasappa, S., Rajan, "Precipitated
Silica from Rice Husk Ash by IPSIT Process," 15th Eur. Biomass Conf. Exhib., 2007.

[54] "Usher Agro Annual Report."
[55] "Guidelines for Siting of rice shellers/mills, handling and storage of rice husk, and iii)

handling and disposal of ash generated in boiler using rice husk as fuel," 2013.
[56] "American-Hydrosoil." [Online]. Available: http://www.american-

hydrosoil.com/index.html#. [Accessed: 22-Mar-2014].
[57] E. B. Manique, Marcia Cardoso, Faccini, Candice Schmitt, Onorevoli, Bruna, benvenutti,

edilson Valmir, caramao, "Rice husk ash as an adsorbent for purifying biodiesel from
waste frying oil," Fuel, vol. 92, no. 1, pp. 56-61, 2012.

[58] "Rice husk to incense sticks I Business Line." [Online]. Available:
http://www.thehindubusinessline.com/economy/rice-husk-to-incense-
sticks/article2277222.ece. [Accessed: 26-Mar-2014].

[59] W.-S. Bui, Le Anh-Tuan, Chen, Chun-Tsun, Hwang, Chao-Lung, Wu, "Effect of silica
froms in rice husk ash on the properties of concrete," Int. J. Miner. Metall. Mater., vol. 19,
no. 3, p. 252, 2012.

[60] "Safety and Health Topics: Silica, Crystalline." [Online]. Available:
https://www.osha.gov/dsg/topics/silicacrystalline/index.html. [Accessed: 01-Apr-2014].

[61] Bureau of Indian Standard (institution/Organization), IS 3812: 1981 INDIAN STANDARD
FOR FLY ASH FOR USE AS POZZOLANA, vol. 1, no. June 1981. 1998.

[62] T. C. for M. and Democracy, "Brayton Point Station." [Online]. Available:
http://www.sourcewatch.org/index.php/Brayton_PointStation. [Accessed: 10-Apr-2014].

[63] "Steel Statistical Yearbook," 2012.
[64] A. Krishnan, "What hurdles have to be overcome for Inda to become second top steel

producer?," 2012.
[65] L. Lucero, N., Nimityongskul, P., Robles-Austriaco, "Properties of mortar as influenced by

the combination of different types of pozzolana derived from agricultural wastes,"
Ferrocem. Proc. Fifth Int. Symp., pp. 449-460, 1994.

[66] "Report on Fly Ash Generation at Coal/Lignite Based Thermal Power Stations and its
Utililsation in the Country for the year 2011-12 and 2012-13," 2014.

[67] "Strategic Analysis of Green Materials in the GCC Construction Sector," 2013.
[68] "India Infrastructure Report," 2014.
[69] R. McCaffrey, "CemTrade Conference Review," 2012. [Online]. Available:

http://www.globalcement.com/conferences/global-cemtrader/past/gct-2012-review.
[Accessed: 30-Mar-2014].

[70] "Indian Construction Chemicals Market," 2009.
[71] "Energy Efficiency Improvements in the Indian Brick Industry." [Online]. Available:

http://www.resourceefficientbricks.org/background.php. [Accessed: 01-Apr-2014].
[72] C. B. Produc, "Brick Kilns Performance Assessment A Roadmap for Cleaner," no. April,

2012.
[73] "Fly ash bricks reduce emissions - The FaL-G Brick Technology and Carbon Finance

Project," 2012.
[74] "Microsilica market demand abroad," 2011. [Online]. Available:

http://www.chinamicrosilica.com/trade/42.html.
[75] "IBIS World Industry Report 2652: Synthetic Rubber Manufacturing in China," 2013.
[76] T. F. Group, "World Specialty Silicas," 2012.
[77] "Assessment of Wastewater Recycling and Reuse Equipment Market in India," 2011.
[78] "Rich Husk Technology," Grimma, Germany.

89



[79] "Autozone Moltan absorbent." [Online]. Available:
http://www.autozone.com/autozone/accessories/Moltan-33-lbs-granular-oil-grease-water-
and-coolant-absorbent/_/N-260?itemidentifier=690875_0_0_. [Accessed: 01-Apr-2014].

[80] D. of Agriculture, "District-wise Area, Production and Yield of Important Food & Non-food
Crops in Gujarat State."

[81] T. Haque, "Impact of Land Leasing Restrictions on Agricultural Efficiency and Equity in
India," New Delhi, 2012.

[82] M. Rajshekhar, "Great rural land rush: 3 to 100-fold rise in farm land prices may not
abode ell," 2013. [Online]. Available: http://articles.economictimes.indiatimes.com/2013-
11-1 2/news/43981081_1_farmland-prices-rs-1 0-lakh-land-acquisition.

[83] "Truck freight rates up in January." [Online]. Available:
http://www.thehindu.com/business/truck-freight-rates-up-in-january/article5649669.ece.
[Accessed: 02-Apr-2014].

[84] "General/Operations Manager salary." [Online]. Available:
http://www.payscale.com/research/IN/Job=General_/_OperationsManager/Salary.
[Accessed: 07-Apr-2014].

[85] Ecobrick, "Fly Ash Brick Technology," 2011.
[86] P. Vayda, "Use of rice hull ash in steelmaking," 20030051582 Al.
[87] "Environment Friendly Indian Building Mateiral Technologies for Cost Effective Housing,"

New Delhi.
[88] "Indian Clay Brick Industry - On the Threshold of Mechanisation." [Online]. Available:

http://www.damleclaystructurals.com/Article6.htm.
[89] "Central Bank of India Deposit and Loan Rates," 2014. [Online]. Available:

https://www.centralbankofindia.co.in/Site/Interest.aspx. [Accessed: 09-Apr-2014].
[90] "MNREGA wage rate hiked to Rs. 174 a day," The Hindu, 2013. [Online]. Available:

http://www.thehindu.com/news/national/karnataka/mnrega-wage-rate-hiked-to-rs-174-a-
day/article4715162.ece. [Accessed: 01-Apr-2014].

[91] "India," Encyclopeadia Britannica. 2012.
[92] I. P. Association, "Operational Details." [Online]. Available: http://www.ipa.nic.in/oper.htm.

[Accessed: 20-Apr-2014].
[93] "FaL-G Bricks." [Online]. Available: http://www.fal-g.com/. [Accessed: 15-Mar-2014].
[94] "Policy, institutional and legal barriers to economic utilsiation of fly ash (Report No.

2006RD25)," New Delhi, 2008.


