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Abstract 
This paper summarizes a preliminary investigation into new sugar cane trash processing 
methods at the Puunene Sugar Mill on the island of Maui, Hawaii.  The mill is owned and 
operated by Hawaiian Commercial and Sugar, a subsidiary of Alexander and Baldwin.  
The objective of the investigation was to eliminate the practice of open field cane burning 
used in current cane harvesting methods in order to dispose of the non-sugar bearing 
component of sugar cane called “sugar cane trash.”  As opposed to open field burning, 
sugar cane trash could be used to offset the need for supplemental fuel in the existing 
power side of the milling process.  However, due to the herbaceous nature of sugar cane 
trash, without treatment, high levels of slagging and fouling are certain in conventional 
biomass fired spreader stoker boilers.  Laboratory and pilot scale tests were carried out to 
investigate the removal of elements known to cause boiler slagging and fouling by water 
leaching.  Temperature, leaching duration and particle size were varied in the laboratory.  
Particle size was found to effectively reduce slagging and fouling probability of the 
potential fuel.  This was determined by observing an increase in ash fusion temperatures, 
a reduction in chemical components known to cause boiler fouling and a decrease in total 
alkali concentration per energy unit below the level empirically found to be the threshold 
for slagging and fouling.  Similar pilot scale tests were also performed, but particle size 
reduction was made impossible due to equipment failure and pilot scale samples were not 
reduced below the threshold for slagging and fouling in the leaching treatments.  Further 
laboratory scale tests are recommended to determine the precise particle size limits below 
which slagging and fouling will not occur. 
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1. Introduction 
The sugar industry is one of the earliest and most successful users of biomass for 

commercial energy production.  The primary producer of sugar on the Hawaiian Islands 

is Hawaiian Commercial & Sugar (HC&S), owned by Alexander & Baldwin Inc.  HC&S 

irrigates 37,000 acres on a two-year growth cycle harvesting approximately half of the 

acreage on a yearly basis.  The cane is processed in the Puunene Mill to produce 200,000 

tons of sugar, 80,000 tons of molasses and 550,000 tons of bagasse each year.  The 

Puunene mill uses the bagasse to maintain energy self-sufficiency and meet part of the 

12MW firm power contract with the local energy utility (Maui Electric Co.).  Boilers are 

also fired with supplemental coal and oil when bagasse is not available.  HC&S operates 

two hydroelectric facilities on the island with a total production of 5MW.   

Due to the rising price of coal and increasing demand for electricity on the Island, 

HC&S seeks to incorporate the non-sugar bearing component of sugar cane, called sugar 

cane trash, in their existing energy scheme.  Along with reducing their dependency on 

coal, utilizing cane trash as a fuel source would eliminate the need for open field burning 

prior to cane harvesting. Open field burning is a major cause of air pollution and green 

house gas emissions on the heavily populated Hawaiian Islands. 

Sugar cane trash is among a long list of herbaceous crops high in potassium, 

silica, chlorine and other alkali and alkaline earth metals.  Alkali and alkaline earth 

metals naturally occurring in biomass are known to reduce heat transfer by causing 

slagging and fouling in boilers.  Similar to the process by which bagasse is treated prior 

to becoming a boiler fuel, leaching and dewatering have been shown to significantly 

reduce the inorganic constituents that cause slagging and fouling in biomass boilers. 

In order to minimize capital expenses, HC&S hopes to establish a modified 

harvesting and processing method that will accommodate the excess volume brought into 

the Puunene mill site as well as provide the necessary processing to remove the inorganic 

matter from the cane trash.  Green cane harvesting methods will allow HC&S to expand 

energy sales should capital funds become available.  The proposed modification to 

HC&S operations includes using high temperature condensate water from evaporators in 



 3

the system in a sink-float tank to wash and leach inorganic matter and soil from the cane 

trash. 

This paper summarizes the results of an investigation aimed at developing a 

method to improve the combustion properties of sugar cane trash.  A lab scale experiment 

was designed to investigate the effects of time, temperature and particle size on the alkali 

leaching from unburned, hand-harvested cane trash.  A pilot scale test was also carried 

out to investigate the impacts and feasibility of the methods on a larger scale.  The pilot 

scale experiment evaluated temperature and time as variables using unburned, machine-

harvested cane trash and shorts (1-2foot sections of sugar cane).  The laboratory 

experiment was carried out using sugar cane trash from the Hawaii Agricultural Research 

Center’s (HARC) Kunia Research Station on the Island of Oahu.  The pilot scale tests 

were performed on the HC&S mill site at Puunene, Maui. 

 

2. Justification and Background 
After two years of growth, cane is harvested using a push rake method unique to 

Hawaii.  The cane is first burned to remove leaves and other non-essential fibers and then 

pushed into long windrows using Caterpillar D-8s.  The collected cane and soil are 

grapple loaded into haulers and transported to the mill site for processing.  HC&S has 

implemented a network of 16 weather stations to minimize the impact of cane burning on 

nearby communities [1]. 

The mill operates for approximately 270 days a year and has a 4-6 week-year end 

maintenance shutdown.  On the power side, the mill operates three bagasse fired spreader 

stoker boilers.  Steam from the boilers feeds ~40MW turbogenerator capacity to produce 

~100MWh/year of electricity.  During the annual maintenance shutdown, the boilers are 

fired using coal to meet a 12MW firm power contract with the electrical utility on Maui.  

Appendix A contains further details regarding the collaborative project between the 

University of Hawaii’s Natural Energy Institute and Hawaiian Commercial and Sugar. 

Cane burning has historically been a vital part of HC&S’s operation.  The estimated 

dry trash to cane stalk ratio is approximately 14% [2].  In other words, for every metric 

ton of sugar cane grown, 140kg of dry material at 60% moisture (350kg total) of cane 
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trash accompanies.  Open field burning consumes a portion of the cane trash leaving the 

stalk, at ~75% moisture, to be harvested reducing both harvest and transport costs.  

However, the impact of cane burning on local communities and the surrounding 

environment requires that a more efficient method of operation be adopted in the future.  

Emissions from open field cane burning have been found to be substantially higher than 

emissions from a modern boiler stack [3, 4].  An estimated reduction of thirty times in 

carbon monoxide emissions was predicted by Turn, as shown in Appendix A.  Utilizing 

cane trash as a fuel will not only eliminate unnecessary emissions, but with properly 

managed expansion, could offset the usage of conventional fuels in electricity generation 

for the state of Hawaii. 

The ash constituents in biomass fuels (those that remain following combustion of the 

fuel) have caused significant problems when biomass fuels are fired in conventional 

boilers.  Wood has been burned successfully in conventional boilers for generations.  

Wood ash, consisting mainly of calcium, potassium, magnesium, manganese, sodium 

oxides, iron and aluminum, can be as low as 0.1% by weight [5].  Ash content of 

herbaceous crops, on the other hand, can be much higher in the range of 20-30% by 

weight.  Depending on ash chemistry, proportionately large quantities of ash may result 

in fouling and slagging of heat transfer surfaces thus quickly reducing boiler 

effectiveness. Slag also can form on fuel beds and affect fuel feeding.  In particular, 

herbaceous fuels have been found to lead to large deposits in superheaters and cross-flow 

screen tubes [6].  The deposits have a low thermal conductivity and are highly reflective 

reducing the effectiveness of heat transfer surfaces.  Several decades of research have 

shown that the inorganic constituents, mainly the alkali and alkaline earth elements in 

conjunction with other inorganic components such as silica, sulfur and chlorine in 

herbaceous fuels are primarily responsible for boiler slagging and fouling.  Investigations 

have concluded outright that certain annual herbaceous fuels are unsuitable for use in 

existing boilers [7].  However, the use of bagasse to provide in excess of 100% of the 

required milling heat and power is an indication that with sufficient processing and 

careful boiler design, herbaceous annual fuels can be used effectively in thermochemical 

energy conversion systems. 
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Although slagging and fouling are intrinsic properties of a particular boiler design, 

when considering introducing biomass fuels into an existing system, plant physiology can 

provide valuable insight into combustion phenomena.  Silicon, potassium, sodium, 

calcium, iron, and aluminum are considered the primary inorganic constituents of 

concern [8].  Silicon is the most abundant of these elements and is absorbed for structural 

purposes as silicic acid from soil.  Potassium occurs in ionic form and is thus highly 

mobile.  It is crucial to plant metabolism and is thereby most concentrated in regions 

where heavy growth occurs, such as the leaves and plant tops that make up cane trash.  

Sodium and calcium are found in small concentrations in plants and are important for 

metabolism and structural integrity respectively.  Aluminum is toxic to plants, but is 

common in many soils.  High aluminum concentration in ash would thereby indicate soil 

contamination of the fuel.  Finally, iron is critical to photosynthesis and found primarily 

in the chloroplasts of the leaf material that makes up a large fraction of cane trash.  

According to Baxter et. al, not only is the quantity of these elements in plant material of 

importance, but also the chemical form in which they occur (i.e. as hydroxides, silicates, 

or chlorides).  For example, potassium in the form of clay material does not play a major 

role in boiler degradation.  However, condensation of atomically dispersed potassium is a 

major component in alkali deposits in biomass boilers. 

Chlorine is another element of considerable importance when examining biomass 

boiler deposits.  Most plants are capable of readily absorbing Cl- passively into their roots 

and through their leaves from aerial sources [9].  Plants use chlorine for photosynthesis, 

phosphorlysis processes, cytochromoxidase activities, and to a small degree for 

metabolism.  Cl ions are concentrated in chloroplasts but there is some doubt as to the 

importance of chlorine in photosynthesis.  Once released into the boiler, chlorine acts to 

enhance the transport of alkalis from the fuel to the boiler surfaces.  Potassium chloride is 

among the most stable gas-phase, alkali containing species [7].  Miles et al go on to 

conclude that chlorine concentration has stronger correlation to the amount of alkali 

vaporized during combustion than the alkali concentration of the fuel.  It is important 

therefore, to consider chlorine concentration when assessing the suitability of a particular 

biomass fuel such as cane trash.  In combination with the surface fouling facilitated by 

the chlorine ions, potassium chloride deposits on boiler surfaces have been found to react 
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with sulfur oxides to form potassium sulfate.  Potassium sulfate at high temperatures 

creates a sticky coating which enhances surface bonds of alkalis to boiler surfaces. 

Given the success of bagasse fired spreader-stoker boilers and the chemical 

fractionation tests used in biomass fuel characterization, much research has gone into 

removing inorganic material from biomass by leaching.  Simple water baths, spray-

soaking, and in-field rainwater leaching have all been used to successfully reduce total 

ash in various grasses and straws [6].  The success of each method was heavily dependant 

upon both the material and the conditions.  For example, hand spraying a bed of whole 

straw for 1min was found to be an ineffective means of reducing ash content due to 

limited surface exposure to the leach water.  The fuel quality improved with increased 

treatment severity.  Soaking straw for a twenty-four hour period was found to reduce total 

ash by 2%.  Although a reduction in ash indicates a reduction of inorganic material in the 

fuel, it does not give concrete evidence of a reduction in boiler agglomeration, slagging 

and fouling.  By considering the trace constituents of the ash, Jenkins et al found leaching 

reduced potassium, chlorine, and sulfur considerably from the ash even during the 1min 

spray wash.  Furthermore, delayed ash sintering or fusion with increasing temperature 

may indicate refractory characteristics and indirectly imply reduced boiler fouling.  For 

rice and wheat straw, Jenkins et al found the ash went from becoming completely fluid 

after 4min at 1500ºC to never reaching a fluid state at that temperature with only 1min of 

hand spraying.  Leaching has thus been shown to be an effective means of enhancing the 

properties of biomass fuels for conventional boiler firing. 

Another important indicator of boiler slagging is the weight of alkali oxides (K2O + 

Na2O) per unit energy [7].  Equation 1 below shows calculation of the index. 

GJ
kgAlkalitioninAshAlkaliFracnAshFractio

drykJkgHHV
x

=××− ))((
101

1

6

 Equation 1 

Originally developed by the coal industry, the index threshold limits, established from 

field testing and experience, indicate that slagging is probable for fuels in the range of 

0.17kg/GJ to 0.34kg/GJ and certain for fuels above 0.34kg/GJ.  The index has also been 

used to measure the probability of slagging and fouling by SO3 and Cl [10]. 
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 This previous body of research has been considered and applied in development 

of the experimental methods and analysis for the processing methods of sugar cane trash 

in Hawaii. 

 

3. Method 
3.1 Experimental Design 

The experiment was organized using a factorial design with each variable evaluated at 

two levels [11].  The class of investigation was selected to provide a framework for future 

investigation.  Factorial methods are particularly useful in early investigations for 

examining a wide range of variables on a superficial level as opposed to considering in 

great detail, variables that lead away from optimization.  Two level factorial designed 

experiments can be analyzed without complicated mathematics. 

The variables investigated were leach water temperature, leaching time and cane trash 

particle size.  During the pilot scale experiments, particle size was omitted as a variable 

due to unavailability of appropriate size reduction equipment, reducing the experiment to 

a two variable, two level factorial design. 

3.2 Laboratory Scale Experiment 

 A broad range of variables was selected to encompass the desired optimum 

processing point for each of the 3 variables.  According to previous investigations [3, 9], 

the samples of cane trash were exposed to leach water with a ratio of leachate to dry 

matter greater than ten to ensure consistent, high surface exposure of the material.  

Leaching time was varied between five minutes and sixty minutes with frequent agitation 

to further improve water-fiber contact.  Selected leachate temperatures were ambient 

(25ºC) and 55ºC.  The two particle sizes used were 5cm (2inch) lengths, produced using a 

standard paper cutter, and smaller particles produced by a Jeffco Food and Fodder Cutter 

with ½ inch screen.  The processing schedule was randomized to prevent biasing the 

experiments towards any of the selected variables.  Table 3.1 describes the eight 

treatments that were performed.  Both the acronym and run number will be used to 

identify the treatment throughout the investigation. 

 



 8

 

 

Table 3.1: Descriptions of the Eight Treatments that were Performed on the Raw Cane Trash. 

Run Acronym Description Temperature  Duration 

Approx. 
Particle 

Size 
1 H-L-P Hot soak, long duration, pulverized cane trash 55ºC 60min 1mm 
2 H-S-P Hot soak, short duration, pulverized cane trash 55ºC 5min 1mm 
3 H-L-C Hot soak, long duration, chopped cane trash 55ºC 60min 50mm 
4 H-S-C Hot soak, short duration, chopped cane trash 55ºC 5min 50mm 
5 C-L-P Cold soak, long duration, pulverized cane trash 25ºC 60min 1mm 
6 C-S-P Cold soak, short duration, pulverized cane trash 25ºC 5min 1mm 
7 C-L-C Cold soak, long duration, chopped cane trash 25ºC 60min 50mm 
8 C-S-C Cold soak, short duration, chopped cane trash 25ºC 5min 50mm 

 

3.2.1 Sample Collection 

 Cane trash was collected from the Hawaii Agriculture Research Center’s 

(HARC’s) Kunia research station on the island of Oahu.  The oldest cane, at 

approximately 1.5 years, was selected from the farm to mimic the conditions at which the 

sugar cane is harvested at the HC&S site on the island of Maui.  A single stool (all stalks 

grown from a single seed piece) was selected and the tops, attached green leaves, 

detached dry leaves and stalks were separated and weighed.  Tops, green leaves and dry 

leaves accounted for 28.4%, 33.9% and 37.7% of the composite trash material 

respectively.  The portion of the growing point that could be separated from the stalk by 

hand at the last internode was considered the top.  Half of the tops and green and dry 

leaves were reduced into to 5cm length using a conventional paper cutter.  The lengths 

were then recombined in the proportions they were collected in a large drum and 

thoroughly mixed.  Similarly, half of the weight was processed in a Jeffco Food and 

Fodder Cutter Grinder (Jeffress Bros. Ltd, Queensland, Australia).  The 10horse-power, 

3phase machine consists of a double armed rotating cutter head that passes over a large 

holed screen (9.5mm in diameter).  Four more stationary knives are fixed to the head 

cover.  Material is fed into the top of the machine and is expelled by rotating paddles 

beneath the screen.  The cutting head and paddles rotate at approximately 3000rpm and 

their weight ensure wet material does not overload the machine.  The resulting pulverized 

cane trash was assumed to be approximately 1mm in diameter with a geometric standard 
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deviation of 2.2mm as determined for Hawaiian banagrass from a particle size 

distribution in a previous investigation [14].  The top and leaf materials were also 

recombined proportionately and mixed thoroughly in a large drum. 

3.2.2 Leaching 

 Approximately 400g of the 50mm and 1mm trash samples were weighed in clean 

plastic fine mesh bags before being submersed completely in 3L of tap water (EC 0.39-

0.50mS/cm).  Previous investigations have shown leaching water to dry fiber ratios of 

around eight to one to be effective in removing inorganic elements from herbaceous fuels 

[10].  Therefore, a minimum ratio of ten was selected for these tests and exceeded in all 8 

tests.  The material was agitated for the first and last minute of the leaching duration.  For 

the 60minute tests, the samples were agitated for 1minute in every 10minutes.  Agitation 

was used to ensure complete exposure of the fiber to the leaching water as well as to 

mimic the activity expected in the sink-float tank proposed for the industrial scale cane 

trash treatments.  Water temperature was maintained by placing the leaching container in 

a heated water bath.  The water in the bath was pumped, using an JABSCO Industrial 

model 31801-0115 12lpm diaphragm pump (Foothill Ranch, CA), through a GE 120watt, 

Model GE2P6A 2.5gallon SmartwaterTM heater (Montgomery, AL).  For the heated water 

treatments, the bath was heated to 55ºC, the diaphragm pump temperature limit.  3L of 

hot water was then pumped into the leaching container, weighed and finally submersed in 

the hot bath to maintain a 55ºC temperature without contaminating the leachate.  The 

sample in the plastic mesh bag was added to the 3L container for treatment.  Following 

treatment, the mesh bag of leached cane trash was hung above a pail for 5minutes to 

allow the surface water to drain from the sample.  The leachate was then weighed and a 

500ml sample taken. 

3.2.3 Milling 

 Milling of the leached sample was modeled using a small Enerpac model 

C1010K9 10ton Hydraulic press powered by a SPX Corporation (Rockford, IL) Model F 

compressed air hydraulic pump.  The samples were loaded into a slotted cylinder on a 

deep grooved base.  A large solid-iron piston was placed into the cylinder and the 

hydraulic press was actuated.  The fluid pressure was raised to 9,000psi and left for 
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30seconds.  Fluid pressure in the cylinder was reduced by 1,000-2,000psi over the 

30seconds due to air leakage from the air-hydraulic pump.  Liquid expressed from the 

sample through from the slots and grooves in the cylinder and base drained into a pan 

beneath the press and was directed into a 500ml bottle beneath.  Expressed water and 

pressed cane trash were weighed. 

3.2.4 Drying 

 Following the milling of the cane trash samples, the material was placed in a 

drying oven and left for 72 to 96 hours until a constant weight had been reached.  Dry 

weight of each sample was approximately 200grams. 

3.2.5 Data Collection and Analysis 

 Moisture content of raw cane trash portions and mixtures were measured prior to 

beginning the treatments.  Dry fiber weights determined in the tests were used to 

establish the leachate to dry fiber ratios.  Water and material weights were recorded 

before leaching.  Leachate mass was also recorded following the soaking procedure to 

determine the absorption of water by the samples.  Pressed fiber and expressed water 

masses were measured and recorded following the milling treatment.  A VWR (Brisbane, 

CA) Hand-held model 21800-012 electrical conductivity probe was used to measure the 

electrical conductivity of the cold leachate before and after exposure to the sample.  The 

electrical conductivity of the expressed water was also recorded.  Clean water, leachate 

and expressed water from the hot water tests were cooled to ambient conditions (25+/-

2ºC) before electrical conductivity was measured.   

Liquid samples were centrifuged and filtered to remove all particulate matter.  Ion 

suspension in the filtered liquids was maintained using 1ml of nitric acid.  The liquid 

samples were then analyzed for a suite of elements listed in Table 3.2 using inductively-

coupled plasma mass spectrometry (ICP-MS).  The analytical method involves ionizing 

the sample using a high-temperature plasma sustained with a radiofrequency electric 

current.  The ions are then separated in a quadrupole (mass spectrometer) based on their 

mass to charge ratio where a detector assigns them a signal proportional to their 

concentration [12]. 
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Table 3.2: Major and minor elements included in the analysis of liquid samples. 

Major Elements Minor (Trace) Elements 
Symbol Name Symbol Name 

Al  Aluminum B Boron 
Ca Calcium Ba Barium 
Fe  Iron Be  Beryllium 
K  Potassium Cd  Cadmium 

Mg Magnesium Co Cobalt 
Na Sodium Cr  Chromium 
P Phosphorus Cu  Copper 
Si Silicon Mn  Manganese 

Mo  Molybdenum 
Ni  Nickel 
Pb  Lead 
Sn  Tin 
Sr  Strontium 
V  Vanadium 

Ti Titanium 

Zn  Zinc 
 

A color based titrimetric method was also applied to determine the concentration of 

chlorine (Cl).  Chlorine is too volatile to be accurately measured using ICP-MS. 

 Samples of freshly harvested and experimentally treated trash samples were 

shipped to Hazen Research Inc. in Golden, Colorado for analysis.  Hazen Research 

determined the proximate, ultimate, Cl and energy content of the samples.  Ash analyses 

included Si, Al, Ti, Fe, Ca, Mg, Na, K, P, S, Cl, and C.  Finally, ash fusion temperatures 

of the fiber samples were determined. 

 

3.3 Pilot Scale Experiments 

  HC&S staff estimated that the normal leaching time for large scale processing would 

be approximately one minute and this was chosen as the low level for the time variable.  

The high level was set at ten minutes to bracket a wide data spread.  Temperature was 

constrained by the heat source available in the investigation.  The maximum temperature 

available was approximately 60ºC and the low level was the ambient water temperature 

of around 25ºC.  Once the parameter values were determined, the experimental schedule 

was established by selecting each of the four runs at random and assigning it to the 

corresponding time slot.  The randomization prevented any biasing given the biologically 

active nature of the samples.  Table 3.1 shows the resulting tests that were carried out.   
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Table 3.3: Cane Trash Treatment Schedule 

Run Acronym Description 
1 H-S 1 minute wash in hot water 
2 H-L 10 minute wash in hot water 
3 C-S 1 minute wash in cold water 
4 C-L 10 minute wash in cold water 

 

3.3.1 Cane Trash Sample Collection  
HC&S was harvesting unburned cane to supply the Puunene sugar factory on 

November 30th, 2005.  Cane trash samples were taken from the conveyor labeled 144 in 

the cane cleaning plant.  Conveyor 144 transports cane trash (including ‘shorts’ i.e. short 

pieces of broken cane) that is not separated from harvested cane.  The material on 

conveyor 144 was easily accessible in large volumes and contained proportionally large 

quantities of cane trash.  An access door was created in the bottom of the chain conveyor 

by which the unburned cane trash was loaded into bucket loaders modified for cleaning 

vegetative cuttings used for seed production.  Four buckets were collected from the 

conveyor and stored over the four days of experiments.  A new bucket was used in each 

run and the untreated material was sampled and analyzed to account for variation in the 

untreated samples due to degradation over the testing period.  Figure B.14 in Appendix B 

show the bucket loader basket used to transport the cane trash. 

3.3.2 Leaching  
 Cane trash was grapple loaded from the buckets into two 1m3 cages that were 

constructed out of expanded metal and then lined with 100 mesh stainless steel screen.  

Figure B.15 in Appendix B shows 1 of the 2 cages used for cane leaching.  A sample was 

taken from the cages and analyzed.  The cages were weighed using an Interface Inc. 

(Scottsdale, AZ) model SM1000 super-mini load cell connected to a hoist used for 

lowering the cages into the leaching bath.  A Campbell Scientific (Logan, UT) model 

CR23X data logger was used to record weight and water temperature measured by six 

Omega type K thermocouples (Stanford, CA) placed around the tank.  The bulk density 

of the untreated material was estimated by measuring the depth of material in the cages.  

The tank water was heated using a gas fired water heater.  Once the tank was filled and 

heated the cages were lowered into the tank for the specified time period.  After removal, 

the cages they were suspended above the tank and allowed to drain for ten minutes.  The 
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cages were re-weighed and the water level in the tank was recorded to account for water 

absorbed by the material.  Leachate was sampled from the tanks after the cages were 

removed.  Figures B.16, B.17 and B.18 in Appendix B show the water heater, leaching 

tank and data logger setup used in the experiments. 

3.3.3 Milling 
The treated cane trash was then milled in a three-roll Cuba Mill shown in Figure 

3.1.  The rolls are uniform with size and width of 30.5cm.  Each roll is circumferentially 

grooved 3.2mm deep and 6.3mm wide.   

 
Figure 3.1: Cuba Mill used to reduce moisture content of cane trash [10] 

The separation between rolls on the feed side is greater than that on the delivery side and 

thus the delivery rolls are primarily responsible for expressing the liquid from the matt.  

The top roll also floats in the vertical plane and is held in place by two compression 

springs on either side of the mill.  As shown in the figure the material is fed as a uniform 

matt into the mill and is pulled through the rolls which rotate in opposite directions.  The 

top roll rotates clockwise and the bottom rolls counterclockwise.  The expressed liquid is 

filtered using a large mesh screen beneath the mill and piped to a collection bucket.  

Collected liquids were weighed and sampled before being discarded.   

 In a previous investigation, Turn et al. determined a single milling yields 

approximately 4-6% reduction in moisture content [10].  At full scale, bagasse burns 
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efficiently with a moisture content of approximately 50% [13].  Thus, it was assumed 

three millings of the treated cane trash in the pilot scale Cuba Mill would produce a 15% 

reduction in moisture content equivalent to a single pass through an industrial scale mill.  

After three millings, the cane trash was again weighed and sampled before being 

transported to the drying location.  Figure B.19 in Appendix B shows the outlet roll on 

the Cuba Mill. 

3.3.4 Drying 
  The treated fiber was transported to a sheltered location where it was spread in 

separated windrows and allowed to dry for two weeks.  The windrows were raked and 

turned on a daily bases to ensure uniform drying.   

3.3.5 Data Collection and Analysis 
 The primary objective of the data collection was to perform mass balances of 

potassium and chlorine throughout the treatment process, thus resulting in a record of the 

change in fuel properties during the various treatment methods. During the experiment, 

online measurements of wet and dry fiber weight before and after the leaching process as 

well as leaching water temperature were recorded on a CR23X data logger. 

 Fiber samples were taken from the cages prior to leaching.  Bulk density of the 

raw material was estimated by measuring the depth of material in the 1m3 cages used for 

leaching.  Moisture content of the treated and untreated fiber samples were measured 

according to ASTM Standard Method E-871.  Once dried to a constant weight, the fiber 

samples were sent to Hazen Research Inc. (Golden CO).  Hazen Research determined the 

proximate, ultimate, Cl and energy content of the samples.  Ash analyses included Si, Al, 

Ti, Fe, Ca, Mg, Na, K, P, S, Cl, and C.  Finally, ash fusion temperatures in reducing and 

oxidizing environments were determined.  For all post-processing fuels, ash content 

measurements were repeated using ASTM standard method D-1102-84 to verify the 

results found by Hazen. 

 Liquid samples were analyzed for K+ and Cl-, pH, electrical conductivity, 

chemical oxygen demand (COD), and 5-day biochemical oxygen demand (BOD5).  

Elemental analysis of liquid samples was done using (ICP-MS) at the University of 

Hawaii at Manoa.  The suite of elements included in the analysis is shown in Table 3.2.  
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Electrical conductivity (EC) and pH were measured using handheld probes connected to a 

digital voltmeter.  Both EC and pH probes were calibrated with standards prior to 

measurements.  Total dissolved solids in liquid samples were determined by 

centrifugation and filtration in preparation for ICP-MS analysis.  Wastewater analysis 

(BOD5, COD) was carried out to ensure byproducts of the treatment process would not 

pollute mill irrigation water beyond acceptable Hawaii State Department limits.  Samples 

for COD analysis were acidified immediately after collection with 1/4ml of concentrated 

hydrochloric acid.  All samples were frozen to suspend degradation until analysis could 

be performed.  The wastewater analysis was carried out at the University of Hawaii at 

Manoa’s Civil and Environmental Engineering Department.  Finally, fermentable sugars 

of the liquid samples were determined using High Performance Liquid Chromatography 

(HPLC).  The fermentable sugar analysis was not complete at the time of publication and 

the results are thereby not reported.  The results, however, will be used to quantify the 

potential value of the expressed liquid streams in, for example, a bio-refinery producing 

ethanol. 

4. Results and Discussion 
4.1 Laboratory Scale Experiment 

4.1.1 Validation of Experimental Practices 

 The validity of the experiments require that masses of fiber, water, ash and 

elements be accounted for in the input and output streams of the treatment process.  

Without accurate overall mass balances, small differences in concentrations of elements 

in the samples are magnified into large errors by discrepancy in the overall masses.  

Figure 4.1 is a schematic of the experimental system and shows the inputs and outputs as 

they were considered in the mass balance.  The excess leachate and expressed liquids  
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Figure 4.1: Schematic of solid and liquid inputs and outputs from the experimental system for the 

laboratory scale experiments. 

were separated into the suspended solid and liquid fraction for analysis.  The solid 

fraction was not characterized and, by visual inspection, consisted of a large fraction of 

organic matter for the pulverized samples as opposed to the largely inorganic (soil) 

constituents observed in the chopped samples. 

 Mass balances for the overall system (input to output) are shown in Figure 4.2.  

Overall, the system appears to balance within about 5%, but losses overshadowed by the 

large ballast of water in the overall system become apparent in the dry fiber balance.  For 

all eight treatments the overall system was determined to be closed to within 3.1% on 

average with a standard deviation of 2.0%.  The range of inconsistency between the input 

and output streams was 1.1% to 7.7%.  A noticeable pattern appeared for the dry fiber 

samples.  The pulverized (Jeffco Cut) material was closed within 24.5% with a standard 

deviation of 3.1%.  The 2” chopped material on the other hand was closed to within -

2.4% with a standard deviation of 7.0%.  Although suspended solids in the liquid samples 

were accounted for in the dry mass balance, the soluble material that was leached from 

the sample was not, resulting in the large apparent discrepancy in the pulverized test 

closure.  All loses were considered to be within the limits of experimental error.  The 

complete data set for these calculations is included as Table C.1 in Appendix C. 
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Figure 4.2: Overall and dry fiber mass balance for laboratory scale experiments. 

 

4.1.2 Moisture Analyses 

 The hydraulic press used in the laboratory investigation is not as effective as a 

full-scale sugar mill and moisture content of the milled samples were not expected to be 

as low as required by the HC&S boilers (~50% moisture).  However, Figure 4.3 shows 

that the pulverized samples, in most cases, were reduced to near or below 50% after a 

single pressing to 9000psi.  On average, the four pulverized samples were reduced by 

8.29% compared to 5.49% for the chopped samples.  Although the greater reduction in 

moisture content under the identical milling conditions indicates greater moisture 

removal efficiency for the smaller particle size, particle size reduction requires power as 

well and would offset these gains.  Both unit operations should be evaluated within the 

context of the larger boiler system which is beyond the scope of this investigation.  The 

remaining variables were considered, but no patterns were observed.  Neither leaching 

time nor water temperature had an appreciable effect on the ability to remove moisture by 

milling. 
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Figure 4.3: Change in moisture content resulting from pressing the cane trash samples in the laboratory 
scale experiments. 

4.1.3 Electrical Conductivity 

 Electrical conductivity (EC) provides an indication of the ion concentration in 

liquid samples.  Removal of alkalis and other inorganic constituents from the cane trash 

is indicated by an increase in electrical conductivity of the leaching and milling water. 

 
Table 4.1: Electrical conductivity of the A: clean water, B: excess leachate and C: expressed liquids from 

the laboratory cane trash investigation. 

Electrical Conductivity (mS/cm) 

ID Acronym 
Clean 
Water 

Excess 
Leachate 

Expressed 
Liquids 

1 H-L-P 0.45 3.26 3.31 
2 H-S-P 0.48 3.16 3.26 
3 H-L-C 0.49 1.09 4.30 
4 H-S-C 0.50 0.78 5.20 
5 C-L-P 0.39 2.81 3.08 
6 C-S-P 0.40 2.73 3.29 
7 C-L-C 0.45 0.80 5.03 
8 C-S-C 0.44 0.63 5.38 

 
Table 4.1 shows that the ions in the pulverized samples are more readily leached 

compared to the chopped samples.  However, the opposite can be said for the milling 

process.  The expressed liquids from the chopped samples have an average EC of 



 19

4.98mS/cm compared to 3.24mS/cm for the pulverized samples.  Thus the main effect of 

particle size on the excess leachate and expressed liquids was 2.17+/-0.030mS/cm and -

1.74+/-0.203mS/cm respectively.  The negative sign indicates that the smaller particle 

size (more severe treatment) was less effective than the larger particle size at producing a 

high EC reading in the expressed liquid.   

The effects of temperature and duration, including individual and two- and three-

factor interactive effects were attributed to experimental error (noise).  Error reported in 

the EC effects was calculated by assuming the three-factor interactions were negligible 

and attributed solely to experimental error.  According to Box et al, the three-factor 

interactions thus provide a reasonable approximation of variance and subsequently error 

for an experiment with only a single degree of freedom and no replicate treatments.  A 

complete listing of all the effects for EC is included as Table 4.2.  The relevant effects are 

those highlighted in the table. 

Table 4.2: Individual, two- and three-factor interaction effects resulting from the variables on the electrical 
conductivity of the laboratory scale treatments. 

Excess Leachate Expressed Liquids 
  mS/cm Error mS/cm Error 

Main, Individual Effects 
Temperature (T) 0.329 +/-0.030 -0.178 +/-0.203 
Leaching Duration (D) 0.167 +/-0.030 -0.353 +/-0.203 
Particle Size (PS) 2.166 +/-0.030 -1.743 +/-0.203 
Two-Factor Interaction Effects 
TxPS 0.111 +/-0.030 0.278 +/-0.203 
TxD 0.039 +/-0.030 -0.073 +/-0.203 
PSxD -0.077 +/-0.030 0.273 +/-0.203 
Three-Factor Interaction Effects 
TxPSxD -0.030 0.203 

 

 Although these results appear contradictory when comparing the variables (time, 

temperature and particle size) between the excess leachate and the expressed liquids, the 

results are logical when viewed from the perspective of the ions in the sample.  During 

the leaching process, the more severe treatment (small particle size, hot water and long 

duration) mobilizes a greater fraction of the total water soluble ions from the material into 

the leach water.  Thus, during milling, the concentration of water soluble ions in the cane 

trash is lower compared to the less severely treated samples (large particle size, cold 

water, short duration) and thus the EC of the expressed liquids from the more severely 
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treated samples is lower.  The most obvious result of the EC analyses is the effect of 

particle size.  Clearly from the data, particle size has the greatest effect on removing ions 

from the cane trash samples. 

4.1.4 Total Suspended Solids 

 Suspended solids in the laboratory investigation were considerably lower than 

those found during the pilot scale experiments.  The difference is a result of the hand-

harvesting method used in the laboratory scale experiments.  However, due to the small 

particle size of the pulverized samples, some of the organic matter in the sample was 

transferred into the excess leachate.  Table 4.3 shows that the suspended solids found in 

the excess leachate (B) of the pulverized samples (1, 2, 5 and 6) are considerably higher 

than for the chopped material (3, 4, 7 and 8).  No such pattern appears for the expressed 

liquids where values range from 0.06% to 0.47% solid material. 

 

Table 4.3: Total suspended solids of the excess leachate (B) and expressed liquids (C) from the laboratory 
scale experiments. 

Total Suspended Solids 
(mg/L) ID Acronym Excess 

Leachate 
Expressed 

Liquids 
1 H-L-P 5,944 813 
2 H-S-P 5,236 1,834 
3 H-L-C 1,116 4,711 
4 H-S-C 638 3,729 
5 C-L-P 6,063 2,035 
6 C-S-P 4,591 1,170 
7 C-L-C 746 640 
8 C-S-C 461 3,191 

 

4.1.5 Fuel Characterization 

 The characterization of the treated and untreated samples is shown in Table 4.4.  

Although ash percent of the untreated and pulverized cane trash is relatively low 

compared with the treated samples, further inspection of the elemental ash composition 

indicates a substantial fraction of Ca, Mg, K, Cl, and P (shown as oxides) relative to the 

treated samples.  This suggests the soluble alkalis were successfully leached from over 
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the course of the treatments.  Bagasse normally has a higher heating value of 

approximately 18MJ/kg.  In this investigation, the treated cane trash samples were found 

to have a higher heating value consistent with bagasse.  The values shown in the table for 

the treated cane trash, range from 17.07MJ/kg to 18.32MJ/kg.  Ash fusion data are often 

analyzed as an indicator of alkali slagging.  The results reported in the table are a 

promising indicator of the nature of the treated cane trash fuel.  Fuels that do not reach a 

fluid state until >1500ºC are less likely to cause fouling in commercial boilers.  All but 

two of the treated samples were found to melt above 1482ºC (the highest measurable 

temperature).  Water soluble alkalis are also of importance to boiler slagging and fouling.  

K2O was reduced by an order of magnitude from 1.03% to 0.12% (on average) for the 

pulverized samples and from 1.50% to 1.08% (on average) for the chopped samples.  

Na2O was not reduced as consistently.  In several treatments, Na2O appears to increase in 

concentration as a result of the treatments.
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Table 4.4: Complete fuel characterization for untreated and treated cane trash samples provided by Hazen 
Research Inc. (Golden, CO).  Laboratory scale experiments. 

 
Treatment Pulverized  Chopped  H-L-P H-S-P H-L-C H-S-C C-L-P C-S-P C-L-C C-S-C 
ID# U-P U-C 1 2 3 4 5 6 7 8 
Moisture Content 
(Fraction) 0.583 0.645 0.517 0.481 0.574 0.581 0.498 0.502 0.611 0.597 

Proximate Analysis (% dry basis) 
Ash 9.02 11.92 11.09 9.55 10.68 10.68 9.19 10.47 9.11 8.93 
Volatile 72.28 73.23 77.31 78.1 74.11 74.29 76.93 77.63 75.63 74.47 
Fixed C 18.7 14.85 11.6 12.35 15.21 15.03 13.88 11.9 15.26 16.6 
HHV(BTU/lb) 7430 7359 7326 7586 7648 7539 7856 7863 7663 7711 
MJ/kg 17.31 17.15 17.07 17.68 17.82 17.57 18.30 18.32 17.85 17.97 
Ultimate Analysis (% dry basis) 
C 44.67 44.79 45.32 45.83 45.23 45.48 46.13 46.13 45.98 45.92 
H 6.26 6.2 6.18 6.26 6.19 6.14 6.31 6.27 6.28 6.37 
N 0.71 0.75 0.54 0.59 0.67 0.67 0.56 0.60 0.75 0.78 
S 0.18 0.19 0.06 0.12 0.14 0.08 0.08 0.13 0.14 0.24 
Ash 9.02 11.92 11.09 9.55 10.68 10.68 9.19 10.47 9.11 8.93 
O (by diff) 39.16 36.15 36.81 37.65 37.09 36.95 37.73 36.40 37.74 37.76 
Cl 0.437 0.369 0.03 0.02 0.03 0.03 0.03 0.04 0.29 0.28 
Water Soluble Alkalis 
Na2O 0.029 0.024 0.09 0.009 0.021 0.034 0.012 0.012 0.02 0.02 
K2O 1.033 1.502 0.101 0.106 0.888 0.784 0.133 0.132 1.382 1.276 

Elemental Analysis of Ash (% dry basis) 
SiO2 64.09 67.12 77.47 80.99 74.91 73.93 81.19 80.58 73.36 72.03 
Al2O3 2.42 2.05 5.61 3.02 1.45 1.11 2.56 2.22 0.73 1.38 
TiO2 0.28 0.29 0.43 0.30 0.15 0.13 0.30 0.28 0.13 0.17 
Fe2O3 2.27 1.83 2.97 2.43 1.05 0.89 2.32 2.37 0.85 1.08 
CaO 8.04 6.50 5.58 5.58 5.83 6.21 5.44 5.98 5.97 6.11 
MgO 3.62 2.91 1.21 1.14 2.40 2.68 1.10 1.23 2.33 2.45 
Na2O 0.57 0.50 0.82 0.27 0.40 0.56 0.27 0.19 0.47 0.75 
K2O 9.44 9.48 1.63 1.36 6.80 7.53 1.72 1.67 8.84 8.72 
P2O5 1.92 1.91 0.52 0.62 1.48 1.85 0.74 0.77 2.47 2.00 
SO3 3.49 2.11 0.69 0.85 1.33 1.80 0.79 0.96 1.89 1.79 
Cl 2.24 2.66 0.09 0.04 1.23 1.11 0.04 0.05 1.14 1.79 
CO2 0.35 0.42 0.86 0.45 0.44 0.46 0.34 0.30 0.41 0.12 
Undetermined 1.27 2.22 2.12 2.95 2.53 1.74 3.19 3.40 1.41 1.61 
 Total 98.73 97.78 97.88 97.05 97.47 98.26 96.81 96.60 98.59 98.39 
Ash Fusion Temperature (C) 

Oxidizing Atmosphere 
Initial 1144 1474 1398 1482+ 1286 1294 1482+ 1482+ 1231 1274 
Softening 1223 1301 1445  1438 1387   1366 1411 
Hemispherical  1307 1331 1467  1482+ 1394   1428 1482+ 
Fluid 1425 1389 1482+   1403   1462  

Reducing Atmosphere 
Initial 1132 1141 1371 1482+ 1228 1201 1482+ 1482+ 1207 1227 
Softening 1201 1243 1445  1397 1398   1375 1425 
Hemispherical  1311 1334 1466  1431 1427   1428 1442 
Fluid 1411 1406 1482+  1482+ 1473   1482+ 1480 
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4.1.6 Element Removal by Leaching 

 The laboratory experiments showed varying degrees of removal of Mg, Ca, Na, 

K, P, S and Cl by the leaching methods employed.  Distribution of the elements across 

the experimental components is shown in Figures 4.4 and 4.5 for the most severe (H-L-P) 

and least severe (C-S-C) treatments.  The remaining distributions are shown as Figures 

C.1-C.6 in Appendix C. The relatively high (>1) fraction of all elements in Figure 4.4 is 

anomalous and cannot be readily explained.  Most treatments showed distributions 
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Figure 4.4: Distribution of elements as a fraction of the initial mass for treatment H-L-P, the most severe 
treatment in the laboratory scale experiment. 
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Figure 4.5: Distribution of elements as a fraction of the initial mass for treatment C-S-C, the least severe 
treatment in the laboratory scale experiment 

similar to Figure 4.5.  In general the Si, Al, Ti and Fe fractions were considerably lower 

in the liquid components than the other elements that are more readily soluble.  These 

constituents, found mainly in the soil material were likely washed from the surface of the 

cane trash into the excess leachate or expressed liquids.  Although the fraction of 

suspended solids was measured, no characterization of this material was done.  The 

highly inconsistent closure of sulfur content occurred because sulfur was not accurately 

measured in the liquid samples.  By comparing the least to most severe treatments shown 

in Figures 4.5 and 4.4 respectively, it is readily apparent that Ca, Mg, K, P and Cl 

distribution change from the fiber, or potential fuel, to the liquid component as treatment 

severity increases. 

 Figures 4.6 and 4.7 show the fraction of the elements removed from the dry fiber.  

The figures reiterate the difficulties experienced in removing the soil contaminants.  

However, in some cases, over 90% of the water soluble elements were removed.  In 

particular, potassium and chlorine show consistent results and were used to investigate 

the effects of leaching temperature, leaching duration and particle size on their removal 

from sugar cane trash. 
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Figure 4.6: Constituents removed from dry fiber by leaching treatments H-L-P, H-S-P, H-L-C and H-S-C 
as a fraction of the initial dry sample mass. 
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Figure 4.7: Constituents removed from dry fiber by leaching treatments C-L-P, C-S-P, C-L-C and C-S-C 

as a fraction of initial dry sample mass. 

 
 For K, the pulverized tests showed an average removal of 86.1% with a standard 

deviation of 2.0%.  The chopped tests, on the other hand, were found to have an average 
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removal of 30.5% with a standard deviation of 4.6%.  For Cl, similar results for the 

pulverized samples were obtained at an average removal of 95.3% with standard 

deviation of 0.8%.  However, for the chopped samples the average removal was 59.2% 

with a standard deviation of 37.9%.  The large standard deviation indicates interactive 

effects between variables temperature and particle size.  Table 4.4 shows the individual 

effects and two- and three-factor interactive effects.  By assuming three-factor effects are 

negligible, the value observed from the three-factor interaction is attributable to 

experimental error only and, since no replicate treatments were carried out, is used as an 

approximate variance or, for a single degree of freedom, experimental error [11].  From 

the table, only four of the effects can be distinguished from experimental noise.  Those 

four are the individual effect of particle size on K and Cl removal, the individual 

temperature effect on Cl removal and the two-factor interaction between temperature and 

particle size on Cl removal, all of which are highlighted in Table 4.5.  Since the effect of 

particle size on K removal does not interact with any other variables, it can be concluded 

that potassium removal increases 55.66+/-3.18% when particle size is reduction from 

5cm nominal length to 0.1cm nominal length.  The same cannot be concluded, however 

about the effect of particle size on Cl removal.  Interaction of particle size with 

temperature precludes any direct conclusions.  However, by considering the schematic 

shown as Figure 4.8, it is apparent that with a small particle size, Cl approaches 100% 

 

Table 4.5: Individual, two- and three-factor interaction effects of temperature, leaching duration and 
particle size on alkali removal in laboratory scale experiments. 

  K Error Cl Error 
Main, Individual Effects 
Temperature (T) -2.35% +/-3.18 33.53% +/-0.45 
Leaching Duration (D) 1.65% +/-3.18 0.04% +/-0.45 
Particle Size (PS) 55.66% +/-3.18 36.04% +/-0.45 
Two-Factor Interaction Effects 
TxPS 2.86% +/-3.18 -32.18% +/-0.45 
TxD 0.27% +/-3.18 -0.04% +/-0.45 
PSxD -3.42% +/-3.18 0.03% +/-0.45 
Three-Factor Interaction Effects 
TxPSxD -3.18% -0.45% 
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removal from the cane trash irrespective of temperature.  However, chlorine sensitivity to 

temperature increases greatly when larger particle size material is leached, resulting in a 

much higher apparent effect of temperature on leaching for large particle size material.  

The detailed calculation results of the element mass and percentage in versus out is 

shown in Table C.3-C.7 of Appendix C. 
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Figure 4.8: Two-way schematic showing interaction between temperature and particle size for chlorine 
removal from sugar cane trash. 

4.1.7 Slagging and Fouling Probability 

 The concentrations of total alkali and sulfur as oxides and chlorine on a unit 

energy basis are shown in Figure 4.9.  The indices were calculated using data in Table 4.4 

based on equation 1.  Slagging and fouling are probable when the index of the fuel is 

between 0.17kg/GJ and 0.34kg/GJ and certain above 0.34kg/GJ.  The untreated samples, 

U-P and U-C, lie in excess of 0.34kg/GJ and, therefore total alkali (K2O + Na2O) are 

certain to disrupt boiler operation.  However, the treated samples for the pulverized cane 

trash have an average index of 0.080kg/GJ with a standard deviation of 0.038kg/GJ, well 

below the probable range.  Treated chopped material has a value of 0.467kg/GJ with a 

standard deviation of 0.026kg/GJ and lies well above the 0.34kg/GJ limit.  Although 

particle size appears to be the most prominent variable once again, interactions effects 
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must be considered.  Table 4.6 shows the individual, main effects and the two and three-

factor interaction effects.  Once again, the three-factor interactions were assumed 
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Figure 4.9: Total alkalis (K2O + Na2O), SO3 and Cl concentrations on a unit energy basis for the laboratory 

scale treatments of sugar cane trash. 

 
negligible, attributed to and representative of the error in determination of the slagging 

and fouling index.  Only the highlighted values can be differentiated from the noise in the 

experiment.  Once again, the particle size is the only variable that appears to have an 

appreciable effect in reducing the concentration of alkali per energy unit.  Therefore, 

reducing particle size from 10cm nominal length to 0.1cm nominal length reduces the 

concentration of total alkali (K2O+Na2O) per energy unit by 0.3876+/-0.0019kg/GJ, 
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Table 4.6: Individual and two- and three-factor effects for the slagging/fouling index of the laboratory 
scale tests. 

  Total Alkali SO3 Cl 
    kg/GJ Error kg/GJ Error kg/GJ Error 

Main, Individual Effects 
Temperature (T) -0.0290 +/-0.0019 -0.0095 +/-0.0033 -0.0019 +/-0.0094 
Leaching Duration (D) -0.0315 +/-0.0019 -0.0191 +/-0.0033 -0.0067 +/-0.0094 
Particle Size (PS) -0.3876 +/-0.0019 -0.0568 +/-0.0033 -0.0701 +/-0.0094 
Two-Factor Interaction Effects 
TxPS -0.0178 +/-0.0019 -0.0114 +/-0.0033 0.0010 +/-0.0094 
TxD -0.0305 +/-0.0019 -0.0153 +/-0.0033 0.0092 +/-0.0094 
PSxD -0.0035 +/-0.0019 -0.0080 +/-0.0033 0.0056 +/-0.0094 
Three-Factor Interaction Effects 
TxPSxD 0.0019 0.0033 -0.0094 

 

the concentration of SO3 per energy unit by 0.0568+/-0.0033kg/GJ and the concentration 

of Cl per energy unit by 0.0701+/-0.0094kg/GJ. 

 

4.2 Pilot Scale Experiment 

 The pilot scale experiments were carried out in early December of 2005 following 

a period of heavy rain that made fields impassable, ceased harvest activities, and forced a 

brief shutdown of the Puunene Sugar Mill.  When HC&S resumed operation, the sugar 

fields were so wet that cane burning was impossible.  Although the period of green cane 

harvest lent itself well to the objectives of the cane trash processing experiment, more 

soil than normal was also collected along with the cane due to the wet conditions. 

4.2.1 Validation of Experimental Practices 

 Figure 4.10 below shows a schematic of the system indicating the inputs and 

outputs used in the balance calculations. The overall mass balance of the input to output 
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Figure 4.10: Schematic diagram of experimental system used for mass balance calculations 

 

water and cane trash showed the system to be closed within 1.2% on average with a 

standard deviation of 0.8% across all four of the treatments.  Similarly, dry fiber was 

balanced to within 8.7% on average with a standard deviation of 18.6% for the four 

treatments.  The second, and most severe treatment (60ºC leaching for 10minutes), 

showed a considerable loss of dry fiber between the input and output (approximately 

34%) resulting in the high standard deviation.  A potential source for the discrepancy was 

removal of rock material before milling of the sample.  Weight of rocks and debris 

removed before milling was not accounted for during the experiments.  Although in most 

cases the quantity was relatively small, the relative weight of the rocks and debris to that 

of the cane trash may have caused larger than anticipated losses. 
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Despite the minimal loss of cane trash and water across the experimental system, the 

balance of ash percentage in the dry matter before and after the treatments showed 

considerable and unexpected discrepancies.  Figure 4.11 shows the considerable increase 

in ash, measured in the fiber samples, and suspended solids, measured in the excess 

leachate and expressed liquids.  The figure shows >50% discrepancy between the input 

and output streams for all but the second of the four treatments.  The mass of ash input 

for the second treatment was found to be 65% of the mass of the ash output.  
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Figure 4.11: Ash and suspended solids balanced across the experimental system 
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Table 4.7: Fuel Characterization of samples of cane trash before and after pilot scale treatments (results 
from Hazen Research Inc. Laboratories in Golden, Colorado) 

Description: Hot/Short Hot/Long Cold/Short Cold/Long 
ID #: 1-U 1-HS 2-U 2-HL 3-U 3-CS 4-U 4-CL 

Moisture 
Content  70.72 61.59 63.29 54.19 71.97 52.97 70.95 55.98 

Proximate Analysis (% dry basis) 
Ash 15.93 24.88 18.34 27.51 18.28 39 13.52 29.63 
Volatile 72.11 64.19 67.98 64.04 70.14 58.29 73.95 61.02 
Fixed C 11.96 10.93 13.68 8.45 11.58 2.71 12.53 9.35 
HHV  
(MJ/kg) 16.03 14.23 15.56 13.67 15.66 11.12 16.7 13.42 
Ultimate Analysis (% dry basis) 
C 46.34 40.42 43.79 39.85 44.69 33.17 45.75 38.29 
H 4.67 5.13 5.46 3.97 4.39 3.33 4.61 3.77 
N 0.35 0.24 0.31 0.26 0.29 0.2 0.32 0.23 
S 0.1 0.09 0.1 0.08 0.09 0.06 0.09 0.07 
Ash 15.93 24.88 18.34 27.51 18.28 39 13.52 29.63 
O (by diff) 32.61 29.24 32 28.33 32.26 24.24 35.71 28.01 
                  
Cl 0.176 0.105 0.192 0.071 0.285 0.081 0.233 0.092 

Water Soluble Alkalis               
Na2O 0.1 0.054 0.094 0.044 0.09 0.065 0.088 0.052 

K2O 0.32 0.248 0.349 0.15 0.581 0.187 0.45 0.206 

Elemental Analysis of Ash (% dry basis) 
SiO2 61.22 49.69 56.78 45.2 46.26 43.39 56.16 45.43 
Al2O3 12.8 16.74 14.64 19.38 19.53 20.89 14.59 19.19 
TiO2 2.52 3.8 3.14 4.45 4.07 4.18 2.78 4.79 
Fe2O3 9.69 15.07 11.82 16.61 16.62 17.64 11.19 17.92 
CaO 4.02 4.79 5.26 2.63 4.64 5.34 3.88 4.72 
MgO 1.55 2.62 2.62 1.68 2.95 3.51 1.7 2.87 
Na2O 0.87 0.97 1.08 0.71 1.06 1.16 1.02 1.06 
K2O 2.38 1.81 1 3.15 1.04 1.01 4.61 1.34 
P2O5 0.56 0.44 0.48 0.42 0.54 0.4 0.63 0.42 
SO3 0.93 0.53 1.01 0.29 0.69 0.22 1.25 0.3 
Cl 0.05 0.02 0.1 0.31 0.31 0.02 0.3 0.03 
CO2 0.18 0.09 0.12 0.71 0.09 0.09 0.16 0.08 
Und. 3.23 3.43 1.95 4.46 2.2 2.15 1.73 1.85 
Total 96.77 96.57 98.05 95.54 97.8 97.85 98.27 98.15 
Ash Fusion Temperature (C)             
Oxidizing Atmosphere               
Initial 1262.78 1216.67 1265.56 1239.44 1272.22 1251.11 1206.11 1244.11 
Softening 1277.78 1249.44 1288.89 1247.78 1312.78 1266.11 1273.89 1260.56 
Hemispherical  1295 1260 1306.67 1271.67 1327.78 1297.78 1281.11 1277.22 

Fluid 1328.33 1277.22 1326.11 1278.89 1340.56 1311.67 1287.22 1303.33 

Reducing Atmosphere               
Initial 1260 1234.44 1260 1239.44 1275.56 1231.11 1221.11 1257.22 
Softening 1288.89 1243.89 1295.56 1247.22 1284.44 1243.33 1261.11 1265 
Hemispherical  1302.78 1250.56 1301.11 1263.89 1312.78 1249.44 1298.89 1278.89 
Fluid 1327.22 1260 1318.89 1272.22 1318.89 1266.11 1307.78 1307.78 



 33

 
The complete fuel analysis shown in Table 4.7 shows the data used in the calculations.  

Reduction in element concentrations as a result of leaching must be considered in terms 

of the concentration in the untreated sample.  Low concentrations are often difficult to 

accurately measure and subject to experimental error.  A plausible explanation for the 

excess ash and suspended solids in the treated cane trash is that the samples of untreated 

cane trash taken from cages 1 and 2 were not representative of the untreated material.  

Based on visual inspection, the cages consisted of an inhomogeneous mixture of cane 

trash, shorts, soil/mud, rocks and possibly other debris.  Although ~1kg samples of the 

cane trash were taken before the treatments, soil and other debris that constitutes a 

significant fraction of the ash material were not representatively included in the samples.  

During the treatments, despite leaching and cleaning some of the rocks and debris from 

the samples, much of the soil/mud was spread throughout the fuel lot, increasing its 

homogeneity.  This mixture was sampled in a similar manner as the untreated material 

and analyzed.  Therefore, the discrepancy in ash content before and after the treatment is 

likely caused by the relatively small sample size used to represent the untreated cane 

trash.  Although this precludes the balance of alkali elements across the system, the 

potential fuel resulting from the treatments can be analyzed. 

4.2.2 Element Removal by Leaching 

The breakdown by mass of elements in the treated cane trash is shown in Figure 4.12.  

The majority of the potassium in the system was retained within the treated fuel.  

Chlorine and sodium, however, are much more easily leached from the fuel.  The figure 

shows the metals; Al, Ti, Fe remain in abundance in the treated fuel.  This indicates, as 

discussed earlier, a high degree of soil contamination in the treated fuel.  The water 

soluble elements appear to be leached excessively over the course of the treatments.  

However, the figure is misleading in that the elements in the clean water of the leaching 

tank must also be considered.  Furthermore, sample size must be taken into account to 

accurately compare the treatments.  Figure 4.13 shows the mass of elements removed 

from the cane trash sample per kg of dry matter in the original sample.  Although no 

comparison to the untreated cane trash can be made in this investigation, the elements 

that are most readily leached from the cane trash are apparent.  The figure does not, 
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however, give a clear indication of the impacts of variable treatment severity.  The main 

effect of increasing the temperature and duration of the treatments on the elements are 

shown in Table 4.8. 

 

Figure 4.12: Breakdown of the element percentages in the output streams of each of the four treatments. 
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Figure 4.13: Mass of elements removed from cane trash per kg of dry matter in the untreated sample. 

 
Table 4.8: Main, individual effects of increasing the variables on the removal of elements from the cane 

trash sample per kg of dry matter treated. 

Individual Effect of 
Increasing Temperature* 

Individual Effect of 
Increasing Duration* Element 

(g/kg of dry matter) (g/kg of dry matter) 
Si 0.241 -0.159 
Al 0.219 -0.096 
Ti 0.024 -0.029 
Fe 0.157 -0.229 
Ca -0.146 -0.080 
Mg -0.003 -0.121 
Na 0.033 0.029 
K 0.280 0.127 
P 0.014 -0.005 
Cl 0.086 -0.126 

*Negative values indicate the less severe (lower/shorter) treatment removed a 
greater mass of the element than the more severe treatment. 

 
The data show a consistent reduction in inorganic elements with increasing temperature 

and decreasing leaching duration.  However, the numbers can vary to a large extent based 

on the soil contamination of a particular sample.  Similar inconsistency was found in 

literature whereby soil contaminants (mainly Al, Ti and Fe) were found to increase as a 
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result of leaching treatments [14].  The details of the balance calculations as well as a 

breakdown of the ions traced through the levels of treatment (clean, leached and 

expressed liquids) are shown in Appendix D. 

4.2.3 Moisture Analyses 
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Figure 4.14: Average moisture content of cane trash samples before and after processing. 

 
 Once again, although it is unclear if the untreated measurements are 

representative of the sample, the results of moisture content analysis, shown in Figure 

4.14, are consistent with the results of Turn et al [10].  Although some of the samples 

clearly are not reduced below 50% (typical bagasse as fired moisture content), it is 

assumed that in processing cane trash, milling can be done with much higher precision in 

order to better control the fuel moisture content to within boiler limits.  The figure also 

implies consistency amongst the untreated and treated samples.  Furthermore, despite the 

variation in wash time and temperature, no patterns in the moisture content after milling 

are visible. 

4.2.4 Electrical Conductivity 
 

Figure 4.15 shows the increase in electrical conductivity of the liquid samples.  

The leaching step produces an increase in electrical conductivity ranging from 0.05 to 
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0.10mS/cm in the excess leachate compared to from the original clean water.  The milling 

process, however, produces a more substantial increase in electrical conductivity ranging 

from 4.01 to 4.64mS/cm.  The increase may also be the result of the shorts accompanying 

the cane trash in the experiments and thus result more from milling rather than from 

treatment severity. 
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Figure 4.15: Electrical conductivity of leachate at three sampling points in cane trash treatments. 

 

4.2.5 Total Suspended Solids 

 Both clean and leachate water samples were essentially free of dissolved solids.  

Table 4.9 shows the suspended solids in the soil/mud laden samples of milling water.  

The table provides an indication of the variability in samples.  Despite the short sampling 

duration of 2-3 hours, the four samples contain a wide range of suspended solids from 

approximately 58,000 to 185,000 ppm. 

Table 4.9: Total suspended solids for heavily soiled milling liquids. 

Suspended Solids Sample ID 
(mg/L) 

H-S 64,981 
H-L 107,733 
C-S 184,702 
C-L 57,991 
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4.2.6 Wastewater Analysis 

Biological and chemical oxygen demands (BOD5 and COD respectively) were 

measured to investigate the quality of the potential wastewater from the leaching process.  

Similar to the analysis of suspended solids, the BOD5 and COD of clean water is too low 

to be measured and was omitted from the analysis.  Table 4.10 shows the BOD5 and COD 

of the excess and expressed samples. 

 

Table 4.10: Biological (BOD5) and chemical (COD) oxygen demand of wastewater streams for cane trash 
processing. 

BOD5 COD 
Excess 

Leachate
Expressed 

Liquids 
Excess 

Leachate
Expressed 

Liquids Sample ID 

(mg/L) (mg/L) 
H-S 103 24,470 229 34,267 
H-L 42 16,870 98 23,333 
C-S 82 21,930 186 34,000 
C-L 32 24,730 106 37,733 

 

For the purposes of comparison, the Hawaii State Department of Health requires that 

treated water have a BOD5 of no more than 30mg/L based on composite sampling and 

60mg/L for a grab sample [15].  Process water from Puunene Mill is used in an irrigation 

system for the surrounding sugar cane fields and is thereby classified as recycled water, 

for which no limitations are prescribed.  Clearly, the wastewater from the leaching and 

milling process contain high BOD and COD levels and would require treatment prior to 

usage for purposes other than irrigation.  The high nutrient content may, however, be 

useful for replenishment of soil fertility. 

4.2.7 Fuel Characterization  
 
 The complete results from the fuel characterization are available in Table 4.6 as 

well as in Table D.6 in Appendix D.  Much of the data has been analyzed in section 4.2.1.  

Table 4.10 shows the ash fusion temperatures in the treated cane trash samples.  The ash 

composition can greatly impact the melting temperatures [16].  Dayton et al. showed that 

in a pure K2O-SiO2-CaO model system, melting temperatures dropped unexpectedly at 

intermediate concentrations of the three ash constituents.  In other words, melting 
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temperature did not follow a linear or exponential curve as ash concentrations were 

varied.  Since the ash in the cane trash investigation consists primarily of soil oxides 

(SiO2-Al2O3-Fe2O3), the pure K2O-SiO2-CaO system is not applicable the data in Table 

4.11 cannot be said to lie within a depression described by Dayton et al.  The melting 

temperatures, however, are considerably lower than those observed in the laboratory 

scale tests.  In the laboratory scale tests, the ash consists primarily of K2O, SiO2 and CaO.  

Thereby, it can be concluded that the inclusion of soil contaminants in treated sugar cane 

trash, as seen in the pilot scale tests, result in a critical reduction in ash fusion 

temperatures and subsequently a potential increase in slag accumulation on heat transfer 

surfaces in the boilers. 

Table 4.11: Ash fusion temperatures of the treated fuel samples. 

Treatment: H-S H-L C-S C-L 
Oxidizing Atmosphere (ºC) 

Initial 1217 1239 1251 1244 
Softening 1249 1248 1266 1261 

Hemispherical 1260 1272 1298 1277 
Fluid 1277 1279 1312 1303 

Reducing Atmosphere (ºC) 
Initial 1234 1239 1231 1257 

Softening 1244 1247 1243 1265 
Hemispherical 1251 1264 1249 1279 

Fluid 1260 1272 1266 1308 
 

 Heating values reported in Appendix D are in the range of 11.12-14.23MJ/kg, 

considerably lower than the 18MJ/kg that is normal for bagasse.  Conversion of the 

current boilers to operate with such a low quality fuel would require a much higher feed-

rate to meet operational requirements of the system. 

4.2.8 Slagging and Fouling Probability 

 In the pilot scale experiments, the treatments appear to reduce the probability for 

slagging and fouling when considering the total alkali concentrations.  Increasing 

treatment severity has previously been found to progressively reduce the total alkali 

concentration per energy unit in other herbaceous fuels [10].  Figure 4.16 clearly shows 

no such correlation exists from these tests.  All four treated cane trash samples lie outside 

of the normal range for boiler operation and are certain to result in excessive slagging and 
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fouling of the boiler system.  The untreated slagging index was included in the figure for 

completeness, but as discussed above, it is not likely to be a true representation of the 

untreated cane trash material. 

 

 

 

Figure 4.16: Concentrations of total alkali, SO3 and Cl on a unit energy basis 

 

5. Summary and Conclusion 
 

Two experiments were designed at the laboratory and pilot scale using a 23 factorial 

design to investigate the effects of water leaching as fuel preparation for the non-sugar 

bearing component of sugar cane called sugar cane trash, made up of dry leaves, green 

leaves and tops. 

Laboratory tests were carried out with hand-harvested cane trash from the Hawaiian 

island of Oahu.  Trash components were separated during harvest, weighed and 

recombined in proportions relative to growth from a single seed piece.  Before 
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recombining the components, they were reduced in size using a Jeffco Cutter Grinder to 

0.1cm nominal length (pulverized) and using a paper cutter to 10cm nominal length 

(chopped), representing approximately 100 times variation in particle size.  Roughly 

400g wet samples of each material were soaked in water 25ºC or 55ºC for a duration of 

either 5minutes or 60minutes.  While soaking samples were agitated at 60second 

intervals every 10minutes including the first and last minute of the test.  The leached cane 

trash samples were then dewatered using a hydraulic press.  Material was transferred into 

a perforated cylinder and loaded up to 9000psi for approximately 30seconds.  Treatments 

were designated, for example, H-L-P for the most severe (hot water, long duration and 

pulverized material) to C-S-C for the least severe (cold water, short duration and chopped 

material).  Analysis included on site measurement of electrical conductivity of the clean, 

tap water used for leaching, the excess leaching water and the expressed liquids from the 

hydraulic press; fuel characterization including ultimate and proximate analysis, higher 

heating value, ash constituent analysis, water soluble alkali, total chlorine and ash fusion 

temperatures.  Moisture content and total suspended solids in the excess leachate and 

expressed liquids were also determined.  Balance of material across the experimental 

system was found to be within 3.1% on average for the eight treatments with a standard 

deviation of 2%.  Pulverized dry fiber was found to close to within 24.5% on average (4 

tests) with a standard deviation of 3.1%.  The large discrepancy was attributed to removal 

of water soluble alkalis.  The balance on chopped dry fiber was closed to within -2.4% on 

average with a standard deviation of 7.0%.  All material balances were considered to be 

within experimental error.  Electrical conductivity tests showed the 100 times reduction 

in particle size to increase electrical conductivity in excess leachate by 2.17+/-

0.030mS/cm indicating a reduction in cane trash ion content, but reduced electrical 

conductivity in expressed liquids by 1.74+/-0.203mS/cm.  The reduction in effect for the 

expressed liquids implies a change in sensitivity of material to particle size when moving 

from leaching to milling.  A larger fraction of the total increase in EC is attributable to 

milling for the larger particle size material.  Fuel characterization showed the treated cane 

trash had a higher heating value consistent with bagasse at 17.07-18.32MJ/kg.  No 

appreciable increase in heating value was noted as a result of the treatments.  Ash 

composition showed a substantial reduction in concentration of soluble ions particularly 
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K+ and Cl-.  A 55.66+/-3.18% reduction in potassium was observed when particle size 

was reduced from 10cm to 0.1cm nominal length.  Similar reduction in chlorine mass was 

also observed.  However, reduction in chlorine was also found to be temperature sensitive 

at larger particle sizes.  Further testing would be required to quantify Cl removal.  Ash 

fusion analysis showed all but two of the samples had melting points that exceeded the 

maximum measurable temperature of 1482ºC and all ash samples were determined to be 

unlikely to cause slagging and fouling.  All treatments were found to increase the ash 

fusion temperatures of the samples.  Finally, a commonly used indicator of slagging and 

fouling involves calculating the concentration of total alkali and sulfur as oxides and 

chlorine on a unit energy basis.  Values in the range of 0.17kg/GJ to 0.34kg/GJ are likely 

to cause slagging and fouling.  Above 0.34kg/GJ, the fuel is certain to cause slagging and 

fouling.  Treated, chopped samples were found to lie above the 0.34kg/GJ threshold for 

total alkalis, irrespective of the leaching treatment investigated.  Treated, pulverized 

samples, however, were well below the 0.17kg/GJ limit for total alkalis, SO3 and Cl.  

Therefore, it can be concluded that by reducing the particle size from 5cm to 0.1cm 

reduced the concentration of total alkali per energy unit by 0.3876+/-0.0019kg/GJ, the 

concentration of SO3 per energy unit by 0.0568+/-0.0033kg/GJ and the concentration of 

Cl by 0.0701+/-0.0094kg/GJ. 

 Pilot scale experiments were carried out at the HC&S sugar mill site on the island 

of Maui.  Samples were machine harvested and separated during the cane cleaning 

process in the mill.  Unburned sugar cane trash was extracted from a chain conveyor and 

included leaves, tops and short cane pieces, too small for large scale milling.  From the 

large samples, two cages were filled and weighed before being leached in a large tank of 

water.  Particle size reduction could not be investigated due to equipment failure during 

the testing period.  The original experimental design was thereby reduced to a 22 factorial 

design in which water temperature and leaching duration were investigated as cane trash 

treatments.  Water temperatures of 25ºC and 60ºC were investigated as well as 1 and 

10minute leaching durations.  Treated cane trash was then milled in a small Cuba mill 

three times to obtain moisture content consistent with current boiler operating experience.  

In addition to the analysis carried out in the laboratory scale experiments, wastewater 

analysis, including biological and chemical oxygen demand (BOD5 and COD), was 
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added to quantify the quality of the wastewater exiting the treatment system.  Overall the 

experimental system was found to be closed to within 1.2% on average with a standard 

deviation of 0.8% for all four treatments.  Dry fiber was closed to within 8.7% on average 

with a standard deviation of 18.6%.  The high standard deviation in the dry fiber balance 

was attributed to rocks and other debris that was removed from the material prior to 

milling.  Despite the high level of closure for the complete system and the dry fiber, large 

and unexpected discrepancies were observed for ash input and output across the system.  

These discrepancies were attributed to collection of samples unrepresentative of the 

untreated cane trash material.  Heavy rain resulted in substantial soil contamination 

which was not accurately portrayed in the sampling of the untreated material.  

Comparison of the untreated and treated samples was not possible due to the discrepancy 

and the treated samples were then considered independently.  Analysis of liquid samples 

taken during the experiments showed considerable leaching of water soluble alkalis had 

taken place, but also confirmed the level of soil contamination in the samples.  K and Cl 

were found to be the elements most heavily leached from the samples.  Fuel 

characterization showed the higher heating value of the treated samples to be well below 

that of bagasse ranging from 11.12 to 14.23MJ/kg.   Moisture in the samples was reduced 

to limits consistent with full scale milling using a reduced-scale Cuba mill.  No variation 

in moisture removal was noted as a result of leaching treatments.  Electrical conductivity 

measurements confirmed the effectiveness of leaching and showed the proportion of 

alkali removal was heavily weighted towards the milling process.  Wastewater analysis 

showed the excess and expressed leachate were above the Hawaii State Department of 

Health limits for treated water, but can be added to the current irrigation system at 

HC&S.  Analysis of sugars in the waste water stream is ongoing and may reveal potential 

for other beneficial uses.  Reported ash fusion temperatures were much lower than those 

found in the laboratory scale experiments.  The inclusion of excessive soil contaminants 

in the pilot scale tests was concluded to have resulted in a considerable decrease in ash 

fusion temperatures.  Finally, the concentrations of total alkali per energy unit for the 

treated fuels were well above the 0.34kg/GJ threshold for slagging and fouling.  Although 

Cl and SO3 are below the acceptable limits, the index does not account for interactions of 

those elements with the alkali in the system.  The harvest conditions during the pilot scale 
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tests were possibly the worst case that would be expected during the harvesting season.  

Further testing with a focus on particle size reduction would be required before definitive 

conclusions can be made regarding cane trash processing requirements at the pilot scale. 

 Particle size reduction was found to improve leaching of alkali and alkaline earth 

metals and chlorine to the largest extent when compared to leaching duration and 

temperature.  Leached cane trash with small particle size was found to have qualities very 

similar to bagasse and would likely make a suitable boiler fuel based on small scale 

testing.  On a larger scale, soil contamination is a major issue surrounding cane trash 

processing.  The simple leaching treatments at high temperature and long duration were 

not effective at removing soil contaminants and did not appreciably improve alkali 

leaching from unprocessed cane trash.  High temperature leaching was found to improve 

Cl removal for larger particle size material; however, size reduction was required before 

this phenomenon was observed. 

 It is recommended that further laboratory scale experiments be carried out to 

determine an optimum particle size threshold that will result in effective leaching, but 

minimize the energy required for particle size reduction.  Furthermore, quantification of 

processing costs including energy requirements and operating expenses should be 

investigated.  Although these costs must be balanced against boiler performance to 

properly consider their value, simple energy costs will provide a basic comparison 

between the various proposed treatment options for the sugar cane trash.
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Appendix A: Cane Trash Processing Proposal Written by 
Dr. Scott Turn, Assistant Researcher at the Hawaii 
Natural Energy Institute. 
 

Development of Processing Methods for Sugar Cane Trash 
Scott Turn 

Hawai‘i Natural Energy Institute 
University of Hawai‘i at Mänoa 

Introduction 
Hawaiian Commercial & Sugar Co. (HC&S) operates a vertically integrated sugar production 
company, farming 37,000 acres of irrigated sugar cane on a two year rotation. Roughly half of 
this acreage is annually harvested and processed at the company's sugar factory at Puunene, 
Maui, producing roughly 200,000 tons of sugar, 80,000 tons of molasses, and 550,000 tons of 
bagasse, the fibrous residue remaining after sugar is extracted from sugar cane. During the 
processing season, the plantation is energy self sufficient, cogenerating process heat and 
mechanical and electric power from bagasse. In addition to supplying the needs of the plantation, 
HC&S holds a firm power contract with the local utility, Maui Electric Co., for 12 MW of 
electricity. In addition to power generated from bagasse, HC&S operates two hydroelectric 
stations totaling 5 MW and utilizes coal and fuel oil as supplemental fuels to fire the boilers 
during periods when bagasse is not available. In an effort to increase electricity sales from 
biomass, HC&S seeks to utilize cane trash as fuel for power production. Although operating 
power plants on bagasse is routinely done in the sugar industry, cane trash has not been 
traditionally used and will require processing. This proposal seeks to develop a set of least-cost, 
unit operations to process cane trash into an acceptable fuel. 
 
Technical Relevance and Merit 
At the time it is harvested, sugar cane is composed of two identifiable components; the sugar 
bearing component, the stalk, and the non-sugar bearing components commonly referred to as 
cane trash. The stalk comprises fiber, water, and soluble solids and is processed into raw sugar, 
molasses, and bagasse components. Bagasse comprises fiber, moisture, and residual soluble 
solids that are not economical to extract. Cane trash comprises living and dead leaves that have 
accumulated in the field over the plant's growing cycle and the leafy top/growing point of the 
plant. None of the trash components contain sugar in appreciable amounts and separating them 
from the stalk at the earliest possible point in harvest operations serves to minimize handling and 
thereby costs. At present, cane trash is separated from the stalk either mechanically or by burning 
the field prior to harvest. With the latter technique, the fire advances rapidly through the field 
consuming the trash while the stalk, containing ~70% moisture, is left behind. Dry matter of 
sugar cane plant components is shown in Figure 1 as a percentage of the plant growing in the 
field. As noted above, the trash component is devoid of sugar and is largely fiber. The stalk may 
be further subdivided into fiber (29%) and soluble solids (25%). The stalk fiber component exits 
the factory as bagasse and is typically used as fuel in an integrated power plant to produce steam 
for process heat, motive power, and electricity. Efficient sugar factories produce excess electric 
power that may be sold to the utility grid. Of present interest is the cane trash fiber component 
that is unutilized and represents a potential resource approaching that of the bagasse fiber stream 
that is fully utilized. Although the magnitudes of the two streams are roughly equal, there are 
differences in quality between bagasse and cane trash and these differences are largely manifested 
in the ash chemistry. The extraction or milling section of a sugar factory is designed to remove 
sucrose from the sugar stalk. A fortuitous side benefit of the milling process is that water soluble 
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 components of ash are also removed. This is evidenced in the low K, S, and Cl concentrations 
and reduced ash content in bagasse compared to the parent stalk material [1]. In the high 
temperature environment of a boiler, these three elements are often released from fuel as vapor 
and react to form alkali hydroxides, chlorides, and sulfates that condense downstream as the 
temperature of the combustion products is lowered in the heat recovery sections of the boiler. The 
condensed compounds form deposits on heat exchange surfaces causing reduced heat transfer 
rates, increased maintenance costs, and quite often, reduced boiler availability. Figure 2 presents 
data for the mass of K2O, SO3, and Cl on a unit energy basis for bagasse, leaf and top components 
of trash, and a composite fuel based on the mass weightings of the three [2]. The latter is 
representative of the fuel that would be produced by mixing cane trash with bagasse in the 
proportion to their occurrence in the sugar cane plant. Fuels with levels of total alkali 
(K2O+Na2O) in the range from 0.17 to 0.34 kg GJ-1 are at an increased risk of fouling heat 
transfer surfaces in thermochemical energy conversion devices. Fuels having total alkali greater 
than 0.34 kg (K2O+Na2O) GJ-1 are almost certain to cause fouling [3]. In this context, Figure 2 
clearly indicates that the two components of cane trash present challenges for use as fuel in their 
naturally occurring state. The composite data indicates that blending them with bagasse produces 
a fuel with reduced alkali content but that the alkali concentration is well in excess of 
recommended values for boiler operations. 

 
 
Technical Approach/Work Plan 
Cane trash will be collected from commercial fields at HC&S, reduced in particle size, and 
subjected to a series of leaching tests aimed at identifying a minimum set of unit operations to 
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reduce K, Cl, and S concentrations and produce a boiler fuel with properties similar to bagasse. 
Leaching involves hydrating a material with water and then mechanically expressing liquids to 
remove the water and any water-soluble compounds. Experimental design of the leaching tests 
will include the following variables: the amount of leaching water applied per unit of fiber, the 
contact time between leaching water and fiber, and the biomass particle size. All have direct 
influence on the efficacy of alkali removal and the cost of the process. The range of values for 
each of these parameters will be kept within bounds deemed compatible with industrialscale 
sugar processing. To the extent possible, the methods used to reduce fuel moisture will emulate 
equipment typical of industrial sugar processing. A reduced-scale sugar mill will be used to 
express liquids from the cane trash samples. Fuel properties of treated cane trash samples will be 
determined. Liquid streams generated by the experiments (excess leach water, expressed liquids, 
etc.) will be analyzed for potassium, sulfur, and chlorine content so that element balances can be 
performed on the treatment processes. Electrical conductivity, pH, and biological (BOD5) and 
chemical (COD) oxygen demand of the liquid streams will also be quantified. Ash fusion tests 
will be conducted in a high-temperature furnace using both fresh and leached cane trash samples 
to assess changes in ash sintering and liquid phase formation as a function of temperature. 
Sufficient quantities of fuel from each treatment will be produced to permit extensive evaluation 
fuel properties. 
 
Energy Efficiency/Displacement, Rural Economic Development, Environmental Benefits 
Use of cane trash as fuel for power generation would have a significant impact on HC&S's power 
export capabilities and the rural economy of Maui, and yield local environmental benefits. 
However adopting this practice in cane sugar industries nationally and internationally would 
amplify the impacts by ~20 and ~500 times, respectively, based on the amounts of sugar 
produced at HC&S relative to cane sugar production in the U.S. and the rest of the world [4]. 
Furthermore, information developed from this study may also be applicable to other problematic 
biomass fuels such as rice straw or switch grass. Although trash and stalks are roughly equal in 
fiber content, utilizing trash at HC&S is projected to increase the availability of fiber by 50% 
based on measured differences in fiber yield from cane that has been opened burned prior to 
harvest vs. unburned cane [5]. This incremental fiber, estimated to be 137,000 tons yr-1, could be 
used to displace 90,000 tons of the type of coal currently used by HC&S as supplemental fuel. 
Cane trash will be available during the harvest season and, assuming that it is not stored, will 
require additional boiler and power generating capacity. Assuming a 20% fuel conversion 
efficiency and 85% plant availability, the estimated incremental cane trash fiber will increase 
HC&S's power export capacity by ~16 MW, a 133% increase over their current 12 MW firm 
power contract and ~8.5% of the peak electrical demand on the island. Harvesting and fuel 
processing operations as well as staff for an additional power plant will add jobs to the roles of 
Maui County. Moreover, the additional revenues from electricity sales would total ~$13 million 
and would contribute to the profitability of HC&S and serve to stabilize revenues that are 
dependent on world sugar prices, government foreign policy, and domestic agricultural price 
support programs. HC&S currently employs more than 800 workers and expanding and 
diversifying its revenue base could be seen as contributing to the longer-term economic stability 
of Maui County. 
Environmental benefits accruing from the use of cane trash for power generation will include a 
reduction of criteria pollutants and CO2 reduction from the displacement of fossil fuels. HC&S 
currently burns cane fields before harvest to eliminate cane trash and reduce harvest and transport 
requirements. Emissions from cane fires have been estimated by various methods. One study [6] 
concluded that ~2.5% and 0.5% of dry fuel mass were emitted as CO and particulate matter, 
respectively. In modern boilers, CO emissions are on the order of 100 ppm in flue gas and this 
would translate to ~0.08% of dry fuel mass, resulting in a 30X reduction in CO emissions. 
Emissions of unburned hydrocarbons and particulate matter are expected to also be significantly 
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reduced. Incremental power generated from biomass would displace electricity in the grid 
generated by Maui Electric Co. using diesel fired units. Assuming the diesel units operate at 30% 
efficiency and the cane-trashfueled power plant operates with 20% efficiency, the cane trash 
would displace 36,000 tons of diesel fuel and replace ~115,000 tons of diesel derived CO2 with 
242,000 tons of CO2 from closed loop biomass. 
 
Technical, Management, and Facility Capabilities 
This project will be undertaken by the University of Hawai‘i at Mänoa (UHM) in partnership 
with HC&S. HC&S is a subsidiary company of Alexander & Baldwin, a public traded company 
with a market capitalization of $1.3 B. The UHM is the flagship of the University of Hawai‘i 
system and a land grant college. The two entities have successfully partnered in managing 
research under federal grants in the past and are currently conducting a project funded through the 
DOE's Office of Industrial Technology. Dr. Scott Turn will be responsible for conducting the 
leaching trials, analyzing fuel and effluent samples, and data reduction. Lee Jakeway and David 
Christophersen will be key personnel at HC&S. Both are involved with HC&S's current efforts to 
develop cane trash processing and utilization. The leaching tests will be conducted using a Cuba 
mill, a reduced scale version of the mills used in a sugar factory (see Figure 3). Equipment 
needed for sample analysis including ion selective electrodes, an atomic absorption 
spectrophotometer, an ion chromatograph, and a Kanthal furnace, are presently available at 
UHM. 
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Appendix B: Laboratory and Pilot Scale Experimental 
Apparatus 

 
Figure B.1: Jeffco Cutter Grinder (Jeffress Bros. Ltd, Queensland Australia) used for particle size 

reduction of cane trash samples during laboratory scale experiments. 

 

 
Figure B.2: Paper Cutter used for particle size reduction of cane trash in the laboratory scale experiments. 
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Figure B.3: Heating bath, heater and pump used to maintain temperature during "Hot" laboratory scale 

experiments. 

 
Figure 4: Agitation of cane trash sample during hot leaching.  Leaching water was contained in the jug 

submersed in the hot water bath. 
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a) 
 
 

 
b) 

Figure B.5: a) Hydraulic press used to mill 
leached cane trash. b) Collection of expressed 

water from milling treatment. 

 
a) 
 

 
b) 

Figure B.6: a) Milling cane trash. b) Loading 
perforated cylinder for milling during laboratory 

scale experiments.
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Figure B.14: Sample collection cage (1 of 4) used to transport cane trash from the mill’s cane cleaning 
plant to the experiment site. 

 

 
Figure B.15: Mesh lined cage (1 of 2) used for leaching treatments of cane trash during the pilot scale 

experiments. 
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Figure B.16: Gas water heater used to heat the 
tank water for leaching treatments in the pilot 
scale experiments. 

 
 
 

 
Figure B.17: Leaching tank for the pilot scale 

experiments. 

 
 
 

 
Figure B.18: Campbell Scientific CR23X data 

logger and laptop used for measuring and 
recording cage mass and water temperature. 
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Figure B.19: Cuba mill used for removing moisture from leached cane trash samples during the pilot scale 
experiments. 
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Appendix C: Laboratory Scale Experimental Data and 
Calculations for Sugar Cane Trash Processing 
Investigation 
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Table C.1: Details of the mass balance calculations for the laboratory scale experiments. 

Treatment H-L-P H-S-P H-L-C H-S-C 
Description 1-A 1-B 1-C 2-A 2-B 2-C 3-A 3-B 3-C 4-A 4-B 4-C 
Overall System Mass Balance                         
Mass of Wet Cane Trash (g) 418.7   270.6 426.4   253.3 403.5   354.1 405.9   368.2 
Mass of Water (g)   2940.7 2272.5 671.6 3024.8 2339.8 757.8 2961.3 2602.3 322.0 2857.2 2624.8 229.3 
Overall Mass Balance (A/[B+C]) 1.045 1.030 1.026 1.013 
Dry Fiber Mass Balance                         
Mass of Dry Fiber (g)   174.77   130.73 177.98   130.73 143.08   150.94 143.93   154.35 
Suspended Solids (mg/L) 0.00 5943.54 819.85 0.00 5239.43 1849.12 0.00 1116.31 4705.97 0.00 638.34 3707.91 
Volume of Water (L)   2.94 2.27 0.67 3.02 2.34 0.76 2.96 2.60 0.32 2.86 2.62 0.23 
Mass of Sus. Solids in water (g) 0.00 13.51 0.55 0.00 12.26 1.40 0.00 2.90 1.52 0.00 1.68 0.85 
Dry Fiber Mass Balance (In/out) 1.207 1.233 0.921 0.917 
Ash Mass Balance                           
Ash in Dry Fiber (g/g)   0.09   0.11 0.09   0.10 0.12   0.11 0.12   0.11 
Mass of Dry Fiber (g)   174.77   130.73 177.98   130.73 143.08   150.94 143.93   154.35 
Mass of Ash (g)   15.76   14.50 16.05   12.48 17.06   16.12 17.16   16.48 
Mass of Sus. Solids (Ash) (g) 0.00 13.51 0.55 0.00 12.26 1.40 0.00 2.90 1.52 0.00 1.68 0.85 
Mass of Ash in Sus. Solids (g)   1.50     1.17     0.31     0.18   
Ash Balance (In/Out)   0.953 1.066 0.950 0.980 
Treatment C-L-P C-S-P C-L-C C-S-C 
Description 5-AS 5-B 5-C 6-AS 6-B 6-C 7-AS 7-B 7-C 8-AS 8-B 8-C 
Overall System Mass Balance                             
Mass of Wet Cane Trash (g) 417.8   252.4 396.8   237.0 415.6   351.1 413.2   356.7 
Mass of Water (g)   3036.0 2343.5 754.6 3026.6 2457.7 483.8 3010.2 2764.4 272.8 2982.8 2765.9 223.5 
Overall Mass Balance (A/[B+C]) 1.031 1.077 1.011 1.015 
Dry Fiber Mass Balance                         
Mass of Dry Fiber (g)   174.39   126.58 165.62   117.94 147.37   136.58 146.52   143.87 
Suspended Solids (mg/L) 0.00 4573.72 1145.89 0.00 4573.72 1145.89 0.00 745.90 629.65 0.00 460.73 3190.29 
Volume of Water (L)   3.04 2.34 0.75 3.03 2.46 0.48 3.01 2.76 0.27 2.98 2.77 0.22 
Mass of Sus. Solids in water (g) 0.00 10.72 0.86 0.00 11.24 0.55 0.00 2.06 0.17 0.00 1.27 0.71 
Dry Fiber Mass Balance (In/out) 1.262 1.277 1.062 1.005 
Ash Mass Balance                           
Ash in Dry Fiber (g/g)   0.09   0.09 0.09   0.10 0.12   0.09 0.12   0.09 
Mass of Dry Fiber (g)   174.39   126.58 165.62   117.94 147.37   136.58 146.52   143.87 
Mass of Ash (g)   15.73   11.63 14.94 0.00 12.35 17.57 0.00 12.44 17.47 0.00 12.85 
Mass of Sus. Solids (Ash) (g) 0.00 10.72 0.86 0.00 11.24 0.55 0.00 2.06 0.17 0.00 1.27 0.71 
Mass of Ash in Sus. Solids (g)   0.99     1.18     0.19     0.11   
Ash Balance (In/Out)   1.167 1.061 1.197 1.177 
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Figure C.1: Distribution of elements as a fraction of the initial mass for treatment H-S-P of the laboratory 
experiment. 
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Figure C.2: Distribution of elements as a fraction of the initial mass for treatment H-L-C of the laboratory 
experiment. 
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Figure C.3: Distribution of elements as a fraction of the initial mass for treatment H-S-C of the laboratory 

experiment. 
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Figure C.4: Distribution of elements as a fraction of the initial mass for treatment C-L-P of the laboratory 

experiment. 
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Figure C.5: Distribution of elements as a fraction of the initial mass for treatment C-S-P of the laboratory 

experiment. 
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Figure C.6: Distribution of elements as a fraction of the initial mass for treatment C-L-C of the 

laboratory experiment. 
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Table C.2: Element mass calculations from cane trash fiber treatments 1-4. 

Treatment     H-L-P H-S-P H-L-C H-S-C 
Description   1-Before 1-After 2-Before 2-After 3-Before 3-After 4-Before 4-After 
Elemental Mass Balance                 
Mass of Dry Fiber (g)   174.77 130.73 177.98 130.73 143.08 150.94 143.93 154.35 
Ash in Dry Fiber (g/g)   0.09 0.11 0.09 0.10 0.12 0.11 0.12 0.11 
Element Mass in Ash (g/g)                 

Si      0.2996 0.3621 0.2996 0.3786 0.3137 0.3502 0.3137 0.3456 
Al     0.0128 0.0297 0.0128 0.0160 0.0108 0.0077 0.0108 0.0059 
Ti      0.0017 0.0026 0.0017 0.0018 0.0017 0.0009 0.0017 0.0008 

Fe      0.0159 0.0208 0.0159 0.0170 0.0128 0.0073 0.0128 0.0062 
Ca      0.0575 0.0399 0.0575 0.0399 0.0465 0.0417 0.0465 0.0444 
Mg      0.0218 0.0073 0.0218 0.0069 0.0176 0.0145 0.0176 0.0162 
Na      0.0042 0.0061 0.0042 0.0020 0.0037 0.0030 0.0037 0.0042 

K      0.0784 0.0135 0.0784 0.0113 0.0787 0.0565 0.0787 0.0625 
P      0.0084 0.0023 0.0084 0.0027 0.0083 0.0065 0.0083 0.0081 
S      0.0140 0.0028 0.0140 0.0034 0.0085 0.0053 0.0085 0.0072 
Cl     0.0044 0.0003 0.0044 0.0002 0.0037 0.0003 0.0037 0.0003 

Element Mass in Fiber (g)                 
Si      4.7226 5.2500 4.8095 4.7264 5.3511 5.6449 5.3829 5.6969 
Al     0.2019 0.4305 0.2056 0.1995 0.1850 0.1237 0.1861 0.0968 
Ti      0.0265 0.0374 0.0269 0.0225 0.0297 0.0145 0.0298 0.0128 

Fe      0.2503 0.3012 0.2549 0.2122 0.2183 0.1184 0.2196 0.1026 
Ca      0.9058 0.5782 0.9225 0.4979 0.7923 0.6717 0.7970 0.7317 
Mg      0.3442 0.1058 0.3505 0.0858 0.2993 0.2333 0.3011 0.2665 
Na      0.0667 0.0882 0.0679 0.0250 0.0633 0.0478 0.0636 0.0685 

K      1.2354 0.1962 1.2581 0.1410 1.3422 0.9100 1.3502 1.0305 
P      0.1321 0.0329 0.1345 0.0338 0.1422 0.1041 0.1430 0.1331 
S      0.3146 0.0784 0.3204 0.1569 0.2719 0.2113 0.2735 0.1235 
Cl     0.7637 0.0327 0.7778 0.0301 0.5280 0.0408 0.5311 0.0432 
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Table C.3: Element mass calculations from cane trash fiber treatments 5-8. 

Treatment ID: C-L-P C-S-P C-L-C C-S-C 
Sample 
Point:     5-Before 5-After 6-Before 6-After 7-Before 7-After 8-Before 8-After 
Elemental Mass Balance                 
Mass of Dry Fiber (g)   174.39 126.58 165.62 117.94 147.37 136.58 146.52 143.87
Ash in Dry Fiber 
(g/g)   0.09 0.09 0.09 0.10 0.12 0.09 0.12 0.09
Element Mass in Ash (g/g)                 

Si      0.300 0.380 0.300 0.377 0.314 0.343 0.314 0.337 
Al     0.013 0.014 0.013 0.012 0.011 0.004 0.011 0.007 
Ti      0.002 0.002 0.002 0.002 0.002 0.001 0.002 0.001 

Fe      0.016 0.016 0.016 0.017 0.013 0.006 0.013 0.008 
Ca      0.057 0.039 0.057 0.043 0.046 0.043 0.046 0.044 
Mg      0.022 0.007 0.022 0.007 0.018 0.014 0.018 0.015 
Na      0.004 0.002 0.004 0.001 0.004 0.003 0.004 0.006 

K      0.078 0.014 0.078 0.014 0.079 0.073 0.079 0.072 
P      0.008 0.003 0.008 0.003 0.008 0.011 0.008 0.009 
S      0.014 0.003 0.014 0.004 0.008 0.008 0.008 0.007 
Cl     0.004 0.000 0.004 0.000 0.004 0.003 0.004 0.003 

Element Mass in Fiber (g)                 
Si      4.712 4.415 4.476 4.651 5.512 4.267 5.480 4.326 
Al     0.201 0.158 0.191 0.145 0.191 0.048 0.189 0.094 
Ti      0.026 0.021 0.025 0.021 0.031 0.010 0.030 0.013 

Fe      0.250 0.189 0.237 0.205 0.225 0.074 0.224 0.097 
Ca      0.904 0.452 0.858 0.528 0.816 0.531 0.811 0.561 
Mg      0.343 0.077 0.326 0.092 0.308 0.175 0.307 0.190 
Na      0.067 0.023 0.063 0.017 0.065 0.043 0.065 0.071 

K      1.233 0.166 1.171 0.171 1.382 0.913 1.375 0.930 
P      0.132 0.038 0.125 0.041 0.146 0.134 0.146 0.112 
S      0.314 0.101 0.298 0.153 0.280 0.191 0.278 0.345 
Cl     0.762 0.039 0.724 0.041 0.544 0.402 0.541 0.397 
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Table C.4: Element mass calculations based on ICP-MS analysis for laboratory scale treatments 1-4. 

Treatment 
ID: 1 (Hot/Long/Pulverized) 2 (Hot/Short/Pulverized) 3 (Hot/Long/Chopped) 4 (Hot/Short/Chopped) 
Sample 
Point: A B C A B C A B C A B C 
Mass of 
Water (g) 2940.70 2272.50 671.60 3024.80 2339.80 757.80 2961.30 2602.30 322.00 2857.20 2624.80 229.30
Density of 
Liquid 
(kg/L) 1.000 1.000 1.008 1.000 1.001 1.008 1.000 1.000 0.999 1.000 1.000 0.994 
Volume of 
Water (L) 2.941 2.273 0.666 3.025 2.338 0.752 2.961 2.602 0.322 2.857 2.625 0.231 
Element Concentrations (mg/L) 

Si  16.93 27.80 29.02 16.46 21.88 22.88 13.80 35.15 59.19 13.71 20.26 51.89 
Al 0.01 0.42 0.61 0.04 0.35 0.46 0.04 1.14 2.45 0.04 0.63 1.44 
Ti  0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.05 0.09 0.00 0.03 0.08 
Fe  0.04 3.18 12.85 0.05 5.39 9.98 0.12 0.94 13.22 0.09 0.55 22.56 
Ca  14.97 222.60 220.20 16.04 194.80 219.80 13.22 51.67 264.20 12.80 27.66 299.30
Mg  19.78 145.20 144.20 21.13 130.30 144.70 28.16 48.45 214.90 30.14 34.04 254.30
Na  40.35 59.46 63.29 41.47 58.10 62.02 40.30 58.02 69.24 40.46 52.74 74.69 
K  3.70 505.20 492.00 4.49 463.80 476.40 3.97 108.20 673.80 3.78 52.14 856.00
P  0.05 38.40 37.90 0.07 33.70 38.10 0.05 6.97 43.60 0.04 2.48 47.20 
S  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Cl 91.53 390.60 384.00 95.29 370.90 374.80 93.45 165.90 537.40 93.03 126.30 678.20
Element Mass in liquids (g) 

Si  0.050 0.063 0.019 0.050 0.051 0.017 0.041 0.091 0.019 0.039 0.053 0.012 
Al 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.003 0.001 0.000 0.002 0.000 
Ti  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe  0.000 0.007 0.009 0.000 0.013 0.008 0.000 0.002 0.004 0.000 0.001 0.005 
Ca  0.044 0.506 0.147 0.049 0.455 0.165 0.039 0.134 0.085 0.037 0.073 0.069 
Mg  0.058 0.330 0.096 0.064 0.305 0.109 0.083 0.126 0.069 0.086 0.089 0.059 
Na  0.119 0.135 0.042 0.125 0.136 0.047 0.119 0.151 0.022 0.116 0.138 0.017 
K  0.011 1.148 0.328 0.014 1.084 0.358 0.012 0.282 0.217 0.011 0.137 0.197 
P  0.000 0.087 0.025 0.000 0.079 0.029 0.000 0.018 0.014 0.000 0.007 0.011 

Cl 0.269 0.888 0.256 0.288 0.867 0.282 0.277 0.432 0.173 0.266 0.332 0.156 
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Table C.5: Element mass calculations based on ICP-MS analysis for laboratory scale treatments 5-8. 

Treatment 
ID: 5 (Cold/Long/Pulverised) 6 (Cold/Short/Pulverised) 7 (Cold/Long/Chopped) 8 (Cold/Short/Chopped) 
Sample 
Point: A B C A B C A B C A B C 
Mass of 
Water (g) 3036.00 2343.50 754.60 3026.60 2457.70 483.80 3010.20 2764.40 272.80 2982.80 2765.90 223.50 
Density of 
Liquid 
(kg/L) 1.000 1.000 0.971 1.000 0.996 0.979 1.000 1.000 0.984 1.000 1.000 1.000 
Volume of 
Water (L) 3.036 2.343 0.777 3.027 2.467 0.494 3.010 2.764 0.277 2.983 2.766 0.224 
Element Concentrations (mg/L) 

Si  19.51 24.44 24.90 19.51 23.22 24.84 19.51 23.13 37.22 19.51 20.81 44.25 
Al 0.01 0.30 0.39 0.01 0.26 0.37 0.01 1.08 0.34 0.01 0.74 0.59 
Ti  0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.04 0.01 0.00 0.03 0.02 
Fe  0.01 7.34 13.49 0.01 5.50 12.53 0.01 0.85 11.84 0.01 0.49 17.85 
Ca  14.66 196.70 205.90 14.66 162.30 213.70 14.66 36.42 246.20 14.66 25.99 293.80 
Mg  14.58 125.10 131.20 14.58 100.10 139.30 14.58 28.33 170.90 14.58 21.85 209.30 
Na  38.26 57.72 61.85 38.26 54.52 63.88 38.26 52.70 66.58 38.26 50.40 80.37 
K  3.38 434.30 458.70 3.38 404.30 462.20 3.38 72.70 923.60 3.38 39.05 1079.00
P  0.04 28.00 27.80 0.04 24.20 30.30 0.04 3.41 44.50 0.04 1.97 57.00 
S  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Cl 82.36 344.50 355.50 82.36 334.30 358.70 82.36 137.50 624.80 82.36 116.00 715.60 
Element Mass in liquids (g) 

Si  0.059 0.057 0.019 0.059 0.057 0.012 0.059 0.064 0.010 0.058 0.058 0.010 
Al 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.003 0.000 0.000 0.002 0.000 
Ti  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe  0.000 0.017 0.010 0.000 0.014 0.006 0.000 0.002 0.003 0.000 0.001 0.004 
Ca  0.045 0.461 0.160 0.044 0.400 0.106 0.044 0.101 0.068 0.044 0.072 0.066 
Mg  0.044 0.293 0.102 0.044 0.247 0.069 0.044 0.078 0.047 0.043 0.060 0.047 
Na  0.116 0.135 0.048 0.116 0.135 0.032 0.115 0.146 0.018 0.114 0.139 0.018 
K  0.010 1.017 0.357 0.010 0.997 0.228 0.010 0.201 0.256 0.010 0.108 0.241 
P  0.000 0.066 0.022 0.000 0.060 0.015 0.000 0.009 0.012 0.000 0.005 0.013 

Cl 0.250 0.807 0.276 0.249 0.825 0.177 0.248 0.380 0.173 0.246 0.321 0.160 
 

Table C.6: Balance of element masses (in/out) for the laboratory scale treatments. 

ID 1 2 3 4 5 6 7 8 
Treatment H-L-P H-S-P H-L-C H-S-C C-L-P C-S-P C-L-C C-S-C 

Si  89.50% 101.35% 93.68% 94.10% 106.24% 96.06% 128.32% 126.06%
Al 46.76% 102.51% 145.26% 188.46% 127.02% 131.15% 372.55% 197.40%
Ti  70.74% 119.83% 202.44% 230.65% 125.99% 120.84% 311.15% 230.46%
Fe  79.01% 109.79% 174.80% 201.20% 115.40% 105.69% 282.45% 218.37%
Ca  77.18% 86.81% 93.28% 95.46% 88.38% 87.33% 122.92% 122.40%
Mg  75.65% 83.00% 89.28% 93.43% 82.10% 90.89% 117.19% 117.83%
Na  69.80% 93.18% 82.57% 79.97% 88.42% 97.54% 86.90% 78.18%
K  74.53% 80.31% 96.11% 99.73% 80.71% 84.54% 101.65% 108.24%
P  90.93% 95.40% 104.40% 95.11% 105.73% 107.86% 94.02% 111.79%
Cl 87.81% 90.41% 124.63% 150.04% 90.16% 93.27% 82.92% 89.57%
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Appendix D: Pilot Scale Experimental Data and 
Calculations for Sugar Cane Trash Processing 
Investigation 
Leachate and Milling Water Balance 

In the Cane Trash Processing investigation, analytical methods were employed to 
determine concentrations of major and minor elements and thereby track them throughout 
the treatment process.  Liquid components were analyzed using inductively-coupled 
plasma mass spectrometry (ICP-MS).  The suite of elements that are included in the 
analysis are listed in Table D.1. 

 
Table D.1: Suite of Major and Minor Elements Considered in Cane Trash Processing Investigation. 

Major Elements Minor (Trace) Elements 
Symbol Name Symbol Name 

Al  Aluminum B Boron 
Ca Calcium Ba Barium 
Fe  Iron Be  Beryllium 
K  Potassium Cd  Cadmium 

Mg Magnesium Co Cobalt 
Na Sodium Cr  Chromium 
P Phosphorus Cu  Copper 
Si Silicon Mn  Manganese 

Mo  Molybdenum 
Ni  Nickel 
Pb  Lead 
Sn  Tin 
Sr  Strontium 
V  Vanadium 

Ti Titanium 

Zn  Zinc 
 

 The total mass of water used during leaching was calculated from the tank 
dimensions and depth of water read off of a measure submerged in the tank before and 
after the samples were treated.  The tank dimensions are 3.66m length by 1.22m width.  
The first test of the pilot scale experiment (60ºC leach water, 1minute leach duration) will 
be used to present the calculation method.  The tank depths for the first test were 
recorded as 1.08m before leaching and 1.07m after leaching for total clean (Vtank,before) 
and leach (Vtank,after) water volumes of 4.83m3 and 4.77m3 respectively.  Thus, the volume 
of water absorbed by the cane trash during leaching (VH2O,add) is: 
 

LmVVV beforekafterkaddOH 6.560566.0 3
,tan,tan,2 ==−=  

 
Knowing the concentration in mg/l of the elements from the ICP-MS analysis, the mass 
of each element in the water tank before leaching can be found.  The mass of Potassium 
entering the experimental system in the clean water is: 
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mgKLLmgVCM beforekAKOcleanHK 1511248280/13.3,tan,2, =×=×=  

 
Where A describes the water sampled before leaching, B the water after leaching and C 
the water that was expressed during the milling process in the Cuba Mill.  Continuing 
with Potassium as an example, the concentration was determined from samples of the 
tank water after leaching the cane trash.  Thus, the mass of Potassium leaving the system 
as excess leachate is: 
 

mgKLLmgVCM afterkBKOleachHK 567634770/9.11,tan,2, =×=×=  
 

 
The Potassium removed during milling of the leached cane trash involves a 

similar analysis.  The mass of water expressed from the cane trash using the Cuba mill 
was weighed on site.  Samples were then taken and the excess was discarded.  For the 
first test, 60ºC leaching water and 1minute soaking time, the total mass of expressed 
liquid was 97.18kg.  The density of the sample was measured by weighing a known 
volume of the sample and found to be 911.39kg/m3. Thus the total volume of the 
expressed water is 106.6L.  So the mass of Potassium contained in the expressed water 
can be determined. 

 
mgKLLmgVCM ressedCKCK 688646.106/646exp,, =×=×=  

 
The three masses; Mk,A, MK,B, MK,C, represent the inputs (A) and outputs (B,C) to the 
system over the course of the treatments and, when compared with the Potassium in the 
untreated and treated cane trash fiber, can be used to determine the overall closure of the 
experimental system.  A closed system would allow determination of the percentage of 
each element that was removed from the cane trash by the treatment to be determined. 
 
The tables showing the entire suite of elements for each of the four tests can be found 
below as Tables D.2-D.3.   
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Table D.2: Concentration of elements in liquid samples from the pilot scale tests in mg/L 

1 2 3 4 Major 
1-A 1-B 1-C 2-A 2-B 2-C 3-A 3-B 3-C 4-A 4-B 4-C 

Al  0.38 6.95 59.27 0.10 13.09 63.35 0.07 6.87 83.39 0.10 2.02 61.81 
Ca 24.85 23.77 332.61 26.79 30.12 429.25 25.45 28.10 501.54 21.08 22.07 282.84 
Fe  0.79 6.89 328.22 0.48 12.35 284.95 0.22 6.29 401.90 0.38 2.04 273.79 
K  3.13 11.86 646.33 3.84 20.48 615.26 3.45 8.23 475.32 2.75 10.22 619.42 

Mg 15.21 16.69 311.07 18.81 20.87 320.64 18.67 19.09 390.68 14.59 15.63 253.87 
Na 41.64 44.51 185.97 51.35 55.49 192.12 53.16 53.17 227.96 36.95 40.62 147.59 
P 0.09 0.37 9.89 0.07 0.47 4.76 0.05 0.19 3.90 0.07 0.16 5.97 
Si 23.43 31.74 126.18 21.83 33.96 119.43 23.93 30.64 135.25 22.92 25.40 122.54 
Ti 0.06 0.94 18.06 0.01 1.58 11.12 0.01 0.91 25.82 0.02 0.25 12.53 

Minor 
B 0.0182 0.0416 1.1067 0.0179 0.0739 0.9970 0.0187 0.0301 1.1151 0.0139 0.0267 0.7130 

Ba 0.0113 0.0451 2.5496 0.0110 0.0881 2.8432 0.0090 0.0394 2.4853 0.0073 0.0238 1.4365 
Be  <0.0005 <0.0005 0.0070 <0.0005 0.0008 0.0063 <0.0005 <0.0005 0.0062 <0.0005 <0.0005 0.0062 
Cd  <0.0001 <0.0001 0.0073 <0.0001 <0.0001 0.0073 0.0002 <0.0001 0.0110 0.0001 0.0001 0.0063 
Co <0.001 0.0062 1.5593 0.0018 0.0100 2.5600 <0.001 0.0031 4.0073 <0.001 0.0021 1.4962 
Cr  0.0017 0.0109 0.1324 0.0015 0.0158 0.1423 0.0025 0.0116 0.1507 0.0020 0.0058 0.1158 
Cu  0.0180 0.0274 0.4882 0.0110 0.0206 0.2924 0.0013 0.0034 0.1499 0.0015 0.0032 0.2481 
Mn  0.0345 0.1701 25.8826 0.0331 0.3506 30.8149 0.0080 0.1390 56.0068 0.0127 0.0963 18.4800
Mn  0.0370 0.1722 25.7122 0.0353 0.3506 30.8610 0.0108 0.1419 56.3341 0.0154 0.0985 18.5982
Mo  0.0069 <0.005 0.1212 0.0076 <0.005 0.1555 0.0061 0.0078 0.2198 0.0064 <0.005 0.1032 
Ni  0.0043 0.0191 0.7775 0.0050 0.0339 1.2351 0.0037 0.0188 2.0586 0.0039 0.0086 0.7888 
Pb  <0.001 0.0028 0.0158 <0.001 <0.001 0.0162 0.0051 <0.001 0.0262 <0.001 <0.001 0.0143 
Sn  0.0134 <0.001 0.0409 <0.001 <0.001 0.0112 <0.001 <0.001 0.0293 0.0014 <0.001 0.0533 
Sr  0.1512 0.1669 3.8319 0.1670 0.2326 4.6343 0.1721 0.1918 5.3190 0.1318 0.1500 3.4359 
V  0.0233 0.0350 1.6013 0.0202 0.0409 1.6599 0.0254 0.0347 3.1516 0.0208 0.0234 1.2890 

Zn  0.1949 0.2418 8.1725 0.4035 0.3641 3.4936 0.0606 0.0754 2.1486 0.0678 0.1035 1.8429 
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Table D.3: Calculated masses of elements in leaching tank before and after leaching and after milling of the cane trash.  Trace elements were omitted since none are 
reported in the fuel characterization. 

1 (Hot/Short) 2 (Hot/Long) 3 (Cold/Short) 4 (Cold/Long) Treatment ID: 
A B C A B C A B C A B C 

Mass of Water 
(Tank/Expr.) (kg) 4828.02 4771.39 97.18 4700.60 4643.96 108.55 4941.29 4898.81 117.36 4799.71 4757.23 110.91 
Density of Liquid (B or C) 
(kg/L) 1.000 1.000 0.911 1.000 1.000 1.000 1.000 1.000 1.008 1.000 1.000 1.000 
Volume of Water 
(Tank/Expr.) (L) 4828.02 4771.39 106.63 4700.60 4643.96 108.49 4941.29 4898.81 116.48 4799.71 4757.23 110.93 
Concentrations (mg/L) 

Si 23.43 31.74 126.18 21.83 33.96 119.43 23.93 30.64 135.25 22.92 25.40 122.54 
Al 0.38 6.95 59.27 0.10 13.09 63.35 0.07 6.87 83.39 0.10 2.02 61.81 
Ti 0.06 0.94 18.06 0.01 1.58 11.12 0.01 0.91 25.82 0.02 0.25 12.53 

Fe 0.79 6.89 328.22 0.48 12.35 284.95 0.22 6.29 401.90 0.38 2.04 273.79 
Ca 24.85 23.77 332.61 26.79 30.12 429.25 25.45 28.10 501.54 21.08 22.07 282.84 
Mg 15.21 16.69 311.07 18.81 20.87 320.64 18.67 19.09 390.68 14.59 15.63 253.87 
Na 41.64 44.51 185.97 51.35 55.49 192.12 53.16 53.17 227.96 36.95 40.62 147.59 

K 3.13 11.86 646.33 3.84 20.48 615.26 3.45 8.23 475.32 2.75 10.22 619.42 
P 0.09 0.37 9.89 0.07 0.47 4.76 0.05 0.19 3.90 0.07 0.16 5.97 

Cl 84.26 93.00 568.89 112.02 118.20 670.85 105.58 110.29 536.22 78.02 84.29 539.47 
Mass in liquids (kg) 

Si 0.1131 0.1514 0.0135 0.1026 0.1577 0.0130 0.1182 0.1501 0.0158 0.1100 0.1209 0.0136 
Al 0.0018 0.0332 0.0063 0.0005 0.0608 0.0069 0.0004 0.0337 0.0097 0.0005 0.0096 0.0069 
Ti 0.0003 0.0045 0.0019 0.0001 0.0073 0.0012 0.0001 0.0045 0.0030 0.0001 0.0012 0.0014 

Fe 0.0038 0.0329 0.0350 0.0023 0.0574 0.0309 0.0011 0.0308 0.0468 0.0018 0.0097 0.0304 
Ca 0.1200 0.1134 0.0355 0.1259 0.1399 0.0466 0.1258 0.1377 0.0584 0.1012 0.1050 0.0314 
Mg 0.0734 0.0796 0.0332 0.0884 0.0969 0.0348 0.0922 0.0935 0.0455 0.0700 0.0743 0.0282 
Na 0.2010 0.2124 0.0198 0.2414 0.2577 0.0208 0.2627 0.2605 0.0266 0.1773 0.1933 0.0164 

K 0.0151 0.0566 0.0689 0.0181 0.0951 0.0668 0.0171 0.0403 0.0554 0.0132 0.0486 0.0687 
P 0.0004 0.0018 0.0011 0.0003 0.0022 0.0005 0.0003 0.0009 0.0005 0.0003 0.0008 0.0007 

Cl 0.4068 0.4437 0.0607 0.5265 0.5489 0.0728 0.5217 0.5403 0.0625 0.3745 0.4010 0.0598 
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Figure D.1: Breakdown of liquids by elemental constituent. a) Silicon b) Aluminum c) Titanium d) Iron
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Figure D.2: Continuation of liquid sample breakdown. (a)Calcium (b) Magnesium (c) Sodium (d) Potassium 
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Figure D.3: Continuation of liquid sample breakdown.  (a) Phosphorus (b) Chlorine 
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Fuel Ash Balance 
 The Cane Trash was treated by first leaching the sample in water at two 
temperatures and two durations and then milling to obtain approximately 50% moisture 
(the upper moisture limit of the HC&S boiler).  Masses of fiber and water were tracked 
and balanced during the course of the procedure.  Once the treated cane trash had been 
processed through the Cuba Mill, samples were taken and sent to Hazen Research Inc. in 
Golden, Colorado for analysis.  There, the samples were dried and analyzed to determine 
a variety of characteristics including ultimate and proximate make-up, elemental ash 
composition, higher heating value, water soluble alkalis and ash fusion temperatures.  
The complete results for the pilot scale tests are shown in Tables D.4 and D.5. 

Table D.4: Fuel Characterization of Samples of Cane Trash Before and After Pilot Scale Treatments 
(Results from Hazen Research Inc. Laboratories in Golden, Colorado) 

Description: Hot/Short Hot/Long Cold/Short Cold/Long 
ID #: 1-U 1-HS 2-U 2-HL 3-U 3-CS 4-U 4-CL 
Moisture 
Content 
(sampled) 70.72 61.59 63.29 54.19 71.97 52.97 70.95 55.98 
Proximate Analysis (% dry basis) 
Ash 15.93 24.88 18.34 27.51 18.28 39 13.52 29.63 
Volatile 72.11 64.19 67.98 64.04 70.14 58.29 73.95 61.02 
Fixed C 11.96 10.93 13.68 8.45 11.58 2.71 12.53 9.35 
  100 100 100 100 100 100 100 100 
HHV (BTU/lb) 6880 6109 6678 5866 6719 4773 7169 5759 
(MJ/kg) 16.03 14.23 15.56 13.67 15.66 11.12 16.70 13.42 
Ultimate Analysis (% dry basis) 
C 46.34 40.42 43.79 39.85 44.69 33.17 45.75 38.29 
H 4.67 5.13 5.46 3.97 4.39 3.33 4.61 3.77 
N 0.35 0.24 0.31 0.26 0.29 0.2 0.32 0.23 
S 0.1 0.09 0.1 0.08 0.09 0.06 0.09 0.07 
Ash 15.93 24.88 18.34 27.51 18.28 39 13.52 29.63 
O (by diff) 32.61 29.24 32 28.33 32.26 24.24 35.71 28.01 
                  
Cl 0.176 0.105 0.192 0.071 0.285 0.081 0.233 0.092 
Elemental Analysis of Ash (% dry basis) 
SiO2 61.22 49.69 56.78 45.2 46.26 43.39 56.16 45.43 
Al2O3 12.8 16.74 14.64 19.38 19.53 20.89 14.59 19.19 
TiO2 2.52 3.8 3.14 4.45 4.07 4.18 2.78 4.79 
Fe2O3 9.69 15.07 11.82 16.61 16.62 17.64 11.19 17.92 
CaO 4.02 4.79 5.26 2.63 4.64 5.34 3.88 4.72 
MgO 1.55 2.62 2.62 1.68 2.95 3.51 1.7 2.87 
Na2O 0.87 0.97 1.08 0.71 1.06 1.16 1.02 1.06 
K2O 2.38 1.81 1 3.15 1.04 1.01 4.61 1.34 
P2O5 0.56 0.44 0.48 0.42 0.54 0.4 0.63 0.42 
SO3 0.93 0.53 1.01 0.29 0.69 0.22 1.25 0.3 
Cl 0.05 0.02 0.1 0.31 0.31 0.02 0.3 0.03 
CO2 0.18 0.09 0.12 0.71 0.09 0.09 0.16 0.08 
Undetermined 3.23 3.43 1.95 4.46 2.2 2.15 1.73 1.85 
Total 96.77 96.57 98.05 95.54 97.8 97.85 98.27 98.15 
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Table D.5: Ash fusion temperatures and concentration of water soluble alkalis as determined by Hazen 

Research Inc. (Boulder Colorado). 

Ash Fusion Temperature (C) 
Oxidizing Atmosphere 
Initial 1262.78 1216.67 1265.56 1239.44 1272.22 1251.11 1206.11 1466.11
Softening 1277.78 1249.44 1288.89 1247.78 1312.78 1266.11 1273.89 1260.56
Hemispherical  1295.00 1260.00 1306.67 1271.67 1327.78 1297.78 1281.11 1277.22
Fluid 1328.33 1277.22 1326.11 1278.89 1340.56 1311.67 1287.22 1303.33
Reducing Atmosphere 
Initial 1260.00 1234.44 1260.00 1239.44 1275.56 1231.11 1221.11 1257.22
Softening 1288.89 1243.89 1295.56 1247.22 1284.44 1243.33 1261.11 1265.00
Hemispherical  1302.78 1250.56 1301.11 1263.89 1312.78 1249.44 1298.89 1278.89
Fluid 1327.22 1260.00 1318.89 1272.22 1318.89 1266.11 1307.78 1307.78
Water Soluble Alkalis 
Na2O 0.100 0.054 0.094 0.044 0.090 0.065 0.088 0.052 
K2O 0.320 0.248 0.349 0.150 0.581 0.187 0.450 0.206 

 
Using the elemental ash analysis of the fuels, a balance of elements was carried 

out on the solid samples for comparison to the liquid samples.  Considering again the first 
test (ID# 1), the mass of dry matter was found using the moisture content of a sample of 
the material. 
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After the treatment, the sample weight and moisture content showed the mass of dry 
matter to be 59.74kg.  The loss of dry matter is primarily attributed to rocks and debris 
being removed during the milling process.  The fraction of each element in its respective 
oxide form must also be known since the ash elements are reported as oxides.  Potassium 
oxide (K2O), for example, contains approximately 83% potassium.  So, the amount of 
potassium in the cane trash before and after the treatments can be calculated. 
 

kgKkgM

M
OKinKtterAshinDryMaOinAshK

M

AK

drymatterAK

2237.009.71
%100
%83

%100
%93.15

%100
%38.2

%100
%

%100
%

%100
%

,

22
,

=×××=

×××=
 

 
Similarly, the mass of Potassium in the cane trash sample after the treatment was 
calculated to be MK,B=0.2234kgK.  Therefore, it can be concluded that by treating the 
fuel sample, the mass of Potassium that was removed from the cane trash was 320.75mg.  
The remaining elements considered in the calculation are contained in the following table 
(Table D.5).  Clearly, many of the elements appear to gain alkalis during the treatment.  
The reason for this and its implications are discussed in detail in the main report.  Note 
also that Sulfur (S), Carbon (C) and Chlorine were calculated based on the breakdown of 
the fuel because their percentage in the dry ash is too small to be determined reliably. 
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Table D.6: Comparison of Elemental Masses Before and After Pilot Scale Treatments of Cane Trash Samples. 

Treatment #: 1 2 3 4 
Description: Untreated Hot/Short Untreated Hot/Long Untreated Cold/Short Untreated Cold/Long 

Mass of Dry Fiber (kg) 71.073 59.744 115.328 73.156 93.663 80.664 74.363 65.327 
Ash in Dry Fiber (kg/kg) 0.159 0.249 0.183 0.275 0.183 0.390 0.135 0.296 
Element Mass in Ash (kg/kg) 

Si 0.2862 0.2323 0.2654 0.2113 0.2162 0.2028 0.2625 0.2124 
Al 0.0677 0.0886 0.0775 0.1026 0.1034 0.1106 0.0772 0.1016 
Ti 0.0151 0.0228 0.0188 0.0267 0.0244 0.0251 0.0167 0.0287 

Fe 0.0678 0.1054 0.0827 0.1162 0.1162 0.1234 0.0783 0.1253 
Ca 0.0287 0.0342 0.0376 0.0188 0.0332 0.0382 0.0277 0.0337 
Mg 0.0093 0.0158 0.0158 0.0101 0.0178 0.0212 0.0103 0.0173 
Na 0.0065 0.0072 0.0080 0.0053 0.0079 0.0086 0.0076 0.0079 

K 0.0198 0.0150 0.0083 0.0262 0.0086 0.0084 0.0383 0.0111 
P 0.0024 0.0019 0.0021 0.0018 0.0024 0.0017 0.0027 0.0018 
S  0.001 0.0009 0.001 0.0008 0.0009 0.0006 0.0009 0.0007 

Cl 0.0018 0.0011 0.0019 0.0007 0.0029 0.0008 0.0023 0.0009 
Element Mass in Fiber (kg) 

Si 3.24 3.45 5.61 4.25 3.70 6.38 2.64 4.11 
Al 0.77 1.32 1.64 2.06 1.77 3.48 0.78 1.97 
Ti 0.17 0.34 0.40 0.54 0.42 0.79 0.17 0.56 

Fe 0.77 1.57 1.75 2.34 1.99 3.88 0.79 2.43 
Ca 0.33 0.51 0.80 0.38 0.57 1.20 0.28 0.65 
Mg 0.11 0.23 0.33 0.20 0.30 0.67 0.10 0.34 
Na 0.07 0.11 0.17 0.11 0.13 0.27 0.08 0.15 

K 0.22 0.22 0.18 0.53 0.15 0.26 0.38 0.22 
P 0.03 0.03 0.04 0.04 0.04 0.05 0.03 0.04 
S  0.07 0.05 0.12 0.06 0.08 0.05 0.07 0.05 

Cl 0.13 0.06 0.22 0.05 0.27 0.07 0.17 0.06 
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