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THERMOGRAVIMETRIC ANALYSIS OF SOLID
REFUSE-DERIVED FUELS AND COAL

1 INTRODUCTION

Background

Numerous studies have indicated the potential for using solid-
phase , densified., refuse-derived fuel (DRDF) as a coal supplement in
milita ry-scale central heating and power plants equipped with mechanical
stokers.’7 Al though several short-term tests cofiring DRDF and coal
have been conducted , few data have been col l ected that indicate what
furnace modifications are required to maintain rated capacity through a
boiler ’s projected functional life , while using economic quantities of
DRDF .8’°

1 S• A. Hathaway and R. 3. Dealy, Technology Evaluation of Army-Scale
Waste-to-Energy Systems, Interim Report E-1lO/ADA0425Th (U.S. Army

2 Construction Engineering Research Laboratory tCERL] , ~July 1977).
A. 3. Buonicore and 3. P. Walt z, District Heating with Refuse-Derived
Fuel at Wright—Patterson Air Force Base (Wright—Patterson Air Force

~ 
Base, September 1975).
P. Kong, M. Lee, and S. A. Hathaway , Fuels: State of the Art in In-
dustrial Utilization , Technical Report E-135/ADA063239 (CERL , August

~ 
1978).
S. A. Hathaway , Recovery of Energy From Solid Waste at Army Instal la-
tions. Technical Ilanuscri pt E-118/ADAO44814 (CERL August 1977).
H. I. Hollander , Processed Refuse: A Salvage Fue~ for Existing Boil -

6 ers (Gilbert Associates , 1977).
FC G. Ri go, S. A. Hathaway , and F. C. Hildebrand , Preparation and
Use of Refuse-Derived Fuels in Industrial Scale App lications , Confer— F
ence Papers of First International Conference and Technical Ex—
hibition on Conversion of Refuse to Energy , New York (1976).
The Feasibilit y of Resource Recovery of Federal Solid Waste in the

8 Washington , D.C. SMSA (National Center for Resource Recovery , 1978).
CAPT J. ~J. Jackson~~~ Bioenv i ronnental Study of Emiss ions from
Refuse—Derived Fuel, (JSAF Environmental Health Laboratory Report 76M- r- 

-

2 (McCle ll an AFB , 1976).
Solid Waste Fuel Modification s: Second Series Burn Tests - Final

10 Report (Eugene Water & Electric Board , 1974).
A Field Test Using Coal :d-RDF Blends in Spreader Stoker Fired Boilers
(Systems Technology Corp., 1978).
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Claims that DRDF burns similarly to coal imply that no furnace mod-
ifications are necessary and lead to the conclusion that an i nexpensive
fuel supplement can be used with little or no capital cost and operating
adjustments.’’ Conversely, other work in industrial-scal e fuel substi-
tution suggests that substantial furnace modifications , at proportional
costs, are requi red if DRDF is to be cofi red in coal-designed boilers .12~~~
The latter claim is supported by the fact that DRDF contains a great deal
of cellulose and therefore has a different chemistry from coa l , which i~more para finic; thus , it can be expected to behave differently in high-
tempera ture furnace environments .~~~

8

Work in determining the combustion properties of simulated and
shredded m unicipa l refuse and separate investigations into the reac—
tivity and gasification characteristics of high-cellulose waste materi - - -

als F~ave shown that combustion rate is one key factor in determinin g the
efficacy of using waste fuels such as DRDF in furnaces designed for con-
ventional fossil fuels.19 ’2° The desi gn and performance i mpacts of
cofiring l ow— and high— reactivity fuels in a vessel designed exclusively

A Field Test Using Coal :d-RDF Blends in Spreader Stoker Fired
12 Boilers.A. Frendberg, Performance Characteristics of Existing Utility Boilers
13 When Fired with Low-Btu Gas (Babcock and Wilcox Co., 1974).
CTT~ Thichards, “Conver~Thn to Coal - Fact or Fiction?” Conbustion

14 (April 1978).S. A. Hathaway and R. 3. flealy, Technolo~y Evaluation of Army-ScaleWaste-to—Energy Systems, Interim Report E-11O/ADA042578 (CERL , JuTi~
15 1977).E. M. Honi-ig , Jr., and S. A. Hathaway , Application of Modern Coal

Technologies to Military Facilities , Interim Report E-13O/ADAOSSS6O
16 (CERL , May 1978).

Incinerator Overfire Mixing Demonstration (A. D. Little Co.,
17 1975).E. R. Ka iser , “Physical Character of Municipal Refuse ,”
18 Combustion (February 1977).S. A. Hathaway , Recovery of Energy From Solid Waste at Army In—

stallations , Technical Manuscript E—118/ADA044814 (CERL, August
19 1977).J. E. L. Rogers, Solid Fuel Combustion and Its Application to the

Incineration of Solid Refuse, Sc.D. Thesis (Massachusetts Insti—
20 tute of Technol ogy, 1973).

React ivity and Gasifi cat ion Characterist ics of Low Rank ing Coa ls
and Potentiall y Reduc ing Waste ilaterials (Pittsburgh Energy Re—
search Center Report PERC/RI-72/2 , 1976).

8
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for either have been shown to be potentially dramatic. 2 1 ,22 While there
is substantial information regarding the reactivity of North American
coals , there are no similar data for DRDF.2 3 ,2k

This gap in design—rel ated information creates considerable risk in
implementing military -scale DRDF systems. Without furnace modification ,
using DREW may result in boiler derating and consequent severe impacts
on both the mission and economics of instal l ation heating or power plant
operations. Similarly, unnecessary furnace modifications to cofire PROF
would also result in financial loss.

Objective

The objective of this investigation was to compare the ignition and
combustion rates of DRDF and coal .

Approach

This investigation was conducted in three steps:

1. Samples of DREW and coal were acquired and their proximate and
ultimate analyses and calorific values established .

2. The sam8les were tested in a muffl e furnace at temperatures
ranging from 600 C to 1000 C in increments of 100 C to determ i ne time to
ignition and combustion rates.

3. Burning profiles were tested statistically to determ i ne if
there were significant differences between the DRDF and coal sampl es.

21 
~ A. Hathaway and R. J. Dealy, Technology Evaluation of Army-Scale
Waste—to—Energy Systems, Interim Report E—110/ADA042578 (CERL , July

22 1977). I- S- - 
-

R. J. Williams , Coal and Refuse Combustion for Efficient Utilization
23 (Riley Stoker Carp, 1977).

• H. H. Lowry, ed. , Chemistry of Coal Utilization (John Wiley & Sons ,
24 Inc ., 1945).Character is t ics of American Coals in Relation to Their Conversion

Into Clean Energy Fuels, Quarterly Technical Progress Report (Coal
• Researc h Secti on, Pennsylvania State University, 1976).

9
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Samples

Three types of DRDF and one type of coal were tested in this in-
vestigation (Table 1). Ap,roximately 27 kg of California DRDF , paper
cubes , and coal were analyzed , as well as 11 kg of National Center
for Resource Recovery (NCRR) DRDF.

Upon col l ection , all samples were sealed in air-tight containers to
inhibit changes in moisture content . Table 2 provides proximate and ul-
timate analyses and as—fired heating values of the samples. These data
were provided either by the sampl e source or derived from other labora-
tory analyses.

Two of the DRDF samples analyzed were produced by mechanically pro-
cessing mixed municipal -residential solid waste. The NCRR and
California DRDF were manufactured by passing as-delivered solid waste
through multiple shredding stages, separating magnetic metals , air clas-
sifying, and mechanically extruding the high— cellulose light feedstock
in a California Pel l et Mill. The paper cubes were manufactured by
shredding and mechanically extruding highly homogeneous heavy paper
stock such as magazines. While the NCRR and California DRDF contained
noticeable impuriti es (i.e., smal l amounts of wood , plastic , metal , and
grit), the paper cubes appeared to consist enti rely of paper.

Table 1

List of Samples

SNIPLE SOURCE

NCRR DRDF National Center for Resource Recovery , Washington , DC

Cal ifornia DRDF Vista Chemical and Fiber , Inc ., Los Gatos , CA
Paper cubes Papakube Corp., Los Angeles , CA

Coal Low—vol atile bituminous coal , Danvil le , IL
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Ignition and Combustion Rates

Essential components of the experimental rig used in the in-
vestigation were an electricall y heated , heavy—duty muffle furnace; a
digita l multimeter to displ ay transformed temperature data sensed by
ceramic thermocom.~ples ; and an on— line instrument train to measure
oxygen, carbon monoxide , and carbon dioxide in the off-gases. Auxiliary
equi pment included a Wiley Laboratory Mill and Mettler model PUN anal-
ytical balance.

Ignition Rates

In the ignition time analyses , the furnace was preheated to the
predetermined temperature , and an open platinum crucible containing 1 g
of sampl e ground to 90 percent minus 1 nm was i nserted into tne chamber.
Ignition was defined as the first appearance of visible fl ame. Early in
the analyses it became apparent that no ignition of any sa~ple could beexpected at furnace temperatures equal to or less than 500 C within very
lengthy residence times. Therefore, analyses were conducted at
temperatures of 600 C and upward . Time to vi sible flame was recorded by
stopwatch. Depending on the consistency of results, tests were re8eated
up to 10 times fo~ furnace temperatures ranging from 600 C to 1000 C inincrements of 100 C. All tests reported here were conducted at approx i-
mately 150 percent stoichiometric air.

Figures 1 and 2 illustrate the results of the ignition time tests.
For convenience of illustration , the arithmetic mean ignition time for
the three DRDF samples is compared to the as-determined ignition time of
the coal sample. No attempt was made to cross-compare the ignition
times of the DREW sampl es.

Figure 1 shows the tendency of DRDF to ignite ~ore rapidly than thecoal over the ent ire range of temperatures. At 600 C, the time to DRDF
ignition is about 12 times greater than for c8al ignition. As indicated
in Figure 1, DREW ignites i8 the 500 C to 600 C temperature range, while
the coal ignites in the 600 C to 700°C temperature range. -

The ignition t~nie curves for DRDF and coal shown in Figure 1 ap—
peared to be nearly parallel in semi-logarithmic coordinates. Accord-I. ingly, a li near regression was made on the ratio of the arithmetic mean
DRDF ignition time to that of coal as a function of temperature. The
regression data shown In Figure 2 indicate the DRDF:coal ignition time

• ratio increases as temperature increases. The correlation coefficient -
•

of 0.964 was found to be significant at the 95 percent confidence l evel . - P

12
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Figure 1. Time to ignition for coal and DRDF (mean).
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Figure 1 shows that each ign~,tion time curve is temperature-asymp-totic in the interval between 500 C and 700°C. This is also reflected
by the abscissa intercept point of the linear -Ignition time ratio func—
tion shown in Figure 2.

Combuation Ratea

The combustion rate of the fuel samples was assessed by preheating
the furnace to a predetermined temperature and allowing 1 g of sampl e
ground to 90 percent minus 1 m to reside in a pl atinum crucible within
the furnace for a specified time. Tests were carried out for times
ranging from 5 sec to 115 sec in increments of 10 sec. Tests were re-
peated up to 10 times, depending on consistency of data. At the end of
each test, the sampl e was withdrawn , allowed to cool in a controlled en-
v~ronment (desiccating vessel), and weighed. The loss in weight , ad—
justed by a pre-determined moisture evaporation factor, was recorded.
The sampl es were tested at approximatel y 150 percent stoichiometric air.

Figures 3 through 6 illustrate results of the combustion rate anal-
yses. Figure 7 displays the arithmetic mean rate of the DRDF sampl es .
The rate curves in these figures were generated from up to 10 data
poi nts, using Marquardt ’s method for least—squares estimation of
nonl inear parameters to minimize the squared differences between the
actual and predicted dependent vari able (e.g., weight loss) to within
0.01 percent.25 The curves were plotted on a Calcomp plotter from the
functions generated by applyi ng Marquardt ’s technique. Low time weight
loss rates are omitted from the figures, because data could not be col-
lected in this region with the available experimental setup.

As illustrated in Figures 3 through 7, the family of temperature-
dependent curves for each sample tends to converge to a singl e value of
weight loss in combustion as a function of residence time in the fur-
nace. The particul ar value depends on the combustible fraction of the
fuel and varies among samples. NCRR and Cal ifornia DRDF tend to attain
weight losses 0f between 68 and 72 percent, while the paper cubes attain
up to 90 percent weight loss. This observation Is compatible with re-
suits from other studies in which wood chips and pressed paper, both
al so highly cellulos i c , were found to achieve a 74 percent weight loss
after substantial residence times at 570 C.26 These stud ies indicated —

that ther8 is rapid0pre—ignition vol atilization of wood and paper be—tween 300 C and 400 C, where more than 60 percent of the weight loss of
•

25 D. W. Marquardt, “An Al gorithm for least—Squares Estimation of Non-
26 linear Parameters ,’ J. Soc. Indust. Appi. Math (June 1963).

Reactivity and Gasification Character st-fcs of Low Ranking Coals and
Potentially Reducing Waste Materials (Pittsburgh Energy Research —

Center Report PERCIRI—72/2, 1976).

14
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Figure 3. Combustion rate of NCRR DRDF.
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Figure 4. Combustion rate of Cal i fornia DRDF .
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Figure 5. Combustion rate of paper cubes.

C -

I-080 c

HT IME ( SEC L

Figure 6. Combustion rate of Illinois biti.aninous coal .
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Figure 7. Mean DRDF combustion rate.

carbonaceous materials (due to loss of volatiles) occurs. Conversely,
the coal tested here equilibrates at approximately 700 C. As shown i n
Figure 6, the combustion rate of coal is substantially l ower than that
of the DRDF evaluated .

Statistical Analyses

The pa i red , two—tailed Student ’s t—test was used to compare (1)
the combustion rates of each type of DRDF both to the coal rate and to
the arithmetic mean DRDF rate, (2) the mean DRDF rate to the coal rate,
and (3) the NCRR and California DREW rates both-with each other and to

• the rate of the paper cubes.2 7  .ests were conducted for each rate curve
of each sample based on si~ data points from each curve. Rat8 data for
the NCRR DRDF taken at 980 C (Figure 3) were adjusted to 1000 C by
linear proportioni-ng. In conducting the tests, the null hypothesis of
mean equality was established , a significance l evel (a) chosen , the Stu—
dent ’s t—statlstlc computed, and the corresponding probability of t (pt) -~~~found. The value of 

~t was then compared to the value of a and the null
• hypothesis either retained or rejected. -

27 Statistical Package for the Social Sciences (McGraw-Hill , Inc .,
1975).

17
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Table 3 compa res the con~ ustion rates of the three types of DRDF to
that of coal , as provided by results of the statistical analysis. These
data indicate that, with one exception , the individual combustion rates
of the three types of DRDF differ from the coal combustion rate over the
enti re range of temperatures at a significance level of 0.001 (e.g.,
99.9 percent confidence). The positive values of the t-statistic in
Table 3 indicate that the ORDI rates are0uniformly greater than the coal
rate. The singular except ion is the 600 C rate of NCRR DRDF and coal ,
where 

~t 
is equal to (a). In this case, the rate difference is signifi-

cant at the 99.8 percent confidence level .

Table 4 compares the rates of each type of DRDF to the arithmetic
mean DRDF rate; a significance l evel of 0.001 was used. Data in Table 4
indicate that at a 99.9 percent confidence l evel , the NCRR and
California DRDF sample rates differ from the mean rate, and that the
rate of the paper cubes is significantly greater (positive value of
statistic) than the mean DRDF rate. A singular exception is the 800 C
rate for Cal ifornia DRDF , which does not differ significantly from the
mean DRDF rate.

Table 5 compares the mean DRDF rate to the rate of coal . The coal
rate is significantly different from the mean DRDF rate at the 99.9
percent confidence l evel . The positive sign of the t-statistic indi-
cates that it is a uniformly lesser rate.

Table 6 compares the rates of NCRR and Cal ifornia DRDF. At a 99.9
percent confidence l evel , the rates can be considered the same. How-
ever , this is not the case when the rates of NCRR and California DRDF
are compared to the rate of the paper cubes. The data shown in Tabl e 7
indicate that , at a 99.5 percent confidence l evel , the paper cubes have
a significantly greater rate over all temperatures at which testing was
conducted , as shown by values of P and the negative sign of the t-sta—
tistics. These differences might be attributable to the high paper ho—
mogeneity of the paper cube-s as compared to the relatively impure NCRR
and Cal ifornia DRDF samples.

•

1
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Table 3

Values of t and P~ From Comparing Rates of Thr~ ’
DROF Types to Coal Rate

TEMPERATURE (°C) SAMPLE t Pt

600 NCRR DRDF 6.44 0.001
California DRDF 19.37 0.000
Paper Cubes 14.38 0.000

700 NCRR DRDF 77.30 0.000
California DRDF 81.39 0.000
Paper Cubes 33.37 0.000

800 NCRR DRDF 27.06 0.000
California DRDF 19.65 0.000
Paper Cubes 55.07 0.000

900 NCRR DRDF 41.44 0.000
California DRDF 28.74 0.000
Paper Cube s 53.75 0.000

1000 NCRR DRDF 66.07 0.000
California DREW 33.30 0.000
Paper Cubes 38.54 0.000

i - I 
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Table 4

Va lues of t and 
~ 

From Comparing Rates of Three
DR DF Type s to Mean DR DF Rate

TEMPER AT URE (°C) SAMPLE t

600 NCRR DRDF —3.07 0.028
California DROF —0.38 0.721
Paper Cubes 11.65 0.000

700 NCRR DRDF 0.00 1.000
Ca lifornia DRDF 0.53 0.618
Paper Cubes 13.70 0.000

800 NCRR DREW -1.20 0.286
California DRDF 8.00 0.000
Paper Cubes 10.55 0.000

900 NCRR DRDF -2.28 0.071 - 
p

California DRDF -1.94 0.110
Paper Cubes 18.58 0.000

1000 NCRR DRDF 0.11 0.920
California DRDF —1.57 0.178
Paper Cubes 27.12 0.000

1.
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Table 5

Va l ues of t and From Comparing Mean DREW Rate to Coal Rate

_ _ _ _  _  

PTEMPERATURE (°C) SAMPLE t t

600 DRDF Avg. 15.31 0.000

700 DRDF Avg. 26.39 0.000

800 DRDF Avg. 17.04 0.000

900 DRDF Avg. 20.44 0.000

1000 DRDF Avg. 18.03 0.000

Table 6

Values of t and 
~t 

From Ccmparing Rate of NCRR DRDF
to Rate of Cal ifornia DRDF

TEMPERATURES (°C ) SAMPLE t F’t

600 NCRR DRDF -2.62 0.047

700 NCRR DRDF -3.16 0.025

800 NCRR DRDF -4.47 0.007

900 NCRR DRDF - -1.94 0.110

1000 NCRR DRDF 2.19 0.083

~~-
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Table 7

Values of t and P~ From Comparing Rates of NCRR and Califor nia PROF
to Rate of Paper Cubes

TEMPERATURES (°C) SAMPLE t

600 NCRR DRDF -10.63 0.000
Ca lifornia DRDF -7.29 0.001

700 NCRR DRDF -10.86 0.000
Ca lifornia DRDF -9.46 0.000

800 NCRR DREW -20.76 0.000
California DRDF -9.68 0.000

900 NCRR DREW -49.30 0.000
California DRDF -41.94 0.000

1000 NCRR DREW —15.61 0.000
California DROF -45.26 0.000
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3 CONCLUSIONS AND RECOMMENDATIONS

The general time- and temperature-related ig8ition characteristics
of DRDF are different from those of coal . At 600 C , the time to DRDF
ignition is 12 times sooner than to coa l ignition. The temperature re—
quired for coal ignition at a given furnace residence time is greater
than that needed for DRDF ignition.

The DRDF:coal time to ignition ratio can be expressed as a linear
function of temperature.

For the samples evaluated , the combustion rates of DREW are statis-
tica lly significantly greaser than t~e combustion rate of coal in the
temperature range from 600 C to 1000 C and at furnace residence times
ranging up to 120 sec. This difference is significant at a 99.9 percent
confidence level .

DRDF produced from mechanically processed mixed solid waste has a
l ower combustion rate than that produced from highly homogeneous paper
feedstock. This difference is significant at a 99.5 percent confidence
level . In either case , the rates of DRDF are generally significantly
greater than the rate of coal .

It is recommended that data and information presented in this
report be used (1) in the design of experiments cofiring DRDF and coal
mixtures in military —s cale central heating and power plants , and (2) in
the techno-economic assessment of boiler modification for using DRDF as
a supplement to coal.
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