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Abstract. There have been various methods used for determining a heating value of solid fuel
such as coal, biomass and municipal solid waste (MSW) either by experiment using a bomb
calorimeter or by modeling based on its compositions. This work proposes another aspect in
developing models to predict the heating value of sewage sludge from its proximate and ultimate
analyses data. An extensive number of samples were collected from different wastewater
treatment plants in Bangkok and in the vicinity and was then analyzed for their heating values,
proximate and ultimate analyses. Based upon the proximate and ultimate analyses, models were
proposed. The best correlations show coefficients of determination (R2) of 0.8993 and 0.9050 for
the models based on the proximate and ultimate analyses, respectively. The heating values
obtained from the models were in good agreement with that from experiment. The application of
the selected models was appreciable for the sewage sludge with ash content up to 50% (db.).
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Introduction

The concept of converting waste to energy has drawn a lot of attention from the community. It
has been demonstrated that wastes such as municipal solid waste (MSW), plastics, agricultural
waste and sewage sludge can be transformed to energy or valuable chemicals. It is normally
achieved by several routes including bioconversion, incineration or thermochemical conversion
processes [1-2].

It has been reported that the amount of sewage sludge generated increases proportionally with
the industrial development in most countries [1-3]. The sludge normally contains undesirable
components such as organic, inorganic, toxic substances as well as pathogenic or disease-caused
microorganisms. It has been disposed by depositing in the ground, utilization in agricultural
works, dumping into the sea and incineration. With the future of disposal through the first three
methods facing a ban, a growing interest is now being directed towards incineration and other
thermal processes [3]. These methods are found to benefit the concept of waste-to-energy. For
such thermal applications, what a crucial property of material has to be met is its energy content
or heating value. It is used, as the priority, for evaluating the potential of sewage sludge.

The heating value of materials, even solid, liquid or gas can be either determined experimentally
by a bomb calorimeter or calculated from their compositions or some properties using a
mathematical model. There have been many models proposed for predicting heating values of
many types of materials with various compositions [4-18]. Nonetheless, only few works involve
sewage sludge. The objective of this study was to develop correlations between heating value
and sewage sludge characteristics (proximate or ultimate analyses) for sewage sludges produced
in Thailand

Literature Survey

Regarding the empirical approach, there are three types of models that are normally used to
predict heating values based n the following analyses [10]:

* Physical or chemical compositions
* Proximate analysis

« Ultimate analysis

The first two analyses are common when dealing with SW and biomass while models based on
ultimate analysis have been derived mostly for coals and liquid fuels [13]. The physical or
chemical composition analysis is based on the level of different components of the solid matrix,
for instance plastics, paper and garbage in MSW or lignin, cellulose and lignocellulose in
biomass etc. The proximate analysis typically involves determination of moisture, volatile
matters, fixed carbon and ash contents whereas the ultimate analysis includes an assessment of
the levels of carbon, hydrogen, oxygen, nitrogen and sulfur contents.

Table 1 summarizes models used to predict the heating value of materials namely MSW, coal,
refuse and biomass [4-8, 10, 13-17]. They were simply assumed to be the result of a linear
combination of variables with a set of constants, i.e. Eqs (1)-(23). The method of regression
analysis is generally used to obtain the most suitable values of these constants. All constants in
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the equations may change arbitrarily resulted from the regression analysis. They may vary upon
the kind or original source of aterials. Egs (35)-(39), however, were derived using
thermochemical concept. The total heating value was determined from heat released by the
combustion reactions in correspondence to the amount of each component [17]. The equations
are generally prefered for particular materials such as MSW and Coal [4-5, 7, 14, 16-17]. It is
also possible to used combined forms of those two types of equations, Eqs (24)-(34). More
details on the basic assumptions for each expression were described elsewhere [4-8, 10, 13-17].
To select an appropriate form of heating value model equation, the error, simplicity, liability or
even versatility were generally considered.

Other than those compositions, there are some heating value models based on other properties of
the materials e.g. sponification and iodine values for oils or density and viscosity for liquid fuels
[9, 11-12, 18].

In this work, models based on the proximate and ultimate analyses were focused. The model
equations listed in Table 1 were analyzed with the aim to find the most appropriate form of
equation for predicting heating value of sewage sludge.

Materials and Methods

Sample Preparation

Sewage sludge samples used in this study were collected from different wastewater treatment
plants (WWTP) in Bangkok and its vicinity following ASTM D346-90. A total number of
samples exceed 200 samples from 20 different
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Table 1 Summary of empirical models used for predicting the heating value of various types of

materials
Mo Equation® Application [REVTT Basis” Ref. Omginal
Madels haved on Procimole Anolysis

Eqil)y | HF=a-hkf Raluse klkg adl 7]

Eqi2y | HF=aF+b Hinmasa kg filil |&]

Eqil) | HF=alF+b MW kg dh. [16]

Eqid) | HF=al + W Coalfrefizas daf. 18] Crantal
Eqi3) | HF=al +bF Hiomasa db. [13]

Egit) | HF=all’+ )+ h Hiomasa dh. [13] Jimsenez
EqiT) | HF=al+hF+c MW dh. [16]

Eqi#) | HF =al - his Rl adl [1i] Liu
Eqi%) | HF=al - hdf+c Reluse adl [16&] Batao
Eqiioy | HF=al'+ ) - by MW adl [ 1]
Eqilly | HF=all’+ &) -bid+c Rl adlh [ 1] Heno
Eqii2y | HV=al + b - el MEW adl [103]
Eqii3y | HF=al +bF-cld+d MW adl [ 1]

Mirdels based an Ultimate Analvsis
Eqildy | HF=al+h Hiomasa dh. [14] Tillenan
Eqil&)y | HF=al + hif + 0 Hininasa dhb. [15] Ruyter
Eqilay | = al + hif + e + 8 Coalfrefiess dib. [16] Blodl & Bpoone
Eqil Ty | HF=al +hif + e +d Biomasalrelnse dib. [T, 14] Jenkins
Eqiisy | HF=al +bH+ e +di+e MW dh. [ 16]
Eqil9y | HF=al +hif+cN+dS+ el + 1 Hinmasa filil [13] Francis
Eqizop | HF=al+hii+eS+dd+eN+Ld+g Caoal dhb. [14]
Eqizly | HF=al + bl + e85+ 0+ eV + 4 Caal dh. [14]
EqiZZy | Hr=al+bhif+ e85+ i+ Nyt ed + 0 Caoal db. [14]
EqiZ3)y | B =al + hid + e85+ didh + V) + ed Coalfrefiess dib. [14, 15]
Bgizdy | HV = al + i + P01 - AN00% + A1 - A0 Caoal dib. [14]
Eqiz3)y | HV = al + b + o0 + dieFq 1 - A000)) + e Caal dib. [14]
Eqizay | B = al i)+ i + AN+ ed Coal filil [14]
Eqi2?p | B = 3280+ 14190 + 9288 Caal dh. [14]
FqiZz&)y | 1= 3280+ LA + 9285 - a0+ Wi+ hd + ¢ Caoal dib. [14]
Fqi29y | BV = al3280 + 1AW + 92 85)+ bk + W)+ ed Caoal dib. [14]
Eqid0y | B = a(3280 + 1AW+ 9285 - 238N = bl + e Coal dhb. [ 14]
Eqr3ly | BV = [N - AFD00+ W] [C05 + H - (0 - 518)] Coal b [14]
Eqiazy | BV = [afoan ] - 00007+ b [C45 + - (0 - S/8)] Caal b [14]
Eqia3)y | B = [a0i ] - 400+ b [OV3 + 5 -0 - 858)) Caoal dh. [14]
Eqida)y | BV = [alCi 1 - Ar0ny+ A - AN000 Caoal dhb. [14]
(O N - A0+ diES L - AT
T |_'|
[C05 + B - (00 - B0R)Y)

Fqi3a)y | B = 3350+ LAZIH - 1540+ 1450 Hinmasa kg dal’ |&]
Eqiday | HF=81C + 34251 - Wv8)+ 1158 Coal/MEW kealkg daf. [4-5,7, 14-154] Dlong
EqiaTy | B = 81000 - 3008+ I THOME + 342 500 - o016y + 238 CoalhiSW kealky daf. [5 7. 14] St
Fqi3&)y | B = 8100 - 3008+ 342 30 + 22 558 + 1710V CoalhSW kealfkg dal’ |5, 7. 1a] Beheurer-Kestien
Eqiaay | B = 35780+ 113570 - RL50+ 204N + 111488 MEW klikz dh. [17]
*n b, g, .= arhitrary constantzs, F= velatile matiers, & = fxal carbon, A= moisture, O = carbon comtent, f5 = Bydrogen contamt, V= nitrogen content, 5 = sulliar coamtent,

£ = peovgon combent, A
aardried hasis, db

T adh,

ash content {2ll im parcentage)
diry basis, dall = dry and ash froe basis

sources comprising 12 municipal, 5 hospital and 3 industrial WWTPs. The samples were
naturally dried under sunlight for 1-2 days prior to characterization.

Sample Characterization
Sewage sludge characteristics were analyzed according to ASTM D3172-89. This technique
provides proximate analysis of the sludge, namely moisture, volatile matters, fixed carbon and
ash contents. Ultimate analysis, ASTM D3176-89, was also done for all samples providing
weight percentages of carbon, hydrogen, nitrogen, sulfur and oxygen (by subtraction) elements.

The heating values of samples used were attained in accordance with ASTM D2015.
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Heating Value Models

Models listed in Table 1 were fit to the experimental data by regression analysis using all sample
data points. The method of least square was used to evaluate the adjustable parameters for each
expression [19]. To select the most appropriate correlation, the coefficient of determination (R?)
was mainly considered. Models with the highest R* were used to calculate the heating value and
compared with the data obtained from the experiments. The validation of the selected models
was observed by an error analysis. The absolute and bias errors were considered. These
quantities are defined as:

HV. — HV
HV
(HV. - HV

|. HV

= 0%

“onbsolute error

“ubias ermmor ] = 1M

where HV. and HV are heating values of each data point from calculation and experiment,
espectively. Furthermore, the validity of the models was also confirmed by applying to other
sludge from literatures.

Results and Disscussion

Sewage Sludge Characteristics

Table 2 shows the characteristics of sewage sludge samples used in this work. The results show a
wide range of the sewage sludge characteristics. The compositions of sewage sludge are mainly
volatile matters and ash contents, averages of 42.35 and 53.23% and can be as high as 60.19 and
80.27%, respectively. However, the sewage sludge contains only a small amount of fixed carbon,
maximum 11.82%. The characteristics of some other sludge samples were also collected from
literatures for comparison. It was observed that the heating values of the samples in this study are
lower than those reported in literatures corresponding to the lower volatile matters and higher ash
contents.

Heating Value Models

From the regression analysis, all adjustable parameters in each model were obtained. Table 3
shows a list of models with the coefficients of determination (Rz) higher than 0.8800. The R’ can
be as high as 0.9012 and 0.9050 for models based on proximate and ultimate analyses,
respectively. With the reasonably high R® of all models listed in Table 3, they should be
applicable with an acceptable result. Nonetheless, a practical model should be in a simple form
to avoid the complication in further mathematical analysis. So, simplicity
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Table 2 The characteristics of sewage sludge from different sources (C, H, I and S indicate
sample from community, hospital, industrial and literature, respectively)

Sludge D Proximate analy sis {wi'a) Lltimate analvsis (wi'tn} Heating value
M e Ax F* [ H* W* g+ 0= (klkg)
1l .11 53.01 3838 X0 3111 414 327 1.14 2425 13,920
2 506 51.24 42 03 6,73 2753 410 4.02 1.14 2330 13,176
[ 535 45 495 4303 [ 2635 408 4.26 051 2308 12,554
4 638 47 58 4837 4.05 23 H5 3493 IN2 134 279 11,022
Cs 364 4225 51,79 5.5 2085 336 324 0493 2172 10,135
U6 4.11 3446 G163 3T 1804 191 1.0 0%l 16.73 Q408
7 342 3H49E 56,01 5. 19 53 EN L 305 .75 1937 B 716
[ ER 3326 3 50 il 14.51 164 158 115 18.11 1,853
9 370 32 86 04 310 1528 153 234 045 17.74 i, 4 e
Cli 3.0 30,56 G700 183 12645 1.4 1.54 5% 17449 57149
11 4349 24 K3 7143 124 1056 1206 1.64 ] 15.71 4270
12 HEY 2342 74,21 2137 900 113 146 1.57 1817 3 528
H1 6462 5547 39349 514 26,68 404 4.30 0.7 2750 13,341
H2 5.63 5257 440,60 (.2 62 455 501 R 21.54 12,772
H3 450 4768 45 86 .47 1545 ER . 4.20 102 20170 12,392
H4 692 5042 4572 3HG6 24497 377 3065 078 2426 11,144
H5 460 3,02 ) 1% 319 18 9% 297 269 1.21 16.75 H214
11 522 54 44 4224 i 2514 4 00 IN2 =% 26,10 10,520
12 503 4556 51.63 141 2200 313 1H5 203 2026 Q917
13 4,72 315 5H Rl 305 18.32 342 1.77 1.Hi 1866 4 0
5112) 5,20 00, 70 29 50 RN 3570 520 350 0.7 2540 16,558
52 |20] 500 7153 145, 000} 11.47 45491 630 512 056 26,491 200 590
53 21) 11.75 G, 50 26,04 1277 344K G.1% 3493 145 2546 17,140
54122 430 5930 3100 4T 3810 520 4.51 41 20,28 16,774
55122 390 5850 30,80 1078 3H30 512 ER 072 2137 16,564
S0 ]22) K50 500,80 43 .30 5.5 2010 412 a7 (1 #5 17.64 13,343
57123 TR 10 G0, 70 36,490 244 3730 5 R0 550 (0 Hi 13,70 16,611
S8 |24 - 55490 4130 380 2 UH 442 322 043 2200 12,750
59 [ 24] - 49,60 44,00 .4 2547 370 243 056 2384 12,640
S1024) - 71,00 21,30 780 30495 597 7.00 LN 2513 18,440

= dry basis
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Table 3 Models with complete parameters achieved from regression analysis and statistical

values
Mo Equation” R .-5.1::.‘ 3 a-.a:rrc;mi Sidev.
Mudels based on proximate analysis

Eqfix HE =259 W3 P+ - 245470 [k G5 203 10 340
Eq{™T HV =255 751 + I83 BR) - 2386 38 [, AR .0 2.07 1045
Eqilly Hi# = ITROTV + F) - 50,440 - 2875 52 05011 HER .82 978
Eqil2) HV = 219981 + 327 448 - 63 390 [LHE10 1159 4 55 1354
Eqil3) HV = 276,04 F + 289 TOF - 51 4504 - 2847 53 (512 191 1.54 RO

Mirdels based on witimate analysis

Eqilsy | H¥F=49120-911.94 + 117.70) (b B 10h®2 -3 HE 1160
Eqiloy | HF =492 50 - 926,08 + 117000 + 1935 (1 HEIM 1h®2 -3 59 11.63
EqilT) HE =414.80 - 184 1H = 1789 - 21595 (b 5135 931 =212 1ol
EqilH) HE =425 90 - GU A + 1TE]. 70 - 180 5N - 22770 [UREE) .30 =212 117
Eqilyy | HF=43020 - 186.TH - 12748 + ITE O + 184200 - 23799 (b 5050 910 =212 1044
Equziy | HF = 40640 - Z1006H + 15475+ 16030 - 15138 - 23,84 + 0054 (b 5050 920 =212 1044
Eqizl) HF = 40640 - 21055 = 15485 = 1o 40r - 151 20 - 23 84 (5150 926 =212 1044
EqiZ2y | HF=3959C - 447 IH + 2155558 = 1543 (0 =N - 18 14 - 21.7 (h 5028 915 -2.14 11653
Equizy | HF=39500 - 430,00 = 25455+ 1 54.0(0 + V) - 21.94 (b 5028 920 -2.14 1062
Eqi4) HE = 134350 - |50 1A - 27 0001 -A01000 + 29 1328 {1 - 4100y [, SR ) 11h36 =302 11.45
Eqiis) HV = 27980 - 849 15 + T24.900 -9 20071 - A/l 00y - 118 55 (524 935 -3.07 X
EqiIBy | AV =3280+ 1419 + 9288+ 2767 {00+ N)+ 11044 - 14,274 3 (L HE30 115 -2.39 1344
EqiIthn HE = 6O L0 (03280 + L4190 + 008288 + 1465 (0= N) -31.44 (b HES 991 -243 1321
Eqi3m HF = 0838 (03280 + L4198H) + D082EN - (LDZ3EN + 154600 - 3314 (hH92] 989 =244 1334

“unit in ke and drv basis unless otherwiss staled
* mir=driod hasis

For models based on the ultimate analysis, Eqs (19), (20) and 21) give the same highest R* of
0.9050. All models are a linear combination of ultimate analysis data. Three models give the
same coefficients even though they have somewhat different numbers of variables. However,
they have the same contexts in the parameters contributing to the heating value. That is, the
carbon, sulfur and oxygen contents contribute positively to the heating value while the hydrogen,
nitrogen and ash contents have negative effects. The difference between Eqs (20) and (21) is
only whether it has the residual constants or not. However, it was proved to have no significant
effect on the final heating value calculation. Results from Eq (19) are comparable to that from
Eqgs (20) and (21). As these equations are in a simple linear combination of variable form, these
three equations were selected as the best model from the ultimate analysis data. Fig. 1 (b)
exhibits the plots between the heating values from the experiment and prediction by Eq (19) (Eqgs
(20) and (21) give a similar result).

Validation of the Models

The validation of the models was discussed in two aspects, the error of the models and their
applications. For error analysis purpose, the statistical approach was taken. This information was
used to indicate the performance of the models based upon the following criteria [16]:

* the average absolute and bias errors should be or close to zero,

* the standard deviation should be small.
The results of statistical evaluations are given in Table 3. For most models, they show small
differences between the calculated and experimental values. Nonetheless, there are some
calculated data points showing big differences from the experimental values. Even for Eqs (7)
and (19), the absolute error can be as high as 65%. To explain the cause of error from the
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models, consider the plots between the bias error and ash content of sewage sludge. As shown in
Fig. 2, the plots indicate the increase in the error with the higher ash content in the sewage
sludge. Similarly, this trend can also be observed for other models. It infers that ash components
would have a significant effect on the error in the determination of heating value.

On the other hand, this confirms the inapplicability of some equations for sewage sludge,
especially popular expressions such as Dulong, Steuer, and Scheurer-Kestner equations. In such
the models, the organic materials were presumed to combust with oxygen gas and yield certain
compounds such as CO, and H,O. Heat released (or heating value) is then determined by
thermochemical and stoichiometric calculations. These equations are generally useful in most
cases [4-5, 7,9, 14, 16-17]. However, they may not be applicable for sewage sludge. Although it
is not reported here, using such equations overestimates the heating value of sewage sludge [14].
It is possibly due to complex sorption of organic contents on ash components. The combustion
heat may compensate for breaking this kind of sorption bonding resulting in lower final heating
value. The net heating value is eventually lower than calculated one.

However, for a certain application such as ncineration, pyrolysis and gasification as focused in
this work, the characteristics of the materials are also necessarily considered rather than only
their heating value. Here, the proximate analysis plays an important role in the sludge evaluation.
Normally, the more volatile matters or the less ash content, the more heating value. It is not
beneficial to deal with sludge containing such high ash content or low heating value. Therefore,
after the observation from this study, the

limitation of the model may be stated because of two reasons:

* the error arises when models are applied to high ash sludge, which also contain low
heating value, and

« it is unlikely to deal with sewage sludge that has low heating value as it is not attractive
for underlined applications.

150 il

1611 = S
1400 - ™
120 = L
1000 = -

£ - ™

s Brmor

Prsdicesd HY 0 kg

4.0 -

o=

nan T T T T T L] T T
oo 20 40 &0 R0 00 120 140 160 1RO
HV {8l ki )

ial (a)

LU I 4 i) 2 11
Ash fwi%s, db.)
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Fig. 1 Comparison between heating values of sewage sludge Fig. 2 Plot between % error and ash content in sludge when
and the predicted one from (a) Eq. 7 and (b) Eq. 19. applying (a) Eq. 7 and (b) Eq. 19.

As seen in Fig. 2, it is reasonable to limit the application of the model for samples having the ash
content less than ca. 50%. The selected models then were reanalyzed with this specific range of
data. Table 4 shows the error analysis resulting from applying Eqs (7) and (19) to the sample
within the ash content of less Than 50%. The averages of the absolute error are reduced to 5.86%
and 6.40% for both equations, respectively. Other Statistical values namely average percentage
of bias error and standard deviation were also improved.

Table 4 average percentages of error and standard deviation from applying selected model to the
sludge containing ash of less than 50%

Ay -4 IO )
Miodel e e Stdev,
gl 7} 5 B 1.22 54
Egil¥ Gi.40h -1.07 519

Finally, the validity of the heating value models was also proved by applying to some other
sludge samples. The results are given in Table 5. This sludge has slightly higher heating value
than those of the samples in this study. The models also give good result in the determination of
heating value even though its characteristics are sometimes outside the range used in this study.
The models can be extrapolated to predict the heating value of the sludge with the higher heating
value than that of sample used in this study.



As. J. Energy Env. 2006, 7(02), 324-335 333

Table 5 Heating values of sewage sludge from literatures compared to the calculated values

HY Eq7 Eg 14
Sludge (ke {LI-.Il.-\]TE} error HVY. “ezrror
51 146, 558 15 5]t -39 |, 35 -1.2
52 200 90 19 4] =71 20 AN -1.4
53 17, 14 16,737 -2.3 | 7RG 4.4
54 16,774 15 533 -7.4 |6, 33 -2.4
55 146,564 15,612 ) 16,735 1.0k
S 13,343 12 280 -#.1) 12,755 -4
57 166l ER.1 =168 14, 544 -124
bt 12,74 2 e (W 13, 1) z4
59 12 640 12115 -4.1 1 2 W -4.5
10 18 44 17 S8 -15 17,545 -4
Conclusion

With the extensive numbers of sample data point, the models predicting the heating value of
sewage sludge based on the proximate and ultimate analyses were developed. The calculated
heating values using the selected correlations show good agreement with experimental values.
The error analysis confirmed the validity and applicability of the models to sewage sludge data
both in this work and literatures. The application of models is, however, limited to sewage sludge
with the ash content of less than 50%.
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