
���������	�
��
�VJ�������������
����������
���
UV��������


������������������� �!�"�#��$#���#��� #�%���������������	
��
����

�
��	���
� & %�'��
����( )�*���+�%�����


The Heat of Combustion of Tobacco and Carbon Oxide
Formation*
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Table 1.
Tobacco types tested for heats of combustion

Type Description

FC A-D Contract grown flue-cured (FC) tobacco
separated by stalk position (A = bottom of
plant, B = mid-bottom of plant, C = upper
middle of plant, D = top of plant)

FC1 Lower stalk group blend of flue-cured tobacco

FC3 Upper stalk group blend of flue-cured tobacco

B A-D Contract grown burley (B) tobacco separated
by stalk position (A = bottom of plant, B = mid-
bottom of plant, C = upper middle of plant, 
D = top of plant)

B1 Lower stalk group blend of burley tobacco

B2 Upper stalk group blend of burley tobacco

FCBL Blend of flue-cured and burley leaf

O1 Oriental leaf

O5 Oriental leaf

FCBL/O5 Blend of Oriental, flue-cured and burley leaf

E1 CO2 expanded (E) flue-cured and burley cut
filler blend 1

E2 CO2 expanded flue-cured and burley cut filler
blend 2

ESS Expanded, shredded flue-cured stems

CRES Cut rolled expanded flue-cured stems

RTS-A Paper-type reconstituted tobacco sheet (RTS)

RTS-B Heat treated paper-type reconstituted tobacco
sheet

RTS-C Heat treated paper-type reconstituted tobacco
sheet with diammonium phosphate added to
the extract

RTS-D Paper-type reconstituted tobacco sheet

RTS-X Experimental RTS, 95% scrap, 5% cellulose,
no tobacco extract 
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Table 2. 
Heat of combustion and elemental analysis results

Study Material type

Heat of combustion (cal/g)

Carbon (%) Hydrogen (%) Ash (%)O2 Air

Water extracted
material

FCBL pulp 4911 3640 44.86 7.43 6.57

O5 pulp 4843 2883 44.68 7.37 8.10

E2 pulp 4718 3416 44.25 7.35 6.91

CRES pulp 4006 3173 39.77 6.92 4.91

RTS-D pulp 4018 3336 39.33 6.72 7.82

ESS pulp 4196 3340 40.56 6.82 4.31

Controls for water
extracted material

FCBL 4317 2629 40.62 6.66 13.57

O5 4193 2121 39.23 6.67 13.13

E2 4390 3199 40.98 6.36 13.47

CRES 3519 1900 34.42 5.67 18.37

RTS-D 3574 1893 34.16 5.63 18.84

ESS 3618 2113 35.85 5.30 19.63

Cigarette blend
components

RTS-D 3534 1643 37.37 5.67 20.72

ESS 3553 2095 37.88 5.15 19.50

CRES 3429 1868 37.65 5.25 19.56

E2 4403 3036 43.79 6.26 14.17

FCBL/O5 4256 2163 42.87 6.16 14.83

Cigarette Blend 4035 2302 40.35 5.98 16.85

Tobacco types FC1 4350 3089 42.97 6.33 14.18

FC3 4719 3205 46.25 6.73 11.36

B1 4087 2697 40.36 6.32 20.64

B2 4226 2787 41.41 6.40 17.89

O1 4427 2935 42.54 6.78 16.57

CRES 3504 2002 37.37 6.25 21.48

E1 4348 3068 43.61 6.91 14.12

RTS-A 3622 2161 38.00 6.29 19.94

RTS-B 3646 2227 38.29 6.06 20.24

RTS-C 3569 2036 37.20 6.20 20.94

Flue-cured stalk
position

FC A 2329 38.99 5.29 22.97

FC B 2071 38.21 5.40 23.16

FC C 3013 44.10 6.04 10.80

FC D 3346 46.18 6.26 7.79

Burley stalk position B A 1429 37.85 4.85 27.00

B B 2044 42.21 5.84 19.09

B C 2389 44.18 6.34 14.57

B D 2424 44.12 6.53 12.96

Correlation with
carbon content

0.93 0.71 0.63 �0.62

Correlation with
ash content

�0.71 �0.83 �0.79
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Table 3. 
Heat of combustion and elemental analysis results averaged by tobacco typea

Material type

Heat of combustion (cal/g)

Carbon (%) Hydrogen (%) Ash (%)O2 Air

Lamina and exp. tobaccos 4338 2630 42.13 6.22 15.91
Flue-cured 4534 2842 42.78 6.01 15.04
Burley 4156 2295 41.69 6.05 18.69
Oriental 4310 2528 40.89 6.73 14.85
Expanded 4380 3101 42.79 6.51 13.92

Stem and RTS 3557 1994 36.82 5.75 19.92
CRES 3484 1923 36.48 5.72 19.80
ESS 3586 2104 36.87 5.23 19.57
RTS 3589 1992 37.00 5.97 20.14

aData from Table 2 excluding water-extracted materials.

Figure 1.
Heat of formation of CO2 and water vs measured heat of
combustion in oxygen

Figure 2.
Heat values measured in oxygen vs heat values measured in
air
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Table 5. 
Measurements made in oxygen averaged by material type

Material type FC3 ESS B2 RTS-C RTS-X

Measured heat (cal/g) 4458 3320 3842 3323 3561
Estimated heata (cal/g) 4442 3049 3640 3221 3741

CO2 (% of COx)
b 99 100 100 100 100

CO2 (% of C in sample)c 97 91 92 91 90

aHeat estimated from CO2 found and formation of water from 
   sample hydrogen content.
bMolar amount CO2 found in gas/total carbon oxides found. 

cMolar amount CO2 found in gas/molar amount of C in 
   calorimeter sample.

Table 4. 
Results of measurements made in oxygen

Material sample FC3 ESS B2 RTS-C RTS-X

Carbon (%) 46.70 37.84 41.94 38.15 42.52

Hydrogen (%) 6.08 4.49 5.20 4.93 5.62

Ash (%) 10.57 19.52 17.23 18.75 5.56

Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2

Calorimeter sample
Sample weight (g) 1.0004 1.0007 0.6001 0.6166 1.0006 1.0005 1.0006 1.0001 0.8992 1.0007
Carbon (mol)a 0.039 0.039 0.019 0.019 0.035 0.035 0.032 0.032 0.032 0.035
Hydrogen (mol)b 0.030 0.030 0.013 0.014 0.026 0.026 0.025 0.025 0.025 0.028
Measured heat (cal/g) 4569 4348 3332 3308 3827 3856 3313 3333 3539 3583

Gas from calorimeter

CO (mol)c 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
CO2 (mol)c 0.039 0.036 0.018 0.017 0.032 0.032 0.029 0.028 0.029 0.032
Total COx (mol)d 0.039 0.037 0.018 0.017 0.032 0.032 0.029 0.028 0.029 0.032
CO2 (% of COx)

e 100 99 100 100 99 100 100 100 100 99
CO2 (% of C in sample)f 100 93 93 89 92 93 92 89 90 90
Estimated heatg (cal/g) 4574 4311 3102 2996 3636 3644 3259 3183 3741 3740

aCarbon content of the calorimeter sample as C calculated from material carbon % multiplied by sample weight/1200.
bHydrogen content of the calorimeter sample as H2 calculated from material hydrogen % multiplied by sample weight/200.
cMoles of carbon oxide found in the calorimeter after combustion of the sample weight indicated. 
dSum of molar amounts of CO and CO2.
eMolar amount CO2 found in gas/total carbon oxides found. 

fMolar amount CO2 found in gas/molar amount of C in calorimeter sample.
gHeat estimated from CO2 found and formation of water from sample hydrogen content.
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Table 7. 
Measurements made in air averaged by material type

Material type FC3 ESS B2 RTS-C RTS-X

Measured heat (cal/g) 3248 2057 2497 1512 2428

Estimated heata (cal/g) 3830 2402 2892 2240 3324

Estimated heatb (cal/g) 3520 1974 2381 1446 2940

CO (% of COx)
c 13 19 16 12 11

CO2 (% of CO)c 87 81 84 88 89

CO (% of C in sample)d 12 16 12 7 9

CO2 (% of C in sample)d 77 65 66 56 75

COx (% of C in sample)e 88 80 79 63 84

CO2/CO mole ratio 6.6 4.2 5.4 7.5 8.0

aHeat estimated from CO and CO2 found and formation of water from sample hydrogen content.
bHeat estimated from CO and CO2 found and formation of water from sample hydrogen content minus carbon content not 
   found as COx.
cMolar amount of carbon oxide found in gas/total carbon oxides found.
dMolar amount of carbon oxide found in gas/molar amount of C in calorimeter sample.
eRecovery of sample carbon as oxides.

Table 6. 
Results of measurements made in air

Material sample FC3 ESS B2 RTS-C RTS-X

Carbon (%) 46.70 37.84 41.94 38.15 42.52

Hydrogen (%) 6.08 4.49 5.20 4.93 5.62

Ash (%) 10.57 19.52 17.23 18.75 5.56

Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2

Calorimeter sample

Sample weight (g) 1.0002 1.0004 0.6006 0.6003 1.0007 1.0009 1.0003 1.0005 1.0006 1.0010

Carbon (mol)a 0.039 0.039 0.019 0.019 0.035 0.035 0.032 0.032 0.035 0.035

Hydrogen (mol)b 0.030 0.030 0.013 0.013 0.026 0.026 0.025 0.025 0.028 0.028

Measured heat (cal/g) 3245 3250 2022 2092 2501 2494 1533 1491 2431 2424

Gas from calorimeter

CO (mol)c 0.005 0.004 0.003 0.003 0.004 0.004 0.002 0.002 0.003 0.003
CO2 (mol)c 0.030 0.030 0.012 0.012 0.023 0.023 0.018 0.018 0.026 0.027

Total COx (mol)d 0.035 0.034 0.015 0.015 0.027 0.028 0.020 0.020 0.030 0.030

CO (% of COx)
e 15 12 19 19 15 16 12 12 11 11

CO2 (% of COx)
e 85 88 81 81 85 84 88 88 89 89

CO (% of C in sample)f 13 10 15 16 12 13 8 8 9 9

CO2 (% of C in sample)f 76 77 64 66 66 66 56 56 74 76

Estimated heatg (cal/g) 3819 3840 2369 2436 2886 2898 2249 2231 3295 3353

Estimated heath (cal/g) 3530 3510 1913 2034 2364 2397 1459 1432 2890 2989

aCarbon content of the calorimeter sample as C calculated from material carbon % multiplied by sample weight/1200.
bHydrogen content of the calorimeter sample as H2 calculated from material hydrogen % multiplied by sample weight/200.
cMoles of carbon oxide found in the calorimeter after combustion of the sample weight indicated. 
dSum of  molar amounts of CO and CO2.
eMolar amount of carbon oxide found in gas/total carbon oxides found. 
fMolar amount of carbon oxide found in gas/molar amount of C in calorimeter sample.
gHeat estimated from CO and CO2 found and formation of water from sample hydrogen content.
hHeat estimated from CO and CO2 found and formation of water from sample hydrogen content minus carbon content 
   not found as COx.
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Table 8. 
Results of measurements made in air and residue analyses

Material sample FC3 ESS B2 RTS-C RTS-X

Carbon (%) 46.70 37.84 41.94 38.15 42.52

Hydrogen (%) 6.08 4.49 5.20 4.93 5.62

Ash (%) 10.57 19.52 17.23 18.75 5.56

Residue sample
Carbon (%) 17.78 6.63 10.71 29.78 29.18

Hydrogen (%) 1.20 0.59 0.58 2.93 2.76

Calorimeter sample

Sample weight (g) 1.0003 0.7005 1.0000 1.0003 1.0007
Carbon (mol) 0.039 0.022 0.035 0.032 0.035

Hydrogen (mol) 0.030 0.016 0.026 0.025 0.028

Measured heat (cal/g) 2793 1831 2263 1292 2333

Residue after combustion

Sample weight (g) 0.1417 0.1537 0.2194 0.4139 0.1259
Carbon (mol)a 0.002 0.001 0.002 0.010 0.003

Hydrogen (mol)b 0.001 0.000 0.001 0.006 0.002

Gas from calorimeter

CO (mol) 0.006 0.004 0.006 0.002 0.005
CO2 (mol) 0.028 0.015 0.023 0.016 0.027

Total COx (mol) 0.034 0.019 0.029 0.018 0.031

CO (% of COx) 17 21 22 12 15

CO2 (% of COx) 83 79 78 88 85

CO (% of C in sample) 15 18 18 7 13

CO2 (% of C in sample) 73 66 65 50 75

COx (% of C lost from sample)c 93 88 88 84 96

Estimated heatd (cal/g) 3661 2424 2854 1653 3241

Estimated heate (cal/g) 3341 1975 2372 1252 3085

aCarbon content of the residue sample as C calculated from residue carbon % multiplied by sample weight/1200.
bHydrogen content of the residue sample as H2 calculated from residue hydrogen % multiplied by sample weight/200.
cCarbon oxides found as the fraction of sample carbon content minus residue carbon content.
dHeat estimated from CO and CO2 found and formation of water from sample hydrogen content minus residue hydrogen content.
eHeat estimated from CO and CO2 found and assuming formation of methane (Equation [3]).
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Table 9. 
Correlation between carbon oxide production in air and sample elemental analysis results

Carbon oxide production statistic

Material composition/correlation coefficient

Carbon Hydrogen Ash Carbon/Hydrogen

CO2 (% of C in sample)a 0.85 0.79 �0.83 �0.36

CO (% of C in sample)a
�0.06 �0.33 0.33 0.84

COx (% of C in sample)a 0.74 0.59 �0.63 �0.05

CO2/CO mole ratioa 0.30 0.57 �0.66 �0.96

COx (% of C lost from sample)b 0.70 0.73 �0.96 �0.52

aData from Table 6 used to calculate the correlation coefficients.
bData from Table 8 used to calculate the correlation coefficients.
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