
The Heat Balance



The heat balance shows the important sources of heat energy and their relative contribution 
to the total energy usage in a process

The heat balance in general accounts for heat quantities in two categories, input and output, 
whose total must be identical

Careful study of the heat balance often discloses possible lines of improvement in the 
process, especially improvements leading to saving in fuel

In a metallurgical process, modifications like change in compositions of input materials, in 
amount of fuel, in rate of treatment or in process temperature are often necessary

Understanding of the probable effects of such modifications on the heat balance helps the 
engineer in preparing for operating difficulties resulting from the changes
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 Heat Input Items

 Sensible heats of input materials

 Heats evolved in exothermic 
reactions

 Heat supplied from outside of the 
system

 Heat Output Items

 Sensible heats of output materials

 Heats absorbed in endothermic 
reactions

 Heats absorbed in bringing low T 
input materials to reference 
temperature and state

 Heat loss to the surroundings

Heat input is equal to heat output in steady state processes

In autogeneous processes like roasting of zinc, the heat evolved in the metallurgical reactions 
and the sensible heats in the input materials account for the heat input

In non-autogeneous processes like ironmaking in reverberatory furnace, the heat is supplied 
wholly or in part by heat evolved from combustion of fuel, heat supplied electrically or by 
other means from outside the system

Thermal efficiency =
Useful heat output(total heat input − heat losses)

Total heat input



Procedure in Calculating a Heat Balance

1. Work out the complete stoichiometry of the reactions and materials balance

2. Denote the temperatures at which all materials enter and leave the system

3. Fix and specify the basis of the heat balance (quantity throughout the process), reference 

temperature and reference state 

4. Calculate the sensible heat for each input and output material

5. Calculate heats of reaction for the quantities of all the chemical reactions

6. Calculate if present, heats required to bring input materials up to the reference states

7. Calculate if present, heat supplied electrically or by other means from the surroundings

8. List and add input and output items, finding heat loss or deficiency by the difference



The consideration of which set of reactions should be used to account for the overall 
chemical change of the process is important

I - Fe2O3 + 3C = 2Fe + 3CO ΔH298= 117240 calories/mole Fe2O3

II - Fe2O3 = 2Fe + 3/2O2 ΔH298= 196500 calories/mole Fe2O3

3/2O2 + 3C = 3CO    ΔH298= -79260 calories/mole Fe2O3

III - Fe2O3 + 3CO = 2Fe + 3CO2 ΔH298= -6390 calories/mole Fe2O3

3CO2 + 3C = 6CO ΔH298= 123630 calories/mole Fe2O3

All three sets of reactions represent the same change in state, the net contribution to the 
heat balance is 117249 calories/mole Fe2O3

The heat output or heat consumption accompanying reaction I  is represented as a single 
item in the heat output side of heat balance

The largest heat output and heat input are obtained by choosing set II, each heat input and 
output being 79260 calories larger than those of set I 

For all three sets, the heat loss to the surrounding is the same



Heat Input Heat Output ΔH for chemical change

Reaction set I -- 117240 cal 117240 cal

Reaction set II 79260 cal 196500 cal 117240 cal

Reaction set III 6390 cal 123630 cal 117240 cal

Thermodynamically, all three methods are equally correct

However the choice of the set affects the outlook of the heat balance
Using the combination of reactions which gives the largest input and output totals  gives 
greater emphasis on reaction heats compared to other items

The combination giving the largest input and output makes the heat loss appear in a smaller 
proportion of the total heat input so that a higher thermal efficiency than actual is obtained

The set of reactions must represent real heat evolutions or absorptions in the process as much 
as possible

Thermal efficiency =
Useful heat output(total heat input − heat losses)

Total heat input



Cooling of flue gas
Flue gas is passed through a waste heat boiler which cools it from 1121 C to 293 C 
Calculate the heat given up by the flue gas

Basis: 2170 m3

Reference temperature = 25 C

Boiler

2170 m3/min Hot flue gas
@ 1121 C, 1394 K
74% N2

14% CO2

10% H2O
2% O2

Cool flue gas
@ 293 C, 566 K
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P1V1/T1 = P2V2/T2, P1=P2= 1 atm, V2= V1T2/T1= 2170*273/1394= 425 m3

425*0.74/22.4 = 14.04 kg-mole/min N2

Heat Input for N2 Heat Output for N2

Sensible heat for 1121 to 25 C Sensible heat for 25 to 293 C
-14.04*(H1394-H298) = -14.04*8305.5 = -116609 kcal 14.04*(H566-H298) = 14.04*1884 = 26451 kcal

425*0.14/22.4 = 2.66 kg-mole/min CO2

Heat Input for CO2 Heat Output for CO2

Sensible heat for 1121 to 25 C Sensible heat for 25 to 293 C
-2.66*(H1394-H298) = -2.66*13277 = -35317 kcal 2.66*(H566-H298) = 2.66*2711 = 7211 kcal

425*0.1/22.4 = 1.90 kg-mole/min H2O
Heat Input for H2O Heat Output for H2O
Sensible heat for 1121 to 25 C Sensible heat for 25 to 293 C
-1.90*(H1394-H298) = -1.90*10320 = -19608 kcal 1.90*(H566-H298) = 1.90*2219 = 4216 kcal

425*0.021/22.4 = 0.38 kg-mole/min O2

Heat Input for O2 Heat Output for O2

Sensible heat for 1121 to 25 C Sensible heat for 25 to 293 C
-0.38*(H1394-H298) = -0.38*8783 = -3337 kcal 0.38*(H566-H298) = 0.38*1953 = 742 kcal

Total Input = -174871 kcal Total Output = 38620 kcal
Heat given up by the flue gas = -174871 + 38620 = -136251 kcal/min



Combustion
A sample of tungsten carbide, WC is burned to WO3 and CO2 using O2 in a closed bomb 
calorimeter so that the combustion occurs at a constant volume. The calorimeter and its 
contents are at 25 C before combustion and are cooled back to the same temperature 
afterwards. The total heat evolved from the calorimeter during the combustion and 
subsequent cooling is 1454 calories/gram WC. Calculate the ΔH for the combustion reaction 
at 25 C and 1 atm per mole of WC and the heat of formation of WC from tungsten and 
graphite at 25 C
Consider the gases behaving as ideal gases and H and U are independent of pressure

Reaction:
WC(s) + 5/2 O2 = WO3 (s) + CO2

Basis 1 g-mole WC
ΔH298= ΔU + Δ(PV)

Calorimeter at 
constant volume 

and 25 C

WC

O2



ΔH298= ΔU + Δ(PV) constant volume process

ΔU:
Total heat evolved in the calorimeter = 1454 cal/g WC 
1 mole WC = 196 grams
Total heat evolved = 1454*196 = 285000 cal/mole WC
ΔU=Q-W, at constant volume ΔU=Q= -285000 g/mole WC

Δ(PV):
PV=nRT, ΔPV= ΔnRT
Δn = (number of moles of CO2 – number of moles of O2)
Δn = (1-5/2) = -3/2 moles of gas
Δ(PV) = ΔnRT = -3/2*1.987*298 = -888 calories

ΔH298= ΔU + Δ(PV)
= -285000 – 888 = -285888 calories/g-mole WC

ΔH298= Σ(ΔHf products) - Σ(ΔHf reactants) = ΔHf(WO3) - ΔHf(CO2) - ΔHf(WC)

ΔHf(WO3)= -200840 cal/g-mole, ΔHf(CO2)= -94050 cal/g-mole 
ΔHf(WC) is obtained from the calorimeter experiment as -9002 cal/g-mole



Example - Limestone of 84% CaCO3, 8% MgCO3, 8% H2O is calcined in a rotary kiln. Gaseous 
fuel is combusted with stoichiometric air to supply the required heat. The limestone, fuel and 
air are supplied at 298 K, lime is discharged at 1173 K and gases leave at 473 K. Calculate the 
energy required to calcine 1000 kg of limestone. 
Reactions:
CaCO3 = CaO + CO2 ΔH= 42750 Kcal/kg-mole       CpCaO = 49.622 +4.519x10‐3T ‐6.945x105 /T2

MgCO3 = MgO + CO2 ΔH= 24250 Kcal/kg-mole CpMgO = 48.995 +3.138x10‐3T ‐11.715x105 /T2

CO + ½O2 = CO2 ΔH= -67900 Kcal/kg-mole CpCO2 = 44.3+0.0088T

Material balance gives calcined products and off-gases as
8.4 kg-moles CaO
0.952 kg-moles MgO
9.352 kg-moles CO2

4.444 kg-moles H2O

8.4 kg-moles CaO is produced by consuming 8.4*42750 = 359100 Kcal
0.952 kg-moles MgO is produced by consuming 0.952*24250 =23086 Kcal
Total heats of decomposition of the two reactions = 382186 Kcal

The sensible heat in calcined products

∆𝐻298
1173 = 8.4 ∗  

298

1173

𝐶𝑃 𝐶𝑎𝑂 𝑑𝑇 + 0.952 ∗  
298

1173

𝐶𝑃 𝑀𝑔𝑂 𝑑𝑇

= 89547 + 9542 = 99089 Kcal



8.4 kg-moles CaO is produced by consuming 8.4*42750 = 359100 Kcal
0.952 kg-moles MgO is produced by consuming 0.952*24250 =23086 Kcal
Total heats of decomposition of the two reactions = 382186 Kcal

The sensible heat in calcined products

∆𝐻298
1173 = 8.4 ∗  

298

1173

𝐶𝑃 𝐶𝑎𝑂 𝑑𝑇 + 0.952 ∗  
298

1173

𝐶𝑃 𝑀𝑔𝑂 𝑑𝑇

= 89547 + 9542 = 99089 Kcal

The sensible heat in CO2

∆𝐻298
473 = 9.352 ∗  

298

473

𝐶𝑃 𝐶𝑂2 𝑑𝑇

= 16252 Kcal
The heat content in H2O

∆𝐻298
373 = 4.444 ∗  

298

373

𝐶𝑃 𝐻2𝑂 𝑙 𝑑𝑇 + 4.444 ∗ ∆𝐻𝑚 + 4.444 ∗  
373

473

𝐶𝑃 𝐻2𝑂 𝑣 𝑑𝑇

= 6001 + 11158 + 3643 = 20802 Kcal

Total heat requirement to calcine 1000 kg of limestone

∆𝐻 = 382186 + 99089+ 16252+ 20802 = 518329 𝐾𝑐𝑎𝑙



Example - Limestone is calcined in a rotary kiln. Gaseous fuel at 900 K is combusted with 
stoichiometric air to supply the required heat. The limestone and air are supplied at 298 K, 
lime is discharged at 1173 K and gases leave at 473 K. Calculate the amount of gaseous fuel 
required to obtain 10 kg-moles CaO
Reactions:
CaCO3 = CaO + CO2 ΔH= 42750 Kcal/kg-mole       CpCaO = 49.622 +4.519x10‐3T ‐6.945x105 /T2

MgCO3 = MgO + CO2 ΔH= 24250 Kcal/kg-mole CpMgO = 48.995 +3.138x10‐3T ‐11.715x105 /T2

CO + ½O2 = CO2 ΔH= -67900 Kcal/kg-mole CpCO2 = 44.3+0.0088T

The calorific value of the fuel or quantity of heat produced by combustion of 1 kg-mole of fuel:
1 kg-mole of fuel contains 0.166 kg-mole CO and 0.016 kg-mole O2

The heat of combustion for 0.166 kg-mole CO = 0.166*(-67900) = -11271 Kcal

Heat Input Heat Output
Decomposition heat of limestone (10*ΔHCaO+1.13*ΔHMgO)

Sensible heat in the fuel (X*∆𝐻298
900)

Calorific value of the fuel (-11271 X) Sensible heat in CaO (10*∆𝐻298
1173)

Sensible heat in MgO (1.133*∆𝐻298
1173)

Sensible heat in off-gas ((11.133 + 0.238 X)* ∆𝐻298
473 CO2 +

Material balance gives (0.74 X + 0.302 X)* ∆𝐻298
473 N2+

CO2 = 11.133 + 0.238 X CaO = 10 5.29* ∆𝐻298
473 H2O)

N2 = 0.74 X + 0.302 X MgO = 1.133
H2O = 5.29

Rational Analysis wt%, v%

CaCO3 MgCO3 H2O CO2 O2 CO N2

Limestone 84 8 8

Fuel 7.2 1.6 16.6 74.6



Heat Input Heat Output
Decomposition heat of limestone (10*ΔHCaO+1.13ΔHMgO)

Sensible heat in the fuel (X*∆𝐻298
900)

Calorific value of the fuel (-11271 X) Sensible heat in CaO (10*∆𝐻298
1173CaO)

Sensible heat in MgO (1.133*∆𝐻298
1173MgO)

Sensible heat in off-gas ((11.133 + 0.238 X)* ∆𝐻298
473 CO2 +

(0.74 X + 0.302 X)* ∆𝐻298
473 N2+

5.29* ∆𝐻298
473 H2O)

CaCO3 = CaO + CO2 ΔH= 42750 Kcal/kg-mole       CpCaO = 49.622 +4.519x10‐3T ‐6.945x105 /T2

MgCO3 = MgO + CO2 ΔH= 24250 Kcal/kg-mole CpMgO = 48.995 +3.138x10‐3T ‐11.715x105 /T2
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Alumina calcination

Reactions:
2 Al(OH)3 = Al2O3 + 3H2O    ΔH= 24290 Kcal/kg-mole H1000 ‐ H298 (Al2O3) =18710 Kcal/kg.mol
C + O2 = CO2 ΔH= -94300 Kcal/kg-mole 
2H + ½ O2 = H2O ΔH= -68370 Kcal/kg-mole 

Calculate the volume of gases leaving the kiln per 1000 kg alumina

Rotary Kiln

Al(OH)3 298 K
55% Al2O3

45% H2O
200 kg Fuel
298 K
84% C
16% H

1.2 Air 298 K 1000 kg Al2O3 1000 K

1700 K
Off-gas 800 K



Reaction:
2 Al(OH)3 = Al2O3 + 3H2O    ΔH= 24290 Kcal/kg-mole H1000 ‐ H298 (Al2O3) =18710 Kcal/kg.mol
C + O2 = CO2 ΔH= -94300 Kcal/kg-mole 
2H + ½ O2 = H2O ΔH= -68370 Kcal/kg-mole 
Perform the material balance

Rotary Kiln

mAl Al(OH)3 298 K
55% Al2O3

45% H2O
200 kg Fuel
298 K
84% C
16% H

VA Air 298 K 1000 kg Al2O3 1000 K

1700 K Vg Off-gas 800 K
XCO2

XH2O

XO2

XN2



Reaction:
2 Al(OH)3 = Al2O3 + 3H2O    ΔH= 24290 Kcal/kg-mole H1000 ‐ H298 (Al2O3) =18710 Kcal/kg.mol
C + O2 = CO2 ΔH= -94300 Kcal/kg-mole 
2H + ½ O2 = H2O ΔH= -68370 Kcal/kg-mole 
Perform the heat balance

Heat Input Heat Output
Heat of alumina calcination

Sensible heat in alumina
Heat of combustion Sensible heat in off-gas

Rotary Kiln

mAl Al(OH)3 298 K
55% Al2O3

45% H2O
200 kg Fuel
298 K
84% C
16% H

VA Air 298 K 1000 kg Al2O3 1000 K

1700 K 4014 m3 Off-gas 800 K
7.8% CO2

2.5% O2

55.4% N2

34.3 H2O


