Unit 3 Material and Energy Balance

3.1 Objectives

· Basic Principles, Sankey diagrams

· Material balances for different processes

· Energy balances, heat balances

· Methods for preparing process flow chart

· Procedure to carry out the material and energy balance in different processes

3.2 Introduction


The concept of material and energy balance comes from the laws of conservation according to which the input of matter and energy into a process should be equal to the output of the same. This concept is very essential for production management in industry. Material balances show the utilization of the raw materials and its conversion into products. On detailed analysis of a material balance of a process, material misuse can be located and improvements can be made to increase productivity. Similarly, energy balance comes in handy to reduce energy consumption and wastage, hence reducing the cost of input energy. From simple balances calculated manually to complex balances formulated using help of computer software, material and energy balances are used in everyday process management to maximise product yields and minimise costs.
3.3 Basic principles, Sankey Diagrams

3.3.1 Basic principles



According to law of conservation of mass, mass can neither be created nor destroyed. A quantity of mass entering into a system can be accounted for by the sum total of the mass leaving the system and the mass being accumulated in the system, i.e.


Input = Output + Accumulation


If there is no accumulation in the system, then the simple rule that holds strong is “what goes in must come out”. In case of a process of production or manufacture, the law of energy conservation can be put forward as:


Raw Materials = Products + Waste Products + Stored Products + Losses


i.e., (mR = (mP + (mW + (mS + (mL,

where ( (sigma) denotes the sum of all terms.

(mR = mR1 + mR2 + mR3 +…
= Total Raw Materials

(mP = mP1 + mP2 + mP3
+…
= Total Products

(mW= mW1 + mW2 + mW3 +…
= Total Waste Products

(mS = mS1 + mS2 + mS3 +…

= Total Stored Products
(mL = mL1 + mL2 + mL3 +…
= Total Losses



For example, in the process of fermentation, the raw products are the sugary molasses on which microbial action takes place. The product of this process is ethanol, while some non-convertible residues are left behind (waste products) and the microbial culture can be reused (stored products). All the sugars input into the process are not converted to ethanol and a percentage of loss is always there.


Similarly, the law of energy conservation states that energy cannot be created or destroyed, but can be converted from one form to another. The concept of energy conservation becomes slightly more complicated than that of mass conservation. It is so because the transformation of energy into various forms like heat, kinetic energy, potential energy, chemical energy, etc. makes the study of energy flow in a process qualitative along with being quantitative. For example, mechanical energy input in a process can be transformed to heat energy as output, but overall the quantities must balance. A general expression for energy flow in a process can be given as:

Energy in = Energy out + Energy stored
which can be represented as

ΣER = ΣEP + ΣEW + ΣEL + ΣES

where

ΣER = ER1 + ER2 + ER3 + … 
= Total Energy Entering

ΣEP = EP1 + EP2 + EP3 + … 

= Total Energy Leaving with Products

ΣEW = EW1 + EW2 + EW3 + …
= Total Energy Leaving with Waste Materials

ΣEL = EL1 + EL2 + EL3 + … 

= Total Energy Lost to Surroundings

ΣES = ES1 + ES2 + ES3 + …

= Total Energy Stored









(Source: BEE guide book)
3.3.2 Sankey Diagrams



Sankey diagrams were first developed by an Irish engineer Matthew H. Sankey. They are illustrated representations of energy or material flows used to visualize the division of input flow into various output flows in their correct proportion. In this specific type of diagram, the outflows are represented by arrows branching out from the main inflow and the width of the arrows is shown proportionally to the flow quantity. 
[image: image1.jpg]) B D (.,m.m..k.."m..,\
AN AR GEER

TN

2.2KW Theamat Air friction 4.6KW
) Energy 3KW I Road friction 4.4 KW

Thermal energy
57.8KW





Fig 3.1: Sankey diagram for a heat engine









(Source: ngfl-cymru.org.uk)



Fig. 3.1 shows the Sankey diagram for a heat engine used to power a car travelling at constant speed. The initial 72 kW of power input eventually dissipates into 9 kW of power output, an overall efficiency of 12.5 %. The power input of 72 kW is shown to dissipate into thermal energy through the lights, fan, alternator, transmission and during driving the car itself. Fig. 3.2 shows another Sankey diagram wherein the conversion of energy produced by burning fuel in a power plant is shown. The energy from combustion of fuel is transferred as heat and stored in water as steam. The energy in steam is transformed to mechanical energy in a turbine, then to electrical energy in the generator. Energy is lost to the environment at each stage and only about a third of the energy stored in the fuel is transferred as electrical energy to customers.
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Fig 3.2: Sankey diagram for energy conversion in steam power plant








(Source: http://www.bbc.co.uk)



Sankey diagram proves to be a very helpful tool in energy management and auditing as it provides a visual representation on various outputs and losses clearly, which aids the manager to target the points of interest, and find out improvement measures or solutions in a prioritized manner.
3.4 Material balances for different processes



A material balance is used to analyze all mass entering and leaving a system in conformation to the law of conservation of mass. The quantification of material flow into or out of a process is the objective of a mass balance. This is done so as to find out the difference between calculated/designed values and measured/actual values, thereby making it possible to identify wastages, unaccounted losses and emissions. This identification is very important, especially in industry, considering the expenses incurred on raw materials and the value of the products. Material balance can be used to fine-tune any industrial process to optimize the use of the resources, maximize output of products, and minimize the losses and waste products.
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Fig 3.3: Components of material balance


While going for a material balance, the materials in each category have to be considered whether they are to be treated as a whole, a gross mass balance, or whether various constituents should be treated separately and if so what constituents. For example, dry solid matter can be taken opposed to total material, thus segregating the constituents into two groups - solids and non-solids.  More complete dissection can separate out chemical types such as minerals, or chemical elements such as carbon. This is done on the basis of which specific constituents need consideration. The next step is to decide the basis of the calculations, for example whether it is to be calculated per hour for a continuous process or in a batch for batch-wise production. Having selected the basis, then the units may be chosen such as mass, or concentrations which can be by weight or can be molar if reactions are important.









(Source: BEE guide book)
3.4.1 Case study


The concept of material balance becomes clear with the help of the following case studies:
1. Constituent balance

Example: Skim milk is prepared by the removal of some of the fat from whole milk. This skim milk is found to contain 90.5% water, 3.5% protein, 5.1% carbohydrate, 0.1% fat and 0.8% ash. If the original milk contained 4.5% fat, calculate its composition assuming that fat only was removed to make the skim milk and that there are no losses in processing.

Basis: 100 kg of skim milk. This contains, therefore, 0.1 kg of fat. Let the fat which was removed from it to make skim milk be x kg.

Total original fat =(x + 0.1) kg

Total original mass = (100 + x) kg

and as it is known that the original fat content was 4.5% so

(x + 0.1) / (100 + x) = 0.045

=> x + 0.1 = 0.045(100 + x)

=> x = 4.6 kg

So the composition of the whole milk is then fat = 4.5%, water = 90.5/104.6 = 86.5 %, protein = 3.5/104.6 = 3.3 %, carbohydrate= 5.1/104.6 = 4.9% and ash = 0.8%

2. Concentrations



Concentrations can be expressed in many ways: weight/ weight (w/w), weight/volume (w/v), molar concentration (M), mole fraction. The weight/weight concentration is the weight of the solute divided by the total weight of the solution and this is the fractional form of the percentage composition by weight. The weight volume concentration is the weight of solute in the total volume of the solution. The molar concentration is the number of molecular weights of the solute expressed in kg in 1 m3 of the solution. The mole fraction is the ratio of the number of moles of the solute to the total number of moles of all species present in the solution. Notice that in process engineering, it is usual to consider kg moles and in this chapter the term mole means a mass of the material equal to its molecular weight in kilograms. Here, percentage signifies percentage by weight (w/w) unless otherwise specified. 
Example: A solution of common salt in water is prepared by adding 20 kg of salt to 100 kg of water, to make a liquid of density 1323 kg/m3. Calculate the concentration of salt in this solution as 
(a) weight fraction, (b) weight/volume fraction, (c) mole fraction, (d) molar concentration.
(a) Weight fraction:

20 / (100 + 20) = 0.167


 % weight / weight = 16.7%

(b) Weight/volume:

A density of 1323kg/m3 means that l m3 of solution weighs 1323 kg, but 1323 kg of salt solution contains

(20 × 1323 kg of salt) / (100 + 20) = 220.5 kg salt / m3
1 m3 solution contains 220.5 kg salt.

Weight/volume fraction = 220.5 / 1000 = 0.2205

And so weight / volume = 22.1%

c) Moles of water = 100 / 18 = 5.56

Moles of salt = 20 / 58.5 = 0.34

Mole fraction of salt = 0.34 / (5.56 + 0.34) = 0.058

d) The molar concentration (M) is 220.5/58.5 = 3.77 moles in m3


Note that the mole fraction can be approximated by the (moles of salt/moles of water) as the number of moles of water is dominant, that is the mole fraction is close to 0.34/5.56 = 0.061. As the solution becomes more dilute, this approximation improves and generally for dilute solutions the mole fraction of solute is a close approximation to the moles of solute / moles of solvent.



In solid / liquid mixtures of all these methods can be used but in solid mixtures the concentrations are normally expressed as simple weight fractions.



With gases, concentrations are primarily measured in weight concentrations per unit volume, or as partial pressures. These can be related through the gas laws. Using the gas law in the form:


pV = nRT

where p is the pressure, V the volume, n the number of moles, T the absolute temperature, and R the gas constant which is equal to 0.08206 m3 atm / mole K, the molar concentration of a gas is then “n / V = p/RT” and the weight concentration is then nM/V where M is the molecular weight of the gas.


3. Air Composition
Example: If air consists of 77% by weight of nitrogen and 23% by weight of oxygen calculate:

(a) The mean molecular weight of air,

(b) The mole fraction of oxygen,

(c) The concentration of oxygen in mole/m3 and kg/m3 if the total pressure is 1.5 atmospheres and the temperature is 25 °C.

(a) Taking the basis of 100 kg of air: 
It contains 77/28 moles of N2 and 23/32 moles of O2
Total number of moles = 2.75 + 0.72 = 3.47 moles.

So mean molecular weight of air = 100 / 3.47 = 28.8

Mean molecular weight of air = 28.8

b) The mole fraction of oxygen = 0.72 / (2.75 + 0.72) = 0.72 / 3.47 = 0.21

Mole fraction of oxygen = 0.21

(c) In the gas equation, where n is the number of moles present: the value of R is 0.08206 m3atm/mole K and at a temperature of 25 °C = 25 + 273 = 298 K, and where V= 1 m3


pV = nRT



=> 1.5 × 1 = n × 0.08206 × 298



=> n = 0.061 mole/m3
Weight of air
= n × mean molecular weight



= 0.061 × 28.8 = 1.76 kg / m3

and of this 23% is oxygen, so weight of oxygen = 0.23 × 1.76 = 0.4 kg in 1 m3
Concentration of oxygen = 0.4 kg/m3
or 0.4 / 32 = 0.013 mole / m3
4. Gas composition



When a gas is dissolved in a liquid, the mole fraction of the gas in the liquid can be determined by first calculating the number of moles of gas using the gas laws, treating the volume as the volume of the liquid, and then calculating the number of moles of liquid directly.

 Example: In the carbonation of a soft drink, the total quantity of carbon dioxide required is the equivalent of 3 volumes of gas to one volume of water at 0°C and atmospheric pressure. Calculate: 
(a) The mass fraction and 
(b) The mole fraction of the CO2 in the drink, ignoring all components other than CO2 and water.

Basis 1 m3 of water = 1000 kg

Volume of carbon dioxide added = 3 m3
From the gas equation, 

pV = nRT


1 × 3 = n × 0.08206 × 273


n = 0.134 mole.

Molecular weight of carbon dioxide = 44

And so weight of carbon dioxide added = 0.134 × 44 = 5.9 kg

(a) Mass fraction of carbon dioxide in drink = 5.9 / (1000 + 5.9) = 5.9 × 10-3
(b) Mole fraction of carbon dioxide in drink = 0.134 / (1000/18 + 0.134) = 2.41 × 10-3
3.4.2 Types of Process Situations

1. Continuous Processes



In continuous processes, time also enters into consideration and the balances are related to unit time. Thus in considering a continuous centrifuge separating whole milk into skim milk and cream, if the material holdup in the centrifuge is constant both in mass and in composition, then the quantities of the components entering and leaving in the different streams in unit time are constant and a mass balance can be written on this basis. Such an analysis assumes that the process is in a steady state, that is flows and quantities held up in vessels do not change with time.

Example: If 35,000kg of whole milk containing 4% fat is to be separated in a 6 hour period into skim milk with 0.45% fat and cream with 45% fat, what are the flow rates of the two output streams from a continuous centrifuge which accomplishes this separation?

Basis 1 hour's flow of whole milk.
Mass in:
Total mass = 35000/6 = 5833 kg.

Fat = 5833 × 0.04 = 233 kg.

And so water plus solids (non-fat) = 5600 kg.

Mass out:
Let the mass of cream be “x kg” then its total fat content is “0.45x”. 
The mass of skim milk is = (5833 - x) and its total fat content is = 0.0045 (5833 - x)

Material balance on fat:


Fat in = Fat out


5833 × 0.04 = 0.0045(5833 - x) + 0.45x


=> x = 465 kg.

So that the flow of cream is 465 kg / hr and skim milk (5833 - 465) = 5368 kg/hr



The time unit has to be considered carefully in continuous processes as normally such processes operate continuously for only part of the total factory time. Usually there are three periods, start up, continuous processing (so-called steady state) and close down, and it is important to decide what material balance is being studied. Also the time interval over which any measurements are taken must be long enough to allow for any slight periodic or chance variation.



In some instances a reaction takes place and the material balances have to be adjusted accordingly. Chemical changes can take place during a process, for example bacteria may be destroyed during heat processing, sugars may combine with amino acids, fats may be hydrolysed and these affect details of the material balance. The total mass of the system will remain the same but the constituent parts may change, for example in browning the sugars may reduce but browning compounds will increase.

2. Drying



In setting up a material balance for a process a series of equations can be written for the various individual components and for the process as a whole. In some cases where groups of materials maintain constant ratios, then the equations can include such groups rather than their individual constituents. For example in drying vegetables the carbohydrates, minerals, proteins etc., can be grouped together as 'dry solids', and then only dry solids and water need be taken, through the material balance.

Example: Potatoes are dried from 14% total solids to 93% total solids. What is the product yield from each 1000 kg of raw potatoes assuming that 8% by weight of the original potatoes is lost in peeling? Basis: 1000 kg potato entering. 
As 8% of potatoes are lost in peeling, potatoes to drying are 920 kg, solids 129 kg

Mass in (kg) 



Mass out (kg)


Potato solids = 140 kg

 
Dried product
= 92 kg

Water 
         =860 kg 


Potato solids 
=140 × (92/100)









=129 kg







Associated water =10 kg







Total product 
=139 kg







Losses







Peelings-potato







Solids 

= 11 kg







Water 

= 69 kg







Water evaporated = 781 kg







Total losses 
= 861 kg







Total 

= 1000 kg

Therefore, product yield = 139/1000=14%


Often it is important to be able to follow particular constituents of the raw material through a process. This is just a matter of calculating each constituent.

(Source:
1. BEE guide book, 



2. Introduction to Material and Energy Balance, www.phdcenter.com)
3.5 Energy balances, heat balances
3.5.1 Energy balance



Similarly like material balance, energy can also be analyzed across a process or a system to ascertain the amount of energy inputs and outputs. As already discussed earlier, energy balance is more complex than material balance due to its interchangeability to different forms. Because of these inter-conversions it is not always easy to isolate separate constituents of energy balances. However, in certain cases, when studying the flow of a specific form of energy, the other forms of energy may be considered insignificant and the conversions of some amount of energy into these forms are accounted as losses. For example, in analysis of a heat exchanger, the energy balance is basically a heat balance wherein the frictional and mechanical energy transformations are considered as losses or sometimes even neglected. The minor forms of energy when neglected in the calculations bring in some degree of error, but this error is acceptable considering the simplicity of the calculations. 
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Fig 3.4: Solar energy flow diagram






(Source: http://www.sankey-diagrams.com)

Energy flow diagrams should be used to show the various conversions of energy in different steps of a process. Fig. 3.4 shows an energy flow diagram which shows the by-part breakdown of incoming solar radiation on earth.


3.5.2 Heat balance


The energy balance which basically deals with the transfer of heat, i.e. a comparison of the heat received and expended (both usefully expended and lost) in various thermal processes, is called a heat balance. Heat balances are used in engineering for the analysis of thermal processes occurring in, for example, steam boilers, furnaces, and heat engines. A heat balance may be expressed in units of energy, such as joules or calories, or in percent of the total amount of heat per unit output, per hour of operation, per time period (cycle), or per kilogram of material used. In scientific research, heat balances are employed to solve many problems in, for example, astrophysics, geophysics, chemistry, and biology.


A heat balance is calculated on the basis of the enthalpies of the substances taking part in a process and the heats of the corresponding chemical reactions. For complex processes, especially in such areas as metallurgy and chemical engineering, the calculation of a heat balance precedes the calculation of a material balance, that is, a comparison of the masses of the input and output substances in the process. Here, the heat balance of a facility is often obtained as the sum of the heat balances of the pieces of equipment making up the facility. A distinction is made between rated heat balances and experimental heat balances, which are obtained from thermal testing data. Again, the heat evolved or absorbed in a process can be in two forms, latent heat and sensible heat. Latent heat is the heat required to change, at constant temperature, the physical state of materials from solid to liquid, liquid to gas, or solid to gas. Sensible heat is that heat which when added or subtracted from materials changes their temperature and thus can be sensed. 





(Source:
1.The Great Soviet Encyclopedia,







2. BEE guide book)
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Fig 3.5: Heat balance
3.5.3 Case Study



The energy and heat balance calculations can be elaborated with the help of the following case studies:

1. Dryer heat balance


A textile dryer is found to consume 4 m3/hr of natural gas with a calorific value of 800 kJ/mole. If the throughput of the dryer is 60 kg of wet cloth per hour, drying it from 55% moisture to 10% moisture, estimate the overall thermal efficiency of the dryer taking into account the latent heat of evaporation only.

Solution:

60 kg of wet cloth contains [60 × 0.55] kg water = 33 kg moisture and [60 × (1-0.55)] = 27 kg completely dry cloth.

As the final product contains 10% moisture, the moisture in the product is = 27/9 kg = 3 kg

And so moisture removed per hour = 33 - 3 = 30 kg/hr

Latent heat of evaporation = 2257 kJ/K

Heat necessary to supply = 30 × 2257 = 6.8 × 104 kJ/hr

Assuming the natural gas to be at standard temperature and pressure at which 1 mole occupies 22.4 litres.
Rate of flow of natural gas = 4 m3/hr = (4 × 1000)/22.4 = 179 moles/hr

Heat available from combustion = 179 × 800 = 14.3 × 104 kJ/hr

Approximate thermal efficiency of dryer = heat needed / heat used

= 6.8 × 104 / 14.3 × 104 = 48%



To evaluate this efficiency more completely it would be necessary to take into account the sensible heat of the dry cloth and the moisture, and the changes in temperature and humidity of the combustion air, which would be combined with the natural gas. However, as the latent heat of evaporation is the dominant term the above calculation gives a quick estimate and shows how a simple energy balance can give useful information. Similarly energy balances can be carried out over thermal processing operations, and indeed any processing operations in which heat or other forms of energy are used.
2. Autoclave heat balance in canning


An autoclave contains 1000 cans of pea soup. It is heated to an overall temperature of 100 °C. If the cans are to be cooled to 40 °C before leaving the autoclave, how much cooling water is required if it enters at 15 °C and leaves at 35 °C?



The specific heats of the pea soup and the can metal are respectively 4.1 kJ/ kg °C and 0.50 kJ/ kg °C. The weight of each can is 60g and it contains 0.45 kg of pea soup. Assume that the heat content of the autoclave walls above 40°C is 1.6 × 104 kJ and that there is no heat loss through the walls.
Solution:
Let w = the weight of cooling water required; and the datum temperature be 40°C, the temperature of the cans leaving the autoclave.
Heat entering-
Heat in cans 

= weight of cans × specific heat × temperature above datum




= 1000 x 0.06 × 0.50 × (100-40) kJ 



= 1.8 × 103 kJ

Heat in can contents
= weight pea soup × specific heat × temperature above datum




= 1000 × 0.45 × 4.1 × (100 - 40) 



= 1.1 × 105 kJ

Heat in water 

= weight of water × specific heat × temperature above datum




= w × 4.186 × (15-40)




= -104.6w kJ.
Heat in autoclave wall
= 16000 kJ
Total heat entering 
= (1.8 × 103) + (1.1 × 105) + (-104.6w) + 16000



=127.800 – 104.6w
Heat leaving-
Heat in cans 

= 1000 × 0.06 × 0.50 × (40-40) {cans leave at datum temperature} 



= 0

Heat in can contents
= 1000 × 0.45 × 4.1 × (40-40) 



= 0
Heat in autoclave wall
= 0
Heat in water 

= w × 4.186 × (35-40) 



= - 20.9w
So, total heat leaving
= - 20.9w
Now,


Total heat entering = Total heat leaving

· 127.800 – 104.6w = - 20.9w
· w = 1527 kg
Hence, cooling water required is 1527 kg.

3. Refrigeration load


It is desired to freeze 10,000 loaves of bread each weighing 0.75 kg from an initial room temperature of 18°C to a final temperature of -18°C. The bread-freezing operation is to be carried out in an air-blast freezing tunnel. It is found that the fan motors are rated at a total of 80 horsepower and measurements suggest that they are operating at around 90% of their rating, under which conditions their manufacturer's data claims a motor efficiency of 86%. If 1 ton of refrigeration is 3.52 kW, estimate the maximum refrigeration load imposed by this freezing installation assuming (a) that fans and motors are all within the freezing tunnel insulation and (b) the fans but not their motors are in the tunnel. The heat-loss rate from the tunnel to the ambient air has been found to be 6.3 kW.

Solution:

Extraction rate from freezing bread (maximum) = 104 kW

Fan rated horsepower = 80

Now, 0.746 kW = 1 horsepower and the motor is operating at 90% of rating,

And so (fan + motor) power = (80 × 0.9) × 0.746 = 53.7 kW
 (a) With motors + fans in tunnel

Heat load from fans + motors = 53.7 kW

Heat load from ambient = 6.3 kW

Total heat load = (104 + 53.7 + 6.3) kW = 164 kW = 46 tons of refrigeration
(b) With motors outside, the motor inefficiency = (1- 0.86) does not impose a load on the refrigeration

Total heat load = [104 + (0.86 × 53.7) + 6.3] = 156 kW = 44.5 tons of refrigeration










(Source: BEE guide book)
3.6 Procedure to carry out the material and energy balance in different processes



Material and energy balances are of importance to process industries to minimize use of raw materials and energy, thereby reducing costs along with harmful emissions. For this purpose, the energy manager has to be well versed with the methodology for such calculations to provide an effective and accurate balance. For a correct material and energy balance, the energy manager should adopt the following procedures:
• Clearly identify the problem to be studied.

• Define a boundary that encloses the entire system or sub-system to be analysed. Entering and leaving mass and energy flows must be measured at the boundary.

• The boundary must be chosen in such a way that:


a) All relevant flows must cross it, all non-relevant flows being within the boundary.

b) Measurements at the boundary must be possible in an easy and accurate manner.

• Select an appropriate test period depending on the type of process and product.

• Carry out the measurements.

• Calculate the energy and mass flow.

• Verify an energy and mass balance. If the balances are outside acceptable limits, then repeat the measurements.

• The energy release or use in endothermic and exothermic processes should be taken into consideration in the energy balance.

3.6.1 Some formula used in M&E balance
i) Energy Supplied by Combustion: Q =Fuel consumed × Gross Calorific value

ii) Energy Supplied by Electricity: Q = kWh × 860 kCals


where, Q = thermal energy flow rate produced by electricity (kCals/hr)

iii) Continuity Equation


A1V1/ v1= A2V2/ v2

where, V1 and V2 are the velocity in m/s , 'v1' and 'v2' the specific volume in m3/kg 
and 'A' is the cross sectional area of the pipe in m2.
iv) Heat addition/rejection of a fluid = mCpΔT


where, m is the mass in kg, Cp is the specific heat in kCal/kg°C, ΔT is the difference 
in temperature in °C.
3.6.2 Guidelines for M&E balance

• For a complex production stream, it is better to first draft the overall material and energy balance.

• While splitting up the total system, choose, simple discrete sub-systems. The process flow diagram could be useful here.

• Choose the material and energy balance envelope such that, the number of streams entering and leaving, is the smallest possible.
• Always choose recycle streams (material and energy) within the envelope.

• The measurement units may include, time factor or production linkages.

• Consider a full batch as the reference in case of batch operations.

• It is important to include start-up and cleaning operation consumptions (of material and energy resources (M&E).

• Calculate the gas volumes at standard conditions.

• In case of shutdown losses, averaging over long periods may be necessary.

• Highlight losses and emissions (M&E) at part load operations if prevalent.

• For each stream, where applicable, indicate energy quality (pressure, temperature, enthalpy, kCal/hr, kW, Amps, Volts etc.).

• While preparing M&E balances, precision of analytical data, flow and energy measurements have to be accurate especially in case of short time span references.









(Source: BEE guide book)
3.7 Summary
1. Mass and energy are always conserved across a process or a system, i.e. input equals to the output.
2. Sankey diagrams are visual representations of energy and mass flows into various segments.

3. Material balances are made across different processes to check the conformity with law of mass conservation and to reduce wastage of raw materials.

4. Energy balance are similar to mass balances, but only somewhat more complex. The energy transformations into different forms also have to be taken into account.
5. Heat balances are made to equate the heat inputs and outputs of a system to ascertain points of heat loss.

6. While calculating a material and energy balance, some procedures and guidelines need to be followed to prepare a correct balance.

3.8 Recommended readings
1. BEE guide books for energy manager and auditor, http://www.beeindia.in
2. Unit Operations in Food Processing, R.L. Earle, NZIFST
3. Introduction to Material and Energy Balance, PHD online course M239, www.PDHcenter.com
4. Material and Energy balancing in the process industries, by V.V.Veverka & F. Madron, Elsevier.
3.9 Exercise questions

1. Describe the laws of conservation of mass and energy.

2. What are Sankey diagrams? Draw a Sankey diagram to represent the following data: Out of 50 MJ of energy produced by burning fuel in a furnace, only 12 MJ of energy is utilized, whereas 23 MJ of energy is lost with the flue gases, 9.5 MJ is lost by conduction through the furnace walls and the rest are radiation loses

3. Explain the necessity of material and energy balance calculations.

4. List out the procedures and guidelines to be followed while conducting a material and energy balance.
5. Choose the correct answer:

i. Sankey diagrams shows

a) Energy utilization pattern in different steps

b) Material cost involved in a process

c) Breakdown of inputs into various outputs

d) Inefficiency is energy or material usage

ii. Energy balance is slightly more complex than material balance because

a) Energy is measured in Joules and material is measured in kg.

b) Energy transforms into its various forms

c) More complex mathematics is involved

d) Energy is a non-visible physical quantity

iii. The following is not required for preparation of material and energy balance

a) Cost assessment of the energy and material usage

b) Preparation of the process flow-chart

c) Physical measurement of the different parameters in a process

d) Comparison of measured values with design or theoretical values

6. Biscuits are to be baked in a continuous oven. The inlet moisture content is 25%. The outlet moisture is 1%. The production is 2 tonnes /hour on a dry basis. Make a material balance and find out how much quantity of moisture is removed per hour.
7. A furnace is loaded with materials at 5 T/hr. The scale losses are 2%. Find out the material output?
8. In a heat exchanger, inlet and outlet temperatures of cooling water are 28°C & 33°C. The cooling water circulation is 200 litres/hr. The process fluid enters the heat exchangers at 60°C and leaves at 45°C. Find out the flow rate of the process fluid? (Cp of process fluid = 0.95)
9. Steam output of boiler is measured by measuring feed water. The tank level reading from 8.00 a.m. to 8.00 p.m. was 600 m3. Continuous blow down was given at 1% of the boiler feed rate during the above period. Find out the average actual steam delivered per hour?
10. In a dryer, the condensate was measured to be 80 kg/hr. The flash steam was calculated to be 12 kg/hr. Find out the actual steam consumption of the dryer?

Stop and read


SI unit of pressure is Pascal (Pa)


1 Pa = 1 N/m2


1 standard atmosphere (atm) = 1.01325 × 105 Pa





Stop and read


SI unit of energy is Joule (J), 1 J = 1 Nm


Heat energy can be measured in British thermal units (Btu), 1 Btu = 1.055 × 103 J


Another unit for heat is calorie, 1 calorie = 4.184 J


Rate of energy transfer is measured in Watt (W), 1 W = 1 J/s
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