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Abstract The dairy sector in India is the largest milk producer in the world.
Substantial amounts of freshwater and energy are consumed during milk processing
with concomitant impacts on sustainability. In this chapter, we study the energy
efficiency at India’s largest milk processing plant and propose retrofits for
improving the plant’s sustainability. Specifically, we report on exergy analysis of a
milk powder manufacturing unit. Exergy of a system at a certain thermodynamic
state is the maximum amount of work that can be obtained when the system moves
from that state to one of equilibrium with its surroundings. In contrast to a con-
ventional energy analysis, which maps the energy flows of the system and suggests
opportunities for process integration, an exergy analysis pinpoints the locations,
causes, and magnitudes of thermodynamic losses. The milk powder plant that is the
focus of the current study consists of two sections—an evaporation section and a
drying section. Our results reveal that exergy efficiency of certain units is very low
(<20%). Significant improvements in energy efficiencies can be achieved through
simple, low-cost retrofits to these units.
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Nomenclature

Letter Symbols

Cp Specific heat capacity at constant pressure (in kJ/kg K)
ex Specific exergy (in kJ/kg)
h Specific enthalpy (in kJ/kg)
_m ̇ Mass flow rate (in kg/s)
p Pressure of a system (in bar)
_Q Heat flow (in kJ/s or kW)
R Mass-based (substance dependent) gas constant (in kJ/kg K)
s Specific entropy (in kJ/kg K)
t Time (in s)
T Temperature of a system (in °C or K)
_W Power (or work per time) (in kW)

Greek Symbols

D Change in property
η Exergy efficiency

Superscript

P Pressure
T Temperature

Subscripts

0 Thermodynamic state with ambient conditions
1 Thermodynamic state
2 Thermodynamic state
a Fluid a
b Fluid b
cv Control volume
ex Exergy
i Initial
in Inlet stream
f Final
out Outlet stream
p Constant pressure
vap Vaporization
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1 Introduction

Increasing the energy efficiency of the industrial sector has the potential to sig-
nificantly reduce the greenhouse gas emissions associated with the consumption of
fossil fuels and the operating costs associated with energy use [1]. In the dairy
processing industry, a very small amount of processing energy is actually stored in
the final products and hence the vast majority of processing heat is eventually
wasted. Since recovery of the waste heat and its subsequent utilization imply
reduction in the net purchased energy, recovery of this waste heat is highly nec-
essary [2].

India is now the largest producer of milk [3] owing to “Operation Flood” [4], a
project launched by National Dairy Development Board (NDDB) in 1970 and led
by late Dr. Verghese Kurien. India, with its enormous vegetarian population, is the
largest consumer of its own dairy products such as butter, cheese, ghee, milk
powder as these are the only acceptable sources of animal protein for the vege-
tarians [5]. Thus, dairying is a persistent source of income for the rural India. As per
NDDB, the Indian dairy industry is all set to experience high growth rates in the
next few years with demand likely to reach 200 million tonnes by 2022 [6].

The subject of this case study, Kaira District Co-operative Milk Producers’
Union Limited, widely known as Amul Dairy, is located in Anand, Gujarat. Amul is
the largest food brand in India majoring in production of milk and milk products.
Back to 1946, this dairy was the significant center of “white revolution.” It is run by
collection of milk from around 700 thousand villagers [5]. With a daily milk
handling capacity of 4.5 million liters, it manufactures ghee, butter, processed milk,
milk powder, and flavored milk. Every unit has its own production capacity. This
dairy processes 1800 m3 of raw milk per day. It produces 75 metric tonnes of milk
powder, 75.5 metric tonnes of butter, 25 metric tonnes of flavored milk, 14 metric
tonnes of ghee, and 55 metric tonnes of skim milk powder every day. The milk
packaging section packs 90 m3 of processed milk every day.

The rest of the chapter is organized as follows: Sect. 2 gives a brief overview of
exergy analysis. The milk powder production process is described in Sect. 3.
Section 4 describes its exergy analysis. Two strategies are devised to make the
overall plant more energy efficient. These are also discussed in this section.

2 Exergy Analysis

The term Exergy was first used by Rant [7] in 1956, and it refers to the Greek words
ex meaning external and ergos meaning work. Szargut [8] defined exergy as:
“Exergy is the amount of work obtainable when some matter is brought to a state of
thermodynamic equilibrium with the common components of its surrounding nature
by means of reversible processes, involving interaction only with the
above-mentioned components of nature” [8]. Since the term reversible processes is
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involved, in other words, the exergy of a system at a certain thermodynamic state is
the maximum amount of work that can be obtained when the system moves from
particular state to a state of equilibrium with the surroundings. Thus, the basic
difference between the first and second laws of thermodynamics is that the former
states that energy is conserved but makes no distinction between energy forms,
while the latter states that the energy transformation processes in a system can only
proceed from a higher-quality form to a lower-quality form unless there is some net
input of energy quality (such as work) from the surroundings, thereby inferring that
different energy forms have different energy qualities.

Energy can be broadly classified into: (1) high-grade energy and (2) low-grade
energy. High-grade form of energy is highly organized in nature, and conversion of
such energy to some other high-grade form (W ! W, such as electrical
energy ! thermal energy in electrical heater) is not dictated by the second law of
thermodynamics. Conversion of high-grade energy to low-grade energy, although
not desirable, takes place in our environment. This is because of dissipation of heat
due to friction (e.g., mechanical work ! electricity; some losses are there due to
the friction in bearing of machineries). Thus, both the first and second laws of
thermodynamics are to be considered for the analysis. Low-grade energy such as
heat due to combustion, fission, fusion reactions and internal energies are highly
random in nature, and their conversion to high-grade form (Q ! W) has been of
interest. But the second law of thermodynamics dictates that complete conversion
of low-grade energy (Q) to high-grade energy (W) is never possible. That part of
low-grade energy which is available for conversion is termed as available energy,
availability, or exergy, and the part which gets rejected is known as unavailable
energy or irreversibility [9]. Thus, the exergy analysis provides comprehensive and
deeper insight into the process and new unforeseen ideas for improvements and
hence is applicable for process evaluation and optimization purposes [10]. Not only
does it help to determine the type, location, and magnitude of energy losses in a
system, but by enabling the engineers to recognize the individual components
efficiency it also helps to find means to reduce these losses to make the system more
energy efficient [10, 11].

For the determination, quantification, and prioritization of possible energy sav-
ings in complex and large-scale industrial processes, including dairy production
process, several scientific and engineering methods exist and are in continuous
development [1]. One such method is the basic energy analysis which is a tradi-
tional approach to estimate various energy consumption processes [12]. The energy
analysis is based on the first law of thermodynamics, which expressed the principle
of conservation of energy. However, it provides no information about the irre-
versibility aspects of thermodynamic processes. The energy analysis is unable to
distinguish the different qualities of energy such as heat quality which is dependent
on the heat source temperature [13]. Due to these deficiencies and shortcomings of
energy analysis, the exergy analysis which provides a more realistic view of the
systems and processes has proved to be a more powerful tool for engineering
evaluations. This is because exergy analysis considers the maximum amount of
work obtainable from a stream of matter, heat, or work when some matter is
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brought to a state of thermodynamic equilibrium with the common components of
natural surroundings by means of reversible processes, and is a measure of the
potential of a stream to cause change, as a consequence of not being completely
stable relative to the reference environment [14–17].

In a real processing operation, there are many product and waste streams—some
requiring heating and others requiring cooling—and each stream may have different
start and end temperatures, different flows and heat capacities. If a process stream
needs to be cooled over a particular temperature range, it can take place against
another process stream that needs to be heated over a similar temperature interval
using a heat exchanger between the streams—and this is more attractive than using
steam to heat one stream, and chilled water to cool the other. This situation presents
a range of options for arranging heat transfer between these streams. This technique
has been developed to formalize this design process: A process integration analysis
of a processing operation will consider all the process streams that require heating
collectively, and develop a representation of their total heat requirement in each
temperature interval; the analysis will then do the same for all the process streams
that require cooling [2].

Exergy analysis gained importance in chemical engineering after the year 1990.
The current applications of exergy analysis in distillation operation, membrane
technology, and CO2 capture are reviewed by Luis [18]. Review of exergy analysis
of energy-intensive processes like cement, paper, iron, and steel is carried out by
Luis and Bruggen [19]. Exergy analysis of methanol production shows that con-
vective reforming process is 40% more exergy-efficient process than the steam
reforming process [20]. The refrigeration cycle in the petrochemical plant that uses
ethylene and propylene as refrigerant shows more losses in compressor and evap-
orator [21]. Energy efficiency, waste minimization, and effective raw material use
can be measured and optimized by using utilizable exergy coefficient in chemical
process design. Exergy load distribution analysis carried out for final optimal flow
sheet topology shows an increase in exergy efficiency by 10% [22]. Second law
concept is used to reduce energy consumption in the chemical industry by following
some consequences suggested by Leites et al. [23]. Exergy analysis by Gao et al.
shows that polygeneration systems for the production of energy and a chemical are
promising in the future [24]. Thus, it can be seen that many design-related appli-
cations of exergy analysis are helpful to evaluate, compare, and improve the process.
Bühler et al. [25] analyzed the energy and exergy efficiencies, as well as the
destroyed and lost exergy, of 22 industrial sectors in Denmark for the years 2006 and
2012 [25]. The paper showed that the thermal process efficiencies range from 12 to
56% while industries with high-temperature processes such as cement and metal
production achieve the highest efficiencies. The paper also gave a basis for future
analyses toward undertaking energy efficiency measures in the industry by targeting
the high-temperature processes, where large quantities of energy was found to be
recoverable. Ertesvåg [26] compared the exergy scenario of different societies with
the motivation that such studies may be able to create an awareness of the notion of
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energy quality and degradation of energy. His findings explain that societies with a
large contribution from thermal power plants had relatively low total efficiencies
while the industries generally had a higher efficiency [26].
The exergy-based performance evaluation and subsequent optimization of drying
facilities have been a growing interest among the researchers in recent years. The
main objective of exergy analysis of drying systems is to provide a clear picture of
the process, to quantify the sources of inefficiency, to distinguish the quality of
energy consumption, to select optimal drying conditions, and to reduce the envi-
ronmental impact of drying systems [13]. Energy, exergy, and their impact on the
environment are closely related as shown in Fig. 1. For instance, we all know that
the environmental impact of emissions can be reduced by increasing the efficiency
of resource utilization. However, increasing efficiency has sustainability implica-
tions as it lengthens the lives of existing resource reserves, but generally entails
greater use of materials, labor, and more complex devices. Depending on the sit-
uation and the players involved, the additional cost may be justified by the added
security associated with a decreased dependence on energy resources, by the
reduced environmental impact, and by the social peace obtained through increased
productive employment. Thus, it is suggested that the impact of energy resource
utilization on the environment and the achievement of increased resource-utilization
efficiency are best addressed by considering exergy. On the other hand, since these
topics are critical elements in achieving sustainable development, exergy also
appears to provide the basis for developing comprehensive methodologies for
sustainability (shown in Fig. 2). Since the exergy of an energy form or a substance
is a measure of its usefulness or quality to cause a change, it should be able to
provide the basis for an effective measure of the potential of a substance or energy
form to impact the environment [27].

Fig. 1 Interdisciplinary
triangle of exergy [54, 55]
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2.1 Methodology

A process stream with temperature T1 and pressure P1 with negligible kinetic and
potential energies, undergoing reversible physical processes as shown in Fig. 3, is
considered. The heat transfer to/from the ideal reversible module shown in Fig. 3
takes place at ambient temperature T0, and the work produced is the maximum
possible (the processes being reversible in nature) when the process stream at a state
P1, T1 is brought to equilibrium with its natural surroundings (referred to as the
environment), which is at the thermodynamic state of P0, T0. An energy balance for
this system yields the following[28]:

dEcv

dt
¼ 0 ¼ _Qcv � _Wcv þ _m h1 � h2ð Þ ð1Þ

Fig. 2 Qualitative illustration of the relation between the environmental impact and sustainability
of a process, and its exergy efficiency [15, 16]

Fig. 3 A reversible device
(module) for determining
thermomechanical energy
[28]
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Similarly, the entropy balance assuming no irreversibility yields the following
[28]:

dScv
dt

¼ 0 ¼
_Qcv

T0
þ _m s1 � s2ð Þ ð2Þ

Equation (2) can then be solved to establish an expression for specific heat
transfer [28]:

_Q
_m
¼ T0 s1 � s2ð Þ ð3Þ

Equation (1) can then be solved with respect to specific work and rearranged to
give the following[28]:

_Wcv

_m
¼ T0 s1 � s2ð Þ � h0 � h1ð Þ ð4Þ

The specific exergy of the process stream entering the ideal device can be
derived from Eq. (4) as follows [28]:

ex;1 ¼ T0 s0 � s1ð Þ � h0 � h1ð Þ ¼ h1 � h0ð Þ � T0 s1 � s0ð Þ ð5Þ

The change in specific exergy when a system undergoes a process from ther-
modynamic state 1 to state 2 is then given by the following expression (the enthalpy
and entropy functions at the surrounding conditions (h0, s0) cancel due to sub-
traction) [28]:

Dex ¼ ðex;2 � ex;1Þ ¼ h2 � h1ð Þ � T0 s2 � s1ð Þ ¼ Dh� T0Ds ð6Þ

This change in specific exergy, if negative, accounts for irreversibility, I.
A fundamental difference between energy and exergy is that while the former is

conserved, the latter is destroyed in all real processes due to irreversibility. This
exergy is lost in two different ways: internal losses caused by irreversibility in the
process like chemical reaction, mixing, unrestricted expansion and external losses
due to effluent streams like exhaust gases, purge, and bleed streams that are not
utilized. Thus, it is common to define exergy efficiency as a ratio of useful exergy
from the process to total exergy to the process and given by:

gex ¼
X

ex
� �

out
=

X
ex

� �
in

ð7Þ

where the subscripts out and in denote the outgoing and incoming streams,
respectively. The reversible device can be replaced with real industrial equipment
like evaporator, dryer, heat exchanger.
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For instance, in case of heaters and heat exchangers, the working fluid is to a
higher temperature and hence the entropy change is given as follows:

Sf � Si ¼ mCpln Tf=Tið Þ ð8Þ

Then, the irreversibility and efficiency are calculated with the help of the fol-
lowing equations:

I ¼ T0 ðS2a � S1a½ Þ þ ðS2b � S1bÞ� ð9Þ

g ¼ ½ðmbhx2b � mbhx1bÞ � T0Sx2b � T0Sx1bð Þ�
½ðmahx1a � mahx2aÞ � T0Sx2a � T0Sx1að Þ� ð10Þ

where

T0 Ambient temperature (298 K)
Cp, milk 3.93 kJ/kg K
Cp, water 4.18 kJ/kg K.

In pumps, compressors, and the thermal vapor recompression (TVR) unit, the
work input which is the work done by electricity is to be considered in the cal-
culation of irreversibility, I. The total exergy is calculated by taking into account the
change in exergy caused by change in temperature as well as change in pressure in
these devices. Thus, the exergy expression is given by the following equations:

ex Tð Þ ¼ Cp T � T0 1þ ln T=T0ð Þð Þ½ � ð11Þ

ex Pð Þ ¼ T0Rln T=T0ð Þ ð12Þ

ex ¼ ex Tð Þþ ex Pð Þ ð13Þ

From here on, irreversibility and efficiency are calculated with the help of
Eqs. 14 and 15:

mex1 þWelec ¼ mex2 þ I ð14Þ

g ¼ Welec

m ex1 � ex2ð Þ½ � � 100% ð15Þ

In evaporators, due to the heating potential of the generated vapors, the exergy of
the vapors needs to be considered as a part of useful exergy obtained from the
process and is given as follows:

g ¼ 100 � ex;a1 � ex;a2
� �þ ex;vap= ex;b2 � ex;b1

� �� �
% ð16Þ
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I ¼ ex;a1 � ex;a2
� �þ ex;b2 � ex;b1

� � ð17Þ

where

a1 Heating medium (steam/vapor)
a2 Condensate
b1 Incoming working liquid
b2 Outgoing working liquid.

However, in dryers no such added exergy term is used in efficiency calculation
due to the absence of any vapor. This is the basic difference between an evaporator
and a dryer in terms of calculating exergy efficiency even though both the equip-
ments are used to increase the concentration of the working fluid. The exergy
efficiency of the dryer is given as follows:

g ¼ 100 � ex;a1 � ex;a2
� �

= ex;b2 � ex;b1
� �� �

% ð18Þ

I ¼ ex;a1 � ex;a2
� �þ ex;b2 � ex;b1

� � ð19Þ

Applying the above equations, irreversibility and exergy efficiencies can be
obtained for various equipments in the process.

3 Milk Powder Production

Milk drying is an energy-intensive process as it usually requires hot air as heating
medium to allow simultaneous heat and mass transfer between the drying air and
the milk. For dairy products, the most widely used technique for dehydration is
spray drying after evaporation. These processes preserve food properties as they do
not involve severe heat treatments and allow storage of powders at an ambient
temperature [29]. The drying operation generally takes place in three sequential
stages: (i) spray chamber, in which drying occurs within a few seconds; (ii) internal
stationary fluid bed, added at the conical base of the spray chamber to better control
particle agglomeration and drying [30]; and (iii) external fluid bed to fine-tune the
powder moisture and to cool the out-feed product stream.

When the milk receives enough energy in the form of heat, its water molecules
escape as vapor. The rate at which the water molecules escape depends on various
factors, viz. temperature of milk, temperature of surroundings, the pressure above
the milk surface, and the rate of heat transfer. Milk powder possesses various
physio-chemical and functional properties which are important to both industrial
and consumer uses.
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3.1 Process Description

Milk powder manufacturing involves the gentle removal of water at the lowest
possible cost under stringent hygiene conditions while retaining all the desirable
natural properties of the milk—color, flavor, solubility, nutritional value [31].
During the process, the water present in the milk is removed by boiling the milk
under reduced pressure at low temperature in a process known as evaporation. The
resulting concentrated milk is then sprayed in a fine mist into hot air to remove
further moisture, thereby producing the powder. Approximately 13 kg of whole
milk powder (WMP) or 9 kg of skim milk powder (SMP) can be made from 100 L
of whole milk [31]. The conventional process for the production of milk powder
starts with taking the raw milk received at the dairy factory and pasteurizing and
separating it into skim milk and cream using a centrifugal cream separator. If whole
milk powder is to be manufactured, a portion of the cream is added back to the skim
milk to produce milk with a standardized fat content.

There are two sections in milk powder production: the evaporation section and
the spray drying section. The pasteurized milk at 6–10 °C with around 13–14%
solids is pumped into the five-effect evaporators, each accompanied with a pre-
heater, where the water present in the milk gets vaporized with the help of vapor fed
in the reverse direction. In Fig. 4, the hyphenated lines represent the flow direction
of the pasteurized milk from left to right in the evaporation section, while the dotted
lines represent the flow direction of the steam or vapor from right to left. Preheating
causes a controlled denaturation of the whey proteins in the milk along with

Fig. 4 PFD of base scenario
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destroying bacteria, inactivating enzymes and generating natural antioxidants
thereby imparting heat stability [31]. The steam which is fed in the first effect is
generated by thermally compressing a part of the vapor generated in the third effect.
The pressure in the five effects ranges from around 650 mmHg in first effect to
around 500 mmHg in the last effect with a difference of about 30–50 mmHg
between any two adjacent effects. The vapor generated in the evaporator-preheater
assembly is split into three parts where first part is sent to the next effect, the second
part to its accompanying preheater for heat exchange, and the third part for CIP
water heating, thereby ensuring that no external source of heating is required (can
be observed from Fig. 4). Condensate from the first effect, because of being in large
amount as compared to other effects, gets collected in the pure condensate tank,
while for all the other effects, the condensates get collected in the murky condensate
tank as these condensates carry traces of solids present in the milk. The concen-
trated milk leaving the evaporation section has a temperature of around 92–93 °C
and a solid content of around 30% [32].

A part of the milk leaving the five effects is flash cooled to around 58 °C and fed
to the scraped surface heat exchanger where it is heated to 75 °C before being fed to
the spray dryer (refer Fig. 4). Spray drying involves atomizing the milk concentrate
from the evaporator into fine droplets. This is done inside a large drying chamber in
a flow of hot air at a temperature of 180–200°C using either a spinning disk
atomizer or a series of high-pressure nozzles. The milk droplets are cooled by
evaporation, and they never reach the temperature of the air. The concentrate may
be heated prior to atomization to reduce its viscosity and to increase the energy
available for drying. The atomized particles come in contact with hot air, and water
in it gets evaporated leaving a fine powder of around 4% moisture content with a
mean particle size typically of <0.1 mm diameter which is collected in the silos
[31]. Sometimes a secondary drying takes place in a fluidized bed through which
hot air is blown to remove some more water to give a product with a moisture
content of 2–4% [31]. Some amount of dried product may also get entrained with
the exhaust air which is then separated in a high-efficiency cyclone separator and
recycled back to the chamber. As shown in Fig. 4, the milk powder formed is then
collected at the bottom of the dryer in bags or silos and sent for storage. More
details about the process conditions with respect to the process flow diagram have
been provided in Sect. 4.1 of the chapter.

3.2 Energy Efficiency Studies

There are a number of heat-recovery issues specific to the manufacturing dairy
industry. For semi-batch operations, the availability or duty cycle of the source and
target streams must be checked carefully. Heat exchangers can develop leaks, and
heat recovery creates the possibility of contamination between streams. This is
unacceptable in milk processing, and isolation by pressure differential double-plate
heat exchangers or intermediate circuits is essential in such cases. Also many gas
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and liquid waste streams carry contaminants which may affect the surfaces of
heat-recovery equipment. Good engineering solutions are available for most of
these problems, but surface cleaning must be designed into the heat-recovery
equipment. In the recovery of gas from waste gas streams, there is also the pos-
sibility of contaminants presenting a fire hazard. Many waste gas streams contain
significant moisture that will condense if the temperature is lowered significantly. It
is quite possible to design heat exchangers for operation with a gas stream below
the dew point, and indeed such streams often represent large heat sources. There are
significant problems of physically installing major heat-recovery equipment as
dairy processing buildings are frequently crowded. Large heat exchangers impose
back pressure on boilers and spray dryers. The ability of original equipment to
tolerate this back pressure must be checked. In this context, the optimized use of the
condensate should also be considered for the recovery of the condensate imparts
some added benefits to the milk drying process such as savings of (i) water and
water treatment costs, for replacing the lost condensate, (ii) heat, for prewarming
new boiler feed water, and (iii) wastewater, because less condensate gets into the
wastewater [2].

Reducing energy use associated with milk powder production has been the
subject of numerous studies. Previous studies have mainly focused on three areas:
(i) heat recovery from the spray dryer exhaust air, including source/sink integration
options [33], industrial case studies [34, 35], and heat exchanger modeling [36],
(ii) zonal and total site heat integration of dairy factories, including integration of
the milk treatment process that occurs preceding the drying operations [37] and the
application [38, 39] and design [40] of heat-recovery loops to semi-continuous
processes, and (iii) an overview of good energy-efficient practices in spray drying
[41]. More recent studies have looked heat-recovery targeting methods and heat
exchange synthesis between the evaporator and spray dryer operations of a powder
process.

Some energy analyses of the dairy industry in terms of exergy have been con-
ducted in the last few decades. However, these have primarily analyzed the milk
processing [42, 43] or the drying process [44]. Quijera et al. [42, 45] use the pinch
and exergy methods to evaluate and optimize the integration of solar thermal
technologies for the production of cheese and yoghurt. An exergy analysis of milk
pasteurization was performed by Fang et al. [43], where the process was also
optimized. The usefulness of exergy as a tool for the dairy industry was discussed
by Vidal et al. [46]. A milk powder production facility in New Zealand was ana-
lyzed in this study, and product input/output states were studied on a
component-wise basis. The exergy losses of flavored yoghurt production were
determined by Sorgüvan and Özilgen [47]. The production of other ingredients than
milk was also included from a cumulative exergy perspective. A study by Trägårdh
[48] used exergy as a quality factor. Dincer and Sahin [49] proposed a new ther-
modynamic model for drying processes, based on exergy analysis. Evaporation in
food processes was discussed in [50, 51], and different evaporator configurations
for citrus processing were analyzed. Winchester [52] analyzed the modeling and
operation of falling film evaporators at the example of a dairy plant. Choi in [53]
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focused on exergy analysis of thermal vapor recompression evaporators, suggesting
new designs and operating parameters. From the above examples, it can be con-
cluded that exergy analysis is a promising approach to study the energy efficiency
for Amul’s milk powder production process.

4 Improving Energy Efficiency by Process Integration

In this section, the simulation of the normal operation of the milk powder plant
which is the base scenario will be presented followed by its exergy analysis. With
the exergy analysis, first the regions where the heat loss is comparatively more will
be located which will be followed by developing strategies through process inte-
gration to make the entire plant much more energy efficient.

4.1 Simulation Results: Base Scenario

The process conditions of milk powder production are presented in Table 1. The
model presented in Fig. 4 was simulated in CHEMCAD, and the simulation results
are summarized in Table 2. These were validated with plant measurements. The
drying of moisture from the milk takes place in two parts as discussed earlier—first
in the evaporator and then in the dryer. Apart from these two sections, there is one
more section where the regenerative heating and cooling of the milk takes place.
The following gives a detailed picture of the simulation results in these three
regions of the milk powder plant.

Table 1 Process conditions for milk powder production

Sl.
No.

Condition Value

01. Incoming milk temperature 6–10 °C

02. Incoming milk solid concentration 13–4%

03. Milk flow rate 25–30 m3/h

04. Pressure in the evaporators 650 mmHg in E1 to
500 mmHg in E5

05. Pressure drop between consecutive effects 30–40 mmHg

06. Net rise in milk temperature in the five effects 2 °C

07. Rise in CIP water temperature 10 °C

08. Temperature of milk entering scraped HEX after it is flash
cooled in the regenerative heater

55–58 °C

09. Temperature of milk entering spray dryer 70–75 °C

10. Incoming hot air temperature 180–200 °C

11. Dryer temperature 80–90 °C
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Evaporation: As shown in Fig. 4, the evaporator used in the plant is of back-
ward feed type which means that the milk and vapor flow in opposite directions.
The reason behind using backward effect evaporator in food processing industries
like milk powder production is that here the milk of highest concentration will
remain in the first, that is, the hottest effect. Therefore, the viscosity of the milk will
remain low, leading to a high heat transfer coefficient which, in turn, will enhance
the capacity of the system. So the pasteurized milk enters the evaporator at 6 °C
where it gets concentrated from 14.9% solids to 30.03% solids. The pressure in the
five effects ranges from 630 mmHg in first effect to 500 mmHg in fifth effect with a
difference of about 30 mmHg between two adjacent effects. The partially concen-
trated milk leaving the evaporator section is at a temperature of 93.75 °C with an
overall rise of 1.5–2 °C in the five effects. The extent of evaporation in the second
and the third effects (21.44% in second and 25.61% in third) was found to be
significantly more than the rest of the effects (<7%). This is due to the splitting of
the vapor stream in the split fractions. To utilize the full potential of these two
effects, the vapor splitters just preceding these two effects, that is, splitter first and
second were given a fraction of 0.75 in favor of the vapors entering the second and
third effects, respectively, while the remaining 0.25 was split between the vapors
fed to the preheaters and that sent for CIP heating for each of these two effects. The
water used for CIP cleaning is heated from 25 to 34.33 °C with a part of vapor
generated in the evaporators. The amount of pure condensate and the amount of
murky condensate collected are 400.9 kmol/h and 819.9 kmol/h, respectively. The
pure condensate collected from first effect is sometimes used as CIP water or
pumped back to boiler house depending on requirement.

Regenerative heating and cooling: The milk leaving the evaporator section (at
93.75 °C) is then sent to the regenerative heater where a part of the milk is cooled to
58.75 °C by flash cooling and the other part is heated to 94.21 °C (shown in
Fig. 4). The latter is fed back for regenerative purpose. The part of the milk which
is leaving at 58.75 °C is then fed to the scraped surface heat exchanger, where it is
heated to 75.75 °C by steam at 3000 mmHg and fed to the spray dryer for removing
the remaining moisture and concentrating it to the required solid concentration.

Spray drying: The milk leaving the scraped heat exchanger at 75.75 °C enters
the spray dryer from the top where it gets atomized by a series of high-pressure
nozzles. The dryer temperature is maintained at around 85 °C. The vaporization of

Table 2 Simulation results of base scenario

No. Simulation condition Value

1 Temperature of milk leaving the evaporators 93.75 °C

2 Solid concentration of milk leaving the evaporators 30.03%

3 Pure condensate collected 400.9 kmol/h

4 Murky condensate collected 819.9 kmol/h

5 Solid concentration of milk leaving the dryer 95.79%

6 Moisture content of milk powder 4.21%
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moisture from the milk takes place due to the transfer of heat from the hot air to the
milk. As a result, the atomized milk gets dried from 30.03% solids to 95.79% solids
when it comes in contact with hot air blown from the bottom at a temperature of
185 °C and a pressure of 2000 mmHg (refer Fig. 4). The milk powder formed at a
temperature of 40 °C and a moisture content of 4.21% is then collected at the
bottom of the dryer and sent for storage. In this context, it can be mentioned that the
final moisture content of the milk powder that is obtained is in sync with that of the
actual process, which is around 4%.

4.2 Exergy Analysis of Base Scenario

To find the extent of heat loss in each section of the plant, exergy analysis of the
base scenario was performed with the help of the equations discussed in Sect. 2 and
the results are shown in (Table 3). From the results obtained, it could be concluded
that some of the major equipments of the plant were running on significantly low
energy efficiencies due to major heat losses which in turn bring down the energy
efficiency of the entire plant. On close investigation, it was observed that major

Table 3 Exergy result for base scenario

No. Equipment Irreversibility (KJ/h) Efficiency (%)

1 Preheater 1 5.35 � 104 22.02

2 Preheater 2 6.615 � 104 12.58

3 Preheater 3 9.784 � 103 50.61

4 Preheater 4 1.2799 � 104 16.79

5 Preheater 5 1.11 � 104 43.76

6 Preheater 6 1.287 � 105 41.81

7 CIP heater 1.397 � 106 65.64

8 Regenerative heater 1.532 � 106 69.94

9 Scraped HEX 7.64 � 105 56.24

10 Thermal vapor recompressor 1.0053 � 106 32.36

11 Pump 1 6.133 � 104 61.60

12 Pump 2 1.88 � 105 63.38

13 Pump 3 2.24 � 105 61.23

14 Pump 4 2.59 � 105 56.63

15 Pump 5 5.23 � 106 31.62

16 Evaporator 1 2.662 � 107 22.03

17 Evaporator 2 4.475 � 107 25.87

18 Evaporator 3 1.17 � 108 17.17

19 Evaporator 4 2.399 � 107 48.8

20 Evaporator 5 1.945 � 107 21.59

21 Dryer 2.09 � 107 68.28
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exergy destruction occurs in equipment which is a part of the evaporation section
while the equipment present in the drying section shows relatively compatible
efficiencies.

Preheaters, CIP heater, Regenerative heater, and Scraped heat exchanger:
For equipment like preheaters, CIP heater, regenerative heater, and scraped surface
heat exchanger, the method employed for calculating the exergy efficiency is same
for all these four types of equipment, the working fluids (water for CIP heater and
milk for the rest) do not exhibit any change of state. First, the change in entropy is
calculated for both the two fluids between which the heat exchange is taking place.
The net entropy change in both the fluids is then multiplied by the ambient tem-
perature to obtain the irreversibility or net loss in heat in these equipments, which is
nothing but the difference in exergy change of the cold stream and that of the hot
stream. The exergy efficiency was then calculated by taking the ratio of the exergy
gained by the cold stream (output exergy) to the exergy lost by the hot stream (input
exergy). Compiling the results, it was observed that among the preheaters, only the
ones belonging to the third (50.61%) and fifth (43.76%) effects showed decent
efficiencies while the CIP heater, regenerative heater, and the scraped surface heat
exchanger exhibited above par exergy efficiency values (55–70%); hence, they do
not require any improvement as such.

TVR and pumps: For equipment like the pumps and the thermal vapor
recompression unit, the work done by electricity also comes into the picture while
doing the exergy analysis. An energy balance between the work done by electricity
and the exergy content of the incoming and outgoing fluids gives us the value of the
net irreversibility developed. One more key feature of this exergy analysis is the
fact that here the exergy is contributed both by temperature and pressure because in
these equipments the working fluid undergo change in temperature as well as
change in pressure. The exergy efficiency was then calculated by dividing the work
done by electricity by the net change in exergy of the working fluid.

The vapor from the third effect enters the TVR at 90.6 °C with a flow rate of
1754 kg/h, and the steam leaves at 271.66 °C. The enthalpy values corresponding
to the inlet and outlet temperatures are −2.27 � 107 kJ/h and −1.89 � 107 kJ/h,
respectively. The work done by electricity is 4.81 � 105 kJ/h. By using

Table 4 Simulation results of Scenarios 1 and 2 with respect to base scenario

No Condition Value with respect to base
scenario

Scenario 1 Scenario 2

1 Temperature of milk leaving the evaporators +0.12 °C +0.21 °C

2 Solid concentration of milk leaving the evaporators +1.37% 2.27%

3 Pure condensate collected +37.7 kmol/h +52.6 kmol/h

4 Murky condensate collected −16.49 kmol/h +49.22 kmol/h

5 Solid concentration of milk leaving the dryer +0.12% +0.197%

6 Moisture content of milk powder −0.12% −0.197%
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Cp = 4.18 kJ/kg K, To = 298 K, and R = 0.462 kJ/kg in Eqs. (11), (12), and (13)
(along with the process conditions), ex1 and ex2 were found to be −20.68 kJ/kg and
279.83 kJ/kg, respectively. These details are used in Eqs. (14) and (15) to get the
lost heat or irreversibility as 1.0053 � 106 kJ/h and efficiency as 32.36%.

Thus, the results obtained showed that the efficiency of TVR is below par
considering the significance of the equipment in the entire process. Most of the
pumps, on the other hand, exhibited above par efficiencies (>55–60%). Observing
the result, the fact that the thermal vapor recompression unit, one of the most
integral parts of the process, showed considerably low efficiency became promi-
nent. Thus, it was determined that the primary approach toward devising a strategy
to improve on the current scenario should first focus on reducing the exergy loss in
this unit.

Evaporator and dryer: For the evaporator and the dryer, the methodology
followed for doing the exergy analysis is more or less similar. The hot utility which
is steam or vapor for the evaporators, is hot air for the dryer and the corresponding
counterparts at the exit are condensates and exhaust for the evaporator and dryer,
respectively. The only difference between these two equipments is that while cal-
culating the exergy efficiency, the exergy content of the generated vapor must be
included for the evaporators while no such exergy addition is needed for the dryer
as no vapor is generated in this case. The reason being, the exergy of the vapor is
considered as a part of exergy improvement as the energy content of this vapor is
later utilized to vaporize the moisture content of the milk in the next effect or even
CIP heating for that matter. It was observed that among the evaporators, the third
effect, the one from which a part of the vapor is sent for thermal compression into
steam, showed the least efficiency (17.17%). The dryer, on the other hand, turned
out to be exhibiting one of the highest efficiency values (68.28%) in the whole
analysis.

Thus, it is concluded that the exergy efficiency varies from a large extent in
different sections of the milk powder plant and there is a wide scope in devising
strategies to improve the situation. After verification of the above-mentioned exergy
results, a couple of such strategies are discussed in the next chapter of the work
where some of the flaws of the base scenario have been duly addressed.

4.3 Strategies to Improve Energy Efficiency

To reduce the amount of heat loss in the equipment and thereby improve the energy
efficiency of the plant, different strategies that have the potential to improve the
present situation were analyzed. As discussed earlier, it was identified that not only
was the third effect showing the least efficiency among the evaporators, but also the
thermal vapor recompression unit, where a part of the vapor generated in the third
effect is thermally compressed into steam, also showed below par efficiency. This
analysis presented us with a scope to devise a strategy to improve the exergy
situation by keeping these two equipments at the focal point. Thus, there can be two
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options that can be pursued in this regard, which are to send either the vapor
generated from second effect or that from fourth effect for thermal compression in
place of that from the third effect.

First, the fourth effect was tried in the analysis. A part of the vapor generated in
the fourth effect which was earlier being sent for CIP heating is now sent for
thermal compression to steam which would then be fed to the first effect as the
primary source of evaporation, while the part of vapor which was earlier sent for
thermal compression is now sent to the CIP heater. Subsequent simulation of this
new strategy followed by its exergy analysis yielded results which turned out to be
below par even when compared to that of the base scenario. Earlier, the exergy
efficiencies of TVR and third effect were 32.36 and 17.17%, respectively. After this
new development, these values have further decreased to 28.96 and 15.72%,
respectively. One reason of such an occurrence can be attributed to the fact that
vapor sent to CIP heater from fourth effect is lesser than the vapor from third effect
which is sent for thermal compression. Since these two have been interchanged in
the new strategy, both TVR and third effect have suffered more losses. Hence, this
strategy was dismissed.

Next, the second effect vapor is partly sent to TVR instead of the fourth effect
and the portion which was earlier being sent to TVR is now sent to the CIP heater as
before. Simulating this second model followed by its exergy analysis gave a
glimpse of a better result with respect to the TVR and the third effect as compared
to the base scenario. A detailed exergy analysis showed significant improvement in
a few other major equipments, and this in turn formed the first strategy which could
be proposed to Amul. The second strategy was developed by using the murky
condensate as a hot utility to heat up the CIP water instead of the vapors, thereby
utilizing the full potential of the vapors to evaporate the water present in the milk in
all the five effects. These proposed strategies, believed to bring better results when
implemented in the dairy, are discussed in the following.

4.3.1 Scenario 1

It is observed that in the base scenario, the part of the vapor leaving the third effect
that is sent for CIP heating is more than the part sent for thermal compression into
steam. Since, for the purpose of drying, the CIP heating is not of major priority, it
can be concluded that there are scopes for the improvement in this section of the
plant. Also, the amount of vapor sent for CIP heating from the second effect is
much more than that from third effect (because of the split ratio at the splitters).
Hence, the vapor from second effect which was earlier sent for CIP heating is now
sent for thermal compression to steam and the vapor from third effect that was
earlier sent for thermal compression is now sent for CIP heating in the new strategy
(shown in Fig. 5). The following describes the simulation results obtained after
implementing this new strategy:

Evaporation: With this new strategy now implemented in the existing plant
operations, the milk leaving the evaporators now has a solid concentration of
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31.4%, which earlier used to be 30.03%. The milk temperature has also risen a little
to 93.87 °C. The pure condensate generated from first effect has increased from
400.9 to 438.6 kmol/h due to the fact that the amount of steam fed to first effect is
more now, due to which the pure condensate obtained is also more. But the amount
of murky condensate is reduced from 819.9 to 803.41 kmol/h due to the fact that
now the vapor used for CIP heating is comparatively lesser which in turn results in
lesser condensate generation (as shown in Table 4). At the exergy front, the effi-
ciency of TVR in this scenario has showed a jump from 32.36% to 46.47% which is
more than 10% while the efficiency of the third effect is at par with that of base
scenario (shown in Table 5). Along with this, the first- and second-effect evapo-
rators including their corresponding preheaters have showed a significant jump in
efficiency (around 20%). The rest of the equipment has shown only minor
variations.

Regenerative heating and cooling: The partially concentrated milk from the
evaporators entered this section at 93.87 °C, and a part of it is again flash cooled to
its design value of 58.75 °C. It is then heated to 75.75 °C in the scraped heat
exchanger and fed to the spray dryer. This shows that there are not many changes in
the process conditions involved at this section, and hence, the exergy values are
more or less at par with that of base scenario. The regenerative heater now has an
exergy efficiency of 69.7%, a minute drop from 69.94%, value in case of base
scenario while the scraped surface heat exchanger shows a slight upward growth
from 56.24% at base scenario to 56.98% in this new strategy.

Spray Drying: The fact that in the evaporators, milk already got concentrated to
31.4% (1.37% more than the base scenario) had a direct effect in the extent of
drying as well. The final dried powder in this new strategy had an overall moisture
content of 4.09%, which is 0.12% lesser than the base scenario (shown in Table 4).

Fig. 5 PFD of Scenario 1 (modification only)
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The final solid temperature was also maintained at around 40 °C in the presence of
hot air blown from the bottom of the dryer at 185 °C and 2000 mmHg. As a result,
the dryer efficiency rose a little from 68.28% in the base scenario to 69.1% in
Scenario 1.

Thus, it is clear from Table 4 that in Scenario 1, due to improved efficiency of
evaporation in first and second effects, the overall drying has improved. Thus, this
strategy more or less addressed those equipments which were earlier exhibiting low
exergy efficiency under base scenario and improved them to decent values. In the
second scenario, another strategy is devised which when implemented with this
Scenario 1 will show further improvement in the exergy results.

Table 5 Exergy results of Scenarios 1 and 2 with respect to base scenario

No Equipment Irreversibility (KJ/h) Efficiency (% change
with respect to base
scenario)

Scenario 1 Scenario 2 Scenario
1

Scenario
2

1 Preheater 1 3.13 � 104 2.981 � 104 +16.74 +19.11

2 Preheater 2 3.97 � 104 3.24 � 104 +19.81 +24.76

3 Preheater 3 1.01 � 104 9.82 � 103 −3.24 −0.59

4 Preheater 4 1.52 � 104 9.88 � 103 −0.34 +6.92

5 Preheater 5 1.48 � 104 1.003 � 104 −0.84 +0.43

6 Preheater 6 1.462 � 105 9.76 � 104 −0.61 +3.59

7 CIP heater 1.52 � 106 1.453 � 106 −3.86 −2.29

8 Regenerative heater 1.58 � 106 1.61 � 106 −0.24 −0.73

9 Scraped HEX 7.42 � 105 7.428 � 105 +0.74 +0.66

10 Thermal vapor
recompressor

1.001 � 106 1.0007 � 106 +14.11 +14.86

11 Pump 1 5.84 � 104 5.37 � 104 +0.70 +0.95

12 Pump 2 1.823 � 105 1.83 � 105 +2.13 +2.09

13 Pump 3 2.49 � 105 2.52 � 105 −0.34 −0.47

14 Pump 4 2.81 � 105 2.823 � 105 −0.22 −0.74

15 Pump 5 5.47 � 106 5.561 � 106 −0.29 −1.22

16 Evaporator 1 2.083 � 107 2.004 � 107 +21.75 +24.75

17 Evaporator 2 3.477 � 107 3.238 � 107 +22.31 +25.29

18 Evaporator 3 1.1743 � 108 1.159 � 108 −0.58 +4.58

19 Evaporator 4 2.469 � 107 2.35 � 107 −0.66 +0.64

20 Evaporator 5 1.98 � 107 1.47 � 107 −0.48 +5.34

21 Dryer 2.04 � 107 2.01 � 107 +0.82 +1.50
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4.3.2 Scenario 2

In the previous model, vapor generated in the evaporators was used to heat the CIP
water (for its 10 °C rise). But it was observed that instead of using the vapor if the
condensate was used for CIP heating (since it is not a major priority in milk drying),
then the energy efficiencies could be further improved. On implementing this
change in Scenario 1, it showed significant rise in the efficiency values and
reduction in the heat losses due to the fact that now more amount of vapor, which
was earlier sent for CIP heating, was now used for the evaporation of the water
present in the milk in the five effects. The modification made in Scenario 2 with
respect to Scenario 1 is shown in Fig. 6. A detailed picture of the simulation results
is presented in the following:

Evaporation: Adding this new strategy along with Scenario 1 has resulted in an
increase in solid concentration in the milk leaving the evaporation effects from
31.4% solids in Scenario 1 to 32.3% solids under this combined strategy. The total
water removal in all the five effects has also jumped further, from 51.77% in
Scenario 1 to 52.54% under the present scenario. Since now more amount of vapor
is being sent for evaporation, the condensates collected in both the pure and murky
condensate tanks have increased (pure condensate: 453.5 kmol/h from 400.9 kmol/
h in base scenario and murky condensate: 869.12 kmol/h from 819.9 kmol/h in
base scenario). The final temperature of the CIP water, which is now 34.72 °C, is
also found to have increased a little in this scenario (34.33 °C in base scenario and
34.41 °C in Scenario 1). From the exergy perspective, significant growth has been
noticed in the third effect, both in the evaporator and in its corresponding preheater.
Compared to Scenario 1, where the efficiency values of third evaporator and pre-
heater were 16.59 and 47.37%, respectively, these values have now jumped to
21.75 and 50.02%, respectively. The detailed results are shown in Table 5. All the
preheaters under this new strategy have shown decent improvement, while rest of
the equipment exhibited minor variations.

Fig. 6 PFD of Scenario 2 (modification only)
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Regenerative heating and cooling: The milk now leaves the evaporator at a
temperature of 93.96 °C, which is a slight rise from Scenario 1 where the milk
leaving the five effects and entering this section had a temperature of 93.87 °C.
A part of the milk is cooled to its designed value of 58.75 °C and fed to the scraped
surface heat exchanger where it is heated to 75.75 °C before being fed to the spray
dryer. The exergy efficiency of both the regenerative heater and the scraped surface
heat exchanger showed a slight drop, negligible enough to affect the overall exergy
scenario of the whole plant.

Spray drying: The improvement in solid concentration in the evaporation
section had a direct effect in the final moisture content of the milk powder as well.
There had been a rise of 2.27% in the overall solid concentration in Scenario 2 from
the base scenario, as a result of which the milk powder moisture content has
reduced from 4.21% in base scenario to 4.013% in Scenario 2. These details are
shown in Table 5. The final solid temperature remained within its designed limit of
around 40 °C. All these have resulted in an improvement in the dryer efficiency,
from 68.28% in base scenario and 69.1% in Scenario 1 to 69.78% in this combined
strategy.

These two scenarios discussed above clearly depict how process integration
helps to improve the overall efficiency of any process. A graphical representation
depicting the comparative analysis of all the three scenarios for those equipments
which show significant improvements has been presented in Fig. 7.

Fig. 7 Graphical representation of the exergy results for the major equipment
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5 Summary

This work addresses opportunities to improve energy efficiency of a large-scale
milk powder production unit through process integration based on exergy studies.
A model of the milk powder plant of Amul Dairy was built and simulated in
CHEMCAD to get an idea of all the equipment efficiencies under the normal
operation of the plant. On the basis of exergy analysis, two strategies were proposed
which if implemented can lead to significant improvement (more than 20% in some
major equipment) in the exergy efficiencies.

The proposed approach for improving the energy efficiency can be extended to
develop a holistic framework that can foster water and energy sustainability. This
framework can be realized by an optimization approach that minimizes the energy
and water usage using the proposed techniques while accounting for cost con-
straints and plant dynamics through appropriate models. The strategies suggested
here are best applicable to milk powder plants worldwide and can be further
generalized for various other industries to promote water and energy sustainability,
respectively.
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