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Energy and exergy based thermal analysis was conducted for a solar assisted yogurt
processing unit capable of performing required heating and cooling processes in a single
container. The system consisted of a round-shaped fermentation chamber connected with
a hot water storage tank coupled with an evacuated tube collector and a pillow plate at the
bottom of the chamber for cooling through a PV-operated refrigeration unit. Experiments
were conducted using three different volumes of cow’s raw milk (30, 40, and 50 L). Energy
analysis showed that 40% of the total energy was consumed during the heating process of
raw milk in all cases, with an overall heat transfer efficiency of more than 80%. The specific
product energy was calculated to be lower (485 kJ/kg) for the higher volume of milk (50 L).
The exergy losses in the compressor of the refrigeration unit were calculated almost
constant (1.0037 kW), while the exergy recovered during the refrigeration process was
found in the range of 0.48–4.54 kJ/kg, 1.35–3.96 kJ/kg, and 0.84–6.18 kJ/kg for 50, 40,
and 30 L of batches, respectively. Out of the total available power (2218W) at the
evacuated tube collector, 69.70% of energy was available for milk heating. The study
is useful for designing optimization based on the distribution of energy and losses at
various system components.
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1 INTRODUCTION

The yogurt-making process (heating and cooling) from raw milk is an energy-intensive unit
operation. Dairy is considered the fifth most energy-consuming industry in the world after
petroleum, chemical, pulp and paper, and iron and steel industries (Munir A et al., 2014, G.;
Bylund, 2003), and its energy need is still being met using fossil fuels such as gas, coal, and oil (Brush
et al., 2011), not only leads to an increase in operational cost but also causes environmental pollution
(von Keyserlingk et al., 2013). Many studies have shown that for the processing of a billion liters of
milk, 300–500 GWh of energy is consumed (Brush et al., 2011). Therefore, on-farm yogurt
processing using renewable energy can help address such issues, especially in regions with high
solar intensity like Pakistan (5.3 kWh/m2/d) (Husnain et al., 2022). In this regard, the use of a flat
plate collector for the pasteurization of raw milk has been reported (Zahira et al., 2009; Atia et al.,
2011; Wayua et al., 2013), showing significant outcomes once dealing small quantity of raw milk.
Ismail et al. (2021) reported the potential of solar thermal applications in the food industry to meet
low-temperature demands (up to 100°C). In this study, the use of flat plate collectors in the food
industry has been estimated to be 38% for pre-heating, pasteurization, and cleaning processes.
Similarly, in another study reported by Michael et al. (2016), significance of solar collectors has been
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heightened, especially for the processes being operated at low
temperatures. It is reported that use of flat plate solar collectors
and evacuated tube collectors contributes almost 30%, while
parabolic troughs, dish, and Fresnel collectors contribute 22%
of industrial segments.

For higher temperature possibilities, Dobrowsky et al. (2015)
designed a heating system integrated with a storage tank and an
evacuated tube collector. Therefore, solar-based passive heating
units possess wide thermal applications, especially for
low–medium temperature-ranged processes (Munir M T et al.,
2014). However, the use of solar collectors, especially evacuated
tube collectors (ETCs), is limited to water heating only, and none
of the studies reported its use for yogurt fermentation. In addition
to heating processes, the cooling process in the dairy sector using
solar energy has also been reported. Khan et al. (2020) developed
a solar-based milk-chilling system comprising one ton of an
vapor compression refrigeration unit and a 2 kWp PV system
to process 200 L of milk using less than 1 kW power. Desai et al.
(2013) conducted a study for highlighting the need for solar
energy to assist vapor absorption cooling systems to maintain
cold storage conditions for milk handling in India and concluded
its high scope in the dairy industry. Mekhilef et al. (2011)
comprehensively reviewed the use of solar thermal and PV
systems for industrial applications. It is concluded that the
greatest efficiency can be achieved through proper system
integration and suitable selection of solar collectors for water
heating, solar refrigeration, and steam generation.

However, design assessment of a newly developed system is of
utmost importance, especially a system whose working efficiency
depends on thermal flow. For this, a detailed thermal analysis is
not only important to assess the heat flow distribution and losses
into the system but also helps in system optimization. Jokandan
et al. (2015) conducted a detailed exergy analysis of an industrial
yogurt production plant to develop the basis for minimizing
thermal losses in dairy plants. The specific exergy consumption
for pasteurized yogurt was calculated to be 841.34 kJ/kg.
Sorgüvena and Özilgen (2012) reported a thermal analysis
(energy and exergy) of flavored (strawberry) yogurt
production. It was concluded that the cumulative degree of
perfection of the product can be increased from 3.6 to 4.6%
by employing renewable energy resources. Singh et al. (2021a)
conducted a thermal analysis of a dairy plant and reported an
overall energy efficiency (86.36%) and efficiency (53.02%)
pertaining to the executable potential of energy in the UHT
(ultra-high temperature processing) milk processing unit.
Srinivasan et al. (2018) conducted an exergetic analysis of
evaporation and drying processes in the milk-processing
industry and reported exergy efficiencies below 20%. Singh
et al. (2021a) conducted thermal analysis of a whole milk
powder production plant. The specific exergy destruction for a
triple effect evaporation unit and a single-stage drying unit was
calculated to be 247.70 kJ/kg and 1,476.56 kJ/kg, while the
energetic and exergetic efficiencies of the spray-drying
chamber were found to be 87.71 and 61.04%, respectively. In
another study reported by Singh et al. (2021b), comparative
thermodynamic analysis of two- and three-stage milk-drying
units has been performed. Various thermodynamic

parameters, such as exergy efficiency, drying efficiency, overall
specific exergy destruction, and sustainability indices, were
considered. Yildrin and Genc (2017) executed a detailed
energy and exergy analysis of the dairy food powder
production system. Bühler et al. (2018) analyzed a utility
system supplying heat and cooling for a milk powder to the
production plant. The theoretical heat requirement on exergy
basis was found to be 4 MJ/kgproduct, while the minimum energy
requirement for heating at the factory was determined to be
19 MJ/kgproduct. Some of the recent studies particularly discussed
optical losses in terms of shadowing and blocking of solar
(Eddhibi et al., 2017), and some addressed energy/exergy
analyses and thermal modeling of evacuated tube collectors.
Most of the studies reported thermal analysis separately for
heating, cooling, and drying processes in the dairy industry.
At the industrial scale, for cooling and heating processes
involved in yogurt production, the raw milk transferred in
separate containers requires more infrastructures, and clean-
in-place (CIP) cost could be viable at a large scale but would
not be a good practice for handling the small quantity of milk (less
than 100 L). There is no study about a system capable of
performing all the processes required for yogurt making in a
single unit/system using solar energy. Moreover, pasteurizers
having diverse designs can provide diverse results of thermal
analysis using the same product. Thus, the key objective of
thermal analysis for an improved or a newly developed
process is to find out energy distributions and optimum
operating conditions to save energy for effective milk
pasteurization, followed by cooling processes for yogurt
production.

Keeping in view the aforementioned facts, an energy and
exergy based detailed thermal analysis along with thermal
losses has been conducted for the assessment of energy
distribution and design of a three-in-one (heating,
fermentation, and cooling) system developed for the value
addition of raw milk. Integration of an evacuated tube
collector (for heating) and solar photovoltaic (PV) system (for
cooling) with a yogurt processing unit was evaluated for a
decentralized application to not only pasteurize raw milk but
also make yogurt in a single unit. The salient feature of the system
is the design of a single container capable of performing both
heating and cooling processes which not only reduces capital cost
but also makes it user-friendly.

2 MATERIALS AND METHODS

2.1 System Description
The design and selection of the yogurt processing unit are largely
based on some basic parameters such as energy efficiency,
maintenance, especially product life cycle, and environmental
impact. Figure 1 shows a solar assisted yogurt processing unit
developed to handle raw milk and its fermentation into yogurt
timely at the production site. It consisted of a round-shaped
fermentation chamber (560 mm diameter and 230 mm depth)
made of stainless steel (food grade SS 304) having a capacity of
50 L which was surrounded by a heating coil (3.5 m long, 40 mm
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wide, and 12.5 mm high). The walls and bottom of the
fermentation chamber were insulated with 100-mm-thick PU
(polyurethane) material so that heat loss through conduction and
convection could be reduced. An electric motor with variable
frequency drive (VFD) was installed on the top of the chamber to
rotate a stirrer for maintaining uniform temperature in the
processed product. For cooling purposes, the bottom surface
of the chamber was fabricated by a pillow plate which acted as
an evaporator as well. The use of a pillow plate heat exchanger not
only reduces the size and cost of the unit but also provides a
higher heat transfer coefficient in comparison to the conventional

coil heat exchanger. For cooling of yogurt, one ton of rotary
compressor compatible with R-410 A (environmentally friendly)
gas was installed using an inverter kit to reduce torque load to run
on 2 kWp PV modules.

For heating of raw milk, the yogurt processing unit was
connected with a hot water storage tank (100 L capacity)
which received heat from a solar evacuated tube collector
(2.5 m2) having a connection through polyvinyl chloride
(PVC) pipe fittings, as shown in Figure 2.

The outer and inner diameters of ETC tubes were Ø58 mm ±
0.7 mm and Ø47 mm ± 0.7 mm, respectively. The glass tube

FIGURE 1 | Design of the solar assisted yogurt processing unit in CAD software.

FIGURE 2 | Layout of the experimental setup of the solar assisted yogurt processing unit.
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length was 1800 ± 5 mm, and the vacuum was P < 5 × 10−³ Pa.
The thermal energy absorbed by the collector was transferred to
100 L of water in the storage tank to raise the water temperature
to 90°C. A centrifugal pump (Wilo-SP106) was installed between
the hot water storage tank and evacuated tube collector for the
circulation of propylene glycol solution (50% by volume). The
pump could be operated at three variable speeds (600 L/h, 900 L/
h, and 1100 L/h), and it required 80W power at maximum speed.
The current research was conducted at a flow rate of 600 L/h.
Heated glycol solution entered the storage tank and transferred its
heat to water while passing through the helix-type heat exchanger
present in the storage tank. In order to transfer heat from the
storage tank to the yogurt processing unit, another water
circulation pump (stainless steel centrifugal, WB50/025D, 50 L/
min) was installed between the outlet of the hot water storage
tank and the inlet of the yogurt processing unit to circulate the hot
water through the square spiral coil heat exchanger to raise the
temperature of milk up to 80°C.

Being a closed cycle, an expansion vessel (12 L) was also provided
to avoid the high pressure build up in the system. The controller
turns on the circulation pump (Wilo-SP106) when the temperature
differential between the glycol solution leaving the collector and the
water in the lower portion of the storage tank exceeds 5°C and turns
it off when the differential is below 5°C or when the water
temperature of the storage tank exceeds 90°C. An electric heating
coil (2 kW) is also mounted inside the hot water storage tank to
process the milk/yogurt in the low or no sunshine hours.

2.2 Details of Experiments Performed
Trials were conducted to assess the heating and cooling performances
using three different volumes of raw milk (30, 40, and 50 L). Before
conducting an experiment, the heating component of the system was
turned on to raise the water temperature of the storage tank up to
90°C, which normally took 2–3 h depending on solar radiation. After
that, raw milk was poured into the fermentation tank, and the
circulation of hot water from the storage tank to the fermentation
chamber was turned on. The heating of raw milk up to 80°C took
about 140min, and it was continuously stirred at the speed of 36 rpm.
In order to bring down the temperature of heated milk to 43°C,
recommended for fermentation of milk, tap water was passed
through the heating coil in an open loop controlled by manually
operating valves. Inoculation of starter culture was performed (2-3%)
at this temperature and was maintained through a solenoid valve
which controlled the circulation of water for a period of 5–6 h until
the required pH (4.85–4.5) was attained. After that process, the
cooling process of yogurt was started by turning on the refrigeration
unit to bring down the temperature of yogurt below 8°C to reduce the
bacterial activities, which normally took 48–103min depending on
the quantity of the processed milk and stirrer speed. For this, three
different speeds (36, 18, and 6 rpm) of stirring were selected using a
variable speed motor. Experiments were conducted with three milk
volumes (50, 40, and 30 L). Each experiment was conducted three
times, and values were averaged. For data acquisition, a controller
with resistance temperature detector (RTD)-based temperature
sensors (accuracy ± 0.1°C) was used to measure temperature at
the inlet and outlet of ETC, top and bottom of the hot water storage
tank, and inside the fermentation chamber. A portable pH meter

(ML1010) was used to measure the pH of milk during the
fermentation process. To assess the performance of the installed
PV system, a clamp meter (Fluke 345PQ) and pyranometer
(METEON) were used.

3 THERMODYNAMIC ANALYSIS

Due to the exchange of heat at various positions of the yogurt
processing unit, the condition of working fluid (50% water–glycol
solution and water) changes as it flows through the system at
different positions marked in Figure 2.

3.1 Thermal Efficiency of the Solar Collector
(Evacuated Tube Collector)
There are different options to couple various types of solar
collectors for heating milk, like flat plate collectors and solar
concentrators, but the evacuated tube collector (ETC) was chosen
because of its high efficiency, compactness, and durability and it
does not need any tracking system. The glass vacuum tube
material was borosilicate glass, and the structure was a
concentric dual-tube geometer. The average heat loss
coefficient from tubes was 0.8 W/m2K. For the storage of hot
water, a stainless steel tank with 100 L storage capacity was
installed. The temperature from ETC can be achieved up to
100°C plus. The input power at ETC is calculated by the
following equation (Munir et al., 2021):

G′ � (It × Ac) /1000. (1)
where G′ is the rate of incident solar energy at the collector (kW),
It is total solar irradiance or GHI (global horizontal irradiation)
(W/m2), and Ac is collector surface area (m

2) and is calculated by
multiplying effective tube length (exposed to solar radiation) by
its diameter (aperture) and the number of tubes.

The thermal efficiency of the solar evacuated tube collector
depends on solar input energy and losses and heat transferred to
the working fluid (water + glycol solution), and its value lies in the
range of 70–80%. So, the amount of heat energy transferred can
be estimated by multiplying the mass flow rate with the specific
heat of the fluid and the change in temperature (Munir et al.,
2021):

Q′ � m′Cp(T2 − T1). (2)
where Q′ stands for the energy-transferred rate (collector to
water–glycol solution) in kW, Cp is specific heat capacity
(kJ/kg K), m` stands for flow rate (kg/s), and T2 and T1 are
the temperatures at respective points shown in Figure 2:

η � Q′/G′. (3)

3.2 Energy Analysis of the Yogurt
Processing Unit
In order to transfer heat from the storage tank to the yogurt
processing unit, a water circulation pump was installed between
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the outlet of the hot water storage tank (point 5) and the inlet of
the yogurt processing unit (point 6) to circulate the hot water
through the square spiral coil heat exchanger to raise the
temperature of milk up to 80°C, and its conditions continued
to change during the heating process.

3.2.1 Heating Process
3.2.1.1 Conditions of Working Fluid (Glycol and Water
Solution) Across the Heating Unit
The working fluid is circulated between the evacuated tube
collector and the storage tank. It enters into the collector at
point 1 (Figure 2) and after getting heat, exits at point 2. As
line 1 is insulated, so the heat losses from point 2 to point 3 are
supposed to be negligible. Therefore, thermal conditions of
working fluids are considered the same both at the outlet of the
solar collector (point 2) and the inlet of the storage tank (point 3).
The heat of incoming fluid is absorbed by the water stored in the
tank and leaves at point 4 and re-enters into the collector. The
described conditions of the working fluid can be written as follows:

Tci < Tco , hci < hco, Tco ≈ Tsi , hco ≈ hsi, Tsi > Tso , hsi > hso .

where T is the temperature (K), h is enthalpy (kJ/kg), and the
subscripts ci and co stand for solar collector inlet and outlet,
respectively, while subscripts si and so stand for storage tank inlet
and outlet, respectively.

The rate of energy transferred to the storage tank water (Q′3–4)
can be calculated using the following equation:

Q3−4′ � m′cp(T3 − T4) . (4)
where T3 and T4 are the temperatures at respective points shown
in Figure 2.

3.2.1.2 Conditions of Working Fluid (Water) Across the
Processing Unit
In order to heat the product, water is circulated between the
processing unit and the storage tank. The hot water coming out of
the storage tank at point 5 enters into the square helix coil of the
processing unit (point 6), considering negligible thermal losses in
line 3. So, thermal conditions of the working fluid are considered
the same both at the outlet of the storage tank (point 5) and the
inlet of the processing unit (point 6). The heat of incoming hot
water is absorbed by the product (milk/yogurt) and leaves at point
7 and re-enters into the storage tank at point 8 (Figure 2). The
described conditions of the working fluid can be written as:

Tso ≈ Tpi , hso ≈ hpi , Tpi > Tpo , hpi > hpo .

where subscripts pi and po stand for the yogurt processor inlet
and outlet, respectively.

The rate of energy transferred to the milk (Q′6–7) can be
calculated using the following equation:

Q6−7′ � m′cp(T6 − T7). (5)
where T6 and T7 are the temperatures at respective points shown
in Figure 2.

3.2.2 Cooling Process
The cooling process involves the cooling of pasteurized milk,
followed by maintaining its temperature for the fermentation
process and finally cooling of yogurt. The amount of heat
extracted from the product can be calculated using the
following equation (Khan et al., 2020):

Q′ � m′Cp(TPi − TPf) . (6)
where Q′ is the amount of heat energy extracted (kW), TPi stands
for product temperature at the start of cooling, and TPf stands for
product temperature after a specific interval of time.

Energy input to the refrigeration unit from the off-grid PV
system can be calculated as (Gonen T, 2012):

P � VI cosθ . (7)
where V is volt, I is current, and cosθ is the phase angle between
voltage and current and is also referred to as power factor (PF).

Moreover, using Equations 6, 7, the coefficient of
performance (COP) of the installed refrigeration system (one
ton) was also calculated.

3.3 Exergy Analysis
In addition to energy analysis, exergy analysis has been used
widely in recent years (Aghbashlo et al., 2013). Fundamental
principles of energy and mass conservation are used for the
assessment of energy flow in and flow out of the system. For
this, the following equations are used to calculate exergy flows
(inflow, outflow, and loss) (Amjad et al., 2020):

Exergy � cpw[(T − Ta) − Ti ln
T

Ta
]. (8)

where T is the temperature of the respective points, Ta is the
ambient temperature, and the subscript i is for initial.

For the thermal analysis, the entire system was divided into
heating and cooling processes.

3.3.1 Heating Process
Using the measured temperature of working fluid (water) at the
inlet and outlet of the processing unit, the values of exergy inflow
and outflow of the processing unit can be calculated. The hot
water from the storage tank enters into the processing unit (point
6 in Figure 2) and leaves at point 7 (Figure 2). Using Equation 8
with respective temperature values, exergy inflow and outflow can
be calculated as follows:

Expui � cpw[(T pui or 6 − Ta) − Ta ln
Tpui or 6

T a
]. (9)

where subscript pui stands for processing unit inlet.
Similarly, using the temperature value of outlet water, exergy

outflow can be calculated as:

Expuo � cpw[(T puo or 7 − T a ) − Ta ln
Tpuo or 7

T a
]. (10)

where subscript puo stands for processing unit outlet.
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The difference between exergy inflow and outflow gives exergy
loss (energy destructed/used in the yogurt fermentation chamber
during the heating process of milk).

3.3.2 Cooling Process
For the exergy analysis of the cooling part, the following
equations are used to calculate exergy loss and exergy
efficiency. As the integrated vapor compression refrigeration
unit is powered by solar energy (photovoltaic), exergy
received by the solar PV panels needs to be calculated. The
incident radiation energy on the PV panels is given by the
following equation (Baghernejad et al., 2016; Abuelnuor et al.,
2017):

Qi � ApIt. (11)
where Ap is the exposed area of the PV panel to sunlight and It is
the total solar irradiance.

It should be noted that the exergy of the electrical power was
assumed to be equal to its energy. The exergy received by the PV
panel is given by the following equation (Mathkor et al., 2015):

Exi � Qi. (12)
The exergy recovered during refrigeration is given as follows

(Mathkor et al., 2015):

Exref � ( COP

COPmax
)Ecomp. (13)

where COPmax is the maximum possible coefficient of
performance, COP is the actual coefficient of performance of
the compressor (based on product temperature), and Ecomp is
the energy supplied to the compressor of the cooling system. In
this analysis, the electrical exergy was assumed to be equal to its
energy because the entire amount of electrical energy has the
potential to do useful work. As a result, the exergy efficiency of
the system is given by the following equation (Mathkor et al.,
2015):

Exergetic Efficiency of the cooling system

� (Excomp + Exref

Exi
). (14)

Cooling is absorbed by the milk inside the chamber directly
contacted with the pillow plate. The change in milk
temperature was recorded at an interval of 5 minutes
throughout the process.

3.4 Calculation of Thermal Losses
The ETC header, hot water storage tank, PVC pipes for
connection, and yogurt processing chamber are of cylindrical
shape. The required physical and thermal parameters, as
tabulated in Table 1, are used to calculate the lateral
conduction, convection, and radiation losses from their walls
with insulation and without insulation.

For entire calculations, ambient, space temperatures, and solar
insolation were supposed to be 25°C, 15°C, and 800W/m2,
respectively. For a cylindrical layer that is exposed to a
convective heat transfer mechanism on both sides, the steady-
state heat transfer (φ) can be calculated as (Cengel, 2004; Munir
et al., 2021):

ϕ � Tin − Tamb

Rcond + Rconv
. (15)

where Tin stands for the inside temperature of the processing
chamber, Tamb represents ambient temperature, Rcond symbolizes
the resistance due to conduction, and Rconv denotes convection
resistance.

Thermal conduction resistance for the lateral cylindrical wall
is calculated as (Cengel, 2004; Munir et al., 2021):

Rcond � 1
2π λ L

ln(rext
rint

). (16)

where “rint” and “rext” are the inner and outer radius of the
cylindrical shape of the hot water storage tank, yogurt

TABLE 1 | Metadata for the current prototype of the solar assisted yogurt processing unit.

Parameter Yogurt processing unit Storage tank Pipe Header of ETC

Geometric shape Cylindrical Cylindrical Cylindrical Cylindrical
Inner material SS SS PVC Aluminum (anodized)
Insulation material PU PU Rockwool Rockwool
Cover material GI GI Alum. foil Alum. foil
Dimensions (m) 0.23 x 0.56 0.568 × 0.58 9.5 × 0.029 1.17 x 0.15
Thickness—Inner sheet (m) 0.002 0.002 0.004 0.005
Thickness—Insulation (m) 0.1 0.050 0.0125 0.025
Thickness—Outer sheet (m) 0.001 0.001 0.000024 0.001
λ*—Inner material (W/m°C) 15 15 0.18 237
λ-Insulation (W/m°C) 0.026 0.026 0.035 0.03
λ—Cover material (W/m°C) 52 52 235 235
ε*—Inner material 0.25 0.25 0.92 0.78
ε—Cover material 0.35 0.35 0.03 0.03
Ambient temperature (°C) 25 25 25 25
Space temperature (°C) 15 15 15 15
Inner temperature (°C) 100 100 100 100

*λ = thermal conductivity; *ε = emissivity.
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fermentation chamber, header of ETC and PVC pipes. λ is the
material thermal conductivity (stainless steel sheet 15Wm−1K−1),
and L stands for the lateral length of the cylindrical body, and the
area of the outer sheet and inner sheets would be equal when rint is
equal to rext (in case of no insulation).

The conductive resistance for multilayered plane wall with
insulation is calculated by adding the conductive resistance for all
layers and is given in Eq. 17:

Rcond � 1
2π λL

[ln(rext
rint

)
is

+ ln(rext
rint

)
ins

+ ln(rext
rint

)
os

]. (17)

where subscripts “os,” “ins,” and “is” represent the outer sheet,
insulation, and inner sheet, respectively. The values of
conductivity resistance for outer sheet, insulation, and inner
sheets are calculated for the hot water storage tank, yogurt
processing unit, the header of ETC, and insulated PVC pipes
and tabulated in Table 2.

The values of conduction resistance for the circular part (top
and bottom) of the hot water tank, yogurt processing unit, and
header of ETC are calculated by the following relation (Cengel,
2004; Munir et al., 2021):

Rcond � 1
π
( tis
λisr2is

). (18)

With insulation, the conductive resistance for the multilayered
plane wall is calculated by adding the conductive resistance for all
layers and is given in Eq. 19:

Rcond � 1
π
( tis
λisr2is

+ tins
λinsr2ins

+ tos
λosr2os

). (19)

where “t” is the wall thickness, “r” is the radius of circular section,
and subscripts “os,” “ins,” and “is” represent the outer sheet,
insulation, and the inner sheet, respectively. The values of
conductivity resistance for outer sheet, insulation, and inner
sheets are calculated and tabulated in Table 2. Convection
resistance is calculated by the following relation (Munir et al., 2021):

Rconv � 1
hA

. (20)

where ‘h’ stands for the natural convectional coefficient, and its
value is assumed. ‘A’ is the area of the sheet. In order to calculate
the resistance due to convention, an iterative technique was used
by taking values of the physical parameters like air density

TABLE 2 | Parameters calculated for the thermal analysis of the current prototype of the solar assisted yogurt processing unit.

Parameter Surface Condition Material Yogurt ProcessingUnit Storage tank Pipe Header of ETC

Conductive resistance (Rcond) (kW
−1) Walls With insulation Inner sheet 0.0003 0.0001 0.0281 0.00004

Insulation 8.128 1.714 0.298 1.304
Outer sheet 0.07 0.032 0.0004 0.045

Top/
bottom

With insulation Inner sheet 0.0005 0.0005 - 0.0012
Insulation 15.616 7.279 - 47.157
Outer sheet 0.0001 0.0001 - 0.0002

Convection resistance (Rconv) (kW
−1) Walls With insulation - 0.555 0.263 0.143 0.496

Without
insulation

- 0.39 0.191 0.180 0.408

Top/
bottom

With insulation - 2.748 2.298 - 22.772
Without
insulation

- 0.641 0.749 - 12.731

External area temperature (oC) Walls Without
insulation

- 99.937 99.949 89.873 99.993
Top/
bottom

- 99.937 99.950 - 99.993

Walls With insulation - 29.759 34.833 47.845 45.142
Top/
bottom

- 36.223 42.996 - 49.423

Total losses (conduction and convection) (W) Walls Without
insulation

- 191.999 391.806 360.246 183.788
Top/
bottom

- 116.870 100.021 - 5.891

Walls With insulation - 8.568 37.323 159.929 40.648
Top/
bottom

- 4.084 7.831 - 1.072

Radiation losses (Q′l-rad) (W) Walls Without
insulation

- 71.586 183.140 472.857 304.616
Top/
bottom

- 43.575 46.753 - 5.891

Walls With insulation - 16.66 50.792 10.214 4.256
Top/
bottom

- 7.914 11.594 - 3.074
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(ρa=1.050), dynamical viscosity (μ)-air (μa = 0.000020500),
conductivity-air (ʎa = 0.0295), air-specific heat capacity (aa =
1,009), static viscosity-air (Va = μa/ρa = 0.0000195,238), and
Prandtl (Pr)-air (Pr=Ca* μa/ʎa = 0.7011).

The Grashof number is calculated as (Munir et al., 2021):

Gr � β g ΔT ρ2 L3

μ2
. (21)

where “β” stands for the coefficient of thermal expansion, g stands
for gravitational acceleration (9.81 ms−2), and “L” is the height of
the cylindrical vessel.

For the calculations of the Nusselt number (Nu), if the output of
the product Prandtl number (Pr) and Grashof number (Gr) lies
between 104 and 109, Eq. 22will be used, and in case it lies between
109 and 1013, then Eq. 23 will be used (Munir et al., 2021):

Nu1 � 0.59(Pr.Gr)0.25. (22)
Nu2 � 0.021(Pr.Gr)2

/

5. (23)
The convective heat coefficient is calculated as (Munir et al.,

2021):

h � Nu λa

L
. (24)

Using the iterative method, the final value of ‘h’ was calculated
until the assumed and the calculated values became equal. The

values of convection resistance for walls and top/bottom are
calculated with insulation and without insulation for hot water
storage tank, yogurt processing unit, the header of ETC, and walls
of PVC pipes and tabulated in Table 2.

Radiation losses (Q′l-rad) are calculated by the following
relation (Munir et al., 2021):

Ql−rad′ � εδA(T4
ext − T4

space). (25)
where ε is the emissivity, δ is the Stephen–Boltzmann constant,
Tspace is the space temperature (K), and Text is the external area
temperature (K).

The external area temperatures are calculated by the following
equation (Munir et al., 2021):

Text � Tamb + ϕRconv. (26)
The values of external area temperatures and radiation losses for

walls and top/bottom are calculated with insulation and without
insulation for hot water storage tank, yogurt processing unit, the
header of ETC, and walls of PVC pipes and tabulated in Table 2.

4 RESULTS AND DISCUSSION

4.1 Energy Analysis
For the energy analysis, the amount of heat energy transferred
and absorbed was calculated. Figure 3 shows the cumulative heat

FIGURE 3 | Total heat energy released by water and absorbed by milk during the processing of 50 L (A), 40 L (B), and 30 L (C) milk.
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energy released by hot circulating water, heat energy absorbed by
milk, and correspondence heat transfer efficiency.

It was found that during the first 40 min of the heating process,
hot water released 66, 69, and 74% of its total energy for 50, 40,
and 30 L of milk capacities, as shown in Figures 3A,B,C,
respectively. The rest of the energy was transferred to milk in
the next 100, 70, and 40 min for 50, 40, and 30 L of milk. On the
contrary, the milk absorbed 69, 81, and 84% of the total required
energy to reach the desired temperature of 80°C. Therefore, the
quantity of milk plays an important role in energy consumption.
As soon as raw milk was poured into the processing chamber, the
rate of energy utilization increased due to the removal of a high
quantity of heat. The heat transfer efficiency was found to be
above 80% during the whole heating process because milk
received energy from the storage tank in which any fluctuation
was compensated continuously by ETC. It can be observed that
the maximum amount of incoming heat energy absorbed by milk
in case of 50 L comparative to the other two qualities, that is, 30
and 40 L, as evident by less gap between the curves of cumulative
heat energy absorbed and released. The reason is that the system
has been designed for 50 L capacity, and in the case of fully
loaded, the heating coil is fully exposed to the milk. Moreover, as
soon as the milk temperature reached 70°C, the amount of heat
energy absorbed reduced leading to lower heat transfer efficiency.
Energy utilization during a hearing process is mainly associated
with the temperature difference between circulating hot water
and milk as well as milk quality.

The energy used for the heating process followed by
fermentation and cooling processes is provided by solar
thermal and solar photovoltaic systems. The overall energy
consumption for yogurt made from raw milk was calculated to
be 6.73 kWh, 5.56 kWh, and 4.21 kWh for 50, 40, and 30 L
batches, respectively. Out of this, 40% of energy was
consumed during the heating process of 50 L, which was 39%
for the cases of 40 and 30 L, while 27% was used for the cooling
process of milk (with tap water) for 50 L and 29% for the cases of
40 and 30 L. This shows that the heating process consumed more
energy followed by the cooling process in all the cases. During the
cooling process of yogurt, 31% of the total energy was consumed

for 50 L and 30% for the cases of 40 and 30 L, and the rest of the
energy (2%) was used for the fermentation process in all cases.
Therefore, the specific production energy (SPE) was calculated to
be 485 kJ/kg, 500 kJ/kg, and 505 kJ/kg for 50, 40, and 30 L
batches, respectively.

4.2 Exergy Analysis
4.2.1 Exergy Analysis of the Heating Process
The yogurt processing chamber is the main part of the system in
which significant heat transfer takes place both in cases of heating
and cooling processes. Heat transfer occurs between the working
medium (hot water for heating and refrigerant for cooling) and the
product (milk and yogurt). Figure 4A shows the change in exergy
loss during the heating process of raw milk under different batch
capacities. It can be observed that exergy destruction was high at
the start of the heating process due to the large temperature
difference and reduced with the rise of milk temperature. It
could be explained in a similar way as earlier in the case of the
rate of energy utilization. It can also be noted, especially at early
stages that less amount of exergy losses occurred in case of low
batch capacity (30 L), which is not economical to process in terms
of energy utilization leading to the untapped energy potential of
circulating water. It shows that the system should be used at least
for 40 L capacity as it has been designed for a maximum of 50 L.
During the entire heating process, the exergy losses varied in ranges
of 0.23–4.49 kJ/kg, 0.17–3.95 kJ/kg, and 0.06–0.9 kJ/kg for 50, 40,
and 30 L batches, respectively. This shows that the system is
capable of providing maximum heating for the processing of
the designed product capacity (i.e., 50 L). On the other side, the
exergetic efficiencies of the heating process under different milk
volumes have been shown in Figure 4B.

Exergy efficiency depends on the rate of exergy loss which
ultimately depends on the amount of exergy inflow and outflow.
The relationship between exergy loss and exergy efficiency is
inversely proportional, that is, the higher the exergy destruction,
the less would be the exergetic efficiency. Therefore, it can be
observed that earlier during the heating process, exergy
efficiencies were lower because of higher exergy losses in all
cases of milk volume, followed by an increase in efficiencies later

FIGURE 4 | Exergy losses (A) and exergy efficiencies (B) during heating processing of 50, 40, and 30 L raw milk.
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on. The values of exergy efficiency during the entire heating
process were in ranges of 78–98%, 78–97%, and 94–99% for 50,
40, and 30 L, respectively, along with average values of 91.98%
(50 L), 79.88% (40 L), and 97.07% (30 L).

4.2.2 Exergy Analysis of the Cooling Process
The temperature of the fermented yogurt was reduced from 43 to
4°C using a pillow plate coupled with one ton of the refrigeration
system. The exergy inflow into the pillow plate was constant,
based on the design of one ton of the refrigeration unit. The
amount of exergy inflow received from the solar photovoltaic
(PV) system is used to run the compressor to impart refrigeration
effect and exergy used during the refrigeration process. The
exergy received by the PV panel (Exi) was calculated to be in
the range of 9.48–10.29 kW (56.87–61.75 kJ/kg) during the
cooling process of 50 L of yogurt. The exergy losses in the
compressor of the refrigeration unit were calculated almost
constant (1.0037 kW) as shown in Figure 5A. It can be noted
that during the yogurt cooling process, the amount of energy
transferred from the pillow plate was high, especially at the early
stages, which lowered down once the product reached 4°C. So, the
exergy destruction is on the higher side during the cooling process
because of the temperature difference between the product and
the pillow plate. Second, the bottom side of the pillow plate is fully

insulated with polyurethane (PU) foam resulting in negligible
cooling losses. The exergy recovered during the refrigeration
(Exref) process was found in the range of 0.76–0.08 kW
(4.54–0.48 kJ/kg) with a total exergy loss of 1.76–1.08 kW
(10.38–6.67 kJ/kg) during the entire cooling time (73 min) of
50 L product.

Similarly, in the case of other product quantities, the rate of
exergy destruction to run the compressor was the same, while
exergy used during the cooling process varied depending upon
the product quantity, as shown in Figures 5B,C for 40 and 30 L,
respectively. As the cooling proceeded to achieve the desired
temperature (4°C), the exergy losses were reduced based on the
quantity to be processed, that is, 30 L batch cooled down earlier
than 40 and 50 L. The more the quantity to be cooled, the higher
would be the exergy loss so economical to run the system at full
capacity in terms of energy utilization. The exergy recovered
during refrigeration (Exref) processes was calculated in the range
of 0.53–0.18 kW (3.96–1.35 kJ/kg) and 0.62–0.084 kW
(6.18–0.84 kJ/kg) for 40 and 30 L of batches, respectively.

The average values of total exergy extracted were found to be
1.42, 1.39, and 1.35 kW for 50, 40, and 30 L batch capacities,
respectively, which indicated that for 40 and 30 L volumes, the
exergy recovered/extracted during the cooling process was found
to be 2.11 and 4.92% less than that in 50 L batch, respectively.

FIGURE 5 | Exergy losses in refrigeration unit and cooling of yogurt for 50 L (A), 40 L (B), and 30 L (C) batch capacities.
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Contrarily, the exergy efficiency during the cooling process was
found low for all the batches due to maximum cooling energy
transfer, as shown in Figure 6. The values of exergetic efficiency
were found in the range of 18.14–10.70%, 15.35–11.64%, and
16.79–11.72% for 50, 40, and 30 L, respectively.

Moreover, fluctuations at the early stages of the cooling process
can be observed. In the case of 50 L, two major fluctuations
occurred in the values of exergy loss and exergetic efficiency at
15 and 25min of cooling process time. The exergetic efficiency
varied from 18.14–14.66% and 16.95–13.82% at these time
intervals and after that curve moved slightly on lower exergetic
efficiency. Similarly, in the case of 40 and 30 L, a sudden decline in
the values of exergetic efficiency can be observed at 15min of time
interval where efficiency dropped from 15.15–14.17% and
16.79–14.44%, respectively. This could be due to the presence of
static hot water (83°C) in the heating coils surrounded by the
fermentation chamber at the starting time of the cooling process of
yogurt. As discussed earlier, a pillow plate is used at the bottom of
the fermentation chamber, so the cooling effect produced by the
refrigerant is directly transferred to yogurt. The cooling effect
produced in yogurt is then transferred to the hot water in the coil
and walls of the chamber for thermodynamic equilibrium; in other
words, the heat energy from hot water in the coils is transferred to
the yogurt due to high-temperature difference. As a result, net
exergy recovered during refrigeration (Exref) is decreased from
0.76–0.39 kW to 0.66–0.37 kW for 50 L batch capacity and from
0.52 to 0.4 kW and 0.62 to 0.41 kW for 40 and 30 L batch capacities
for their respective time intervals, respectively, resulting in
decreased in exergetic efficiency.

4.3 Power Distribution
In this study, an evacuated tube collector (ETC) was used for heating
applications during the yogurt-making process. A complete
algorithm was prepared by taking into consideration useful solar
energy available and losses at various sections. The average solar
insolation value was taken as 800Wm−2 during the experiment. The

main important feature of this heating system is the addition of hot
water storage which always runs to store hot water in this insulted
closed chamber for the effective hot water supply to the yogurt
processing unit, but this storage of additional energy has not been
taken into consideration. The calculation is based on the step-by-
step calculation of available energy and losses at ETC, pipelines, hot
water tank, and yogurt processing unit, as shown in Figure 7. In this
study, 15 tubes were used, and the total power available on ETC was
calculated to be 2218W.Out of this energy, 5%was the transmission
losses, and 5% was the absorbance losses, with a total of 10% of
optical losses from ETC. The optical losses were calculated to be
197W. Water in the tubes was heated due to the thermo-siphon
system, and heated water was stored in the insulated top header. The
thermal losses inside the header were calculated to be 53W. So,
1968Wpower was available fromETC. The power transferred to the
hot water storage tank was 1718W which was insulated by 50-mm-
thick polyurethane. The hot water storage tank stores the thermal
energy coming from ETC. The important feature of this hot water
storage tank is that it also stores the energy when the yogurt is not
processed and always keeps the tank in the thermal potential to be
used for processing applications. An electrical coil is also fitted inside
the hot water storage tank to heat water in case of cloudy weather
conditions. The thermal losses from the hot water tank were
calculated to be 127 and 1591W available for the yogurt
processing unit. The line losses in the form of conduction,
convection, and radiation in the PVC pipes were found to be
170W; therefore, the net energy available for the yogurt
processing unit was calculated to be 1421W. Out of this
available power for the processing unit, 49W is thermal losses;
therefore, 1372W is available for useful work. If we calculate the
energy required for milk processing/heating, 1350W power is
required to process 50 L of milk/yogurt in 2 h for a temperature
differential of 50°C having a specific heat of 3.89 kJ/kg/K. So, the
thermal energy available to heat the milk is 1372W which is greater
than the actual power demand, thus justifying the number of tubes
and the size of ETC. We may assume this additional energy as
undetermined losses, and this power is utilized for thermal storage in
the hot water tank. The complete distribution is shown in
Figures 7A,B.

Table 3 summarizes some of the related studies regarding
thermal analysis of yogurt/milk processing for a comparative
assessment of the current solar yogurt processing unit. Although
the quantity of the product to be processed, design of the process,
and operating conditions vary and are important for the rates of
energy usage, it can be observed that the solar yogurt processing
unit gave quite good results. The exergetic efficiency of the
current unit is higher than all the tabulated other studies.
Even dealing higher quality of product, the specific exergy
consumption is less than that of the processing plant reported
by Mojarab et al. (2016) while almost similar to that reported by
Mojarab &Aghbashlo (2017). Compared with the industrial-scale
yogurt processing plant, the overall exergy efficiency and specific
exergy consumption are less. Although the difference between the
values of specific exergy consumption is almost 50% in
comparison to the large difference of quantity being dealt into
both cases; however, it is understandable that processing large
quantities leads to decreased specific energy consumption. Abu-

FIGURE 6 | Exergy efficiency during the cooling process of yogurt for 50,
40, and 30 L batch capacities.
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hamdeh (2020) conducted an exergetic analysis on the combined
cooling, heating, and power (CCHP) system based on a PVT
collector. It can be observed that the specific energy consumption
rate of hot water was 3.78 kW for 350 L of water capacity, while in
the current study the specific energy consumption rate of milk
was 2.89 kW for 50 L batch capacity. Exergy extracted by hot
water was 0.2343 kW which lies in the range of the current study
(0.019–0.374 kW for 50 L), and exergy extracted during
refrigeration was 0.09122 kW which is lower than that
reported in the current study (1.76–1.08 kW for 50 L). It was
because of the use of a vapor compression refrigeration system
(COP 4.33) in the current study, while a vapor absorption
refrigeration system (lower COP of 0.615) was used by Abu-
hamdeh (2020).

5 CONCLUSION

In this study, a detailed thermal analysis of a solar assisted yogurt
processing unit has been carried out. The study shows that system
was able to process the raw milk for yogurt using solar energy.
The following conclusions are made:

a) During the milk-heating process, the heat transfer efficiency
was found to be above 80%, with a maximum amount of
incoming heat energy absorbed by 50 L of milk due to more
exposure of the product to the heating coil for maximum use
of the heating potential of the coil.

b) Out of the total energy consumption for the entire yogurt-
making process from the raw milk, almost 40% was used

FIGURE 7 | Distribution of various losses and useful energy in terms of power (A) and percentage (B).

TABLE 3 | Comparison of thermal analysis conducted for the performance evaluation of different dairy product processes and machines.

Dairy
process/machine

Final product Process condition Exergetic losses
(energy used)

Exergy efficiency Reference

Industrial-scale yogurt
production plant

Yogurt 150 ton Holding tube 1 = 0.23 kW. Holding
tube 2 = 0.34 kW. Specific exergy
consumption of the pasteurized
yogurt = 841.34 kJ/kg

Exergy efficiencies for plant =
83.08%. Holding tube 1 = 99.47%.
Holding tube 2 = 99.21%. Central
heat exchanger of the yogurt
production line = 65.72%

Jokandan et al.
(2015)

Yogurt drink production
plant

Pasteurized
yogurt drink

Continuous process Specific exergy destruction =
442 kJ/kg

Exergy efficiencies = 77.87%.
Central heat exchanger of the
production line = 49.1%

Mojarab&
Aghbashlo,
(2017)

Milk-processing plant UHT-treated
milk

Continuous process Exergy destruction = 345.50 kJ/kg Exergy efficiencies = 90.05% Mojarab et al.
(2016)

Combined cooling,
heating, and power
(CCHP) system based on a
PVT collector

Hot water 350 L and 100 kPa.
Ambient temp. = 35°C.
Solar radiations =
580W/m2

Energy efficiency = 50.53%.
Exergy efficiency = 36.88%

Abu-hamdeh,
(2020)

Solar yogurt processing
unit

Yogurt 50 L Exergy destruction for heating =
4.49 kJ/kg. Exergy destruction for
cooling = 10.38 kJ/kg. Specific
energy destruction = 485 kJ/kg

Exergy efficiency of heating =
91.98%. Exergy efficiency of
cooling = 18.14%

Current study
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during the heating process of raw milk showing that the
heating process consumed more energy than the cooling
process in all the cases.

c) The amount of energy consumed to produce 1 kg of the
product was calculated to be 485 kJ/kg, 500 kJ/kg, and
505 kJ/kg for 50, 40, and 30 L batches, respectively,
showing that the system should be run at full capacity.

d) Exergy analysis of the heating process revealed that exergy
losses varied in ranges of 0.23–4.49 kJ/kg, 0.17–3.95 kJ/kg, and
0.06–0.9 kJ/kg for 50, 40, and 30 L batches, respectively.
Exergy analysis of the cooling process showed a total
exergy loss of 1.76–1.08 kW (10.38–6.67 kJ/kg) during the
entire cooling time (73 min) of 50 L product.

e) It was found that thermal energy available to heat the milk is
1371W, while 1350W power is required to process 50 L of
yogurt for a temperature differential of 50°C. So, the thermal
energy available to heat the milk is greater than the actual
power demand, thus justifying the number of tubes and the
size of ETC.

f) For thermal analysis, step-by-step calculation of available
energy and losses with respect to geometry and thermal
properties provides the baseline for the design optimization
of the system to handle the large quantities of the product. It
can be used to scale up the design.

g) Being affordable and clean energy, integrating solar energy
(both solar thermal and solar PV) with dairy-processing units
provides a good opportunity and efficiency to perform dairy
processes at the farm level (decentralized applications).
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GLOSSARY

Ac Surface area of the evacuated tube collector (m2)

Ap Surface area of the PV panels (m2)

A Surface area of the sheet (m2)

Cp Specific heat (kJ k−1kg−1)

CIP Clean-in-place

COP Coefficient of performance

ETC Evacuated tube collectors

Ex Specific exergy (kJ kg−1 or kW)

Exi Exergy received by the PV panel (kJ kg−1 or kW)

Exref Exergy recovered during refrigeration (kJ kg−1 or kW)

Ecomp Energy supplied to the compressor (kW)

G9 Rate of incident solar energy (kW)

G Gravitational acceleration (9.81 ms−2)

GHI Global horizontal irradiation (W/m2)

Gr Grashof number

h Enthalpy (kJ kg−1)Natural convectional coefficient (Wm−2 oC−1)

h Enthalpy (kJ kg−1)Natural convectional coefficient (Wm−2 oC−1)

I Current It Solar irradiance (W/m2)

m` Mass flow rate (kgs−1)

Nu Nusselt number

P Energy input to the refrigeration unit (kW)

PF Power factor Pr Prandtl number

PU Polyurethane

PVPhotovoltaicPVC PhotovoltaicPVCPolyvinyl chloride

Q9 Energy transferred rate to an evacuated tube collector (kJs−1 or kW)

Qi Incident radiation energy on the PV panels (kW)

Q9l-rad Radiation losses (W)

RTD Resistance temperature detector

Rcond Resistance due to conduction (kW−1)

Rconv Resistance due to convection (kW−1)

rint Inner radius (m)

rext Outer radius (m)

SS Stainless steel

SPE Specific production energy (kJ/kg)

T Temperature (K)

Tamb Supposed ambient temperature (25°C)

Tin Inside temperature of the processing chamber (oC)

Tspace Space temperature (15°C)

Text External area temperature (oC)

t Wall thickness (m)

UHT Ultra-high temperature

VFD Variable frequency drive

Va Static viscosity-air

V Voltage

a Ambient air condition

max Maximum

ci, co Solar collector inlet and outlet

si, so Storage tank inlet and outlet

pi, po Yogurt-processor inlet and outlet

Pi, Pf Initial product and final product

i Initial

pui Processing unit inlet

puo Processing unit outlet

os Outer sheet

ins Insulation

is Inner sheet

δ Stephen–Boltzmann constant

ε Emissivity

β Coefficient of thermal expansion

ʎ Thermal conductivity (W/m°C)

ρa Density of air (kgm−3)

μa Dynamical viscosity of air (Pa.s)

φ Steady state heat transfer (W)

cosθ Phase angle

η Efficiency (%)
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