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Enhancement of the energy and 
exergy analysis capabilities of the 
yoghurt process: a case study of 
the dairy industry
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This study provides a comprehensive analysis of the thermal and exergy 
characteristics of a dairy plant that produces yoghurt. This study aims to 
perform a comprehensive analysis of the thermal and exergy aspects of a dairy 
facility that produces yoghurt. This study also seeks to improve the accuracy 
of the results by evaluating the reliability of the energy and production data. A 
comprehensive analysis of energy and exergy is utilized to enhance the yoghurt 
production process. Moreover, the Grassmann-Sankey diagram is employed to 
produce a map of energy density. The process’s energy and exergy efficiencies 
were assessed by taking into account the enhancements and alterations made 
in addition to the existing implementations. Analysis of the yoghurt production 
process revealed that the total energy input was 113.9 [kW], the total energy 
output was 72.05  kW as well and the energy efficiency was 63.3%. The exergy 
input and output for the yoghurt production process were calculated to be 48.95 
[kW] and 29.77 [kW], and the exergy efficiency was determined to be 60.8%. This 
study is expected to promote the growth of livestock and agriculture in the 
energy sector, and is forecasted to act as a catalyst for future research. This 
study, which is the first of its kind in the region and is expected to stimulate 
further research, reveals that improving energy efficiency and conservation 
in the production of yoghurt products enhances the factory’s overall energy 
efficiency.
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1 Introduction

Dairy plants exhibit a correlation between their total production 
volume and the amount of energy used in their energy analysis. 
Energy quantities were deducted from the production and energy 
data, and the factory efficiency and exergy analysis are presented. 
Evaluating the energy consumption in relation to the mass of dairy 
products is crucial. Moreover, the exergy amounts, efficiencies, and 
potential energy savings of the factory were determined. Heat transfer 
and electrical energy usage are significant factors in the production of 
raw milk. The exergy efficiency was determined by applying the 
second law of thermodynamics. The profitability of the milk factory 
and its products can be assessed by subtracting exergy expenses. This 
study stands out from recent research because of the extensive 
inclusion of dairy products. Numerous studies have been conducted 
in the recent years. Alternative forms of energy are likely to support 
green energy, as they will serve as a model for future research in 
this field.

Studies in the literature have focused on exergy and thermal 
analysis of milk and dairy product production processes. Within this 
broad scope, various studies have focused on the additional facilities 
found in milk and dairy products. A summary of these studies in the 
literature can be described as follows:

Saucedo-Velázquez et  al. (2023) focused on designing a 
refrigeration system for milk storage. Utilizing a pre-existing well 
as a geothermal heat source was suggested for running an 
absorption chiller. The proposal underwent an economic analysis 
and was compared with solar and conventional systems. Kaviani 
et  al. (2022) employed pinch technology to enhance energy 
efficiency in milk powder production. The preferred situation and 
modeling assumptions were also included. Singh et  al. (2021) 
examined the significant thermal and electrical energy usage by 

conducting energy, exergy, and life cycle assessments for a 
thorough powder production analysis. They also evaluated exergy 
efficiency, specific exergy destruction, and specific exergy 
enhancement potential.

Ahammed et al. (2018) emphasized the analysis of simultaneous 
pasteurization and cooling of milk in a dairy plant using various 
configurations of internal heat exchangers in the flow line, along with 
a regenerative milk heat exchanger for heat recovery. Bergamini et al. 
(2021) demonstrated that the bridging framework is a robust tool that 
offers valuable insights for analysts when making decisions related to 
retrofitting process operations and heat exchanger grids in a powdered 
milk plant. Mojarab Soufiyan and Aghbashlo (2017) observed that the 
steam generator was the main contributor to the specific exergy 
destruction of pasteurized yoghurt drink production, followed by 
sub-zero refrigeration, milk reception, pasteurization, and 
standardization lines. The current study has the capacity to 
substantially enhance the sustainability and productivity of dairy 
processing facilities. The study unequivocally showed that exergy 
analysis is effective in identifying irreversibility and losses in dairy 
processing plants and in enhancing their thermodynamic performance.

Oliveira et al. (2021) suggested that bio-circular strategies could 
alleviate environmental pressure in the dairy sector by enhancing 
production and consumption practices. Several studies have evaluated 
dairy systems using individual methods that fail to encompass all 
sustainability viewpoints. The analysis involves life cycle assessment 
to pinpoint critical areas and suggest practical enhancements for the 
specific case study being examined. Two points were identified to 
analyze economics and efficiency. Technological advancements have 
resulted in minimal emissions and decreased adverse effects on the 
environment (Oliveira et  al., 2021). Some studies suggest that 
incorporating solar energy as an auxiliary power source in milk 
production can significantly enhance energy efficiency (Esen et al., 
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2007; Khan et al., 2022a,b; Jafaryani Jokandan et al., 2015; Ranjan and 
Kaushik, 2014; Vutukuru et al., 2019).

Shokouhifar et al. (2024) emphasized the diverse methodologies 
employed in addressing the issue of yoghurt production through 
exergy analysis. The primary objective was to reduce the overall exergy 
consumption across the supply chain, taking into account the expenses 
related to maintaining product quality. To evaluate the quality of raw 
materials at the factory and ensure the quality of products at 
distribution centers (Shokouhifar et al., 2024). Husnain et al. (2022) 
conducted an energy and exergy based thermal analysis of a solar 
assisted yoghurt processing unit. This unit is capable of performing 
both heating and cooling processes in a single container. The system 
comprised a circular fermentation chamber linked to a hot water 
storage tank, along with an evacuated tube collector and a pillow plate 
at the chamber’s base for cooling via a photovoltaic-powered 
refrigeration unit. The study provides valuable insights for developing 
optimization strategies based on the energy distribution and losses 
across different components of the system (Husnain et al., 2022).

This study also addresses the energy-intensive evaporation 
process in milk production, aiming to enhance efficiency and reduce 
negative environmental impacts. Azzaro-Pantel et  al. (2022) 
investigated the evaporation process during milk production. Both 
the economic and design aspects of food processes are becoming 
increasingly important for achieving sustainability in the food 
industry. The milk evaporation process, known for its high energy 
consumption in the milk production industry, has significant 
potential for improvement through the integration of cost and life 
cycle analyses (Azzaro-Pantel et al., 2022). The life cycle assessment 
method developed by Queiroz et al. (2020) can aid this study by 
enabling the comparison of various scenarios related to biomass. The 
life cycle approach can be used to assess the energy and exergy levels 
in milk and dairy production (Huysveld et  al., 2015). When 
producing milk and dairy products, advancements in innovative 
processes can be effectively achieved by considering energy, exergy, 
thermal, electric, and environmental factors (Aghaei and Saray, 2021; 
Başaran et  al., 2021; Başaran et  al., 2023; Bühler et  al., 2018; 
Mehrabadi and Boyaghchi, 2019; Mojarab Soufiyan et  al., 2017; 
Oliveira et al., 2022; Singh et al., 2019a; Sorgüven and Özilgen, 2012; 
Yildirim and Genc, 2017). This study enhanced energy consumption, 
production values, and plant efficiency by analyzing data accuracy, 
reliability, and conducting SPPS analysis on plant data. Exergy and 
thermal analyses were performed on these data. Raw material and 
exergy calculations were performed, starting from the plant inlet. 
This study introduced the exergy efficiency and thermal analysis of 
a plant involved in milk and dairy product production as a new 
aspect. The exergy efficiency calculation focused on 
energy conservation.

2 Materials and methods

An evaluation of the dairy factory production process was 
conducted, beginning with the intake of raw materials and concluding 
with packaging, storage, and shipping. To compute using 
thermodynamics, methods have been developed using precise data on 
energy usage, energy effectiveness, and milk and product output. The 
Cappadocia dairy factory produces yoghurt, butter, ayran, white, 

cheddar, curd, and tulum cheeses. This study observed the energy and 
exergy conditions in the yoghurt process, which is the most produced 
yoghurt in the factory. The milk and dairy product production 
department utilizes a large amount of energy and controls humidity. 
Fluid mechanics control the fluid flow in milk and byproduct piping 
systems between vessels and heaters. The tube boiler and piping are 
premium stainless steels. Dairy factories process raw milk in steps. 
These steps include separation, pasteurization, cooling, calcium 
chloride addition, starter culture introduction, the clot technique, 
pre-maturation, fermentation, portioning, the brine technique, 
packaging, storage, ripening, and shipping. Milk and its byproducts 
vary by product, and are linked to energy-intensive machinery. This 
study presents energy-efficient instances by exploring various 
optimizations through case studies [Nathaphan and Therdyothin, 
2023; The Union of Chambers and Commodity Exchanges of Turkey 
(UCCET): Industry Directorate, 2023].

As shown in Figure 1, yoghurt products are initiated by acquiring 
raw milk, which undergoes laboratory analyses to assess its quality. In 
the dairy product factory, 13 process steps were demonstrated for the 
production of yoghurt. The milk was then purified using filtration and 
precipitation to remove contaminants. Milk standardized by 
separation was pasteurized at 72 [°C] for 15 [s], contingent on the fat 
level of the outcome (fat types). The milk is then processed in an 
evaporator to regulate the dry matter content by removing excess 
water under vacuum at 60–65 [oC]. The milk was homogenized, 
placed in containers, and incubated at 42–45 [°C] with yoghurt 
culture. Yogurt is ultimately moved to refrigerated storage and then 
delivered to the consumer (Guyot and Kulozik, 2011).

Another study explored how heating ovine (sheep) milk at various 
temperatures affects the composition and taste of yoghurt. The study 
discovered that subjecting yoghurt to lower temperatures led to 
increased levels of specific proteins and improved preservation of the 
milk’s functional and nutritional qualities (Zamberlin et al., 2010). 
Several studies have analyzed how different milk processing methods 
affect yoghurt characteristics. Preheating milk at 85, 90, or 95°C for 
20 min with ropy starter cultures resulted in shorter fermentation 
times and improved functional properties when compared to 
non-ropy starter cultures (Lorenzen et al., 2003). Various ratios of goat 
and sheep milk blends have been identified as appropriate for 
producing high-quality yoghurt (Stelios and Emmanuel, 2004).

There are limited energy and exergy analyses in the literature on 
the production of milk and milk products. This study addresses the 
deficiency and uncovers the exergy cost and reveals the profitability of 
the factory through the application of thermal and exergy analysis of 
the yoghurt process. Data reliability and uncertainty analyses of the 
measuring devices and other process parameters were also established 
through statistical analysis.

2.1 Analysis of the energy and exergy of the 
process

To evaluate the effectiveness of milk and product processing, it is 
crucial to formulate the thermodynamic equations necessary to 
conduct the energy and exergy analyses of the entire facility. Thirteen 
process steps served as inputs and outputs for yoghurt production in 
the dairy factory. Each process was schematically modeled based on 
mass balance. Thus, these procedures can be  represented as a 
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FIGURE 3

Process of the filtration-separation (4–5), the separation-evaporation (6–7), and the pasteurization-homogenization (7–8) for the factory.

sequential diagram for evaluating the exergy analysis of the facility, as 
depicted from Figures 2–5.

Figure  2 indicates the process of raw material, lab analysis, 
filtration, and clarification from processes 1 to 4. In addition, the lab 
analysis utilizes water for the analysis of milk in process 2*, as the 
cleaner can be  applied to the filtration process 3* of the 
filter apparatus.

Figure 3 illustrates the sequential steps of filtration, clarification, 
separation, evaporation, pasteurization, homogenization, and 
clarification in processes 4–8. In addition, the clarification process 
requires steam for the clarification of milk in process 4*, as the 
wastewater is disposed of in the evaporation process 8*.

Figure 4 emphasizes the processes of evaporation, homogenization, 
cup packaging, incubation, and cold storage from process 8 to process 

FIGURE 1

Process flow diagram of yoghurt products by drawing engineering symbol (Bicenler Dairy Factory process).

FIGURE 2

Process of the raw material-lab analysis (1–2), the raw material-filtration (2–3), and the lab analysis-clarification (3–4) for the factory.
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11. During the incubation phase, the final step involved the addition 
of yoghurt culture (process 10*).

Figure 5 shows the processes of incubation, cold storage, and 
shipment from process 11 to process 13. Following the incubation 
process, yoghurt was cooled in cold storage. This was achieved using 
cooling techniques. Finally, yoghurt is transported by truck, marking 
the last step in the production of yoghurt products.

Yoghurt production stages and processes (1–13) were constructed 
and analyzed prior to thermodynamic calculations. Prior to performing 
calculations utilizing thermodynamic equations, certain assumptions 
were made regarding a yoghurt factory, as follows (Başaran et al., 2021; 
Cengel et al., 2019; Jafaryani Jokandan et al., 2015; Mojarab Soufiyan and 
Aghbashlo, 2017; Wang, 2009); (i) The whole plant and its parts are in a 
dead state condition, (ii) The boiler assumes that the combustion gases 
entering and exiting are ideal gas mixtures, (iii) The combustion of 
natural gas in the steam generation system is considered a total chemical 
reaction, (iv) The steady-state temperature was considered to be 25°C, 
while the pressure was implicit at 1 atm, (v) The kinetic and potential 
energy magnitudes of the total energy and exergy are disregarded, and 
(vi) The change in ambient temperature was disregarded.

The energy and exergy efficiencies of the factory yoghurt 
production process were determined by applying the principles of the 
first and second laws of thermodynamics, based on the assumptions 
provided above. The analysis of mass balance and energy conservation 
equations is conducted (Başaran et  al., 2021; Cengel et  al., 2019; 
Jafaryani Jokandan et al., 2015; Mojarab Soufiyan and Aghbashlo, 
2017; Wang, 2009).

The dead state is typically defined by the conditions of 25 [°C] 
temperature and 1 [atm] pressure. Mass conservation in the control 
volume is maintained when the quantity of the input mass is 
equivalent to the quantity of the output mass. The mass balance 
equation is formulated as follows (Aghbashlo et al., 2013; Başaran 

et al., 2021; Cengel et al., 2019; Jafaryani Jokandan et al., 2015; Mojarab 
Soufiyan and Aghbashlo, 2017; Wang, 2009):

 � � � m min out (1)

The first law of thermodynamics states that the left side of the 
equation represents the rate at which work, mass, heat, and energy are 
transferred, whereas the right side represents the change in internal, 
kinetic, and potential energies. The system is adiabatic owing to its 
continuous-flow open system and efficient insulation. Both the work 
W� � and heat transfer Qin� � are zero because no work is performed 

and the system is adiabatic. The energy balance is given by 
Equations 2–4 (Aghbashlo et al., 2013; Başaran et al., 2021; Cengel 
et al., 2019; Wang, 2009).

 � �� � �   E En W Qnin out in  (2)

 
� � � � �� �  En En EnG out in  

(3)

 
� � �� � 

En Qin WG 0
 

(4)

The energy Enin� � input and output Enout� �  can be determined 
using Equations 5, 6 as follows (Aghbashlo et al., 2013; Başaran et al., 
2021; Cengel et al., 2019; Wang, 2009):

 
� � � �� � En mout out outh

 (5)

FIGURE 4

Process of the evaporation-cup package (8–9), the homogenization-incubation (9–10), and the cup package-cold storage (10–11) for the factory.

FIGURE 5

Process of the incubation-cold storage (11–12), and the cold storage-shipment (12–13) for the factory.
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� � � �� � E mn hin in in  (6)

The study of the exergy losses that flow into and out of the control 
volume allows for the determination of the exergy loss of the system. 
Initially, the exergy inputs and outputs were computed. The potential 
and kinetic energies were disregarded because of their insignificance. 

The general exergy ExG
�

�
�

�

�
� is established based on the control volume 

scheme outlined in Equation 7 as follows (Aghbashlo et al., 2013; 
Başaran et al., 2021; Cengel et al., 2019; Wang, 2009):
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The exergy input Exin� �  and output Exout� �  can be obtained 
using Equations 8, 9 as follows (Aghbashlo et al., 2013; Başaran et al., 
2021; Cengel et al., 2019; Wang, 2009):

 
� � � �� � � �� �� �� � � Ex min in in inh h T s s

 (8)

 
� � � �� � � �� �� �� � � Ex mout out out outh h T s s

 (9)

The exergy loss (irreversibility) in adiabatic processes can 
be assessed by comparing the exergy input and output differences, 

which indicate the absence of work. The exergy loss � �r Ex�
�

�
�

�

�
�


 is 

demonstrated in Equation 10 as follows (Aghbashlo et  al., 2013; 
Başaran et al., 2021; Cengel et al., 2019; Wang, 2009):

 
� �r Ex Ex Ex S� � � � �� � � ��  

out in T �
 

(10)

Net energy flow and exergy equations were employed in all the 
process simulations. The flow exergy equations for air and steam are 
specified in Equation 11 as follows (Başaran et al., 2021; Cengel et al., 
2019; Jafaryani Jokandan et  al., 2015; Mojarab Soufiyan and 
Aghbashlo, 2017; Wang, 2009):

 � � �� � � �� �� � �h h T s s  (11)

Therefore, the specific enthalpy (h), entropy (𝑠), and exergy (𝜑) 
can be represented by Equations 12–14 as follows (Aghbashlo et al., 
2013; Başaran et al., 2021; Cengel et al., 2019; Wang, 2009):

 s C T T� � �� ��ln  (12)

 h C T T� � �� ��  (13)

 � � � �� � � � � �� � �C T T T T Tln /  (14)

Energy and exergy analyses were conducted using data from each 
part of the manufacturing process to assess the efficiencies of the 1st 
and 2nd Laws of Thermodynamics. The definitions of energy and 
exergy efficiencies are provided in Equation 15, 16 as follows 
(Aghbashlo et  al., 2013; Başaran et  al., 2021; Cengel et  al., 2019; 
Wang, 2009):

 �
En

outEn

En





�

� �
� �

�

� in
%100  (15)

 �
Ex

Ex

Ex





�

� �
� �

�

�
out

in

%100  (16)

2.2 Analysis of thermal and electrical 
energy processes

The total energy consumption was determined by measuring 
the amount of thermal and electrical energy employed by the 
machinery and equipment during the factory process. Moreover, 
the process involves collecting data and measurements from the 
factory, which includes estimating the thermal and electrical energy 
consumption of all the machinery and equipment. This study 
analyzed and assessed the thermal and electrical energy utilization 
of each specific yoghurt production process within a factory. The 
homogenizer, yoghurt packaging machine, cooling tank, cold store, 
separation device, heat exchanger, and evaporator machine supply 
thermal and electrical energy to the machinery and equipment. 
Electrical and thermal energy are utilized in various components of 
the yoghurt production process, including process tanks, heating 
boilers, cooking boilers, compressors, vacuum machine cooling 
units, weighing machines, churning machines, and yoghurt 
filling machines.

The total power ( W ) of the processes involving electric energy 
was computed using Equation 17–20 as described below 
(Aghbashlo et al., 2013; Başaran et al., 2021; Cengel et al., 2019; 
Wang, 2009):

 � � � � ���    W W W W Wnout 1 2 3  (17)

 W I Vn n n� �  (18)

 
 Q m C Tin c o� � ��  (19)

 � � � Q Win in (20)

The energy efficiency (ηth En, ) can be applied according to the 1st 
Law of Thermodynamics, which is computed from Equations 21–24 
(Aghbashlo et  al., 2013; Başaran et  al., 2021; Cengel et  al., 2019; 
Wang, 2009):
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The energy efficiency, denoted as ηth En,  can be  assessed by 
applying the principles of the 1st Law of Thermodynamics. The 
numerical values for ηth En,  are based on Equation 21–24 as mentioned 
as follows (Aghbashlo et al., 2013; Başaran et al., 2021; Cengel et al., 
2019; Wang, 2009):

 W Win out in out� � � � � � � �Q W W Q W W   
 (21)

 � �� � � � �  Q W W Wout in (22)

 
  W W Wout out t out eW� � � �, ,  (23)

 
�
th En

out

in

W
W,

%



� � �
 

(24)

Furthermore, this study includes a scrutiny of the energy and 
exergy of the yoghurt production process as well as an analysis of 
the thermal and energy usage in the factory. The thermal and 
electrical energy results were provided based on the data 
and measurements.

2.3 Uncertainty analysis of production data 
and equipment

Uncertainty analysis, which indicates the precision of the 
measured data, is useful for the analysis of production data and tools 
(Öztuna Taner, 2023; Beck et al., 2023; Rajendran and Han, 2023; Jing 
et al., 2022; Zhang et al., 2022; Siddique et al., 2023; Zheng et al., 2022; 
Tan and Zhang, 2018; Li et al., 2019). To enhance confidence in the 
data analysis, it was imperative to conduct an uncertainty analysis of 
the gathered measurements. The provided Equation 25 demonstrates 
the level of uncertainty in both the systematic and predictive 
components of the data, as indicated as follows (Öztuna Taner, 2023; 
Rajendran and Han, 2023; Jing et al., 2022; Li et al., 2019).
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Furthermore, uncertainty analysis can be utilized to derive an 
analytical equation for the error in energy measurement. The 
uncertainty analysis method outlines the expected outcomes or 
proposes a data strategy based on Equation 26–28 (Bobovnik and 
Kutin, 2023; Figliola and Beasley, 2015; Öztuna Taner, 2023). To 
illustrate, if the margin of error in a measurement of 100 is ±1, the 
relative uncertainty is (1/100) × 100 = 1%. Equation 29 provides the 
proportion of uncertainty in the experimental results, as follows 
(Rajpoot et al., 2024):
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��
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Table 1 contains a sensor that functions as a direct-current power 
source with the ability to adjust the voltage and regulate the current. 
Additionally, it includes a flow meter, a pressure meter, and a type-T 
thermocouple. The level of uncertainty in relation to other 
measurements is determined by the accuracy and precision of the data 
and readings. The relative sense uncertainty was obtained for a DC 
power source with adjustable voltage and current regulation measured 
as ±0 05.  (voltage) − ±0 1.  (current), a flow meter measured as ±0 01.  
(mass flow), a pressure meter measured as ±0 01.  (pressure), and a type 
T thermocouple measured as ±0 2.  (temperature). These values agree 
with the results of the uncertainty analysis.

Table 1 displays the equipment sensor functioning as a direct 
current (DC) power supply that can adjust both voltage and current. 
The current accuracy was measured at 2.0 A, whereas the voltage 
precision was measured at 4.0 [V]. The relative uncertainty was 
calculated by dividing the data accuracy by the measured value. The 
voltage value has a relative error of ±0.05, whereas the current value 
has a relative uncertainty of ±0.10. The apparatus sensor is a type T 
thermocouple that measures temperature with an accuracy of ±0.4 
[°C]. The internal thermal device measured 2°C, the heat-insulating 
wall device measured 4°C, the electricity inside the tool design 
measured 1°C, and the electricity wall design measured 1°C. The 
devices had a relative uncertainty ranging from ±0.1 to 0.2, whereas 
the designs had a relative uncertainty of ±0.4. The uncertainty study 
was based on an experiment that quantitatively assessed numerous 
components. An overall reliability of 99.99% was achieved by assessing 
the uncertainties of the four main analytical parameters. The 
proportional uncertainty was estimated to be  ±0.232, which is a 
fixed value.

2.4 Energy and exergy data for the 
statistical analysis

Furthermore, to ensure the dependability and precision of the 
data in the study, a statistical method was employed to conduct an 
uncertainty analysis of the measuring devices and an accuracy analysis 
of the factory process data. Statistical analyses were performed using 
ANOVA. A p value less than 0.05 was considered to have statistical 
significance (p < 0.05). Data were analyzed and evaluated using SPSS 
28.0 and Minitab 21.4.2 software. This study confirmed the 
dependability and mathematical representation of the scenario data 
through statistical methods applied to the collected and generated 
data (see Appendix A2).
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2.5 Process analysis of yoghurt production 
and equations

The exergy analysis of the yoghurt process was performed 
according to the process steps (Figures  2–5). Depending on the 
parameters, thermodynamic equations are derived from the data to 
provide mass balance and energy analyses as well as exergy 
analysis equations.

Table 2 indicates that the processes of raw material-laboratory 
analysis (1–2), raw material-filtration (2–3), and laboratory 
analysis-clarification (3–4) can be  used to calculate the mass 
balance of processes 1–4. When calculating the mass balance of 
filtration, clarification, separation, evaporation, pasteurization, 
homogenization, and clarification from processes 4 to 8, the 
filtration–filtration-separation (4–5), separation-evaporation 
(6–7), and pasteurization-homogenization (7–8) can 
be considered. By considering the mass balance of the evaporation, 
homogenization, cup packing, incubation, and cold storage 
processes from processes 8 to 11, the processes of evaporation-cup 
packing (8–9), homogenization-incubation (9–10), and cup 
packing-cold storage (10–11). The mass balance of the incubation, 
cold storage, and shipping processes from processes 11 to 13 can 
also determine the incubation-cold storage (11–12) and cold 
storage-shipping (12–13) processes.

Table  3 shows the raw material-laboratory analysis (1–2), 
filtration (2–3), and laboratory analysis-clarification (3–4) can 
be  determined by thermodynamic equations. An analysis can 
be conducted on the energy and exergy of the processes involved 
in filtration, clarification, separation, evaporation, pasteurization, 
homogenization, and clarification from processes 4 to 8. The 
energy and exergy analyses of 8–11 can be categorized into three 
stages: evaporation-cup packing (8–9), homogenization-
incubation (9–10), and cup packing-cold storage (10–11). The 
energy and exergy analyses of the incubation-cold storage (11–12) 
and cold storage-shipping (12–13) processes cover 
processes 11–13.

Energy and exergy analysis equations were employed to evaluate 
all processes in the yoghurt production process flow diagrams, which 
were applied to establish mass and energy balances. By leveraging the 
data, scenarios were generated, and improvements were identified for 
the dairy factory through data computation.

3 Results and discussion

The total production in dairy and product factories influences the 
overall utilization of energy. Thermodynamic modeling was used to 
analyze the thermal efficiency of the dairy industry in this study 
(Heydari et al., 2021; Öztuna Taner, 2023). Dairy operations utilize 
thermal energy (Öztuna Taner, 2023; Solanki and Pal, 2021). An 
analysis was conducted to assess the factory’s energy utilization 
efficiency by examining statistical data on energy production and 
consumption at the plant. This study was conducted to analyze the 
relationship between energy consumption and material production to 
optimize the efficiency of manufacturing facilities (Öztuna 
Taner, 2023).

The physical exergy is considered, as chemical and fat-formation 
exergy are not included in the assessments, as they are negligible 
owing to the high production of yoghurt in the process stages in this 
study. Prior research has made certain assumptions when conducting 
energy and exergy analyses and obtaining results (Bühler et al., 2018; 
Jafaryani Jokandan et al., 2015; Mojarab Soufiyan and Aghbashlo, 
2017; Mojarab Soufiyan et al., 2017; Öztuna Taner, 2023; Singh et al., 
2019b; Singh et al., 2021). Furthermore, the equations for computing 
exergy for steam generation, refrigeration, pasteurization, and yoghurt 
production lines can be located in Appendix A.

The energy and exergy analyses of dairy milk production 
processes include raw material-lab analysis (1–2), raw material-
filtration (2–3), lab analysis-clarification (3–4), filtration-separation 
(4–5), separation-evaporation (6–7), pasteurization-homogenization 
(7–8), evaporation-cup package (8–9), homogenization-incubation 
(9–10), cup package-cold storage (10–11), incubation-cold storage 
(11–12), and cold storage-shipment (12–13) in the factory. 
Furthermore, the Grassmann-Sankey diagram was employed to 
conduct energy and exergy analyses of the input, output, and loss 
(destruction) states.

3.1 Current of the energy and exergy 
analysis

The power computation of the machines and equipment in the 
factory is established based on the amount of energy consumed. The 
result was obtained by applying thermodynamic energy, exergy, and 

TABLE 1 Assessment of experimental apparatus’s relative error and result uncertainty.

Apparatus sensor Parameter Data accuracy (DA) Measurement value 
(MV)

Relative uncertainty 
zRu , (DA/MV) [%]

Flow meter m
kg

s
i o,

�
��

�
��

� �
��

�
��

0 1.
kg

s
mass flow device

kg

s
� �

��
�
��

10 ±0 01.

Pressure meter P bari o, � � � � �0 02. bar pressure device bar� � �0 5. ±0 04.

Type T thermocouple T Ci o,
��
��

�
��

� �
��

�
��

�
0 4. C thermal device C� �

��
�
��

�
2 ±0 2.

Power source (DC voltage/

current)

I Ai o, � � � � �0 2. A current device A� � �2 0. ±0 1.

V Vi o, � � � � �0 2. V voltage device V� � �4 0. ±0 05.

zRu ±0 232.
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mass equivalent equations, specifically Equations 1–20. The equations 
from Equations 21–24 is particularly advantageous for calculating the 
power in the processes. The energy and exergy efficiencies of the 
yoghurt process in Table 3 were identified using the derived equations 
based on the process flows listed in Tables 4, 5.

The energy and exergy analyses are presented in Table 4, which 
displays the current results of the energy analysis performed on the 
yoghurt production process in the entire dairy milk factory. The 
yoghurt production process was analyzed, and it was emerged that 
the total energy input was 113.87 [kW], whereas the total energy 
output was 65.69 [kW]. The energy efficiency of this process was 
57.7%. In addition, the energy efficiency of each process was 
considered. However, the RW and SH processes were not included in 
the energy assessments considering the processes are specifically 
related to transportation. The three processes with the highest energy 
efficiencies were the WM process with an efficiency of 95.5%, CP 
process with an efficiency of 83.6%, and CT process with an efficiency 
of 81.1%. Conversely, the HM process had the lowest energy efficiency 
(35.1%), followed by the CV (41.1%) and MP (52.1%) processes.

Table 5 displays the most recent results of the exergy analysis of the 
yoghurt production process for the entire dairy milk factory. The 
exergy input and output for the yoghurt production process were 
assessed to be 48.95 [kW] and 25.17 [kW], respectively. The exergy 
efficiency was calculated to be 51.4%. Furthermore, exergy efficiency 
assessments excluded the RW and SH processes because of their 
association with transportation. The three processes with the highest 
exergy efficiencies were the WM process with an efficiency of 94.8%, 
CV process with an efficiency of 84.5%, and CT process with an 
efficiency of 78.4%. In contrast, the MP process exhibited an exergy 
efficiency of 24.4%, the CS process demonstrated an exergy efficiency 

of 37.8%, and the HM process achieved an exergy efficiency of 42.6%. 
Consequently, these three processes were identified as having the 
lowest efficiency.

Figure 6 depicts the Grassmann-Sankey diagram, illustrating the 
energy flows and efficiency of the current processes. The Grassmann-
Sankey diagram was utilized to analyze the energy efficiency rates 
between processes, energy inputs, outputs, and loss. The energy loss 
was found to be  48.2 [kW]. Estimating the energy efficiency of 
various processes and analyzing the energy inputs, outputs, and 
losses demonstrates that the HM process has the highest energy loss 
(24.02 kW), and the WM process has the lowest (0.11 kW).

Figure 7 illustrates the Grassmann-Sankey diagram representing 
the exergy flow and efficiency of the current processes. The 
Grassmann-Sankey diagram was used to analyze the exergy 
efficiency rates of the processes, as well as the exergy inputs, 
outputs, and losses. The current of the exergy destruction was 
obtained to be 23.8 [kW]. Moreover, upon assessing the exergy 
efficiency of various processes and analyzing the exergy inputs, 
outputs, and destruction, it is clear that the corresponding value of 
the highest exergy destruction is in the HM process (14.43 kW), and 
the corresponding value of the lowest exergy destruction is in the 
CV process (0.12 kW).

3.2 Enhancement of energy and exergy 
analysis

In this study, after applying the current energy and exergy analysis 
of the yoghurt process and presenting the energy density map with the 
Grassmann-Sankey diagram, the processes were enhanced by 

TABLE 2 Equations for energy and exergy in mass balance of yoghurt process.

Process Process name Process outline

(1–2)
Raw material-laboratory 

analysis

(2–3) Raw material-filtration

(3–4)
Laboratory analysis-

clarification

(4–5) Filtration-separation

(6–7) Separation-evaporation

(7–8)
Pasteurization-

homogenization

(8–9) Evaporation-cup packing

(9–10) Homogenization-incubation

(10–11) Cup packing-cold storage

(11–12) Incubation-cold storage

(12–13) Cold storage-shipping
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TABLE 3 Equations for energy and exergy analyses of the yoghurt production process in the factory.

Process Mass balance Energy & exergy analysis Energy & exergy efficiency

(1–2)  m m11 12� � � ��

En 21� � � 0

Ex 21� � � 0

�En
21

0
� �
�

�Ex
21

0
� �
�
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En

En En
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adjusting the mass and energy balances with the updates in the 
processes. The energy and exergy efficiencies of the process were 
considered through enhancements and modifications to 
previous implementations.

Table  6 displays the enhancement of the energy analysis 
conducted on the yoghurt production process for the entire dairy 
milk factory. An analysis of the yoghurt production process 
revealed that the total energy input was 113.9 [kW], whereas the 
total energy output was 72.05 [kW], resulting in an energy efficiency 
of 63.3%. As a result, several comparable studies on dairy 
companies’ energy efficiency have been conducted, a small number 
of which are reflected in this study. Başaran et al. (2021) found that 
with a different configuration process, 2.78 [kg/s] of milk can 
be obtained with 44.35% less energy input. The results of Bühler 
et al. (2018) in this case study align closely with the energy efficiency 
outcomes observed in a milk-processing factory. Singh et al. (2019a) 
obtained energy efficiency of 86.88% for a cream pasteurization 
plant. In the electrification scenario, Bühler et al. (2019) achieved a 
48% reduction in electricity input and a 35% reduction in heat rate. 
Lincoln et  al. (2022) achieved a 21% reduction in energy 
consumption by implementing process integration and 
electrification techniques in milk-evaporation systems to improve 
the efficiency. Husnain et al. (2022) demonstrated that 69.70% of 
the energy was utilized for the purpose of heating milk.

Table 7 exhibits the enhanced exergy analysis for the yoghurt 
production process across the dairy milk factory. The exergy input and 
output for the yoghurt production process were computed to be 48.95 
[kW] and 29.77 [kW], respectively. The yoghurt process achieved 
exergy efficiency of 60.8%. As a result, several comparable studies on 
dairy companies’ energy efficiency have been conducted, a small 
number of which are reflected in this study. Singh et  al. (2019b) 
obtained the exergy efficiency of 66.11% for a cream pasteurization 
plant. According to this study, the exergy reduction was 9.4% due to 
the increase in exergy efficiency in the yoghurt production process. 
The study conducted by Shokouhifar et al. (2024) demonstrates a 
significant decrease of 6.74% in the overall exergy consumption of the 
supply chain in literature.

Figure 8 depicts the Grassmann-Sankey diagram of the energy 
flow and efficiency in the enhancement processes. According to the 
Grassmann-Sankey diagram, the energy efficiency rates between 
processes and energy inputs, outputs, and losses are also under 
analysis. The enhancement in the energy loss was computed to be 48.2 
[kW]. Furthermore, after assessing the energy efficiency of the 
different processes and examining the energy inputs, outputs, and 
losses, it is clear that the HM process has the highest energy loss 
(22.73 kW), and the WM process has the lowest energy loss 
(0.098 kW). In literature, Husnain et al. (2022) demonstrated that the 
evacuated tube collector had a total available power of 2.22 kW.

Process Mass balance Energy & exergy analysis Energy & exergy efficiency
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Figure 9 illustrates the Grassmann-Sankey diagram representing 
the exergy flow and efficiency of the enhancement processes. The 
Grassmann-Sankey diagram was used to analyze the exergy efficiency 

of the processes, as well as the exergy inputs, outputs, and losses. The 
enhancement of exergy destruction was calculated to be 19.2 [kW]. 
After evaluating the exergy efficiency of different processes and 

FIGURE 6

Grassmann-Sankey diagram of the energy flows and efficiency for the current processes.

FIGURE 7

Grassmann-Sankey diagram of the exergy flows and efficiency for the current processes.
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TABLE 4 Current results of the energy analysis for the yoghurt process at the whole of the dairy milk factory.

PU
En k� � En Win � � En Wout � � En Wloss � � �Ennet %� �

RW En 21� � 0 0 0 0

WM En 32� �
2370.0 2262.3 107.7 95.5

MP En 43� �
5500.0 2867.5 2632.5 52.1

SP En 54� �
15500.0 8453.4 7046.6 54.5

HE En 76� �
5500.0 3906.0 1594.0 71.0

HB En 8�� �
4500.0 2982.5 1517.5 66.3

CV En 87� �
3000.0 1233.5 1766.5 41.1

EV En 98� �
5500.0 3107.5 2392.5 56.5

HM En 109� �
37000.0 12977.0 24023.0 35.1

CP En 10�� �
2500.0 2090.1 409.9 83.6

VM En 11�� �
2500.0 1915.0 585.0 76.6

CT En 1110� �
18000.0 14596.0 3404.0 81.1

CS En 1211� �
12000.0 9304.0 2696.0 77.5

SH En 1312� � 0 0 0 0

∑ En 113.87 [kW] 65.69 [kW] 48.18 [kW] 57.7 [%]

TABLE 5 Current results of the exergy analysis for the yoghurt process at the whole of the dairy milk factory.

PU
Ex k� � Ex Win � � Ex Wout � � Ex Wdest � � �Exnet

 %� �

RW Ex 21� � 0 0 0 0

WM Ex 32� � 2251.5 2135.2 116.3 94.8

MP Ex 43� � 1666.5 406.6 1259.9 24.4

SP Ex 54� � 5425.0 3264.1 2161.0 60.2

HE Ex 76� � 3091.0 1829.9 1261.1 59.2

HB Ex 8�� � 1219.5 753.7 465.8 61.8

CV Ex 87� � 744.0 628.7 115.3 84.5

(Continued)
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PU
Ex k� � Ex Win � � Ex Wout � � Ex Wdest � � �Exnet

 %� �

EV Ex 98� � 1364.0 658.8 705.2 48.3

HM Ex 109� � 25160.0 10725.4 14434.6 42.6

CP Ex 10�� � 1875.0 1188.8 686.3 63.4

VM Ex 11�� � 405.0 286.2 118.8 70.7

CT Ex 1110� � 2772.0 2173.2 598.8 78.4

CS Ex 1211� � 2976.0 1123.7 1852.3 37.8

SH Ex 1312� � 0 0 0 0

∑ Ex 48.95 [kW] 25.17 [kW] 23.78 [kW] 51.4 [%]

TABLE 5 (Continued)

TABLE 6 Enhancement of the energy analysis for the yoghurt process throughout the dairy milk factory.

PU
En k� � En Win � � En Wout � � En Wloss � � �Ennet %� �

RW En 21� � 0 0 0 0

WM En 32� �
2370.0 2272.0 98.0 95.9

MP En 43� �
5500.0 3154.3 2345.8 57.4

SP En 54� �
15500.0 9298.7 6201.3 60.0

HE En 76� �
5500.0 4296.6 1203.4 78.1

HB En 8�� �
4500.0 3280.8 1219.3 72.9

CV En 87� �
3000.0 1356.9 1643.2 45.2

EV En 98� �
5500.0 3418.3 2081.8 62.2

HM En 109� �
37000.0 14274.7 22725.3 38.6

CP En 10�� �
2500.0 2299.1 200.9 92.0

VM En 11�� �
2500.0 2106.5 393.5 84.3

CT En 1110� �
18000.0 16055.6 1944.4 89.2

CS En 1211� �
12000.0 10234.4 1765.6 85.3

SH En 1312� � 0 0 0 0

∑ En 113.87 [kW] 72.05 [kW] 41.82 [kW] 63.3 [%]

https://doi.org/10.3389/fsufs.2024.1450653
https://www.frontiersin.org/journals/sustainable-food-systems


Oztuna Taner 10.3389/fsufs.2024.1450653

Frontiers in Sustainable Food Systems 15 frontiersin.org

exploring the exergy inputs, outputs, and destruction, it is evident that 
the HM process has the highest exergy destruction value (12.26 kW), 
whereas the WM process has the lowest exergy destruction value 
(0.25 kW). In literature, Husnain et  al. (2022) described how the 
heating process of raw milk accounted for 40% of the overall energy 
consumption. The overall thermal efficiency exceeded 80%. The 
exergy losses in the compressor of the refrigeration unit were found 
to remain relatively constant at 1.0037 kW (Husnain et  al., 2022). 
Upon analyzing the literature, it becomes evident that this novel and 
groundbreaking work is more effective and the process is 
more appropriate.

4 Conclusion

This study clearly illustrates that assessing the energy and exergy 
efficiency of the yoghurt production process, whose raw material is 
milk, contributes to sustainability by influencing factory profitability. 
This study provides an in-depth assessment of the energy and exergy 

aspects of a dairy plant producing yoghurt. After conducting an energy 
and exergy analysis of the yoghurt process and creating an energy 
density map using the Grassmann-Sankey diagram, enhancements 
were made to the processes by modifying the mass and energy balances 
based on the updated data. Energy and exergy analyses of 13 yoghurt 
production processes were carried out using current and enhanced 
optimized data. The enhancement processes revealed that the yoghurt 
production process exhibited an energy efficiency of 63.3%, with an 
input of 113.9 [kW], an output of 72.05 [kW], and a loss of 41.82 [kW]. 
Additionally, the yoghurt production process demonstrated an exergy 
efficiency of 60.8%, with an input of 48.95 [kW], output of 29.77 [kW], 
and destruction of 19.18 [kW]. The exergy reduction in the yoghurt 
production process was 9.4% as a result of the improved exergy 
efficiency resulting from process enhancements.

The relevance of optimizations, in addition to current practices 
in energy and exergy efficiency assessments of yoghurt production 
processes, is demonstrated in this study. This case study is consistent 
with previous research highlighting that energy and exergy 
efficiencies increase in different scenarios as a result of dairy plant 

TABLE 7 Enhancement of the exergy analysis for the yoghurt process throughout the dairy milk factory.

PU
Ex k� � Ex Win � � Ex Wout � � Ex Wdest � � �Exnet

 %� �

RW Ex 21� � 0 0 0 0

WM Ex 32� �
2251.5 2226.1 25.4 98.9

MP Ex 43� �
1666.5 447.3 1219.2 26.8

SP Ex 54� �
5425.0 4690.5 734.5 86.5

HE Ex 76� �
3091.0 2012.9 1078.1 65.1

HB Ex 8�� �
1219.5 829.0 390.5 68.0

CV Ex 87� �
744.0 691.5 52.5 93.0

EV Ex 98� �
1364.0 724.7 639.3 53.1

HM Ex 109� �
25160.0 12898.0 12262.0 51.3

CP Ex 10�� �
1875.0 1307.6 567.4 69.7

VM Ex 11�� �
405.0 314.8 90.2 77.7

CT Ex 1110� �
2772.0 2390.6 381.4 86.2

CS Ex 1211� �
2976.0 1236.1 1739.9 41.5

SH Ex 1312� � 0 0 0 0

∑ Ex 48.95 [kW] 29.77 [kW] 19.18 [kW] 60.8 [%]
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optimization methods. This study not only contributes to innovation 
in the yoghurt production process but also sheds light on the 
production of milk and dairy products. This study, with its innovative 
approaches, will serve as an inspiration for similar studies in the 
future and is expected to have a significant impact on sustainability. 
This study can be a source of inspiration for future studies that will 
be beneficial for the yoghurt process, as well as for the development 
of milk production. With modest changes in yoghurt and milk 

production, energy and exergy efficiencies can be  boosted, 
contributing to the plant’s profitability.
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FIGURE 8

Grassmann-Sankey diagram of the energy flows and efficiency for the enhancement processes.

FIGURE 9

Grassmann-Sankey diagram of the exergy flows and efficiency for the enhancement processes.
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Nomenclature

Abbreviations

CP Compressor

CS Cold storage

CT Coolant tank

CV Cooking vessel

EV Evaporator

HB Heating boiler

HE Plate heat exchanger

HM Homogenizer

MP Milk pump

PU Process units

RW Raw material

SH Shipment

SP Separator

VM Vacuum machine cooling

WM Weighting machine

Symbols and Units

ΥEx
Exergy loss, W

inEn
Energy input, W

outEn
Energy output, W

inEx
Exergy input, W

outEx
Exergy output, W

Qin
Heat transfer input, W

Qout Heat transfer output, W

outW Work power output, W

Win
Work power input, W

mc Mass flow rate, kg/s

min Flow rate of mass input, kg/s

mout Flow rate of mass output, kg/s

h∞ Dead state enthalpy, kJ/pg

hin Enthalpy input, J/kg

hout Enthalpy output, J/kg

s∞ Dead state entropy, kJ/kg.K

T∞ Dead state temperature, K

z j
General height difference, m

zRu Uncertainty of the result, -

zy
Uncertainty of the dependent variables, -

Cp
Specific heat capacity, J/kg K

In Consumption of the current, A

rΙ Exergy loss, W

Enη 

Energy efficiency, %

Exη 

Exergy efficiency, %

C Specific heat, kJ/kg K

g Acceleration of gravity, 9.81 m/s2

h Enthalpy, kJ/kg

P Pressure, bar

R2 Regression square value, -

s Entropy, kJ/kg K

V Velocity, m/s

T Temperature, K

ϕ Flow exergy, W

Greek Symbols

Σ Sum

∆ Difference

Subscripts

in Input

j General difference

n Process number

out Output

th Thermal
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Appendix

A1. Energy and exergy analysis of the process’s equations
This study focused on physical exergy, excluding chemical and 

fat-formation exergy from the assessments because of their 
insignificance in the context of high yoghurt production in the process 
phases. The exergy calculation equations for steam generation, 
refrigeration, pasteurization, and yoghurt production lines are shown 
in Tables A1 to A3 in Appendix A.

Table A1 illustrates the exergy destruction and efficiency equations 
of the pasteurization unit (milk pump, separator, heat exchanger, 
cooker, pasteurization, and homogenizer) for the factory process.

Table A2 lists the exergy destruction and efficiency equations for 
the yoghurt production unit (vacuum pump and evaporator, heat 
exchanger, plate heat exchanger, and cooling system) in the factory 
process. Table A3 demonstrates the exergy and efficiency equations 
for the factory cooling and storage units (vacuum machine cooling 
unit, coolant tank, condenser, cold storage, expansion valve, 
compressor, fan, and separator). Table A4 displays the exergy 
destruction and efficiency equations for the factory’s steam system 
unit production (compressor, heat exchanger, condensate, pressure 
regulator, and boiler).

A2. Statistical method of the energy and exergy data
This study utilized statistical analysis to examine the data based 

on energy and exergy information. The mathematical reliability of 
the data was assessed using the SPSS 28.0 and Minitab 21.4.2 
software. In addition, a statistical method was used to assess the 
reliability and accuracy of the data in the study. This involved 
conducting an uncertainty analysis of the measuring devices and an 
accuracy analysis of the factory process data (Table A5 and 
Table A6).

Table A5 and Table A6 do not undergo any statistical analysis 
for data results regarding RW and SH. The data has been 
structured using the Tukey and Sidal pairwise comparisons 
method with a confidence level of 95%. The individual’s 
confidence level is 98.95%. Significant differences exist between 
items that do not share the letter “abcd”. ABCDThe uppercase letters 
in each column represent the comparison of the sample groups. If 
the samples are symbolized with the same letters, it indicates a 
statistically significant difference between them (p < 0.05). abcdThe 
lowercase letters in the same line are used to compare the energy 
and exergy quantities (input and output data), and there is a 
statistically significant difference between the processes 
represented by the same letters (p < 0.05).

TABLE A1 Pasteurization unit (milk pump, separator, heat exchanger, cooker, pasteurization, and homogenizer) exergy destruction and efficiency 
equations

Process Exergy equations Exergy efficiency

Milk pump ( ) ( ) ( )( ) ( )( )d43 23 3 34∗= + −   Ex Ex Ex Ex
( )

( )
( ) ( )43

1 .100%
43

23 3
η

∗

 
 = −
 +
 



 
Ex

Ex ExEx

Separator ( ) ( ) ( )( ) ( )( )d54 34 4 45∗= + −   Ex Ex Ex Ex
( )

( )
( ) ( )54

1 .100%
54

34 4
η

∗

 
 = −
 +
 



 
Ex

Ex ExEx

Plate heat exchanger/ pasteurization ( ) ( )( ) ( ) ( )( )d76 56 67 7∗= − +   Ex Ex Ex Ex
( )

( )
( )76

1 .100%
76

56
η

 
 = −
 
 




Ex

ExEx

Cooking vessel ( ) ( )( ) ( ) ( )( )d87 67 78 8∗= − +   Ex Ex Ex Ex
( )

( )
( )87

1 .100%
87

67
η

 
 = −
 
 




Ex

ExEx

Homogenizer ( ) ( )( ) ( )( )d98 78 89= −  Ex Ex Ex
( )

( )
( )98

1 .100%
98

78
η

 
 = −
 
 




Ex

ExEx

TABLE A2 Exergy destruction and efficiency equations for the yoghurt production unit (vacuum pump and evaporator, heat exchanger, plate heat 
exchanger, and cooling system).

Process Exergy equations Exergy efficiency

Evaporator ( ) ( )( ) ( )( )d98 78 89= −  Ex Ex Ex
( )

( )
( )98

1 .100%
98

78
η

 
 = −
 
 




Ex

ExEx

Heat exchanger ( ) ( )( ) ( ) ( )( )d76 56 67 7∗= − +   Ex Ex Ex Ex
( )

( )
( )76

1 .100%
76

56
η

 
 = −
 
 




Ex

ExEx

Vacuum pump/cooling system ( ) ( )( ) ( ) ( )( )d1211 1112 1011 11∗= − +   Ex Ex Ex Ex
( )

( )
( )1211

1 .100%
1211

1112
η

 
 = −
 
 




Ex

ExEx
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TABLE A3 Cooling and storage unit (vacuum machine cooling unit, coolant tank, condenser, cold storage, expansion valve, compressor, fan, and 
separator) exergy destruction and efficiency equations

Process Exergy equations Exergy efficiency

Coolant tank ( ) ( )( ) ( ) ( )( )d1110 1011 910 10∗= − +   Ex Ex Ex Ex
( )

( )
( )1110

1 .100%
1110

1011
η

 
 = −
 
 




d

Ex

ExEx

Vacuum/cold storage ( ) ( )( ) ( ) ( )( )d1211 1112 1011 11∗= − +   Ex Ex Ex Ex
( )

( )
( )1211

1 .100%
1211

1112
η

 
 = −
 
 




d

Ex

ExEx

Compressor/fan ( ) ( )( ) ( )( )d109 910 89= −  Ex Ex Ex
( )

( )
( )109

1 .100%
109

910
η

 
 = −
 
 




d

Ex

ExEx

Separator ( ) ( ) ( )( ) ( )( )d54 34 4 45∗= + −   Ex Ex Ex Ex
( )

( )
( ) ( )54

1 .100%
54

34 4
η

∗

 
 = −
 +
 



 
d

Ex

Ex ExEx

TABLE A4 Production of the steam system unit (compressor, heat exchanger, condensate, pressure regulator, and boiler) exergy destruction and 
efficiency equations

Process Exergy equations Exergy efficiency

Compressor ( ) ( )( ) ( )( )109 910 89= −  Ex Ex Ex ( )

( )
( )109

1 .100%
109

910
η

 
 = −
 
 




Ex

ExEx

Heat exchanger ( ) ( )( ) ( ) ( )( )d76 56 67 7∗= − +   Ex Ex Ex Ex
( )

( )
( )76

1 .100%
76

56
η

 
 = −
 
 




Ex

ExEx

Boiler ( ) ( )( ) ( ) ( )( )87 67 78 8∗= − +   Ex Ex Ex Ex
( )

( )
( )87

1 .100%
87

67
η

 
 = −
 
 




Ex

ExEx

TABLE A5 Statistical analysis of the current data results for the yoghurt 
process

PU [ ]En Win [ ]En Wout [ ]Ex Win [ ]Ex Wout

WM 2,370.0Ad 2,262.3ABd 2,251.5ABd 2,135.2Bd

MP 5,500.0Acd 2,867.5ABcd 1,666.5ABcd 406.6Bcd

SP 15,500.0Abc 8,453.4ABbc 5,425.0ABbc 3,264.1Bbc

HE 5,500.0Acd 3,906.0ABcd 3,091.0ABcd 1,829.9Bcd

HB 4,500.0Ad 2,982.5ABd 1,219.5ABd 753.7Bd

CV 3,000.0Ad 1,233.5ABd 744.0ABd 628.7Bd

EV 5,500.0Acd 3,107.5ABcd 1,364.0ABcd 658.8Bcd

HM 37,000.0Aa 12,977.0ABa 25,160.0ABa 10,725.4Ba

CP 2,500.0Ad 2,090.1ABd 1,875.0ABd 1,188.8Bd

VM 2,500.0Ad 1,915.0ABd 405.0ABd 286.2Bd

CT 18,000.0Ab 14,596.0ABb 2,772.0ABb 2,173.2Bb

CS 12,000.0Abcd 9,304.0ABbcd 2,976.0ABbcd 1,123.7Bbcd

TABLE A6 Statistical analysis of the enhancement data results for the 
yoghurt process

PU [ ]En Win [ ]En Wout [ ]Ex Win [ ]Ex Wout

WM 2,370.0Ad 2,272.0ABd 2,251.5Bd 2,226.1Bd

MP 5,500.0Acd 3,154.3ABcd 1,666.5Bcd 447.3Bcd

SP 15,500.0Abc 9,298.7ABbc 5,425.0Bbc 4,690.5Bbc

HE 5,500.0Acd 4,296.6ABcd 3,091.0Bcd 2,012.9Bcd

HB 4,500.0Ad 3,280.8ABd 1,219.5Bd 829.0Bd

CV 3,000.0Ad 1,356.9ABd 744.0Bd 691.5Bd

EV 5,500.0Acd 3,418.3ABcd 1,364.0Bcd 724.7Bcd

HM 37,000.0Aa 14,274.7ABa 25,160.0Ba 12,898.0Ba

CP 2,500.0Ad 2,299.1ABd 1,875.0Bd 1,307.6Bd

VM 2,500.0Ad 2,106.5ABd 405.0Bd 314.8Bd

CT 18,000.0Ab 16,055.6ABb 2,772.0Bb 2,390.6Bb

CS 12,000.0Abcd 10,234.4ABbcd 2,976.0Bbcd 1,236.1Bbcd
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