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Abstract

The present study aims to conduct a comprehensive evaluation of the energetic and

exergetic performance of a dehumidification system utilized in the processing of raw

pistachios. The assessment involved the application of the first and second laws of

thermodynamics to calculate the exergy aspects of each component of the system,

including input and output exergy rates, output/input exergy efficiency, product/fuel

exergy efficiency, exergy destruction rate, exergy loss rate, exergy improvement

potential rate, and specific exergy consumption. Furthermore, the effect of variations

in reference state temperature on the exergy parameters was also investigated. The

results indicated that the pre-dryer chamber had the highest input exergy rate among

all the components of the dehumidification system. The product/fuel exergy effi-

ciency is specified to be 35.10%, 9.47%, and 60.43%, for the electro-fan, heater, and

pre-dryer chamber, respectively, while their output/input exergy efficiency are

87.87%, 22.10%, and 56.28%, respectively. The values of the exergy destruction rate

of these components are 0.83, 147.14, and 1.12 kW whereas the exergy loss rate

values are found to be 0.03, 4.12, and 9.24 kW, respectively. The improvement

potential rate values of these components are obtained to be 0.10, 117.83, and

4.53 kW, while the amount of specific exergy consumption for the dehumidification

system is determined as 481.85 kJ/kg. The study also reveals that the exergy parame-

ters vary with changes in reference state temperature and that the exergy efficiencies

decrease linearly as reference state temperature rises. Therefore, the findings of this

investigation demonstrate the potential for using exergy analysis as an effective tool

to improve the performance of dehumidification systems in industrial settings, specif-

ically in the production of pistachios.

Abbreviations: EF, electro-fan; H, heater; M.C., moisture content; PC, pre-dryer chamber; w.b., wet basis.
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Practical applications

Pistachio nut known as green gold because of its high economical value, is one of the

popular nuts over the world. Dehumidification system based on drying technology

could be used in food industry with many distinct advantages for processing of partic-

ulate crops like pistachios. For a comprehensive assessment of this system, analysis

of the first and second laws of thermodynamics is applied. Exergy aspect based on

the thermodynamic analysis the is an important stage for designing, modeling, opti-

mizing, and performance assessment of the dehumidification system to produce pro-

cessed pistachio. The results of this study show that the performance of

dehumidification system could be improved by incorporating a steam compressor, a

secondary heat exchanger, self-heat recuperation technology, and a pinch method. It

is believed that such a study would contribute to the industrial exploitation of pista-

chio which can provide insight into decreasing energy consumption and reducing cap-

ital costs for engineers and factory owners.

K E YWORD S

dehumidification system, energy and exergy analysis, exergy destruction rate, improvement
potential rate, pistachio

1 | INTRODUCTION

Pistachio (Pistacia vera L.) is a highly nutritious nut crop that holds sig-

nificant economic and commercial value in several countries, including

Iran, America, and Turkey. The crop is a major source of non-oil for-

eign exchange income, with a substantial portion of its production

being exported to various regions worldwide (Mokhtarian

et al., 2016). The United States, Middle Eastern, and Mediterranean

countries are the primary regions where this valuable horticultural

product is cultivated. Interestingly, the crop is known to be resilient to

drought and salinity (Noguera-Artiaga et al., 2020). According to

FAO's (2021) report, the global production of pistachio nuts was esti-

mated at 915717.92 tons, with Iran being one of the world's largest

producers and exporters, contributing around 14.74% to the total pro-

duction. Based on the US Food and Drug Administration, pistachio

nuts are known to contain 15 different types of micronutrients. In

terms of macronutrient composition, the nuts consist of 25% protein,

comprising mainly essential amino acids, 16% carbohydrates, primarily

sucrose, 10% total dietary fiber, and 55% oil, with over 80% unsatu-

rated fatty acids. Pistachio nuts are commonly available in their shells

and can be sold as dried or roasted with added salt (Amiri Chayjan

et al., 2017; Mandalari et al., 2021). Additionally, the kernels of the

nuts find usage in various food applications, such as confectionery,

pastry, ice cream, and snack foods. Pistachio butters of different types

can also be produced from the kernels (Amiri Chayjan et al., 2017;

Gamlı & Hayo�glu, 2007; Mandalari et al., 2021; Omid et al., 2009).

Pistachios harvested from the fields have an initial moisture con-

tent (MC) of around 40%–50% (d.b.), which is brought down to a level

of 4%–6% (d.b.) through drying procedures in processing units. This is

essential to preserve the nuts for long-term storage and consumption

(Kader et al., 1982; Kouchakzadeh & Haghighi, 2011). As the agricul-

tural and horticultural industry advances, the processing of pistachios

from harvest to packaging and storage is becoming increasingly mech-

anized. This includes the installation of processing units and industrial

devices at collection terminals located in regions that are abundant in

pistachios. Regardless, numerous steps are carried out in pistachio

processing factories after receiving the crop, which includes (a) de-

hulling (b) separation of debris and empty shells (c) separation of

unpeeled pistachios (d) washing (e) partial drying (f) removal of closed

shells (g) thorough drying (h) separation of split nuts (i) sorting

(j) salting (k) roasting (l) packaging (Kashani Nejad et al., 2003). The

superior quality of pistachios in Iran, owing to favorable climatic con-

ditions, underscores the critical role of timely processing after har-

vesting, particularly in the pre-drying stage, for preserving the

ultimate quality of the product.

By respecting the increasing interest in shelf-stable and health-

conscious items of superior quality and the evolving patterns of con-

sumer behavior, it is incumbent upon the market to ensure the preser-

vation of both the sensory and nutritional attributes inherent in fresh

agricultural products (Beigi, 2022; Nwosu-Obieogu et al., 2022;

Zalazar-Garcia et al., 2022). Generally, the drying process for pista-

chios requires more energy compared to other perishable fruits and

vegetables due to the low thermal conductivity coefficient ranging

between 0.1 and 0.2 (W/m�C) and the low heat transfer rate within

the pistachio kernel, as reported in previous studies (Afzal et al., 1999;

Hsu et al., 1991). Notably, about 12% of the total national industrial

energy is consumed by industrial drying systems (Strumiłło et al.,

1995). It is worth mentioning that industrial drying systems consume

approximately 12% of the national industrial energy (Strumiłło et al.,

1995). Therefore, the proper execution of the dehumidification or
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pre-drying stage of pistachios, along with the selection of suitable

methods that control air temperature, velocity, and relative humidity,

not only saves energy consumption but also enhances the final prod-

uct's appearance and color characteristics. This, in turn, reduces the

conditions for the activity of mold-producing aflatoxin and minimizes

contamination (Mokhtarian et al., 2016). Given the significance of

energy consumption in industrial processing units, such as pistachio

dehydrating units, examining the thermodynamic parameters of their

components is crucial for energy audits. Prioritizing this examination

can assist in optimizing different processing steps and ensuring the

desired product quality. While an energy analysis based on the first

law of thermodynamics only reports the quantity of energy in a pro-

cess, it fails to differentiate the quality of different energy forms.

Additionally, this analysis does not provide any indication of a thermo-

dynamic process's inability to convert heat into mechanical work with

100% thermal efficiency, as noted by Dincer and Cengel (2001) and

Chemmala and Dinesh (2014). Therefore, exergy assessment utilizing

the first law (mass and energy balance) and second law of thermody-

namics has proven to be an effective means of evaluating the efficient

use of energy resources. This approach provides valuable and practical

information about energy quality and system performance, thus over-

coming the limitations and problems associated with an energy analy-

sis based solely on the first law (Golpour et al., 2020; Parhizi

et al., 2022; Zohrabi et al., 2020). Relevant research studies conducted

by Argo and Ubaidillah (2020) and Moran et al. (2010) support this

approach. Exergy assessment can provide a practical measure of how

to approach an ideal system by identifying the sources, circumstances,

and magnitude of inefficiency and irreversibility within a system. This

assessment is critical in improving system efficiency, as noted by

Chemmala and Dinesh (2014). The exergy index has been established

as a practical instrument for enhancing the efficiency of energy-

consuming units by enabling optimization, design, and retrofitting

operations (Ghasemkhani et al., 2016). Unlike energy, exergy is not

conserved due to the presence of irreversibility in real processes,

resulting in the consumption or destruction rate of exergy. This mea-

sure signifies a flow's potential to change as it is not entirely stable in

comparison to the surrounding environment (Dincer & Sahin, 2004).

However, energy and exergy analysis has found practical applications

in various industrial processes and systems. Tinoco-Caicedo et al.

(2020) studied an exergy assessment for a spray drying system in a

coffee factory for specifying the potential for energy. The results of

this study showed that the overall energetic and energetic efficiencies

of this system were 67.6% and 30.6%, respectively. The energy and

exergy performance of onion drying in a multi-stage semi-industrial

dryer was evaluated by Kaveh et al. (2021). The authors determined

that increasing the air temperature and velocity at the dryer inlet

resulted in higher energy consumption and exergy loss rate while

decreasing the exergy efficiency. Karami et al. (2021) conducted a

thermodynamic analysis of a solar hybrid forced convection dryer for

rosemary drying, utilizing the first and second laws of thermodynam-

ics. The study revealed that exergy efficiency ranged from 35% to

78%, while exergy losses and energy utilization ratio were reported

to be within the range of 0.009–0.28 kJ/s and 0.24–0.50,

respectively, in another study, Bapat et al. (2016) assessed the sus-

tainability and exergy of a quintuple evaporation unit used in a sugar

production facility. The study revealed an average exergy efficiency of

91.88% and a notable improvement in the sustainability index from

3.45 to 4.45. Furthermore, in a recent study, Shen et al. (2021) exe-

cuted an exergy analysis of a separation process in ethylene produc-

tion. They found that the heat exchanger component had the

highest exergy destruction rate, with a value of 140.28 kW. Addi-

tionally, they were able to improve the optimized efficiency of

exergy by 79.53%. The authors emphasized the potential of exergy

analysis in reducing energy consumption in similar processes. Zeng

et al. (2022) applied an energy and exergy method to evaluate the

energetic and exergetic performance of a gas-type industrial drying

system of black tea. They found that the exhaust air heat loss had a

major synergetic role in the exergy loss of the whole dryer unit. In

addition, the exergy efficiency of the initial drying period varied from

38.08% to 65.09% and 24.76% to 26.97% while the improvement

potential rate of the whole system obtained from 6.93 to 12.94 kW.

Khan et al. (2016) examined an assessment to improve the process

efficiency of a three-stage propane precooling cycle in the LNG pro-

cess by analyzing energy and exergy indices. The study found that

the highest exergy efficiency ranged between 15.51% and 18.76%.

It was concluded that reducing the cooling duty in the middle stages

of the propane operator could result in energy savings of up to

13.5% compared to the base case. Several scholars conducted

assessments on the energy and exergy efficiencies within diverse

agricultural productions such as onion (Kaveh et al., 2021), green

peas (Kaveh et al., 2020), potato (Golpour et al., 2020), wheat (Yan

et al., 2023), cantaloupe (Zadhossein et al., 2023), water yam

(Okunola et al., 2023) and vermicelli (Kumar et al., 2023). Vilarinho

et al. (2017) carried out an evaluation on the pre-distillation unit by

analyzing its energy and exergy. They found that the energy and

exergy efficiency of this unit were 13.40% and 2.30%, respectively.

Additionally, their study identified that the thermal furnace was

responsible for 15.60% of the total energy loss and 56.30% of the

total exergy destruction rate in the unit. Dowlati et al. (2017) per-

formed a detailed exergy analysis of an ice cream manufacturing

plant and found that the process had an overall exergy efficiency of

2.51% and a specific exergy destruction of 791.80 kJ/kg. Various

studies have explored the impact of reference state temperature on

exergy efficiency in drying processes for different products using

various types of dryers (Colak et al., 2013; Coskun et al., 2009;

Özahi & Demir, 2013).

While various studies have investigated the exergy analysis of

industrial dryers used to dry agricultural products, there is limited

information available regarding the comprehensive energy and

exergy evaluation of the dehumidifier unit in pistachio processing

lines from an operational perspective. Therefore, the aim of this

study is to gather relevant information and perform thermodynamic

analysis for a comprehensive evaluation of energy and exergy. This

includes obtaining thermodynamic parameters such as exergy rate

and input and output exergies for each component, output/input

exergy efficiency, product/fuel exergy efficiency, exergy losses,
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exergy destruction rate, and exergetic improvement potential rate

of all components as well as the specific exergy consumption for

the relevant system. Additionally, the effect of reference state tem-

perature on the exergy performance of the process is also

investigated.

2 | MATERIALS AND METHODS

2.1 | Preparation of raw samples

The Ohadi variety of raw pistachios utilized in this research is sourced

from the Kerman region, specifically harvested between late August

and the end of October. Eventually, the pistachios are transported to

the processing facilities of Momtazan Industries company located in

Kerman.

To assess and evaluate the dehumidifier unit of the pistachio pro-

cessing system, measurements were conducted during the month of

August to gather the required data using the designated recording ter-

minal. In order to determine the MC of the pistachios, samples were

randomly collected from the inlet and outlet of each section and

placed in sacs for storage. Subsequently, the initial MC of the pista-

chio samples was determined following the ASAE (2005) standard

method, which involves drying the samples in an oven at 103�C for a

duration of 6 h.

2.2 | Pre-drying and moistening operations

The HL 3000MD processing line, manufactured by Momtazan Indus-

tries Company in Kerman, has dimensions of 2539 cm in length,

317 cm in width, and 367 cm in height. It has a capacity of processing

3000 kg/h. The pistachio processing steps typically include peeling,

separation, washing, dehumidification, dehulling, roasting, and final

drying. In this study, we specifically evaluated the dehumidification

unit of the processing line.

The dehumidification process is carried out prior to the roasting

and final drying steps using a dedicated pistachio dehumidifier. This

unit effectively removes water resulting from the washing process. By

blowing hot air inside the pistachios as they pass through the device,

most of their moisture is extracted. The required hot air is supplied by

a heater with a specific heat capacity. Using this device results in a

thorough crushing process for the pistachios, enhancing their texture

and overall visual appeal. It is worth noting that the pistachios had an

initial MC of approximately 38% (w.b.) when they entered the dehu-

midifier unit, which was subsequently reduced to 33% (w.b.) by the

end of this phase. The total drying time in the final drying equipment

for pistachios was determined to be 9000 s.

The dehumidifier system, illustrated in Figure 1, comprises two

primary components: the heater and the pre-drying chamber. The

heater, responsible for generating hot air, consists of a burner,

electro-fan, and furnace, positioned adjacent to the dehumidifier.

Heat is transferred from the burner to the furnace, and the resulting

hot air is propelled through the furnace by the fan. The thermostat

allows for temperature adjustment of the exhaust air. The heater has

dimensions of 3938 mm in length, 1050 mm in width, and 1394 mm

in height, with a mass of 253.40 kg. The pre-drying chamber, designed

to facilitate the dehumidification and transfer of pistachios, incorpo-

rates both fixed and movable mesh plates. The movable plates, situ-

ated between the fixed plates, oscillate to gently displace the

pistachios, while hot air is blown through the plates to extract mois-

ture from the pistachios. Moreover, the transmission components

consist of a shaft and a motor. The shaft undergoes intermittent

motion and is efficiently connected to the motor via a mechanism that

converts rotational motion into horizontal motion.

Henceforth, the heat was directed vertically onto the pistachios

from below as they advanced in the process. Simultaneously, the pis-

tachios were gently flipped multiple times to prevent any damage and

enhance the overall quality. This method allowed for a thin layer

and increased opening of the pistachio shells, resulting in improved

quality. The primary objective of this stage was to eliminate the resid-

ual moisture absorbed during the washing process, rather than

F IGURE 1 The schematic diagram of the dehumidification unit for processed pistachio production.
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significantly reducing the MC of the pistachio kernels. In the final

stages of pistachio processing, the kernels were subjected to a roast-

ing period of 360 s, alongside salt. Subsequently, they were combined

with a flavoring liquid and underwent a final drying process lasting

9000 s to eliminate any remaining moisture. Throughout this final dry-

ing phase, the MC of the product decreased from an initial value of

9% to 4.5% (w.b.).

2.3 | Thermodynamic evaluation of the
dehumidifier system

2.3.1 | Data collection

Based on the schematic diagram of the pistachio dehumidification

unit, along with the identification of the inlet and outlet flows and the

knowledge of air characteristics and desired humidity, an exergy anal-

ysis was conducted for this unit considering the fuel and product

parameters. The analysis involved specifying the inputs and outputs,

as well as collecting data for various variables such as temperature,

pressure, mass flow rate, humidity ratio, specific heat capacity, volt-

age, current intensity of electrical equipment, fuel consumption, elec-

tricity consumption, product moisture at inlet and outlet points,

energy rate, and exergy rate. It is important to note that all the data

obtained was based on the average values derived from the system's

actual performance under different operating conditions. The parame-

ters to be measured and the corresponding tools used for their mea-

surement are provided in Table 1.

The mass flow rate of the product passing through the dehumidi-

fier was determined by temporarily blocking the outlet and measuring

the weight of the product inside a sac for a duration of 20 s. This

method allowed for an accurate determination of the flow rate. To

evaluate the performance of the electric motors in the system, both

mechanical and electrical efficiencies were assessed using the techni-

cal specifications provided for these motors. These specifications pro-

vided the necessary data to calculate the efficiencies accurately. The

thermodynamic properties of the fluids within the system were

acquired by consulting thermodynamic Tables. These tables contain

detailed information regarding temperature, pressure, and enthalpy,

enabling the accurate analysis of the system's thermodynamic proper-

ties. Direct measurements were conducted to determine the fuel con-

sumption of the dehumidifier. Additionally, the fuel and electricity

consumption of the other equipment in the system were obtained by

monitoring the gas and electricity meters, which provided reliable data

on the consumed amounts. By employing these measurement tech-

niques and calculations, the study ensured the reliability and accuracy

of the collected data.

2.3.2 | Energy and exergy analysis

To analyze the dehumidifier system, the study applied mass, energy,

and exergy balance equations, which are fundamental principles

derived from the first and second laws of thermodynamics. These

equations allowed for the determination of important parameters

such as input heat, exergy loss rate, exergy destruction rate, and

exergy efficiency (Ozgener & Ozgener, 2006). The application of

these equations was specifically focused on analyzing the individual

components within the dehumidifier system. By considering the

mass, energy, and exergy flows within each component, a compre-

hensive evaluation of the system's performance and efficiency was

achieved. These equations provided a rigorous and systematic

approach to assess the thermodynamic behavior of the dehumidifier

system.

Data related to the dehumidifier used in exergy analysis

The thermal data associated with the product and fluids in the dehu-

midifier system (Figure 2) were utilized in the calculations and are pre-

sented in Table 2. These data were obtained from direct

measurements within the dehumidifier system and have been

TABLE 1 The details of the
measurement tools and their accuracies
utilized in experimental setup.

Parameters Unit Instrumentation Accuracy

Reference state air temperature C� Sanvard SU-105 sensor 0.1 ±

Reference state air humidity % SAMWON ENG hygrometer 1 ±

Temperature of product C� Sanvard SU-105 sensor 0.1 ±

Air velocity m/s PROVA air flow meter with AVM-07 model 0.01 ±

Voltage of electromotor V A clamp ohm meter with DT266 model 1 ±

Electric current of electromotor A A clamp ohm meter with DT 266 model 0.1 ±

Temperatures of air C� AVM-07 sensor 0.01 ±

F IGURE 2 Schematic diagram of a dehumidifier system with inlet
and outlet streams for each component: 1- Reference state air, 2- Air
blown through the electro-fan, 3- Intake air 4- Inlet fuel (diesel), 5-
Exhaust combustion gases, 6- Hot air, 7- Inlet product (wet), 8- Moist
air, 9- Outlet product (dry).
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recorded using the SI system units. It is important to note that in this

study, state 0 represents the reference state of the system, which is

characterized by a reference temperature of 0�C and a reference pres-

sure of 101.325 kPa.

In accordance with the schematic diagram of the dehumidifier

system depicted in Figure 2, each flow within the system has been

assigned a specific number. The relevant information for these flows,

including temperature, pressure, mass flow rate, humidity ratio, spe-

cific heat capacity, energy rate, and exergy rate, has been documented

and analyzed. These parameters provide essential insights into the

thermodynamic behavior and performance of the dehumidifier

system.

Assumptions

In this study, the evaluation of the exergy index was conducted under

several assumptions, which are outlined as follows:

1. The dehumidifier unit system operated under steady-state

conditions.

2. Fresh air and combustion gases were treated as ideal gases.

3. The combustion process was assumed to be a complete chemical

reaction.

4. Kinetic and potential exergies were considered to be negligible.

5. The reference state temperature and pressure were assumed to be

0�C and 101.325 kPa, respectively.

6. Exergy analysis was performed based on the low heating value

(LHV) for the fuel.

7. The general equation for diesel combustion in the system was con-

sidered as follows (Hogerwaard, 2014; Kim et al., 2010):

C12H23þ17:75 O2þ3:76N2ð Þ!12CO2þ11:5H2Oþ66:74N2 ð1Þ

CH4þ2 O2þ3:76N2ð Þ!CO2þ2H2Oþ7:52N2: ð2Þ

These assumptions provide a framework for the exergy analysis

conducted in the study, ensuring a consistent and reliable assessment

of the system's performance.

Mass balance equations

As depicted in Figure 2, the dehumidifier system consists of various

components, including the electro-fan, heater, and pre-dryer chamber.

To analyze the system, mass balance equations were formulated for

each component by considering the input and output flows. These

equations allow for a detailed assessment of the mass flow rates

within the system and contribute to a comprehensive understanding

of its operation. Specifically, the electro-fan, heater, and pre-dryer

chamber were subjected to individual analysis to evaluate their

respective contributions to the overall performance of the dehumidi-

fier system.

Figure 2 illustrates the presence of several mass flows within the

dehumidifier system, namely air, fuel, product, product moisture, and

drying air. By examining these mass flows, the mass balance equations

for each component of the system can be derived as follows:

Electro-fan (EF):

_ma1¼ _ma2 air ð3Þ

Heater (H):

_mf4þ _ma3 ¼ _mg5 fuel ð4Þ

_ma2 ¼ _ma6 air ð5Þ

Pre-dryer chamber (PC):

TABLE 2 Thermal data related to the product and flows in the
dehumidification system.

Value Explanations Parameter

273.15 Reference state temperature (K) T0

300.55–
328.57

Air temperature in different positions (K) Ta

300.55–
308.26

Product temperature at inlet and

outlet (K)

Tp

682.98 Temperature of exhaust combustion

gas (K)

Tcg

308 Temperature of dehumidifier chamber

wall (K)

Tcw

334.11 Heater wall temperature (K) Thw

101.1 Dead state pressure (kPa) P0

101.1 Inlet fuel pressure (kPa) Pf

10.167–53 Relative air humidity (%) Φ

33.84–
37.92

Moisture content of the product based on

w.b. (%)

Mp

16 Air velocity at system inlet (m/s) va

4.19 Flow rate of exhaust combustion

gas (m3/s)

vcg

0.867–
0.954

Air density (kg/m3) ρa

830 Diesel density (kg/m3) ρf

0.434 Density of exhaust combustion gas

(kg/m3)

ρcg

1.01–1.021 Specific air heat (kJ/kgK) Ca

1.162 Specific heat of exhaust combustion

gases (kJ/kgK)

Ccg

2.680–
2.772

Specific heat of the product (kJ/kgK) Cp

0.287 Constant of air (kJ/kgK) Ra

0.462 Constant of vapor (kJ/kgK) Rv

0.290 Constant of exhaust combustion gases

(kJ/kgK)

Rcg

0.003–
0.009

Vapor moisture ratio in air (kgwater/ kgair) ω

42190.00 Lower heat value of diesel (kJ/kg) LHV
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_mp7 ¼ _mp9 product ð6Þ

_ma6 ¼ _ma8 air ð7Þ

ω6 _ma6ð Þþ _mw7ð Þ¼ω8 _ma8ð Þþ _mw9ð Þ moisture ð8Þ

Energy balance equations

Based on the comprehensive energy balance relationship, the energy

rate of each flow can be determined by multiplying the mass flow rate

with its specific enthalpy. Before writing the energy balance equa-

tions, it is necessary to establish the enthalpy relations associated

with the mass flows in the system, as well as the relationships for heat

and work calculations. The following calculations are used to deter-

mine these values:

X
_Qþ

X
_minhin ¼

X __Wþ
X

_mouthout: ð9Þ

The specific enthalpy of the airflow at various points in the sys-

tem can be determined using Equation (10) derived from Heldman

and Singh (1981):

ha ¼ ca Ta�T0ð Þþhfgω: ð10Þ

The specific heat capacity of air was obtained from the following

relationship (Corzo et al., 2008):

ca ¼1:004þ1:88ω: ð11Þ

In the energy analysis, the following relationship was used to con-

vert relative humidity into air humidity ratio, which represents the

amount of moisture in kilograms per kilogram of dry air (Akpinar, 2004):

ω¼0:622
φPvs

P�φPvs
: ð12Þ

The specific enthalpy of the product and combustion gases can

be calculated using the following relations:

hp ¼ cp Tp�T0ð Þ ð13Þ

hg ¼ cg Tg�T0ð Þ: ð14Þ

The specific heat capacity of combustion gases can be calculated

using the heat capacities of their individual components. The specific

heat capacity of the combustion gases (cg) can be determined using

the following equation:

cg ¼
X

Xici: ð15Þ

The composition of the gases resulting from combustion and the cor-

responding specific heat capacity relationships are provided in Table 2.

For the electric motors in the dehumidifier system, which are of

the three-phase type, the power consumption rate was determined

using the equation specified by Hepbasli et al. (2010).

_W¼VI
ffiffiffi
3

p
cosϕ

1000
ηelecηmech: ð16Þ

However, for the system illustrated in Figure 2, taking into

account the input and output energy terms for each component of

the dehumidifier system, the energy balance equations were formu-

lated as follows.

Electro-fan (EF):

_Ena1þ _W¼ _Ena2 ð17Þ

_ma1ð Þha1þ _W¼ _ma2ð Þha2: ð18Þ

Heater (H):

_Ena2þ _Ena3þ _Enf4 ¼ _Eng5þ _Ena6þ _Ql ð19Þ

_ma2ð Þha2þ _ma3ð Þha3þ _mf4ð ÞLHV¼ _mg5ð Þhg5þ _ma6ð Þha6þ _Ql: ð20Þ

Pre-dryer chamber (PC):

_Ena6þ _Enp7þ _W¼ _Ena8þ _Enp9þ _Ql ð21Þ

_ma6ð Þha6þ _mp7ð Þhp7þ _W¼ _ma8ð Þha8þ _mp9ð Þhp9þ _Ql: ð22Þ

Considering that diesel is utilized as the fuel for the combustion

process within the heater, the LHV of diesel was considered to be

42,190 kJ/kg. The heat loss rate from the heater body ( _Ql) and the

pre-dryer chamber can be determined using Equations (20) and (22),

respectively.

Exergy balance equations

According to the exergy balance principle, the exergy rate of each

flow within the system is determined by multiplying the mass flow

rate by its specific exergy. Thus, in order to formulate the exergy bal-

ance equations, it is essential to define the specific exergy relation-

ships for the flows in the system, which encompass energy, heat,

and work transfers. Generally, neglecting nuclear and magnetic

effects, the specific exergy of a flow can be expressed as (Balli

et al., 2007):

ex¼ exknþexptþexphþexch: ð23Þ

The terms exkn, expt, exph, and exch represent the contributions of

kinetic, potential, physical, and chemical components to the total

exergy, respectively. For the purpose of this study, kinetic and poten-

tial exergies are assumed to be negligible.

The specific exergy of the air flow can be determined using the

following relation (Dincer & Sahin, 2004):
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exa ¼ caþωcv½ � T�T0ð Þ�T0 caþωcv½ � ln T
T0

� �(

� RaþωRvð Þ ln P
P0

� �)
þT0 RaþωRvð Þ ln 1þ1:6078ω0

1þ1:6078ω

� �(

þ 1:6078ωRa ln
ω

ω0

� �)
:

ð24Þ

The specific chemical exergy of the diesel fuel was approximated

from the following relationship, which is related to the hydrocarbon

fuels (CaHb) (Rodriguez, 1980):

exchf
LHV

¼ γf ¼1:04224�0:011925
b
a
þ0:042

a
: ð25Þ

The parameter γf represents the fuel exergy grade function for

the hydrocarbon fuel, and for diesel, it was determined to be

1.061362. The specific chemical exergy of the combustion gases can

be calculated using Equation (26) as described by Soufiyan

et al. (2016):

exchg ¼ ng
X
i

yiδiþRT0

X
i

yi ln yið Þ
 !

: ð26Þ

The composition of gases produced from diesel combustion,

along with their respective mass and mole fractions and standard

chemical exergy values, are provided in Table 3.

The specific physical exergy of the fuel flow, assuming constant

specific heat, was calculated using the method described by Soufiyan

and Aghbashlo (2017).

exphf ¼ cf T�T0�T0 ln
T
T0

� �
�v0 P�P0ð Þ: ð27Þ

The specific physical exergy of combustion gases was also

obtained as follows (Kotas, 1995):

exphg ¼ cg T�T0�T0 ln
T
T0

� �� �
þRT0 ln

P
P0

� �
: ð28Þ

The specific exergy of the inlet fuel flow and the outlet gas flow

from the heater was determined by calculating the sum of their physi-

cal and chemical exergy values, as per the comprehensive exergy bal-

ance relationship

exf,g ¼ exchf,gþexphf,g : ð29Þ

The specific physical exergy of the product flow is given as below

(Bejan, 1988):

exphp ¼ cp T�T0�T0 ln
T
T0

� �
: ð30Þ

The specific heat capacity of the pistachio product (cp) was deter-

mined by taking the average specific heat capacity of its components,

using the following relationship as derived by Choi 1986

cp ¼
X

ciXi: ð31Þ

The compositions of the product and their corresponding specific

heat capacity relationships can be found in Table 4.

TABLE 3 Gas compositions resulting from fuel combustion, mathematical equations for specific heat capacity, and standard chemical exergy
values (van Wylen & Sonntag, 1986).

Components

Combustion gas

Standard chemical exergy

(kJ/Mol)

Specific heat capacity based on the

temperature (K)

Molar

fraction

Mass

fraction

Carbon dioxide

(CO2)

13.3 20 19.48 0:51þ 1:36Tg

103 � 0:796T2
g

106 þ 0:17T3
g

109

Water (H2o) 12.80 8 12.39 1:79þ 0:107Tg

103 þ 0:586T2
g

106 � 0:2T3
g

109

Nitrogen (N2) 73.90 72 0.72 1:03� 0:056Tg

103 þ 0:288T2
g

106 � 0:103T3
g

109

Total 100 100 � �

TABLE 4 Specific heat capacity (kJ/kgK) based on the
temperature of the compositions of pistachio (Heldman &
Singh, 1981).

Components Formulas

Protein c¼ 2:0082þ1:2089�10�3T�1:3129�10�6T2

Fat c¼ 1:9842þ1:4733�10�3T�4:8008�10�6T2

Carbohydrate c¼ 1:5488þ1:9625�10�3T�5:9399�10�6T2

Fiber c¼ 1:8459þ1:8306�10�3T�4:6509�10�6T2

Ash c¼ 1:0926þ1:8896�10�3T�3:6817�10�6T2

Water c¼ 4:0817�5:3062�10�3Tþ9:9516�10�4T2
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Where the specific volume of the product was obtained using

Equation (32) (Choi 1986):

v¼
X

i

Xi

ρi
: ð32Þ

Additionally, the exergy loss associated with heat transfer from

the heater wall and the pre-dryer chamber was calculated using the

following equation (Soufiyan et al., 2016):

_Exl ¼ 1� T0

Tcw

� �
_Ql: ð33Þ

By formulating the exergy balance equation for each component of

the dehumidifier system depicted in Figure 2, the exergy destruction rate

values for these components were calculated. During exergy analysis, it is

important to consider that exergy destruction rate ( _ExD), arises from irre-

versibilities within a component, while exergy losses ( _Exl), occur due to

energy dissipation in the system components (Balli et al., 2007). The

exergy balance equations for the dehumidifier components are as follows:

Electro-fan (EF):

_Exa1þ _W� _Exa2 ¼ _ExD,EF ð34Þ

_ma1ð Þexa1þ _W� _ma2ð Þexa2 ¼ _ExD,EF: ð35Þ

Heater (H):

_Exa2þ _Exa3þ _Exf4� _Exg5� _Exa6� _Exl ¼ _ExD,H ð36Þ

_ma2ð Þexa2þ _ma3ð Þexa3þ _mf4ð Þexf4� _mg5ð Þexg5� _ma6ð Þexa6� _Exl ¼ _ExD,H:

ð37Þ

Pre-dryer chamber (PC):

_Exa6þ _Exp7þ _W� _Exa8� _Exp9� _Exl ¼ _ExD,PC ð38Þ

_ma6ð Þexa6þ _mp7ð Þexp7þ _W� _ma8ð Þexa8� _mp9ð Þexp9� _Exl ¼ _ExD,PC:

ð39Þ

The exergy value plays a crucial role in quantifying the phase

change of moisture within the drying chamber, and it can be deter-

mined as follows:

_Exev,dc ¼ 1� T0

Tp,dc

� �
_Qev,dc: ð40Þ

2.3.3 | Evaluation of exergy efficiency and
improvement potential rate

The rational exergy efficiency, process exergy efficiency, and improve-

ment potential rate for the components of the system were deter-

mined based on the existing relationships and the schematic design of

the dehumidifier system (Figure 1). These relationships, specific to

each component, are presented individually in Table 5.

3 | RESULTS AND DISCUSSION

This section focuses on the discussion of actual thermal data obtained

from the dehumidification system and the thermodynamic properties

of the relevant flows. By utilizing the established relationships, the

energy and exergy rates of the flows in the system were calculated,

allowing for the determination of input and output exergy rates,

exergy loss and destruction rates, as well as output/input and prod-

uct/fuel exergy efficiencies. Additionally, the exergy improvement

potential rate for each component was evaluated. Furthermore, a

parametric study was conducted to analyze the impact of varying ref-

erence state temperature from 0 to 25�C on the investigated parame-

ters of the entire dehumidification system.

3.1 | Thermodynamic evaluation of the
dehumidification system

3.1.1 | Thermodynamic properties of flows and
calculation of energy and exergy rates

The classification of flows within the dehumidification system and the

corresponding thermodynamic values are presented in Table 6. From

the table, it can be observed that the mass flow rates of air, fuel, and

product in the dehumidifier (calculated using Equations (3)–(7)) are

4.29, 0.004, and 0.42 kg/s, respectively. The calculations indicate that

the highest exergy rate among the input flows is associated with die-

sel fuel, with a value of 188.081 kW, while the lowest exergy rate is

0.093 kW for the input air flow during the combustion process.

The classification of flows within the dehumidification system

and the corresponding thermodynamic values are presented in

TABLE 5 Relations of thermodynamic parameters for the
components of the dehumidification system.

Component

Formulas of the output/input exergy

efficiency, product/fuel exergy efficiency and
improvement potential rate

Electro-fan (EF) εEF ¼ _Exa2
_Wþ _Exa1

�100

ψEF ¼ _Exa2� _Exa1
_W

�100
_IPEF ¼ 1� εEFð Þ _Wþ _Exa1� _Exa2

� �
Heater (H) εH ¼ _Exg5þ _Exa6

_Exa2þ _Exa3þ _Exf4
�100

ψH ¼ _Exa,6� _Exa,2
_Exa3þ _Exf4� _Exg5

�100

_IPH ¼ 1�εHð Þ _Exa2þ _Exa3þ _Exf4� _Exg5� _Exa6
� �

Pre-drying

chamber (PC)
εPC ¼ _Exa8þ _Exp9

_Exa6þ _Exp7þ _W
�100

ψPC ¼ _Exev
_Exa6� _Exa8ð Þþ _Exp7� _Exp9ð Þþ _W

�100

_IPPC ¼ 1�εPCð Þ _Exa6þ _Exp7þ _W� _Exa8� _Exp9
� �
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Table 6. From the table, it can be observed that the mass flow rates of

air, fuel, and product in the dehumidifier (calculated using Equa-

tions (3)–(7)) are 4.29, 0.004, and 0.42 kg/s, respectively. The calcula-

tions indicate that the highest exergy rate among the input flows is

associated with diesel fuel, with a value of 188.081 kW, while the

lowest exergy rate is 0.093 kW for the input air flow during the com-

bustion process.

3.1.2 | Exergy performance of the dehumidification
system components

To assess the exergy performance of the dehumidification system,

various parameters were calculated for each component. These

parameters include input and output exergy rates, exergy loss rate,

exergy destruction rate, output/input exergy efficiency, product/fuel

exergy efficiency, and exergy improvement potential rate. By utilizing

the exergy rate values obtained from Tables 3 and 6, these parame-

ters were computed for all components in the dehumidification sys-

tem, and the results are presented in Table 7. The evaluation of the

dehumidification system, as depicted in Figure 2 and comprising

the electro-fan, heater, and pre-dryer chamber, was based on the find-

ings from energy and exergy analysis. The exergy parameters for

these components were determined and reported in Table 7.

The results indicate that the electric power input to the electro-

fan and the electric motor (connected to the movable plates of the

pre-dryer chamber) were 1.28 and 0.34 kW, respectively. Table 7 also

reveals that the product/fuel exergy efficiency (ψ) for the electro-fan,

heater, and pre-dryer chamber are 35.10%, 9.47%, and 60.43%,

respectively. Furthermore, the output/input exergy efficiency for the

same components was calculated as 87.87%, 22.10%, and 56.28%,

respectively. Among the system components, the electro-fan exhib-

ited the highest exergy efficiency, while the heater had the lowest

exergy efficiency. The significant exergy efficiency values for the

electro-fan indicate that the output exergy rate in this component is

noteworthy compared to the input exergy rate. Additionally, the

heater demonstrated the highest input and output exergy rates com-

pared to the other components. Table 7 reveals that the product/fuel

exergy efficiency for the pre-dryer chamber is considerably higher

than that of other components. This can be attributed to the

higher mass flow rate of the product in the pre-dryer chamber, result-

ing from a higher evaporation rate compared to other components. In

other words, as the mass of the product inside the pre-dryer chamber

increases, more exergy is utilized for drying the product, leading to an

increase in the exergy efficiency of the product/fuel. Another contrib-

uting factor is the lower working temperature and the higher mass

flow rate of dryer air in the pre-dryer chamber compared to other

components. The lower temperature facilitates a higher mass flow

rate of the dryer air, which further enhances the exergy efficiency of

the product/fuel in the pre-dryer chamber.

Anyway, there are effective approaches to significantly enhance

the exergy efficiency of the system. One option is to utilize the humid

exhaust air as a thermal medium or extract heat from the exhaust

gases of the combustion process to raise the temperature of the dryer

air. By incorporating a steam compressor and a secondary heat

exchanger, the exergy in the output vapor from the dehumidifier can

be adequately compensated, thereby strengthening the overall exergy

performance. Integrating a heat exchanger unit into the dehumidifica-

tion system results in reduced reliance on high-quality electrical

energy and subsequently increases the exergy efficiency of the

fan-heater combination (Ghasemkhani et al., 2016). Furthermore,

implementing innovative techniques such as self-heat recuperation

TABLE 6 Values of energy rate, exergy rate and other thermodynamics properties related to the streams in the dehumidifier unit.

No. Flow type T (K) P (kPa) _m kg/s ω kgwater/kgair c kJ/kgK _E kW _Ex kW

1 Intake air 300.55 101.1 4.29 0.003 1.01 118.75 5.58

2 Exhaust air 300.75 101.211 4.29 0.003 1.01 119.62 6.03

3 Inlet air 300.55 101.1 0.07 0.003 1.01 1.98 0.09

4 Fuel (diesel) 300.55 101.1 0.004 ― 1.8 177.19 188.08

5 Combustion gases 682.98 130.3 0.07 ― 1.16 35.99 21.06

6 Hot air 328.57 101.211 4.29 0.003 1.01 240.17 21.87

7 Input product (with 37.92% M.C.) 300.55 101.1 0.42 ― 2.77 31.87 1.49

8 Humid air 308.01 101.1 4.31 0.009 1.02 153.66 11.15

9 Output product (with 33.84% M.C.) 308.26 101.1 0.39 ― 2.68 37.049 2.19

TABLE 7 Exergetic inflow and outflow rates, exergetic loss rate, exergetic destruction rate, exergetic efficiencies, and improvement potential

rate for the components of dehumidification system.

Component _Exin (kW) _Exout (kW) _ExL (kW) _ExD (kW) ψ (%) ε (%) _IP (kW)

Electro-fan 6.86 6.03 0.03 0.83 35.10 87.87 0.10

Heater 194.21 42.93 4.12 147.14 9.47 22.10 117.83

Pre-drying chamber 23.71 13.34 9.24 1.12 60.43 56.28 4.53
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technology, which efficiently recovers both sensible and latent heat

from waste flows, can further improve the exergy performance of the

dehumidification system (Matsuda et al., 2011). The recuperated

exergy can be utilized to preheat intake air and natural gas for the

combustion process, reducing irreversibility and enhancing system

efficiency.

The pre-dryer chamber exhibits the highest exergy loss rate of

9.24 kW, primarily due to heat loss from the chamber body. On the

other hand, the electro-fan experiences the lowest exergy loss rate of

0.03 kW within the same system. The exergy destruction rate in the

system is most pronounced in the heater, which has an exergy

destruction rate of 147.14 kW, followed by the pre-drying chamber

(1.12 kW) and the electro-fan (0.83 kW). Consequently, the electro-

fan exhibits the lowest exergy destruction rate of 0.83 kW. The sub-

stantial exergy destruction rate in the heater is attributed to factors

such as rapid mass and heat transfer, chemical reactions during com-

bustion, and mixing processes. Several solutions, including oxygen

enrichment, preheating incoming air, and reducing the air-to-fuel ratio,

can mitigate these thermodynamic irreversibilities. However, imple-

menting these solutions may lead to increased energy loss through

combustion exhaust gases and heat dissipation from the components'

bodies (Gümüş & Atmaca, 2013).

Improving the exergy performance of the heater in the system

can be achieved by reducing irreversibilities and minimizing heat loss.

It should be noted that a significant portion of exergy destruction rate

in these components is inherent due to fundamental limitations. In

these components, the impact of exergy destruction rate on exergy

efficiency outweighs the effect of exergy loss, emphasizing that the

high exergy destruction rate is the primary reason for the low exergy

efficiency of components like dehumidifier heaters. However, by pre-

venting heat transfer to the environment through insulation, it is pos-

sible to marginally enhance exergy efficiency. Implementing solutions

to decrease the exergy destruction rate in the heater, such as utilizing

alternative heat sources like solar energy or direct heat drying (with-

out intermediaries), can contribute to system improvements. Addition-

ally, it is important to note that in industrial dryers, the temperature

difference between the dryer air and the product significantly influ-

ences the exergy destruction rate in the dryer chamber (Ozgener &

Ozgener, 2006).

In the pre-drying chamber of the dehumidification system, the

effect of exergy loss on exergy efficiency surpasses that of exergy

destruction rate. This is primarily due to the significant lateral surface

area of the chamber (12.29 m2), which results in a higher rate of heat

loss. Therefore, by preventing exergy loss from the chamber's body,

its exergy efficiency can be notably improved. The exergy efficiency

of the pre-dryer chamber, which stands at 56.28%, indicates that the

energy in its output can be effectively utilized for another process.

Exergy recycling is feasible in two ways for components like the pre-

dryer chamber: (1) Recovering exergy lost to the environment through

the chamber's body, and (2) Harnessing the exergy in the moist exit

air. The combined exergy from these two sources constitutes 86%

and 85.06% of the input exergy for the pre-dryer chamber,

respectively.

Furthermore, the overall exergy improvement potential rate for

all components of the dehumidification system is calculated to be

122.46 kW, with contributions from the electro-fan, heater, and pre-

dryer chamber amounting to 0.10 kW (0.08%), 117.832 kW (96.21%),

and 4.53 kW (3.70%), respectively. As a result, the heater exhibits the

highest improvement potential rate among the components, followed

by the pre-dryer chamber and the electro-fan in second and third

positions, respectively. The significant exergy destruction rate in these

components is the main factor contributing to their high improvement

potential. One reason for this is the higher humidity ratio of the exit

air from the pre-drying chamber (0.009) compared to that of the dry-

ing chamber (0.007). Consequently, the exergy destruction rate in the

pre-dryer chamber is relatively lower than that in the dryer chamber.

The improvement potential rate of each component is determined as

a percentage of the total exergy input to the components. Specifically,

the electro-fan, heater, and pre-dryer chamber account for 0.05%,

59.84%, and 2.30% of the total input exergy of the system,

respectively.

Figure 3 illustrates the Sankey diagram showcasing the exergy

flows within the dehumidifier system. As shown in Figure 3, it is evi-

dent that 75.73% (149.10 kW) of the total input exergy (196.88 kW)

to the system was destroyed, while the remaining 24.27% (47.78 kW)

was discharged from the system. The heater exhibited the highest

exergy destruction rate, accounting for 74.74% of the total input

exergy. The pre-dryer chamber and the electro-fan ranked second and

third, respectively, with destruction rates of 0.57% and 0.42% of the

total input exergy (Figure 3).

3.1.3 | Effect of the reference state temperature on
the exergy components

To establish a standardized definition of exergy, it is essential to con-

sider its measurement relative to the environment. In order to achieve

this, a thorough characterization of the reference state conditions is

required, typically involving the determination of temperature, pres-

sure, and chemical composition. The reference state pertains to the

system's equilibrium state with its surrounding environment (Al-

Muslim et al., 2005; Dincer & Sahin, 2004). It is worth noting that the

energy and exergy performance of operational systems are influenced

by the reference state temperature and the system's operational char-

acteristics (Ozgener & Ozgener, 2006).

The effect of the reference state temperature on the product/fuel

exergy efficiency

Figure 4 illustrates the impact of increasing reference state tempera-

ture on the product/fuel exergy efficiency of the humidification sys-

tem's components. The data clearly indicate that raising the reference

state temperature results in a reduction in product/fuel exergy effi-

ciency. Notably, the pre-dryer chamber exhibits the highest exergy

efficiency among the system's components. Moreover, the

exergy efficiency of the pre-drying chamber is most affected by the

increase in reference state temperature. Specifically, when the
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reference state temperature rises from 0 to 25�C, the product/fuel

exergy efficiency decreases from 60.43% to 28.65% (Figure 4). These

findings reveal a significant decline in the product/fuel exergy effi-

ciency for the pre-drying chamber of the humidification system at ref-

erence state temperatures exceeding 10�C. This decrease can be

attributed to the higher evaporation rate associated with lower refer-

ence state temperatures. As the reference state temperature

increases, the evaporation rate decreases, subsequently leading to a

decrease in the product/fuel exergy efficiency for the pre-dryer cham-

ber. Anyway, the change of the product/fuel exergy efficiency for the

heater and electro-fan unlike the drying chamber with raising refer-

ence state temperature is insignificant.

The effect of reference state temperature on the output/input exergy

efficiency

Figure 5 presented the effect of rising reference state temperature on

the output/input exergy efficiency of the dehumidification system's

components. The figure clearly demonstrates a decline in the output/

input exergy efficiency as the reference state temperature increases.

Among the components of the dehumidifier system, the electro-fan

exhibits higher output/input exergy efficiency. However, the electro-

fan's efficiency is greatly influenced by the increase in reference state

temperature. Specifically, as the reference state temperature elevates

from 0 to 25�C, the electro-fan's efficiency drops from 87.87% to

34.26% (Figure 5). It is worth noting that the output/input exergy effi-

ciency of the electro-fan component remains relatively stable until a

reference state temperature of 10�C, beyond which it experiences a

sharp decline while the values of the output/input exergy efficiency

of the heater and pre-dryer of the dehumidification system hardly

change as reference state temperature rises. In a study by Gungor

et al. (2011), which focused on the drying of herbal and aromatic

plants, the authors investigated the relationship between reference

state temperature and exergy efficiency, concluding that there is a

direct correlation between the two factors.

F IGURE 3 Sankey diagram of total input exergy, output exergy and the exergy destruction rate of the components of the dehumidifier
system.
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F IGURE 4 Effect of reference state temperature on the product/
fuel exergy efficiency for the components of dehumidification system.
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F IGURE 5 The effect of the reference state temperature on the
output/input exergy efficiency of dehumidification system
components.
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The effect of the reference state temperature on the exergy

destruction rate

The findings presented in Figure 6 illustrate the variations in the

exergy destruction rate in relation to the reference state temperature

for the components of the dehumidification system. Interestingly,

unlike the exergy loss rate, the exergy destruction rate demonstrates

an increase as the reference state temperature rises. Specifically,

based on Figure 6, it is evident that the heater exhibits a significantly

higher exergy destruction rate compared to the other components of

the dehumidification system, as depicted in the left column of the

graph. Furthermore, the reference state temperature change from

0 to 25�C has the most pronounced effect on the exergy destruction

rate of the heater, resulting in an increase from 147.14 to 160.05 kW.

On the other hand, the exergy destruction rate for the pre-dryer

chamber and the electro-fan, displayed in the right column of the

graph, experiences a much gentler slope. A noteworthy observation

can be made by comparing Figures 5 and 6: there exists an inverse

relationship between the exergy destruction rate and exergy

efficiency.

The effect of reference state temperature on the exergy loss rate

The findings regarding the effect of reference state temperature on

the exergy loss rate of the dehumidification system components in

pistachio processing are presented in Figure 7. The figure clearly dem-

onstrates that, in general, the exergy loss rate decreases as the refer-

ence state temperature increases, indicating that the majority of this

exergy loss is attributed to heat dissipation from the system's compo-

nents. Notably, Figure 7 highlights that the pre-dryer chamber exhibits

the highest exergy loss rate within the dehumidification system. On

the other hand, the exergy loss rate of the electro-fan remains nearly

constant, approaching zero, and decreases from 0.038 to 0.004 kW as

the reference state temperature rises from 0 to 25�C. The substantial

decrease in the exergy loss rate of the pre-dryer chamber compared

to the heater and electro-fan indicates that the increase in reference

state temperature has the most significant effect on reducing the

exergy loss rate of the pre-dryer chamber. Consequently, it can be

concluded that increasing the reference state temperature effectively

reduces exergy losses, particularly for the pre-dryer chamber.

The effect of the reference state temperature on the improvement

potential rate ( _IP)

The findings depicted in Figure 8 reveal the influence of increasing

reference state temperature on the improvement potential rate of the

dehumidification system's components. As shown in the Figure 8,

the results indicate that, except for the pre-dryer chamber, the

improvement potential rate increases as the reference state tempera-

ture rises for all components of the dehumidification system. Notably,

the heater exhibits the highest improvement potential rate among

the components, primarily due to its high exergy destruction rate and

low exergy efficiency. Figure 8 clearly demonstrates a significant lin-

ear increase in the improvement potential rate for the heater and

electro-fan as the reference state temperature increases, while a

decrease is observed for the pre-dryer chamber. The impact of

increasing reference state temperature on the improvement potential

rate is most pronounced for the heater, where the temperature rises

from 0 to 25�C leads to an increase in the improvement potential rate

from 117.83 to 140.12 kW. Within the same temperature range, the

improvement potential rate for the pre-dryer chamber decreases from

4.55 to 2.12 kW (Figure 8). It is important to note that the improve-

ment potential rate values for the electro-fan and pre-dryer chamber

are presented in the right column, while the values for the heater are
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shown in the left column of Figure 8. The obtained improvement

exergetic potential rate ( _IP) highlights the pressing need for enhancing

the exergy performance of the drying operation unit.

3.1.4 | Special exergy consumption

The concept of specific exergy consumption refers to the amount of

exergy utilized in drying or roasting a specific quantity of product. In

the dehumidifier and roaster systems, fossil fuels and electrical energy

are the sole energy sources employed. To calculate the specific exergy

consumption of these systems, the exergy values of these energy

sources were utilized. The specific exergy consumption values were

determined as 481.85 kJ/kg for the dehumidifier system and

5027.18 kJ/kg for the roaster system. Consequently, the combined

specific exergy consumption for both systems amounted to 5.50 MJ/

kg. Figure 9 illustrates the respective contributions of the dehumidi-

fier and roaster systems to the total specific exergy consumption. As

depicted in Figure 9, the roaster system accounted for 91% of the

total specific exergy consumption, while the dehumidifier system con-

tributed 9% (Figure 9).

The distribution of electric energy and fossil fuels in the specific

exergy consumption of the two systems is illustrated in Figure 10.

The figure reveals that fossil fuels (diesel and natural gas) contribute

to 99% of the total specific exergy consumption, while electrical

energy accounts for only 1%. Hence, significant reductions in the spe-

cific exergy consumption of these systems can be achieved by opti-

mizing the dehumidifier heater, roasting furnace, and drying heater,

along with implementing suitable solutions.

After a thorough examination and thermodynamic evaluation of

the humidification system in the processed pistachio production unit

using energy and exergy analysis, and implementing suitable measures

to mitigate exergy loss and destruction rate, the findings indicate that

this approach offers a viable solution for process optimization and

enhancing the performance of the final production system for pro-

cessed pistachios. These results hold potential for future research and

practical applications in the field.

4 | CONCLUSION

In the current study, the exergy performance of a dehumidifier system

integrated with a common industrial dryer for raw pistachio proces-

sing was examined. Actual thermal data and mass, energy, and exergy

balances were used to evaluate the energy and exergy parameters of

the unit. The effect of reference state temperature on the exergy

parameters was also investigated. The findings revealed that the over-

all exergy efficiency of the dehumidifier was 17.47%. The electro-fan

exhibited the highest exergy efficiency, while the heater had the low-

est. The heater was identified as the component with the highest

exergy destruction rate, whereas the electro-fan had the lowest. The

pre-dryer chamber showed the highest exergy loss rate, whereas

the electro-fan had the lowest. Furthermore, an increase in reference

state temperature led to a decrease in exergy loss rate, an increase in

exergy destruction rate, a decrease in exergy efficiency, and an

increase in the improvement potential rate for the dehumidifier sys-

tem components. The specific exergy consumption for the dehumidi-

fier system was measured at 481.58 kJ/kg, indicating its high specific

exergy consumption. Overall, conducting exergy analysis for such sys-

tems can offer a comprehensive and practical approach to reducing

capital costs in pistachio production lines, achieving energy savings,

and enhancing the performance of industrial system components for

engineers and factory owners. It is worth noting that exergy analysis,

accounting for irreversibility aspects, plays a crucial role in estimating

optimal performance conditions for the investigated system.

NOMENCLATURES
Notations

_m mass flow rate (kg/s)

T temperature (�C or K)

P atmospheric pressure (kPa)

h enthalpy (kJ/kg)

hfg latent heat of vaporization (kJ/kg)

cp specific heat (kJ/kg�C)

F IGURE 9 Percentile contributions of the dehumidification and
roasting systems to the specific exergy consumption.

F IGURE 10 Percentile contributions of the fossil fuel energy and
electrical energy to the specific exergy consumption of the processed
pistachio production.
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R gas constant (8.3143 kJ/ mol)

R universal gas constant (8.314 J mol/K)

En
:

energy rate (kW)
_Q heat transfer rate (kW)

_w work rate (kW/s)
_Ex exergy rate (kW)

ex specific exergy (kJ/ kg)
_IP improvement potential rate (kW)

LHV lower heat value (kJ/kg)

V voltage (V)

I current (A)

y mass fraction (�)

X mole fraction (�)

n specific mole number (mol/kg)

a carbon number of hydrocarbon fuels

b hydrogen number of hydrocarbon fuels

Greek letters

υ specific volume (kg/m3)

η efficiency (%)

γ fuel quality factor (�)

ε output/input exergy efficiency (%)

ψ fuel/product exergy efficiency (%)

φ relative humidity of air (%)

ω humidity ratio (kg water/ kg dry air)

δ standard chemical exergy (kJ/mol)

ρ density (kg/m3)

Subscripts

0 reference state

a air

cw chamber wall

vs saturated vapor

0 initial

in inlet air

out output

a air

p product

g gas

v constant volume

f fuel

w water

i each component

cg combustion gas

l loss

D destruction

ex exergy

ph physical

ch chemical

pt potential

kn kinetic

mech mechanical

elec electrical

i each component

P pressure

fg fuel-gas

ev evaporator
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