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Energy efficiency and food security could be substantially improved by advancing and implementing drying
chambers in diverse drying technologies. The drying chamber is critical for producing high-quality dried food
and agricultural products while also ensuring excellent drying system performance. It has received much
attention recently due to its primary effect on drying technologies. This research examines the drying chamber
system in diverse drying technologies, using current literature to highlight significant shortcomings for future
work on this subject and to demonstrate potential improvement techniques. Furthermore, the paper summarizes
the examination of temperature and airflow distribution systems and different drying methods based on various
heat transfer mechanisms. A thorough review of multiple previous research findings is also provided, and the
limitations and prospects for its future use in drying are highlighted. In addition, further improvement strategies
are recommended, including enhancing the heat source, optimizing the environmental conditions around the
drying chamber, introducing jet impingement technology, establishing an advanced monitoring system, and
adding a directed nozzle. Hybrid drying has been known as a viable approach for improving drying efficiency
and uniformity. However, further research is required to minimize costs while improving such components’
effectiveness and technical design.

[11] from substances via evaporation of water, which is commonly
accomplished with heat or airflow.

Introduction

About 70 % more food production would be needed to feed 9 billion
people by 2050 [1-3], and it was suggested the global population will
peak in 2064 at 9.73 billion [4,5], increasing energy consumption [6].
Due to that, energy is essential for industrial development, moderniza-
tion, and economic growth [7]. According to a United Nations Food and
Agriculture Organization estimate, the worldwide prevalence of food
insecurity grew from 25.3 % in 2019 to 29.6 % in 2022 [8]. In order to
guarantee food security, substantial alterations must be implemented in
the present methods of food production, storage, distribution, and
consumption. Hence, drying is of the utmost importance in ensuring
worldwide food security [9,10]. Drying requires an energy-intensive
process. Energy is necessary for drying processes to eliminate moisture
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Ensuring the drying system’s best performance is crucial to provide
an effective drying process. Drying technology plays a significant role in
attaining Sustainable Development Goal (SDG) 2 (Zero Hunger) via its
ability to preserve food, minimize waste, and foster food security and
economic development [12]. Other than that, the energy efficiency of
the drying process helps to achieve SDG 7 (Affordable and Clean Energy)
[13]. Recent research suggests that dryer manufacturers are interested
in energy efficiency since it is a crucial determinant of market value in
drying expenses. Hence, it is crucial to thoroughly examine the energy
consumption profile and assess the efficiency of energy utilization in the
drying process across various dryers [14]. Sustainable drying technol-
ogy also provides environmental and economic advantages [15,16].
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As currently known, most existing review articles have concentrated
on specific drying technologies, focusing on performance enhancement
techniques and their applications across various industries. However,
there is a lack of comprehensive reviews addressing the application and
performance enhancement techniques of drying chambers across a
range of drying technologies. This paper aims to fill that gap by
providing a comprehensive analysis of the methods and strategies for
improving the performance of drying chambers in diverse drying tech-
nologies, specifically for food and agricultural products. The review
begins with a detailed examination of the principles underlying drying
chambers in different drying technologies and the materials they pro-
cess. The subsequent sections evaluate the effectiveness parameters of
drying chambers based on recent publications and explore various
methods for performance improvement. The paper also includes an
illustrative overview flowchart of the drying chamber focusing on the
heat transfer mechanisms, performance criteria, and performance
enhancement strategies of various drying technologies, as shown in
Fig. 1. Through this comprehensive review, the paper highlights the
critical role of drying chambers for drying technologies in achieving
energy efficiency and food security while also identifying future
research directions and practical implications for industry professionals.

Overview of drying chamber

Drying technologies comprise many techniques, from traditional
heat-based strategies to innovative methods [17]. The drying process is
the most frequently encountered operation in the food processing in-
dustry, characterized by its high energy consumption. Incorporating
sustainable drying technologies throughout the food supply chain will
significantly mitigate post-harvest losses and optimize food product
inventory management [18]. One of the important components in the
drying system is the drying chamber, which plays an essential role in
drying technologies. The drying chamber is a sophisticated and critical
aspect of industrial operations aimed at removing moisture from various
materials. This technique, which is used in industries such as food pro-
cessing [19], textiles [20], and pharmaceuticals [21], uses controlled
conditions to speed up the drying process while maintaining the mate-
rials’ integrity.

Drying chambers guarantee effective water evaporation, avoiding
degradation, high system efficiency, and increasing the shelf life of
perishable commodities by controlling parameters such as airflow, hu-
midity, as well as temperature. The drying process occurs through
convection heat transfer, radiation heat transfer, and rarely conduction
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heat transfer. Depending on the exact context and industry in which it is
used, a drying chamber can be referred to by a variety of names,
including a drying oven [22], a drying room [23] or a drying cabinet
[24]. A drying chamber is used in various drying technologies. Hence,
the primary purpose of the drying chamber is to ensure a uniform drying
process of the dried material [25-27]. Several drying techniques employ
a drying chamber mainly in the agricultural industry, including heat
pump drying [28], vacuum drying [29], infrared drying [30], spray
drying [31], freeze-drying [32], fluidized bed drying [33], solar drying
[34], and microwave drying [35]. There are additional drying processes
that do not employ a drying chamber, such as solar drying [36] and field
drying [37], which place dried materials in the open air.

Aside from that, drying chambers are categorized into two types of
drying and several heat transfer processes. Batch and continuous-mode
industrial dryers are the two types of drying chambers. Heat input to wet
materials can be classified into numerous types, including convection,
radiation, conduction, and a combination of heat transmission mecha-
nisms. Convection drying is the most prevalent [38,39]. As a conse-
quence of industrial needs, new dryers are constantly being developed
[40]. On top of that, a brief overview of several drying technologies
employing drying chambers for numerous industries is shown in Table 1.

Convection heat transfer

Heat transfer mechanisms play a vital role in drying technologies as
they significantly influence the efficiency and quality of the drying
process, particularly within drying chambers.

In convective heat transfer, heat is transferred between two entities
via the motion of a gas or fluid. Natural convection occurs when cooler
air or water replaces heated air or water that ascends. Forced convection
effectively removes heat for drying by propelling air over the body’s
surface, similar to wind or wind-generated water currents [76]. Fig. 2a
serves as an illustration of the frequent use of convection heat transfer in
drying processes. The inlet provides the heat input into the drying
chamber, while the heat energy utilized by the drying chamber is indi-
cated at the outlet.

Several drying technologies make use of drying chambers for con-
vection drying purposes. The drying chamber was used by Koca et al.
[59] in the spray drying process. Using seven different conditions in the
drying chamber, the authors investigated the quality of cheese powder.
The research is focused on the inlet temperatures of 160 °C, 195°C, and
230 °C, atomization pressures of 294, 441, and 588 kPa, and output
temperatures of 60 °C, 80 °C, and 100 °C. It was found that outlet air

Performance
parameters

Enhancement
strategies

Airflow and
temperature
distribution

Effectiveness

parameters

Working principles

Fig. 1. General overview of drying chamber’s working principles, performance metrics and performance enhancement strategies in various drying technologies.
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Table 1
A brief overview of drying methods includes drying chamber usages with heat
transfer mediums and industries involved.

Drying Drying chamber Primary heat Sectors used
technologies utilizations transfer
mechanisms
Heat pump Recycling heat to Convection e Food and
drying sustain ideal drying agriculture
temperatures and industry [41-44]
minimize energy o Wastewater sludge
consumption. industry [45,46]
Vacuum Minimizing pressure to Convection e Food and
drying accelerate moisture agriculture
extraction at reduced industry [47-49]
temperatures, thereby e Oil and gas
preserving heat- industry [50]
sensitive materials. e Paper and pulp
industry [51]
e Manufacturing
industry [52]
e Power generation
industry [53]
Infrared Heating materials Radiation e Ceramics industry
drying directly via radiation, [54]
facilitating rapid and e Textile industry
uniform moisture [55]
elimination with e Food and
effective energy use. agriculture
industry [56,57]
Spray drying Atomizing liquid into Convection e Food and
small droplets, agricultural
facilitating rapid and industry
efficient moisture [31,58,59]
evaporation under a e Pharmaceutical
regulated airflow. industry [60]
Fluidized Suspending particles in Convection e Food and
bed drying heated air to guarantee agriculture
effective and uniform industry [61,62]
heat transmission while e Power generation
facilitating quick industry [63]
moisture removal. e Pharmaceutical
industry [64]
Solar drying Utilizing solar energy to ~ Radiation or e Food and
provide reliable, cost- convection agriculture
effective heating for industry [65,66]
moisture extraction in e Power generation
an environmentally industry [67]
sustainable way. e Marine industry
[68]
o Steel wire industry
[69]
Microwave Using microwave Radiation e Food and
drying radiation to directly agriculture
heat moisture inside the industry [35,47]
product facilitates e Mining industry
expedited and uniform [701
drying. o Stainless steel
industry [71]
e Automotive
industry [72]
Freeze Sublimating frozen Conduction e Food and
drying moisture in the agriculture
materials at low industry [73,74]
pressure to preserve e Pharmaceutical

structure and quality. industry [75]

temperature affected cheese powder qualities, notably at 100 °C, which
enhanced browning and changed sensory features. Cheese powder
moisture was below 2.85 % in all situations, confirming microbiological
safety.

Azadbakht et al. [24] discovered that convective heat transfer and
the drying chamber are crucial to the drying efficiency of eggplants in a
fluidized bed dryer, with optimum conditions established at lower
temperatures and air velocities. The lowest energy consumption and
exergy losses were found at a temperature of 40 °C, an air velocity of 3
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m/s, and a sample diameter of 13 mm, demonstrating the relevance of
these parameters in improving heat transfer efficiency throughout the
drying process.

Parihar et al. [77] analyzed the design and performance assessment
of a revolutionary cabinet solar dryer that uses a UV sheet to dry banana
slices. The solar dryer included a drying chamber with six different-sized
trays and was equipped with a fan and a PV panel for forced convection
drying. The impact of varying sample masses (100, 200, and 300 g) and
temperatures (40, 50, and 60 °C) on the drying properties and final
product quality of Roselle calyx was examined by Tajudin et al. [78]
through the utilization of a heat pump dryer. Through the use of heat
pump drying technologies in conjunction with a drying chamber, the
authors demonstrated that convection drying can be completed in a
significantly reduced amount of time without sacrificing product
quality.

Radiation heat transfer

Heat radiation results from separating two bodies with opposite
temperatures through space or when they are not in direct contact.
Solid, liquid, and gaseous substances emit electromagnetic radiation due
to molecular and atomic rotation and vibration [79]. Unlike convection
and conduction heat transfer, it conveys thermal energy directly to the
substance to be dried in the context of drying. Various drying techniques
have used drying chambers that employ radiation as a medium for heat
transfer. Dolgun et al. [80] used a drying chamber in a combined
infrared and heat pump drying technology in order to investigate the
impact of the heat transfer mechanism and the bi-directional penetra-
tion of the heat into the product in accordance with the energy-exergy
analysis. The infrared-assisted heat pump drier (IRAHP) reduced dry-
ing time to 640 min from 800 min for the heat pump (HP) dryer, saving
10 % energy and 20 % time. Energy efficiency (EE) values for IRAHP
varied from 0.29 % to 7.94 %, whereas HP values were between 0.28 %
and 6.54 %, indicating the better performance of the IRAHP in energy-
exergy analysis and its prospective use in large-scale nut drying
chambers.

Horuz et al. [22] studied the drying kinetics of apricot halves using a
microwave-hot air household hybrid oven. Drying rates and the optimal
drying model could be determined by applying the drying oven, which
had adjustable microwave power and hot air temperature. Jibril et al.
assessed the application of a drying chamber for infrared drying via
radiation heat transfer [81]. The researchers investigated the charac-
teristics of corn flour dried at various temperatures utilizing graphene
far-infrared (gFIR) technology. An innovative solar drying technique for
sewage sludge was invented by Wang et al. [82]. This method utilized a
sandwich-like chamber with a thin layer and adjusted the solar radiation
intensity and bed thickness to optimize the drying process. The utiliza-
tion of the drying chamber enabled the efficient and economical drying
of the sewage sediment by facilitating the transmission of radiation heat,
as illustrated in Fig. 2b.

Conduction heat transfer

The process of conduction heat transfer refers to the process by
which thermal energy is transferred through solids, liquids, and gases
without significant bulk motion. Conduction refers to the process by
which energy is transferred from particles of a substance with higher
energy to particles with lower energy as a result of the interaction be-
tween the particles [84]. When it comes to drying, just a few kinds of
drying technologies conduct heat transfer into practice, such as freezing
drying through the sublimation process [85] and solar conductive dry-
ing [86].

In order to comprehend the atypical heat transfer observed during
vial freeze-drying, specifically the heat transfer differences between
vials situated at the edge and those in the center of the shelf, Scutella
et al. [85] described the construction of a three-dimensional
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Fig. 2. Heat transfer mechanisms in drying chamber, a) Convection-based drying in the oven structure chamber [83]; b) The process of radiation heat transfer during

solar drying [82].

mathematical model. Multiple heat transmission mechanisms are
accounted for in the model, such as conduction via low-pressure water
vapor, radiation heat transfer, and conduction between solids, as pre-
sented in Fig. 3a. Borah et al. [86] investigated how the solar conduction
drier (SCD), which uses conduction as the main mode of heat trans-
mission, improves drying efficiency by lowering processing time by 40
% when compared to conventional methods. The SCD provides four
stainless steel drying chambers for efficient heat conduction and mois-
ture removal, resulting in average effective moisture diffusivity values of
1.852 x 10-10 m2/s for sliced turmeric and 1.456 x 10-10 m2/s for
whole turmeric. The dryer’s thermal efficiency was 55 %, suggesting
that the conduction heat transfer mechanism in the drying chambers
maintains appropriate drying conditions, limiting fungal development
in high humidity situations.

Combined heat transfer

The implementation of combined heat transmission mechanisms

during the drying process has the potential to enhance its overall effi-
ciency. The findings by Dolgun et al. [80] reveal that the combined heat
transfer of convection and radiation with bi-directional penetration of
the heat to the product improved the system performance, according to
energy-exergy analysis. Dubkovetskiy et al. [87] studied integrated heat
transfer methods for pasta drying, focusing on gluten-free maize flour
pasta. The study found that a thermo-radial-convection method im-
proves drying and product quality over the thermo-radiative method by
reducing energy usage.

Swasdisevi et al. [88] presented a mathematical model for far-
infrared and vacuum-drying banana slices to predict moisture content
and temperature. The research revealed that the predicted temperature
in the center of a banana slice was higher than the observed temperature
for the first 50 min of drying but agreed later. Heat convection, heat
conduction, heat radiation, and moisture movement inside the banana
slice were also addressed in the model. The predicted and experimental
results were evaluated at drying chamber absolute pressures of 5, 10,
and 15 kPa with regulated banana center temperatures of 50 °C, 55 °C,
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Fig. 3. Heat transfer mechanisms in drying chamber, a) The involvement of conduction heat transfer in freezing drying [85]; b) Combined heat transfer of con-
vection, conduction, and radiation for integrated vacuum and far-infrared drying [88].

and 60 °C. Comparing the predicted and experimental data revealed that
the model accurately predicted the variations in moisture content.
Fig. 3b illustrates the combined heat transfer of convection, conduction,
and radiation for banana slices drying. Plaza et al. [89] revealed that the
hybrid dryer enhances the drying process using different heat transfer
modes such as conduction, convection, and radiation. The aerothermal
system, which circulates air via a subsurface heat exchanger, efficiently
heats the working fluid before it reaches the drying chamber. With a
maximum working temperature of 52 °C and a stabilization time of 40
min, the hybrid dryer used 80 % solar energy. It saved 3 to 5 kW/day on
clear days with energy efficiency of around 60 % to 70 %.

Performance evaluation parameters

The assessment of drying chambers’ effectiveness is heavily reliant
on performance evaluation indicators. These indicators are of utmost
importance as drying chambers are critical equipment in various drying
methods. Examining performance parameters offers valuable insights

into the intricate dynamics of the drying process, enabling operators to
optimize the prevailing conditions to achieve optimal productivity
levels while simultaneously upholding the desired quality standards of
the product.

Parameters to evaluate the effectiveness of a drying chamber

Nowadays, there are several issues caused by drying chambers,
which, as stated by past researchers, degrade the performance of the
drying chamber itself:

e According to Roman et al. [90], uneven air distribution is a key issue
in batch dryer performance. The issue causes inefficiency and
excessive energy usage in batch dryers.

e As stated by Guangbin et al., the uniformity of moisture contents is
an essential indicator for assessing the degree of drying of wet ma-
terials throughout the entire drier. It is useful for optimizing the
drying room’s design [91].
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e Another issue is investigated by Babu et al. [92], in which hot air is
often injected above the top tray in typical tray dryers and flows
through the other trays. The top trays get the most energy and can
over-dry leaves. In contrast, the bottom trays may not receive enough
owing to increased relative humidity and decreased air velocity and
temperature.

Tuncer et al. [93] stated that specific drying chamber designs require
extensive time and energy.

A research conducted by Wang et al. [94] on okara products
employing air jet impingement drying, factors such as increased
temperature, increased air velocity, and decreased loading density
were shown to lead to a faster drying rate.

As stated by Nanang Ruhyat [95], irregular spray drying can occur
due to material adhesion to the walls of the drying chamber.

In response to these problem statements, numerous indicators can be
used to assess the effectiveness of the drying chamber:

. Drying efficiency [96]

. Specific moisture extraction rate (SMER) [97]
. Drying time [98]

. Drying rate [99]

. Energy efficiency [100]

. Specific energy consumption (SEC) [101,102]
. Coefficient of performance (COP) [103]

. Heating capacity [104]

. Nusselt number [100,105]

. Thermal efficiency [106,107]

. Coefficient of energy [108]

O 0O NOU D WN -

— =
= o

Airflow and temperature distribution

Non-uniform air velocity and temperature can result in uneven
drying and non-homogeneous product quality due to under or over-
drying [109]. Therefore, the uniformity of airflow and temperature in
the drying chamber is crucial to providing higher drying performance,
enhancing the quality of the product, and improving system perfor-
mance. Moreover, suitable air circulation can expedite the reduction of
moisture in agricultural products, thereby enhancing the dehydrated
product’s quality [110-113]. In order to meet the requirements for an
effective drying chamber system, it is necessary to ensure that the drying
chamber is equipped with conditions below:

1. Uniform temperature [92,114-118].
2. Uniform velocity [115,92,90,118-121].

Uniform air temperature and velocity distributions can be analyzed
using computational fluid dynamics (CFD), statistical, and thermal im-
aging techniques. Table 2 lists the airflow and temperature distribution
analysis tools of previous studies.

Table 2
Analysis techniques for velocity and temperature distribution in the drying
chamber.

Analysis Past references

methods

Description of methods

CFD analysis Simulation and optimisation of fluid flow
and thermal behaviour in a system using
CFD analysis show temperature and

velocity uniformity.

[92,90,115-121]

Statistical Statistical analysis quantifies measurement [122-124]
analysis consistency and variability throughout a
system to determine temperature and
velocity uniformity.
Thermal Thermal imaging captures and displays [114,116,125]
imaging surface temperature distributions in real
analysis time to show uniformity.
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However, the literature review shows that the homogeneity of air
distribution and air temperature are analyzed majorly and effectively by
CFD analysis. Several researchers have conducted intensive research
using various approaches to the drying chamber’s air and temperature
distribution system.

Temperature uniformity

Temperature distribution in a drying chamber corresponds to the
range of temperature variation that transpires across the chamber,
thereby exerting an impact on the drying rate and uniformity of the
material undergoing processing. Guangbin et al. [91] analyzed the
temperature distribution in a double-layer drying chamber. They
discovered that the starting temperatures of the seeds and air were the
same. However, once fresh air entered the room, the temperature rose
quickly, particularly in the lower chamber. The simulated and experi-
mental findings exhibited a favorable correspondence, as the moisture
content of the seeds exhibited a quick decrease in the first 30 min, fol-
lowed by a gradual change until the end of the drying period, suggesting
the presence of a non-uniform temperature distribution inside the drying
chamber. Fig. 4a depicts temperature homogeneity for a duration of 2.5
h.

Song et al. [126] investigated temperature uniformity in a combined
thermal and microwave (CTMW) drying technique for silica gel. It was
discovered that temperature and moisture content gradients occurred
mostly in the vertical direction, as seen in Fig. 4b, with the temperature
difference between the layers reaching 5 °C. Furthermore, when the hot
air temperature and microwave power rose, the drying rate improved,
but the drying uniformity dropped. Gu et al. [127] analyzed the uni-
formity of temperature distribution of dried banana slices using vacuum
radiofrequency treatment. They compared this approach with conven-
tional and microwave drying techniques. The study revealed that RF-
vacuum drying exhibited superior heating uniformity and drying
rates. The top layer of samples had the lowest moisture content, fol-
lowed by the middle and bottom layers, demonstrating enhanced uni-
formity across various layers.

Airflow uniformity

Airflow distribution in a drying chamber pertains to how air is cycled
inside the chamber during drying. Airflow can be described as the
contour of air velocity inside the drying chamber. Using computational
fluid dynamics, Roman-Roldén et al. [128] examined the enhancement
of airflow velocity distribution within a greenhouse solar dryer, as
illustrated in Fig. 5a. It was discovered that the air velocity across the
trays was not uniform, with some configurations exhibiting low veloc-
ities and non-uniform distribution. However, adding internal elements
and air recirculation systems enhanced the airflow uniformity and
velocity.

Zhang et al. [130] used CFD modeling with experimental validation
to examine the airflow velocity in a belt dryer for varying feed thick-
nesses. The findings revealed that a 40 mm feed thickness provided the
best consistency of airflow velocity distribution, exhibiting equivalent
simulated and experimental values at different points on the dryer sur-
faces. Another study by Zhang et al. [131] utilized the Computer Fluid
Dynamics (CFD) technique to examine feed thickness’s impact on
airflow velocity distribution within a conveyor dryer. The findings
indicate that the influence of feed thickness on airflow velocity is sub-
stantial. A narrower feed thickness corresponds to greater uniformity
and more consistent airflow distribution, whereas a broader feed
thickness generates a greater range of airflow velocities.

Abdulmalek et al. [129] used numerical analysis and design adjust-
ments to improve air velocity distribution within a multi-chamber solar
drying box. Fig. 5b displays air velocity magnitudes at 5 cm above the
three splitters. High velocity above the bottom splitter is about 0.2-0.1
m/s, whereas low velocity is recorded above the top splitter at 1.5-0.01
m/s. Additionally, downstream velocity is reduced owing to the
increased chamber cross-sectional area. The velocity difference at the
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Fig. 4. Overview of temperature uniformity, a) Temperature contour of double-layer drying chamber [91]; b) Temperature changes for three layers [126].

leading of splitters is around 0.05 m/s and grows downstream. Overall,
removing chamber cross-section area expansion improves velocity
homogeneity.

Drying chamber airflow and temperature homogeneity are crucial
for reliable and efficient results [132,133]. A drying process’s quality,
uniformity, and efficiency rely on air circulation within the chamber.
Airflow and temperature evenness can be improved by considering air
velocity, temperature across the chamber, distribution methods, and
chamber design, which, in turn, can improve the drying process and
decrease variance in the finished product. In order to enhance the
management and accuracy of consistent airflow patterns and heat dis-
tribution in drying chambers, it is recommended to employ a focused
nozzle [134] and a jet impingement system [135-137], capitalizing on
technological advancements.

Strategies for improving drying chamber in drying technologies

The effectiveness of the drying process is significantly influenced by
the performance of the drying chambers. One of the most important
functions of the drying chamber is to guarantee uniform drying of the
drying technologies [92,138,139]. Estimating critical parameters such
as drying time, moisture content, energy consumption, and temperature
and velocity distribution within the drying chamber offers valuable in-
sights that can inform economic and practical development [140].
Moreover, numerous researchers in the past have taken airflow unifor-
mity within the drying chamber as a criterion for determining the
optimal drying chamber design [91,92,140].

A method that effectively improves the drying chamber is required to
ensure air uniformity and maximize the drying system’s performance. In
previous research, various techniques were implemented in the drying
chamber of various drying technologies to improve the drying
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efficiency, and the parameters in the drying chamber were highlighted Solar drying

and measured. Furthermore, these enhancement solutions are applied to

address the issues stated in Section 3.0. Solar energy is a type of renewable energy [141-143] that plays a
crucial role in achieving food security by supplying energy for ener-
gy refrigeration and food preservation, which is a key component of SDG
2[144],SDG 7 [145], and SDG 13 [146]. A solar dryer is a technological
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innovation that utilizes solar energy to facilitate the drying process of
fruits, vegetables, and harvests, enhancing their preservation [147]. The
solar drying chamber controls heat transfer, ventilation, and contami-
nation to ensure efficient and high-quality drying [148]. Numerous re-
searchers have recently modified the drying chamber utilized in solar
drying to improve its performance.

Tuncer et al. [93] investigated the performance of a unique convex-
type solar absorber drying chamber in dehumidifying municipal sewage
sludge. The study aims to develop a cost-effective and ecologically
friendly approach for drying municipal sewage sludge using convex
solar absorber technology in the drying chamber. The findings show that
convex solar absorbers can improve drying performance and energy
efficiency [93,149]. Patel et al. [108] examine four new portable
greenhouse solar dryer (PGHSD) modes for drying onion slices. The four
modes are the active greenhouse solar dryer (AGHSD), AGHSD with
recirculating fans, AGHSD with recirculating fans and an evacuated
tube-type solar air heater (ETAH), and AGHSD with ETAH and an
airflow system. The AGHSD with recirculating fans, ETAH, and airflow
system decreased the onion slice moisture ratio to 5.32 % in a single day,
in comparison to 19.99 % for AGHSD and 46 % for open sun drying.
Recirculating fans, solar air heaters, and airflow systems enhanced heat
utilization and drying efficiency, making the PGHSD a suitable agri-
cultural product drying option. For AGHSD, the drying efficiency is
41.40 %, while it is 59.97 % with circulating blowers, ETAH, and an
airflow system. Furthermore, optimized drying efficiency was much
higher than 20.86 % for sun drying.

Khanlari et al. [150] improved the performance by including a
transparent solar-capturing drying chamber. A transparent drying
chamber improves solar sewage sludge drying efficiency and time. Ex-
periments demonstrated that a transparent drying chamber lowered
drying time by 75-90 min. This solar collector absorbs additional solar
energy and speeds up drying. The new drying chamber has an SEC of
1.87-1.98 kWh/kg, as opposed to the old dryer’s 2.49-2.68 Kwh/kg.
SMER was improved by modifying the drying chamber.

Heat pump drying

Heat pumps are highly efficient heating devices that convert a low-
quality heat source into a functional, high-quality heat source by uti-
lizing the thermodynamic cycle of the cooling medium within the sys-
tem. Heat pump drying technology has many benefits over conventional
drying processes, including energy efficiency, reduced consumption,
environmental friendliness, superior drying quality, and high automa-
tion [151]. However, the heat pump drying system has some issues that
disturb its performance, such as longer drying time, high energy con-
sumption, and poor quality of dried material [152,109]. The drying
chamber component is essential to the heat pump drying system [153].
By integrating a drying chamber, the heat pump can effectively elimi-
nate moisture from either the air or the substance undergoing drying
while regulating its temperature.

Previous studies have focused on improving the drying chamber of
heat pump dryers. Aktas et al. [140] developed a unique cylindrical
drying chamber design for drying mint leaves using a drying system with
a heat recovery unit. The drying chamber’s design allows consistent
airflow distribution and prevents the spread of lightweight samples. The
heat pump system’s coefficient of performance (COP) shows that the
heat recovery unit can recover much energy, conserving drying energy.
The highest heat pump and system COPs are 4.06 and 2.64, the average
drying air temperature is 35 °C, and three trials used 3 kWh.

Babu et al. [154] reported the results of an experimental study on
thin-layer drying of Amaranth leaves in a heat-pump-aided tray-type
batch drying chamber. The drying chamber’s two-level tray design en-
sures optimum air circulation and little pressure drop, resulting in
consistent drying of the leaves [92,154]. The study focuses on the
optimized operating conditions, such as a coefficient of performance
(COP) of 4.60, specific energy consumption of 1.16 kW/kg, and the
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effect of air temperature and velocity on the drying process, providing
valuable insights for efficient leaf drying in a heat pump dryer.

Singh et al. [155] examine banana and potato chips’ drying kinetics
energy and exergetic performance in closed and open-cycle batch-type
heat pump dryers. The drying chamber comprises several aluminum
strip trays to circulate air and remove moisture from both sides of the
food chips. A stainless-steel net and optimal tray spacing promote dry-
ing. Average drying temperature, time, and initial-final moisture were
better in the closed system. Compared to the open system, it consumed
less energy and had superior volumetric heating. Open-cycle heat pumps
and systems have a higher COP. The heat pump’s average COP for ba-
nana and potato chips was 3.09 and 2.85 in the closed system and 3.89
and 3.93 in the open system.

Olejnik et al. [121] developed a vertical airflow drying chamber
(Fig. 6). Simulation results presented three-chamber dryers with heat
pump designs and vertical direction of the airflow system. The improved
chambers, especially with the revolving disc, achieved more consistent
beef dryness based on water activity (Wa) and water content (Wc). The
results showed that the meat dried in a chamber system with a spinning
disc had an average water content of 19 % after 10 h, whereas meat
dried in a chamber system with a fan had 22 %.

Vacuum drying

A vacuum dryer is a dryer that uses a reduced-pressure environment
to encircle the material that is being dried [156]. The drying chamber
functions as the core of the vacuum drying procedure, offering the
regulated setting essential for the most effective elimination of moisture
while preserving the authenticity and excellence of the materials un-
dergoing dehydration. In order to increase the drying effectiveness of
the dried materials, previous research on vacuum drying has used
several enhancement methodologies on its drying chamber component.

Suryanto et al. [157] tested a vacuum dryer with a steam ejector to
save energy and dry cocoa and coffee beans faster. To enhance the ef-
ficiency of the steam ejector in vacuum drying using medium and low-
temperature dryers, the original design was altered to incorporate
thermal insulation, numerous ejectors, and a mechanism for controlling
temperature and pressure. The vacuum dryer, equipped with a steam
ejector, consumed 11-12 % less energy and achieved drying times 1-2 h

A]

Air outlet

Air inlet Rotating disc

Fig. 6. Drying chamber with several design modifications and rotating
disc [121].
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shorter than a drier operating at nearly atmospheric pressure. Nozzle
injectors were utilized as an alternative to vacuum pumps to conserve
energy.

Liu et al. [158] implemented far-infrared radiation heating-aided
pulsed vacuum drying (FIR-PVD) technology in the drying chamber to
improve blueberry drying efficiency and reduce energy usage. Cyclic
fluctuations between air and vacuum pressure in the drying chamber
induce a tunneling effect that enlarges blueberry micropores and speeds
drying. Furthermore, using far-infrared radiation as a heat source under
pulsed vacuum circumstances saves energy while improving drying
uniformity. Alongside this, Zhang et al. [130] incorporated infrared
technology within a pulsed vacuum chamber. The carbon fiber sheet
electrical infrared (IR) emitters allow for the efficient emission of IR
wavelengths, effectively drying the material.

Spray drying

The process of spray drying involves the atomization of a solution,
slurry, or emulsion that contains one or more components of the desired
product into droplets through spraying. The droplets are subsequently
rapidly evaporated into solid powder by heated air at a specific tem-
perature and high pressure [159]. Previous research has investigated
several methods to improve the efficiency of spray drying chambers.
Langrish et al. [160] investigated a new drying chamber spray drier
design and analyzed its performance under different operating situa-
tions. The research compares the decrease in wall deposition between
the new box and conventional four-inch designs. In terms of wall
deposition reduction, 8.8 wt% feed solids concentration and 170 °C
intake air temperature work well. The research also evaluates how
increasing feed solids concentration and intake air temperature affect
the new box design. Fig. 7 shows that the new design has lower wall
deposition fluxes and less wall adhesion under these circumstances,
implying operating efficiency and wall deposition reduction.

The effect of the location of the drying air inlet within a chamber on
material adhesion to walls was investigated by Nanang Ruhyat [95].
According to the results, an inlet angled away from the diameter of the
chamber promotes more uniform drying. In contrast, an inlet positioned
in the center induces irregular material accumulation. The uniformity
facilitates a more homogeneous blending operation between the liquid

Fig. 7. The newly designed box drying chamber design illustrates particulate
deposition paths on the wall [160].

10

Sustainable Energy Technologies and Assessments 75 (2025) 104205

substance and drying air, resulting in an extended period of retention for
the particulates and an accelerated rate of evaporation.

Fluidized bed drying

The fluidized bed drying (FBD) drying chamber involves forcing hot
air through a distributor to suspend solid particles in a fluidized con-
dition while resisting gravity forces. This process happens when air
velocity overcomes gravitational force and bed resistance, enabling
particles to be fluidized by balancing drag force and particle weight
[161]. FBD is widely regarded as an attractive technology for expediting
evenly-dried material production. However, its primary drawbacks are
excessive electrical power consumption, undesired pressure dips, and
subpar fluidization quality (including channeling, agglomeration,
reverse particle mixing, and bubble formation) in some goods [162]. As
a result, several previous studies have included enhancements to the
drying chamber of FBD to enhance its drying efficiency.

Philippe Eliaers and Juray De Wilde [163] used a vortex chamber to
create a rotating fluidized bed in a static geometry (RFB-SG) and
compared its performance to a conventional fluidized bed (FB) for
drying woody biomass. The RFB-SG worked at a substantially greater
gas flow rate than the standard FB, although air use efficiency was
maintained for a given biomass output moisture content. This shows that
the RFB-SG increased specific biomass feed rates while conserving air.
The RFB-SG intensified the drying process by increasing gas—solid slip
velocities, particle bed density, and homogeneity and optimizing the
drying chamber design to reduce air utilization.

Majumder et al. [164] made several adjustments to the drying
chamber. It was discovered that the active drying time could be
decreased by implementing intermittent drying strategies, including
vacuum intermittent and open-air intermittent drying. Among these,
open-air intermittent drying requires the least amount of time. Active
drying time is reduced by a greater magnitude (approximately 2.5 h),
and specific energy consumption is decreased by 42.44-43.83 % when
intermittent open-air drying is employed instead of continuous drying.
Minimizing thermal stress also increased the rehydration capability of
desiccated material by 22.15 % and decreased product shrinkage by 12
%. Momenzadeh et al. [160] examined green peas’ drying characteris-
tics in a fluidized bed dryer assisted by microwaves, with varying levels
of microwave energy and drying air temperature. As demonstrated by
the study, the addition of microwave radiation reduced the drying time
by as much as 78.8 %.

Microwave drying

The drying chamber functions as a containment structure for the
material undergoing drying, enabling the efficient transmission of mi-
crowave energy to remove moisture and attain the intended degree of
dryness. Previous research has innovatively developed many improve-
ments to the microwave drying chamber, bringing its performance to
new heights via a variety of adjustments. Lv et al. [165] demonstrate a
substantial enhancement in the drying efficiency and quality of apple
slices by implementing ultrasound-assisted techniques within the drying
chamber of microwave drying. This is accomplished by increasing the
rate of moisture migration, which decreases the dielectric constant,
improves uniformity, and expedites the drying process. Next, Shen et al.
[166] applied the continuous drying concept to the microwave drying
chamber. The findings reveal that the consistent motion of the grain
layer along a conveyor belt in the continuous microwave dryer suc-
cessfully mitigates the excessive absorption of microwave energy,
thereby ensuring a relatively uniform temperature and moisture content
distribution.

Guo et al. [167] employed a self-developed pilot-scale microwave
dryer to compost dewatered sewage sludge mechanically. The micro-
wave chamber operates in constant temperature and voltage conditions.
The microwave output power, starting mass, as well as heating mode
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were employed to investigate the microwave drying performance. Spe-
cific energy consumption, energy efficiency, and drying efficiency were
greatly influenced by the output power, with constant temperature and
starting mass following in that order. The energy consumption of me-
chanically dewatered sewage sediment was reduced by 14 %. The
average drying rate increased by 6 % and energy efficiency by 20 % for
every 1 kW increase in output power. A 3 kW composter dried dewa-
tered sewage sludge over 80 °C. In terms of operational safety and
product quality, the constant temperature mode outperformed the
constant power mode. Optimizing material load in microwave drying
chambers can boost efficiency and energy consumption, according to
Soysal et al. [168]. The research indicated that increasing the material
load in microwave-drying parsley leaves increased drying efficiency by
9.5 % and decreased specific energy consumption by 18 %.

Freeze drying

Freeze drying is ideal for preserving biological materials and is a
standard for a high-quality drying process. By sublimating water from
solid to vapor without a liquid phase, much of the raw material’s
appearance, shape, taste, color, and flavor is preserved [169]. The
freeze-drying chamber creates a controlled atmosphere with low pres-
sure and temperature for sublimation. Previous research has resulted in
enhancements such as heat transfer enhancement technology [170] for
greater energy efficiency and upgraded monitoring systems [171,172]
for precise management of the drying process. Piechnik et al. [170]
concentrated on creating a three-dimensional coupled Computational
Fluid Dynamics (CFD) model for small-scale freeze-dryers with an in-
tegrated freeze-drying chamber and ice trap to predict and reduce
freezing time. The CFD model was created and verified to improve the
form of the freeze-dryer unit, resulting in a 50 % reduction in freezing
time over the reference design. Freezing time improvements automati-
cally minimize energy use and match customer demand for high-quality,
minimally processed, preservative-free food.

Lietta et al. [172] examined using an infrared (IR) camera as a
monitoring tool during the freeze-drying of medicinal items. IR camera
positioned inside the drying chamber monitors vial temperature to es-
timate the primary drying finishing point, heat transfer coefficient to
product, and dried product vapor flux resistance. The findings demon-
strate that the IR camera is a reliable process analytical device for freeze-
drying since its readings are comparable to those of thermocouples.

Infrared drying

Infrared drying operates by converting the energy of the infrared
radiation that enters the material into heat, resulting in a more uniform
removal of water [173]. The drying chamber utilized in infrared drying
enables the precise administration of infrared radiation to effectively
eliminate moisture from substances, guaranteeing consistent drying and
enhanced processing parameters. Prior investigations have explored
various approaches to improve the effectiveness of drying chambers
utilized in infrared drying.

Zhang et al. [174] sought to create an effective drying process for
poria cubes, a traditional herb known for its health advantages. The
authors used air impingement and infrared drying in the chamber.
Comparisons include drying kinetics, product quality, and energy use.
This research found that IR-AID decreased drying time by 46.3 % and
used the least energy (1.38 MJ/kg). This shows that infrared-assisted air
impingement drying has the lowest drying time, energy usage, and
greatest quality. Ozdemir et al. [175] used artificial neural networks
(ANNGs) to anticipate sliced kiwifruit’s energy consumption and drying
kinetics by combining the incoming air with the air from a heat recovery
unit. This prediction was made at various drying temperatures. An in-
crease in temperature from 40 °C to 55 °C reduced drying time by 51 %.
The obtained energy efficiency ratings ranged from 2.85 % to 32.17 %.
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Hybrid drying

Using hybrid drying techniques in the drying chamber is also a smart
initiative to produce better-quality products. Additionally, the use of
hybrid techniques for drying inside the drying chamber is a strategic
endeavor that is a sensible move to generate products of higher quality
[176]. Chojnacka et al. [15] stated that hybrid technologies can achieve
energy savings of up to 80 %. Researchers have studied several combi-
nations of drying methods to improve the drying system performance.
Sivakumar et al. [177] address the benefits of heat pump technology in
agricultural fluidized bed drying (FBD). Heat pump-assisted inside the
FBD chamber are 2-3 times more energy efficient than traditional
methods, depending on the product’s drying characteristics.

Wei et al. [178] used a combination of hot air drying (HAD) with
low-power intermittent microwave vacuum drying (LPIMVD) and high-
power intermittent microwave vacuum drying (HPIMVD) inside the
chamber to dehydrate the taro slices. The study revealed that
microwave-only drying exhibited the maximum drying rate but with the
lowest drying uniformity. Conversely, the combination of heat-assisted
drying (HAD) and microwave drying demonstrated enhanced unifor-
mity and better quality of the dried items. The taro slices that were dried
using HAD HPIMVD LPIMVD exhibited a significant decrease of 62.5 %
in drying time compared to the IMVD with the HAD method.

The design and performance evaluation of a cabinet hybrid shrimp
drying chamber, which incorporates solar energy and an auxiliary
infrared source, was reported by Abedini et al. [179] as illustrated in
Fig. S1 (Supplementary material; Fig. S1). In order to compare and
evaluate the drying time, received energy, drying effectiveness, and
appearance of dried shrimp, the study employs a variety of pre-
treatments and drying methods. Dried shrimp meat dries most effec-
tively and appears its finest when pre-treated with simmering in a 2 %
(w/v) water-salt solution, according to the results of the hybrid drying
method. At this capacity, the drying device is estimated to have an ef-
ficiency rating of 16.37 % and a capacity of 2500 g. As an auxiliary
source, the infrared lamp substantially affects the drying procedure and
the ultimate quality of the dried crustaceans.

Jiang et al. [125] discovered pulse-spouted microwave freeze-drying
(PSMFD). An electromagnetic valve periodically introduces air into the
drying chamber, enabling pressure to fluctuate. The airflow rate is
manually managed to maintain pressure variation in the drying chamber
from 0.080 kPa to 1.2 kPa during the spout duration and a recovery time
of fewer than 30 s. This dynamic air input modulation improves drying
and product quality. Anum et al. [180] tested a novel hybrid sun dryer
for drying onion, ginger, and cabbage in Pakistani climates. The dryer
reduced product moisture using solar energy during the day and a
backup source at night, achieving an average efficiency of 42.79 %,
reducing postharvest losses and increasing growers’ net income.

Summary and discussion

An extensive number of studies have been done in this field, and
specific issues still need to be researched since some gaps hinder the
development of this technology from being widely used. Due to that,
enhancements must be made to the drying system’s energy efficiency
and performance parameters to facilitate an effective drying process.
Studies conducted in the past have shown that the hybrid drying method
is the most promising strategy among the several available methods.
However, none of the papers reviewed addressed the issue of increasing
heat transfer between the surrounding environment and dried materials
and uniform airflow and temperature distribution across the chamber by
enhancing the heat source, modifying the surrounding environment, and
adding a directional nozzle and jet impingement.

Table 3 summarises references to drying chamber enhancement
techniques with different drying technologies. Fig. 8 shows some of the
chosen benchmarks’ resulting performance characteristics (Fig. 8a for
the drying efficiencies and drying durations, while Fig. 8b for the
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Table 3
Summary of related past research on enhancing drying chambers in diverse drying technologies.
Authors [Ref] Analytical Drying technologies Enhancement strategies Dried products Locations  Yrs
methods
Soysal et al. [168] Experimental Microwave drying Modifying the material load to optimize the performance  Parsley leaves Turkey 2006
of the drying chamber.
Momenzadeh et al. Experimental Fluidized bed drying Microwave drying technology was used in the chamberto ~ Green pea Iran 2012
[181] assist the drying process.
Philippe Eliaers and Experimental Fluidized bed drying Developed a revolving fluidized bed in static geometry Beechwood Belgium 2013
Juray De Wilde using a vortex chamber. particles
[163]
Jiang et al. [125] Experimental Hybrid drying Combined microwave, freeze, and spouted bed drying in ~ Bananas China 2015
(microwave freeze drying)  the drying chamber.
Anum et al. [180] Experimental Hybrid drying (solar A hybrid dryer with solar energy and a gas-powered Ginger, onion, Pakistan 2016
drying with gas-fired) source was used. cabbage
Aktas et al. [140] Experimental Heat pump drying Used a cylindrical form of drying chamber with the heat ~ Mint leaves Turkey 2017
recovery unit
Ozdemir et al. [175] Experimental Infrared drying Incoming air is combined with heat recovery unit air into ~ Kiwifruit Turkey 2017
the drying chamber and predicted using artificial neural
networks (ANNSs).
Wei et al. [178] Experimental Hybrid drying (hot air Combined hot air drying (HAD) with low- and high- Taro slices China 2018
drying with microwave power intermittent microwave vacuum drying (LPIMVD
drying) and HPIMVD) inside the chamber.
Zhang et al. [130] Experimental Vacuum drying It included infrared technology within a pulsed vacuum Goji berries and China 2019
chamber. grape
Lvetal. [165] Experimental Microwave drying Implemented ultrasound-assisted techniques in the Apple slices China 2019
drying chamber.
Lietta et al. [172] Experimental Freeze drying Installed an infrared camera inside the drying chamber to Italy 2019
monitor the temperature of the vials.
Tuncer et al. [93] Experimental and Solar drying Developed a unique convex-type solar absorber drying Sewage sludge Turkey 2020
numerical chamber
Khanlari et al. [150] Experimental and Solar drying The drying chamber design includes a transparent cover ~ Sewage sludge Turkey 2020
numerical to facilitate direct solar radiation.
Babu et al. [154] Experimental Heat pump drying A batch drying chamber with many trays enables thin- Edible leaves India 2020
layer drying of delicate, heat-sensitive food products like
edible leaves.
Singh et al. [155] Experimental Heat pump drying A convective batch dryer with air recirculation control Banana and India 2020
and enhanced tray design for optimal performance. potato chips
Suryanto et al. [157] Experimental Vacuum drying The vacuum dryer is equipped with a steam ejector Cocoa and Indonesia 2020
coffee beans
Langrish et al. [160] Numerical Spray drying Developed a novel geometry and airflow of the spray Australia 2020
drying chamber.
Sheng et al. [166] Experimental and Microwave drying Implemented the notion of continuous drying into the Germinated China 2020
numerical microwave drying chamber application. brown rice
Olejnik et al. [121] Numerical Heat pump drying Modified drying chamber with a rotating disc Beef jerky Poland 2021
Guo et al. [167] Experimental Microwave drying The dryer uses a self-developed pilot scale to dry Sewage sludge China 2021
mechanically and compost dewatered sewage sludge.
Zhang et al. [174] Experimental Infrared drying Utilized air impingement and infrared drying within the =~ Poria Cocos China 2021
chamber. (China root)
Liu et al. [158] Experimental Vacuum drying The vacuum drying chamber has a far-infrared radiation =~ Blueberries China 2022
heating element, pressure sensor, and weighing sensor.
Majumder et al. [164] Experimental and Fluidized bed drying The fluidized bed dryer is facilitated by solar energy Ginger India 2022
numerical technology and is connected to a liquid desiccant
dehumidifier.
Abedini et al. Experimental Hybrid drying (solar The chamber is equipped with solar energy and an Shrimps Iran 2022
[125,179] drying with infrared auxiliary infrared source.
drying)
Nanang Ruhyat [95] Numerical Spray drying Changed the location and the design of the drying Indonesia 2023
chamber’s air inlet.
Patel et al. [108] Experimental Solar drying Four different operational dryer systems Onion slices India 2024
Piechnik et al. [170] Experimental and Freeze drying Implemented an ice trap in the freeze-drying chamber. Potato Poland 2024
numerical

specific energy consumptions and specific moisture extraction rates). It
is noticeable that the drying efficiency varies substantially among the
studies, with values ranging from 36 % to 76 %. The drying time also
exhibits a significant range, with the longest being 532 min and the
shortest being 19 min. Furthermore, it can be shown that the SMER
parameters reached the greatest SMER of 5.37 kg/kWh, suggesting a
highly effective drying process, while other studies recorded SMER
values of less than 1 kg/kWh, indicating inefficient drying. The SEC
values in this comparison vary greatly, from around 1.77 kWh/kg to
4180 kWh/kg. Higher SEC values imply a more energy-intensive drying
process, while lower SEC values represent a more energy-efficient
strategy.
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According to Table 3 and Fig. 8, drying chamber research in drying
technologies continues to be significant for scientists. The fact that the
majority of the research described was published over the past several
decades provides evidence of this. The chosen studies differ significantly
in terms of drying efficiency, drying durations, SEC, and SMER. This
variation is caused by the drying method, materials utilized, the drying
chamber design and system, and the drying process operating condi-
tions. Asian countries constituted the majority of the investigation. The
majority of the research has been undertaken in hot locations or high-
temperature environments. This point can be regarded as crucial since
large drying efforts are predicted in the future. As importantly, these
outcomes highlight the need for further study into improving drying
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Fig. 8. Comparison of performance parameters among past researchers: a) Drying efficiency and drying durations of previous studies; b) SMER and SEC of previ-

ous studies.

chamber designs to improve energy efficiency and food security.
Point of departure

By emphasizing these strategies, researchers can surmount the
challenges identified in prior research and make a meaningful contri-
bution to the ongoing advancement of drying technologies that satisfy
the needs of the food and agriculture industries. During the last several
decades, extensive studies have been conducted about drying chambers
in drying technologies. Previous research has confirmed the significance
of these studies in successfully implementing drying chambers as an
effective means of drying. Nevertheless, the drying chamber is now
undergoing development and exhibits several aspects and deficiencies
that need further investigation. Researchers face many obstacles that
must be addressed in order to build an efficient drying chamber
component. Following an extensive literature review, certain challenges
and hotspots for future research have been identified and listed below:

13

Drying methods requiring a drying chamber are widely employed in
food and agriculture. As a result, further drying studies across
different industries are needed to increase the drying chamber’s
versatility and use.

The design and system of the drying chamber determine the varia-
tion in moisture content removal, temperature, and velocity distri-
butions. Therefore, it is essential to use effective strategies that
provide a consistent distribution of heat transmission throughout the
drying chamber to get a uniform drying rate.

The location and design of the heat source’s inlet and outlet deter-
mine airflow and temperature uniformity. As a result, a study on
numerous inlets and outlets at different places is necessary, espe-
cially on convection drying such as heat pump drying, solar drying,
vacuum drying, spray drying, and fluidized bed drying to provide a
consistent spreading of heat energy and enhanced drying uniformity.
A highly effective heating and ventilation system in the drying
chamber is required to optimize performance parameters, including
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drying efficiency, drying times, SEC, SMER, and system energy
efficiency.

Enhancing the effectiveness of the heat source, optimizing the
environment around the drying chamber, incorporating jet
impingement technology into the drying chamber, and adding a
directed nozzle are some further enhancement strategies that can be
used.

Obtaining an efficient drying process while maintaining the quality
of the dried materials can be challenging, especially when certain
products have specific operational parameters. Hence, implementing
an advanced monitoring system is important to get accurate results
for an effective drying procedure that provides high-quality dried
products.

Radiation modes of drying chambers such as microwave, infrared,
and solar dryers offer faster and more uniform drying than other
technologies. Thus, further research should be done on hybrid dry-
ing, which combines radiation mode dryers with various testing on
food and agricultural products in the chamber to provide a wide
range of alternate drying methods.

e A significant number of studies have been conducted on the subject
of hybrid drying technologies. Still, it has yet to be shown how these
technologies would affect the economy or the environment. This
could be critical since these technologies need detailed feasibility
studies before being adopted in real-world applications.

The benefit of integrating renewable energy technology with various
drying technologies has not been studied. Thus, conducting more
research towards fulfilling the SDGs, fostering net zero emissions,
and contributing to environmental sustainability is crucial.

There is a substantial difference in the performance parameter values
shown in previous investigations of drying chambers using various
drying methods. Exploring the key findings from these variations
among different technologies can offer valuable insights into their
strengths and limits.

Conclusion

The drying chamber is utilized in drying technologies to conduct the
drying process. This review examines various drying chamber designs
created over the past forty years, focusing primarily on their perfor-
mance. The discussion encompassed the performance metrics,
enhancing strategies, heat transfer mechanisms, applications, limita-
tions, and potential areas for future research on the drying system. The
reviews were categorized into solar drying, heat pump drying, vacuum
drying, spray drying, fluidized bed drying, microwave drying, freeze
drying, infrared drying, and hybrid drying. During the previous few
decades, the emphasis has been on novel techniques, designs, and the
incorporation of advanced technologies into drying chambers. We found
that the hybrid drying technique is the most promising strategy for
improvement. The study showed many comparisons based on perfor-
mance criteria, including drying efficiencies, drying durations, SMER,
and SEC, along with significant findings. Besides that, the researchers’
findings and work have been evaluated. The research in the literature
was compared to the drying chamber’s ability to improve the perfor-
mance of the drying technology used. A critical evaluation was con-
ducted to identify the shortcomings in the research, and many aspects
have been emphasized for researchers to consider in their future work
and potential enhancements. Based on the above assessment, we pro-
pose adopting the following solutions to resolve the identified concerns:
improving the heat source, adjusting the environmental conditions,
applying jet impingement, and adding a directed nozzle to achieve
better drying. Next, it is recommended that the monitoring system for
drying be improved, economic and environmental impact analysis per-
formed, and renewable energy technology for long-term sustainability
integrated.
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