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Abstract: Drying is a key unit operation in industrial processes, yet it is inherently energy-intensive, particularly
when conventional technologies are employed. Solar dryers have emerged as sustainable alternatives due to their
reduced dependence on fossil fuels and lower environmental impact. However, improving their performance re-
quires a rigorous thermodynamic assessment, for which exergy analysis provides a more comprehensive frame-
work by accounting for both energy quality and process irreversibilities. Despite its potential, the application of
exergy analysis to solar drying systems remains inconsistent in the literature, with significant variations in defini-
tions, assumptions, and formulations adopted. This lack of standardization compromises the reliability and compa-
rability of reported performance indicators. In this study, the formulations commonly used in the exergy analysis
of solar dryers are systematically reviewed and critically evaluated. The results indicate that the widespread use
of outlet air exergy in the calculation of exergy efficiency may not adequately represent the useful energy associ-
ated with the drying process. A more physically consistent approach is obtained by considering useful energy in
terms of sensible and latent heat transfer, as well as by incorporating formulations derived from radiation theory
that account for material absorptance and transmittance. Furthermore, practical recommendations are proposed
to improve the accuracy of exergy-based evaluations, including continuous monitoring of product temperature and
mass, and modeling the drying agent as a mixture of dry air and water vapor. These findings contribute to the
development of a more consistent framework for the thermodynamic assessment and comparison of solar drying
systems.
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1. Introduction

Drying is a fundamental unit operation in industrial and agricultural systems, playing a critical role in both
product preservation and energy applications. In particular, the use of dried biomass is essential for thermochemi-
cal conversion processes, where reduced moisture content enhances fuel quality and overall process efficiency [1].
Biomass drying is also relevant for biochemical pathways, such as bioethanol production via fermentation [2]. Fur-
thermore, moisture removal is a key factor in extending shelf life by limiting microbial activity and degradation
mechanisms [3].

Despite its importance, drying is one of the most energy-intensive operations across industrial sectors. In
the food industry alone, it accounts for approximately 25% of total energy consumption [4]. Conventional drying
technologies, including microwave, fluidized bed, freeze, and infrared systems, contribute significantly to this high
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demand [5]. Given the continued reliance of the global energy matrix on fossil fuels, such demand translates into
significant environmental burdens, particularly in terms of greenhouse gas emissions [4].

In this context, solar drying technologies have emerged as promising alternatives due to their potential to uti-
lize renewable energy. These systems are particularly attractive for decentralized applications and remote regions
with limited access to electricity [6]. In addition to their sustainability advantages, solar dryers exhibit consider-
able design flexibility, encompassing configurations such as greenhouse, direct, indirect, mixed-mode, and hybrid
systems [7-9]. Depending on the design, solar dryers may operate with forced (active) or natural (passive) airflow.

Hybrid solar dryers offer enhanced operational reliability and flexibility by incorporating supplementary en-
ergy sources such as electric heaters, biomass combustion systems, liquefied petroleum gas (LPG), and infrared
emitters [10]. This integration allows for process continuity during periods of low solar irradiance, and nighttime
operation. Moreover, the coupling of auxiliary energy systems with control strategies enables improved regulation
of drying conditions, contributing to more stable and efficient performance.

From a thermodynamic perspective, improving the performance of solar drying systems requires not only re-
ducing energy consumption but also enhancing the portion of energy that can be effectively converted into work. In
this regard, exergy analysis provides a rigorous framework for quantifying irreversibilities and identifying sources
of thermodynamic inefficiency [11], thus contributing to mitigate entropy generation and environmental impacts.

Unlike conventional energy analysis, exergy-based approaches enable a more realistic assessment of system
performance by accounting for the quality of energy flows. In addition, exergy analysis supports the development
of sustainability indicators, such as the sustainability index (SI) and the exergy improvement factor (EIF), which
offer further insight into the environmental and thermodynamic behavior of drying systems [12].

Notwithstanding its recognized potential, the application of exergy analysis to solar dryers is characterized by
inconsistencies in the literature. Significant discrepancies exist in the formulation of exergy balances, the adopted
assumptions, and the definition of performance indicators. These inconsistencies compromise the comparability
of results and may lead to divergent interpretations of system performance.

A notable example concerns the evaluation of the exergy associated with the drying air stream. While some
studies consider the drying agent as dry air [13-15], others treat it as a humid air mixture composed of dry air and
water vapor [16-18]. Such differences in thermodynamic modeling directly affect the calculation of exergy flows
and, consequently, the derived performance indicators. The lack of a standardized framework thus represents a
critical gap in the literature.

In light of these challenges, this study presents a comprehensive and critical review of exergy-based perfor-
mance evaluation in solar drying systems. The formulations employed in exergy balance equations are system-
atically examined, with emphasis on the definition of performance metrics and the assumptions underlying the
estimation of useful exergy. The implications of alternative approaches are analyzed to establish a more consistent
and reliable basis for the thermodynamic assessment and comparison of solar dryers.

2. Hybrid, Active and Indirect Solar Dryers

Active and indirect solar dryers typically consist of three main components: a solar collector for heating the air,
afanto provide forced airflow, and a drying chamber where the material is processed. The solar collector is installed
at a specific tilt angle to maximize solar radiation absorption throughout the year, considering the geographical
latitude of the installation site [19]. A schematic representation of an indirect solar dryer, based on the system
investigated by Andrade [20], is shown in Figure 1.

In this configuration, solar radiation (1) passes through the transparent glass cover (2) and reaches the ab-
sorber plate (4), which may be flat, corrugated, or equipped with baffles. Corrugated surfaces or the inclusion of
baffles increase the effective heat transfer area and promote airflow turbulence, thereby enhancing convective heat
transfer to the working fluid [21-23].

The absorber plate is commonly made of aluminum or other material with high absorptivity and emissivity, it
is typically coated with black paint to maximize solar energy absorption. Depending on the design, the plate may be
located at the base of the collector, where airflow occurs over its surface, or centrally positioned within the collector
enclosure, allowing air to be heated on both sides. The heated air is subsequently directed into the drying chamber;,
where it transfers heat and removes moisture from the product (11) by convection [24].
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Figure 1. Schematic view of hybrid solar dryer. @ Solar radiation incident on the collector, @ Transparent glass
cover, ® Fresh air inlet, @ Absorber plate, ® Hot air outlet from collector, ® Fan, ? Hot air inlet in chamber, @ Solar
radiation incident on the chamber, ® Infrared lamp, @ Transparent glass cover of chamber, @ Biomass tray, @ Warm
and humid air exhaust.

In forced convection systems, air circulation is typically achieved using a fan (6) or a blower. Lower airflow
rates generally lead to higher air temperatures in the collector, while also enabling more compact system designs
and reduced costs [25].

Depending on the design, a supplementary heating system may also be included, such as ohmic resistances or
an infrared radiation source (9), among others. This results in what are referred to as hybrid dryers.

Depending on the system configuration, supplementary heating sources may be incorporated, such as electrical
resistances or infrared radiation emitters (9), resulting in hybrid dryer configurations. These systems are designed
to enhance drying rates and ensure continuous operation during periods of low solar radiation [26].

In addition, mixed-mode drying systems can be employed, in which the biomass (11) is heated both by convec-
tion from the drying air and by direct solar radiation (8) transmitted through a transparent cover (10).

3. Solar Dryer Performance Based on Exergy Analysis

The performance of solar dryers can be more comprehensively assessed by considering exergy, a thermody-
namic property that accounts for both the quantity and quality of energy. In many studies, performance evaluation
is restricted to conventional energy analysis, which neglects the degradation of energy during the process. Exergy
analysis overcomes this limitation by explicitly quantifying irreversibilities and the useful work potential of the
system.

The total exergy (Ex) of a system can be expressed as the sum of several contributions, including internal
energy, entropy, work interactions, kinetic and potential energies, and chemical energy [19,27,28]:

2
EX=(U—UO)—TO(S—SO)+PO(V—V0)+V(P—PO)+mv7 +mg(z—zo)+2(yi—yi_o)ni+... (1)

where U is the internal energy (]), S is the entropy (J-K™1), T, is the ambient (reference) temperature (K), P is the
system pressure (Pa), V is the total volume (m3), m is the mass (kg), v is the velocity (m-s™1), g is the gravitational
acceleration (m-s™2), and z is the elevation (m). The terms y; and n; represent the chemical potential (J-mol™!) and
the number of moles (mol) of species i, respectively. Subscript “0” denotes properties evaluated at the reference
(dead) state.
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For a given system, the contribution of each term must be evaluated according to the level of detail required. In
practical applications, certain terms—such as kinetic and potential exergy—are often negligible and can be omitted
without significant loss of accuracy [29]. Furthermore, the internal energy and flow work terms are frequently
combined into the enthalpy (H) term for convenience [19].

Exergy establishes a relationship between the amount of useful energy (or work) extracted and the total useful
energy supplied by a given source. The portion of energy that is not converted into useful work within a system is
associated with process irreversibilities and is defined as exergy destruction. The evaluation of these quantities is
based on the exergy balance applied to a control volume, which can be written in rate form as [30]:

EX,in - EX,out - EX,destr = dEX/dt (2)

where the inlet (E x.in)and outlet (E xout) Fates account for exergy transfer by heat, mass flow, and work interactions.
EX,destr is the rate of destroyed exergy, and dEy /dt represents the rate of exergy accumulation.

In solar drying systems, exergy transfer is primarily associated with heat and mass interactions. The follow-
ing section focuses on these mechanisms, with emphasis on their role in the thermodynamic evaluation of drying
performance.

3.1. Exergy Transfer by Heat

In solar drying systems, exergy transfer by heat occurs primarily in the solar collector due to direct exposure
to solar radiation. It may also occur in the drying chamber, through direct solar absorption (e.g., in mixed-mode or
greenhouse dryers) or auxiliary heating sources such as infrared (IR) emitters.

The exergy transfer associated with heat interactions (E X heat) IS commonly evaluated using:

. To
EX,heat =[1--—]q (3)

Ts
where q is the heat transfer rate, T is the reference temperature, and Ty is the source temperature. This formula-
tion is widely applied to conduction and convection processes [31] and is frequently used to estimate the exergy
associated with moisture evaporation from the product (Ex,ev) [16,32,33]. In such cases, it is expressed as:

. T,
EX,ev =(1- T_ €ev (4)
14

where T, is the product temperature and e,,, denotes the rate of energy required for moisture evaporation, typically
calculated from the latent heat of vaporization and the rate of water removal.

This same formulation has also been extended to quantify exergy transfer due to incident solar radiation
(EX,solar):

To

EX,solar = [1 - F] qsolar (5)
s

However, its application in this context raises important conceptual and methodological issues.

First, the solar temperature (T;) is often inconsistently defined or not reported. Reported values range from
4,350 K to 6,000 K [16,33-37], introducing significant variability and limiting the comparability of exergy-based
performance indicators.

Second, different formulations are used to estimate the incident solar energy rate (gsy;4,-)- The simplest ap-
proach assumes [38-40]:

Gsotar = Acl (6)

where [ is the solarirradiance and A, is the collector area. A more physically representative expression incorporates
optical properties [18,33,35]:

Gsotar = TaA.l (7)
where T and «a are the transmittance and absorptance, respectively. Neglecting these parameters leads to an over-
estimation of the effective energy input and, consequently, of exergy efficiency.
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More fundamentally, the use of the previous heat-based formulation for solar radiation is theoretically incon-
sistent. The term (1 — T, /Ty), originally proposed by Jeter [41], is analogous to a Carnot efficiency factor and as-
sumes heat transfer between two reservoirs in direct thermal contact [31]. This assumption is not valid for radiative
transfer from the sun, where energy is transmitted through electromagnetic radiation rather than through a clas-
sical thermal interaction. As a result, the application of this expression to solar radiation may lead to significant
deviations from the actual exergy content.

To address this limitation, several studies [40,42] adopt an alternative formulation derived from radiation

theory (Petela model) [43]:
. 4(Ty\ 1/(T,\"
EX,solar= 1_§ F +§ F
N N

This expression more accurately represents the exergy of thermal radiation and is therefore more appropriate
for solar-driven processes. Nevertheless, similar inconsistencies persist regarding the choice and reporting of T,
which remains a critical source of uncertainty.

In hybrid solar dryers, analogous formulations are also applied to artificial infrared radiation sources. In this
case, the exergy of absorbed radiation (E'X,,Rlabs] is commonly expressed using a quality factor [44]:

Qsolar (8)

EX,IR,abs =p- qiR,abs 9

where the quality factor § accounts for the thermodynamic quality of radiation:

4
4 T, 1 T
=1 Ze02s( 20 ) 4 S m1 20
B [ 3€IR Tin 351R Tir

The absorbed radiation q,p 455 is obtained from an energy balance within the drying chamber, accounting for
incident, reflected, emitted, and transmitted components:

(10)

4dir,abs = 9irrad — iRref — qIR,emit — qiRtrans (11)

Its estimation can be further refined using radiation network analysis, which considers the geometric and
radiative interactions between the infrared source, chamber walls, and product surface [31,44,45]:

o (T —T)
Qirabs = T—¢4 1 T-¢, (12)

AIREIR 1 ( 1 )
+ +(1/ApFp—
AIRFIR-p | \AIRFIR-DC (1/4pFp-pc)

Each of the radiation components is illustrated in Figure 2.
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Figure 2. Artificial infrared radiation components in the drying chamber.
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Tables 1 and 2 summarize studies that have applied Equations (5) and (8), respectively, to evaluate exergy
transfer due to solar radiation.

Table 1. Studies employing Equation (5) for calculating exergy transfer due to solar radiation exposure.

Expression of g4, in

Authors Sun Temperature Equation (5) Dryer Type

Hatami et al. [35] 4,350 K Equation (7) Indirect

Ndukwu et al. [37] 4,350 K Equation (7) Hybrid with auxiliary biomass furnace

Suherman et al. [40] Not informed Equation (6) Hybrid with auxiliary biomass furnace

Bhardwaj et al. [46] 4,500 K Equation (7) Hybrid with auxiliary source: Phase Change Material (PCM)
Mugi and Chandramohan [36] 6,000 K Equation (7) Indirect

Arslan [27] 5777K Equation (6) Hybrid with auxiliary artificial infrared (IR) heating

Gilago et al. [14] Not informed Equation (7) Indirect

Aghdam etal. [47] 6,000 K Equation (6) Indirect

Anuma et al. [48] Not informed Equation (7) Direct (Greenhouse dryer)

Aqib etal. [39] Not informed Equation (6) Hybrid with auxiliary sensible heat storage

Brahma et al. [49] 6,000 K Equation (7) Hybrid with auxiliary source: Phase Change Material (PCM)
Dutta et al. [13] 6,000 K Equation (7) Indirect

Ekka and Muthukumar [33] 4,500 K Equation (7) Mixed

Yazici and Kose [50] Not informed Equation (7) Hybrid with auxiliary geothermal energy

Daliran etal. [51] Not informed Equation (7) Direct (Greenhouse dryer)

Dasetal. [52] 5777K Equation (6) Mixed

Deepak and Behura [53] 6,000 K Equation (7) Mixed

Barpatra Gohain et al. [16] Not informed Equation (7) Hybrid with auxiliary biomass furnace

Table 2. Studies employing Equation (8) for calculating exergy transfer due to solar radiation exposure.

Expression of G4

Authors Sun Temperature in Equation (8) Dryer Type

Kiburi et al. [54] Not informed - Hybrid with auxiliary source: biomass furnace

Hadibi et al. [15] 5,600 K Equation (6) Indirect with external PV panel

Heydari [55] 6,000 K Equation (6) Hybrid with auxiliary heating system

Abdelkader et al. [56] 5,600 K Equation (6) Hybrid with auxiliary source: Phase Change Material (PCM)

Malik and Kumar [42] Not informed Equation (6) Mixed

Alktranee et al. [38] Not informed Equation (6) Hybrid with auxiliary source: Phase Change Material (PCM)
*Flores-Prieto et al. [34] 5,600 K Equation (7) Hybrid with auxiliary source: water solar collector and electrical heater

Note: *This author employs a variation of Equation (1) in which a geometric factor is included.

3.2. Exergy Transfer by Mass Flow
Among the terms in the general exergy definition, Equation (1), the thermomechanical contribution is typically
approximated by considering internal energy, flow work, and entropy [28]:

By replacing the first two components with the corresponding enthalpies, H and Hy,, the equation is reduced
to:
EX:H_HO_TO(S_SO) (14)

Assuming ideal-gas behavior for the drying air and expressing enthalpy as a function of temperature, the spe-
cific exergy (ey ) can be written as [30]:

T P
exf = Cpa (T —Tp) — T [cp_aln <T_o) — R, ln (P_())] (15)
Accordingly, the exergy rate associated with a mass flow stream (£, x,f) is given by [34]:
: ; T P
Exy=mg{Cpq (T —To) — Ty [cpaln N R,ln 7 (16)
0 0

where ¢, 4 is the specific heat of dry air at constant pressure, 1, is the airflow rate, and R, is the specific gas
constant for dry air.
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In most solar drying applications, pressure variations relative to the reference state are negligible [49]. Under
this assumption, the expression simplifies to:

Exs=mg |cpa(T —To) — ToCpaln <T10> ] (17)

This simplified formulation is widely used to evaluate exergy transfer at the solar collector outlet and drying
chamber boundaries. Among the 25 studies listed in Tables 1 and 2, 18 employed Equation (17). However, it relies
on a key assumption: the drying agent is treated as dry air with negligible humidity [33]. While this approximation
may be acceptable at the collector stage, it becomes increasingly inaccurate within the drying chamber, where the
air is significantly enriched with water vapor.

To address this limitation, some studies [44,57] incorporate the effect of humidity by including water vapor
properties:

. T
Ex s =1g(cpa + Y cp)[(T — To) — Toln (T—0>] (18)

where ¢, ,, is the specific heat of water vapor at constant pressure, and Y is the absolute air humidity. Although this
approach improves the thermodynamic representation of the drying air, it still neglects the contribution of chemical
exergy contained in the flowing fluid [18,33,35]. This exergy is represented by the chemical potentials of the dry

air (u,) and the water vapor (u,,). Thus, for an ideal air-water vapor mixture, the specific molar exergy (e, ) is given
by [29]:

Ex = Xq [Ea - Ea,o - T() (Ea - Ea,o) + Ha — Hap ] + Xy [Ev - ﬁv,o - TO (Ev - E‘U,O) + Uy — Uy ] (19)

where the enthalpy, entropy, and chemical potential terms for each component are determined as presented by
Bejan [58]. The exergy of humid air per kg of dry air (e, r4) is then expressed as:

exrna = (Cpa +Yepy) [(T —Tp) = Toln (Tlo)] + (1 +Y)ReToln (P%) + RyTy [ln (22) 4 yin (y—:%)] (20)

This formulation accounts for both thermomechanical and chemical contributions, thus providing a more rep-
resentative evaluation of exergy transfer in drying systems, particularly in the drying chamber, where mass and
heat transfer processes are strongly coupled. By explicitly accounting for humidity effects and chemical potential,
it reduces the inaccuracies associated with simplified models.

In addition to the exergy of the drying air, some studies [35,59] also evaluate the exergy associated with the
moisture content of the product (Ex ,,). Based on the general exergy expression, the specific exergy of water (e, ,,)
can be written as:

Cxw = hy(T,P) — hw,O (TO'PW,O) = To[sw(T,P) — Sw,0 (TOIPW,O)] (21)

where the reference partial pressure of water vapor (P, o) is defined as:

Yo

Byo = XpoPy = (m)Po (22)

Using approximations for the neighboring saturation state, as performed by Bejan [58], the exergy associated
with the product moisture (Ex ,,) can be expressed as [18]:

Prar (T
Exw = My {[hf(T) — hg (To) | + v (1) [P = Poae(T)] = To [s¢(T) + 59 (To) | + ToR,, In [ﬁ } (23)

where m,, is the mass of evaporated water, x,, o is the molar fraction of water vapor at the reference state, and R,
is the specific gas constant for water vapor. Subscripts “f” and “g” refer to saturated liquid water and water vapor,
respectively.

The inclusion of this exergy provides additional insight into the thermodynamic efficiency of the drying process,
particularly in studies focusing on moisture removal mechanisms.

The widespread use of simplified formulations, particularly those neglecting humidity and chemical exergy,

may lead to significant misinterpretation of system performance.
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3.3. Exergy Efficiency

Although solar drying is inherently a transient process due to the continuous variation of solar radiation and
ambient conditions, the adoption of steady-state assumptions remains a widely accepted approach in exergy anal-
yses of both solar collector and drying chamber. This simplification allows the derivation of tractable formulations
and facilitates the interpretation and comparison of performance indicators across different studies.

In practice, quasi-steady conditions can be assumed over short time intervals during which variations in oper-
ating parameters are relatively small. Under such conditions, instantaneous exergy rates can be evaluated as if the
system were in steady state, providing meaningful insights into the thermodynamic behavior of the process.

Moreover, the steady-state framework enables the identification of dominant sources of irreversibility and sup-
ports the development of generalized performance criteria. Therefore, despite its inherent limitations, the steady-
state assumption constitutes a reasonable and practical approximation for the exergy-based assessment of solar
drying systems.

Under steady-state conditions, the exergy balance for a control volume reduces to:

EX,in - Ex,out - EX,destT =0 (24)

Based on this relation, the exergy efficiency (1, ), is commonly defined as:

E E
77EX — X,out =1— ){,destr (25)

EX,in EX,in

In addition to exergy efficiency, several sustainability indicators [14] have been proposed to assess how the
use of renewable energy in drying affects the environment [33]. Among these, the Sustainability Index (SI), Waste
Energy Ratio (WER), Environmental Impact Factor (EIF), and Improvement Potential (/P) are widely used:

1

Sl = 26
T (26)
E

WER = —2destr 27)

X,in

WER
EIF = (28)

NEy

IP=(1- nEx)EX,destr (29)

These indicators provide complementary information on system performance, linking exergy destruction to
environmental impact and improvement potential. For example, higher SI values are associated with systems ex-
hibiting higher g, , which results in lower entropy generation and, consequently, a reduced environmental impact.
On the other hand, low values are desired for both WER and EIF indicators, since their formulations directly account
for the exergy that is not utilized in the process and is therefore released into the environment [51,60].

The Improvement Potential (IP) assesses the extent to which the process can be improved by reducing de-
stroyed exergy—and, consequently, irreversibilities [33]. Lower IP values indicate that the energy supplied to the
process is being used more efficiently.

The following subsection presents formulations for the exergy efficiency of solar collectors and drying cham-
bers commonly found in the literature.

3.3.1. Exergy Efficiency in Solar Collectors

In solar collectors, exergy efficiency (ng, ) reflects the ability to convert incident solar radiation into useful
exergy carried by the airflow. Thus, the higher the g, , the greater the amount of useful exergy effectively applied
for heating the drying agent. Several studies [33,36,53] have adopted the same definition of exergy efficiency for
the solar collector:

. Tco
man,a [(Tco - Tci) - Toln (T_a)]

[1 - ?] -talA,

NEx: = (30)
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In this formulation, the exergy transferred due to solar radiation is based on a Carnot-type factor and incorpo-
rates optical properties, while the air-stream exergy is evaluated using the thermomechanical contributions based
on ideal gas assumptions.

Mugi and Chandramohan [36] investigated both passive and active drying of guava slices in an indirect solar
dryer. A higher average exergy efficiency of the collector was reported under active mode (3.74%) compared to
passive mode (2.39%).

Deepak and Behura [53] used a mixed-mode solar dryer operating with either natural (NC) or forced (FC) air
convection for drying tomato slices, obtaining relatively similar exergy efficiency values of 12.28% (FC mode) and
12.55% (NC mode).

Ekka and Muthukumar [33] evaluated thin layer drying of fig under forced air convection in a mixed-mode solar
dryer equipped with two double-pass solar collectors connected in series. Despite the increase in exergy efficiency
with air mass flow rate, the overall performance remained low, with maximum average values of 4.7% and 3.7% for
collectors 1 and 2, respectively.

Ideally, the exergy supplied by solar radiation should be entirely transferred to the working fluid. However,
reported values are typically low (often below 15%), indicating significant irreversibilities associated with heat
losses, optical inefficiencies, and thermal resistance effects. Based on this, aspects related to process variables,
equipment design, and other factors may be reconsidered in order to achieve a higher level of exergy utilization.

3.3.2. Exergy Efficiency in Drying Chambers

Existing formulations of exergy efficiency for drying chambers (g, ,) vary significantly. Most studies define
efficiency based on inlet and outlet airflow exergy:

EX.f,d
rIEX‘d = E 0 (3 1)
X.f.di

From this relation, Ekka and Muthukumar [33] and Deepak and Behura [53] employed the same formulation
for evaluating the exergy performance of mixed-mode solar dryers:

taCpa | (Tao = To) = Toln (22|

14 Cpa [(le- —Ty) — Toln (T"“')] + [1 - ;—"] tlAg

To

T’E'X'd = (32)

where the inlet term includes the exergy rate carried by the air heated in the collector as well as the exergy transfer
associated with solar radiation incident on the drying chamber. The outlet term corresponds to the thermomechan-
ical exergy of the air leaving the chamber.

A similar approach was adopted by Mugi and Chandramohan [36] in the evaluation of an indirect solar dryer.
However, in their formulation, the exergy associated with the solar radiation incident on the chamber was not
considered. A higher average exergy efficiency was observed in passive mode (57.03%) compared to active mode
(50.92%). The corresponding improvement potential (IP) was lower in natural convection mode (4.22 W) than in
forced convection mode (5.84 W), while the waste energy ratio (WER) values were 0.438 and 0.481, respectively.
These results were attributed to the lower drying chamber temperatures observed at higher airflow rates under
forced convection, which reduced the effectiveness of energy utilization during the drying process.

Deepak and Behura [53] reported average exergy efficiencies of 34.3% and 11.71% under forced and natural
convection, respectively. The higher exergy destruction observed under natural convection resulted in a greater
improvement potential (IP), with average values of 66.76 W compared to 50.36 W under forced convection.

Ekka and Muthukumar [33] observed that the exergy efficiency of the drying chamber increased with higher
air mass flow rates, ranging from 18.8% to 41.4%.

Such results highlight the sensitivity of exergy-based performance indicators to airflow conditions and heat
transfer characteristics within the drying chamber.

Sevik et al. [44] employed a hybrid solar dryer equipped with a double-pass solar collector for drying apple
and mint slices. The supplementary energy was provided by infrared (IR) lamps. In their exergy analysis, the
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formulation accounted for both the presence of water vapor in the airflow and the exergy associated with IR heating
within the drying chamber:

) Ty
ma(Cp,a + Ydon,v) [(Tdo - TO) - Toln (T_Oo>]
nEX'd = (33)

. Tai .
mg (Cp,a + YdiCp,v) [(Tdi - TO) - Toln (T_Ol>] + EX,IR,abs

where,

4
1 _ T(
+§q1(ﬁi)]aﬁﬂ—ﬂf)

Ex irabs = T-¢r 1 I-g, (34)
AIREIR 1 ( 1 ) Ape
+ +(1/ApFy— PP
AIRFIR-p ) \AIRFIR-DC (1/4pFp-pc)

The values of 7, , for apple and mint drying were 59.1% and 49.2%, respectively.

Rather than analyzing exergy efficiency results, a critical discussion of the approaches adopted in the cited
studies is presented.

Conventional definitions based solely on air-stream exergy present a conceptual limitation. In drying pro-
cesses, the objective is not to preserve exergy in the airflow, but rather to transfer it for moisture removal and
product heating. Consequently, focusing exclusively on the air stream leads to an assessment of exergy conserva-
tion rather than exergy utilization.

This approach effectively quantifies the fraction of exergy remaining in the air after the drying process, rather
than the fraction that has been usefully employed.

A more physically consistent evaluation can be obtained by defining the useful exergy as the portion effectively
utilized in the drying process. Thus, the drying exergy efficiency can be expressed as:

nEX‘d _ EX,LnE .EX,out (35)
X,in
This formulation represents the fraction of supplied exergy that is effectively consumed within the drying pro-
cess. However, it should be noted that this term includes both useful exergy and irreversibilities. Therefore, a more
rigorous definition should explicitly account for the exergy associated with drying.
Malik and Kumar [42] defined the exergy associated with moisture evaporation as the useful exergy, while the
exergy associated with solar radiation was taken as the input exergy:

e i |
%
=162 )]
3\Ts 3\Ts

The authors evaluated the performance of a vertical mixed-mode solar dryer equipped with a circular solar
collector for drying turmeric under both natural and forced airflow conditions. The exergy efficiency under forced
convection was 2.01%, representing an increase of 1.99% compared to natural convection. Moreover, no significant
differences were observed in the waste energy ratio (WER) and sustainability index (SI), with values of 0.980 and
1.020, respectively.

Formulations that incorporate the exergy associated with latent heat of vaporization of free water (AH) im-
prove the representation of the useful exergy involved in drying. Nevertheless, the exergy requirement for drying
is not limited to free water evaporation, since most porous solids dry predominantly during the falling-rate period.
Consequently, additional exergy is required to remove bound water.

Therefore, it is recommended to use the heat of desorption (AH,.s) instead of the latent heat of vaporization
of free water, in order to avoid that part of useful exergy is considered as irreversibility.

Another approach, adopted by Hatami et al. [35], defines the exergy efficiency of the drying process as the
ratio of the changes in the moisture exergy of the product to its initial moisture exergy:

(36)

nEX'd =
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Eyx, ., — Ex,
Meyy = f (37)
w,1

where Ey,  and Ey, , are evaluated from Equation (23).

Hatami et al. [35] evaluated the exergy performance of drying in an indirect solar dryer as a function of time
and moisture content. The analysis accounted for incident solar radiation, temperature variation along the collector,
and changes in both solid temperature and moisture content. The drying exergy efficiency was found to decrease
with increasing air mass flow rate. This behavior was attributed to the reduction in drying chamber and product
temperatures, which limited the evaporation capacity of the material. Moreover, the highest efficiency values at all
flow rates were observed near the critical moisture content.

The study also showed that the exergy efficiency was not affected by the amount of drying material, which
represents an advantage over formulations based on variations in air-stream exergy. Therefore, moisture-based
exergy formulations can contribute to a more intrinsic understanding of drying system performance, as they are
independent of the processed material mass.

The formulation given by the Equation (36) incorporates the exergy associated with latent heat of vaporization
of free water, thereby providing a closer representation of the useful energy involved in moisture removal. Similarly,
the approach adopted in Equation (37), based on the exergy of the product moisture content, offers a more direct
assessment of drying performance, as it focuses on the thermodynamic state of the material itself.

However, none of these formulations simultaneously accounts for both desorption and sensible heat contribu-
tions in a unified framework. To address this limitation, a process-based exergy efficiency is proposed, in which the
useful exergy is defined as the fraction effectively employed in the drying:

EX,useful
Mexa = —p (38)
X,in
where the useful exergy (Ex yserui) is given by the sum of the exergy associated with moisture desorption and
product heating:

EX,useful = EX,des + EX,sens (39)

The exergy associated with moisture desorption (Ey 4.5) is defined as:

Ty
EX,des =my|1- T_

) AHdes (40)
4

while the exergy associated with product heating (Ey sens) is expressed as:

T
Exsens = MyCpp [(Tp —Ty) —Tyln <T_z>] (41)

When combined with sustainability indicators, the exergy efficiency derived from this approach enables the
quantification of both the useful exergy harnessed and the exergy released to the environment. This, in turn, al-
lows for the evaluation of whether the selected process parameters and system design effectively maximize the
utilization of useful exergy during drying.

The proposed formulation extends previous approaches by explicitly incorporating the main mechanisms re-
sponsible for exergy consumption during drying. As a result, it enables a more comprehensive and physically con-
sistent evaluation of system performance, while improving the comparability of results across different studies.

Overall, the analysis indicates that the definition of exergy efficiency is not merely a mathematical choice, but
a fundamental aspect that determines how system performance is interpreted.

3.3.3. Role of Monitoring and Control

Rasheed et al. [61] automated a hybrid solar dryer by controlling the temperature through manipulation of the
drying-air flow rate. The results showed increases of 31% and 15% in the average collector and drying efficiencies,
respectively.
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Hidra et al. [62] developed a monitoring and control framework for a hybrid solar dryer to enhance the drying
of agricultural products. A Proportional-Integral-Derivative (PID) controller was applied to regulate the tempera-
ture by actuating the heating elements. The peak drying efficiency was of 89%.

These recent studies highlight the importance of real-time monitoring and control strategies for improving
drying efficiency. The use of sensors associated with a data acquisition and processing system enables continuous
monitoring of process variables as well as of performance parameters. Furthermore, integration of sensors and
control systems enables continuous adjustment of operating conditions, reducing irreversibilities and enhancing
system performance.

4. Conclusions

This study presented a critical assessment of exergy-based performance evaluation in solar drying systems,
with particular emphasis on the definitions, assumptions, and formulations employed in the literature. The analysis
revealed a lack of standardization in the evaluation of exergy efficiency, especially regarding the definition of useful
exergy. Most existing approaches rely on air-stream exergy at the dryer outlet, which, although mathematically
consistent, does not adequately represent the fundamental objective of the drying process—namely, the effective
utilization of energy for moisture removal.

Significant discrepancies were also identified in the calculation of exergy transfer by heat and mass flow, in-
cluding the selection of solar temperature, the formulation of incident radiation terms, and the treatment of the
drying agent as either dry air or an air-vapor mixture. These variations hinder the comparability of results across
studies and may lead to inconsistent interpretations of system performance.

To address these limitations, a process-based exergy efficiency was proposed, in which the useful exergy is de-
fined as the sum of the contributions associated with moisture desorption and product heating. This formulation
provides a more physically meaningful representation of the drying process, as it directly quantifies the exergy ef-
fectively utilized rather than the exergy remaining in the working fluid. By explicitly linking exergy consumption to
the underlying drying mechanisms, the proposed approach enables a more accurate assessment of system perfor-
mance and supports more reliable comparisons between different dryer configurations and operating conditions.

In addition, the integration of sustainability indicators such as the sustainability index, waste energy ratio,
environmental impact factor, and improvement potential was shown to provide complementary insights into the
thermodynamic and environmental performance of solar dryers. These parameters, when used alongside a consis-
tent definition of exergy efficiency, can support the identification of inefficiencies and guide system optimization.

From a practical perspective, the findings highlight the importance of adopting more rigorous methodologies
in exergy analysis, including the continuous monitoring of product temperature and moisture content, as well as the
evaluation of the drying agent as a humid air mixture. Furthermore, the implementation of monitoring and control
strategies was identified as a promising pathway for reducing irreversibilities and enhancing system performance.

Overall, this work contributes to advancing the thermodynamic assessment of solar drying systems by provid-
ing a critical synthesis of existing approaches and proposing a more consistent framework for exergy-based per-
formance evaluation. The adoption of the proposed formulation may support the development of more efficient,
sustainable, and comparable solar drying technologies in future research.
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Abbreviations

Abbreviation Full Name

A, Collector surface area (m?)

Ag Drying chamber area (m?)

Arr Infrared source area (m?)

A, Product area (m?)

Cpa Specific heat capacity of dry air at constant pressure (J/kg K)
Cpp Specific heat capacity of product at constant pressure (//kg K)
Cpw Specific heat capacity of water vapor at constant pressure (J/kg K)
Eev Rate of energy used for water evaporation (W)

e, Specific molar exergy (//mol)

Ex Exergy (/)

Ex ges Moisture desorption-based exergy (/)

E X.destr Rate of exergy destroyed (W)

E X.ev Exergy transfer rate by evaporation (W)

Ex f Specific flow exergy (J/kg)

€x.fha Specific flow exergy of humid air (J/kg)

Ex s Exergy transfer rate by flow (W)

Ex f.di Exergy rate due flow entering cabin (W)

Ex f.do Exergy rate due flow leaving cabin (W)

Ex neat Exergy transfer rate by heat (W)

E X.in Exergy rate entering the system (W)

EX,IR,abs Rate of absorbed infrared exergy (J)

E Xout Exergy rate leaving the system (W)

Ex solar Exergy rate by solar radiation (W)

Ex sens Exergy associated with product heating (J)

Ex useful Useful exergy (/)

Cxw Specific exergy from solid moisture (J/kg)
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Exw Exergy from product moisture (J)

EIF Environmental Impact Factor (-)

FC Forced convection

Fir-pc Shape factor IR source-drying chamber (-)

Firp Shape factor IR source-product (-)

Fype Shape factor product-drying chamber

g Gravity acceleration (m/s%)

H Enthalpy (/)

H, Enthalpy at reference state (/)

Ea Molar enthalpy of dry air (J/mol)

ano Molar enthalpy of dry air at reference state (J/mol)
hs Specific enthalpy of saturated liquid water (J/kg)
hg Specific enthalpy of saturated water vapor (J/kg)
Ev Molar enthalpy of water vapor (J/mol)

EU_O Molar enthalpy of water vapor at reference state (J/mol)
h,, specific enthalpy of water (J/kg)

hwo specific enthalpy of water at reference state (J//kg)
I Instantaneous solar radiation (W /m?)

IP Improvement Potential (W)

IR Infrared

m Mass (kg)

mg Air mass flow rate (kg/s)

my, Quantity of evaporated water (kg)

n; number of moles of component i(mol)

NC Natural Convection

P Pressure (Pa)

Py Reference pressure (Pa)

Psat Saturation pressure of water (Pa)

Pyo Partial pressure of water in the ambient air (Pa)

q Heat transfer heat (W)

qIr Rate of IR radiation (W)

QiR.abs Rate of IR radiation absorbed (W)

QIR emit Rate of IR radiation emitted by solid (W)

qIRrad Total rate of IR radiation emitted by source (W)
dirref Rate of IR heat reflected by material (W)

QIR trans Rate of IR radiation transmitted (W)

Qsolar Rate of incident solar radiation (W)

R, Specific gas constant of dry air (J/kg'K)

Ry, Specific gas constant of water vapor (J/kg-K)

S Entropy (J/K)

So Entropy at reference state (//kg K)

Sa Molar entropy of dry air (J/mol-K)

Sa0 Molar entropy of dry air at reference state (J/mol‘K)
Sf Specific entropy of saturated liquid water (//kg K)
Sg Specific entropy of saturated water vapor (//kg K)
Sy Molar entropy of water vapor (//mol-K)

S0 Molar entropy of water vapor at reference state (J/mol K)
Sw Specific entropy of water (J/kg K)

Sw,0 Specific entropy of water at reference state (//kg K)
SI Sustainability Index (-)

t Time (s)
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T Temperature (K)
To Reference temperature (K)
T.i Air temperature at the collector inlet (K)
Teo Air temperature at the collector outlet (K)
Tai Air temperature at the chamber inlet (K)
Tao Air temperature at the chamber outlet (K)
Tir Infrared radiation source temperature (K)
T, Product temperature (K)
Ts Source temperature (or sun) (K)
U Internal energy (/)
Uy Internal energy at reference state (/)
v Velocity (m/s)
173 specific volume of saturated liquid water (m?/kg)
v Volume (m?)
Vo Reference volume (m?)
WER Waste energy ratio (-)
Xq Molar fraction of dry air (-)
Xy Molar fraction of water vapor (-)
X0 mole fraction of water vapor in the reference environment (-)
Y Absolute air humidity (kgwater/k9dry air)
Yy Absolute air humidity at reference state (kgyater/kGary air)
Yai Absolute air humidity at the chamber drying inlet (kgwqter/k9dry air)
Yio Absolute air humidity at the drying chamber outlet (kgyater/kGary air)
z Elevation (m)
Z Reference elevation (m)
a Absorptance (-)
B Quality factor
AH Latent heat of vaporization of free water (J/kg)
AH 4,6 Heat of desorption of moisture (J/kg)
&R Infrared source emissivity (-)
& Product emissivity (-)
NEy Exergy efficiency (-)
NEx.c Solar collector exergy efficiency (-)
NExq Drying chamber exergy efficiency (-)
Ug Chemical potential of dry air in the mixture (J/mol)
Ha0 Chemical potential of dry air at the thermodynamics dead state (J/mol)
Wi Chemical potential of component i in the mixture (//mol)
Hio Chemical potential of component i at the thermodynamics dead state (//mol)
Uy Chemical potential of water vapor in the mixture (//mol)
Uy o chemical potential of water vapor at the thermodynamics dead state (//mol)
o Stephan-Boltzmann constant (W /m?K*)
T Transmittance (-)
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