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Abstract Solar drying is a sustainable post-harvest technique for maize valorization in tropical regions, but its
performance strongly depends on thermal stability and solar radiation variability. This study presents the modeling
and experimental validation of a solar greenhouse dryer, developed using coupled heat and mass balance equations
expressed in matrix form. Simulations were compared with experimental data obtained from an instrumented
prototype during three consecutive drying days. A strong agreement was found between simulated and measured
values (MAE < 5°C; R? > 0.98). Internal air temperatures (45-57°C) ensured uniform evaporation, reaching a
hygroscopic equilibrium moisture content of 10% within two days. The average thermal efficiency was 8.81%,
indicating effective solar energy utilization. The obtained results confirm the relevance of solar-biomass coupling in
stabilizing the drying process, improving energy efficiency, and maintaining the quality of dried maize under
tropical climates.
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1. Introduction

Drying of agricultural products is a critical post-harvest
process aimed at extending shelf life, reducing losses, and
preserving nutritional and technological qualities [1,2]. In
tropical regions, where high humidity and strong seasonal
variability prevail, this operation plays a decisive role in
food security. Among staple crops, maize (Zea mays L.)
holds a strategic position in West Africa, serving as both a
dietary staple and a key economic commaodity. In Togo,
maize covers more than 60% of cultivated land and
represents the primary food crop. According to Agbenu
and Koffi-Tessio [3], the maize sector has a strong wealth-
creation potential but still suffers from post-harvest losses
of 15-30%, mainly due to traditional open-air drying.
These rudimentary methods depend heavily on weather
conditions, leading to slow and uneven drying, fungal
contamination, and degraded product quality [4,5].

Solar drying emerges as a sustainable, low-cost
alternative adapted to African rural contexts [6,7,8]. It
exploits an abundant, renewable, and non-polluting
resource while reducing dependence on fossil fuels.
However, direct-sun dryers are limited by dust
contamination, high thermal losses, poor airflow

uniformity, and sensitivity to solar fluctuations. The
greenhouse-type solar dryer represents a major
improvement, as it enhances solar radiation capture and
retention, ensuring more stable and homogeneous internal
temperatures [9,10]. Yet, the dryer’s performance depends
on multiple interacting parameters: air temperature, flow
rate, relative humidity, and the thermophysical properties
of the product.

A coupled heat and mass transfer model is therefore
essential to understand the drying process and optimize
thermal efficiency. While previous research has mainly
focused on natural or forced convection systems
[11,12,13], few studies have examined solar-biomass
hybridization for maize drying in tropical environments.
Such integration can ensure process continuity during
cloudy periods while utilizing local biomass as a
complementary energy source.

This study aims to model and simulate the thermal and
moisture behavior of a greenhouse-type solar dryer
equipped with a biomass-assisted heating system for
maize drying. The model is based on discretized energy
and mass balance equations solved in a matrix form,
predicting the temporal evolution of air, product, cover,
and floor temperatures, as well as the product moisture
content. Simulated results were validated against
experimental drying data collected in Lomé, Togo,
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enabling the assessment of the model’s accuracy and the
dryer’s energy performance.

This work contributes to the techno-energetic
optimization of solar greenhouse drying systems adapted
to tropical contexts. It proposes a hybrid, autonomous, and
accessible system capable of minimizing post-harvest
losses while ensuring product quality.

The paper is organized as follows: Section 2 describes
the experimental setup and modeling assumptions; Section
3 details the mathematical formulation and numerical
simulation; Section 4 presents and discusses the
experimental and simulated results; and Section 5
concludes with overall performance evaluation and
optimization perspectives for hybrid solar-biomass dryers.

2. Materials and Methods

2.1. Description of Drying Chambers
1T fas

The drying greenhouse is a rectangular structure made
of metal frames and covered with transparent plexiglass,
featuring an arched roof to optimize solar capture. It rests
on a concrete base for stability, with overall dimensions of
510 cm x 210 cm x 164 cm (L x W x H), and is oriented
east-west to maximize sunlight exposure. The drying air
enters through a mesh-covered opening at the base of the
northwest side, flows through the products arranged on
lateral shelves, and heats up by the greenhouse effect
before absorbing moisture from the maize. The saturated
air is then exhausted by a centrifugal fan (Sodeka CMP
620-2M, 0.37 kW) installed at the upper southeast face.

This solar dryer, designed by the Research Team on
Agricultural Mechanization and Process Engineering
(ERMAP) in collaboration with the Solar Energy
Laboratory of the University of Lomé, was constructed
and tested at the Agronomic Experimental Station of the
School of Agronomy, University of Lomé (SEA-ESA/UL)
(see Figure 1).

o
!

Figure 1. Greenhouse-type solar dryer

2.2. Mathematical Modeling

2.2.1. Simplifying Assumptions

The development of the mathematical model for the
greenhouse-type solar dryer is based on the following
simplifying assumptions:

(i). Absence of Air Stratification: The air inside the
dryer is considered perfectly homogeneous, with
uniform temperature and humidity distribution
throughout the drying chamber.

(ii). Thin-Layer Drying Model: The drying process
follows a thin-layer model, assuming that the
agricultural products are spread in a uniform

(iii). thin layer to ensure consistent exposure to airflow
and heat.

(iv). Constant Specific Heat: The specific heat
capacities of air, the cover, and the product are
assumed to remain constant during the entire
drying process.

(v). Negligible Radiative Transfers: Radiative heat
transfers between the ground and the cover, as

well as between the ground and the product, are
considered negligible [7,14,15,16,17].

2.2.2. Schematic Diagram of the Greenhouse Dryer

Figure 2 illustrates the main mechanisms of heat
transfer within the greenhouse solar dryer from front, rear,
and lateral perspectives. Three dominant transfer modes
are identified:

e Conduction through the structural walls,

e Convection between the internal air and the

surrounding surfaces, and

e Radiation between the product, the internal walls,

and the sky.

The incident solar radiation I(t) represents the primary
energy source, while the coefficients hc and hr
denote the convective and radiative heat transfer
coefficients, respectively. Air inlet (Ve) and outlet
(Vs) openings control the airflow and humidity
removal. The internal zones C1, C2, and C3
ensure a uniform thermal distribution throughout
the chamber
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Figure 2. Schematic diagram of energy transfers within the greenhouse-type solar dryer

2.2.3. Energy and Mass Balance Equations

2.2.3.1. Energy Balance on the Cover
The total energy balance on the transparent cover of the
greenhouse is expressed as follows:

dT,
mcCpc d_tc = Achc,c—a (Ta _Tc)
AN cciel (Teiel = Tc)
+Ache c_am (Tam _Tc)
+Apr Ny pr—c (Tpr -Te ) +Acacly (1)

Such formulations are widely used in solar greenhouse
dryer modeling [7,14,15,16,17], providing a robust
foundation for analyzing transient energy flows and
predicting the system’s thermal response under varying
climatic conditions.

2.2.3.2. Energy Balance of the Air Inside the Dryer

The thermal energy of the air inside the greenhouse-
type solar dryer is determined by the sum of several heat
transfer mechanisms:

dT,

mana T = Aprhc,pr—a (Tpr -Ta )

+Ashc,s—a (Ts - Ta ) + Achc,c—a (Tc _Ta)
dM

~MprCov (Tor ~Ta )T

+ (PavoutcpaTout?_ PaVin CpaTin?)
1-F)(1-a
(1-Fp)(a-or) A

+UA (T —Ta )+
+(1-ap )Ry @

2.2.3.3. Energy Balance of the Product

The thermal energy of the product is expressed as the
sum of:

dT
mprcppr Tpr = Apr hc pr-a (Ta _Tpr )
+Apr hr,pr—c (Tc _Tpr )+ Apr hr, pr—s (Ts _Tpr )

dMm
+mp, [Lp, +Cpy (Ta ~Tor )]T”r+ AnrcliFpa,

©)

2.2.3.4. Energy Balance of the Concrete Floor
The thermal energy in the concrete floor results from:
dT,

MsC s d_ts =Ashesa (Ta =Ts ) +Ahps_g (Tg _Ts)
+Aprhe prs (Tor =Ts )+ (1= For ) Avas g @

2.2.3.5. Mass Balance Equation

The humidity content of the air inside the dryer is
governed by:

dH dM
V—=m
Pal g =M g
~PaVout Hout Pout + PaVinHinAn (5)

2.2.3.6. Drying Kinetics of Maize
Mg =Mge +(Msc - Mse)-eimt

(6)
dM
T:—m(MS—Mse) (7)
[757T1ﬂ70,oossm+0,4609]
m=e' P (8)

where Ms is the moisture content at time t, Mse the
equilibrium moisture, Msc the initial moisture, and mmm
the drying constant dependent on product temperature Tpr
and relative humidity hr [18].

2.2.3.7. Heat Transfer and Loss Coefficients

hr c—ciel = 5CU(T02 +T02iel )(Tc +Teiel )

)
2 2
. pr—c = epro (T2 + T ) (Te + Tor ) w0
2 2
e pros = 5pr0'(Tpr +T )(TIor +T,) ”
15
T,ie) = 0,0552T 2 12)
e c_am = 2.8+3,0My 13)
k
hD,sfg = 5_5
s (14)
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These equations define convective and radiative heat
transfer coefficients, accounting for ambient conditions,
geometrical dimensions, and thermophysical properties.
They are fundamental for solving the system’s energy
balance equations.

2.2.3.8. Matrix Formulation

The system of partial differential equations is
discretized into a set of linear algebraic equations:

The discretization of the system’s differential equations
leads to a set of linear algebraic equations of the following
form:

Ai1A AzPig T Y
PnPorhator | [T | |V, 0)
ParAsaAgsPes | | Tor™ | | Y3
As1Aa2 Asz Aua Tieat \

This matrix formulation transforms the dynamic energy
equations into a solvable linear system through matrix
inversion, providing direct estimation of temperatures at
each time step. This approach ensures numerical stability
and rapid convergence, making it suitable for systems
with slow thermal dynamics such as greenhouse-type solar
dryers, where temperature gradients evolve gradually.

2.2.4. Energy Balance and Performance Evaluation

The mass flow rate of evaporated water ( Mgy, ) is

defined as the amount of water removed per unit time,
calculated based on the temporal variation in the product’s
moisture content weighted by its total mass:

. dx
Meay = —Mpr E

(21)
. n7: The dryer efficiency expresses the evaporated
water mass per unit area of the drying surface:
n= (MJXIOOO
> (22)
. m, : The required mass flow rate of air for water

evaporation is derived from the energy balance:
. n."eau 'Lpr

My=—"7F"—"
Cpa '(Tout _Tam) (23)

. R, : The useful power corresponds to the thermal
power used to heat the drying air:

Ri=my 'Cpa '(Ta _Tam)

(24)
° Ps : The incident solar power received by the
collector is given by:
PS = I X S (25)
&= [%) -100
s (26)

. & : Finally, the collector efficiency (&) is defined

as the ratio between the useful thermal power and the
incident solar power [19].

These equations form the basis for the thermal
performance analysis of the solar greenhouse dryer,
enabling quantitative assessment of its energetic efficiency
and adequacy under specific climatic and product
conditions.

2.2.5. Experimental Protocol and Model Validation

The product temperatures were measured using three
Type-K thermocouples, each with a precision of £0.05 K,
a response time below 20 s, and a measurement range
suitable for solar-drying conditions. Air temperature and
relative humidity inside the dryer were monitored using
three Elitech RC-4/RC-4HC data loggers. These devices
offer a measurement range of -30 to 60 °C (RC-4) and -40
to 85 °C (RC-4HC), with a temperature accuracy of
0.5 °C within -20 to 40°C. The RC-4HC also measures
relative humidity over 0-100% RH with an accuracy of +
3% RH at 25 °C (for 20-80% RH). The air velocity in the
greenhouse dryer was measured using a FVA935-TH5
thermo-anemometer, which provides a precision of +0.20
m/s, allowing estimation of an average airflow rate of
0.102 m3/s through the dryer. Global solar irradiance was
recorded with an RD-TSRS-04 pyranometer, featuring a
measurement range of 0-2000 W/m2, a resolution of 1
W/mz, and a directional-response uncertainty below 30
W/mz, Finally, the mass of the drying trays was monitored
using a precision balance with an accuracy of £2 g to
compute the drying kinetics.

The experimental campaign was conducted from 9 to
11 August 2025 at the Agronomic Research Station of the
University of Lomé to validate the numerical model of the
greenhouse-type solar dryer applied to maize. Locally
harvested maize cobs were shelled, and the grains were
uniformly spread over ten trays (average mass 6.4 kg each)
and arranged evenly inside the greenhouse (Figure 1).
Three Type-K thermocouples (£0.05 K) recorded the
product temperature at the inlet, middle, and outlet
sections, connected to an Almemo 2390-8 data logger
operating at a 15-minute acquisition interval.
Simultaneously, three Elitech sensors measured the
internal air temperature. The masses of trays mi, mz, and
ms were recorded every hour using the precision scale to
determine the drying curves. Solar irradiance was
continuously monitored via the RD-TSRS-04 pyranometer.

Experimental measurements were compared with
simulated results to assess model performance using the
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following statistical indicators:

1 n
MAE =HZ|Tm0y,i _Tair,i|
i=1

(27)
18 2
RMSE = EZ(T”‘OV" ~Tairi)
i=1 (28)
N7 T
MAPE =12 oyl ATv100
n i=1 moy,i (29)
n 2
R2-1_ Zizl(Tmoy,i _Tair,i)
= - —
Zi=1(Tm0y'i _Tmoy) (30)
These metrics estimate the precision, bias, and

correlation  between simulated and experimental
temperatures, ensuring the model’s reliability for coupled
heat and mass transfer prediction.

2.2.6. Computational Process and Algorithm

A Python script was developed to solve the matrix
system of energy equations representing the dryer’s thermal
behavior. The model simulates the transient evolution of the
plexiglass cover, internal air, product, and concrete floor
temperatures. The differential equations were discretized
and solved numerically by matrix inversion, ensuring stable
convergence and high numerical accuracy.

The code integrates multiple functions to calculate
convective, radiative, and conductive heat transfer
coefficients. ~ Simulations  performed over three
consecutive days allow analysis of thermal dynamics,
energy efficiency, and overall performance of the

American Journal of Food Science and Technology

greenhouse solar dryer (Figure 3).

3. Results and Discussion

3.1. Energy Balance of the Solar Dryer

Figure 4 illustrates the hourly evolution of the
simulated temperatures within the greenhouse-type solar
dryer, including the air temperature (T air), product
temperature (T product), cover temperature (T cover),
floor temperature (T floor), and global solar irradiation (It).
Measurements were taken during three consecutive drying
days between 9:00 and 17:00. On the first day (09:57-
16:42), the maximum solar irradiance reached 715.9 W/m?,
with an average air temperature of 53.6°C and a peak of
55.6°C. The product temperature averaged 46.4°C,
peaking at 50.5°C. The second day (08:45-16:30) recorded
a maximum irradiance of 1,123 W/m?, an average air
temperature of 55.2°C, and a product temperature
averaging 51.9 °C with a peak of 57.8°C. On the third day
(09:10-14:40), the maximum irradiance reached 1,009.6
W/mz, while the air and product temperatures averaged
55.3°C and 51.4°C, respectively.

Figure 5 compares the simulated and experimental
temperature profiles of air (T air) and product (T product)
under the same irradiation conditions. The simulated air
temperatures ranged between 53.6-55.3°C, while product
temperatures varied from 46.4-51.9°C, with average
standard deviations of 2.1°C and 5.6°C, respectively. The
quantitative comparison reveals good agreement between
simulation and experiment, with MAE = 2.62°C and
RMSE = 3.16°C for product temperature, and MAE =
4.85°C and RMSE = 5.61°C for air temperature. The
lowest error (RMSE = 2.1°C) occurred on Day 3,
confirming optimal model-experiment consistency.

Initialization of variables and physical parameters
(masses, heat capacities, surfaces, heat transfer coefficients,
time step, etc.)

v

Initialization of temperatures
[T:. Ty, Ty, Ts] for the cover, the air, the
product, and the ground.

Start of the time loop

Calculation of heat transfer coefficients
(convective, radiative, and conductive)
and call of the associated fi

Resolution of the matrix system :
[AL[TI=[Y]

Update and storage of temperatures
in the result vectors.

l

Check end of loop condition
(end of simulation time)

Return of simulated results
(temperature profiles, efficiencies, and
kinetics)

Figure 3. Flowchart of the linear system resolution
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Figure 5. Comparison between simulated and experimental temperatures
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Figure 6. Energy performance profiles of the greenhouse solar dryer
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Figure 7. Evolution of the moisture content of maize

3.2. Solar Irradiance and Thermal Efficiency

Figure 6 presents the hourly evolution of thermal
efficiency and maize drying rate during the three-day
simulation. The average thermal efficiency reached
10.36 %, with an average drying rate of 11.40 g H.O-kg™
DM-h™! on Day 1, reflecting intense drying activity. On
Day 2, despite higher irradiance (mean = 646 W/mz; peak
= 1,123 W/m?), the efficiency decreased to 1.62 % and the
drying rate to 2.76 g H.O-kg™' DM-h', attributed to the
reduced internal moisture gradient as drying progressed.
Day 3, with average irradiance of 702.8 W/m?, achieved

2.06 % efficiency and a drying rate of 4.12 g H.O-kg™
DM-h'. The results indicate a gradual decline in drying
rate over time, typical of hygroscopic materials, with an
overall mean thermal efficiency of 8.81 %, peaking at
27.1% on Day 1.

3.3. Drying Kinetics

Figure 7 shows the experimental and simulated
moisture content evolution in maize during the three
drying days. The mean moisture content (MOY_TENEUR)
decreased from 21 % to about 10 % DM, representing a
typical falling-rate drying period. The spatial gradient of



162 American Journal of Food Science and Technology

moisture, observed from ml (inlet) to m5 (outlet),
indicates faster drying near the outlet due to warmer and
drier air. The simulation reproduced these dynamics
accurately, with final values of 13.27 %, 9.93 %, and
8.60 % for Days 1, 2, and 3, respectively, achieving the
hygroscopic equilibrium (10 % DM) from the second day
onward. Statistical indicators confirm strong agreement
(MAE = 0.76 %; RMSE = 1.02 %; R? = 0.90), validating
the model’s predictive capacity for drying kinetics.

3.4. Discussion

The three-day experimental and simulated results reveal
a coherent thermal and mass behavior of the greenhouse-
type solar dryer applied to maize. The air and product
temperature profiles closely follow the trend of solar
irradiance, with a slight delay attributable to the thermal
inertia of the system. Maximum internal temperatures
remained below 60°C, with average values of 54-55°C for
air and 49-52°C for the product, which are optimal for
gentle drying and the preservation of maize quality. The
agreement between simulated and measured temperatures
is satisfactory, with MAE and RMSE values remaining
below 6°C, consistent with the deviations reported by Jain
and Tiwari for similar greenhouse dryers [8]. The residual
discrepancies arise mainly from the simplifying
assumptions of the mathematical model-homogeneous air,
thin-layer behavior, constant specific heat capacities, and
negligible radiative exchanges as well as from the
uncertainty of the sensors used: +0.05 K for Type-K
thermocouples, £0.5°C for Elitech RC-4/RC-4HC sensors
between —20 and 40°C, £0.20 m/s for the FVA935-TH5
thermo-anemometer, and a directional response error
below 30 W/m2 for the RD-TSRS-04 pyranometer.
Nevertheless, the consistency of the trends confirms the
robustness of the coupled heat-mass transfer model.

The drying kinetics follow the classical pattern of
agricultural products: an initial stage of fast moisture
removal driven by external conditions, followed by a
diffusion-controlled period where internal resistance
dominates. The equilibrium moisture level (~10% dry
basis) was reached by the second day, in agreement with
Boroze et al. [6] for cereal drying under tropical
conditions. During the second and third days, the drying
rate decreased sharply (from ~11.4 to ~4.1 g H.O-kg!
DM-h™), indicating that the limiting mechanism was no
longer the available thermal energy but the internal
diffusivity of the grains. In such situations, increasing the
air temperature does not significantly accelerate the
process, as previously observed by Akowuah and by
Kumar for maize [17,20,21]. Internal temperatures around
45-57°C promote product safety while avoiding quality
degradation, in accordance with findings showing that
temperatures above 55°C can induce kernel cracking and
reduce seed viability, whereas moderate temperatures
(~50°C) preserve physicochemical integrity.

The overall thermal efficiency averaged 8.32%, with
peak values reaching 27% under high irradiance. These
results are comparable to those reported by Om Prakash,
Anil Kumar, and Aumporn for forced-convection solar
dryers [22,23]. Interestingly, the highest efficiencies were
recorded between 15:00 and 16:00, when solar irradiance
was decreasing while the internal temperature remained

elevated due to the greenhouse effect, which acts as a
thermal storage mechanism. This phenomenon has already
been highlighted in previous studies and shows the ability
of the dryer to retain heat even when the external energy
supply diminishes. Conversely, the lower efficiency
observed on days 2 and 3 is linked to the reduced moisture
removal during the diffusion-controlled phase; because
water evacuation is limited by internal resistance,
increasing the temperature contributes minimally to useful
heat conversion [24]. These observations also suggest that
the dryer was under-loaded: with approximately 64 kg of
maize, the thermal capacity of the system was not fully
exploited. Increasing the loading density would improve
both the efficiency and the overall usefulness of the
captured solar energy, confirming that the structure can
accommodate  higher mass throughput  without
compromising performance.

From an operational perspective, the experimental
period (August-November) corresponds to the maize
harvest season in West Africa, which also overlaps with
the rainy season characterized by unstable solar
availability and high humidity, conditions that exacerbate
postharvest losses. Even though the annual mean
irradiance (~900 W/m?) is favorable for solar drying, the
critical harvest window is particularly limiting. This
context justifies the necessity of integrating a biomass
auxiliary heating system to ensure continuous operation
during cloudy periods, at night, or during rainfall events.
Previous authors have shown that such hybrid
configurations significantly reduce drying time and
improve efficiency. Finally, internal temperatures near
52 °C naturally promote thermal disinfestation of maize.
As demonstrated by Bosomtwe et al., maintaining 52 °C
for three hours ensures complete insect deactivation
without compromising grain quality [21,25]. Overall,
these results validate the numerical model, confirm the
effectiveness of the greenhouse dryer under tropical
conditions, and highlight the relevance of a hybrid solar-
biomass system to guarantee a faster, safer, and more
reliable drying process throughout the year.

4. Conclusion and Perspectives

The present study confirms the thermal, energetic, and
mass consistency of the hybrid greenhouse-type solar
dryer applied to maize drying under tropical conditions.
The numerical model, built on coupled heat and mass
transfer balance equations, successfully reproduced the
transient thermal regimes observed experimentally, with
mean absolute deviations remaining below 5 °C. Internal
temperatures ranging from 45 to 57 °C ensured uniform
and effective drying while maintaining the technological
and nutritional quality of maize. The attainment of the
hygroscopic equilibrium (~10% dry basis) by the third day
further validates the accuracy of the model and
demonstrates the effectiveness of the solar—biomass
hybrid configuration in reducing both drying time and
energy demand.

The average thermal efficiency of 8.81% lies within the
expected range for natural-convection solar dryers,
indicating good solar energy capture and stable thermal
redistribution within the structure. These performances,
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combined with moderate and steady drying conditions,
position the proposed system as a sustainable and
economically viable alternative to fossil-fuel-based dryers
in tropical agricultural environments.

Building on these findings, two major improvements
are envisioned. First, a biomass auxiliary heating system
will be integrated through a finned-tube heat exchanger
directly coupled to a biomass combustion chamber. In this
configuration, ambient air will be preheated inside the
exchanger before entering the greenhouse and
subsequently extracted by a centrifugal fan positioned at
the outlet, ensuring optimal airflow circulation and
thermal homogeneity. The auxiliary system will be
equipped with a PID-based automatic temperature
regulation unit, designed to maintain the drying air within
the optimal range of 50-55 °C during cloudy periods,
sudden irradiance drops, or night-time operation. Second,
the system’s performance will be further enhanced
through aerodynamic optimization of the airflow pathway,
including adjustments to air velocity, tray spacing, and
internal geometry to improve thermal uniformity and
ensure consistent drying rates.

Overall, these developments aim to increase energy
efficiency, stabilize the process under fluctuating
environmental conditions, and improve final product
quality. The integration of an intelligent, adaptive
biomass-assisted heating module will extend the
operational flexibility of the dryer and make it better
suited to the climatic and practical constraints of tropical
agricultural systems, particularly during the rainy harvest
season when solar availability is highly variable. This
work thus lays the foundation for the next generation of
hybrid solar dryers combining sustainability, efficiency,
and year-round reliability.
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