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ABSTRACT: Onsite sanitation offers a sustainable alternative to centralized wastewater treatment; however, effective
faecal sludge management is crucial for safe disposal and resource recovery. Among emerging treatment solutions,
solar thermal drying holds significant promise to reduce sludge moisture content and enhance handling. Despite this
potential, its application remains limited, with important knowledge gaps, particularly concerning the drying kinetics
under different environmental and operational conditions. This study aims to fill these gaps by investigating the solar
thermal drying behaviour of faecal sludge from ventilated improved pit latrines (VIPs) and urine-diverting dry toilets
(UDs), with a specific focus on how air temperature and velocity influence drying performance. A bench-scale solar
drying apparatus was used to investigate thin-layer sludge drying kinetics under controlled airflow conditions. The
drying experiments were conducted at varying air temperatures (ambient, 40○C, and 80○C) and velocities (0, 0.5, and
1 m/s), where heated air was supplied via an electric resistance heater. Key drying parameters—including drying rate,
critical moisture content, effective moisture diffusivity, and activation energy—were determined. Results showed that
drying proceeded through a constant-rate period followed by a falling-rate period, with the critical moisture content
ranging from 1.41 to 1.78 g/g db. Higher temperatures and airflow reduced the duration of the constant-rate phase,
increased drying rates (0.31–0.99 g/g⋅min⋅m2), and enhanced moisture diffusivity (4.56 × 10−9 to 1.52 × 10−8 m2/s).
Activation energy decreased with increased airflow, suggesting reduced temperature sensitivity. Thermal efficiency
ranged from 14.6% to 35.1%, with solar energy contributing 73%–95% of total input. VIP sludge dried faster than UD
sludge, which showed signs of surface crusting that limited moisture transfer. This research offers valuable insights
into solar drying design and operation, providing scientific evidence to improve faecal sludge treatment strategies in
decentralized sanitation systems.
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1 Introduction
Faecal Sludge Management (FSM) is essential to ensure safe sanitation in areas that rely on onsite

sanitation systems and where conventional sewerage infrastructure is unavailable. Effective FSM minimizes
environmental pollution, reduces public health risks, and supports resource recovery. Faecal sludge offers
potential for reuse in multiple applications, including fertilizer, soil conditioner, biofuel, animal protein,
and building material [1]. Among the available treatment methods, drying is particularly important as it
significantly reduces the moisture content, thereby lowering mass and volume, which in turn decreases
transportation and storage costs [2]. Moreover, thermal drying can lead to pathogen inactivation, making
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the sludge safer for handling and reuse [3]. Drying can serve as either a final treatment step to reuse or a
pre-treatment before further processing [4].

Drying processes, which remove moisture through evaporation, are particularly challenging and
energy-intensive when applied to faecal sludge due to its high moisture-binding capacity. Conventional
drying beds, although widely adopted, require large land areas and extended drying times. Thermal dryers
accelerate the process but are often limited by their high energy demands. The use of solar energy, an
abundant and renewable resource, offers a promising alternative, enabling lower operational costs while
maintaining drying efficiency.

Solar thermal drying has been extensively applied in the agricultural sector to preserve food and
agricultural products [5,6]. However, sludge drying differs fundamentally from agricultural product drying
because of material characteristics. While food and agricultural items are typically hygroscopic solids, faecal
sludge behaves as a non-Newtonian fluid with viscoelastic properties. Consequently, the design of solar
dryers must account for these specific properties, requiring adaptations tailored to sludge rather than directly
replicating agricultural dryer designs.

For wastewater treatment sludge, large-scale solar thermal drying has been implemented, primarily
through greenhouse-based systems such as those in Managua, Nicaragua, and Mallorca, Spain [7,8]. The
Mallorca solar plant, with an area of 17,260 m2, is among the largest in the world, while the Managua facility, at
8760 m2, is the largest in the Americas. Both plants treat approximately 30,000 t of sludge per year, reducing
moisture content from 70%–80% to 20%–40%. Their reported drying rates are 1–1.7 t/year/m2 for Mallorca
and 4.3 t/year/m2 for Managua. Importantly, the specific energy consumption for both systems is less than
60 kWh per ton of evaporated moisture, substantially lower than conventional thermal drying systems, which
typically consume 800 to 1000 kWh/ton.

Recent research efforts have focused on optimizing solar dryer performance and innovating new system
designs. For instance, Sorrenti et al. [9] developed a closed-static solar greenhouse at pilot scale that utilized
forced ventilation with aerothermal flat solar panels to supply hot air directly for sludge drying, where the
airflow was introduced underneath the sludge bed and flowed through it. This system achieved a reduction in
moisture content from 95% to 5% over 25 days in winter, with a specific energy consumption of 450 kWh/ton.
Similarly, Khanlari et al. [10] modified a conventional solar drying chamber by adding a transparent glass
cover, which experimental and modeling results demonstrated could decrease drying time by approximately
40%. Poblete et al. [11] investigated the integration of a rock bed inside a tank for solar thermal energy storage,
resulting in improved efficiency (37.8%) compared to the system without thermal storage (22.2%). Wang
et al. [12] introduced a sandwich-like drying chamber designed for rooftop installation, achieving a drying
rate of 6.72 g/h with an optimal sludge layer thickness of 5 mm, reducing moisture content from 79% to 5%
within 11 h under a solar irradiance of 500 W/m2. Masmoudi et al. [13] further demonstrated the superior
performance of draining solar thermal systems compared to traditional open-air drying beds and highlighted
that the system operating under forced convection conditions yielded better results than relying solely on
natural convection.

Beyond system design, several studies have evaluated the quality of sludge after solar drying to assess
its safe disposal and reuse potential. Works by An-Nori et al. [14–16] examined pathogen removal, heavy
metal content, micropollutant behavior, and agronomic value after drying. Solar drying significantly reduces
pathogen content without negatively impacting nutrient concentrations, while it also reduces the mobility
of heavy metals, even though their total concentrations remain unchanged. However, further research is
needed to fully understand micropollutant dynamics during the drying process. A broader review by Gomes
et al. [17] assessed the suitability of solar thermal drying systems for wastewater treatment plants, using
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a SWOT analysis framework (strengths, weaknesses, opportunities, threats) to aid in the selection and
deployment of appropriate technologies.

Despite these advancements, solar thermal drying specifically for faecal sludge from onsite sanitation
systems remains largely underexplored. In many regions with pressing sanitation needs, solar irradiation
is abundant, making solar drying an especially attractive option. Yet, only limited studies have investigated
solar drying for faecal sludge. Muspratt et al. [18] used a transparent plastic roof installed at a 15○ angle over
conventional drying beds for drying faecal sludge from pit latrines and septic tanks in Accra, Ghana. In their
study, faecal sludge at all three tested depths (6, 8, and 10 cm) achieved nearly 60% total solids within 15 days,
which was faster than results observed in a conventional drying bed tests achieving 45% total solids after 34
days of drying with an initial sludge depth of less than 30 cm. Similarly, Seck et al. [19] tested greenhouses
built over drying beds in Dakar, Senegal, examining passive vs. active ventilation. Their findings indicated
that active ventilation significantly enhanced performance, while passive systems faced condensation on
the walls of the greenhouse. Compared to uncovered beds, the greenhouses accelerated drying during the
rainy season (reducing moisture content to 10% within 20–27 days, compared to 40% in uncovered beds).
However, during dry seasons, the performance difference between covered and uncovered systems was
negligible, suggesting that greenhouses primarily helped mitigate moisture uptake during rainfall rather than
substantially increasing evaporation rates.

There is a critical need to develop sludge-specific solar dryer designs that enhance heat and mass
transfer, optimize drying kinetics, account for the heterogeneity of faecal sludge properties, and address the
specific challenges posed by decentralized sanitation systems. In response to these needs, this study aimed
to investigate and characterize solar thermal drying processes for faecal sludge, with the goal of providing
fundamental knowledge and critical insights to support the development of energy-efficient solar drying
systems tailored to faecal sludge management. A forced convection solar thermal dryer configuration was
selected for investigation, as this design has demonstrated superior performance compared to open-air and
passive ventilation systems. The work was conducted using a novel solar thermobalance specifically designed
for this study, enabling precise characterization of drying kinetics under controlled solar thermal conditions.
The study focused on analyzing drying kinetics under different operational parameters, quantifying heat and
mass transfer characteristics, and evaluating thermal efficiency.

This study was approved by the Biomedical Research Ethics Committee from the University of KwaZulu-
Natal under ethical clearance BREC/00000203/2019.

2 Materials and Methods

2.1 Feedstock: Faecal Sludge
Faecal sludge from ventilated improved pit (VIP) and urine diversion (UD) toilets was used for this

study, as these sanitation systems are prevalent within the local municipality (eThekwini) and generate a
significant portion of sanitation waste. Solar drying presents a viable treatment solution for this sludge,
offering an environmentally sustainable approach to mitigate the municipality’s disposal challenges while
enabling resource recovery.

Samples were collected from a faecal sludge treatment plant (FSTP) located in Isipingo, KwaZulu-Natal
province, South Africa. The sludge originated from routine pit emptying activities within the eThekwini
Municipality (Durban metropolis). Pit emptying is typically carried out manually using hand tools such
as shovels for digging and pitchforks for removing larger solid waste. No water was added during the
emptying process.
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At the FSTP, sludge from different toilet types was combined into a single pile. Since the samples were
taken from this mixed sludge, they were considered representative of the faecal sludge composition from
various toilets across the municipality. Approximately 20 kg of each sample type was placed in sealed plastic
containers and transported to the laboratory. The sludge was screened using a 5 mm sieve to remove non-
biodegradable materials commonly disposed of in pits, a frequent practice in the Durban region. Samples
were then stored in a laboratory cold room at 4○C to prevent biological degradation and maintain sludge
properties until testing.

Prior to experimentation, the initial physicochemical properties of the sludge were analyzed. These
analyses included moisture content, total solids, water activity, density, total volatile solids (TVS), ash
content, chemical oxygen demand (COD), pH, and electrical conductivity. All tests were conducted following
standard procedures for faecal sludge analysis as outlined by Velkushanova et al. [20].

Table 1 presents the results of the physicochemical analyses of the sludge samples. The measured values
were comparable to those reported in the literature for typical faecal sludge [21–23]. The average recorded
moisture content was 73% for VIP sludge and 71% for UD sludge. The initial water activity values, 0.9866 for
VIP and 0.9824 for UD, were close to 1, suggesting a significant proportion of loosely bound moisture.

Table 1: Characteristics of the faecal sludge samples in this study

Sludge type VIP UD
Moisture content 75% 71%

Total solids 25% 29%
Water activity 0.9866 0.9824

Density 1090 kg/m3 1120 kg/m3

Ash content 10% 13%
TVS 84% 83%
pH 7.9 7.7

Total COD <500 mg/l <500 mg/l

2.2 Description of the Laboratory-Scale Solar Thermal Drying System
Experiments were conducted using a laboratory-scale solar thermal drying rig (Fig. 1), which was

designed and constructed in-house to enable real-time measurement of drying kinetics during solar thermal
drying, functioning similarly to a thermobalance, and previously used in earlier studies [24].

The drying rig was installed on the roof of the Chemical Engineering building at the Howard College
campus, University of KwaZulu-Natal, Durban, South Africa (latitude: 29○52′08.1′′ S; longitude: 30○58′
46.6′′ E). The experiments were performed in an open space to ensure unobstructed exposure to sunlight
throughout the day. Fig. 2 presents photographs of the apparatus and solar drying chamber during one of
the experiments.



Energy Eng. 2025;122(8) 3181

Figure 1: Schematic layout of the solar thermal drying rig setup

Figure 2: Photographs of the experimental setup

The key components of the solar thermal convection drying setup are described below:

(a) Drying chamber: The drying chamber was constructed from acrylic in a cylindrical shape, with a
length of 500 mm and an internal diameter of 140 mm. It was fitted with two centrally located ports,
each 20 mm in diameter, to allow connections for the balance and temperature sensors. The chamber
material had an estimated transmittance of 80%.

(b) Airflow system: Compressed air was supplied from the Chemical Engineering building’s air line at a
maximum pressure of 4 bar, sufficient to achieve the desired airflow rates. The air was introduced into
the drying chamber through a multi-entry inlet, ensuring uniform air velocity distribution across the
chamber cross-section.

(c) Mass balance: A digital balance (Model ACB 3000, Adam Equipment, UK) with an accuracy of ±0.01 g
was used to measure sample mass. The balance was enclosed in a wooden box to protect measurements
from external disturbances such as wind and overheating due to solar radiation exposure.

(d) Air heater: Before entering the drying chamber, the airstream could be preheated using a homemade
20 A electric air heater. The heater was connected to a data interface, allowing precise control of the
air temperature.

(e) Temperature measurement: Type-K thermocouples (0.3 mm diameter) were used to measure the
temperatures of sludge samples and air within the drying chamber. To minimize heat loss and
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ensure accurate readings, the thermocouple wires were insulated with glass fiber. Additionally, PT100
temperature sensors were installed at both the inlet and outlet of the drying chamber to monitor air
temperatures entering and leaving the chamber.

(f) Humidity measurement: Humidity probes (model HPP809A031, TE Connectivity, Switzerland; model
HP474ACR, Delta Ohm, Italy) were used to measure air humidity at both the inlet and outlet of the
drying chamber.

(g) Flowrate measurement: The air flowrate was varied by a proportional 2-way solenoid valve (Burker,
Germany) with a flow controller (Burkert 8605, Burkert, Germany) and the flow measured by mass
flowmeter (Alicat M-1000SPLM-D/10V, Alicat Scientific, USA) that was connected in series to the
flow controller.

(h) Air velocity measurement: The airflow velocity at the chamber outlet was monitored at hourly intervals
using a hot-wire anemometer (model ET-961, Everbest Technologies, China).

(i) Irradiance measurement: Solar irradiance near the drying chamber was measured using a second-class
silicon photoelectric pyranometer (model CMP3, Kipp & Zonen, Netherlands) with an accuracy of
±15 W/m2.

(j) Sample crucible: Samples were placed on a cylindrical acrylic crucible with dimensions 110 mm in
diameter and 10 mm in thickness.

(k) Data interface: A data acquisition system, developed in-house, was designed using LabVIEW software,
enabling real-time communication between the measuring instruments and a computer. Measure-
ments from the balance, thermocouples, temperature sensors, humidity meters, and pyranometer were
transmitted to the computer via data loggers. All data loggers were housed within a dedicated data
acquisition box, which also contained the power supply and control system for the air heater.

2.3 Experimental Procedure
Drying experiments were conducted daily for five hours, from 10:00 to 15:00, under sunny conditions.

The tests took place during two seasonal periods: October and November 2019 (spring) and January to
March 2020 (summer). During these experiments, solar irradiance levels typically ranged between 800 and
1350 W/m2 under clear sky conditions.

2.3.1 Experimental Protocol
Before each experiment, sludge samples were taken from the cold room and left in an open shed for

30 min to reach ambient temperature. Prior to the experiment, a sludge sample was spread to a uniform
thickness of 5 mm on the crucible and placed inside the transparent cylindrical chamber, where it was
exposed to solar radiation. To ensure stable operating conditions, the drying rig was preheated for 15 min
before introducing the sample, allowing the air temperature and flow rate to stabilize. The crucible was linked
to a mass balance, which recorded mass changes every 60 s to track the drying kinetics in real-time.

2.3.2 Operating Conditions
All experiments were conducted under a low relative humidity close to 0%, corresponding to the

humidity level of the compressed air supply. The operational parameters were as follows:

• Air velocity: Two air velocities were tested: 0.5 and 1 m/s. These velocities were achieved by adjusting the
flow control valve to a half-open position for 0.5 m/s and fully open for 1 m/s, corresponding to airflow
rates of 4.2 and 8.4 m3/min, respectively.
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• Air temperature: Experiments were performed at three temperature levels: ambient temperature, 40○C,
and 80○C. The desired air temperature was set via the data interface, and dry air was preheated in the air
heater box before entering the drying chamber.

Table 2 provides a summary of the experimental plan. To ensure repeatability, each experiment was
conducted twice under identical operating conditions. The average ambient air temperature during the tests
was approximately 23○C.

Table 2: Summary of the operating conditions for each experiment

Experiment Air temperature (○C) Air velocity (m/s)
1 Ambient 0.5
2 40 0.5
3 80 0.5
4 Ambient 1
5 40 1
6 80 1

The airflow regime during experiments at 0.5 m/s was classified as transitional, representing an
intermediate state between laminar and turbulent flow, with hydraulic Reynolds numbers ranging between
2000 and 5000. For experiments conducted at 1 m/s, the airflow regime was identified as turbulent,
as all Reynolds number values exceeded 5000. The Reynolds number calculations can be found in the
Supplementary Materials.

The temperature evolution of the sludge during drying exhibited an initial rapid increase as the air
reached steady-state conditions and the sludge approached the wet-bulb temperature, followed by a phase
where the temperature remained relatively constant. The temperature evolution of sludge during the drying
process can be found in the Supplementary Materials.

2.4 Data Analysis Methods
Throughout the solar drying experiments, mass, temperature, relative humidity, and solar irradiance

were continuously monitored over time. This section outlines the data processing methods employed to
analyze key process parameters and achieve the study’s objectives.

2.4.1 Moisture Content and Moisture Ratio
Moisture content is defined as the amount of moisture present in the sludge samples at any given time

of the drying process. From the recorded sample mass reading, the moisture content on wet basis, Mwb,t [g/g
total mass], and on dry basis, Mdb,t [g/g db], were calculated using Eqs. (1) and (2).

Mwb ,t = [
(mt −md)

m0
] (1)

Mdb ,t = [
(mt −md)

md
] (2)

where mt denotes the sample mass at a given time [g], md represents the total solids mass in the sample [g],
and mo corresponds to the initial sample mass before drying [g]. The total solids mass md was assumed to
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remain constant throughout the drying process, calculated as the product of the initial sample mass mo and
the total solids content.

Moisture ratio (MR) at any given drying time was computed using Eq. (3).

MR = Mdb ,t −Mdb ,e

Mdb ,0 −Mdb ,e
= Mdb ,t

Mdb ,0
(3)

where Mdb ,t , Mdb ,0 and Mdb ,e represent the moisture content on a dry basis [g/g db] at time t, initial
conditions, and equilibrium, respectively.

Equilibrium moisture content Me was neglected since all experiments were done with air at very low
relative humidity, which would lead to near-complete drying if the thermodynamic equilibrium is reached.

2.4.2 Drying Rate and Critical Moisture Content
The drying rate DR was expressed as the mass of moisture removed from the sludge per unit time and

per unit area of the sludge sample [g/g dry solid/min/m2]. It was calculated as the difference between two
consecutive moisture content values (on a dry basis) over a given time interval, as shown in Eq. (4). The
drying kinetics were analyzed using drying rate vs. drying time graphs.

DR = ΔMdb ,t

Δt ∗ A
= Mdb ,t −Mdb ,t+Δt

Δt ∗ A
(4)

where A represents the area of drying the sample [m2] and Δt the drying time interval [min].
Before calculating the drying rate, the experimental drying curves (moisture content vs. time) were

smoothed using Microsoft Excel trendlines. The drying curve was segmented into two phases: an initial
linear section, followed by a nonlinear section. A linear regression model was applied to the first segment,
while an exponential regression model was used for the second. The coefficient of determination R2 for
these regression fits ranged from 0.984 to 0.999. The transition between the linear and exponential phases
was identified through visual inspection. The constant rate period was represented by the equation derived
from the linear segment, whereas the falling rate period was described by the equation from the exponential
segment. The critical moisture content was calculated using a linear interpolation formula, as presented
in Eq. (5).

Mdb ,cr i t i cal −M1

tcr i t i cal − t1
= M2 −M1

t2 − t1
= slope of linear fit (5)

where Mcr it i cal denotes the critical moisture content [g/g db] and tcr i t i cal represents the drying time [min]
required to reach this value. M1 and M2 correspond to two arbitrarily selected moisture contents in the linear
section of the drying curve [g/g db] at the instant t1 and t2 [min], respectively.

2.4.3 Moisture Diffusivity and Activation Energy
Moisture diffusivity was determined from the falling rate period of the drying curve (i.e., the exponential

phase). The analytical solution for a flat slab geometry was employed to estimate effective diffusivity, as it
offers simplicity compared to other geometries and aligns well with the shape of the sludge samples. The
analysis was conducted at temperatures of 23○C (ambient), 40○C, and 80○C, with the airstream maintained
at constant velocities of 0.5 and 1 m/s.
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The following assumptions were made for this analysis [25]:

• Moisture transport within the sludge occurs solely through diffusion.
• The diffusion coefficient and sludge temperature remain constant.
• The sludge is homogeneous, resulting in a uniform initial moisture distribution.
• Shrinkage effects are negligible.

The analytical solution of Fick’s second law was derived for an infinite plate of a specified thickness,
resulting in Eq. (6) [26].

MR = 8
π2 ∑

∞

n=0
1

(2n + 1)2 exp [−(2n + 1)2 π2De f f t
4l 2 ] (6)

where De f f represents the effective moisture diffusivity [m2/s], t denotes the drying time [s], and l is the
sludge sample thickness [m].

Considering that, for extended drying periods, only the first term of the series remains significant, the
solution from Eq. (6) simplifies to Eq. (7) [25,26]. Eq. (7) can be then re-arranged as Eq. (8).

MR = 8
π2 exp [

−π2De f f t
4l 2 ] (7)

ln MR = ln 8
π2 −

π2De f f t
4l 2 (8)

By applying Eq. (8) a graph of ln MR vs. the drying time t was plotted. The effective moisture diffusivity
was then determined from the slope of the resulting curve through linear regression leading to Eq. (9).

De f f = −
B4l 2

π2 (9)

where B represents the slope of the straight line obtained from linear regression.
The activation energy quantifies the relationship between moisture diffusivity and temperature, follow-

ing the Arrhenius equation, as expressed in Eq. (10).

De f f = D0 exp(− Ea

Rg T
) (10)

where Ea represents the activation energy [kJ/mol], D0 is the Arrhenius constant [m2/s], and Rg is the perfect
gas constant, equal to 8.314 J mol−1 K−1.

Using Eq. (10), a graph of ln De f f vs. (1/T) was plotted for different drying air velocities. Linear
regression analysis was performed to obtain a best-fit straight line with slope C. The activation energy for
each air velocity was determined using Eq. (11).

C = −Ea

Rg
(11)

2.4.4 Power and Efficiency
The drying system was powered by two energy sources: solar radiation (radiative heat power) and the

heated airflow (convective heat power).
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The convective power Pc [W] was determined using Eq. (12).

Pc = (hc ∗ ΔT) ∗ A (12)

where ΔT represents the average temperature difference between the sludge surface temperature T and the
air temperature Tc inside the drying chamber (○C), A is the surface area of the sample (m2), hc denotes the
convective heat transfer coefficient [W/m2/K]. Convective heat transfer coefficients were around 8 W/m2/
K at 0.5 m/s to 11.5 W/m2 K at 1 m/s. The calculations of the heat transfer coefficient can be found in the
Supplementary Materials.

The radiative solar power Ps [W] was determined using Eq. (13).

Ps = 0.8 ∗ I ∗ A (13)

where I refers to the average solar irradiance [W/m2] recorded during the experiment, and 0.8 represents
the transmittance of acrylic, from which the drying chamber was made.

The total power of the system, P (W), is the sum of the solar radiative and convective power, as defined
in Eq. (14).

P = Pc + Ps (14)

The efficiency η is defined as the ratio of the power utilized for drying to the total power absorbed by
the samples. It was calculated using Eq. (15).

η = Pout

P
× 100 (15)

It was assumed that all the energy absorbed by the sludge Pout (W) was used for moisture evaporation
(latent heat) and not for its heating (sensible heat). This assumption is justified, as the sensible heat is
significantly lower than the latent heat and can therefore be neglected.

Pout was based on the average drying rates observed during the experiment, as defined in Eq. (16).

Pout = Lv ∗ Dr ∗md ∗ A (16)

where Lv represents the latent heat of vaporization of water (2260 J/g), Dr is the average drying rate of the
sludge sample during the experiment [g/g dry solid/sm2], and md denotes the dry mass of the sample (g).

2.4.5 Statistical Analysis
For each set of replicate experiments conducted under identical conditions, the mean value of each mea-

sured parameter was calculated. The variability among replicates was quantified by computing the standard
deviation, providing an estimate of the measurement uncertainty. This approach ensures that the reported
results accurately reflect both the central tendency and the dispersion inherent in the experimental data.

3 Results and Discussion
This section presents the results obtained under varying air temperature and air velocity conditions.

Each experiment was conducted twice under identical settings (run 1 and run 2).
Table 3 provides a summary of key experimental parameters, including solar irradiance, sludge and

drying chamber temperatures, drying rates, and final moisture content at the end of the drying process.
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The solar irradiance and temperature values shown represent the average measurements recorded during
each experiment.

Table 3: Summary of the average solar irradiance, average sludge and air chamber temperature, final moisture content,
and average drying rates during each experiment

Experiment Average
irradiance

(W/m2)

Average
internal sludge

temperature
(○C)

Average drying
chamber

temperature
(○C)

Final
moisture
content
(g/g db)

Average
drying rates

(g/g min
m2)

1
Run 1 835 26.3 36.8 1.51 0.53
Run 2 1189 29.6 43.6 1.38 0.66

Average 1012 ± 250 28.0 ± 2.3 40.2 ± 4.8 1.45 ± 0.09 0.60 ± 0.09

2
Run 1 952 34.9 39.3 1.29 0.67
Run 2 1219 38.6 41.9 1.16 0.69

Average 1086 ± 189 36.8 ± 2.6 40.6 ± 1.8 1.23 ± 0.09 0.68 ± 0.01

3
Run 1 1016 42.1 50.3 0.94 0.81
Run 2 1107 44.4 51.2 0.99 0.76

Average 1062 ± 64 43.3 ± 1.6 50.8 ± 0.6 0.97 ± 0.04 0.79 ± 0.04

4
Run 1 1016 42.1 50.3 0.94 0.81
Run 2 1107 44.4 51.2 0.99 0.76

Average 1062 ± 64 43.3 ± 1.6 50.8 ± 0.6 0.97 ± 0.04 0.79 ± 0.04

5
Run 1 1020 41.7 44.1 0.92 0.84
Run 2 1147 43 44.6 0.73 0.94

Average 1084 ± 90 42.4 ± 0.9 44.4 ± 0.4 0.83 ± 0.13 0.89 ± 0.07

6
Run 1 1051 45.3 48.7 0.71 0.97
Run 2 1332 48.6 50.4 0.6 0.99

Average 1192 ± 199 47.0 ± 2.3 49.6 ± 1.2 0.66 ± 0.08 0.98 ± 0.01

Note that the relative humidity at the outlet of the drying chamber is not indicated in the table. This is
because its value remained nearly constant throughout the tests, around 10%. This stability can be attributed
to the significantly larger volume of the drying chamber compared to the sample size, allowing the evaporated
moisture to be rapidly diluted.

The operating conditions for each of the experiments, i.e., experiments 1 to 6, were as presented
in Table 2.

3.1 Effect of Air Velocity and Temperature
3.1.1 Drying Curves

The influence of air temperature on faecal sludge solar drying was examined using VIP sludge samples
under different airflow temperatures: ambient (23○C), 40○C, and 80○C, while maintaining a constant air
velocity of either 0.5 or 1 m/s. The variation in air temperature was designed to simulate both direct and
indirect solar drying conditions, where the drying material is exposed to solar radiation while the carrier air
inside the drying chamber can be preheated.

Fig. 3 illustrates the drying curves, showing the moisture content evolution over time at airflow velocities
of 0.5 and 1 m/s. After 5 h of drying, the moisture content at 0.5 m/s air velocity (Fig. 3a) averaged 1.47 g/g db
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at ambient temperature, 1.23 g/g db at 40○C, and 0.97 g/g db at 80○C. At 1 m/s air velocity (Fig. 3b), the final
recorded moisture contents were lower, averaging 0.98 g/g db at ambient conditions, 0.83 g/g db at 40○C,
and 0.66 g/g db at 80○C.

Figure 3: Drying curves at varying air temperature (ambient 23○C, 40○C, and 80○C) for VIP sludge at 0.5 m/s (a) and
1 m/s (b) air velocity

Hence, an increase in air temperature led to a greater reduction in drying time and, consequently, a lower
final moisture content. Indeed, higher air temperatures accelerated the drying process by increasing vapor
pressure within the sludge and enhancing heat and mass transfer rates, thereby facilitating faster moisture
removal. This trend aligns with findings reported by Ameri et al. [27] for solar drying of sewage sludge.

In Fig. 3a, the drying rate remained similar between the experiments conducted at ambient temperature
(run 2) and 40○C (run 1). This can be attributed to the significantly higher solar irradiance at ambient air
temperature (1189 W/m2) compared to 40○C (958 W/m2). These results indicate that, in a system combining
both direct and indirect solar drying, both solar irradiance and air temperature influence drying kinetics.

The effect of air velocity on faecal sludge solar drying was evaluated by conducting experiments with
VIP sludge at a constant air temperature while varying air velocity at 0, 0.5, and 1 m/s. Fig. 4 presents the
drying curves corresponding to different air velocities at ambient temperature, 40○C, and 80○C. Experiments
without airflow (i.e., at zero air velocity) were performed only at ambient conditions, as airflow was necessary
for higher temperature experiments.
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Figure 4: Drying curves at varying air velocity (0, 0.5, 1 m/s) for VIP sludge at ambient air temperature (a) ambient
temperature (23○C), (b) 40○C, and (c) 80○C

At ambient temperature (Fig. 4a), the final moisture content averaged 1.82 g/g db at 0 m/s, 1.47 g/g db
at 0.5 m/s, and 0.98 g/g db at 1 m/s. At 40○C (Fig. 4b), the final moisture contents were 1.23 g/g db at 0.5 m/s
and 0.83 g/g db at 1 m/s. At 80○C (Fig. 4c), moisture content further decreased to 0.97 g/g db at 0.5 m/s and
0.66 g/g db at 1 m/s. The results indicate that higher air velocities resulted in lower final moisture content
across all temperature conditions, with the fastest drying observed at 1 m/s, followed by 0.5 m/s, and the
slowest at 0 m/s. This suggests that increasing air velocity enhances the drying rate. The acceleration in drying
can be attributed to a reduction in boundary layer thickness at the sludge surface, which improves heat and
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mass transfer rates. Consequently, moisture migrates more efficiently from the sludge to the airstream, and
heating is more effective, particularly when preheated air is used [28].

The positive influence of temperature and airflow velocity on drying performance aligns with theoretical
expectations and is consistent with findings in the literature. Celma et al. [29] and Ali et al. [30] investigated
the impact of air temperature (ranging from 20○C to 90○C) on the drying of thin-layer sludge from oil
extraction and sewage sludge, respectively, within an indirect solar dryer. Both studies reported a faster
reduction in moisture content with increasing air temperature. Similarly, Parlak et al. [31] conducted solar
drying experiments on thin-layer poultry abattoir sludge and observed that aeration significantly accelerated
moisture loss compared to tests conducted without airflow.

3.1.2 Drying Kinetics Regime
Fig. 5 illustrates the variation of drying rates with moisture ratio (Krischer curves) for VIP sludge at air

velocities of 0.5 and 1 m/s, under different air temperatures (ambient, 40○C, and 80○C). The results indicate
that drying rates remained constant initially and then declined after a certain period. Drying followed a
typical pattern, occurring in the constant rate period until the critical moisture ratio was reached, after which
the falling rate period began. An exception to this trend was observed in the ‘ambient (run 1)’ experiment,
where the drying rate remained constant, suggesting that the critical moisture ratio was not reached.

Figure 5: Drying rate curves for VIP sludge at air velocity of 0.5 m/s (a) and 1 m/s (b), at varying air temperature
(ambient, 40○C and 80○C)

According to drying theory, the constant rate period occurs when the entire surface of the sludge
remains saturated with moisture, allowing continuous evaporation that is immediately replenished by
moisture migration from within the sample. Once the critical moisture ratio is reached, the moisture on the
surface evaporates more rapidly than it can be replaced from the interior, leading to a decline in the overall
drying rate and marking the onset of the falling rate period.

It was also observed that drying rates in Fig. 5b (1 m/s) were consistently higher than those in Fig. 5a
(0.5 m/s), with the highest drying rates occurring at 80○C and the lowest at ambient temperature. As expected,
drying rates increased with both air velocity and temperature. Furthermore, the convective mass transfer
coefficients increased from 7.47 × 10−3 to 9.49 × 10−3 m/s at 0.5 m/s air velocity and from 1.04 × 10−2 to
1.34 × 10−2 m/s at 1 m/s air velocity as the air temperature increased. Similarly, the convective heat transfer
coefficients were approximately 8 W/m2⋅K at 0.5 m/s and 11.5 W/m2⋅K at 1 m/s. These trends in heat and
mass transfer coefficients explain the observed increase in drying rates, as higher heat and mass transfer
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rates facilitate faster moisture removal from the sludge. Detailed calculations of the heat and mass transfer
coefficients are provided in the Supplementary Materials.

Table 4 presents the estimated duration of the constant rate period and the critical moisture content at
different air velocities and temperatures. These parameters were identified at the point on the drying curve
where the moisture content transitions from a linear to a nonlinear decrease.

Table 4: Estimated constant rate period durations and critical moisture content for VIP sludge solar drying at different
air velocities and temperatures

Experimental conditions Critical moisture content

Air velocity
(m/s)

Air temperature
(○C)

Estimated drying time at the
constant rate period (min)

Dry basis
(g/g db)

Wet basis
(%wb)

0.5
ambient 260 1.41 58.5%

40 235 ± 7 1.50 ± 0.09 60.0% ± 1.5%
80 200 ± 7 1.52 ± 0.11 60.0% ± 1.4%

1
Ambient 205 ± 21 1.69 ± 0.13 60.3% ± 1.8%

40 149 ± 5 1.61 ± 0.14 62.8% ± 1.8%
80 118 ± 11 1.42 ± 0.01 62.8% ± 1.8%

Table 4 shows that the duration of the constant rate period decreased with increasing air temperature
and velocity. This can be attributed to the higher moisture removal rates at elevated temperatures and airflow
speeds, which accelerate the depletion of surface moisture, leading to a quicker transition to the falling rate
period. The critical moisture content ranged between 1.4 and 1.7 g/g on a dry basis (58%–64% on a wet basis)
but did not exhibit a consistent trend across different conditions. Variations in critical moisture content may
be attributed to experimental uncertainties.

Compared to literature data, the drying rates observed in this study—ranging from 0.55 g/g db/min/m2

at ambient temperature to 1.2 g/g db/min/m2 at 80○C—were generally higher than those reported for the
solar drying (direct or indirect) of thin layers of sewage or poultry abattoir sludge. Specifically, previous
studies reported drying rates of 0.06 g/g db/min/m2 at 65○C [27,32], 0.09 g/g db/min/m2 at >55○C [31],
0.13 g/g db/min/m2 at 65○C [12], and significantly lower values of 0.009, 0.006, and 0.002 g/g db/min/m2 at
80○C, 60○C, and 40○C, respectively [29]. In contrast, the drying rates found by Ali et al. [30], which ranged
from 1.8 to 0.7 g/g db/min/m2 between 90○C and 50○C, were within the same range as those obtained in
this study.

Regarding critical moisture content, the values obtained in this work (approximately 1.5 g/g db)
were lower than those reported for sewage and poultry abattoir sludge, which ranged between 2 and
3 g/g db [27,30–32]. In contrast, they were higher than the critical moisture content reported for olive oil
extraction sludge [29]. Additionally, literature data indicate that no constant rate period was observed at
temperatures above 80○C, which differs from the drying behavior observed in this study.

3.1.3 Effective Diffusivity and Activation Energy
The experimental drying rate curves in this study revealed both constant and falling rate periods in

nearly all experiments. The falling rate period was analyzed using Fick’s second law to describe the drying
behavior. This analysis was conducted for VIP sludge under solar drying conditions at air velocities of 0.5
and 1 m/s, across different air temperatures.
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Table 5 presents the effective moisture diffusivity De f f values for VIP sludge under various drying
conditions. The reported values represent the average of duplicate experiments. Note that the coefficient of
determination R2 for most cases exceeded 0.99, indicating a strong fit of the model to the experimental data
for calculating De f f .

Table 5: Effective moisture diffusion coefficients for VIP sludge at varying velocity and temperature air conditions

Experimental conditions Deff (m2/s)

Air velocity (m/s) Air temperature (○C)

0.5
Ambient 4.6 × 10−9 *

40 9.0 × 10−9 ± 0.2 × 10−9

80 12.2 × 10−9 ± 0.7 × 10−9

1
Ambient 10.9 × 10−9 ± 0.0 × 10−9

40 11.8 × 10−9 ± 0.5 × 10−9

80 14.2 × 10−9 ± 2.5 × 10−9

Note: *No falling rate period was observed for one of the tests under these
conditions, so the uncertainty could not be calculated.

As shown in Table 5, the effective moisture diffusivity De f f varied with temperature, ranging from 4.6 ×
10−9 m2/s at ambient temperature to 12.2× 10−9 m2/s at 80○C for an air velocity of 0.5 m/s. At 1 m/s air velocity,
De f f increased from 10.9 × 10−9 to 14.2 × 10−9 m2/s over the same temperature range. These results indicate
that De f f increased with rising drying temperatures, as expected. This trend can be attributed to the higher
kinetic energy of moisture molecules at elevated temperatures, which enhances moisture mobility within the
sludge, thereby improving mass transfer.

Table 5 also shows that increasing air velocity from 0.5 to 1 m/s led to a corresponding increase in De f f ,
with values rising from 4.6 × 10−9 to 10.9 × 10−9 m2/s at ambient temperature, from 9.0 × 10−9 to 11.8 ×
10−9 m2/s at 40○C, and from 12.2 × 10−9 to 14.2 × 10−9 m2/s at 80○C. This increase could be explained by the
reduction in the boundary layer thickness at the sludge surface with higher airflow, which enhances heat
transfer from the air stream to the sludge. The improved heat transfer may raise the internal temperature of
the sludge, further accelerating moisture diffusion.

The De f f values observed in this study (6.6 × 10−9 to 14.2 × 10−9 m2/s) were lower than the reported
range for faecal sludge from on-site sanitation facilities undergoing conventional thermal drying, which is
typically in the order of magnitude of 10−7 m2/s [33,34]. This suggests that conventional drying promotes
faster moisture movement within the sludge, resulting in accelerated drying. However, this increased drying
rate comes at the expense of additional thermal energy input, such as fuel combustion or electric resistance
heating, which increases operational costs compared to solar drying.

The effective diffusivity values obtained in this study are lower than those reported by Ameri et al. [32]
and Masmoudi et al. [13] for sewage sludge, in the order of 10−8 m2/s. In contrast, they are higher than the
values documented by Wang et al. [12] for sewage sludge, Parlak et al. [31] for poultry abattoir sludge, and
Celma et al. [29] for olive oil extraction sludge, which are generally in the order of 10−10 or 10−11 m2/s. These
findings suggest that faecal sludge has an intermediary moisture mobility than other sludge types during
solar drying.

Table 6 presents the activation energy values for sludge under different air velocity conditions, averaged
over duplicate experiments.
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Table 6: Activation energy and Arrhenius constant for VIP sludge solar drying at 0.5 and 1 m/s air velocity

Air velocity 0.5 m/s Air velocity 1 m/s
Ea(kJ/mol) 26 ± 2 9 ± 3

D0(m2/s) 1.7 × 10−4 ± 1.1 × 10−4 4.9 × 10−7 ± 4.7 × 10−7

The results in Table 6 indicate that activation energy Ea was higher at 0.5 m/s (26 kJ/mol) compared
to 1 m/s air velocity (9 kJ/mol). The greater activation energy at 0.5 m/s suggests a stronger temperature
dependency than at 1 m/s, implying that increasing air velocity reduces the heat requirement for drying.

The activation energy at 0.5 m/s falls within the range reported in the literature for faecal sludge
thermal drying, which varies from 23 to 36 kJ/mol [33,34], and is comparable to the activation energy of
approximately 32 kJ/mol reported for sewage sludge solar drying by Ameri et al. [32], while it is higher
than the activation energy of 16 kJ/mol reported for the solar drying of olive oil extraction sludge [29].
The activation energy at 1 m/s air velocity is the lowest among all the cases mentioned, indicating that this
experimental case exhibited the least temperature dependency.

3.1.4 Performance Parameters
In this study, the performance of the drying system was evaluated based on power and thermal efficiency

calculations. Power was determined by calculating the energy transferred to the sludge through heated
airflow and solar radiation. This energy was categorized into radiative power Ps and convective power Pc .
Thermal efficiency η was defined as the ratio of the total power input (both radiative and convective) to the
useful power utilized for moisture evaporation Pout . Table 7 presents the computed values for power input
(convective and radiative power), useful power output, and process efficiency under different experimental
conditions. The average solar irradiance and drying rates from Table 3 were used as the basis for power and
efficiency calculations.

Table 7: Values of power input (convective and radiative power), power output (power utilized in drying process), and
efficiency of faecal sludge solar drying at various operating conditions

Experiment Convective
power (W)

Radiative
power (W)

Radiative &
convective

power input
(W)

Power
output (W)

Efficiency (%)

Air temperature
(○C)

Air velocity
(m/s)

Ambient 0.5 2.65 7.80 10.35 2.13 20.8
40 0.5 1.62 8.25 9.87 2.43 24.9
80 0.5 0.83 8.07 8.90 2.81 31.6

Ambient 1 1.68 8.59 10.27 2.65 26.0
40 1 0.87 8.24 9.10 3.19 35.1
80 1 0.53 9.56 10.07 3.51 34.9

Experimental results indicated positive convective power values, confirming that the sludge temperature
remained lower than the surrounding air temperature. This suggests that the sludge absorbed thermal energy
from the surrounding air to facilitate moisture evaporation. Additionally, convective power decreased as
air temperature increased, due to the reduction in the temperature difference between the sludge and the
surrounding air.
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The results in Table 6 indicate that solar radiation was the primary source of thermal energy for
drying, contributing significantly more than convective heat input. The proportion of solar thermal energy
to convective thermal energy ranged from 73% to 95%, confirming that solar energy was the dominant
contributor to the drying process in the solar thermal drying system in this work.

The drying system’s efficiency across all experiments ranged between 20.8% and 35.1%, aligning with
reported values for solar thermal drying efficiency for sludge [11,12]. As shown in Fig. 6, no clear correlation
was observed between efficiency and solar irradiance. This can be attributed to the fact that all experiments
were conducted under similar sunny conditions, resulting in minimal variation in solar irradiance. However,
a noticeable increase in thermal efficiency was observed with rising air temperature and air velocity,
suggesting that these factors played a more significant role in enhancing drying performance.

Figure 6: Efficiency as a function of solar irradiance for solar drying of VIP sludge at varying conditions of air
temperature and velocity

3.2 Effect of the Type of Faecal Sludge
To assess variations in drying behavior between different types of faecal sludge, additional experiments

were conducted using UD sludge samples under the same operating conditions as those used for VIP sludge.

3.2.1 Drying Curves for UD and VIP Sludge
Fig. 7 presents the drying curves for UD and VIP sludge samples at a constant air velocity (0.5 m/s) and

varying air temperatures (ambient, 40○C, and 80○C). Initially, both UD and VIP sludge exhibited similar
moisture reduction rates. However, after approximately 30 min of drying, the moisture loss in UD sludge
slowed significantly compared to VIP sludge.
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Figure 7: Drying curves at 0.5 m/s air velocity for both UD and VIP sludge at ambient temperature, 40○C and 80○C

At the end of the 5-h drying period, the final moisture ratios recorded at ambient, 40○C, and 80○C
were 0.65, 0.62, and 0.59 for UD sludge, corresponding to final moisture contents of 1.59, 1.50, and
1.44 g/g db, respectively. In contrast, VIP sludge exhibited lower final moisture ratios of 0.45, 0.42, and 0.31,
corresponding to final moisture contents of 1.45, 1.23, and 0.97 g/g db, respectively.

The slower drying rate of UD sludge can probably be attributed to the formation of a denser and harder
crust layer on its surface during the early stages of drying, whereas the crust formed on VIP sludge remained
significantly softer. The relative hardness of the crust was estimated by measuring the force required by the
experimenter to pierce the top surface with a pin at the end of the experiment. The harder crust in UD
sludge may have acted as a barrier, trapping moisture inside and restricting mass transfer to the surrounding
environment. Additionally, this dense crust layer could have increased resistance to heat penetration into the
UD sludge core, further limiting moisture evaporation [35].

3.2.2 Temperature Evolution
Fig. 8 illustrates the variation in internal temperature for VIP and UD sludge during drying. The results

indicate that the internal temperature of UD sludge samples rose more rapidly and reached a higher value
at the beginning of the drying process compared to VIP sludge. This suggests that UD samples attained the
drying temperature (i.e., the wet-bulb temperature) more quickly than VIP sludge.

Figure 8: Internal temperature for UD and VIP sludge during drying at ambient temperature, 40○C, and 80○C, and at
0.5 m/s air velocity
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The higher initial temperature observed in UD sludge may have contributed to the early formation of a
crust, as reported in previous studies [36,37].

4 Conclusion
This study characterized the kinetics of faecal sludge solar thermal drying to provide a deeper under-

standing of the process. The findings from this research in terms of drying kinetics and energy efficiency
can support the design, implementation, and upscaling of solar thermal technologies for faecal sludge
treatment, a cost-effective and sustainable solution, particularly in regions with abundant solar resources
such as South Africa.

The solar thermal drying of a thin layer of faecal sludge over 5 h resulted in a reduction of moisture
content from 2.6–3.0 g/g db to 1.6–0.5 g/g db, depending on the operating conditions. This corresponded to
moisture removal between 40% and 85%, with drying rates ranging from 0.55 to 1.2 g/g db/min/m2. Drying
initially occurred in the constant rate period, followed by a transition to the falling rate period once the
critical moisture content was reached, which varied between 1.41 and 1.78 g/g db without a distinct trend
related to operating conditions. The effective diffusivity ranged from 6.6 × 10−9 to 14.2 × 10−9 m2/s, with
activation energy values between 9 and 26 kJ/mol.

The results demonstrated that air temperature and velocity significantly influenced the drying kinetics.
Higher air temperatures and velocities enhanced drying rates due to increased heat and mass transfer and
greater effective diffusivity. Additionally, activation energy decreased with increasing air velocity, suggesting
that higher airflow reduced the temperature dependency of the drying process. VIP sludge exhibited greater
moisture reduction compared to UD sludge, likely due to the formation of a hard crust layer on UD sludge
during the early stages of drying, which restricted moisture migration.

Solar radiation was the primary source of heat input in the drying system, contributing between 73%
and 95% of the total energy input on sunny days. The overall thermal efficiency of the process ranged from
14.6% to 35.1%, with a noticeable increase in efficiency as air temperature and velocity increased.

This study highlights the importance of proper ventilation in solar thermal faecal sludge drying systems.
Higher air velocities and preheating of the incoming airstream can improve drying kinetics, shorten drying
times, and enhance overall efficiency. Additionally, the drying behavior of faecal sludge can vary depending
on its origin, with surface crust formation potentially hindering moisture migration from the sludge core
to the environment. Further research is needed to better understand the mechanisms and impact of crust
formation during the drying process, as well as an environmental analysis to assess the sustainability of
the process.
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