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Abstract
Pulp mill sludge is a challenging by-product in wastewater treatment plants (WWTP), due to high moisture content, and 
poor dewatering characteristics. Solar drying was identified as an appropriate pre-treatment to reduce sludge moisture and 
enhance its energy efficiency for combustion purposes. Brazil is the world’s second-largest pulp producer, and its high 
intensity of annual solar irradiation makes it a prime candidate for the application of solar sludge drying technology. This 
study evaluates the main characteristics of primary sludge (PS) from pulp mills at 65% and 95% moisture content. An active 
passive solar dryer, followed by ASPEN Plus software simulation was used to evaluate drying properties and combustion 
potential. CO2 emission impact was explored, and the environmental effects of primary sludge combustion after solar drying 
were estimated. As indicated by the findings, the sludge commenced with a solids concentration of 21%, eventually reaching 
95.5%, thereby enhancing its suitability for combustion. From the simulation, a heat rate expenditure in sludge combustion 
reported 24672 kW and 16295 kW for a solids content of 65% and 95%, respectively. Therefore, employing solar drying 
before the sludge incineration is crucial for minimizing energy consumption during combustion. Additionally, solar energy 
being cost-free, offers an opportunity to alleviate environmental harm.
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Introduction

Disposal of sludge generated in wastewater treatment plants 
(WWTPs) has been an increasing concern around the world 
due to environmental impact and treatment/disposal costs. 
Several stages and processes are often used to reduce the 
waste volume or reuse, to minimize the content of pollutants, 
and to get rid of pathogenic organisms. The correct manage-
ment besides minimizing the waste volume and the toxicity, 

must achieve the technical standards and satisfy current leg-
islation [1, 2]. The most significant regulations in Europe 
are directives 1999/31/EEC, 2008/98/EC, 91/271/EEC, and 
86/278/EEC, concerning waste landfill, urban wastewater 
treatment, and the use of sludge in agriculture, respectively 
[3]. The European Commission considered that those direc-
tives related to sludge are effective, efficient, and by other 
EU legislation, thus an update is not required [4].

However, upon assessing the accessible data, it is 
observed that sludge is utilized in agriculture in close to 
half of the instances, raising apprehensions regarding the 
potential long-term buildup of harmful elements in the soil. 
In South America, Brazil has encouraged studies on the use 
of waste and possible transformation into by-products to 
replace raw materials and reduce costs [5]. For industrial 
sludge, anaerobic and aerobic digestion, composting, chemi-
cal stabilization, drying, and soil incorporation are mainly 
used in Brazil for WWTP streams [6]. Currently, Brazilian 
Federal legislation criteria and procedures have two resolu-
tions for the management of wastes and hazardous materials, 
namely: Resolution 375/2006 established by the National 
Council of the environment. Both resolutions outline the 
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utilization of wastewater sludge in agricultural zones, aiming 
to provide advantages to plantation areas while mitigating 
risks to human health and the environment. Additionally, 
Brazilian regulatory standards NR25/2011 for industrial 
waste, encourage waste reduction with the adoption of tech-
nological and organizational best practices [7]. The alterna-
tives for potential uses and final disposal of the sludge can 
be found in Supplementary Material A.

The industrial sludges generated at WWTPs are complex 
mixtures of organic and inorganic compounds that may be 
energetically desirable or a source of problematic materi-
als. Due to the presence of organic compounds, sludge can 
be used as solid fuel. Combustion is the industry’s typical 
method to dispose of sludge in fluidized beds at over 800 °C. 
However, the sludge cannot be burned in autothermal mode, 
which requires an additional drying step. Thus, sludge is 
mechanically dried, reaching a percentage of solid material 
of 27.9% as for the case studied in this research. Further-
more, another drawback involves the introduction of detri-
mental substances into the exhaust gases during the incor-
poration of sludge into the process [8].

Diverse technologies can be applied to minimize the 
problems of sludge disposal, including physical (mechani-
cal, thermal, electrical), chemical (adding oxidizer or 
uncoupler agent), and biological methods [9]. Recent stud-
ies have focused on performance enhancement for sludge 
disposal, sludge minimization, removal of contaminants, 
wetland sludge treatments, and residual biosolids reuse, 
among others [10–17]. However, independent from the pro-
cess adopted, relevant limits associated with the high water 

content prevent sludge energy potential from being recov-
ered directly. Typically, sludge has a high moisture content 
of around 80–99% (wb) [15]. Figure 1 shows a typical rep-
resentative scheme of the water removal stages of sludge.

Within moisture removal techniques, thermal drying 
stands out as an energy-demanding process, making solar 
energy a preferred and eco-friendly option due to its cost-
effectiveness. Artificial dryers facilitate rapid and efficient 
drying through temperature control. Conversely, despite 
notable fluctuations in thermal conditions caused by sea-
sonal solar availability and atmospheric variations, solar 
dryers exhibit considerably lower drying costs compared to 
artificial drying. This is attributed to the minimal direct costs 
associated with utilizing solar energy to heat the airflow [18, 
19]. Additionally, thermal energy storage systems (TES) are 
effective ways to store a portion of the solar thermal energy 
during times of high solar radiation intensity and recover 
it during times of low solar radiation and night, allowing 
the drying process to continue. As a result, solar dryers can 
operate better at low cost, as the thermal storage materials 
are inexpensive and simple to collect. Review of different 
types of solar thermal dryers can be found in Supplementary 
Material B.

After drying, sludge combustion is typically implemented 
in industry since presents a major energy security and cli-
mate change mitigation options. Some developed nations 
promoted the conversion of solid waste into electricity to 
prevent environmental damage caused by waste accumu-
lation with combustion processes. The co-combustion of 
sludge is an option for its energy recovery. A bubbling 

Fig. 1   Scheme of sludge treatment stages for water removal
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fluidized bed reactor was built on a pilot scale at the Uni-
versity of Portugal campus. The main point that was studied 
was the emissions of gases in the exhaust, Na and Cl. Con-
tinuous monitoring related to temperature and gas composi-
tion showed that the reactor was in steady state operation. 
Due to the percentage of inorganic contents, ash can form 
and damage the equipment [8]. In Colombia, the company 
Smurfit Kappa generates around 320 tons/day of primary 
sludge in the WWTP with a solid material content of 12%. 
After a pre-mechanical drying treatment, it undergoes the 
following thermal drying technologies: incineration, co-
combustion, and alternative co-processing routes, such as 
gasification and pyrolysis. Reducing drying costs can be 
achieved by mixing boiler ash, wood waste and primary 
sludge. And subsequently, through the pelletization process, 
it is possible to reduce the total mass by up to 45%, making 
it possible to use it for energy purposes [20].

There are three sets of reactions that can be used to model 
sludge combustion. These three zones have endothermic 
reactions, while the combustion zone’s exothermic reactions 
provide the necessary heat. The biomass is heated in the dry-
ing zone to drive out its moisture. Then, it undergoes to the 
first set of reactions, which includes the decomposition pro-
cess, carried out in the pyrolysis zone according to Eq. (1).

where volatile organic compounds (VOC). The second set 
of the byproducts of the breakdown process react on the 
combustion zone carried out in the pyrolysis zone according 
to Eqs. (2), (3) and (4).

Finally, the products of the decomposition and the com-
bustion medium interact in the reduction zone according to 
the Eqs. (5), (6), (7), (8) and (9):

It is well-recognized that one of the most useful tech-
niques for analyzing and improving a chemical process is 
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mathematical simulation. Modeling different chemical pro-
cesses can be effectively done using ASPEN Plus®. A co-
gasification approach to energy production with pulp mill 
sludge was simulated in ASPEN Plus software. A model was 
created to simulate the synergistic effects of co-gasification 
of the waste in question. The initial model was created using 
the literature and later validated with experimental data. The 
results achieved were 850ºC temperature at 1 bar pressure, 
the model provided information for large-scale gasifier pro-
jects, in addition to the optimization of mixtures of differ-
ent types of biomass [23]. Simulation with ASPEN Plus 
software of sludge combustion with a productivity of 6 tons 
per hour demonstrated that catalytic combustion technol-
ogy can be used for mechanically dewatered sludge with a 
moisture content of ~ 75% in auto thermal mode (without the 
use of additional fuel). The amount of thermal energy pos-
sible to obtain can reach 3.07 MW, humidity directly affects 
the heating value [24]. A drying and pyrolysis process of 
municipal sewage sludge was simulated using ASPEN soft-
ware, to propose a self-sustainable disposal of the waste. 
Using simulation, it was proven that the process is viable 
from the point of view of energy self-balance. Other points 
analyzed were that humidity has an impact on the system’s 
energy consumption [25]. The technology of combustion of 
pulp mill sludge after the solar drying process has not been 
significantly reported in the literature.

In this work, a study case of solar drying was applied to 
primary sludge from pulp mill WWTP located in the north-
east region of Brazil, using an active indirect solar dryer. 
The main objective of this work is to use the prototype of 
an active indirect solar dryer already built and installed in 
Belo Horizonte, Brazil, to investigate the performance of 
the system and optimize the design parameters [19]. The 
characterization of primary sludge from the cellulosic pulp 
industry was analyzed, and the thermal efficiency and sludge 
drying efficiency were calculated. Likewise, the reduction 
of environmental impacts was addressed, promoting drying 
with solar energy, analyzing the proportion of fuel and water 
vapor during the combustion process after drying with the 
ASPEN Plus software. The originality of this research lies in 
examining the environmental consequences starting from the 
solar drying of the sludge and extending to its combustion in 
a boiler [26]. The study aims to pinpoint the primary impacts 
that require attention throughout this process.

Pulp mill sludge

Kraft plants produce, on average, 58 kg of sludge per ton 
of air-dried pulp (kg tsa−1) 70% refer to primary sludge and 
30% to secondary sludge, in a process that uses sulphite 
and deinking sludge production is approximately 102 and 
234 kg, respectively. The primary and secondary sludge is 
classified as Class II-A, it is non-hazardous and non-inert. In 
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2022, Brazil produced around 25 million tons of cellulose, 
consolidating itself as the second largest producer in the 
world, with eucalyptus and pine wood being the main raw 
materials used [2, 27–33].

Sludge is produced from the clarification process of the 
pulp mill wastewater stream. The sludges are primarily 
composed of high-fibrous organic contents such as lignin 
and short-chain cellulose fibers that are not suitable for pulp 
production. The clarification of this waste stream can be 
divided into primary (chemical) and secondary (biologi-
cal) waste treatment, in which the by-product streams are 
classified as primary and secondary sludges, respectively 
(Fig. 2). After primary sludge separation the wastewater can 
undergo biological and physicochemical treatments to pro-
duce a more processed waste material known as secondary 
sludge; however, this study case focuses on primary sludge 
generated from the initial clarification stage in the pulp mill 
WWTP. Primary clarification leads to the production of pri-
mary sludge, which can be achieved by either sedimentation 
or flotation [34–38].

Materials and methods

Primary sludge sampling and characterization

Primary sludge was collected from a WWTP of a pulp 
mill located in northeastern Brazil. A representative sam-
ple of the WWTP was collected after the belt filter presses 

dewatering stage in the pulp mill. The samples were packed 
into sealed plastic bags, then placed in Styrofoam boxes.

The moisture content (MC), volatile matter (VM) and ash 
content (AC) analysis were determined following the ISO 
18123 (ISO—International Organization for Standardiza-
tion., 2023a) and ISO 18222 (ISO—International Organiza-
tion for Standardization., 2023b), respectively. Fixed carbon 
(FC) was calculated according to the following Eq. (10):

The HHV was measured with a Parr 6400 bomb calo-
rimeter according to ISO 18125. Ultimate analysis was 
performed using a TruSpec Micro—LECO CHN628 Series 
Elemental Determinator coupled with a 628S Sulphur Add-
On Module according to the ISO 16948 (SFS, 2015) and 
ISO 16994 standard procedures. The oxygen content was 
approximated as the difference between 100% and the weight 
percentages of the major elements on a dry basis [39].

The morphology of the samples was examined by Scan-
ning Electron Microscopy (SEM) using a Hitachi SU3500 
microscope. Elemental composition of the primary sludge 
sample and bound metals were determined with EDS analy-
sis using ZEISS/Gemini SEM 300 with a Bruker X-Flash 
100 detector. The thermal decomposition of primary sludge 
was analyzed using thermogravimetric analysis (TGA) and 
differential thermal analysis (DTGA), carried out under oxi-
dative atmospheres at 10 °C/min, using SHIMADZU DRG-
60H system.

(10)FC[wt%] = 100 − (AC[wt%] + VM[wt%])

Fig. 2   Primary and second-
ary sludge production routes 
from pulp mill.  Modified from 
Turner et al. 2022 [34]
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Solar drying treatment

Tests with the active indirect solar dryer were carried out in 
August 2022, in 6 h of tests (10 am–4 pm), Brazilian time, 
Federal District, Brazil (GTM-3). The tests were performed 
at the beginning of winter, being the period of low relative 
humidity and little presence of clouds in the region [19]. 
The system was placed in an open area far from communi-
ties. Primary sludge has sulfurous and ammoniacal smells, 
that can impact the nearby community’s well-being. Thus, 
effective odor control measures are essential to mitigate its 
effects. Typically, WWTP uses technologies such as biofil-
ters, activated carbon filter, chemical treatments, dilution 
with other materials (e.g., wood chips) for odor control of 
sludge. In this study, the location provides proper ventila-
tion, and no other odor control was needed.

The drying process with the solar dryer was divided into 
two stages: (i) the preheating of the air using an absorber 
plate with channels to increase the residence time of the air 
(baffle) and forced convection using a mini fan. And (ii) the 
drying stage of sludge in an indirect drying chamber with 
four compartments.

The equipment’s wooden framework is covered by tem-
pered glass measuring 8 mm in thickness, and it is exter-
nally shielded by galvanized steel sheets featuring ceramic 
fiber insulation. To enhance solar radiation absorption, 
the dryer’s structure is painted in a matte black. The dryer 
includes a drying tray with a surface area of 0.108  m2 
(0.45 m × 0.24 m). With an approximate drying capacity of 
2 kg of wet product per 0.108 m2 of drying area, the sug-
gested dryer’s maximum drying capacity is stated as 1.98 kg 
[40]. Airflow is carried out by forced convection through a 
fan at the inlet with a maximum speed of 1.8 m/s.

The glass cover allows the passage of solar radiation, 
which is absorbed by the plate located inside the equip-
ment. The heat from the airflow eliminates moisture from 
the product, exiting the dryer through a rectangular section 
containing a drying basket equipped with 4 trays on screens 
measuring less than 45 µm (270 mm × 230 mm) (Duffie and 
Beckman, 2006; Easa et al. 2024). Product insertion and 
extraction occur through a side door in the drying chamber. 
The dryer equipment is set at a 30° incline facing north. 
The inclination angle was determined as the absolute value 
of the geographical latitude, aiming to optimize the drying 
efficiency. In this study, TES was not included in the dryer 
system configuration, as solar radiation intensity during the 
test was high.

The temperature was measured at six points: input, out-
put, ambient and at three selected points in the baffle with 
PT-100 sensors. Temperature measurements allow the analyse 
of temperature gain and provides data to register the avail-
ability of solar radiation incident on the device. The ambient 
temperature variation reported the environmental conditions. 

Relative humidity of the air and dew point were measured 
by two thermo-hygrometers positioned at the inlet and out-
let of the equipment. A pyranometer was positioned in the 
equipment surface to measure the available radiation, this data 
complements the calculations of thermal and instantaneous 
efficiency of the drying process. A multifunction anemometer 
was positioned at the entrance of the dryer to measure the air 
velocity provided by the fan. A data logger was in a properly 
shaded and ventilated shelter to record data every second of 
the device and ambient conditions. A router was responsible 
for transferring data from the data logger to the LabVIEW 
software. The software is used to interface the data logger with 
the computer, in addition to generating the graphs and assisting 
in the processing and conversion of data. The developed small-
scale active indirect solar dryer and instrumentation position-
ing are presented in Fig. 3. More detailed information on the 
structure and dimensions of the solar dryer can be found in 
supplementary material C.

The uncertainty analysis was performed by the method of 
comparison, performing the measurement at absolute zero 
and at the maximum temperature of the PT-100, finding the 
systemic error, that is, if there is no variation between the 
minimum value and the maximum value, it is considered the 
variation value for all intermediate measurement ranges. This 
allows the indication of the uniformity of the wires and the 
reproducibility of the calibration. Equation (11) was used to 
calculate the thermal efficiency of the dryer (ηT[%]) [41].

(11)𝜂T [%] =
ṁ
[

kg

s

]

(hin

[

J

kg

]

− hout

[

J
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]

)

A[m2].G[W∕m2]

Fig. 3   Active indirect solar dryer. 1-input temperature (TP-01), 
1.1-thermal hygrometer, 1.2-multifunction anemometer, 2-center 
channel temperature (TP-02), 3-input channel temperature (TP-03), 
4-output channel temperature (TP-04), 5-pyranometer, 5.1-shelter, 
6-room temperature (TP-05), 7-temeperature hygrometer sensor, 
8-thermal hygrometer, 9-box with datalogger, 10-precision balance, 
11-outlet temperature (TP-06), 12-chamber drying
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where ṁ [kg/s] represents the air mass flow, hin [J/kg] and 
hout [J/kg] denote the specific enthalpies at the dryer’s inlet 
and outlet, respectively. A [m2] stand for the collector area, 
and G [W/m2] represents the hemispherical solar radiation 
area in the collector plane.

Four sludge samples of 500 g were placed in identified 
trays of the drying chamber. Samples were weighed every 
30 min during the tests. For each measurement data was 
collected three times. Essential parameters for proper solar 
dryer efficiency calculations, were measured, such as tem-
perature, relative humidity and air speed at the inlet and out-
let, and solar radiation incident on the plane of the device. 
Certified and properly calibrated equipment, in addition to 
statistical calculations to reduce the standard error, were 
used.

Drying efficiency (ηs[%]) was calculated by the ratio 
between the vaporization energy of the product water and 
the energy spent by the dryer [40], following Eq. (12).

where ṁH
2O

 represents the instantaneous moisture flow that 
is withdrawn from the product in the dryer, hlv denote the 
latent heat of vaporization. The data was critically analyzed 
to generate graphs that made it possible to diagnose the ideal 
operating conditions for the future development of new tech-
nically and environmentally viable dryer designs.

Simulation of combustion assessment

This work presents a model of a combustion reactor based 
on the equilibrium model approach implemented in ASPEN 
Plus V11. The development of the model involves the fol-
lowing steps: definition of the process flowsheet, descrip-
tion of the stream class, selection of the property approach, 
and the identification of conventional and non-conventional 
components. Prior to providing the fuel to the reactor, the 
fuel was dried to reach 65% a 95% DS, simulating the solar 
drying stage. Pyrolysis stage follows the drying, in which 
the raw material is broken down into volatile chemicals and 
char, then the combustion occurs producing syngas.

The model’s fundamental assumption:

(12)𝜂S[%] =
∫ ṁH2O

[
kg

s
] ⋅ hlv[

J

kg
] ⋅ dt

∫ A
[

m2
]

G[W∕m2] ⋅ dt

•	 Process under steady state.
•	 No pressure drop and no heat loss are considered.
•	 All considered components are in chemical equilibrium.
•	 To reduce the hydrodynamics complexity the influence 

of tar and other heavy products are not considered.
•	 All sulfur is converted to H2S.

Utilizing the Stoichiometric Reactor (RStoich), Yield 
Reactor (Ryield), and RGibbs Reactor as the major reactor 
types, the combustion process simulation model was devel-
oped using ASPEN Plus V11 software. Table 1 describes 
the models of ASPEN Plus unit operation. The simulation 
model is generated based on the proximate and ultimate 
analyses. In ASPEN Plus, PS (primary sludge) and ashes are 
designated as non-conventional components. HCOALGEN 
and DCOALIGT serve as the enthalpy and density models 
for these non-conventional components (PS and ash).

To simulate the drying process the ‘RStoic’ block was 
used. During this stage evaporation is used to reduce the 
moisture content of the feedstock. In ASPEN, all non-
conventional elements have a weight of 1. The amount of 
materials produced on average is directly proportional to the 
carbon content and ash concentrations that are determined 
with proximate analysis. Similarly, the total production of 
volatiles is equal to the content of the fuel.

In the combustion stage, PS undergo a heating process, 
at temperatures ranging from 100 to 150 °C. This causes 
the particles to dry up and release moisture in the form of 
steam. Following the drying stage an unconventional feed 
consisting of dry PS goes through a breakdown process 
model called Ryield block, which converts the PS sample 
into conventional compounds such, as Carbon monoxide 
(CO), carbon dioxide (CO2), Hydrogen (H2), methane (CH4), 
Ammonia (NH3), hydrogen sulfide (H2S), water (H2O). After 
breakdown, the transformed elements are combusted with an 
air stream as a medium. This combustion stage is simulated 
using the accurate RGibbs reactor model, which measures 
chemical and phase equilibrium by reducing the system’s 
Gibbs free energy. When all of the sulfur in the feedstock 
interacts with H2, H2S is created. The differences caused 
by this simplification are hardly noticeable due to the low 
sulphur level of fuel. Figure 4 shows the ASPEN Plus simu-
lation of the solar drying process until combustion in a bio-
mass boiler with a sludge solid material content of 65% and 

Table 1   ASPEN Plus unit operation used in this study

ASPEN Plus unit ID of the block Description

RStoic Drier Simulate the drying stage. Reduce the fuel’s moisture content
RYield Decomp Convert non-conventional sludge into conventional components
RGibbs Combust Operates with three-phase equilibrium and estimates synthesis gas mixture
Sep Split fractions. Remove water from sludge and gases from ash



117Journal of Material Cycles and Waste Management (2025) 27:111–123	

95% of dry solids. The base feed rate for the simulation was 
1 ton of primary sludge dry basis for both scenarios (Fig. 4). 
Table 2 it presents combustion process operating parameters.

Results and discussion

Primary sludge characterization

The proximate and elemental composition analyses along 
with the heating values of the sludge are listed in Table 3.

Proximate analysis involves the quantification of mois-
ture content (MC), volatile matter (VM), fixed carbon (FC) 
and ash content (AC). As mentioned in previous sections, 
MC refers to the water content in the biomass sample. High 
values of MC negatively affect factor such as combustion 
efficiency and specific heat. The studied primary sludge has 
a high MC of 97,02 wt% (wb), which is a typical value for 

this type of biomass and is consistent with values previously 
reported (Martinez et al., 2021). This high value signifies 
a substantial water content within the sludge, which poses 
challenges during handling, transportation, and storage, as it 
requires intensive drying methods, increasing energy costs.

Biomass volatile are compounds that easily turn into 
gases when burned or decomposed. These volatiles include 
hydrocarbons, hydrogen, oxygen, carbon monoxide, and 

Fig. 4   Simulation of the process flow of primary sludge combustion

Table 2   Combustion process operating parameters

*dry basis

Parameter Unit Value

Feed rate Kg/h 1000*
Feed temperature ℃ 25
Feed pressure atm 1
Air pressure atm 1
Air temperature ℃ 25
Air excess % 15
Combustor temperature ℃ 800
Combustor pressure atm 1

Table 3   Chemical composition of the primary sludge

a Dry basis
FC fixed carbon, VM volatile matter, HHV hight heating value, LHV 
low heating value

Property Primary sludge

Proximate analysis
 Moisture [wt%] 97.02
 Volatiles [wt%]a 65.98
 Ash [wt%]a 22.01
 Fixed carbon [wt%]a 12.01

Ultimate analysisa

 Carbon [wt%] 41.64
 Hydrogen [wt%] 6.3
 Nitrogen [wt%] 0.67
 Sulphur [wt%] 0.42
 Oxygen [wt%] 28.97

Fuel ratioa

 FC/VM 0.18
Heating valuesa

 HHV [MJ/kg] 18.66
 LHV [MJ/kg] 17.29
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some non-combustible gases (NCG). The amount of VM 
in a solid fuel influences factors such as ignition, flame sta-
bility, reactivity and char exhaustion [42]. The substantial 
volatile content (65,98 wt%) indicates that the sludge is 
highly susceptible to thermal degradation which means that 
a significant portion of the sludge can be readily vaporized 
or combusted when exposed to heat, indicating that it is a 
good source of combustible material. This means that pri-
mary sludge could be used as a fuel source, although it is 
important to note that primary sludge may contain harmful 
contaminants such as heavy metals.

Fixed carbon represents the solid carbon remaining in the 
char of biomass after pyrolysis and devolatilization. In sim-
pler terms, FC indicates how much matter turns into char-
coal during combustion. On the other hand, AC reveals the 
amount of non-combustible inorganic matter and minerals. 
The amount of ash in the sludge (22,01 wt%) is significantly 
higher compared to coal and lignocellulosic biomass, this 
value being between 10.28 and 31.50 wt% and 0.70–6.30 
wt% respectively. Conversely, the fixed carbon content 
(12,01 wt%) exhibits an opposite trend, being this typically 
between 16.40 and 45.32 wt% for coal, and between 13.91 
and 19.75 wt% for lignocellulosic biomass (Hu et al., 2022). 
It is worth of mention that since primary sludge contains a 
significant amount of inorganic components, the oxidation 
of inorganic elements may cause an underestimating of the 
fixed carbon value and an overestimation of ash content as 
indicated by [43]. AC stands as a prominent fuel character-
istic that significantly impacts and poses challenges in the 
design of boilers and combustors. A number of problems 
such as agglomeration, fouling, erosion, corrosion, alkali-
induced slagging, and sintering (in fluidized beds), can arise 
from elevated AC levels [44, 45].

The ultimate analysis involves determining the propor-
tions of key elements that constitute biomass, specifically 
carbon (C), hydrogen (H), nitrogen (N), sulphur (S), and 
oxygen (O). Knowing the percentages of the main elements 
that constitute biomass (the concentration of carbon and 
hydrogen being the elements that contribute the most to the 
heating value of fuel), it is possible to calculate the higher 
heating value (HHV) or the lower heating value (LHV) of 
biomass (Chun-Yang Yin, 2011). Based on the ultimate 
analysis for the primary sludge sample, C was the dominant 
element measured at 41.64 wt% followed by O at 28.98 wt%, 
H at 6.3 wt%, N at 0.67 wt% and S at 0.42 wt% according to 
the weight% in db. The high contents of carbon and hydro-
gen suggest the existence of a significant amount of organic 
material, most likely due to the presence of organic fibrous 
material [15]. Nitrogen and sulphur contents are important 
parameters in the evaluation of biomass as a possible fuel use 
due to its harmful and corrosive potential. The low content 
of N and S in the studied primary sludge indicates the viabil-
ity of this biomass to be used in thermochemical processes 

such as combustion having low emissions of nitrogen and 
sulphur pollutants(Casco et al., 2023). The formation of 
harmful pollutants like sulphur oxides (SOx, primarily as 
SO2), nitrogen oxides (NOx), and other sulphide-based pol-
lutants like carbonyl sulphide (COS) and hydrogen sulphide 
(H2S) can be facilitated by high concentrations of nitrogen 
and sulphur compounds in biomass [46]. Higher Heating 
Value (HHV) and Lower Heating Value (LHV) sludge were 
shown on a dry basis (db).

The heating value serves as an indicator of the utmost 
energy potential that can potentially be derived from a bio-
mass source and is regarded as a crucial parameter for evalu-
ating and modelling energy in thermochemical conversion 
processes. Nonetheless, the amount of biomass energy that 
can be harnessed depends on the efficiency and requirements 
of the conversion technology in use. The heating values of 
the studied primary sludge are comparable to those of other 
biomass, such as lignocellulosic biomass and agricultural 
residues [47], but lower compared to other wastes from 
water treatments such as sewage sludge or primary sludge 
from northern pulp mills. However, if the heating values are 
calculated considering the actual moisture content of the pri-
mary sludge the HHV and the LHV (ar) would be 0.55 and 
0.51 MJ/kg, respectively. With such a low calorific value, it 
is unlikely that the primary sludge can be effectively used in 
the thermochemical conversion process for energy recovery 
(except hydrothermal carbonization). For this reason, it is 
of great importance to reduce the moisture content of this 
biomass, making it more suitable for use in combustion pro-
cesses or for other energy applications.

Primary sludge SEM images and EDS analysis are shown 
in Fig. 5. The samples were analyzed to identify fiber char-
acteristics and gather information on the integrity, structure, 
and presence of contaminants. Primary sludge exhibits a 
fibrous morphology that is long, smooth, and homogeneous, 
aligning with findings previously documented in [15]. for 
primary sludge originating from a Finnish pulp mill. Addi-
tionally, aggregates of mineral particles were observed. Fiber 
characteristics and information on the integrity, structure 
and contaminants presence is the samples, were identified.

On the primary sludge surface with SEM–EDS analysis 
large amounts of carbon (45.4%) and oxygen (34.9%) were 
found. In addition to these major elements, some minor ele-
ments were also detected in EDS analysis such as Na, Si, 
Al, Ca, Fe and Au. The peak energy of Ca was significant, 
and the concentration by volume of O2 reached 51.0%. Al 
is also present in the layer structure in the form of particles. 
Primary sludge has lower N and P content than secondary 
sludge. And while pulp mill sludge C:N ratios can vary, 
primary sludge C:N ratios are much higher than typically 
observed ratios in natural soils. In the specific sample, there 
was no presence of S, but it is a common element that is 
present in the primary sludge of the WWTP of the pulp 
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industries. Probably, S volatilized during the wood deligni-
fication process during the cellulosic pulp mill process [48].

Thermogravimetric analysis (TG) in the oxidative atmos-
phere and its derivative (DTG) are used to determine the 
combustion characteristics of the primary sludge, Fig. 6. The 
TG curve of primary sludge combustion present continuous 
mass loss, taking place in stages. These three stages are: 
dehydration, oxidative pyrolysis, and char oxidation. In the 
present study, the sample subjected to thermogravimetric 
analysis was not previously dry, reason why the TG curve 
shows the primary sludge has already lost about 80% of its 
weight at about 150 °C, thus indicating its high moisture 
content. After this dehydration stage, the decomposition of 
volatile matter begins followed by oxidation; in the case of 
an oxidative atmosphere, combustion and devolatilization 
might happen simultaneously [21].

Devolatilization and oxidative pyrolysis corresponds 
mainly to the thermal degradation of the cellulose and of 
lignin in smaller proportions; the components degrade in 
different temperature ranges depending on their thermal sta-
bility. The TG curve obtained for PS show a weight decay 

with a maximum in DTG in this second stage at c.a. 300 °C, 
which is generally assigned to cellulose decomposition [49]. 
In studies in which the PS was previously dried, this stage 

Fig. 5   SEM and EDS analysis 
of primary sludge from the pulp 
mill

Fig. 6   Thermal behavior of primary sludge by TGA and DTA
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reflects the greatest weight change and the greatest rate of 
mass change, this due to the rapid degradation of the vola-
tiles that are generally the main constituent of this particular 
biomass [21]. In the third thermal stage, the lignin continues 
its decomposition without shown any characteristic peaks. 
However, an additional slight shoulder at 550 °C associated 
with charcoal combustion can be observed. The different 
degradation stages occurred at relatively lower temperatures, 
probably due to rapid reactions of volatiles at particle sur-
face, which increases particle temperature [50].

Solar drying test

Solar radiation, in the form of solar thermal energy is an 
alternative source for sludge moisture content reduction. 
Brazil has a high intensity solar radiation and long sunshine 
duration, due to the country’s close location to the equator. 
The northeast region reported the highest levels of global 
irradiance, with daily averages above 5000 Wh/m2 day while 
the lowest values of irradiance were found in the southern 
and northern regions of the country. Moreover, Brazil has 
little variation in sun incidence throughout the seasons, due 
to the characteristics of the earth’s translation. According 
to the Brazilian Atlas of Solar Energy, the country receives 

over 3 thousand hours of sunlight annually, corresponding to 
a daily solar exposure ranging from approximately 4.500 to 
6.300 Wh/m2 day. In the EU, Germany is a reference country 
for solar energy use, which receives approximately 40% less 
sunlight in its region of greatest sun potential, compared to 
the Brazilian incidence.

Figure 7A shows the influence of incident global solar 
radiation on the thermal parameters of the runoff generated 
by the dryer. Figure 7B shows the flow behavior of the solar 
dryer, by means mass flow curves. Figure 7C shows the dry-
ing curve performed on a particular day with partially cloudy 
skies. The instantaneous moisture content of the product is 
on a wet basis as a function of solar time. Figure 7D shows 
the thermal efficiency of the solar dryer with load. The vari-
ation of the instantaneous thermal efficiency for the test days 
was from 8.1 to 25.2%.

Global solar radiation cannot maintain constancy, this is 
due to the presence of clouds. In one of the curves a greater 
variation was observed due to the mentioned phenomena 
(Fig. 7A). The behavior of the air can be explained by the 
reduction in density due to the increase in temperature inside 
the equipment (Fig. 7B, D) As can be seen, the calculated 
instantaneous thermal efficiency of the dryer increased 
around noon, which is contrary to what was expected, since 

Fig. 7   Solar drying tests of primary sludge from the pulp industry in Brazil: A hemispherical solar radiation in the dryer plane, B flow mass flow 
rate, C drying curve and D thermal efficiency
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that it is expected that with the increase of the internal tem-
perature of the air in the dryer in relation to the ambient 
temperature should promote the increase of thermal losses 
by the carcass of the dryer. As depicted in Fig. 7C, it is 
observable that in the initial testing hours, the drying curve 
exhibits a more pronounced attenuation, indicating a more 
substantial removal of surface water from the residue in 
accordance with drying standards [51].

The average radiation incident on the device was around 
(287.4 ± 1.0) W/m2 and (434.7 ± 1.0) W/m2 with an average 
of 404.1 W/m2 and the average ΔT was (34.1 ± 0.6) ºC and 
(62.2 ± 0.6) ºC with an average temperature of 34.1 °C. The 
instantaneous thermal efficiency of the solar dryer without 
a load fluctuated between 17.6% and 25.2% during the test 
conducted under varying climatic conditions. The efficiency 
was 21.0% of the initial solid mass, ultimately reaching 
95.5% of the solid mass by the conclusion of the tests.

Combustion simulation results

Samples with lower moisture content have a higher prob-
ability of undergoing a homogeneous ignition and combus-
tion mode. Combustion with low moisture content involves 
a two-stage process, encompassing volatile combustion and 
char combustion. Conversely, samples with high moisture 
content undergo simultaneous gas-phase volatile combustion 
and heterogeneous combustion. Elevated moisture content 
enhances carbon oxidation, linked to the augmentation of 
pore surface area and the presence of oxygen atoms dur-
ing moisture evaporation. The liberation of moisture and 
volatile matter enhances buoyancy and diminishes the con-
vective intensity of sludge particles. Concurrently, the reac-
tion between char and moisture amplifies the release of CO2 
and H2. Consequently, volatile matter can combust within a 
short distance. Additionally, moisture may contribute to an 
increase in oxygen-containing functional groups and oxygen 
atoms [22, 52].

Typically, the presence of moisture during particle 
combustion results in the fragmentation of the samples, 
whereas dry particles exhibit greater resistance to breaking. 
Consequently, elevated moisture contents are observed to 
increase the likelihood of fragmentation. A slight difference 
in gas production was observed, mainly due to the vapor 
produced caused by the moisture released. A difference of 
about 200 kg/hr from 65% DS to 95% DS was reported. 
Moreover, as the dry solid (DS) content rises from 65 to 
95%, there is a decrease in CO2 emissions from 7851.57 kg/h 
to 4758.61 kg/h. This can be attributed to sludge biogenic 
nature, and to combustion efficiency. Because higher lev-
els of DS lead to better combustion conditions, resulting 
in more complete oxidation of organic matter, thus reduc-
ing the release of unburned carbon compounds, including 
CO2. The decrease in CO2 emissions also underscores the 

impact of humidity on combustion and the subsequent esca-
lation in environmental consequences. The increase in solids 
content from 65 to 95% during the drying process reduced 
energy consumption during the sludge combustion process 
in a biomass boiler from 24.67 to 16.30 kW. This signifies a 
decrease of around 34% in energy consumption during the 
sludge incineration process. Consider the potential contribu-
tion of employing solar drying for waste, not only resulting 
in a diminished environmental footprint but also being a 
low-cost alternative [53, 54].

Conclusion

The case studied demonstrates the importance of using 
renewable energy for a drying process. According to the 
results, it can be observed that the process variables are 
linked to the physical characteristics of the equipment, 
as well as to the environmental conditions at the time of 
the tests. The process parameters were presented with the 
dryer without load, to know the thermal efficiency of the 
equipment. This calculation enables the assessment of the 
equipment’s capacity to heat the air, as lower air humidity 
enhances its effectiveness in extracting moisture from the 
waste. In the drying trials involving the primary sludge from 
the pulp industry using the solar dryer, it was noted that a 
solid material proportion ranging from 21.0 to 95.5% was 
achieved after six hours of drying. This outcome would be 
advantageous if the intention is to incinerate the sludge in 
a biomass boiler.

Moreover, the technical viability of the solar dryer is evi-
dent as it successfully dried primary sludge from the pulp 
mill, reducing its relative humidity by as much as 27.8% 
within a 6-h testing period. According to the ASPEN model, 
CO2 emissions were determined to be 7345.97 kg/h for a sol-
ids content of 65% and 4758.59 kg/h for a solids content of 
95%. Another noteworthy aspect concerning the utilization 
of solar energy for waste drying involves the advancement 
of technologies capable of storing heat absorbed from solar 
radiation. This becomes crucial for enhancing the efficiency 
of solar dryers, ensuring that all absorbed thermal energy 
is utilized optimally during periods when solar radiation is 
unavailable.

The variability of the instantaneous thermal efficiency 
was between 17.6 and 25.2%. Hence, the need to develop 
a hybrid solar dryer that works in an autonomous regime 
(off-grid) was realized with the supply of electrical energy 
to the fan located at the entrance of the device, which is 
responsible for forced convection. The increase in solids 
content from 65 to 95% during the drying process reduced 
energy consumption during the sludge combustion process 
in a biomass boiler from 24.67 to 16.30 kW. This represents 
a reduction of approximately 34% in energy consumption in 
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the sludge-burning process. Consider the potential contribu-
tion of employing solar drying for waste, not only resulting 
in a diminished environmental footprint but also being a low 
energy cost alternative. In future studies, the aim is to pre-
heat the air using solar energy in the device, passing through 
a cross-flow mixer that will be fed by thermal energy from 
a heat blower that simulates process gases.
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