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Anaerobic digestion (AD) is crucial for sludge stabilisation and biogas generation, yet its efficiency is often
limited by the slow hydrolysis of waste-activated sludge (WAS). This study explores a novel pre-treatment
approach that integrates low-temperature heating with solar radiation in a tubular photoreactor—comprising a
borosilicate-glass tube over a reflective surface-to enhance urban WAS disintegration and boost methane pro-
duction in AD. Lab-scale experiments (1 L) evaluated the effects of temperature (50-70 °C), radiant power
(0.45-0.83 Wyy), and reflector geometries. Under simulated sunlight (0.66 Wyy), a 3-hour pre-treatment
increased WAS disintegration by up to 17 %, enhanced EPS release, and boosted the methane production by
up to 74 %, with a peak of 212 + 6 L CH4 kg(/sl at 70 °C (7.6 kJyy L™1). These outcomes confirm a synergistic
effect between thermal and solar energy input. Pilot-scale experiments (15 L) under natural sunlight, without
external heating, confirmed an 85 % increase in methane production. Solar radiation alone raised WAS tem-
perature from 20 to 63 °C in 4 h (16.6 kJyy L™1) and sustained it for 3 more hours (12.1 kJyy L™1), achieving a
WAS disintegration degree of 12 %. An economic assessment compared two scenarios: 1) one relying solely on
solar radiation (28.7 kJyy L_l) captured by compound parabolic collectors (CPCs); and 2) another adding
external heating (12.1 kJyy L™}; 1672 MWh). Although external heating reduces the required CPC area, its high
electricity demand diminishes economic feasibility. Consequently, scenario 1 offers a more favourable balance
between capital and operating expenses, reducing total yearly costs by 23 %.

meters (approximately 350 TWh) by 2030 [4]. Simultaneously, urban
wastewater treatment plants (WWTPs) must achieve energy neutrality

1. Introduction

Anaerobic digestion (AD) technology constitutes a chemo-biological
process that reduces fossil fuel consumption by converting organic waste
into biogas, a renewable energy source [1]. As a fundamental compo-
nent of sustainable energy systems, AD addresses global waste man-
agement challenges while facilitating the transition to cleaner energy.
Biogas, a renewable energy carrier, is increasingly recognized for its
critical role in achieving energy sustainability [2,3]. Within this context,
the European Union (EU) has introduced the REPowerEU strategic plan,
which underscores the importance of biogas by setting an ambitious
target to increase biomethane production from 3.5 to 35 billion cubic

by 2045, balancing energy consumption with renewable energy gener-
ation according to the EU Directive 2024/3019 [5]. These EU initiatives
focus on improving energy efficiency and incorporating sustainable
practices in WWTPs.

Despite its benefits, AD remains energy-intensive, contributing to
approximately 14 % of a WWTP's total energy demand [6]. However,
biogas is a valuable energy source due to its ability to store energy,
which is essential for balancing supply and demand [7]. Current
research focuses on advancing technologies to increase biogas produc-
tion, helping WWTPs achieve energy self-sufficiency. One major
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challenge is the complex composition of waste-activated sludge (WAS),
characterized by floc structures, rigid cell walls, and high-molecular-
weight organic matter, which limit the efficiency of the hydrolysis
step in AD [8]. To tackle this issue, pre-treatment methods are used to
break down the complex structure of sludge. These methods are gener-
ally classified into four categories: physical, biological, chemical, and
combined pre-treatments [9].

Among physical methods, thermal pre-treatment is highly effective
due to its ability to disrupt chemical bonds in cell walls and membranes,
releasing intracellular components for biological degradation [10,11].
High-temperature pre-treatment, typically operated at temperatures
above 100 °C under pressure, has been successfully implemented at full
scale [9,12]. The high temperatures accelerate sludge breakdown within
relatively short retention times (30-60 min), with temperature acting as
the primary driver of performance. However, HTTP is energy-intensive
and requires specialized infrastructure such as pressurized vessels and
automated safety systems, increasing both operational and capital costs
[13]. Moreover, temperatures >200 °C can lead to the formation of
refractory compounds (e.g., melanoidins) through Maillard reactions,
which negatively affect downstream AD performance by inhibiting mi-
crobial activity [14,15].

As a result, research has been conducted to evaluate the effectiveness
of low-temperature thermal treatments (<100 °C), which are more
energy-efficient while still enhancing the hydrolysis of organic matter
during AD [16-18]. Combining low-temperature thermal treatment
with solar radiation presents a promising strategy to enhance energy
efficiency while harnessing renewable energy sources. Although the
potential of this strategy has been demonstrated in previous studies
using different reactor configurations, solar-assisted thermal pre-
treatment remains a novel and underexplored technology [19]. In
particular, the use of tubular photoreactors provides the technical so-
lution to merge low-temperature heating with solar energy capture,
offering significant potential for pre-treatment applications.

Tubular photoreactors based on compound parabolic collectors
(CPQC) are designed to capture UV solar radiation with high efficiency,
utilizing both direct and diffuse light, a key advantage for solar-driven
processes [20,21]. It features a simple yet effective design with two
parabolic reflectors that direct solar radiation into the reactor,
enhancing light absorption and promoting favourable hydrodynamics,
making it scalable for pilot-scale applications [22]. Its non-
concentrating design ensures energy-efficient operation under low to
moderate solar intensities. Although tubular photoreactors have been
extensively applied in water and wastewater treatment, their potential
for sludge pre-treatment remains unexplored to the best of our knowl-
edge [21,23-25].

This study investigates a novel pre-treatment strategy combining low
temperatures (50, 60, and 70 °C) with solar radiation in a tubular
photoreactor to address the dual goals of optimising biogas production
and reducing energy inputs. Through this study, the objectives are
twofold: 1) to increase methane production through an advanced and
sustainable pre-treatment solution for WAS, and 2) to conduct an eco-
nomic analysis of this technology in a full-scale scenario. Initial tests
were performed using a lab-scale CPC photoreactor with simulated solar
radiation to optimise operational parameters. Subsequently, the tech-
nology was scaled up, and pilot-scale tests were conducted to validate its
performance under conditions closer to real-world applications.

2. Materials and methods
2.1. Sources and characteristics of WAS and inoculum

The WAS samples were collected in May 2023 from an urban
Wastewater Treatment Plant (WWTP) located on the north of Portugal
and stored at 4 °C before use. Its characteristics were as follows: total
solids (TS) =18.1 £+ 0.4 g kg’1 of sludge, volatile solids (VS) = 15.0 +
0.1 g kg ™! of sludge, total chemical oxygen demand (TCOD) =21 + 2 g
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0, L7, soluble chemical oxygen demand (SCOD) = 128 + 3 mg O, L,
and pH =7.3 £ 0.2.

Two trials were conducted for the biochemical methane potential
(BMP) tests—one for lab-scale experiments and another for pilot-scale
experiments. For both conditions, the anaerobic inoculum consisted of
a mixture (50/50, m/m of VS) of anaerobic granular sludge from a
brewery treatment plant (Porto, Portugal) and anaerobic digested sludge
from WWTP (Braga, Portugal), with a VS content of 13.1 g kg™! and
20.7 g kg~ for the lab-scale and pilot-scale test, respectively.

2.2. Experimental procedure

2.2.1. Tubular photoreactor at lab-scale

The lab-scale system presented in Fig. 1a consists of the following
components: (i) a CPC photoreactor unit; (ii) a sunlight simulator (Atlas,
model SUNTEST XLS+, Illinois, USA) equipped with a 1700 W air-
cooled Xenon lamp (spectral irradiance distribution in Fig. SM-1), a
daylight filter and quartz filter with infrared coating, providing 1100
cm? of exposition area; (iii) a peristaltic pump (Watson Marlow, 502S
model, experimental flow rate set at 96.5 L h’l), to recirculate the WAS
between a 1.5 L recirculation vessel and the photoreactor; (iv) a ther-
mostatic bath (Julabo, F12-ED model) for temperature control; (v) a
magnetic stirrer (LBX S20 series) to ensure a WAS complete homoge-
nization inside the vessel; (vi) a pH meter; and (vii) a thermometer. All
systems are connected by polytetrafluoroethylene (PTFE) tubing with an
external diameter of 6 mm.

The sludge temperature within the recirculation vessel was contin-
uously monitored, and the thermostatic bath was adjusted as needed to
maintain stable thermal conditions for the WAS throughout the
experiments.

The tubular photoreactor comprises a borosilicate glass tube (BT)
(Schott Duran type 3.3, Germany) with a cut-off at 280 nm, measuring
200 mm in length, 46.4 mm internal diameter, 1.8 mm thickness, and
two polypropylene caps, each one with one inlet/outlet placed in par-
allel with the fluid flow. The illuminated area is 0.024 m2. Beneath the
BS tube, there is a reflective surface (RS) available in stainless steel
tested in three different geometries: (i) simple double parabola (SP); (ii)
traditional double parabola (DP), commonly utilized in compound
parabolic collectors (CPCs); and (iii) flat (F) (see Fig. 1b). Further details
on the dimensions and optical performance of these surfaces are pro-
vided by Gomes et al. [26].

For the pre-treatment experiments, 1 L of WAS was introduced into
the cylindrical glass vessel and recirculated through the system for 30
min to ensure complete homogenization. For light-assisted experiments,
the sunlight simulator was switched on once the desired WAS temper-
ature was reached to initiate the reaction. Hourly samples were collected
over a 3-hour period to assess process efficiency by analysing the
following parameters: SCOD, temperature, and pH. Solids and TCOD
were also quantified for the initial and final samples. Additional analyses
were also performed in specific experiments, including characterising
extracellular polymeric substances (EPS), volatile fatty acids (VFA),
soluble ammonia, rheology, bacterial viability, and BMP tests. At the
beginning of each experiment, an initial sample at 25 °C was taken and
used as the untreated reference sample (“Control” sample) for compar-
ison purposes. An important factor that influences the comparison be-
tween studies is the “heating effect” [19]. This effect corresponds to the
degree of disintegration obtained until the desired temperature is
reached, which is often neglected. While this could slightly overestimate
disintegration, the 25 °C sample was retained as the control to maintain
consistency with existing literature, where this effect is often not
considered [27,28].

2.2.2. Tubular photoreactor at pilot-scale

The effectiveness of the tubular photoreactor for WAS solubilization
was also evaluated using a solar pilot-scale plant (Fig. 2) installed on the
Department of Chemical and Biological Engineering rooftop at FEUP
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Fig. 1. Schematic representation of the lab-scale tubular photoreactor along with tested reflective surface (RS) geometries.
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Fig. 2. Schematic representation of the pilot-scale tubular photoreactor.

(Portugal) in August 2023. This setup was oriented southward and tilted
at 41° (local latitude) to optimise exposure to natural sunlight.

The pilot-scale plant comprised: (i) two BS glass tubes (Schott-Duran
type 3.3, Germany) with a cut-off at 280 nm, measuring 1500 mm in
length, 46.4 mm internal diameter, and 1.8 mm thickness, connected in
series using polypropylene joints for fluid circulation; (ii) a 20 L recir-
culation tank equipped with temperature and pH sensors; (iii) a mag-
netic centrifugal pump for WAS recirculation (Grundfos, model CM5-5
A-R-G-V-AQQV, experimental flow rate set at 1.2 m® h™)); and (iv) a
rotameter. Each BS glass tube was coupled with an anodised aluminium
reflector arranged in a DP geometry, forming a traditional compound
parabolic collector (CPC) with a 0.44 m? surface area. Data relating to
the intensity of natural solar radiation were obtained through the Por-
tuguese Institute for Sea and Atmosphere (IPMA [29]).

Two comparative tests were conducted using the solar pilot-scale
unit: (i) a “Sunlight” experiment, with the BS tubes exposed to natural
solar radiation; and (ii) a “Dark” experiment, where the BS tubes were

covered to block the solar photons. A total of 15 L of WAS was intro-
duced into the system for a 7-hour experiment. An initial sample at 25 °C
was the untreated “Control” for comparison. Data points were collected
hourly from 9:00 am to 4:00 pm to capture the period of maximum
incident radiation. SCOD, temperature, and pH were monitored every
hour, with TCOD, solids content, and BMP tests measured at the start
and end of each test.

2.2.3. Experimental design

The effectiveness of WAS pre-treatment was evaluated under various
operating parameters using the lab-scale unit. Initial experiments
focused on testing different radiation intensities at a fixed temperature
of 60 °C. The sunlight simulator was set to deliver ultraviolet-visible
(UV-Vis) irradiances of 375 W m’z, 500 W m’z, and 650 W m 2
(spanning the 280-800 nm range), corresponding to ultraviolet (UV)
irradiances (280-400 nm) of 41.7, 55.5, and 72.2 Wyy m 2, respec-
tively. These values were selected to reflect irradiance levels typically
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Lab-scale experiments

Pilot-scale experiments

Effect of radiation
intensity

* Temperature: 60 °C

« Reflective surface; DP
(0.44, 0.66 and 0.83 W) cflective surface

Effect of temperature with
and without radiation

(25,50, 60 and 70 °C)
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surface

(DP, F, SP)

» Temperature: 60 °C
* Radiation: 0.66 W
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- “Sunlight” experiment

» Without temperature

- “Dark” experiment control

Fig. 3. Experimental stages conducted in this work in the lab-scale and pilot-scale setups.

found in sunny Mediterranean regions under natural solar conditions
[19,30]. The actual solar radiant power (RP) reaching the interior of the
borosilicate tube was experimentally determined using ferrioxalate
actinometry ([Fe3+] =6.0x103 M, [oxalic acid] = 3.0 x 1072 M), as
described in [26,31,32]. For each irradiance level tested, the RP values
in the UV region (280-400 nm) were 0.45 + 0.04 W, 0.66 + 0.04 W, and
0.83 £ 0.05 W, respectively.

Subsequently, WAS pre-treatment was assessed at different temper-
atures (25 °C set as “Control”, 50, 60, and 70 °C) under two conditions:
(1) with solar radiation (“Light” experiments), using the selected RP of
0.66 Wyy, to assess the combined influence of thermal pre-treatment
assisted by solar radiation; and (2) without solar radiation (“Dark” ex-
periments), to isolate the effect of thermal pre-treatment alone. The
selected temperature range (50-70 °C) is supported by previous studies
demonstrating that mild thermal pre-treatment within this interval can
significantly enhance sludge hydrolysis [28,33]. This range also enables
assessment of whether the combined application of solar radiation and
moderate heat can achieve effective sludge disintegration with reduced
thermal energy input, thereby improving the overall energy efficiency
and process sustainability.

At the temperature showing promising performance, three reflector
geometries were evaluated on WAS solar-thermal pre-treatment,
including traditional double-parabola (DP), simple double-parabola
(SP), and flat (F) designs.

Table 1
Operating conditions for WAS pre-treatment trials.

Finally, after validating the technology performance at lab-scale, two
pilot-scale experiments were conducted: one under natural solar expo-
sure and the other in the absence of sunlight (“Sunlight” and “Dark,”
respectively). A summary of all experimental conditions is provided in
Fig. 3 and Table 1.

2.3. Analytical methods

2.3.1. WAS parameters

During the experiments, analyses were conducted to assess both total
and soluble fractions of WAS before and after treatment. The superna-
tant was obtained through centrifugation (4000 rpm/3220 xg for 10 min
(CT6E, VWR® Hitachi, USA)) and subsequent filtration (0.45 pm cel-
lulose acetate; Whatman® International) to extract the soluble fraction.

The measurements of TS, VS, total suspended solids (TSS), volatile
suspended solids (VSS), and COD (SCOD, TCOD) were conducted ac-
cording to the procedures described in the Standard Methods for the
Examination of Water and Wastewater: 2540B, 2540E, 2540D, 2540E,
5220D, respectively [34]. pH (Edge® Dedicated pH/ORP Meter) and
temperature (UNI-T UT300S Infrared Thermometer) were also recorded.

Soluble ammonia was quantified using Hach reagent kits (LCK302;
Hach Co., Loveland, Colorado, USA), while VFAs were quantified using
high-performance liquid chromatography (Jasco HPLC) (additional de-
tails provided in Section 2 of the Supplementary material) for the soluble

Experiment Temperature (°C) Irradiance RP (W) Reflector geometry”
(Wa2g0-800nm M%) (Wyym™)

1 Lab-scale 25+1 0 0 0 DP

2 500 55.5 0.66 = 0.04

3 50 +2 0 0 0

4 500 55.5 0.66 + 0.04

5 60 £+ 2 0 0 0

6 500 55.5 0.66 + 0.04

7 70 £ 2 0 0 0

8 500 55.5 0.66 + 0.04

9 Lab-scale 60 + 2 375 41.7 0.45 + 0.04 DP

10 650 72.2 0.83 £ 0.05

11 Lab-scale 60 + 2 500 55.5 0.54 + 0.05 F

12 0.64 = 0.04 SP

13 Pilot-scale (20-42) + 2 0 0 0 DP

14 (20-63) + 2 415" 32.5" n.d.

n.d. - not determined.
2 DP - traditional double-parabola; SP - simple double-parabola; F — flat.
b Values obtained from the data provided by IPMA [29].
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fraction.

2.3.2. EPS characterisation

The EPS characterisation focused on carbohydrates (PS) and proteins
(PN) across three fractions: soluble EPS (S-EPS), loosely bound EPS (LB-
EPS), and tightly bound EPS (TB-EPS). EPS extraction was performed
through a sequential centrifugation and heat treatment procedure.
Initially, 50 mL of WAS was centrifuged at 10,000 rpm for 15 min to
obtain the supernatant as the S-EPS fraction. The resulting pellet was
resuspended in a 0.05 % (w/v) NaCl solution, heated to 70 °C, vortexed
briefly, and centrifuged again to extract the LB-EPS. Subsequently, the
remaining pellet was resuspended in fresh NaCl solution and incubated
at 60 °C for 30 min, followed by a final centrifugation step to recover the
TB-EPS fraction [35]. Protein and polysaccharide concentrations in each
fraction were quantified using the modified Lowry method and the
phenol-sulphuric acid method, respectively. Further methodological
and calibration curve details (Fig. SM-3 and SM-4) are provided in the
Supplementary material (Section 3).

2.3.3. Rheology

Shear stress and shear rate were analysed for different WAS samples
before and after pre-treatment. The analyses were performed on the
total WAS samples using a parallel plate device (PP50) in the range 103
to 10 s~ of shear rate using a modular compact rheometer model MCR
92 (Anton Paar GmbH). All the analyses were performed in duplicate.

2.3.4. Bacterial viability and faecal coliforms

The membrane integrity of the total fraction of WAS samples, before
and after pre-treatment, was assessed using the LIVE/DEAD™ Bac-
Light™ bacterial viability kits (L-7012, Invitrogen Molecular Probes,
Massachusetts, USA), according to the manufacturer's protocol [36]. A
summary of the procedure is provided in the Supplementary Material.
Faecal coliforms were assessed in duplicate following the ISO 4832:2006
after an incubation temperature of 44 °C [37].

2.3.5. Biochemical methane potential assays

BMPs of the total WAS fraction were conducted in 600 mL vessels,
following the guidelines established by [38,39]. Each vessel contained
100 mL of working volume, comprising the substrate (WAS), inoculum,
and basal medium. The basal medium was prepared by adding 3 g L ™! of
NaHCOs, macro-and micronutrients, and vitamins, as per Angelidaki
et al. [38] (details in Supplementary material). The inoculum was
incubated at 37 °C for 5 days to activate microorganisms and deplete the
residual substrate [22]. A substrate-to-inoculum ratio of 1:4 (VS basis)
was used. Blanks (without substrate) were used to discount the methane
resulting from residual substrate present in the inoculum. Control assays
using Avicel® (Sigma-Aldrich, St. Louis, MO, USA), a microcrystalline
cellulose with an average particle size of 50 pm, were included to
evaluate the inoculum quality. All the assays were conducted in tripli-
cate and incubated at 37 °C without light, with regular daily agitation.
Methane production was followed by GC analysis. Additional details of
the protocol can be found in the Supplementary Material.

2.4. Data processing methods

Accumulated UV energy: The experimental lab-scale results related
to the different radiation intensities (Section 3.1) and the different
reflective surface geometries (Section 3.3) were plotted in terms of the
accumulated UV energy per unit volume (between 280 and 400 nm), as
defined by Eq. (1).

RP x t,

Quvn = 1000 X V (@]

where Quy is the accumulated UV energy (kJ L) received on the
tubular photoreactor, t, is the time corresponding to n-WAS sample (s),
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RP is the radiant power (W or J s h reaching the interior of the tubular
photoreactor, and V is the WAS volume (L). The other analytical pa-
rameters were plotted against the duration of the experiment (time, in
hours).

The Quy (kJ L) received on the pilot-scale unit (Section 3.4) was
determined using Eq. (2):

Ijy x A ) )

Quva = Quva-1 + (ta —ta1) (m
where Iy is the average UV irradiance during the time interval t;, — t,_;
(W m~2) (source: IPMA [29]), and A is the reflective surface area of the
CPCs (m?).

Disintegration degree (DD¢op) of the WAS: This metric was used to
evaluate the effectiveness of hydrolysis pre-treatment through the
analysis of the organic matter solubilization. It measures the transfer of
COD from the particulate fraction to the soluble fraction of the WAS
during the pre-treatment. DD¢op (%) is defined according to Eq. (3), as
previously described by [40].

SCOD, — SCOD,
DD, = x1
coD = 760D, — SCOD, < 100 3

where SCOD; is the SCOD of pre-treated WAS (mg O, L’l) at t hours of
pre-treatment, and SCODg and TCOD are the SCOD and TCOD of initial
WAS at 25 °C (mg O, LY.

BMP: defines the maximum amount of methane produced by
anaerobic digestion with a specific substrate. It was corrected for stan-
dard temperature and pressure (STP) conditions (0 °C and 101.3 kPa)
and expressed as the volume of methane at STP conditions per amount of
VS of inoculum (L CH4 kg\731) (Eq. (4)) [41].

VCH4 — Ven 4 blank

BMP = @

VSsubstrate

where V¢py is the volume of methane (L) produced in the headspace of
the bottles, Vcuy, piank is the volume of methane (L) produced in the
blanks, both at STP conditions and VS represents the quantity of VS in
the substrate added to each vessel (kg VS) [38]. The controls validated
the BMP tests since the criteria (defined in [42]) 352 < BMP < 414 L
kg’1 VS was fulfilled, as well as the Relative Standard Deviation (RSD)
of the triplicates, which was <5 %.

Statistical analyses: To evaluate statistical differences between
treatments, the data were first assessed for normality using the Shapiro-
Wilk test and for homogeneity of variances with Levene's test. A 2-way
ANOVA was then conducted, with radiation and temperature as factors.
When necessary, data was ranked to meet the assumptions. The Tukey
HSD post-hoc test was applied to the total and fractionation EPS of both
PN and PS, except for carbohydrates TB-EPS and DDc¢op analysis. The
Unequal N HSD post-hoc test was used for unbalanced data, such as the
BMP. If normality or homogeneity of variances were not met, the non-
parametric Mann-Whitney U test was performed (particularly for car-
bohydrates TB-EPS). A balanced t-student test assessed differences in
SCOD values under various temperatures, both with and without solar
radiation. Additionally, bacterial viability was analysed. Significance
levels (p-values < 0.05, < 0.01, < 0.001, and < 0.0001) are reported in
the text, with differences between treatments indicated by letters in the
figures. All statistical analyses were conducted using Statistica 7.0.

Microscopic image processing: In the context of image processing,
imported microscopic images were handled using the Java-based public
domain tool ImageJ, incorporating the RGB measure plugin, in which
each image was evaluated considering the green, red, and blue cell
percentages.




J.P. Monteiro et al.

12 T

10

DDcop (%)
(@)
T
1

Quy kI LD

Fig. 4. Disintegration degree (DDcop) as a function of accumulated UV energy
(Quy) during WAS solar-assisted thermal pre-treatment at 60 °C under different
RP values (0.45 Wyy — (b; 0.66 Wyy — 7; and 0.83 Wyy — @) using DP reflector.
Each data point is represented as average values+SD; n = 2.

3. Results and discussion
3.1. Impact of radiation intensity on WAS disintegration

The influence of radiation intensity at a constant temperature of
60 °C was investigated by selecting three UV radiant power (RP) values:
0.45W, 0.66 W, and 0.83 W (Fig. 4, Table SM-1). The outcomes showed
similar disintegration rates for RP values of 0.66 W and 0.83 W. In
contrast, an RP of 0.45 W resulted in a lower disintegration rate despite
the similar accumulated UV energy range.

This observation suggests that an RP of 0.66 W is sufficient to achieve
maximum cellular damage, with no additional benefit observed at
higher solar radiation intensities (i.e., RP of 0.83 W). In contrast, the
lower intensity of 0.45 W was insufficient to induce significant damage,
resulting in lower DDcop values (8.1 %). This limited effect may be
attributed to the presence of more resistant bacterial populations or
aggregates that require higher radiation doses for effective disruption.
At this intensity, the radiation likely fails to adequately penetrate or
damage these resilient structures, thereby limiting the overall solubili-
zation efficiency [42]. The higher DD¢op values, attributed to solar ra-
diation's disintegration effect, are driven by the bactericidal properties
of ultraviolet A (UVA, 315-400 nm) and B (UVB, 280-315 nm) radia-
tion, which damage cell membranes and induce cell death [43]. UVB
radiation directly affects microbial cells by generating reactive oxygen
species (ROS), leading to oxidative stress and disrupting DNA replica-
tion, causing DNA mutations and cell death [44]. In addition, solar UVB
exposure—particularly within the temperature range of 30-60 °C—can
further suppress catalase activity, weakening the cell's protection
against oxidative stress and allowing ROS, including oxidants as H2O»,
to accumulate more freely [45,46]. These ROS possess strong antimi-
crobial properties and can severely damage bacterial cells by interacting
with membrane lipids—altering their assembly, composition, structure,
and dynamics. Such disruptions compromise membrane integrity,
contributing to cell lysis and enhanced WAS disintegration [47,48].
Other relevant mechanisms include: i) internal Fenton; ii) external
photo-Fenton reaction, in which UV radiation facilitates the reaction
between iron ions (Fe?'/Fe') and hydrogen peroxide (H;05),
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generating hydroxyl radicals (HO®) [44]. These radicals further intensify
oxidative damage and promote microbial cell breakdown.

Although ROS generation is a plausible mechanism underlying these
effects, direct quantification of ROS in complex matrices like WAS re-
mains challenging due to the heterogeneous nature of the sludge and the
short-lived nature of ROS species [49]. As a result, the present study
focused on evaluating the overall disintegration effects induced by
different radiation intensities, rather than quantifying ROS or delin-
eating specific mechanistic pathways. Nevertheless, the observed im-
provements in solubilization and microbial disruption are consistent
with ROS-mediated effects reported in the literature. When both UVA
and UVB are present during simulated solar exposure, the resulting DNA
damage typically resembles that caused by UVB radiation [50]. Given
that the solar simulator spectrum used in this study was dominated by
UVA radiation, with lower UVB contribution, the indirect oxidative
mechanisms are expected to predominate (Fig. SM-1).

3.2. Impact of temperature on the WAS disintegration

After selecting an RP of 0.66 W for subsequent experiments, a
comprehensive analysis of the isolated effect of temperature and the
combined effects of temperature and solar radiation was conducted over
a 3-hour period (Fig. 5a, Table SM-1). This duration was sufficient to
achieve stable SCOD values for all the tested conditions, consistent with
previous works, which have shown that the most substantial rise in
SCOD occurred within the initial 3 h of the process [16,28]. A kinetic
model, proposed by Liew et al. [28], was fitted to the experimental data
displayed in Fig. 5a to describe the solubilization of organic matter
during WAS hydrolysis. This model assumes that the hydrolysis process
follows first-order reaction kinetics, where the conversion rate of par-
ticulate compounds into soluble ones is proportional to the concentra-
tion of the remaining particulate substrate. Particularly, it quantifies the
accumulation of SCOD over time as a function of the particulate
chemical oxygen demand (PCOD), as shown in Eq. (5):

SCOD = SCOD, + aPCOD, (1 — e™) (5)

where a corresponds to the conversion coefficient of the substrate to
product (g SCOD g~ PCOD), PCOD represents the particulate COD (mg
0, L1, calculated according to Eq. (6), k is the first-order rate constant
(b~ and t the duration of the trial (h).

PCOD, = TCOD, — SCOD, (6)

In this model, PCOD was used as a proxy for VSS, due to the strong
correlation between these parameters in sewage sludge. The kinetic
parameters k and a were estimated by nonlinear regression using
Microsoft Excel Solver, by minimising the sum of squared errors be-
tween experimental and predicted SCOD values.

The k ranged between 0.02 + 0.01 h™! and 2.0 + 0.2 h™?, with a
good fit between the model and the experimental data (see Table 2).
These k values were higher than those typically reported in studies of
mild-temperature pre-treatments of WAS from urban WWTPs, where
values usually fall between 0.05 and 0.80 h! [28,51].

The tested pre-treatments demonstrated a consistent trend:
increasing temperature and extending treatment duration improved
COD solubilization compared to the control WAS sample (25 °C)
(Fig. 5a). The highest efficiency was obtained at 70 °C under solar ra-
diation, resulting in a 9.1-fold SCOD concentration increase relative to
the “Control” (p-value <0.001) after 3 h. Higher temperatures (60 °C
and 70 °C) enhanced COD solubilization, which is consistent with pre-
vious studies indicating high enzymatic activity within 60 °C and 75 °C
[19,28,52]. The SCOD increase also indicates that more complex organic
compounds were converted to soluble monomers and that microbial
cells were disrupted, leading to cell lysis during pre-treatment [53,54].
The release of organic matter caused by WAS floc disintegration and
microbial cell lysis was assessed by the variations in SCOD through the
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Table 2

First-order kinetic coefficients (k) for WAS hydrolysis at different pre-treatment
temperatures (25, 50, 60 and 70 °C) under simulated sunlight and dark condi-
tions (here represented as “Light” and “Dark”, respectively). Each point was
represented by average values+SD; n = 2.

Experiment a’ k R? sr*
(g SCOD g~ PCOD) (h™h (mg 0, L71)?

25 °C, Dark 0.0650 + 0.0004 0.02 + 0.01 0.999 0.02
25°C, Light  0.0051 + 0.0008 0.5+ 0.1 0.992 1.6

50 °C, Dark 0.067 + 0.006 0.8+ 0.2 0.992 310

50 °C, Light ~ 0.103 + 0.009 0.6 +0.1 0.996 137

60 °C, Dark 0.077 + 0.003 1.3+0.1 0.990 154

60 °C, Light  0.114 + 0.002 1.2+0.1 0.999 64

70 °C, Dark 0.115 + 0.005 1.9 + 0.4 0.990 332

70°C, Light ~ 0.140 + 0.002 2.0+0.2 0.999 117

2 a means the substrate conversion.
b R? is the coefficient of determination.
¢ sr? is the residual variance.

disintegration degree (DDcop) [55]. Across all investigated pre-
treatment temperatures, a significant enhancement in COD solubiliza-
tion (SCOD) was recorded (p-value <0.05), resulting in a 6 to 17 %
DDcop increase compared to “Control” (Fig. 5b, Table SM-1). The pre-
sent findings align with previous studies of low-thermal pre-treatment,
where DD¢gp results ranged between 1 and 25 % [16,28,56,57]. This
range of DD¢op values can be due to the diverse origins of WAS and its
inherent differences, making direct comparisons of SCOD values and
disintegration rates challenging. For instance, Ruffino et al. [16] re-
ported a DD¢op of 20.2 % after a low-thermal pre-treatment at 70 °C for
3 h. In contrast, the present work achieved a DD¢op of 11.8 % under
similar thermal conditions. However, with the addition of solar radia-
tion at 70 °C, the DD¢op reached 17 %, highlighting the significant
contribution of solar radiation in enhancing disintegration efficiency.

The results indicate that solar radiation enhances DDcop by
approximately 4 % at each tested temperature, demonstrating its posi-
tive impact on optimising pre-treatment strategies. However, tempera-
ture remains the most significant factor with an impact on WAS
disintegration (p-value <0.001), as it provides the kinetic energy
necessary to break the chemical bonds within biopolymers [28]. High
temperatures also cause the denaturation or reduction of biomolecules
with high water affinity, such as proteins, carbohydrates, and nucleic
acids, which alters the sludge matrix composition [58,59].

Various pre-treatment technologies have been explored in the liter-
ature to improve sludge disintegration prior to AD. For instance, thermo-
chemical methods using alkaline agents (e.g., NaOH) or oxidants (e.g.,
H305) can achieve DD¢op values ranging from 16 % to 29 % at tem-
peratures between 60 and 70 °C within 30 to 60 min of treatment
[45,57]. Acid pre-treatments have shown similarly broad DD¢op ranges,
varying from 8.5 % to 27.8 %, while alkaline treatments range between
1.8 % and 26.9 %, depending on dosage, temperature, and sludge
characteristics [60]. While effective, these methods increase operational
costs and carry environmental concerns related to reagent handling and
potential formation of inhibitory by-products. Ultrasonic pre-treatments
also show variable performance: DD¢op values ranging from 6 % to 30 %
have been reported under conditions such as 0.5 W mL~! with 20 to 80
min of sonication at 20 kHz, whereas significantly lower efficiencies (e.
g., 2.5 %) have been observed under other conditions (1 W mL’l, 15
min) [61,62]. Despite their effectiveness in some cases, these ap-
proaches demand high energy input and complex equipment, limiting
their practical scalability. Biological pre-treatments, including fungal or
enzymatic strategies, are environmentally friendly and operate under
ambient conditions. However, they often require extended retention
times (24-72 h) and yield variable disintegration efficiencies—typically
in the range of 5-15 % DD¢cop—due to microbial sensitivity and system
instability [60]. Moreover, discrepancies in reported pretreatment effi-
ciencies across studies are frequently attributed to differences in sludge
composition and operating conditions during thermal hydrolysis or
other processes [63].

3.2.1. Pre-treatment effect on the microbial cells structure

The WAS is composed of diverse microbial cell structures, such as
EPS, cell walls, membranes, and cell nuclei [64]. The SCOD increase
suggests microbial damage during low thermal pre-treatment, leading to
the release of soluble materials. Therefore, EPS modification, VFAs,
ammonia, rheology, cell lysis, and faecal coliforms were assessed to
evaluate thermal pre-treatment effects.

3.2.1.1. EPS. EPS play a crucial role in enhancing the sludge's water-
binding capacity as it adheres to the surface of microbial cells and
flocs [65]. These substances are primarily composed of carbohydrates
(PS, ca. 11 %) and proteins (PN, ca. 61 %), with smaller amounts of
lipids, humic substances, nucleic acids, and other unidentified com-
pounds [53,66]. S-EPS (Fig. 6) reflects the extent of PN and PS
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Fig. 6. Concentration of soluble extracellular polymeric substances (S-EPS)
represented as proteins (PN, ) and carbohydrates (PS, ) during 3-hour
WAS pre-treatment at different temperatures under “Light” (RP = 0.66 Wyy,
equivalent to 7.6 kJuy Lwas) and “Dark” conditions. Bars represent average
values+SD; n = 2; superscript letters denote significant differences in PN (up-
percase letters) and PS (lowercase letters) concentrations, according to Tukey
HSD test, p-value <0.05 (see Tables SM-3.1 to SM-3.5).

solubilization, which is a key indicator of pre-treatment efficiency in
breaking down the sludge matrix.

PN and PS concentrations were significantly influenced by the pre-
treatment conditions when compared to the “Control” (p-value
<0.001). An increase in temperature to 70 °C, combined with UV ra-
diation, led to a significant rise in S-EPS concentration (p-value <0.001),
showing a ca. 14-fold increase in PN (from 64 to 864 mg L) and PS
(from 15 to 208 mg LhH compared to the “Control”.

Incorporating solar radiation into the WAS pre-treatment process
further enhanced PN and PS solubilization (p-value <0.01), achieving
up to a 1.8-fold increase. These observations align with previous studies,
highlighting that UVB radiation can induce damage in proteins and
other complex structures [50,67].

An antagonist profile was observed between the LB-EPS and TB-EPS
fractions: as LB-EPS increased, TB-EPS decreased (Fig. 7a and b). This
redistribution of substances from the inner to the outer layers of the EPS
indicates potential membrane rupture, weakening the binding of EPS to
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the sludge flocs [28]. Additionally, the absolute content of PN was
higher than PS, reflecting that proteins constitute more than half of the
organic substances in microorganisms [68].

Higher temperatures were more effective in releasing the TB-EPS
from WAS, with significant differences (p-value <0.05) observed in
experiments at 50 °C with radiation and at 60 °C and 70 °C with and
without radiation, compared to the “Control”. Since experiments were
conducted at temperatures between 50 °C and 70 °C, PS solubilization
was slightly lower than PN solubilization, with a difference of approx-
imately 0.5 to 1-fold. These results suggest a synergistic mechanism
between thermal stress and solar radiation. Elevated temperatures
destabilise cell membranes and weaken the EPS matrix, while UV-
induced photochemical reactions generate ROS that further damage
microbial cells and denature proteins and carbohydrates [12,69]. This
combined effect likely promotes the release of TB-EPS into more soluble
fractions (LB-EPS and S-EPS), accelerating EPS solubilization efficiency.

It is also important to note that certain EPS components, particularly
polysaccharides, are more resistant to thermal degradation and typically
require temperatures above 75 °C for effective depolymerization [28].
This difference can be attributed to the distinct origins and thermal
sensitivity of these compounds. Proteins originate from both EPS and
intracellular sources released through cell lysis, which occurs at mod-
erate temperatures, making PN more readily solubilised under the tested
conditions [27,70]. In contrast, polysaccharides are primarily located in
EPS exopolymers, which are more resistant and require higher temper-
atures for effective solubilization.

3.2.1.2. Changes in ammonia and VFAs content. The decomposition of
nitrogen-containing organics, mainly derived from the breakdown of
proteins during pre-treatment, results in the release of ammonia (NHj -
N) (Fig. SM-5) [71]. Ammonia concentrations remained relatively stable
across different pre-treatments, reaching a maximum of 158.2 mg L ™! of
NHZ-N at 60 °C (dark mode), with a slight reduction at 70 °C, possibly
due to volatilization [70]. However, none of them reached free ammonia
concentrations above 900 mg L™ of NHZ-N, which are known to inhibit
mesophilic anaerobic digestion and adversely affect the microbial
community, particularly methanogens, which are crucial for biogas
production [72-74].

The pre-treatment resulted in similar VFAs concentrations (2 gcop
L~!) when compared to the “Control” (nearly 0 gcop L™1), primarily due
to the disintegration of biological cells, macromolecules, and proteins,
which can also promote acidogenesis and VFAs production [75,76]. This
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Fig. 7. Concentration of loosely bound EPS (LB-EPS - solid bars) and tightly bound EPS (TB-EPS - patterned bars) for (a) proteins (PN) and (b) carbohydrates (PS)
during 3-hour WAS pre-treatment at different temperatures under “Light” (RP = 0.66 Wyy, equivalent to 7.6 kJyy Lwhas) and “Dark” conditions. Bars represent
average values+SD; n = 2. Significant differences (parametric Tukey HSD, p-value <0.05) among treatments are represented as superscript letters, with uppercase
and lowercase letters used for the TB-EPS and LB-EPS fractions, respectively. Significant differences in the TB-EPS fraction of PS across temperatures were identified

using the Kruskal-Wallis test.
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increase was accompanied by a decrease in pH, from 7.3 to 6.9, likely
linked to VFA accumulation, important intermediates in the anaerobic
digestion process (Fig. SM-5) [57].

3.2.1.3. Rheology. Visually, the pre-treated WAS appeared less viscous,
exhibiting improved fluid recirculation throughout the system. These

Temperature Trial without sunlight
25°C
Red* 16+8 %
Green* 85+7 %
50 °C
Red* 49+8 %
Green* 51+7 %
60 °C
Red** 74+1 %
Green** 26+1 %
70 °C

Red** 81+5 %
Green** 19+4 %
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visual observations were corroborated by rheological tests, which
demonstrated a decrease in apparent viscosity for all pre-treated sam-
ples compared to the “Control” sample (Fig. SM-6).

Solar radiation did not impact viscosity behaviour, as similar per-
formances were observed with and without radiation at the same tem-
peratures. This reduction in apparent viscosity with temperature

Trial with sunlight

Red* 41+2 %
Green* 59+2 %

Red** 78+1 %
Green** 22+1 %

ed** 88+4 %
sreen®* 12+4 %

Fig. 8. Microscopic images obtained using the LIVE/DEAD™ BacLight™ viability assay for the control sample (25 °C, without sunlight) and WAS samples after 3-
hour pre-treatment at different temperatures in the absence and presence of sunlight (RP = 0.66 Wyy, equivalent to 7.6 kJyy Lwhs). Viable cells appeared with green
fluorescence, while dead cells exhibited red fluorescence, with their respective percentages displayed in the bottom-left corner of each image. Due to its negligible
contribution, the sample subjected to solar radiation at 25 °C was not analysed (n/a). Significant differences (t-student test, * for p-value <0.05, ** for p-value
<0.001) were performed against the “Control” group. Data are presented as average values+SD; n = 2.
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increase is consistent with the literature [77-79]. According to Farno
et al. [78], this decrease in apparent viscosity is influenced by both
temperature and heating duration, with the latter critical at lower
temperatures and lower shear rates. In this study, a more pronounced
difference in apparent viscosity was observed at lower shear rates
(Fig. SM-6), where the structural integrity and chemical forces within
sludge macromolecules dominate, as described by Ruffino et al. [16].
The observed reduction in viscosity can be attributed to increased
organic matter solubilization following pre-treatment, which includes
the solubilization of EPS. This process releases bound water content and
disrupts the initial structure of the sludge flocs [80,81]. Thus, the pre-
treatment processes weakened the non-Newtonian characteristics of
the sludge, further decreasing the apparent viscosity [82]. This
enhancement could facilitate better fluid mixing and pumping within
the system, thereby improving mass transfer rates, reducing dead zones,
and ultimately enhancing process efficiency and cost-effectiveness
[16,83,84].

3.2.1.4. Microbial integrity and hygienisation of WAS. Evaluating bacte-
rial damage in WAS before and after pre-treatments, under varying
temperatures with and without solar radiation, is critical for assessing
treatment effectiveness (results shown in Fig. 8). This analysis provides
insights into the effectiveness of the methods in inactivating bacteria,
which is essential for ensuring the efficiency of subsequent steps.

The pre-treated samples showed a significantly (p-value <0.05)
higher proportion of non-viable cells (over 45 % dead bacteria) with
increasing temperature compared to the “Control”, which had more than
80 % of viable cells [85]. The temperature increase resulted in a more
significant proportion of non-viable cells (p-value <0.05). In contrast,
the additional effect of solar radiation on non-viable cells was not sta-
tistically significant (p-value >0.05). This suggests that temperature was
the dominant factor in causing cell membrane disruption and lysis,
leading to the release of intracellular contents and increased SCOD and
S-EPS (as discussed in Sections 3.2 and 3.2.1.1). Nevertheless, the
contribution of solar radiation cannot be disregarded. Although not
statistically dominant, UV exposure likely intensified cellular stress and
weakened membrane integrity through oxidative and photochemical
effects [69]. This additional stress may have facilitated the release of
intracellular contents, thereby enhancing solubilization processes and
contributing to increased microbial cell death.

It is also known that minimising pathogenic microorganisms in
sludge is crucial to prevent surface and groundwater contamination
[86]. Faecal coliform analysis of untreated WAS displayed a count of
1.3 x 105 ufc g7! exceeding the threshold of 1 x 10° ufc ¢! for Class A
sludges according to the EPA U.S. 40 CFR Part 503 [87]. After all case
studies pre-treatments, a noticeable reduction in faecal coliform count
was observed, bringing levels below the detection limit (DL, 1.0 x 10!
ufc g_l). Faecal coliforms can survive at mesophilic temperatures (i.e.,
up to 45 °C) [88,89]; however, temperatures above 45 °C significantly
reduce pathogen levels, as demonstrated by Bonjoch and Blanch [86].
Consistent with these findings, this study effectively reduced pathogenic
bacteria in WAS to undetectable levels, resulting in sanitized sludge
[871.

3.2.2. Methane production after WAS pre-treatment

The BMP test showed that all pre-treated samples achieved signifi-
cantly higher methane yields compared to the “Control” (p-value <0.05,
Fig. 9, Table SM-1), with specific methane production increasing from
156 + 10 L CH,4 kgvs to 212 + 6 L. CH, kgvé as the temperature raised
from 50 °C (without radiation) to 70 °C (with solar radiation). This
corresponds to at least a 1.3-fold increase compared to the “Control”
group (118 + 8 L CHy4 kgyd), demonstrating that the thermal pre-
treatment effectively enhanced WAS disintegration without causing in-
hibition in a downstream anaerobic digestion process. The absence of a
lag phase in methane production, with peak levels observed between
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Fig. 9. Methane yield from the 31-day biochemical methane potential (BMP)
test for the “Control” sample (at 25 °C) and WAS samples pre-treated for 3 h at
different temperatures under simulated sunlight (patterned bars; RP = 0.66
Wyy, equivalent to 7.6 kJyy Lwhs) and dark conditions (solid bars). Bars
represent average values+SD; n = 3; superscript letters indicate significant
differences between the “Control” and the different experiments (Unequal N
HSD post-hoc test, p-value <0.001).

days 26 and 31 (Fig. SM-7), further supports this conclusion [65].

At the same temperature, methane yield increased by approximately
11 % when solar radiation was applied compared to conditions without
it. Notably, methane production at 50 °C with sunlight was similar to
that at 60 °C in the dark (p-value >0.05). A similar trend was observed at
60 °C with solar irradiation compared to 70 °C in the dark (p-value
>0.05). These results underscore the energy-saving potential of incor-
porating solar radiation into the thermal pre-treatment process,
enabling comparable methane production at temperatures up to 10 °C
lower. Although the 70 °C pre-treatment demonstrated the highest COD
solubilization and resulted in the highest methane production yields,
increasing the temperature from 60 °C to 70 °C may be unnecessary,
given the energy-efficient results obtained at 60 °C with solar radiation.
Therefore, 60 °C was selected for further investigation, as it offers a
practical balance between process efficiency, cost-effectiveness, main-
tenance, and feasibility for lab-scale testing.

3.3. Impact of reflective surfaces on WAS disintegration

The degree of WAS disintegration was compared for three reflective
surface geometries — flat (F; RP = 0.54 + 0.05 Wyy), simple double
parabola (SP; RP = 0.64 + 0.04 Wyy), and double parabola (DP; RP =
0.66 + 0.04 Wyy) — to evaluate their effect on the performance of the
solar-assisted thermal pre-treatment at a controlled temperature of 60 °C
(Fig. SM-8, Table SM-1). Results revealed no significant difference in
disintegration rates across the various reflective surface geometries (p-
value >0.05), consistent with the minor variations observed in the RP
provided by each geometry. Accordingly, the accumulated UV energy
within the reactor after 3 h of sunlight exposure remained similar across
the different surface geometries at ca. 7 kJyy L.

The flat geometry is recognized for its simplicity, cost-effectiveness,
and efficiency in minimising the distance between absorber tubes. As
noted by Gomes et al. [26] and Silva et al. [75], who studied the impact
of different solar collectors on the treatment of landfill leachate and
antibiotic-contaminated water via photo-Fenton reaction and heterog-
enous photocatalysis, where solar thermal energy concentration is not a
primary concern, flat reflectors can be advantageous in certain appli-
cations. However, the WAS thermal pre-treatment at the pilot-scale unit
(Section 3.4) employed the DP geometry. This choice was influenced by
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the higher viscosity of WAS compared to other liquid streams, making
the DP design more suitable for optimising energy capture in tubular
photoreactors. The DP geometry, a widely adopted and proven option
for scale-up, excels in concentrating both direct and diffuse solar radi-
ation, thereby enhancing thermal performance [90]. In this way, despite
the advantages of the flat geometry in some contexts, the DP configu-
ration remains the preferred option for maximising energy efficiency in
solar concentrators at the pilot scale.

3.4. Evaluation of WAS disintegration at pilot-scale

Following the lab-scale testing conducted at controlled temperatures
using an external heating source, two outdoor pilot-scale experiments
were carried out during a 7-hour period in the summer season within a
CPC-based tubular photoreactor without active heating (Fig. 10,
Table SM-1): (i) one under natural solar radiation (“Sunlight”); and (ii)
another in the absence of sunlight (“Dark™), where an opaque material
covered the reaction structure to block solar UV-Vis photons. In the
“Sunlight” experiment, solar UV irradiance (Iyy) reached its peak of ca.
44 Wyy m~2 around midday (1 pm), 4 h after the experiment began. This
resulted in a consistent accumulation of UV energy on the tubular
photoreactor, reaching 16.6 kJyy L! by the 4-hour mark (Fig. 10a.1).
Over the subsequent 3 h, an additional 12.1 kJyy L~! was accumulated,
bringing the total UV energy to 28.7 kJyy L™} by the end of the
experiment.

During the first 4 h of the “Sunlight” experiment (16.6 kJyy L™1), the
WAS temperature gradually increased from 20 to 62 °C, achieving a
DDcop of 6.9 % (Fig. 10a.2), entirely through self-heating driven by
natural sunlight exposure. This demonstrates the potential for solar
energy to autonomously reach the required pre-treatment temperatures
and enhance WAS disintegration without reliance on external heating
devices. Notably, in the final 3 h (12.1 kJyy L_l), the temperature sta-
bilized around 63 °C, achieving a DD¢op of ca. 12 %, comparable to the
values observed at lab-scale experiments conducted at 60 °C with ra-
diation (i.e. 11 %). These results suggest that the proposed solar-assisted
setup could be a viable and sustainable alternative for real-scale
implementation. However, it is important to acknowledge that these
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results reflect the specific conditions of the summer season (August
2023), and seasonal variations may influence the outcomes. In contrast,
under “Dark” conditions, where the temperature did not reach even
45 °C, the DD¢op was only 1 %, suggesting a minimal release of organic
compounds. These findings are consistent with Prorot et al. [18], who
concluded that WAS disintegration occurs only at temperatures above
50 °C, further supporting the temperature threshold required for effec-
tive disintegration, which only occurred in combination with solar
radiation.

Despite the absence of a statistically significant difference (p-value
>0.05) between the sample pre-treated in the “Dark” experiment and
the “Control” sample, methane production under the “Dark” condition
was 35.8 % higher. This increase is likely due to the temperature rise
from 20 to 42 °C observed during the “Dark” experiment, which can be
attributed to infrared (IR) radiation absorption. Solar IR photons can be
absorbed by the covering material and converted into thermal energy,
potentially contributing to the enhancement of methane production
[91,92]. Remarkably, the WAS sample pre-treated in the “Sunlight”
experiment attained 84.9 % higher (206 vs. 112 L. CHy kg\751) methane
production compared to the “Control” sample (p-value <0.001) and
36.1 % higher (206 vs. 151 L. CHy4 kg(;é) than the “Dark” sample (p-value
<0.05), highlighting the effectiveness of solar radiation in boosting
methane production yields (Fig. 10b). Extrapolating these results to a
real-scale WWTP processing 36,000 m®> of WAS annually, with an
average VS concentration of 33 g L™}, the additional methane produc-
tion is 111,672 m°, leading to a total methane yield of 244,728 m? after
pre-treatment (calculated using Eq. SM-1).

In summary, these findings reinforce the significant influence of solar
radiation on WAS thermal pre-treatment, facilitating temperature
elevation and subsequent enhancement in the disintegration degree of
the sludge, which supports the results presented in Section 3.2 regarding
the effect of solar radiation. This, in turn, accelerates the hydrolysis rate,
resulting in a notable improvement in methane production.

3.5. Scale-up and economic assessment

This section evaluates the economic feasibility of scaling up the

250 T T
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r 36.1 % 7
200 — —
P § 35.8 % 1
- a
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O
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Fig. 10. Pilot-scale WAS thermal pre-treatment under natural sunlight (solid symbols and shaded area) and dark conditions (semi-filled symbols) conducted on 7th

and 9th August 2023, respectively: (a) temporal profile of (a.1) solar UV irradiance (Iyy —
™) along with temperature (¢ ®); and (b) methane yields from 27-day biochemical methane potential (BMP) tests for control sample and pre-

degree (DDcop —

) along with accumulated UV energy (Quy—' ) and (a.2) disintegration

treated samples. Each symbol/bar represents average values+SD, with n = 2/3; statistical comparisons between treatments were performed using the Unequal N

HSD post-hoc test.
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proposed CPC-based tubular photoreactor for WAS solar-assisted ther-
mal pre-treatment, targeting an 84.9 % increase in the methane pro-
duction (from 111 to 206 L CH,4 kgvs, Fig. 10b) during the subsequent
anaerobic digestion process, as achieved in the pilot-scale experiments
under natural sunlight. In addition to methane production, the scale-up
and cost analyses were based on the accumulated UV energy (Quy)
observed during the pilot-scale “Sunlight” experiment, considering two
scenarios:

e Scenario 1 (without external heating): Assumes the entire pre-
treatment process relies solely on natural solar radiation to provide
the necessary UV photons and induce any required WAS self-heating.
In this case, the Quy of 28.7 kJyy L™! was calculated over the whole
7-hour pilot-scale experimental period (see Fig. 10a.1).

Scenario 2 (with external heating): Assumes an external heat source
is integrated into the CPC unit to pre-heat the WAS to the target
temperature (60 °C) before initiating the solar-driven treatment
while also supplementing solar thermal energy during the process if
necessary. The objective is to analyse whether this approach can
improve the system's performance by minimising the overall solar
energy demand and the required CPC area. In this setup, the Quy of
12.1 kJyy L7! was calculated over the final 3-hour pilot-scale
experimental period when the WAS temperature stabilized at ca.
63 °C (see Fig. 10a). The additional heat required to raise the WAS
temperature to 60 °C was estimated at 1672 MWh, according to Eq.
(7) (adapted from Budych-Gorzna et al. [78]):

AT x V xp xCp

3600 7

Hdemand =
where Hgemand is the total heat energy required per year (kWh), AT is the
temperature increase (°C), V is the annual volume of WAS produced
(m®), p and Cp is the density and specific heat of water (assumed similar
for sludge, 1000 kg m~2 and 4.18 kJ kg 1->°C™1), respectively, and the
factor 3600 is used to convert kJ to kWh (since 1 kWh = 3600 kJ).

The required CPC area (Acpc, m?) for each scenario was calculated
through Eq. (8), based on the accumulated UV energy demand (Qpy, kJ
L) and the yearly solar accumulated UV energy (E,) recorded in Porto,
Portugal during 2023-274,662 kJ m~2 (source; IPMA [29]), and the
yearly volume of WAS (Vy) processed by a WWTP serving 300,000
people, totalling 36,000 m®>.

Table 3
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~ Quv x Vy x 1000

A
cpC Ey

(8)

Given the vast difference in the Qpuy values, Scenario 2 presents a
marked 58 % reduction in the required CPC area. Specifically, total CPC
areas needed for Scenarios 1 and 2 were estimated at 3759 and 1585 mz,
respectively (Table 2), corresponding to land areas of 14,867 and 6375
m? for CPCs full-scale implementation. These land requirements
consider the optimal orientation and tilt of the CPC modules, which are
south-oriented (appropriate for the Northern Hemisphere) and tilted at
an angle of 41° to match the local latitude of Porto, ensuring optimal
capture of solar photons. Additionally, the land allocation considers the
individual module size of 2.04 m? and an inter-row spacing of 3.94 m,
determined by the sun's lowest elevation angle of 26°, to minimize
shading. This arrangement means each 2.04 m? CPC module effectively
occupies 5.55 m? of land (Table SM-3).

The overall costs of the full-scale WAS pre-treatment plant were
estimated based on literature sources [93,94]. The expenses include
solar-thermal facilities, system engineering and assembly, project con-
tingencies, maintenance material, spare parts, and electric supply. The
cost associated with the installation of CPCs was calculated as a function
of their area, following the pricing guidelines reported by Lillo-Bravo
et al. [94]. Specifically: (i) for areas <50 mz, the CPC cost is 325 € per
mz; and (ii) for areas >2000 m?, the CPC cost is reduced to 225 € per m>.
For Scenario 2, where the required CPC area falls between these two
ranges, costs were interpolated, resulting in a 54 % reduction compared
to Scenario 1, which demanded a 2.4-fold higher area.

However, it is important to note that Scenario 2 also necessitates
additional investments in a heat exchanger and incurs extra operating
costs for the electricity needed to pre-heat the WAS. These additional
expenses were carefully considered in the economic evaluation
(Table 3), as they impact the total cost-effectiveness and feasibility of the
pre-treatment plant setup.

The total yearly cost (TYC) for the WAS pre-treatment via solar-
assisted thermal process was determined by summing the annual capi-
tal cost — which is derived by multiplying the total capital requirement
(TCR) by the fixed charge rate (FCR) — with the operating costs (OC), as
outlined in Eq. (9) [93]. This formula integrates initial capital in-
vestments, and the recurring expenditures required to operate the pre-
treatment facility effectively, providing a comprehensive overview of

Comparative cost analysis for full-scale WAS solar-assisted thermal pre-treatment operating without (Scenario 1) and with

(Scenario 2) external heating.

Target Quy (kJ LY Scenario 1 Scenario 2
28.7 12.1
Direct cost:
CPC area (m?) 3759 1585
A - Total collector cost (€) 845,706 389,863
B - Piping and tanks (8 % of A, €) 67,656 31,189
C - Auxiliary equipment and controls (10 % of A, €) 84,571 38,986
D - Others (15 % of A, €) 126,856 58,479
E - Heat exchanger (€) 0 45,000"
Total direct cost (TDC=A+B+C+D+E) (€) 1,124,788 563,518
Indirect cost:
F - Contingencies (12 % of TDC, €) 134,975 67,622
G - Spare parts (1 % of TDC, €) 11,248 5635
Total capital required (TCR =TDC+F + G) (€) 1,271,011 636,775
Yearly cost:
H - Capital (12 % of TCR, 20 years, €) 152,521 76,413
I - Operation and maintenance (2 % and 1.5 % of TDC, €) 22,496 8453
J - Electricity cost with the heat exchanger (€) 0 234,080"
K - Replacement costs (10 % of TDC, €) 112,479 56,352
Total yearly cost (TYC=H+1+J+K) (€) 287,496 375,297
Unitary cost (UC=TYC/V) (€ m~3) 8 10.4

@ Value obtained from Caetano [95].
b Assuming 0.14 €/kWh as the electricity cost [96].
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the annual financial commitments.

TYC = TCR x FCR 4+ OC (C)]

The TCR encompasses both direct costs (e.g., piping, tanks, auxiliary
equipment, control systems) and indirect costs (e.g., contingencies and
spare parts), all integral to the initial investment of the solar-thermal
facility. The FCR was estimated at 12 %, calculated based on a 20-
year plant depreciation period [93,94]. This rate reflects the annual
financial commitment necessary to cover the capital outlay, amor-
tisation, and other related financial obligations over the expected life-
span of the facility.

While Scenario 1 requires a higher upfront investment due to the
larger CPC area, with a total capital requirement twice as high as Sce-
nario 2, the latter incurs significantly greater operational costs, pri-
marily driven by electricity consumption for sludge pre-heating, which
accounts for nearly 62 % of the total yearly cost (Table 3). Although the
additional investment in a heat exchanger (€45,000) in Scenario 2 is
offset by savings related to the collector costs, the annual heat demand
(1672 MWh) outweighs the benefits gained from the 58 % reduction in
CPC area, ultimately diminishing its economic feasibility under current
electricity prices. These findings highlight the critical balance between
operational and capital expenditures in WAS pre-treatment systems.
When combining both costs, Scenario 1 achieves a 23 % reduction in the
total yearly cost compared to Scenario 2, amounting to 87,802 € in
savings, and reduces the unitary pre-treatment cost from 10.4 to 8.0 €
m~3 of pre-treated WAS. Therefore, despite its higher capital require-
ment, Scenario 1 — relying only on solar radiation — offers a more sus-
tainable and cost-effective long-term solution, particularly in regions
with abundant sunlight, where solar-driven pre-treatment can enhance
both energy efficiency and economic viability. Notwithstanding, while
Scenario 2 — combining solar radiation with external heating — is less
cost-effective on a per-unit basis, this hybrid approach may still be
viable if renewable energy sources can offset energy costs or if land
constraints limit the installation of the CPC field.

Furthermore, incorporating complementary technologies could
further enhance energy recovery and resource valorisation while
reducing environmental impacts and improving overall process sus-
tainability and efficiency through: (i) carbon capture and utilisation
(CCU) to convert CO:2 from biogas upgrading into additional methane;
(ii) repurposing treated sludge for agricultural applications, either as
fertiliser or for biochar production; and (iii) recovering nutrients,
particularly nitrogen and phosphorus, from the drainage water from the
sludge treatment [97-99]. By increasing methane production through
pre-treatment and integrating energy recovery measures, WWTPs can
move toward self-sufficiency while aligning with Sustainable Develop-
ment Goals (SDGs).

Specifically, the process supports SDG 6 by promoting more efficient
and sustainable wastewater management, consistent with Target 6.3,
which aims to improve water quality and reduce pollution through
better treatment practices. It also contributes to SDG 7, particularly
Target 7.2, by increasing the share of renewable energy in the energy
mix through the use of solar radiation in the pre-treatment process.
Additionally, by enhancing the valorisation of sludge and reducing
waste generation, the study supports SDG 12, in line with Target 12.5,
which focuses on substantially reducing waste generation through pre-
vention, reduction, and recycling strategies [100]. Thus, the proposed
approach not only improves process performance but also reinforces the
principles of environmental responsibility and circular resource use.

4. Conclusion

This study demonstrates that the synergy between low-temperature
pre-treatment and solar radiation in a tubular photoreactor provides a
clear benefit, as both mechanisms significantly enhance WAS disinte-
gration and boost methane production.

Laboratory-scale experiments, combining simulated sunlight with
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external heating, showed a substantial increase in methane production
for pre-treated WAS compared to the untreated control sample, ranging
from 32 % to 74 % as the pre-treatment temperature increased from
50 °C to 70 °C, following an accumulated UV energy of 7.6 kJyy L™}
(radiant power of 0.66 Wyy for 3 h). A radiant power of 0.66 Wyy proved
optimal for COD solubilization, achieving maximum cellular damage,
with no further improvement at higher radiation intensities (e.g., 0.83
Wuyy). Although reflector geometry had minimal impact on WAS hy-
drolysis, further research on flat reflective surfaces is recommended for
large-scale applications, especially from an economic perspective.

Pilot-scale experiments reinforced the laboratory findings, demon-
strating an 84.9 % increase in methane production following a 7-hour
solar-driven pre-treatment conducted under natural sunlight (28.7
kJuy L™1) without external heating. In the “Sunlight” experiment, solar
radiation alone elevated WAS temperature to 63 °C during the first 4 h
(accumulating 16.6 kJyy L~1) and maintained that temperature for an
additional 3 h (adding 12.1 kJyy L.

The economic assessment revealed that WAS pre-treatment relying
only on natural solar radiation (Scenario 1; 28.7 kJyy L™ is more
economically viable (8.0 vs. 10.4 € m>) than a system that incorporates
sunlight harvesting devices with external heating (Scenario 2; 12.1 kJyy
L~%; 1672 MWh). Although external heating reduces the required CPC
area, its high electricity demand accounts for a significant portion of the
total yearly cost (62 %), ultimately diminishing economic feasibility
under current energy prices. These findings highlight the critical balance
between capital and operational expenditures in WAS solar-assisted
thermal pre-treatment systems and suggest that solar-based pre-treat-
ment is most advantageous in regions with abundant sunlight. In areas
with low sunlight, the reduced solar input would weaken the synergistic
effect with thermal energy, requiring greater reliance on external
heating sources. This would increase costs and diminish both the eco-
nomic and environmental benefits.

While the pilot-scale results demonstrate the potential for larger-
scale implementation, further studies are needed to address practical
challenges such as energy efficiency, reactor design, and performance
under variable weather conditions. At a more advanced stage, when
applicable, a comprehensive life cycle assessment (LCA) could also be
incorporated to evaluate the overall environmental impact and sus-
tainability of the proposed pre-treatment strategy.
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