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A B S T R A C T

The use of biomass for fuel production can considerably reduce the environmental footprint of the energy sector. 
In this context, microalgae residue and industrial oily sludge emerge as promising feedstocks for the production 
of sustainable fuels. This work evaluates the technical feasibility and provides a sensitivity analysis of an inte
grated waste-to-fuel pathway for the co-production of hydrogen and liquid biofuels from waste-derived feed
stocks. The pathway combines microwave pyrolysis, reforming and water gas shift of the gaseous fraction, 
hydrogen-free hydrodeoxygenation of the liquid fraction, and valorization of the solid residue as activated 
carbon. The same framework is applied to algae residue and oily sludge to assess its robustness toward feedstock 
variability. Mass and energy balances of the process are derived through Aspen Plus and Aspen HYSYS simu
lations, allowing the evaluation of key performance indicators. The results show overall energy efficiencies 
between 41% and 48%, with oily sludge yielding higher liquid fuel production and superior energetic perfor
mance. A sensitivity analysis further identifies the hydrocarbon-rich liquid yield and microwave conversion 
efficiency as the most critical parameters. The results indicate that the proposed process layout represents a 
promising process configuration for the valorization of waste-derived feedstocks, while co-pyrolysis configura
tions are left for future investigation.

1. Introduction

Increasing global energy demand and growing concern over the 
environmental impact of fossil-based fuels are driving the search for 
more sustainable and efficient processes for biofuel production [1]. In 
this context, Waste-to-X processes, which convert waste streams into 
valuable energy carriers and chemicals, are attracting increasing interest 
in both academia and industry [2]. The combined exploitation of waste 
resources and renewable energy for the production of advanced biofuels 
represents a key lever for the ecological transition and the path to 
decarbonization [3]. According to the Renewable Energy Directive of 
the European Union, advanced biofuels are expected to contribute at 
least 5.5% of the final energy consumption in transport by 2030 [4]. In 
parallel, the United Kingdom is promoting low-carbon fuels in road and 
aviation through the Renewable Transport Fuel Obligation and the 

Sustainable Aviation Fuel Mandate, which require fuel suppliers to 
blend increasing fractions of sustainable aviation fuel into conventional 
jet fuel [5]. Multiple biofeedstocks and conversion routes are being 
investigated, such as lignocellulosic residues or lipid-rich streams, pro
cessed via biochemical or thermochemical pathways (gasification, py
rolysis, hydrotreating). Within this framework, feedstocks that are not 
food competitive and do not compete with arable land are particularly 
attractive, and they are integrated into the Waste-to-X schemes [6]. In 
particular, microalgae residues and oily sludge from the dairy industry 
emerge as promising feedstocks for advanced biofuels owing to their 
favorable composition and the possibility of coupling waste manage
ment with energy production [7]. Within this context, bio-hydrogen is a 
strategic low-carbon energy carrier and gaseous biofuel whose 
co-production alongside liquid biofuels can improve process flexibility 
and overall value generation [8]. In a Waste-to-X perspective, 
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microalgae enable the integration of renewable inputs and marginal 
resources, as their cultivation is not constrained by arable land avail
ability and can therefore avoid competition with food crops, while of
fering the potential, under favorable assumptions, for biodiesel yields 
50–100 times higher than soybean-based routes [9]. The scale of this 
opportunity is underlined by reports from the U.S. Department of En
ergy, which estimate a national production potential of 152 million tons 
of ash-free dry algal biomass per year. Such a capacity could translate 
into approximately 14.4 billion gallons of gasoline equivalent annually 
while capturing 268 million tons of CO2 [10]. Economically, the sector 
is experiencing rapid growth; the global microalgae market, valued at 
USD 3.4 billion in 2020, is projected to reach USD 4.6 billion by 2027, 
driven by increasing awareness of the functional compounds and sus
tainability benefits of algae compared to traditional food and energy 
production methods [11]. Parallel to algal biomass, oily sludge from the 
dairy industry emerges as a significant feedstock. The European dairy 
sector processed approximately 144.6 million tons of milk in 2020, 46% 
more than the United States. This intensive processing generates sub
stantial waste; wastewater treatment in this industry can produce up to 
20 kg of dairy processing sludge per m3 of milk processed, resulting in an 
estimated 2.45 million tons of dairy processing sludge (wet weight) 
across the EU in 2020 alone [12]. Within this framework and given the 
results of recent studies, microalgae and oily sludge from the dairy in
dustry emerge as promising candidates to produce biofuels. Also, recent 
studies have highlighted the potential of algae residues to generate 
value-added products [13]. Speranza et al. assess algal biodiesel through 
an area-requirement approach, recommending localized production 
near demand in climatically suitable areas [14]. Chia et al. review 
various methods used for converting algal biomass into biofuels, 
focusing on material yield across different biofuel products [15]. 
Harman-Ware et al. compare fast pyrolysis of Scenedesmus at technical 
scale, showing bio-oil properties comparable to lignocellulosic pyrolysis 
but with higher nitrogen content [16]. Previous process-simulation 
studies on algal thermochemical conversion have mainly relied on 
equilibrium-based Aspen models for syngas configurations, rather than 
on integrated pathways for the co-production of hydrogen and liquid 
biofuels [17]. However, these studies rarely provide fully closed mass 
and energy balances and an integrated assessment of hydrogen and 
liquid biofuel co-production into a single simulation framework. The 
production of biofuels from oily sludge has also been widely investigated 
at a conceptual level. Zubaidy et al. reviewed several approaches for fuel 
recovery from fossil oily sludge via solvent extraction [18], while Bora 
et al. examined the conversion of sewage sludge to biofuel through 
transesterification [19]. For sludge-derived feedstocks, available process 
and techno-economic studies have generally focused on pyrolysis for 
bio-oil production and condensation sections, rather than on a full 
co-production pathway including hydrogen generation and liquid-fuel 
upgrading [20]. In parallel, process models for hydrodeoxygenation of 
biomass-derived liquids have been developed as stand-alone upgrading 
tools, including applications to bio-oil and algal oil [21]. This work 
addresses these gaps by investigating an integrated pathway for the 
production and upgrading of gaseous and liquid biofuels (hydrogen and 
bio-oil) from algae residue cultivated in domestic wastewater and oily 
sludge from the dairy industry. In the proposed framework, the two 
feedstocks are treated as separate case studies, and the same process 
scheme is applied independently to each feedstock to assess the feasi
bility of their valorization into hydrogen and liquid biofuels. Microwave 
(MW) pyrolysis is employed for the thermal decomposition of the 
feedstocks into gas, liquid and solid fractions. Previous studies have 
shown that microwave pyrolysis can reduce reaction times and improve 
product quality compared with conventional heating [22]. Microwave 
pyrolysis is well-suited for process electrification and intensification, 
although the benefits depend on the feedstock dielectric properties and 
reactor scale-up [23]. The pyrolysis gas is subsequently processed using 
well-established technologies, including catalytic reforming and 
water–gas shift (WGS) reactors [24]. On the liquid side, the main 

objective is to reduce the high oxygen content inherent to the original 
biomass. This upgrading step is typically energy-intensive and requires 
large hydrogen inputs, with significant environmental and economic 
consequences. “Hydrogen-free” hydrodeoxygenation (HDO) has there
fore emerged as a promising alternative [25], as it exploits water as the 
main reactant and eliminates the hydrogen demand of the process [26]. 
In this context, the novelty of the present work lies in the integrated 
simulation of a co-production pathway combining microwave pyrolysis, 
reforming and WGS of the gaseous fraction, hydrogen-free hydro
deoxygenation of the liquid fraction, and activated-carbon valorization 
of the solid residue. The same framework is then applied to two distinct 
waste-derived feedstocks, algae residue and oily sludge, to assess its 
robustness and quantify the effect of feedstock properties on yields, 
utilities, and overall process performance. In this context, process 
simulation is essential to derive closed mass and energy balances, 
quantify utility requirements, and identify integration opportunities at 
the plant scale [27]. Moreover, a preliminary operational screening is 
useful to identify the main utility-related cost drivers and to support 
future, more detailed techno-economic assessments [28]. The main 
objective of this study is to evaluate the proposed integrated pathway for 
the co-production of hydrogen and liquid biofuels in terms of material 
and energy balances, utility requirements and key performance in
dicators. Co-pyrolysis of the two feedstocks was not considered in the 
present work, since mixed-feed behavior would require dedicated data 
on blend-dependent yields and product composition and therefore falls 
outside the scope of this study. The paper is organized as follows: Section 
2 describes the modelling methodology and the selected technologies; 
Section 3 presents the mass and energy balances for the two 
feedstock-specific cases; Section 4 discusses the overall energy efficiency 
and its implications; Section 5 summarizes the main conclusions and 
outlines future perspectives.

2. Methods

The objective of this study is to propose and evaluate an integrated 
pathway for the conversion of waste-derived feedstocks into hydrogen 
and liquid biofuels, considering algae residue and oily sludge as two 
representative case studies. The process was simulated separately for 
each feedstock, assuming a feed rate of 100 kg/h of wet feedstock in 
each case. The key performance parameters include energy efficiency, 
material yields, and the energy content extracted per kilogram of feed
stock. Aspen HYSYS V.14 and Aspen PLUS V.14 were applied for ma
terial and energy balance solutions. The same block flow diagram was 
adopted for both case studies, but no co-feeding or co-pyrolysis config
uration was considered in the present work. Fig. 1 shows the Block Flow 
Diagram (BFD) of the process. Firstly, the feedstock is introduced into 
the microwave (MW) pyrolysis reactor to produce pyrolysis gas, a crude 
bio-liquid and solid residue (biochar). The pyrolysis gas is sent to a 
separator to remove condensable molecules, mainly ammonia and 
water, and compressed before entering the gas reforming section. 
Finally, Water Gas Shift (WGS) reactors are implemented to maximize 
hydrogen production. The bio-liquid contains a high amount of oxygen- 
based molecules, which must be refined to produce liquid biofuels. 
Hence, this fraction is sent to the "hydrogen-free" hydrodeoxygenation 
section for the upgrading of the oxygenated liquid fraction into a 
hydrocarbon-rich liquid fuel. Finally, the solid fraction is exploited for 
the production of activated carbon via physical activation with CO2, 
which can be used as a microwave susceptor in the MW pyrolysis reactor 
[29]. The energy content of the upgraded liquid biofuel was evaluated 
using the lower heating values (LHV) of the representative products 
selected for the liquid product (44.4 MJ/kg for octane and 47.2 MJ/kg 
for hexane).

2.1. Feedstock characterization

The first feedstock considered in this work is algae residue recovered 

M.M. Bozzini et al.                                                                                                                                                                                                                             Renewable Energy 270 (2026) 125919 

2 



after cultivation in domestic wastewater. The second feedstock is an oily 
sludge generated in dairy-processing facility. Table 1 shows the proxi
mate and ultimate analyses of algae residue and oily sludge feedstocks 
reported on a dry basis [30]. Humidity quantifies the water content of 
the wet feedstock. It is assumed that both feedstocks are partially dried 
to a moisture content of 10%. The drying step is not explicitly modeled 
in the process flowsheet because its energy demand strongly depends on 
the selected drying technology and heat-integration strategy. A drying 
energy demand contribution of 3.2 MJ per kg of evaporated water was 
assumed for the operational screening [31]. Also, the oxygen content 
was determined by difference and not directly analyzed. As illustrated, 
the oily sludge feedstock has lower humidity content and higher carbon 
and hydrogen fractions. The significant presence of nitrogen and oxygen 
in both feedstocks results in the formation of highly oxygenated and 
nitrogen-containing products. These marked differences in physico
chemical properties make algae residue and oily sludge suitable repre
sentative case studies to assess the applicability of the proposed 
integrated pathway to distinct waste-derived streams.

2.2. Microwave pyrolysis unit

The MW pyrolysis reactor operates in continuous mode at 2 bar to 
avoid oxygen infiltration during the process, while the feedstock enters 
at ambient temperature (i.e., 25 ◦C) and exits at 700 ◦C. The resulting 
product streams are then released to atmospheric pressure before 
entering the downstream cooling and separation sections. The corre
sponding inlet streams of the post-processing sections are reported at 
1.01 bar in the appendix tables. The separation of the pyrolysis gas, bio- 
liquid and biochar is performed within the MW reactor. The MW duty 
reported refers to the effective microwave power absorbed by the 
feedstock to reach the target pyrolysis conditions. To estimate the cor
responding electrical power demand, a nominal conversion efficiency of 
0.70 was assumed. A sensitivity analysis was additionally considered to 
account for generator performance and system-level losses reported in 

the literature [32]. The pyrolysis products were not predicted through a 
detailed kinetic model. Instead, a reduced-order, feedstock-specific 
approach was adopted to reconstruct a representative product slate for 
process simulation. First, the proximate and ultimate analyses of each 
feedstock were used to define the elemental composition of the 
non-conventional material. Second, literature data under comparable 
pyrolysis conditions were used to define the overall distribution among 
gas, liquid and solid fractions, as well as the dominant chemical families 
in the volatile products. Third, each phase was represented by a limited 
set of surrogate compounds, reported in Table 2, selected to reproduce 
the main species families relevant for downstream upgrading. For the 
bio-liquid fraction, the selected surrogates were chosen to represent 
nitrogen-containing aromatics, oxygenated compounds and light hy
drocarbons. Finally, the flow rates of the surrogate species were ob
tained by solving elemental balances for C, H, O and N, thus ensuring 
mass-balance consistency between the original feedstock and the 
reconstructed pyrolysis products. The elemental distribution among the 
three pyrolysis fractions was derived from the literature basis adopted 
for each feedstock, while the thermodynamic properties of the 
non-conventional feedstock were estimated through the 
Non-Conventional Component Tool using the proximate and ultimate 
analyses reported in Table 1 [33]. For algae residue, the 

Fig. 1. Block Flow Diagram of the proposed process.

Table 1 
Total humidity, proximate and ultimate analysis of both feedstocks.

Biomass Waste Humidity (%) VM Ash (%) (%) C (%) H (%) N (%) S (%) O (%)

Algae residue 84.3 62.98 22.26 41.73 6.19 4.10 0.25 25.47
Oily sludge 75.9 79.8 13.35 54.31 8.45 5.88 0.38 17.63

Table 2 
Surrogate compounds adopted for modelling the gas and liquid pyrolysis 
fractions.

Surrogate compounds

Gas phase Liquid phase

H2 Pyrrole
CH4 C8H14O4

CO Benzene
CO2 Toluene
NH3 C6H14
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surrogate-product definition was derived from experimental studies on 
algal and microalgal pyrolysis reporting phase yields and representative 
bio-oil compounds [34], [35]. For the second feedstock, the literature 
basis was aligned with studies on pyrolysis of milk/dairy processing 
sludge, which report significant liquid production together with 
gas-phase nitrogen species such as NH3 and HCN [36], [37]. The 
resulting product distribution should therefore be interpreted as a 
thermodynamically consistent lumped representation, rather than as a 
detailed prediction of the exact molecular composition of the actual 
pyrolysis products. Material balances were implemented in Microsoft 
Excel, while the corresponding energy balances were solved in Aspen 
Plus V.14.

2.3. Pyrolysis gas post-processing section

Aspen HYSYS V.14 was used to perform the simulation of the pro
cess. The Soave-Redlich-Kwong (SRK) equation of state was chosen to 
model the mixture behavior as it is recommended for petrochemical 
operations [38]. Fig. 2 presents the process flow diagram of the 
post-processing section of the pyrolysis gas. Initially, the hot pyrolysis 
stream (stream 1) is brought into contact with a water stream (stream 2), 
which reduces its temperature from 700 ◦C to 70 ◦C. The cooled mixture 
is then sent to heat exchanger E− 101, where it is further cooled down to 
30 ◦C. This temperature drop allows for the removal of water and 
ammonia in the downstream separator V-101 (stream 5). Although 
sulfur is present in the original feedstocks, sulfur-containing gas species 
were not explicitly included in the surrogate pyrolysis-gas model. 
Therefore, the gas-upgrading section should be interpreted as an ideal
ized sulfur-free case, and the possible need for dedicated desulfurization 
and catalyst-protection steps is not captured in the present simulation. 
The conditioned gas (stream 6) is then pressurized to 4 bar with 
compressor K-101, aligning with the operating pressure required by the 
reforming unit (R-101) as a representative process value for the subse
quent handling of the hydrogen-rich gas stream. No dedicated 
hydrogen-purification step was explicitly modeled in the present work. 
Before entering the reformer, the gas is mixed with steam (stream 8) and 
passed through a process-to-process heat exchanger (E− 102), which 
recovers heat from the reformer outlet stream (stream 11) to preheat the 
incoming mixture (stream 10). The reformer operates at 900 ◦C, a 
temperature at which the steam reforming reactions are assumed to 
reach thermodynamic equilibrium [18], consistent with high tempera
ture reforming conditions to favor equilibrium conversion. The 
reformed gas is cooled to 250 ◦C in E− 103 using water as a cooling 
medium. This temperature is suitable for the first adiabatic water-gas 
shift reactor (R-102). The output gas (stream 14) is subsequently 
cooled once more to 250 ◦C and directed to a second adiabatic WGS 
reactor (R-103) [39]. The final hydrogen-rich gas stream (stream 16) is 
characterized in terms of composition and lower heating value, but no 
downstream hydrogen-purification is explicitly modeled. The energetic 
contribution of stream 16 was evaluated on an LHV basis considering the 

combustible components of the hydrogen-rich gas. Table 3 reports the 
temperatures and pressures of the input streams. The reforming and 
WGS reactors were modeled under thermodynamic equilibrium as
sumptions, given that the reactions are primarily constrained by ther
modynamics. The water mass flow rate of stream 2 was selected to 
achieve the desired temperature in stream 3 after mixing, while the 
steam flow of stream 8 was adjusted to maintain a steam-to-carbon ratio 
of 3 [40].

2.4. Bio-liquid refining section

Fig. 3 shows the bio-liquid refining PFD. The bio-liquid obtained 
from the microwave pyrolysis reactor (stream 17) is initially combined 
with water (stream 18) to reduce the temperature of the mixture. Stream 
19 is then cooled further to 60 ◦C in heat exchanger E− 105 using cooling 
water. The condensed output (stream 20) is pressurized to 16 bar by 
pump P-101 to match the operating pressure required for the "hydrogen- 
free" hydrodeoxygenation (HDO) process described in the work of Jin 
et al. [25], resulting in stream 21. The liquid-upgrading section was not 
intended to represent a detailed reaction-resolved HDO mechanism. 
Instead, it was formulated as a simplified surrogate-based upgrading 
block inspired by H2-free hydrodeoxygenation concepts reported in the 
literature. In this representation, process water is introduced as a reac
tion medium, and the upgrading step is modeled as the conversion of the 
oxygenated bio-liquid into a hydrocarbon-rich fuel fraction together 
with an aqueous by-product stream and a residual heteroatomic 
non-fuel fraction. Therefore, nitrogen-containing compounds repre
sented by pyrrole are excluded from the upgraded-fuel energy content.

The output of the upgrading block (stream 22) then undergoes a 
separation step to isolate the hydrocarbon-rich liquid fuel fraction 
(stream 26) from a non-fuel by-product stream (stream 25), which in
cludes the separated aqueous and heteroatomic residual species. The 
energetic contribution of the liquid product was quantified on a lower 
heating value basis, without introducing any downstream conversion 
unit. The fixed input parameters used for the simulation of this process 
are detailed in Table 4.

Fig. 2. Process Flow Diagram of pyrolysis gas post-processing.

Table 3 
Input parameters for pyrolysis gas post-processing in Aspen HYSYS simulation.

Stream Number Temperature [◦C] Pressure [bar]

1 700 2
2 30 2
3 70 -
4 30 -
7 - 4
10 500 -
11 900 -
13 250 -
15 250 -
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2.5. Sensitivity

To account for the uncertainties inherent in the analysis in this study 
and to identify the primary drivers of performance, a sensitivity analysis 
was conducted on both the algae residue and oily sludge pathways by 
varying each key variable from its baseline value while keeping all other 
parameters constant. The analysis evaluates how a variation of ±10% 
and ±20% in key operational parameters and product yields affects the 
overall energy efficiency of the system. The parameters considered 
include the drying duty required and hot thermal duty to assess the 
impact of feedstock moisture and thermal integration, nominal micro
wave conversion efficiency varying from the baseline of 0.7, and the 
yields of hydrogen-rich gaseous fuel and hydrocarbon-rich liquid fuel, 
which directly influence the energy recovery potential of the plant. The 
target output for this analysis is the overall energy efficiency, defined as 
the ratio between the energy content of the upgraded biofuels and the 
total electrical and thermal energy supplied to the process. This meth
odology allows for a direct comparison between the two feedstocks, 
highlighting which operational area (e.g., drying vs. reaction yield) of
fers the greatest margin for efficiency optimization.

3. Results and discussion

This section is organized into two main parts, each focusing on one of 
the feedstocks analyzed in the study. The first part includes the process 
datasheet and the corresponding energy and mass balances for the algae 
residue feedstock. A similar approach is then applied to the oily sludge 
feedstock. The simulations are based on a wet feedstock input of 100 kg/ 
h. A final comparative analysis of the two case studies, highlighting 
product yields, utility consumptions and overall process performance is 
presented.

3.1. Algae residue feedstock

Table 6 shows the reconstructed distribution of the three output 
fractions for the algae-residue case in the process simulation. The 
remaining fraction, totaling 84.2 kg/h, is composed primarily of vapor 
derived from the high initial moisture content of the wet feedstock (see 
Table 1). The power delivered to the algae feedstock is equal to 37 kW, 
which corresponds to an overall electrical demand of 53 kW. These 
reconstructed output streams were subsequently imported into Aspen 

HYSYS for downstream processing.
Table A.13 shows the datasheet of the pyrolysis gas post-processing 

section with the algae feedstock. The reforming section is able to 
completely convert methane into hydrogen. Finally, the WGS reactors 
reduce the CO content from 0.26 to 0.08 in molar fraction, maximizing 
the hydrogen content of the final product. The post-processing of the 
pyrolysis gas led to a production of 0.22 kg/h of hydrogen, starting from 
100 kg/h of wet feedstock. The energetic content of the hydrogen-rich 
gas stream was quantified on an LHV basis by considering the 
combustible components present in the stream. For the representative 
composition reported here, the corresponding energy content amounts 
to 8.27 kW.

Table A.14 shows the datasheet of the bio-liquid refining section. The 
core of this section is the "hydrogen-free" dehydrogenation reactor, 
which refines the oxygenated molecule to give a hydrocarbon-rich liquid 
fuel. Processing the crude bio-liquid obtained from microwave pyrolysis 
yields approximately 4.1 kg/h of hydrocarbon-rich liquid fuel. The 
upgraded liquid biofuel has an estimated energetic content of 50.45 kW 
on an LHV basis. Finally, assuming a mass loss of 50 % of the initial char, 
the production of activated carbon is estimated to be approximately 
1.05 kg/h. Finally, Table 7 summarizes the energy streams associated 
with the post-processing of pyrolysis gas and the upgrading of the bio- 
liquid. Notably, E− 2 and E− 8 correspond to electrical energy inputs, 
whereas negative values denote energy removal from the system 
through cooling.

3.2. Oily sludge feedstock

Table 8 reports the reconstructed distribution of the three product 
fractions for the oily sludge feedstock. The vapor fraction accounts for 

Fig. 3. Process Flow Diagram of Bio-liquid refining section.

Table 4 
Input parameters for Bio-liquid refining section in Aspen HYSYS simulation.

Stream Number Temperature [◦C] Pressure [bar]

17 700 1.01
18 30 1.01
20 60 1.01
21 - 16
22 250 16
23 - 2
24 50 2

Table 6 
Reconstructed pyrolysis product slate for the algae-residue case used in the 
downstream process simulation.

Pyrolysis gas Bio-liquid biochar

Component Mass 
Flow [kg/ 
h]

Component Mass 
Flow [kg/ 
h]

Component Mass 
Flow [kg/ 
h]

Hydrogen 0.1109 Pyrrole 1.3863 Char 2.1042
CO2 1.5406 C8H14O4 5.9794 Ash 3.5300
CO 0.5311 Toluene 0.0537 ​ ​
Methane 0.1984 ​ ​ ​ ​
Ammonia 0.3502 ​ ​ ​ ​

Total 2.7311 Total 7.4194 Total 5.6442

Table 7 
Energy streams of the process (see Figs. 2 and 3 for stream numbers).

Energy stream E-1 E-2 E-3 E-4 E-5
Heat flow [kW] − 1.16 0.09 1.64 − 0.68 − 0.27
Energy stream E-6 E-7 E-8 E-9 E-10
Heat flow [kW] 8.27 − 4.06 0.01 14.04 − 1.31
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75.9 kg/h, consistent with the high moisture content of the original 
feedstock reported in Table 1. The microwave pyrolysis unit is associ
ated with an absorbed MW duty of 88 kW, which corresponds to an 
overall electrical demand of 125.7 kW. These reconstructed output 
streams were used as input for downstream processing.

Table A.15 illustrates the datasheet of the pyrolysis gas post- 
processing section with the sludge feedstock. Post-processing yields 
roughly 0.59 kg/h of hydrogen from an initial input of 100 kg/h of wet 
feedstock. The energetic contribution of the final hydrogen-rich gas 
stream, evaluated on a lower-heating-value basis by considering the 
combustible species present, is estimated at 21.93 kW. Table A.16 re
ports the datasheet of the bio-liquid refining section for the oily sludge 
case. The simplified liquid-upgrading block converts the oxygenated 
bio-liquid into a hydrocarbon-rich liquid fuel fraction. The upgraded 
liquid fuel has an energetic content of 80.16 kW on an LHV basis. Con
cerning the valorization of char, assuming a 50% mass loss of the solid 
residue, the production of activated carbon is estimated to be approxi
mately 1.92 kg/h. Table 9 provides an overview of the energy flows 
involved in both the pyrolysis gas post-treatment and the bio-liquid 
refining stages.

3.3. Process performance assessment

Table 10 illustrates the main input and output material and energy 
streams for the two cases. The energetic content of the gaseous and 
liquid products is reported on an LHV basis. The gaseous product refers 
to the hydrogen-rich gas stream, and the H2 value indicates the 
hydrogen content contained in that stream rather than purified 
hydrogen. The MW pyrolysis reactor is the most energy-intensive unit of 
the process. Since both feedstocks are assumed to be pre-dried to 10 wt% 
moisture, 82.6 kg/h and 73.2 kg/h of water must be removed from algae 
residue and oily sludge before entering the pyrolysis step. The corre
sponding drying duty, estimated assuming a nominal specific drying 
energy of 3.2 MJ per kg of evaporated water, is included in Table 10. 
Based on the pre-dried feed input, the absorbed MW energy requirement 
is 7.6 MJ per kg of feed at 10 wt% moisture for algae residue and 
11.8 MJ per kg for oily sludge. The higher energy demand of the second 
feedstock is consistent with its lower ash content and higher carbon 
fraction. As shown in Table 10, the oily sludge feedstock has higher 
product yields on a wet basis with respect to the algae residue feedstock, 
mainly because of its lower initial moisture content. When both the 
hydrogen-rich gas stream and the hydrocarbon-rich liquid fuel are 
considered on an LHV basis, the total energy recovered in the products is 
12.0 MJ per kg of feed at 10 wt% moisture for algae residue and 13.7 MJ 

per kg for oily sludge. Regarding the energy efficiency of the processes, 
the algae feedstock requires more power (hot thermal and electric) per 
unit of recovered product energy. In particular, the energy efficiency for 
the algae residue feedstock is 41.4%, while for the oily sludge feedstock, 
it stands at 48.3%. A concise comparison of the two feedstocks is re
ported in Table 11, which highlights the higher hydrocarbon-rich liquid 
yield and the more favorable overall energetic performance of oily 
sludge.

3.4. Sensitivity

The results of the sensitivity analysis are illustrated in the sensitivity 
plots (Fig. 4) for algae residue and oily sludge. The results reveal several 
critical trends. The overall energy efficiency is most sensitive to the yield 
of hydrocarbon-rich liquid fuel. A 20% increase in this yield pushes the 
energy efficiency toward 49% for algae and nearly 56% for oily sludge. 
This highlights that the liquid biofuel fraction is the dominant energy 
carrier in the proposed layout. The nominal conversion efficiency of the 
microwave shows that improving the efficiency of the electrical-to- 
microwave power conversion is a vital lever for increasing the 
viability of the "Waste-to-X″ scheme. The drying duty exhibits a strong 
inverse relationship with energy efficiency. Given the high initial 
moisture content of the feedstocks (84.3% for algae and 75.9% for 
sludge), reductions in drying energy, potentially through advanced 
mechanical dewatering or heat integration, result in substantial effi
ciency gains. Finally, while the hydrogen-rich gaseous fuel contributes 
positively to the energy balance, its impact on total efficiency is less 
pronounced than that of the liquid fraction, reflecting its secondary role 
in the products. The sensitivity profiles for both feedstocks follow a 
similar pattern. However, the oily sludge case maintains a higher 
baseline efficiency across all variations, primarily due to its superior 
carbon and hydrogen content and lower initial humidity compared to 
the algae residue. This analysis highlights that while both pathways are 
technically feasible, optimization efforts should prioritize the enhance
ment of liquid fuel recovery and the reduction of drying-related energy 

Table 8 
Reconstructed pyrolysis product slate for the oily sludge case used in the 
downstream process simulation.

Pyrolysis gas Bio-liquid biochar

Component Mass 
Flow 
[kg/h]

Component Mass Flow 
[kg/h]

Component Mass 
Flow 
[kg/h]

Hydrogen 0.1117 Pyrrole 3.0518 Char 3.8523
CO2 0.6655 C8H14O4 6.3533 Ash 3.3100
CO 1.8352 Benzene 0.6301 ​ ​
Methane 0.8470 C6H14 2.6689 ​ ​
Ammonia 0.7752 ​ ​ ​ ​

Total 4.2347 Total 12.7041 Total 7.1623

Table 9 
Energy streams of the process (see Figs. 2 and 3 for stream numbers).

Energy stream E-1 E-2 E-3 E-4 E-5
Heat flow [kW] − 2.10 0.13 4.67 − 1.71 − 0.85
Energy stream E-6 E-7 E-8 E-9 E-10
Heat flow [kW] 21.93 − 7.07 0.01 15.94 − 2.38

Table 10 
Input and output material and energy streams for the two feedstock-specific 
cases.

Input Output

Algae 
residue

Oily 
Sludge

Algae 
residue

Oily 
Sludge

Wet Feedstock 100 [kg/h] 100 [kg/ 
h]

​

Drying duty [kW] 73.4 65.1
Cold thermal duty [kW] 7.48 14.11
Hot thermal duty [kW] 15.68 20.61
Electrical demand [kW] 53.1 125.8 ​ ​
Hydrogen-rich gaseous 

fuel
​ ​ 8.27 kW 21.93 kW

Hydrocarbon-rich 
liquid fuel

​ ​ 4.10 kg/h 
50.45 kW

6.53 kg/h 
80.16 kW

CO2 (dir. em.) ​ ​ 2.78 kg/h 5.53 kg/h

Table 11 
Key performance indicators for the two feedstock-specific cases.

Parameter Algae 
residue

Oily 
sludge

Feed input at 10 wt% moisture [kg/h] 17.6 26.8
MW pyrolysis absorbed energy [MJ/kgfeed at 10 wt% 

moisture]
7.6 11.8

Energy in products [MJ/kgfeed at 10 wt% moisture] 12.0 13.7
H2 production [kg/h] 0.22 0.59
Hydrocarbon-rich liquid fuel [kg/h] 3.93 6.53
Activated carbon [kg/h] 1.05 1.92
Direct CO2 emissions [kg/h] 2.78 5.53
Energy efficiency [%] 41.4% 48.3%
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expenditure.

4. Conclusions

This study focuses on the development of a detailed process simu
lation for the conversion of algae residue and oily sludge into hydrogen 
and liquid biofuels via microwave pyrolysis and post-processing of py
rolysis gas and bio-liquid. The same process scheme was applied sepa
rately to the two feedstocks in order to assess the technical feasibility of 
their conversion and quantify the associated material and energy bal
ances. The overall energy efficiency of the processes ranges between 
41% and 48%, with the oily sludge showing higher biofuel yield on a dry 
basis and overall higher energetic performance. A local sensitivity 
analysis further clarifies the process dynamics, identifying the 
hydrocarbon-rich liquid fuel yield and the nominal microwave conver
sion efficiency as the most influential parameters on the global energy 
performance. Overall, the promising key process parameters suggest 
that the exploitation of such wastes can be feasible from both technical 
and economic points of view. The identification of bottlenecks or 
possible impurities (oxygen- or sulfur-based compounds) in the pyrolysis 
products is crucial to avoid potential catalyst deactivation during py
rolysis gas post-processing and bio-liquid refining. The preliminary 
operational screening shows that the process performance is strongly 
affected by electricity-related demand, particularly drying and 
microwave-assisted conversion. Overall, the proposed integrated 
pathway represents a promising option for the valorization of low-value 
waste streams into higher-value energy carriers. Future developments 
should focus on the availability of experimental data to further refine the 
simulation, the identification of impurities and bottlenecks that may 
affect catalyst stability during gas and liquid upgrading, and the opti
mization of process parameters to improve material and energy effi
ciency. However, it should be noted that extrapolation of MW power 
demand beyond laboratory or pilot scale remains uncertain, because 
microwave-assisted pyrolysis still faces scale-up challenges related to 
field uniformity, penetration depth, dielectric-property dependence, and 

continuous-feed reactor design. In addition, the availability of dedicated 
experimental data could enable future assessment of mixed-feed co- 
processing strategies, including co-feeding or co-pyrolysis of selected 
waste streams.

CRediT authorship contribution statement

Marcello Maria Bozzini: Conceptualization, Data curation, Formal 
analysis, Investigation, Methodology, Writing – original draft, Writing – 
review & editing. Francesco de Fusco: Data curation, Formal analysis, 
Methodology, Writing – original draft, Writing – review & editing. Nuria 
Ferrera-Lorenzo: Conceptualization, Data curation, Methodology, 
Writing – original draft. Mattia Vallerio: Conceptualization, Data 
curation, Writing – original draft, Writing – review & editing. Flavio 
Manenti: Conceptualization, Funding acquisition, Methodology, Su
pervision, Writing – original draft, Writing – review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgments

Funded by the European Union. Views and opinions expressed are 
however those of the author(s) only and do not necessarily reflect those 
of the European Union or CINEA. Neither the European Union nor the 
granting authority can be held responsible for them. The work described 
in this publication was subsidised by Horizon Europe (HORIZON) 
framework through the Grant Agreement Number 101144144.

A preliminary version of this work was presented at the 20th 
SDEWES Conference, held from 5 to 10 October 2025 in Dubrovnik, 
Croatia.

Appendix A. Datasheet

Table A.13 
Pyrolysis gas post-processing datasheet (see Fig. 2 for stream numbers, algae feedstock)

Stream number 1 2 3 4 5 6 7 8
Vapor Fraction 1 0 0.422 0.285 0 1 1 1
Temperature [◦C] 700 30 70 30 30 30 195 250
Pressure [bar] 1.01 1.01 1.01 1.01 1.01 1.01 4.00 4.00
Molar Flow [kmol/h] 0.14 0.33 0.47 0.47 0.35 0.12 0.12 0.04

(continued on next page)

Fig. 4. Sensitivity plot of algae residue (left) and oily sludge (right) feedstock.
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Table A.13 (continued )

Mass Flow [kg/h] 2.73 5.90 8.63 8.63 6.25 2.38 2.38 0.67
Molar fraction
Hydrogen 0.39 0.00 0.12 0.12 0.00 0.45 0.45 0.00
CO2 0.25 0.00 0.07 0.07 0.00 0.29 0.29 0.00
CO 0.13 0.00 0.04 0.04 0.00 0.16 0.16 0.00
Methane 0.09 0.00 0.03 0.03 0.00 0.10 0.10 0.00
Ammonia 0.14 0.00 0.04 0.04 0.94 0.00 0.00 0.00
Water 0.00 1.00 0.70 0.70 0.06 0.00 0.00 1.00
Stream number 9 10 11 12 13 14 15 16
Vapor Fraction 1 1 1 1 1 1 1 1
Temperature [◦C] 208 500 900 642 250 406 250 299
Pressure [bar] 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Molar Flow [kmol/h] 0.16 0.16 0.18 0.18 0.18 0.18 0.18 0.18
Mass Flow [kg/h] 3.05 3.05 3.05 3.05 3.05 3.05 3.05 3.05
Molar fraction
Hydrogen 0.35 0.35 0.42 0.42 0.42 0.55 0.55 0.59
CO2 0.22 0.22 0.11 0.11 0.11 0.24 0.24 0.28
CO 0.12 0.12 0.26 0.26 0.26 0.12 0.12 0.08
Methane 0.08 0.08 0.00 0.00 0.00 0.00 0.00 0.00
Ammonia 0.14 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Water 0.23 0.23 0.22 0.22 0.22 0.09 0.09 0.05

Table A.14 
Bio-liquid refining datasheet (see Fig. 3 for stream numbers, algae feed-stock)

Stream Number 17 18 19 20 21
Vapor Fraction 1 0 1 0 0
Temperature [◦C] 700 30 473 60 60
Pressure [bar] 1.01 1.01 1.01 1.01 16.00
Molar Flow [kmol/h] 0.06 0.07 0.12 0.12 0.12
Mass Flow [kg/h] 7.42 1.24 8.66 8.66 8.66
Molar fraction
Pyrrole 0.37 0.00 0.17 0.17 0.17
Toluene 0.01 0.00 0.00 0.00 0.00
C8H14O4 0.62 0.00 0.28 0.28 0.28
C8H18 0.00 0.00 0.00 0.00 0.00
C6H14 0.00 0.00 0.00 0.00 0.00
Water 0.00 1.00 0.55 0.55 0.55
Stream Number 22 23 24 26 ​
Vapor Fraction 1 1 0 0 ​
Temperature [◦C] 250 243 50 50 ​
Pressure [bar] 16.00 2.00 2.00 2.00 ​
Molar Flow [kmol/h] 0.16 0.16 0.16 0.036 ​
Mass Flow [kg/h] 8.66 8.66 8.66 4.10 ​
Molar fraction
Pyrrole 0.13 0.13 0.13 0.00 ​
Toluene 0.00 0.00 0.00 0.02 ​
C8H14O4 0.00 0.00 0.00 0.00 ​
C8H18 0.22 0.22 0.22 0.98 ​
Water 0.65 0.65 0.65 0.00 ​

Stream 25 represents an aggregated non-fuel by-product stream including process water and residual heteroatomic species. Its detailed compo
sition was not further resolved in the present simplified upgrading model.

Table A.15 
Pyrolysis gas post-processing datasheet (see Fig. 2 for stream numbers, oily sludge feedstock)

Stream number 1 2 3 4 5 6 7 8
Vapor Fraction 1 0 0.333 0.217 0 1 1 1
Temperature [◦C] 700 30 70 30 30 30 198 250
Pressure [bar] 1.01 1.01 1.01 1.01 1.01 1.01 4.00 4.00
Molar Flow [kmol/h] 0.24 0.72 0.96 0.96 0.77 0.18 0.18 0.15
Mass Flow [kg/h] 4.24 13.00 17.24 17.24 13.86 3.38 3.38 2.79
Molar fraction
Hydrogen 0.23 0.00 0.06 0.06 0.00 0.29 0.29 0.00
CO2 0.06 0.00 0.02 0.02 0.00 0.08 0.08 0.00
CO 0.27 0.00 0.07 0.07 0.00 0.35 0.35 0.00
Methane 0.22 0.00 0.05 0.05 0.00 0.28 0.28 0.00
Ammonia 0.21 0.00 0.05 0.05 0.07 0.00 0.00 0.00
Water 0.00 1.00 0.75 0.75 0.93 0.00 0.00 1.00
Stream number 9 10 11 12 13 14 15 16
Vapor Fraction 1 1 1 1 1 1 1 1
Temperature [◦C] 221 500 900 671 250 393 250 293

(continued on next page)
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Table A.15 (continued )

Pressure [bar] 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Molar Flow [kmol/h] 0.34 0.34 0.44 0.44 0.44 0.44 0.44 0.44
Mass Flow [kg/h] 6.17 6.17 6.17 6.17 6.17 6.17 6.17 6.17
Molar fraction
Hydrogen 0.16 0.16 0.50 0.50 0.50 0.62 0.62 0.66
CO2 0.04 0.04 0.07 0.07 0.07 0.19 0.19 0.22
CO 0.19 0.19 0.22 0.22 0.22 0.10 0.10 0.07
Methane 0.15 0.15 0.00 0.00 0.00 0.00 0.00 0.00
Ammonia 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Water 0.46 0.46 0.20 0.20 0.20 0.08 0.08 0.04

Table A.16 
Bio-liquid refining datasheet (see Fig. 3 for stream numbers, oily sludge feedstock)

Stream Number 17 18 19 20 21

Vapor Fraction 1 0 1 0 0
Temperature [◦C] 700 30 567 60 60
Pressure [bar] 1.01 1.01 1.01 1.01 16.00
Molar Flow [kmol/h] 0.12 0.07 0.19 0.19 0.19
Mass Flow [kg/h] 12.70 1.31 14.02 14.02 14.02
Molar fraction
Pyrrole 0.38 0.00 0.23 0.23 0.23
Benzene 0.07 0.00 0.04 0.04 0.04
C8H14O4 0.30 0.00 0.19 0.19 0.19
C8H18 0.00 0.00 0.00 0.00 0.00
C6H14 0.26 0.00 0.16 0.16 0.16
Water 0.00 1.00 0.38 0.38 0.38
Stream Number 22 23 24 26 ​
Vapor Fraction 1 1 0 0 ​
Temperature [◦C] 250 243 50 50 ​
Pressure [bar] 16.00 2.00 2.00 2.00 ​
Molar Flow [kmol/h] 0.23 0.23 0.23 0.065 ​
Mass Flow [kg/h] 14.02 14.02 14.02 6.53 ​
Molar fraction
Pyrrole 0.20 0.20 0.20 0.00 ​
Benzene 0.04 0.04 0.04 0.10 ​
C8H14O4 0.00 0.00 0.00 0.00 ​
C8H18 0.16 0.16 0.16 0.54 ​
C6H14 0.13 0.13 0.13 0.36 ​
Water 0.47 0.47 0.47 0.00 ​

Stream 25 represents an aggregated non-fuel by-product stream including process water and residual heteroatomic species. Its detailed compo
sition was not further resolved in the present simplified upgrading model.
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