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EXECUTIVE SUMMARY 
This document corresponds to the technical report “Requirement List for the TRL4 

Flexby System” (Deliverable 2.3). It presents the study conducted by PMI, with the 

support of the consortium partners, to define the initial requirements for the FLEXBY 

system and establish the basis for the process's basic engineering. The report includes 

steady-state process simulations, heat and mass balances, and a comparison between 

different feedstocks. It serves as a foundation for lab-scale experimental tests and the 

subsequent pilot-scale implementation. 

To begin with, several meetings were held with each consortium partner to address the 

process's initial requirements and key challenges. The availability of feedstock was 

assessed in relation to the lab-scale experimental tests at CSIC and US, ensuring 

alignment with FRIMA's specifications for constructing the microwave pyrolysis reactor. 

Additionally, GD and IDE outlined their needs regarding the LCA assessment and 

process optimization, respectively. 

Following this, PMI conducted a comprehensive State-of-the-Art review of the 

technological solutions applied in the process, defining operating conditions and 

identifying key critical parameters. In parallel, a Block Flow Diagram (BFD) of the process 

was developed as an initial step before carrying out process simulations. 

Finally, two steady-state process simulations were performed using Feedstock 2 

(microalgae-based wastewater residues, referred to as “algae residues” in the 

document) and Feedstock 6 (oily sludge). The microwave pyrolysis reactor was 

simulated in Aspen Plus, while the post-processing of the three fractions was modeled 

in Aspen HYSYS. The report also includes mass and energy balances, along with key 

parameter estimations, such as the process's energy efficiency. 
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1. INTRODUCTION 

1.1 DESCRIPTION OF THE DOCUMENT AND PURSUE 
This report, Deliverable 2.3, titled "Requirement List for the TRL4 Flexby System", is 

submitted in month 10 of the FLEXBY project. It outlines the initial requirements for the 

basic engineering phase of the project. In particular, the report includes: 

• The general requirements defined by the consortium partners, 

• The State-of-the-Art of the technological solutions applied in the process, 

• The Block Flow Diagram and Process Flow Diagram (PFD), detailing the main 

process inputs and operating conditions, 

• The datasheet with energy and mass balances of two steady-state process 

simulations, one for each feedstock type (algae residues and oily sludge). 

This document provides the groundwork for developing the lab-scale experimental 

campaign of the process. 

1.2 WPS AND TASKS RELATED WITH THE DELIVERABLE 
This deliverable refers to Task 2.3 (General requirements for FLEXBY at lab-scale) and 

Task 2.4 (Detailed process simulation) included in WP2: Flexby requirements. 

Below is a detailed explanation of which section of the document refers to each activity 

within the aforementioned tasks: 

Task 2.3: 

This task, led by PMI, aims to define the main process variables for the project. This 

analysis will include the required process unit, feedstocks requirements, heat and mass 

balance, instrument and tools, software for the digital twin, and all the initial requirements 

for the basic design for the technologies at TRL5.  

Covered in sections 4, 5 and 6 

A revision of the state of the art for each technology will be necessary to establish the 

general basic design and experimental parameters. In this phase, the coordination 

between the technical (US, CSIC, A4F, GALP), optimisation (IDE), microwave designer 

(FRIMA) and sustainability partners (GD) will be crucial in defining the preliminary 

requirements. 

Covered in section 3 
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Task 2.4: 

The aim of this task, led by PMI, is to perform a techno-feasibility analysis of the entire 

process through simulation. The simulation process, using Aspen Hysis v11, is very 

useful in finding and understanding all the process variables with material and heat 

balances for the general process.  

Covered in section 5 and 6 

 

FRIMA will also contribute to this task, performing the simulation of the microwave 

pyrolysis process.  

Covered in section 4 

 

IDE will support this task, suggesting optimisation inputs and outputs.  

Covered in section 2 

 

Additionally, the steady-state digital twin (DT) allows sensitivity and flexible analysis of 

the process to find the most sensible variable of the process. Each unit to model on the 

simulator will require interactions with the other members of the technical team: US, A4F, 

GALP, and CSIC; this feedback is important to define the upper and lower limits of 

design, model, and simulation and provide specific characteristics of the relative 

components.  

Covered in section 6 
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2. Coordination Among Project Partners and General 
Requirements 

 
PMI organized several online meetings and updates with the technical partners involved 

in the project, specifically: 

• FRIMA, to discuss the requirements and design of the microwave (MW) pyrolysis 

reactor, 

• CSIC, to define requirements for the oily-sludge feedstock, as well as to address 

the installation and hosting requirements for the MW pyrolysis reactor, as well as 

the scheduling of both conventional and MW algae residue pyrolysis tests, 

• US, to define their requirements for fluid (bio-fuel) post-processing, 

• IDE, to define the requirements for optimization, 

• A4F, to discuss requirements of the algae residue feedstock, 

• GD, to lay the foundations for the requirements in line with the sustainability 

study. 

The synergies and diverse expertise of the partners enabled the pre-design of the MW 

pyrolysis reactor, the development of the process flow diagram and the identification of 

key process variables. Each meeting will be summarized focusing on the main inputs 

provided by the partners, which were crucial in defining the initial requirements. 

FRIMA-PMI meeting 
FRIMA highlighted that the MW pyrolysis reactor should operate in batch mode for 

several reasons, including:  

• The variability of the feedstock, which requires different residence times in the 

unit, 

• The need to carry out the process in the absence of oxygen, 

• The necessity to perform multiple tests while varying humidity and other process 

parameters. 

• More precise control over experimental parameters, higher energy efficiency, and 

the ability to use the same microwave system for sample drying. 
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FRIMA emphasized that the reactor design depends on the characteristics of the 

feedstock and expressed a preference for using partially dry feedstock inside the MW 

reactor. PMI requested FRIMA to consider a modification in the reactor design to allow 

operation under slight overpressure (2-3 bar) to facilitate the discharge and handling of 

pyrolysis gases. In response, FRIMA has indicated its availability to implement this 

design adjustment. The definition of the loading/discharging and operating times will be 

evaluated after the initial tests with the unit. The possibility to switch from batch to 

continuous mode will be considered after the testing, for the pilot scale plant. Finally, 

FRIMA highlighted that it would be beneficial to finalize the key experimental parameters 

in advance to ensure they are incorporated into the system design. The current design 

includes capabilities to measure time, temperature, microwave power, sample relative 

humidity at the beginning of the process, and relative pressure during the process. 

CSIC-PMI meeting 
CSIC will host the MW reactor at their facility and they will be responsible for the testing 

phase. Tests will be conducted using both the conventional and MW reactors. The main 

challenges are feedstock availability and unit cleaning between tests. A total of 20 to 30 

tests for each feedstock will be performed, varying humidity, temperature and the 

external addition of char or other compounds to determine the optimal operating 

conditions. Each test will require between 10 to 30 g of dry feedstock. CSIC highlighted 

the importance of the drying phase, as high-humidity feedstock can generate odour 

issues. The algae residue feedstock, supplied with 70 to 90% humidity, should be at 

least partially dried to 10/15% before storage.  

US-PMI meeting 
US is responsible for pyrolysis gas and bio-liquid refining. Both US and PMI agreed that 

the pyrolysis gas post-processing pathway heavily depends on the composition and 

impurities of the gas mixture, which is not yet available at this stage of the project. As a 

result, the pyrolysis gas pathway may be adjusted based on the experimental results. 

The bio-liquid will undergo H2-free hydrodeoxygenation to produce high-quality biofuel. 

However, since no experimental tests have been conducted, assumptions have been 

made to characterize the bio-liquid using literature data on algae residue and MW 

pyrolysis. Representative molecules containing all the atoms present in the feedstock 

have been used to characterize the three product phases. For instance, pyrrole has been 

chosen as a model compound for nitrogen-based molecules in the liquid phase (Ağbulut 

et al., 2023). These reference molecules have been selected based on existing literature 

studies and are listed in Tables 6.1 and 6.5. The atomic balance between reactants and 
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products has been established while preserving, as closely as possible, the same ratio 

of pyrolysis gas, bio-liquid, and char reported in the literature (Zhang et al., 2016). 

The biochar recovered from MW pyrolysis will be partially reintegrated into the algae 

residue feedstock to enhance its conductivity and partially used for activated carbon 

production by physical activation. MW pyrolysis tests will be conducted with different 

biochar quantities to determine the optimal feed mixture. Finally, US highlighted that the 

combined reforming-WGS process will not be able to fully remove CO. Therefore, given 

that PEMs deactivate rapidly with CO, SOFC should be considered and energetically 

integrated with the reforming units. 

IDE-PMI meeting 
IDE proposed that the variables defined in the experimental phase as discussed could 

later be integrated into a digital twin of the system. By developing a dynamic simulation 

model, these parameters can be optimized in real-time, allowing for process adjustments 

that enhance efficiency. This digital twin framework would facilitate process optimization, 

ensuring that both lab-scale and pilot-scale operations achieve maximum performance 

while minimizing waste and energy consumption. 

A4F-PMI meeting 
A4F confirmed that they can produce and supply approximately 13 kg of wet feedstock 

per year. Consequently, optimizing feedstock usage for determining the optimal 

operating conditions of MW pyrolysis is crucial to efficiently manage the limited feedstock 

availability. 

GD-PMI meeting 
GD emphasized the importance of tracking the origin of materials, as well as their lifetime 

and operational time, as these factors significantly affect the Life Cycle Assessment 

(LCA) of the overall process. Additionally, they require comprehensive process data, 

including both material and energy flows. GD also highlighted the critical role of the end-

of-life phase for both the lab-scale and pilot-scale plants, as it has a substantial impact 

on the LCA of the entire project. 
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3. State-of-the-Art review 
 

This section provides a summary and conclusions of the extensive literature review 

conducted for the Flexby project. The review was initiated based on the State-of-the-Art 

included in the Grant Agreement (GA) and further expanded to explore the operating 

range of key process variables and conduct a preliminary assessment, particularly for 

technologies not yet well documented in the literature. 

The literature extensively covers the use of algae as a feedstock for bio-oil production 

(Ağbulut et al., 2023). However, the variability in feedstock composition and operating 

conditions significantly affects both yields and product distribution. In general, microwave 

power and operating temperature are the primary process variables studied (Du et al., 

2011). The yields of gas, liquid, and solid products are strongly influenced by these 

parameters. In addition, bio-oil production appears to be maximized when approximately 

10% of activated carbon is present in the feedstock (Zhang et al., 2016). To optimize 

microwave-assisted pyrolysis for minimizing energy consumption while maximizing gas 

and bio-liquid production, several operational parameters should be carefully controlled. 

Pyrolysis temperature is a critical factor, with optimal bio-oil production occurring 

between 450-550°C, while higher temperatures favor gas production (Mutsengerere S., 

et al., 2019; Ranzi et al., 2016). Microwave power and power density influence heating 

rates, with higher power intensities accelerating the process but requiring careful balance 

to avoid excessive energy consumption. The type and flow rate of the carrier gas also 

impact the process, as lower flow rates promote heat retention and higher bio-liquid yield, 

whereas increased flow rates can enhance gas production. Additionally, the use of 

effective microwave absorbents, such as activated carbon or biochar, improves heating 

efficiency and energy utilization. Proper selection of biomass particle size, helps 

ensuring efficient heat transfer, favoring bio-liquid formation. Finally, reactor design and 

stirring speed play a role, with moderate mixing enhancing heat distribution without 

excessive breakdown into non-condensable gases (Mutsengerere S., et al., 2019; Al-

Qahtani, A.M., 2023). 

The processing of pyrolysis gas involves several technologies that are well-documented 

in the literature and widely implemented in industrial applications. Steam methane 

reforming is the primary method for producing syngas from natural gas. Since pyrolysis 

gas can contain high concentrations of methane, its conversion is essential to minimize 

hydrogen losses (Bolívar Caballero et al., 2022). Optimizing operational variables in 
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pyrolysis gas steam reforming is crucial for enhancing hydrogen production and 

efficiency. Some key operational variables are:  

- Temperature: high temperatures generally improve conversion rates and hydrogen 

yields, but they also increase energy consumption and potential 

catalyst deactivation (Jaffar M.M., et al., 2020; Mutsengerere S., et al., 2019) 

- Steam/biomass ratio influences hydrogen yield and helps in reducing coke formation 

on catalysts, which can lead to deactivation (Mutsengerere S., et al., 2019; Arregi, 

A. et al., 2018) 

- Catalyst Type and Support: nickel-based catalysts are frequently used due to their 

effectiveness in promoting hydrogen production (Jaffar M.M., et al., 2020).  

A compressor may be required to optimize the reformer unit's size and efficiency. 

Moreover, numerous studies (Yang, 2017) have highlighted the deactivation and 

poisoning of nickel-based reforming catalysts due to sulphur compounds, such as 

hydrogen sulfide. Given that algae often contain significant amounts of sulphur, 

monitoring sulphur-based compounds in the pyrolysis gas is crucial. To further enhance 

hydrogen production, a Water-Gas Shift (WGS) reactor can be employed. This 

technology is widely applied in industrial processes, particularly for increasing hydrogen 

yield after steam methane reforming and as a key step in ammonia production (Saeidi 

et al., 2017). Optimization of temperature and pressure is key to maximizing hydrogen 

production after gas reformation (Ikechukwu Okoji, A. et al., 2024; Babatabar M. A., et 

al., 2021; Youngsan, J. et al., 2020). Also, feed composition rations can lead to a higher 

hydrogen concentration and improve the reactor performance (Ikechukwu Okoji, A. et 

al., 2024). Finally, Proton Exchange Membrane (PEM) fuel cells have been chosen due 

to their ability to operate at low temperatures, their reliability, and high energy efficiency. 

The operating conditions and energy efficiency have been sourced from the literature to 

estimate the energy output of the fuel cells (Kazim, 2004). Since the operating pressure 

of the PEMs is typically between 2-4 bar, the steam methane reformer will be operated 

at the same pressure for engineering and economic reasons. 

Regarding the bio-liquid pathway, treatment is required primarily to reduce its oxygen 

content. Oxygen is, in fact, one of the main elements present in the feedstock. This 

process is highly energy-intensive and demands large amounts of hydrogen, significantly 

impacting both environmental and economic aspects. Hydrodeoxygenation is an 

emerging technology designed to drastically lower the energy requirements of this 

process by using water as the main reactant (Jin et al., 2021). Optimizing this process 
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involves adjusting conditions to maximize efficiency without relying on external hydrogen 

sources. For this catalyst selection support is a key factor. Also optimizing temperature, 

pressure, and space velocity is essential given that these parameters significantly 

influence the reaction kinetics and product selectivity (Zhu, Y. et al., 2015; Jin, W, et al., 

2019). 

The valorization of biochar is crucial for improving process efficiency. Converting waste 

biochar into activated carbon has been chosen as an alternative due to its use in other 

units, such as the microwave reactor. While the operating conditions and activation 

mechanisms are well understood, the application of this technology to enhance other 

process units has yet to be demonstrated in a relevant industrial environment (Ferrera-

Lorenzo et al., 2014). The physical activation of biochar using carbon dioxide as an 

oxidizing agent represents an eco-friendly solution for both the valorization of waste char 

and the utilization of carbon dioxide. The operating conditions have been selected based 

on literature guidelines (Alvarez et al., 2015). 
  

4. Initial requirements for basic engineering design 
 
The initial requirements for basic engineering have been defined based on the detailed 

review of the State-of-the-Art presented in Section 3, as well as on the meetings held 

with each project partner. Therefore, Table 4.1 presents the operating conditions for 

each unit of the process system.  

Six different feedstock qualities and origins were initially considered suitable for the 

Flexby project. The characterization of the feedstock has been conducted and detailed 

in Deliverable 2.1. Table 4.2 presents the proximate and ultimate analyses of the six 

samples. 
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Table 4.1. Flexby unit operation’s temperatures and pressures 

Operating Unit Temperature Pressure Ref. 

Microwave pyrolysis 

Reactor 

700 °C 2 bar (Du et al., 2011) 

Steam Methane 

Reformer 

900 °C 4 bar (Bolívar 

Caballero et al., 

2022) 

Adiabatic WGS 

Reactor 

250 °C 4 bar (Saeidi et al., 

2017) 

Proton Exchange 

Membrane 

50 – 80 °C 1.5 – 3 bar (Kazim, 2004) 

Hydrodeoxygenation 

Reactor 

250 °C 16 bar (Jin et al., 2021) 

Physical activation 

of biochar 

800 °C Atmospheric (Alvarez et al., 

2015) 

 

Table 4.2. Proximate and Ultimate analysis of the feedstocks 

Biomass 
waste 

Humidity 
(%) 

VM  
(%) a 

Ash 
(%) a 

C 
(%) a 

H 
(%) a 

N 
(%) a 

S 
(%) a 

O 
(%) a, b 

Feedstock1 85.9 62.7* 24.43 40.56 5.80 5.79 0.35 23.07 

Feedstock2 
84.3  22.26 41.73 6.19 4.10 0.25 25.47 

 62.98** 34.00**      
Feedstock3 79.2 36.19 60.22 18.78 2.36 3.58 1.06 14.00 
Feedstock4 86.0 51.25 41.07 28.58 3.72 5.47 1.00 20.16 
Feedstock5 84.5 72.29 22.56 44.20 6.18 5.50 0.55 21.01 
Feedstock6 75.9 79.80 13.35 54.31 8.45 5.88 0.38 17.63 
a dry basis 
b calculated by difference 
* Due to the lack of Feedstock1, its volatile matter content was estimated from the pyrolysis curve. 
** Results of sample Feedstock2 received in October 2024, equivalent to Feedstock2 received in July 
2024. 
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4.1 Block Flow Diagram and required process units 
The block flow diagram of the Flexby project is shown in Figure 4.1. As illustrated, the 

feedstock is introduced into the MW pyrolysis reactor without prior drying. The resulting 

three fractions are then collected and processed separately. 

The MW reactor operates at a maximum power of 3 kW and has a capacity of 2 kg of 

wet feedstock. The pre-design of the MW reactor, provided by FRIMA, is shown in Figure 

4.2. The operation phase of the unit is divided into 2 stages. The first stage is the drying 

process, hot air enters from the top and vapor is recovered to reduce the humidity of the 

feedstock. In the second stage, nitrogen is introduced (also from the top, at flow rates 

between 0.1 to 1 L/min) to ensure an oxygen-free environment during the pyrolysis 

process. The maximum temperature of the product reaches approximately 700°C, in line 

with literature data. The system is designed to withstand higher pressures of up to 3 bar. 

The H2-free hydrodeoxygenation is a batch process working at approximately 150 bar 

and 250-300 °C, with a residence time ranging from 1 to 12 hours. The experimental 

tests of this unit will require 25 to 50 ml of the bio-liquid mixture, mixed with 40 mL of 

water.  

The pyrolysis gas must be post-processed to obtain H2-rich gas. The preliminary process 

scheme consists of: 

• A separator to remove water from the gas mixture, 

• A reforming unit, which enables the nearly complete conversion of methane into 

hydrogen, carbon monoxide, and carbon dioxide, 

• A water-gas shift (WGS) reactor, where water is added before the reaction to 

enhance hydrogen production.
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Figure 4.1. Block Flow Diagram of the Flexby process. 
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Pressures and temperatures have been selected based on literature data and industrial 

standards (Bolívar Caballero et al., 2022; Saeidi et al., 2017). However, since the primary 

objective is hydrogen production for electric energy generation in a Proton Exchange 

Membrane (PEM) fuel cell, the reformer pressure is limited to 4 bar, aligning with the 

operating pressure required by PEM fuel cells (Askaripour, 2019). 

The lab-scale experimental tests will be conducted in batch mode. However, the pilot-

scale plant, which will be installed at US facilities, will operate continuously. To ensure a 

stable flow of gas and liquid for post-processing, buffer units will be installed between 

the MW pyrolysis reactor and the rest of the process. 

 

 

Figure 4.2. Pre-design of the Microwave Pyrolysis Reactor. 
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5. Simulation and techno-feasibility analysis of the process  
 
In this section, the two steady-state simulations of the Flexby process are presented, 

using Feedstock 2 (Table 4.2) to represent algae residue feedstock and Feedstock 6 
(Table 4.2) to represent oily sludge from the dairy industry feedstock, respectively. The 

characterization of the feedstocks is detailed in Deliverable 2.1 of this project.  

This section begins with the presentation of the process flow diagram for the simulation, 

which remains consistent regardless of the feedstock chosen. This is followed by the 

definition of input variables, output variables, and assumptions. Finally, datasheets for 

both material and energy streams are provided for each simulation. At this project stage, 

pressure drops in heat exchangers have been neglected. 

 

The following tools were employed to support the simulations explained below: 

• Aspen PLUS V14 and Aspen HYSYS V14 were used to simulate the process. 

Aspen PLUS V14 has been employed to model the MW pyrolysis reactor in the 

absence of experimental data (Corbetta et al., 2016).  

• Microsoft Excel was used to solve the mass balance between feedstocks and 

MW pyrolysis products. 

• Additionally, Aveva Dynamic Simulator will be used to perform a dynamic 

simulation of the process. This tool will help analyze the system’s response to 

variations in feed conditions and operational fluctuations.  

5.1 Process Flow Diagram of Flexby process 

Figure 5.1 illustrates the simulation of the microwave pyrolysis reactor in Aspen Plus 

V14. As shown, the feedstock (FEED in Figure 5.1) enters the MW reactor, where 

pyrolysis takes place. The resulting product stream (PYR-PROD in Figure 5.1)  is then 

directed to a virtual component splitter, which separates it into three fractions: pyrolysis 

gas (PYROGAS in Figure 5.1), bio-liquid (BIOLIQ in Figure 5.1), and residual solid 

(SOLID in Figure 5.1),. 

As previously mentioned, the composition of the pyrolysis products has been determined 

by solving the atomic balance of the reactor. The process simulation has been utilized 

to calculate the enthalpy difference between the feedstock and the resulting products. 
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The Non-Conventional Component Tool has been applied to estimate the specific 

enthalpy of the feedstock based on the proximate and ultimate analysis provided in 

Deliverable 2.1. 

The three material streams are then imported into Aspen HYSYS V14 for post-

processing.  

Table 5.1 presents the input parameters for the simulation of the MW pyrolysis reactor. 

 

 

Figure 5.1. Simulation of the MW pyrolysis reactor in Aspen Plus V14 

 

Table 5.1. Input parameters for Aspen Plus simulation 

 Temperature Pressure 

Feedstock 25 °C 2 bar 

Pyrolysis Product 700 °C 2 bar 

 
Concerning the pyrolysis gas pathway, Figure 5.2 and Figure 5.3 illustrate the simulation 

implemented in Aspen HYSYS V14, while Figure 5.4 presents the Process Flow Diagram 

(PFD) along with the material and energy stream names. 

For the process description, please refer to the stream numbers shown in Figure 5.4.  
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Figure 5.2. First section of the pyrolysis gas post-processing simulation in Aspen HYSYS V14 

 

Figure 5.3. Second section of the pyrolysis gas post-processing simulation in Aspen HYSYS V14 
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Figure 5.4. Process Flow Diagram (PFD) of pyrolysis gas post-processing 
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The pyrolysis gas (stream 1) is initially mixed with water (stream 2) to reduce its 

temperature from 700 °C to 70 °C. The stream is then further cooled to 30 °C in heat 

exchanger E-101, allowing for the separation of water and ammonia (stream 5) in 

separator V-101. The resulting gas stream (stream 6) is compressed in compressor K-

101 to reach the operating pressure of the reformer, equal to 4 bar (R-101). Before 

entering the reformer, steam (stream 8) is added, and the mixture passes through a 

process-to-process heat exchanger (E-102), which utilizes the heat from the reformer 

product (stream 11) to preheat the inlet mixture (stream 10). The reformed gas (stream 

11) is subsequently cooled to 250 °C using water (heat exchanger E-103) to reach the 

required temperature for the first adiabatic water-gas shift (WGS) reactor (R-102). The 

gas product (stream 14) is further cooled to 250 °C before entering the second adiabatic 

WGS reactor (R-103). Finally, the hydrogen-rich stream (stream 16) is directed to a PEM 

fuel cell for electric energy generation. 

Table 5.2 presents the input stream temperatures and pressures. It has been assumed 

that the reactors operate at thermodynamic equilibrium, as the reactions involved are 

thermodynamically limited. The mass flow rates of streams 2 and 8 have been 

determined by setting, respectively, the temperature of stream 3 and a hydrogen-to-

carbon ratio of 3 (Bolívar Caballero et al., 2022). The Soave-Redlich-Kwong (SRK) 

equation of state has been chosen to model the mixture behavior. 

 

Table 5.2. Input parameters for pyrolysis gas post-processing Aspen HYSYS simulation 

Stream number Temperature [°C] Pressure [bar] 

1 700 2 

2 30 2 

3 70 - 

4 30 - 

7 - 4 

10 500  - 

13 250 - 

15 250 - 

 

Figure 5.5 illustrates the simulation of the bio-liquid refining in Aspen HYSYS, while 

Figure 5.6 shows the process flow diagram of the process. For the process description, 

refer to the stream numbers shown in Figure 5.6. 
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Figure 5.5. Bio-liquid post-processing simulation in Aspen HYSYS V14 

 

Figure 5.6. Process Flow Diagram of bio-liquid refining
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The bio-liquid recovered from the MW pyrolysis reactor (stream 17) is first mixed with 

water (stream 18) to cool down the mixture. The resulting stream (19) is further cooled 

to 60 °C in heat exchanger E-105 with cooling water. The condensed stream (20) is then 

pressurized to 16 bar by pump P-101 to reach the hydrodeoxygenation (HDO) operating 

pressure, producing stream 21. The HDO product (stream 22) is subsequently flashed 

(via a valve and heat exchanger E-106) to separate the gas phase (stream 25) from the 

refined bio-oil (stream 26). Table 5.2 presents the fixed input parameters used in the 

simulation to model the process system. 

 

Table 5.3. Input parameters for bio-liquid refining Aspen HYSYS simulation 

Stream number Temperature [°C] Pressure [bar] 

17 700 2 

18 30 2 

20 60 - 

21 - 16 

22 250 - 

23 - 2 

24 50 - 

 

Regarding activated carbon production, it has been assumed that 50% of the initial char 

mass volatilizes (Goel et al., 2021). The stoichiometry of the reactants and the operating 

conditions will be determined through subsequent experimental tests. 

 

6. Datasheet, energy and mass balances 
 

The following section is divided into two subsections, each dedicated to one of the 

feedstock types considered in the project. The first subsection presents the datasheet 

and the energy and mass balance for the process starting from Feedstock 2, which 

represents the algae residue feedstock. The same structure is then applied to Feedstock 

6, representing the oily sludge feedstock. The next tables refer to Figure 5.4 and Figure 

5.6 for the stream numbers. The feedstock mass basis for the simulation is 100 kg/h on 

a wet basis. 

A critical comparison of the two simulations, along with the identification of the main 

process variables, is conducted in the subsequent subsection. 
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6.1 Algae residue feedstock (Feedstock 2) 

Table 6.1 presents the three fractions obtained from the microwave pyrolysis reactor. 

The remaining portion, amounting to 84.2 kg/h, consists of vapor. As illustrated, due to 

the high moisture content of the wet feedstock (Table 4.2), a significant portion of the 

feedstock is converted into water. These mixtures are then imported into Aspen HYSYS 

for post-processing. 

Table 6.1. Products of the microwave pyrolysis of Feedstock 2  

Pyrolysis Gas Bio Liquid Solid 

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 6.2 presents the datasheet for the post-processing of pyrolysis gas. As shown, the 

post-processing results in the production of approximately 0.22 kg/h of hydrogen, starting 

from 100 kg/h of wet feedstock. As previously mentioned, assuming a PEM fuel cell 

efficiency of 50%, the recovered energy amounts to 3.66 kW. 

 

Table 6.2. Pyrolysis gas post-processing datasheet (see Figure 5.4 for stream numbers, Feedstock 2)  

Stream number 1 2 3 4 5 6 

Vapor Fraction 1 0 0.422 0.285 0 1 

Temperature [°C] 700 30 70 30 30 30 

Pressure [bar] 1.01 1.01 1.01 1.01 1.01 1.01 

Molar Flow 

[kmol/h] 0.14 0.33 0.47 0.47 0.35 0.12 

Mass Flow [kg/h] 2.73 5.90 8.63 8.63 6.25 2.38 

Molar fraction 
      

Hydrogen 0.39 0.00 0.12 0.12 0.00 0.45 

CO2 0.25 0.00 0.07 0.07 0.00 0.29 
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CO 0.13 0.00 0.04 0.04 0.00 0.16 

Methane 0.09 0.00 0.03 0.03 0.00 0.10 

Ammonia 0.14 0.00 0.04 0.04 0.94 0.00 

Water 0.00 1.00 0.70 0.70 0.06 0.00 

Stream number 7 8 9 10 11 12 

Vapor Fraction 1 1 1 1 1 1 

Temperature [°C] 195 250 208 500 900 642 

Pressure [bar] 4.00 4.00 4.00 4.00 4.00 4.00 

Molar Flow 

[kmol/h] 0.12 0.04 0.16 0.16 0.18 0.18 

Mass Flow [kg/h] 2.38 0.67 3.05 3.05 3.05 3.05 

Molar fraction 
      

Hydrogen 0.45 0.00 0.35 0.35 0.42 0.42 

CO2 0.29 0.00 0.22 0.22 0.11 0.11 

CO 0.16 0.00 0.12 0.12 0.26 0.26 

Methane 0.10 0.00 0.08 0.08 0.00 0.00 

Ammonia 0.00 0.00 0.00 0.00 0.00 0.00 

Water 0.00 1.00 0.23 0.23 0.22 0.22 

Stream number 13 14 15 16 

Vapor Fraction 1 1 1 1 

Temperature [°C] 250 406 250 299 

Pressure [bar] 4.00 4.00 4.00 4.00 

Molar Flow 

[kmol/h] 0.18 0.18 0.18 0.18 

Mass Flow [kg/h] 3.05 3.05 3.05 3.05 

Molar fraction 
    

Hydrogen 0.42 0.55 0.55 0.59 

CO2 0.11 0.24 0.24 0.28 

CO 0.26 0.12 0.12 0.08 

Methane 0.00 0.00 0.00 0.00 

Ammonia 0.00 0.00 0.00 0.00 

Water 0.22 0.09 0.09 0.05 
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Table 6.3 presents the datasheet for bio-liquid refining. The presence of nitrogen-based 

molecules needs to be confirmed through experimental tests. Additionally, the presence 

of nitrogen- or sulfur-based compounds could pose a potential risk for the application of 

a Solid Oxide Electrolysis Cell (SOEC). The refining of crude bio-oil derived from the 

microwave pyrolysis process results in the production of 3.62 kg/h of octane. Assuming 

a fuel cell efficiency of 50% and a lower heating value (LHV) of 44.4 MJ/kg, the estimated 

energy production is approximately 22.3 kW. 

 

Table 6.3. Bio-liquid refining datasheet (see Figure 5.6 for stream numbers, Feedstock 2)  

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 

Oxygen 0.00 0.00 0.00 0.00 0.00 

C8H14 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 25 26 

Vapor Fraction 1 1 0.679 1 0 

Temperature [°C] 250 245 50 50 50 

Pressure [bar] 16.00 2.00 2.00 2.00 2.00 

Molar Flow 

[kmol/h] 0.16 0.16 0.16 0.11 0.05 

Mass Flow [kg/h] 8.66 8.66 8.66 3.74 4.92 

Molar fraction 
     

Pyrrole 0.13 0.13 0.13 0.02 0.36 
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Toluene 0.00 0.00 0.00 0.00 0.01 

C8H14O4 0.00 0.00 0.00 0.00 0.00 

Oxygen 0.65 0.65 0.65 0.95 0.00 

C8H14 0.22 0.22 0.22 0.02 0.62 

Water 0.00 0.00 0.00 0.00 0.00 

 

Finally, assuming a volatilization of 50% of the initial char, the production of activated 

carbon is estimated to be approximately 1.05 kg/h. 

Table 6.4 presents the energy streams required for pyrolysis gas post-processing and 

bio-liquid refining. It is important to note that E-2 and E-8 represent electric energy 

streams, while negative values indicate energy leaving the system (due to cooling). 

Additionally, the power demand for the microwave pyrolysis process is estimated to be 

approximately 37 kW, assuming that the feedstock is partially dried with a moisture 

content of 10%. 

 

Table 6.4. Energy streams of the process (see Figures 5.4 and 5.6 for stream numbers, Feedstock 2)  

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] 3.66 -4.06 0.01 14.04 -1.31 

 

 
 
 
 
 
 
 



 
 
D2.3 Requirement list for the TRL4 Flexby system 
Version v.5  

 

 30 

6.2 Oily-sludge feedstock (Feedstock 6) 

Table 6.5 presents the three fractions obtained from the microwave pyrolysis reactor with 

the oily-sludge feedstock (Feedstock 6, Table 4.2). The amount of vapor is equal to 75.9 

kg/h. These mixtures are then imported into Aspen HYSYS for post-processing. 

Table 6.5. Products of the microwave pyrolysis of Feedstock 6 

Pyrolysis Gas Bio Liquid Solid 

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 6.6 presents the datasheet for the post-processing of pyrolysis gas. As shown, the 

post-processing results in the production of approximately 0.59 kg/h of hydrogen, starting 

from 100 kg/h of wet feedstock. As previously mentioned, assuming a PEM fuel cell 

efficiency of 50%, the recovered energy amounts to 9.82 kW. 

 

Table 6.6. Pyrolysis gas post-processing datasheet (see Figure 5.4 for stream numbers, Feedstock 6)  

Stream number 1 2 3 4 5 6 

Vapor Fraction 1 0 0.333 0.217 0 1 

Temperature [°C] 700 30 70 30 30 30 

Pressure [bar] 1.01 1.01 1.01 1.01 1.01 1.01 

Molar Flow 

[kmol/h] 0.24 0.72 0.96 0.96 0.77 0.18 

Mass Flow [kg/h] 4.24 13.00 17.24 17.24 13.86 3.38 

Molar fraction 
      

Hydrogen 0.23 0.00 0.06 0.06 0.00 0.29 

CO2 0.06 0.00 0.02 0.02 0.00 0.08 

CO 0.27 0.00 0.07 0.07 0.00 0.35 
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Methane 0.22 0.00 0.05 0.05 0.00 0.28 

Ammonia 0.21 0.00 0.05 0.05 0.07 0.00 

Water 0.00 1.00 0.75 0.75 0.93 0.00 

Stream number 7 8 9 10 11 12 

Vapor Fraction 1 1 1 1 1 1 

Temperature [°C] 198 250 221 500 900 671 

Pressure [bar] 4.00 4.00 4.00 4.00 4.00 4.00 

Molar Flow 

[kmol/h] 0.18 0.15 0.34 0.34 0.44 0.44 

Mass Flow [kg/h] 3.38 2.79 6.17 6.17 6.17 6.17 

Molar fraction 
      

Hydrogen 0.29 0.00 0.16 0.16 0.50 0.50 

CO2 0.08 0.00 0.04 0.04 0.07 0.07 

CO 0.35 0.00 0.19 0.19 0.22 0.22 

Methane 0.28 0.00 0.15 0.15 0.00 0.00 

Ammonia 0.00 0.00 0.00 0.00 0.00 0.00 

Water 0.00 1.00 0.46 0.46 0.20 0.20 

Stream number 13 14 15 16 

Vapor Fraction 1 1 1 1 

Temperature [°C] 250 393 250 293 

Pressure [bar] 4.00 4.00 4.00 4.00 

Molar Flow 

[kmol/h] 0.44 0.44 0.44 0.44 

Mass Flow [kg/h] 6.17 6.17 6.17 6.17 

Molar fraction 
    

Hydrogen 0.50 0.62 0.62 0.66 

CO2 0.07 0.19 0.19 0.22 

CO 0.22 0.10 0.10 0.07 

Methane 0.00 0.00 0.00 0.00 

Ammonia 0.00 0.00 0.00 0.00 

Water 0.20 0.08 0.08 0.04 
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Table 6.7 presents the datasheet for bio-liquid refining starting from Feedstock 6. The 

presence of nitrogen-based molecules needs to be confirmed through experimental 

tests. Additionally, the presence of nitrogen- or sulfur-based compounds could pose a 

potential risk for the application of a Solid Oxide Electrolysis Cell (SOEC). The refining 

of crude bio-oil derived from the microwave pyrolysis process results in the production 

of 3.97 kg/h of octane and 1.94 kg/h of hexane. Assuming a fuel cell efficiency of 50% 

and a lower heating value (LHV) respectively of 44.4 and 47.2 MJ/kg, the estimated 

energy production is approximately 37.3 kW. 

Table 6.7. Bio-liquid refining datasheet (see Figure 5.6 for stream numbers, Feedstock 6)  

Stream number 17 18 19 20 21 

Vapor Fraction 1.00 0.00 1.00 0.00 0.00 

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 

Toluene 0.00 0.00 0.00 0.00 0.00 

Benzene 0.07 0.00 0.04 0.04 0.04 

C8H14O4 0.30 0.00 0.19 0.19 0.19 

Oxygen 0.00 0.00 0.00 0.00 0.00 

C8H14 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 25 26 

Vapor Fraction 1.00 1.00 0.53 1.00 0.00 

Temperature [°C] 250 243 50 50 50 

Pressure [bar] 16.00 2.00 2.00 2.00 2.00 

Molar Flow 

[kmol/h] 0.23 0.23 0.23 0.12 0.11 

Mass Flow [kg/h] 14.02 14.02 14.02 4.70 9.32 

Molar fraction 
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Pyrrole 0.20 0.20 0.20 0.02 0.40 

Toluene 0.00 0.00 0.00 0.00 0.00 

Benzene 0.04 0.04 0.04 0.01 0.06 

C8H14O4 0.00 0.00 0.00 0.00 0.00 

Oxygen 0.47 0.47 0.47 0.89 0.00 

C8H14 0.16 0.16 0.16 0.01 0.32 

C6H14 0.13 0.13 0.13 0.07 0.21 

Water 0.00 0.00 0.00 0.00 0.00 

 

Concerning the valorization of char, assuming a volatilization of 50% of the solid residue, 

the production of activated carbon is estimated to be approximately 1.92 kg/h. 

Table 6.8 presents the energy streams required for pyrolysis gas post-processing and 

bio-liquid refining. It is important to note that E-2 and E-8 represent electric energy 

streams, while negative values indicate energy leaving the system (due to cooling). 

Additionally, the power demand for the microwave pyrolysis process is estimated to be 

approximately 88 kW, assuming that the feedstock is partially dried with a moisture 

content of 10%. 

Table 6.8. Energy streams of the process (see Figures 5.4 and 5.6 for stream numbers, Feedstock 6)  

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] 9.82 -7.07 0.01 15.94 -2.38 

6.3 Comparison between Feedstock 2 and Feedstock 6 and 

critical parameters definition 

Regarding the microwave pyrolysis reactor, it is evident that moisture content is a key 

variable, as it strongly impacts the gas and liquid yields on a wet basis. The power 

demand of the MW reactor does not seem to significantly depend on the feedstock 

quality, since the percentage increase in power is almost equal to the percentage 

increase in mass flow on a dry basis. Additionally, the yields on a dry basis are quite 

similar between the two feedstocks. However, the higher oxygen content in Feedstock 

2, coupled with its lower carbon and hydrogen content, leads to a higher production of 
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carbon dioxide or oxygen-based compounds, which results in a lower energy efficiency 

of the process. 

Concerning the pyrolysis gas and bio-liquid post-processing, the identification of 

impurities in the feedstocks is crucial to prevent catalyst poisoning in the steam reforming 

or hydrodeoxygenation sections. Additionally, residence times and operating conditions 

during the reactive stage play a fundamental role in maximizing the energy efficiency of 

the process. As a preliminary estimation, the energy efficiency of the system (calculated 

as the ratio between the energy required by the process and the energy recovered from 

fuel cells) is approximately 46% for Feedstock 2 and 39.6% for Feedstock 6.  
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7. Conclusions 
The definition of the initial requirements and process variables was essential to 

establishing the groundwork for constructing the microwave pyrolysis reactor and 

conducting lab-scale experimental tests on both pyrolysis gas post-processing and bio-

liquid refining. 

First, meetings with technical partners identified critical challenges related to feedstock 

moisture content and the operating conditions of the microwave pyrolysis reactor, which 

were subsequently resolved. Once the initial requirements for each process partner were 

defined, a Block Flow Diagram of the entire process was developed and shared with the 

consortium partners. In parallel, determining the quantity of feedstock required by CSIC 

and US was crucial for managing feedstock availability and defining the operating 

conditions and capacity of the microwave pyrolysis reactor.  

Following this, two feedstocks were selected for steady-state process simulations: 

Feedstock 2 (algae residue feedstock) and Feedstock 6 (oily sludge feedstock), chosen 

based on recommendations from Deliverable 2.1. The simulations were conducted using 

Aspen PLUS for microwave pyrolysis and Aspen HYSYS for post-processing modeling, 

with mass and energy balances reported in this document. This study enabled the 

definition of all process parameters and the identification of key critical variables within 

the system. In particular, monitoring impurities, especially nitrogen- and sulfur-based 

molecules, is crucial to prevent catalyst poisoning during steam methane reforming, the 

WGS reaction, and the hydrodeoxygenation reaction. Finally, the energy efficiencies 

were estimated to evaluate the preliminary solution’s economic and environmental 

impact. 
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