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1 Executive Summary 

This document is deliverable D 3.1 of the DESIRED project, funded under European Union’s Horizon 2021 
research and innovation programme under grant agreement No 101083355.  

The D3.1 consists of a requirements traceability matrix for the design and construction of the single-tube reactor. 
The D3.1 is associated with the Task 3.1 - Requirements and specifications for new concept single-tube reactor, 
of the Work Package (WP) 3 - Design and engineering of new concept reactor - being a subset of the DESIRED 
project.  

The deliverable describes the framework conditions of the single-tube reactor, addressing hydraulic issues for 
the rheology and residence time vs. flow rate, operational parameters and specifics for the catalyst based on the 
targeted products.  

This D 3.1 will set the basis for the upcoming D3.2, which includes the design and P&I (pipes and instruments) 
drawings of the single-tube reactor at Level 1 (15 mL) and the construction. By delivering D3.2., the first single-
tube reactor is built and ready for operation in first experimental studies. 
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2 Introduction 

The DESIRED project focuses on establishing a novel fuel production system capable of direct co-processing of 
atmospheric CO2 and water to produce energy-rich, multi-carbon (C2+) products, without overlooking C1 species 
(e.g., methanol) using sunlight as primary energy source. The project is divided into 6 Work Packages assigned 
to specific parts for execution. 

One of the core innovations of the project is the new reactor concept for photocatalysis and photo-
electrocatalysis. The concept targets to maximize reaction rates and system efficiency with optimized solar 
energy utilization by a concentrating solar system. DESIRED will engineer a reactor at two different volumes – 
Level 1: 15 mL and Level 2: 350-500 mL.  

The presented Deliverable focuses on the Level 1 reactor and includes the work within Task 3.1., aiming to 
establish the framework conditions of the single-tube reactor. A requirements traceability matrix with 
specifications for the design and construction of the single-tube reactor will be available at the end of D 3.1.  

2.1 Deliverable Overview and Report Structure 

This document is structured as follows: 

• Section 1: Executive summary 

• Section 2: Introduction 

• Section 3: Results in terms of the Requirements traceability matrix for the single-tube reactor 
o Section 3.1.: Methodological approach 

▪ Section 3.1.1.: Workshops 
▪ Section 3.1.2.: Literature Research 
▪ Section 3.1.3.: Traffic light methodology for evaluation of the requirements 

o Section 3.2: Specifications matrix for the reactor  

• Section 4: Conclusion and Outlook 

2.2 Mapping DESIRED Outputs 

Purpose of this section is to map DESIRED Grant Agreement commitments, both within the formal Deliverable 

and Task description, against the project’s respective outputs and work performed. 

 

Table 1: Adherence to DESIRED GA Deliverable & Tasks Descriptions 

DESIRED GA 

Component 

Title 

DESIRED GA Component 

Outline 

Respective Document 

Chapter(s) 
Justification 

DELIVERABLE 

D3.1 Requirements traceability matrix for the new-concept, single-tube reactor. 

The deliverable includes a set of requirements and specifications needed for the reactor design. It is 

produced by T3.1. 

 
 



© DESIRED  Page | 9  

TASKS    

Task T 3.1 - 

Requirements 

and 

specifications 

for new 

concept single-

tube reactor 

[targeted 

products 

specifications; 

reactor 

materials and 

reaction 

parameters, 

among others]   

This task will aim at 

establishing the 

framework conditions of 

the single-tube reactor 

together with CIRCC, 

IC2Rand UW.  

This task will include 

determining shape/ 

dimensions/ thicknesses 

dependent on light 

penetration, addressing 

hydraulic issues in terms 

of rheology and residence 

time vs. flow rate, 

measuring concentrations, 

and defining the reaction 

temperature, pressure, 

and safety boundary 

conditions, among others.  

In addition, we will 

establish product 

specifications, such as 

purity, pressure, and 

quantity requirements, 

based on the targeted 

products.  

A requirements 

traceability matrix with 

specifications for the 

design and construction of 

the single-tube reactor 

will be available at the end 

of Task 3.2 
 

Section 3 

The requirements have been 

elaborated with the core 

development partners CIRCC, IC2R 

and UW. For this, 2 workshops in 

combination with literature 

research have been elaborated. 

 

The requirements have been rated 

in a traffic light methodology based 

on their potential feasibility 

respectively potential for 

realization. The methodology is 

described in Section 3. 

The requirements matrix as a main 

result is also presented in Section 

3.  
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3 Requirements traceability matrix for the single-tube reactor 

3.1 Methodological approach 

3.1.1 Workshops 

As basis to define the Level 1 reactor for achieving the requirements of the processes incorporated into the 
reactor, namely photocatalysis (PC) and photo-electrocatalysis (PEC), 2 online workshops have been conducted.  

Workshop 1:  

• Target: Get an overview on general requirements needed. 

• Result: Requirement list to be filled by the core development group of the single-tube reactor. 

Exchange via Email: 

• Requirements list has been sent out, asking for inputs. 

• Based on the feedback, the inputs were summarized. 

Workshop 2: 

• Target: Present the requirements identified and summarized. 

• Result: Requirement matrix fixed. 

3.1.2 Literature research 

Building upon the exchange within the consortium, literature research has been conducted. This included 
technical literature and publications (scientific papers, reports, etc.) on existing approaches [1] and reactors for 
operation in 1-phase (liquid or gaseous) [2]–[4] and 2-phase (liquid with gas bubbling) [5] respectively 3-phase 
(liquid with gas bubbling and solid catalyst) systems for PC and PEC.  

3.1.3 Traffic light methodology for evaluation of the requirements 

To evaluate the status and feasibility of each requirement identified, the methodology includes an evaluation 
like described below.  

 

 

Figure 1: Overview on the evaluation based on the traffic light methodology. 
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A traffic light methodology is used to classify the progress on each requirement for the reactor as feasibility 
proved (green), feasibility to be proved (orange) and not feasible (red). 

The evaluation “feasibility proved” shows, that the given requirement can be realized in the design of the reactor, 
as this already has been proven in realized projects and/or experiences have shown beneficial results.  

The evaluation “feasibility to be proved” marks each requirement, where based on literature and hypothesis an 
approach for realizing this requirement already is defined and needs to be proven. In some cases, also already 
exiting strategies as alternatives are available.  

The evaluation “not feasible” shows that specific requirements based on past experiences and results as well as 
literature research cannot be achieved. 

3.2 Specifications matrix for the reactor  

The specifications for the single-tube reactor are defined for the following processes (1) Photocatalysis and (2) 
Photo-electrocatalysis. The main difference between those processes is the way the catalyst is brought into the 
system/reactor. In (1) Photocatalysis, the catalyst is brought into the system as powder/particles. In (2), Photo-
electrocatalysis, the catalyst is brought in coated on a carrier material, providing the photoelectrodes (anode, 
cathode) for the process, as shown in Figure 2 below.  

The conclusion made from these two processes is basically: 

• The rheology needs to be optimized based on the photocatalytic system, as this has higher requirements 
in terms of the rheological behavior of the particles (suspended particles must not sediment in the 
reactor); the rheology can more “easily” be transferred to a photo-electrocatalytic process. 

• The reactor size needs to fit the volume of ~ 15 mL; the specifications of the reactor (especially diameter, 
baffles) are chosen based on framework conditions (e.g.., catalyst size) 

 

(1) Photocatalysis: Basic schematic requirement (2) Photo-electrocatalysis: Basic schematic requirement 

  

Catalyst brought in as a powder (orange). Catalyst brought in via plated electrodes (orange). 

Figure 2: Basic over on the difference between photocatalysis and photo-electrocatalysis 

 

 

 

 

 

 

 



© DESIRED  Page | 12  

Based on the schematic in Figure 2 and the general design, requirements have been defined for: 

• General requirements for the design 

• Feed specifications divided by photocatalysis and photo-electrocatalysis 
o Concentrations 
o Volumes needed 

• Catalyst divided by photocatalysis and photo-electrocatalysis 
o Material characterization  
o Wavelength  
o Photocatalytic: concentration vs. volume  
o Photo-electrocatalysis: area vs. volume 
o Information on reaction (residence time, etc.) 

• Reaction 
o Residence time 
o Process parameters (temperature, pressure, etc.) 

• Solar light/lamps 
o Requirements for solar concentration 

• Control strategies 

• Product specifications  
o Product definition 
o Concentrations and purity targeted 

Based on this list, the requirements can be summarized in Table 2.
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Table 2: Requirements matrix including 7 different requirements for the single-tube reactor including a description, the options for traceability and describing the 
actual status and feasibility for including the requirement in the reactor design and operation. 

Nr. Requirement Description  Traceability  Status/Feasibility 

01 General 
Requirement 

Flexible reactor for photocatalysis 
and photo-electrocatalysis. 

Design – usable with (2) 
electrodes and suspended 
catalyst (e.g., powder) → for 
PC and PEC. 

 

Feasible: the flexibility to switch from 
photocatalysis to photo-electrocatalysis 
has been included in the design of the 
reactor, as proven in other projects from 
DESIRED partners [6]. 

 

02a Feed 
specification – 
photocatalysis 

Gas phase:  

• 0.1 MPa CO2 saturated with water 
vapor at 25-35 °C. 

• Pressurized (0.2-0.5 MPa) CO2 
saturated with water vapor at 25-
35 °C (marked grey, as this option 
already was excluded for the 
design). 
 

Condensate phase as an 
alternative. 

 

Feasibility to be proved: little literature is 
available on gas phase reactors; 
nevertheless, the feasibility will be 
tested; as an exit strategy 3-phase 
system (gas (CO2) bubbling through 
liquid and solid catalyst mixture)→ see 
PEC. 

02b Feed 
specification – 
photo-
electrocatalysis 

Photo-electrocatalysis: 

• Liquid phase with gas bubbles 

Include CO2 bubbler to plant 
design. 

 

Feasibility proved: experiences within 
DESIRED consortia as well as literature 
shows feasibility. 

03a Catalyst - 
photo-
electrocatalysis 

• Wavelength: visible light; Cu2O 
(400 – 500 nm) 

• Photo-electrocatalysis - Catalyst 
deposition: 4-5 cm2 at 1-2 mL up to 
10 mL 
50 cm2 at 25 mL (Ø = 2 cm; L=8cm) 

• Photo-electrocatalysis – Cathode 
is photo-active. 

Size of catalyst deposit 
considered in reactor sizing 
(length, width); consider 
photocathode in the design. 

 
 

Feasibility to be proved: the single-tube 
reactor includes catalyst specifications in 
design parameters; rheology in tests 
need to be proven. 
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03b Catalyst - 
photocatalysis 

• Photocatalysis – Catalyst 
suspended in gas phase → 
concentration? catalyst 
specification – shape, density?  
(marked red, as this specification 
still needs to be determined). 

Size of catalyst suspended 
considered in baffle design 
(size, hole 
arrangement/density, etc.). 

 

Feasibility to be proved: the single-tube 
reactor includes catalyst specifications in 
design parameters; rheology in tests 
need to be proven. Catalyst 
specifications for photo-catalysis to be 
defined (see red marked cell). 

04 Reaction • Batch system 2 – 4 h 

• Continuous system 10 – 30 min 

Residence time assured by: 

• Applying different 
velocities for net flow 
(pump requirements) 

• Variation in frequency, 
amplitude etc. of 
rheology 

• Include proper 
measuring devices 

 

In general, the flow characteristics are 
feasible to reach via different system 
settings 

05 Solar 
light/lamps 

IC2R available: Xe-lamp with 
orientable lamp 

Alternative: solar simulator 

AEE available – UV/VIS lamps 

Lamps available 

 

Lamps are available and ready to use at 
the different DESIRED partners involved 

06 Control 
strategies 

Photocatalysis: 

Catalyst in gas phase (flowing gas 
stream) 

Rheology tests 

 

Feasibility to be proved: Rheology in 
liquid systems is proven; for gaseous 
phase reactors rheology tests are 
needed. 

07 Product Conversion of CO2 in  

• Liquid methanol, ethanol 

• Gaseous hydrocarbons (ethene, 
ethane, propane) 

Product separation needed 

Product separation 
considered in the reactor 
design –membrane around 
Anode. 

Results Task 3.3.   
 

Feasibility to be proved: In terms of the 
product generated, experimental studies 
need to be done in Task 3.3. Approached 
for membranes used for product 
separation available in literature; exact 
realization needs to be specified. 
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4 Conclusions and Outlook 

In Task 3.1, defining the most important requirements, was the first step towards the final design of the single-
tube reactor. It has been shown that there are requirements for the reactor that are already feasible, but several 
requirements need to be examined carefully. But especially for those, the DESIRED consortium already defined 
clear approaches to overcome (see Table 2 – columns Traceability and Status/Feasibility).  

As important output of Task 3.1. the requirement matrix could be defined in D3.1. Based on this, a first design of 
the Level 1 single-tube reactor could be defined within the follow-up Task 3.2. The basic design builds upon the 
requirement of combining photocatalysis and photo-electrocatalysis in one flexible reactor. Further a clear 
approach to build up a first version of the single-tube reactor was defined. And a rough experimental plan for 
rheological tests was defined, to detail the open (marked “orange”) requirements in the requirements matrix 
(Table 2). 

All the results on the design ideas, the rheological tests and final design drawings will be included in D3.2. 
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