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1. Project details
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	Project managing company/institution (name and address) 
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	CVR (central business register)
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ELPLATEK - 18 63 71 89
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DTU – CERE are officially not a part of BIO-ReFuel - phase 1. But they have helped “pro-bono” to complete some of the tasks in the project after Professor Per Møller from DTU – MEK had to leave the project for personal reasons. DTU – CERE with associate professor Philip Loldrup Fosbøl are now participating officially in BIO-ReFuel phase 2.
2. Short description of project objective and results 

2.1 English

The objective of the project BIO-ReFuel – Phase 1 was to verify in a laboratory scale test setup, that it is technologically possible to convert biogas (CH4 and CO2), into methanol with a very high conversion and yield, using a novel reformer catalyst technology combined with traditional methanol synthesis. 
All the planned tests were performed successfully and the expected biogas to syngas conversions and methanol synthesis yields were reached. The good test results have already been used to get new partners and funding to continue the development of the technology in the new project BIO-ReFuel – Phase 2.
The future commercialization of the technology will enable the production of cost competitive sustainable methanol
2.2 Danish
Formålet med projektet BIO-ReFuel – Phase 1 har været at verificere,at det er teknologisk muligt – i en testopstilling på laboratorieskala - at konvertere biogas (CH4 and CO2), til metanol med en høj konversion og udbytte, ved brug af en ny reformer katalysator teknologi kombineret med traditionel metanol syntese. 
Alle planlagte tests blev udført med succes og den forventede biogas-til-syngas konverteringsgrad og metanol syntese udbytte blev opnået. De gode resultater er allerede blevet udnyttet til at finde nye partnere og finansiering til at fortsætte udviklingen af teknologien i det nye projekt BIO-ReFuel – Phase 2.

Den fremtidige kommercialisering af teknologien vil gøre det muligt at producere kosteffektivt og konkurrencedygtigt bæredygtigt metanol.
3. Executive summary

The target for the BIO-ReFuel consortium is to develop a cheap and modular methanol plant add-on to biogas plants enabling them to easily switch the production to green and sustainable methanol. 

Today the oil, natural gas and coal industry supply a major part of the base materials used to keep our society running. If we want to be able to continue our way of living in the future, then we probably need to find sustainable ways to produce many of these products that we use and consume in large quantities today. One of these products, which is currently derived from fossil materials, is methanol. 

Methanol is a widely used chemical with a fast-growing market and usage. It is among other things used as base for further chemical and polymer production. One of the fastest growing usages is as a fuel additive or as pure fuel for ordinary cars, especially in China. Figure 1 shows some of the major methanol applications.
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Figure 1: Current methanol applications
Calculations show that there is enough biogas capacity in Denmark to substitute approx. 50% of the fuel used for road transportation with green sustainable methanol (e.g. M85; see report by DTI: “Methanol as a Fuel”). Drivkraft Danmark, DTI, New Fuel A/S and others are currently investigating the possibilities to switch the fuel in ordinary cars to M85 (i.e. 85% methanol) with minor and cheap modifications of the cars. If they are successful and get political support then it will be possible to significantly reduce the CO2 footprint in the Danish transport sector over a few years. Even if the methanol is not used as a transport fuel; e.g. if Denmark decides to electrify its transport sector 100%, then it is expected that there will be a growing demand for green sustainable methanol in the chemical and polymer industry over the next few years. Many high profiled companies, like the Danish LEGO group have public announced that they are searching for green and sustainable alternatives for their production.
The target for the BIO-ReFuel consortium is to develop a cheap way to produce green and sustainable methanol from biogas. Some of the main ideas behind the business model and technology development in BIO-Refuel concept are:
1. The plants have to be modular, easy to install, easy to operate and economical affordable for even a small biogas plant owner. We aim at a total plant size of one ISO 40” container; see figure 2. This will also ensure that the plants can be efficiently mass produced at facilities in Denmark and shipped to anywhere in the world. The plants will run efficiently with or without adding extra green sustainable hydrogen produced by electrolysers powered by wind turbines. More methanol can be produced by adding hydrogen, but it will also increase purchase and operating cost.
2. The technology is based on a new and untested reformer technology developed independently by both the Loker Institute in California and by the company Enerkem in Canada. We have good relations with both organisations, but have chosen to continue the development and testing with Enerkem. The novel reformer catalyst from Enerkem can efficiently convert both the methane and the carbon dioxide parts in the biogas into syngas (CO and H2) with high conversion rate. Syngas is the raw material needed for a standard methanol synthesis reaction.
[image: image4.png]Power

Hydrogen

Biogas Methanol





Figure 2: The BIO-ReFuel business model, with production of moduar container sized biogas to methanol production plants.
The technology and business development can be divided roughly into four phases:
BIO-ReFuel, phase 1:
Lab scale testing and feasibility study of the novel concept idea. 

Period: November 2018 – April 2020.

BIO-ReFuel, phase 2:
Design, production and test of a 10 m3/h Biogas to methanol 

plant. The test will be performed at Lemvig Biogas.



Period: May 2020 – April 2023

BIO-ReFuel, phase 3:
Design, production and validation of the first prototype plant. The first potential customer has already signed a letter of intent to facilitate the prototype test. 



Period (tentative): End 2023

BIO-ReFuel, phase 4:
Production and sale.



Period (tentative): End 2023 / Start 2024
This report is the final report and the conclusion of the phase one and marks the beginning for the phase two. 
The project has been a great success and all the technological objectives have been met as planned and expected. The technological objectives can roughly be reduced to:
1. Show that the novel developed and relatively untested “BIO reformer catalysts” perform as expected in larger test setups over extended periods with the required high conversion.

2. That it is possible to create a reactor system combining the new reformer technology and traditional methanol synthesis and produce methanol with high yield. 

The experimental results show ~100% CH4 and 64.4% CO2 conversion into syngas, which is further converted to methanol. The unreacted gases including CO2 are recycled and reused. The process gives more than 90 vol% methanol purity with very good catalytic stability with long reaction run time. See also chapter 5 for more details.
As mentioned previously the BIO-ReFuel – phase 1, is an enabler for a phase 2. The good test results have already been used to get a new partner and funding to continue the development. The new partner is the Danish engineering company Union Engineering that among other things works with biogas upgrading like gas cleaning and CO2 capture and utilization. Union is a part of the much bigger Pentair. Together with the new partners the consortium has applied EUDP for a grant to design, construct and develop a 10 m3/h biogas-to-methanol demonstration plant. The grant has been approved and the three-year project starts on 1st of May 2020.
If phase 2 of the project is a success, then the last step before the production and sales can really kick off is the development and test of the full-scale prototype plant. This plant is expected only to be 2.5-5 times bigger than the demonstration plant. One potential customer has signed a letter of intent to facilitate the test of the first prototype plant. This is currently planned to happen in the late 2023.
4. Project objectives

BIO-ReFuel – Phase 1 was originally planned as a one-year feasibility study that in the expected case of a successful outcome would create interest from new project partners and enable the possibility of getting cofounding from EUDP for a larger demonstration project. The project was later extended with 6 months to a total of 18 months due to mainly delays in the test rig construction and procurement of the novel catalyst.
The project plan was divided into subtasks, including deliveries and milestones. Below is a short review of the work tasks and how they progressed during the project.
4.1 Delayed start

The official start-up and kickoff meeting was delayed with several months. There are two main reason for this. 

The first and most important is that the original “conceptualist” behind the project and the main project manager DTU MEK professor Per Møller had to delay the project for personal reasons. For the same reasons Per Møller later had to retire entirely from DTU during the course of the project. The DTU MEK institute director Professor Hans Nørgaard Hansen continued as project manager. 

DTU MEK decided, following the retirement of professor Per Møller, that they would discontinue some of his research areas. This included the planned next phase of the current project. Therefore, the project partners decided that they had to find another qualified university partner, enabling the continuation of current and future research and development projects. Philip Fosbøl from DTU-CERE was therefore contacted, and as all parties concluded that this was a perfect match, DTU – CERE is now one of the major partners in phase 2.
The second reason for delay was that DTU – MEK had to go through a long and unexpected process of searching for a new and highly skilled postdoc that perfectly fitted the very specific job-requirements to perform the demanding scientific tasks in the project, as the first found candidate for the job decided to find employment elsewhere   

4.2 Infrastructure installation (task 1.1)

One of the first tasks in the project was to prepare the infrastructure at the test site. The test site was chosen to be Elplatek A/S gas laboratory in Horsens. This laboratory has previously hosted other development projects; including the methanization reactor design and construction in the MeGa-Store 2 project, where CO2 in biogas were upgraded/converted to methane.
Gas analysis: The gas analysis lab was upgraded with an extra GC and a FID detector. The laboratory now has at its disposal two Agilent Technologies 7890B gas chromatographs (GC) with FID, SCD and TCD detectors, see picture below. The analysis equipment is placed in a room adjacent to the test reactors. There are both heated (traced) and unheated gas-lines going from various parts of the reactors to the GC’s. During the reactor tests and experiments the reactants and products were analyzed during operation.
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Figure 3: The two Agilent 7890B Gas Chromatographs at the gas-lab at Elplatek A/S in Horsens.
A significant amount of time was spent on developing, calibrating and testing the analytical methods used to analyze the reactants and products.
Gas supply: The existing gas delivery system at the test site was modified with smaller mass flow controllers for the relatively small flows used in these experiments.
Reactor enclosure and gas safety: During the tests CH4 and CO2 is converted into H2 and CO. These are both flammable and very toxic gasses. Therefore, the project constructed a rector enclosure with exhaust (see figure 5). Inside and outside the enclosure there are Lower Explosion Limit (LEL) detectors. There are also CO and CO2 sensors just outside the enclosure. All sensors were hardwired, together with strategically placed emergency breakers, to an emergency shutdown of the gas delivery system. I.e. in case of any leaks the gas supply was cut off near the gas bottles placed outside the building. On top of this all personnel were wearing personal gas detectors (LEL, CO, O2 & H2S). All sensors were calibrated and tested by Geopal and Duotec before starting the experiments.
4.3 Experiment specifications and preparation (task 1.2) 
The size and layout of a test plant have been designed and simulated. Heat and mass balance have been calculated before deciding for the final layout. A PID of the final design can be seen in figure 4. The reactor volumes are in the range of 100 ml each. But the reactors are not necessarily fully loaded with catalyst during all the experiments. 

Reformer Reactor: It was decided to go for a low pressure (1-2 barg) reformer reactor, even though it might be more energy efficient to run with high pressure in both reactors due to the fact that after the reformer there is more gas to compress. One of the reasons for the decision was that we believed that running with low pressure here would create a safer setup with less gas under pressure; especially in case that we cannot control the corrosion near the exit of the reformer reactor (dusting). Furthermore, it is possible to get higher conversion rates at lower pressure; and it was important to achieve high conversion rates in Phase 1. 
Methanol Reactor: It was decided to go for an approx. 50 barg methanol reactor. This pressure is a tradeoff between first pass methanol yield (higher pressure ( higher conversion) and energy consumption to pressurize the gas. Many modern methanol factories run at 50 bars. The reactor(s) were placed inside a small furnace, even though the reactions inside are highly exotherm. However, due to the small volume of catalyst and the surface area of the reactors they will not be able to keep or reach the optimal temperature for conversion. This will change in phase 2 where active cooling is required. When placing the reactors inside a furnace to maintain the temperature, they are considered as isothermal reactors.
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Figure 4: PID of the test setup for BIO-ReFuel - Phase 1
Equipment and parts: The next steps in the project were to start purchasing the needed test rig and parts for the experiments. To save time (it was only a one-year project from the beginning), it was originally planned to purchase pre-designed table-top test reactors. However, during the actual purchasing phase it turned out that delivery times and cost did no longer match the budget quotes previously received from the identified potential vendors. 
Together with the newly hired and very experienced methanol expert at DTU MEK we decided to design and build our own test setups. This amounted to huge savings on materials, but unfortunately the commissioning of the entire rig was delayed with some months according to the original time schedule. Therefore, the project applied for a 6 months extension to EUDP (with no change in the total grant size). This was approved by EUDP. The final and assembled test setup can be seen in figure 5. 

The custom-made high temperature furnace (1000 °C) and the high-pressure booster pumps (up to 200 bar) were both purchased in China. The price and delivery times were much better than the European and North American alternatives. The quality was indeed acceptable, especially compared to the price, and we will most likely use the same suppliers for the next phases. 
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Figure 5: The biogas reformer and methanol synthesis reactors. To the left there is the reformer reactor capable at working at temperatures up to 1100 °C. In the middle there is a booster pump capable at boosting the pressure up to 200 bar (we need approx. 50 bar). And to the right the methanol synthesis reactor is placed in a small heat cabinet. 
4.4 Experiments with bio-reforming of biogas (task 1.3) 
There are several ways to convert methane and CO2 mixtures into synthetic gas (syngas). A process called bi-reforming, using water, was first put forth by G. Olah et al. by the following reaction: 

3CH4 + CO2 + 2H2O ( 4CO + 8H2 
ΔG850 ˚C = - 41.68 kcal mol-1
      (1)
The syngas can undergo catalytic conversion, which allows for complete conversion to methanol:

               4CO + 8H2 ( 4CH3OH 
                           
      (2)
While this process uses a composition of 3:1 methane to carbon dioxide (reaction 1), biogas has a composition of approximately 2:1 methane to carbon dioxide. Thus, for Bio-ReFuel, the catalytic conversion of the bi-reforming will be slightly different when applied to biogas:

 2CH4 + CO2 + H2O ( 3CO + 5H2
ΔG850 ˚C = - 27.87 kcal mol-1           (3)

This process we have named bio-reforming. This reforming process results in a syngas with less hydrogen than required for the methanol synthesis (reaction 3 gives 5H2 instead of the optimal 6H2), and thus, hydrogen has to be added to the gas for efficient conversion into methanol. This additional of hydrogen could be produced by renewable electricity and the bio-reforming therefore also acts as an energy storage process.

Bi-reforming:    3CH4 + CO2 + 2H2O ( 4CO + 8H2
Bio-reforming:  2CH4 + CO2 + H2O ( 3CO + 5H2
The details of the bio-reforming process include parallel reforming of CH4 by CO2 (Dry reforming) and reforming of CH4 by H2O (Steam reforming). The bio-reforming syngas production is shown in Figure 6. It describes how bio-reforming is a combination of dry-reforming and steam reforming. 
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Figure 6: The bio-reforming process, which consists of 1 dry reforming and 1 steam reforming.
Dry reforming plays a vital role in the syngas production. However, due to its endo thermic nature it requires a high temperature to achieve a high conversion degree. This reforming reaction is often accompanied by several side reaction such as the reverse water gas shift reaction (CO2 + H2 = CO + H2O), which enables production of an additional H2 molecule. The endothermic nature of the reaction is not favorable since the high process temperature is known to cause rapid carbon formation and eventually it will lead to catalyst deactivation and pressure drop over the reactor.
Bio-reforming eliminate many drawbacks from the reforming reactions. The process dramatically reduces or eliminate carbon (coke) formation due to the presence of CO2, H2O and H2 in the syngas. The added O2 (from H2O) generates the in-situ heat, which improve the energy efficiency and oxidation of the formed coke. These conditions reduce or even eliminate coke deposition on the active catalyst surface.
The bi-reforming and bio-reforming processes have not received much attention until now. However, the process can have a huge potential in Denmark, due to the unique Danish energy infrastructure, where both biogas and excess electricity from intermittent renewable energies are present. The amount of biogas and green energy awareness increases, not only in Denmark, but all over Europe. Sufficient cleaning of the biogas for subsequent catalytic processes was previously considered to be unrealistic, however, the current advanced biogas cleaning systems can now provide contaminant free biogas. This allows for different new applications of the biogas that previously were considered unviable, e.g. bio-reforming followed by methanol synthesis. 
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Figure 7: Reformer catalyst (FCR-U500)
Catalyst supply: Originally, we had planned to do tests with novel reformer catalysts from the Loker Institute and from Enerkem. But due to very time-consuming contract negotiations with the Loker Institute and their legal department, we never managed to test the catalyst from the Loker Institute.  

Instead, we focused on the collaboration with Dutch/Canadian company Enerkem. Enerkem have only tested the catalyst a few times in a very small test setup much smaller than the one we are using i.e. our relatively small test rig is a big upscale of the tests. Unicat Catalyst signed a contract/license with Enerkem and received the recipe to produce and improve the recipe for volume production. They have named it FCR-U500, see figure 7.
In the first months of the project, Unicat had only produced a very small test batch available for the project. This was not enough to finish and conclude the test and the project had to request more test catalyst. The second batch was very delayed and was a contributing factor to that the project had to be extended with 6 months.

Reformer experiments and catalyst characterization: The first reactor that was assembled and commissioned was the bio-reforming reactor. The properties of novel catalyst had to be fully understood and tested before it made sense to combine it in series with the methanol reactors. 

After receiving the first batch of reformer catalyst it was characterized at DTU (XRD, ICP etc.). The characterization revealed that the catalyst was well produced, and we started our experiments. These experiments followed the plan and there were not many unexpected results.  The parameter room were explored, and long-term tests were performed (>100 hours continuously and more than 500 hours in total). See chapter 5 for details regarding test results. 

The project had several skype meetings with Enerkem where the results were discussed and evaluated. There where even planned a meeting at Enerkem’s methanol production plant and test facilities in Edmonton, Alberta, Canada. But this meeting has unfortunately been postponed due to the Covid-19 pandemic. 
4.5 Experiments with methanol synthesis (task 1.4) 
The syngas to methanol is a mature technology, where methanol is synthesized from syngas made by non-renewable resources like coal, oil and natural gas.

Similarly, in this project syngas obtained from the bio-reforming process can be used for the synthesis of chemicals i.e. methanol, which is the starting building blocks for synthesis of various high-value-added products. Methanol is produced from syngas by the following reaction:

CO + 2H2 (  CH3OH

                          (4)

However, the syngas produced by bio-reforming has 3CO + 5H2 (reaction 3), thus one H2 molecule is needed to achieve the stoichiometric ratio for a complete conversion of syngas to methanol:

                      3CO + 6H2  (  3CH3OH

                          (5)

Hydrogen molecules can be supplied from an electrolysis unit powered by renewable electricity. 
The methanol synthesis is expected to have a conversion rate below 100%. Therefore, experiment will be made where the unreacted part of the gas is recycled into the reactors together with fresh makeup gas from the reformer reactor. The gas is recycled after the liquid (methanol) is separated.
Methanol experiments and catalyst characterization: Following the experiments with the reformer reactor, the methanol reactor was constructed and commissioned, and experiments with methanol syntheses were started.

First initial catalytic tests were performed using syngas gas direct from bottles and not from the reformer reactor. This was followed by tests combining the two reactors and performing long-term stability tests. See chapter 5 for details regarding test results. 

Testing without external hydrogen supply: Within the original concept ideas the project only worked and calculated on business concepts that included an electrolyser to generate the extra hydrogen to get almost full conversion of all the carbon into methanol.
But, during the work with Phase 1 it was realized that it could also be a viable business case to run without an electrolyzer. This would reduce the CAPEX and OPEX significantly but only reduce the produced methanol slightly. This could make it more realistic for the small biogas owner to enter the methanol business. Later an electrolyzer can be added to the plant increasing the production. At the present time electrolyzers are not inexpensive. This will probably change over the next five to ten years. We have seen many new startups and interest in sustainable hydrogen production using electrolyzers and electrical power from wind turbines.
This realization made the project focus a little more on testing without adding hydrogen, but not enough to change the scope of the project. The tests show that the BIO-ReFuel concept is good at “absorbing” excess wind power because it runs efficiently both with and without addition of extra hydrogen. This means that a BIO-ReFuel methanol plant can react and adapt very fast without the need for long heat and start up times. It is expected that a full-size plant can adapt and be ready to consume and use the extra hydrogen within a few minutes.
4.6 BIO-ReFuel concept review (Task 1.5) 
The experiments in the short feasibility study performed exactly as predicted, except for a few delays that were not related to the concept. 

It has now been verified that it is technologically possible to convert biogas, both the CH2 and the CO2 parts, into syngas (CO and H2) with remarkably high conversion. It is also possible to combine the reactor with a methanol synthesis reactor and produce methanol with a high yield.
At the same time business calculations based on the current available knowledge shows that it can be a good business for small biogas plants to change the production to sustainable methanol using our small modular biogas to methanol plants. This also means that there is potential for a good business for the consortium to produce these small mobile biogas-to-methanol plants.

The market for sustainable methanol is not fully mature yet, and only have a relative small turnover at the present time. However, signals from many of the big consumers of methanol-based chemistry and polymers suggest that this will change within a few years. At the same time, it is heavily discussed, especially in Denmark, to use power-to-X chemicals to fuel the transport sector. Here methanol has the potential to play a major role. It can be used almost directly in the existing cars with only some minor modifications, as currently shown and proved in China. 
The results have therefore been used to gather a robust and competent consortium with new and old players, which will continue the development of the technology and the business model. EUDP have already granted support for the next phase (BIO-ReFuel – Phase 2) where it is planned to design, construct and test a 10 m3/h biogas to methanol demonstration plant that is tested in a real test environment at Lemvig Biogas.
5. Project results and dissemination of results
The BIO-ReFuel phase-1 results were obtained in two steps: First, the reformer and methanol synthesis were tested separately to determine optimum reaction conditions. Hereafter, the reactors were combined, creating a production line similar to the design, which must be created on a large scale in the BIO-ReFuel phase-2. 

The development was supported by a detailed literature survey and thermodynamic analysis. This resulted in accurate reaction conditions specifications. The BIO-ReFuel phase-1 results are as follows.

5.1 Reformer reaction (biogas to syngas)
The reformer reactor was optimized and the results are presented below. 

a) Effect of CH4/CO2 molar ratio in the feed

Biogas contains varying concentration of CO2, which affected the reforming process. This is according to the theory presented in section 4.2.1. The effect of the CH4/CO2 ratio was studied by varying ratio between for biogas type of concentrations: 60:40 and 50:50. The other parameters such as pressure, temperature and steam/carbon ratio are kept constant. 
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Figure 8. Effect of CH4/CO2 molar feed ratio at 850 °C at 1000 h-1, S/C= 2 at 1 barg, XCH4 and XCO2 shows the CH4 and CO2 conversion respectively.

Figure 8 shows the effect of CH4/CO2 feed ratio on the methane and carbon dioxide conversions (XCH4 and XCO2). Methane conversion was 100% (no traces of CH4 was identified at the limit of the GC detection). This is a very important finding and a significant success. Any left methane will prevent further separation in the methanol synthesis. The CO2 conversion was not complete but this is of lower importance. Any leftover CO2 partly will be converted to methanol in the downstream methanol reactor. 

b) Effect of gas hourly space velocity (GHSV)

Figure 9 outlines the CH4 and CO2 conversion for GHSVs between 500 to 2500 h-1. Methane conversion decreased as function of GHSV. This is a direct consequence of shorter residence time and catalyst surface contact time. The decrease in CH4 conversion was more pronounced at higher (2500 h-1) space velocity. As expected, it is quite clear that flow velocity is an important property to control carbon conversion. 
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Figure 9. Effect of GHSV using CH4/CO2 = 60:40, S/C= 2 at 850 °C and at 1 barg, XCH4 and XCO2 shows the CH4 and CO2 conversion respectively.

c) Effect of steam to carbon (S/C) molar ratio in the feed

The steam to carbon molar ratio (H2O/(CH4+CO2)) in the reactant stream should affect the steam reforming and the water gas shift reactions. This effect was studied with the biogas feed mixture CH4/CO2 = 60:40, at 850 °C temperature and 500 h-1 GHSV.


[image: image11]
Figure 10. Effect of steam to carbon (S/C) molar ratio using CH4/CO2 = 60:40, 500 h-1, 850 °C and at 1 barg, XCH4 (black) and XCO2 (red) shows the CH4 and CO2 conversion respectively.

Figure 10 shows the plots of methane and CO2 conversion as a function of the S/C molar ratio. It also outlines the H2/CO ratio, which is greatly influence by the S/C ratio. 
At S/C=0, indicating no steam supply, also known as dry reforming reaction, the highly active specially designed catalyst gives more than 90% biogas conversion. The H2/CO ratio in the dry reforming reaction is slightly above 1, however for methanol synthesis we need a ratio of 2. We need steam in the process to reach higher H2/CO ratios. 
With addition of steam in the feed, the CH4 conversion is almost 100%, while CO2 conversion is slightly decreased, see figure 10 for S/C=1.5 and 3. The steam reforming of methane enhances the methane conversion. Both S/C=1.5 and 3 obtains a 100% methane conversion. We can conclude that the syngas composition is suited perfectly for synthesis of methanol. In this case, the overall biogas conversion is more than 82%, and high methanol yield was observed. 
All the reactions were performed for 6 hours and no catalytic activity change was observed at given reaction conditions. After 6 hours of steam or dry reforming reaction, the catalyst does not show any evidence of coke/carbon formation on the catalyst surface, which is generally main reason for catalyst deactivation.

5.2 Catalyst Characterization:
a) Temperature programmed reduction (TPR):

The reducibility of the catalyst samples was determined by TPR-H2 measurements, carried out using 5% H2 in N2 mixture in the temperature range from 25 to 950 °C. Figure 11 shows the TPR-H2 of the fresh catalyst sample. In the figure, TCD signal (black color) shows two distinct peaks with maxima at 262 and 759 °C, which mainly resembles with NiO weakly bonded to the support. The hydrogen consumption for the catalyst samples shows high consumption of 9.26 mmol/gcat at higher temperature maxima, while at 262 °C the H2 consumption was 1.93 mmol/gcat. These results indicate that the catalyst active species Ni is in its oxide form and high H2 consumptions reflects that high proportion of active species are available for the reaction.

[image: image12]
Figure 11. TPR of reformer catalyst before reaction. The brown colored line shows TCD signal by hydrogen evolution, while red color line shows the temperature programmed over time.

The figure 12 shows the TPR-H2 of used catalyst or catalyst after steam reforming reaction. In contract to the profile of fresh catalyst Figure 11, the TCD signal/mass intensity is significantly reduced (almost 4 times), which is directly related to H2 consumption or reducibility of catalyst. Additionally, sharp and distinct peaks appeared at lower temperature. The peaks at 189.0, 411.3 and 935.0 °C peaks represents the NiO in bulk state which arise from oxidation of the some Ni species during steam reforming reaction. The hydrogen consumption of these peaks were 0.43, 1.29 and 3.59 mmol/gcat respectively. During steam reforming reaction, Ni species oxidized, however low H2 consumption states that during steam reforming redox mechanism may have taken place, in which Ni species were continuously oxidized in presence of steam and CO2, which gets reduced due to presence of H2 formed by reforming process.    


[image: image13]
Figure 12. TPR of reformer catalyst after reaction at 850 °C, S/C= 1.5. The brown colored line shows TCD signal by hydrogen evolution, while red color line shows the temperature programmed over time.

b) BET Surface area

	Catalyst
	SBET (m2/g)

	Fresh catalyst
	51.08

	Used catalyst
	18.27


Table 1. BET surface area of reformer catalyst fresh and used catalyst

 after reaction at 850 °C, at 1 barg using CH4/CO2= 60/40.
The BET surface area results for fresh and used catalysts is shown in Table 1. It can be seen from the table that the surface area of the used catalyst decreased by 32.8 m2/g compared to a fresh catalyst. The reduction in surface area is generally due to the catalyst reduction, carbon deposition on the catalyst surface leading to pore blockage, and crystalline phase transition leading to sintering of metal and support. However, no significant catalytic activity loss was observed during steam reforming reactions, indicates that surface area loss is not directly responsible of loss of active sites for reformer reaction. Additionally, catalyst regeneration was performed after each set of experiment to regain the catalytic activity. The regeneration of the catalyst bed was performed by using standard process of flowing H2/N2 at 850 °C for 5 hours.
Catalytic stability of steam reforming catalyst was tested for long time under optimized reaction conditions to check any coke formation on catalyst surface or activity loss over time.
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Figure 13. Catalyst stability for methane reforming S/C =1.5 at 850 °C temperature and at 1 barg, and GHSV = 1000 h-1. The methane conversion in red and CO2 conversion is in black color.

Figure 13 gives the catalytic stability for methane and CO2 steam reforming. It reveals a stable methane conversion and H2/CO ratio using FCR-U500 catalyst for more than 100 h reaction time. The catalyst was on time on stream for more than 500 hours and we did not observe any activity change within given reaction conditions.

5.3 Syngas to methanol synthesis

The syngas to methanol synthesis was optimized, the results are shown below. The synthesis is strongly influenced by pressure and temperature. Therefore, the methanol synthesis reaction was carried out at 30 and 50 bars at wide range of temperature from 200 to 300 °C.

Effect of pressure and temperature

Figure 14 shows the CO and H2 conversion at 30 and 50 bars as a function of temperature at constant space velocity and gas composition. The H2 feed ratio over CO is kept slightly higher than 2, which is the expected product composition from the reformer reactor described above. 6% CO2 was added in the feed, as we expected some unreacted CO2 from the reformer process to occur. In fact, the presence of CO2 in feed gas enhances the syngas conversion to methanol. 
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Figure 14. Syngas to methanol synthesis at 30 and 50 bar using feed CO/H2/N2 = 25/63/6/6 at 200 to 300 °C and GHSV= 2000 h-1 XCO and XH2 shows the CO and H2 conversion respectively.

At 30 bar, the CO and H2 conversion increases with increase in temperature from 200 °C and reached its maxima at 220 °C where 45% CO conversion was achieved. Further increase in temperature decreases the syngas conversion. Higher conversion, 60%, was achieved at 50 bar. The measurements show full selectivity towards methanol production. These experiments were performed only to find the optimum temperature and pressure conditions, the purpose was not to achieve maximum methanol yield. The catalytic reaction is controlled by the amount of methanol produced (it is controlled by equilibrium). One of the reasons why 100% conversion it not observed is due to the fact that methanol is not removed. In the applied Bio-ReFuel phase 1 reactor, little methanol removal is taking place. If methanol is removed in-between several conversion steps, then conversion will go up every time. Any leftover CO will be recycled. It is possible with a serial reactor design, during Bio-ReFuel phase 2, to reach 100% conversion using the rector principles developed in Bio-ReFuel phase 1. 

5.4 Combining the reformer and methanol reactors


[image: image16]
Figure 15. Effect of CH4/CO2 molar feed ratio in combined reformer and methanol reactor at 850 °C, 1000 h-1 at 1 barg reformer reactor and 225 °C, 50 barg methanol reactor XCH4 and XCO2 shows the CH4 and CO2 conversion respectively.

In the combined reformer and methanol reactor system, the reformer reactor was feed with a desired ratio of CH4/CO2 at 850 °C, 1 barg. The reformer reaction was initially monitored by GC and once we confirmed that the biogas conversion reached its optimum stable condition, the produced syngas was directed to the methanol reactor via a booster pump. Prior to compression, water was removed by condensation at 5 °C.

Figure 15 shows the methane and CO2 conversion at optimized reaction conditions for reformer and methanol synthesis at two different feed ratios. The methane conversion was 100% and 64,4% and 61.8 % for feed gas CH4/CO2 50:50 and 60:40 respectively. It gives more than 90 vol% pure methanol, and the rest is mainly water, ethanol, and ether. 
Product Purity:

The liquid sample was separated from the gas-liquid separation container and was analyzed by GC-MS to analyze product purity and to find out any by-product.
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Figure 16. Gas chromatography (GC) data of liquid sample collected at the end of methanol reactor

Figure 16 shows the GC data of liquid sample analysis performed at university (DTU) central facility, who has test facility to identify and quantify all possible products from the liquid sample. As we already confirmed using GC setup from lab, it shows a major methanol peak, while very low intensity unknown and ethanol peaks were observed. The MeOH concentration of two samples were determined to be 88.3% and 90.6 Vol%, respectively, while remaining was mainly ethanol and other oxygenates.

Figure 17 shows the mass spectroscopy of sample, and it mainly shows methanol, ethanol and some light higher alcohols, ether and ester functional group compounds. Table 2 shows complete quantitative mol% analysis of all possible products present in the sample.  
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Figure 17. GC-Mass spectra file of liquid sample collected after methanol reactor at two different reactions.

	
	Sample-1, relative distribution of non-MeOH species (mol-%)
	Sample-2, relative distribution of non-MeOH species (mol-%)

	EtOH
	36.6%
	39.3%

	Acetone
	2.5%
	2.2%

	Acetic acid, methyl ester
	2.0%
	0.9%

	1-Propanol
	14.8%
	16.3%

	2-Butanol
	2.6%
	2.6%

	1-Propanol, 2-methyl-
	24.1%
	20.4%

	1-Butanol
	3.8%
	4.7%

	2-Butanol, 3-methyl-
	0.9%
	1.2%

	Propanoic acid, 2-methyl-, methyl ester
	0.8%
	0.7%

	3-Pentanol, 2-methyl-
	1.6%
	1.5%

	1-Butanol, 2-methyl-
	5.5%
	5.4%

	1-Pentanol
	1.2%
	1.3%

	3-Pentanol, 2-methyl-
	0.8%
	0.8%

	1-Pentanol, 2-methyl-
	2.2%
	2.2%

	1-Pentanol, 2-ethyl-
	0.6%
	0.7%


Table 2. Relative distribution of non-MeOH species based on FID areas, corrected for the effect of oxygen moieties on the FID response (effective carbon number method).
The Bio-ReFuel phase 2 dead-end concept

The liquid products (mainly methanol) from combined reformer-methanol reactor was separated by gas-liquid separator and unreacted gases CO2/CO/H2 (approx. ratio 1/1/1.73). The rest gas after the methanol reactor was then mixed with fresh syngas (product from reformer reactor) before compression and re-entering the methanol reactor. This is done to utilize all unreacted gases and achieve maximum methanol yield from the biogas. 

The steam reforming produces higher hydrogen atoms, which gave more than 3 of the H2/CO ratios. This excess unreacted hydrogen can be used for complete syngas conversion without addition of surplus hydrogen. The initial tests were performed without any technical problems.

6. Utilization of project results

The 1-1½ year extensive testing of both the reformer and the methanol catalyst separately and combined have generated a lot of test data. The project group have also gained important hands-on experience in operating the combined reactor setup over a relative extended time period. These data and information will be used in the design construction and operation of demonstration plant that will be constructed and tested in BIO-ReFuel – Phase 2.

The project group have obtained good relations with some important sub suppliers of custom-made pumps and high temperature furnaces. It is at the current time believed and expected that this collaboration will continue for most of these suppliers through the next testing phased and into the commercialization phase.

The primary utilization of the good results from this relatively small test- and validation project is of course that it was an enabler to:

1. Find a new big partner (Union Engineering/Pentair) that have the capability and power to lift the project into a commercial success if we continue with the good results in Phase 2. 

2. Convince EUPD that the technology and the business concept was feasible and worth supporting in the next phase (BIO-ReFuel – Phase 2)
7. Project conclusion and perspective

BIO-ReFuel – Phase 1 was a great success and have fully accomplished the goal to show the feasibility and capability of the bio-reforming process combined with traditional methanol synthesis. 
The project has, among other important and god results, shown 100% CH4 and 64.4% CO2 conversion of biogas into syngas. This have been further converted to methanol were the unreacted gases including CO2 are recycled and reused. The process gives more than 90 vol% methanol purity with good catalytic stability with long reaction run time.
The results have been utilized to attract new partners and funding to further develop the technology and the business concept. EUDP have granted support for the second phase, where a small demonstration plant will be designed, constructed and tested.

There are roadmaps and plans to bring the technology all the way from these testing and development phases via pilot plants to final commercialization. The consortium expect that the first modular methanol production plants will reach the European market early 2024. 

Bio-reforming





   Dry reforming:  CH4 + CO2  (  2CO + 2H2





   Steam reforming:   CH4 + H2O ( CO + 3H2
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