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[bookmark: _Hlk128412163]There is much interest in the production of energy from waste via gasification to produce a Syngas/Producer gas stream, containing CO, H2, CO2, CH4, H2O, and N2. From such a stream, H2 could be separated creating a clean fuel to act as an energy vector. The generation of Syngas from natural gas via Steam Methane Reforming and the application of pressure swing adsorption (PSA) to separate hydrogen from such gas is well known. Unfortunately, it was difficult to find a supplier of PSA equipment, who would on reasonable terms: (a) engage with R&D trials at a much smaller scale; (b) design for lower operating pressures; and (c) perform trials with real Syngas from waste, which will contain contaminants. Therefore, an in-house designed PSA was developed as described in this study. Since, in the waste-to-energy industry, a very high purity ‘fuel-cell’ grade of H2 is not essential, as well as for many ‘fuel-switch’ applications, an H2 purity of ~95 vol% is considered acceptable. Trials were initially performed in a long Single-Bed PSA (52 mm diameter; 8 m long). Starting with a synthetic syngas mixture, it was confirmed that H2 purity >90 vol% could easily be achieved. Then the design was scaled up to a shorter but larger diameter Twin-Bed PSA system (bed diameter: 888 mm; length1.5 m), in which an H2 purity >95 vol% was achieved using a real Syngas from a waste-to-energy gasifier (design output: 500 Nm3/h of Syngas). 
Introduction
The UK Government is committed to reducing carbon dioxide emissions, and the transition to the use of hydrogen as a fuel is seen as one of the many steps which could be taken. However, to be carbon neutral, hydrogen not only has to be produced in a way for which CO2 is either not created, or if it is, then it is sequestrated. Also, the infrastructure needs to be in place to supply the H2 in a form and level of purity that can be utilized by an end user. Different labels have been assigned to hydrogen (grey, blue, and green) depending on how it is produced. It is well known (e.g., Rostrup-Nielsen and Christiansen, 2011) that H2 on an industrial scale, is produced via Steam Methane Reforming (SMR), using hydrocarbon-based feedstocks, such as natural gas. Such hydrogen, which is produced from fossil-based fuels, without any CO2 capture/sequestration is currently described as ‘grey’ hydrogen. At the other end of the scale, hydrogen produced by electricity generated by renewable energy is described as ‘green’ hydrogen, because fossil-based fuels are not used, and CO2 is not produced in that process.

In the UK, the motivation to produce energy from waste arises from the need to reduce the amount of waste sent to landfills. There, the carbon constituent in the waste would degrade over time and produce CO2 and CH4 emissions. By segregating the waste at a waste reception center, it can be turned into a product that has a high calorific value and could be used as fuel. Such material is known as a Refuse Derived Fuel (RDF), which can act as a feedstock to a gasification process, producing a gas stream containing CO, H2, CO2, CH4, H2O, and N2. Such a gas stream is often called a Syngas/Producer Gas, depending on the terminology used in a particular industry/company - in this paper, the term Syngas will be used. Descriptions of gasifiers and the chemistry of the process are available in the literature (e.g.  Higman and van der Burgt, 2003; Knoef, 2005), and in this paper, the techniques are applied to a Syngas produced from a down-draft gasifier operating at a negative pressure using RDF and air as a feed streams. From the Syngas the H2 could be separated creating a clean fuel to act as an energy vector – an outline process scheme is illustrated in Figure 1.
[image: ]
[bookmark: _Hlk128574620]Figure 1: Simplified schematic to illustrate the key unit operations and application of PSA to produce H2.

In the petrochemical sector, Syngas is already produced on a large scale, using the well-established SMR technology and the PSA process is often used to produce high purity H2 from that Syngas. That PSA technology is applied to a process which is at a very much larger operational scale than applications considered in the waste sector. As it was difficult to find a supplier of PSA equipment, who would on reasonable terms: (a) engage with Research & Development trials at a much smaller scale; (b) design for lower operating pressures; and (c) perform trials with real Syngas (from waste) - it was decided to develop an in-house design of PSA to separate H2 from Syngas. The PSA process consists of rapid pressure swings, over a prescribed cycle, with changes taking place at time intervals of ‘seconds to minutes’ – and this is adequately described in many papers and textbooks (e.g., Crittenden and Thomas, 1998). However, there is little information on design methodology, an aspect that is considered proprietary.
A useful starting point on how the PSA works is the description in the pioneering patent by Skarstrom (1960), in which the application of a pressure swing process to separate components in gaseous mixtures is described. From that, it is clear that in the PSA cycle a bed back-purge step needs to be employed in order to increase the purity level of the product stream. There was also much information gathered from publications (e.g., Ackley, 2019) on the use of PSA to concentrate O2 from the air, which was helpful to understand the more generic aspects of PSA design - then on hydrogen separation information was gathered from publications on that topic (e.g., AIGA, 2018) and other literature from vendors of PSA equipment and their websites. To achieve very high purity levels schemes become complex, and as an example in Chou et al. (2013) a two-stage dual-bed eight-step PSA process is studied to produce high-purity H2 and to capture CO2 from synthesis gas.
Process design and methodology
In the industrial setting in which this project was based, there was a need to fast-track the understanding and develop in-house know-how in the PSA field resulting in several challenges. After studying the literature, and performing some short-cut design calculations, it was decided to gain direct experience of the PSA process. This started with trials in a relatively small diameter (52 mm) column (Phase 1), and then that knowledge was used to scale up the design (Phase 2) to a larger diameter (888 mm) bed. This paper describes the progress made in a commercial setting and emphasis is placed on the followed methodology and design strategy developed. However, specific information on the adsorbents which were used is not disclosed, as that is considered proprietary knowledge. Anyway, in illustrating the methodology, some of the results are still presented to illustrate the type of information obtained and the decisions that followed.
[bookmark: _Hlk128667928]Phase 1 trials in the single small-diameter PSA bed
[bookmark: _Hlk128655969]An outline schematic of the equipment used is presented in Figure 2. In these initial trials a synthetic gas mixture was used to represent the Syngas feed and the back-purge product gas stream. The composition of these synthetic streams is presented in Table 1 together with a base-case product output stream from the gasifier. The base-case reflects a condition in which the gasifier operates with an air feed, and the H2 concentration in the dry Syngas varies from 12 to 14 vol%. The O2 in the air fed into the gasifier is consumed in the combustion and partial oxidation reaction which provide the heat in the gasifier to support the complex combination of reaction (series & parallel), which leads to the production of Syngas. If an O2-enriched air stream is fed into the gasifier, then a higher H2 concentration in the Syngas can be achieved. However, for the work described here, the base-case situation was used. The diameter of the bed was 52 mm, and its overall length was long (4 + 4 = 8 m), to magnify the effects to be observed.
[image: ]
Figure 2: Schematic to illustrate the configuration used in Phase 1, representing a long PSA bed. The bed in C1 was used to trap moisture (length 2 m). The adsorbent was in C2 & C3 with a total bed length = 4 + 4 = 8 m. The alumina bed C1 was maintained at a fixed pressure and the PSA cycle was only performed on C2 & C3.

Table 1: Composition of real and synthetic Syngas and back-purge streams
	

Species 
	Real 
Syngas
vol%
	Synthetic Syngas S1
vol%
	Purge 
Gas S2
vol%
	Purge 
Gas S3
vol%

	CO
CO2
CH4
H2
O2
	18-19
     12
       2.6
12-14
       0.15
	19
12
  3
14
  0
	  2
  1
  1
61
  0
	  4
  2
  0
90
  0

	N2
	51-52
	52
	35
	  4



In the studies planned, the concept for how the PSA scheme might be developed is illustrated in Figure 3a. Trials with the long PSA bed started with a feed of Synthetic Syngas S1. The results of a trial with and without a back-purge step using a synthetic purge S2, are shown in Figure 4a. Looking at the results, the presence of a back-purge makes a huge difference in H2 purity obtained. The effect of an increase in the duration of the back-purge is illustrated in Figure 4b. Although duration of product output at a high purity is increased, it is at the expense of using H2 in the back-purge. The gain in product from the use of H2 in the back-purge needs to be balanced with product loss. From an operational perspective, the system can be designed such that a large portion of the H2 in the purge gas stream can be retained in the bed and not lost, and then that H2 features in the product from the PSA cycle that follows.
In the trials in Figure 5a, the operating pressure has been increased from 5 to 8 barg. Hence much higher H2 purity is being achieved and even without a back-purge, greater than 60 vol% is being reached. This fulfils the design strategy illustrated in Figure 3a for the 1st Stage PSA. By not utilising a back-purge step, time is saved in the PSA cycle, and product is not used for the back-purge.

[image: ]
[bookmark: _Hlk128581301](a)                                                     (b)
Figure 3: Twin-bed PSA - (a) schematic illustrating the Two-stage Twin-bed PSA scheme which was being developed, and (b) photograph of one Twin-bed PSA (two blue-vessels in centre) used in the trials described in this paper (thinner grey vessel on right, is a syngas chiller, to cool the gas before the PSA beds).


[bookmark: _Hlk128591658][bookmark: _Hlk128518046] 

[bookmark: _Hlk128590801][bookmark: _Hlk128666344]Figure 4: Trials with S1 as feed, at ~5 barg using the long PSA bed, exploring the 1st Stage - (a) performance with and without back-purge (S2) and (b) performance as duration of back-purge with S2 is increased.

The long PSA bed was then used to consider how the 2nd Stage would work. The gas bottle mixture in S2 was used as a feed and the gas mixture in S3 was used in the back-purge cycle. The operating pressure was reduced to ~3 barg, to explore performance of the 2nd Stage at a lower operating pressure - hence save unnecessary syngas compression between the two stage (see Figure 3a). The results from such a trial are presented in Figure 5b and are very exciting as they demonstrate that a high H2 purity (> 95 vol%) can be achieved.
 
[bookmark: _Hlk128518849]Figure 5: Trials with a feed of S1, using the long PSA bed - (a) performance of the 1st Stage with a feed of S1, at a higher pressure ~8 barg (without and with back-purge with S2), and (b) performance of the 2nd Stage with a feed of S2, at ~3 barg (at different back-purge durations using gas mixture S3).

Phase 2 trials in the Twin-Bed PSA
Building on the knowledge gained in Phase 1, the cross-sectional area of the bed was scaled-up by a factor of x 290, leading to a Twin-bed PSA unit, with each bed having a diameter of 888 mm. The length of the adsorbent in the bed was reduced from 8 m down to 1.5 m. A photo of the skid-mounted PSA Unit is illustrated in Figure 3b. The unit consisted of: Syngas Receiver (2.2 m3); Syngas Chiller; 2 PSA beds; and H2 Product Receiver (2.2 m3). The Syngas Chiller is installed to enable the temperature of the Syngas to be reduced before entry into the PSA beds.  From the gasifier, a slip-stream of Syngas was diverted to the PSA part of the plant (see Figure 1), and a feedstock of RDF + Air was used to generate the Syngas.
 
Figure 6: Trials using real Syngas in a single-stage Twin-bed PSA, showing performance in the 3rd production cycle (total duration of cycle = 870 s) operating at ~1.5 barg - (a) H2 product flow, and (b) H2 purity.

One set of results is illustrated in Figure 6, showing the performance from individual beds (labelled PSA1 and PSA2). The product flow from PSA2 is higher that from PSA1, and the duration of high purity is longer from PSA2 than from PSA1. Despite the beds being packed in a similar manner, these types of differences occur in real trials, emphasizing the importance of such studies. This particular cycle consisted of the following key steps:
[bookmark: _Hlk128681592]      In PSA1: Bed pressurisation (4 → 426 s); H2 product removal (204 → 426 s); Pressure relief (434 → 862 s); 
      Back-purge (738 → 860 s);
      In PSA2: Pressure relief (2 → 430 s); Back-purge (306 → 428 s); Bed pressurisation (436 → 858 s); H2 
      product removal (636 → 858 s).
A pressure equalisation step was not employed and back-purge was from the H2 Product Receiver. In the Twin-bed PSA, each valve can be set to open or close at a set time independent of any other valve. The design permits a very wide range of flow options and timings to be considered. In many of the key lines, a manual flow control valve is positioned next to an actuated on-off valve – the setting on the manual valve can be adjusted. There were also turbine flow meters positioned in the H2 product line and in the pressure relief line. Pressures were measured with transducers in the syngas storage receiver, PSA beds, and H2 Product Receiver. Differential pressures were also measured across the adsorption beds. In PSA1, there were 15 RTDs located at 100 mm intervals in the axial direction, which protruded 50 mm into the bed – temperatures recorded provided useful information on the movement of the adsorption and desorption fronts.
Conclusions
The use of an 8 m long PSA bed, proved to be a very effective method of magnifying the performance of the bed during the adsorption phase in the PSA Cycle. This happens also in assessing the difference in performance of the bed (breakthrough) after back-purge, when changes were made to: (a) purge flow, (b) duration of purge, or (c) purge gas composition. The use of synthetic gas mixtures was an effective method of developing the experimental technique, and screening/assessing the performance of different adsorbents, without incurring unnecessary cost and distraction by having to operate the Gasifier to generate the Syngas.
In large commercial SMR processes, the syngas is produced at high pressure (e.g., 20 to 30 barg). Even in smaller scale SMR plants, operating pressures in the region of 10 barg are considered. However, in the application described in this paper, high pressure is not necessary to feed the Syngas into a Gas Engine, the Syngas only need to be stored at about 200 mbarg. Therefore, showing in this study that a high purity of H2 (>95 vol%) can be achieved at even a relatively low pressure (e.g. 1.5 barg) is of significant interest. 
Having said that, it is likely that the design strategy will centre around a higher operating pressure (e.g., 4 - 6 barg) for the 1st Stage, and a lower pressure (e.g., 2 - 3 barg) for the 2nd Stage. The Two-Stage Twin-bed PSA scheme which has been developed offers a relatively simple way of producing >60 vol% H2 in the 1st Stage, and then progressing to a higher purity (>95 vol%) in the 2nd Stage. In this manner, product wastage is reduced, however, in this waste-to-energy setting, this is less of a problem, because the H2-depleted spent streams, can be sent to the Gas Engine and electricity produced.
In trials with real Syngas from a gasifier processing RDF, it was shown that even in a 1st Stage Twin-Bed PSA (bed diameter 880 mm; length 1.5 m) that an adequate purity of H2 (as an energy vector) can be produced – demonstrating at a pilot-plant scale (at a fraction of the cost a 3rd party would have charged), the concept of waste-to-hydrogen, and gaining in-house Intellectual Property in this field.
Further trials are now being planned on the Twin-bed PSA scheme with two Stages: (a) to demonstrate operation at higher Syngas pressures and feed rates with a pressure equalization stage between the beds, and (b) to produce 10 kg quantities of H2 in pressurized form, for use on diesel-powered trucks converted to run on H2 (hybrid fuel: diesel/H2). There is also interest in collaborating with 3rd parties in this field.
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Run 1 without back-purge	120	180	240	300	360	420	480	540	600	660	720	780	37.6	47.4	52	55	57.1	59.3	60.9	62.9	63.3	64.3	36.1	23.3	 Run 2 with 1200 s back-purge 	120	180	240	300	360	420	480	540	600	89.3	89.4	89.5	89.5	89.5	89.4	89.3	60	24.4	(a)                  Time (s)


H2 (vol%)




 Run 4 with 1200 s back-purge	120	180	240	300	360	420	480	540	600	660	720	87.7	89.2	89.5	89.7	89.7	89.7	89.6	89.5	89.5	35	23.9	Run 3 with 600 s back-purge	120	180	240	300	360	420	480	540	600	660	720	88.7	89.1	89.2	89.2	89	88.8	87.6	53.7	25.5	23.2	(b)                   Time (s)


H2 (vol%)




Run 6 with 600 s back-purge	120	180	240	300	360	420	480	540	600	660	720	780	840	900	960	98	98.1	98.1	98.2	98.2	98.2	98.2	98.2	98.2	98.2	61.8	45.3	34.4	28.3	25.3	Run 5 without back-purge	120	180	240	300	360	420	480	540	600	660	720	780	840	900	960	1020	1080	1140	1200	1260	1320	1380	1440	1500	1560	1620	1680	1740	1800	1860	1920	1980	42.6	47.5	50.7	53	55	56.6	57.9	59.4	60.4	61.1	61.9	62.7	63.3	64	64.5	65	65.599999999999994	66	66.5	66.900000000000006	64.400000000000006	56.1	48.8	43.8	39.799999999999997	35.700000000000003	31.6	28.7	27.2	26.1	25.4	(a)                 Time (s)


H2 (vol%)




Run 7 with 300 s back-purge	180	240	300	360	420	480	540	600	660	720	780	840	900	960	1020	1080	1140	1200	1260	1320	1380	1440	1500	1560	1620	94	96.2	96.3	96.3	96.4	96.4	96.5	96.5	96.4	96.3	95.8	94.6	92.6	90.9	89.2	87.5	86	84.3	83	82.3	81.900000000000006	81.5	81.3	81.2	81.2	Run 8 with 600 s back-purge	120	180	240	300	360	420	480	540	600	660	720	780	840	900	960	1020	1080	1140	1200	1260	1320	1380	1440	1500	1560	1620	1680	1740	1800	1860	1920	94.5	96.1	96.3	96.4	96.6	96.6	96.6	96.6	96.7	96.7	96.7	96.7	96.7	96.7	96.7	96.7	96.5	96.1	95.4	94.1	93	91.6	90.2	89.4	88.7	88.1	87.6	87.1	86.8	86.8	74.900000000000006	       (b)                Time (s)


H2 (vol%)




PSA1	1	5	9	13	17	21	25	29	33	37	41	45	49	53	57	61	65	69	73	63.757057189941406	65.756141662597656	68.197769165039063	69.494888305664063	70.776741027832031	71.783912658691406	71.951774597167969	71.905998229980469	71.29559326171875	70.364715576171875	68.869216918945313	67.587364196777344	65.603538513183594	63.146652221679688	61.239128112792969	58.965358734130859	57.3172607421875	55.34869384765625	53.776897430419922	PSA2	1	5	9	13	17	21	25	29	33	37	41	45	49	53	57	61	65	69	73	99.099647521972656	100	99.679534912109375	98.153518676757813	96.490158081054688	94.124824523925781	91.439033508300781	88.737983703613281	86.128494262695313	83.686859130859375	81.825119018554688	80.772163391113281	80.924766540527344	80.985809326171875	80.589042663574219	80.66534423828125	80.268577575683594	79.642913818359375	79.078285217285156	(a)                    Time (s)


Product flow (Nm3/h)




PSA1	1	5	10	15	20	25	30	35	40	45	50	55	60	65	70	73	72.753044128417969	83.527565002441406	89.196769714355469	91.082023620605469	91.421943664550781	91.112442016601563	90.495681762695313	89.637054443359375	88.565589904785156	87.212333679199219	85.549995422363281	83.493972778320313	81.098037719726563	78.229606628417969	75.280296325683594	73.547676086425781	PSA2	1	5	10	15	20	25	30	35	40	45	50	55	60	65	70	73	71.507133483886719	84.038688659667969	90.512191772460938	92.616264343261719	93.09173583984375	92.958229064941406	92.561920166015625	92.006263732910156	91.377662658691406	90.748703002929688	90.0438232421875	89.189971923828125	88.374595642089844	87.490341186523438	86.5989990234375	86.047615051269531	(b)                         Time (s)
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