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Anotace 

Tato diplomová práce je zaměřena na vypracování literární a patentové rešerše na téma 

výroby vodíku z biomasy. Uvádí se zde principy zplyňování a následné způsoby separace 

vodíku z vyrobeného plynu a zároveň rešerše na téma paliv z odpadů, obsahujících 

lignocelulózu.  V praktické části je uveden návrh modelu zplyňovací jednotky založené na 

technologiích z rešerše. 
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Anotation 

This master thesis is aimed at preparing a theoretical framework around hydrogen 

production out of biomass. Gasification and gas separation principles are amongst the 

crucial topics along with study on lignocellulosic waste. The practical application focuses on 

creating a model of a plant that produces hydrogen based on the technologies from the 

theoretical framework. 
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1 Introduction 

 

Hydrogen is considered by many scientists to be the fuel of the future. Unfortunately for 

the mankind, pure hydrogen does not exist as a molecule H2 in nature, making impossible 

to acquire it the usual way, as, for example, acquiring iron, because it only exists in 

combination with other elements as, for example, water. Current state-of-art technologies, 

such as steam reforming and electrolysis, that provide the industry with pure hydrogen, are 

inefficient from an energy, economic and ecological perspectives.  

Hydrogen is used a rising number of applications and thus, the demand for pure (liquid or 

gas form) is constantly rising. Therefore, researchers and engineers are trying to find more 

energy and economically efficient ways to produce hydrogen. Currently, the gasification of 

waste and further membrane separation technology of gases and biotechnological 

production are the most promising technologies.  
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2 Waste generation 

The humankind produces with each year more and more waste, which can be used for a 

good purpose. This thesis is mainly focused on wood waste, but this does not mean, that 

there are no other hydrogen sources in waste. Following three subchapters provide a scope 

of contemporary waste management situation in Czech Republic, European Union and in 

the world.  

According to World Bank Website [35], the food/green waste and wood waste do a 

combined 50% of waste. This type of waste contains lignocellulose that is considered to be 

a promising source hydrogen. The distribution of other waste types incl. food/green and 

wood waste is shown in the Figure 1.  

The wood waste mainly consists of wood chips and sawdust that are residues in wood 

processing facilities. This type of waste is the primary target for the gasification process 

because wood is built out of lignin and cellulose. Food and green waste is current object of 

studies whether it is to use as lignocellulose containing material efficient in hydrogen 

production. The gasification of lignocellulose containing materials and further hydrogen 

production is described in following chapters. 

 

Figure 1 Global waste distribution, %wt DM [35] 
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2.1 Lignocellulosic waste generation in the Czech Republic  

 

Figure 2 Waste generated in Czech Republic, years 2014 – 2017 [1] 

 

The lignocellulosic waste is presented in the agriculture, forestry and fishing in this case. 

According to Czech Statistical Office [1]. The agricultural industry, forestry and wood 

processing industries produced 404 492 tons of waste wood in the year 2017. This number 

represents only 1.9% of total industry waste created in Czech Republic in the year 2017. The 

tendency has kept the same for the years 2002-2017 with a little growth as there have been 

opened more and more industries. For comparison purposes United Kingdom produces 

annually 7.5 million tonnes of waste wood of which only 16% is recycled and 4% is 

incinerated, leaving 80% of unused waste wood, which is disposed to landfills all around UK 

[2].  
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2.2 Lignocellulosic waste generation in the European Union 

 

Figure 3 Waste generated in EU, year 2004 – 2016 [4] 

According to Eurostat [4] and [5], European Union (all its 28 members together) produced 

63.23 million tonnes of wood and paper & cardboard waste in the year 2008, but this 

number kept constantly declining.  The three main waste wood producers in EU are United 

Kingdom, France and Italy, where Germany, for example, has the highest recycling ratio. 

This means that European Union is theoretically able to produce roughly 63 million 𝑁𝑚3 of 

biogas that is rich in hydrogen. And only forestry waste is taken into consideration which 

presents a research challenge to search for other lignocellulose waste suitable to produce 

hydrogen.  

2.3 Waste gasification – “dirty energy”  

 

Waste incineration is a common process to acquire heat energy. However, the outlet gases 

are not used in any way and are usually released into atmosphere.  

Another way to recycle, or better said “re-use”, the waste is to gasify it. The gasification 

process creates a so-called syngas (produced gas) which is usually rich in methane (CH4), 

hydrogen (H2) and carbon oxides (mono- and dioxide) (CO and CO2). A typical, modern 

biomass gasification plant scheme is provided in Figure 4. The plant on the scheme is a 
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Biomass Gasification Project in Sweden, called GoBiGas [6], that is producing biomethane. 

The GoBiGas [6] plant is the largest plant of its kind and is the first to convert solid biomass 

to high‐quality biomethane [6]. 

The fuel (wood pellets or woody biomass) enters the gasification reactor (Figure 4, 

Equipment 1). During the gasification process certain solid and gas compounds are 

produced.  The gas composition depends stark on the operating conditions like 

temperature, flow rates and catalyst type. 

A certain amount of char is produced during the gasification, where part of the char is 

gasified and the rest is transported to the combustor (Figure 4, Equipment 2), where heat 

is produced. The syngas (or what is going to be the biomethane afterwards) undergoes 

several cleaning, purification and reaction steps, amongst which are for example removal 

of H2S, water-gas shift reaction, methanation, removal of CO2 and drying.  

The biomass is gasified in a DFB (dual fluidized bed) reactor at relatively low temperature 

(low for that type of process) of 900 ̊ C. The fluidisation steam is supplied at the temperature 

of 345 ˚C and at a flowrate of 4255 𝑁𝑚3 ∙ ℎ−1.  

The plant is capable to produce 20 MW of biomethane with 8000 operating hours per year, 

65% biomass to biomethane efficiency. The total cost of the project has reached 165 M€.  

The high efficiency is achieved through maxed out usage of process waste like chars and 

tars. Those compounds are still of some energy value which is clearly visible in the Figure 5 

where the process lines show that recirculation used a lot. It is claimed that the overall cold 

gas efficiency has reached 71.7% LHV.  [6] 



Czech Technical University in Prague, Faculty of Mechanical Engineering Nikita Kozlov 

13 
 

 

Figure 4 BIomass gasification process scheme [6] 

 

Figure 5 Gasification and recirculation schematic [6] 
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2.4 Hydrogen production out of lignocellulosic waste 

2.4.1 Why produce hydrogen out of waste? 

The humankind produces a constantly increasing amount of waste which is either burnt or 

put to a dump. The flue gas out of the waste incineration is usually cleaned and sent back 

to atmosphere whereas there might be some useful gases present in the flue gas, like 

methane or hydrogen. Therefore, scientists do research on waste flue gas composition and 

seek ways to separate the gases of interest from the rest compounds 

2.5 Current state-of-art technology to produce hydrogen 

2.5.1 Steam reforming 

Steam reforming is the state-of-art technology and it is currently the most used method to 

produce hydrogen.  

A modern process of steam reforming consists of several steps. First of all, the natural gas 

flow has to be purified from any undesirable elements like sulphur that can poison the 

catalyst in the reformer. Hydrogen from the process as a recycle gas is mixed natural gas at 

inlet. Afterwards the desulphurized gas together with steam enters the pre-reformer. 

Adiabatic steam pre-reforming uses a highly active nickel catalyst to partially reform a 

desulfurized hydrocarbon feed, using waste heat (480°C) from the convection section of the 

reformer. The use of waste heat lowers the steam production in the convection section of 

the reformer furnace, reducing the primary reformer duty and hence gas consumption. 

While also reducing energy consumption, in general, the installation of a pre-reformer can 

reduce the size of the primary reformer by up to 25% [8]. Next, the pre-reformed gas 

mixture enters the main reformer, again mixed up with new steam.  

Steam reforming is highly endothermic reaction. The process has better yield if carried out 

at high temperature, low pressure, and high steam-to-hydrocarbon ratio in order to achieve 

maximum conversion. The pressures are typically 20–40 bar [9]. The steam reforming 

process involves reaction described in Table 1 Steam reforming reactions. 
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Reaction Reaction enthalpy change ∆𝑯𝟐𝟗𝟖[𝒌𝑱 ∙ 𝒎𝒐𝒍−𝟏] 

𝐶𝐻4 + 𝐻2𝑂 ⇆ 𝐶𝑂 + 3𝐻2 −206 

𝐶𝑂 + 𝐻2𝑂 ⇆ 𝐶𝑂2 + 𝐻2 41 
Table 1 Steam reforming reactions 

At last, the syngas is cooled down, thus preheating the boiler feed water and then the 

syngas flows into Gas Purification Section where pure H2 is obtained. 

The price of hydrogen produced this way is dependent on local prices of resources (natural 

gas, electricity, water, etc.) but for Europe the price is roughly around 4$/kg of produced 

hydrogen. [11] 

The mean power consumption per produced kg of hydrogen is 0.315 𝑘𝑊ℎ ∙ 𝑘𝑔−1, which 

approximately 160 times lower than the electric energy consumption when producing 

hydrogen via electrolysis. But not to forget is the natural gas consumption when producing 

hydrogen via steam reforming process. The mean natural consumption per produced kg of 

hydrogen. is 4.43 𝑘𝑔(𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑔𝑎𝑠) ∙ 𝑘𝑔−1(ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛). These data have been taken from 

a real plant that is daily capable of producing 1 500 000 𝑁𝑚3 ∙ 𝑑𝑎𝑦−1 [12]. A usual setup of 

a steam reforming plant is visualized in the Figure 6. 

 

Figure 6 Steam reforming schematic [7] 
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2.5.2 Electrolysis 

Electrolysis is another state-of-art technology to produce hydrogen out of the most 

abundant resource: water. The process uses electricity to split water molecule into 

hydrogen and oxygen molecules. An electrolysis unit is built of a tank, where an anode and 

a cathode are immersed into conducting electrolyte. A direct current is applied to the 

electrodes (positive terminal to anode and negative terminal to cathode). In general, the 

hydrogen ions are dragged towards the cathode and the hydroxide ones are dragged 

towards the anode. A diaphragm is used to separate the two compartments. The gas flow 

from the electrolyte is then collected by gas collector above the process tank. The overall 

basic process scheme is shown on the Figure 7. [15] 

 

Figure 7 Basic scheme of electrolysis process [15] 

There’re different electrolysers types that function slightly differently, but two most used 

technologies are the polymer electrolyte membrane electrolysis and the alkaline 

electrolysis. The overall electrolysis reaction is shown in (1). [10], [11] 

2 𝐻2𝑂 (𝑙) → 2 𝐻2 (𝑔) +  𝑂2 (𝑔) (1) 

 

The price of hydrogen production via electrolysis is strongly dependent on local electricity 

($ ∙ 𝑘𝑊−1) price and water price. The estimated energy spent to produce 1 kg of hydrogen 

is 50 kWh and 9 liters of water spent.  The CAPEX index is decreasing with the plant capacity 
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and stabilizes at 2600$ ∙ 𝑘𝑊−1 of installed electrolysers. The OPEX index is estimated at 45 

– 70$ ∙ 𝑘𝑊−1 ∙ 𝑦𝑒𝑎𝑟−1. The CAPEX and OPEX are valid for Multi-MW plant with PEM 

electrolyzers. For alkaline electrolyser reaches the CAPEX index 1350 – 3375 $ ∙ 𝑘𝑊−1 and 

OPEX index 20 – 60 $ ∙ 𝑘𝑊−1 ∙ 𝑦𝑒𝑎𝑟−1 respectively [13],[14]. Not to forget is that these 

costs are valid for year 2010 – 2020 and are predicted to fall rapidly within the next 20 – 30 

years.  

The two following subchapters give a more detailed description of alkaline and PEM 

electrolysis.   

 

2.5.2.1 Alkaline Electrolysers 

 

The water electrolysis process requires minerals to be present in the electrolyte so that the 

reaction occurs. The alkaline electrolysers have additionally other minerals solved in the 

electrolyte. Normally potassium hydroxide (KOH) or sodium hydroxide (NaOH) are used. 

One must be careful when using acidic electrolytes which can cause corrosion of electrodes 

thus leading to their disfunction. Despite being a well-established and developed 

technology it has several drawbacks, compared to other technologies, like low degree of 

purity, corrosive liquid electrolyte and low operational parameters.  [15] 

 

2.5.2.2 PEM Electrolysers 

 

The PEM Electrolysis cell is mainly consisting of Proton Exchange Membrane (PEM) on which 

electrodes are bonded. The anode is usually coated with iridium oxide (IrO2) and the 

cathode is usually coated with platinum (Pt). These materials are used as electrocatalysts to 

support the electrochemical reaction. The hydrogen is produced so that water is supplied 

to the anode where a decomposition of water into oxygen, protons and electrons occurs. 
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The protons are carried through the PEM to the cathode where they combine with electrons 

to create hydrogen gas. The principle of this technology is shown in the Figure 8. [16] 

  

Figure 8 PEM Technology principle [16] 

 

2.5.3 Other technologies 

There are several other methods to produce hydrogen, but they are not used very much 

due to the complexity of the process. Mainly the remaining technologies can be divided into 

two groups. 

The first group consists of gasification and reforming of certain fossils like coal or derived 

liquids. These processes are quite similar to the steam-methane reforming technology that 

has been described earlier.  

The second group consists of biological processes, where certain bacteria and microalgae 

can produce hydrogen under beneficial conditions through biological reactions. These 

processes are currently the objects of research at very early stage, but some to be very 

promising, like the dark fermentation technology.  
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2.5.4 Technical assessment of hydrogen production out of lignocellulosic waste 

There is a lot of research being conducted on how to produce bio-hydrogen. Unfortunately, 

the Technology Readiness Level (TRL) is not yet high enough, being at levels starting at Pilot 

Scale (TRL5) up to Technology Demonstration (TRL6). This means it will take 3-5 more years 

for the technologies to be research so that they would be applicable to full-scale production 

lines and 1-3 additional years to build the plants.  

 

3 Aims of thesis 

This thesis is aimed at acquiring theoretical and experimental data in order to create a 

model of hydrogen producing plant based on promising technologies. This sums up what 

shall be done and what will be the result of the theoretical framework: 

• Get an overview about gasification and membrane technologies regarding their 

technical and economic data. 

• Create a Process Flow Diagram with mentioned technologies with all support 

equipment required. 

• Create a model to perform technical and economic assessment.  

 

4 Theoretical framework 

 

4.1 Gasification 

Gasification is a process during which heat, pressure and steam convert input material into 

gas compounds, primarily consisting of hydrocarbons, carbon and hydrogen and their 

oxides. 
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4.1.1 Gasification – basic theory  

4.1.1.1 Gasification – basic principles 

The gasification consists of 5 main processes. Firstly, the entering product (in our case 

biomass) undergoes a drying process, where bound moisture is released in the form of 

water vapor (steam).  

After that, the raw biomass is pyrolyzed at 200 to 500 ˚C and is decomposed, breaking down 

into solids, liquids and gasses in the absence of air or oxygen. The released gasses are 

hydrogen, carbon monoxide and dioxide and methane.  

Then, with increasing temperature, several reactions occur. The first group of reactions are 

the gas-solid reactions, mentioned in Table 2.  

Gas-solid reaction Reaction enthalpy change ∆𝑯𝑹[𝑴𝑱 ∙ 𝒌𝒎𝒐𝒍−𝟏] 

𝐶 +
1

2
𝑂2 ⇄ 𝐶𝑂 

−110.5 

𝐶 + 𝐶𝑂2 ⇆ 2𝐶𝑂 −172.4 

𝐶 + 𝐻2𝑂 ⇄ 𝐻2 + 𝐶𝑂 131.3 

𝐶 + 2𝐻2 ⇄ 𝐶𝐻4 −74.8 

Table 2 Gas-solid reaction overview [31] 

There is also another type of reactions occurring – gas-phase reactions. These reactions are 

mentioned in Table 3. [30], [31] 

Gas-phase reaction Reaction enthalpy change ∆𝑯𝑹[𝑴𝑱 ∙ 𝒌𝒎𝒐𝒍−𝟏] 

𝐶𝑂 + 𝐻2𝑂 ⇄ 𝐻2 + 𝐶𝑂2 −41.1 

𝐶𝑂 + 3𝐻2 ⇆ 𝐶𝐻4 + 𝐻2𝑂 −206.1 

Table 3 Gas-phase reactions overview [31] 

 

4.1.1.2 Reactor types, operating conditions etc. 

There’re four main groups of reactors used as gasifiers.  

The first group are the gasifiers with a fixed bed. These are constructional simple and are 

usually used for small to medium sized plants. Currently the industry uses three different 
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fixed bed gasifiers: updraft (counter-current), downdraft (co-current) and crossdraft (cross-

current). The principle of different Fixed Bed Gasifiers is to be seen in the Figure 9.  

 

Figure 9 Fixed-Bed Gasifier variations [31] 

The second group of reactors are the Fluidized Bed Gasifiers. A fluidizing medium (air, 

oxygen or steam) is used to create a fluid bed. The bed can consist of sand or some catalyst 

to bolster the reaction. After the bed is created and operation temperature is reached, the 

feedstock is supplied. These reactors have better temperature control, independency on 

feedstock (from sawdust to pellets). The Fluidized bed Gasifiers are to be seen in the Figure 

10. [32] 

 

Figure 10 Fluidized Bed Gasifier [32] 
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The third type of gasifier are the entrained flow gasifiers. They have higher operating 

conditions, meaning higher temperature level around 1200 ˚C and at pressure level of 20 

bar. This allows the product gas to be directly used in further processes, like synthesis, and 

results in high carbon conversion (98-99.5%). The schematic of such gasifier is shown in the 

Figure 11. [31] 

 

Figure 11 Entrained Flow Gasifier [31] 

The last type is the indirect gasifier where the reactions occur in the absence of oxygen and 

thus the feed is not directly combusted. This means that an external heat source is needed. 

This might be either a combustion chamber or the heat can be directly sourced by the 

gasifying agent, as shown on the Figure 12. [31] 
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Figure 12 Indirect gasifiers [33] 

There has been a serious amount of research done on a new type of gasifiers, the so-called 

dual fluidized bed gasifiers. These gasifiers achieve high hydrogen content in the producer 

gas. The main concept is to separate combustion reaction (heat supply) from the 

gasification reaction (produced gas) so that it is not diluted with nitrogen. The heat carrier 

is usually the catalyst (e.g. Olivine) or conventional silica sand. The principle is shown in the 

Figure 13. 

 

Figure 13 Dual Fluidized Bed System [34] 
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4.1.2 Practical application of DFB system aimed at hydrogen production 

Researchers in [37] were able to apply DFB technology and create a pilot plant with a setup 

shown in the Figure 14. As it is visible the system is very similar to the plant in Sweden, 

mentioned in the Chapter 2.3. The bed material is circulating between the combustion and 

the gasification areas and plays the role of heat carrier. This pilot plant built to consume 

(0.7 ÷ 2.2)𝑘𝑔 ∙ ℎ−1 of biomass fuel, beech pellets in this case.  

The aim was to experiment with steam-to-biomass ratio, with different bed materials and 

with temperature levels. As main bed material Fe-olivine has been chosen because of its 

catalytic properties and its regeneration ability. All these changes resulted in different 

syngas composition. These compositions based on the changes are shown in the Table 4 

and Table 5. 

 

Figure 14 Pilot DFB plant [37] 
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Test n° 𝑇𝐵[℃] 𝐹𝑆𝑇𝐸𝐴𝑀

𝐹𝐵𝐼𝑂𝑀𝐴𝑆𝑆
 

[𝑘𝑔 ∙ 𝑘𝑔−1] 

𝐹𝐵𝐼𝑂𝑀𝐴𝑆𝑆 
[𝑘𝑔 ∙ ℎ−1] 

Bed material 

1 850 0 1 Olivine 
2 800 0 1.6 Olivine 
3 800 0 1.6 Sand 
4 850 4.1 1 Olivine 
5 850 2 2 Olivine 
6 850 2 2 Olivine 
7 750 6.5 1 Olivine 
8 800 5.7 1 Olivine 
9 800 5.2 1 Olivine 

10 850 1.4 2.9 Olivine 
11 850 1.7 2.4 Olivine 
12 850 2.0 2.0 Olivine 
13 850 2.6 1.6 Olivine 
14 850 2.6 1.6 Olivine 
15 850 3.7 1.1 Olivine 
16 850 4.1 1.0 Olivine 
17 850 5.6 0.7 Olivine 
18 820 1.6 2.2 Olivine 
19 820 2.0 2.2 Olivine 
20 820 2.5 2.2 Olivine 
21 820 2.8 2.2 Olivine 
22 800 5.7 1.0 Olivine 
23 800 5.2 1.0 Olivine 

 

Table 4 Pilot plant results, Part 1 – Beech Pellets [37] 

 

 

 

 

 

 

 



Czech Technical University in Prague, Faculty of Mechanical Engineering Nikita Kozlov 

26 
 

Test 
n° 

𝑦𝐻2
[𝑚𝑜𝑙 %] 𝑦𝐶𝑂[𝑚𝑜𝑙 %] 𝑦𝐶𝑂2

[𝑚𝑜𝑙 %] 𝑦𝐶𝐻4
[𝑚𝑜𝑙 %] 𝑦𝐶2𝐻𝑋

[𝑚𝑜𝑙 %] 𝑃𝐺[𝑁𝑚3

∙ 𝑘𝑔−1] 

1 36.2 43 9.6 8.6 2.6 0.86 
2 31 40 13.1 11.6 1.3 0.78 
3 29.9 40.9 12.1 12.7 4.3 0.67 
4 48.2 16.1 26.2 7.1 2.4 1.4 
5 46.2 18.8 25 7.3 2.7 1.2 
6 45.5 20.1 25.3 6.9 2.2 1.4 
7 49.4 13 28.9 6.4 2.3 1.3 
8 46.8 15.6 28.4 6.9 2.3 1.5 
9 48.2 13.7 29.4 6.9 2.1 1.5 

10 43.1 24.6 21.3 8.4 2.6 1.1 
11 43.9 23.1 22.0 8.4 2.6 1.17 
12 46.2 18.8 25.0 7.3 2.7 1.2 
13 46.3 17.9 25.9 7.6 2.3 1.26 
14 46.4 17.6 26.2 7.6 2.2 1.3 
15 47.5 16.2 26.4 7.7 2.2 1.37 
16 48.3 15.9 26.9 6.7 2.2 1.4 
17 48.7 13.6 29.1 6.6 2.0 1.5 
18 37.9 28.1 20.7 9.8 3.5 1 
19 47.0 18.7 25.2 6.9 2.2 1.1 
20 42.8 21.9 24.3 8.0 3.0 1 
21 43.6 21.4 24.0 8.1 2.9 0.9 
22 46.8 15.6 28.4 6.9 2.3 1.5 
23 40.2 25.7 21.8 9.0 3.3 1.2 

 

Table 5 Pilot plant results, Part 2 – Beech Pellets [37] 
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4.1.3 Membrane gas separation – basic theoretical background 

 

The gas transport is driven by the solution-diffusion mechanism which is governed by the 

pressure gradient and is divided into three different steps. A sorption on the feed side (high 

pressure stream) is occurring in the first place. The gas then fluxes through the membranes 

due to the diffusion mechanism and due to concentration difference and lastly the gas 

fluxes into the low-pressure stream due to desorption. The process can be described with 

following equation:  

𝑃 = 𝐷 ∙ 𝑆 (2), 

where P is gas permeability [𝐵𝑎𝑟𝑟𝑒𝑟 = 10−10 ∙ 𝑐𝑚𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑
3 ∙ 𝑐𝑚 ∙ 𝑐𝑚−2 ∙ 𝑠−1 ∙ 𝑐𝑚𝐻𝑔−1], D 

stands for diffusion coefficient [𝑐𝑚2 ∙ 𝑠−1] and the S is the solubility coefficient 

[𝑐𝑚𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑
3 ∙ 𝑐𝑚−3 ∙ 𝑐𝑚𝐻𝑔−1] [22]. The selectivity 𝛼𝐴,𝐵 is a ratio of individual gas  

permeability 𝑃𝐴 and 𝑃𝐵 as per (3) 

𝛼𝐴,𝐵 =
𝑃𝐴

𝑃𝐵
 

(3). 

In the next chapters different membranes are presented with their appropriate properties.  

[22] 

 

4.1.4 Membrane gas separation – currently available and developed technologies 

There are currently four different gas membrane types that are commercially available or 

are under development – polymeric membranes, porous (ceramic, carbon, metallic) 

membranes, dense metal membranes and ion-conductive membranes. These different 

membrane types are discussed in the following subchapters. [16] Generally speaking, the 

palladium (Pd) based membranes, protonic conducting ceramic membrane and oxygen-

permeable ceramic membrane are amongst the most potential technologies to acquire 

high-purity hydrogen. E.g., the palladium-based membranes have an exceptional hydrogen 

selectivity but suffer from hydrogen embrittlement and lose stability (hydrogen as a 

catalytic poison) in an atmosphere containing sulphur or carbon and their mixtures. [18] 
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4.1.4.1 Polymeric membranes 

Recently serious efforts have been made to produce membranes out of microporous 

material like carbon molecular sieve, zeolites, metal and covalent organic frameworks and 

microporous polymers. The last-mentioned show compelling advantages of good 

processability and low cost against their inorganic and crystalline competitors. [19] 

They are usually produced from glassy polymers and are used in industry acquire hydrogen 

from hydrocarbon streams. However, their main drawback is instability in solvent or under 

high temperature and pressure. But recent research has shown that combining the organic 

polymeric membranes and inorganic membranes, thus creating so-called metal-organic 

membranes, leads to overcoming of mentioned drawbacks of both membrane types. [20], 

[21] 

 

4.1.4.2 Porous membranes (ceramic, carbon, metallic) and dense metal membranes 

As it has been pointed out in the previous chapter that the inorganic membranes have 

greater chemical and thermal stability and resistance, respectively. This type of membranes 

can be further divided into porous membranes (silicas, carbon, etc.) and dense metal, 

composite and ceramic membranes. 

Porous ceramic membranes possess high permeability, moderate to high selectivity, and 

are chemically and thermally stable. These membranes can be operated at promising 

temperature levels of 200 °C and 600 °C.  

Porous membranes such as silica membranes have decent hydrogen permeability and 

selectivity but have limited structure stability in steam-containing atmosphere. A 

modification made of zeolite are more stable in the presence of steam, but they have lower 

hydrogen selectivity. Carbon membranes are the final representatives of porous 

membranes. These membranes share similar properties and can be used at high 

temperatures of 500 °C to 900 °C. Nevertheless, they brittle and require special handling, 

special and expensive manufacturing processes thus increasing their price.  



Czech Technical University in Prague, Faculty of Mechanical Engineering Nikita Kozlov 

29 
 

Dense metal membranes, like palladium-based membranes, have high hydrogen selectivity 

and permeability. These membranes can operate at elevated temperatures of 300 °C to 

500 °C. Nonetheless there is a danger that the palladium membranes are damaged by 

hydrogen at lower temperatures (hydrogen embrittlement). This problem can be overcome 

by alloying the palladium membranes with silver or copper. Additionally, these membranes 

are highly sensitive to poisoning with sulphur, chlorine and carbon monoxide and can even 

prevent correct function of the membrane. [21] 

4.1.5 Membrane separation – schemes, pros and cons etc. – a discussion  

In this paragraph the results of the theoretical framework are discussed, in particular the 

membrane separation framework. Table 6 and Table 7 presents a scope of achieved results. 

It is clear that commercially available polymers are not to be considered as promising 

material for membrane separation. Each of presented materials has its advantages and 

disadvantages at different properties, but the metal-based membranes appear to be the 

most suitable ones. They have high permeance, very high hydrogen selectivity, thus 

producing high purity hydrogen, and can withstand high temperatures. Their only 

disadvantage is the hydrogen embrittlement and affinity to catalytic poisons from the 

syngas. Several steps have been taken forward in the means of creating a working 

membrane separation system, which is claimed by authors in [28]. The palladium-based 

membrane is shown in the Figure 15. 

 

Figure 15 Palladium membrane module [28] 
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Researchers currently develop methods how to deal with this the metallic membranes’ 

drawbacks, meanwhile other set of material might be promising in not so far future – 

nanocomposites.  

Their main problem is the price. However, some nanocomposite membranes, like graphene 

oxide coated titanium tubes, show competing results in the means of hydrogen separation. 

An overview of metallic and metallic alloy membranes is given in the Table 6 and an 

overview of inorganic membranes is given in the Table 7. 

Material 

Permeability  

[𝒎𝒐𝒍 ∙ 𝒔−𝟏 ∙ 𝒎−𝟏 ∙ 𝑷𝒂−𝟏/𝟐]  
Temperature 
[𝑲] 

𝑯𝟐 pressure 
[𝒌𝑷𝒂] 

Pure Metal 

Cu 5 ∙ 10−12 773 <0.2 
Ni 2∙ 10−12 500  
Fe 2∙ 10−9 260-700 20-500 
Pd 9∙ 10−9 500 13 
Pt 8.1 ∙ 10−7 705-827 100 

Alloy 

Ni-Pd 2 ∙ 10−12
 500 20 

Fe3Al  (6 − 10) ∙ 10−11 300 101 

Zr24Gf12Ni64  (6 − 20) ∙ 10−10 473-673 100-300 

Nb29Ti31Ni40  (1.5 − 7) ∙ 10−9 523-673 100-200 

Nb21Ti50Ni29  (0.9 − 10) ∙ 10−9 523-673 100-200 

VCr4Ti4  (0.01 − 10) ∙ 10−6 773-923  
V85Ni15  (2 − 3) ∙ 10−8 473-673 <300 

(Ni0.6Nb0.4)45Zr50Cu5 2.3 ∙ 10−8 673 <300 

(Ni0.6Nb0.4)45Zr50Co5 2.5 ∙ 10−8 673 <300 

Nb20Zr45Ni45 2.7 ∙ 10−8 623 100-550 

V85Ni15  (3 − 4) ∙ 10−7 423-673 10-200 

V85Ni10.5Al4.5 (5 − 7) ∙ 10−8 423-673 10-200 

Pd-Ni 7 ∙ 10−6 723 53 

Pd-Cu 6 ∙ 10−5 723 670 

Pd-Ag 5 ∙ 10−5 723 20-75 

Hf34Ni61Cu5 1.5 ∙ 10−3 623 100-300 
 

Table 6 Metallic and metallic alloy membranes [36] 
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Inorganic 

Permance 

[𝑮𝑷𝑼] 

H2/CO2 

Selectivity[−] Temperature [℃] 

H2 pressure 

[𝒌𝑷𝒂] 

Silica (hydrophilic) 20 11 200 101 

Carbon 50 29 250 600 
PDMS Coated 
Carbon 80 42 250 600 

SiO2 on alumina 300 4 600 0.2 

ZSM-5 Zeolite 300 N/A 185 N/A 

Zeolite-A 300 10 35 101 

Zirconia 300 3.5 25 150 

MFI Zeolite 560 18 450 101 

AlPO4-5 Zeolite 100 24 35 N/A 

Silica (Si600) 1500 N/A 200 N/A 

Silica on porous 
silica 4000 8 300 200 

Silica on zirconia 4000 4 300 200 

Silica (hydrohobic) 4500 6 200 101 

Silica (Si400) 6000 7 200 - 
Silicon composite 22500 2 130 103 

 

Table 7 Inorganic membranes [36] 

According to authors in [28] they’ve integrated a membrane module into natural gas power 

plant, which exactly is integrated into water-gas-shift process, thus creating membrane-

water-gas-shift process. Such membrane technology is applied in Tokyo in the natural gas 

reformer, capable of producing 40 𝑁𝑚3 ∙ ℎ−1. 

Table 8 presents commercial metal membrane applications for hydrogen all around the 

globe. It is apparent that current applications cannot handle a large-scale flow of hydrogen 

containing gas. Theoretically a battery of such membrane modules would do its job, but a 

price of such battery would be very high at this moment. Additionally, there are still certain 

research challenges and drawbacks to make them commercially effective.   [29] 
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Location Membrane material Application Performance 

Netherlands Pd-Au/YSZ/SS Coal to fuel project 3.5-6 𝑁𝑚3 ∙ ℎ−1 with 99.5–

99.995% hydrogen at 21 Bar 

pressure difference 

Tokyo Pd-Cu trimetallic alloy Coal gasification 0.23 𝑚𝑜𝑙 ∙ 𝑚−2 ∙ 𝑠−1with 

99.9999% hydrogen 

United States 

of America 

Pd-Y(Gd)-Ag/SS Reforming 40 𝑁𝑚3 ∙ ℎ−1 with 99.99% 

hydrogen 

Netherlands Pd and Pd-alloy Experimenting 40 – 70 𝑁𝑚3 ∙ ℎ−1 with 

99.99% hydrogen 

United States 

of America 

Pd and Pd-alloy Fluidized bed 

membrane reactor 

0.2 𝑚𝑜𝑙 ∙ 𝑚−2 ∙ 𝑠−1 on Pd-

Cu alloy membrane at 673K, 

syngas presence 

Table 8 Membranes application all over the world [29] 

 

4.2 Another approach – membrane reactor 

Authors in a recent article [23] have been discussing a potential of membrane reactor to 

produce hydrogen out of biogas. They propose to build a reactor with in-build palladium-

based membrane, which highly permeable and selective towards hydrogen. Biogas is mixed 

with steam and water at the inlet and then this mixture is autothermal reformed. The 

reactor itself is a fluidized bed membrane reactor. Authors claim that the price of hydrogen 

produced this way is lower than via conventional processes, reaching 5$ ∙ 𝑘𝑔𝐻2

−1. The 

principle is described in the Figure 16 below. 
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Figure 16 Membrane reactor [23] 
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5 Practical application 

In the practical part of this thesis theory from the previous part has been applied to find a 

modern, energy and ecologically efficient way to produce hydrogen.  

 

5.1 Hydrogen production technology waste  

It was important to choose technology which gives a gas mixture with high hydrogen 

concentration. So, the DFB (Dual Fluidized Bed Reactor) system has been chosen due to its 

high hydrogen output (up to 50% vol. in the output syngas). Afterwards a separation 

method is needed. Although PSA is a state-of-art technology, it is a very complex and cost 

ineffective and would be replaced with new, emerging method – membrane gas separation. 

A palladium membrane alloyed with copper (Pd-Cu, see data in Table 6) has been chosen 

due to reasonable price-to-value ratio and suitable process parameters. 

 

5.1.1 Basic description of designed plant 

The PFD in Figure 17 (available in full-scale as Annex 2) represents the designed plant 

concept. The concept is divided into three main blocks.  

The first block is the input of all process material, meaning combustion air, feed water, 

natural gas, steam, heat carrier/catalyst (olivine in this case) and wooden pellets. In this 

block, air is filtered of possible impurities and blown into the combustion chamber. Natural 

gas is supplied to support the combustion process. Steam in mixed together with recovered 

steam from the process. Wooden pellets and olivine are transported by screw conveyor and 

then by feeder. The feeder has a shutter built in to prevent any fire getting into the conveyor 

or even into material storage in hoppers.  

The second block represents the main production section where the wooden pellets are 

gasified in the gasification reactor. The reaction heat is supplied from the combustion 

chamber.  
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The third block represents the regeneration section and membrane separation process. A 

more detailed description of the regeneration process is described in the Chapter 5.1.4.1 

and in the Chapter 5.1.4.2, respectively. This block features the most crucial and promising 

technology of this plant – the membrane separation module. The module is supposed to 

separate 99.995% of hydrogen from the syngas flow. The residual gas is then blown into the 

combustion chamber where it helps to decrease the natural gas consumption.  

 

 

Figure 17 Designed PFD Scheme 

 

5.1.2 Inputs (gasified material) 

Many inputs can be considered as suitable for this specific application. But recent 

researches and experiments, such as [37], have studied wood waste, wood chips and wood 

pellets as potential source of hydrogen if gasified. This study has been using the DFB system 

as well, as mentioned in 5.1.  
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Therefore, the first chapters of this thesis deal with wood waste in Czech Republic, Europe 

and in the world. It is clear that the wood waste can be a reliable source of hydrogen until 

other waste sources will proved as reliable, too.  

 

5.1.3 Energy and mass balance assumptions 

Prior to balancing itself few assumptions have to be stated: 

• Energy (Conservation of energy) and mass (Conservation of matter) laws are 

complied 

• Test results No. 7 in chapter 4.1.2 has been chosen as the ones to be used in 

balancing. This means compound concentrations, steam to biomass ratio.  

• The energy (air flow, additional fuel flow etc.) balance has been modelled according 

to chapter 2.3 where the gasification system is very similar to the one here modelled.  

5.1.4 Energy and mass balance modelling 

To know precise energy and mass balances one would need to build at least a laboratory 

sized plant and then perform a scale-up process. Fortunately, the suggested technologies 

exist (although at TRL 5 – 6) and have been tested at least as pilot plants or even small-scale 

plants and there’re publications that presented techno-economic analyses of similar plants. 

The key difference is that these articles have not been assuming usage of membrane to 

separate the hydrogen out of produced gas.  

The main compounds to be balanced were: water, steam, olivine, water, flue and produced 

gas and their components’ concentration. The produced gas composition was based on 

experiment from [37]. The amount of steam, olivine, combustion air and natural gas feed   

have been determined from the same article.  

Table 9 presents the ratios expressed in required feed per 1 𝑘𝑔 ∙ ℎ−1 of biomass fed. 
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Feed Unit Rate per 1 𝒌𝒈 ∙ 𝒉−𝟏 of biomass 

Steam 𝑘𝑔 ∙ 𝑘𝑔−1 1 

Olivine 𝑘𝑔 ∙ 𝑘𝑔−1 0.0897 

Combustion air 𝑁𝑚3 ∙ 𝑘𝑔−1 1.13 

Natural gas 𝑁𝑚3 ∙ 𝑘𝑔−1 0.0167 

  

Table 9 Feed per biomass feed [37] 

Following two tables present a scope of inputs and outputs from the plant modelled plant.  

Table 10 represents the inputs and Table 11 represents the outputs.  

 

Input Unit Amount 

Steam 𝑁𝑚3 ∙ ℎ−1 1000 
Combustion air 𝑁𝑚3 ∙ ℎ−1 1120 
Natural gas 𝑁𝑚3 ∙ ℎ−1 15.42 
Wooden pellets 𝑘𝑔 ∙ ℎ−1 1000 
Olivine 𝑘𝑔 ∙ ℎ−1 89.7 

 

Table 10 Model input 

 

Output Unit Amount 

Flue gas 𝑁𝑚3 ∙ ℎ−1 2366 
Syngas 𝑁𝑚3 ∙ ℎ−1 1300 

Hydrogen 𝑁𝑚3 ∙ ℎ−1 642.2 
Hydrogen-free gas 𝑁𝑚3 ∙ ℎ−1 657.8 

 

Table 11 Model output 

Due to everything being bound to biomass feed, the model is simplified this way, but a 

certain error should be expected during the calculation as those are average ratios to 

present the concept of such hydrogen producing plant. So, a model has been set up with 

the help of Microsoft EXCEL in order to perform a technical and economical balancing and 

assessments. Figure 18 is a snip of the EXCEL model, which available in Annex 1 as a whole. 
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Figure 18 Model in EXCEL – example 

  

5.1.4.1 Modification and optimization of the process – heat  

As shown in Annex 1, the flue gas and syngas have very high temperatures, reaching over 

1100 K. Moreover, these gases have high energy due to their high mean heat capacity. It is 

very appropriate to install water-flue gas exchangers to produce steam and then 

additionally install steam superheaters because the gasification steam has to be supplied at 

345 ˚C. Thus, it is possible to recover up to 88% of steam required in the process. 

Firstly, it is needed to determine how much energy the water will absorb to be transformed 

into steam and then be superheated to the required operating temperature. The equations 

(4) shows how much energy is required to create the steam with processes parameters. 

𝑄𝑇𝑂𝑇 = 𝑄𝑊 + 𝑄𝐿 + 𝑄𝑆 (4), 

where 𝑄𝑇𝑂𝑇 is the total required heat energy, 𝑄𝑊 is the heat energy required to heat water 

to 100 ˚C (boiling point), 𝑄𝐿 is the latent heat energy required to convert water to steam 

and 𝑄𝑆 is the heat energy required to heat steam up to desired temperature. Following 

equations (5) – (9) show exact calculation procedure for each for the separate energies.  

𝑄𝑊 = 𝑐𝑝∆𝑇𝐵 (5), 
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where 𝑐𝑝 is the water heat capacity, that is equal to 𝑐𝑝 = 4200 𝐽 ∙ 𝑘𝑔−1 ∙ 𝐾−1 and ∆𝑇𝐵 is 

the temperature difference to reach the boiling point. 

𝑄𝐿 = 𝑙23 (6), 

where 𝑙23 is the water latent heat, that is equal to 𝑙23 =  2300000  𝐽 ∙ 𝑘𝑔−1  

𝑄𝑆 = 𝑎 ∙ ∆𝑇𝑆𝐻  (7), 

where 𝑎 is the heat required to superheat the steam to the desired temperature and is 

equal to 𝑎 = 2000 𝐽 ∙ 𝑘𝑔−1 ∙ 𝐾−1 . ∆𝑇𝑆𝐻 is the temperature difference from the boiling 

point up to desired temperature. 

In the case of this thesis the overall energy required is shown in Equations (XX) – (YY), where 

∆𝑇𝐵 = 102 𝐾 (due to feed water supplied at 20 ˚C and boiling point being at 122 ˚C and 130 

𝑘𝑃𝑎) and ∆𝑇𝑆𝐻 = 223 𝐾. 

𝑄𝑇𝑂𝑇 = 𝑄𝑊 + 𝑄𝐿 + 𝑄𝑆  (8), 

𝑄𝑇𝑂𝑇 = 𝑐𝑝∆𝑇𝐵 + 𝑙23 ∙ ∆𝑇𝑆𝐻 (9), 

𝑄𝑇𝑂𝑇 = 4200 ∙ 102 + 2.3 ∙ 106 + 2000 ∙ 223 = 3 174 400 𝐽 ∙ 𝑘𝑔−1 (10). 

The last Equation defines how much energy it is required to produce 1 𝑘𝑔 of process steam, 

but in order to effectively estimate the heat exchangers and superheaters the energy duty 

is required, which can be calculated as per Equation (11). 

�̇� = 𝑄𝑇𝑂𝑇 ∙ �̇� = 3 174 400 ∙
1000

3600
= 881 777 𝑊 

(11), 

where �̇� is amount of the process steam per hour. This means that to recover all steam the 

plant needs a heat duty source of nearly 900 kW if 1000 𝑘𝑔 ∙ ℎ−1 of biomass is gasified. This 

heat, as mentioned before, can be found in flue and produced gases. 

The component’s concentration on gases is known due to experiments published in [6] and 

[37]. Thus, it is able to determine the gases mean heat capacity and so acquire energy 

transported by these gases. Table 12, Table 13, Table 14 and Table 15 present calculation 

preparation and its results based on above-mentioned references.  
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Gas compound Concentration vol. 𝒄𝑽[%] 

𝐶𝑂 0.13 

𝐶𝑂2 0.289 

𝐶𝐻4 0.064 

𝐻2 0.494 

𝐶2𝐻6 0.023 

Table 12 Syngas compound concentration 

Gas compound Concentration vol. 𝒄𝑽[%] 

𝑂2 0.0435 

𝑁2 0.569 

𝐶𝑂 0.0002 

𝐶𝑂2 0.1153 

𝐻2𝑂 0.272 

Table 13 Flue gas compound concentration 

Heat capacity Value[𝒌𝑱 ∙ 𝒌𝒈−𝟏 ∙ 𝑲−𝟏] 

Syngas 8.1984 

Flue gas 1.3968 

 

Table 14 Resulting heat capacities on the temperature levels 

Prior to the next table it is important to mention that an efficiency of 70% has been assumed 

regarding the heat exchangers, steam superheaters and of the piping system losses. Table 

15 shows heat available in the output gases prior to any cleaning and compression 

processes. The heat duty for syngas has been calculated for a temperature drop from 750 

˚C down to 215 ˚C. The flue gas is cooled down from 900 ˚C to 100 ˚C. 

Name of measure Unit Amount 

Syngas heat duty 𝑘𝑊 508.65 

Flue gas heat duty 𝑘𝑊 273.94 

Total provided heat energy 𝒌𝑾 782.59 

Table 15 Available heat in output gases 
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The result presents that it is possible to recover up to 88% of steam which greatly reduces 

operational costs but increases capital expenditure.  Some additional heat can be recovered 

by burning ashes that are filtered from the syngas and tar that occur the olivine.  Other 

possible modification to recover heat could be reduce losses in the system, e.g. shorter 

piping systems, more efficient heat exchangers etc.  

In other words, available heat produces  887.512 𝑘𝑔 ∙ ℎ−1 of steam, decreasing the amount 

of supplied steam to  112.488 𝑘𝑔 ∙ ℎ−1 from an external source.  

 

5.1.4.2 Modification and optimization of the process – membrane separation  

To maintain the reaction in additional fuel is required so natural gas is fed, and its amount 

is provided in  

Table 9. However, this parameter can be lowered. After the hydrogen is successfully 

separated in the membrane module, the residue gas still has high concentration of potential 

compounds to be burned, like methane and carbon monoxide. If applied to the thesis case, 

the flow of methane (main natural gas compound) is equal to  85.21 𝑁𝑚3 ∙ ℎ−1. The carbon 

monoxide has a flow rate of  168.98 𝑁𝑚3 ∙ ℎ−1, but has significantly lower heating value, 

3.2 times less to be precise. Together this hydrogen-free gas has a heating value of 

28.21 𝑀𝐽 ∙ 𝑁𝑚−3 compared to natural gas, that has a heating value of 33.5 𝑀𝐽 ∙ 𝑁𝑚−3. If 

we calculate heat duty provided by the natural gas in (12) 

�̇� = �̇� ∙ 𝐿𝑉𝐻𝑁𝐺 =
1000

3600
∙ 0.0167 ∙ 33.5 = 0.155 𝑀𝑊 

(12), 

we can then estimate how much of the residual syngas is needed to maintain the heat, 

meaning the rest can be stored and sold as residual gas. The equation (13) calculates the 

amount of necessary syngas. 

�̇�𝑇𝑂 𝐵𝑈𝑅𝑁 =
�̇�

𝐿𝑉𝐻𝑆𝑌𝑁𝐺𝐴𝑆
=

0.155

28.21
∙ 3600 = 19.78 𝑁𝑚3 ∙ ℎ−1  

(13), 

This means that now we can estimate the percentage of carbon monoxide and methane in 

the syngas-to-combustion followingly:  
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𝑐𝐶𝐻4
𝑉 =

�̇�𝐶𝐻4 𝑇𝑂𝑇𝐴𝐿 

�̇�𝐶𝐻4 𝑇𝑂𝑇𝐴𝐿 + �̇�𝐶𝑂 𝑇𝑂𝑇𝐴𝐿

=
85.21

85.21 + 168.98
= 0.3352  

(14), 

𝑐𝐶𝑂
𝑉 =

�̇�𝐶𝑂 𝑇𝑂𝑇𝐴𝐿

�̇�𝐶𝐻4 𝑇𝑂𝑇𝐴𝐿 + �̇�𝐶𝑂 𝑇𝑂𝑇𝐴𝐿

=
168.98

85.21 + 168.98
= 0.6648  

(15), 

 

Now it is visible that we have to determine the amount of carbon monoxide taken from the 

total hydrogen-free syngas, then calculate the ratio and subtract this percentage from the 

syngas as a whole. The ratio of carbon monoxide to subtracted from the syngas flow: 

�̇�𝐶𝑂 𝑆𝑌𝑁𝐺𝐴𝑆 = 𝑐𝐶𝑂
𝑉 ∙ �̇�𝑇𝑂 𝐵𝑈𝑅𝑁 = 0.6648 ∙ 19.78 = 13.15 𝑁𝑚3 ∙ ℎ−1  (16), 

𝑟𝐶𝑂 𝑆𝑌𝑁𝐺𝐴𝑆 =
�̇�𝑇𝑂 𝐵𝑈𝑅𝑁

�̇�𝐶𝑂 𝑇𝑂𝑇𝐴𝐿

=
13.15

168.98
= 0.078 = 7.8% (17) 

This means that at least 7.8% of the total syngas shall be subtracted and the rest may be 

stored. To keep things safe, I would raise this percentage up to 20% so that there is enough 

heat to maintain the gasification process. This in total leaves following amount of syngas to 

be stored. 

�̇�𝑆𝑌𝑁𝐺𝐴𝑆 𝑆𝑇𝑂𝑅𝐴𝐺𝐸 = �̇�𝑇𝑂𝑇𝐴𝐿 − 𝑟𝐶𝑂 𝑆𝑌𝑁𝐺𝐴𝑆 ∙ �̇�𝑇𝑂𝑇𝐴𝐿 = 657.8 − 0.2 ∙ 657.8

= 526.24 𝑁𝑚3 ∙ ℎ−1 

(18) 

However, this particular part is an object of discussing meaning this is only a suggestion how 

to possibly decrease operational expenditure or find another source of revenue. This 

modification has not been implemented into the model and is only based on its calculations, 

but the benefits and drawbacks are discussed in the Discussion section.  

5.1.4.3 Modification and optimization of the process – olivine circulation 

The olivine ratio mentioned in  

Table 9 is so low because it only circulates between the reactor and the combustion 

chamber. It has a lifetime of 150 hours and then it needs to be either exchanged or 

regenerated. This case presumes that fresh olivine will be used but a regeneration section 

could be built at the plant in the future.  
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5.1.5 Energy and mass balance of the process 

For the purpose of this thesis the amount of fuel, namely wooden biomass, has been set to 

1000 𝑘𝑔 ∙ ℎ−1.  As per  

Table 9 the resulting input material consumptions are shown in the Table 16 with previously 

mentioned optimization.  

Input material Unit Feed rate 

Steam 𝑘𝑔 ∙ ℎ−1 112.488 

Olivine 𝑘𝑔 ∙ ℎ−1 89.7 

Combustion air 𝑁𝑚3 ∙ ℎ−1 1120 

Natural gas 𝑁𝑚3 ∙ ℎ−1 16.716 

Table 16 Feed rates for thesis case 

For this case an operating time per year of 7500 ℎ𝑜𝑢𝑟𝑠 ∙ 𝑦𝑒𝑎𝑟−1 has been taken thus 

resulting in yearly consumption presented in table 

Input material Unit Feed rate 

Steam 𝑘𝑔 ∙ 𝑦𝑒𝑎𝑟−1 775 845 

Olivine 𝑘𝑔 ∙ 𝑦𝑒𝑎𝑟−1 1 422 750 

Combustion air 𝑁𝑚3 ∙ 𝑦𝑒𝑎𝑟−1 8 400 000 

Natural gas 𝑁𝑚3 ∙ 𝑦𝑒𝑎𝑟−1 125 370 

Table 17 Annual material consumption 

5.1.6 Technical and economical assessment 

5.1.6.1 Economical assessment – operational expenses  

In order to perform economical assessment prices of input materials and electricity are 

required. As for electric energy the main consumer is the syngas compressor. The gas has 

to be fed to the chosen membrane (see Chapter 5.1)  at temperature level of 723 𝐾 and 

pressure level of 670 𝑘𝑃𝑎. The equation (19) shows how to calculate the power duty of a 

compressor and thus its electricity consumption and Table 18 shows all the necessary 

parameters.  
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𝑃 =

𝑃𝑎𝑑

𝜂𝑎𝑑
=

𝜅

𝜅 − 1
∙ 𝑝1 ∙ �̇�1 ∙ [(

𝑝2

𝑝1
)

𝜅−1
𝜅

− 1] ∙
1

𝜂𝑎𝑑
  

(19), 

   

Property Name Unit Rate 

𝜅 Adiabatic index − 1.2914 

𝑝1 Inlet pressure 𝑘𝑃𝑎 120 

𝑝2 Outlet pressure 𝑘𝑃𝑎 670 

𝜂𝑎𝑑 Adiabatic efficiency − 0.7 

𝑇1 Inlet temperature K 490 

Table 18 Compressor duty parameters 

The syngas is fed at the rate of 1300 𝑁𝑚3 ∙ ℎ−1 and thus it is needed to recalculate this rate 

to 𝑚3 ∙ ℎ−1 which is done in Equation (20) below. The equation assumes Standard 

Conditions for Temperature and Pressure, meaning temperature of 𝑇𝑆𝑇𝑃 = 273.15 𝐾 and 

pressure of 𝑝𝑆𝑇𝑃 = 100 𝑘𝑃𝑎 

�̇�1 = �̇�𝑆𝑌𝑁𝐺𝐴𝑆 𝐹𝐸𝐸𝐷 ∙
𝑇1

𝑇𝑆𝑇𝑃
∙

𝑝𝑆𝑇𝑃

𝑝1
=

1300

3600
∙

490

273.15
∙

100

120
= 0.54 𝑚3 ∙ 𝑠−1 

(20). 

 

Afterwards compressor duty can be calculated as per (21) 

𝑃𝐶𝑂𝑀𝑃𝑅𝐸𝑆𝑆𝑂𝑅 =
1.2914

1.2914 − 1
∙ 120000 ∙ 0.54 ∙ [(

670000

120000
)

1.2914−1
1.2914

− 1] ∙
1

0.7

= 194.62 𝑘𝑊 

(21). 

Additionally, there is a combustion air blower that has been calculated the same way with 

data provided in the Table 19 and according to Equations 19, 20 and 21. 

Property Name Unit Rate 

𝜅 Adiabatic index − 1.4 

𝑝1 Inlet pressure 𝑘𝑃𝑎 101.325 

𝑝2 Outlet pressure 𝑘𝑃𝑎 120 

𝜂𝑎𝑑 Adiabatic efficiency − 0.7 

𝑇1 Inlet temperature K 293.15 
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Table 19 Air blower duty parameters 

 

�̇�𝐴𝐼𝑅 = �̇�𝐴𝐼𝑅 𝐹𝐸𝐸𝐷 ∙
𝑇1

𝑇𝑆𝑇𝑃
∙

𝑝𝑆𝑇𝑃

𝑝1
=

1120

3600
∙

293.15

273.15
∙

100

101.325
= 0.33 𝑚3 ∙ 𝑠−1 

(22). 

𝑃𝐵𝐿𝑂𝑊𝐸𝑅 =
1.4

1.4 − 1
∙ 120000 ∙ 0.33 ∙ [(

120000

101325
)

1.4−1
1.4

− 1] ∙
1

0.7
= 8.27 𝑘𝑊 

(23). 

 

Together with all other necessary plant equipment it is appropriate to raise the plant 

consumption to 225 kW. Table 20 presents annual electricity consumption of the modelled 

plant. 

Property Unit Value 

Annual operating hours ℎ𝑜𝑢𝑟 7500 

Electricity consumption 𝑘𝑊 225 

Total annual electricity consumption 𝒌𝑾𝒉 ∙ 𝒚𝒆𝒂𝒓−𝟏 1 687 500 

Table 20 Total annual electricity consumption 

To finalize the annual expenditure estimation personal costs are required. Such technology 

module would require 3 operators to secure correct function. Table 21 showcases the 

personal costs with wages valid for Czech Republic.  

Property Unit Value 

Operators 𝑃𝑒𝑟𝑠𝑜𝑛 3 

Yearly wage 𝑈𝑆𝐷 ∙ 𝑦𝑒𝑎𝑟−1 21 419 

Total personal costs 𝑼𝑺𝑫 ∙ 𝒚𝒆𝒂𝒓−𝟏 64 257 

Table 21 Annual personal costs 

 

Now everything is prepared to estimate OpEx (Operational Expenditure) in 𝑈𝑆𝐷 ∙

𝑘𝑔𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛
−1 ratio. Table 22 sums up all prices per material, that are valid for Czech 

Republic, and electrical energy. 
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Material Unit Value 

Steam 𝑈𝑆𝐷 ∙ 𝑘𝑔−1 0.035 

Olivine 𝑈𝑆𝐷 ∙ 𝑘𝑔−1 0.18 

Wooden pellets 𝑈𝑆𝐷 ∙ 𝑘𝑔−1 0.103 

Natural gas 𝑈𝑆𝐷 ∙ 𝑁𝑚−3 0.75 

Electrical energy 

 

𝑈𝑆𝐷 ∙ 𝑘𝑊ℎ−1 0.06 

Water 𝑈𝑆𝐷 ∙ 𝑘𝑔−1 0.003 

Table 22 Prices per material unit 

 

By combining the data from Table 17, Table 20 , Table 21 and Table 22 total annual 

operational expenditure can be estimated which is presented in Table 23 and for better 

view is visualized in Figure 19. 

 

Material Unit Value 

Steam 𝑈𝑆𝐷 ∙ 𝑦𝑒𝑎𝑟−1 29 746 

Olivine 𝑈𝑆𝐷 ∙ 𝑦𝑒𝑎𝑟−1 121 095 

Wooden pellets 𝑈𝑆𝐷 ∙ 𝑦𝑒𝑎𝑟−1 773 468 

Natural gas 𝑈𝑆𝐷 ∙ 𝑦𝑒𝑎𝑟−1 93 933 

Electrical energy 

 

𝑈𝑆𝐷 ∙ 𝑦𝑒𝑎𝑟−1 101 146 

Water 𝑈𝑆𝐷 ∙ 𝑦𝑒𝑎𝑟−1 19 969 

Personal costs 𝑈𝑆𝐷 ∙ 𝑦𝑒𝑎𝑟−1 64 257 

Total annual costs 𝑼𝑺𝑫 ∙ 𝒚𝒆𝒂𝒓−𝟏 1 203 615 

Table 23 Annual material expenses 
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Figure 19 OpEx visualization 

Totally, the OpEx index can be calculated with the Equation (24) 

𝑂𝑃𝐸𝑋 =
𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑒𝑥𝑝𝑒𝑛𝑠𝑒𝑠 [𝑈𝑆𝐷 ∙ 𝑦𝑒𝑎𝑟−1]

𝐴𝑛𝑛𝑢𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 [𝑘𝑔𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 ∙ 𝑦𝑒𝑎𝑟−1]
=

1 203 615

400 732,8

= 3.004 𝑈𝑆𝐷 ∙ 𝑘𝑔𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛
−1  

(24). 

It is important to mention that depreciation and other economic indexes have not been 

included into the OpEx and CapEx. 

The Figure 19 clearly visualizes that the major impact on OpEx has the price of wooden 

pellets and is seconded by olivine prices. The impacts are described in detail in the Chapter 

5.1.7. 

 

5.1.6.2 Economical assessment – capital expenses 

 

In order to estimate technology capital expenses equipment prices are required. A cost 

estimation website [42] has been used. It requires process data or additional calculated data 

to estimate the expenses.  

7.80%

10.63%

67.89%

1.27%

1.75% 8.88%

5.64%

OPEX

Natural gas Olivine Wooden pellets Steam Water Electricity Personal costs
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Firstly, the heat exchangers’ heat transfer area shall be calculated. Thanks to heat duty 

calculations in Chapter 5.1.4.1 it is possible to estimate are. In following equations syngas 

heat exchanger will have index 1 and flue gas heat exchanger will have index 2.  

Heat transfer coefficient has been set up to 𝑘 = 32.5 𝑊 ∙ 𝑚−2 ∙ 𝐾−1 [41]. The area can be 

calculated from Equation 25 as follows 

�̇� = 𝑘𝑆∆𝑇 → 𝑆 =
�̇�

𝑘∆𝑇
 

(25), 

where �̇�[𝑘𝑊] is the heat duty, 𝑆[𝑚2] is the effective heat transfer area and ∆𝑇[𝐾] is the 

temperature gradient. The temperature for syngas and flue gas is ∆𝑇1 = 532 𝐾 and ∆𝑇2 =

900 𝐾. Thus, resulting in 

𝑆1 =
�̇�1

𝑘∆𝑇1
=

508.65 ∙ 1000

32.5 ∙ 532
= 29.78 𝑚2 

(26), 

𝑆2 =
�̇�2

𝑘∆𝑇2
=

274.94 ∙ 1000

32.5 ∙ 900
= 9.37 𝑚2 

(27). 

This data has been used to estimate heat exchanger price.  

Secondly, membrane price has been estimated. The chosen Palladium alloyed with copper 

membrane price is calculated as stated in Table 24. 

 

Property Unit Value 

Membrane flux 𝑚𝑜𝑙 ∙ 𝑚−2 ∙ 𝑠−1 0.8 

Gas flux 𝑚𝑜𝑙 ∙ 𝑠−1 7.42 

Price per area 𝑈𝑆𝐷 ∙ 𝑚−2 10 763.92 

Basic module cost 𝑈𝑆𝐷 20 500 

Total membrane cost 𝑼𝑺𝑫 120 350 

Table 24 Membrane cost estimation 

The resting technology equipment as per PFD and their cost are listed in Table 25 [42]. 
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Equipment Price [𝑼𝑺𝑫] 

 Heat exchanger 1 – Syngas  29 100 

Heat exchanger 1 – Flue gas 15 500 

Syngas compressor 77 600 

Cyclone 6 900 

Blower – Air 5 400 

Blower – Syngas 5 100 

Air filter 21 800 

Reactor 67 900 

Syngas filter 21 800 

Hopper – Pellets  3 000 

Hopper – Olivine 3 000 

Screw conveyor – Pellets  8 300 

Screw conveyor – Olivine 8 300 

Feeder – Pellets 3 000 

Feeder – Olivine 3 000 

Membrane 120 350 

Total equipment cost 400 050 

Table 25 Total equipment cost [42] 

 

The equipment costs presented in Table 25 are only the basic expenses. The additional costs 

bound with installation of equipment and other cost categories are presented in Table 26 

Additional costs overview as per [43]. 
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Additional costs category Percentage of total equipment cost [%] 

Equipment installation 45 

Instrumentation and controls 18 

Piping 16 

Electrical systems 10 

Building 15 

Yard improvements 15 

Service facilities 40 

Engineering and supervision 33 

Legal expenses 39 

Construction expenses 4 

Contractor’s fee 17 

Contingency 35 

Total additional cost percentage 

of equipment cost 
287 

Table 26 Additional costs overview [43] 

By summarizing Table 25 and Table 26 total project investment cost is estimated, which is 

given in Table 27. 

Additional costs category Costs [𝑼𝑺𝑫] 

𝑈𝑆 Equipment cost 400 048,47 

Additional costs 1 148 139.1 

Total project investments 1 548 187.57 

Table 27 Total project investments 

 

5.1.6.3 Economical assessment – Payback time 

The Payback time has been calculated for four different cases. These cases differ in 

hydrogen selling price ranging from 3.30 𝑈𝑆𝐷 ∙ 𝑘𝑔−1 to 5.1 𝑈𝑆𝐷 ∙ 𝑘𝑔−1. The Payback Time 

is static in this case and presumed a selling tax of 19,0%. 

In order to estimate Payback period, static cumulative Cashflow has to be calculated. The 

methodology is shown in Equations (28) and (29). 
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𝐶𝐶𝐹 = −𝐼𝑁𝑉 − 𝑂𝑃𝐸𝑋 ∙ 𝑡 + 𝐶𝐻2
∙ 𝑁 ∙ 𝑡 − 𝐶𝐻2

∙ 𝑁 ∙ 𝑡 ∙ 𝑇𝑎𝑥 (28), 

𝑡 =
𝐶𝐶𝐹 + 𝐼𝑁𝑉

𝐶𝐻2
∙ 𝑁 − 𝐶𝐻2

∙ 𝑁 ∙ 𝑇𝑎𝑥 − 𝑂𝑃𝐸𝑋
 

(29), 

where 𝐶𝐶𝐹 [𝑈𝑆𝐷] is the cumulative cashflow, which has to be equal to 0 if calculating 

Payback time, 𝐼𝑁𝑉[𝑈𝑆𝐷] are the project investments, 𝑂𝑃𝐸𝑋[𝑈𝑆𝐷 ∙ 𝑦𝑒𝑎𝑟−1] are the total 

operational expenses, 𝐶𝐻2
[𝑈𝑆𝐷 ∙ 𝑘𝑔−1] is the hydrogen selling price, 𝑁 [𝑘𝑔𝐻2

∙ 𝑦𝑒𝑎𝑟−1] is 

the hydrogen annual production capacity and 𝑡 [𝑦𝑒𝑎𝑟] is the payback time. Table 28 scopes 

the results for different selling prices resulting in different Payback periods and Figure 20 

Payback times gives a graphical visualization of such estimation. 

Selling price 𝑪𝑯𝟐
[𝑼𝑺𝑫 ∙ 𝒌𝒈−𝟏] Payback Time  𝒕 [𝒚𝒆𝒂𝒓] 

3.30 Never 

3.90 24.27 

4.5 6 

5.1 3.41 

Table 28 Payback times 

 

Figure 20 Payback times 
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5.1.6.4 Technical assessment  

As mentioned in Chapter 2.5.4, the process chain based on Dual Fluidized Bed Gasification 

is at level TRL 5. The full process has been simulated and tested in laboratory conditions but 

there’re a lot of challenges to overcome before stating full-scale production. However, the 

second technology, implemented into modelled plant, decreases the TRL furthermore – 

membrane separation. 

The membrane separation is known technology but has not been yet used in such 

application, especially speaking about metallic alloyed membranes and nanocomposite 

membranes. Such modules only exist as laboratory-scale prototypes and are at TRL level of 

maximum 3. For better understanding of TRL, Figure 21 has been added to visualize the 

Technology Readiness Levels. 

Overall the TRL is set to level 3 because this kind of set up is an object of current research 

and feasibility studies.  

 

Figure 21 TRL Level diagram [44] 
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5.1.7 Sensitivity analysis, risk analysis of crucial technological segments 

The sensitivity analysis is based on price variation of different resources (input materials), 

like wooden pellets, electricity etc and hydrogen selling price. These analyses were 

calculated at hydrogen selling price 𝐶𝐻2
= 5.1 𝑈𝑆𝐷 ∙ 𝑘𝑔−1 (except the hydrogen price 

sensitivity analysis). The Figure 22, Figure 23, Figure 24, Figure 25 show the dependency of 

Payback Time on change of certain prices. 

 

Figure 22 Hydrogen price sensitivity analysis 

 

Figure 23 Electricity price sensitivity analysis 
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Figure 24 Wooden pellets price sensitivity analysis 

 

 

Figure 25 Natural gas price sensitivity analysis 

It is clear, that even a slight price change of the wooden pellets has a huge, even disastrous 

effect on the project Cash Flow. This is seconded by the hydrogen selling price which has a 

strong effect on the Cash Flow too.  
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These two factors are the most critical that may ruin the project and are amongst the 

potential risks.  

Economical aspect of risk assessment is one part. The other part is related to technical 

issues. Malfunction of equipment, force majeure, fire, explosion and other dangers are 

summarized in Table 29 and are given a certain degree of probability and impact degree 

(both degrees range from 1 to 5).  These risks are additionally visualized in Figure 26. 

 

Risk factor Probability Impact degree 

Equipment malfunction 3 4 

Dust explosion 2 4 

Gas explosion 2 4 

Fire 3 4 

Force majeure 1 5 

Environment contamination   2 4 

Table 29 Risk assessment 

Risk matrix 

Impact 

Minor Moderate Major Critical Fatal 

1 2 3 4 5 

P
ro

b
ab

ili
ty

 

Very high 5 
          

High 4 
          

Moderate 3 
      

Fire 
Equipment 
malfunction   

Unlikely 2 

      

Environment 
contamination 
Dust and gas 
explosion   

Rare 1 
        

Force 
majeure 

 

Figure 26 Risk matrix 
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Safely enough there are no risks in the red zone, however the risks in the yellow zone are 

not to forget and have to be mitigated.  

Fire and anti-explosion precautions are an absolute must at a plant that is producing 

explosive gases and is working with dusty material, like sawdust in this case. Organic dust 

can be very volatile and explosive. Additionally, wood pellets are excellent fire starters 

meaning additional fire precautions need to be installed at their storage. Force majeure is 

something one cannot predict but shall always be prepared if especially the plant is built in 

some hazardous area (frequent earthquakes etc.). 

Of course, constant check of equipment is required to ensure flawless operation. Otherwise 

poor equipment condition can even lead to its destruction.  

 

5.1.8 Discussion 

Following table presents a sum-up of economic criteria calculated in previous chapters.  

Comparison 

criteria 

Thesis proposal – 

biomass gasification 

Steam reforming [44] Water electrolysis 

[38] 

CAPEX [$ ∙ 𝑘𝑔−1] 3.23 2.72 5.84 

OPEX [$ ∙ 𝑘𝑔−1] 3.00 3.38 5.6 

Electricity [𝑘𝑊ℎ ∙

𝑘𝑔−1] 

0.05 0.105 0.6 

Payback time 

[𝑦𝑒𝑎𝑟𝑠] 

5 – 7    4 – 5  8 – 9  

Lifetime [𝑦𝑒𝑎𝑟𝑠] Max. 5 for now 10 – 12  8 – 10  

TRL [−] 3  9 9 

Table 30 Economic criteria 

For today, the biomass gasification loses significantly in the field of service life time and in 

the field of payback time. For comparison reasons, Figure and Figure show payback time of 

water electrolysis and steam reforming. 
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Figure 27 Payback time of water electrolysis 

 

Figure 28 Payback time of steam reforming plant 

 

 

The main problem here is that there’re a lot of research challenges and other obstacles to 

be resolved before a full-scale plant can be built. All these challenges, advantages and 

disadvantages are presented in Table 31 and are discussed below the table. 
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Feature Thesis proposal  Steam reforming [38] Water electrolysis 

[39] 

Advantages Waste reducing 

“Eco friendly” 

Very promising  

Residual gas as side 

product 

Known technology 

Good economic 

indexes 

Good service life 

Known technology 

Cheaper each year 

Disadvantages Explosive substances 

Researched technology 

Low service life 

 

Explosive substances 

Natural gas is not 

endless 

Complex separation 

process 

Explosive substances 

5 – 10 years till not 

expensive 

End quality and 

purity 

Research 

challenges  

Membranes and their 

modification 

 

Decrease natural gas 

consumption 

Improve PSA 

Decrease price 

Increase efficiency 

and purity 

Table 31 Technology comparison 

5.1.8.1 Discussion – residual gas 

As mentioned in the Chapter 5.1.4.2 a potentially huge advantage of hydrogen production 

via biomass gasification is the residual gas side product which can be stored, sold and used 

instead of natural gas supply. If 20% of produced residual gas used as additional fuel in 

combustion chamber and the rest is stored in sold, the payback time rapidly decreases to 2 

years as shown in figure. This modification assumes hydrogen selling price at 𝐶𝐻2
= 3 𝑈𝑆𝐷 ∙

𝑘𝑔−1, which is 2 𝑈𝑆𝐷 ∙ 𝑘𝑔−1 lower than in other cases. And even though the investment 

pays back in less than 2 years which is shown in the Figure 29. 
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Figure 29 Payback time – Residual gas sold 

 

5.1.8.2 Discussion – Research challenges and ecological impact 

Firstly, the main research objects in this case are the membranes. Currently this technology 

is at its birth, so it is expensive and unresearched, but as said many times before, 

membranes are a very promising one. One of the challenges is to decrease dependency on 

gas purity so that membranes modules are near to immune to catalytic poison like sulphur 

and its oxides. And, needless to say, increase of the gas flux through the membrane is the 

priority research goal.  

Secondly the gasification and membrane separation does not have a serious impact on 

environment, it is rather way around. These procedures are beneficial due to waste 

gasification, thus decreasing landfills and producing “eco-friendly fuel of the future”. Such 

development would open new field of research where other wastes could be researched 

and found suitable for this application. 
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5.1.8.3 Discussion – other 

There’re are some experiments conducted on combining state-of-art technology, like steam 

reforming, and membrane gas separation. By combining these two applications the 

humankind can step into a transition time until the gasification and membrane procedures 

are well researched and slowly but steadily shift towards them away from the old ones.  

6 Conclusion 

Hydrogen may shape the shape the future and be a solution to many environmental 

problems the humankind has caused so far. As far as this thesis goes, current prospects are 

that steam reforming will be slowly replaced with emerging technologies producing 

“biohydrogen”, amongst which are especially waste gasification and biotechnological 

production based on fermentation. Water electrolysis is not to forget too but to produce 

“eco-clean” hydrogen the electrolysis plant would need to be supplied with “green energy” 

which is not the case nowadays. Additionally, the electrolysis installation and operation 

costs are uncompetitive even against the biomass gasification and are predicted to fall 

within the next 7 – 10 years.  

In this thesis a model of a technology block producing hydrogen from wooden pellets 

(originally waste wood) has been described. Preliminary results show that if research is 

conducted on the mentioned technology (DFB System and membranes) than it is possible 

to see a pilot of the same concept in the next 5 years. Until that time scientists have to 

overcome numerous research obstacles. Following list sums up the goals and achieved 

results: 

• Acquiring necessary theoretical background for gasification and membrane 

• Search for research applications and pilot plants 

• Creation of a model for hydrogen producing plant based on acquired theoretical 

background 

• Assessment of the model based on current economic and technical (TRL level) 

situation 
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8 List of symbols and abbreviations  

Symbol Unit Description 

P [𝐵𝑎𝑟𝑟𝑒𝑟] Gas permeability 

D [𝑐𝑚2 ∙ 𝑠−1] Diffusion coefficient 

S [𝑐𝑚𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑
3 ∙ 𝑐𝑚−3 ∙ 𝑐𝑚𝐻𝑔−1] Solubility coefficient 

𝛼𝐴,𝐵 [−] Membrane selectivity 

𝑃𝐴,𝐵 [𝐵𝑎𝑟𝑟𝑒𝑟] Individual gas permeability 

DFB [−] Dual Fluidized Bed 

𝑄𝑇𝑂𝑇 [𝐽] Total required heat energy 

𝑄𝑊 
[𝐽] 

Heat energy to heat water to 

100 ˚C 

𝑄𝐿 [𝐽] Latent heat 

𝑄𝑆 [𝐽] Heat to superheat steam 

𝑐𝑝 [𝐽 ∙ 𝑘𝑔−1 ∙ 𝐾−1] Water heat capacity 

∆𝑇𝐵 [𝐾] Temperature to boiling point 

∆𝑇𝑆𝐻 [𝐾] Superheat temperature 

𝑎 [𝐽 ∙ 𝑘𝑔−1 ∙ 𝐾−1] Heat to superheat steam 

�̇� [𝑊] Heat duty 

�̇� [𝑘𝑔 ∙ 𝑠−1] Mass flux 

𝑐𝑉 [%] Volumetric concentration 

�̇� [𝑁𝑚3 ∙ 𝑠−1] Volumetric flux 

𝐿𝑉𝐻𝑁𝐺 [𝑀𝐽 ∙ 𝑁𝑚−3] Natural gas Low Heating Value 

�̇�𝑇𝑂 𝐵𝑈𝑅𝑁 [𝑁𝑚3 ∙ 𝑠−1] Vol. flux to burn 

𝐿𝑉𝐻𝑆𝑌𝑁𝐺𝐴𝑆 [𝑀𝐽 ∙ 𝑁𝑚−3] Syngas low heating value 

�̇� [𝑀𝑊] Required heat duty 

𝑐𝐶𝐻4
𝑉  [%] 

Methane volumetric 

concentration 
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𝑐𝐶𝑂
𝑉  [%] 

Carbon monoxide volumetric 

concentration 

�̇�𝐶𝑂 𝑆𝑌𝑁𝐺𝐴𝑆 [𝑁𝑚3 ∙ 𝑠−1] 
Carbon monoxide volumetric 

flux in syngas 

𝑟𝐶𝑂 𝑆𝑌𝑁𝐺𝐴𝑆 [%] Ratio 

   �̇�𝑆𝑌𝑁𝐺𝐴𝑆 𝑆𝑇𝑂𝑅𝐴𝐺𝐸 [𝑁𝑚3 ∙ 𝑠−1] Stored syngas volumetric flux 

𝑃 [𝑊] Compressor power duty 

𝑃𝑎𝑑 [𝑊] Compressor adiabatic duty 

𝜂𝑎𝑑 [%] Adiabatic efficiency 

𝜅 [−] Adiabatic index 

𝑝1 [𝑘𝑃𝑎] Inlet pressure 

𝑝2 [𝑘𝑃𝑎] Outlet pressure 

𝑇1 [𝐾] Inlet temperature 

𝑝𝑆𝑇𝑃 [𝑘𝑃𝑎] Standard pressure 

𝑇𝑆𝑇𝑃 [𝐾] Standard temperature 

�̇�1 [𝑚3 ∙ 𝑠−1] Syngas volumetric flux 

�̇�𝐴𝐼𝑅 [𝑚3 ∙ 𝑠−1] Air volumetric flux 

�̇�𝐴𝐼𝑅 𝐹𝐸𝐸𝐷 [𝑁𝑚3 ∙ 𝑠−1] Air volumetric flux 

𝑃𝐵𝐿𝑂𝑊𝐸𝑅 [𝑊] Blower power duty 

OpEx  [𝑈𝑆𝐷 ∙ 𝑘𝑔𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛
−1 ] Annual operation expenses 

𝑘 [𝑊 ∙ 𝑚−2 ∙ 𝐾−1] Heat transfer coefficient 

𝑆 [𝑚2] Effective heat transfer area 

∆𝑇 [𝐾] 
Heat exchanger temperature 

gradient 
𝐶𝐶𝐹  [𝑈𝑆𝐷 ∙ 𝑦𝑒𝑎𝑟−1] Annual cumulative cashflow 

𝐼𝑁𝑉 [𝑈𝑆𝐷] Project investment  

𝑡 [𝑦𝑒𝑎𝑟] Years 

𝐶𝐻2
  [𝑈𝑆𝐷 ∙ 𝑘𝑔𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛

−1 ] Hydrogen price  

𝑇𝑎𝑥 [%] State tax 

CapEx [𝑈𝑆𝐷 ∙ 𝑘𝑔𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛
−1 ] Capital expenses 

TRL [−] Technology readiness level 
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Annex 1
Stream 1 2 3 4 5 6 7 8 9 10

Desctiption

Water feed 1
[m3/h]

Water feed 2
[m3/h]

Air feed
[Nm3/h]

Natural gas feed
[Nm3/h]

Steam feed Wooden pellets
feed (kg/h)

Olivine feed Pre-heated olivine Air feed Hot syngas
from reactor
(with olivine+tars) [Nm3/h]

Flow 310.6677698 576.8441869 1120 16.71641791 1000 1000 89.7 89.7 1120 1300
Temperature [C] 20 20 20 20 345 20 20 250 750
Pressure [kPa] 110 110 101.325 110 110 101.325 101.325 101.325 120 120
Concentration [mol%]
O2 - - 0.21 - - - - - 0.21
N2 - - 0.79 - - - - - 0.79
CO - - - - - - - - 0.13
CO2 - - - - - - - - 0.289
CH4 - - - - - - - - 0.064
H2 - - - - - - - - 0.494
H2O - - - - - - - - -
CxHy - - - - - - - - 0.023
Tar - - - - - - - - 89.7

Stream 15 16 17 18 19 20 21 22 23 24

Desctiption

Filtered syngas
[Nm3/h]

Compressed 
syngas
[Nm3/h]

Hydrogen 
(99.995% 
purity) 
[Nm3/h]

Hot flue gas
[Nm3/h]

Cooled flue 
gas [Nm3/h]

Filter residues Hydrogen-free 
Syngas [Nm3/h]

Heated olivine back to 
Reactor

Steam [kg/h] Steam [kg/h]

Flow 1300 1300 642.2 2366 2366 657.8 100 310.6677698 576.8441869
Temperature [C] 300 449.85 449.85 1000 100 400 950 345 345
Pressure [kPa] 120 2500 110 120 120 120 120 120
Concentration [vol%]
O2 - - - 0.0435 0.0435 - - - - -
N2 - - - 0.569 0.569 - - - - -
CO 0.13 0.13 - 0.0002 0.0002 - 0.2569 - - -
CO2 0.289 0.289 5.0E-05 0.1153 0.1153 - 0.5711 - - -
CH4 0.064 0.064 - - - - 0.1265 - - -
H2 0.494 0.494 0.99995 - - - - - - -
H2O - - - 0.272 0.272 - - - - -
CxHy 0.023 0.023 - - - - 0.0455 - - -
Tar 0 0 - - - - - - - -



11 12 13 14
Olivine+Tars
to Combustor [kg/h]

Hot syngas  
from reactor
(w/out olivine+tars)  [Nm3/h]

Cooled syngas
[Nm3/h]

Cooled syngas
[Nm3/h]

89.7 1300 1300 1300
750 750 300 300
120 120 120 120

- - - -
- - - -
- 0.13 0.13 0.13
- 0.289 0.289 0.289
- 0.064 0.064 0.064
- 0.494 0.494 0.494
- - - -
- 0.023 0.023 0.023
- 0 0 0

25 26 27
Steam [kg/h] Steam [kg/h] Steam [kg/h]

887.5119568 887.5119568 112.4880432
345 345 345
120 120 120

- - -
- - -
- - -
- - -
- - -
- - -
- - -
- - -
- - -



Steam calc
CP at 850 [kj/(kg*k)] CP at 400 [kj/(kg*k)] Heat capacity %  [kj/(kg*k)] Rho at 850 Rho at 400 Total rho Mass flux [kg/h] Q [kW]

CO 0.13 1.22 1.1 0.1508 0.566395 0.856 0.092456
CO2 0.289 1.27 1.102 0.342754 0.5 0.8144 0.189931
CH4 0.064 4.475 3.432 0.253024 0.314 0.41 0.023168
H2 0.494 15.14248 14.702295 7.371659425 0.242 0.3454 0.145088
H2O -
Ethane 0.023 3.846 3.126 0.080178 0.3616 0.5167 0.0101
Total mean CP 8.198415425 0.460743 598.9655425 508.6484 0.649957

CP at 1000 [kj/(kg*k)] CP at 100 [kj/(kg*k)] Heat capacity %  [kj/(kg*k)] Rho at 1000 Rho at 100 Total rho Mass flux [kg/h]
O2 0.0435 1.115 0.934 0.04456575 0.3848 1.069 0.03162
N2 0.569 1.204 1.042 0.638987 0.317 0.9027 0.347005
CO 0.0002 1.22 1.045 0.0002265 0.314 0.3433 6.57E-05
CO2 0.1153 1.27 0.918 0.1261382 0.5 0.3063 0.046483
CH4 -
H2 -
H2O 0.272 2.425 1.89 0.58684 0.202 0.59 0.107712
CxHy -
Tar -
Total mean CP 1.39675745 0.532886 1260.807625 273.9399 0.350043

Water
dT 102
cp water 4200 j/(kg*K)
latent heat water 2300000 j/(kg)
to heat steam 2000 J(kg*K)
dt to heat steam 223 K
Total steam 1000 kg/h
Total heat required 881777.778 W

881.778 kW
Total heat covered 782.588 kW
Ratio of recovered heat 
against heat for steam
from outside source 0.888
Steam produced in process 887.512 kg/h
Steam produced in process 0.247 kg/s
Steam from outside 112.488 kg/h
Steam from outside 0.031246679 kg/s

SYNGAS

FLUEGAS



Compressor calc
Kappa 1.29144
CO 1.32
CO2 1.2
CH4 1.15
H2 1.36
H2O 1.25
Ethane 1.2
p1 120 kPa
p2 670 kPa
R 8.314
t_1 217.2905866
T_1 490.4405866
Vst_1 0.540283425 m3/s
Vst_2 0.142652695 m3/s
T_2 723 K
M_smesi 19.058
R 436.2472453
Prikon 194.6155087 kW

Air blower
p1 101.325 kPa
p2 120 kPa
kappa air 1.4
T_air 293.15
Vst 0.329524419 m3/s
Prikon 8.266799366 kW

Total electricity consumption
Syngas compressor 194.6155087
Blower 8.266799366
Additional equipment 20.2882308
Total 223.1705388

225



Production 1.3MW Hydrogen Unit
Operating time 7500 hours/year

Hourly production 53.43104 kg/h
Yearly production 400732.8 kg/year

Raw materials Unit
Olivine 89.7 kg/h

Natural gas 16.71641791 Nm3/h
Wooden pellets 1000 kg/h

Energies Unit
kWh per biomass feed electricity 0.225 kWh compressor/kg biomass feed

Cost per kg of H2
Natural gas USD 93,933.15 USD/year

Olivine USD 121,095.00 USD/year
Wooden pellets USD 773,468.49 USD/year

Steam USD 29,745.63 USD/year
Water USD 19,969.02 USD/year

Electricity USD 101,145.88 USD/year

Personal costs Unit
Operators 3

Wage per operator 21419.12737 USD/year
Personal costs 2831.969242 USD/year

Total Unit
Total USD 1,142,189.14 USD/year

Selling price to NPV = 0 USD 2.85 USD/kg

Investment USD 1,548,187.57 USD



Production 1.3MW Hydrogen Unit
Operating time 7500 hours/year

Hourly production H2 53.43104 kg/h
Hourly production Biogas 526.24 Nm3/h

Yearly production H2 400732.8 kg/year
Yearly production Biogas 3946800 Nm3/h

Raw materials Unit
Olivine 89.7 kg/h

Natural gas 16.71641791 Nm3/h
Wooden pellets 1000 kg/h

Energies Unit
kWh per biomass feed electricity 0.225 kWh compressor/kg biomass feed

Cost per kg of H2
Natural gas USD 93,933.15 USD/year

Olivine USD 121,095.00 USD/year
Wooden pellets USD 773,468.49 USD/year

Steam USD 29,745.63 USD/year
Water USD 19,969.02 USD/year

Electricity USD 101,145.88 USD/year

Personal costs Unit
Operators 3

Wage per operator USD 21,419.13 USD/year
Personal costs USD 2,831.97 USD/year

Total Unit
Total USD 1,142,189.14 USD/year

Selling price to NPV = 0 Hydrogen USD 2.85 USD/kg
Biogas selling price USD 0.22 Kč/kg

Investment USD 1,548,187.57 Kč
REV USD 2,011,911.48 Kč
Tax 19.00% %
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