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Abstract— A series of articles focused on the indoor environment of buildings. Articles discuss the importance of a quality 

indoor environment and the implementation of the measurement of the parameters of the outgoing air from the indoor 

environment in the ventilation shaft of a panel house. The content of the second article is the determination of the procedure 

for measuring the speed, temperature and humidity of the air flowing through the ventilation shaft at the exit from the air duct 

of the selected panel house. 

Keywords— Air Flow Rate, Air Temperature, Measurement of Air Parameters, Relative Air Humidity, Ventilation Shaft. 

I. INTRODUCTION 

Following the article Part I., the second article is devoted to the monitoring of the internal environment of living spaces. Article 

Part II. maps the procedure of measuring the ventilation air parameters of living spaces, specifically an 8-storey panel house 

in Slovakia. The methodology for measuring the quantity and parameters of the ventilation air in the selected panel house 

consists of several points (Fig. 1): 

 

FIGURE 1: The methodology for measuring the quantity and parameters of the ventilation air 

II. THEORETICAL BASIS FOR VENTILATION AIR PARAMETERS 

The theoretical basis for ventilation air parameters was described in the first article Indoor Environment of Buildings – Quality 

and Basic Ventilation Air Parameters, Part I.. To determine the quantity of air that leaves the air duct, it is necessary to measure 

the following air parameters at the outlet of the air duct: 
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a) air flow velocity, 

b) air temperature, 

c) air humidity. 

III. TECHNICAL EQUIPMENT 

The measurement of the air parameters was performed using the measuring and recording devices shown in Table 1. 

TABLE 1 

TECHNICAL EQUIPMENT[1]  

Type of measuring equipment Producer Measured parameter 

Propeller probe FV A915-S140 

 
AHLBORN Air velocity in the air duct 

Combined temperature and humidity sensor FH 

A646 

 

AHLBORN 

Air temperature in the duct 

Relative air humidity in the duct 

Data logger ALMEMO 2390-8 

 

AHLBORN Recording of measured data 

 

IV. MEASUREMENT LOCATION 

An apartment building of type T 08B KE (Fig. 2) located in Slovakia at an altitude of 206 m above sea level was chosen for the 

measurement of ventilation air parameters in the ventilation shaft of the panel house. 

 

FIGURE 2: Schematic illustration of terraced panel house type T 08 B KE[2] 

The selected panel house is a terraced building with 8 residential floors. Each floor of the subject panel house (Fig. 3) consists 

of two 3-room and one 1-room apartment. Each of the apartments has its own installation shaft, which includes an air duct – 

one pipe is common to 8 apartments [2]. 
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FIGURE 3: Typical floor of the panel house type T 08B KE [2] 

The selected air duct is used to ventilate 3-room apartments, which are mostly inhabited by four people. The duct opens into the 

damping chamber, the ventilation air from the ventilation duct is removed through a vent duct cup (Table 2). Originally, the 

air outlet was ensured by a fan, currently the fan is not functional, or it is shut down. 

TABLE 2 

TERMINATION OF THE AIR DUCT 

 

1 
Vent duct cup with installed fan: 

- diameter of the cup: d = 720 mm 

2 

Damping chamber: 

- the space into which the ventilation duct opens, 

- chamber dimensions (width / length / height):  

W / L / H = 900 mm / 1300 mm / 400 mm 

3 Ventilation of the air duct 

 

V. MEASUREMENT PREPARATION  

Before installing the measuring apparatus for continuous measurement, it was necessary to obtain the overall profile of the air 

flow of the duct by control measurement. Nine measuring points were chosen for the square ventilation duct with dimensions 

of 225 x 250 mm (Fig. 4). The flow profile was obtained by control measurement. A median was created from the measured 

parameters.  

 

FIGURE 4: Air duct cross-section with 9 measuring points 
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The measuring probes (Fig. 5) were placed in point 2 to ensure the stability of the support grid with probes installed on the duct 

outlet. The measured results were subsequently modified by calculation coefficients, which were created by evaluating the 

ratio of the mean values of individual parameters to the parameter values from point 2. 

 

FIGURE 5: Installation of measuring equipment 

VI. MEASUREMENT PROCESS 

The measurement took place nine days during the heating season continuously. One measurement interruption was recorded 

during the measurement. It was necessary to replace the batteries in data logger Almemo 2390-8. After the measurement, 

the measured data was downloaded to the computer for subsequent processing. 

VII. DATA PROCESSING 

The measured data were transferred to the spreadsheet editor MS Office EXCEL and then processed. Measured air parameters 

at the outlet of the ventilation duct: 

7.1 Air flow rate 

The flow rate of the outgoing air is shown by graphs with values processed in half-hour intervals. The air flow during 

the 4 working days of the week (Fig. 6a) is relatively stable. The outgoing air reached a velocity between 1.5 and 2.6 meters 

per second. From the course of air flow velocities, it is possible to deduce approximately when residents get up, that is, 

when they use the bathroom to a greater extent, etc.  

 

a. working days      b. weekends 

FIGURE 6: The air flow rate in monitored period 

As for the weekend ventilation air flow profile, the following graph (Fig. 6b) shows that most residents are at home and engaged 

in various activities (cooking, cleaning). The later time of getting up and therefore using the bathroom and toilet is also evident. 

The outgoing air reached a velocity between 1.5 and 2.6 meters per second during the weekends. Compared to the working 

days of the monitored period, the maximum flow velocity values were recorded later, approximately between 10:00 a.m. to 

12:00 p.m. 

7.2 Ventilation air temperature 

An overview of the ventilation air temperatures at the outlet of the ventilation duct is shown in the following graphs (Fig. 7). 
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a. working days      b. weekends 

FIGURE 7: Ventilation air temperatures in monitored period 

During working days, the temperature of the ventilation air reached a maximum of 24 °C, the minimum temperature was 

21.8 °C. At approximately the same time, the probes recorded an increase in temperature and air flow speed.  

The dependence of temperature and flow speed was also confirmed when comparing the graphs of the observed weekend 

period. The temperature range during the weekends was between 21.7 °C and 24.3 °C. 

7.3 Relative air humidity 

The humidity of the air developed depending on the temperature and the speed of the air flow in the duct. Relative air humidity 

reached a maximum of 50 %, its minimum was 35 %. The largest dispersion of values in the monitored period was recorded 

between 8:30 a.m. to 2:30 p.m. 

The course of the relative humidity values in Fig. 8a indicates that after the evening hygiene of the residents, the bathrooms 

are gradually ventilated. A decrease in relative humidity values is recorded until approximately 3:00 p.m., which indicates the 

approximate time of arrival of residents from work, school, etc. 

 

a. working days     b. weekends 

FIGURE 8: Relative air humidity 

For a complete analysis of the development of relative humidity, a graph for weekend days is also presented (Figure 8b). 

Relative humidity values show a stable trend from midnight to approximately 10:00 a.m. with relative humidity values ranging 

from 41.2% to 45.8%. It can be assumed that residents get up around 10:00 a.m. on weekends. 

VIII. CONCLUSION 

The results of the measurements capture the basic parameters of the indoor air. Based on the results of the measurements, it is 

necessary to evaluate with further analyzes whether the air circulation is sufficient to ensure a healthy internal environment 

of the building with a subsequent proposal of solutions on how to achieve and maintain a healthy internal environment without 

increasing costs in connection with the need for increased ventilation. We plan to process these data for the calculation of heat 

losses through ventilation.  
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Abstract— The study was conducted to examine the physicochemical parameters of soils contaminated with petroleum using 

nonpetroleum contaminated soil as control. Six petroleum contaminated soil samples from Eleme, Port Harcourt and one non 

petroleum contaminated soil sample from Awka were analyzed for pH, texture, moisture content, bulk density, total organic 

carbon, total organic nitrogen, total organic matter and total petroleum hydrocarbon. Some pH of the soil samples were acidic 

while others were alkaline and ranged from 5.26-7.84. The textural class of the petroleum contaminated soils (A-F) were silty 

clay loam while that of the non petroleum contaminated soil (G) was sandy loam implying that samples A-F are somewhat 

clayey and sample G almost sandy. Total moisture content of petroleum contaminated soils and their water holding capacity 

were higher than that of the control and fell in the ranges 0.50-40.56% and 13-29% respectively. Total organic carbon (TOC) 

and Total organic matter (TOM) of petroleum contaminated soils were higher than that of the non petroleum contaminated 

soil and were within the ranges 7.29-15.09% and 12.57-26.02% respectively. Total organic nitrogen result follow the same 

pattern with the non petroleum contaminated soil having the least value. The range was 0.365-0.755%. Bulk density results 

were within the range of 0.80-1.42g/cm3. The uncontaminated soil (G) had less amount of organic matter in it as a result, the 

bulk density was the highest (Olaitan and Lombin, 1984). The total petroleum hydrocarbon (TPH) content ranged from 

107.5305-626.4060 mg/kg with that of the non petroleum contaminated soil being the least. The results indicated that petroleum 

contamination affected the physicochemical properties of the soils analyzed. Regular soil assessment is recommended so as to 

avert any ugly incidence which may occur. 

I. INTRODUCTION 

Contamination of the environment by petroleum products from variety of sources represents one of the most frequent 

contaminations {Mracnova et al.,1999). This is due to the growing demand and supply of fuel oil and new chemicals by the 

industrialized society of the twenty-first century (Jaffe,1991). High concentration levels of hydrocarbons present in 

contaminated sites can pose a health risk to humans, plants and animal lives as they are carcinogenic, mutagenic and toxic 

(Ribes et al., 2003, Freitag et al., 1985 and DEC,1992). 

Oil contamination can also affect soil physical and chemical properties (Wang et al., 2013). Soil temperature, total organic 

carbon, pH, microbial community, available phosphorus and other soil chemical properties are affected (Aislabie et al., 2004, 

Townsend et al., 2003, Ekundayo and Obuekwe, 2000, Hu et al,. 2006), Oil causes anaerobic environment in the soil by 

smothering soil particles and blocking air diffusion in the soil pores. In addition, crude oil contaminated soils are hydrophobic 

compared with pristine sites (Quyum et al., 2002). 

An assessment of the physicochemical parameters of petroleum contaminated soils from Eleme, Port Harcourt was embarked 

upon to monitor the levels of contaminants which can accumulate toxic proportions. The oil finds its way to soil through 

leakages from pipelines, underground and surface fuel storage tanks, indiscriminate spills, and careless disposal of wastes 

(Okop, and Ekpo, 2012). Despite improvements to the technical conditions of sites involved in the production, storage and 

distribution of liquid fuels, the threat to the environment posed by petroleum substance is still very real (PIEP,1995). 
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II. MATERIALS AND METHOD  

2.1 Study Area 

Eleme coordinates are 4.7994oN, 7.1198o E. It is located at east of Port Harcourt and covers an area of 138km2. At 2006 census, 

it had a population of 190,884. Precipitation in Port Harcourt averages 2708mm and the average annual temperature is 26.4oC. 

The average annual relative humidity is 71.0% (https//weather and climate.com). Awka is found in the south eastern part of 

Nigeria. It is the capital of Anambra State and is located on Latitude 6o09′N and Longitude 7o12′E. The climate is tropical with 

an annual rainfall of about 11,450mm, average temperature of 28oC and relative humidity of 91% at dawn (Nwangwu, 2015). 

2.2 Sample Collection 

Samples from both petroleum contaminated soils Eleme, Port Harcourt (A-F) and non petroleum contaminated soil Awka (G) 

were collected from a depth of 0-12 cm with soil auger (Okop and Ekpo, 2012). Five samples were randomly collected and 

mixed to form a representative sample (Edori and Iyama, 2017). The samples which were more than 1kg were transported to 

the laboratory for immediate analysis. 

2.3 Sample Analysis  

The pH was determined by the method of APHA (2000). The soil moisture was estimated by the method of Ibitoye (2006). 

The textural class was determined by the method of Brady and Weil (2013). The methods proposed by Page (1982), Ibitoye 

(2006) and Head (1992) were used for the determination of organic matter, organic carbon and organic nitrogen. The total 

hydrocarbon content was determined by the method described by AOAC, 1990). The bulk density of the soil was determined 

by the method adopted by Olaitan and Lombin (1984). 

III. RESULTS AND DISCUSSION 

The pH of the soils samples ranged from 5.26-7.84 as presented in Table1.This is comparable with those obtained by Adoki 

(2012) for soil samples from borehole drilling at a legacy spill site in Eleme Port Harcourt. 

TABLE 1 

PHYSICOCHEMICAL PARAMETERS OF SOIL SAMPLES 

 Sample A Sample B Sample C Sample D Sample E Sample F Sample G 

pH 5.26 5.37 7.69 7.64 7.79 7.84 5.37 

Texture 
Silty clay 

loam 

Silty clay 

loam 

Silty clay 

loam 

Silty clay 

loam 

Silty clay 

loam 

Silty clay 

loam 

Sandy 

loam 

Moisture content (%) 40.56 16.28 15.61 11.73 19.76 20.48 0.50 

Bulk density (g/cm3) 0.80 0.94 0.90 1.03 1.05 0.95 1.42 

Total organic carbon 

(%) 
14.41 15,09 10.68 12.40 10.85 10.68 7.29 

Total organic nitrogen 

(%) 
0.721 0.755 0.534 0.620 0.543 0.534 0.365 

Total organic matter (%) 24.84 26.02 18.41 21.38 18.71 18.41 12.57 

Total petroleum 

hydrocarbon (mg/kg) 
620.9427 319.2833 626.4060 620.9427 163.3685 148.7637 107.5305 
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The pH of the environment affects the speed and direction of biological processes in the soil and is one of the factors that 

influence the decomposition of hydrocarbons by microorganisms in the environment (Hawrot-Paw, 2010). According to Arias 

(2005), soil pH plays the greatest influence on availability of nutrients to plants and the type of organism found in the soil. 

Although plants have begun to thrive under varying pH conditions, the optimum pH for most agricultural soils is between 5.5-

7.5 QDEHP, (2017). As soil becomes increasingly acidic, important nutrients like phosphorus become less available to plants 

which result in reduced crop yield.  

The textural classes of the petroleum contaminated soils are silty clay loam in contrast with the sandy loam of non petroleum 

contaminated soil (control). The percentage of sand, clay and silt are categorized as textural class. Soil texture is a measure of 

the physical properties of the soil such as plasticity of the soil, water retention capacity, soil productivity, soil permeability and 

ease or toughness of tillage of the soil (Brady, 1996). Soills with high percentage of clay have the potential to hold more water 

within the particles (Osuji, 2007). Sandy soils retain little water and therefore percolation of water through it is high and so 

promotes ground water contamination while clayey texture prevents water percolation (Schulte, 1999).  

The total moisture content of the soils varied from 0.50 to 40.56% with those of the petroleum contaminated soils being higher 

than the non petroleum contaminated soil. The results are similar to those of Azlan et al., (2012) and are in agreement with the 

findings of Wang et al., (2013) which stated that hydrocarbon contamination can increase soil total organic carbon. Oil clogs 

the pores of soil particles and thus hinders evaporation of water (Olaitan and Lombin, 1984). Aggregation due to force of 

adhesion existing in oil particles is responsible for the high moisture content of petroleum contaminated soils (Atkins and 

Jones, 1999). Also sandy soil retains very little water while clay will hold the maximum amount. Any soil with high 

concentration of organic components has the capacity to retain water for a long time and the drying takes longer time than 

usual. High moisture content is due to de-aeration which displaced air in the soil and also oxygen content of the soil and 

decreased microbial activity (Brady and Weil, 2008).  

The water holding capacity of soils fell in the range 13-29%. These are comparable with those of the petroleum contaminated 

soils which are silty clay loam in texture and have higher water holding capacity than the non petroleum contaminated soil 

which is sandy loam. Oil blocks air diffusion in the soil pores and affects soil microbial communities (Townsend et al., 2003). 

The blockage of air diffusion also reduces pore spaces which results in an increase of water holding capacity and of the humidity 

needed for bacterial growth which eventually increases the total organic carbon and soil organic matter content. The presence 

of large pores results in an decrease of water holding capacity and of the humidity needed for bacterial growth (Azlan et al. , 

2012). Also, the presence of a relatively high percentage of clay in samples A-F accounts for the ability of the soils to hold 

more water within the particles. 

The bulk density of samples were within the range 0.80-1.42 g/cm3. Clay soils have bulk density values ranging from 

1.10to1.40g/cm3. Loams, sandy loams and sand have bulk densities ranging from 1.20-1.80g/cm3 (Olaitan and Lombin, 1984). 

 The total petroleum hydrocarbon content of the samples compares favourably with those of Okop and Ekpo, (2012) and Adoki, 

(2012). The results fell within the range 107.5305- 626.4060 mg/kg and increased in the following order C>A, D >B>E>F>G. 

The petroleum contaminated samples show elevated concentrations of TPHs when compared with the control (non-petroleum 

contaminated sample) and could be attributed to oil spilling effect at the sampled areas (Asaolu, 2000). Hydrocarbon 

contamination can increase soil total organic carbon (Ekundayo and Obuekwe, 2000) and change soil pH values (Hu et al., 

2006). The total organic carbon (TOC) content varied from 7.29 to 15.09% and the total organic matter (TOM) content varied 

from 12.57 to 26.02%. The total organic nitrogen (TON) range is 0.365-0.755%. The results of the TOC and TOM agree 

favourably with those Edori and Iyama (2017). The TOC, TOM and TON of petroleum contaminated soils are higher than that 

of the control and this is in agreement with the work of Nwankwoala and Ememu (2018). Soil organic matter (SOM) is the soil 

nutrient pool and the changes will affect the quality and quantity of soil fertility. SOM stabilizes soil pH which plays an 

important role in controlling the supply of nutrients and their availability for plant intake (Azlan et al., 2012). Concentration 

and turnover of SOM is affected by the formation of a large number of factors such as climate (Ganuza and Almendros, 2003), 

topography (Burke, 1999), vegetation (Finzi et al., 1998), the parent material (Spain, 1990) and management (Yang and 

Wander, 1999). The soil organic carbon is obtained by decomposition of the plants, animals and anthropogenic sources such 

as chemical contaminants, fertilizers or organic rich waste (Kong et al., 2009). 

Higher levels of organic nitrogen are observed in samples A-F (petroleum contaminated soils) than in sample G (control). This 

again is due to increased level of decayed organic matter and contamination by petroleum in samples A-F. Nitrogen compounds 

detected in petroleum include polycyclic aromatic amines, carbazole, benzocarbazole, heterocyclic aromatics, triaromatic 

azaarenes, nitrogen heterocycles as well as diaromatic nitrogen bases (Thomas and Ringen, 1985). 
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Abstract— The aim of the article is a theoretical evaluation of the possibilities of using fast-growing aquatic plants, 

specifically Lemna minor, for the mass production of biomass suitable for the subsequent thermal treatment during the blue 

hydrogen production process. Much laboratory research has demonstrated the possibility of increasing the volume of biomass 

under controlled conditions, using water from wastewater treatment plants, or water contaminated with organic residues 

(faeces) from organic production. Hydroponic cultivation in controlled conditions has shown the possibilities of removing 

hazardous substances from wastewater, possibly reducing their contamination and at the same time, producing organic 

biomass with more favourable properties than in the case of dendromass. 

Keywords— Lemna minor, biomass, hydrogen, thermal treatment. 

I. INTRODUCTION 

The increasing effort of producing hydrogen, which is not tied to fossil sources, is the incentive to search for other methods of 

its mass production. In addition to methods that use water electrolysis for obtaining hydrogen, there is also a gradual expansion 

of methods that use organic substances to produce hydrogen, which subsequently undergo thermal recovery. In addition to 

synthesis gas, products of such thermal recovery are also various oils, tars and solid residue, which can subsequently be used 

in various industrial areas. The use of fast-growing biomass also enables the storage of solar energy by a method other than 

just in the form of batteries. Biomass stores solar energy transformed into lipids and other organic energy stores, while it´s 

considered a carbon-neutral source, since during its growth, an equivalent amount of CO2 is absorbed from atmosphere to the 

amount of CO2 released during its combustion process. Of particular importance is the potential of biomass-derived fuels to 

replace petroleum-based fuels, such as gasoline, jet fuel and diesel fuel, and thereby decreasing the dependence on imported 

oil. Hydrocarbon-based fuels offer several advantages over oxygenated biofuels (e.g. biodiesel, bioethanol), in that they have 

a higher volumetric energy content and are compatible with already existing infrastructure for the import and distribution of 

fuel [1].  

II. LEMNA MINOR  

Lemna minor is one of the smallest and fastest-growing flowering plants on earth. It´s an extremely reduced floating freshwater 

plant, with one, two, three or four leaves, each of which has one root hanging in water. The root is 1-2 cm long. Leaves are 

oval, 1-8 mm long and 0,6-5 mm wide, light green colour, with three (rarely five) veins and small air spaces that allow the 

plant to float on the water surface. 1 As an aquatic plant, Lemna minor is commonly used to remove excess nutrients (e.g. 

nitrogen and phosphorus) and toxic metals from agricultural and municipal wastewater. For more than 30 years, researchers 
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have been demonstrating the potential use of sewage grown Lemna minor as a possible food supplement for livestock. Due to 

considerable growth rate and high protein content, protein productivity can be ten times higher than that of soybeans, without 

encroaching on arable soil necessary for food growing [2]. 

The growth rate of Lemna minor in the wastewater is given in an open uncontrolled environment at the level of 29 g∙m-2∙day-

1, which equals 104 t∙ha-1∙year-1. The rate of removal of excessive amount of nitrogen and phosphorus in wastewater was at the 

maximum of 3,36 g∙m-2∙day-1 for nitrogen and 0,59 g∙m-2∙day-1 for phosphorus [3]. By subsequent thermal processing it´s 

possible to regain phosphorus originally obtained from wastewater and use it for further technological purposes. 

In addition to nutritional values, which are the main indicator for the use of biomass produced from Lemna minor for livestock 

fattening, the biomass also contains significant amounts of starch, which, unlike cellulose, can be easily converted into 

bioethanol that can serve as a potential source of biofuel produced in wastewater. Overall decrease in the contamination of 

wastewater from organic production with the most important components can be observed in Table 1. 

TABLE 1 

COMPOSITIONS OF SWINE LAGOON WASTEWATER AND SH MEDIUM BEFORE AND AFTER CULTURE OF LEMNA 

MINOR. [4]. 

Elements 
𝐍𝐎𝟑

− − 𝐍 

(𝒎𝒈 ∙ 𝒍−𝟏) 

𝐏𝐎𝟒
𝟑− − 𝐏 

(𝒎𝒈 ∙ 𝒍−𝟏) 

𝑪𝑶(𝑵𝑯𝟐)𝟐 

(𝒎𝒈 ∙ 𝒍−𝟏) 

𝐍𝐇𝟒
+ − 𝐍 

(𝒎𝒈 ∙ 𝒍−𝟏) 

𝒕𝒐𝒕𝒂𝒍 𝒔𝒖𝒈𝒂𝒓𝒔 

(𝒎𝒈 ∙ 𝒍−𝟏) 
pH 

SL wastewater       

Day 0 0.8 ± 0.1 16.3 ± 0.6 16 ± 0.1 56.1 ± 0.9 36.3 ±0.2 7.4 

Day 18 0.2 ± 0.2 4.1 ± 0.3 0.2 ± 0.1 0 1.6 ± 0.1 6.8 

Removal (%) 75.0 74.8 87.5 100 95.6 - 

SH medium       

Day 0 495.3 85.1 0 35.5 10 000 5.6 

Day 27 24.2 ± 2.1 10.4 ± 1.2 0 0 250.6 ± 22.3 6.5 

Removal (%) 95.1 87.8 0 100 97.5 - 

 

As can be seen in Tab.1., according to the research by Jianfeng Xu et al., there´s a significant decrease in wastewater 

contaminants from agricultural production. A decrease in contamination in the case of wastewater in municipal wastewater 

treatment plants can be assumed at the same level. 

III. INCREASING THE YIELD OF LEMNA MINOR PER 1 M2 OF USEFUL AREA  

Increasing the yield of biomass produced by Lemna minor is conditioned by maintaining an appropriate water surface 

population density. With the increasing population density of living biomass on the water surface, there is a significant 

slowdown in the production of new offshoots and thereby a slowdown in the biomass production. The growth rate is also 

significantly related to the ambient temperature and with rising temperature, the reproduction rate increases approximately 

linearly until the optimal population density is reached. 

As stated by E. H. van Nes et al., the highest growth rate 0,30 d−1 was observed at biomass population density of 10 gDW∙m−2. 

During their experiments, in the measurement of growth rate they also reached a value of 26 g∙m-2∙day-1 [5], which does not 

significantly differ from the findings of team led by J. Cheng, although the difference could be caused by the different location 
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during the experiment, when the J. Cheng´s team worked in Brazil during summer, while the team led by E. H. van Nes worked 

in the Netherlands during the spring. 

 

FIGURE 1: Growth rate as a function of the initial biomass of Lamna minor (gDW m-2). Dots indicate the 

measured growth rate. The solid line represents the curve described by the model at a constant 

temperature of 23 °C [5]. 

The limitation of Lemna minor´s population density can by circumvented by the industrial method of hydroponic cultivation 

when it is possible to place tanks with wastewater on top of each other and ensure sufficient light with the use of electric 

lighting. 

 
A – water reservoirs for biomass cultivation, B – connecting pipe, C – water tank with the water quality sensors, systems for 

adding and adjusting nutrients and systems for temperature controll, D – circulator pump, E – full-spectrum light 

FIGURE 2: Simplified scheme of Lemna minor multi-layer cultivation 

It is possible to implement the flow method of wastewater passage for the multilevel arrangement of tanks, when the wastewater 

enters the highest tank and subsequently, by the action of gravitational force, gradually passes through the lower tanks until it 

reaches the lowest tank, from where it flows farther for further cleaning, or closed circulation, when the large-volume container 

is filled with contaminated water, which then passes through the tank system using a circulator pump and a gravity, until the 

desired decrease in contamination, primarily by phosphorus and nitrates, is reached. 

In hydroponic cultivation, it is possible to use technical spaces that have no practical use, because they are located underground 

without windows, have poor ventilation or other unfavourable properties, or buildings directly built for the purposes of 

hydroponic cultivation. During the theoretical analysis, it is possible to work with a closed room with dimensions 10x5x2,5 



International Journal of Engineering Research & Science (IJOER)      ISSN: [2395-6992]      [Vol-8, Issue-11, November- 2022] 

Page | 15 

meters, where it would be possible to place wastewater tanks with a spacing of 25 cm. The given arrangement would allow the 

increase of useful area from 50 m2 to 400 m2. With the daily production of 29 g∙m-2∙day-1, which could be increased by lighting 

24 h∙day-1, a daily production of 11,6 kg DW∙day-1 could be possible. If operated 360 days a year, the annual production of 

such a room would be cc 4175 kg DW∙year 1. 

IV. THERMAL TREATMENT OF DRY LEMNA MINOR 

According to N. Muradov et al., the chemical analysis of dry Lemna minor is as follows (hm. %): 

• humidity – 3,7.  

• total volatile substances (120–950 °C) – 78,0 (including volatile substances released at 120–650 °C – 67).  

• solid carbon – 8,8.  

• ash – 9.5.  

The final analysis of the dry sample of Lemna minor gave the following chemical composition of individual elements (%): C 

– 39,11; H – 6,13; O – 37,74; N – 5,52; S – 0,67 

The high proportion of carbon and oxygen in the dry sample of Lemna minor indicates the formation of a significant amount 

of carbon dioxide and carbon monoxide, during the biomass heat treatment process. As shown by the results of N. Muradov et 

al., increasing the temperature of the process has a significant effect on the production of carbon monoxide in favor of the 

formation of carbon monoxide and hydrogen. 

 

FIGURE 3: Composition of pyrolysis gas produced by Lemna minor pyrolysis depending on the pyrolysis 

temperature at Air flow rate of 60 ml∙min-1 [6] 

The amount of carbon dioxide produced as result of thermal conversion of Lemna minor to synthesis gas is too high for 

subsequent processing in obtaining hydrogen. By increasing the temperature of the Lemna minor thermal recovery process, or 

by using a plasma reactor system, an increase in the proportion of hydrogen and gases such as methane and carbon monoxide 

could occur, which can then be technologically processed using WGS reactors using a suitable catalyst and water vapor into 

carbon dioxide and hydrogen. 

V. CONCLUSION 

As a result of the evaluation of the many projects in the field of cultivation, use and processing of Lemna minor, it is possible 

to come to conclusion that the production of biomass from the mentioned plant with the use of wastewater, represents one of 

the ways to reduce our society's dependence on fossil fuels and dendromass, which currently represents a short-term but slow 

renewable compensation. The suitability of direct thermal treatment of Lemna minor to synthesis gas suitable for hydrogen 

production is debatable. A more suitable procedure is to use methanogenic organisms to produce methane from Lemna minor 

biomass, which can then be technologically modified using WGS reactors for hydrogen and carbon dioxide. 
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Abstract— For the development of modern transport systems that meet the demanding goals of reducing greenhouse gas 

emissions, set in the Paris Agreement from the end of 2015, it is necessary to consider new technologies and new vehicle 

concepts. In addition to the contractually agreed and accelerating need to contribute to significant emissions reductions, such 

developments would help to replace fossil fuel energy that most countries around the world are heavily dependent from. Thus, 

fossil fuels cannot be part of a suitable transport system. 

The aim of this work is to design an effective passive cooling system for metal hydride pressure vessel which is used for mobile 

applications. 

Keywords— Passive Intensifier, Metal Hydride, Hydrogen. 

I. INTRODUCTION 

A promising technological concept that meets the above requirements is the use of hydrogen in combination with fuel cells 

and an electric engine. Compared to battery electric vehicles, such an approach has the advantage that hydrogen cars could be 

driven for much longer distances without refuelling. But such a hydrogen-based mobility concept will be successfully 

implemented in the existing mass market only if hydrogen can be stored safely, quickly and in a technically advanced, 

economically efficient, and ecological way.  

The biggest advantage of using hydrogen in mobile applications is the zero production of emissions (NOx, CO2) when it is 

burned in fuel cells. An important aspect of the applicability of hydrogen in mobile applications is its energy content. A 

kilogram of hydrogen has three times higher energy content compared to commonly used fuels such as gasoline (H2: 39.4 

kWh·kg-1, gasoline: 12.9 kWh·kg-1, CNG: 15 kWh·kg-1 and LPG: 14 kWh·kg-1). In a volume comparison, the energy content 

of hydrogen is significantly lower than that of commonly used fuels (H2: 1.6 kWh·l-1, gasoline: 9.5 kWh·l-1, CNG: 2.5 kWh·l-

1 and LPG: 7.3 kWh·l-1). Therefore, for the efficient use of hydrogen, it is important to increase its density by compression. 

Currently, several methods of hydrogen storage are applied in practice: 

• Compressing hydrogen gas: it is carried out at room temperature and the maximum pressure depends on the materials 

from which the vessels are made. In available cars, the hydrogen pressure is at the level of 70 MPa, and for buses, the 

maximum pressure is reduced to 35 MPa. 

• Hydrogen liquefaction: a very energy-intensive process with consumption of up to 15.2 kWh per kilogram of 

hydrogen. Liquefied hydrogen is subsequently kept in a liquid state at a temperature of -252 °C. 
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• Storage of hydrogen by adsorption on the surface of solid substances: this is a reversible way of storing hydrogen 

using the attractive Van der Waals interactions of atoms of a solid substance with gas molecules, which keep them on 

its surface. Materials that have the largest surface area are used for this storage. They are mainly porous materials 

such as zeolites and activated carbon. The biggest disadvantage is the need to maintain the vessel at a liquid nitrogen 

temperature of up to -195 °C and at a pressure of 2.5 MPa. 

• Storage of hydrogen by absorption into metal hydrides MH: this type of hydrogen storage is the most suitable in 

terms of safety. This reversible process of absorption and desorption of hydrogen can be done at room temperatures 

and at low pressures 0.01 - 1 MPa. Biggest disadvantage is that heat is released during absorption process, and it is 

necessary to heat up the metal hydride while desorption process. It is compulsory to design an effective thermal 

management for effective utilisation of this type of storage. 

As part of the work solution, the Hydralloy® alloy was chosen, the composition of which is based on MnTiVFeZr (Fig. 1). 

The composition of this alloy in wt.% is shown in TAB. 1. 

 

FIGURE 1: Applied metal hydride alloy Hydralloy® 

TABLE 1 

COMPOSITION OF APPLIED METAL HYDRIDE ALLOY HYDRALLOY® IN VESSELS 

Element wt.% 

Mn 51,50 

Ti 27,20 

V 14,15 

Fe 3,04 

Zr 2,87 

Ti+Zr 30,07 

V+Fe 17,19 

 

For the design, an alloy in the form of a powder (FIG. 1) is considered, whose grain size ranges from 0-2 mm. In FIG. 2 shows 

the PCI curve of three repeated measurements of the applied MH alloy at room temperature. 
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FIGURE 2: PCI curve of absorption and desorption of Hydralloy® alloy at room temperature of 3 different 

measurements 

It can be seen from the PCI curves that the capacity of stored hydrogen at a temperature of 20 °C and a pressure of 65·105 Pa 

is expressed by the ratio of the weight of the absorbed hydrogen to the weight of the alloy at the level of 1.8%. Hydrogen 

absorption into the MH alloy structure occurs at a pressure of 11.95·105 Pa. Desorption of hydrogen from the structure of the 

MH alloy occurs at a pressure of 7.33·105 Pa. 

Since heat is released during the absorption of hydrogen into the intermetallic structure of the metal alloy, it is necessary to 

remove the generated heat. The amount of released heat depends on the type of alloy used, for example, with MH alloy based 

on LaCeNi, 1 MJ of heat is released when 1 m3 of molecular hydrogen is absorbed. This heat can be used in a vehicle or other 

mobile heating device. During the desorption of hydrogen from the structure of the MH alloy, it is necessary to bring the same 

amount of heat. Based on the above facts, in addition to the design of MH storage tanks, it is necessary to consider the design 

of temperature management, which allows heat to be removed as well as supplied. 

If the MH vessel does not have temperature management and does not contain the possibility of removing the generated heat 

from the core of the vessel, the temperature of the MH alloy increases. As the temperature increases, the equilibrium pressure 

increases and the kinetics of absorption decreases. When hydrogen is desorbed from the MH reservoir without the use of forced 

heat supply, the temperature of the alloy drops below the ambient temperature, which is caused by absorbing heat at the expense 

of the internal energy of the alloy, since the heat obtained through the shell from the surroundings is insufficient, especially 

with larger hydrogen withdrawals. 

As the temperature of the alloy decreases, the equilibrium pressure in the reservoir also decreases, and if its value falls below 

the minimum pressure necessary for subsequent use, the entire system may become inoperable. For these reasons, research and 

subsequent implementation of an internal heat exchanger or heat transfer intensifier to MH storage tanks is essential. At the 

same time, the heat transfer intensifiers participate in equalizing the temperature field in the volume of the powder alloy, which 

has a large reaction surface formed by the outer surface of the metal alloy grains. 
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II. DESIGN OF INTERNAL HEAT TRANSFER INTENSIFIER 

Since in the process of absorption storage of hydrogen in a metal hydride vessel, due to the dissociation of the hydrogen 

molecule and the diffusion of H2 atoms into the interstitial space of the crystal lattice of the metal, thermal energy is generated, 

it is necessary to ensure the cooling of the reservoir to eliminate pressure and temperature fluctuations. On the other hand, 

during the desorption of hydrogen from the metal alloy, it is necessary to heat the vessel to maintain the kinetics of the process. 

The metal hydride reservoir is cooled by a passive and active element. The active cooling element is the cooling liquid that is 

in the space between the primary vessel and the case. A passive cooling element is a heat transfer intensifier located inside the 

primary reservoir that serves to dissipate the heat generated during hydrogen absorption into the metal alloy structure. By 

optimizing the shape of the geometry of the intensifier, it is possible to intensify the removal of heat from the reservoir core, 

which would improve the process of hydrogen absorption. 

The geometry of the designed intensifier consists of five main and ten secondary ribs. The secondary ribs are connected to each 

other by primary ribs of a circular cross-section, which describes the inside diameter of the primary vessel shown in FIG. 3. 

The gap between the primary vessel and the intensifier is 1. 

 

FIGURE 3: Design of internal heat transfer intensifier 

In the design of the heat transfer intensifier, aluminium was used due to its good thermal conductivity of 237 W·m -1·K-1. 

III. SIMULATION RESULTS 

The temperature field in the cross-section of the vessel under investigation is shown in FIG. 4. The maximum temperature in 

the vessel after 1200 s which represents the time of refuelling was 89.53 °C. The hottest spots in the metal hydride were in the 

region between the secondary ribs. Thus, the heat is effectively removed from the core of the vessel towards the inner shell. In 

FIG. 5 shows the courses of maximum and minimum temperatures in the studied storage vessel after 1200 seconds of filling. 

On the curve of the maximum temperature, it is possible to observe the rising tendency of the temperature during almost the 

entire simulation, the temperature is stable in the last 200 s. The minimum temperature curve does not change from almost 

halfway through the simulation and remains at the same value of 30.13 °C until the end of the simulation. In FIG. 5 also shows 

the difference between maximum and minimum temperatures in ∆T. 
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FIGURE 4: Generated temperature field after 1200 seconds of vessel filling. 

 

FIGURE 5: Course of minimum (blue) and maximum (orange) temperatures on the studied vessel 

 

FIGURE 6: Heat removal by cooling 
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FIG. 6 shows the removal of heat from the metal hydride vessel by cooling around the perimeter of the steel casing. The greatest 

values of heat dissipation are found in the places of the primary ribs. 

IV. CONCLUSION 

The goal of the simulation in the ANSYS CFX program was to design an internal heat transfer intensifier that will effectively 

remove heat from the core of the metal hydride storage vessel to the outer shell, where the storage vessel is cooled by a cooling 

liquid. The simulation results showed that the designed intensifier achieves optimal values in all areas of investigation. 
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Abstract— The article deals with the design of optimization of graphite electrode cooling in a plasma reactor. By means 

of experimentally obtained data during the operation of the plasma reactor, it analyzes the current state of electrode cooling. 

Based on the measured temperatures at the inlet and outlet of the reactor and on the basis of the calculated flow rate 

of the cooling medium, it proposes a suitable solution for the optimization of the cooling system in the plasma reactor providing 

the necessary cooling power by analytical calculations with the use of software support. The proposed solution works 

on the principle of a water-air type heat exchanger. The verification of this proposal is carried out by numerical simulations 

using the Ansys CFX software. 

Keywords— CFD simulation, cooling, heat exchanger, plasma reactor. 

I. INTRODUCTION 

Sufficient cooling is necessary to ensure the long service life of the electrode in the plasma reactor and its proper functioning. 

The high temperatures reached during operation can cause a high rate of electrode erosion. Heat transfer at the cathode occurs 

by radiation, convection, conduction and the influence of electron interaction. The cathode is also heated during operation 

by the electric current that passes through it. As the cathode is one of the elements with the highest temperature in the plasma 

torch, practically everything that is in contact with it serves as a thermal cooler. 

The original cooling system works on the principle of an open cooling circuit. Thus, fresh water is supplied to the cooler using 

a water service line from the building in which the reactor is located. After heating, the water is then drained into the sewer 

pipe. Such a cooling system is highly inefficient and results in extremely high consumption of water. For this reason, it is 

necessary to change the system to a cooling system with a closed water circuit. 

II. CURRENT STATE OF THE COOLING SYSTEM 

The water cooler is located on the lid of the plasma reactor. It consists of 2 mm welded steel sheets. The dimensions of the water 

cooler are 200 x 230 mm with a total height of 44 mm. In addition to the water circuit, cooling in the plasma reactor is also 

provided by a fan. It is located on the frame of the plasma reactor and blows the air around the part of the hollow electrode 

protruding above the cooler. At the same time, the nitrogen supplied to its upper part serves to cool the electrode. The cooling 

system is shown in Fig. 1. 
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FIGURE 1: Current graphite electrode cooling system 

2.1 Measurement of flow and temperatures at the inlet and outlet of the water cooler 

To calculate the heat output of the cooler, it was necessary, among other things, to determine the volume flow of the cooling 

medium and the temperature difference at the inlet and outlet of the medium from the cooler. The required data were obtained 

by experimental measurement. 

The water at the inlet of the reactor was kept at a constant value of 12 °C throughout the duration of the experiment. 

The temperature of the water at the outlet of the cooler depended on the rising temperature of the reactor. The highest 

temperature in the plasma reactor was recorded after 132 minutes, when it reached a value of 1 399 °C. The highest measured 

water value at the outlet of the cooler was 25 °C. 

The volumetric flow rate was determined using an Almemo measuring device located in the cooling circuit. Flow values were 

recorded at 1-minute intervals. Since flow regulation was not necessary during the operation of the reactor, it was maintained 

at approximately a constant level of 1,667∙10-5 m3∙s-1 during the duration of the experiment. 

2.2 Determination of the thermal performance of the water cooler 

The thermal performance of the cooler can be expressed using the equation (1) as the ratio of the change in the amount of heat 

over a certain time: 

𝑃c =
d𝑄

d𝜏
=

𝑚∙𝑐∙∆𝑡

∆𝜏
   (W)          (1) 

Where dQ is the elementary amount of heat (J), dτ - the elementary time change (s), m - the mass of the cooling medium (kg), 

c - the specific heat capacity of the cooling medium (J∙kg-1∙K-1), ∆t - temperature difference of the cooling medium between 

the inlet and outlet of the cooler (K). 

Then it holds that: 

𝑃c = 𝑄m ∙ 𝑐 ∙ ∆𝑡   (W)          (2) 

where Qm is the mass flow rate of the cooling medium (kg∙s-1). 

The mass flow in equation (2) can be replaced by the volume flow according to equation (3): 

𝑃c = 𝑄v ∙ 𝜌 ∙ 𝑐 ∙ ∆𝑡   (W)          (3) 

where ρ is the density of the cooling medium (kg∙m-3). 

For the calculation, the mean values of the specific heat capacity and density were considered for the temperature interval 

t1 = 12 °C and t2 = 25 °C. Average specific heat capacity of water 𝑐̅ = 4183,96 J∙kg-1∙K-1 and average density of water 𝜌̅ = 998,45 

kg∙m-3. Then for the thermal performance P: 

                          𝑃 = 𝑄v ∙ 𝜌̅ ∙ 𝑐̅ (𝑡2 − 𝑡1)  (W)        
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𝑃 = 1,667 ∙ 10−5 ∙ 998,45 ∙ 4183,96 (25 − 12) = 905,07 W      (4) 

For the new optimized design of the cooling system, a slightly increased cooling power at the level of Pc = 1 kW was considered. 

The reason for this power increase is to ensure the reliable operation of the reactor with a sufficient power reserve. 

III. DETERMINATION OF THE OPTIMIZED COOLING SYSTEM PARAMETERS 

The optimized system uses a closed cooling water circuit. Water circuit pipes are cooled by air flow through the fan. It is 

therefore a design of a heat exchanger based on the principle of water - air. 

3.1 Determination of the thermal conductivity coefficient “kL”  

The thermal conductivity coefficient depends on the type of heat carrier and on the type of the flow. Its increase can generally 

be achieved by accelerating the flow of the heat carrier. Its value is also influenced by the layout of the tubes and the air flow 

around them, as the tubes can be arranged in a row or alternately. The optimization of these parameters was achieved using 

the SPT-NK software, which uses criterion equations for calculation. This software allows to find an optimal solution without 

the need for analytical calculations. 

The thermal conductivity coefficient kL for the cylindrical wall can be calculated using the equation (5): 

𝑘L = (
1

𝛼1∙𝐷1∙𝜋
+ 𝑘c +

1

𝛼2∙𝐷2∙𝜋
)

−1

 (W ∙ m−1 ∙ K−1)       (5) 

The middle term kc of the equation (5) expresses heat transfer by conduction through the pipe wall and has very little influence 

on the overall thermal conductivity coefficient. It is therefore possible to neglect it. 

3.1.1 Heat transfer coefficient on the inside of the pipe 1 

It was decided to create a construction of a copper cooler consisting of copper pipes with dimensions of 18x1 mm, while 

the total length of the pipes was defined as 23 m for the calculation of the heat transfer coefficient inside the pipe. The water 

flow was provided by a circulating pump, and the speed of the fluid flow through the pipe reached a value of 0,083 m∙s -1. 

The temperature at the inlet to the heat exchanger t1 was defined as 50 °C and the wall temperature tS = 26 °C. The temperature 

at the outlet of the exchanger t2 was calculated using equation (6): 

                        𝑡2 = 𝑡1 −
𝑃c

𝑄v∙𝜌̅∙𝑐̅
  (°C) 

𝑡2 = 50 −
1000

1,667∙10−5∙998,45∙4183,96
=  35,64 °C       (6) 

3.1.2 Heat transfer coefficient on the outside of the pipe 2 

When calculating the heat transfer coefficient on the outside of the pipe, an alternating layout of pipes was considered. Unlike 

pipes placed in a row, such a layout can ensure a higher value of the heat transfer coef-ficient. The horizontal distance between 

the axes of the pipes was defined by the value s1 = 0,025 m, and the vertical distance s2 = 0,05253 m. 

At air flow rate QA = 0,8334 m3∙s-1, the flow velocity was 2,5 m∙s-1. The temperature t3 = 25 °C was determined by measuring 

the ambient air temperature. Air density A = 1,185 kg∙m-3 and specific heat capacity of air cA = 1 013 J∙kg-1∙K-1 was determined 

from the tables at temperature t1 = 25 °C and atmospheric pressure p = 101 325 Pa. The temperature of the pipe wall was 

defined by the mean temperature of the water in the pipe as tS = 404 °C. Air temperature t4 after removing heat from the tubes 

was determined from equation (7): 

                       ∆𝑡 =
𝑃c

𝑄A∙𝜌A∙𝑐A
  (°C) 

                       𝑡4 = 𝑡3 +
𝑃c

𝑄A∙𝜌A∙𝑐A
 (°C) 

𝑡4 = 25 +
1000

0,8334∙1,185∙1013
≅ 26 °C         (7) 

The values of the heat transfer coefficients obtained by the SPT-NK software by using the input parameters are shown 

in the Table 1. 



International Journal of Engineering Research & Science (IJOER)      ISSN: [2395-6992]      [Vol-8, Issue-11, November- 2022] 

Page | 26 

TABLE 1 

VALUES OF THE HEAT TRANSFER COEFFICIENTS 

 (W∙m-2∙K-1) 

𝜶𝟏 - the inside of the pipe 146,17 

𝜶𝟐 - the outside of the pipe 91,28 

 

after substituting into equation (5), the coefficient kL for the cylindrical wall is equal to: 

𝑘L = (
1

146,17∙0,016∙𝜋
+

1

91,28∙0,018∙𝜋
)

−1

= 3,0318 W ∙ m−1 ∙ K−1      (8) 

3.2 Determination of the mean logarithmic temperature difference “(∆𝒕̅̅ ̅)” 

The equation (8) for calculating the mean logarithmic difference has the form: 

∆𝑡LMTD =
∆𝑡1−∆𝑡2

ln
∆𝑡1
∆𝑡2

  (°C)          (9) 

while it is based on the course of temperatures in the counterflow in Fig. 2. 

 

FIGURE 2: Temperature course for counterflow 

Then for the temperature differences t1 a t2: 

                                    ∆𝑡1 = 𝑡1 − 𝑡4 (°C) 

∆𝑡1 = 50 − 26 = 24 °C         (10) 

                                    ∆𝑡2 = 𝑡2 − 𝑡3 (°C) 

∆𝑡2 = 35,64 − 25 = 10,64 °C        (11) 

However, since it is a cross arrangement of the heat exchanger, a correction of equation (8) using the correction factor  is 

necessary to calculate the mean logarithmic temperature difference. Then applies: 

∆𝑡̅̅ ̅ = 𝜀 ∙ ∆𝑡LMTD  (°C)         (12) 

To determine the correction factor , it is necessary to know the parameters R and P, for which the following applies: 

𝑅 = |
𝑡3−𝑡4

𝑡1−𝑡2
|          (13) 

                                   𝑅 = |
25−26

50−35,64
| = 0,07 
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                                     𝑃 = |
𝑡1−𝑡2

𝑡1−𝑡3
| 

𝑃 = |
50−35,64

50−25
| = 0,5744         (14) 

The correction factor  can then be determined from the Fig. 3 as  = 0,99. 

 

FIGURE 3: Determination of the correction factor 

After substituting into equation (11), it holds that: 

                                     ∆𝑡̅̅ ̅ = 0,99 ∙
24−10,64

ln
24

10,64

= 16,26 °C 

After substituting the thermal conductivity coefficient kL and the mean logarithmic temperature difference ∆𝑡̅̅ ̅ into equation 

(14) and subsequent adjustment, the following applies: 

𝑃c = 𝑘 ∙ 𝐿 ∙ ∆𝑡̅̅ ̅   (W)         (15) 

𝐿 =
 𝑃c

𝑘∙∆𝑡̅̅ ̅
=

1000

3,0318∙16,26
= 20,29 m        (16) 

Where L is the total required length of copper piping for the design of the heat exchanger with the specified cooling performance 

(m). 

IV. NUMERICAL SIMULATION OF AIRFLOW AND HEAT TRANSFER OF AN OPTIMIZED COOLING SYSTEM 

The heat exchanger model must be designed in such a way that the air flow velocity reaches a value of at least 2,5 m∙s-1 in every 

place of the cooler. A total of 50 tubes were used, each 400 mm long. They are located inside the exchanger chamber in a pipe 

with a cross-section of 400 x 355 mm and a total length of 300 mm. 49 standardized arcs were used to connect the individual 

pipes to each other. Since these arcs are not located inside the exchanger chamber, they ensure heat transfer only through 

natural convection. For this reason, they were not included in the total required pipe length. The model of the designed 

exchanger chamber in Fig. 4 was created using SolidWorks CAD software. 

 

FIGURE 4: Exchanger chamber 
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Before the simulation of heat transfer, it was first necessary to verify on the given model whether the estimated air flow 

QA = 0,8334 m3∙s-1 is satisfactory for the given layout of pipes. The FloXpress add-on in the SolidWorks software was used 

to verify this assumption. The result of the simulation are graphic contours in Figure 5 a) depicting the air speed. In Fig. 5 b) 

the scale is bounded by the value 2,5 m∙s-1. 

 

  

FIGURE 5: Airflow velocity in the heat exchanger 

It is clear from the Figure 5 b) that the air reaches the required air flow speed in almost every place of the exchanger. The air 

flow and the layout of the tubes can therefore be considered satisfactory. 

The Ansys CFX program was used for heat transfer simulation. At the inlet to the exchanger, a temperature of 50 °C and 

a water flow rate of 0,01667 kg∙s-1 were defined, while laminar flow was considered. A relative pressure of 0 Pa was defined 

at the outlet of the exchanger. The heat transfer coefficient on the surface of the tubes in the inner part of the exchanger 

for forced convection has the value α2 = 91,28 W∙m-2∙K-1. The heat transfer coefficient on the surface of the arcs in the outer 

part of the exchanger for natural convection was defined as a function by using the SPT-VK software. 

V. EVALUATION 

The simulation results confirmed that the proposed heat exchanger solution is satisfactory. The Fig. 6 shows the temperatures 

on the surface of the heat exchanger tubes. 

 

FIGURE 6: Temperature contours of the heat exchanger 

a) Airflow – unbounded scale b) Airflow – scale bounded by 2,5 

m∙s-1 
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The temperature of the water in the pipeline at the outlet of the heat exchanger reaches 30,5 °C. The heat flow removed 

by the flowing air reached a value of almost 1200 W. The increase in cooling power compared to the proposed 1000 W was 

probably caused by the neglect of the length of the pipe bends when determining the total length. 

VI. CONCLUSION 

The resulting design of the air-water exchanger provides a cooling capacity approximately 20% higher than the required 1 kW. 

Due to the relatively robust construction of this solution, it would therefore be possible to shorten the total length 

of the exchanger tubes, which would allow more compact dimensions of the device to be achieved. Minimizing the dimensions 

could also be achieved by using a heat exchanger equipped with different ribbed surfaces. 
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Abstract— The most important phenomenon in technical practice, which affects the thermal regime of industrial aggregates, 

includes, among others, the heat exchange process, which is primarily characterized by the heat trans-fer coefficient. The 

article analyses the influence of the grain size of the batch and the flow rate of the gaseous heat-carrying medium on the heat 

transfer coefficient during heating of the batch to the required temperature as a function of time. The experimental 

measurement was carried out on shaft furnace models. 

Keywords— Industrial Aggregates, The Batch, Heat Transfer, Heat Transfer Coefficient. 

I. INTRODUCTION 

Metallurgical furnaces are complex mechanized and automated devices. The processes that take place in them are equally 

complex. 

A charge is placed in the working space of the furnace and then the thermal process is started. The essence of this process is 

heating to a temperature that leads to a change in the state of the batch or to a temperature sufficient for its further processing. 

To increase the temperature in industrial furnaces, it is necessary to bring heat into the working space of the furnace, or to 

develop heat directly in the furnace and transfer it to the batch. The thermal regime of these industrial aggregates is very 

complex, therefore it is necessary to pay due attention to it.  

II. HEAT EXCHANGE PROCESS IN BATCH  

The exchange of heat in the layer of piece batch in the form of ground granulate of non-homogenized shape of grains of 

different granularity formed by heat-resistant material in shaft furnaces and similar furnace aggregates is ensured by direct 

contact of the gaseous heat-carrying medium with the charge. The heat ex-change process itself is ensured by radiation, 

convection as well as heat conduction in the batch itself. The radiant component is represented to a lesser extent and in practice 

is mainly used at high batch temperatures. Heat exchange by conduction occurs between the individual parts of the batch and 

represents a negligible part compared to the heat exchange between the flowing gaseous medium and the particles of the solid 

substance. 

The intensity of heat exchange between two substances, which are most often a gas and a solid, is repre-sented by the heat 

transfer coefficient. Its value depends on several factors such as grain size and tempera-ture of the batch, temperature and speed 

of the flowing gas medium, power of the furnace unit, etc.  

III. CHARACTERISTICS AFFECTING THE HEAT EXCHANGE PROCESS IN THE BATCH  

The examined batch represented an immobile cohesive layer, the particles of which were deposited close to each other, at rest 

with respect to each other as well as to the walls of the working environment of the furnace unit in which they were deposited. 

The gas, whose flow was uneven, passed through the layer deposited in this way. 

For experimental purposes, crushed fireclay of different grain size was used as a feed, and heated air of a known temperature 

and volume was used as a gas medium. Flue gas from the process of burning natural gas with air was used to heat the gas 

medium. 

The basic parameters that characterize the cohesive layer include: 
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• spacing, 

• bulk density,  

• specific surface,  

• characteristic size and shape of solid particles. 

The spacing of the layer of particles is a dimensionless quantity determined by the ratio of the volumes of free spaces and the 

total volume of the layer [2]:  

𝜀 =
𝑉𝑐−𝑉m

𝑉𝑐
 (m2·kg-1)           (1) 

where Vc is the total volume of the batch layer (m3), Vm – the volume of the batch particles (m3). 

The spacing depends on several parameters, which can include geometric parameters given by the ratio of the determining 

dimensions of the layer and particles, the shape of the particles, the granulometric composition of the layer, etc. The method 

of creating the layer, or method of depositing particles in a layer [2]. 

Bulk density is also an important parameter characterizing the properties of granular material, which depends on the density of 

the batch and its spacing. It is defined as the ratio of the total weight of the batch to the total volume that the batch occupies: 

𝜌𝑆 =
𝑀m

𝑉
 (kg·m-3)           (2) 

where Mm is the total weight of the batch (kg), V – the total volume of the batch (m3), 

respectively in the case of dispersion systems, a solid particle – gas relationship applies: 

𝜌𝑆 = 𝜌𝑚 · (1 − 𝜀) (kg·m-3)          (3) 

where ρm is batch density (kg·m-3). 

The specific surface area of the particles affects the amount of thermal energy that the batch is able to receive from the heat-

carrying medium, and it can be related to the weight of the considered amount of particles or their volume. 

The mass specific surface is given by the ratio of the surface of the particles in the batch to the weight of the particles of the 

batch: 

𝑎𝑚 =
𝑆

𝑀m
 (m2·kg-1)           (4) 

where S is the surface of the particles in the batch (m2), Mm – weight of the particles (kg),  

respectively the specific surface area related to the volume is given by the relation: 

𝑎𝑉 =
𝑆

𝑉
 (m2·m-3)            (5) 

The efficiency of industrial furnaces is also linked to the conditions of the gas medium flow. Many factors depend on the nature 

of the flow, which can include the intensity of heat exchange in the working space, the distribution of temperature and pressure 

along the layer of the batch, as well as resistance to flow and spacing [4]. 

The gas flow through the cohesive layer is non-uniform and can be considered as the movement of the medium in the channels 

that are formed between the particles of the solid charge and between the particles and the wall of the working space of the 

furnace. As the compaction of the batch increases, the channels for the flow of the heat-carrying substance in the volume of 

the material become smaller, which leads to an increase in pressure losses and redirection of the gas flow to areas with less 

compaction, or to the walls of the aggregate. Compacting the batch will improve the contact of the individual grains but will 

reduce the efficiency of the entire heating process. 

IV. DESCRIPTION OF THE EXPERIMENT 

The experimental measurement required to determine the heat transfer coefficient was carried out on a reduced model of the 

shaft furnace (fig. 1), the basic parameters of which are listed in tab. 1. At the bottom of the furnace model there was a stepped 

grate on which the batch was stored. During the experiment, the particle size of the batch changed as well as the air flow. There 

was a pipe under the grate, with the help of which heated air was blown into the working space of the furnace. Before the 
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measurement itself, it was necessary to stabilize the temperature of the batch, which was achieved by blowing in air of ambient 

temperature. During the experiment, the temperature of the batch material and the temperature of the flowing air were 

measured. 

 

FIGURE 1: Furnace model with the distribution of thermocouples 

Air flow was measured using a gas meter and its pressure using U-tube pressure gauges. The temperature of the charge and air 

was measured by touch thermocouples type K (NiCr-Ni). 

TABLE 1 

BASIC PARAMETERS OF THE FURNACE MODEL 

height of the furnace model (mm) 856   

Inner pipe diameter (mm) 110   

Height of batch (mm) 488   

gas medium air   

Batch crushed fireclay   

Batch density (kg·m-3) 1900   

the volume of the furnace at the height of the batch (m3) 0.046   

batch granularity (mm) 8-Apr 10-Aug 12-Oct 

Spacing of batch (1) 0.55 0.61 0.623 

Air flow (m3·h-1) 56.3 78   

 

V. DETERMINATION OF THE HEAT TRANSFER COEFFICIENT  

When determining the heat transfer coefficient, balance equations were used, by comparing which a relationship was obtained 

for the expression of the heat transfer coefficient related to the volume of the furnace model: 

𝛼𝑉 =
𝑚m·𝑐m·(𝑡m

´´ −𝑡m
´ )

𝑉C·𝛥𝑡LS·𝜏
 (W·m-3·K-1)          (6) 

where mm is the batch weight (kg), cm ˗ average specific heat capacity of the batch(J·kg-1·K-1), tm´ ˗ temperature of the batch 

at the inlet (°C), tm´´ ˗ temperature of the batch at the outlet (°C), VC ˗ volume of the shaft furnace model (m3),  ˗ time (s), 

ΔtLS- mean logarithmic temperature difference (K), for which the relation applies: 

Δ𝑡LS =
Δ𝑡᾿−Δ𝑡῎

ln
Δ𝑡᾿

Δ𝑡῎

 (K)           (7) 

where ttt =− mvz  is the temperature difference between the air and the batch at the inlet to the model and ttt =− mvz
 

temperature difference of the air and the charge at the outlet of the model. 

In fig. 2, 3 shows the course of the heat transfer coefficient as a function of time at three different particle sizes for air flows 

of 56.3 m3·h-1 and 78 m3·h-1. 
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FIGURE 2: The course of the heat transfer coefficient as a function of time at three different grain sizes in 

the air flow 56.3 m3·h-1 

 

FIGURE 3: The course of the heat transfer coefficient as a function of time at three different grain sizes in 

the air flow 78 m3·h-1 

From the graphical dependencies shown in fig. 2 and 3 clearly shows that the smaller the particle size of the batch, the lower 

the heat transfer coefficient between the batch and the heated air. Since the heat transfer coefficient depends on the heat 

exchange surface of the batch, it can be observed from the dependence that the batch with a larger heat exchange surface is 

able to receive more heat than the batch with smaller grain size in the same period of time, which means that the batch heated 

up to the required temperature earlier than in the case of small grain size. 

In fig. 4, 5 show the courses of the heat transfer coefficient as a function of time at two different flow rates for batch grain sizes 

10 – 12 mm and 4 – 8 mm. 

 
FIGURE 4: The course of the heat transfer coefficient as a function of time at a particle size of 10-12 mm at 

air flows 56.3 and 78 m3·h-1 
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FIGURE 5: The course of the heat transfer coefficient as a function of time at batch granularity of 4 – 8 mm 

at air flows of 56.3 a 78 m3·h-1 

The speed of the air flow depends on the flow rate. When comparing the dependence curves of the heat transfer coefficient in 

fig. 4, 5, which describe the development of the heat transfer coefficient at two different air flows, it clearly follows that the 

higher the air flow, the higher the heat transfer coefficient and the time required for heating the batch is shortened. At a higher 

flow rate, a larger amount of heated air enters the furnace, which transfers a larger amount of heat to the batch, and thus shortens 

the time required for its heating. 

VI. CONCLUSION 

The The value of the heat transfer coefficient from the flowing air to the batch depends on several factors. The grain size of 

the batch, the uniformity of the distribution of the batch, the inlet temperature of the flowing air as well as the amount of the 

heat-carrying medium flowing through the batch play a role. 

As the particle size of the batch increased, the air flow through the batch also increased, which caused a faster and more 

homogeneous overheating of the material. In order to achieve more optimal heat transfer at lower grain sizes, it is necessary to 

ensure a higher air flow in order to achieve comparable heat transfer results between the air and the batch. 

In order to increase the overall efficiency of industrial aggregates and reduce the costs associated with the operation of such 

devices, it is necessary to ensure optimal conditions for the transfer of heat from the heat-carrying medium to the material of 

the batch, which will also reduce the energy demand of the process and the time required for melting or heating the material to 

the required technological temperatures. 
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Abstract— The article discusses the theoretical possibilities of using biomass produced on open water bodies by growing the 

Lemna minor plant for hydrogen production. The process of obtaining hydrogen is solved primarily in two stages, including 

the methanization of biomass and the subsequent transformation of methane into hydrogen and carbon dioxide. It deals with 

current technologies of methane oxidation to form hydrogen using water vapor, such as WGSR, SMR, MPS and PSMR 

technologies. It indicates various methods of purifying hydrogen from unwanted elements with their subsequent applicability 

in small local hydrogen production plants in decentralized hydrogen economy. 

Keywords— hydrogen, Lemna minor, methane, biomass. 

I. INTRODUCTION 

Globally increasing requirements for obtaining hydrogen using technologies that do not use fossil resources for their operation 

nor for the production of hydrogen, are increasing with the rising prices of fossil sources and gradual reduction of the number 

of their abundant deposits. The production of green hydrogen by the means of the electrolytic decomposition of water using 

renewable sources of energy currently faces obstacles with the lack of renewable sources of electric energy. One of the ways 

to decrease the dependence on fossil sources during the hydrogen production process is the use of organic biomass, the 

processing of which produces the so-called blue hydrogen. However, the use of biomass also encounters problems with land, 

when large volumes of arable land intended for growing food are occupied at the expense of the cultivation of biomass that 

can be used for energy. This problem is solved by growing biomass on water bodies. The advantage of producing biomass on 

open water surfaces is the reduction of arable land required for the cultivation of energy recoverable biomass. Another 

advantage is the increase of yields due to the faster growth of aquatic biomass compared to its terrestrial equivalent. Lemna 

minor is one of the smallest and fastest-growing flowering plants on the earth. It´s an extremely reduced floating freshwater 

plant. The growth rate of Lemna minor in the wastewater in an open uncontrolled environment is at the level of 29 g∙m -2∙day-

1, as it is dry biomass, which corresponds to 104 t∙ha-1∙year-1. During experiments with new types of fast-growing biomass, 

such as sun hemp (Crotalaria juncea L.), yields were achieved only at the level of 11 t∙ha-1∙year-1. [2] In the case of fast-growing 

trees such as willow, the yield can be in the range of 16 – 17 t∙ha-1∙year-1 and in the case of poplar in the range of 18 – 16 t∙ha-

1∙year-1. [3] The use of fast-growing herbs such as bamboo can represent of the possibilities of fast and efficient biomass 

cultivation for energy purposes, but even in this case there are limitations caused by bamboo's requirements for growth 

conditions. In ideal conditions for growth in an uncontrolled environment, the bamboo reached a maximum yield of 47 t∙ha -

1∙year-1. [4] 

II. ORGANIC DECOMPOSITION OF LEMNA MINOR INTO METHANE  

When producing hydrogen from organic biomass it is possible to use several methods of its processing. Among the simplest 

methods of processing biomass is the thermal decomposition of organic substances with the simultaneous production of 

synthesis gas, oils, ash, or solid residues. The thermal recovery process of Lemna minor produces large amounts of carbon 

dioxide at the expense of the production of hydrogen, carbon monoxide and methane. This problem is caused by the presence 

of a high proportion of oxygen in the basic biomass, which results in a high production of carbon dioxide, as shown in Fig. 1 

from the research of N. Muradov et al. 
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FIGURE 1: Composition of pyrolysis gas produced by Lemna minor pyrolysis depending on pyrolysis 

temperature at Ar flow rate 60 ml∙min-1 [5] 

One of the variants in which it is possible to increase the yield of hydrogen obtained from Lemna minor biomass is its 

conversion into methane using methanogenic organisms. By subsequent technological treatment of methane, it is possible to 

obtain hydrogen to produce carbon dioxide. For the process of converting Lemna minor into methane, it is necessary to carry 

out the initial pre-treatment of the biomass to increase the efficiency of its recovery. The basis of the pre-treatment is drying 

and grinding of biomass, which improves the access of substances in the following processes into the organic structure and 

increases the efficiency of the processes. Grinding is followed by a hydrolysis process, during which the polymeric organic 

substances (polysaccharides, fats, proteins) with the help of aerobic bacteria are broken down into monomers – alcohols and 

fatty acids, releasing hydrogen (H2) and carbon dioxide (CO2). The produced gases can be captured and added to the treated 

biogas to increase the yield of hydrogen from the overall process. 

After hydrolysis, the treated biomass is transferred to the reactor, where the initial preparation for the direct production of 

biogas takes place. The first step is acidogenesis, during which the residual oxygen in the air is consumed. An anaerobic 

environment is created, and higher organic acids are formed. This transformation is carried out by facultative anaerobic 

microorganisms, which are capable of existing in both environments. During the following process of acetogenesis, higher 

organic acids and alcohols are converted into acetic acid H2 and CO2. The final phase of the entire fermentation process is 

methanogenesis. It takes place in an environment without access to air and the decomposition of acetic acid into methane CH4 

and CO2 occurs. Hydrogenotrophic bacteria create methane from H2 a CO2 that are dissolved in water. [6] The yield of a 

mixture of hydrogen and methane can reach the level of 33 mol∙kg-1 when appropriate procedures are used and if additional 

equipment is used, the total yield can rise to the level of 38,76 mol∙kg-1, as stated by K. Manpreet et al. [7] 

III. OBTAINING H2 FROM BIOGAS RICH IN CH4 

To obtain hydrogen from biogas rich in methane, its technological treatment is necessary. For the purposes of technological 

treatment of biogas, it is advisable to use systems in which methane is converted by merging with water vapor into hydrogen 

and carbon dioxide. Such devices include, for example, steam reformers (SMR), in which methane is combined with water 

vapor according to the equation (1):  

CH4 + H2O ↔  CO + 3H2 ∆𝐻SR = 206 kJ ∙ mol−1        (1) 

Subsequently, the gas is treated using WGS reactors, in which carbon monoxide is combined with water vapor in the presence 

of catalysts according to the equation (2): 

CO + H2O ↔  CO2 + H2 ∆𝐻WGSR = −41 kJ ∙ mol−1        (2) 
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In addition to changing the ratio of individual incoming components, temperature also has a significant effect on the efficiency 

of the conversion of carbon monoxide into hydrogen. As was proven in the study created at the Ohio State University, under 

the leadership of prof. Liang-Shih Fan, in the case of high-temperature conversion, there are significant changes in the 

efficiency of the whole process by changing the temperature. An increasing tendency to increase CO conversion efficiency can 

be observed with increasing temperature in the reaction chamber, while the break occurs in the critical temperature region 

(550-650 °C), after which a gradual decrease in efficiency occurs (Fig. 2). In the case of atmospheric pressure and steam:CO 

mixing ratio, the conversion increases from 45,8 % at 450 °C to 83,2 % at 600 °C. Subsequently a decrease occurs and at 800 

°C the conversion efficiency is at the level of 69,4 %. This phenomenon occurs as result of a decrease in the equilibrium 

constant, [3] which decreases with increasing temperature. The increase in conversion value can be observed with the 

increasing steam:CO ratio. While at a 1:1 steam-carbon dioxide mixing ratio and a temperature of 650 °C, the conversion 

efficiency is 63,5 %, in the case of 2:1 ratio the efficiency reaches a value of 71,6 % and at 3:1 ratio a value of 80,28 %. 

  
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FIGURE 2: Effect of reaction temperature on CO conversion at 0 kPa pressure  

Another option that can be used, is the microwave plasma sources (MPS) method, in which methane is combined with water 

vapor at high temperatures, just like in SMR processes. However, in this case, unlike SMR processes where catalysts are 

needed, the plasma supplies the necessary energy and free radicals to the process of combining the input raw materials to form 

H2 and CO2 in one step. High energy electrons generated by nonthermal plasma speed up chemical processes leading to the 

conversion of the methane produced by Lemna minor into hydrogen and carbon dioxide. Significant advantages of nonthermal 

plasma are its high reactivity and low energy consumption while being able to operate in the low temperature range. Catalysts 

are usually required in nonthermal plasma to speed up the conversion process. In the area of the discharge, the nonthermal 

plasma is internally heterogeneous, which leads to a reduction of the reaction surface. As a result, the conversion rates and 

permeability are low. [7]  

Another option for methane valorisation by converting it into hydrogen and carbon dioxide is the plasma steam methane 

reforming (PSMR) process. During this process, unlike MPS, catalysts are not required for the reaction of methane with water 

vapor, which results in hydrogen and carbon dioxide. The advantage of microwave plasma is the absence of catalysts, in which 

clogging occurs during the process of converting methane to hydrogen. Due to clogging of the catalysts, the efficiency of the 

entire process decreases, and the costs associated with their replacement are increasing. In the paper Plasma steam methane 

reforming (PSMR) using a microwave torch for commercial-scale distributed hydrogen production, Olugbenga Akande et al. 

described the process, in which more than 90% conversion of methane to hydrogen and carbon dioxide occurs. In some cases, 

the over-all conversion efficiency exceeded 99 %. 
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FIGURE 3: Methane Conversion as a function of Steam/Methane Ratio [8] 

IV. SEPARATION OF HYDROGEN FROM BINARY MIXTURE OF H2 AND CO2 

One of the most used methods for the separation of hydrogen from the mixture of gases is the PSA process. It is a process of 

separating hydrogen from the remaining components using pressure fluctuations in the storage tank (Pressure Swing 

Adsorption – PSA). The PSA process consists of adsorption unit, in which pressure changes occur and, together with the use 

of a bed of solid adsorbent, the separation of impurities from the hydrogen stream occurs. The result of this process is a high-

purity high-pressure hydrogen and a low-pressure mixture of the remaining gas components containing impurities and part of 

the hydrogen. The adsorbent beds are regenerated by depressurization and flushing. Part of the hydrogen (up to 20%) can be 

lost in the waste gas. Adsorption technology during pressure fluctuations is based on the physical binding of gas molecules to 

the adsorption material. The force acting between the gas molecules and the adsorption material depends on the gas component, 

the type of adsorption material, the partial pressure of the gas component and the operating temperature. The separation effect 

is based on the differences in binding forces to the adsorbent material. Highly volatile, low-polarity components such as 

hydrogen are practically non-adsorbable, unlike molecules such as nitrogen, carbon monoxide, carbon dioxide, hydrocarbon 

derivatives, and water vapor. Consequently, these impurities can be adsorbed from the hydrogen-rich gas stream. With this 

method, highly pure hydrogen is obtained. The pressure swing adsorption process works essentially at a constant temperature. 

It uses the effect of alternating pressure and partial pressure to carry out adsorption and desorption. Due to the absence of 

cooling and heating devices, which are not necessary in a constant temperature process, the entire process of one cycle can 

take place in the range of minutes. 

In addition to PSA methods, there are also membrane methods in which hydrogen is separated from the remaining components 

of the gas using a semi-permeable membrane that enables the hydrogen molecules to pass. However, bigger molecules are 

unable to pass through the membrane. There are generally two classes of membranes for production and purification of 

hydrogen, both of which are organic: dense phase metals and metal alloys and porous ceramic membranes. Porous ceramic 

membranes are commonly prepared by sol-gel or hydrothermal methods and have high stability and durability in high-

temperature, harsh, polluted and hydrothermal environments.  

Membrane systems do not contain any moving parts or switching valves and achieve potentially very high reliability. The main 

threat are components in the gas (such as aromatic substances) that attack the membranes, or liquids that clog them. The 

membranes are produced in relatively small modules. For a larger capacity of the device, more modules connected in parallel 

are added to increase the area of the membranes. Costs increase linearly with capacity, making them more competitive at lower 

gas capacities being processed. [9]  

Many other methods such as cryogenic freezing processes or the use of metal-hydride alloys for hydrogen separation currently 

represent an expensive or energy-intensive solution for use in decentralized hydrogen production in small local operations. 
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V. CONCLUSION 

Current state of hydrogen production from renewable sources is not currently sufficient for the full competitiveness of green 

or blue hydrogen against grey hydrogen. The possibilities of producing blue hydrogen using fast-growing biomass appear to 

be promising in the near future. As proven by the research at the beginning of this article, fast-growing aquatic plants, primarily 

Lemna family, represent non-negligible source of biomass for the production of the blue hydrogen. Their yields significantly 

exceed those of terrestrial crops grown for energy purposes. However, the technology of biomass valorisation during the 

process of hydrogen production from water biomass must take place in less conventional ways due to the high proportion of 

oxygen in the feed. The consequence of this high proportion is an unacceptable proportion of carbon dioxide during thermal 

processing of biomass. The possibilities of valorising biomass through its transformation into methane with the use of 

methanogenic bacteria represent the possibility of increasing the yield of hydrogen compared to thermal decomposition. The 

subsequent processing of methane using conventional treatment methods, such as SMR and WGSR or new MPS and PSMR 

methods represents a good basis for improving hydrogen yield. After the subsequent treatment of hydrogen necessary to 

increase its purity, either by using membrane purification or the PSA process, it is possible to obtain more competitive blue 

hydrogen compared to grey hydrogen. The processes of hydrogen production from aquatic biomass could enable its 

decentralization into smaller local enterprises and thereby improve the availability of this fuel for ordinary users. 
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