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Abstract: 

Besides positive effects to the climate change mitigation and greenhouse gas reduction, the use of 
bioresources in the energy production sector also generate additional environmental load associated with 
management of combustion process waste. Effective use of such wasted materials as biomass by-products 
might improve life cycle environmental performance of the biobased fuels and energy. In this study, 
bioenergy production by-products were proposed as electrocatalysts for H2 generation via water electrolysis 
process. To analyse the suitability of the by-products (biomass ash) as electrocatalysts, a technique for order 
preference by similarity to ideal solution (TOPSIS) is applied. Catalysts formed from the wood and straw 
briquette ashes were analysed within the study in the following proportions: (1) 25 % straw and 75 % wood; 
(2) 50 % wood and 50 % straw; (3) 75 % wood and 25 % straw and (4) 100 % straw ash. A standard water 
electrolysis unit was used for the experiment; hydrogen production rate was identified using a soap 
flowmeter. Results of the study shows that the catalysts based on the proportion 25 % of straw ash and 75 % 
of wood ash are evaluated as the most efficient for hydrogen production through water electrolysis 
(generating the higher H2 volume), however additional efforts need to be done for improvement of H2 
production efficiency if compared with traditional metal based catalysts.  
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1. Introduction 
Production of energy from renewable resources takes a specific role in climate change mitigation 

actions. Hydrogen is considered as clean energy for future energy demands. In recent years the role 

of electrolysis has increased due to its application as an intermediate element for production of 

methane in the integrated renewable energy resources systems, thus emphasizing sustainable energy 

generation [1,2]. Water electrolysis is a well-known technology for hydrogen production with an 

environmental performance of zero direct emissions. Despite the fact, that electrolysis is considered 

as a clean energy production process, efficient use of electrolytes and water plays an important role 

for the environmental performance of the system. By now, a major part of water electrolysers are 

based on alkaline electrolytes or protone exchange membrane units, which are primary produced for 

the needs of electrolytic processes [3,4]. Use of noble metals (Pt, Ru) and different alloys, as 

electrocatalysts generates environmental pressures in resource consumption category and due to its 

limited geographical availability – in transportation category. Besides, high efficiency of the noble 



metal based electrocatalysts is offset by its high costs. Use of energy production by-products as 

electrolytes can improve the overall environmental and also economic performance of the integrated 

system. In this paper, a green, locally available and sustainable alternative for utilising 

electrocatalysts for H2 generation, namely biomass ash, is proposed.  

Biomass as a renewable energy source is coming increasingly popular. Although biomass fuel 

combustion is a CO2 neutral process, it creates a considerable amount of bottom ashes which 

contributes to another environmental issue – waste and its disposal. Biomass ash is a complex 

inorganic – organic mixture with polycomponent, heterogeneous and variable composition. It 

contains closely associated solid, liquid and gaseous phases with different origin. The ash 

constituents depend on type of biomass, type of soil and biomass harvesting. Ash content in wood 

and wood products depends on type of biomass which is used in combustion process [5].The main 

components in biomass ash are Ca, K, Na, Si, and P. Some type of biomass ash can contain 

silicones or alkali metals [6-8]. The amount of biomass ash depends on various factors: biomass 

type, soil and biomass cultivation, climate and geographical location, concentration of fertilizers, 

industrial process and harvesting techniques [5, 9]. 

The ash content in biomass ash varies from 0.1–46 % (mean 6.8 %) for 86 types of biomass [10], 

that is also proven in other studies [5, 9, 11]. As concluded by Vassilev et al. [12] and Beloborodko 

et al. [13], woody biomass has alower ash content than herbaceous and agricultural biomass. 

Summary of the data on ash content in biomass fuels is given in Fig.1. 

 

Fig. 1. Ash content in biomass fuels [5,9-11]. 

The research [10] shows that there is a strong correlation between biomass ash yield and other fuel 

characteristics. There is a positive correlation if biomass consists of Cl, S, N, Si, P and Ca in case of 

straw, but negative correlation – C, Cl, O, H, N and S for wood. Ash yield correlates with such 

factors as pH, electrical conductivity, dry water – soluble residue, cellulose and Mn and MgO 

elements in the fuel, lignin and volatile matter [10]. 

According to European Union goals, future production of biomass ash increase and ash utilization 

may cause serious environmental problems and thus its recycling become more important [6]. 

Approximately 480 million tons of biomass ash is generated worldwide annually [10]. For example 

in Finland, power and heating plants produce 150 000 tonnes of biomass ash annually, but in 

Australia – around 100 000 tonnes [14,15]. 

Despite the fact, that biomass ash is categorised as industrial waste, its physical and chemical 

properties allow to use biomass ash as an important raw material for a variety of applications [5, 6, 

12, 16]. An overview of the biomass ash recent applications is given in Fig. 2. 
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Fig. 2. Possibilities of biomass ash application. 

Biomass ash, especially wood ash, has high level of alkalinity [18]. As wood ash has alkaline 

characteristics simlar to zeolite structure, it may be used in electrolysis process as solid 

electrocatalyst to reduce or replace chemical catalysts. Zhang, et al. [19] mentioned that some 

improvements are still possible in alkaline water electrolysis. Most scientific publications resulted 

in use of biomass for hydrogen production in gasification process. However some scientific studies 

[20, 21] analysed use of coal ash as catalysts, but no studies were found on use of biomass ash as 

catalyst in water electrolysis process. 

The aims of the current study are: (1) within a design of experiment to perform a mathematical 

analysis on definition of the most suitable composition of bioenergy production by-products as 

catalysts in water electrolysis process; (2) to prove the results of mathematical analysis with  

experimental data.   

2. Methods and materials  

2.1. Preparation of ash catalysts  

Bottom ash from wood and straw briquette combustion is used for preparation of catalysts. 

Different sizes of solid particles appeared in the bottom ash samples, thus to ensure consistency, the 

ash was crushed to powder, weighted and sampled; each sample included 2 g of dry mass ash 

powder and 2.5 g of distilled water used as a binding agent. To ensure larger surface area and 

reduce sedimentation of the ash at the electrolysis unit, sphere shaped ash catalysts are proposed 

(see. Fig.3). To get harder consistence of the sample, sphere catalysts were heated in a muffle 

furnace for more than 2 hours in 1000 ºC.  

 

 

Fig. 3. Wood – straw ash catalysts before and after heating (1st - 25 % straw; 2nd - 50 % straw; 

3rd - 75 % straw; 4th - 100 % straw). 

 

Four sample sets with different wood ash and straw ash proportion were developed: the proportions 

of straw and wood ashes were selected randomly, however it was mathematically assumed that 25 

% step can show the potential changes in the results. 

 1st – 25 % wood ash and 75 % straw ash (S25); 

 2nd – 50 % wood ash and 50 % straw ash (S50); 

 3rd – 75 % wood ash and 25 % straw ash (S75); 
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 4th – 100 % straw ash (S100). 

2.2. Description of experimental hydrogen production unit  

An experimental alkaline based water electrolysis unit, made of glass, was developed for the study. 

Two steel electrodes, the working electrode and the counter electrode, were fixed on acrylic resin 

block with epoxy resin bond and the potential of both controlled. Distilled water was used as an 

aqueous solution and spherical ash catalysts added in each chamber. A principal scheme of the unit 

is given in Fig. 4.  
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 Fig. 4. Principal scheme of the experimental water electrolysis unit. 

The amount of hydrogen (gas bubbles) produced was observed with a soap flowmeter [22]. The 

concept of the flowmeter is given in Fig. 5.   

 

Rubber buld containing soap solution

Bubble formation section

Acceleration section

Measuring section

Closing section

H2 in

 (from the water 

electrolysis unit)

Free atmosphere

 

 Fig. 5. Scheme of H2 production flowmeter (based on [23]). 



 

The soap flowmeters are widely applied for the manual measurements of gas flow rates, especially 

for low flow rates [23] – thus corresponding to the hydrogen flow rate in the traditional water 

electrolysis unit within the current study.   

 

2.3. Analysis method 

To analyse the suitability of the wood ash as catalysts, a technique for order preference by similarity 

to ideal solution (TOPSIS) is applied. TOPSIS accords to a classical multi-criteria (MCA) decision 

making method [24, 25] to solve a multiple attribute decision making problem. The method allows 

selecting the best of a finite number of alternatives against their performance of a selected set of 

criteria [25]. The selected alternative should be as close as possible to the ideal solution and as far 

as possible from the negative ideal solution [24-26]. The suitability of the TOPSIS method for 

evaluation of energy production processes and environmental sustainability are proven by many 

authors [27-30]. Within a current study, the TOPSIS method is applied at the level of experimental 

design – to define the best alternative of the catalyst sample.  The application of the TOPSIS 

method as an experimental design approach is reported by Tiwary et al. [31] and Tansel [32] – they 

have demonstrated the usability of the multi-criteria decision making method for selection of 

optimal process parameters in manufacturing industry. Anupam et al. [33] proposed the TOPSIS 

method for the selection and ranking of raw materials for the pulp and paper industry: chemical and 

morphological characteristics of biomass varieties were evaluated according to preference for the 

industry. 

In the current study, the samples are evaluated with three criteria: pH value, diameters of catalysts 

and sample surface characteristics. Criteria weights are determined based on expert assumptions 

and are as follows: pH – 0.6, diameter (in mm) – 0.1 and surface – 0.3. Table 1 summarises a 

decision matrix for assessment of biomass by-products catalysts.  

 Table 1. Desicion making matrix for biomass by-products catalysts assessment 

   pH Diameter, mm Surface 

  x1 x2 x3 

Optimal values max min max 

Criteria weight, q 0.6 0.1 0.3 

v1 S25 12 20 2 

v2 S50 11 17 1 

v3 S75 10 16 1 

v4 S100 11 17 1 

 min 10 16 1 

 max 12 20 2 

 

The first step of TOPSIS analysis includes normalization of values: it will help to obtain non-

dimensional parameters that are comparable in easier way. The normalisation matrix can be reached 

with different normalization models:  vectorial, linear, non-linear and logarithmic [33]. Within the 

current study, the Witendorf linear normalization model is used (see Eq.1 and Eq. 2).  

 

𝑏𝑖𝑗 =
max𝑎𝑖𝑗−𝑎𝑖𝑗

max𝑎𝑖𝑗−min𝑎𝑖𝑗
   , if max aij is preferable;   (1) 

 

𝑏𝑖𝑗 =
𝑎𝑖𝑗−min𝑎𝑖𝑗

max𝑎𝑖𝑗−min𝑎𝑖𝑗
, if min aij is preferable.    (2) 



 

The second step in TOPSIS is the development of a normalized and weighted matrix by multiplying 

criteria weight (wi) with normalized criterion values (bij) (see Eq.3). 

vij = bij ∙ wi     (3) 

The third step in MCA is the definition of a positive-ideal (Eq.4) and negative-ideal solution (Eq.5).   

𝐴+ = Maxi 𝑣𝑖𝑗      (4) 

𝐴− = mini 𝑣𝑖𝑗     (5) 

Then ideal-positive separation (Eq.6) and negative-ideal separation (Eq.7) needs to be calculated. 

 

𝑆+ = √∑ (𝑣𝑖𝑗 − 𝑣𝑗
+)

2𝑛
𝑗=1 ,  i =1,2,..,m    (6) 

 

𝑆− = √∑ (𝑣𝑖𝑗 − 𝑣𝑗
−)

2𝑛
𝑗=1 , i =1,2,..,m    (7) 

 

The final step in MCA is calculation of the relative closeness to the ideal solution: 

𝑪𝒊
∗ =

𝑺𝒊
−

(𝑺𝒊
++𝑺𝒊

−)
,  i= 1,2,..,m     (8) 

If 𝐶𝑖
∗ = 1, the alternative is the ideal solution and if 𝐶𝑖

∗ = 0, the alternative is the negative-ideal 

solution. The coefficient of closeness is used to rank the alternatives in a preference decreasing 

order. The alternative with the maximum utility value is the most preferable solution [24, 25]. 

3. Results and discussion  
The aim of the paper was to define the best alternatives for use of biomass ash as catalysts in water 

electrolysis processes for hydrogen production. The multi-criteria analysis TOPSIS method was 

selected for assessment of defined alternatives. Using multi-criteria analysis four wood fuel ash 

catalyst alternatives with different composition were evaluated: S25, S50, S75 and S100. Three 

criteria with specific weights were defined – pH, diameter of catalytic spheres and surface 

characteristics of the spheres.  

The weighted normalized decision matrixes were used to find the positive-ideal solution and 

negative-ideal solution with respect to the specific physical parameters of the developed catalysts. 

The distance of each catalyst from these solutions was obtained and the results are shown in Fig. 6. 



 

Fig. 6. Results of TOPSIS analysis: comparison between wood and straw ash samples. 

The MCA analysis performed showed that S25 can be defined as an appropriate sample for the 

electrolysis process: the coefficient of closeness for this alternative is 0.87 to positive-ideal solution.  

To find the reasons of such distribution of the results, the chemical composition of the samples were 

analysed (see Figure 7).  

 

Fig. 7. Comparison of natural zeolite and biomass ash chemical composition [34]. 
 

As seen from Fig.7, the wood ash by it chemical composition is rich with chemical elements like 

CaO, K2O, MgO, Al2O3 and SiO2; straw ashes mainly consist of SiO2, K2O and CaO that makes it 

similar to the natural zeolites parameters. The main difference between natural zeolite and straw ash 

is in Al2O3, where natural zeolites have 30%, but straw ash only 3%, but from the other side, wood 

ash has higher amount of Al2O3 than straw ash. It might be concluded, that from the chemical 

composition perspective, the straw is more favourable product to substitute the natural zeolites. 

However, S25 has the highest pH level between the samples (pH=12) and the surface area – the 

parameters significant for the catalytic properties of ashes.  
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It was also found that a combination of straw ash and wood ash in the samples S50 and S100 have 

similar results in hydrogen production rates. This might be an important factor when experiments 

are implemented: if there is a lack of the wood ash as a raw material for production of the catalysts, 

the wood ash might be effectively substituted with 100 % straw ash catalyst.  Additionally, this 

substitution might be considered from economic perspectives as well. 

To validate the TOPSIS results, a laboratory experiment was performed as described in Chapter 2.2. 

The results of the experiment confirmed that hydrogen production via water electrolysis if biomass 

ash catalysts are used is more effective if the proportion of the ash is 25 % straw ash and 75 % 

wood ash. However additional hydrogen production monitoring, based on direct continuous 

measurement method with a gas analyser, might be useful to reduce uncertainty associated with use 

of the soap flowmeter.  

Conclusions   
Suitability analysis of biomass combustion ash use in the water electrolysis process as catalysts was 

researched in the study. The MCA TOPSIS method was used to compare various parameters of the 

catalysts in terms of getting a higher H2 production rate. Four wood fuel ash catalyst alternatives 

with different compositions were evaluated: S25, S50, S75 and S100. Three criteria that are 

necessary for performance ranking were selected within the study: pH, diameter of catalytic spheres 

and surface characteristics of the spheres. Weights of the criteria were based on literature analysis 

and also the opinion of the field experts was taken into account. The results of the TOPSIS analysis 

showed that S25 sample (25 % wood ash and 75 % straw ash) is ranked as the most optimal catalyst 

for hydrogen production in the water electrolysis unit; the analytical results were also confirmed 

with the experimental results showing a good perspective to use the bio-by-products (biomass ash) 

as the catalysts in the water electrolysis processes. Environmental performance of such substitution 

might be significant – reduction of use of chemical catalysts is obtained. However, detailed 

calculation of technical, environmental and economic effectiveness (for example hydrogen 

production rate per material economy and resource effectiveness) is required.  

The study proved that the TOPSIS method can be successfully employed for design of experiment 

phase to choose better alternative for further experiments. 
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