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Abstract  
Being a biodegradable polymer, poly(lactic acid) (PLA) based composites receive greater preference over non-
biodegradable plastics. Poly(lactic acid) has to find its place in various applications such as polymer composites, 
agriculture, biomedical, etc. Polymer composites based on PLA possess comparable mechanical strength, 
endurance, flexibility and endures future opportunities. Several combinations of natural fibers and filler-based 
PLA composites have been fabricated and investigated for physical and mechanical changes. Moreover, several 
biopolymers and compatibilizers are added to PLA to provide rigidity. The paper presents a tabulated review 
of the various natural fiber/filter-based PLA composites and the preparation and outcomes. In addition, 
enhancement made by the reinforcement of nano filler in the PLA are also discussed in brief. The significance 
of PLA in the biomedical application has been discussed in brief. The paper also shed lights in the social and 
economic aspects of PLA.  
 
Keywords 
poly(lactic acid) (PLA); biodegradable composites; mechanical properties. 
 
Introduction 
The increase in carbon emission and the excess usage of plastic polluting the air, land, and water are the major 
causes for the substitution of plastic for biodegradable polymers [1–3]. In fact, biodegradable polymers have 
become necessary to maintain an ecological balance between the source and waste production, ensuring 
minimum waste accumulation in the environment [4–6]. Millions of plastic commodities are being manufactured 
in everyday life, and almost equal is disposed of in the environment. These plastics are reinforced with various 
types of fibers and fillers to improve mechanical strength [7–9]. The most typical kinds of plastics used in daily 
practice are polypropylene, polyethylene, polystyrene, polyvinyl chloride, and polyurethane. The polymers 
mentioned above take a very long time to degrade hence called plastics or non-biodegradable polymers, due 
to the presence of a long polymeric chain and shows detrimental effects to the fertility of soil when dumped 
[10]. In an intention to resolve the issue of biodegradability, various natural and synthetic biopolymers were 
introduced in the market. Among them, PLA, a synthetic biopolymer, was found suitable to substitute the existing 
polymers due to good compatibility with other biopolymers to form blends, comparable tensile and flexural 
strength, large deformation, and remains thermally stable at elevated temperature [11]. PLA can be easily  
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manufactured by the process of fermentation and consume less energy during processing. It is cheap 
and available on the market. The alarming situation of CO2 emission by the use of non-biodegradable polymers 
can be curbed down by using PLA. Problem of disposing plastic in the landfills and aquatic can also be controlled 
to some extent. Using PLA as a bio material is not only beneficial economically but also favaourable for 
environment and social ecosystem.  
Many biopolymers are used in biocomposites with projected applications in sectors like automobile, marine 
engineering, aerospace, electronics, and household ware [12]. In the last decade or two, poly(lactic acid) has 
been extensively used as a matrix material for the fabrication of bio-composites with several types 
of reinforcements such as fiber (natural or synthetic), fillers (bio filler or nanofiller), metallic, and ceramics [13]. 
The properties of PLA-based composite fabricated in the past differ in method of fabrication, weightage 
of reinforcement, addition of compatibilizers etc. which will be discussed in the literature section. 
 
Process of manufacturing PLA based composites 
Composites based on PLA are prepared by various processes depending upon the nature of reinforcement 
and type of composite to be prepared. For instance, if the reinforcement is filler type, then twin-screw extruder 
(Figure 1) and injection moulding is used [14]. Various natural fillers such as wood flour, silicates, carbonates 
are reinforced in this process. In the case of fiber mat, a compression moulding machine is employed. Several 
kinds of natural and synthetic fiber can be reinforced with PLA in compression moulding machines such as hemp, 
kenaf, sisal, coir, wood, carbon, etc. [15–17]. Both the processes are equipped with the provision of a heating 
element to melt the pallets of PLA. Usually, the temperature range of heating elements is kept between 170-
185o C. Blends of PLA have been often prepared to provide rigidity in which various kinds of biopolymers 
are added like polyethylene glycol (PEG), poly(butylene succinate) (PBS), poly(hydroxy acid) (PHA), natural 
rubber (NR), polycaprolactone (PCL) and poly(hydroxy butyrate) (PHB). These blends are prepared by a melt 
blending process in which polymers are mixed in a beaker and stirred [18]. Thereafter, the required 
reinforcement is added to the blend. Injection moulding or melt screw moulding is advantageous in several ways 
over other manufacturing processes like compression moulding, hand lay-up, vacuum assisted resin transfer 
moulding etc. for example low running cost, specimen for specific dimension can be made directly by using die 
at the exit, complex material can be fabricated easily, variety of polymer can be easily processed due 
to the presence of heating element, higher rate of production, longer working life because of low applied 
pressure and cleanliness of fabricated material due to lower possibility of contamination.  
 
 
 

 

 

 

 

 

 

 

 

 

Figure 1. Melt extruder for the fabrication of composite based on PLA [14].
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Work done on Poly(lactic acid) based composites: 

 
Table.1. PLA based biopolymer reinforced with natural fibre. 

 

S. No.  Material  Process parameters Particulars of research 
 

Ref.  

1 PLA grafted with 3 % 
Maleic anhydride 
reinforced with  
30 % and 50 % 
Wood flour 

Twin-screw corotating 
extruder followed by 
injection moulding. 

Reduced flexural modulus, storage 
modulus, and tensile modulus were 
observed whereas failure strain, coefficient 
of thermal expansion, and melt flow index 
improved. Thermal stability was enhanced 
while the crystallinity of PLA decreased. 

[19] 

2 PLA with 5 % to 20 % 
fleece fiber and coir 
fiber  

Hot-press moulding at 
a temperature of 170o 
C, the pressure of 
10MPa, and moulding 
time of 10 minutes. 

An increase in tensile strength of the 
composite was observed with an increase 
in the percentage of fleece fiber but it 
decreases as the fleece fiber weightage 
increases to 20 %. Modulus of elasticity 
increases with an increase in the 
percentage of fleece fiber.  

[20] 

3 PHB and PLA with 30 
% short and long 
pulp fiber. 

Fibers were mixed with 
a blend of PHB and PLA 
in a torque rheometer 
at 190 ºC 

The impact strength was enhanced by 
a factor of 1.3, while tensile strength was 
enhanced by a factor of 1.5 as compared to 
the virgin blend of PLA and PHB.  

[21] 

4 PLA with olive husk 
flour at 10, 20, and 
30 % reinforcement  

Composites were 
prepared with the 
extrusion-injection 
moulding method.  

Young modulus increased by almost 27 % 
from the initial value with the addition 
of olive husk flour. However, the tensile 
strength and elongation at break were 
reduced owing to poor dispersion and weak 
interfacial bonding. Treatment of olive husk 
flour resulted in an enhancement 
in interfacial bonding and improved 
mechanical and thermal properties.  

[22] 

5 PLA and short kenaf 
fiber 

Blend of PLA, and short 
kenaf fiber was 
prepared by melt 
blending in Brabender 
internal mixer at 60 rpm 
and 170o C for 10 
minutes.  

The addition of short kenaf fiber improved 
the tensile strength and tensile modulus of 
the composite up to 30 wt. % of the 
reinforcement. At 40 wt. % and 50 wt. % of 
kenaf fiber reinforcement, the PLA matrix 
unable to wet the fiber and resulted in 
reduced tensile strength and tensile 
modulus. Change in the crystallinity and 
porosity of PLA was also observed due to 
the reinforcement of short kenaf fiber 

[23] 

6 PLA, PBS, PCL, PBAT, 
NR, PCL and grass 
fiber 

Blending of polymer 
was carried out in 
laboratory and 
reinforced with grass 
fiber via injection 
moulding 

Blending of polymer with NR significantly 
improved the impact strength. 
Improvement in the tensile strength and 
tensile modulus with the incorporation of 
grass fiber was observed but the impact 
strength and elongation at break reduced.  

[24] 
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7 PLA and Basalt fiber Mixture of PLA and 
dried basalt fiber were 
prepared in twin screw 
extruder and then 
passes through 
injection moulding for 
the preparation of 
composite samples 

The mechanical properties of PLA increased 
linearly with the increase in the percentage 
of basalt fiber in composite. The highest 
improvement in the mechanical properties 
were obtained at 30 % weightage of basalt 
fiber.  

[25] 

8 PLA and continuous 
carbon fiber 

Fused deposition 
modelling  

The carbon fiber reinforced PLA composite 
yielded enhanced tensile and flexural 
strength.  

[26] 

9 PLA, chitosan and 
carbon fiber  

Solvent blending and 
immersed glow 
moulding process 

The presence of chitosan in carbon fiber 
PLA composite helped bridge the gap 
between the fiber and matrix, resulting in 
improved shear and bending modulus. The 
rate of bio degradation of the composite 
accelerated with the addition of chitosan.  

[27] 

10 PLA and bamboo fiber Composites were 
prepared in injection 
moulding machines 

Bamboo fiber lowered the glass transition 
temperature, storage modulus and loss 
modulus of the PLA. Moreover, the 
mechanical properties of PLA significantly 
reduced.  

[28] 

11 PLA, benzoyl peroxide, 
banana fiber and sisal 
fiber  

Composites were 
prepared by twin screw 
extrusion followed by 
injection moulding 
process. 

Excellent improvement in the mechanical 
properties of PLA especially in tensile and 
flexural strength attributed to the 
treatment of fibers with benzoyl peroxide.  

[29] 

12 PLA, sugar beet pulp 
and sorbitol and 
glycerol as plasticizer 

Composites were 
prepared by twin screw 
extrusion followed by 
injection moulding 
process. 

Tensile strength reduced by 25 % with the 
reinforcement of 30 % of sugar beet pulp 
whereas the elongation at break increases. 
Specific mechanical energy of PLA reduced 
from 1400 J/gram to 1000 J/gram. 

[30] 

13 PLA and okra fiber Co-rotating twin screw 
micro extruder 

The stiffness of PLA increased with the 
addition of okra fiber. The morphological 
study revealed that fiber diameter was 
reduced by the chemical treatment but the 
interlocking enhanced between the fiber 
and matrix.  

[31] 

14 PLA and chitin Melt blending was used 
to prepare the blend of 
PLA and chitin 

The drop in peak degradation temperature 
of PLA was observed with the addition 
of chitin. Char formation increased as PLA 
became more hydrophobic leading to 
enhancement in tensile and flexural 
strength. 

[32] 

15 PLA, carbon fiber and 
SEBS-g-MA as 
compatibilizer 

Composites samples 
were prepared by single 
screw extruder 

Tensile strength, tensile modulus and 
flexural modulus decreased whereas 
flexural strength increased marginally and 
significant improvement was observed in 
the impact strength of PLA with the 
addition of chitin.  

[33] 
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16 PLA, cassava flour, 
pine apple flour and 
ash.  

Samples were prepared 
by injection moulding 
machine  

Mechanical properties of PLA enhanced up 
to 30 % of both cassava and pine flour 
reinforcement but started decreasing when 
the reinforcement weightage increased to 
40 %.  

[34] 

17 PLA, basalt fiber and 
wood flour  

Co rotating twin screw 
extruder was used to 
fabricated the 
composite samples 

SEM micro graphs confirm the homogenous 
mixing of reinforcements in PLA. There was 
no improvement observed in the 
mechanical properties of PLA with the 
incorporation of basalt fiber rather 
decreased with the incorporation of wood 
flour in PLA.  

[35] 

18 PLA, epoxidized 
natural rubber and 
lignocellulose fiber 

Composites samples 
were prepared by using 
a vulcanized mould in 
press moulding  

On mixing natural rubber with PLA, the 
elasticity improved. The glass transition 
temperature of PLA increased with the 
addition of lignocellulose fiber. It was also 
found that the decomposition rate of PLA 
accelerated due to the incorporation of 
silane-treated lignocellulose fiber.  

[36] 

19 PLA and coir fiber Samples were prepared 
with co-rotating twin 
screw extruder 

At 30 % reinforcement of coir fiber the 
tensile strength reduced to 52.8 MPa from 
57.4 and elongation of break reduced to 2 
% from 3.8 %. The tensile modulus was 
found to be increased from 4 GPa to 4.8 
GPa.  

[37] 

20 PLA and hemp fiber Composite samples 
were prepared by twin-
screw extrusion and 
injection moulding  

At 40 wt. % loading of hemp fiber in PLA, the 
flexural strength, flexural modulus, and 
impact strength were found to be 
maximum with an increment of 62 %, 90 %, 
and 68 % respectively as compared to virgin 
PLA.  

[38] 

21 PLA, 25 wt. % cotton 
linters and 50 wt. % 
Mapple fiber 

Composites samples 
were prepared via 
compounding followed 
by injection moulding 

Marginal increase in the overall density was 
achieved with the addition of 25 % cotton 
linters in the PLA. Flexural modulus of PLA 
was increased by 56 % and 123 % by the 
addition of cotton linters and Mapple fiber 
respectively. Significant improvement in 
the impact strength of PLA was also 
observed.  

[39] 

22 PLA, office waste 
paper and PBAT 

Composites were 
prepared by melt 
blending and injection 
moulding  

The impact strength of PLA was enhanced 
by 291 % at 20 wt. % of office waste paper 
but the flexural modulus and flexural 
strength decreased. PBAT addition in PLA 
increases the water uptake stepwise.  

[40] 

23 PLA, kenaf fiber and 
rice husk 

Compounding of PLA 
with fibers were carried 
out followed by 
samples preparation by 
injection moulding  

The flexural modulus of PLA increased 
around 32 % and 18 % with the addition of 
kenaf fiber and rice husk respectively. 
However, flexural strength and impact 
strength decreased.  

[41] 

24 PLA, bamboo fiber and 
silane coupling agent 

Composite samples 
were prepared by 
injection moulding 

Storage modulus and loss modulus of PLA 
decreased as the weight percentage 
of bamboo fiber increased in the 
composite.  

[28] 
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25 PLA, benzylated 
treated rice straw and 
nano clay 

Solvent casting method 
was used to prepare the 
composite samples 

Reduction in the peak intensity of the 
cellulosic hydroxyl group was observed with 
the addition of treated tice straw due to the 
formation of aromatic bonds. A slight 
increase in the crystallinity of PLA was 
observed due to strong molecular 
interaction between fiber and PLA.  

[42] 

26 PLA and rice straw Alkali pulping and 
benzylation was 
performed on the rice 
straw followed by twin 
screw extruder for the 
composite fabrication 

The addition of rice straw in PLA resulted in 
the lowering of glass transition 
temperature and melting temperature. 
Early degradation of the composite was 
confirmed by the SEM micrographs.  

[43] 

27 PLA and thin strip of 
bamboo 

Strips of bamboo were 
bonded in PLA with the 
help of compression 
moulding machine for 
the fabrication of 
composites 

Excellent enhancement in the mechanical 
properties of PLA was obtained due to the 
influence of the node. Highly stiffed 
composite can be fabricated via 
compression moulding process.  

[44] 

28 PLA and 10 wt. % PEG Melt blending and co 
rotating twin screw 
extruder 

PEG plasticized the PLA but the mechanical 
properties were reduced.  

[45] 

29 PLA, raw fiber 
obtained from acid-
catalysed hydrolysis 
and delignified fiber 

Samples were prepared 
by co rotating twin 
extruder 

Marginal improvement was observed in the 
tensile strength of PLA with the addition of 
raw fiber. Formation of pores and voids 
took place due to the addition of oat 
delignified fiber.  

[46] 

30 PLA and nanometric 
and micrometric 
cellulose filler 

Solvent casting method 
was used for the 
fabrication of blend 

Higher young modulus and tensile strength 
were obtained for nanometric filled PLA 
composite as compared to micrometric 
filled PLA composite 

[47] 

31 PLA, starch, cellulose 
fiber in powder form 
and carnauba wax,  

Foam composite was 
prepared by 
compression moulding  

The foam containing 9 % PLA showed the 
highest improvement in tensile strength 
with an increment of 31 % as compared to 
foam without PLA.  

[48] 

32 PLA with 10 % copper 
fibers 

Compression moulding 
technique 

Viscoelastic behaviour of PLA enhanced 
with the addition of copper fiber. The PLA 
became more thermally stable due to the 
reinforcement of copper fibers.  

[49] 

 
The results reported in the tabulated form (Table 1) conclude that reinforcing PLA with fiber/filler reduces 
the strength but enhances the modulus and stiffness. Various compatibilizers are added in the PLA to improve 
the mechanical interaction between fiber and PLA and enhances the melting point temperature. The addition 
of copolymer increases toughness and crystallinity of PLA due to formation of cross linkage. In addition, 
the dynamic mechanical properties such as loss modulus and storage modulus are also enhanced by the addition 
of copolymers.  
 
Poly(lactic acid) based nano composite 
Various inorganic and organic materials can be incorporated in PLA to enhance its mechanical and thermal 
properties. These incorporations, when performed at nanoscale then it is called nano composites. 
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Figure 2. PLA based nano composites [50–70]. 

A minimal amount of nanofiller is sufficient to improve the mechanical and thermal properties of the PLA 
significantly. Due to the high surfac to volume ratio of nano filler, it is usually reinforced in a small amount i.e. 
upto 5 %. It generally occupies the vacant position in the matrix and provides rigidity to the composites leading 
to high impact and tensile strength. Significant enhancement in the strength of PLA has been reported in the past 
by reinforcing various nano fillers such as ZnO, silicates, CaCO3, Fe3O4, TiO2 etc. nano fillers not only provides 
strength to PLA but also improves thermal characteristics. Various nano fillers-PLA composite and their 
properties enhancement is shown in Figure 2.  
 
Application of PLA based composites 
Despite being subjected to various composite manufacturing as a matrix material, poly(lactic acid) has also been 
used in the field of biomedical. It has favorable characteristics such as biodegradability, biocompatibility, 
hydrolyzed under environmental conditions, low immunogenicity, etc. that makes it a suitable polymer for 
various biomedical applications, as illustrated in Figure 3. It is used in orthopedic implants in which 
biocomposites based on PLA are used for bone fixation and implant for tissue recovery. Blends of PLA, 
polyglycolide (PGA), and di-oxanone are used for orthognathic surgery, a pretreatment for maxillofacial 
fractures. PLA blends provide comfort and relief to the implants and eliminate the secondary process of healing 
[71]. Several drug delivery systems are prepared by PLA. A combination of lactide group and glycolic acid 
are used for lipophilic drugs, chemotherapeutic drugs, and therapeutic agents. Antigen release can also 
be accomplished by combining microsphere of chitosan with poly(glycolic acid) [72].  
Scaffolds prepared from PLA and collagen are effectively used to stimulate and proliferate cell generation in 

tissue engineering. The augmentation of soft tissue damage has been successfully achieved by phosphate-PLA 

biocomposite for bone tissue engineering. Successfully implementing composite based on poly(lactic acid) as an 

antimicrobial agent has been accomplished forbidding micro-organism growth in water sanitation plant [73]. 

Research and development are also in progress to develop stents based on PLA used for the clinical problem 

that arises in the ureteral system. Various electronic controller systems are now being fabricated from poly(lactic 

acid) leading to mutual compatibility, less space, efficient power, and reliability as compared to conventional 

material. Teabags, packaging materials, and other household ware are also manufactured with poly(lactic acid). 
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Figure 3. Biomedical scope of poly(lactic acid) [71]. 

 
 
Impact 
Cost of production of any mateiral is the crucial parameter which decides its viability and future sustainability 
in the industry. Today, various companies like NatureWorks, Futerro, Corbion etc. are providing PLA 
at reasonable cost. The quality of PLA offer by these companies are worth buying but the original production 
cost is unknown to almost everyone except few producers. To assess the original production cost of the PLA 
a number of experiments were performed. Raw material used for the production of PLA were potato starch, 
wood extract, cassava extract, food waste, triticale and corn. The cost of production incurred in the analysis 
varied according to the method adopted. The detailed cost analysis of PLA production is explained in Table 2. 
The variation in the cost is the result of method used in the production, type of feed stock and other direct and 
indirect cost considered in the investigation therefore a comparison among the studies on the basis 
of production cost will not be justified. Nevertheless, various methods of producing PLA at different working 
conditions have evolved through research and technical advancement.  
 
By using different types feedstock and technique, we can lower down the production cost of PLA as shown 
in Table 2. However, the commercialization of the method will depend on the balance between its cost 
and environmental effect. PLA is well-known for its low CO emission and the feedstock i.e. corn, consumes CO2 

during its cultivation [74]. Comparing the carbon emission of PLA production with other typical polymers, it was 
found that PLA has negative green house gas emission [75]. This makes the PLA acts as a green house gas sink 
and coupling this with latest process technology will definitely leads to the formation of green environment.  
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Table 2. Cost analysis of PLA produced by different method [76–79]. 
 

Feedstock  Technique  Cost incurred  Remark  
 

Potato starch 
 

Bacterial fermentation 
(Green field 
technology) 

Cost of dextrose, waste disposal 
cost, revenue cost, fixed cost such 
as electricity cost and overhead 
cost 

$ 2.9 US production cost 
per kg of PLA 

Sugar extract 
from wood 
 

Bacterial fermentation 
(Brownfield 
technology) 

Lowers the capital cost, annual 
operating costs, including taxes, 
insurance, maintenance, return 
on investment and other 
expenses 

$ 2.62 US production cost 
per kg of PLA 

Corn starch Yeast fermentation Lower the waste cost and process 
cost  

$ 2.12 US production cost 
per kg of PLA 

Cassava root Cargill dow process Costs of PLA production, raw 
material costs (cassava roots and 
chemicals), capital costs, labour 
costs, operating costs, and waste 
treatment costs, environmental 
cost and cost of CO2 emissions 
resulting from electricity and fuel 
consumption 

$ 2.71 US production cost 
per kg of PLA  

Cassava starch  Cargill dow process Raw material costs (cassava 
starch, capital costs, labour costs, 
operating costs, and waste 
treatment costs, environmental 
cost and cost of CO2 emissions and 
waste cost (gypsum) 

$ 2.82 US production cost 
per kg of PLA 

Cereal crops 
(triticale) 

Baseline technology Costs of raw materials (biomass 
and chemicals), energy and 
operating materials, maintenance 
and repair, labour, operating 
materials, insurance and 
overhead, administration, 
distribution and sales 

$ 1.2 US production cost 
per kg of PLA 

Corn grains  Bio refinery  Equipment cost, raw materials 
cost, energy cost, labour cost and 
costs of producing lactic acid from 
bacteria, fungi and yeast-based 
fermentation 

$ 0.84 US production cost 
per kg of PLA 

 

 

Figure 4. CO2 emission by various polymers [80].
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Conclusions 

The fabrication of the biocomposites in the coming future will be given preference over non-biodegradable 
composites due to the strict regulations as specified by the United Nation environmental program (UNEP) 
for the prevention of the environment from the hazardous effect of the polymer waste where poly(lactic acid) 
can play a crucial role. Different types of biopolymers compatible with PLA need to be exposed to expand 
its scope for the fabrication of sustainable material that could perform in real-time conditions.  
Poly(lactic acid) is readily available in pallet form and is widely used for the manufacturing of boi-composites 
particularly via melt extruder and injection moulding. Various favourable changes in mechanical and wear 
characteristics of PLA have been reported along with some future suggestions. PLA showed decreasing 
characteristics of tensile and flexural strength with the addition of filler which can be modified with the use 
of compatibilizers or mixing of suitable biopolymers.  
Biodegradable implants are primarily designed from PLA-based composites and are expected to be made 
from pure PLA in the near future also. The emerging biomedical tailorable applications will be made from the 
PLA and its copolymer blends such as glycolic acid, caprolactone, and polyethylene glycol.  
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Abstract 
In a perspective projected to reduce the atmospheric concentration of greenhouse gases, in which carbon 
dioxide is the master, the use of microalgae is an effective and decisive response. The review describes the bio 
circularity of the process of abatement of carbon dioxide through biofixation in algal biomass, highlighting the 
potential of its reuse in the production of high value-added products. 
 
Keywords 
Microalgae; CO2 biofixation; circular bioeconomy. 
 
Introduction  
Greenhouse effect and decarbonisation strategies 
Earth's temperature is rising almost 0.15°- 0.20°C per decade since 1975, causing an increase of 1° C since 1880 
[1,2]. Scientists believe that this trend cannot be explained uniquely by natural changes, but it has to consider 
the influence of other factors, first of all the effect of the anthropogenic emission of large quantities 
of greenhouse gases (GHGs). GHGs include CO2, methane, nitrous oxide, hydrofluorocarbons, 
chlorofluorocarbons, etc. Considering that many GHGs can remain in the atmosphere for tens or hundreds 
of years, creating serious consequences even in the long term, the situation is even more critical. In order 
to counteract this trend, and to protect the environment, many Countries pledged to enter into agreements such 
as the Kyoto Protocol (1979) and the Paris Climate Agreement (2015). Among the GHGs, CO2 is considered 
to have the greatest negative impact on global warming. The rise of atmospheric CO2 concentration has been 
about 2 ppm/year in the last ten years, and in 2019 was almost 40% higher (399 ppm) than that measured during 
the Industrial Revolution (280 ppm) [3,4]. Since CO2 is one of those gases with exceptional persistence 
in the atmosphere (even if also non-CO2 greenhouse gases could have a negative role as well) [5], transported 
by the wind and spreading all over the world, it can be responsible for global warming virtually irreversible 
for more than 1,000 years. Although still controversial and debated [6,7], contribution of fossil fuels-burning 
power plants seems to be about 40% of the total CO2 global emission [8], to which burning of fossil fuels 
for transport must be added [9]. In heavy industries, CO2 emissions are a by-product produced through chemical 
reactions that do not involve combustion, but also CO2 emissions indirectly produced by electricity generation 
must be taken into account [9]. Some predictive studies show how the failure to reduce the GHGs emissions will 
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affect the atmospheric temperature in coastal areas by 2°C by 2050 and by 4°C by 2100, while in inland areas 
the temperature will increase by 4°C by 2050 and by 7°C by 2100. 
 

 

Figure 1. CO2 emissions by sector. Source: https://www.iea.org/articles/global-CO2-emissions-in-2019. 

 
Although the combustion of fossil fuels is currently the cheapest form of energy production, it is one of the main 
factors contributing to CO2 emissions into the atmosphere [10]. 
Several studies focus on finding solutions both to reduce atmospheric CO2 pollution (by removing it from 
atmosphere or by reducing industrial emission) and to give alternatives to fossil fuels [10,11]. 
 
The main chemical processes to reduce CO2 presence in the atmosphere capture are absorption by amino 
solvents to treat industrial air flows [11,12] and adsorption of CO2 molecules to a solid phase [13]. 
However, both chemical processes are economically disadvantageous, due to the energy consumption 
for solvent regeneration in the first case, and for separation of pollutants from adsorbents in the second one 
[13]. 
 
Microalgae CO2 capture and utilization 
In recent years, the concept of circular bioeconomy has emerged, focusing on the sustainable valorisation 
and transformation of biomass in production chains converting agro-industrial wastes into high added value 
products and use of renewable resources into products with a high added value [14]. The use of versatile 
and environmentally friendly photosynthetic organisms such as microalgae represents a promising approach 
in the development of such closed loop systems [15,16]. 
In Nature, Microalgae play a key role in the mitigation of environmental carbon and in bioremediation thanks 
to their high photosynthetic efficiency -about 40% more than terrestrial plants-, and to the significant 
sequestration of CO2: about 1 kg of microalgae consumes 1.83 kg of CO2 and represents 40% of the global CO2 
sequestration [16]. 
Microalgae has been studied not only to reduce CO2 from the atmosphere or from flue gas emissions [17], 
but also to be applied in wastewater treatments [18] to generally lower pollutants and converting them into 
organic biomass rich in lipids, proteins, and other high value-added compounds [19] for energetic applications 
(biodiesel, biogas), food (human and animal feed), pharmaceuticals and cosmetics production [20]. 
Optimisation of carbon fixation efficiency by microalgae should take into account many variables.  

It should be considered the use of the most suitable strain in relation with the different mediums to be treated, 
adjusting operating conditions as physicochemical and hydrodynamic parameters [8]. Good characteristics 
are tolerance to high CO2 concentrations, high temperatures, and presence of toxic compounds such as NOx, SOx, 
hydrogen sulfide. For this reason the search for appropriate microalgae strain is one of the main concerns 
regarding the improvement of CO2 capture processes [21]. Several microalgae such as Chlorella spp.,  
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Scenedesmus spp., Chlorococcum spp., Nannochloropsis spp. have shown good ability to capture the CO2 present 
in effluents similar to those emitted by industrial activities [22–25].  
The supply of nutrients plays a fundamental role in the regulation of key metabolic processes related to both 
CO2 fixation and biomass synthesis. Nutrients for microalgae cultivation include carbon, nitrogen, phosphorus, 
magnesium, sulfur and trace element [26].  
When microalgae are grown in autotrophy, light is crucial for photosynthetic activity, being the energy source. 
The growth of microalgae and the fixation of CO2 depend on both the light-dark cycle and the intensity 
of the light, but this is not a universal rule. CO2 fixation by Aphanothece microscopica Nägeli 
and by Nannochloropsis sp. achieves approximately 100% efficiency with continuous illumination of the culture 
[27]. There is also evidence that shorter lighting periods lead to a reduction in biomass production and carbon 
dioxide fixation [27]. 
Another crucial parameter to enhance both CO2 capture and cell growth is temperature. The solubility of CO2 

depends on temperature and is reduced at high temperatures. Besides, also the affinity of RuBisCO (the key 
enzyme for CO2 fixation) for CO2 decreases as the temperature increases. In any case, the effect of temperature 
on the reaction metabolic rate depends on the strain being considered [28]. 
The value for pH determines the form in which dissolved inorganic carbon (DIC) exists in water. CO2, HCO3

-, CO3
2- 

and H2CO3, can all be found in water, but only CO2 and HCO3
- can be used by microalgal cells. The acidic pH favors 

the formation of H2CO3, whilst the alkaline one allows the assimilation of NO3
- and HCO3

-. It is generally preferred 
to cultivate microalgae in alkaline conditions due to the positive effect on CO2 solubilization [29]. 
 
Microalgae cultivation systems for CO2 capture 
Microalgae can be produced either in open (outdoor) or closed systems (photobioreactor). 
Open systems for microalgae growth are the cheapest, but they are also the most prone to the effects of external 
factors and contamination. Closed cultivation systems, also known as photobioreactors (PBR), despite being 
more expensive, allow the strict control of cultivation parameters, favoring the most suitable conditions for the 
growth of microalgae [30]. 
Typical configurations for CO2 capture systems are tubular or flat PBRs. 
Tubular PBRs are commonly used for CO2 capture due to good scalability and low contamination risk. They are 
divided into horizontal and vertical tubular reactors [30]. The main advantages of horizontal PBRs are the large 
surface exposed to light and the relatively low CO2 losses [31]; on the other hand, an important disadvantage 
is the accumulation of oxygen in the culture medium, that can lead to a decrease in biomass production and CO2 
uptake [29]. Vertical PBRs, on the other hand, are advantageous for their high mass transfer and good mixing, 
which has made them suitable systems for biomass production and CO2 sequestration; however, they have 
a small illumination area, which can induce a decrease in the growth rate [32]. 
Another configuration commonly used for CO2 capture with microalgae are flat plate PBRs. An important 
advantage is the short light path and high illumination area. An important drawback is the low mixing and high 
shear stress [32]. 
 
Effect of flue gas compounds on microalgae 
In order to apply the biofixation of microalgae to industrial power plants or fuel gases it is necessary 
to understand the influence of combustion gas compounds on microalgae (Table 1). 
In fact, in addition to the CO2 contained in about 10/15% in coal-fired power plants and 5/6% in natural gas-fired 
power plants, nitric oxide (NO) and nitrogen dioxide (NO2) are present in flue gases, as well as SOx [33]. 
In combustion gases the level of NOx emission varies from 90/95% of NO and 5/10% of NO2. If the NO 
concentration is very low, it is transformed into NO2 and absorbed as a nitrogen source. However, the increase 
in NO concentration may lead to a decrease in the growth rate for some microalgal species [8]. 
SOx are produced by burning hydrogen sulfide, sulfur, or organosulfur compounds. It is well known 
that the presence of SO2 strongly inhibits microalgae growth. Inhibitory effects of SO2 on microalgae growth can 
be attributed to increased acidity, which leads to cell death. A pH control in the growth medium would maintain 
algal growth unvarying in the presence of SO2 [8]. 
Concerning the interaction between microalgae and other compounds as unburnt hydrocarbons, O2, N2, CxHx, 
H2O, CO, aerosols, heavy metals, and particulate matter, they have yet to be studied in detail.
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Table. 1. Inhibition effects of microalgae species cultivated using flue gas with SOx and NOx compounds. Source: [4]. 
 

Microalgal 
species 

CO2% (v/v) NOx 
(ppm) 

SOx 
(ppm) 

Source Inhibitory 
effect 

Cultivation 
system 
 

References 

Nannochloropsis 
limnetica 

10 - 25 

Real flue gas 
from rice 
husk 
emission 

Inhibited 
Bubble 
column 

[34]  

3 - 11 

Real flue gas 
from rice 
husk 
emission 

Inhibited 
Bubble 
column 

[34] 

Chlorella sp. 

8-10 38 3.8 

Real flue gas 
from co-
generator 
units 

No 
inhibition 

Bubble 
column 

[35]  

6-8 37 - 

Real flue gas 
from 
combustion 
of natural 
gas from 
boiler 

No 
inhibition 

Open thin 
layer PBR 

[36]  

23 78 87 

Real flue gas 
from coke 
oven of steel 
plant 

No 
inhibition 

Double set 
PBR 

[37]  

Chlorella sp. MTF-
15 6–8 

25 70-80 80-90 

Real flue gas 
from coke 
oven of steel 
plant 

Slight 
inhibition 

Column-
type glass-
fabricated 
PBR 

[22]  

26 8-10 15-20 

Real flue gas 
from coke 
oven of steel 
plant 

Slight 
inhibition 

Column-
type glass-
fabricated 
PBR 

[22]  

24 25-30 15-20 

Real flue gas 
from coke 
oven of steel 
plant 

Slight 
inhibition 

Column-
type glass-
fabricated 
PBR 

[22]  

Scenedesmus sp. 18 150 200 

Real flue gas 
from 
combustion 
chamber of 
coke oven 

No 
inhibition 

Airlift [38]  

Mixed culture of 
Scenedesmus sp., 
Chlorella sp., 
Nitzschia sp., 
Chlamydomonas 
sp., Oocystis sp. & 
Protoderma sp. 

7.5 77 - 

Real flue gas 
from 
combustion 
of natural 
gas in 
manure-
drying 
motors 

No 
inhibition 

High-rate 
algal pond 

[39]  

https://doi.org/10.32933/ActaInnovations.41.2


Acta Innovations  2021 no. 41: 19-27  23 

 
 

 

 
 

https://doi.org/10.32933/ActaInnovations.41.2 ISSN 2300-5599   2021 RIC Pro-Akademia – CC BY 
 

Applications of CO2 capture and utilization by microalgae 
To date, there are few examples of commercial applications of microalgae for the capture of CO2 in a biorefinery 
concept, due to the high process costs [40]. 
Here are some examples of successful pilot scale applications. 
The first company in the world to use the exhaust gases of a power plant for seaweed farming was Seambiotic, 
in Israel. The first company in the world to use the exhaust gases of a power plant for seaweed farming was 
Seambiotic, in Israel. In 2006, this company, in collaboration with a coal-burning power plant in the city 
of Ashkelon, developed a pilot plant with a pond area of 1000 m2, to test algae growth using CO2 from flue gases. 
The plant produced around 7 tons of biomass per year from flue gases containing 12% vol CO2. Subsequently, 
the Hearol project, by Seambiotic, Yantai Hairong Electricity Technology and Penglai Weiyuan Science & Trading 
Ltd was developed, with the aim of using the exhaust gases generated by the Penglai coal-fired power plant 
to grow microalgae on a commercial scale [21]. 
In Germany, RWE has started a project in which combustion gases from the Niederaussem power plant are fed 
into an algae plant near the plant to convert CO2 into biomass. The plant has been operational since 2008 
on an area of 600 square meters and supplies about 6000 kg of algal biomass using about 12000 kg of CO2 per 
year [41]. 
At the University of Kentucky in the United States, researchers cultivated Scenedesmus acutus in an 18,000-liter 
pilot-scale PBR system using exhaust gas derived from Duke Energy's East Bend Power Plant, Kentucky. 
The exhaust gas was initially pre-treated to reduce SOx and NOx and then pumped into the culture systems. 
The mean growth rate recorded during the study was 32.9 g m-2 d-1 [42]. 
The Daqi project in China is capable of capturing 110 tons of CO2 with microalgae and producing respectively 20 
tons of biodiesel and 5 tons of protein per year   [21]. 
Eni, an Italian multinational active in fuel and natural gas sectors, started in 2019 the experimental plant for the 
CO2 biofixation from microalgae thanks to the aid of artificial led light. The process, through CO2 biofixation 
by microalgae, allow to enhance CO2 as a raw material and to transform it in high value products such as algal 
flour for food and nutraceutical markets or biooil, which can sequentially be used as feedstock in biorefineries. 
The pilot plant consisting of 4 PBRs is integrated with renewable energy sources, and has achieved daily 
productivity data of biomass that could lead to 1 hectare plant producing 500 tons of biomass per hectare per 
year, trapping about 1000 tons of CO2 [43]. 
Between 2011 and 2013, the Green Mission project (a collaboration between the State of Brandenburg, 
the European Union and Vattenfall) followed by the Green Vision project, tested an algal farm facility using 
the combustion gas obtained from the Senftenberg power plant (Brandenburg). The facility is one of the largest 
closed algal cultivation systems globally with a volume of 48000 L, with an increased biomass productivity using 
raw combustion gas [21]. 
 
Environmental and economic impacts aspects of CO2 capture and utilization by microalgae 
Microalgae are receiving increasing attention due to their potential application to the capture and use of CO2 
in the renewable energy sector. The use of microalgae has several advantages over the use of other plant raw 
materials, including a high photosynthetic conversion, a high capacity to produce different raw materials for 
biofuels, a high environmental bioremediation capacity (CO2 fixation from atmosphere or from combustion 
gases, water purification) and the non-competitiveness for the use of land for food crops. Furthermore, net CO2 
emissions are assumed to be essentially zero if the CO2 released from the biofuel from microalgae can be recycled 
and reused for microalgae cultivation. Consequently, these advantages and potential make microalgae suitable 
for solving CO2 and energy reduction problems [33]. 
CO2 capture through a biorefinery approach with microalgae cultivation is economically feasible, as waste 
from power plants or other industrial plants is reused [44] and residual microalgae biomass, rich in proteins and 
carbohydrates, can be used as a carbon source for the production of bioelectricity, biohydrogen and also fatty 
acids and other molecules, which can in turn be used to produce bioplastics [45]. 
A very promising algae for capturing CO2 from flue gases is chlorella. Studies have shown that Chlorella could 
grow in an atmosphere containing up to 40% (v / v) CO2, with a CO2 fixation rate between 0.73 and 2.22 g/L/day. 
[4,45]. 
A very important aspect concerns the fact that the NOx and SOx compounds present in the fed CO2 stream 
do not affect the production of Chlorella biomass. [4,46]. In fact, some studies reported how these pollutants 
are metabolized at the cellular level by microalgae in culture [22,47]. Some microalgal species could therefore 
be potentially useful for bioremediation of CO2, but also of other greenhouse gases [47].
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Therefore, the main purpose is the conversion of CO2 into different products, thus closing the carbon cycle 
and contributing to the bioeconomy of the process [48]. 
The EU emission trading scheme (ETS) is a milestone of EU policy to tackle climate change and a key tool for cost-
effectively reducing greenhouse gas emissions. It is the world's leading CO2 market and continues 
to be the largest. The ETS is a free trade program where, one the state has set the limit for the environmental 
load of carbon dioxide that can be emitted distributes to companies an amount of exchangeable certificates 
capable of covering the fixed quantity. Those who are unable to cover their emissions incur the payment 
of financial penalties. The most important parameter of all is therefore the method of assignment of certificates. 
In order to   achieve climate neutrality in the EU by 2050, including the interim target of a net greenhouse gas 
emission reduction of at least 55% by 2030, the Commission proposes to review and possibly extend the scope 
of the EU ETS system. 
The main impact produced by the ETS is represented by the cost that companies will have to face to obtain the 
necessary permits to cover their emissions, so being the cost of innovative technologies for the reduction of CO2 
emissions presumably lower than the expected cost of purchasing new certificates on the market, companies 
will feel encouraged to adopt new technologies. 
The possibility of acquiring a valid and efficient technological innovation that allows to reduce, at least in part, 
the polluting CO2 emissions by channelling the latter into photobioreactors to produce biomass, must make us 
reflect and think about a whole series of other important benefits that can be drawn from the use of this 
technology. Firstly, part of the cost currently incurred only for the "virtual" compensation of CO2, which continues 
to flow into the atmosphere, would be invested. On the other hand, the biosynthesis operated by microalgae 
intervenes in this process by sequestering and transforming inorganic carbon (CO2) into organic carbon 
and returning molecular oxygen to the environment. 
 
Impact 
Microalgae are capable to convert CO2 from the atmosphere and from flue gas, leading to a reduction of GHGs 
emissions. Thanks to this, the greenhouse effect will be reduced, and therefore also global warming, achieving 
a healthier environment. Worldwide emissions of CO2, about 40 Gt per year, are too high compared to about 
14000 tons of microalgae biomass commercialized (about 27000 tons of CO2 biofixed). This incredibly low 
contribution highlights the need to boost productivity and improve existing technologies in order to generate 
more microalgal biomass capable of capturing more CO2 [29]. One of the most important aspects related to the 
capture of CO2 from microalgae is the reuse of biofixed biomass for energy production, considering the need to 
meet global energy demand. Moreover, CO2 biofixation using microalgae is combined with other processes like 
wastewater treatment: this is advantageous to offer more economical feasibility and environmentally 
sustainability. 
The transition from pilot to industrial scale is difficult to apply as microalgal cells are exposed to hostile 
circumstances, resulting in a reduction in CO2 biofixation and product yield. Therefore, it is necessary to integrate 
the use of promising algal strains, optimized process parameters, targeted cultivation systems, to ensure 
economic and environmental feasibility on a large scale. 
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Abstract 
The prime motivation behind this investigation is to recognize and organize the different factors connected to 
Open Innovation in the already up and running from last five years Indian female owned SMEs in Food Processing 
Industry. Fifteen Indian female owners were chosen. An AHP system was utilized to examine the weight of basic 
elements leading towards Open Innovation. All things considered, the respondents organized advancement 
technique, opportunity acknowledgment, money and inspiration as the principle criteria that leads to Open 
Innovation in Indian females owned SMEs in Food Processing. COVID-19, gender gap, raising inner and outer 
funds were likewise observed as a hindrance ladies face that usually would keep them away from innovative 
tasks performed for business. The result of this examination is giving policymakers in India food for thought 
regarding the significance of the factors connected to development of Indian female owned SMEs in Food 
Processing Industry and will be able to move towards sustainable development goals- Goal 9 (Industry, 
Innovation and Infrastructure) and Goal 5 (gender equality) which is required for the economic development 
of the country. This will assist them with systemizing and organizing the basic, advancement of open innovation 
factors in Indian female owned Food Processing SMEs, which will give a boost to the contribution of Indian 
females in the financial development of India, which a developing country currently. 
 
Keywords 
open innovation; India; SMEs; female owned Food Processing SMEs; AHP. 
 
Introduction 
Business has for quite some time been known as a driver of financial development. Innovation based SMEs 
are a pointer of a sound and developing economy [1], subsequently, such undertakings ought to be energized, 
bolstered, and developed to the best conceivable degree [2] especially in developing countries like India. In India, 
nearly 453,339 SMEs structure the centre of the India government's development methodology [1]. A study 
by McKinsey estimated in 2015 that promoting women’s equality in India can make the GDP boost by $0.7 trillion 
in 2025. Also, entrepreneurship is an underdeveloped area to work upon the economic potential of women in 
India, which will further help in achieving  the sustainable development goals: Goal -9 (Industry, Innovation, 
and Infrastructure) and Goal-5 (gender equality) [3]. Indian history is a proof that India was a male's dominated 
zone [4]. According to Sixth Economic Census by National Sample Survey Organization (NSSO), out of 58.5 million 
businesses, in India 8.05 million business are owned by females. The critical development of female owned and 
managed SMEs in creating nations has drawn the consideration of both scholastics and the corporate segment 
[5].  Worldwide open foundations, national and governments, NGOs, privately owned businesses, philanthropies, 
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information foundations and business affiliations have started projects and approaches to advance and create 
female enterprise [1]. As per the Mastercard Index of Women Entrepreneurs (MIWE) 2018, in 2016 around 163 
million women in 74 economies started new businesses in the world and approax 8 million women are running 
their own businesses. India is world’s second - largest producer of vegetables and fruits. Out of India’s food 
market, 32% accounts for processing of food and in terms of manufacturing, consumption, exporting and 
expected growth, which ranks 5th. In Manufacturing and Agriculture, it contributes 8.83 and 10.66% to Gross 
Value Added respectively. In 6 years ending 2017-18, Food Processing Sector in India grew at an AAGR of around 
5.06% [6]. And contributes 13% to exports. Indian government aims to support the food processing sector 
by leveraging reforms like 100% FDI in marketing of food items and exemptions and support system at central 
and state level with a focus on infrastructure required for supply chain. As per DIPP, in India the food processing 
sector has received around US$ 7.54 billion worth of FDI during the period April 2000 -March 2017 [7]. The Indian 
Food Processing industry has been growing at an Average Annual Growth Rate of 8.41% in 2014-18. As per 
the data collected in Annual Survey of Industries (2016-17), food processing accounted for [8]. 

 15.95% of total number of factories 

 16.78% of operational factories 

 employed 11.36% of workforce 

 14.09% of output 
Innovation was believed to be the domain of huge companies/ MNCs. In recent years literature has increased 
about innovation, SMEs, and women’s owners, which throws light on positive effect of innovation on women, 
and about an underrepresentation of females in the areas that are related with generating innovation. This Study 
throws light on the components that support and block Indian female businessowners from being increasingly 
adopting Open Innovation, for example, assembling, science and innovation. Limited research has been done 
to investigate these components in Female businessowners in Food Processing SMEs [9]. This examination looks 
to accomplish the following exploration goals: 

a. distinguish the inhibitors and facilitators that advance Open Innovation development in Indian women 
owned Food Processing SMEs. 

b. organizes the significance of chance acknowledgment, culture, innovation, aptitudes improvement, 
development system, inspiration, government approaches, fund, and factors in already up and running 
Indian Female owned Food Processing SMEs. 

For understanding the status of open innovation Indian Food Processing SMEs owned by Females numerous 
factors, sub-factors were identified and then exploration was planned by forming a multi-criterion diagnosis and 
a levelled process (AHP) model, by utilizing subjective factors and sub-factors which are on a lateral stage 
converted into quantitative pointers which further help female owners in better understanding [10]. 
 
Literature review 

1. Open Innovation (OI)  
Innovation may include growing new items, new strategies for creation, new sources of supply, 
the abuse/exploitation of new markets, or new approaches to compose business [11]. Open Innovation 
is a process of progressively arranged procedure of innovation in which organizations benefit from outer 
information is called 'open innovation', a worldview that expect that associations can and should consolidate 
inner thoughts, outer thoughts and ways to advertise, as associations hope to propel their innovations [12]. 
It is evident from prior research that engaging in OI helps firms to access ideas, knowledge and technologies from 
relevant stakeholders in their ecosystems [13]. The ability of Indian SMEs is colossal and can coordinate with its 
remote partners, yet it is obvious that they slack in development. Adoption of innovations in SMEs can support 
the Food Processing Sector of India and can make Indian SMEs comparable to already developed nations [14]. 
Firm size has been found to impact OI practices  and outcomes [15]. Hewitt-Dundas and Roper (2018) [16] identify 
that levels of OI in small firms are sub-optimal due to a paucity of OI capabilities. The current literature on SME-
OI is thin and fragmented [17]. Empowering female business owners in the food processing industry will expand 
the way of life and contributes towards the making the economy more developed [18]. 
 

2. Opportunities and challenges faced by female entrepreneurs in India 
As per APJ Abdul Kalam, “empowering women is important for making a country decent as this leads to better 
family, society and nation”. Indian women owners are important for Indian economy as they contribute 3.09 % 
to industrial output and give 10% jobs in various industries [19]. But in India, women owned SMEs, have lack 
of access to capital which is the biggest constraint for them in making their businesses run [20]. In 2014, Prime 
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Minister Modi’s Make in India was launched and focusing on MNCs and more FDI in India and missing 
on women’s entrepreneurial capabilities. Whereas, 8% of manufacturing is from the Indian SME sector. Women 
hold a fair stake (14% of registered enterprises, 9% unregistered) among SMEs. Two industries were highlighted 
in the Make in India campaign including the garment and food processing which are popular among women 
entrepreneurs. 10% share of women’s entrepreneurship is there in food processing, which is no doubt is low and 
the potential remains unexplored [21]. The Statewise female owned MSMEs in India (per 1000 MSMEs) - Andhra 
Pradesh 247, Arunachal Pradesh 276, Assam 55, Bihar 49, Chhattisgarh 84, Delhi 93, Goa 154, Gujarat 249, 
Haryana 101, Himachal Pradesh 129, Jammu & Kashmir 106, Jharkhand 196, Karnataka 244, Kerala 208, Madhya 
Pradesh 138, Maharashtra 168, Manipur 481, Meghalaya 351, Mizoram 392, Nagaland 229, Odisha 149, Punjab 
153, Rajasthan 141, Sikkim 193, Tamil Nadu 260, Telangana 373, Tripura 133, Uttar Pradesh 96, Uttarakhand 50, 
West Bengal 327, A & N Islands 210, Chandigarh 99, Dadra & Nagar Haveli 169, Daman & Diu 202, Lakshadweep 
260 and Puducherry 283 [22]. Females have been known to have unprecedented innovative abilities 
that empower them to prevail in various organizations [2,23]. Gupta and Agarwal (2017) [24], detailed that Indian 
ladies faces hindrances which includes paucity of career obligations, lack of monetary instability of ladies, risk 
taking capacity absenteeism, managing finance & raw material, tough competition, low degree of proficiency 
among ladies, getting help by banks, marketing issues, no help from family, and significant cost of production. 
From Indian Food Processing Industry, we have examples of successful females, owing and managing SMEs like 
Monica Narula-Idea Chakki Private Ltd., Lisa Suwal-Prasuma Meats & Delicatessen, Dipti Motiani- Freshtrop 
Fruits Ltd., Rupali Bhatnagar-Sparkling Wines, at Sula Vineyards and Anamika Singh- Anandini Himalaya Tea 
[7].To get a reasonable image of the difficulties faced by Indian female owned Food Processing SMEs doing Open 
Innovation, this investigation utilizes the accompanying classifications: culture, inspiration, strategy of open 
innovation, opportunity acknowledgment, finance, technology, expertise development and policies of Indian 
government. 
 
Culture - Societal and cultural characteristics qualities are profoundly powerful in deciding enterprising 
achievement as per Baum and Locke (2004) [25] and Gutcher (2013) [26] as Thornton et al. (2011) [27] saw 
culture as an example of reasoning, acting, and feeling; such factors are not specific to a country [28]. 
Distinguished social qualities and cultural qualities as key properties of culture [27]; these qualities have an 
immediate connect to business enterprise. Social qualities allude to the esteem framework received by 
individuals inside a typical social setting, which is described by basic standards, family structure and frames of 
mind legitimately identified with imaginative direction [29]. Creating inventive culture in SMEs prompts 
showcase situated, client cantered, and provider arranged items and forms that encourage elite of SMEs [30,31].  
 
Inspiration - Lim, Wadhwa and Mitchell (2010) [31] study distinguishes top five money related and mind elements 
inspiring ladies to start their businesses. The difficulties are more related with business enterprise as opposed 
to gender [32]. The part of inspiration assumes a focal function in advancing SME innovation [33].Family and 
friends help are the prime factors to contribute towards inspiration [18]. This reflects Indian culture and its 
people and the effect of family members and relationships on the choices being made by the female owners in 
the Indian Food Processing SMEs. And no doubt inspiration plays a prima facie role promoting innovation in SMEs 
(Vijayakumar et al., 2013) [34]. 
 
Strategizing for innovating - For Indian Food Processing SMEs, innovation is a way towards development, 
improving and executing in a better manner [35,36]. Businesspeople must stay mindful of new market patterns 
and track their rivals progress to beat their partners [37]. Open innovation can be actualized by leading studies 
or meetings with clients, providers, workers, investigate associations and colleges to create new thoughts and 
open ways to new openings [38]. Also, in developing economies like India, the historical role of women in 
entrepreneurship and patenting endeavours, and the barriers to greater female participation in innovation in 
STEM (science, technology, engineering, and mathematics) fields has been focused on [39]. 
 
Acknowledging the opportunities available - It is the prime and the most significant thought or idea behind 
research done in entrepreneurship research and in the way forward towards the process of Innovation [40]. 
The opportunity available in the Indian food processing SMEs is perceived by watching closely, testing the idea 
or information, and abusing/converting that into something that can be commercialized from the perspective 
of innovation in different SMEs, even rival firms and market top performance firms [41].
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Finance - There is a dire need to address gender discrimination in the small-business credit market will help 
in bridging the performance gap between male and female-owned firms in India [42]. Around 79% of women 
owned businesses are self - financed, as families are usually hesitant to support their daughter’s entrepreneurial 
ventures financially [43]. Arranging the finance required is considered to be a vital factor and no doubt is the 
largest obstacles faced by the Indian Food Processing for innovating.World Bank Enterprise Survey recognized 
the likely endogeneity of gender in credit constraints [44]. Enterprises owned by female entrepreneurs are on 
average 3% less likely to be credit constrained compared to their male counterparts [33]. 
 
Technology - To improve competitiveness of Indian Food Processing SMEs, government should make more 
efforts to encourage foreign investments and IT service providers and come up with business environment 
related economic policies. These efforts by government will help in making efficient ICT applications for 
sustainable growth of SMEs. The web is a stage for development which helps SMEs in advertising, making 
openings and getting to showcase patterns [37]. Cloud computing is another type of innovation which extremely 
engaging SMEs because of its cost adequacy, is greatest ROI and intensity in a business domain [45]. Informal 
communities have brought new open doors for SME administrators in both created and creating districts [5,35]. 

 
Development of Expertise - Gaining prodigy or development of expertise in skills is the prime factor that helps 
in promoting innovation in the Indian Food Processing SMEs which are women owned. India is enjoying 
a demographic dividend vis-à-vis countries with rapidly ageing population [46]. The National Skill Development 
Policy (2009) envisaged the creation of 530 million skilled workers by 2022. The Skill Development Policy 2012–
2017 are there to develop the skills of the indigenous people of the state and offer better employment 
opportunities [47]. Innovative, creative, and technical skills set combination is important for individuals to utilize 
the ideas and go for problem solving as per Singh and De Noble (2003) [48]. The already existing literature reflects 
that skills like leadership and good communication also help in having best objectives to be set for the firm along 
with best strategies adoption and execution [49]. Minister for Food Processing Industries, Smt. Harsimrat Kaur 
Badal launched the PM Formalization of Micro Food Processing Enterprises (PM FME) scheme on 29th June 2020 
as a part of “Atma nirbhar Bharat Abhiyan”. Union Minister said that the Scheme would generate total 
investment of Rs 35.000 crore and generate 9 lakh skilled and semi-skilled employment and benefit 8 lakh units 
through access to information, training, better exposure and formalization [50]. 
 
Government policies - Governments across the globe as well as varied developmental organizations are actively 
endeavour promotion of women entrepreneurs through numerous schemes, incentives and promotional 
measures [51]. Government of India has 27+ schemes for women operated by different departments and 
Ministries. Few of them are: Integrated Rural Development Programme, Khadi and village Industries Commission, 
Training of Rural Youth for Self-Employment, Prime Ministers Rojgar Yojana, Entrepreneurial Development 
Programme, Management Development programmes, Women’s Development Corporations, Marketing of Non-
Farm Products of rural Women, Assistance to Rural Women in Non-Farm Development, Traded Related 
Entrepreneurship Assistance Development [52]. MSME Definition Further Revised to Energise MSMEs With 
Entire Gamut of ‘Atmanirbhar Bharat Package’on 1st June, 2020 [53].  
 
 

Table 1. MSME Definition Revised in June 2020 by Government of India. 
 

Category Old Capital  
[crore] 
 

Old Turnover New Capital New Turnover 
 

Small 5 2  10  50  

Medium 10 5  50  1  

 
 

3. Innovations brought by women in the SME sector 
Women's entrepreneurial innovativeness is majorly impacted by the type of business, its location, and size 
of  usiness along with age and education of the female owner [51]. As per the examination performed by Global 
Entrepreneurship Monitor (2015) on female business owners - it was recognised that women entrepreneur’s 
numbers Worldwide has rose by 6% [47]. Despite the obstructions, three associations – Shri Mahila Griha Udyog

https://doi.org/10.32933/ActaInnovations.41.3


Acta Innovations  2021 no. 41: 28-41  32 

 

 

 
 

https://doi.org/10.32933/ActaInnovations.41.3 ISSN 2300-5599   2021 RIC Pro-Akademia – CC BY 
 

Lijjat Papad established in 1959, Self Employed Women's Association (SEWA) established in 1971, and Biocon40 
established in 1978 -  were established by ladies. In India under the existence and prevalence of gender gap, 
female business owners are comparatively more innovative than male partners [1]. In India, according to GEM 
review 2017-2018, announced that Indian Women entrepreneurs have negligible contribution in the cutting-
edge segment. This might be because of following reasons, for example, a higher level of hazard and a more 
significant level of costs identified with mechanical development. 

 
4. Overview of AHP 

AHP is a strategy to organizing the achievement components of SMEs [54]. AHP is one of the most prevalent 
techniques utilized for multi-criteria decision-making. It is too flexible, handles complex issues, makes 
an interpretation of human pairwise decisions into analysable subjective information, and manages subjective 
criteria. The principle commitment of AHP is dispensing with any inclination that could be natural from esteem 
decisions and giving outcomes that are both predictable and powerful. This methodology has given progressively 
steady and reasonable information because of the interrelated correlation among factors. To choose the 
components that support and block Indian female businessowners from being increasingly adopting Open 
Innovation, this examination paper utilizes the AHP procedure. Considering the rules proposed by Saaty [10] 

an AHP system was created for encouraging the examination [24]. Figure 1 shows a stream outline including 
different strides to lead the AHP study. This study is therefore performed to identify and prioritize in order 
of importance the factors and sub factors that are associated with women - owned Indian Food Processing SMEs 
and AHP model has been used to throw light on and for having a better understanding on open innovation 
in India’s context. 

 
5. Research model and methodology 

The key focus in this segment is on the calculated structure of this study. Under this study, following prime factors 
that contribute towards adoption of open innovation as facilitators are being investigated in the context of up 
and running (more than 5 years) female owned Indian Food Processing SMEs-culture, inspiration, strategizing 
for innovating, acknowledgement of the available opportunities, finance, technology, skills development, 
and government policies [47]. For this reason, a study based subjective and quantitative technique was utilized. 
With the help of the LinkedIn, 15 questionnaires were shared and 11 were answered completely and correctly 
in Delhi NCR. A questionnaire was utilised to acquire the reactions of up and running (more than 5 years) female 
owned Indian Food Processing SMEs on the hurdles underwent by them while performing open innovation. 
The questionnaire was created in English and included both open-ended questions utilizing a nine-point 
proportion scale (Table 3).  

  
Table 2. Random index. 

 

N 1 
 

2 3 4 5 6 7 8 9 10 

RI 0.00 
 

0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.48 

Note: Where n is number of factors. 
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Figure 1. Follow of the AHP method (used under the study). 

 
 

Table 3. AHP preferences - One to nine scale. 

 

Prioritizing as per 
their intensity of 
importance 
 

Definition given Explanation made 

1 Importance equally shared 
 

Equal contribution by two criteria 

3 Importance moderately shared The slightly more importance is given to one 
criterion in comparison to the other. 

5 Importance - strong 
 

Strong importance and favour are given to one 
criterion.  

7 Importance - super strong 
 

A super strong importance and favour is given to 
one criterion. 

9 Importance - of absolute degree 
 

Importance of highest possible degree is given 
to one criterion over the other available. 

2,4,6,8 Values shared between criteria’s  Represents adjusted or compromised values 
shared between the criterions or priorities 
mentioned in the table above. 

 

Define 
Problem  

Develop Hierarchical Structure of the problem 

Construct pairwise comparison matrix 

Synthetization 

Check Consistency 

All judgements are consistent 

All levels are compared 

Develop overall priority rankings 
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Because of COVID-19 pandemic, the questionnaire was shared with the respondents through emails and 
messages on LinkedIn: out of the questionnaire filled and returned, 11 were finished and returned, giving a 67% 
reaction rate. The definition of the AHP hierarchy system was trailed by the information gathered from women 
entrepreneurs in established organizations. 15 respondents for this examination was utilized [55,56]. The AHP 
procedure incorporates foundation of a various levelled structure, characterizing loads and amalgamation [57]. 
An exploration issue is placed into a various levelled structure: level 1 throws light on the goal, level 2 reflects 
the variables of respondent’s choice, whereas level 3 contains sub-variables of choice and level 4 contains the 
choices for where the choice is to be actualized. The loads are characterized by gathering information to gauge 
criteria and sub-criteria, and prioritization is led by appointing a number from a scale created by Saaty speaking 
to the significance of the criteria. In accordance with Saaty's (2012) [55] recommendations, a geometric mean 
methodology was favoured over a number juggling mean methodology to join the individual pairwise correlation 
decisions to get the agreement pairwise examination judgment networks for the whole group. These traits were 
placed in a grid structure with pairwise correlation with compute mean and integrating the last assessment 
of choices execution based on positions of criteria and sub criteria [10]. As reflected in Figure 1, the set stages 
in the AHP was the basis for the pairwise analysis of the said criteria. For characterizing pairwise examinations, 
Saaty (2012) proposed a nine-point proportion scale as appeared in Table 3.  

a. consistency index (CI) was applied to calculate consistency. Saaty (1980) characterized this specific 
consistency (CI=λmax – n/n 1). 

b. where max is the greatest Eigen estimation of the matrix of the ratios reflecting importance and n is the 
quantity of variables. At that point, the consistency proportion (CR) was utilized to survey if a grid was 
adequately reliable. This is the proportion of the CI to the random index (RI), which is the CI of a matrix 
of randomly created matrix (CR=CI/ RI). 

c. pair wise random examinations were done to deliver average random indices for various estimated 
matrices. The estimations of RI are given in Table 2 [58]. As per Saaty [58], if the estimation of CR is less 
than or equivalent to 0.10, the inconsistency can be acceptable. 

d. Saaty [59] presented a 'consistency principle' for ascertaining priority vectors. The consistency rule says 
that aik = aij.ajk and further for utilizing the uncommon case of the consistency matrix framed by 
components aik = wi/wj, where wi and wj are the components of the priority weight vector comparing 
to standards and j. The information gathered were cleaned to make sure there are mistakes, for 
example, inadequacy or wrong reactions. The questionnaire was created utilizing a nine-point 
proportion scale and an AHP strategy was utilized to rank the components that influence Open 
Innovation in Indian Female owned food processing SMEs.  
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Figure 2. Model Proposed with AHP Technique. 
  
 

 

 
Results and discussion 
AHP analysis  
 
Criteria level analysis-In this part of the study, the AHP analysis was used to record the priorities of Indian female 
owned food processing SMEs. Analysis of variables/factors impacting open innovation taking place in the Indian 
food processing SMEs respondents are reflecting in Table 4.  
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Table 4. Factors affecting Open innovation in food processing SMEs in Delhi-NCR owned by females. (CR value = 0.1). 
 

Criteria Established Indian Women owned Food 
Processing SMEs 
 

Ranking 

Societal /Culture characteristics 0.03  7 

Inspiration 0.27  1 

Strategizing for innovating  0.22  3 

Acknowledgement of opportunities 
available 

0.17 2 

Finance required 0.11  4 

Technology status 0.08 5 

Development of Skill Sets 0.06 6 

Supporting policies of Government 0.06 6 

 

 

Figure 3. Criteria in up and running (already existing from last 5 years) Indian Food processing SMEs in Delhi-NCR. 

 

  
From Figure 3, we can make out that all the respondents of the study were selected from already up and running 
Indian Food processing SMEs in Delhi-NCR (purposive sampling was done) considered inspiration as the criteria 
of their priority (at 27%), with acknowledging the available opportunity as their second and innovation strategy 
as their third priorities at 22% and 17%, respectively. All the criteria for promoting Open innovation in SMEs 
among Indian Food Processing female owned, by all 11 participants of the study from the already up and running 
Indian Food processing SMEs in Delhi-NCR, showed an accepted level of consistency with CR = 0.10. 
AHP Sub-criteria level analysis 
Under this study, majorly twenty-three sub-factors/criterion were fetched from the main eight factors. 
Afterwards the informants from the up and running female owned Indian Food Processing SMEs were asked to 
prioritise these factors. In Table 5, informant’s data was summarised which reflects that societal/cultural 
environment for innovation as their topmost priority at seventy-two % among the sub-factor criteria. Under the 
main factor criteria of Inspiration, members of the family were prioritized and attained eighty-eight %. From this 
it is evident that in the Indian setup, members of the family and the inspiration offered by them contributes 
majorly for female owned Indian Food Processing SMEs. Whereas under the factor criteria of Inspiration, 
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information/ knowledge/ awareness about the market trends were given most importance of sixty-four %. 
On the other hand, under the factor criteria of acknowledging the opportunities available, scrutinizing/ 
monitoring was given importance with thirty - five %. Informants from the up and running Indian Food Processing 
SMEs reflected resistance in doing experimentation and undergoing any risky venture keeping in mind the king 
of impact COVID-19 pandemic has made on their operations and preferred following the ideas implemented 
by their rivals from the same industry.  

 
Table 5. Pairwise comparison of all sub-criteria in established-phase businesses. 

 

Sub-criteria Priority 
vector 

CR value Total priority Total  
sub-criteria 
ranking 
 

Societal/Cultural characteristics for 
Innovation 

0.72  0.09 2 

Social 0.12 0.02 0.01 8 

Societal  0.16  0.02 7 

Members of family 0.88 0.00 0.11 1 

Acquaintances or friends 0.12  0.02 7 

Information/Knowledge/ Awareness about 
the market trends  

0.64  0.08 3 

Feedback/response from clients 0.18 0.10 0.02 7 

Sharing of Ideas/Information/Knowledge 0.07  0.01 8 

Keeping a track of the rivals/competitors 0.12  0.01 8 

Scrutinizing/monitoring 0.35  0.04 5 

Experimentation 0.34 0.06 0.04 5 

Developing associations 0.31  0.04 5 

Inside the SMEs 0.87 0.00 0.11 1 

Outside the SMEs 0.13  0.02 7 

Online portals of social media 0.60  0.07 4 

Cloud based computing services  0.09 0.02 0.01 8 

Usage of internet community  0.31  0.04 5 

Skill set for guidance  0.64  0.08 3 

Innovation and creativity 0.22 0.06 0.03 6 

Crisis management (in COVID-19 
Pandemic) 

0.14  0.02 7 

Schemes related to funds  0.63  0.08 3 

Collaboration with other existing 
organizations 

0.22 0.10 0.03 6 

Venture association 0.15  0.02 7 

 
To sum up, ranking was done of all the sub-factors criteria. Members of the family and funds available from 
the inside sources finance were given the top priority, which was then followed by the societal/ cultural 
environment for innovation, sharing of ideas/ information/ knowledge about trends of the market, skill set 
related to leadership and finally the online portals of social media. In this study a survey was conducted with 
the help of the questionnaire consisting of the above-stated factors mentioned which were used to collect data 
from Indian Food Processing SMEs owned by women in Delhi - NCR which prioritized the hurdles in adopting 
Open innovation. The informants prioritized strategizing for innovating, acknowledgement of opportunities 
available, funding, and inspiration as the main factors for developing criteria’s which promote Open innovation 
in SMEs owned by women in Delhi - NCR. Moreover, financial markets are far from perfect because of COVID-
19, and there has been a lack of SME equity financing in India. Therefore, SMEs mainly find the capital they need 
through the savings and income of the owners themselves or their family members or networks. The findings 
show that 
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Indian Food Processing SMEs owned by women in Delhi- NCR focus primarily on product and organizational 
innovation. In India, female entrepreneurs mostly prefer banks, among all financial providers, for their financial 
support. There is a definite gap between the financing provided by banks and the financing acquired by women 
entrepreneurs. Indian female entrepreneurs mentioned firm size, high interest rates and lack of awareness 
of funding schemes as their main obstacles to obtaining financing. 

 
Impact 
The resaerch done is highlighting the need of support required by female enterpreneurs and the small 
and medium enterprises in developing economies like India especially after the challenging times that SMEs 
have undergone because of COVID-19, whereby attention of government is required for reforming and 
introducing new policies that help and support SMEs to grow and contribute more towards the GDP of these 
emerging and developing.The result of this examination is giving policymakers in India food for thought 
regarding the significance of the factors connected to development of Indian female owned SMEs in Food 
Processing Industry and will be able to move towards sustainable development goals - Goal 9 (Industry, 
Innovation and Infrastructure) and Goal 5 (gender equality) which is required for the economic development 
of the country.  
Furthermore, a more precise decision - making model can be achieved using fuzzy AHP methodology or ANP, 
where interrelationships can be made between different levels and within the same level, and more complex 
relationships can be generated among the categories and sub-categories. In today’s world which is driven 
by technology, having a strategy to innovate is must, otherwise the business will come to an end. Thus, it is the 
need of the hour that Indian policymakers introduce and launch such policies that extend support/help to Indian 
food processing SMEs owned by females through training and skill development to make their business a success 
in these challenging times of COVID -19 pandemic. The proposed model can be useful in future academic studies 
and will solve complicated decision - making problems in the business sector and will be able to move towards 
sustainable development goals -  Goal 9 (Industry, Innovation and Infrastructure) and Goal 5 (gender equality) 
especially when the Indian economy is so badly impacted by COVID-19. In practical terms, the study includes 
interpretations and discussions that will help policymakers and related associations formulate and develop 
policies to empower Indian female entrepreneurs and initiate Open innovation in their businesses in an effective 
manner. In the year 2019, India has gone from 81 in 2015 to 52 position according to Global Innovation 
Index (GII) [60]. Government has revised the definition of SMEs in year 2020 for the growth of SMEs in India.  
  
Conclusions 
This study examined the various factors that will promote Open innovation adoption and execution in Indian 
female - owned Food processing SMEs in Delhi NCR which is required for them to become economically stronger 
and come out of the impact of COVID-19. The AHP method of analysis was conducted with the help 
of the primary data collected through the survey performed based on the questionnaire shared with the 11 
Indian female owners from the Indian Food processing SMEs. Prioritizing strategies for innovating, 
acknowledgement of opportunities available, funding, and inspiration as the main factors for developing 
criteria’s which promote Open innovation in SMEs owned by women in Delhi - NCR. As per the informants, 
strategy, and cultural aspects both impact innovation to a greater extend. It must be kept in mind by the female 
owners to adopt and use all these in the initial stages or years of their business. COVID-19, gender gap, raising 
inner and outer funds were likewise observed as a hindrance ladies face that usually would keep them away 
from innovative tasks performed for business. The result of this examination is giving policymakers in India food 
for thought regarding the significance of the factors connected to development of Indian female owned SMEs 
in Food Processing Industry and will be able to move towards sustainable development goals -  Goal 9 (Industry, 
Innovation and Infrastructure) and Goal 5 (gender equality) which is required for the economic development 
of the country. This will assist them with systemizing and organizing the basic, advancement of open innovation 
factors in Indian female owned Food Processing SMEs, which will give a boost to the contribution of Indian 
females in the financial development of India, which a developing country currently. 
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Abstract 
The present environmental condition indicates the immediate need for sustainable materials containing mainly 
natural elements for composite fabrication. Encouragement of natural fibers in composite materials 
can significantly reduce the greenhouse effect and the high cost of manufacturing synthetic fiber-based polymer 
composites. Hence, this study aimed to investigate the physio-mechanical properties of banana fiber (BF) fiber -
based epoxy (EP) composites filled with walnut shell powder (WNP). Fabrication was carried out by mixing 
and cold pressing with fixed BF proportion and varying percentages of WNP (0%, 5%, 10%, 15 wt. %). The results 
obtained in the study suggest the mechanical properties of the BF/EP composite were enhanced with 
the addition of WNP as a filler. This is because the WNP filler occupies the spaces in the composite, which bridge 
the gaps between the banana fibers and the epoxy matrix; also, the inclusion of walnut powder in the BF/EP 
composites greatly enhanced their wear resistance. The microstructural properties of the composites were 
examined by scanning electron microscopy (SEM). 
 
Keywords 
banana fibers; epoxy composites; walnut powder; mechanical properties; wear properties. 
 
Introduction 
In recognition of the growing concern over carbon emission and plastic waste, natural fibers in biopolymer 
matrices are gaining interest in the composite domain. Naturally occurring fibers have many advantages, 
including easy availability, biodegradability, low cost and good strength [1]. It is reported that natural fibers with 
polymer composites improve the mechanical properties more than the synthetic fiber-filled polymer composite 
but also the sustainability issue encouraged the researchers to expand their research on the use of natural fibers 
like BF, in the field of composite materials [2,3]. In addition to natural fibers, natural particulate fillers are also 
often used as reinforcement material to provide sufficient impact strength to the matrix materials [4–6]. To take 
advantage of two natural fibers materials (banana and coconut), hybrid composites (two fibers) are now being 
manufactured on a large scale [7]. The loading percentage of various fibers in the matrix may vary and depend 
on the fabrication process. The increase in banana fibers (BF) up to 30 wt.% with PP (polypropylene) enhances 
the mechanical properties [8,9]. Significant improvements in the mechanical strength were also obtained for BF 
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and polylactic acid (PLA) composites at 40 wt.% of reinforcement [10]. Hybrid epoxy composites with jute and 
BF reinforcement at 50 wt.% exhibited better mechanical properties than the virgin epoxy [11]. Similar 
observations were reported by Venkateshwara et al. [12] in which they used 50% sisal fiber and 50% 
banana/epoxy composite in different percentages. The peroxide and permanganate-treated BF had higher 
properties than the untreated BF/EP composites [13].  
 
The effect of variation of banana fiber length on the mechanical properties are studied and results showed that 
10 mm fiber length and 15 wt.% fiber loading display the utmost magnitude of the tensile, hardness, flexural, 
and Impact strength [14,15]. The arrangement of the reinforcement in a plain-woven oriented hybrid composite 
of banana /kenaf fibers had higher strength than that of randomly twill oriented banana/Kenaf fiber [16]. Studies 
suggested that when only BF and EP are taken at 50/50 volume fraction, the product can sustain more load 
compared to other proportions. However, as we mentioned earlier, the mechanical strength of the fabricated 
composite depends not only on the volume fraction of fiber but also on the sample thickness and fiber weaving 
pattern. When BF was taken with polyester resin in different volume fractions 5%, 10%, 15%, 17.5%, and 20%, 
by different thicknesses of the composite (3mm and 5 mm). The results revealed that the 5 mm thickness 
has the optimum tensile, flexural, and impact strength value. Besides, plain woven fiber has always been stronger 
than randomly oriented fibers. By adding filler particles, the proportion of fiber content can be reduced, 
and the desired properties can be obtained. Because of this, most researchers have achieved their best results 
with 30wt% BF loading with epoxy composites filled with a particulate filler [17–19].  
Hybrid polymer composites containing BF have also been characterized for wear performance. A jute-banana-
epoxy composite, for instance, showed better wear performance than virgin epoxy [20]. Research has also been 
carried out on BF reinforced polyester resin for structural applications and it was found that BF with polyester 
resin exhibited improved strength than other natural fibers that can be employed for structural use. The BF 
composite properties have also been analyzed for load and length and it was shown that 30 mm fiber length gave 
the optimum mechanical and structural strength at 40 % BF loading. The study of the water absorption by BF 
composites reveals that the high-water absorption ability of BF results in lower mechanical properties [21,22]. 
The addition of natural fiber waste results in the enhancement of mechanical properties [23]. It is suggested that 
walnut shell powder (WNP), usually obtained in the form of waste materials, because of its unique physical 
and chemical properties has a huge potential to bring a substantial improvement to the properties of polymer 
composites. WNP, coconut shell, and rice husk have been added to prepare hybrid composites. The results have 
shown that hybridization remarkably improved the mechanical properties compared to single filler composites 
of one of the above three fillers [24]. In his investigation, Emel Kuram [25] used Powdered hazelnut and walnut 
shells as natural filler with ABS to develop hybrid polymer composites. With a single natural filler, the walnut 
shell flour was found to be usable for enhancing strengths (tensile, flexural and impact) and modulus. Similarly, 
the mechanical and tribological properties of the Walnut Shell Powder - Polypropylene natural composite have 
been investigated by Moustafa, N. M et.al. [26] and found out that by increasing the walnut shell powder content 
by 20% wt, the ultimate tensile and bending stresses are reduced by 19.5 percent, and the modulus of elasticity 
is reduced by 7.7%. P.Dhiman used natural jute, basalt fibre, and walnut shell to create the hybrid polymer 
composites. Composites with and without walnut shell filler were compared in terms of various characteristics 
and concluded that composites filled with walnut shell filler demonstrated better mechanical properties [27]. 
HDPE (High - Density Polyethylene) based composites filled with WNP and reinforced with bast fibers were 
investigated for their mechanical and wear properties, it was reported that the maximum strength was obtained 
at 40 wt. % of WNP in HDPE in the composite [28]. The effect of WNP on the physical - mechanical properties 
of polypropylene composites and MAPP (maleic anhydride grafted polypropylene) matrix composites have 
reported an increase in the mechanical properties [29].  
Chemical treatment of natural fibers escalates the compatibility of fiber and matrix [13] by reducing the moisture 
absorption capability. The inclusion of natural filler in a conventional composite can boost the strength 
at a relatively low cost of composite. Alkali treated walnut shell powder is considered a helpful reinforcement 
material in epoxy matrix based composite by Singh, A. K. et al. [30]. He investigated that the properties of treated 
composites like tensile, compressive, and flexural strength increase up to 15% by weight and then start 
to decrease. The present work describes the physico - mechanical characterization of alkali-treated BF /WNP / 
EP composites. The composites were fabricated via mixing and cold pressing with varying weight percentages 
of WNP (0, 5, 10, and 15 wt. %), while the BF content was kept constant at 30 wt.%. The BF contents are kept 
constant to take advantage of the WNP filler in the composite, and the BF percentage is determined from 
previous literature reviews [9,19,31]. 
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Methods 
Material: Matrix  
Epoxy resin of grade LY-556 (Density 1.15 - 1.20 g/cm3) with hardener HY- 951 was procured from Seema Corp., 
India. Hy-951 is an unfilled epoxy casting resin system hardener, having low viscosity with additional high filler 
possibility and can cure epoxy at room temperature.  
 
Fiber Surface Treatment 
The BF mats were treated to remove hydroxyl groups from the surface of the fibers with a 5 % alkali solution 
(NaOH) and enhance the fiber’s adhesiveness with matrix. Obviously, hydroxyl groups are very sensitive to many 
reagents and increase the solubility of organic compounds in water. The fibers were dipped in the NaOH solution 
for 8 hours and then washed thoroughly with water. After washing, the fibers were dried in sunlight for 24 hours. 
SEM images of the Banana Fiber (BF) samples, treated BF and WNP are shown in Figure 1 (a, b, and c), 
respectively. 
 

 
Figure 1. (a) SEM image of the banana fibers (b) Pictorial view of the NaOH treated banana fibers (c) pictorial view of the 

walnut powder. 

 
Composite fabrication 
The fabrication process adopted in the present investigation is shown schematically in Figure 2. A metallic mold 
with a 300 x 300 x 4 mm3 cavity was prepared and the surface plates were machined to smoothen their surfaces. 
WNP and EP were mixed in a beaker and stirred by a mechanical stirrer for 15 minutes to homogenize the 
mixture. The treated, randomly oriented banana fiber mat was placed over the mylar sheet placed in the mold. 

 

Figure 2. Fabrication process. 

A mixture of EP and WNP was poured over a non-woven BF mat of thickness 2 mm. A second mylar sheet was 
placed to avoid sticking the composite to the molding plate. The composition was then pressed at a normal load 
of 147N and left to cure for 24 hours.
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Table 1. Designation and detailed composition. 

 

Designation 

Composition (wt. %) 

Epoxy resin 
(With Hardener) 
 

Banana fiber Walnut powder 

BW1 70 30 0 

BW2 65 30 5 

BW3 60 30 10 

BW4 55 30 15 

Here BW1, BW2, BW3, and BW4 represent the compositions of the samples of BF at 30 wt. % and four wt.% 
of Wall-nut powder and epoxy 
 

Characterization of the composite 
Physical characterization. 
The expression for the theoretical density (ρth) of composite material in terms of the weight fractions of the 
different constituents was that described by Agarwal and Broutman [32], as shown in equation 1 where ρe ρb 
ρwn are the densities of EP, BF, and WNP, while W represents the weight fraction of the same. The experimental 
densities (ρexh) of the composite have been determined by the Archimedes principle. The void fraction content 
(Vc) in the composites was calculated by using equation 2. 
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Vc = (𝜌th - 𝜌𝐸𝑥𝑝) × 100/ (𝜌th) 
 

 

 
Water absorption percentage was measured by the difference of weight before and after immersion of the 
specimen for 10 days and then divided by the dry weight. 
 
Mechanical characterization. 
The test for hardness was carried out on a VICKERS Cum BRINELL (BV 50) Testing Machine supplied by Rockwell 
Testing Aids, New Delhi. Specimens of dog bone shape were cut from 4 mm thick molded sheets for the tests. 
The flexural strength was determined by a 3-point bending method according to the ASTM D-790 standard. 
 
Wear Characterization. 
A pin on the disc machine (DUCOM Instrument Pvt. Ltd, India) was used to determine the wear properties 
of the composites as per ASTM 99 [32]. The specific wear rate (SWR) was calculated relative to variations 
of the following factors; fiber content, sliding distance, sliding velocity, and normal load. The experiment disk 
was hardened, ground steel, whose hardness was 72 HRC and roughness 0.6µRa.The specific wear rate (SWR) 
was calculated by 
 

 
(3) 

 

 

SWR =
𝛥𝑤

𝜌𝐷𝑓𝑛

 

 

 

 
Where SWR is the specific wear rate, 𝛥w (grams) is the total weight loss, ρ(g/cm3) is the density, D(meters) is the 
sliding distance and fn (Newton) is the normal load. The control factors, as stated in Table 2, were studied in four 
levels. The level of control and selected control factor are shown in Table 2. 
As per the goal of the experiment. S/N ratio was calculated from the different 16 level results. As minimum wear 
is required, a lower S/N as better was taken and computed by equation 4 [28].
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where S/N is signal to noise ratio, 16 = observation count, and OD = observed data. The calculation of the S/N 
ratio is given in eq. 4. 
In a response table, the ranks assist you rapidly understand which factors have the greatest impact. The factor 
with the biggest delta value is ranked first, followed by the factor with the second largest delta, and so on [33]. 
 

Table 2. Control factors and their levels, as used in the experiments. 
 

Control factor Description Level I Level II Level III Level IV 
 

1 WNP content (wt.%) 0 5 10 15 

2 Sliding velocity (m/s) 1.5 2.5 3.5 4.5 

3 Normal load (N) 15 20 25 30 

4 Sliding distance (m) 800 1300 1800 2300 

 
Results and Discussion 
Effect of WNP filler loading on the void fraction of the composites 
Table 3 shows the effect of WNP loading on the density and void fraction of the composites. The results indicated 
that increasing the walnut loading decreased both the theoretical and experimental density. The experimental 
density decreased from 0.95 kg/m3 to 0.814 kg/m3 while the theoretical density decreased from 0.902 kg/m3 
to 0.742 kg/m3, which increases the void fraction based on the amplified difference in the experiment 
and theoretical density. The formation of void content might be due to the structure discontinuities created 
by increasing the filler loading. WNP has the lower density compared to epoxy resin and banana fiber 
and an increased percentage in the composition. The manufacturing and curing process disturbs the void fraction 
effectively.The void fraction has a significant impact on the mechanical properties, as shown in table 3. 
 

Table 3. Effect of walnut shell loading on the void fraction on of the composites. 

 

 
Effect of WNP filler loading on tensile strength and modulus of the composites 
The effect of WNP content on the tensile strength of the banana fiber reinforced epoxy composite is shown 
in Figure 3. The increase in the WNP addition leads to enhancement of the tensile strength as well as the modulus 
of the composites. The peak tensile strength is reported to be 76.7 MPa at 15 wt. % WNP loading. At 0 wt. % filler 
loading, the tensile strength was 65.6 MPa which increased to 69.4 MPa at 5 % filler addition. The tensile strength 
further increased at 10 wt. % filler loading to be 74.1 MPa. The highest tensile modulus achieved is about 3.4 
GPa at 15wt% of WNP loading. At 0wt% of WNP, the tensile modulus was 2.4 GPa which increased by 16% for 5 
wt.% of WNP loading to 2.9 GPa. It was further increased by 13.3% at 10 wt.% walnut loading to 3.3 GPa.

Designation Theoretical Density 
(ρth) kg/m3 

Experimental Density 
(ρexp) kg/m3 

Void Fraction (%) 
 
 

BW1 0.950 0.902 4.8 

BW2 0.899 0.849 5.5 

BW3 0.854 0.801 6.2 

BW4 0.814 0.742 8.8 
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Figure 3. Effect of WNP filler Loading on tensile strength and modulus of the Composites. 

An effective stress transfer due to the bonding of the WNP with the EP matrix we suggest is the reason 
for the improvement of the tensile strength. The WNP filler occupies the spaces in the composite which bridge 
the gaps between the banana fibers and the epoxy matrix. Initially, WNP is bound with BF (up to 10 wt. % of WNP 
as per our experiment) so it is increasing the tensile strength and after that, it crosses its optimum wt. % so it will 
not help to increase the tensile strength [34]. This shows that, with a growing content of walnut shell particles, 
there was an increase in the tensile strength and tensile modulus and peak value of tensile strength and modulus 
for 15 percent of walnut particles. This was attributed to the increased percentage of WNP increasing 
the adhesion and interfacial contact, which will increase the modulus and tensile strength up to optimum wt. % 
of WNP, after that it will reduce the adhesion and interfacial contact. The increase in the tensile modulus 
(Because of the increase in adhesion and interfacial bonding) with walnut filler is another reason 
for the improvement in the tensile strength. 

 
Effect of WNP filler loading on the flexural strength and flexural modulus of the composites 
BF reinforced composite flexural strength was observed to be 38.1 MPA and it increased with increasing WNP 
addition (Figure 4). At 5 wt.% of WNP loading, the flexural strength increased by 5.8 % to 40.2 MPa. The flexural 
strength further increased to 41.8 MPa with 10 wt.% WNP filler addition and was found to be maximum (43.2 
MPa) at 15 wt. % loading, as in Figure 4. The WNP filler in the BF/EP composite imparted rigidity which enhanced 
the composite stiffness and resulted in improved flexural strength. It is possible that the increased flexural 
strength can be attributed to the addition of WN filler, which creates a more uniform mixture. A similar result 
was obtained by Rahman et al., and they bring that the weight percentage of fiber and filler material (both BF 
and any suitable natural filler material) is very important in determining the properties of composites [35]. The 
flexural modulus of our composites also increased with increased WNP addition. The maximum modulus was 2.5 
GPa at 15 wt. % WNP loading. At 0 wt. % filler loading, the flexural modulus was 1.7 GPa which increased to 2.1 
GPa at 5 % filler addition. The flexural modulus further increased at 10 wt. % filler loading, to 2.4GPa. 
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Figure 4. Effect of WNP loading on the flexural strength and modulus of the composites. 

 
Effect of WNP filler loading on the impact energy of the composites 
The effect of WNP filler loading on the impact energy of the BF/EP composite is shown in Figure 5. A similar trend 
was observed for the impact energy as for the tensile and flexural strengths shown in Figures 3 and 4, but much 
larger increases. Figure 5 indicates that the WNP filler loading in the BF/EP composites greatly improved 
the impact energy. The maximum impact energy was observed at 15 wt. % WNP loading and the minimum at 0 
wt. % WNP loading, the impact energy for wt. 15% WNP loading increased by 25% compared to 10wt% loading. 
TheWNP filler addition thus, improving both the stiffness and strength and thus resulted in higher load-carrying 
capacity. The percentage increase in impact strength was higher at lower filler loading i.e., loading from 0 
to 5wt%, but it gradually decreased as the WNP filler percentage in the composite increased. This suggested that 
adding WNP wt. % in the BF/EP composites at higher loadings may lead either to only a small change in the impact 
energy but had a more significant effect than on the TS and FS. 

 
Figure 5. Effect of WN filler Loading on the Impact energy of the Composites. 
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Effect of WNP filler loading on the hardness of the composites 
The effect of WNP filler loading on the hardness of the BF/EP composites in Figure 6. The hardness is defined 
as the resistance to indentation and as the WNP filler loading increased in the composites, the hardness 
of the composite slightly increased. The light dense particles of the WNP filler, which gathered at the surfaces 
upon cooling, made the surface hard compared to BF/EP composite. When more WNP filler was added 
to the composite, more filler accumulated at the surfaces causing the hardness to be slightly enhanced. 
The highest hardness was obtained at 15 wt. % WNP filler, 50.7 Hv, and the lowest was observed for 0 wt. % WNP 
filler, 42.8 Hv. 
 

 
 Figure 6. Effect of WNP filler loading on the hardness of the composites. 

 

Taguchi analysis of the wear of the WNP filler loaded BF/ EP composites 
The Taguchi method was used for the wear test. The four composite’s specific wear rates for all 16 test runs and 
their corresponding S/N ratio are given in Table 4. The maximum specific wear rate was found to be a value 
of 9.93x10-8mm3/Nm for the BW1 composite at 3.5 m/s velocities, 30 N load, and 1800 m distance. The minimum 
specific wear rate was observed as 3.25x10-8mm3/Nm for 5wt. % of walnut powder (BW2) at 1.5 m/s sliding 
velocities, 20 N load, and 1300 m distance. Similar findings were also shown by Kumar S. et al. [36] for specific 
wear rates for a similar sample. Table 4 also shows that all samples S/N ratios were between 140.061 and 149.762 
dB (Decibels). The database effect of the SN ratio, which is shown in Table 4 is plotted in Figure 7. In Table 6 the 
most critical control factor was the sliding velocity followed by the fiber content, while the normal load showed 
the least effect on the specific wear rate. From Response Table 5, the best composition of control parameter that 
would produce the minimum wear was fiber content at level – II (5wt%) and sliding velocity at the level I (1.5 
m/s), normal load at level II (15N),and sliding distance at level I (1800 m). The observations also revealed that 
increasing the WNP content from 5 wt. % to 10 wt. % increased the S/N ratio but a WNP loading of 15 wt. % 
decreased the S/N ratio which indicated a high specific wear rate. Table 5 shows the composite response table 
for the S/N ratio. The delta value was calculated by subtracting the maximum and minimum S/N ratio values, 
and the control factor was ranked using the delta value. The greatest delta value indicates a stronger influence 
on the specific sliding wear rate. The wear rate on the sliding condition was shown to decrease with increases 
in WNP content up to 10% but increased after that. This could be because filler particles function as a barrier 
between the rotating disc and the composite material, preventing wear. It can also be seen in Figure 7 about 
normal load, it can be concluded that the load increasing, initially decreases the rate of wear, because of a fixed 
amount of banana fiber in the new sample of WNP particulates. 
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Table 4. Experimental design for the wear using L16 orthogonal array. 
 

SL. No Sliding 
velocity 
(m/s) 

Walnut 
content 
(wt.%) 
 

Normal load 
(Newton) 

Sliding 
distance (m) 

Specific wear 
rate (mm3/Nm) 

S/N ratio 
(db) 

1 1.5 0 15 800 6.21E-08 144.138 

2 1.5 5 20 1300 3.25E-08 149.762 

3 1.5 10 25 1800 4.29E-08 147.351 

4 1.5 15 30 2300 5.74E-08 144.822 

5 2.5 0 20 1800 7.41E-08 142.604 

6 2.5 5 15 2300 6.35E-08 143.945 

7 2.5 10 30 800 3.44E-08 149.269 

8 2.5 15 25 1300 9.31E-08 140.621 

9 3.5 0 25 2300 6.11E-08 144.279 

10 3.5 5 30 1800 9.93E-08 140.061 

11 3.5 10 15 1300 7.51E-08 142.487 

12 3.5 15 20 800 6.75E-08 143.414 

13 4.5 0 30 1300 5.73E-08 144.837 

14 4.5 5 25 800 4.04E-08 147.872 

15 4.5 10 20 2300 3.85E-08 148.291 

16 4.5 15 15 1800 7.29E-08 142.745 

 
Actually, there were two general regions of variation of wear against sliding velocity. The first occurred 
in the high-velocity region and the second in the low-velocity region. In the low-velocity region, the specific rate 
of wear is inversely proportional to the sliding velocity but in the high-velocity region, but increases with 
increasing velocity for solid/solid content but decreases for solid /liquid form content [37]. From Figure 7. 
However, while increasing the load, normal load initially reduces the wear rate because of the availability 
of a fixed amount of banana fiber and WNP particulates. However, once the ideal circumstances are achieved, 
the wear rate increases as the load increases due to an increase in contact pressure. 
  

 
Figure 7. Effect of control factors on the specific wear rate of the composites. 
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Table 5. Response Table for Signal to Noise Ratio Smaller is Better. 
 

Control Factors (All are in S/N ratio) 

Level Sliding 
velocity 
 

Normal load Walnut content 
 

Sliding distance 
 

1 146.5 144.0 143.3 146.2 

2 144.1 145.4 146.0 144.4 

3 142.6 146.8 145.0 143.2 

4 145.9 142.9 144.7 145.3 

Delta 4.0 3.9 2.7 3.0 

Rank 1 2 4 3 

 
Analysis of variance 
ANOVA is a well-grounded tool for the evaluation of experimental wear tests [37]. The result of the application 
ANOVA for the wear performance of our WNP/BF/EP composite is shown in Table 6. The sliding velocity and fiber 
content were the more influencing parameters on the composite wear, where the sliding distance and normal 
load had a lesser effect. The P-value of the sliding velocity was 0.319 for the BF/WNP /EP composite, which 
indicates that there was a negative effect of sliding velocity on the specific wear rate for the f composite 
reinforced fiber. 

 
Table 6. ANOVA for S/N ratio BF/WNP. 

 

Analysis of Variance for S/N ratio Banana fiber/WNP/EP composites, using the Adj SS for the Tests 
 

Source DF Seq SS Adj SS Adj MS F P P.C % 
 

Sliding velocity (m/s) 3 38.941 38.941 12.980 1.81 0.319 29.86 

Walnut content (wt.%) 3 35.508 35.508 11.836 1.65 0.346 27.22 

Normal load (Newton) 3 14.807 14.807 4.936 0.69 0.617 11.35 

Sliding distance (m) 3 19.602 19.602 6.534 0.91 0.530 15.03 

Error 3 15 21.544 7.181   16.52 

Total 15 130.402      

DF - Degree of freedom, Seq SS - Sequential sum of squares, Adj SS - Adjacent sum of squares, Adj MS - 
Adjacent sum of mean squares, F – Variance, P - Test statistics, P.C- Percentage Contribution 

 

Scanning Electron Microscopy (SEM) analysis 
Micrographs of Scanning electrons were taken to analyze the post sliding wear effect on the samples, as in Figure 
8 (a - f). Along the plane of crack propagation, the micrograph of a fractured surface exhibits signs of fibre 
fracture, fibre pullout, matrix cracking, and fiber-matrix debonding, Figure 8 (a-b). The presence of more ends 
and alignment in the fiber generally bears the applied load and transfers it to the other end of the composite via 
matrix, thus improving the composite's wear properties [38]. Sliding wear causes abrasion, adhesion, and surface 
fatigue. Moreover, debris (Not in all) formation and flattening of surfaces may also be caused during sliding wear 
operation, Figure 8 (c). The sliding wear rate is more dependent on hardness than sliding velocity, normal load, 
sliding distance, and walnut content since higher hardness leads to a lesser wear rate. Moreover, the WNP is less 
dense thus it accumulated at both surfaces of the composite, which leads to more interaction of WNP 
with the sliding surfaces than of the BF or EP. For this reason, the WNP played an essential role in reducing 
the wear of the banana fiber reinforced polymer composite, as evident from Figure 8 (c and d). SEM observation 
also revealed that the formation of wear debris and potholes during sliding wear existed at the samples' surfaces 
containing WNP, at higher load and velocity. Abrasive wear accompanied with surface fatigue was also observed 
at the specimens surface, but abrasive wear remained more dominant, as shown in Figure. 8 (e and f). Figure 8 
(d) shows higher void formation, which was at 15 wt. % WNP loading, followed by 10 wt. % WNP as in Figure 8 
(e). An increase in the void fraction also affects the composite's overall properties, as shown in Figure. 8 (e, f). 
Moreover, WNP has a higher tenacity than BF, due to which the composite surface becomes harder with  
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increasing WNP loading. The hard surfaces formed by the inclusion of walnut powder lead to a comparatively 
low wear rate, which correlates with past research [39,40]. 

 

 
Figure 8. Worn surface morphology of the fabricated composites. 

 

From the above discussion, it is accomplished that better wear resistance is offered at greater sliding velocity 
(3.5 ms-1) and filler content of 15 wt.%, but a normal load of 20N, and sliding distance of 1800m hybrid 
composites. 
 
Application and Future scope 
It has also been claimed that hybridization of banana/WN/epoxy composites not only enhanced the mechanical 
properties of the composite, but it also lowered the wear rate of the composite. As a result, the composites that 
are generated will be extremely suited for vehicle parts as well as for all forms of lightweight engineering 
applications in general.  
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Impact 
The current investigation is focused on the study of physio-mechanical properties of banana fiber (BF), fiber-
based epoxy (EP) composites filled with walnut shell powder (WNP). The experimental results revealed a positive 
result of using the selected material in the composite. The addition of walnut powder in the BF/EP composites 
enhances the wear resistance. The major impact of the present investigation is the environmental benefit 
as the sustainable materials containing mainly natural entities for composite fabrication reduces the greenhouse 
effect and are biodegradable. This will encourage the use of natural fibers in composite materials, bringing down 
the high cost of manufacturing synthetic fiber-based polymer composites. 
 
Conclusions 
Green composites made from non-woven banana fiber/WNP/EP composites were successfully manufactured 
utilizing the hand lay-up method. Analysis of green composites can lead to the following conclusion. 

 The inclusion of Walnut powder contents led to a decrease in density, increases in void although led 
to enhance tensile, hardness, impact, and flexural strength. 

 According to the Taguchi method's response table, the control factors that influenced wear 
performance were sliding velocity> fibre content > sliding distance > Normal load. The combination that 
provided the lowest wear rate was 5wt% walnut powder (BW2) at 1.5 m/s sliding velocities, under load 
of 20 N at a distance of 1300 m. 

 The worn surface micrographs of banana / WN / epoxy composites have shown the related wear 
mechanisms which were liable for the wear as experimentally found. 
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Highlight 
The authors propose a new approach to stimulating the export potential of an innovatively active enterprise, 
based on identifying the hidden potential and expressed in the form of an economics-mathematical model.  
 
Abstract 
The study is devoted to the development of proposals for improving the assessment and stimulating the export 
potential of an innovatively active enterprise. The authors examined the essence and features of the activities 
of innovatively active enterprises, as well as the impact on their export activities. The conducted theoretical 
and methodological study allowed the authors to show their vision of the main components of the export 
potential of the enterprise, and also, in order to assess and analyze the export potential of an innovatively active 
enterprise, they proposed an economic and mathematical model, a feature of which is taking into account the 
hidden export potential, which has a significant economic impact. To stimulate the export potential 
of an innovatively active enterprise, the authors proposed a system of labour force motivation, as well 
as institutional instruments, which have a significant social impact. 
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Introduction  
In the conditions of globalization, which is based, in particular, on continuous informatization and digitalization, 
the competition of enterprises on a national and international scale is significantly intensified, which determines 
the importance of providing competitive advantages for any enterprise through innovation [1]. The innovative 
component of the company's activities is a prerequisite for full-fledged competition in the domestic and foreign 
markets [2,3].  
The innovative activity allows an economic entity to gain undeniable competitive advantages over other market 
players [4]. An enterprise typically turns to two proven activities to take a leadership position: innovation 
and market expansion. The synergy of these two components will allow the enterprise to successfully compete 
in the market, increase income, and meet the needs of the labour force. 
An enterprise that generates new types of products and services can quickly become a leader in its field and 
be able to set standards for the development of the entire industry. This will significantly strengthen the market 
position of the company, add to its competitive advantages. Another equally important argument in favour 
of implementing innovative activities for the company will be a more rational use of its resource base for 
the implementation of promising innovative projects and research in its field. Among other things, 
the implementation of innovative activities allows the company to invest in developing various priority initiatives 
the required amount of funds to use in the development of the most qualified specialists. These activities 
will achieve the best results for the company, which will ultimately affect its approaches to new developments 
and the ability to determine the direction of the industry's development. 
 
Methods  
The study is based on the relationship between theory and practice; therefore, the authors cite the main 
theoretical and methodological aspects of the subject of research, analyzing which the authors propose ways 
of improvement using economic and mathematical modelling. 
The methodological basis of the study is the theory of innovation activity, as well as individual elements 
of the concepts of development and stimulation of the export potential of the enterprise and incentives 
for employees. To assess and analyze the export potential of a certain business entity, an economic 
and mathematical model was developed that reflects the main processes of the export potential functioning 
and is based on two categories of the export potential of an innovatively active enterprise: actually achieved 
export potential and unrealized export potential (reserves). 
 
The theoretical and methodological basis 
 
Innovatively active enterprises: essence, features, resources. 
Despite the priority of innovation, today, the concept of an innovative-active enterprise is not clearly defined 
in domestic practice. The conducted analysis [5–7] indicates many criteria for classifying enterprises 
as innovation-active, used by both the official government bodies and the independent expert community. 
Innovation-active are enterprises that develop and implement new or improved products or services, 
technological processes or methods of producing products (providing services). The innovative activity 
of the enterprise includes the following types of work (Figure 1). 

 
Figure 1. Distinctive features of innovatively active enterprises. Source: developed by the authors. 
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Innovatively active organizations differ in the general position of management, specialists, and other workforce 
focused on innovative activities. This is a positive attitude to the innovative path, awareness, acceptance 
of its necessity and usefulness, concentrate on finding opportunities to carry out one or another activity, creating 
a general mood for innovation, an innovative internal atmosphere, priority attention not to obstacles, negative 
factors, but to positive aspects, the experience of successful innovation activity, its mechanisms, models, 
individual elements, borrowing such knowledge, adapting it to the conditions of specific enterprises (in contrast 
to the positions of passivity, surrender to difficulties, justification by objective conditions, with references 
to the situation of survival, paradoxical consideration of innovations not as a possible way out of a difficult 
situation, but as a kind of "luxury" that can only be afforded upon reaching a "good" state). Accordingly, 
innovatively active enterprises use various resources: available, available, necessary, effective – they make 
efforts to mobilize hard-to-reach resources, as many reserves as possible, in the extreme case – all possible, 
known ones. 
First, this is the use of internal resources, the implementation of their innovative potential, which to one degree 
or another is available in almost all organizations, which is easiest to realize and thereby compensate for the 
complexity of external conditions. This includes the mobilization of the intellectual potential of the workforce, 
first of all, of its engineering and research departments, the involvement of all categories of personnel, including 
workers, in innovative activities. There is also a well-known step such as creating a specialized innovation unit, 
innovation groups, teams acting as initiators (stimulators) of innovation work, contributing to the introduction 
of innovations. It is characteristic that enterprises that do not participate in innovative development are 
distinguished by the failure to perform even this obvious step: establishing innovative subdivisions.  
One of the essential internal factors is the presence of initiators, leaders of innovative activities, primarily among 
the management of the enterprise. The initiator, the main innovator, usually becomes the first person 
in the administration, the general director, which is quite natural because the general has the greatest 
competence, rights and resources, is included in connection with external organizations. Getting the "right" 
people, authorities and "moving the organization's development" is one of his first job functions. But the director 
must become a real initiator. The experience of innovative enterprises shows that the prerequisites 
for this are the personal qualities of the leader, intensive ties with government structures, foreign specialists 
and organizations, and personal experience. Initiators also play a significant role among specialists and other 
labor force categories due to the specific nature of the innovative activity, which presupposes precisely 
the innovativeness of actions [8]. Some sensible directors, realizing the timeliness of innovation but feeling 
burdened with turnover, delegate the initiator role either to one of the executives or to a specialized department. 
Various external resources are mobilized along with internal, requiring more innovative activity and becoming 
available as the latter is manifested. Among the first and obvious ones is interaction with research organizations 
for ordering and using existing innovative developments, getting help in bringing up and implementing their 
projects and samples. Along with the traditional institutions that have survived, many small centers, bureaus, 
laboratories, consulting centers, etc., have been created, which are capable of providing the possibility of at least 
"point" innovative development through links with industrial organizations. Infrastructure organizations such 
as technology parks and innovation incubators play an increasing role. 
Several innovative enterprises use such external resources as interaction with foreign organizations, firms, 
companies, mainly manufacturing, including with the use of intermediary centers. Through such cooperation, 
enterprises gain access to the foreign market, acquire access (at least informational) to the latest developments, 
and an orientation in the innovation sphere. In the case of close cooperation or even the transformation 
of an enterprise into an integral part of TNCs (transnational companies), the latter reorganize the activities of the 
enterprise, including social conditions, while, according to foreign experts, the latter bring know-how that has 
not yet been introduced into the western enterprises of TNCs.  
The external resources of innovative enterprises include increased attention to demand, consumers, updating 
marketing activities, including customers among participants and even initiators of innovations, the orientation 
of production not to the market in general, but to existing demand, and, if possible, the organization of export 
demand. 
It is important to note that social factors (“human factor”) are taken into account in innovative organizations. 
This is expressed, first of all, in working with the labor force, preparing it for creative activity, stimulating 
innovative activity, creating the aforementioned innovative attitude. This is an obvious and often-cited factor. 
But few implement this resource; Characteristically, the costs of such activities account for only 0.2% of the costs 
of technological innovations [9,10], and the training provided is mainly technical training, traditional training.  
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Export activity of innovatively active enterprises. 
The problems of export activities and the elaboration of different models for the inclusion of the national 
economy in the world market system are sufficiently highlighted in the scientific works of foreign and domestic 
economists and scientists [11]. 
Some authors rightly argue that the export potential is an absolute value and an integrated indicator 
that considers the properties and characteristics of the enterprise and the market. However, if we talk about 
the export potential not of an enterprise but of an individual product or resource, it is necessary to make several 
clarifications. 
The economic category “export potential” appeared in the early 90s, having come, to a certain extent, to replace 
the category “export base of industry”, which was analyzed in the 70s and 80s XX century. When defining 
this category, the emphasis was shifted to the production and marketing activities of the enterprise. 
Subsequently, it was considered in the scientific literature as the main subject of the national economy, carrying 
out foreign economic activity. 
There are two approaches to assessing the export potential: 

 assessment of the export potential of the enterprise directly; 

 assessment of the potential of foreign trade activities of the enterprise [12]. 
These concepts are often identified, or the concept of "export potential" is replaced by the concept of "foreign 
economic potential, " covering export and import operations. At the same time, the emphasis is placed 
on the need for the enterprise's all-around inclusion in globalization and international economic cooperation 
processes. 
Nevertheless, when designating indicators of the potential for foreign economic activity, some indicators mainly 
characterize the export potential. Consequently, there is a combination of two economic categories, which, 
despite the relationship, require separate consideration. 
The structural and logical analysis made it possible to identify the reasons determining the variety of export 
potential definitions [12–14]. This approach made it possible to classify them into one of two groups: essential 
or derived. Among the vital reasons for the variety of definitions of export potential, the following 
can be distinguished (Table 1). 
 

Table 1. Reasons for the variety of definitions of export potential Source: developed by the authors based on [13,14].  

 

Causes Description 
 

Dynamism, or constant development 
of the phenomenon 

Economic thought evolves towards the most complete, accurate and 
modern reflection of the essence of export potential, during which 
new approaches are formed, and existing ones are developed. 

Polystructurality, or the variety of the 
structure of the event the structure of 
the phenomenon 

The export potential of an enterprise is an aggregate characteristic, 
the outcome of the influence of many factors, and it is quite logical 
that different researchers, depending on the goals and capabilities of 
their scientific research, try to determine it through the most relevant 
in practice, in their opinion, factors. 

Polyvariety, or a variety of 
manifestations of the phenomenon 

The export potential characterizes enterprises of various industries, 
regions, and countries. Accordingly, when determining the export 
potential of objects of various levels, attempts are made to specify 
the special, most influential factors for this particular object. 

 
In the export potential of the enterprise, one can single out the key factors affecting its implementation. 
Import of materials and components, equipment, technologies, know-how. The share of imported components 
in the cost of goods of the export assortment in the industry can be up to 40% or more since domestic production 
is developing more slowly than foreign production. 
 
International cooperation. The level of competitiveness of domestic products does not always meet international 
requirements; therefore, enterprises need to cooperate and produce higher quality products or similar imported 
ones. 
 
Entrepreneurship in free economic zones. This type of entrepreneurship will allow an enterprise to find 
an optimal niche for itself, in which it will be able to constantly improve the quality of products for entering the 
foreign market. 
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Counterfeit. The presence of such products at the enterprise significantly reduces its competitiveness; therefore, 
it is necessary to prevent the appearance of counterfeit products on the market.  
 
Intercultural marketing communications are currently the most promising in terms of the formation, 
implementation and development of export potential [15]. To achieve a synergistic effect is necessary 
to combine business communications of enterprises, economic missions and international exhibitions. 
The management of this system, both at the macro and micro levels, aims to promote enterprises to the markets 
of far and near abroad to monitor the effective formation and implementation of their export potential. 
 
National government regulation. Export activity, especially for novice exporters, small and medium-sized 
enterprises, is a rather complex economic process, accompanied by significant risks and requiring financial costs. 
However, given that the stimulation of national exports is one of the promising directions that the governments 
of many countries adhere to, significant amounts are allocated from the state budget for these purposes: 
for guaranteeing and insuring export supplies and lending export-oriented industries. 
The formation, implementation, assessment and stimulation of the export potential of an enterprise is a complex 
and multifaceted phenomenon that occurs on the market within the country under the influence of many factors 
of the external environment and the internal state of the enterprise. 
 
Results and discussion 
The theoretical and methodological analysis showed that entering the foreign market requires a preliminary 
assessment of the export potential to determine the enterprise's potential to supply and promote competitive 
products to the foreign market or provide competitive services in the required quantity within a certain time 
frame. In the context of constantly changing market conditions, modernization of society [16], complex problems 
of organizations [15], quarantine restrictions, the need for additional financing of enterprises [17], expansion 
of foreign trade relations [18] and increased competition in international markets effective use of export 
potential will ensure the preparation and adoption of high-quality management decisions aimed at achieving 
sustainable development of the innovation-active enterprise. 
Based on the study, the export potential can be presented in the form of a diagram shown in Figure 2. 
 

Figure 2. The main components of the export potential of the enterprise. Source: developed by the authors. 

 
Thus, the main goal in assessing an enterprise's export potential should be identifying and implementing reserves 
for increasing the efficiency and profitability of an enterprise's export activities, increasing production 
of products competitive in foreign markets with minimal costs of production and financial resources. 
Unrealized export potential (reserves, latent potential) – assets that do not provide a specific advantage at this 
stage, although they can be transformed into basic funds in the future. 
Thus, it is necessary to work out an instrument, using economic and mathematical modelling, which makes 
it  possible to define different indicators for assessing this potential in the conditions of the corresponding (best) 
system of economic activity of the innovation-active enterprise, aimed at identifying hidden reserves [19]. 
Given the specificity of the research subject, the integral method of calculating the export potential 
of an enterprise is more often used, which we improve by introducing two categories of exports and which allows 
us to more accurately reflect the capabilities of an innovative enterprise in the foreign market, using indicators 
that are weighted in a certain way among themselves. The advantage of this method is simplicity in calculations 
and unambiguously interpretable results:

+ = 

The total potential of the 
enterprise 

The economic potential of 
the enterprise 

Export potential 

Export 
potential of the 

enterprise 

Unrealized 
export potential 

(reserves) 

Actually achieved 
export potential 
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(1) 

 

𝐾𝑝 = √𝛼 ∗ 𝑃𝑎𝑎 ∗ (1 − 𝛼) ∗ 𝑃𝑟𝑒𝑠  

 

 
where 𝛼 is the coefficient of the contingency of export potential; 
𝑃𝑎𝑎  is the aggregate estimate of the actually achieved export potential of the enterprise and is calculated using 
the formula: 
 

 
(2) 

 

𝑃𝑎𝑎 = 𝐾𝑃𝑃 ∗ 𝐾𝑃𝑅𝑂𝐹𝑎
∗  𝐾𝑇𝑀𝑠ℎ

∗ 𝐾𝑃𝑅𝑂𝐹𝑝𝑟𝑜𝑑
      

 

 

         

where 𝐾𝑃𝑃 is an indicator of the ratio of the production program to the production capacity of the enterprise;  

𝐾𝑃𝑅𝑂𝐹𝑎
 is an indicator of the profitability of production assets;  

𝐾𝑇𝑀𝑠ℎ
 is the share of products in the target market; 

𝐾𝑃𝑅𝑂𝐹𝑝𝑟𝑜𝑑
 is an indicator of product profitability;  

𝑃𝑟𝑒𝑠 - is the aggregate estimate of the unrealized export potential (reserves) of the enterprise and is calculated 

using the formula:  
 

 
(3) 

 
𝑃𝑟𝑒𝑠 = 𝐾𝑅 ∗  𝐾𝑃𝑀𝑠ℎ

∗ 𝐾𝐶𝑚
∗ 𝐾𝑃𝑅𝑂𝐹𝑠𝑎𝑙

 

 

 

 

where 𝐾𝑅 is an indicator of the ratio of production and sales; 

𝐾𝑃𝑀𝑠ℎ
 is the share of products in the potential market; 

𝐾𝐶𝑚
 is the share of marketing costs in the total amount of costs; 

𝐾𝑃𝑅𝑂𝐹𝑠𝑎𝑙
 is an indicator of the profitability of sales; 

 
Foreign trade activity is subject to economic conditions, which is expressed in unstable oscillatory processes 
of the enterprise. During the upturn, the economic situation improves, the possibilities of production and sale 
of export products expand, which contributes to a greater manifestation of the hidden export potential 
of the enterprise. During the deterioration of the economic situation (recession, crisis), the export potential 
of  the enterprise, on the contrary, decreases, but it can also be adjusted due to the intensification of production, 
the economic use of resources, recircular production, and the creation of the necessary basis for raising 
production. 
Choosing three stages of the market environment for the characteristics of oscillatory processes: growth, 
stabilization and decline, we will establish certain values of the contingency coefficient (Table 2). 
 

Table 2. Coefficients of the conjugation of actually achieved and unrealized export potential. 
 Source: developed by the authors. 

 

Market conditions 

Contingency coefficient 

actually achieved potential 
 

unrealized export potential 

Recession 0.7 0.3 

Stabilization 0.5 0.5 

Rise 0.3 0.7 

 
In sum, the coefficients of the conjugation of the achieved and unrealized export potential should be equal 
to one. 
In sum, the coefficients of the contingency of domestic and latent export potential should be one.
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The level of development of the export potential of the enterprise reflects a specific number, which allows one 
of the following conclusions to be drawn: 

1. The product has significant shortcomings, and one should refrain from entering the foreign market. 
2. The product has several disadvantages, but they can be overcome by connecting the hidden potential 

and eventually entering the external market. 
3. Nothing hinders export activity; the goods can be brought to the external market shortly. 

 
The analysis of the export potential based on the developed mathematical model made it possible to determine 
approaches to its assessment in the context of the rational organization of the economic activity of the relevant 
innovation-active enterprise. 
To assess the effectiveness of the use of export potential, we propose to take effect the following volume 
of exports, which achieves the maximum level of profit: 
 

 
(4) 

 
𝐹{𝑥} = 𝑌 (𝑝𝑟𝑖𝑗 ∗ 𝑥𝑖𝑗) → 𝑚𝑎𝑥 

 

 

 
 

(5) 
 

 

 
𝑥𝑖𝑗 ≤ 𝑎𝑖 , 𝑥𝑖𝑗 ≤ 𝑏𝑗 , 𝑥𝑖𝑗 ≥ 0 

 

 

 
where n is the number of importers;  
𝑖 =  1,2 . . . , 𝑚 – number of products;  
𝑥𝑖𝑗  – the optimal amount of the i-th product to be exported to the j-th country;  

𝑝𝑟𝑖𝑗  – profit from exports to the j-th country per unit of the i-th product;  

𝐹{𝑥} – objective function; 
𝑎𝑖  – the volume of products for export;  
𝑏𝑗  – market capacity of the j-th country for the i-th type of exported products. 

 
Concerning stimulating export potential, which is largely reserved, the study found that one of the main problems 
of low export potential is the lack of communication with target markets. The solution to this problem 
is the workforce; the staff, both top management and ordinary employees establish contacts and search 
for foreign partners depend. In this case, the best measures are material incentives for employees based on their 
performance. 
For a well-thought-out and approved system of bonuses and incentives for personnel to really work, motivating 
people to work more productively, it is necessary to improve the system of material incentives (Figure 3). 

Figure 3. Improving the system of material incentives. Source: developed by the authors. 

 
If the team has an oppressive atmosphere, ill will, tension, staff turnover, review your system of material 
incentives. An experienced HR manager (or even a psychologist) can be attracted to the team and entrust him 
with this job. 
For enterprises, export promotion can include any measures aimed at ensuring stable development 
and realization of the export potential of the industry represented by individual economic entities, in particular: 

 unimpeded return of VAT to exporters; 

 ensuring the development of technical and sanitary standards for environmental friendliness 
of production processes and product standards by international requirements at the expense of the 
state budget or international grants; 
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1. The employee's work should be assessed objectively – the remuneration should be appropriate 
and adequate to his contribution to the overall result, significant and fair. 

 
2. The employee must know how his work will be evaluated and what remuneration he will receive. 

3. The employee must be rewarded in a timely manner. 
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 the attraction of investments for the modernization of the technical and technological base 
of the industry; 

 full application of the quota system; 

 maintaining a competitive real exchange rate, which forms adequate price incentives; 

 creation of a mechanism for financial support for exports, first of all, lending, guaranteeing 
and insurance of export supplies and loans for improving the infrastructure and social base (qualified 
workforce), providing information and consulting services, promoting the exhibition and fair activities 
of national firms abroad, subsidizing research works. 

All organizational and economic measures to assess and stimulate the level of efficiency of the export potential 
of the innovation-active enterprise should be implemented systematically. 
 
Impact  
The research touches upon two areas of influence: economic and social. 
Economic Impact: the authors propose a conceptual basis for assessing and stimulating the export potential 
of an enterprise, which, unlike the existing ones, is based on the identification and development of hidden export 
potential. An interesting contribution to the development of practical economic methods is developing 
an economic and mathematical model that allows one to determine various indicators for assessing the latent 
potential in the conditions of rational (optimal) organization of economic activity of the relevant business entity 
at identifying hidden reserves. 
Social Impact: according to the results of the study, which revealed that the low export potential 
of the enterprise, among other things, is influenced by the lack of connection with the target markets. To solve 
this problem, the authors propose material incentives for employees based on the results of their work, 
improving the system of material incentives for employees, which, unlike the existing ones, is based on the 
principles of objectivity, transparency and timeliness. 
 
Conclusions 
All organizational and economic measures to assess and stimulate the improvement of the efficiency of the use 
of export potential in the context of international integration processes should be implemented systematically, 
in a relationship that will change the negative trends of its development. It is important to note that there is still 
a lack of comprehensive research with specific recommendations on economic policy measures 
and methodologies for their use to qualitatively expand and intensify export activities and improve the position 
of national exports in the world market. That is why the expediency of further research is also caused 
by the problem associated with the urgent need to develop and implement a comprehensive strategy 
for the formation and use of the export potential of the country, which necessitates the development 
of theoretical and methodological foundations of active state economic policy and qualitative factors 
of the economic development of the country. 
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Highlight  
Volatile compounds profile of a craft and industrial beer analysed using headspace gas chromatography-mass 
spectrometry method. 
 
Abstract  
The pale Pilsener-style lager beers produced on a massive and craft scale were taken to analyse their basic 
physicochemical properties (alcohol content, pH, haze, real degree of fermentation) and volatile compounds 
profiles. The research was carried out using a beer analyser equipment and a headspace gas chromatography-
mass spectrometry method (HS/GC-MS). The findings showed that in terms of physicochemical and flavour 
attributes, the quality of craft beers differed to a higher degree from the standard Pilsener beer quality than 
in the case of industrial beers.  
 
Keywords 
Industrial and craft beer; pilsener; volatile compounds; off-flavours; HS/GC-MS, physicochemical properties  
 
Introduction 
It is believed that the process of making beer represents the world’s oldest biotechnology, which helps to account 
for the fact that the brewing industry is currently the most established on the alcoholic beverages market with 
beer being nearly the most consumed beverage in the world [1,2]. In generic terms, there are two main types 
of beer being produced both on an industrial and a craft (artisanal) scale, namely (1) ale – top fermenting styles 
of beer and (2) lager – bottom fermenting styles of beer, which refers to the type of yeast used 
in the fermentation process. Although the craft beer industry in Poland, as distinct from the industrial one, 
is primarily focused on producing ale beers rather than lagers, it is the production of the bottom fermenting style 
that has been found to grow faster recently (c. 3.5-fold faster than ale craft beers in 2019) [3]. Overall, 
there are three to five main commercial companies brewing on an industrial scale in Poland, being distinguished 
by the annual beer production exceeding 200 000 hL, with their combined market share reaching 98%, and these 
are particularly: Kompania Piwowarska, Grupa Żywiec and Carlsberg Polska [2,4]. Throughout the years, 
the prime objective of such large industrial breweries has been aimed at providing highly standardised product, 
designated „for everybody”, so that the producers can meet the demands of the average consumer 
and at the same time maximise their profits [5,6]. As a consequence of this policy, the pale pilsener type of lager 
beer due to its mild and generally not very characteristic flavours has become ubiquitous on the market 
and is considered now the most dominant and widely brewed single beer style all over the world [7]. 
Nevertheless, as the noticeable change in consumer attitudes and preferences towards beer did occur in Poland 
in the beginning of the second decade of the 21st century, the number of microbreweries (craft breweries, 
contract breweries and brew pubs), offering products with enhanced sensory characteristics or new beer styles 
whatsoever, have been steadily increasing ever since then (it passed from 107 to 308 in the years 2010-2015) 
[4,7,8]. This phenomenon associated with opposition to standardisation of beer brewing and beer consumption 
is called „the craft beer revolution” [5,9]. Despite the popularity of this slogan and craft breweries in themselves 
among beer consumers in Poland these days, it has to be pointed out that there is no official, common shared 
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and agreed definition of craft beer and craft breweries as well. It is of note, however, that there are many regional 
and national brewers associations all over the world, which represent independent microbreweries 
and simultaneously supply us with some working definitions in terms of craft brewing striving to safeguard their 
member’s interest [8,10]. As far as Poland is concerned, it seems reasonable to invoke PSBR (“Polskie 
Stowarzyszenie Browarów Rzemieślniczych”), since according to its 2019 annual report, this microbrewers 
association was incorporating 25 craft breweries throughout the country at the time, with their combined beer 
production volume making up to 50% of the total production volume of craft beer in Poland [3]. Although PSBR’s 
regulations as to what craft brewery is do not strictly refer to brewery’s annual production, it is declared 
that for all of the associated breweries it does not exceed 18 000 hL. Apart from that, according to PSBR, a craft 
brewery is innovative as well as economically and personally independent of another (not artisanal) brewery. 
Moreover, it essentially uses traditional raw materials, i.e. water, barley malt, yeast and hops and thus 
theoretically provides a high-quality product being sold at a relatively high price [10].  
  
Brewing on an industrial and a craft scale 
Concerning the scale of production, the quality of even the same style of beer made following industrial 
and artisanal manufacturing methods might vary significantly, which opens up discussions which scale 
is favourable for providing better quality of beer [11]. In fact, one of the reasons for the change in consumer 
preferences for beer in favour of craft was the desire for new taste experiences provided by particular flavours, 
which were not being found in industrial beers [8]. On the other hand, in contrast to common belief, craft beer 
may turn out to be of inferior quality to industrial one due to the lack of such steps of production as pasteurisation 
and filtration processes as well as poor quality control in the production chain. The exclusion of microfiltration 
phase prior to, and heating-process after beer bottling may result in generating undesirable flavours induced 
by incompletely removed yeast and microbial contamination respectively [11]. Further, the ability of a small 
brewery to follow the quality of semi-finished product and contents of various beer compounds, and thus 
to maintain a steady production is limited because of small budget and resultant lack of investment in accurate 
analytical instruments like those based on chromatographic analysis, being vital for brewery’s development 
and competition [12]. For apparently this reason, the SWOT analysis made by Wojtyra and Grudzień characterises 
the difficulty in providing consistently high-quality of beer as one of the weaknesses of the craft beer industry 
in Poland [4]. It is worth mentioning on an industrial beer, however, that in order to minimise production costs 
it is common nowadays for macrobreweries to brew with unmalted cereals (barley, maize, wheat or rice) 
as partial substitution of barley malt, which is by no means irrelevant for the quality and can have potentially 
negative effects on beer foam or flavour, for instance [11]. In fact, it is the latter that is considered of the greatest 
importance with regard to the sensory profile of the beer, and consequently beer’s subsequent market 
performance [1,2].  
 
Volatile compounds 
Beer flavour is contingent on presence and intensity of positive and negative taste and aroma characteristics, 
the latter being determined by many classes of volatile compounds derived from raw materials [2]. Furthermore, 
the ultimate volatile compounds profile of the beer is influenced by the production technologies 
(e.g. pasteurisation, microfiltration) and process conditions (wort aeration level, fermentation temperature, 
conditioning time), yeast strain (secondary metabolites), as well as storage conditions (light and oxygen 
contribution) and last but not least by microbial contamination [1,11–14]. Hence, In order to provide a high-
quality product, it is necessary to keep good manufacturing practice (GMP) and obtain the balance of the beer 
aroma through maintaining a proper concentration of volatiles such as esters, higher alcohols, carbonyl 
compounds (aldehydes and ketones), sulphur compounds and organic acids, which at concentrations above 
their sensory thresholds are perceived either detrimental or beneficial to beer flavour depending on its style 
[4,14]. In this way, the volatile profile is one of the unique characteristics of each beer style, determining 
its quality [15]. Pilsener, also commonly known as pils, represents the group of lager beers, which are generally 
brewed with the use of pale barley malts and fermented in relatively low temperatures (6-12°C) by bottom-
fermenting yeast Saccharomyces pastorianus. Despite the fact that there are many variants of pilseners 
on the market throughout the world, which might stem from slight differentiation in choice of raw materials 
and methods of production, it is preferred that this style of beer be characterised by clean, crisp and refreshing 
hoppy taste, delicate fruity aroma, lean body (well attenuated beer), as well as clarity and colour intensity 
at the level of: 0-1 and 4-8°EBC respectively [16]. As opposed to the top-fermented beers, the volatile profile 
of the bottom-fermented ones is highlighted by aldehydes and ketones, rather than by esters and higher alcohols 
and this, by all means accounts for less intense taste sensations when consuming beers of pilsener style [17]. 
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It is of note, however, that all of the abovementioned volatiles should be subject to control in order to obtain 
a clean flavour profile of the pilsener beer, since not only esters introducing fruity aromas and higher alcohols 
causing harshness negatively affect the flavour of lager, but also carbonyl compounds, i.e. aldehydes 
(acetaldehyde) and vicinal diketones (diacetyl) due to their very low sensory thresholds induce off-flavours such 
as grassy and buttery ones respectively [18]. Amongst other volatiles determining the quality of the pilsener beer, 
the sulphur compounds such as dimethyl sulphide (DMS) or methanethiol (methyl mercaptan) play a significant 
role, introducing at high concentrations unpleasant notes of cooked or rotten vegetables (e.g. maize, cabbage) 
[19]. According to the literature, however, subthreshold-levels of DMS (c. 30 µg/L) or even slightly higher 
concentrations, below 100 µg/L, are considered acceptable and beneficial to the flavour of lager [20,21].  
 
Gas chromatography 
Given the fact that beer volatile organic compounds (VOCs) are present in beer at relatively very low 
concentrations (from ng to mg L-1), the need for accurate analyses of VOCs with the use of sensitive and modern 
techniques becomes apparent [12,19]. One of the most suitable and sophisticated analytical systems designed 
for both qualitative and quantitative analysis of extracted VOCs from beer is based on headspace gas 
chromatographic method coupled to mass spectrometry (HS/GC-MS). In generic terms, the identification is done 
by partitioning followed by MS (Mass Spectrometry) detection of analytes, being initially carried through a very 
thin capillary column by helium or another inert gas such as nitrogen or hydrogen, which is in contact 
with a stationary phase, i.e. an absorbent (e.g. porous polymers) covering the inner side of the column. Owing 
to different affinities of analytes to the stationary phase, the retention times will also be diverse, making 
it possible to identify individual compounds [12,19,22–24] (Figure 1). For more details on investment calculations 
with regard to GC-MS, especially meant for a craft brewery, refer to the source [12].  
 
 

Figure 1. Ingredients of beer produced during fermentation and maturation. Source: The author’s own modification on the 
basis of Kucharczyk et. al (2017) [22]. 

 
Research purpose 
The aim of this study was to examine the volatile compounds profiles of craft and industrial (commercial) beers 
of pale Pilsener-style by the use of HS/GC-MS, with respect to beers’ flavour attributes developed following 
industrial and artisanal manufacturing methods, along with pointing out potentially resulting quality defects. 
Given a significant contribution of volatiles to beer sensory characteristics and concomitantly consumer 
acceptance, as well as the influence of different manufacturing practises on the issue, studies might be useful 
for brewers in terms of identification the reasons for off-flavours, showing the need for both having at their 
disposal of sophisticated analytical instruments and maintaining high-quality production standards at each stages 
of brewing, so that consumers can be supplied with beers of appropriate flavour character for specific style. 
Further, the physicochemical characterisation of beers will enable to determine if the basic beer parameters, 
as alcohol content, are in accordance with these specific properties included on the labels, as well as the analysis
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of other physicochemical attributes like beer haze or colour intensity will provide a better insight into the impact 
of the manufacturing scale on the quality of beer. Those results along with determined volatile compounds 
profiles of beers might also be of particular interest to consumers.  
 
Methods  
Materials 
A total of 12 Pilsener-style lager beers produced on a craft (6 beers – group I: A-F) and a massive (6 beers – 
group II: G-L) scale in Poland were collected for the study. The beers were purchased from the supermarkets 
or specialised craft beer shops, depending on their availability. The samples of commercial (industrial) beers 
were selected amongst beers being produced by the largest beer companies in Poland according to the literature 
[4]. Craft beer samples were chosen based on the affiliation of a brewery to one of the biggest Polish 
microbrewers association (PSBR). Beers produced by such brewery are distinguished by having the legally 
protected mark with the information „craft beer” claimed on their label.  
 
Analysis of volatile compounds through HS/GC-MS 
The analysis of volatile compounds from the hypersurface phase of the tested beers was carried out using the gas 
chromatography technique coupled with mass spectrometry and headspace attachment (HS-GC-MS). Beer 
samples with a volume of 10 ml were placed in a glass vial with a capacity of 20 ml containing approx. 4g 
of sodium chloride. The vial was then closed tightly with an aluminium cap with silicone/PTFE sept. After mixing, 
sample was analysed using the Agilent 7820A gas chromatograph, the Agilent 5977B GC/MSD mass detector 
(mass spectrometer) and the 7697A Agilent headspace phase sample feeder. The separation was made 
on a Restek Rtx-5 column with a length of 60m, a diameter of 0.32 mm and a film thickness of 1 μm. Helium 
was used as a carrier gas and the flow rate was 1.1 ml/min. The temperature of the ion source was 230°C 
and the quadrupole was 150°C, ionisation energy was 70eV. Mass acquisition mode in the range of masses 20-
400. The identification of individual compounds was based on a comparison of the spectrum with that available 
in the NIST library. The content of dimethyl sulphide (DMS) and 2,3-butanedione was also measured 
by quantitatively comparing its retention time with the retention time of the standard for which the calibration 
curve was prepared. Each sample was analysed in 3 repetitions. Identification of volatiles was verified using linear 
retention indices (LRI) – calculated and found in the literature [25–29]. In gas chromatography method, the area 
of a peak generated is proportional to the amount of the compound that is present in the sample. The volatile 
compounds profile of the analysed samples was defined as the percentage of the surface area under the peak 
of a specific compound in relation to the sum of the surface areas of all identified compounds 
on the chromatogram. 
 
Physicochemical analysis of beer 
The basic physicochemical properties of commercial and craft beers were tested with the beer analyser 
equipment. The DMA 4500 M (Anton-Paar) density measuring instrument combined with the Alcolyzer Beer ME 
and Turbidity meter Haze QC ME modules were used for determination of beer’s: density (g/cm3), alcohol 
content (%v/v), original and final extract (°Plato), real degree of fermentation (RDF%), haze (°EBC), colour 
intensity (°EBC) and pH. All the measurements were performed in triplicate, by injection into the Beer Analyzer 
50 mL of each sample previously decarbonated by the use of laboratory shaker. 
 
Statistical analysis 
Data collected from triplicate beer samples were subjected to statistical analysis using the STATISTICA 13 (Dell, 
StatSoft) [30]. In order to compare values, one-way analysis of variance (ANOVA) and Tukey HSD at significance 
level of α = 0.05 was performed. 
 
Results and discussion 
Physicochemical characterisation  
The most important physicochemical properties of examined beers are shown in Table 1. Statistically significant 
differences with respect to all measured parameters between the group of craft (group I: A-F) and the group 
of industrial (group II: G-L) beers were observed (P < 0.05) (Figure 2: a-g). These parameters influence beer 
sensory quality as well as its microbiological stability.  
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Table 1. Physicochemical properties of examined beers. Source: Results of the authors' research. 

 

Parameter 

Sample 

Group I – craft beers Group II – industrial beers 
 

A B C D E F G H I J K L 

Alcohol content 
(% v/v) 

3.99 ± 0.01h 5.38 ± 0.01b 5.34 ± 0.05bc 5.04 ± 0.04e 4.93 ± 0.04ef 3.90 ± 0.01h 4.83 ± 0.01fg 4.78 ± 0.11g 5.24 ± 0.02cd 5.42 ± 0.04ab 5.53 ± 0.02a 5.20 ± 0.01d 

Final extract (°P) 2.51 ± 0.01c 1.78 ± 0.01b 1.97 ± 0.03e 2.26 ± 0.02d 2.54 ± 0.02c 2.71 ± 0.00a 2.63 ± 0.01b 1.48 ± 0.04i 1.72 ± 0.02g 1.51 ± 0.01hi 0.82 ± 0.01j 1.54 ± 0.01h 

Colour intensity 
(°EBC) 

8.43 ± 0.02j 13.63 ± 0.05c 15.13 ± 0.16b 12.30 ± 0.12d 11.05 ± 0.02f 17.32 ± 0.06a 11.88 ± 0.01e 7.95 ± 0.03k 9.03 ± 0.01i 10.51 ± 0.04g 9.84 ± 0.01h 7.08 ± 0.01l 

Haze (°EBC) 1.06 ± 0.02ef 1.35 ± 0.01e 10.35 ± 0.58a 6.65 ± 0.21b 2.95 ± 0.08d 5.64 ± 0.03c 0.79 ± 0.01fg 0.24 ± 0.02h 0.38 ± 0.01gh 0.39 ± 0.02gh 0.53 ± 0.02gh 0.38 ± 0.03gh 

Original extract 
(°P) 

10.09 ± 0.01g 11.92 ± 0.02ab 12.02 ± 0.06a 11.75 ± 0.07bcd 11.82 ± 0.06bc 10.11 ± 0.01g 11.72 ± 0.02cd 10.56 ± 0.15f 11.61 ± 0.02d 11.74 ± 0.07cd 11.30 ± 0.03e 11.38 ± 0.01e 

pH 4.53 ± 0.01a 5.23 ± 0.00a 4.80 ± 0.01b 4.65 ± 0.01d 4.61 ± 0.00e 4.57 ± 0.00f 4.79 ± 0.00b 4.27 ± 0.00j 4.72 ± 0.01c 4.57 ± 0.01f 4.42 ± 0.00i 4.45 ± 0.01h 

DMS (µg/l) 54.40 ± 6.23bc 65.61 ± 5.37b 136.29 ± 20.18a 137.49 ± 13.66a 43.15 ± 4.04bcd 0.00 ± 0.00d 37.80 ± 32.73cd 38.15 ± 33.07bcd 0.00 ± 0.00d 0.00 ± 0.00d 0.00 ± 0.00d 0.00 ± 0.00d 

Density (g/cm3) 1.0080 ± 0.00c 1.0051 ± 0.00f 1.0058 ± 0.00e 1.0070 ± 0.00d 1.0081 ± 0.00c 1.0088 ± 0.00a 1.0084 ± 0.00b 1.0039 ± 0.00i 1.0048 ± 0.00g 1.0040 ± 0.00hi 1.0014 ± 0.00j 1.0042 ± 0.00h 

Real degree of 
fermentation 
(RDF%) 

60.60 ± 0.06i 68.71 ± 0.05d 67.58 ± 0.27e 65.25 ± 0.16f 63.639 ± 0.1g 59.05 ± 0.04j 62.64 ± 0.06h 69.48 ± 0.49c 68.86 ± 0.11d 70.46 ± 0.04b 75.00 ± 0.07a 69.89 ± 0.05c 

  

letters (a-l) within the same line (horizontally) differ significantly with a p value < 0.05 
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Figure 2 (a, b, c, d, e, f, g). Statistically significant differences between craft (I) and commercial (II) group of beer.  
Source: Results of the authors' research. 

 

Sensory evaluation of beer covers four different aspects such as beer’s appearance, aroma, flavour, 
and mouthfeel [31]. The assessment of beer’s appearance incorporates, amongst others, colour intensity 
and clarity, which both significantly affect hedonic response, while drinking beer. If the expectation and the visual 
experience during drinking differ, then beer quality may be rated negatively right from the beginning [32]. 
In this way, regardless of the manufacturing scale, it is generally best to produce beer with appearance attributes 
that match the typical characteristics of a specific beer style. According to the literature, lager beer (principally 
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the pale Pilsener-style) is usually expected to not exceed 1°EBC haze, which is considered a brilliant (clear) beer 
[33]. In the twelve beers studied, haze values were in the range of 0.24 to 10.35°EBC (Table 1). Thus, 
a considerable variation in beer haze among samples was observed. It is of note that only beers made 
by industrial processes were characterised by a desirable haze for lager beer, i.e. < 1°EBC (0.45°EBC on average), 
while all craft beer samples exhibited higher values (4.67°EBC on average) (Table 1 and Figure 2d). The formation 
of haze is influenced by a lot of factors, including raw materials used in the process as well as mash, wort and beer 
production technology [34]. Craft beers, as opposed to industrial beers, are usually made without the addition 
of chemical adsorbents removing haze-active compounds during filtration (proteins and polyphenols) such 
as PVPP or silica gel, or by completely eliminating the process of beer filtration. It is probably the main cause 
of increased haze values measured in craft beers in comparison to beers brewed on an industrial scale. Similarly, 
colour intensity measured was also significantly higher among craft beers than among industrial beers (Figure 
2c) (P < 0.05). In the Doorn et. at. (2019) study it was confirmed that, as the colour intensity of beer increased 
its rated ability to quench one’s thirst decreased [32]. Given that thirst-quenching quality of Pilsener-style lager 
beer is of great importance to consumers due to their wish to drink refreshing beer, it should be concluded that 
industrial beers in terms of colour intensity are of superior quality to craft ones. On the other hand, only two out 
of six commercial beers (samples H and L) had a colour of proper intensity for pilsener style, i.e. in the range of 4-
8°EBC (Table 1) [16]. In contrast to parameters of beer haze and colour intensity, the average real degree 
of fermentation (RDF), and thus also the average alcohol content were significantly lower for the group of craft 
beers than for the group of industrial beers (P < 0.05) (Figure 2a, 2g). RDF determines the rate of real attenuation, 
that is the actual percentage of sugars consumed by yeast and converted into alcohol and carbon dioxide during 
the fermentation process. Hence from a sensory point of view, that parameter influence the textural attributes 
(so-called mouthfeel), as a lower RDF percentage gives rise to beers with higher levels of sweetness and syrupy 
taste, whereas the higher RDF%, the more refreshing, lighter and drier the beer [35]. Andrade et al. (2016) [36], 
when evaluating the quality of different brands of Pilsner-style beer, reported RDF between 59.02 and 69.44%. 
Overall our findings regarding RDF% are in accordance with findings reported by Andrade et al., except for four 
samples of industrial beers, namely H, J, K and L, which exhibited higher RDF% (Table 1). It has to be pointed out, 
however, that sugar syrups were used as malt adjuncts (partial substitutes of barley malt) when producing K and 
L beers, which significantly increased the content of easily fermented sugars in worts, hence also RDF% 
(information with respect to raw materials composition was claimed on the label). The labelling of beers must 
also indicate the alcoholic strength by volume. Considering that the tolerance allowed in terms of the indication 
of the alcoholic strength by volume for beers featuring alcoholic content below 5.5% v/v is 0.5% v/v [37], only 
three samples (two industrial beers – I and J, and one craft beer – B) fell short of that specific requirement 
(table 2). Tozetto et al. (2019) [38] when analysing 28 Pilsener-style lager beers, reported average alcohol content 
at the level of 4.7% v/v, which is more consistent with the results obtained for the group of craft beers (4.75% 
v/v on average) than for the group of industrial beers (5.15% v/v on average) (Figure 2a). The pH of the beers 
studied was in the range of 4.27-5.23. It is generally stated that lager beer should be characterised by a pH 
of around 4.0-5.0. Sample B of craft beer had the highest (5.23), whereas sample H of industrial beer the lowest 
pH (4.27) (Table 1). Also the average pH of craft beers was significantly higher than average pH of industrial beers 
(Figure 2e). To sum up, the results show that the manufacturing scale does seem to impact the physicochemical 
properties of the pale Pilsener-style lager beer. The average values of the basic characteristics of beers produced 
on a craft scale (by artisanal processes) deviates from standards for Pilsener-style beer to a higher degree than 
in the case of beers made following industrial processes. In this respect, from the point of view of the average 
consumer, industrial beers may be perceived of superior quality to craft beers. 
 
Volatile compounds identification 
The HS/GC-MS analysis of the pale Pilsener-style lager beers provided the information about volatile profile 
of each sample (Table 3), which paved the way for the characterisation of the flavours of individual beers as well 
as the comparison of the volatile compounds’ profiles between the groups of industrial and craft beers. 
The analysis of volatile compounds in craft and industrial beers of Pilsener-style with the use of HS-SPME/GC-MS 
made by Giannetti et. al. (2019) [5] showed that manufacturing scale has a substantial impact on the beer volatile 
compounds profiles, as only 13 out of 111 volatiles identified were simultaneously present in all 79 beers 
analysed (42 craft and 37 industrial products purchased on the Italian market). Based on the evaluation 
of average concentrations, expressed as TIC area, 6 out of 13 identified compounds were subsequently assigned 
to the group of craft beers, whereas the rest of them to the group of industrial beers, giving the discrimination 
as to which group of beers was characterised by a higher content of an individual compound. The authors  
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concluded their study with the encouragement for other scientists to further characterise quality marker 
compounds of craft beers, underlining the need for quantification of the identified markers by analysis 
of the pure standard. Therefore, in this study beers purchased on the Polish market were analysed in order 
to determine their volatile compounds profiles (qualitative analysis) with additional focus on quantitative 
analysis of dimethyl sulphide (DMS) and 2,3-butanedione (diacetyl), by using respective standards. These two 
volatile compounds are potentially present in beer and introduce, at high concentrations, unpleasant notes 
of cooked vegetables and butter respectively. 
In the analysed batch of samples a total of 57 volatile compounds were identified by using NIST spectrum library 

and literature LRI values (Table 4). Those compounds can be classified into 6 groups, namely: esters (29), alcohols 

(14), carboxylic acids (3), carbonyl compounds (6), terpenes (4) and sulphur compounds (1). The volatile 

compounds profiles of 12 beers, 6 from craft group (A-F) and 6 from commercial group (G-L), are shown 

in Table 3. From the results, it is clear that the volatiles production was higher in the beers made by artisanal 

processes (especially in sample B) than in the industrial beers (Table 3). On average, the craft beers featured 

higher quantities of all identified compounds from 6 mentioned groups, for instance, an average of 14 esters and 

7 alcohols were identified in the craft beers, whereas an average of 9 esters and 6 alcohols were identified 

in the industrial beers. These basic results are consistent with previous literature reports [11] and highlight just 

how standardisation procedures being implemented in commercial breweries (filtration and pasteurisation) 

as well as a better control of manufacturing processes in the case of industrial beers may contribute 

to a flattening or a complete elimination of a specific volatile compounds from the finished product. On the one 

hand, based on the results obtained it might be argued that craft beers retain more flavour attributes 

or nutritional properties, nevertheless, as far as the pale Pilsener-style lager beer is concerned, it must 

be stressed that too intense aromas disturb the clean profile desired for this style of beer and consequently 

negatively affect the beer quality.  

 
Table 2. Comparison of alcohol content measured and labelled for studied beers. Source: Results of the authors' research. 

 

Parameters 

Sample 

Group I – craft beers 
 

Group II – industrial beers 

A B C D E F G H I J K L 

Alcohol content 
measured (% v/v) 

3.99 5.38 5.34 5.04 4.93 3.90 4.83 4.78 5.24 5.42 5.53 5.20 

Alcohol content 
labelled (% v/v) 

4.40 4.70 5.00 5.00 4.80 4.10 5.00 5.00 6.00 6.00 5.70 5.50 

IΔAI 0.41 0.68 0.34 0.04 0.13 0.20 0.17 0.22 0.76 0.58 0.17 0.30 

 
IΔAI – the absolute value of a difference between alcohol content measured and labelled for specific beer 
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Table 3. Average volatiles profiles (n=3) of 12 beers, 6 from commercial group and 6 from craft group. Source: Results of the authors' research. 

 

Compound 

Sample 

Group I – craft beers Group II – industrial beers 
 

A B C D E F G H I J K L 

Acetaldehyde 0.039 ± 0.002f 0.063 ± 0.002e 0.155 ± 0.009b 0.129 ± 0.003cd 0.109 ± 0.004d 0.118 ± 0.003cd 0.131 ± 0.007c 0.109 ± 0.002d 0.167 ± 0.011b 0.258 ± 0.017a 0.071 ± 0.003e 0.160 ± 0.002b 

Ethanol 86.881 ± 0.455ab 82.359 ± 0.383d 84.730 ± 0.781c 85.708 ± 0.468bc 87.367 ± 0.185a 87.032 ± 0.504ab 86.971 ± 0.499ab 82.996 ± 0.468d 86.081 ± 0.614abc 85.711 ± 0.536bc 82.949 ± 0.242d 87.206 ± 0.175a 

Acetone 0.000 ± 0.000c 0.126 ± 0.017a 0.040 ± 0.008b 0.101 ± 0.021a 0.046 ± 0.010b 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 

2-Propanol 0.000 ± 0.000b 0.459 ± 0.003a 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 

2-Nitroethanol 0.000 ± 0.000a 0.000 ± 0.000a 0.030 ± 0.000a 0.000 ± 0.000a 0.000 ± 0.000a 0.000 ± 0.000a 0.000 ± 0.000a 0.000 ± 0.000a 0.000 ± 0.000a 0.000 ± 0.000a 0.000 ± 0.000a 0.000 ± 0.000a 

Ethyl formate 0.000 ± 0.000c 0.000 ± 0.000c 0.029 ± 0.004a 0.011 ± 0.009b 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 

Dimethyl sulphide 0.025 ± 0.003b 0.020 ± 0.000b 0.047 ± 0.005a 0.049 ± 0.004a 0.015 ± 0.002bc 0.014 ± 0.012bc 0.007 ± 0.012bc 0.012 ± 0.011bc 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 

1-propanol 0.348 ± 0.005fg 0.598 ± 0.004c 0.308 ± 0.001hi 0.511 ± 0.009d 0.365 ± 0.020f 0.364 ± 0.006f 0.336 ± 0.005gh 1.398 ± 0.018a 0.410 ± 0.011e 0.538 ± 0.004d 0.663 ± 0.006b 0.300 ± 0.002i 

Acetic acid 0.127 ± 0.016a 0.041 ± 0.007bcd 0.059 ± 0.002b 0.107 ± 0.011a 0.055 ± 0.008bc 0.129 ± 0.026a 0.031 ± 0.003bcd 0.045 ± 0.006de 0.023 ± 0.003ae 0.025 ± 0.004cde 0.000 ± 0.000e 0.032 ± 0.010bcd 

Ethyl acetate 2.960 ± 0.146ef 4.168 ± 0.122b 4.660 ± 0.267a 3.260 ± 0.113de 3.035 ± 0.088ef 2.630 ± 0.128f 3.757 ± 0.220bc 2.702 ± 0.115f 3.2648± 0.153de 2.775 ± 0.171f 5.063 ± 0.063a 3.477± 0.052cd 

Isobutanol 0.826 ± 0.007d 0.578 ± 0.009f 0.823 ± 0.030d 0.889 ± 0.026cd 0.958 ± 0.021bc 0.924 ± 0.023c 0.717 ± 0.010e 1.401 ± 0.032a 1.002 ± 0.045b 1.402 ± 0.037a 0.942 ± 0.013bc 0.828 ± 0.008d 

3-Methyl-2-butanone 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.029 ± 0.002a 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 

1-butanol 0.000 ± 0.000c 0.080 ± 0.000b 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.337 ± 0.006a 0.000 ± 0.000c 0.000 ± 0.000c 0.080 ± 0.000b 0.000 ± 0.000c 

Methyl isobutyrate 0.000 ± 0.000b 0.067 ± 0.006a 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 

Ethyl propionate 0.027 ± 0.006de 0.073 ± 0.006b 0.027 ± 0.006de 0.037 ± 0.006d 0.020 ± 0.000e 0.020 ± 0.000e 0.040 ± 0.000d 0.057 ± 0.006c 0.080 ± 0.010b 0.030 ± 0.000de 0.096 ± 0.003a 0.040 ± 0.000d 

Propyl acetate 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.025 ± 0.001a 0.000 ± 0.000b 

1-Butanol. 3-methyl- 4.773 ± 0.041ef 5.715 ± 0.045b 4.563 ± 0.134fg 5.080± 0.118cd 4.494 ± 0.057fg 5.168± 0.119cd 4.323 ± 0.053g 6.405 ± 0.128a 4.947 ± 0.166de 5.317± 0.128cd 4.391 ± 0.059g 3.940 ± 0.036h 

1-Butanol. 2-methyl- 1.770 ± 0.024def 1.615 ± 0.031f 1.706 ± 0.075ef 1.885± 0.054cd 2.038 ± 0.037bc 1.810 ± 0.065de 1.839 ± 0.029de 1.921 ± 0.049bcd 2.046 ± 0.096b 2.448 ± 0.070a 1.778± 0.040de 1.694 ± 0.030ef 

2-Pentanone. 4-methyl- 0.027 ± 0.001c 0.066 ± 0.002a 0.000± 0.000d 0.045 ± 0.003b 0.000± 0.000d 0.000± 0.000d 0.000± 0.000d 0.000± 0.000d 0.000± 0.000d 0.000± 0.000d 0.000± 0.000d 0.000± 0.000d 

Ethyl isobutyrate 0.000 ± 0.000c 0.204 ± 0.012a 0.000 ± 0.000c 0.073 ± 0.004b 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 

Isobutyl acetate 0.020± 0.000cd 0.000 ± 0.000e 0.037 ± 0.006b 0.010± 0.009d 0.020± 0.000cd 0.020± 0.000cd 0.020± 0.000cd 0.030± 0.000cb 0.000 ± 0.000e 0.020± 0.000cd 0.060 ± 0.000a 0.027 ± 0.006bc 

Methyl isovalerate 0.000 ± 0.000a 0.020 ± 0.000a 0.000 ± 0.000a 0.000 ± 0.000a 0.000 ± 0.000a 0.000 ± 0.000a 0.000 ± 0.000a 0.000 ± 0.000a 0.000 ± 0.000a 0.000 ± 0.000a 0.000 ± 0.000a 0.000 ± 0.000a 

2.3-Butanediol 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.020 ± 0.000a 0.020 ± 0.000a 0.000 ± 0.000b 0.000 ± 0.000b 0.023 ± 0.006a 0.027 ± 0.006a 0.030 ± 0.010a 0.020 ± 0.000a 
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Compound 

Sample 

Group I – craft beers Group II – industrial beers 
 

A B C D E F G H I J K L 

Ethyl butanoate 0.047 ± 0.006bc 0.057 ± 0.006bc 0.077 ± 0.006a 0.053 ± 0.006bc 0.060 ± 0.000b 0.043 ± 0.006c 0.000± 0.000d 0.047 ± 0.006bc 0.057 ± 0.006bc 0.053 ± 0.006bc 0.077 ± 0.006a 0.060 ± 0.000b 

Furfural 0.117 ± 0.091a 0.000 ± 0.000b 0.057 ± 0.015ab 0.000 ± 0.000b 0.000 ± 0.000b 0.017 ± 0.015b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 

Butanoic acid. 2-methyl-. ethyl ester 0.000 ± 0.000b 0.022 ± 0.002a 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 

Butanoic acid. 3-methyl-. ethyl ester 0.000 ± 0.000b 0.026 ± 0.001a 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 

1-Hexanol 0.000 ± 0.000b 0.045 ± 0.002a 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 

Isoamyl acetate 0.840± 0.092d 0.202 ± 0.012f 1.479 ± 0.165b 0.521 ± 0.031e 0.723 ± 0.031de 0.893± 0.065d 1.133 ± 0.110c 1.583 ± 0.098b 0.862± 0.075d 0.697 ± 0.061de 2.677 ± 0.053a 1.239 ± 0.031c 

2-Methylbutyl acetate 0.067 ± 0.006de 0.000 ± 0.000f 0.116 ± 0.013b 0.051 ± 0.004e 0.080 ± 0.000cd 0.076± 0.007d 0.107 ± 0.012b 0.097 ± 0.06bc 0.073± 0.006d 0.077 ± 0.006cd 0.233 ± 0.009a 0.108 ± 0.002b 

Isobutyl isobutyrate 0.023 ± 0.006b 0.079 ± 0.005a 0.000 ± 0.000c 0.081 ± 0.006a 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 

Amyl propionate 0.000 ± 0.000c 0.040 ± 0.003a 0.000 ± 0.000c 0.032 ± 0.001b 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 

β-Myrcene 0.000 ± 0.000b 0.564 ± 0.014a 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 

Ethyl caproate 0.193 ± 0.031bc 0.000 ± 0.000e 0.292 ± 0.043a 0.187 ± 0.015bc 0.147 ± 0.006cd 0.187 ± 0.012bc 0.140 ± 0.017cd 0.117± 0.006d 0.117± 0.015d 0.147 ± 0.015cd 0.183 ± 0.006bc 0.203 ± 0.006b 

Butyl 2-methylbutyrate 0.000 ± 0.000a 0.000 ± 0.000a 0.000 ± 0.000a 0.020 ± 0.000a 0.000 ± 0.000a 0.000 ± 0.000a 0.000 ± 0.000a 0.000 ± 0.000a 0.000 ± 0.000a 0.000 ± 0.000a 0.000 ± 0.000a 0.000 ± 0.000a 

1-Hexyl acetate 0.000 ± 0.000b 0.000 ± 0.000b 0.023 ± 0.003a 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 

Isobutyric acid. isopentyl ester 0.000 ± 0.000c 0.108 ± 0.007a 0.000 ± 0.000c 0.037 ± 0.006b 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 

2-Methylbutyl isobutyrate 0.030 ± 0.000c 0.115 ± 0.007b 0.000± 0.000d 0.197 ± 0.013a 0.000± 0.000d 0.000± 0.000d 0.000± 0.000d 0.000± 0.000d 0.000± 0.000d 0.000± 0.000d 0.000± 0.000d 0.000± 0.000d 

Hexanoic acid. 4-methylene-. methyl 
ester 

0.037 ± 0.006b 0.103 ± 0.006a 0.027 ± 0.006b 0.034 ± 0.007b 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 

Ethyl heptanoate 0.000 ± 0.000c 0.063 ± 0.006a 0.000 ± 0.000c 0.013 ± 0.011b 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 

2-Nonanol 0.000 ± 0.000c 0.067 ± 0.006a 0.000 ± 0.000c 0.012 ± 0.011b 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 0.000 ± 0.000c 

Linalool 0.103 ± 0.006c 0.647 ± 0.040a 0.063± 0.006d 0.332 ± 0.021b 0.020 ± 0.000e 0.027 ± 0.006de 0.000 ± 0.000e 0.000 ± 0.000e 0.000 ± 0.000e 0.000 ± 0.000e 0.000 ± 0.000e 0.000 ± 0.000e 

2-Phenylethanol 0.112 ± 0.010de 0.196 ± 0.004bc 0.152 ± 0.023bcde 0.100 ± 0.007e 0.137 ± 0.038de 0.111 ± 0.002de 0.140 ± 0.012cde 0.278 ± 0.040a 0.210 ± 0.017b 0.147 ± 0.015cde 0.167 ± 0.015bcd 0.130 ± 0.010de 

Octanoic acid (Caprylic acid) 0.050 ± 0.003a 0.021± 0.002d 0.057 ± 0.007a 0.028 ± 0.002cd 0.054 ± 0.006a 0.032 ± 0.003bc 0.021± 0.002d 0.040 ± 0.001b 0.000 ± 0.000e 0.000 ± 0.000e 0.000 ± 0.000e 0.020± 0.002d 

Ethyl caprylate 0.300 ± 0.045b 0.606 ± 0.030a 0.289 ± 0.046b 0.189 ± 0.016de 0.158 ± 0.008def 0.195 ± 0.013de 0.113 ± 0.018f 0.220 ± 0.008cd 0.343 ± 0.025b 0.133 ± 0.012ef 0.313 ± 0.006b 0.343 ± 0.009b 

2-Decanol 0.000 ± 0.000b 0.021 ± 0.003a 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 

α-Terpineol 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.013 ± 0.012a 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 

5-Hydroxymethylfurfural 0.057 ± 0.006ab 0.043 ± 0.006ab 0.027 ± 0.006bcd 0.030 ± 0.000bcd 0.017 ± 0.015de 0.033 ± 0.006bcd 0.037 ± 0.006bc 0.030 ± 0.000bcd 0.000 ± 0.000e 0.020 ± 0.000cd 0.020 ± 0.000cd 0.020 ± 0.000cd 
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Compound 

Sample 

Group I – craft beers Group II – industrial beers 
 

A B C D E F G H I J K L 

Linalyl iso-valerate 0.000 ± 0.000b 0.063 ± 0.006a 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 

Phenethyl acetate 0.033 ± 0.006d 0.000 ± 0.000e 0.063 ± 0.006c 0.000 ± 0.000e 0.033 ± 0.006d 0.030 ± 0.000d 0.063 ± 0.006c 0.123 ± 0.006b 0.060 ± 0.000c 0.040 ± 0.000d 0.143 ± 0.006a 0.070 ± 0.000c 

Ethyl pelargonate 0.000 ± 0.000b 0.034 ± 0.008a 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 

2-Undecanol 0.000 ± 0.000b 0.049 ± 0.007a 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 

Methyl geranate 0.000 ± 0.000b 0.126 ± 0.011a 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 

Capric acid (Decanoic acid) 0.020 ± 0.000a 0.000 ± 0.000a 0.000 ± 0.000a 0.000 ± 0.000a 0.000 ± 0.000a 0.000 ± 0.000a 0.000 ± 0.000a 0.000 ± 0.000a 0.000 ± 0.000a 0.000 ± 0.000a 0.000 ± 0.000a 0.000 ± 0.000a 

4-Decenoic acid. ethyl ester. (Z) 0.000 ± 0.000b 0.027 ± 0.006a 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 

Ethyl caprate 0.073 ± 0.006c 0.137 ± 0.015b 0.047 ± 0.012cde 0.020 ± 0.000e 0.020 ± 0.000ef 0.043 ± 0.006de 0.000 ± 0.000f 0.030 ± 0.000de 0.197 ± 0.023a 0.047 ± 0.006cde 0.033 ± 0.006de 0.057 ± 0.006cd 

Humulene 0.000 ± 0.000b 0.027 ± 0.006a 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 0.000 ± 0.000b 

 

Values marked by different letters (a-i) within the same line differ significantly with a p value ≤ 0.05 

 
Apart from ethanol that constituted the major volatile compounds, in all 12 samples the largest share in the profile belonged to two esters: ethyl acetate (2.63 – 5.06%) 
and isoamyl acetate (0.20 – 2.68%) as well as two alcohols: 3-methyl-1-butanol (3.94 – 6.41%) and 2-methyl-1-butanol (1.62 – 2.45%), which is also in accordance with findings 
reported in the literature [23,39]. Volatile esters give the beer fruity character, so in generic terms our results demonstrated that craft beers might be characterised by fruity 
flavours to a higher degree than industrial beers. Nevertheless, it should be highlighted that the industrial beers showed a greater presence of isoamyl acetate. This volatile 
ester is characterised by a „banana flavour”. The sample K of industrial beer featured also significantly higher ethyl acetate content in comparison to other beers (P < 0.05) 
(Table 3 on the basis of results received from [30]). In the case of that specific sample (K), it may be assumed that such results may have stemmed from the addition of sugar 
syrups being added to wort when high gravity brewing technology is implemented (information about the addition of sugar syrups was included on the label of the beer 
marked with K letter). It has previously been shown that high-gravity brewing (>16°Plato) is associated with disproportionate higher levels of esters, particularly ethyl acetate 
and isoamyl acetate [39]. According to the literature, many commercial brewing companies and only some large craft breweries use HGB [40]. The results of present study 
also share a few of similarities with Giannetti’s et. al. (2019) [5] and Giannetti’s et. al. (2018) [11] findings in terms of other esters being detected in craft and industrial beers. 
Similarly, 2-methylbutyl isobutyrate was not detected in any of the industrial beers studied, whereas it was detected in 3 out of 6 craft beers (samples A, B and D). Isobutyl 
isobutyrate was also detected only in those three samples of craft beers. There is evidence to support the hypothesis that those specific esters come from unique hop cultivars 
and contribute with a green apple, apricot-like flavour [41,42]. This implies that craft breweries use some special hop varieties, apparently not being used in industrial 
breweries. With respect to hop-derived volatile compounds attention should be also paid to terpenes introducing woody and spicy flavours. These kinds of volatiles (e.g. the 
terpene alcohol – linalool – forming the pleasant citrus and fruity notes [43]) 
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was only detected in craft beers. Giannetti et. al. (2019) [5] have also found that phenethyl acetate (characterised 
by a rose-like flavour) is more concentrated in industrial beers, which is in good agreement with our findings 
(table 3). Also higher alcohols play a crucial role in the flavour of beer. Of particular importance is 2-
phenylethanol characterised as possessing „rose flavour” [44]. In line with previous studies [5], the highest 
content of 2-phenylethanol was in the industrial beers (sample H and I), which made them have a better 
fragrance, taste and rose like aroma.  
 
Giannetti et. al. (2019) [5] noted that industrial beers featured a higher acids content. Our results do not seem 
to confirm their observation, since carboxylic acids identified, i.e. acetic acid, octanoic acid and decanoic acid 
were either present at significantly higher levels in the craft beers (P < 0.05) (acetic and octanoic acid – samples 
A, D, F) or were not detected in the industrial beers whatsoever (decanoic acid) (Table 3). The control of both 
acetic acid and octanoic acid production during brewing is crucial since at concentrations above their taste 
thresholds (200 and 5 ppm for Pilsener-style respectively) they impart off-flavour [45–47]. Acetic acid contributes 
with vinegary odour, whereas octanoic acid with rancid notes [47]. The level of carboxylic acids in beer is mostly 
contingent on the yeast strain, however, it was also shown that beers obtained with a low level of wort saturation 
with oxygen were characterised by exceeding contents of octanoic acid and consequently by rancid flavours [46]. 
Beer volatiles from the group of carbonyl compounds are ketones and aldehydes. According to the literature, 
some specific compounds such as furfural or 2,3-butanedione (diacetyl) may be considered important markers 
of beer flavour deterioration [11,17]. Furfural is formed during beer ageing by Maillard reaction [11,17]. It was 
found that the industrial beers did not contain furfural, whereas 3 out of 6 craft beers contained that substance 
(sample A, C, F). On the other hand, 2,3-butanedione was not detected in any sample of the beer analysed in the 
study. One of the main purposes of the study was to investigate whether the manufacturing scale affect dimethyl 
sulphide (DMS) content in the finished product. DMS was the only sulphur compound detected in the beers. 
Through the evaluation of average concentration, expressed in µg/l, of dimethyl sulphide, it is clear that the craft 
beers are characterised by a significantly higher content of DMS than industrial beers (P < 0.05) (Table 1 and 3, 
Figure 2f). DMS was not detected in 4 out of 6 industrial beers, whereas the volatile compounds profile of all the 
craft beers included the presence of DMS. Additionally, in the case of the samples C (136.3 µg/l) and D (137.5 
µg/l) the concentrations of DMS exceeded the limit values (100 µg/l) established for lager beer [20,21]. 
Therefore, it may be assumed that DMS adversely affect the aroma of the beers C and D and may lead 
to undesirable flavour impressions, while drinking them by consumers. DMS concentration in beer is dependent 
on the wort boiling technology (vigour of the boil) as well as on the wort aeration level prior to fermentation. 
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Table 4. Comparison of obtained LRI values with literature data. 
 

Compound RT average LRI calc LRI lit Literature 
 

Acetaldehyde 4.73       

Ethanol 5.41       

Acetone 5.80       

2-propanol 5.89       

2-Nitroethanol 5.90       

Ethyl formate 6.11       

DMS 6.21       

1-propanol 6.77       

Acetic acid 7.24       

Ethyl acetate  7.77       

Isobutanol 8.05       

1-butanol 8.79       

3-Methyl-2-butanone 8.78       

Methyl isobutyrate 9.27       

Ethyl propionate 9.79 710 696 [25] 

Propyl acetate 9.85 713     

1-Butanol. 3-methyl- 10.32 735 718, 747 [25,26] 

1-Butanol. 2-methyl- 10.41 739 728, 744, 744 [25,27,28] 

2-Pentanone. 4-methyl- 10.49 743     

Ethyl isobutyrate 10.82 759 756 [27] 

Isobutyl acetate 11.14 774 776 [27] 

Methyl isovalerate 11.23 778     

2.3-Butanediol 11.28 780 796 [25] 

Ethyl butanoate 11.70 800 806, 800 [25,27] 

Furfural 12.61 842 829, 845 [27,29] 

Butanoic acid. 2-methyl-. ethyl ester 12.78 850 846 [27] 

Butanoic acid. 3-methyl-. ethyl ester 12.83 852 854 [27] 

1-Hexanol 13.17 868 880, 880 [25,27] 

Isoamyl acetate 13.33 876 876, 871 [27,29] 

2-Methylbutyl acetate 13.39 878 877, 873 [19,29] 

Isobutyl isobutyrate 14.17 914     

Amyl propionate 15.43 970     

β-Myrcene 16.00 996 988, 991 [19,29] 

Ethyl caproate 16.01 997 996, 1000, 996, 1000, 1003 [25–29] 

Butyl 2-methylbutyrate 16.18 1004     

1-Hexyl acetate 16.31 1010 1006 [25] 

Isobutyric acid. isopentyl ester 16.35 1012 1014 [29] 

2-Methylbutyl isobutyrate 16.45 1017     

Hexanoic acid. 4-methylene-. methyl ester 16.77 1031     

Ethyl heptanoate 18.19 1096 1095, 1097, 1097, 1101 [25,27–29] 

2-Nonanol 18.32 1102 1107, 1098, 1102, 1103 [25,27–29] 

Linalool 18.44 1108     

2-Phenylethanol 19.10 1138 1119, 1135, 1118, 1112, 1113 [25–29] 

octanoic acid (Caprylic acid) 19.48 1156 1169, 1179, 1192, 1180 [26–29] 

Ethyl caprylate 20.34 1196 1196, 1193, 1198, 1198, 1202 [25–29] 

2-Decanol 20.49 1203 1211 [29] 

α-Terpineol 20.84 1220 1195 [25] 

5-Hydroxymethylfurfural 21.21 1238     

Linalyl iso-valerate 21.75 1264     

Phenethyl acetate 22.02 1277 1260, 1260, 1255, 1257 [25,27–29] 

Ethyl pelargonate 22.41 1296 1295, 1297, 1296, 1297 [25,27–29] 

2-Undecanol 22.60 1305 1309 [25] 

Methyl geranate 23.17 1334 1320 [29] 

Capric acid (Decanoic acid) 23.61 1356 1387, 1382, 1373, 1366 [25–28] 

4-Decenoic acid. ethyl ester. (Z)- 24.16 1384     

Ethyl caprate 24.39 1396 1396, 1391, 1398, 1395, 1398 [25–29] 

Humulene 26.62 1515 1463, 1454 [26,29] 
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Impact 
The results might have significant implications for improving the chemical-technical quality control system 
in a craft brewery whereby it would be possible to provide an average consumer with a somewhat more 
standardised final product in terms of beer flavour and physicochemical attributes.  
 
The Introduction of gas chromatography techniques in a brewery for the purpose of controlling the quality 
of wort and beer might have a positive impact on the efficiency of the overall brewing process, owing to easier 
evaluation and quicker identification of the reasons for obtaining an undesirable beer volatile profile and 
subsequent modification of brewing technology (regulation and proper setting of specific technological 
parameters). 
 
Conclusions 
The conducted research has shown that the scale of production significantly affects the profile of volatile 
compounds and physicochemical parameters of the pale Pilsener-style lager beers. Therefore, it is concluded 
that there is a clear need to control the quality of Pilsener-style beers available on the market, produced both 
on an industrial and a craft scale.  
 
Headspace gas chromatography coupled to mass spectrometry (HS/GC-MS) is a powerful and accurate diagnostic 
tool for determination of beer flavour attributes, including detection of potential off-flavours. 
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