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Abstract 
Circular economy offers opportunities to boost jobs and tackle climate change. The article reflects aspects 
of the impact on the environment through sectoral policies to support the circular economy because current 
business as usual model, based on the linear economy principle leads to a staggering inefficiency in nature 
resources are managed, with increased pollution, loss of ecosystems and substantial losses of value with each 
product disposed. This requires a change not only in consumer behaviour but even more on the resource 
extraction and material production side. The purpose of the research paper is to develop a decision-making 
matrix providing a step-by-step approach for the policymakers.  
 
Keywords 
business models; circular economy; systems dynamics; sustainability.  
 
Introduction 
As the economy experiences significant boost, which will be such also in the long run, more and more primary 
materials for the production purposes are required and they inevitably have a significant impact on waste 
generation. There is no problem if the economy is relatively small compared to the natural ecosystem. But it is
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essential to keep in mind that natural ecosystem is simultaneously the source of raw materials and the final 
disposal for human-produced wastes. Although the result of non-rational resource consumption determines the 
need for increased opportunities for the implementation and expansion of recycling and reuse of products, 
especially in developing countries with a high population density [1–4]. All this is describing the business-as-usual 
model, which has been applied worldwide in the 20th and 21st centuries and can be defined as linear economy. 
The core of the linear economy is the chain of "resource extraction - production - use - profit making - waste 
management at a lower cost,", which has led to increase of short-life span use products with considerably low 
percentage of recycling. 

  
Figure 1. Steps to minimise the circularity gap. 

 

Building a global coalition for action that is both diverse and inclusive, will bring together business, governments, 
NGOs and scientists to boost capacity to serve societal needs and to solve problems more sustainably. By closing 
the loops, it will be possible to monitor the resource flow and to identify the recycling or industrial symbiosis 
opportunities [5–8]. Implementation of biomimicry allows assessing nature not for consumption purposes, 
in terms of what can be extracted, harvested or domesticated, but for learning and optimising in production 
processes. 
 
The theoretical framework 
The circular economy approach is based on a system of production, distribution of consumption, reuse, recycling 
in order to save the cost of products and minimize the generation of waste to reduce the burden 
on the environment through the 3R (Reduce-Reuse-Recycle) Concept [9–12]. The circular theory uses different 
models that can be used within their functional purpose. The need to develop a national model of a circular 
economy is linked closely with the specifics and strategy of transition from a linear economy with appropriate 
financial incentive measures to achieve environmental criteria in all areas of production. Pollin, et.al. [13] 
investigated the conditions for such a shift from linear to circular economy that can be developed 
and implemented within the green recovery package. 
The development of a natural ecosystem in terms of rational resource consumption, recycling and reuse 
of products as new business models has been identified and analysed [2,4,7,14]. Obviously, transition 
to a circular economy is not possible without the support of the authorities at the national, regional 
and municipal level, which can be implemented through sectoral policies to finance waste minimisation 
and recycling [15]. Increasing the efficiency of consumption of natural resources is possible 
with the technological modernization of the economy, the transition to higher technological structures 
and the improvement of legal regulation of the circular economy [16].  
The circular economy is a field of emerging research, and up to now, the focus has mostly been on materials 
and the circularity aspects of the companies [17–19] investigated the transition to circular economy in order 
to reduce the overall anthropogenic load of the economy on the environment. This approach considers 
the linkages within and between sectors / value chains.  
 
According to Scarpellini et.al. [20], circular economy-related activities introduced by businesses are influenced 
by the analysed capabilities that also improve the environmental and financial performance of firms in a circular 
economy framework. Moreover, the researchers show the mediating role of stakeholders in introducing 
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the circular economy in businesses, which is a little explored line of inquiry, as this relationship has not been 
widely analysed for the circular economy. When analysing the theoretical framework trends, it can be clearly 
noted that research on circular economy generally focused on the production aspects, paying less attention 
to consumer behaviour and demand [21].  
It has been identified, that sustainable business models are able to provide and sustain environmental, societal, 
and economic value [22–24]. Circular business models are aimed at identifying and assessing the logic of creating 
circular infrastructure [25]. In addition to that, they tend to focus on resource efficiency strategies in order 
to develop more sustainable production and consumption patterns [26].  
 
Methods 
Studies have shown that the development of a marketing strategy for an enterprise is carried out according 
to almost the same scheme (Figure 4). However, the study showed that customers had changed dramatically: 
first, they are interested in a personal attitude, and only then in the quality of goods, price – the usual indicators 
that have always been in the first places. 
Thus, we believe that the main goal of a marketing strategy for an enterprise's financial growth is to ensure 
customer loyalty, i.e., customer focus. 
 
Results 
It has been identified that both governmental and non-governmental organizations increasingly encourage 
the businesses for the transition towards a circular economy. The EU Action Plan has been strengthened 
by revising the waste package directives, which has succeeded in 2018, altogether forming the Circular Economy 
Package with the aim of developing the circular economy through the creation of various platforms, offering 
funding from the Cohesion Fund [15,27]. 
The main outcome of the strategies is to implement the paradigm from linear to a circular economic model. 
Establishing this kind of a shift is a complex task which requires substantial changes in habits and practices 
in many fields of society[28]. This leads to a conclusion, that each strategy is able to define different objectives 
in relation to the general aim.  
It is very important that for the Stakeholders there is a possibility provided to communicate and share 
experiences and best practices via the European Circular Economy Stakeholder Platform. This platform 
was established in 2017 by the European Commission and the European Economic and Social Committee 
with the main aim to enhance the circular economy both across territories, industries and communities 
by bringing together experts and providing possibilities to share knowledge and foster dialogue [29].  
The latest reports by European Commission reveal that in 2019 there were already over 30 Circular economy 
strategies in place, both of national and/or regional levels. Despite the level the key concept of the strategies 
is to contribute to the so-called paradigm shift of moving from the linear towards a more circular economic 
model. Establishing this type of a shift is a complex goal requiring fundamental changes in consumer behavior 
and habits in many subsystems of society. 
The transition to a CE requires systemic change and a holistic, integrated approach that takes into account links 
within and between sectors, within and across value chains and between civil society and industrial stakeholders 
[18]. 
It is important to understand that circular economy can be applied by an entity by adoption of certain business 
model, or by transformation of existing activities or business elements. Below the authors have summarized the 
business aspects that can be improved by implementation of circular economy aspects. 
 
Types of Circular economy business models. 
The use of different business models allows you to minimize the consumption of materials and resources 
for production, as well as complete the life cycle of products through further processing and are based on: 

 circular supply models. These substitute materials from primary resources with renewable, bio-based, 
or recovered materials, in this way reducing demand for primary resource extraction.  

 resource recovery/regaining models focus on recycling waste into secondary materials (or secondary 
raw materials), consequently, diverting waste from landfill and in addition decreasing the volume 
of extraction of primary resources.  

 product lifetime extension models. Focus on extending the consumption period of products, slowing 
the flow of materials in the economy and reduce the rate of primary resource extraction, consumption, 
and waste generation. 

 sharing models. Tend to facilitate the sharing of goods, and can therefore reduce demand for new
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products, optimize use of products already owned by the end-user and reduce the consumption 
of primary natural resources. 

 product service system models. It is where services, not products are placed on the market, thus 
improving stimulus for green product design and more effective product use, thus contributing a more 
sustainable use of primary resources [30–32].  

  
Table 1. Summary of actions, that may be implemented in different entity’s divisions.  

Source: based on [4,5,14–23,6,24–29,33,7–13]. 

 
Entity division Improvements to be undertaken 

 

Human resources organizational culture oriented towards recycling, reuse; 
training and improvement of the personnel consumer behaviour, in line with circular 
economy 

Logistics closing the loops; 
implementation of reverse logistics; 

Research and 
Development 

Reduce consumption of non-renewable primary resources; 
increase consumption of renewable primary resources; 
reduce carbon emissions; 
reduce waste; 
implementing internet of things 

Production developing products with a longer life cycle; 
developing products suitable for reuse, remanufacturing; 
optimization of production equipment; implementation of industrial symbiosis; 
extension of technical quality control 

Sales and After-sales improving consumer relations; 
developing cooperation, transparency between stakeholders; 
after-sales services; 
increasing producer responsibility for ineffective use of primary resources, environmental 
pollution 

Financial sector identifying and optimising environmental costs; 
implementing accounting in accordance with the circular economy; 
retaining economic value of the materials 

 

Following table shows a summary of most popular circular economy business models, as well as highlight types 
of resource efficiency, business model sub-types and reveals sectors, which are already implementing circular 
economy business models. For instance, circular value chain stands for reduced consumption of primary 
resources in production and uses renewable, recycled or recyclable materials. Material recovery and industrial 
symbiosis - tracks and recovers products before they become waste, enhances effective use of by – products 
and is focused on recycling up-cycling and down-cycling. Product durability, repair is focused on product life cycle 
extension and development of "dismantling design" at the design stage.  
Personalization and tailor-made design – offer building long-term relationships with the client, promotes loyalty, 
makes it easier to develop repair, material recovery and recycling, and last, but not least - stands against 
overstocking. Product service system, dematerialization of services – grants access to a service, not to the goods 
themselves and it shifts the mindset from owning to using products. And finally – sharing economy – means 
that citizens have more opportunities to rent, lease, share, exchange or lend goods. It does help in optimization 
of the production rates and offers a variety of platforms for product sharing, exchange or lease. 
When analyzing types of product services, three main types can be identified. Product-oriented: the business 
model is focused on sales of products. Some extra services can be added, as for example maintenance services. 
Use-oriented: The product still is a key player; it is owned by a producer-company and is offered to a customer. 
 

The idea behind this category is to provide access to the product for the user. Result-oriented: The customer 
and service provider agree on a result. Normally there is no pre-determined product involved. This is also 
referred to as a "performance" model [34–36].  

The Figure 2 depicts three different categories of product-service business models:

https://doi.org/10.32933/ActaInnovations.42.1


Acta Innovations  2021 no. 42: 5-14  9 

 

 
 

 

https://doi.org/10.32933/ActaInnovations.42.1  ISSN 2300-5599   2022 RIC Pro-Akademia – CC BY 

 

 product-oriented: the business model is focused on sales of products but with additional services for 
instance, a maintenance contract 

 use-oriented: The product still plays a central role. It is owned by a provider but is being made available 
to the client. This is also referred to as an "access" model. Basically, it grants consumer access to the 
functionality of the product, when required by consumer. 

 result-oriented: The consumer and provider agree on an outcome, within this business model, 
the product, delivering the outcome is not much important for the consumer. This is also referred 
to as a "performance" model [24]. 

 

 

 

 

 

 

 

 

 

Figure 2. Transition from Products to services in circular economy. 
 

This will be one of the most important tasks for the entities in the nearest future – to identify their status-quo 
and to understand transition towards what direction would be most appropriate, sustainable and economically 
efficient for the company. 
 
Decision-making process. 
In order to be able to assess all the aspects of the business environment and the entity, it is important to analyze 
the influential factors, the limitations and the particular required data for each company or business sector [37–
39]. According to the abovementioned, the authors have developed an information flow for decision-making 
process for assessment of transition to circular economy and for choice of best appropriate business model, 
which is presented in the Figure 4. 
Regulatory changes in many cases are seen as keys to unlock the existing circularity potential. Legislative 
boundaries can add a positive impact to the value chains and encourage cooperation between different 
economic sectors that might have not evaluated this cooperation possibility beforehand. In some cases, 
it is related to technical issues that affect material flows in different sectors, especially here comes the issue 
of the legal definition of waste and certain waste treatment obligations. 
 

 
Figure 3. The impact of circular economy on linear business processes. Source [40]. 

 

This type of examples mostly requires actions to be taken on national or European level. A discussion 
of regulation framework in circular economy strategies may concern advocacy, rather than direct legislative 
innovation.
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Figure 4. Information flow for decision-making process. 

 
Assessment of business values and closed-loop approach. 
In this section, the authors would like to tackle the importance of the closed-loop, identifying it a bit broader 
that solely on a company-scale. The figure below depicts three main basic principles for a company/region/State 
economy to implement the closed-loop concept. 

 
 

 

 

 

 

 

 

 

 

 

Figure 5. The main business processes for closed-loop system. 

 
First step is acquisition. It means that one needs to develop a collection system to collect the right volumes 
of materials or products of the right quality, for a competitive price. 
Second step is reprocessing. At this stage refurbishment, remanufacturing or recycling of used products 
or materials, for a competitive price has to take place.  
Third step is remarketing. Finally, one requires to identify markets that would be ready to purchase 
the reprocessed products or materials. 
Here the utmost importance is to have the comprehension that in case any of these steps fails, the closed loop 
is not there anymore.  
Since the circular economy highlights the importance of value creation for all stakeholders, this is a very 
important perspective to take. Based on an examination of value, the parties involved can develop a model 
for the optimization of common value creation [41–43]. After undertaking an extensive literature research, the 
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authors have gathered business values that can be obtained from the implementation of closed loop principle 
(Table 2). 
 

Table 2. Assessment of circular economy business values. Source: based on Vijayan, et. al. [43] Camilleri [44]. 

 

Type of value Description 
 

Sourcing value Direct cost reductions and savings that can arise from closed loop business 
practices 

Environmental value Benefits that result from improved ecological footprints, i.e. ease of 
compliance and improved green image 

Customer value Increased customer loyalty, better customer satisfaction and superior brand 
protection 

Informational value Closing the loop generates valuable data on production and supply problems, 
failure rates, useful lifetime of the product and usage patterns. 

 
Matrix for circular economy strategy of a country’s economy. 
As a result of the research, the authors offer a step-by-step matrix for development of a tailor-made circular 
economy strategy for a country’s economy. Main key points of the matrix are – to assess the stakeholders at the 
following stages: material extraction, material processing, product design, manufacturing, distribution, repair, 
refurbishment, remanufacturing, waste management. It should then be followed by development of key 
stakeholder working group (KSWG).  

 
 

 
Figure 6. Circular economy action plan development matrix. 

 

This working group then will have a range of very important obligations. One would be thorough assessment 
of each economy field in order to identify the best practices in the circular economy that are already in place 
[44–46].  
Another – wise and sustainable distribution of allocated financing to the priority stages. As a result of the KSWG 
work, an action plan will be developed. Further it is of vital importance to hold a range of seminars for 
the stakeholders and industry to communicate on the priorities, financing available and required compliance 
criteria.
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The circular economy can be an important lever to achieve key policy objectives such as generating economic 
growth, creating jobs, and reducing environmental impact. Multiple studies have already demonstrated how 
the circular economy can contribute at a national, regional and supranational level to objectives such 
as generating economic growth, creating jobs, and reducing environmental impact [47]. While using different 
methodologies and performed on different sectoral and geographical scopes, these studies have consistently 
demonstrated the positive impacts of the circular economy: growing GDP by 0.8–7%, adding 0.2–3.0% jobs, 
and reducing carbon emissions by 8–70%. 
 
Impact 
The necessity to shift to circular economy can be boosted when the entities would be shown the possible 
business models and the way one or another company might apply them on practice. The purpose of the research 
paper is to develop a decision-making matrix providing a step-by-step approach for the policymakers. This tool 
would allow identifying the best suitable circular economy business model for Latvia’s economy in general – i.e., 
which direction of the circular economy should be given more support on the state level. The methods used 
in the paper will be economic assessment, secondary data analysis and systems dynamics for decision-making. 
The research is limited to analysis of circular economy examples in Latvia. One of the main findings as well 
as practical implication will be a tool for decision-making basing on authors developed circular economy business 
model choice matrix. The research will be of a value for entrepreneurs, working with the focus on the circular 
economy alongside for policymakers, to identify the sectors of economics with the higher potential for transition 
to circular economy. The paper is designed as a research paper. These studies are the blueprints to prove the 
environmental and social impact of circular economy. Apart from this the positive impact of a circular economy 
on GDP growth, job creation and carbon reduction, there are also cost savings and increased reuse and recycling 
of materials through reduced demand for primary materials. 
 
Conclusions 
Basing on the undertaken research, the authors have developed the following conclusions. 
The concept of circular business models is seen as a strong enabler for companies that are willing to move 
forward circular practices. However, it has to be understood that designing business models in line with circular 
economy principles and capitalising the environmental and economic values of a company or a product lead 
to development of a new set of requirements for business model innovation. Business models need 
to be designed in a way that enable preservation and utilisation of the value embedded in resources (e.g. through 
resource recovery, long life, multiple use cycles) if resource loops are to be slowed and closed.  
As a result of this research the authors have developed a matrix for circular economy strategy of a country’s 
economy. By applying this step-by-step approach, policymakers will be able to develop most inclusive action 
plan, that will assess and take into consideration all the fields of economy tackled by circular economy, 
it will identify already existing circular economy initiatives and prioritise the opportunities at each of the circular 
economy stages. 
 
Further research 
Further research would be linked with practical development of part of the action plan matrix, by assessing 
stakeholders at each stage of circular economy, developing the opportunities and identifying the barriers 
to the implementation of circular economy.  
It is of interest for the authors to undertake further research and to assess the resource cycle within a company, 
to develop cost comparison, with and without implementation of circular economy elements. In this case 
it would be assessment of implementation of industrial symbiosis. 
 
Conflict of interest  
There are no conflicts to declare. 

 
Acknowledgements 
This research was funded within the Fundamental applied research project “Quadruple Helix Concept (QHC) 
as a base of the next generation PPP model” (no. lzp-2020/1-0062) by the Latvian Council of Science (Latvia). 
 
References 
[1] D. Atstaja, I. Uvarova, D. Kamilla Kambala, V. Alberte, K. Stokmane, A. Gegere-Zetterstroma, S. Kraze, 

G. Zapletnuka, Investments to Develop Business Models and Projects in the Circular Economy, in: IOP 

https://doi.org/10.32933/ActaInnovations.42.1


Acta Innovations  2021 no. 42: 5-14  13 

 

 
 

 

https://doi.org/10.32933/ActaInnovations.42.1  ISSN 2300-5599   2022 RIC Pro-Akademia – CC BY 

 

Conf. Ser. Earth Environ. Sci., 2020. https://doi.org/10.1088/1755-1315/578/1/012029. 
[2] A. Druckman, M. Chitnis, S. Sorrell, T. Jackson, Missing carbon reductions? Exploring rebound 

and backfire effects in UK households, Energy Policy. 39 (2011) 3572. 
https://doi.org/10.1016/j.enpol.2011.03.058. 

[3] O. V. Prokopenko, Consumer choice types in marketing of ecological innovations, Actual Probl. Econ. 116 
(2011) 109–116. 

[4] S. Sehnem, D. Vazquez-Brust, S.C.F. Pereira, L.M.S. Campos, Circular economy: benefits, impacts 
and overlapping, Supply Chain Manag. 24 (2019) 784–804. https://doi.org/10.1108/SCM-06-2018-0213. 

[5] C. Schmidt, G. Van Gebin, F. Van Houten, C. Close, D.B. McGinty, R. Arora, J. Potocnik, N. Ishii, P. Bakker, 
M. Kituyi, F. Sijbesma, A. Wijkman, The Circularity Gap Report 2020, Circ. Econ. 3 (2020) 69. 
https://www.circularity-gap.world/about. 

[6] European Commission, A new Circular Economy Action Plan, (2020). 
[7] A. Constantin, D. Mihaela, D. , Mihaela, Business Model in Circular Economy, Valahian J. Econ. Stud. 8 

(2017) 101–108. 
[8] I. Uvarova, D. Atstaja, U. Grinbergs, J. Petersons, A. Gegere-Zetterstroma, S. Kraze, Transition to the 

circular economy and new circular business models - An in-depth study of the whey recycling, in: IOP 
Conf. Ser. Earth Environ. Sci., 2020: p. 012019. https://doi.org/10.1088/1755-1315/578/1/012019. 

[9] E. MacArthur, Towards the Circular Economy vol. I and vol. II Economic and business rationale 
for a circular economy, Ellen MacArthur Found. 1,2 (2012). 

[10] European Environment Agency, Signals: well-being and the environment—building a resource-efficient 
and circular economy in Europe Luxembourg, Publ. Off. Eur. Union, Copenhagen, Denmark. (2014). 

[11] Y. Lazarenko, O. Garafonova, V. Marhasova, S. Grigashkina, O. Kozureva, The managerial aspects 
of integrating the sustainable development principles into practices of mining companies, 
in: A. Khoreshok, V. Atrushkevich, S. Vöth, D. Nuray, J. Janocko, Y. Tan, D. Marasová, P. Stefanek, 
M. Petrova (Eds.), E3S Web Conf., 2019: p. 03011. https://doi.org/10.1051/e3sconf/201913403011. 

[12] A. Pinchuk, N. Tkalenko, V. Marhasova, Implementation of circular economy elements in the mining 
regions, in: M. Tyulenev, S. Zhironkin, A. Khoreshok, S. Vöth, M. Cehlár, D. Nuray, J. Janocko, S. Anyona, 
Y. Tan, A. Abay, D. Marasová, P. Stefanek (Eds.), E3S Web Conf., 2019: p. 04048. 
https://doi.org/10.1051/e3sconf/201910504048. 

[13] R. Pollin, H. Garrett-Peltier, J. Heintz, H. Scharber, “Green Recovery: a program to create good jobs 
and start building a low-carbon economy,” Cent. Am. Prog. 1 (2008) 1–36. 

[14] O. Prokopenko, L. Korchevska, M. Shulga, A. Zakharchenko, T. Staverska, Y. Sydorov, Adaptation of the 
development of ecological entrepreneurship, Int. J. Sci. Technol. Res. 9 (2020) 1112–1115. 

[15] G. Salvatori, F. Holstein, K. Böhme, Circular economy strategies and roadmaps in Europe: Identifying 
synergies and the potential for cooperation and alliance building, 2019. 
https://www.eesc.europa.eu/sites/default/files/files/qe-01-19-425-en-n.pdf. 

[16] M. Smol, The importance of sustainable phosphorus management in the circular economy (CE) model: 
the Polish case study, J. Mater. Cycles Waste Manag. 21 (2019) 227–238. 
https://doi.org/10.1007/s10163-018-0794-6. 

[17] E. Guldmann, R.D. Huulgaard, Barriers to circular business model innovation: A multiple-case study, 
J. Clean. Prod. 243 (2020) 118160. https://doi.org/10.1016/j.jclepro.2019.118160. 

[18] F. Boons, C. Montalvo, J. Quist, M. Wagner, Sustainable innovation, business models and economic 
performance: An overview, J. Clean. Prod. 45 (2013) 1–8. https://doi.org/10.1016/j.jclepro.2012.08.013. 

[19] K. Whalen, Classifying circular business models: a practice-based review, Conf. Proc. (2017) 417–421. 
[20] S. Scarpellini, L.M. Marín-Vinuesa, A. Aranda-Usón, P. Portillo-Tarragona, Dynamic capabilities 

and environmental accounting for the circular economy in businesses, Sustain. Accounting, Manag. 
Policy J. 11 (2020) 1129–1158. https://doi.org/10.1108/SAMPJ-04-2019-0150. 

[21] R. Elzinga, D. Reike, S.O. Negro, W.P.C. Boon, Consumer acceptance of circular business models, J. Clean. 
Prod. 254 (2020) 119988. https://doi.org/10.1016/j.jclepro.2020.119988. 

[22] S. Evans, D. Vladimirova, M. Holgado, K. Van Fossen, M. Yang, E.A. Silva, C.Y. Barlow, Business Model 
Innovation for Sustainability: Towards a Unified Perspective for Creation of Sustainable Business Models, 
Bus. Strateg. Environ. 26 (2017) 597–608. https://doi.org/10.1002/bse.1939. 

[23] F. Lüdeke-Freund, S. Gold, N.M.P. Bocken, A Review and Typology of Circular Economy Business Model 
Patterns, J. Ind. Ecol. 23 (2019) 36–61. https://doi.org/10.1111/jiec.12763. 

[24] L. Schmerber, Circular business models for SMEs, (2020). 
[25] M. Antikainen, K. Valkokari, A Framework for Sustainable Circular Business Model Innovation, Technol. 

https://doi.org/10.32933/ActaInnovations.42.1


Acta Innovations  2021 no. 42: 5-14  14 

 

 
 

 

https://doi.org/10.32933/ActaInnovations.42.1  ISSN 2300-5599   2022 RIC Pro-Akademia – CC BY 

 

Innov. Manag. Rev. 6 (2016) 5–12. https://doi.org/10.22215/timreview1000. 
[26]  J.L.K. Nußholz, A circular business model mapping tool for creating value from prolonged product lifetime 
              and closed material loops, J. Clean. Prod. 197 (2018) 185–194.   
              https://doi.org/10.1016/j.jclepro.2018.06.112. 
[27] E. Commission, Implementation of the Circular Economy Action Plan, (2018). 
[28] European Commission, Scoping study to identify potential circular economy actions, priority sectors, 

material flows and value chains - Environment policy and protection of the environment - EU Bookshop, 
Luxembourg, 2014. http://bookshop.europa.eu/en/scoping-study-to-identify-potential-circular-
economy-actions-priority-sectors-material-flows-and-value-chains-pbKH0114775/. 

[29] 2017, European Circular Economy Stakeholder Platform, https://circulareconomy.europa.eu/platform/. 
[30] B. Mentink, Masterarbeit: Circular Business Model Innovation: A process framework and a tool 

for business model innovation in a circular economy, Delft Univ. Technol. (2014) 168. 
http://repository.tudelft.nl/assets/uuid:c2554c91-8aaf-4fdd-91b7-
4ca08e8ea621/THESIS_REPORT_FINAL_Bas_Mentink.pdf. 

[31] 2019, OECD Roundtable on the Circular Economy in Cities and Regions. 
https://www.oecd.org/cfe/regionaldevelopment/roundtable-circular-economy.htm. 

[32] S. Sehnem, L.M.S. Campos, D.J. Julkovski, C.F. Cazella, Circular business models: level of maturity, Manag. 
Decis. 57 (2019) 1043–1066. https://doi.org/10.1108/MD-07-2018-0844. 

[33] M. Ellen, M.& Company, Towards the Circular Economy : Accelerating the scale-up across global supply 
chains, 2014. 

[34] J.C. Aurich, E. Schweitzer, C. Fuchs, Life Cycle Management of industrial Product-Service Systems, in: Adv. 
Life Cycle Eng. Sustain. Manuf. Businesses - Proc. 14th CIRP Conf. Life Cycle Eng., Springer London, 
London, 2007: pp. 171–176. https://doi.org/10.1007/978-1-84628-935-4_30. 

[35] H. Gebauer, C. Saul, S. Joncourt, Use-oriented product service systems in the early industry life cycle, 
Ekon. Rev. Vasca Econ. 89 (2016) 194–223. 

[36] A. Helander, K. Moller, How to become solution provider: System supplier’s strategic tools, J. Business-
to-Bus. Mark. 15 (2008) 247–289. https://doi.org/10.1080/15470620802059265. 

[37] H. Dzwigol, M. Dzwigol-Barosz, Sustainable development of the company on the basis of expert 
assessment of the investment strategy, Acad. Strateg. Manag. J. 19 (2020) 1–7. 

[38] S. Jørgensen, L.J.T. Pedersen, The Circular Rather than the Linear Economy, in: 2018: pp. 103–120. 
https://doi.org/10.1007/978-3-319-91971-3_8. 

[39] A. Kwilinski, I. Ruzhytskyi, V. Patlachuk, O. Patlachuk, B. Kaminska, Environmental taxes as a condition 
of business responsibility in the conditions of sustainable development, J. Leg. Ethical Regul. Issues. 22 
(2019). 

[40] P. Lacy, J. Rutqvist, Waste to wealth: The circular economy advantage, Palgrave Macmillan UK, London, 
2016. https://doi.org/10.1057/9781137530707. 

[41] O. Laktionova, V. Koval, N. Savina, B. Gechbaia, The models of matching financial development 
and human capital in national economy, Bull. Georg. Natl. Acad. Sci. 15 (2021) 177–184. 

[42] V.T.T. Technical, The concept of value in circular economy business models Teuvo Uusitalo, Maria 
Antikainen, ISPIM Innov. Forum. (2018). www.ispim.org. 

[43] G. Vijayan, N.H. Kamarulzaman, A. Mukherjee, S.K.N. Vaiappuri, Strategic value creation in a supply chain, 
in: Handb. Res. Glob. Supply Chain Manag., 2016: pp. 186–204. https://doi.org/10.4018/978-1-4666-
9639-6.ch011. 

[44] M.A. Camilleri, Corporate sustainability, social responsibility and environmental management: 
An introduction to theory and practice with case studies, Springer International Publishing, Cham, 2017. 
https://doi.org/10.1007/978-3-319-46849-5. 

[45] I. Mikhno, V. Koval, G. Shvets, O. Garmatiuk, R. Tamošiūnienė, Green Economy In Sustainable 
Development And Improvement Of Resource Efficiency, Cent. Eur. Bus. Rev. 10 (2021) 99–113. 
https://doi.org/10.18267/j.cebr.252. 

[46] K. Majchrzak, P. Olczak, D. Matuszewska, M. Wdowin, Economic and environmental assessment of the 
use of electric cars in Poland, Polityka Energ. 24 (2021) 153–167. https://doi.org/10.33223/epj/130209. 

[47] F. Ellen MacArthur, Delivering the Circular Economy: A Toolkit for Policymakers, Deliv. Circ. Econ. 
A Toolkit Policymakers. (2015) 177. 

 

https://doi.org/10.32933/ActaInnovations.42.1


Acta Innovations  2022 no. 42: 15-26  15 

 

 
 

 

https://doi.org/10.32933/ActaInnovations.42.2  ISSN 2300-5599   2021 RIC Pro-Akademia – CC BY 
 

COOLING AND HEATING OF THE FLUID IN THE CYLINDRICAL VOLUME  
 

Stanislav Tkachenko 
Vinnytsia National Technical University  

95 Khmel'nyts'ke Hwy, Vinnytsia, 21000, Ukraine, stahit6937@gmail.сom  

 https://orcid.org/0000-0002-4904-4608 
 

Olha Vlasenko 
Vinnytsia National Technical University 

95 Khmel'nyts'ke Hwy, Vinnytsia, 21000, Ukraine, olgakytsak7@gmail.com  

 https://orcid.org/0000-0002-8975-0873 
 

Nataliia Rezydent 
Vinnytsia National Technical University 

95 Khmel'nyts'ke Hwy, Vinnytsia, 21000, Ukraine, rezidentnv1@ukr.net  

 https://orcid.org/0000-0001-5400-3889 
 

Dmytro Stepanov 
Vinnytsia National Technical University  

95 Khmel'nyts'ke Hwy, Vinnytsia, 21000, Ukraine, stepanovdv@ukr.net 

 https://orcid.org/0000-0002-2806-3180 
 

Nataliia Stepanova 
Vinnytsia National Technical University   

95 Khmel'nyts'ke Hwy, Vinnytsia, 21000, Ukraine, stepanovand@ukr.net  

 https://orcid.org/0000-0002-4654-2062 
  
 
Article history: Received 2 October 2021, Received in revised form 16 November 2021, Accepted 25 November 
2021, Available online 28 November 2021 
 
 
Abstract 
Experimental studies of the non-stationary heat exchange in the system «environment I – body II» have been 
carried out. It is established that in the body II, which consists of the fluid and thin-walled metal envelope, 
the characteristic features of the regular thermal mode occur, i.e., cooling (heating) rate of the body II- m = const; 
heat transfer coefficient between the water (environment I) and body II is practically stable α1 = const; uneven 
temperatures distribution coefficient in the body II ψ = const. 
This new notion of the heat transfer regularities in the body II is planned to apply for further development 
of the experimental-calculation method for the forecasting of the heat exchange intensity in the compound fluid 
media with limited information regarding thermophysical and rheological properties. 
 
Keywords 
non-stationary heat exchange; regular thermal mode; cooling (heating) rate; heat transfer coefficient; uneven 
temperatures distribution coefficient. 
 
Introduction  
For the sustainable development of the economy with minimal pollution of the environment it is expedient 
to construct a chain of enterprises according to the requirements (recommendations) of the UNO. Waste 
of the first enterprise may be used as the input materials for the second enterprise, waste of the second – input 
for the third, etc. It is known that the organization of the technological processes is possible only 
on the conditions of corresponding thermal stabilization of these processes. In general case, operating media 
in the reactor of the biogas units (BGU) are liquid, heterogeneous mixtures of the organic waste of different 
processing plants, crop farming, livestock farming, in certain cases they may represent three phrases coarsely 
dispersed colloid systems on the aqueous base, i.e., compound fluid mixtures (CFM). The existing testing facilities 
for the experimental studies of the heat exchange in the technological equipment are cumbersome, expensive 
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and require much time for carrying out multivariate studies [1–3]. The research, dealing with the study of heat 
exchange intensity in liquid organic mixtures for BUR, aimed at final practical result [4–8], for instance, heat 
exchange intensification, are known. More profound study and understanding of heat exchange processes is not 
only of practical importance but it has great impact on the selection of the research process direction, search 
of general regularities of research, broadening knowledge regarding heat exchange liquid organic waste. Taking 
into consideration, mentioned above new method of the heat exchange intensity forecast is suggested [9–14], 
where such notions as «model», «partially-model», «virtually model», «calibrating» fluid (further in the text 
«auxiliary fluids») and basic experimental testing facility are used [10,11]. Below in the text this method is called 
«experimentally–calculation method of the compound fluid mixtures (ECM)». 
In the elements of the experimental testing facility ECM the intensity of the heat exchange in the compound 
media of the real technological processes is determined. Calibration is carried out on the fluids with known 
thermal physical properties (TPP), such as water, sugar solution of different concentration, glycerin, sunflower 
oil, etc., further in the text – «auxiliary fluids». Criterial equations of the heat exchange regularities 
in the elements of the basic experimental bench are specified, using «auxiliary fluids»[10,11]. Further 
improvement of the methods of the results analysis in the conditions of the «auxiliary fluids» application is 
required.  
In the studies of the non-stationary thermal mode on the conditions of the conjugate problem [15] regular 
thermal mode (RTM) is established and analyzed in the bodies: metal ball, placed in thermal insulation envelope; 
solid ball of the simplest form, placed in the thin envelope of the uniform thickness; ball, made of thermal 
insulation material, placed in metal; ball, cylinder, disk, made of thermal insulation material, placed in metal 
envelope; ball, made of metal, placed in thermal insulation material; two-part plates of the symmetric structure; 
two-part balls of the symmetrical structure; infinitely long two-part cylinder with the metal core and envelope, 
made of thermal insulation material; ball metal core, placed in thermal-insulation envelope; metal plates, coated 
with thermal insulation material, three-part body, made of two metals, separated by thermal insulation material. 
Main connections, existing between the cooling (heating) rate of the solid body m, on one hand, and physical 
properties of the body, its form, dimensions and cooling conditions – on the other hand, are determined [15]. 
This enabled to develop methods of the approximate calculation of non-stationary temperature fields, methods 
of modeling of non-stationary processes in complex objects, evaluate the non-uniformities of the temperature 
fields at different conditions. On the base of the theory of the regular mode [15–18] new methods 
of determination of thermophysical properties, gained wide spread occurrence: thermal conductivity coefficient, 
conductivity, heat capacity coefficient, heat transfer coefficient. Advantages of these methods are simple 
experimental procedures, high accuracy of the obtained results and short duration of the experiment.  
Developed methodical support, for the processing and analysis of the experiment with compound fluid medium 
and “auxiliary fluids” requires a great number of the experimental results [12,13]. In the given research the 
method of non-stationary heat exchange process was taken for study on the basis of the following reason [17]: 
processes are fast flowing, they do not require much time for the preliminary holding at the pre-set temperature; 
measurements of thermal parameters of the fluid media occur at minor temperature changes, this improves 
the reliability of the results; the given method enables to carry out measurements in the conditions 
of the constant changes of the temperature to certain value; non-stationary methods provide wider possibilities, 
regarding the choice of heat (cold) source than the stationary methods.  
Our preliminary experimental results [19,20] partially showed the possibility of the existence of the regular 
thermal mode in the system «environment I – fluid environment in thin metal cylinder enveloped (body II)». 
Comparison of the studied objects with literature data is presented in Table. 1. The conclusion can be made 
that our results are original and are referred to practically unexplored field. Authors can refer only to their studies 
of the regular thermal mode in the body II [19,20] which, unlike other bodies represents fluid environment in thin 
metal cylinder envelope. 

 
Table 1. Comparison of the objects of the study. 

 

 Research, performed by G. M. Kondratiev [15]    Research, performed by the authors 
 

1. Regular thermal mode 

1.1 Studied bodies 

Body – solid body, complex of the solid bodies. 
System: environment (E) I – body  

Body II – fluid medium in the cylindrical metal envelope. 
System: environment (E) I – body II 

1.2 Conjugate problem (E – body) 

Newton – Richmann law – Fourier’s law Newton – Richmann law – Fourier’s law - Newton – Richmann law 
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Aim of the research: determine the possibility of existing regular thermal mode in the body II on conditions 
of non-stationary heat exchange in the system “environment (E) I – body II». 
 
Methods 
Experimental results are obtained on the test bench, which is the component of the ECM [10]. Figure 1 presents 
the systems “environment (E) 1 – body II». Water I-4. at the temperature T1 is poured into the external vessel  
I-3. Studied substance II-2 at the temperature T2 is poured into the internal cylindrical vessel II-3. Recording of the 
temperatures in the process of the experiment is performed in ten points, using thermal sensors 1 and 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Basic experimental bench: a) Environment I (І-1, І-2, І-3, І-4, І-5); body II (ІІ-1, ІІ-2, ІІ-3, ІІ-4); b) location of the 

thermocouples on the sensor 1 (1’- 5’) and sensor 2 (1”-5”) relatively the axes x, z, mm 
 

In Figure 1 the environment 1: I-1 – metal bottom; I-2 – thermal insulation support; I-3 – external cylinder with 
thermal insulation surface; I-4 – water; I-5 – free water surface. Body II: II-1 – metal bottom of the body II, 0.5 mm 
of the thickness; II-2 studied fluid medium; II-3 – thin-walled metal cylinder, diameter is 100/99 mm; II4 – free 
surface of the studied fluid medium. 
 
Body II consists of the following elements: thin-walled cylinder II-3 of the diameter 100/99mm of the finite height 
which is measured from the metal bottom II-1 to the free surface of the studied fluid II-4; metal bottom II-1 of 0.5 
mm of thickness; studied fluid medium II-2. Free surfaces of the studied fluid II-4 and water I-5 are located 
at the same level during the experiment.  
Heat exchange of the body II with water I-4, i.e., with the environment, through the lateral external surface II-3, 
is studied. Minor flows of the heat between the surfaces II-4 and I-5, outflows of the heat through the metal 
bottom II-1 are considered in the process of errors determination.  
For the processing of the experimental results characteristic curves of averaged temperatures change 
are presented in Figure 2(a) and 2(b). Averaged temperatures are determined as the arithmetic mean 
by the results of temperature measurements by the thermocouples, installed at the vertical thermal sensors 1 
and 2 (Figure 1) at a certain moment of time.  

Heat transfer coefficients 1α  between the water I-4 (Figure 1) and external surface of the thin-walled metal 

cylinder II-3 (Figure 1) and uneven temperature distribution coefficients  ψ in the body II according to [15] 
on conditions of cooling (heating) of sugar solution of b=50%, sunflower oil are calculated, using the experimental 
data. For this purpose, the processes of cooling, heating of the body II in RTM range are shown schematically 
in Figure 2(a), 2(b). This range is in time τ1-τn (τ1 start of RTM, τn – end of the experimental study within the limits 

of RTM). In the given range of cooling (heating) the average value α1̅̅ ̅, and ψ̅ is determined, besides, 1α and ψ̅ in 

the limited ranges of time τ1i – τ1(n+i) is determined.

 

№ X Z 
thermal sensor 1 

1’ 70 2 
2’ 70 27 
3’ 70 44 
4’ 70 64 
5’ 70 90 

thermal sensor 2 
1’’ 0 2 
2’’ 0 11 
3’’ 0 33 
4’’ 0 52 
5’’ 0 72 

 a) b) 
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Figure 2.  Processes of heating (a) and cooling (b) of the body II in RTM range for the processing of the experimental data 

of the studied fluid (see Table 3)  

 
Cooling, heating of the sugar solution of the concentration c=50% and refined sunflower oil is studied 
experimentally. Results of the primary processing of the experimental data are presented in Figure 3. 
 

 

 

  
 
Figure 3. Change of the environment  temperature and studied fluid medium in time: Т1

̅̅ ̅ – volume averaged temperature 
of the environment (water); Т2

̅̅ ̅  – volume averaged temperature of the body II. 
 

Real noted range of thermal physical properties change of the studied fluid media is presented in the Table 2. 
 

Table 2. Thermal physical properties of the studied fluid media. 

 
№ Studied fluid Heat 

exchange 
direction 

Range of 
changes of 

temperature Т𝟐
̿̿ ̿

⁰С 
 

Coefficient of 
heat conductivity, 
λ2, W/(m∙K) 

Coefficient of 
kinematic viscosity, 
ν2, m2/с 

Density, 
ρ2, kg/m3 

Specific heat 
capacity, 
Ср2, J/(kg∙К) 

1 sugar solution b=50% heating 48-65 0.417-0.434 (4.8-7.4) · 10-6 990-982 4174-4175 

2 sugar solution b=50% cooling 27-25 0.435-0.418 (9.3-5.1) · 10-6 995-999 4173-4174 

3 sunflower oil heating 46-70 0.165-0.163 (2.82-1.37) · 10-5 901-892 2304-2338 

4 sunflower oil cooling 41-30 0.166-0.167 (3.46-6.13) · 10-5 901-911 2351-2219 
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Cooling (heating) rate m of the body II is determined from the equation, c-1  [15] 
 

 
(1) 

 

1 2

1 2

ln ln
m ,

  


    

 

 
where ϑ1, ϑ2 – is excessive volume-averaged temperature of the studied  fluid medium in the cylindrical vessel 

on the side of the water, C 
 

 
 (2) 

 

 

21

II
T T  . 

 

 

 
Excessive temperature is modulus of difference between volume-averaged temperature T1 of the water (I-4) 
in the environment I and volume-averaged temperature T2 of the body II: 
 

 
(3) 

 

  1 1 1 1 1 1 5I II III IV VT T T T T T / ;      

 

 

 
 

 
(4) 

 

  2 2 0 01 0 03IIT T . . .    

 

 

 
Values 0.01-0.03 are obtained because of the calculation of the divergences between volume-averaged 
temperature of the studied fluid environment in the body II and volume – averaged temperature of the body II 
overall. 
Volume-averaged temperature of the studied fluid medium in the cylinder Т2̅: 
 

 
(5) 

 

 2 2 2 2 2 2 5I II III IV VT T T T T T / ,      

 

 

 
where T'1…TV

1 – are local temperatures, measured by thermocouples, installed in the thermal sensor 1 (1'-5') 
on the height in the external cylinder I-ex (Figure 1) with water I-4 (Figure 1); T'2…TV

2 – are local temperatures, 
measured by the thermocouples, installed in the thermal sensor 2 (1''-5'') in the cylinder II-ex (Figure 1) with 
the studied fluid medium II-2 (Figure 1). 

Methods of mean integral values of temperatures
1Т , 

2Т  
determination, in the time range of i1 – 1 (n+i) are used 

by means of the dependences, presented in Table 3. It is taken into consideration that the time range takes new 

value i1 – 1 (n+i). 
 

Values 1  and   are obtained during processing of the experimental data in the following way. Specific thermal 

flux from the water I-4 to the body II is determined: q1=q2=
M2·Cp2·∆Т̿̿ ̿2

F·∆τ
, W/m2, where M2 – is the mass of the body 

II, kg; Cp2 – is the averaged specific heat capacity of the body II, J/(kg·K); F – is the area of the external surface 

of the thin metal cylinder II-3 , m2;  - is time interval, where studies are carried out, sec; difference of mean 

interval temperatures 2 21 2nТ Т Т    (see Table 3). 
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Table 3. Methods of mean-integral values of temperatures Т1
̿̿ ̿, Т2

̿̿ ̿  determination in the time range τ1 – τn. 

 
№ Studied fluid Heat exchange 

direction 
Dependence for the  
determination of temperatures in 
the environment, ⁰С 

Dependence for the determination of  
temperatures in the studied fluid medium,  
⁰С 
 

1 sugar solution  
b=50% 

heating 
Т1̿=

∫ 116.62·x-0.073dτ
τn

τ1

τ1-τn
 Т2̿=

∫ 13.573·x0.2456dτ
τn

τ1

τ1-τn
 

2 sugar solution  
b=50% 

cooling 
Т1̿=

∫ 9.5206·x0.1405dτ
τn

τ1

τ1-τn
 Т2̿=

∫ 173.5·x-0.284dτ
τn

τ1

τ1-τn
 

3 sunflower oil heating 
Т1̿=

∫ 99,919·x-0.045dτ
τn

τ1

τ1-τn
 Т2̿=

∫ 8.4629·x0.323dτ
τn

τ1

τ1-τn
 

4 sunflower oil cooling 
Т1̿=

∫ 14.922·x0.0691dτ
τn

τ1

τ1-τn
 Т2̿=

∫ 250.21·x-0.329dτ
τn

τ1

τ1-τn
 

 

Heat transfer coefficient  α1̅̅ ̅=
Nu1̅̅ ̅̅ ̅·λ1

H
 is determined on the condition of free convection, applying the iteration 

method for the time intervals 1 – n and 1 – (i+1) . For the determination of 
1Nu  , the formula, recommended 

for the vertical surfaces (pipe) on the condition of the laminar mode (103<(Ra1)<109) in the non-limited space 
[21] is used 
 

 
 

(6) 

 
0 25

0 25 1
1 10 76

,

,

w

Pr
Nu , Ra

Pr

 
  

 
  

 

 

 

where Ra1 = Gr1·Pr1 – is Rayleigh criterion; Gr1 = (g·1·∆Т̿̿ ̿·H3)/ν1
2 – is Grashof criterion; g – is free fall acceleration, 

m/s2; H – is characteristic length (distance on vertical from the surface of  the metal bottom II-1 to the level of the 

studied fluid II-4 in the vessel), m; 
1 wТ Т Т    – is temperature drop; wТ – is external average temperature 

of the wall of the thin-metal cylinder II-3 , washed by the water, C; 1 – is coefficient of thermal expansion 

of water, C-1; ν1 – is the coefficient of kinematic viscosity of water, m2/sec; Pr1 – is Prandtl criterion – by mean-

integral temperature of water within the limits of 1 – n ; Prw – is Prandtl criterion for the water 

of the temperature wТ  of the wall in the process of iteration; 1 – is coefficient of heat conductivity of water, 

W/(m·K).  

On the base of  mean-integral value of water temperature 1Т  (Table 3) within the time range of 1 – n  thermal 

physical properties (TPP) of water are determined, namely, coefficient of thermal expansion 1, kinematic 

viscosity 1 , coefficient of heat conductivity 1. 

Verification of the set external temperature of the wall II-3  in the time range of Тw
̅̅ ̅=Т̿1-

q2

α1
 is performed. 

If the obtained temperature of the wall differs from the previously accepted by less than 3%, calculation is over 

and ψ̅ is determined. Coefficient of the uneven temperature distribution in the system “E I – body II” is found 

from the dependence ψ̅ = f/v, where v – is the excessive temperature of the body II relatively the temperature 

E I, v = |Т̿1 − Т̿2|, C; f – is the excessive temperature of the wall relatively the temperature
1Т ,  f = |Т̿1 − Тw

̅̅̅̅ |. 

 
Results and discussion 

According to Figure 4 and Table 4 dependence ln() = f() is of linear character, that proves the presence  
of regular thermal mode in the body II.
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Figure 4. Distribution of the excessive temperature in time: 1 – sugar solution b=50% at heating; 2 – sugar solution b=50%  

at cooling; 3 – sunflower oil at heating; 4 – sunflower oil at cooling. 

 
Table 4. Cooling (heating) rate of the studied fluid medium. 

 
 №  Studied fluid  Direction of heat exchange  Function of the form  lnϑ=m∙τ + C  Determination factor R2 

 

 1  sugar solution b=50%  heating  lnϑ = -0.0033·τ + 4.0355  0.9931 

 2  sugar solution b=50%  cooling  lnϑ = -0.003·τ + 3.4342  0.9964 

 3  sunflower oil  heating  lnϑ = -0.0038·τ + 4.2334  0.9990 

 4  sunflower oil  cooling  lnϑ = -0.003·τ + 3.7605  0.9989 

 
Analytical substantiation of the validity of linear dependence Lnϑ = f(τ) regularity is presented [18]. In the given 
case differential heat-transfer equation in solid bodies on condition of the missing internal sources of heat 
is the output equation. 
Experimentally obtained linear regularities Lnϑ = f(τ) for fluid environment, limited by thin-walled cylindrical 
envelope also can be explained, using differential thermal conductivity equation [18], if the notion 
of the equivalent thermal conductivity coefficient λeq and convection coefficient εc = λeq/λ, which characterizes 
the impact of convection is introduced. Convection coefficient characterizes impact of convection or condition 
of heat transfer from heat-releasing surface to heat-receiving surface throughout the fluid. According to [21] 
compound process of the convective heat exchange is considered as the elementary phenomenon of thermal 
conductivity. 
In the solid bodies on condition of the regular thermal mode due to the temperature change λ does not change 
greatly. In our experiment λeq and εc also does not change greatly, within the limits of ±6%. 
Figure 5 and Tables 5 – 10 contain experimental results for the comparison of the local in time heat transfer 

coefficients 1  and local in time coefficients of uneven temperature distribution  ψ̅ for sugar solution b=50% 

and sunflower oil. Processing was performed, applying the method of stationary heat exchange, when the whole-

time interval was studied, taking different steps  and changing time interval ; in the first case =50 sec 

and =100 sec; in the second case  = 90 sec and  = 180 sec. Study of the experimental fluids is carried out 
in the identical temperature range. 
The following designations of the local in time heat transfer coefficients are introduced: 

 
1(100) – is local in time heat transfer coefficient between the water (I-4) and external surface of thin-

walled metal cylinder II-ex in the time range [i+1 – i] = 100 sec, W/(m2·K); 

 
1(180) – is local in time heat transfer coefficient between the water (I-4) and external surface of thin-

walled metal cylinder II-ex in the time range [i+1 – i] = 180 sec, W/(m2·K). 
The following designations of the local in time coefficients of uneven temperatures distribution in the body II are 
introduced:  

 
(100) – is local in time coefficient of uneven  temperatures distribution  in the body II in the time range  

[i+1 – i] = 100 sec; 

 (180) – is local in time coefficient of uneven temperatures distribution in the body II in the time range  

[i+1 – i] = 180 sec.
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Figure 5. Heat transfer coefficients 
1(180)  between the water I-4 and external surface of the thin-walled metal cylinder II-ex 

(а) and coefficients of uneven  temperature distribution 
(180)  in the body II in time while cooling sunflower oil. 

 

In Tables 5 – 10 1TRТ – is mean-integral temperature of water in the time range [i+1 – i] = 100 sec. or [i+1 – i] = 

180 sec., C; 2TRТ – is mean-integral temperature of the studied fluid medium in the time range  

[i+1 – i] = 100 sec. or  [i+1 – i] = 180 sec, C. 
 
 

Table 5. Results of studying sugar solution b = 50% heating, [i+1 – i] = 100 sec. 

 
Table 6. Results of studying sugar solution b = 50% heating, [i+1 – i] = 180 sec. 

 

Table 7. Results of studying sunflower oil heating, [i+1 – i] = 100 sec. 
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 №  Time interval Δτ, sec.  Т̿𝟏𝐓𝐑, С  Т̿𝟐𝐓𝐑, С  Т𝐰
̅̅ ̅̅̅, С  m, с-1  q, kW/m2  𝛙̅̅̅ 𝟏𝟎𝟎   𝛂𝟏̅̅ ̅̅

 𝟏𝟎𝟎 , W/(m2∙К) 

 

 1  200-300  78.2  52.1  67.4 

 0.0032 

 5.6  0.22  777 

 2  250-350  77  55  68  4.6  0.23  741 

 3  300-400  76.1  57.1  69.2  4.1  0.26  732 

 4  350-450  75.3  59.1  69.9  3.7  0.27  700 

 5  400-500  74.7  60.8  69.8  3.4  0.28  676 

 6  450-550  74.1  62.4  69.8  3.2  0.29  645 

 7  500-600  73.6  63.9  70  3.0  0.31  618 

 №  Time interval Δτ, sec.  Т̿𝟏𝐓𝐑, С  Т̿𝟐𝐓𝐑, С  Т𝐰
̅̅ ̅̅̅, С  m, с-1  q, kW/m2  𝛙̅̅̅ 𝟏𝟖𝟎   𝛂𝟏̅̅ ̅̅

 𝟏𝟖𝟎 , W/(m2∙К) 

 

 1  100-270  76.1  53.2  69.2 

 0.0032 

 4.8  0.26  804 

 2  180-360  75.4  57  69.9  3.8  0.27  746 

 3  270-450  74.9  60  69.8  3.1  0.28  702 

 4  360-540  74.4  62.6  69.8  2.7  0.31  665 

 5  450-630  74.1  64.9  69.8  2.4  0.34 638 

 №  Time interval Δτ, sec.  Т̿𝟏𝐓𝐑, С  Т̿𝟐𝐓𝐑, С   Т𝐰 ̅̅ ̅̅ ̅, С  m, с-1  q, kW/m2  𝛙̅̅̅ 𝟏𝟎𝟎   𝛂𝟏̅̅ ̅̅
 𝟏𝟎𝟎 , W/(m2∙К) 

 

 1  200-300  78.1  49.7  73.3 

 0.004 

 3.5  0.17  743 

 2  250-350  77.3  53.3  73.2  3.0  0.17  704 

 3  300-400  76.8  56.1  73.1  2.7  0.18  673 

 4  350-450  76.3  58.5  73  2.4  0.19  664 

 5  400-500  75.9  60.8  72.8  2.3  0.21  639 

 6  450-550  75.6  62.9  72.7  2.1  0.22  625 

 7  500-600  75.2  64.9  72.5  2.0  0.23  604 

 8  550-650  74.9  66.8  72.5  1.9  0.23   579 

a) b) 

1(180)  , Вт/(м2К) 
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Table 8. Results of studying sunflower oil heating, [i+1 – i] = 180 sec. 

 
Table 9. Results of studying sugar solution b = 50% cooling, [i+1 – i] = 180 sec. 

 
Table 10. Results of studying sunflower oil cooling, [i+1 – i] = 180 sec. 

 
It was established experimentally, that the features of the RTM take place in the studied system, i.e., heating 
rate of the studied fluid in the cylinder vessel m=const; heat transfer coefficient is practically stable in the process 
of RTM 

1 =const; coefficient of uneven temperatures distribution  =const. Characteristic features of the RTM 

are presented in Table 11. 
The existence of dependencies of ψ=const and α1=const for solid bodies can be expended as a result 
of the realization of linear dependence Lnϑ=f(τ), i.e., m=const [15,21]. The same substantiation of ψ=const 
and α1=const can be made for the volume of the fluid in thin-walled metal cylinder envelope, if it is taken into 
account that the compound process of heat exchange is considered as the elementary phenomenon of thermal 
conductivity [21]. 
 
The existence of dependencies ψ=const and α1=const for solid bodies can be expended as a result of the linear 
dependence Lnϑ=f(τ), i.e., m=const [15,21]. The same substantiation of ψ=const and α1=const can be made for 
the volume of the fluid in thin-walled metal cylinder envelope, if it is taken into account that the compound 
process of heat exchange is considered as the elementary phenomenon of thermal conductivity [21]. 
In the body II, components of which are fluid and metal on conditions of cooling (heating) RTM, characteristic 
for solid bodies, set of solid bodies, is realized. 
Based on experimental studies, presented and analyzed above, for the fluid in thin-walled metal cylindrical 
envelope, for the whole range of the regular thermal mode of cooling (heating) it is established that ψ = const, 
α1 = const, m = const. 
 
 

 № Time interval Δτ, sec.  Т̿𝟏𝐓𝐑, С  Т̿𝟐𝐓𝐑, С  Т 𝐰̅̅ ̅̅ ̅, С  m, с-1  q, kW/m2  𝛙̅̅̅ 𝟏𝟖𝟎   𝛂𝟏̅̅̅̅
 𝟏𝟖𝟎 , W/(m2∙К) 

 

 1  100-270  77.4  51.6  73.7 

 0.004 

 2.7  0.18  730 

 2  180-360  76.6  56  73.6  2.2  0.18  678 

 3  270-450  76.1  59.5  73.6  1.8  0.20  663 

 4  360-540  75.6  62.5  73.4  1.6  0.22  625 

 5  450-630  75.3  65.1  73.4  1.4  0.19  545 

 №  Time interval Δτ, sec.  Т̿𝟏𝐓𝐑, С  Т̿𝟐𝐓𝐑, С  Т𝐰̅̅ ̅̅ , С  m, с-1  q, kW/m2  𝛙̅̅̅ 𝟏𝟖𝟎   𝛂𝟏̅̅ ̅̅
 𝟏𝟖𝟎 , W/(m2∙К) 

 

 1  100-270  20.2  38.2  27.6 

 0.0029 

 4.5  0.41  654 

 2  180-360  21.1  34.7  26.4  2.7  0.39  567 

 3  270-450  21.8  32.6  25.8  2.0  0.37  508 

 4  360-540  22.2  31.1  25.8  1.5  0.4  484 

 5  450-630  22.7  30  25.8  1.2  0.42  453 

 6  540-720  23  29,1  25.7  0.9  0.44  420 

 №  Time interval Δτ, sec.  Т̿𝟏𝐓𝐑, С Т ̿𝟐𝐓𝐑, С  Т𝐰̅̅ ̅̅ , С  m, с-1  q, kW/m2 𝛙 ̅̅ ̅
 𝟏𝟖𝟎   𝛂𝟏̅̅̅̅

 𝟏𝟖𝟎 , W/(m2∙К) 

 

 1  100-270  21.4  40.9  25.2 

 0.0032 

 2.5  0.19  507 

 2  180-360  22  37.2  25.2  1.5  0.21  486 

 3  270-450  22.3  35  25.1  1.0  0.22  466 

 4  360-540  22.6  33.4  25.3  0.8  0.22  460 

 5  450-630  22.8  32.2  24.9  0.6  0.22  438 

 6  540-720  23  31.2  24.8  0.5  0.22  420 
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Table 11. Characteristic features of the RTM. 

 
  Studies of G.M. Kondratiev [15]  Authors studies 

 

1. Features of the regular thermal mode 

Body Body ІІ 

1.1. Cooling (heating) rate of the body - m 

m = const m = const 

1.2. Heat transfer coefficient on the boundary E – body 

Remains stable α1 = const Slightly changes α1 ≈ const; 
α1̅̅̅̅ -α1𝑚

α1𝑚
·100%=±13…16% - heating; α1𝑚- arithmetic mean 

value 
α1̅̅̅̅ -α1𝑚

α1𝑚
·100%=±14…25% - cooling. 

1.3. Coefficient of non-uneven  temperatures distribution in the body  

Remains stable ψ = const Slightly changes ψ ≈ const; 
ψ-ψ𝑚

ψ𝑚

·100%=±10…17% - heating; ψ𝑚 - arithmetic mean 

value 
ψ-ψ𝑚

ψ𝑚

·100%=±10…18%- cooling. 

2. Temperature of the environment in the process of cooling (heating) 

Remains stable Т̅1=const Changes by 3…6⁰С, Т̅1 ≠ const 

 

Heat transfer coefficient 2α  between the internal surface of the thin-walled metal cylinder II – 3 and studied by 

RTM method fluid environment (Figure 1) is determined by the expression 
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where Q – is heat flux, taken by the studied fluid environment locally in time, W; 𝛥̅Т  – is mean overall 

temperature drop, C; F – is the area of the thin-walled metal cylinder, m2 ; C1 – is specific heat capacity 

of the environment (water), J/(kg·K); 
1Cm

ψF




 – is thermal resistance of the heat exchange between 

the environment (water) and wall [15], (m2·K)/W. 

Heat transfer coefficient  2α  also can be determined by the known dependence 

 
 

(8) 
 

  1

w1ov2 RRRα 
 , 

 

 

 
where Rov – is thermal resistance of the heat exchange between the environment (water) and studied fluid 
environment, (m2·K)/W; R1 – is thermal resistance of environment (water) and thin metal wall, (m2·K)/W;  
Rw = δw/λw – is thermal resistance of thermal conductivity across thin metal wall is 1 % of the total and in the given 
case is not taken into account, (m2·K)/W; δw – is the thickness of the wall of the thin metal cylinder, m;  
λw – is thermal conductivity of the wall of the thin metal cylinder, W/(m·K). 

Heat transfer coefficient 2α   can be determined applying the known criterial equation for large volume [16,17]. 

Difference between 2α  and 2α  is up to 10 %. Difference between 2α  and 2α   is up to 40 % [22]. That is why, 

determination of 2α , applying criterial dependences for large volume does not enable to predict the intensity 
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of heat exchange with the sufficient accuracy. Thus, the method of regular thermal mode allows to describe 
the regularities of heat exchange between the fluid environment and metal cylindrical wall in the vessel of limited 
dimensions. Thus, experimentally calculation method of the heat exchange intensity prediction in compound 
fluid mixtures has been improved. 
 
Impact  
Biogas – it is a gas, obtained by means of hydrogen or methane fermentation of the biomass. Biogas units 
are used for obtaining biofuel of the first generation. Their advantage is the possibility of useful disposal 
of the organic waste of the cattle breeding, crop growing, domestic waste, sewage water, etc., with positive 
energy, ecological, social and economic effect [3,23,24]. 
Performance and material-output ratio of the biogas unit and correspondently investments in its construction 
greatly depend on the efficiency of thermal technological processes in the bioreactor. 
To provide high efficiency of biogas technologies at modern scientific level it is necessary to coordinate thermal 
technological and biotechnological processes. Nowadays for the solution of this problem the study 
of the regularities of heat and mass exchange in the compound fluid environments used in biogas units is not 
sufficient nowadays  [3,10,24,25]. 
Authors suggested experimentally-calculation method for the forecast of the intensity of heat exchange intensity 
in the compound fluid environments with limited information regarding thermal physical properties [9,10,14]. 
This method enables to determine more accurately the needed area of the surfaces of heat exchange equipment 
of biogas units, and this will reduce specific amount of metal per structure.  
ECM provides for large amount of the experiments with the compound fluid environments and «auxiliary fluids» 
with known thermal physical properties and rheological behavior at the basic experimental bench [12,13]. 
In the given research the existence of regular thermal mode in fluid environment in the thin metal cylindrical 
envelope was determined experimentally. The advantage of RTM as the method of studying heat exchange 
intensity is the simple technique of experiments, high accuracy of the obtained results and low time consumption 
for carrying out the experiment. All these characteristics improve experimental-calculation method. 
Therefore, the suggested methods enable to reduce metal consumption of biogas units, investments in their 
construction and technogenic pressure on the environment during the life cycle at the expense of more accurate 
determination of heat-exchange intensity in the compound fluid environments. 
 
Conclusions 
Problem of heat exchange forecast in the compound fluid environments with limited data regarding TPP 
and rheological behavior in real technological processes exists in theoretical and applied aspects. 
It was established experimentally, that in the studied system «environment I – fluid environment in thin metal 
cylinder envelope (body II) the features at regular thermal mode take place i.e., heating (cooling) rate 

of the studied fluid in the cylinder vessel m=const; heat transfer coefficient is practically stable 1α =const; 

non- uniformity factor of temperatures distribution ψ =const. Studies have been carried out for c=50% sugar 

solution end sunflower oil. 
Thus, the method of regular thermal mode allows with a reasonable degree of accuracy to describe 
the regularities of heat exchange between the fluid environment and metal cylindrical wall in the vessel of limited 
dimensions. 
ECM is improved because of more profound study of heat exchange regularities by means of experimental 
methods, in “auxiliary fluids” with the known TPP and rheological behavior at the basic experimental bench. 
The obtained scientific result is the base for further study of ECM, aimed at the forecast of heat exchange 
intensity in thermal technological equipment of biogas technologies.  
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Highlight 
This review focuses on recent developments in solar energy-based research and education and future trends 
toward sustainable energy development. 
 
Abstract 
The essential requirements of our everyday lives are fresh air, pure water, nourishing food, and clean energy 
in a most sustainable manner. The present review article concisely discusses recent innovations in solar energy 
education, research, and development toward providing clean and affordable energy and clean water to some 
extent. This article primarily addresses the Sustainable Development Goal 7 of the United Nations (SDG 7: 
Affordable and Clean Energy). Over the past few decades, many research activities have been carried out on solar 
energy conversion and utilization. The deployment of solar energy technologies has been witnessed to combat 
global warming and the betterment of the planet. Drivers and barriers to implementing solar energy systems 
from school to master's level through real-time deployments are discussed for further development 
and innovations. Mainly, expedited solar energy education and research are essential to improve solar energy 
utilization. The advancements in solar energy education and research towards sustainable energy development 
and circular economy are highlighted along with further directions required. 
 
Keywords 
solar energy; energy education; climate change; research and development; innovations; sustainable 
development. 
 
Introduction 
The environmental impact of fossil fuel burning has been particularly damaging to human, plant, and animal life. 
It is commendable that the momentum for conserving the rapidly decreasing available fuels and the utilization 
of renewable energy is on solid footing. Countries are asked to develop ambitious 2030 emission reduction 
targets to reach net-zero by the middle of the century at the United Nations Climate Change Conference held in 
London in November 2021 [1]. At this conference, securing global net-zero by mid-century and keeping 1.5 
degrees within reach has been primarily targeted. The current pace must be expedited with maximizing 
renewable energy utilization to reach such a target. SDG 7 deals mainly with affordable and clean energy 
to combat climate change. Every citizen must be sensitized to the necessity of protecting our environment, 
sustaining the fast-depleting natural resource, maximizing the energy potential of clean energy sources, 
and preserving the natural wealth of the planet to be bequeathed to future generations. Implementation 
of proper energy education and practical research activities can foster advanced energy conversion technologies. 
The awareness of harnessing clean energy sources for the continued sustainability of the planet is vital and needs 
to be acted upon promptly. Solar energy is an option that should be given prime importance. 
Solar energy from the Sun is unlimited, and this abundant energy can be utilized by us effectively. It is essential 
to assess the energy needs and apply the required techno-economical skills to ensure that solar energy is tapped 
and utilized to our energy needs. Solar energy education is essential to achieve energy awareness and energy 
sustainability [2,3]. Unbridled human activities have resulted in the extinction of several species all over the 
world. Before it is too late, precautionary measures must be taken to protect the planet and ensure that 
it is habitable for generations to come. Therefore, sustainability is at the forefront of all developmental activities. 
In his context, the present review article focuses on solar energy education and research with the recent 
advancements.
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Directly and indirectly, 70% of emissions were from households in Netherlands and Spain. Education 
and structural factors were significant for climate mitigation on the demand side [3]. Job creation is increasing 
with solar and wind energy deployments. Solar photovoltaic (PV) installations and maintenance are potential 
areas of job creation across the globe up to 2050 [4]. New renewable energy programs were required to promote 
Saudi Arabia's renewable energy utilization goals by 2030 [5]. Various education and research activities are 
necessitated to provide skilled people for wind and solar power deployments and maintenance [6]. Learning-by-
doing and research activities were important drivers of impact reduction cost in energy technologies [7]. Energy 
management in households by insulating houses and implementing measures for solar energy utilization were 
the driving factors of sustainability [8–10]. Solar PV systems were projected as potential to meet sustainability 
goals [11–13]. Carbon pricing and low carbon technologies, such as solar technologies, are potential aspects 
of energy sustainability [14–17]. 
 
A survey among school students and teachers exposed energy savings, solar energy, and biomass technologies 
[18]. Inculcating renewable energy practices in school curricula is required to promote renewable energy sources 
(RES) and maintain the green campus. Lack of energy policies, financial assistance, and subscription issues was 
observed as barriers in promoting solar communities [19]. The driving factors were energy sustainability and grid 
resilience. Building energy management practices are essential to promote clean energy and energy-saving 
practices [20]. A laboratory-scale solar microgrid system with wireless data monitoring was introduced 
as a teaching tool in the engineering technology curriculum [21]. It was found that the students learned solar 
deployment and integration issues through real-time experiments. Off-grid home electrification was promoted, 
and the importance of all stakeholders was stressed in the deployment and maintenance of photovoltaic systems 
[22].  
 
Although novel and highly efficient solar cell materials have been demonstrated on a laboratory scale, 
the availability of such materials, such as gallium, indium, arsenic, bismuth, and selenium, is unsustainable 
on larger scales [23]. In the terawatt solar PV deployment path, multijunction solar cells were observed as not 
sustainable till 2030. Material synthesis aspects are to be concentrated to meet 2050 solar PV deployment 
targets. Material innovations are essential with the roadmap to sustainability and reliability in the long-term 
energy market. Large-scale batteries and solar-operated battery vehicles were critical requirements 
for successfully deploying solar PV installations [24,25]. In addition to energy, water and food are the other SDGs 
that solar energy technologies should partly support. Several researchers have investigated solar desalination 
technologies to provide potable water [26,27]. Goel et al. [28] indicated that around 85% of the population 
is expected to live in developing countries by 2030. A smart agriculture concept was essential for food security 
by interconnecting agriculture, information systems, and energy systems. Bioinspired solar cells are evolving 
in research to imitate nature to convert solar rays into useful energy. Currently, ongoing research synthesizes 
organic materials for such bioinspired energy conversion and storage [29]. 
 
Various initiatives have been formulated to educate and encourage renewable energy education to provide 
fundamental knowledge and hands-on experience in a real-time scenario to promote more innovations 
and patents, especially in solar PV technologies. The institutional innovative teaching methodologies could 
be closely associated with people to realize the benefits of renewable energy utilization and protection 
of environmental concerns. Bridging the gap between academic institutions and industries is a critical factor 
in reaching out to the community in large-scale solar PV installations and steady progress to combat climate 
change. 
 
Even though several studies on solar energy research are available, a specific focus on innovations in learning 
and product developments is demanding. This short review provides deep insights into teaching and learning 
requirements for various solar applications, ranging from solar thermal to electrical systems. Further, the current 
research and future directions are essential to solar professionals. This review discussed solar utilization 
in different sections. The introduction section contains the present study’s needs and objectives. The following 
methods section are mainly dealing with recent developments in solar energy education and research. 
The discussion section deals with the pros and cons of the study. The impact section narrates how the present 
study impacts the solar community. Finally, concluding remarks and future scopes are provided 
in the conclusions section. 
 
Methods 
Solar energy utilization is one of the fastest-growing and cost-competitive renewable energy sources worldwide.
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The solar energy-based research and education trends are observed using the widely used Scopus database [30] 
(www.scopus.com). It was assessed on November 12, 2021, based on the search keyword ‘solar energy’. 
The total documents are 1,85,335, including articles, conference articles, review articles, book chapters, 
conference review articles, and others, as per Figure 1. This section discusses mainly solar and associated other 
RES that have been promoted in the last decade. Figure 2 shows Scopus-indexed publications based on solar 
energy research, education, solar energy utilization, and energy conversion. A significant increase in the number 
of Scopus-indexed publications of articles on all the areas of solar energy and sustainable education has been 
witnessed in the last decade due to the various global environmental legislations. 
 

 
Figure 1. The types of selected documents as per the search keyword “solar energy” on Scopus database 2011 to date 

(Assessed on 12th November 2021). 

 
 
 

 

Figure 2. The total number of documents published on solar energy during the recent decade is per the Scopus database. 

 
It has been observed; the article publication statistics have increased gradually; however, from 2017, escalating 
publications have been observed. This implies that solar energy utilization increased at its best with adequate 
energy education and related research works in the last three years. Figure 3 illustrates the top ten nations that 
are excelling in solar-based research publications. China (22%), the United States (18%), and India (11%) were
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produced almost half of the total documents published in the last decade. In this category, India and Germany 
were listed in the third and fourth positions, respectively. Almost every country receiving significant solar rays 
contributes more technologies to society; however, the leading countries are listed here.  

 

 

Figure 3. The percentage contribution of leading countries on solar energy research and education. Source: Scopus indexed 
publications (2011-2021). 

 
 
 

 
Figure 4. The number of documents published by top ten source titles on solar energy. Source: Scopus indexed publications 

(2011-2021). 
 

The discussion of recently published articles is carried out to give more insight into the prospects of solar energy 
technologies towards sustainable development. The primary research area in solar energy is solar cell 
technologies due to their direct conversion of solar rays into electricity. The published articles in the solar cell-
based research area are nearly 60% and solar thermal-based research has a share of 40% of the total publications. 
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In the recent three years, solar cell development has been around 70% of research output in publications. 
Thus, the statistics of Scopus indexed publications witness the recent development in the solar energy education 
and utilization aspects. Almost all the top energy journals contribute significantly and promote solar energy 
research. The various familiar keywords in solar energy are denoted in Figure 5 Solar power generation is the 
dominant aspect of the use of solar photovoltaics and cells. Although the solar energy market is growing 
exponentially, several researchers have also sought new solar cell technologies worldwide.  
 

 
Figure 5. The top ten keywords used by researchers on solar energy. Source: Scopus indexed publications (2011-2021). 

 
 

 
Figure 6. Top ten funding sponsors in solar energy in recent years. 

 
The main findings are that cell efficiency and reliability under the varying solar intensity are investigated for real-
time deployments. The leading sponsor in solar energy is shown in Figure 6. The total number of documents 
published by the sponsors is also shown to understand solar energy researchers better. The funding 
is an essential aspect to attain carbon-free environments with the help of energy efficiency measures 
and renewable energy adaptations.
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Literature on Solar Energy Education. 
Renewable energy-related classes, discussions, applied projects, demonstrations, industry interaction, 
collaborations, laboratory experiments, and programs in higher education institutions (HEI) play an essential role 
in preparing students for a career in energy-related science, technology, engineering, and mathematics (STEM) 
fields. Recent innovations in teaching and learning and sustainability are discussed. 
 

• Learning through real-time projects. 
A university-level research study was conducted through questionnaire mode on teaching effectiveness 
and implementation of renewable energy education in Turkey [31]. Only the usual core courses were taught 
at undergraduate levels. The renewable energy courses were mainly taught only at the master’s level. There was 
an apparent lack of experts in the field of renewable energy and education. The Solar Info Center in Freiburg, 
Germany, was established to offer many services in renewable energy and energy efficiency [32]. The building 
features a rational, sustainable, and ecological energy and technology concept. Germany's first energy-certified 
office building to be 100% emission-free heated with a low energy demand for heating of 26 kWh/m2. Pasqualetti 
and Haag discussed the steps considered for meaningful development in solar energy harvesting in the American 
Southwest [33]. 
The design, construction and testing of a small solar-powered boat for tourism, with senior class engineering 
students taking hydrodynamic, energy and economic factors, were discussed by Rivera-Solorio [34]. Students 
used specialized engineering software tools to explore innovative ideas and new concepts, enhancing their 
creativity in the context of developing a successful prototype to compete in a solar splash event. The solar energy 
industry needs professional competence (scientific and technological knowledge) to develop a related 
engineering education curriculum for green energy [35]. 
Educational competition influences educational outcomes, and inclusive education is one of the successful 
measures to meet students' technical and professional ambitions [36]. Most of the students recognized that their 
knowledge and skills increased with improved experiential learning; they gained valuable conceptual insights 
and an understanding of technical and multidisciplinary aspects while working on real-time renewable energy 
projects. Employability indicators were established to capture solar energy enterprises' professional competency 
requirements and performance standards [37]. The indicators can serve as a basic framework for understanding 
the critical need for green energy to develop a sound knowledge base. The engineering curriculum covers 
fundamental concepts and processes to equip students with the necessary skills to design renewable energy 
systems. Professional knowledge, technical competence, efficient job performance, positive working attitude, 
career readiness, and perceived employability were essential factors that had a bearing on recruitment 
and employment by the solar industry. 
 
There continues to be accelerated technological progress in the renewable energy field. Greater dissemination 
of knowledge of different forms of green energy and public awareness of RES could help popularize the same 
[38]. The noted factors such as gender, age, education level of family members, and eco-friendly behavior due 
to occupation influence greater social acceptance of new technologies, change attitudes towards renewable 
energy initiatives and increase environmental consciousness. The impact of contemporary technology classes, 
a new online learning platform, video-based e-learning of solar photovoltaic concepts [39] was investigated. 
The short interactive and informative videos facilitated ‘learning by seeing’. They were broadcast through 
a popular online video channel containing more images, graphics, animations, and less textual content. Feedback 
obtained from students revealed that the e-learning was informative and educative and supported effective 
learning of important theoretical concepts. The various dimensions of the e-learning process were explored 
for gaining knowledge about breakthroughs in energy technologies [40]. Thus, the students explored various 
aspects of deploying new energy technologies, learning much about the practical aspects such as installation 
cost, utility-scale renewable energy. 
There was a strong correlation between the integration of the study and the associated applications to make 
solar energy affordable for the masses [41]. Renewable energy applications must be given importance during 
the minor and major research or design projects and professional curriculum development and dissemination 
to offer creative technology education to the upcoming generation. 
 
Technical innovation has resulted in intelligent grid systems, prompting to upgrade of the energy engineering 
curriculum in Jordanian universities to provide more excellent technical knowledge and a better understanding 
of such systems. Furthermore, equipping engineering students with the required workplace skills in terms 
of solar and wind power technologies improves employability in the energy sectors [42]. State-of-art laboratories
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were set up in a bid to offer a comprehensive degree program on smart grids. Identifying the local aspects 
of the technological learning process for the deployment of new renewable energy technologies was discussed 
[43]. The local context is essential as technology is deployed regionally using locally available energy resources, 
local governance, and local talent in selecting, designing, fabricating, installing, and operating energy systems. 
The study focused on the empirical evidence of learning processes in PV deployment. The implications 
of government policy must acknowledge the importance of local aspects of technological learning for deploying 
new energy technologies. The working of solar photovoltaic systems and the maximum power point tracking role 
in improving power output were taught using soft tools [44]. 
 
Time- and incentive-based power demand response programs were utilized to meet the high load demand. 
Its applicability to current smart grids to ensure better power quality and reliable energy supply at competitive 
rates through a user-friendly two-way digital communication between the consumer and the utility provider 
using smart metering systems [45]. The implementation of smart grid technology has linked suppliers 
and consumers, making it possible to reduce energy consumption, minimize power losses, outages and avoid 
hefty payments for high load demand. The combined power and drinking water production using inclined PV 
panel integrated solar stills were investigated by Manokar et al. [46]. The parameters studied were fresh drinking 
water produced, still efficiency, PV panel power production, PV panel efficiency, and exergy efficiency. Sensing 
the need for renewable energy education, a fully functioning solar photovoltaic laboratory model was used 
to demonstrate and teach engineering students the components of the system, the working principles, and the 
maximum power point to improve their understanding of the theoretical course on RES [47]. The experiments 
were designed to be used along with the theoretical renewable energy course. The results of the hands-on 
experiments could be viewed in animation form. 
 

• Multidisciplinary approach. 
The importance of the multidisciplinary aspects of the Master's program in solar energy was insisted, 
and the required knowledge includes science, engineering, economics and management disciplines 
for the successful implementation [2]. The efficient and cost-effective solar systems are the need of the hour 
to change the perspectives of society. The introduction of laboratory-based courses on sustainable energy 
as part of the core curriculum was done for students who pursue non-STEM degree choices to create general 
awareness of the impact of climate change and the importance of clean energy throughout the student 
community [48]. The courses included hands-on exercises that provided an overview of renewable energy 
by demonstrating the basic principles. Students must know that the need for affordable, reliable, efficient, clean, 
and sustainable energy is universal, and it is central to a country’s economic growth and development. 
Knowledge of the main principles of different energy sources, sustainable energy systems and improved energy 
efficiency measures is necessary to meet the clean energy goals of the future. 
With growing interest in alternative energy sources, there is an urgent need to design a well-structured 
multidisciplinary undergraduate course on alternative energy engineering [49]. A multidisciplinary 
undergraduate alternative energy engineering (AEE) course is required to bridge the existing gaps in AEE 
education and social needs and to educate a growing workforce about the need for a future supported by clean 
energy. The renewable and alternate energy courses were compiled by considering industry needs, potential 
opportunities, economics and policies of AEE. In addition to covering the principles, practices, and prescribed 
standards, this educational course addressed the integration of energy sources for effective renewable power 
generation and utilization. Both the undergraduate and postgraduate levels of study in sustainability engineering 
were presented by Thürer et al. [50]. Knowledge dissemination will enhance the competencies of students 
to promote renewable energy vigorously and aggressively. 
 
Brazil's public schools invested large amounts of money in guaranteeing electricity through solar photovoltaic 
installations, as Brazil enjoys plentiful sunlight [51]. By scaling up solar power systems, a successful roadmap 
to sustainability was laid by the selected 15 schools. The full electrical demand of all the selected schools was 
effectively met by power generated from PV plants. There was a significant saving of the amount expended 
earlier on electricity bills on achieving energy self-sufficiency, which was fruitfully invested in educational 
programs and extracurricular activities. The residents’ response to renewable power subsidies offered 
by the government was investigated to promote renewable energy while also addressing the problem of high-
cost installations [52]. The significant factors influencing the reactions and expectations of people were income, 
level of education, and employment fields. Table 1 shows various initiatives and measures are practiced 
in educational programs to promote solar energy deployments. 

https://doi.org/10.32933/ActaInnovations.42.3


Acta Innovations  2022 no. 42: 27-49  34 

 
 

 
 

https://doi.org/10.32933/ActaInnovations.42.3  ISSN 2300-5599   2022 RIC Pro-Akademia – CC BY 
 

Table 1. Various educational initiatives and measures. 
 

 Reference   Innovative practices  Activities related to learning and promotion of solar technologies 
 

 [53]   Solar energy adoption  Integration of institutions to promote solar energy adoptions 

 [54]   Solar turtle  Providing mobile solar power to no power-grid areas 

 [55–57]   Consumer’s adoption  Improving consumer intentions to adopt solar innovations 

 [58]   The road to net-zero  Innovations and policy changes to develop a net-zero pathway 
 thought organizations and institutions 

 [59]   MySuria  Identification of economically weaker people and promoting solar 
 PV, and improving their incomes by providing necessary education 

 [60]   Organizational life cycle  
  assessment 

 Providing innovative solutions to solar and wind projects 

 [61–63]   Energy security in smart 
cities 

 Necessitates better management and vital networking of leaders to 
 drive smart city policies and investments 

 [64]   Inter-sectoral learning  Envisaging the inter-sectoral learning on different renewable energy 
 technologies 

 [65]   Load-demand pull policy  Promoting solar PV innovations and patents 

 [66]   Sustainability perspective  Sustainability tool is proposed as an essential aspect to promote 
 solar PV technologies 

 [67–70]   Biomimetic engineering  Promoting the learning of solar energy technologies by biomimetic 
 engineering cases 

 [71–74]   Virtual laboratory  Visualization of solar energy systems and their performance in real- 
 time 

 
Literature on Solar energy research 
The effect of solar energy research on sustainability is discussed here. The critical policy implications for long-
term energy planning in developing countries such as China and India were presented[75]. Between 2009 and 
2020, he predicted the rapid development of biomass and wind power and the relatively stable solar power 
growth. 
 

• Solar cell technologies 
A case study on public perceptions of energy efficiency about paying for renewable energy utilized for domestic 
needs was conducted. A questionnaire method was adopted to interact with residents to obtain their opinion 
for the study conducted in Greece [76]. The study's findings revealed that the respondents were open to the idea 
of renewable energy systems; they had reasonably good knowledge of solar and wind energy systems 
and awareness of the need for environmental protection. The respondents were ready to pay for the switch 
to green renewable energy systems like solar water heaters and PV power installations. Education, energy 
subsidy, and government policies are the major factors associated with the willingness of the respondents 
to utilize solar energy systems. 
Smart windows with active dynamic glazing technologies were installed to reduce heat loss, control solar 
radiation, and improve thermal and visual comfort of buildings [77]. Smart windows were electrochromic, 
halochromic, and nanocrystal in-glass composites, electrokinetic pixels, and liquid-filled elastomer-deformation 
windows. The importance of organic solar cells through photon-electron interactions in molecular systems 
and crystal lattices was discussed [78]. A light-intensity-wavelength diagram was used to discover the photons 
absorbed dyes. The necessity of framing ethical rules and stringent regulations was discussed to procure conflict 
minerals, critical minerals, and rare earth elements for alternative energy research in HEI and research 
laboratories [79]. The importance of using responsibly procured and ethically sourced minerals and metals fully 
complying with established laws and procurement guidelines was stressed. 
 
Dye-sensitized solar cells (DSSCs) have garnered widespread scientific and technological interest. A scientific 
teaching module was formulated to support the continued growth of technological innovation in renewable 
energy and foster learning through inquiry by enabling high school students to fabricate using a simple process 
using natural dyes to make their own DSSC. The conversion of solar energy to electrical energy is demonstrated 
to power small household electrical appliances used in everyday life using sunlight to produce the energy needed 
to drive a small fan motor; more than 80% of high school and middle school students successfully constructed 
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a DSSC in 2.5 hours [80]. The process also gave them a better understanding of the working principles of solar 
cells, solar energy utilization, and the importance of alternative sources of sustainable green energy. Such 
practical application modules will help foster good conceptual understanding, spark interest, and encourage 
lifelong learning to improve the quality and speed up engineering education and research. 
 
Luminescent solar concentrator (LSC) is a newly emerging, promising technology because it allows a large 
collecting area of virtually transparent glass with a comparatively small area of expensive solar cells. It is being 
investigated as a low-cost method to expand the use of solar energy. Painting with a technical activity aims 
to promote greater creativity in LSC construction and engage students in adopting renewable energy [81]. 
Students first painted luminescent dyes on plastic waveguides. Students were encouraged to show off their 
artistry on devices that could produce energy. The process was beneficial in improving students' creativity 
in STEM through the painting and testing of LSC materials at the laboratory, motivating students to harvest 
the freely and abundantly available solar energy. The popularity of a residential solar water heater offers both 
economic and environmental advantages were studied [82]. They discussed the economics of the usage of solar 
water heaters in Turkish households. 
The adoption of solar water heaters largely depended on factors like income, education, geographical location, 
type of space heating system, and the whether the residents were owners or tenants. The percentage 
of households using polluting solid fuels for heating was determined as 61%. The installation of solar water 
heaters reduced energy consumption by 13%. The solar water heater installation in the owner and tenant-
occupied homes was 6% and 3%, respectively. The popularization of solar technology discussed the importance 
of small solar home systems and solar lanterns in rural areas of the Global South and the impact on rural 
livelihoods and living standards [83]. The awareness and understanding of the common public about various 
renewable energy options needed improvement. The awareness and acceptance, particularly of people from 
rural areas, was not up to the desired level due to a lack of demonstration of the working of solar systems 
and knowledge needed to use solar energy products in daily life. The author stressed the importance of more 
research to bridge the gap between installation and implementation with a simple and clear demonstration 
of new technologies and imparting practical knowledge of proper maintenance of solar devices to the rural 
people to educate them about the value of solar energy. It can establish pathways for the economic and social 
progress of the rural population by providing a clean and efficient way to meet energy needs. 
 
The utilization and constant up-gradation of solar energy-based artifacts was required to keep abreast 
of the latest trends and developments. Increasing awareness of renewable energy, promoting clean energy 
education, and building capacity to maximize solar utilization [3]. Proper solar energy education and skill 
development must be readily available, and solar training, teaching, and learning processes must be improved 
to promote renewable energy utilization. Education plays an essential role in the implementation of solar energy 
systems. It is equally as important to identify the people who are to receive and benefit from renewable energy 
education as it is to have a sound teaching methodology and training framework for capacity building. 
A discussion on a holistic method for assessing the success of renewable energy studies was made [84]. 
All stakeholders in the renewable energy study program share equal importance: students, technicians, 
lecturers, industries, researchers, mechanics, and entrepreneurs. Renewable energy education programs 
disseminate relevant knowledge and skills about the utilization of green energy for domestic and industrial 
applications. Hence, well-trained lecturers must handle it in student-friendly learning environments with 
the added input of expertise from professional experts to keep pace with current industry requirements. 
 
A small prototype was designed and built solely to teach students about automatic solar tracking systems [85]. 
The prototype was built using open-source hardware and computer vision to test the control algorithms 
developed in Mathematica and Simulink. For effective learning, students need practical working knowledge. 
The simulations provided an excellent platform for students to study the theory and then explore the workings 
of the solar-tracking solar power system. The students learned much about increasing the efficiency and getting 
more energy from a solar panel and automatic tracking control and applications. The various factors 
that influenced the adoption of solar technologies in rural areas of Ethiopia for household energy needs 
were discussed by Guta [86]. The author found that modern energy technologies were practically non-existent 
in the Horn of Africa, necessitating the scaling up of realistic renewable energy programs that could meet 
the community’s energy demand. The significant positive socioeconomic determinant factors were the size 
of the household, age, educational level of the people, occupational skills, household income, female-headed 
families, poverty reduction policies, and adult education. 

https://doi.org/10.32933/ActaInnovations.42.3


Acta Innovations  2022 no. 42: 27-49  36 

 
 

 
 

https://doi.org/10.32933/ActaInnovations.42.3  ISSN 2300-5599   2022 RIC Pro-Akademia – CC BY 
 

The adsorption system was tested under different periods of mass recovery, heat recovery, and cogeneration 
to determine optimal operating conditions and technical viability [87]. The cogeneration performance 
of the selected system was studied at different heat transfer fluid (HTF) temperatures. The principles 
and practices of sustainable development must form an integral part of the higher education curriculum, 
particularly university studies, along with effective teaching and learning practices to establish a knowledge 
platform that will promote and popularize clean, affordable, and reliable renewable energy. The energy 
efficiency measures adopted by a Brazilian university worked towards achieving the targeted, SDGs were 
investigated [88]. The point of discussion was a Strengths, Weaknesses, Opportunities, and Threats (SWOT) 
analysis for the setting of the SDG in the academic sector, particularly in HEI. The authors stressed the importance 
of educating and directing students who would be change-makers who work for a sustainable society. The focus 
was mainly on the transition to solar PV power generation. SWOT is a helpful tool to improve the adoption 
of renewable energy (RE) technologies. 
HEIs play a crucial contributing role in the popularization of sustainable development by incorporating 
sustainability principles, values, and practices into the educational processes of teaching, learning, and research. 
The effects of the implementation of sustainable practices in the University of Minho were analyzed [89]. A mixed 
top-down and bottom-up approach was noted to be successful. The other measures were teaching and research, 
systematic collection, and data monitoring during the implementation of sustainability measures in HEI. 
Implementing sustainability policies within the institutional framework was used to formulate the guiding 
principles for executing strategies for a sustainable future. Abu-Rayash and Dincer [90] introduced a novel and 
comprehensive sustainability assessment model for energy systems. The model adopted an integrated approach 
that included many multidisciplinary aspects that affect an energy system, such as energy, exergy, economy, 
environment, society, technology education, and size of the RE systems. The model was applied to two case 
studies on solar PV and wind energy systems for 150 households in Ontario to meet their annual electricity, hot 
water, heating, and cooling needs. 
An efficient bilayer wood solar steam generator and desalination system were simulated by Zhao et al. [91]. 
Almost all developing countries face the problem of increasing energy demand. Due to the pressing problem 
of climate change, attention must importantly be given to carbon dioxide mitigation and reduction 
of greenhouse gas emissions along with a capacity expansion of power production. The diffusion of RE 
in the electricity system for power generation was analyzed in Indonesia using a model used to determine 
the energy and carbon dioxide impacts of expanding a power system using a particular energy source [92]. 
It provided a clear picture of the optimal pathway of power system development. The total cost of electricity 
with the applied model was 4-10% lower than the electricity system without considering it. This target decreased 
CO2 emissions by 25% compared to the reference scenario. This model estimated the capacity added, technology 
mix, cumulative electricity production and CO2 emissions were reliable. Therefore, energy policies could focus 
on early deployment of renewable energy, upgrading of the variable RES grid capacity, and faster local learning 
to provide reliable and affordable electrical energy and ensure electricity access for the entire population 
of Indonesia. 
The study showed no significant difference in students knowledge of RE based on gender, educational level 
of students, and parental education level [93]. Students pursuing vocational studies were more aware of RE than 
university students studying normal engineering subjects. Students believed Palestine has high wind and solar 
power potential of around 46% and 40%, respectively. Most of the students favored using solar energy for water 
heating purposes and felt that RE projects in Palestine could succeed. The authors recommended that RE 
concepts be incorporated into and form an integral part of the university and school curriculum to increase 
students' awareness and knowledge levels irrespective of their field of study or specialization. They felt 
that the education of young people was the key to popularizing the implementation of RE in an occupied country 
such as Palestine. 
Many rural electrification schemes have been implemented in Indian villages at a low rate, under the ‘right 
to clean light for every child in rural India’. However, their impact and success/failure have not been examined. 
Sharma et al. [94] studied the learning outcomes, educational attainments, and the increase in study time of poor 
children with the replacement of kerosene lamps by solar lamps in rural households in four states of India using 
a purpose-based random sampling method. The total study time per day during dusk hours increased from 88 
to 118 min as the off-grid solar lamps enabled the students to study for longer periods even in the absence 
of natural light. Daily study time was found enhanced by 32 min and 27 min for girls and boys, respectively. 
The influencing parameters of the total study time are several rooms in the house, the education level of parents, 
and the class in which the child was studying. The introduction of solar study lamps reduced the dependency 
on kerosene lamps. The students' study time and academic performance increased due to the use of solar lamps 
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in the households of economically weaker sections. The wide adoption of solar technology can transform 
the lives of poor and marginalized students by supporting their educational pursuits. 
Passive solar heating in residential buildings has been investigated to alleviate energy poverty [95]. The clean 
technology of passive solar heating effectively reduced the waste of large amounts of conventional coal energy 
consumption and improved the indoor thermal environment in the renovated building. To meet the energy goals 
and alleviate energy poverty using passive solar measures, technical, economic, social, and policy issues must be 
given more attention. An assessment and quantification of the different environmental footprints (energy, 
carbon, and water) of a sustainable university campus, Keele University, United Kingdom, was carried out 
considering the university as a small community [96]. The campus has more than 250 buildings, 10,000 students 
and employs 3,000 staff, necessitating sustainable technologies, materials, systems, and approaches. 
The university implemented a combined environmental and energy policy to take concerted action within 
the sustainability framework. The findings serve as a reference for policy makers and practitioners making 
decisions based on studies on environmental sustainability in universities and other communities. There is a need 
for more favorable Governmental policies and more significant financial incentives. Such incentives are tax 
benefits and rebates to promote the extensive and rapid adoption of solar photovoltaic technologies 
and educational programs on the utilization of renewable energy to drive the nation toward sustainable energy 
[66]. Solar panels and wind turbines are energy technologies that are clean, renewable, and viable energy 
resource alternatives to the planet-warming effects of fossil fuels. Based on extensive interviews with women 
working in US and Canadian RE companies who are passionate about the environment, take proactive steps 
to stop its degradation, are committed to energy conservation measures and effectively address 
the developmental challenge of sustainability [97]. 
The efficiency of perovskite solar cells combining a thermally evaporated p-type perovskite layer was 21.38% 
[98]. It was due to the reduction in carrier recombination losses. Layered hybrid metal halide perovskites-
ensembles of 2D perovskites domains were used to fabricate a low-loss LSC [99]. They achieved an optical 
quantum efficiency of 26%, a fourfold enhancement over the previously reported LSCs. High current density 
and output power (27 W) were achieved while maintaining high energy conversion due to a close electronic 
integration between the photo absorber and the electrocatalyst [100]. 2D-perovskite layer deposition using 
a slot-die process produced power conversion efficiencies (PCEs) of about 12.5% and 8.0%, respectively [101]. 
A new fluorine-substituted wide-bandgap small molecule non-fullerene acceptor used in tandem with solar cells 
produced a PCE of 15%, the energy loss was 0.63 eV [102]. The review on organic-inorganic halide perovskite 
solar cells with PCE rose from 3.8% to over 23.3% [103]. 
Recently, the broad solar absorption and high conversion efficiency of photothermal materials were reviewed 
by Gao et al. [104]. The utilization of sunlight as a RE source for clean water production is a fast-growing research 
area. It is a promising approach to provide solutions for clean water scarcity with minimum environmental 
impact. Green solar-driven water vaporization technology has regained the attention of researchers 
as an efficient and sustainable solution to water scarcity. Approximately 1-20% of the energy has been generated 
from RES to engage buildings, machinery, and equipment [105]. Solar PV was the major share towards 
sustainable energy. Energy analysis was carried out on sustainability and energy use at Texas State University 
[106]. They conducted financial analysis of selected sustainable energy projects. The results are reduced energy 
use and commitments towards sustainability at the smaller institution level and a more extensive level among 
all the sustainable energy stakeholders. The teachers' adoption of solar PV systems to promote a sustainable 
culture was investigated [107]. The knowledge and attitudes of the teachers were improved towards sustainable 
ways in daily life. 
 

• Solar Thermal Energy Technologies 
Nonconcentrated solar thermal technologies are beneficial for water heating and air heating applications. Solar 
concentrated collectors can produce a high temperature on the point focus solar receivers. The energy storage 
density of the concentrated solar receiver with a parabolic dish collector was investigated [108–110]. 
The concentrated heat flux was absorbed and stored at the solar receiver using phase change materials. Hence, 
such solar receivers can provide the thermal buffering effect to compensate for the short time unavailability 
of solar rays due to passing clouds and act as a mobile heat battery for later uses. This work is helpful 
to the students to understand integration issues of the solar collector and thermal energy storage in outdoor 
experiments. 
 

• Implementation of solar energy 
The deployment policies of different early-stage energy technologies must be framed based on specific 
applications rather than generic deployment policies [111]. The authors observed two Germany's solar  
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photovoltaic feed-in tariff policies, namely technology-specific and application-specific policies, to accelerate 
photovoltaic growth. The implications of implementing solar projects in Africa were assessed towards 
implementing the 2030 plan [112]. The lack of performance assessment methods of the solar power project 
is one of the major concerns in implementing RE projects in Africa based on case studies on Ghana, Kenya 
and South Africa. China’s solar photovoltaic power was studied using a model to explore its development during 
2018-2050 [113]. Learning and technological progress are the main factors in reducing the cost of solar PV power. 
The use of a solar home system as a source of electricity in remote areas in Côte d'Ivoire was analyzed by Diallo 
and Moussa [114].  
 
The solar home system practice improved the per capita energy consumption, increased schooling, and reduced 
illness. The influencing factors for rooftop solar panel installation were income, education, knowledge about 
Australia's RE policies, and conviction about the environmental benefits of solar energy [115]. Australia enjoys 
the distinction of having one of the highest rates of installed residential rooftop solar systems globally, with over 
20% of households favoring the same. The use of solar energy by deploying solar PV in rural households in India 
was analyzed by Yadav et al. [116]. The high satisfaction observed for distributed solar PV among the households 
who were received subsidized PV connections paid connections from solar microgrids and purchased solar 
energy systems for power reliability. Table 2 shows selective applications of innovative research and 
developments in various fields.  
 

Table 2. Recent innovative applications through solar energy research and development. 
 

 Solar energy system  Innovative applications 
 

 Solar thermal   Fluidized bed and bioreactors [117,118], absorption chillers [119], Hydrogen fuel 

 and ammonia production [86,120,121], energy efficient buildings [20,122], Fuel  

 cells [123], iron ore agglomeration [124], wastewater treatment [125], medical 

 sterilization [126,127], cooling of building by triple vacuum-glazed windows [128] 

 Solar PV  Smart textiles [129], agrivoltaic system [130,131], electric vehicles [132], flexible 

 solar cells [133], road structures and marine applications [134,135], hybridization 

 with biogas system [136], solar home systems [137]. 

 
Results and discussion 
RES has the potential to offer solutions to long-standing energy problems and environmental concerns. Many 
countries such as Germany, Sweden, and China have actively focused on solar energy education and training 
to understand the possibilities of renewable energy and move to green technology for energy security. Besides 
encouraging research on energy efficiency technologies and best energy practices to help respond 
to the challenges of mitigating global climate change. Solar energy education and training can be successfully 
implemented only when other equally essential skills like verbal and written communication, teamwork, 
business, and project management are also imparted. The requisite technical skills for young engineers 
are the primary factors to become successful solar energy professionals. 
Only a few countries are actively promoting solar energy education to scale up solar energy generation, advance 
solar photovoltaic technologies, and increase economic PV deployment on a large scale to achieve greater 
sustainability. Strategies must be adopted to reach out the benefits of solar power energy and promote the 
utilization of solar power systems for meeting almost all thermal or electrical energy requirements. Exploring 
new and more effective applications of solar energy systems and grid technologies that are both technically 
viable and financially sustainable will ensure continuous improvements in providing efficient and affordable 
alternative energy for homes and commercial buildings, paving the way towards sustainable cities and countries.  
 
The drivers, barriers and enablers of end-of-life solar PV panels and battery energy storage systems [138]. 
Economic drivers are dependent on the research and development of educational institutions and industries. 
The barriers are related to the lack of profits/collecting network, and no regulations/ incentives. The high school 
students were motivated to learn new concepts by fabricating a handmade solar cell [139]. Such solar cells 
consist of chlorophyll extract from the leaves of Diacol Capiro potatoes and nickel-silver electrodes. The students 
learned the making of low-cost natural dye to make a solar cell. An individual chlorophyll cell produced 
a maximum voltage of 1 V. Thus, around 90% of the students learned to use visible light to produce electricity.
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The willingness to pay towards renewable electricity in rural households in Ethiopia was analyzed because 55% 
of the people were with lack electricity [140]. Compared to hydroelectric dams, solar photovoltaic energy 
is preferable to rural electricity in Ethiopia. The benefits of solar photovoltaic systems for low-income families 
in Korea were discussed by Lee et al. [141]. The people were satisfied with the utilization of solar energy. 
However, the mismatch between the PV capacity and the electricity bill reduction should be considered 
in the long-term analysis with a balance of systems. Estimated gross career opportunities for solar PV, wind 
onshore and offshore deployment were up to 2050 for the European Union [6]. For the analyzed period (2014-
2050), the photovoltaic sector possibly provides more careers in operation and maintenance. Table 3 shows 
the various activities required to reach sustainability through solar energy education, serving as clean energy 
for all. 
A model was designed to demonstrate high-efficiency maximum power point tracking (MPPT) with intelligent 
controllers [142]. MPPT helps achieve maximum output from a PV panel, ensures that the solar PV system is used 
effectively, and improves the solar conversion efficiency; the demonstration was aimed at PV engineers 
and researchers. The focus of the training program was to give fresh engineers access to better employment 
opportunities and equip them with the necessary know-how to be eligible to work on start-up projects on power 
point tracking. Quantum dot solar cells are promising organic methods of solar energy conversion [143]. 
Students must gather knowledge of RE systems in any country with solar energy potential considering three 
significant aspects: energy source, environment, and economic aspects. The solar energy industry needs 
enterprising students who possess multidisciplinary skills to be involved in research activities to explore new 
generic or specialized solar system designs that are cost-effective for commercialization to meet societal needs 
and for the continued growth of this field. The power of the current generation to bring about a solar revolution 
to meet future energy needs lies in the hands of the current generation. 

 

Table 3. Activities for promoting solar energy utilization. 
 

Items Description 
 

 Government policies      The Central and State governments must adopt a broad policy  
     framework and its programmes, incentives, fund subsidies,  
     and promotional activities to favor capacity addition and people to 
     adopt solar energy-based utilities. 

 Mandatory courses at  
 undergraduate levels for science 
 programs 

  Greater awareness of the urgent need for sustainability, increasing 
  knowledge of solar energy systems and skill development in the student 
  community. 

 Activity-based curricula and 
 multidisciplinary skills 

  All educational modules are embedded with project-based practical 
  activities such as power kits and solar products to inculcate 
  multidisciplinary skills [81]. 

 Industry-Institution Collaboration    Industries and institutions should work closely with research centers  
  and academia for mutual interaction to address sustainability issues 
  and strive towards eco-friendly energy generation and use [36]. 

 Outside classroom activities   Providing more hands-on activities and experiments outside the 
  classroom leads to a better conceptual understanding of solar energy 
  principles. It also facilitates involvement in renewable energy-related 
  projects. 

 Research and development of new  
 technologies 

  Pioneering research activities and development efforts are underway  
  to make the best possible use of RE, materials, design of energy- 
  efficient systems, improving products and manufacturing processes,  
  and  competitive costs. 

 

It is essential that solar energy professionals could possess multidisciplinary knowledge for more significant solar 
deployment, increasing solar adoption, and improving solar installations. Novel solar energy materials 
and efficient energy storage conversion technologies can lead to sustainability [144–147]. Access to clean, 
affordable, and reliable energy as thermo-electric needs constitute a significant portion of the energy 
requirements. The SDGs were outlined in the 2030 Agenda for Sustainable Development of the United Nations 
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to guide a sustainable future. Sustainable and affordable energy is one of the 17 goals to ensure access to reliable 
energy [148]. New energy storage materials and system designs are evolving to store solar energy effectively 
in electrical and thermal energy storage to meet the energy needs of society [149–154]. The record performance 
of different solar cell technologies is shown in Figure 7. Solar energy technologies can provide input to several 
indicators of other SDGs, such as water, a decent work environment, and others. 
Solar energy is an ideal sustainability model as it can help reap the benefits of a green economy by providing 
clean energy. Solar energy education should systematically provide fundamental knowledge of solar technology 
and photovoltaic applications, a good understanding of concepts and principles, skill development, 
and vocational training programs to undergraduate students to empower them to face various challenges 
and opportunities in solar energy. Undoubtedly, solar power generation is one of the fields that provide more 
job creations in installing and maintaining solar PV plants and the research careers in solar energy materials 
development.  
 

 
Figure 7. Solar cell technologies and their respective recorded efficiencies. 

 
The notable barriers are lack of awareness, financial policies, reliability, and end-of-life management practices 
towards a circular economy. The drivers are governmental policies, financial assistance, incentives, reliability 
and maintenance measures, energy consciousness, climate change mitigation, and environmental benefits. 
Further developments in solar energy require developing more reliable and sustainable energy materials 
for energy conversion and storage. Solar energy technologies must be strengthened to provide clean water 
through effective desalination, clean air through solar-powered carbon capture methods, thermal management 
of buildings, and wastewater treatment technologies [155–158]. Implementation of such green technologies can 
create more jobs and sustainable energy infrastructure [159]. The interlinking of other SDGs with SDG 7 has 
already gained momentum, and it is essential to increase the implementation rate to meet the climate change 
goals of 2030. The Effective solar thermal conversion technologies are to be strengthened for the thermal energy 
requirements to provide uninterrupted energy needs from the domestic to the community level and power 
generation.  
 
Impact 
The impact of the present short review article comprehensively discusses the recent trends in solar energy-based 
education and research as per the recently published documents. Several measures and institutional initiatives 
were undertaken in solar energy education to provide awareness and hands-on solar energy technologies. 
The topic-wise published documents are shown to understand the recent solar energy-relevant work carried 
out by several researchers to motivate the solar community to bring out more such solar energy innovations 
in education and product innovations. To improve the use of solar energy to the maximum possible extent, 
imparting proper knowledge promptly at the institution level is essential with solid motivation towards 
sustainability.  
Solar cells are primarily investigated area in solar energy research. Various solar photovoltaic and cell 
technologies are continuously studied globally to improve cell conversion efficiencies and reliability. Research 
on novel materials should focus on the reliability and sustainability of large-scale deployments. Furthermore, 
solar cell research activities should combine with advanced developments in sustainable energy materials 
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to witness sustainable development. The need-based poly-generation systems using solar energy are vital 
to simultaneously minimize environmental degradation by satisfying thermal and electrical needs. 
The present review sheds light on the recent innovations in solar energy from a country’s perspectives 
on the learning environment and product development. The discussion and future directions are incredibly 
beneficial to all the stakeholders of the solar community. The immediate impacts of effective solar energy 
utilization are social interconnections, economic opportunities, environmental security, and financial benefits. 
In addition, solar energy utilization satisfies one of the 17 sustainable development goals, 13-climate action, 
by minimizing fossil fuel usage. The discussion of the present review could help the sustainable energy 
community to explore more reliable products for society with minimal carbon footprints in the long term.  
  
Conclusions 
Solar energy is evidently a key to a sustainable future. It can effectively meet a significant part of the energy 
demand without the undesirable repercussions of environmental degradation, carbon emissions, and global 
warming and meet SDG 7 and 13. The major conclusions are given below. 

 Proper solar energy education and research strategies can spearhead a country’s efforts to achieve its 
sustainability goals and ensure sustainable living for its citizens and the earth.  

 The strengthening of green campus initiatives in each institution plays a pivotal role in RE explorations.  

 Courses related to RE must focus on various topics and issues related to solar energy, which should 
be a core course in science and engineering curricula to utilize solar energy for daily energy needs. 

 Learning by doing like activity-based learning is effective to learning solar technologies. 

 Research work is continually needed in the solar photovoltaic field to promising alternative energy. 
The flexible and organic solar cells require more research to produce stable solar cells with higher 
efficiencies.  

 Several potential applications of solar energy are to be explored with reliable energy storage 
technologies. 

 Emerging solar cell technologies are demanding research on developing low-cost and sustainable 
energy materials. 

 Thermal management of concentrated solar PV and subsequent poly-generation needs improvement.  

 Hybridization of other energy technologies with solar energy systems is helpful to alleviate variable 
and intermittent solar radiation.  

 Integration of computing smart technologies into solar energy systems can reach and benefit society. 

 Promoting SDG 7 with other closely associated SDGs can lead to materializing the carbon-free 
environment.  

Solar energy can help meet the energy needs of the future and resolve the energy crisis with its high energy 
saving potential and minimize adverse impacts on the environment. There must be greater dissemination 
and awareness of the many advantages of using solar energy, such as improved environmental quality, increased 
energy stability and security, and local economic development benefits to accelerate the shift to clean energy. 
Cost-effective solar energy technologies with energy storage systems and products can underpin progress in all 
areas of development and go a long way in powering a future with easy access to reliable, affordable, completely 
sustainable clean and green energy for all. 
 
Abbreviations 
AEE  Alternative energy engineering 
DSSC  Dye-sensitized solar cells 
HEI  Higher education institutions 
HTF  Heat transfer fluid 
LSC  Luminescent solar concentrator 
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PV  Photovoltaic 
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https://doi.org/10.32933/ActaInnovations.42.3


Acta Innovations  2022 no. 42: 27-49  42 

 
 

 
 

https://doi.org/10.32933/ActaInnovations.42.3  ISSN 2300-5599   2022 RIC Pro-Akademia – CC BY 
 

Conflict of interest 
The author declares that there is no conflict of interest. 
 
Funding information 
There is no fund involved in this work. 
 
Acknowledgments 
This research has not been supported by any external funding. 
 
References 
[1] 26th UN Climate Change Conference, (2021). https://ukcop26.org/. 
[2] R. Ciriminna, F. Meneguzzo, M. Pecoraino, M. Pagliaro, Rethinking solar energy education on the dawn 

of the solar economy, Renew. Sustain. Energy Rev. 63 (2016) 13–18. 
https://doi.org/10.1016/j.rser.2016.05.008. 

[3] A. Ott, L. Broman, K. Blum, A pedagogical approach to solar energy education, Sol. Energy. 173 (2018) 
740–743. https://doi.org/10.1016/j.solener.2018.07.060. 

[4] L. Niamir, O. Ivanova, T. Filatova, A. Voinov, H. Bressers, Demand-side solutions for climate mitigation: 
Bottom-up drivers of household energy behavior change in the Netherlands and Spain, Energy Res. Soc. 
Sci. 62 (2020) 101356. https://doi.org/10.1016/j.erss.2019.101356. 

[5] E.M. Barhoumi, P.C. Okonkwo, M. Zghaibeh, I. Ben Belgacem, T.A. Alkanhal, A.G. Abo-Khalil, I. Tlili, 
Renewable energy resources and workforce case study Saudi Arabia: review and recommendations, 
J. Therm. Anal. Calorim. 141 (2020) 221–230. https://doi.org/10.1007/s10973-019-09189-2. 

[6] M. Ortega, P. del Río, P. Ruiz, W. Nijs, S. Politis, Analysing the influence of trade, technology learning and 
policy on the employment prospects of wind and solar energy deployment: The EU case, Renew. Sustain. 
Energy Rev. 122 (2020) 109657. https://doi.org/10.1016/j.rser.2019.109657. 

[7] A. Elia, M. Kamidelivand, F. Rogan, B. Ó Gallachóir, Impacts of innovation on renewable energy 
technology cost reductions, Renew. Sustain. Energy Rev. 138 (2021) 110488. 
https://doi.org/10.1016/j.rser.2020.110488. 

[8] O. Kaya, A.M. Klepacka, W.J. Florkowski, The role of personal and environmental factors in rural 
homeowner decision to insulate; an example from Poland, Renew. Sustain. Energy Rev. 150 (2021) 
111474. https://doi.org/10.1016/j.rser.2021.111474. 

[9] Y.T. Wassie, M.M. Rannestad, M.S. Adaramola, Determinants of household energy choices in rural sub-
Saharan Africa: An example from southern Ethiopia, Energy. 221 (2021) 119785. 
https://doi.org/10.1016/j.energy.2021.119785. 

[10] S. Kolosok, Y. Bilan, T. Vasylieva, A. Wojciechowski, M. Morawski, A scoping review of renewable energy, 
sustainability and the environment, Energies. 14 (2021) 4490. https://doi.org/10.3390/en14154490. 

[11] L.F. Hirt, M. Sahakian, E. Trutnevyte, What socio-technical regimes foster solar energy champions? 
Analysing uneven photovoltaic diffusion at a subnational level in Switzerland, Energy Res. Soc. Sci. 74 
(2021) 101976. https://doi.org/10.1016/j.erss.2021.101976. 

[12] M. Uriona-Maldonado, T. Caliari, L.H. de Souza Costa, C.R. Vaz, The diffusion of solar photovoltaics 
in brazil: A technological innovation system approach, in: Smart Innov. Syst. Technol., 2021: pp. 377–385. 
https://doi.org/10.1007/978-3-030-55374-6_37. 

[13] M. Victoria, N. Haegel, I.M. Peters, R. Sinton, A. Jäger-Waldau, C. del Cañizo, C. Breyer, M. Stocks, 
A. Blakers, I. Kaizuka, K. Komoto, A. Smets, Solar photovoltaics is ready to power a sustainable future, 
Joule. 5 (2021) 1041–1056. https://doi.org/10.1016/j.joule.2021.03.005. 

[14] Q. Zhang, L. Suresh, Q. Liang, Y. Zhang, L. Yang, N. Paul, S.C. Tan, Emerging Technologies for Green Energy 
Conversion and Storage, Adv. Sustain. Syst. 5 (2021) 2000152. https://doi.org/10.1002/adsu.202000152. 

[15] M. Temiz, I. Dincer, Design and analysis of nuclear and solar-based energy, food, fuel, and water 
production system for an indigenous community, J. Clean. Prod. 314 (2021) 127890. 
https://doi.org/10.1016/j.jclepro.2021.127890. 

[16] K. Zaman, A.R.A. Aziz, S. Sriyanto, Sasmoko, Y. Indrianti, H. Jambari, The role of solar energy demand 
in the relationship between carbon pricing and environmental degradation: A blessing in disguise, 
J. Public Aff. (2021). https://doi.org/10.1002/pa.2702. 

[17] I. Ari, M. Koc, Philanthropic-crowdfunding-partnership: A proof-of-concept study for sustainable 
financing in low-carbon energy transitions, Energy. 222 (2021) 119925. 
https://doi.org/10.1016/j.energy.2021.119925. 

[18] D. Drosos, G.L. Kyriakopoulos, S. Ntanos, A. Parissi, School managers perceptions towards energy 

https://doi.org/10.32933/ActaInnovations.42.3


Acta Innovations  2022 no. 42: 27-49  43 

 
 

 
 

https://doi.org/10.32933/ActaInnovations.42.3  ISSN 2300-5599   2022 RIC Pro-Akademia – CC BY 
 

efficiency and renewable energy sources, Int. J. Renew. Energy Dev. 10 (2021) 573–584. 
https://doi.org/10.14710/ijred.2021.36704. 

[19] D. Hirsh Bar Gai, E. Shittu, D. Attanasio, C. Weigelt, S. LeBlanc, P. Dehghanian, S. Sklar, Examining 
community solar programs to understand accessibility and investment: Evidence from the U.S., Energy 
Policy. 159 (2021) 112600. https://doi.org/10.1016/j.enpol.2021.112600. 

[20] X.J. Luo, L.O. Oyedele, Assessment and optimisation of life cycle environment, economy and energy for 
building retrofitting, Energy Sustain. Dev. 65 (2021) 77–100. https://doi.org/10.1016/j.esd.2021.10.002. 

[21] L. Guo, J. Kors, Design of a laboratory scale solar microgrid cyber-physical system for education, Electron. 
10 (2021) 1562. https://doi.org/10.3390/electronics10131562. 

[22] E. Harrington, A.W. Wambugu, Beyond technical standards: Creating an ecosystem for quality and repair 
in Kenya’s off-grid solar sector, Energy Res. Soc. Sci. 77 (2021) 102101. 
https://doi.org/10.1016/j.erss.2021.102101. 

[23] E. Gervais, S. Shammugam, L. Friedrich, T. Schlegl, Raw material needs for the large-scale deployment 
of photovoltaics – Effects of innovation-driven roadmaps on material constraints until 2050, Renew. 
Sustain. Energy Rev. 137 (2021) 110589. https://doi.org/10.1016/j.rser.2020.110589. 

[24] I.M. Peters, C. Breyer, S.A. Jaffer, S. Kurtz, T. Reindl, R. Sinton, M. Vetter, The role of batteries in meeting 
the PV terawatt challenge, Joule. 5 (2021) 1353–1370. https://doi.org/10.1016/j.joule.2021.03.023. 

[25] M. Ghasri, A. Ardeshiri, N.J. Ekins-Daukes, T. Rashidi, Willingness to pay for photovoltaic solar cells 
equipped electric vehicles, Transp. Res. Part C Emerg. Technol. 133 (2021) 103433. 
https://doi.org/10.1016/j.trc.2021.103433. 

[26] V.K. Chauhan, S.K. Shukla, J.V. Tirkey, P.K. Singh Rathore, A comprehensive review of direct solar 
desalination techniques and its advancements, J. Clean. Prod. 284 (2021) 124719. 
https://doi.org/10.1016/j.jclepro.2020.124719. 

[27] X. Xu, S. Ozden, N. Bizmark, C.B. Arnold, S.S. Datta, R.D. Priestley, A Bioinspired Elastic Hydrogel for Solar-
Driven Water Purification, Adv. Mater. 33 (2021) 2007833. https://doi.org/10.1002/adma.202007833. 

[28] R.K. Goel, C.S. Yadav, S. Vishnoi, R. Rastogi, Smart agriculture – Urgent need of the day in developing 
countries, Sustain. Comput. Informatics Syst. 30 (2021) 100512. 
https://doi.org/10.1016/j.suscom.2021.100512. 

[29] R. Senthil, S. Yuvaraj, A comprehensive review on bioinspired solar photovoltaic cells, Int. J. Energy Res. 
43 (2019) 1068–1081. https://doi.org/10.1002/er.4255. 

[30] 2021, Scopus, (n.d.). https://www.scopus.com/. 
[31] A. Karabulut, E. Gedik, A. Keçebaş, M.A. Alkan, An investigation on renewable energy education at the 

university level in Turkey, Renew. Energy. 36 (2011) 1293–1297. 
https://doi.org/10.1016/j.renene.2010.10.006. 

[32] R.C. Buschmann, C. Prettner, Solar info center freiburg (germany) an energy efficient name card for clean 
energy development, Int. J. Sustain. Build. Technol. Urban Dev. 2 (2011) 191–194. 
https://doi.org/10.5390/SUSB.2011.2.3.191. 

[33] M.J. Pasqualetti, S. Haag, A solar economy in the American Southwest: Critical next steps, Energy Policy. 
39 (2011) 887–893. https://doi.org/10.1016/j.enpol.2010.11.013. 

[34] K. Mahmud, S. Morsalin, M.I. Khan, Design and Fabrication of an Automated Solar Boat, Int. J. Adv. Sci. 
Technol. 64 (2014) 31–42. https://doi.org/10.14257/ijast.2014.64.04. 

[35] C.G. Kuo, C.C. Chang, Building professional competencies indices in the solar energy industry for the 
engineering education curriculum, Int. J. Photoenergy. 2014 (2014) 1–6. 
https://doi.org/10.1155/2014/963291. 

[36] I. Navarro, Á. Gutiérrez, C. Montero, E. Rodríguez-Ubiñas, E. Matallanas, M. Castillo-Cagigal, M. Porteros, 
J. Solórzano, E. Caamaño-Martín, M.A. Egido, J.M. Páez, S. Vega, Experiences and methodology 
in a multidisciplinary energy and architecture competition: Solar Decathlon Europe 2012, Energy Build. 
83 (2014) 3–9. https://doi.org/10.1016/j.enbuild.2014.03.073. 

[37] C.G. Kuo, C.C. Chang, C.C. Huang, Constructing employability indicators for enhancing the effectiveness 
of engineering education for the solar industry, Int. J. Photoenergy. 2014 (2014) 1–11. 
https://doi.org/10.1155/2014/491353. 

[38] S. Karytsas, H. Theodoropoulou, Socioeconomic and demographic factors that influence publics’ 
awareness on the different forms of renewable energy sources, Renew. Energy. 71 (2014) 480–485. 
https://doi.org/10.1016/j.renene.2014.05.059. 

[39] M. Torres-Ramírez, B. García-Domingo, J. Aguilera, J. De La Casa, Video-sharing educational tool applied 
to the teaching in renewable energy subjects, Comput. Educ. 73 (2014) 160–177. 
https://doi.org/10.1016/j.compedu.2013.12.014.

https://doi.org/10.32933/ActaInnovations.42.3


Acta Innovations  2022 no. 42: 27-49  44 

 
 

 
 

https://doi.org/10.32933/ActaInnovations.42.3  ISSN 2300-5599   2022 RIC Pro-Akademia – CC BY 
 

[40] P. Criqui, S. Mima, P. Menanteau, A. Kitous, Mitigation strategies and energy technology learning: 
An assessment with the POLES model, Technol. Forecast. Soc. Change. 90 (2015) 119–136. 
https://doi.org/10.1016/j.techfore.2014.05.005. 

[41] J. Buelin, A.C. Clark, J. V. Ernst, Engineering’s grand challenges: Priorities and integration 
recommendations for technology education curriculum development, J. Technol. Educ. 28 (2016) 37–52. 
https://doi.org/10.21061/jte.v28i1.a.3. 

[42] A. Faza, M. Batarseh, W. Abu-Elhaija, Upgrading power and energy engineering curricula in Jordanian 
universities: A case study at PSUT, Int. J. Electr. Eng. Educ. 54 (2017) 57–81. 
https://doi.org/10.1177/0020720916673648. 

[43] L. Neij, E. Heiskanen, L. Strupeit, The deployment of new energy technologies and the need for local 
learning, Energy Policy. 101 (2017) 274–283. https://doi.org/10.1016/j.enpol.2016.11.029. 

[44] A.S.O. Ogunjuyigbe, T.R. Ayodele, E.E. Ekoh, Development of a MATLAB based Educational Software 
(UISOLAR) For Solar Application, Energy Eng. J. Assoc. Energy Eng. 114 (2017) 33–54. 
https://doi.org/10.1080/01998595.2017.11882308. 

[45] N.A. Jefry, N.A. Zambri, Suitability of demand response program equipped with solar energy in UTHM, 
Indones. J. Electr. Eng. Comput. Sci. 6 (2017) 294–300. https://doi.org/10.11591/ijeecs.v6.i2.pp294-300. 

[46] A.M. Manokar, D.P. Winston, A.E. Kabeel, R. Sathyamurthy, Sustainable fresh water and power 
production by integrating PV panel in inclined solar still, J. Clean. Prod. 172 (2018) 2711–2719. 
https://doi.org/10.1016/j.jclepro.2017.11.140. 

[47] A. Alqahtani, M. Alsaffar, M. El-Sayed, H. Behbehani, A photovoltaic system experiment in a laboratory 
environment, Int. J. Electr. Eng. Educ. 55 (2018) 31–43. https://doi.org/10.1177/0020720917750956. 

[48] S.A. Nathan, F. Loxsom, A Sustainable Energy Laboratory Course for Non-Science Majors, Phys. Teach. 54 
(2016) 420–422. https://doi.org/10.1119/1.4962779. 

[49] A.S. Leger, A multidisciplinary undergraduate alternative energy engineering course, IEEE Trans. Educ. 62 
(2019) 34–39. https://doi.org/10.1109/TE.2018.2844811. 

[50] M. Thürer, I. Tomašević, M. Stevenson, T. Qu, D. Huisingh, A systematic review of the literature 
on integrating sustainability into engineering curricula, J. Clean. Prod. 181 (2018) 608–617. 
https://doi.org/10.1016/j.jclepro.2017.12.130. 

[51] J. da S. Pereira, D.A. Ribeiro, F.H. Lucena, J. Urbanetz Júnior, Assessment of the potential implementation 
of solar energy generation in state schools in Curitiba/PR, Brazilian Arch. Biol. Technol. 61 (2018). 
https://doi.org/10.1590/1678-4324-smart-2018000300. 

[52] L. Ding, F. Zhang, J. Shuai, How do chinese residents expect of government subsidies on solar photovoltaic 
power generation?-a case of Wuhan, China, Energies. 11 (2018) 228. 
https://doi.org/10.3390/en11010228. 

[53] D. Asante, Z. He, E. Mintah Ampaw, S. Gyamerah, M. Ankrah Twumasi, E. Opoku-Mensah, F. Kyere, 
B. Asante, E. Afia Akyia, Renewable energy technology transition among small-and-medium scale firms 
in Ghana, Renew. Energy. 178 (2021) 549–559. https://doi.org/10.1016/j.renene.2021.06.111. 

[54] B. Urban, J. Maphalala, Solar turtle: searching for the game changer, Emerald Emerg. Mark. Case Stud. 9 
(2019) 1–20. https://doi.org/10.1108/EEMCS-02-2019-0032. 

[55] K.K. Kapoor, Y.K. Dwivedi, Sustainable consumption from the consumer’s perspective: Antecedents 
of solar innovation adoption, Resour. Conserv. Recycl. 152 (2020) 104501. 
https://doi.org/10.1016/j.resconrec.2019.104501. 

[56] P.C. Sun, H.M. Wang, H.L. Huang, C.W. Ho, Consumer attitude and purchase intention toward rooftop 
photovoltaic installation: The roles of personal trait, psychological benefit, and government incentives, 
Energy Environ. 31 (2020) 21–39. https://doi.org/10.1177/0958305X17754278. 

[57] J. Abreu, N. Wingartz, N. Hardy, New trends in solar: A comparative study assessing the attitudes towards 
the adoption of rooftop PV, Energy Policy. 128 (2019) 347–363. 
https://doi.org/10.1016/j.enpol.2018.12.038. 

[58] C. O’Flynn, V. Seymour, J. Crawshaw, T. Parrott, C. Reeby, S.R.P. Silva, The road to net zero: A case study 
of innovative technologies and policy changes used at a medium-sized university to achieve Czero by 
2030, Sustain. 13 (2021) 9954. https://doi.org/10.3390/su13179954. 

[59] S.A. Malik, A.R. Ayop, Solar energy technology: Knowledge, awareness, and acceptance of B40 
households in one district of Malaysia towards government initiatives, Technol. Soc. 63 (2020) 101416. 
https://doi.org/10.1016/j.techsoc.2020.101416. 

[60] H. Marx, S. Forin, M. Finkbeiner, Organizational life cycle assessment of a service providing SME for 
renewable energy projects (PV and wind) in the United Kingdom, Sustain. 12 (2020) 4475. 
https://doi.org/10.3390/su12114475.

https://doi.org/10.32933/ActaInnovations.42.3


Acta Innovations  2022 no. 42: 27-49  45 

 
 

 
 

https://doi.org/10.32933/ActaInnovations.42.3  ISSN 2300-5599   2022 RIC Pro-Akademia – CC BY 
 

[61] W. Strielkowski, T. Veinbender, M. Tvaronavičienė, N. Lace, Economic efficiency and energy security 
of smart cities, Econ. Res. Istraz. 33 (2020) 788–803. https://doi.org/10.1080/1331677X.2020.1734854. 

[62] A. Hazarika, S. Poddar, M.M. Nasralla, H. Rahaman, Area and energy efficient shift and accumulator unit 
for object detection in IoT applications, Alexandria Eng. J. 61 (2022) 795–809. 
https://doi.org/10.1016/j.aej.2021.04.099. 

[63] J. Liu, B. Gong, Q. Wang, A trusted proof mechanism of data source for smart city, Futur. Gener. Comput. 
Syst. 128 (2022) 349–364. https://doi.org/10.1016/j.future.2021.10.012. 

[64] A. Malhotra, T.S. Schmidt, J. Huenteler, The role of inter-sectoral learning in knowledge development 
and diffusion: Case studies on three clean energy technologies, Technol. Forecast. Soc. Change. 146 
(2019) 464–487. https://doi.org/10.1016/j.techfore.2019.04.018. 

[65] X. Gao, V. Rai, Local demand-pull policy and energy innovation: Evidence from the solar photovoltaic 
market in China, Energy Policy. 128 (2019) 364–376. https://doi.org/10.1016/j.enpol.2018.12.056. 

[66] Y.H. Cho, A. Shaygan, T.U. Daim, Energy technology adoption: Case of solar photovoltaic in the Pacific 
Northwest USA, Sustain. Energy Technol. Assessments. 34 (2019) 187–199. 
https://doi.org/10.1016/j.seta.2019.05.011. 

[67] J.M. Delgado-Sanchez, I. Lillo-Bravo, Learning solar energy inspired by nature: biomimetic engineering 
cases, Eur. J. Eng. Educ. 46 (2021) 1058–1075. https://doi.org/10.1080/03043797.2021.1988906. 

[68] N. Ali, E.L. Gyllye, C. Duanmu, Y. Yang, A. Khan, F. Ali, M. Bilal, H.M.N. Iqbal, Robust bioinspired surfaces 
and their exploitation for petroleum hydrocarbon remediation, Environ. Sci. Pollut. Res. (2021). 
https://doi.org/10.1007/s11356-021-16525-3. 

[69] Y. Dong, F. Wang, Y. Zhang, X. Shi, A. Zhang, Y. Shuai, Experimental and numerical study on flow 
characteristic and thermal performance of macro-capsules phase change material with biomimetic oval 
structure, Energy. 238 (2022) 121830. https://doi.org/10.1016/j.energy.2021.121830. 

[70] X.T. Yan, Y.K. Jin, X.M. Chen, C. Zhang, C.L. Hao, Z.K. Wang, Nature-inspired surface topography: design 
and function, Sci. China Physics, Mech. Astron. 63 (2020) 224601. https://doi.org/10.1007/s11433-019-
9643-0. 

[71] L. Guo, M. Vengalil, N.M.M. Abdul, K. Wang, Design and implementation of virtual laboratory 
for a microgrid with renewable energy sources, Comput. Appl. Eng. Educ. (2021). 
https://doi.org/10.1002/cae.22459. 

[72] J.M. Han, E.S. Choi, A. Malkawi, CoolVox: Advanced 3D convolutional neural network models 
for predicting solar radiation on building facades, Build. Simul. (2021). https://doi.org/10.1007/s12273-
021-0837-0. 

[73] K. Rajesh, C. Sivapragasam, S. Rajendran, Teaching Solar and Wind Energy Conversion Course 
for Engineering Students: A Novel Approach, in: 2021 Int. Conf. Adv. Comput. Innov. Technol. Eng. 
ICACITE 2021, IEEE, 2021: pp. 826–831. https://doi.org/10.1109/ICACITE51222.2021.9404589. 

[74] I. Abada, M. Othmani, L. Tatry, An innovative approach for the optimal sizing of mini-grids in rural areas 
integrating the demand, the supply, and the grid, Renew. Sustain. Energy Rev. 146 (2021) 111117. 
https://doi.org/10.1016/j.rser.2021.111117. 

[75] R.G. Cong, An optimization model for renewable energy generation and its application in China: 
A perspective of maximum utilization, Renew. Sustain. Energy Rev. 17 (2013) 94–103. 
https://doi.org/10.1016/j.rser.2012.09.005. 

[76] S. Ntanos, G. Kyriakopoulos, M. Chalikias, G. Arabatzis, M. Skordoulis, Public perceptions and willingness 
to pay for renewable energy: A case study from Greece, Sustain. 10 (2018) 687. 
https://doi.org/10.3390/su10030687. 

[77] M. Casini, Active dynamic windows for buildings: A review, Renew. Energy. 119 (2018) 923–934. 
https://doi.org/10.1016/j.renene.2017.12.049. 

[78] Z. Csernovszky, A. Horváth, Organic solar cells and physics education, Eur. J. Phys. 39 (2018) 045804. 
https://doi.org/10.1088/1361-6404/aab5d1. 

[79] L. Hancock, N. Ralph, M. Armand, D. Macfarlane, M. Forsyth, In the lab: New ethical and supply chain 
protocols for battery and solar alternative energy laboratory research policy and practice, J. Clean. Prod. 
187 (2018) 485–495. https://doi.org/10.1016/j.jclepro.2018.03.097. 

[80] S.I. Chien, C. Su, C.C. Chou, W.R. Li, Visual Observation and Practical Application of Dye Sensitized Solar 
Cells in High School Energy Education, J. Chem. Educ. 95 (2018) 1167–1172. 
https://doi.org/10.1021/acs.jchemed.7b00484. 

[81] A. Renny, C. Yang, R. Anthony, R.R. Lunt, Luminescent Solar Concentrator Paintings: Connecting Art and 
Energy, J. Chem. Educ. 95 (2018) 1161–1166. https://doi.org/10.1021/acs.jchemed.7b00742. 

[82] E. Aydin, P. Eichholtz, E. Yönder, The economics of residential solar water heaters in emerging economies: 

https://doi.org/10.32933/ActaInnovations.42.3


Acta Innovations  2022 no. 42: 27-49  46 

 
 

 
 

https://doi.org/10.32933/ActaInnovations.42.3  ISSN 2300-5599   2022 RIC Pro-Akademia – CC BY 
 

The case of Turkey, Energy Econ. 75 (2018) 285–299. https://doi.org/10.1016/j.eneco.2018.08.001. 
[83] X. Lemaire, Solar home systems and solar lanterns in rural areas of the Global South: What impact?, Wiley 

Interdiscip. Rev. Energy Environ. 7 (2018). https://doi.org/10.1002/wene.301. 
[84] H. Holtorf, E. Brudler, H. Torío, Development of a holistic method for assessing success of renewable 

energy study programs, Sol. Energy. 173 (2018) 209–214. 
https://doi.org/10.1016/j.solener.2018.07.063. 

[85] J.A. Carballo, J. Bonilla, L. Roca, M. Berenguel, New low-cost solar tracking system based on open source 
hardware for educational purposes, Sol. Energy. 174 (2018) 826–836. 
https://doi.org/10.1016/j.solener.2018.09.064. 

[86] D.D. Guta, Determinants of household adoption of solar energy technology in rural Ethiopia, J. Clean. 
Prod. 204 (2018) 193–204. https://doi.org/10.1016/j.jclepro.2018.09.016. 

[87] Y. Yu, Q.W. Pan, L.W. Wang, A small-scale silica gel-water adsorption system for domestic air conditioning 
and water heating by the recovery of solar energy, Front. Energy. 14 (2020) 328–336. 
https://doi.org/10.1007/s11708-019-0623-1. 

[88] B.G. Rebelatto, A. Lange Salvia, G. Reginatto, R.C. Daneli, L.L. Brandli, Energy efficiency actions 
at a Brazilian university and their contribution to sustainable development Goal 7, Int. J. Sustain. High. 
Educ. 20 (2019) 842–855. https://doi.org/10.1108/IJSHE-01-2019-0023. 

[89] P.J. Ramísio, L.M.C. Pinto, N. Gouveia, H. Costa, D. Arezes, Sustainability Strategy in Higher Education 
Institutions: Lessons learned from a nine-year case study, J. Clean. Prod. 222 (2019) 300–309. 
https://doi.org/10.1016/j.jclepro.2019.02.257. 

[90] A. Abu-Rayash, I. Dincer, Sustainability assessment of energy systems: A novel integrated model, J. Clean. 
Prod. 212 (2019) 1098–1116. https://doi.org/10.1016/j.jclepro.2018.12.090. 

[91] Z. Zhao, B. Yang, Z. Xing, Modeling analysis on solar steam generator employed in multi-effect distillation 
(MED) system, Front. Energy. 13 (2019) 193–203. https://doi.org/10.1007/s11708-019-0608-0. 

[92] K. Handayani, Y. Krozer, T. Filatova, From fossil fuels to renewables: An analysis of long-term scenarios 
considering technological learning, Energy Policy. 127 (2019) 134–146. 
https://doi.org/10.1016/j.enpol.2018.11.045. 

[93] A. Assali, T. Khatib, A. Najjar, Renewable energy awareness among future generation of Palestine, Renew. 
Energy. 136 (2019) 254–263. https://doi.org/10.1016/j.renene.2019.01.007. 

[94] R. Sharma, D. Choudhary, P. Kumar, J. Venkateswaran, C.S. Solanki, Do solar study lamps help children 
study at night? Evidence from rural India, Energy Sustain. Dev. 50 (2019) 109–116. 
https://doi.org/10.1016/j.esd.2019.03.005. 

[95] Z. Liu, D. Wu, B.J. He, Q. Wang, H. Yu, W. Ma, G. Jin, Evaluating potentials of passive solar heating 
renovation for the energy poverty alleviation of plateau areas in developing countries: A case study in 
rural Qinghai-Tibet Plateau, China, Sol. Energy. 187 (2019) 95–107. 
https://doi.org/10.1016/j.solener.2019.05.049. 

[96] Y. Gu, H. Wang, J. Xu, Y. Wang, X. Wang, Z.P. Robinson, F. Li, J. Wu, J. Tan, X. Zhi, Quantification 
of interlinked environmental footprints on a sustainable university campus: A nexus analysis perspective, 
Appl. Energy. 246 (2019) 65–76. https://doi.org/10.1016/j.apenergy.2019.04.015. 

[97] J. Emmons Allison, K. McCrory, I. Oxnevad, Closing the renewable energy gender gap in the United States 
and Canada: The role of women’s professional networking, Energy Res. Soc. Sci. 55 (2019) 35–45. 
https://doi.org/10.1016/j.erss.2019.03.011. 

[98] P. Cui, D. Wei, J. Ji, H. Huang, E. Jia, S. Dou, T. Wang, W. Wang, M. Li, Planar p–n homojunction perovskite 
solar cells with efficiency exceeding 21.3%, Nat. Energy. 4 (2019) 150–159. 
https://doi.org/10.1038/s41560-018-0324-8. 

[99] K.K. Zander, G. Simpson, S. Mathew, R. Nepal, S.T. Garnett, Preferences for and potential impacts 
of financial incentives to install residential rooftop solar photovoltaic systems in Australia, J. Clean. Prod. 
230 (2019) 328–338. https://doi.org/10.1016/j.jclepro.2019.05.133. 

[100] S. Tembhurne, F. Nandjou, S. Haussener, A thermally synergistic photo-electrochemical hydrogen 
generator operating under concentrated solar irradiation, Nat. Energy. 4 (2019) 399–407. 
https://doi.org/10.1038/s41560-019-0373-7. 

[101] C. Zuo, A.D. Scully, D. Vak, W. Tan, X. Jiao, C.R. McNeill, D. Angmo, L. Ding, M. Gao, Self-Assembled 2D 
Perovskite Layers for Efficient Printable Solar Cells, Adv. Energy Mater. 9 (2019) 1803258. 
https://doi.org/10.1002/aenm.201803258. 

[102] G. Liu, J. Jia, K. Zhang, X. Jia, Q. Yin, W. Zhong, L. Li, F. Huang, Y. Cao, 15% Efficiency Tandem Organic Solar 
Cell Based on a Novel Highly Efficient Wide-Bandgap Nonfullerene Acceptor with Low Energy Loss, Adv. 
Energy Mater. 9 (2019) 1803657. https://doi.org/10.1002/aenm.201803657.

https://doi.org/10.32933/ActaInnovations.42.3


Acta Innovations  2022 no. 42: 27-49  47 

 
 

 
 

https://doi.org/10.32933/ActaInnovations.42.3  ISSN 2300-5599   2022 RIC Pro-Akademia – CC BY 
 

[103] F. Huang, M. Li, P. Siffalovic, G. Cao, J. Tian, From scalable solution fabrication of perovskite films towards 
commercialization of solar cells, Energy Environ. Sci. 12 (2019) 518–549. 
https://doi.org/10.1039/c8ee03025a. 

[104] M. Gao, L. Zhu, C.K. Peh, G.W. Ho, Solar absorber material and system designs for photothermal water 
vaporization towards clean water and energy production, Energy Environ. Sci. 12 (2019) 841–864. 
https://doi.org/10.1039/c8ee01146j. 

[105] W. Leal Filho, A.L. Salvia, A. do Paço, R. Anholon, O.L. Gonçalves Quelhas, I.S. Rampasso, A. Ng, A.L. 
Balogun, B. Kondev, L.L. Brandli, A comparative study of approaches towards energy efficiency and 
renewable energy use at higher education institutions, J. Clean. Prod. 237 (2019) 117728. 
https://doi.org/10.1016/j.jclepro.2019.117728. 

[106] M. Mohammadalizadehkorde, R. Weaver, Quantifying potential savings from sustainable energy projects 
at a large public university: An energy efficiency assessment for texas state university, Sustain. Energy 
Technol. Assessments. 37 (2020) 100570. https://doi.org/10.1016/j.seta.2019.100570. 

[107] M.F. Ferreira, M.A.V. Freitas, N.F. da Silva, A.F. da Silva, L.R.L. da Paz, Insertion of photovoltaic solar 
systems in technological education institutions in Brazil: Teacher perceptions concerning contributions 
towards sustainable development, Sustain. 12 (2020) 1292. https://doi.org/10.3390/su12041292. 

[108] S.B. Subramaniam, R. Senthil, Heat transfer enhancement of concentrated solar absorber using hollow 
cylindrical fins filled with phase change material, Int. J. Hydrogen Energy. 46 (2021) 22344–22355. 
https://doi.org/10.1016/j.ijhydene.2021.04.061. 

[109] R. Senthil, A.P. Nishanth, Optical and thermal performance analysis of solar parabolic concentrator, Int. 
J. Mech. Prod. Eng. Res. Dev. 7 (2017) 367–374. https://doi.org/10.24247/ijmperdoct201737. 

[110] R. Senthil, M. Cheralathan, Enhancement of heat absorption rate of direct absorption solar collector 
using graphite nanofluid, Int. J. ChemTech Res. 9 (2016) 303–308. 

[111] L. Haelg, M. Waelchli, T.S. Schmidt, Supporting energy technology deployment while avoiding 
unintended technological lock-in: A policy design perspective, Environ. Res. Lett. 13 (2018) 104011. 
https://doi.org/10.1088/1748-9326/aae161. 

[112] A.A. Adenle, Assessment of solar energy technologies in Africa-opportunities and challenges in meeting 
the 2030 agenda and sustainable development goals, in: Energy Policy, 2020: p. 111180. 
https://doi.org/10.1016/j.enpol.2019.111180. 

[113] M. Xu, P. Xie, B.C. Xie, Study of China’s optimal solar photovoltaic power development path to 2050, 
Resour. Policy. 65 (2020) 101541. https://doi.org/10.1016/j.resourpol.2019.101541. 

[114] A. Diallo, R.K. Moussa, The effects of solar home system on welfare in off-grid areas: Evidence from Côte 
d’Ivoire, Energy. 194 (2020) 116835. https://doi.org/10.1016/j.energy.2019.116835. 

[115] K.K. Zander, G. Simpson, S. Mathew, R. Nepal, S.T. Garnett, Preferences for and potential impacts 
of financial incentives to install residential rooftop solar photovoltaic systems in Australia, J. Clean. Prod. 
230 (2019) 328–338. https://doi.org/10.1016/j.jclepro.2019.05.133. 

[116] P. Yadav, P.J. Davies, S.A. Sarkodie, The prospects of decentralised solar energy home systems in rural 
communities: User experience, determinants, and impact of free solar power on the energy poverty 
cycle, Energy Strateg. Rev. 26 (2019) 100424. https://doi.org/10.1016/j.esr.2019.100424. 

[117] C. Tregambi, M. Troiano, F. Montagnaro, R. Solimene, P. Salatino, Fluidized Beds for Concentrated Solar 
Thermal Technologies—A Review, Front. Energy Res. 9 (2021). 
https://doi.org/10.3389/fenrg.2021.618421. 

[118] H.M. Mahmudul, M.G. Rasul, D. Akbar, R. Narayanan, M. Mofijur, A comprehensive review of the recent 
development and challenges of a solar-assisted biodigester system, Sci. Total Environ. 753 (2021) 
141920. https://doi.org/10.1016/j.scitotenv.2020.141920. 

[119] H. Vazini Modabber, M.H. Khoshgoftar Manesh, 4E dynamic analysis of a water-power cogeneration 
plant integrated with solar parabolic trough collector and absorption chiller, Therm. Sci. Eng. Prog. 21 
(2021) 100785. https://doi.org/10.1016/j.tsep.2020.100785. 

[120] H. Xiang, P. Ch, M.A. Nawaz, S. Chupradit, A. Fatima, M. Sadiq, Integration and economic viability 
of fueling the future with green hydrogen: An integration of its determinants from renewable economics, 
Int. J. Hydrogen Energy. 46 (2021) 38145–38162. https://doi.org/10.1016/j.ijhydene.2021.09.067. 

[121] X. Zhang, W. Zhang, W. Yang, W. Liu, F. Min, S.S. Mao, J. Xie, Catalyst-coated proton exchange membrane 
for hydrogen production with high pressure water electrolysis, Appl. Phys. Lett. 119 (2021) 1ENG. 
https://doi.org/10.1063/5.0060150. 

[122] D. Rodríguez-Gracia, J.A. Piedra-Fernández, L. Iribarne, J. Criado, R. Ayala, J. Alonso-Montesinos, C.U.M. 
de las Mercedes, Microservices and machine learning algorithms for adaptive green buildings, Sustain. 
11 (2019) 4320. https://doi.org/10.3390/su11164320.

https://doi.org/10.32933/ActaInnovations.42.3


Acta Innovations  2022 no. 42: 27-49  48 

 
 

 
 

https://doi.org/10.32933/ActaInnovations.42.3  ISSN 2300-5599   2022 RIC Pro-Akademia – CC BY 
 

[123] R. Srikanth, M. Venkatesan, Design and modelling of hybrid fuel cell and solar-based electric vehicle, Int. 
J. Veh. Auton. Syst. 15 (2020) 225–240. https://doi.org/10.1504/IJVAS.2020.116445. 

[124] S. Purohit, G. Brooks, M.A. Rhamdhani, M.I. Pownceby, Evaluation of concentrated solar thermal energy 
for iron ore agglomeration, J. Clean. Prod. 317 (2021) 128313. 
https://doi.org/10.1016/j.jclepro.2021.128313. 

[125] I.A. Gondal, Microbial electrolysis cells and power-to-gas technology – A novel onsite industrial 
wastewater treatment and CCU arrangement, Water Environ. J. 35 (2021) 1376–1383. 
https://doi.org/10.1111/wej.12721. 

[126] J.F. Ituna-Yudonago, Y.R. Galindo-Luna, O. García-Valladares, R.B. y. Brown, R. Shankar, J. Ibarra-Bahena, 
Review of solar-thermal collectors powered autoclave for the sterilization of medical equipment, 
Alexandria Eng. J. 60 (2021) 5401–5417. https://doi.org/10.1016/j.aej.2021.04.007. 

[127] L. Zhao, B. Bhatia, L. Zhang, E. Strobach, A. Leroy, M.K. Yadav, S. Yang, T.A. Cooper, L.A. Weinstein, 
A. Modi, S.B. Kedare, G. Chen, E.N. Wang, A Passive High-Temperature High-Pressure Solar Steam 
Generator for Medical Sterilization, Joule. 4 (2020) 2733–2745. 
https://doi.org/10.1016/j.joule.2020.10.007. 

[128] Y. Fang, S. Memon, J. Peng, M. Tyrer, T. Ming, Solar thermal performance of two innovative 
configurations of air-vacuum layered triple glazed windows, Renew. Energy. 150 (2020) 167–175. 
https://doi.org/10.1016/j.renene.2019.12.115. 

[129] G. Chen, Y. Li, M. Bick, J. Chen, Smart Textiles for Electricity Generation, Chem. Rev. 120 (2020) 3668–
3720. https://doi.org/10.1021/acs.chemrev.9b00821. 

[130] R.A. Gonocruz, R. Nakamura, K. Yoshino, M. Homma, T. Doi, Y. Yoshida, A. Tani, Analysis of the rice yield 
under an agrivoltaic system: A case study in Japan, Environ. - MDPI. 8 (2021) 65. 
https://doi.org/10.3390/environments8070065. 

[131] M.H. Riaz, H. Imran, R. Younas, N.Z. Butt, The optimization of vertical bifacial photovoltaic farms for 
efficient agrivoltaic systems, Sol. Energy. 230 (2021) 1004–1012. 
https://doi.org/10.1016/j.solener.2021.10.051. 

[132] M.A. Hannan, A.Q. Al-Shetwi, R.A. Begum, P. Jern Ker, S.A. Rahman, M. Mansor, M.S. Mia, K.M. Muttaqi, 
Z.Y. Dong, Impact assessment of battery energy storage systems towards achieving sustainable 
development goals, J. Energy Storage. 42 (2021) 103040. https://doi.org/10.1016/j.est.2021.103040. 

[133] A.S. Budiman, S. Anbazhagan, G. Illya, W.J.R. Song, R. Sahay, S.K. Tippabhotla, A.A.O. Tay, Enabling 
curvable silicon photovoltaics technology using polycarbonate-sandwiched laminate design, Sol. Energy. 
220 (2021) 462–472. https://doi.org/10.1016/j.solener.2021.03.021. 

[134] Y. Dai, Y. Yin, Y. Lu, Strategies to facilitate photovoltaic applications in road structures for energy 
harvesting, Energies. 14 (2021) 7097. https://doi.org/10.3390/en14217097. 

[135] L. Chen, J. Wang, C. Xu, The Application of Solar Photovoltaic Power Generation System in Ships, J. Coast. 
Res. 94 (2019) 525–529. https://doi.org/10.2112/SI94-104.1. 

[136] S. Buragohain, K. Mohanty, P. Mahanta, Hybridization of solar photovoltaic and biogas system: 
Experimental, economic and environmental analysis, Sustain. Energy Technol. Assessments. 45 (2021) 
101050. https://doi.org/10.1016/j.seta.2021.101050. 

[137] N. Jones, P. Warren, Innovation and distribution of Solar Home Systems in Bangladesh, Clim. Dev. 13 
(2021) 386–398. https://doi.org/10.1080/17565529.2020.1785829. 

[138] H.K. Salim, R.A. Stewart, O. Sahin, M. Dudley, End-of-life management of solar photovoltaic and battery 
energy storage systems: A stakeholder survey in Australia, Resour. Conserv. Recycl. 150 (2019) 104444. 
https://doi.org/10.1016/j.resconrec.2019.104444. 

[139] C.V. Restrepo, E. Benavides, J.C. Zambrano, V. Moncayo, E. Castro, Hand made solar cells from 
chlorophyll for teaching in high school energy education, Int. J. Ambient Energy. (2020) 1–7. 
https://doi.org/10.1080/01430750.2020.1712243. 

[140] B.R. Entele, Analysis of households’ willingness to pay for a renewable source of electricity service 
connection: evidence from a double-bounded dichotomous choice survey in rural Ethiopia, Heliyon. 6 
(2020) e03332. https://doi.org/10.1016/j.heliyon.2020.e03332. 

[141] J. Lee, M.M.C. Shepley, Benefits of solar photovoltaic systems for low-income families in social housing 
of Korea: Renewable energy applications as solutions to energy poverty, J. Build. Eng. 28 (2020) 101016. 
https://doi.org/10.1016/j.jobe.2019.101016. 

[142] C. Sharma, A. Jain, Entrepreneurship through start-ups in hill areas using photovoltaic systems, Bull. 
Electr. Eng. Informatics. 6 (2017) 105–121. https://doi.org/10.11591/eei.v6i2.613. 

[143] R. Senthil, M. Gupta, S. Makda, The synthesis and production challenges of quantum dot based solar 
cells, Int. J. Mech. Eng. Technol. 9 (2018) 236–244.

https://doi.org/10.32933/ActaInnovations.42.3


Acta Innovations  2022 no. 42: 27-49  49 

 
 

 
 

https://doi.org/10.32933/ActaInnovations.42.3  ISSN 2300-5599   2022 RIC Pro-Akademia – CC BY 
 

[144] U.K. Priya, R. Senthil, A review of the impact of the green landscape interventions on the urban 
microclimate of tropical areas, Build. Environ. 205 (2021) 108190. 
https://doi.org/10.1016/j.buildenv.2021.108190. 

[145] G. Raghav, P.K. Sharma, S. Kumar, R. Maithani, Method of research for solar cookers performance 
characteristics-Analysis and comparison, Acta Innov. 2021 (2021) 54–66. 
https://doi.org/10.32933/ActaInnovations.39.6. 

[146] G. Raghav, P.K. Sharma, S. Kumar, R. Maithani, A. Iung, Q. Mercier, Analysis of solar cooker with thermal 
storage for remote hilly areas: Determination of heating and cooling characteristic time, Acta Innov. 40 
(2021) 5–18. https://doi.org/10.32933/ActaInnovations.40.1. 

[147] M. Nagpal, R. Maithani, S. Kumar, Energetic & exergetic analysis of a parabolic trough: Concentrated 
solar power plant, Acta Innov. 40 (2021) 19–30. https://doi.org/10.32933/ActaInnovations.40.2. 

[148] Q. Zhang, C. Prouty, J.B. Zimmerman, J.R. Mihelcic, More than Target 6.3: A Systems Approach 
to Rethinking Sustainable Development Goals in a Resource-Scarce World, Engineering. 2 (2016) 481–
489. https://doi.org/10.1016/J.ENG.2016.04.010. 

[149] J. Nan, X. Guo, J. Xiao, X. Li, W. Chen, W. Wu, H. Liu, Y. Wang, M. Wu, G. Wang, Nanoengineering of 2D 
MXene-Based Materials for Energy Storage Applications, Small. 17 (2021) 1902085. 
https://doi.org/10.1002/smll.201902085. 

[150] A.G. Olabi, M.A. Abdelkareem, T. Wilberforce, E.T. Sayed, Application of graphene in energy storage 
device – A review, Renew. Sustain. Energy Rev. 135 (2021) 110026. 
https://doi.org/10.1016/j.rser.2020.110026. 

[151] R. Senthil, Effect of charging of phase change material in vertical and horizontal rectangular enclosures 
in a concentrated solar receiver, Case Stud. Therm. Eng. 21 (2020) 100653. 
https://doi.org/10.1016/j.csite.2020.100653. 

[152] R. Senthil, S. Prabhu, M. Cheralathan, Effect of heat transfer fluid input parameters on thermal output 
of parabolic dish solar receiver using design of experiment techniques, Int. J. Mech. Eng. Technol. 8 
(2017) 1148–1156. 

[153] S. Zhang, D. Feng, L. Shi, L. Wang, Y. Jin, L. Tian, Z. Li, G. Wang, L. Zhao, Y. Yan, A review of phase change 
heat transfer in shape-stabilized phase change materials (ss-PCMs) based on porous supports for thermal 
energy storage, Renew. Sustain. Energy Rev. 135 (2021) 110127. 
https://doi.org/10.1016/j.rser.2020.110127. 

[154] W. Tushar, C. Yuen, T.K. Saha, T. Morstyn, A.C. Chapman, M.J.E. Alam, S. Hanif, H.V. Poor, Peer-to-peer 
energy systems for connected communities: A review of recent advances and emerging challenges, Appl. 
Energy. 282 (2021) 116131. https://doi.org/10.1016/j.apenergy.2020.116131. 

[155] A.G. Olabi, K. Obaideen, K. Elsaid, T. Wilberforce, E.T. Sayed, H.M. Maghrabie, M.A. Abdelkareem, 
Assessment of the pre-combustion carbon capture contribution into sustainable development goals 
SDGs using novel indicators, Renew. Sustain. Energy Rev. 153 (2022) 111710. 
https://doi.org/10.1016/j.rser.2021.111710. 

[156] D. Binh Nguyen, D. Nong, P. Simshauser, T. Nguyen-Huy, General equilibrium impact evaluation of food 
top-up induced by households’ renewable power self-supply in 141 regions, Appl. Energy. 306 (2022) 
118126. https://doi.org/10.1016/j.apenergy.2021.118126. 

[157] M. Ram, J.C. Osorio-Aravena, A. Aghahosseini, D. Bogdanov, C. Breyer, Job creation during a climate 
compliant global energy transition across the power, heat, transport, and desalination sectors by 2050, 
Energy. 238 (2022) 121690. https://doi.org/10.1016/j.energy.2021.121690. 

[158] R. Senthil, P. Sundaram, Effect of phase change materials for thermal management of buildings, Int. J. 
Civ. Eng. Technol. 8 (2017) 761–767. 

[159] U. Shahzad, D. Ferraz, H.H. Nguyen, L. Cui, Investigating the spill overs and connectedness between 
financial globalization, high-tech industries and environmental footprints: Fresh evidence in context 
of  China, Technol. Forecast. Soc. Change. 174 (2022) 121205. 
https://doi.org/10.1016/j.techfore.2021.121205. 

 

https://doi.org/10.32933/ActaInnovations.42.3


Acta Innovations  2022 no. 42: 50-58  50 

 
 

 
 

 

https://doi.org/10.32933/ActaInnovations.42.4 ISSN 2300-5599   2022 RIC Pro-Akademia – CC BY 
 

GOVERNMENT EARLY POLICY RESPONSES ON COVID-19 CHALLENGES IN CENTRAL AND EASTERN EUROPE: 
SME SUPPORT  

 
Anna Kornyliuk*  

Kyiv National Economic University named after Vadym Hetman  
54/1 Peremogy Avenue, 03057 Kyiv, Ukraine 

anna.kornyliuk@kneu.edu.ua 

 https://orcid.org/0000-0001-8713-0681 
 

Alla Ivashchenko 
Kyiv National Economic University named after Vadym Hetman  

54/1 Peremogy Avenue, 03057 Kyiv, Ukraine 

 https://orcid.org/0000-0002-4599-7137 
 

Yevheniia Polishchuk 
Kyiv National Economic University named after Vadym Hetman  

54/1 Peremogy Avenue, 03057 Kyiv, Ukraine 

 https://orcid.org/0000-0002-6133-910X 
 

Oleg Tereshchenko 
Kyiv National Economic University named after Vadym Hetman  

54/1 Peremogy Avenue, 03057 Kyiv, Ukraine 

 https://orcid.org/0000-0001-8808-1383 
 

Serhii Onikiienko 
Kyiv National Economic University named after Vadym Hetman  

54/1 Peremogy Avenue, 03057 Kyiv, Ukraine 

 https://orcid.org/0000-0002-3450-6267 
 
 
Article history: Received 27 October 2021, Received in revised form 6 December 2021, Accepted 7 December 2021, 
Available online 7 December 2021 
 
 
Highlight 
The study evaluates policy response mechanisms in terms of measures regarding enterprise size. 
 
Abstract 
The main aim of the given research is to analyse Government policy early response due to the Covid-19 crisis 
in Central and Eastern Europe regarding SME support. The research methodology is based on an analysis 
of the pandemic impact on key indicators of countries development as well as an analysis of SME support policies 
responses by selected countries (Bulgaria, Czech Republic, Hungary, Poland, Romania, Slovenia and Ukraine). 
The dynamic trends of Covid-19 spread and its impact on macroeconomic indicators were analysed. The negative 
growth of GDP, as well as current account balance and increasing gross debt burden, were explored in all 
analysed countries and the policy responses were the required measures to avoid possible economic collapse. 
Implemented measures were mainly directed to achieve economic recovery and capturing stability, but the main 
focus of the research is to analyse the support policies according to the criterion of enterprise size, SME 
in particular. The study is based on country-level data as well as on individual State Aid cases of each analysed 
CEE country. It allowed to evaluate policy response mechanisms in terms of measures regarding enterprise size. 
Although SMEs suffered the most during the crisis, CEE countries spent most of their resources on supporting 
companies, regardless of their size. 
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Introduction  
The greatest challenges for the global community have been revealed in the year 2020. The spread 
of the detected unknown coronavirus has led to an incredible health crisis all over the world, that has had 
unparalleled and significant impacts on all aspects of daily lives covered by such spheres as communication, work, 
production, trade, consumption and general life habits.  
On the 11th of March 2020, the World Health Organization (here and after WHO) proclaimed a pandemic caused 
by an extremely infectious and transmissible coronavirus disease called “Covid-19” [1], signalling its global 
spread. The mentioned pandemic has resulted in not only a crisis in the social and welfare system but also 
disruption of the macroeconomic stability all over the world as well as the financial sector and business. 
Such impact of Covid-19 on the economic situation has required governmental immediate measures as a newly 
established policy response to support not only the health system but financial and economic stability as well.  
The given research is mainly focused on the analysis of policy response regarding business support in Central 
and Eastern Europe (here and after CEE), in particular in Bulgaria, Hungary, Czechia, Poland, Romania, Slovenia 
and Ukraine to reveal the existence of some dependence between the development level of countries 
and the budgets of support measures. More recent attention has focused on the issues of the COVID19 influence 
on different spheres of life. The academic literature on COVID 19 has touched on the emergence of several 
themes: business, social contacting, education, medicine, public government. Some general papers describe the 
impact of COVID 19 on the business, economy, people etc. [2]. As an overview of the SMEs’ problems, the article 
gives information about issues in general.  
In most literature country and regional specifics of getting over the crisis are linked to COVID-19. For instance, 
Cohen’s test results which are applied to public companies’ performance at capital market assess that public 
policy performance in the COVID-19 period is successful in boosting the market of Indonesia [3]. Some research 
papers are devoted to the issues of human rights abuse in the context of COVID-19 and describe the impact 
of anti-crisis policies in the EU correlated to this problem [4]. Partly this point of view can be noticed in research 
[5] that in general, some government restrictions on local levels in EU countries had positive effects, however 
in global meaning, such measures had not a significant impact. The consequences of early response in Southern 
American countries are studied by [6]. He relates economic resilience and the number of deaths. Moreover, 
the author admits that Uruguay and Paraguay have managed to contain the coronavirus crisis, while Brazil 
and Peru appear to be overwhelmed in mid-May. The early projections and a novel burden index are used 
for the assessment of the pressure on the health systems. 
Norrlöf tries to answer the question of whether the COVID 19 is a liberal and democratic curse [7]. She argues 
about the level of mortality in the countries with liberal democratic regimes in comparison with other countries. 
She claims that in liberal democratic countries the infection spreading of coronavirus is higher, however, the level 
of mortality is lower. Here she confirms the fragility and relativeness of economic openness as well.  
Some scholars emphasize that intergovernmental responses to pandemics are even more effective than general 
government responses and show the example of anti-COVID 19 policies [8]. For better risk-management related 
to pandemic or other force major situations response, it is offered to use the reverse system: from local levels 
to regional ones and from regional levels to national during the development of public policy in the healthcare 
system [9]. Indian scientists argue that strong measures of overcoming COVID 19 and suggest that step by step 
ones are more effective [10]. This study shows the importance of government measures for small and medium 
enterprises, performed by stage by stage. 
Another direction of the studies is focused on the state support instruments for the business (including SMEs). 
For example, there are papers related to debates about what areas should be supported by the government 
and which ones do not need them [11–14].  
Some papers emphasize the importance of the volunteer performance of the business. The role efforts of medical 
personnel, SMEs representatives and ordinary people alongside strong measures of public authorities 
is emphasized in fighting with COVID-19 and its consequences [15]. Other studies prove that in overcoming 
COVID 19 the cooperation between policymakers, businesses, medical representatives, the population will 
be an effective tool [16].  
Burdick, W., Dhillon, I. [17] claim that the coronavirus situation is said to have led to a revision of approaches 
to the accreditation of medical education and the emergence of new medical specialities needed to combat 
the pandemic. In this sense, educational institutions have become more sensitive to such changes [18]. 
At the same time, the not only government should care about it, but another study also shows [19–21] that SMEs 
mitigated the risks related to COVID 19 using digital instruments. The digitalization of SMEs could make a strong 
response to the COVID crises. 
The importance of true information about policy response COVID 19 which is translated from different sources 
of media is emphasized in the study of Hurtley and Vu, [22]. It is proved that news has an impact on the economic 
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behaviour of consumers. This makes SMEs revenues extremely sensitive. Some scholars claim that COVID -19 
will affect the trade of high-tech production and it will make a certain impact on the execution of the Association 
with the EU [23–25]. Therefore, the policy response is extremely important to be discussed on a high level. 
Therefore, the asymmetry of information should be also reduced.  
There are studies with a futuristic view about post-pandemic life and some suggestions of new forms of business, 
governance and relationship [26]. 
The main aim of the research is to conduct an analysis of the Government policy early responses due to the Covid-
19 crisis in CEE regarding SME support. 
 
Methods  
The study of policy responses on the Covid-19 crisis regarding SME support is conducted in two stages. Firstly, 
an analysis of the pandemic impact on key indicators of countries development was made. As an indicator 
of the country's pandemic exposure the dynamics of new Covid-19 cases from April to September was. Also, 
historical indicators and forecast values of key macroeconomic indicators are analysed: Real GDP growth rate, 
Inflation rate change, %, Current account balance, % of GDP, General government gross debt, % of GDP. 
It allowed assessing the macroeconomic situation of CEE countries before the crisis, as well as prospects 
for development in the next three years. 
In the second stage, an analysis of SME support policies responses by country was performed. For this purpose, 
the individual State Aid of CEE countries were studied. The total sample was 93 cases from April 3 to October 15, 
2020. 
A detailed study in terms of the following specific mechanisms was conducted. Additionally, a comparative 
analysis of support methods in terms of company size was performed. For this purpose, the mechanisms were 
classified as follows: 

 those that apply to all companies regardless of their size; 

 those that apply only to large companies; 

 those used for large and medium-sized companies; 

 those used for micro and small companies; 

 other methods - for example, ad hoc cases. 
Data used for research were both quantitative (historical and forecasted data of macro indicators; statistics new 
Covid-19 cases, the amount of the government support) and qualitative (individual cases of state aid). 
 
Results and discussion 
As well known, the Covid-19 crisis has redefined economic and social policies in every country almost all over 
the world. Policy responses due to the Covid-19 crisis have had numerical implications as in social and welfare 
spheres as well as fiscal, monetary and financial sectors. Policymaking was faced with ongoing Covid-19 
pandemic spread on a global scale which leads to such policy initiatives as full lockdown of business activities 
in trade, entertainment, tourism sectors, services etc., but even in stock and financial markets. The negative 
circumstances of such measures in an unemployment rate, GDP decrease, consumer prices index and budget 
deficit growth have been detected. 
The general trends of Covid-19 growth in dynamics for selected countries are shown in Figure 1. For getting 
comparable data, total cases were estimated per 100 K of the total population in a particular country. 

 
Figure 1. Total Covid-19 cases per 100 K of population on the 1st of every month. Source: [1,27]
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Though, at the beginning of the pandemic spread in Central and Eastern European countries the majority 
of Covid-19 cases were detected in Slovenia, Czechia and Romania during April till June of 2020, at the same time 
the great share of deaths was fixed in Hungary (app. about 10 %, which twice exceed the average Covid-19 death 
rate in the other analysed countries). During the period July-September 2020 the most numerical cases of Covid-
19 per 100 K of the population were registered in Bulgaria, Ukraine and Romania. 
The dynamics of new cases appearing show, that cases Czechia was the leader according to the criterion of new 
cases per 100 K of citizens on the 1st of April at the beginning of the pandemic, but on the 1st of October 
the situation has been changed and Ukraine and Romania have the most numerical new cases among analysed 
countries, more detailed on Figures 2-3. 
 

  

Figure 2. New cases per 100 K of population on the 1.04.2020    Figure 3. New cases per 100 K of population on the1.09.2020 
  Source: [1,27]                     Source: [1,27] 

 

Along with general Covid-19 trends, the great importance has macroeconomic indicators and possible Covid-19 
impact on it to reveal if the more developed countries considering its macroeconomic stability establish more 
effective measures as policy responses to support SMEs and their further development. 
One of the main indicators which define the level of country economic potential is Real GDP growth and inflation 
rate, the annual per cent change of these parameters are shown in Table 1 and Table 2. 
 
 

Table 1. Real GDP growth, %. Source: formed by authors on the basis [28] 

 

Country     2017 2018      2019      2020 
     (1st half) 

     Forecast 

     2021     2022      2023 

Czechia    5.2    3.2    2.3    - 6.5    5.1    4.3    4     

Bulgaria    3.5 3.1    3.4    - 4    4.1    3.7    3.2 

Hungary    4.3    5.1    4.9    - 6.1    3.9    4    3.8 

Poland    4.9    5.3    4.1    - 3.6    4.6    4.5    3.7 

Romania    7.1    4.4    4.1    - 4.8    4.6    3.9    3.8 

Slovenia    4.8    4.1    2.4    - 6.7    5.2              3.4    2.8 

Ukraine    2.5    3.4    3.2    - 7.2    3    3.2    3.4 

 
 

Table 1 shows that 1st half of 2020 is characterized by the negative flow of GDP growth, which confirms the fact 
that the Covid-19 pandemic has a great impact on the economic development of every country. Ukraine, Slovenia 
and Czechia have the most GDP reduction in 2020 and the lowest level of GDP reduction is revealed in Poland. 
Considering the data of IMF forecast, the highest growth rates of GDP are predicted for Czechia and Poland, 
at the same time the lowest ones – for Ukraine and Bulgaria. 
Analysing the data of Table 2, the highest inflation rates are typical for Ukraine for a period of 2017-1st half 
of 2020, the most stable situation with inflation rates is typical for Slovenia and the forecast data demonstrate 
a trend of gradual decrease of inflation growth in 2021-2023 for all analysed countries.

https://doi.org/10.32933/ActaInnovations.42.4


Acta Innovations  2022 no. 42: 50-58  54 

 
 

 
 

 

https://doi.org/10.32933/ActaInnovations.42.4 ISSN 2300-5599   2022 RIC Pro-Akademia – CC BY 
 

Table 2. Inflation rate change, %. Source: formed by authors on the basis [28] 
 

Country 2017 2018 2019      2020 
     (1st half) 

Forecast 

2021 2022 2023 

Czechia 2.5 2.2 2.9 3.3 2.4 2.2 2 

Bulgaria 1.2 2.6 2.5 1.2 1.7 2.1 2 

Hungary 2.4 2.8 3.4 3.6 3.4 3 3 

Poland 2 1.6 2.3 3.3 2.3 1.9 2 

Romania 1.3 4.6 3.8 2.9 2.5 2.7 2.7 

Slovenia 1.4 1.7 1.6 0.5 1.8 1.7 1.8 

Ukraine 14.4 10.9 7.9 3.2 6 5.7 5.2 

 
And the next indicators, which are relevant to analyse in the context of Covid-19 impact on the macro level, 
are current account balance and gross debt, which dynamics is shown in Table 3 and Table 4. 
 
 

Table 3. Current account balance, % of GDP. Source: formed by authors on the basis [28]. 
 

Country 2017 2018 2019 2020 
(1st half) 

Forecast 

2021 2022 2023 

Czechia  1.6  0.4 -0.4 -0.7 -0.5 -0.4  0 

Bulgaria  3.5  1.4  4  1.9  2.3  2.2  0.6 

Hungary  2.3  0 -0.8 -1.6 -0.9 -0.6 -0.5 

Poland  0 -1  0.4  3  1.8  0.6  0.2 

Romania -2.8 -4.4 -4.6 -5.3 -4.5 -4.2 -4 

Slovenia  6.2  5.9  5.7  4.5  3.9 3.2  2.1 

Ukraine -2.2 -3.3 -2.7  4.3 -3 -3.9 -3.7 

 
Table 4. General government gross debt, % of GDP. Source: formed by authors on the basis [28]. 

 

Country 2017 2018 2019       2020 
   (  (1st half) 

Forecast 

2021 2022 2023 

Czechia 34.2 32.1 30.2 39.1 41.4 42.5 42.8 

Bulgaria 23 20.1 18.6 24.1 23.7 22.2 21 

Hungary 72.9 70.2 66.3 77.4 75.9 73.2 69.8 

Poland 50.6 48.8 46 60 60.2 59.2 59.3 

Romania 36.8 36.4 36.8 44.8 49.6 54.4 58.5 

Slovenia 74.1 70.4 66.1 81 78 77.3 75.5 

Ukraine 71.6 60.6 50.1 65.7 64.3 61.8 58.2 

 
Table 3 demonstrates the trend that such countries as Romania and Ukraine have negative current account 
balance during almost all analysed periods and data of forecast for these countries are not an exception. 
The most stable indicators of current account balance were in Bulgaria and Slovenia, as well as forecast tendency. 
As for the tendency of government debt as a percentage of GDP, the main debt burden was fixed in Slovenia, 
Hungary and Ukraine and a negative tendency is captured through the forecast period of 2021-2023 
for the mentioned countries. The lowest level of gross debt is typical for Bulgaria and Czechia. So, after analysing 
the main trends of the macroeconomic situation, as well as Covid-19 dynamics in Central and Eastern Europe, 
it is relevant to explore the governmental measures for economic recovery and capturing stability to reveal 
the possible dependence between economic conditions, Covid-19 spread and effectiveness of policy responses.
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Policy response on COVID crisis in CEE. 
The crisis has caused an intensification of policy responses across the EU. According to our analysis of selected 
European countries, the highest level of support ranges from 21% in France to 39% of GDP in Germany. Instead, 
in CEE countries, the level of support was much smaller due to limited budgetary capacity (Figure 4). 
 

 
Figure 4. Fiscal responses of selected European countries (as % of GDP). Source: [28]. 

 

The Czechia and Slovenia provided the highest levels of support – 20% and 14% respectively, while Romania and 
Ukraine provided the lowest levels of support. 
The largest amounts of support are provided through the contingent liabilities channel, in form of credit 
guarantees. This type of support does not require direct costs from the budget, but instead plays the role 
of a safety net for the economy and ensure the necessary level of business viability.  
The next stage of the study was the analysis of individual cases of state support of the analysed countries. 
According to our analysis, CEE countries have chosen different strategies of economic support. For example, 
Bulgaria has focused mainly on direct financing of companies, regardless of their size, operating in the service 
sector (hotels, preschools, transportation, etc.). Direct grants under this program account for more than 70% 
of all funds allocated to support the economy (Figure 5). 
 

 
Figure 5. Distribution of response policies by CCE countries, %. Source: [29]. 

 
 

About a third of the total support package is made up of grants in Hungary and Romania. Such grants in both 
countries are aimed primarily at maintaining the liquidity of companies, regardless of their size and type 
of activity.  
Data shows, that Poland, Romania and Slovenia widely applied comprehensive economic support measures: such 
programs include several support mechanisms to the companies that meet certain criteria. Such measures 
are usually aimed at improving access to credit and include guarantees, soft loans, interest subsidies, and in some 
cases direct grants. The use of such comprehensive mechanisms reduces the time spent on policy coordination 
with the European Commission and responds more quickly to the challenges of the crisis.
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Although most countries have focused on measures targeting all companies, regardless of size, governments 
have also implemented special measures for individual companies (Figure 6). 
 

 
Figure 6. Policy response of CEE countries in terms of companies’ size, %. Source: [29]. 

 

Evidence suggests that countries have often used comprehensive mechanisms to support SMEs. A detailed 
analysis shows that mainly they include mechanisms of direct support in the form of grants and credit financing. 
In particular, Poland has launched a program to support SMEs in the amount of 16.6 billion euros in loans 
and repayable advances. 
In addition, as noted above, Bulgaria launched a direct grant program for micro and small companies in October. 
It is noteworthy that grants can be provided to companies that were in danger of bankruptcy at the end of 2019. 
 

Table 5. Policy response of CEE countries in terms of companies’ size and mechanisms. Source: [29]. 
 

 Mechanism  Company size 

 All  SME  Medium & Large  Micro&Small  Large  Other 

 Guarantee  29.3%  1.3%  91.0%  0.0%  93.8%  0.0% 

 Direct grant  9.9%  1.4%  9.0%  100.0%  4.4%  4.3% 

 Other  7.2%  0.9%  0.0%  0.0%  1.8%  62.7% 

 Comprehensive  53.5%  96.4%  0.0%  0.0%  0.0%  33.0% 

 Total  100.0%  100.0%  100.0%  100.0%  100.0%  100.0% 

 
The analysis showed the existence of distribution between support mechanisms depending on the size 
of the company. Thus. purely SMEs are supported by governments through direct financing mechanisms. While 
for large companies, governments are more inclined to apply the Contingent liabilities mechanism (in particular. 
through the provision of guarantees to financial institutions). 
 
Case of Ukraine. 
Compared to CEE countries, the list of measures for companies supports in Ukraine is much narrower and focuses 
mainly on the provision of state guarantees. First, the Government has modified the existing program to support 
small and medium-sized businesses in the form of reduced lending rates and the provision of guarantees. 
As of October 2020, according to the Ukrainian Ministry of Finance, the total amount of guarantees provided 
was approximately EUR 300 million. 
Also, to support business in the context of the pandemic Covid-19 in April. amendments to the Law on the State 
Budget for 2020 lifted restrictions on providing guarantees to public and private companies for investment 
and infrastructure projects aimed primarily at road construction (mainly it affects large companies). 
The key difference between the use of this tool in Ukraine and the EU is safeguarded. EU countries support 
mainly those companies that were stable and carried out effective economic activities before the crisis. 
In Ukraine, on the other hand, the requirements for assessing the financial condition of borrowers are much 
lower, and sometimes even non-existent. This situation can eventually lead to an increase in NPLs 
and an additional burden on the budget. 
According to analysed policy responses, applied in CEE countries, the most relevant of them, considering modern 
conditions of the Ukrainian economy, should be as follows: direct and indirect financing in the form of guarantees 
as well as comprehensive measures including business lending.
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Impact  
The issues raised in the research are mainly focused on social and economic impact of Covid-19 in some countries 
of Central and Eastern Europe, exemplified as challenges in such spheres as health, society sustainability. as well 
as macroeconomic stability and the level of economic development on national level due to pandemic. The policy 
impact regarding SME support is the measured in the research by analysis of policy responses on Covid-19 
challenges since SMEs are the main drivers of economic development on national. regional and local level. 
 
Conclusions 
CEE countries have allocated less funding to support the economy compared to developed EU countries. 
This is partly due to lower numbers of Covid-19 cases in spring (compared to Italy and Spain), partly due to limited 
budget resources (compared to Germany). In the second phase of the crisis, these countries are in a relatively 
better position: the projected GDP growth rate is higher than the European level, and the share of public debt 
is lower. This situation provides a certain margin of safety and additional resources for further business support. 
An analysis of existing support mechanisms has shown the heterogeneity of business support policies within CEE. 
Thus. Bulgaria mainly uses direct financing, the Czech Republic - indirect financing in the form of guarantees, 
while the rest of the countries have introduced comprehensive measures that combine several mechanisms 
aimed primarily at boosting business lending. The policy response of the Ukrainian government was mainly 
focused on providing state guarantees and reduced lending rates. 
Besides, the only country that has introduced substantial support programs for SMEs in Poland, the rest 
of the countries have focused on supporting all companies, regardless of size. Under such conditions, it is critical 
to continue to effectively support business, including SMEs. Large companies are important for the state budget 
in terms of tax payments and export earnings. However. SMEs play a major social role alongside a purely 
economic one. 
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Abstract     
In today's fast-developing world, the use of composite materials is closely related to environmental pollution, 
renewable and biodegradable resources. A researcher is looking for environmentally friendly materials. Natural 
and synthetic fibres come in a wide range of shapes and sizes. Natural fibres include jute, straw wheat, rice husk 
banana fibre, pineapple leaf fibre, cotton, Sisal, Coir, Oats, and Bagasse. Every year, 13.5 tonnes of banana fibre 
are produced in India. Teabags, paper, and polymer composite reinforcement are just a few of the applications 
for banana fibre. This article focuses on the manufacture of banana fibre with epoxy and a variety of other natural 
fibres. By combining banana fibre with some current technology, waste will be reduced, and energy efficiency 
will be increased, all while supporting sustainability. Banana fibres are covered in this work, along with their uses, 
applications, and mechanical qualities, as well as how banana fibre might improve mechanical properties.  
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Introduction  
When compared to other fibres, banana fibre offers superior mechanical qualities. Banana fibre has a higher 
specific strength than glass fibre. Until today, we couldn't completely exploit banana fibre to    the fullest. Banana 
fibre is an underappreciated or misunderstood waste product in the banana industry. If we can effectively use 
this fibre, the cost of serval products may come out and it will be boon to the society. Banana fibre is strong, fire-
resistant, light, absorbs a lot of moisture, has a low elongation, and is biodegradable. Banana fibre has a lot 
of potential in the paper industry, particularly for handmade papers. Handling cards, pen stands, filter paper, 
rope, paper bags, lamp stands, mats, and composite materials employ banana fibre. It's utilized in cars to make 
underfloor protection panels. Automobile makers employ banana fibre and polypropylene. Interior designers 
employ banana fibre composite material. Banana fibre paper has a long shelf life. 
In order to improve performance, we use matrix and reinforced composite materials. Fiber is mostly used 
to strengthen. Fiber, natural or synthetic, is usually employed as a reinforcing element (non-biodegradable). 
Matrix materials include ceramic, polymer, and metallic. Thermoset and thermoplastic (phenolic, polyester, 
Polycaprolactone, Polyhydroxy butyrate, and epoxy) are two types of polymer matrix (polyethylene, 
Polypropylene and polyvinyl chloride). A composite is a matrix material reinforced with fibres. A hybrid 
composite has many fillers and reinforcing elements. A matrix's properties vary depending on the criteria. 
As a result, understanding mechanical qualities, applications, and manufacture is impossible. This study studied 
the mechanical qualities, application, and production. 
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Historical context 

 Fiber from bananas 
Unlike other natural fibres, banana fibre has several distinct properties. Banana fibre is harvested from a banana 
tree. Banana fibre, also known as Musa fibre, is one of the world sturdiest natural fibres. The natural fibre is made 
from the stem of the banana tree and is biodegradable. Banana plant outer sheaths produce thicker, more 
durable fibres, and the inner sheaths have softer fibres. According to Bilba [1] banana leaves (BL) and the pseudo-
stem banana core were investigated as two sections of a banana tree (BC). It was assumed that the existence 
of more hydrogen in BL fibres was related to the fact that BL fibres had fewer double links as compared to others. 
Bananas are a tall herbaceous plant (2-16 m) with a pseudo-stem made up of densely overlapping long fibres. 
According to Samel [2], Banana fiber has strong tensile, flexural, and resistance. After further investigation, it was 
discovered that the majority of researchers, such as William Jordan [3], Shih, and Yeng-Fong [4] employed 
pseudo-stem banana fibre. 
Banana fibre can be used to dampen the sound of a stone hitting an automobile. The first component quality 
fibre is banana fibre. Ibrahim [5] claims that banana fibre and banana micro fibrils can be made from 
lignocellulose waste using alkaline pulping and steam evaporation. William Jordan [3] argues that 
all lignocellulose fibres are chemically identical. Cellulose, hemicelluloses, and lignin. However, they 
will be the same for the same plant species. Lignocellulose offers a variety of mechanical characteristics. 
Transportation, storage, and the extracted fibre’s life cycle may all contribute to this. Raw banana fibres 
mechanically separated from the stem are utilised to improve the qualities of natural banana fibres subjected 
to chemical surface changes, according to Shih [4]. The banana fibre is first washed in detergent, then treated 
with NaOH, and last with saline acetone. 
Encouragement of natural fibres in composite materials can significantly minimize the greenhouse effect, 
as we mentioned in various paper [6]. As a result, the goal of our research was to look into the physio-mechanical 
properties of walnut shell powder (WNP)-with banana fibre (BF) fiber-based epoxy (EP) composites. 
We discovered that adding walnut powder to the BF/EP composites significantly improved their mechanical 
properties and wear resistance. 
M. Boopalan [6] says banana fibres are non-abrasive, renewable, and can be burned for energy. It is easy 
to handle and has a lot of calories. It's also cheap, light, and strong. Its eco-friendliness makes it appealing 
in engineering industries like construction and automobiles. N. Venkateswaran [7] found that adding 50% sisal 
to a banana/epoxy composite improved mechanical characteristics while decreasing moisture absorption. 
 

 Banana Fiber Reinforce Polymer and Composite 
Several researchers recommend adding a modified compatibilizer to the modified polymer to increase Fiber-
Polymer binding. M. Ibahim [5] suggested that lignocellulosic fillers are created from banana plant waste 
and reinforced with polyethylene. Adding melted fibre to the polymer matrix improves adhesion and tensile 
strength but increasing fibre concentration from a specific limit reduces adhesion and tensile strength.  
 
Factor Influencing the mechanical properties of fiber Reinforced composite (FRCs) 

 Type of fiber used: Characterisation  
Natural fibre characteristics are mostly determined by their physical properties and chemical organisation, 
according to Gupta [7]. Processing "pseudo stems of banana plants" yields banana fibre (Musasepientum). 
The majority of banana fibre is made up of lignin, cellulose, and hemicellulose, earning it the moniker 
lignocellulosic fibre. As a result of their chemical make-up and structure, composite materials based 
on reinforced natural fibres offer outstanding mechanical qualities. 
Banana fibre reinforced composite having high tensile, flexural, and impact strength. The physical 
and mechanical properties of banana fibre reinforced biodegradable. Thermoset, and thermoplastic composites 
are being studied. Fibers are classified as minerals, plants, or animals. Essential characteristics of the banana 
fiber are given in Table 1, which states that banana fiber contains cellulose and protein in various concentrations. 
Chemical composition with the moisture content of banana fiber shown in Table 1 and moisture absorb 
of banana and walnut chart we have shown in Figure 1. In which we shown moisture absorption in Banana fiber 
and walnut powder composite in different WNP Loading. As per Banana fiber and walnut powder chart 
it is conform that as we increase the wt% of walnut powder the water absorption also increases maximum water 
absorption we can see in 15% WNP and minimum absorption at 5% WNP.
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Figure 1. In this BW1-30% B/F and 0% WNP,BW2,BW3,BW4 -5,10,15% WNP with 30 % BF. 
 

Moisture absorption chart of Banana fiber and Walnut powder in different proportion. 
Indria, K.N., et al. [8]. Treated reinforced composites (40 wt%) have better thermal stability than untreated fiber-
reinforced composites (40 wt%). The researcher, Kiran [9], reported that a banana-pineapple hybrid composite 
showed distinct weight friction with epoxy resin. It increases flexural strength by increasing fibre weight friction. 
He also adds that using two natural fibres instead of one increase flexural strength. The mechanical property 
of banana fibre is very much comparable to other natural/synthetic fibre shown in Table 2. 
 

Table 1. Chemical Composition and Moisture Content of Banana Fiber. Source: [8,9]. 
 

 Cellulose (%)  Hemi cellulose (%)  Lignite (%)  Moisture (%)  Ash (%)  Density (g/cm2) 
 

 63±1  19±1.2  5±0.5  11±0.1  1.02  1.3±0 

 

Table 2. Comparative Mechanical properties of banana with other natural/synthetic Fiber. 
Source: [8–13] 

 

 Fiber   Density  
( g/cm2 

Tensile               
Strength (MPa) 

 

 Elongation 
 (%) 

 Young modulus 
 (GPa) 

 Specific 
 modulus 
 (Approximate) 
 

 Banana   1.35    500  1.5-9  12     9 

 Bamboo   0.6-1.1 1 40-800  2.5-3.7  11-32     25 

 Coir   1.2 1 75-220  15-30  4.0-6.0     4 

 Cotton   1.5-1.6    287-800  3-10  5.5-12.6     6 

 Sisal   1.33-1.5 3 63-700  2.0-4  9.0-38.0     17 

 Jute   1.3-1.49 3 20-800  3.7-5.9  8-78     30 

 E Glass   2.5-2.59     2000-3500  1.8-4.8  230-240     29 

 Nettle   -    223-930  -  1.7     30 

 Hemp   1.4-1.5    270-900  1-3.5  23.5-90     40 

 Kenaf   1.4    223-930  1.5-2.7  14.5-53     24 
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Dhaka [10] focuses on the characterisation of raw banana fibre polyester composites. He mentions that natural 
fibres include hemp, jute, banana, sisal, kenaf, and others. Natural fibres' lignocellulosic character has helped 
them gain popularity in recent years. Rathore [11] summarises the value of combining banana and jute fibres 
in the same natural polymer matrix, since they often impart their own qualities and produce a nice hybrid 
composite. 
 

 Matrix Type used 
Kumar [13] claims matrix is vital in-plane shear. Strengthening of compression and interlaminar joints. Bananas 
and other natural fibres have been demonstrated to be compatible with thermoplastics and thermosets. Many 
researchers investigate banana fibre reinforcement with thermosets such as polyester, vinyl ester, epoxy, and 
phenolic resin. A number of researchers have created unique composites that are both ecological 
and biomedical, according to Shih [4]. PLA is a biodegradable thermoplastic that can be utilised 
in biocompatible/bio absorbable medical equipment or industrial packing. Researchers used oil palm wood flour 
(OPWF) as a wood basis filler for bio-based thermoplastic composites in a recent study, with good results. 
After cleaning and chopping the biobas fibre, Shahinur [14] added thermoplastic granules to boost its mechanical 
characteristics. With chopped and cleaned fibre combined in thermoplastic granules, he noticed that the 
mechanical properties were quite comparable to injection moulding. Table 3 shows the Impact Strength 
of Different Thermosets and thermoplastic resin with banana fibre. 
 

Table 3. Comparative mechanical properties of pure thermoset composites and respective Banana reinforced  
composites. Source: [4,13–16]. 

 

 Properties  PP  Banana/PP 
 (MPa) 

 Epoxy 
 (MPa) 
 

Banana/Epoxy 
 

 PLA (MPa)  Banana/PLA     

 TS (MPa) 19.71  11.45-24.16  33.86 114  39.3  78.6 

 FS 38.82  38-42  118.75 74  39.4  65.4 

 Impact kg/m2 19-22   10.439 (Joule)  22.2 (J/M )  17.1 J/M 

 
According to Dhakal [10], matrix is used to secure fibres and transfer weight between them. It also protects the 
fibres from the elements. Kiran [9] claims that the matrix organises the fibres regularly. The matrix material takes 
many forms. Ceramic, polymer, or metal. A metal matrix is an alloy reinforced with metal fibres like boron 
carbon. Examples of polymer matrix composites are PMCs and ceramic matrix composites. 
 

 Separation of Fiber 
After drying, most natural fibres, especially banana fibre, must be chopped horizontally to provide strength 
and variation. According to Sapuan [17], fibre separation is affected by length, temperature, and pressure. 
R. Karthic [18] used woven and nonwoven banana fibres to generate fibre dispersion in order to examine 
the length effect. The significance of fibre coarseness and length has been demonstrated. 
According to Mishra, [19] Poly(lactic acid) is easily available in pallet form and is frequently used for the 
production of bio-composites, particularly by melt extruder and injection moulding. Several positive changes 
in PLA's mechanical and wear characteristics have been recorded and some future recommendations. With the 
addition of filler, PLA demonstrated a decrease in tensile and flexural strength, which can be changed by using 
compatibilizers or mixing appropriate biopolymers. 
 

 Fiber orientation 
The orientation of the woven jute fibre has a significant impact on the mechanical and thermal properties 
of composites made with different resins. Unlike natural fibres, banana fibre offers a wide range of lengths. 
According to Amir [15], optimal mechanical properties are obtained when fibres are parallel and of required 
length. As Alavuden [20] discovered, woven banana/kenaf hybrid has a higher mechanical strength 
than individual banana/kenaf fibre. He compares the mechanical properties of random and woven fibres, 
concluding that weaved fibre beats random orientation. 
Ezema [21] found that variation in properties due to fibre orientations was observed 
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indicating a higher value of properties in the 00-fiber orientation than in 45˚ and 90˚ directions, which is shown 
in Figure 2 and 3. 
 

 

Figure 2. Effect of fibre treatment and orientation on the ultimate tensile strength of banana fibre-NR composite. 

 

 

Figure 3. Effect of fibre treatment and orientation on banana fiber-NR composite failure strength. 

 

Chandrasekar et al. [22] analysed the effect of fibre inter-ply orientation on the mechanical and free vibration 
behaviour of banana fibre reinforced polyester matrix composites. Characterization of 50 ± 2 wt% banana fiber 
reinforced polymer composites were carried out using cross-ply laminates ([90/0/90] and [0/90/0]), [0/45/0], 
four-layered angle ply laminate ([90/0]s) and quasi-isotropic laminates ([0/90/45]s, [0/45/90]s,).The study 
reviled that composite having [0/90/0] laminates showed superior elastic modulus, tensile strength, impact 
strength and natural frequency. In comparison to other configurations, Quasi-isotropic laminate composites 
exhibit better flexural properties. 
Chavali's [23] research looked at a banana fiber-reinforced composite's tribological and mechanical properties 
with various orientations. He discovered that strength decreases more rapidly by 41.82 % from 0 to 45 
orientation due to higher tensile stress developing in fibres than shear stress, whereas strength decreases 
by 14.21 % from 45 to 90 orientation. 
 

 Composite Void and porosity 
Many volatiles and air bubbles become trapped in composites during manufacture and remain as tiny voids. 
P. Deepak [24] recommends rolling over the mould when producing compost to reduce voids induced 
by the exothermic reaction of hardener and resin. Rathore [11] claims that nanocomposite has successfully 
minimized voids by using nanofiber. According to Amir [15], PP/banana composite has the lowest
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tensile strength due to void. Load transfer between fibres and matrix is reduced due to the composite's 
weakness. Biba [1] studies the natural fibre of banana and coconut trees chemically and texturally. He discovered 
that by calculating the temperature of pyrolysis of fibre before it changes in the cement matrix, we may predict 
the behaviour of composites in the presence of large porosity. 
 

Banana Fiber Reinforced Thermoset Polymer Composite 
The combination of banana fibre with a thermoset polymer matrix increases mechanical properties. Many 
researchers are investigating banana fibre reinforcement with thermosets. Table 3: Impact strength of different 
thermostats (IS or ST). Rathore [11] elaborates on the production of natural fibre reinforced thermosets. He also 
compounds sheet moulding and Thermoset compression moulding with resin. 
 

 Resin and Fiber 
When fibre and resin meet. By increasing the fibre's strength, toughness, and rigidity, it increases its load-bearing 
capability. We use technologies like twin vacuum, injection pressure moulding, and injection wall to raise 
the pressure gradient. Bhoopthi [25] used banana, hemp, and glass fibre as reinforcement materials in three 
different laminated hybrids. The experiment revealed that a banana-hemp-glass hybrid with epoxy resin 
has excellent mechanical properties and can be used as a substitute for synthetic fibre reinforcing material. 
 

 Fiber with sheet moulding 
Fiber is produced to sheet and laminate by hand, then thermal, such resin, is combined to enhance the chemical 
reaction, increasing temperature resistance. 
 

 Fiber Compression Moulding 
Liu [26] observed that banana fibre reinforced well with various thermosetting resins such as unsaturated 
polyester. Using thermoset to diminish banana fibre loading also affects the banana's water absorption 
characteristics at ambient proportions. Ravi Bhatnagar [27] asserts that banana fibre composite is perfect 
for thermoset for transportation and the vehicle industry. There was a lot of research on how natural fibres like 
banana and coconut functioned with thermoplastics. 
 
Banana Fiber Reinforced Thermoplastic Polymer composite 
A number of researchers have created unique composites that are both ecological and biomedical, according 
to  Shih [4]. PLA is a biodegradable thermoplastic that can be utilized in biocompatible/bioabsorbable medical 
equipment or industrial packing. Researchers used Oil palm wood flour (OPWF) as a wood basis filler for bio-
based thermoplastic composites in a recent study, with good results. After cleaning and chopping the biobas 
fibre, Shahinur [14] added thermoplastic granules to boost its mechanical characteristics. With chopped and 
cleaned fibre combined in thermoplastic granules, he noticed that the mechanical properties were quite 
comparable to injection moulding. 
 
Biodegradable Polymer Composite Reinforced with Banana Fibers 
According to Shih [4], biodegradable polymers are becoming more popular in material science. Poly(lactic acid), 
which has a high modulus, is one of these biodegradables. PLA is a high-strength thermoplastic polymer which 
is perfect for medical and industrial packaging. However, its low thermal deformation temperature and high cost 
limit its use. Combining BP (Biopolymer) with banana fibre produces a natural green composite with improved 
mechanical and thermal qualities while lowering costs. 
 
Impact strength of banana fibre reinforced polymer composite 
Composites containing molybdenum disulphate, such as banana fibre, have lower impact strength and thus 
lower toughness, according to Deepak [24]. According to Rathore [11], some researchers have observed that bio 
nanocomposite with catalyst has a significant impact strength. Liu [23] analysed the banana fibre composite 
made of HDPE/Nylon-6 (80/20) was made in two stages by altering SEBS-g-MA and PE-g-MA. SEBS-g.MA 
was found to enhance the reinforcing effect and impact. With a 5 mm thick banana fibre matrix, hardener, 
and catalyst, Sarub Dhaka [10] provides the highest impact strength with tensile. Alavudeen [20] studied 
the tensile, impact, and flexural strength of woven hybrid composite of Kenaf/Banana fibres. [16]. According 
to Ramesh, glass epoxy has a far higher impact strength than banana epoxy when mixed with glass fibre. 
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Limitation of Natural Fiber: 
In spite of the many benefits of natural fibers in NFPCs, there are some disadvantages, such as excessive water 
absorption and poor thermal properties. These lignocellulosic composite materials also exhibit heat conductivity 
and acoustic insulation properties, which have been less explored. In order to make these materials more widely 
available and safer, future research into the characteristics of various natural fibres will be necessary. According 
to Raghavendra, a natural fibre's ability to reinforce depends on cellulose's composition and crystallinity [28].  
 

 Fiber treatment 
All-natural fibres can be treated using chemicals. Treatments include NaOH, saline, dicumyl peroxide in acetone 
(peroxide therapy), and potassium paramagnet in acetone (paramagnet treatment). Mechanical Properties 
of Bio-based polymer composite shown in Table 4. 
Bhupathi [25] showed that alkali, salt, and acetyl treatments work well on natural fibre. After heat treatment, 
Indira [8] revealed that there is a change in surface topology between untreated and treated banana fibres. 
As a result, deterioration, disintegration, and activation of energy demand more energy after treatment.  
Asim Shahzad [29] used advanced chemical technologies, such as chemical reagents, to lower the hydrophilic 
inclination of fibres and therefore increase matrix compatibility. 
Chemical treatment of banana fibre is used to improve adhesion between banana fibre and polymer matrix. 
sodium lauryl sulphate, Alkali, and maleic anhydride are all common chemical treatments. The characteristics 
of banana fibre reinforced polymer composites improved with increasing banana fibre content, according 
to the literature. Chemical treatment of banana fibre improves the characteristics of the resulting polymer 
composites in general [30]. 
Peroxide treatment is an advanced way for reducing fibre moisture absorption. To obtain the required effects 
and increase thermal stability, hydroxyl groups react with free peroxide radicals react in this approach [31]. 
Alkali and SLS (Sodium lauryl sulphate) treatments can also be used to improve banana fibre mechanical 
properties. SLS treatment outperforms alkali for enhancing mechanical properties and surface modification. SLS 
has stronger tensile, flexural, and impact strength than Alkali. 
 

Table 4. Mechanical Properties of Bio based polymer composite. Source: [11,12,14]. 

 

 Bio composite Tensile strength 
(MPa) 

 Flexural 
 (MPa) 

 Impact 
 kg/m2 

 Hardness 
 Rockwell (L) 

 Water absorption 
 (%) 
 

 Jute    320-800   25-85  78-97  0.7-1.26 

 Treated jute    18-24  77-87  0.73-1.22 

 Coir    95-230   35-60   80-90  0.3-1.72 

 Treated coir    40-60  90-105  0.3-0.7 

 Banana    500   1.2-1.8  60-66  1.5-3.0 

 Treated banana    0.9-1.5  66-72  1.0-2.5 

 Coir-PP    22-27  46.50    

 Treated coir-PP    27-30  53-60    

 Jute-PP    17-34  20-32    

 Treated jute-PP    15-51  15-58    

 Banana-PP    11-22  38-42    

 Treated Banana-PP    23-24  36-39    

 

 Additives or Filler 
The fundamental distinction between various fillers and additives and treatment is that fillers or additives mix 
with the matrix to strengthen mechanical qualities, whereas fillers receive treatment. A modest amount of resin 
is blended with filler or additives. The majority of fillers improve the mechanical properties of composites while 
also controlling the viscosity and producing a smooth finish. Elanchezhain [32] stated that adding filler (stiff coir
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and jute) to a soft polypropylene matrix improves the flexural modulus. Sweety Shahinur [14] explains how 
composites are made up of a matrix and a reinforced material and how adding filler can increase performance. 
Bhatnager [27] discovered in his review that when red mud is added to the filler, it provides maximum 
mechanical strength as compared to pure BFRPCs ( BFRPCs percentage 50 percent )   
Filler is well-explained by Pothan [33]. He refers to Nelasion because natural fibre can be employed in automotive 
structures. According to this, the law of mixture can be used to predict the mechanical properties of composites. 
He gives one formula for analysing the damping property of composites, which is also useful for studying 
the damping property of composites. 
 

 
(1) 

 
     tan δc = tan δ m (1- ɸf) 

 

 

 
tan δc - represents composition damping, which is a matrix proportional contribution to its relative content 
tan δ m - represents the matrix damping value, and ɸf represents the friction volume of the filler. 
 

 Hybridization 
Nagaraja, K. C. [34] created a hybrid composite laminate and studied the reinforcement hybridization effect. 
The statistics show that 10% MRP increased the mechanical properties significantly. This decreases E-Glass fibre 
content in composites. Due to its exceptional mechanical properties and low cost, this composite was 
recommended for many technical applications. 
Banana fibre is appropriate for replacing current fibres, according to Subagyo [35]. Banana pseudo steam fibres 
are removed using fibre extractors. The raw material is cheap and widely available. 
Ramesh Kumar [36] developed hybrid composites made of kenaf, glass, banana, and graphene filaments, which 
are widely used in polymeric networks in automobiles, space vehicles, and aviation development. In this study, 
nanohybrid composite laminates with varying weight percentages nanofiller of graphene and reinforcing 
materials such as banana, kenaf, and glass fiber were made with epoxy resin and different weight percentages 
of graphene as nanofiller. The results reveal that including graphene into epoxy resin enhances the mechanical 
properties of nanohybrid composites and that kenaf/glass fiber hybrid nanocomposites outperform 
banana/glass fiber hybrid nanocomposites. 
Temesgen [37] investigates the mechanical characteristics of hybrid composite materials reinforced with false 
banana/glass fibres at different orientations of hybrid (glass and false banana ) fibres and fibre volume fractions. 
The results reveal that both fibre orientation and volume fraction substantially impact the mechanical 
characteristics of the artificial banana/glass fibre hybrid composite. 
Ravi Y.V. [38] creates the composite hybrid helmet with natural hemp and banana fibres and polyester resin 
as the matrix material, utilising a traditional hand lay-up technique. The helmets are prepared before being put 
to the test. According to the tests, natural fibres have good strength and impact resistance and are the best 
alternatives to synthetic fibres, which are extensively employed in the helmet manufacturing industry. 
The influence of fibre orientation on the abrasive wear behaviour of banana fibre reinforced Chavali and Taru 
[39] studied epoxy composites. The wear test was carried out using an ASTM-approved pin-on-disk tribometer.    
Low wear was observed at 00 fibre orientation, increasing to 900 fibre orientation for 20 N and 50 N at 200 rpm. 
Wear is related to the contact area; therefore, fibres are more wear-resistant than resin. At 00 fibre orientation, 
there was less contact between the fibre and the disc, resulting in minimal abrasive wear. In composites with 900 
fibre orientation, the contact area between fibre and disc was greater.  
 

 Impacts in Polymeric Composites 
The results of the Mahesh, D. [40], experiment that, the 50 percent banana fibre and 50 percent polypropylene 
composite materials can bear higher loads than the other combinations and can be utilised as an alternative 
to traditional fiber-reinforced polymer composites. 
Neher employed [41] obsolete high-density polyethylene (HDPE) as the polymer matrix and banana fibre as the 
reinforcement material in this investigation and he discovered that bulk density and tensile strength grew 
by wt.% while flexural strength declined. Flexural strength increased for 5 wt.% BF-HDPE composites at first, 
but then decreased for other higher compositions.  
Samal [2] created banana fibre reinforced polypropylene (BSFRP) composites as well as banana-glass fibre 
reinforced polypropylene (BSGRP) hybrid composites. He claims that at 30 wt. percent fibre loading, which 
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is regarded as the critical fibre loading, the highest improvement in polymer characteristics is observed. It is also 
mentioned by Powała [42], polymer can be utilised to increase mechanical qualities. Many scientists 
are attempting to enhance the properties such as flexural strength, compressive strength, and water resistance. 
Certainly Polymers can be used to change the cement matrix. 
 
Banana Fibre’s Use in Automobiles and Industries 
Incorporating natural fibres into a polymer matrix attracted worldwide attention to the importance 
of environmental consciousness. According to Jordan [4], natural fibre reinforcement is commonly used 
in engineering applications. Compared to synthetic fibre, Madhukiran [9] thinks natural composite is a great 
material for lightweight cars. 
On the other hand, Sushant [2] cites Hang, who has thorough information on the usage of natural fibre in vehicle 
structures and has found natural fibre superior to other materials. Boopalan [6] describes natural fibres as non-
abrasive, renewable, and energy-recovery composites. They are easy to handle and high in calories. Low-density 
natural fibre has great mechanical properties. Synthetic fibre displaced cellulose fibre in the 1970s and 1980s, 
according to Venkateshwarn [7]. Shahinur [14] quotes Mohammed et al. who stated that natural fibre may 
replace asbestos in automobile interiors and engineering applications. As seen in the table 5, polymer composite 
is excellent for autos. 
 

Table 5. Compared to traditional vehicle material composite offer. 
 

 Better Internal Damping  
 Leads directly to reduce noise and vibration 

    Reduced tooling cost 
    Composite tooling cost is only 40% of steel stamping 
    tooling cost 

 Substantial weight reduction 
 FRP composite are typically 25-35% lighter than steel 
 parts of equal strength 

 

 Unparalleled damage resistance  
 Damage resistance of composite is far superior to 
 that of aluminium and steel panels  

    Unrivalled corrosion resistance 
    Few materials Offer better corrosion resistance than 
    FRP composite in any application automotive or 
    otherwise 

 Lowered manufacturing complexity 
 Fewer parts required for a finished assembly cuts 
 manufacturing cost and often speeds run-up to 
 design completion and model introduction. 

    Improve Design flexibility  
    Moulding offers shape complexity, geometry details, 
    and a depth-of-draw range unavailable with metal 
    stamping, in some case, a part just cannot be 
    manufactured out of other materials. 

 

Application and Future scope 
In recent years, it has been used more as a reinforcing material, particularly in the plastics industry, increasing 
its cost and damaging the environment. So we want renewable and biodegradable. Natural fibre can also be used 
in other automobile parts. It is based on biodegradability, low cost, lightweight, and high rigidity. 
It is possible and convenient to use Jute fibres instead of made fibre, resulting in increased cost-efficiency. Jute 
fibre was introduced as reinforcement in thermoplastic and thermoset polymer-based composites and has found 
extensive transportation applications (automobile and railway coach interiors, boat, etc.). The automotive 
sector, in particular, plays a critical role in this subject. Bulletproof panels were created using natural fibre 
reinforced composites and epoxy as a matrix. Jute fibres can also be employed in these prototype bulletproof 
panels were thought to be lighter and less expensive than standard bulletproof panels. Moreover, jute fibers 
and other natural fibres are also finding their uses in prosthetic applications. 
 
Impact 
The current review focuses on banana fiber composites' mechanical and physical properties and their chemical 
makeup. When compared to other natural fibers, banana fibers have exceptional properties. With the help 
of composite technology, it is feasible to use and apply lower-cost commodities in high-performance appliances. 
They are beneficial in several disciplines of engineering, high-performance applications such as leisure 
and sporting products, shipping industries, Aerospace, and so on, since they combine the useful features of two 
different materials, lower manufacturing costs, versatility, and so on. 
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Conclusion 
We must stop manufacturing materials that last forever, such as many plastics, in order to protect our 
environment. Accepting rapid degradation as a result of persistent renewal, as in nature, is not an option. 
Industry, particularly the automobile industry, which uses a lot of bulk materials, would prefer a midway house 
of materials that last a long time yet disintegrate back into the environment when they're no longer needed. 
Reinforced polymers based on natural, primarily plant-derived chemicals show promise in this regard and may 
prove to be one of the century's material revolutions. In this review , we have gone through the mechanical 
properties of banana fibres and factors affecting direct characteristics such as fibre length, rebounding, 
interfacial adhesion, and morphological changes on fibre surfaces. Add more results/outcome statements 
related to banana fibre.  
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Abstract 
The article examines the theoretical principles of studying sustainability and security of public budget of the Visegrad 
Group countries and determines that indicators of the normal functioning of the economy and ensuring a decent 
social standard of living of the population are reaching the limits of relevant indicators, some of which are approved 
by international standards. At the same time, the authors identified the absence of a single system of macrofinancial 
indicators of sustainability and security of public budget proposing to create it, including twelve ratios reflecting levels 
of debt security, deficit load on the economy, debt load on the population, budgetary independence, efficiency, 
population well-being, productivity, economic efficiency, as well as the effectiveness of financial support for health 
and education, elasticity of income and expenditure from the change in GDP of the Visegrad countries. 
Analytical calculations of the above-mentioned macro indicators in the dynamics made it possible to draw qualitative 
conclusions on compliance with the sustainability and security of public budget of the Visegrad Group countries, 
identify possible threats to national economies and prevent the consequences in case of non-compliance 
with standards. Based on the results of correlation-regression analysis, the authors determined the indicators 
that have the greatest impact on the resultant factor-the ratio of the level of deficit load on the economy 
of the investigated countries. It made it possible to analyze the real situation in the economy, to determine the level 
of sustainability and security of public budget and to give the necessary suggestions and recommendations. 
 
Keywords 
sustainability and security of public budget; the Visegrad group countries; economic development; macroeconomic 
analysis. 

 
Introduction 
Social - economic development, its key trends and the impact factors in the Visurged Group countries is the object 
of high academic interest because of many reasons. Being a former part of socialist area, these countries, (Czech 
Republic, Slovakia, Poland and Hungary) managed to implement numerous reforms, particularly, economic, medical, 
educational and territorial, to restore the market economy and achieve the substantial level of social-economic 
growth and regional development. Thus, their expertise and the achievements in different fields of economy 
and finance should be precisely examined and analyzed. Different issues of economic and social development
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in the V4 countries have been analyzed by a number of scientists, particularly, well-being state Tendera-Właszczuk 
et al. [1], Nováková et al. [2], institutional and environmental conditions Koziuk et al., public finance Buriachenko 
et al.  [3], quality of life and living conditions  Nováková et al.  [2], monetary integration Lyzunyzun [4].  
Meanwhile, such a crucial issue as a sustainability and security of public budget in Vysegrad countries were not 
examined to the full extent. Nevertheless, it influences many economic and social aspects in a country and is believed 
to be one of the vital conditions of regional sustainable development and population needs satisfaction. 
The aim of this research is to propose the framework of indicators which provide the comprehensive and clear 
evaluation of sustainability of public budget, to assess the current state of sustainability of public budget in the V4 
countries and to define the main factors influencing budget deficit in each V4 country. To achieve these objective 
statistical methods of regression analyses were applied [5]. 
Since the term “sustainability” can be considered in different ways both quantitative and qualitative [3,6], it will 
be used for the objective of this research based on the Cambridge Dictionary definition, namely as “the quality 
of being strong, and healthy or unlikely to break or fail” [7,8]. This budgetary situation can be achieved if budgetary 
expenditures are less than a total revenue while the share of non-utilized revenues reaches 60-70% of the total 
municipal revenue accumulated on its territory. So, sustainability of public budget can be considered under two 
aspects. Firstly, as an ability of local bodies to accumulate this amount of revenue which covers all the local 
expenditures and provides balanced budget. Secondly, as an ability of local authorities to provide local population 
with sufficient social services for the satisfaction of its needs [9,10].  
Manuscript "Suggestions for a New Set of Fiscal Indicators" [7] is devoted to the substantiation of four groups of fiscal 
indicators designed to answer the question: what in the tax system is caused by changes in the economic 
environment, and what is due to government policy?, is it possible to support the current course of fiscal policy 
through tax or expenditure adjustments?, what is the impact of fiscal policy on inflation?, which macroeconomic 
impact makes fiscal policy through deficit and debt financing?! 
According to this, sustainability of public budget should be understood as a budgetary situation which provides 
healthy functioning of a public body, execution of its powers based on the full and opportune budget expenditures, 
including servicing external and domestic debt [5,11]. Correspondingly, sustainability of public budget of a region 
presumes the provision of own resources, relies on the structure of financial resources for a municipal development 
and its dependence on the external funding. Thus, an assessment of sustainability of public budget is to be executed 
through a framework of indicators that can characterize the structure of financial resources in a region, their amount 
and stability, as well as the efficiency of corresponding expenditures aimed at a regional sustainable development 
[12].  
The key characteristics used to evaluate sustainability of public budget include first of all the indicators of a budget 
independence (a budget ability to collect necessary financial resources mostly through tax system self-sufficiently), 
dependency on transfers and external financing, soundness, tax autonomy and ability, share of equalization transfer 
in the whole amount of transfers, income/outcome transfers ratio, which characterize mostly the revenue part 
of sustainability of local budget [13,14]. Some researchers added also the ratios of debt load to these indicators 
(the ratios of debt load - indicators of a debt structure, a debt servicing, share of account payable in the whole 
revenues) [15,16] and a budget efficiency ratio (a budget provision of the population, deficit level ratio, a budgetary 
performance, revenue stability indicator). 
Bojarska et al. [17] consider that sustainable development is a global mega-trend in all spheres of life and priority for 
people all around the world. The implementation of the seventeen tasks of the Concept of "Sustainable Development 
Goals", which must be completed by 2030, provides the development of an appropriate system of sustainability 
indicators based on the latest scientific research. 
The issues of digital transformation of the sustainable development system in the EU countries, including Visegrad 
Group, are studying in the works of Esses et al.  [18] and Matthess et al.  [19]. Thus, researchers emphasize that the 
evolution of digital transformation poses actual challenges and provides many new opportunities, as well as unique 
solutions of individual issues for both economic sectors and regions. Authors consider the need of studying the 
relationship between digital transformation and sustainability in the countries of Visegrad Group. 
An important is to accept the offers of Khanova et al. [20] to use certain indicators of sustainable development of the 
EU countries and Ukraine. The presented methodology  of calculating the ratio of economic, social and environmental 
efficiency formed the basis of system of indicators of sustainability and security of public budget. 
Reflecting the state of a local budget, its revenues, independence, reliance on a central budget and inter-budgetary 
transfers the latest above-mentioned approaches estimate only limited number of expenditures, namely-dept - 
servicing and gross expenses p.c, [21], In the meantime, it is social services financing and delivery to population as 
well as regional long-term development should be considered as the main goals of regional budgeting and
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its sustainability achievement. From this point of view, the current research proposes to use additional indicators 
in a sustainability of public budget evaluation which characterize such spheres of public services and budgetary 
expenditures as education and healthcare system, namely-the indicator of healthcare system financing and education 
system financing. Besides, two new indicators-elasticity of budget revenues and expenditures-are proposed to use 
in a sustainability of public budget assessment. Both of them are calculated as the ratios of increment rates of budget 
revenues/expenditures and GDP and reflect the change of revenues/expenditures in case of 1% change of GDP.  
The dynamics of indicators of stability and security of public budget of the Visegrad Group countries is influenced 
by many factors. Economic growth factors that allow the reviewed countries to develop are GDP, GNI, revenues 
and taxes of the public budget. They impact on the studied indicators positively, provide an opportunity to improve 
the standard and quality of life. On the contrary, negative factors (inflation, deficit, public debt, etc.) can have 
a positive effect only if the thresholds expressed in terms of indicators of stability and security of public budget 
are met. If the maximum allowable values are exceeded or insufficient, these macroeconomic indicators have 
a negative impact on the economy of the Visegrad Group countries and may lead to the state's failure to perform 
its functions, which may bring countries closer to crisis or default. 
At the same time some of the indicators being used by other researches were excluded in this research because 
of their limited efficiency for its goal or overlapping other similar indicators and results overload [16].  
Based on this, the assessment of sustainability of public budget in the V4 countries is proposed to execute within 
the framework of 12 indicators which reflects a budget efficiency, solidity, strength and wealth. This indicators 
framework will allow to measure a sustainability of public budget in these countries and formulate the qualitative 
interpretation of the results achieved (Table 1). 

 
Table 1. Sustainability and security of public budget indicators. Source: Public finances in Euro Area Member States selected 

indicators. 

 

   No.   Indicators   Recommended limit 
  

   1   A debt security, % GDP   up to 60% 

   2   A budget deficit, % GDP   up to 3% 

   3   A debt load p.c.   up to 300 USD p.c. 

   4   Budgetary independence (a share of budget revenues in expenditures)   over 80% 

   5   Budgetary performance (a share of budget revenues p.c.)  

   6   A budget provision (a share of budget expenditures p.c.)  

   7   Budgetary financial performance  

   8   A budget economic efficiency  

   9   Healthcare financing share in GDP   over 4% 

   10   Education financing share in GDP   over 8,3% 

   11   Revenue elasticity depending on GDP changes  

   12   Expenditure’s elasticity depending on GDP changes  

 
Methods  
The macrofinancial indicators of the Visegrad Group countries were collected, processed and analyzed 
and the methods of economic and statistical analysis were applied for the analytical part of the study. Based 
on the analysis of relative values, the ratios of stability and security of public budget were calculated and compared 
with the recommended marginal values of these indicators. 
By means of dynamics analysis the values of the investigated indicators were compared over time. Correlation 
analysis allowed to identify among the set of factors those that mostly influence the effective feature - the value 
of deficit load on the economy. It should be noted that when the correlation analysis showed an insignificant (low) 
level of relationship between investigated indicators, such a relationship was not researched in the regression 
analysis. The regression analysis showed a quantitative measurement of the impact of each factor on the outcome. 
The values of indicators obtained were summarized and tabulated to demonstrate and formulate conclusions, 
suggestions and recommendations. 
This research is performed using the data, necessary for the calculation of the above-defined indicators 
of a sustainability of public budget from the V4 countries - Poland, Czech Republic, Slovakia and Hungary (Figures 1-7). 
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Figure 1. Initial macrofinancial indicators GDP of the Visegrad Group countries, billon USD. 

Source: own processing based on data from Visegrad Group. 
 
 

Figure 2. Initial indicators population (P) of the Visegrad Group countries, million people. 
Source: own processing based on data from Visegrad Group.
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Figure 3. Initial indicators of the total public debt (PD) of the Visegrad Group countries, billion dollars. 
Source: own processing based on data from Visegrad Group. 

 

Figure 4. Initial indicators of inflation index (І.) of the Visegrad Group countries,%. 
Source: own processing based on data from Visegrad Group. 
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Figure 5. Initial indicators of Income (In.) of the Visegrad Group countries, billion USD. 
Source: own processing based on data from Visegrad Group. 

 

Figure 6. Initial indicators of Expenses (Exp.) of the Visegrad Group countries, billion USD. 
Source: own processing based on data from Visegrad Group. 
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Figure 7. Initial indicators of Deficit (Def.)/Profit (Prof.) of the Visegrad Group countries, billion USD. 
Source: own processing based on data from Visegrad Group. 

 

 

In order to analyze the changes of the factors influencing a sustainability of public budget the research covers the 
period of 2009-2020. The data was obtained from the financial statements of the V4 countries (Data V4 countries, 
2020). 
 
Results and discussion 
Sustainability of public budget.  
Security of public budget is a component of national security, showing the optimization of the relationship between 
perceived economic threats and budgetary resources to counter these threats, reflects the state of the economy, 
which provides sustainable economic growth, effective satisfaction of economic needs, state control over 
the movement and use of national resources, protection of the country's economic interests at the national 
and international levels, including territorial unity, state sovereignty, inviolability and budgetary independence. 
Security of public budget is one of the main indicators of assessing the effectiveness of public policy to strengthen 
the social sphere, the state influence on the development of macroeconomic processes such as economic growth, 
defense, acceleration of scientific and technological progress, radical re-equipment of material and technical base 
of production, development innovation processes, reducing unemployment, increasing employment etc. 
Sustainability of public budget is an economic category that determines the state of the public budget, which ensures 
the normal functioning of the public authority, the implementation of all its powers based on full and timely financing 
of budget expenditures, including repayment of external and internal debt. Reflects the state of the totality 
of monetary funds, in which the state and regions are constantly evolving, ensuring their financial security 
of the public budget in terms of additional levels of risk. 
 
Indicators of the stability of the state budget of the Visegrad Group.  
Calculations of the main indicators of sustainability of public budget and safety are given in Tables 2-13. 
As the calculations of the debt security ratios of the countries of the Visegrad Group have proved, the excess of debt 
security norms is observed only in Hungary during the investigated period and in Slovakia in 2020. This situation may 
cause problems for the country's solvency to meet its payment obligations in full: it indicates inefficient use of internal 
and external borrowing, inadequate control over this process, cyclical downturns in the economy, high dependence 

https://doi.org/10.32933/ActaInnovations.42.6


Acta Innovations  2022 no. 42: 71-88  78 

 
 

 
 

 

https://doi.org/10.32933/ActaInnovations.42.6 ISSN 2300-5599   2022 RIC Pro-Akademia – CC BY 

 

on imports, and a decline in production. In spite of the low debt security level, it should be noted that until 2019 
the situation in Hungary has improved due to the fact that GDP growth rates significantly exceed the national debt 
growth rate (as proved by the overall decrease of the investigated indicator from 71.70% in 2009 to 59.30% in 2019). 
Efficient management decisions, namely clear selection of the national debt policy strategy, optimization 
of the national debt structure and improvement of the level of socio-economic development, are required to ensure 
the marginal norms of this debt indicator. 
In other countries of the Visegrad Group (Czech Republic and Poland), debt security indicators were normal during 
2009-2020, in Slovakia - 2009-2019. Their negative trend of growth during 2009-2013 (Czech Republic and Slovakia) 
and 2009-2012 (Poland) changed for a positive trend of decrease in 2014-2019. These countries manage to serve 
the national debt through the redistribution of domestic consumer goods to export goods. This means that these 
countries completely meet their payment obligations and have no solvency problems, which is one of the important 
indicators of sustainability and security of public budget (Table 2). 

 
Table 2. Dynamics of coefficients of the level of debt security of the Visegrad Group countries. 

Source: own processing based on data from Visegrad Group. 

 
  Years    Czech Republic 

  
   Slovakia     Poland     Hungary 

   PD.    GDP    PD./GDP    PD.  GDP   PD/GDP PD. GDP PD/GDP PD.   GDP PD/GDP 

   billon USD     %    billon USD % billon USD % billon USD % 

  2009         69.33    207.56    33.40    32.51 89.30   36.40 189.97 439.74 43.20 93.75    130.76  71.70 

  2010     77.56    209.07    37.10    37.04 90.35   41.00 228.88 479.83 47.70 96.17    131.92  72.90 

  2011     90.68    229.56    39.50    43.11 99.11   43.50 257.28 528.30 48.70 103.20    141.76  72.80 

  2012     92.32     208.86    44.20    48.94 94.47   51.80 240.29 498.52 78.20 91.09    128.48  70.90 

  2013     93.99    211.69    44.40    54.02 98.75   54.70 266.76 521.02 51.20 96.28    135.41  71.10 

  2014     87.72    209.36    41.90    54.21 101.33   53.50 243.57 542.48 44.90 99.38    140.77  70.60 

  2015     74.65    188.03    39.70    45.93 88.50   51.90 222.19 477.81 46.50 88.67    125.07  70.90 

  2016     71.83    196.27    36.60    46.63 89.68   52.00 227.34 472.63 48.10 88.00    128.47  68.50 

  2017     74.77    218.63    34.20     48.97 95.45   51.30 235.88 526.51 44.80 94.21    142.96  65.90 

  2018     79.90    248.91    32.10    52.41 105.87   49.50 249.06 587.41 42.40 101.39    160.42  63.20 

  2019     75.71    250.68    30.20    50.61 105.43   48.00 235.36 595.86 39.50 96.94    163.47  59.30 

  2020     94.61    241.98    39.10    62.97 101.89   61.80 310.78 580.89 53.50 105.56    149.94  70.40 

  
The rapid increase of ratio value in 2020 in all studied countries was caused by the COVID-19 pandemic, due 
to the consequences of which there was a shortfall in GDP and a significant increase of public debt, which contributed 
to exceeding the maximum level of debt security in Slovakia (61.80%) and Hungary (70.40%) and substantially 
worsened the debt situation in Czech Republic and Poland, despite of the fact that now this ratio in the last two 
countries is within the normal range. 
Ratios of the value of deficit load on the economy of the Visegrad Group countries. During 2009-2019 all the Visegrad 
Group countries tended to decrease the indicator investigated, that demonstrated an increase in the development 
level of these countries. In 2009-2012-Czech Republic (5.40% -3.90%), in 2009-2012 and 2014 Slovakia (8.10% - 4.40% 
and correspondingly 3.10%), in 2009-2014 Poland (7.20% -3.70%), in 2009-2011 Hungary (4.60% -5.30%) had exceeded 
the limits of security caused by the economic crisis, high inflation rates, the use of most of their resources for current 
consumption, and the implementation of significant payments by debt obligations. 
Access to a safe level in 2015-2019 has been achieved through the implementing active functions of a deficit 
in the economy - financing national investment programs, gaining more GDP growth and more. As a consequence, 
it demonstrates the stabilization of the situation and the improvement of sustainability and security of public budget 
in the Visegrad countries (Table 3). 
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Table 3. Dynamics of coefficients of the level of deficit leverage for the economy of the Visegrad Group countries. 
 Source: own processing based on data from Visegrad Group. 

 

  Years    Czech Republic  Slovakia   Poland    Hungary 
    

   Def. 
   (Prof.) 

  GDP  Def.(Prof.)/ 
 GDP 

 Def. 
 (Prof.) 

   GDP Def.(Prof.)/ 
GDP 

  Def. 
  (Prof.) 

    GDP Def.(Prof.)/ 
   GDP 

   Def. 
(Prof.) 

  GDP  Def.(Prof.)/ 
 GDP 

   billon USD  %  billon USD %   billon USD % billon USD  %  

  2009    11.21    207.56  5.40  7.23 89.30 8.10   31.66  439.74     7.20  6.01   130.76  4.60 

  2010    8.78 2 09.07  4.20   6.78 90.35 7.50   35.51  479.83     7.40  5.94   131.92  4.50 

  2011    6.20 2 29.56  2.70  4.36 99.11 4.40   25.89  528.30     4.90  7.51   141.76  5.30 

  2012    8.15 2 08.86  3.90  4.16 94.47 4.40   18.94  498.52 3.80  3.08   128.48  2.40 

  2013    2.54 2 11.69  1.20  2.86 98.75 2.90   21.88  521.02 4.20  3.52   135.41  2.60 

  2014    4.40 2 09.36  2.10  3.14 101.33 3.10   20.07  542.48 3.70  3.94   140.77  2.80 

  2015    1.13 1 88.03  0.60  2.39 88.50 2.70   12.42  477.81 2.60  2.50   125.07  2.00 

  2016    1.37 1 96.27  0.70  2.24 89.68 2.50   11.34  472.63 2.40  2.31   128.47  1.80 

  2017    3.28 2 18.63  1.50  0.95 95.45 1.00   7.37  526.51 1.40  3.57   142.96  2.50 

  2018     2.24 2 48.91  0.90  1.16 105.87 1.10   1.17  587.41 0.20  3.53   160.42  2.20 

  2019    0.50 2 50.68  0.20  1.37 105.43 1.30   4.17  595.86 0.70  3.43   163.47  2.10 

  2020 1 7.66 2 41.98  7.30  9.07 101.89 8.90   61.00  580.89    10.50   12.45   149.94  8.30 

 

However, it should be noted that in 2020 the ratio of this coefficient was the worst in all studying period. So, in all 
the countries of the Visegrad group, there is a negative trend towards an increase of this coefficient and a significant 
excess of the limit. This is due to the growth in the budget deficit through an increase in health care expenses caused 
by the need for additional financing the medical industry in the fight against COVID-19, as well as a fall of GDP. 
Ratios of the value of debt load on the population of the Visegrad Group countries. During the investigated period 
there is a significant excess of the maximum permissible level of debt burden on the population in all the countries 
of the Visegrad Four: in Czech Republic and Poland, on average-by 23.6 times, in Slovakia-by 29.9 times, in Hungary-
by 34.9 times Also, the negative thing is the tendency of increasing this indicator in each country. It means that 
the debt burden on the population of the countries is excessive, and it affects the general economic and social 
condition of the people, exacerbates the economic relations between the state and the citizens, creates a threat 
to sustainability and security of public budget. 
In this regard, the governments of the Visegrad Group countries urgently need to take a number of measures 
to reverse the negative trend, namely, to develop a clear strategy of sustainable (balanced) economic development 
and to define a wide range of measures to manage national debt, minimizing payments for its servicing, budget deficit, 
balance of payments, improve borrowed funds efficiency, create new jobs. It will improve the investment climate 
and raise the living standard of the population while avoiding debt sustainability and security problems (Table 4). 

 
Table 4. Dynamics of coefficients of the level of debt leverage for the population of the Visegrad Group countries. 

 Source: own processing based on data from Visegrad Group 
 

   Years    Czech Republic  Slovakia Poland    Hungary 
 

    PD. P.    PD./P.    PD.  P.   PD./P. PD.    P.   PD./P.     PD. P.    PD./P. 

    Billon 
    USD 

mln. 
people 

   USD  
   per person 

   billon USD    mln. 
  people 

  USD  
  per person 

billon 
USD 

   mln. 
   people 

  USD  
  per person 

  Bil  lon  
    USD 

mln. 
people 

   USD  
   per person 

   2009     69.33 10.444    6637.79    32.51 5.386   6035.13 189.97    38.152   4979.23     93.75     10.023    9353.98 

   2010     77.56 10.474    7405.48    37.04 5.391   6871.36 228.88    38.043    6016.32     96.17     10.000    9616.97 

   2011     90.68 10.496    8639.12    43.11 5.398   7986.82 257.28    38.063   6759.38     103.20     9.972    10349.11 

   2012     92.32 10.511    8782.81    48.94 5.408   9048.72 389.84    38.063   10242.04     91.09     9.920    9182.69 

   2013     93.99 10.514    8939.54    54.02 5.413   9978.99 266.76    38.040   7012.68       96.28     9.893    9731.78 

   2014     87.72 10.525    8334.62    54.21 5.419   10003.98 243.57    38.012   6407.81     99.38     9.866    10073.34 

   2015     74.65 10.546    7078.32    45.93 5.424   8468.20 222.18    37.986   5849.04     88.67     9.843    9008.90 

   2016     71.83 10.566    6798.68    46.63 5.431   8586.56 227.34    37.970   5987.23     88.00     9.814    8966.98 

   2017     74.77 10.594    7057.91    48.97 5.439   9002.73 235.88    37.975   6211.36     94.21     9.788    9625.12 

   2018     79.90 10.630    7516.47    52.41 5.447   9621.01 249.06    37.975   6558.57     101.39     9.776    10370.85 

   2019     75.71 10.670    7095.16    50.61 5.454   9278.77 235.36    37.971   6198.54     96.94     9.770    9921.98 

   2020     94.61 10.668    8868.97    62.97 5.455   11543.18 310.78    37.919   8195.79     105.56     9.741    10836.44 

 

It is necessary to note that in 2020 the debt burden on the population increased by almost 2,000 USD per year 
(in Slovakia, the increase occurred by 2,264.41 USD). And this exceeds the maximum permissible rate at about 37 
times. 
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One of the main factors for the worsening of this situation was the financing of the consequences of the COVID-19 
pandemic, which influenced both the growth of public debt and increasing the debt burden on citizens. 
Ratios of budgetary independence of the Visegrad Group countries. During the researched period, the permissible 
values of budgetary independence indicators are observed in all the Visegrad Group countries, indicating that they are 
in compliance with sustainability and security of public budget (except Poland in 2020). Despite the budget deficits 
that exist in all countries from 2009 to 2020 (except Czech Republic in 2016-2019), the Visegrad countries find 
an opportunity to cover the difference between expenditures and revenues at the expense of additional sources 
(mainly their own). It does not prevent the economy from maintaining a stable high level. It should also be noted that 
there is an overall positive upward trend in fiscal independence (except 2020, when the epidemiological situation 
affected in a significant decrease in the value of this indicator) (Table 5). 

 
Table 5. Dynamics of coefficients of the budgetary independence of the Visegrad Group countries. 

 Source: own processing based on data from Visegrad Group 
 

  Years    Czech Republic  Slovakia Poland     Hungary 
 

   Income    Expenses    In./Exp.  Income Expenses   In./Exp.    Income    Expenses In./Exp.     Income Expenses  In./Exp. 

   billon USD    % billon USD %    billon USD %     billon USD     % 

  2009     79.91     91.12    87.70 32.42 39.65 81.76 165.34 197.00 83.93 59.76 65.77 90.85 

  2010 81.54    90.32    90.28 31.35 38.13 82.23 184.25 219.76 83.84 58.97 64.90 90.85 

  2011 91.82    98.02     93.68 36.67 41.03 89.37 206.04 231.92 88.84 62.52 70.03 89.27 

  2012 84.17    92.32    91.18 34.58 38.73 89.27 194.92 213.87 91.14 60.39 63.47 95.14 

  2013 86.58    89.12    97.15 38.91 41.77 93.14 200.07 221.95 90.14 64.46 67.98 94.82 

  2014 83.74    88.14    95.01 40.73 43.88 92.84 209.94 230.01 91.27 66.72 70.67 94.42 

  2015 76.72    77.84     98.55 38.14 40.53 94.10 186.82 199.25 93.76 60.78 63.29 96.05 

  2016 79.49    78.12    101.76 36.05 38.29 94.15 182.91 194.25 94.16 58.33 60.64 96.19 

  2017 88.55    85.27    103.85 38.66 39.61 97.59 209.55 216.92 96.60 63.62 67.19 94.68 

  2018 103.30     101.06    102.22 43.19 44.36 97.37 242.60 243.78 99.52 71.39 74.92 95.29 

  2019 103.78    103.28    100.49 43.75 45.12 96.96 246.09 250.26 98.33 71.93 75.36 95.44 

  2020 98.24     115.91    84.76 43.10 52.17 82.62 236.42 297.42 79.49 65.67 78.12 84.07 

 

Ratios of budgetary performance of the Visegrad Group countries. During the investigated period (except 2020), there 
has been a positive trend towards an increase in the budget performance indicator in all the Visegrad Group countries: 
the most rapid shift is observed in Slovakia (by $ 930.58 per person). It partially compensates for the failure to meet 
the maximum level of debt load on the population. The results also show that the budgets of the countries researched 
ensure the proper implementation of their functions, effectively implement state programs and investment projects 
that promote state development (Table 6). 

 
Table 6. Dynamics of coefficients of the budgetary performance of the Visegrad Group countries. 

 Source: own processing based on data from Visegrad Group. 
 

Years   Czech Republic   Slovakia    Poland     Hungary 
 

  Income         P. Income/P.       Income P.    Income/P. Income P.   Income/P. Income  P. Income/P. 

  Billon 
  USD 

      mln.  
      people 

USD  
per person  

      billon USD mln. 
people 

   USD  
   per person 

billon 
USD 

mln. 
people 

  USD  
  per person 

billon 
USD 

 mln. 
 people 

USD  
per person 

2009   79.91    1  0.444 7651.34       32.42 5.386    6018.55 165.34 38.152   4333.78 59.76  10.023 5962.02 

2010   81.54   1  0.474 7784.73       31.35 5.391    5815.52 184.25 38.043   4843.33 58.97  10.000 5896.82 

2011   91.82   1  0.496 8748.48       36.67 5.398    6793.39 206.04 38.063   5413.05 62.52  9.972 6269.17 

2012   84.17   1  0.511 8007.86       34.58 5.408    6393.49 194.92 38.063   5121.02 60.39  9.920 6087.26 

2013   86.58   1  0.514 8234.85       38.91 5.413    7187.79 200.07 38.040   5259.51 64.46  9.893 6515.23 

2014   83.74   1  0.525 7956.67       40.73 5.419    7517.01 209.94 38.012   5522.99 66.72  9.866 6763.12 

2015   76.72   1  0.546 7274.44       38.14 5.424    7032.36 186.82 37.986   4918.23 60.78  9.843 6175.36 

2016   79.49   1  0.566 7523.13       36.05 5.431    6638.07 182.91 37.970   4817.17 58.33  9.814 5943.08 

2017   88.55   1  0.594 8358.05       38.66 5.439    7107.42 209.55 37.975   5518.13 63.62  9.788 6499.51 

2018   103.30   1  0.630 9717.56       43.19 5.447    7930.05 242.60 37.975   6388.42 71.39  9.776 7302.26 

2019   103.78   1  0.670 9726.48       43.75 5.454    8022.27 246.09 37.971   6481.00 71.93  9.770 7362.01 

2020   98.24   1  0.668 9209.21       43.10 5.455    7900.91 236.42 37.919   6234.93 65.67  9.741 6741.99 

 
The negative trend towards a decline in the values of the budget performance ratios in all countries of the Visegrad 
Group in 2020 was provoked by a significant decrease in budget revenues due to the introduction of a number of tax 
incentives for businesses that suffer losses due to numerous restrictions and sanctions from the COVID-19 pandemic, 
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which affected the volume tax revenues and, as a result, led to significant budget losses. 
The ratios of security of public budget of the population of the Visegrad Group countries. During the investigated 
period, there has a positive upward trend of the level of security of public budget in Poland (by $ 507.94 per person) 
and Hungary (by $ 143.05 per person). It indicates that the budgets of these countries are socially oriented, spending 
on the population is increasing at a faster rate than its size, the financial capacity of the executive authorities 
is observed, and the level of sustainability and security of public budget is sufficient to finance constitutionally 
guaranteed measures for the life support of citizens. At the same time, we see a decrease in this indicator in Czech 
Republic (by $ 782.47 per person) and Slovakia (by $ 218.23 per person), which is due to less spending capacity 
to finance social direction. The governments of these countries in the coming periods should look for additional 
sources of resource formation to provide wealth to the population (Table 7). COVID-19 pandemic did not affect 
the positive trend towards an increase in the value of this indicator in 2020. This means that the governments 
of the Visegrad Four countries continue to increase fiMacinga for the social sphere, including additional medical costs. 

 
Table 7. Dynamics of coefficients of the security of public budget of the Visegrad Group countries. 

 Source: own processing based on data from Visegrad Group. 
  Years   Czech Republic  Slovakia  Poland Hungary 

 

  Expenses   P.   Expenses 
  /P. 

 Expenses  P.  Expenses/ 
 P. 

 Expenses   P. Expenses/ 
P. 

    Expenses   P. Expense/ 
P. 

 billon USD   mln. 
  people 

  USD  
  Per 
  person 

billon USD mln. 
people 

 USD  
 per person 

billon USD      mln. 
   people 

USD  
per person 

    billon USD   mln. 
  people 

   USD  
   per  
   person 

2009   91.12   10.444       8724.52 39.65 5.386 7361.53  197.00       38.152   5163.65  65.77   10.023 6562.14 

2010   90.32   10.474   8623.09 38.13 5.391 7072.47  219.76       38.043   5776.68  64.90   10.000 6490.46 

2011   98.02   10.496  9339.00 41.03 5.398 7601.25  231.92       38.063   6093.15  70.03   9.972 7022.61 

2012   92.32   10.511  8782.81 38.73 5.408 7162.11  213.87       38.063   5618.71  63.47   9.920 6398.10 

2013   89.12   10.514  8476.46 41.77 5.413 7716.84  221.95       38.040   5834.77  67.98   9.893 6871.10 

2014   88.14   10.525  8374.40 43.88 5.419 8096.68  230.01        38.012   6051.02  70.67   9.866 7162.63 

2015   77.84   10.546  7381.42 40.53 5.424 7472.90  199.25       37.986   5245.27  63.29   9.843 6429.48 

2016   78.12   10.566  7393.10 38.29 5.431 7050.89  194.25        37.970   5115.91  60.64   9.814 6178.71 

2017   85.27   10.594  8048.49 39.61 5.439 7282.91  216.92       37.975   5712.23  67.19   9.788 6864.65 

2018   101.06   10.630  9506.82 44.36 5.447 8143.85  243.78       37.975   6419.36  74.92   9.776 7663.27 

2019   103.28   10.670  9679.49 45.12 5.454 8273.57  250.26       37.971   6590.85  75.36   9.770 7713.37 

2020   115.91   10.668   10865.06 52.17 5.455 9563.28  297.42        37.919   7843.45  78.12   9.741 8019.58 

 
Financial productivity ratios of the budgets of the Visegrad Group countries. It should be noted that the budget 
productivity ratio increases in Czech Republic (from 28.42 in 2013 to 340.38 in 2016), Slovakia (from 49.42 in 2010 
to 96.18 in 2011, and from 21.61 in 2012 to 869.35 in 2015), Poland (from 24.61 in 2010 to 36.06 in 2011, and from 
20.01 in 2012 to 812.24 in 2015 and from 102.00 in 2016 to 154.11 in 2017), Hungary (from 19.66 in 2011 to 22.11 
in 2012, and from 17.82 in 2013 to 921.62 in 2016). This indicates that these years there has been a positive tendency 
to increase, which is due to the efficiency of use of budgetary funds, whereby a high level of budgetary potential, 
targeted use of investments is achieved, social protection of the population is achieved, that in turn influences 
the development of the economy, that is, promotes to ensure the sustainable development of the Visegrad Group 
countries. The opposite (negative) situation is observed in other periods, which indicates a threat to the fiscal 
sustainability and security of the investigated countries in the years of diminishing financial performance ratios (Table 
8). 
 
Economic efficiency ratios of the budgets of the Visegrad Group countries. It should be noted that the economic 
efficiency ratio of the budget increases in Czech Republic (from 69.49 in 2013 to 840.44 in 2016 and from 116.77 
in 2018 to 118.12 in 2019), Slovakia (from 142.42 in 2010 to 259.94 in 2011, and also from 59.04 in 2012 to 2017.05 
in 2015), Poland (from 64.10 in 2010 to 92.46 in 2011, from 51.18 in 2012 to 2077.33 in 2015, from 263.56 in 2016 
to 387.21 in 2017, from 128.95 in 2018 to 135.79 in 2019), Hungary (from 44.57 in 2011 to 47.04 in 2012, and from 
37.43 in 2013 to 2030.01 in 2016). It indicates that these years there has been a positive trend to increase, which 
is due to the efficiency and effectiveness of using budget funds, which allows to achieve the necessary results of socio-
economic development  of the Visegrad Group countries with minimal spending budget resources. The opposite 
(negative) situation is observed in other periods, which indicates a threat to the sustainability and security of public 
budget of the countries investigated in the years of diminishing economic efficiency ratios (Table 9). 
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Table 8. Dynamics of coefficients of the financial productivity of the Visegrad Group countries. Source: own processing 

based on data from Visegrad Group. 

 
   Years    Czech Republic    Slovakia    Poland    Hungary 

 

   In.     Exp.  І.      C.fin.pr.  In.  Exp. І.  C.fin.pr.   In.   Exp.   І.   C.fin.pr.   In.   Exp.   І.   C.fin.pr. 

   billon USD  coefficients  billon USD     coefficients   billon USD   coefficients   billon USD   coefficients 

  2009    79.91 91.12  0.010 -    32.42   39.65  0.016 -   165.34   197.00   0.038  -   59.76   65.77   0.042   - 

  2010    81.54 90.32  0.015 89.48    31.35   38.13  0.010  49.42   184.25   219.76   0.026   24.61   58.97   64.90   0.049   21.35 

  2011    91.82 98.02  0.019 67.78    36.67   41.03  0.039  96.18   206.04   231.92   0.042   36.06   62.52   70.03   0 039   19.66 

  2012    84.17 92.32  0.033 45.19    34.58   38.73  0.036  21.61   194.92   213.87   0.036   20.01   60.39   63.47   0.057   22.11 

  2013    86.58 89.12  0.014 28.42    38.91   41.77  0.014  27.90   200.07   221.95   0.010   25.99   64.46   67.98   0.017   17.82 

  2014    83.74 88.14  0.003 67.12    40.73   43.88  -0.001  69.66   209.94   230.01   0.001   94.59   66.72   70.67   -0.002   57.74 

  2015    76.72 77.84  0.003 290.13    38.14   40.53  -0.003  869.35   186.82   199.25   -0.009   812.24   60.78   63.29   -0.001   430.08 

  2016    79.49 78.12  0.007 340.38    36.05   38.29  -0.005  296.48   182.91   194.25   -0.007   102.00   58.33   60.64   0.004    921.62 

  2017    88.55 85.27  0.025 161.93    38.66   39.61  0.013  201.90   209.55   216.92   0.021   154.11   63.62   67.19   0.023   262.28 

     2018   103.30 101.06  0.021 48.46    43.19   44.36  0.025  83.88   242.60   243.78   0.018   53.26   71.39   74.92   0.029   46.19 

     2019   103.78 103.28  0.028 48.90    43.75   45.12  0.027  39.45   246.09   250.26   0.022   56.08   71.93   75.36   0.033   33.11 

 
Table 9. Dynamics of coefficients of the economic efficiency of budgets the Visegrad Group countries. 

 Source: own processing based on data from Visegrad Group 

 
 

   Years   Czech Republic  Slovakia  Poland Hungary 
 

  GDP     Exp. І. C.ec.ef GDP Exp. І.  C.ec.ef. GDP Exp.  І. C.ec.ef GDP Exp.    І.  C.ec.ef. 

  billon USD     coefficients billon USD coefficients billon USD  coefficients billon USD   coefficients 

   2009   6     91.12 0.010 - 89.3 39.65 0.016 - 439.74 197.00  0.038  - 130.76 65.77   0.042  - 

   2010   209.07     90.32 0.015 229.45 90.35 38.13 0.010 142.42 479.83 219.76  0.026  64.10 131.92 64.90   0.049  47.75 

   2011   229.56     98.02 0.019 169.45 99.11 41.03 0.039 259.94 528.3 231.92  0.042  92.46 141.76 70.03   0.039  44.57 

   2012   208.86     92.32 0.033 112.14 94.47 38.73 0.036 59.04 498.52 213.87  0.036  51.18 128.48 63.47   0.057  47.04 

   2013   211.69     89.12 0.014 69.49 98.75 41.77 0.014  70.82 521.02 221.95  0.010  67.67 135.41 67.98   0.017  37.43 

   2014   209.36     88.14 0.003 167.80 101.33 43.88 -0.001 173.27 542.48 230.01  0.001  244.41 140.77 70.67   -0.002  121.82 

   2015   188.03     77.84 0.003 711.10 88.5 40.53 -0.003 2017.05 477.81 199.25  -0.009  2077.33 125.07 63.29   -0.001  884.93 

   2016   196.27     78.12 0.007 840.44 89.68 38.29 -0.005 737.51 472.63 194.25  -0.007  263.56 128.47 60.64    0.004  2030.01 

   2017   218.63     85.27 0.025 399.83 95.45 39.61 0.013 498.52 526.51 216.92  0.021  387.21 142.96 67.19    0.023  589.40 

   2018   248.91     101.06 0.021 116.77 105.87 44.36 0.025 205.59 587.41 243.78  0.018  128.95 160.42 74.92    0.029  103.81 

   2019   250.68     103.28 0.028 118.12 105.43 45.12 0.027 95.07 595.86 250.26  0.022  135.79 163.47 75.36    0.033  75.24 

 

The ratios of financial support efficiency for health care in the Visegrad Group countries. During the investigated 
period, all countries of the Visegrad Group observed compliance with the limits of the efficiency ratios of health care 
financial support. It demonstrates the proper level of funding for the medical industry, which is reflected 
in the adequate provision of emergency and emergency care to the population of the considered countries, and 
the healthcare institutions with the necessary modern equipment and facilities (Table 10). 

 
The COVID-19 pandemic, which caused the need to increase healthcare financing in 2020-2021, would certainly affect 
the corresponding performance indicators, the value of which would increase significantly. The authors believe 
that the limit of the permissible level of this coefficient for the next years should be set at least at 8% (instead of the 
currently approved 4%), because the fight against the consequences of the epidemic requires an increase 
in expenditures in the medical industry at least twice. 
The ratios of education financial support efficiency of the Visegrad Group countries. During the investigated period 
in all countries of the Visegrad Group there was a failure to observe the limits of the ratios of education financial 
support efficiency. It demonstrates a lack of funding for public and individual training needs, which threatens 
sustainability and security of public budget. In this regard, the Government should take steps to create conditions for 
the development of the education sector through additional sources of financing: attracting investors, self-financing, 
etc. (Table 11). 
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Table 10. Dynamics of coefficients of efficiency of financial security of healthcare of the Visegrad Group countries, % Source: 
own processing based on data from Visegrad Group 

 
  Years   Czech Republic  Slovakia  Poland   Hungary 

 

Expenses for healthcare/GDP  Expenses for healthcare/GDP Expenses for healthcare /GDP   Expenses for healthcare /GDP 

  2009 7.3 7.9   6.6   7.2 

  2010 6.9 7.7   6.4   7.5 

  2011 7.0 7.4   6.2   7.5 

  2012 7.0 7.6   6.2   7.4 

  2013 7.8 7.5   6.4   7.2 

  2014 7.7 6.9   6.4   7.1 

  2015 7.2 6.8   6.4   6.9 

  2016 7.1 7.1   6.5   7.0 

  2017 7.2 6.8   6.6   6.8 

  2018 7.6 6.7   6.3   6.7 

  2019 7.6 6.7   6.3   6.7 

Recommended limit – over 4% 

 
Table 11. Dynamics of coefficients of efficiency of financial support of education of the Visegrad Group countries, %.  

Source: own processing based on data from Visegrad Group. 

 
  Years  Czech Republic   Slovakia     Poland     Hungary 

 

 Expenses for education/GDP   Expenses for education/GDP     Expenses for education/GDP     Expenses for education /GDP 

  2009  4.2   4.0 5.0    5.0 

  2010  4.1   4.1 5.1    4.8 

  2011  4.3   3.9 4.8    4.6 

  2012  4.3   3.9 4.8    4.2 

  2013  4.1   4.1 4.9    4.2 

  2014  4.0   4.2 4.9    4.6 

  2015  5.8   4.6 4.8    4.5 

  2016  5.6   3.9 4.6    4.7 

  2017  3.9   3.9 4.6    4.7 

  2018  3.8   3.7 4.5    4.8 

  2019  3.7   3.7 4.5    4.8 

Recommended limit – over 8.3% 

 
The ratios of income elasticity from GDP show how the income of the Visegrad countries (increases/decreases) as GDP 
changes by 1%.  

 Czech Republic: the largest shift in income due to a change in GDP by 1% is observed in 2014/2013 (with 
a decrease in GDP by 1%, income decreased by 2.98%); the smallest shift - in 2019/2018 (with an increase 
in GDP by 1% income increased by 0.66%);  

 Slovakia: the largest shift in income due to a change in GDP by 1% is observed in 2016/2015 (with a 1% 
increase in GDP income decreased by 4.11%) - the situation is negative, as it indicates inefficient mobilization 
of resources; the smallest shift - in 2020/2019 (with a 1% decrease in GDP, income decreased by 0.45%); 

 Poland: the largest shift in income due to a change in GDP by 1% is observed in 2016/2015 (with a 1% 
decrease in GDP income decreased by 1.93%); the smallest shift - in 2013/2012 (with a 1% increase in GDP 
income increased by 0.59%);  

 Hungary: the largest shift in income due to a change in GDP by 1% is observed in 2010/2009 and 
in 2016/2015 (with a 1% increase in GDP income decreased by 1.49% in both of the above periods) - the 
situation is negative, as it indicates inefficient mobilization of resources; the smallest shift - in 2012/2011 
(with a 1% decrease in GDP, income decreased by 0.36%). 

 It should be noted that the shift is positive when GDP increases by 1% the Visegrad Group countries' income grows at  
 a faster rate (more than 1%) (Table 12). 
 GDP elasticity ratios show how expenditures of the Visegrad countries (increases/decreases), when GDP changes by 
 1%:  

 Czech Republic: the largest shift in expenditures due to a change in GDP by 1% was observed in 2020/2019 
(with a 1% decrease in GDP, expenditures increased by 3.52%); the smallest shift - in 2016/2015 (when GDP 
increased by 1%, expenditures increased by 0.08%); 
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 Slovakia: the largest shift in expenditures due to a change in GDP by 1% is observed in 2020/2019 (with a 1% 
decrease in GDP, expenditure increased by 4.65%); the smallest shift in 2017/2016 (when GDP increased by 
1%, expenditures increased by 0.54%);  

 Poland: the largest shift in expenditures due to a change in GDP by 1% is observed in 2020/2019 (with 
a decrease in GDP by 1%, expenditure increased by 7.50%); the smallest shift - in 2011/2010 (when GDP 
increased by 1%, expenditures increased by 0.55%); 

 Hungary: the largest shift in expenditures due to a change in GDP by 1% is observed in 2016/2015 (with a 1% 
increase in GDP, expenditures decreased by 1.54%); the smallest shift - in 2019/2018 (with GDP increasing 
by 1%, expenditures increased by 0.31%). 

 
Table 12. Dynamics of income elasticity coefficients from changes in GDP of the Visegrad Group countries, %. 

Source: own processing based on data from Visegrad Group 
 

   Years   Czech Republic  Slovakia  Poland  Hungary 
 

Rinc. Income  Rinc. GDP 
      Cel. 

Income 
 Rinc. 
 Income 

Rinc. GDP Cel. Income 
   Rinc 

.  Income 
   Rinc. GDP    Cel. Income  Rinc. 

Income 
 Rinc. GDP Cel. Income 

   2010/2009    2.    04 0.73 2.80   -3.28   1.18   -2.79    11.44    9.12    1.25  -1.32  0.89  -1.49 

   2011/2010           12. 62 9.80 1.29   16.97   9.70   1.75    11.82     10.10    1.17   6.02  7.46  0.81 

   2012/2011           -8.33  -9.02 0.92   -5.71    -4.68   1.22    -5.39    -5.64    0.96  -3.41  -9.37  0.36 

   2013/2012             2.86 1.35 2.11   12.53   4.53   2.77    2.64    4.51    0.59   6.74  5.39  1.25 

   2014/2013           -3.28  -1.10 2.98   4.70   2.61   1.80    4.93    4.12    1.20  3.52  3.96  0.89 

   2015/2014 -8.39    -10.19 0.82   -6.36    -12.66   0.50    -11.01  -  11.92    0.92  -8.90  -11.15  0.80 

   2016/2015            3.61  4.38 0.82   -5.48   1.33   -4.11    -2.10    -1.08    1.93  -4.04  2.72  -1.49 

   2017/2016           11.39   11.39 1.00   7.23   6.43   1.12    14.57    11.40    1.28  9.07  11.28  0.80 

   2018/2017           16.66   13.85 1.20   11.74   10.92   1.08    15.77    11.57    1.36  12.21  12.21  1.00 

   2019/2018             0.47  0.71 0.66    1.29   -0.42   -3.11    1.44    1.44    1.00  0.76  1.90  0.40 

   2020/2019           -5.34   -3.47 1.54   -1.49   -3.36   0.45 -  3.93    -2.51    1.56  -8.69  -8.28  1.05 

 
According to this indicator of sustainability and security of public budget, the situation is positive, as the results 
indicate the targeted use of budgetary funds (Table 13). 

 
Table 13. Dynamics of coefficients of elasticity of expenditures from changes in GDP of the Visegrad Group countries, %. 

Source: own processing based on data from Visegrad Group. 

 
  Years    Czech Republic    Slovakia    Poland    Hungary 

 

   Rinc.  

    Expenses 
Rinc. GDP 

   Cel. Expenses  Rinc. Expenses  Rinc.  
 GDP 

   Cel 

.   Expenses 
  Rinc. 
  Expenses 

 Rinc. GDP Cel. 

Expenses 
    Rinc. Expenses     Rinc. GDP   Cel. Expenses 

  2010/2009    -0.88      0.73   -1.21 -3.84  1.18 -3.26   11.55  9.12 1.27 -1.32 0.89   -1.49 

  2011/2010    8.53      9.80   0.87 7.62  9.70 0.79   5.53  10.10 0.55 7.90 7.46   1.06 

  2012/2011    -5.82      -9.02   0.65 -5.60  -4.68 1.20   -7.79  -5.64 1.38 -9.37 -9.37   1.00 

  2013/2012    -3.46      1.35   -2.55 7.84  4.53 1.73   3.78  4.51 0.84 7.10 5.39   1.32 

  2014/2013 -  1.10      -1.10   1.00 5.04  2.61 1.93   3.63  4.12 0.88 3.96 3.96   1.00 

  2015/2014    -11.68   -  10.19   1.15 -7.62  -12.66 0.60   -13.38  -11.92 1.12 -10.44 -11.15   0.94 

  2016/2015    0.35      4.38   0.08 -5.53 1.33 -4.14   -2.51  -1.08 2.31 -4.18 2.72   -1.54 

  2017/2016    9.15      11.39   0.80 3.44 6.43 0.54   11.67  11.40 1.02 10.81 11.28   0.96 

  2018/2017    18.52      13.85   1.34  11.99  10.92 1.10   12.38  11.57 1.07 11.50 12.21   0.94 

  2019/2018    2.20       0.71   3.09          1.72  -0.42 -4.15   2.66  1.44 1.85 0.59 1.90   0.31 

  2020/2019    12.23      -3.47   -3.52 15.61  -3.36 -4.65   18.84  -2.51 -7.50 3.66 -8.28   -0.44 

 

The results of correlation analysis of the studied factors.  
Based on the correlation analysis among the complex of investigated factors that can influence the productive feature 

 the level of deficit load on the economy, those factors that are characterized by a sufficiently high level 
of correlation with the specified indicator were selected, that is, for the research the largest factors of 
influence were selected (those that had little effect on the resultant ratio were not investigated).  

Consequently, it was determined that: 

 in Czech Republic, the greatest impact on the level of deficit leverage for the economy is made by the 
indicators of the level of debt leverage for the population, budgetary independence, and the effectiveness 

of financial support for healthcare - , respectively, other factors affect by 17.37%; 
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 in Slovakia, the greatest influence on the level of deficit leverage for the economy is made by the indicators 

of budgetary independence, budgetary efficiency and effectiveness of financing health care -  = 99.87%, 
respectively, other factors affect by 0.13%;  

 in Poland, the greatest influence on the level of deficit leverage for the economy is made by the indicators 

of budgetary independence, budgetary performance and efficiency of financial support of education - = 
99.80%, accordingly other factors affect by 0.20%;  

 in Hungary, the greatest influence the level of deficit leverage for the economy is made by the indices 
of the level of debt security budgetary independence and the effectiveness of financial support for healthcare 

- = 99.90%, accordingly other factors affect by 0.10%. 
To determine the quantitative measurement of the impact of each factor on the productive feature - the level 
of deficit load on the economies of the Visegrad Group countries, a regression analysis was conducted (table 14), 
which created basis for constructing regression models (formulas 1-8). 

 
Table 14. Regression analysis matrix to determine the impact of factors on the level of deficit load on the economy of the 

Visegrad Group countries. Source: own processing based on data from Visegrad Group. 

         
   Indicator  Countries 

 

 Czech Republic   Slovakia   Poland    Hungary 

   Multiple R (r-correlation ratio), %   90.90   99.94   99.90    99.95 

   R-squared (determination ratio), %  82.63   99.87   99.80    99.90 

   Observations (number of investigated periods), р.  10   10   10    10 

   Regression ratio 

   Y-section (free member, no economic value)  28.49   45.30   48.00    47.50 

   Debt Security Ratio (DS)  N/A**    0.02 

       Ratios of the value of debt load on the population  
   (   DLP) 

 0.01   N/A** 

   Budget Independence Ratio (BI)  -0.18   -0.43   -0.48    - 0.49 

   Budgetary Performance Ratio (BP)  N/A**   -0.01   0.01    N/A** 

   Healthcare Financial Support Efficiency Ratio (HFS)  -1.59   -0.27   N/A**    -0.02 

   Ratio of Education Financial Support Efficiency (FSE)  N/A**   -0.28     N/A** 

** N/A - not investigated because of the low level of impact on the productive feature, which was determined on the basis 
of correlation analysis due to multicollinearity (significant and negligible influence of budgetary stability and security ratios on the 
level of deficit load on the economy was revealed): 

 
(1) in Czech Republic:  

 

 

   

 

 

 
    (2) in Slovakia:   

  

 

        

   

    (3) in Poland:  

   

 

        

 

    (4) in Hungary:  

  

 

        

 

Consequently, the budgetary independence ratio had the greatest impact on changing the level of deficit load 
in the economy in all the Visegrad Group countries (except Czech Republic). At the same time, it influenced inversely, 
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that is, its increase has led to a decrease in the ratio and an increase in the level of deficit load on the economy, which 
is positive (the limit - no more than 3%). It means that a greater development of the state is achieved when revenues 
exceed 80% of expenses. 
The level of deficit load on the Czech economy is greatly influenced by the effectiveness of financial support 
for healthcare, which indicates the importance of professional training in medical industry (inverse proportionality), 
to a lesser extent, the budgetary performance and level of debt leverage for the population. Considering the situation 
in Slovakia, it should be noted that, in addition to budgetary independence, the ratio of budgetary performance 
and efficiency ratio of financial support for health care are also affected by the result, and the inverse relationship 
indicates that the increase of these ratios decreases the resultant index and increases the level of deficit load 
on the economy. As for Poland, in this country the level of deficit burden on the economy is influenced 
by the coefficients of efficiency of financial support of education and budget independence (inverse proportionality), 
as well as budget performance (direct proportionality), in Hungary - the ratios of the level of debt security (direct 
proportionality), the ratios of budget independence and healthcare financial support efficiency ratio (inverse 
proportionality). 
 
Impact 
It should be noted that in 2020 most of the indicators of fiscal sustainability and security in the Visegrad countries did 
not reach the required norm or had a negative tendency to decrease. This is a consequence of the fight against 
the global COVID-19 pandemic. The authors of the article are sure that sufficient financing the healthcare industry, 
which will make it possible to vaccinate the population and ensure collective immunity, improve the situation 
and in coming years it will be a positive change in the economies of the studied countries, which can be seen 
on the results of the corresponding coefficients proposed in this scientific work. 
An urgent problem of effective management of the national and regional economies of the investigated countries 
is the development of a scientifically sound methodology for ensuring sustainability and security of public budget 
through the identification of mechanisms of imbalance of budgetary processes. Solution to the problem will ensure 
the efficiency and balance of budgets of all levels, preserving the welfare of the population and a possible 
breakthrough in the socio-economic development of the Visegrad countries. 
Particularly important in the process of ensuring the implementation of the strategy of achieving stability and security 
of public budget of the Visegrad Group countries is the legal control, which means legislative consolidation 
and consistent implementation of a legal instrument that enshrines the principles of a system of precautionary 
measures in the direction of strengthening the budget efficiency, and consists of sections, specifying goals, budgetary 
interests, economic threats, including their complex monitoring methodology, security criteria and stages of activity 
towards ensuring fiscal stability and security. 
In the authors' view, the strategic vectors for ensuring the stability and security of public budget of the Visegrad 
country in the current context include: establishing compliance with the rules of budgetary procedures of foreign 
practice of budgeting, reviewing and approving budgets at all levels; expansion of sources of forming the revenue part 
of budgets due to the identification of reserves and the use of alternative sources of forming of financial resources; 
improvement of the budget planning and forecasting system; increase of efficiency of administration and control over 
spending of budgetary funds; reviewing the parameters of the investigated countries’ budgets in the direction 
of optimization of their revenues and expenditures; improving the system of intergovernmental budgetary relations; 
prevention of unjustified budget deficits and improvement of deficit financing of state and regional activities. 
We believe that the areas of further study in the field of sustainability and security of public budget should be based 
on applied correlation-regression methods, because in order to achieve a significant level of state development, 
as a final goal of any government activity, it is necessary to determine the dependence forms of parallel changes 
of several aggregate features on other features, identify the features of factors’ coupling, determine the factors’ 
parameters, directions, density, materiality, as well as evaluate the reliability. Identification of causal relationships 
at the macro level, which determine the development of the financial system of any country, allows you to interpret 
the results and develop sound management decisions, which is a necessary prerequisite for effective government. 
 
Conclusions 
The study pointed out the analysis of vulnerabilities of the internal and external economy and public finances sectors, 
as well as risk assessment of public borrowing, based on indicators of fiscal stability and security, are important 
components of a successful state functioning. Ensuring the sustainable development of the Visegrad Group countries  
for the successful implementation of fiscal policy is due to compliance with the limits of the above-mentioned 
indicators. 
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The results of the analysis showed non-compliance with the limits of fiscal stability and security indicators (when 
the result of calculating the coefficient is not included in the threshold values) poses threats and additional risks 
to national economies of the Visegrad Group, which provokes financial instability and economic instability. (debt) 
crises. The study showed that important components are the analysis of the vulnerability of the internal and external 
sectors of the economy and public finances, as well as the risk assessment of public borrowing, conducted on the basis 
of stability and security of the state budget. 
 
We believe that a comprehensive assessment of the budget system of the Czech Republic, Slovakia, Poland 
and Hungary based on indicators of stability and security of the state budget should help inform investors and 
creditors about the conditions and prospects of cooperation with the Visegrad region. 
 
The results of the analysis of the relevant indicators will allow to give an overall assessment of the development 
prospects of the studied countries, to determine their potential budgetary capacity and possible financial risks, 
to assess the effectiveness of budget management. This will create conditions for dynamic, balanced socio-economic 
development of the Czech Republic, Slovakia, Poland and Hungary, which will improve the living standards of these 
countries, ensure compliance with social standards, as well as increase the potential of Visegrad countries, improve 
management decisions, improve management decisions. functioning of state and local authorities. 
 
These indicators of stability and security of the state budget will demonstrate the level of trust in all authorities, 
as well as the level of government perception of public needs in general and individual needs in particular. 
 
The authors believe the proposed system of indicators of stability and security of public budget can be supplemented 
by a number of additional indicators. Thereupon, it is recommended to draw up an appropriate regulatory document 
that will regulate the budget process, taking into account the approved methodology of sustainability and security. 
This legislation act shall be binding for budgetary practice and its implementation shall require reporting 
on the highest level. 
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