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Introduction

The effects of climate change are increasingly felt around the world. Heatwaves, 
sudden snowfall and flooding are just some of the signs of changing weather pat-
terns. One of the main causes of this phenomenon is the pollution generated by the 
energy system. The use of fossil fuels has revolutionized the world’s environmental 
situation over the last 200 years. Growing economic prosperity has led to an 
increase in pollution. Late concern about the state of the environment makes action 
to halt climate change both necessary and urgent. This coincides with rapid urban-
ization and the deterioration of the economic and social situation of regions. The 
solution to both these problems can be comprehensive, involving energy transfor-
mation activities in regional areas. Renewable energy involves combining different 
technologies to increase green energy production. This creates a trend towards 
decentralization of the energy system, as in the case of electricity generation the 
influence of centralized sources of production is reduced. Energy transformation 
involves the combination of different technologies for energy production and stor-
age. At the same time, new derivatives of energy production are emerging, such as 
the production of cooling by centralized heat generation plants. One of the key 
advantages of energy production based on renewable resources is the possibility of 
exploiting currently untapped resources. This includes the construction of wind 
and solar power plants on unused land, the use of biomass waste, the use of bio-
methane, and the use of renewable energy sources. Land resources and waste are 
concentrated in regions whose potential is currently not fully exploited. Harnessing 
these resources in the regions would create the conditions for new business activi-
ties such as profitable land rental, biomass exploitation and service provision. In 
addition, the regions have under-utilized electricity and gas grids, thus further 
boosting energy transformation.

The main obstacles to this process are lack of capital and political will. Capital 
can be raised by converting redundant assets into cash resources to be used to 
expand green energy capacity. The remaining funds can be borrowed from the mar-
ket. However, political will can catalyze or constrain energy transformation. At 
present, there is a lack of decisive political action to achieve a coherent scale of 
energy transformation across countries. One of the reasons for political inaction is 
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the lack of a methodology to achieve smooth energy transformation processes. This 
study provides a structured overview of the processes involved in implementing 
energy transformation based on the use of regional resources. The study is based on 
the example of Lithuania, with the addition of action plans focusing on non-fossil 
resource countries. For such countries, the transition to renewable energy would not 
only reduce environmental pollution but also strengthen their economies and 
regions. Lithuania’s demonstrated progress in the energy transition provides a basis 
for translating the model into practice. The regional orientation reflects the objec-
tives of decentralization of the energy system due to the availability of the necessary 
resources in the regions.

The Energy Transformation Plan covers the transition of municipal management 
companies towards circular economic activities, the use of synergies in energy pro-
duction, the transformation of agriculture to promote recycling and the reduction of 
diesel fuel consumption. These actions would address both energy and economic/
social challenges. Regions lacking management competences, progress more slowly 
than agglomeration. Changes in the energy system would allow regional companies 
to develop new business lines while greening the energy sector. The agricultural 
sector is characterized by high levels of environmental pollution at virtually all lev-
els. On-farm energy production would help to reduce greenhouse gas emissions 
while creating strong community links and businesses. Achieving the integration of 
processes from resources will make the energy transformation process smooth and 
successful.

The energy transformation in developing and small countries has the potential to 
fundamentally change the geopolitical landscape. Countries that reduce or eliminate 
their dependence on fossil fuels would change the geopolitical situation on a large 
scale. Today, in the face of competition over the abundance of available resources, 
it is difficult to reorient the world towards the promotion of technological superior-
ity. Consistent leadership and a drive to decarbonize the world would lead to deeper 
economic and social transformations. Pooling of expertise and financial resources, 
combined with a continued drive for efficiency, improves the chances of smooth 
implementation of transformation activities, while boosting local industry and 
resource use.

Introduction
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Chapter 1
The Need for Energy Transformation: 
Causes, Opportunities, and Barriers

1.1 � New Horizons in Energy Strategy

The military conflict in Ukraine in 2022 encouraged developed countries to acceler-
ate the transformation of the energy system. Rising energy prices have made wind 
and solar more competitive. In addition, investments in green hydrogen production 
as well as Power to X solutions have increased. These processes fundamentally 
change the economy of the country and regions—new jobs are created, available 
biological resources are better used, and electricity storage solutions are developed. 
Hydrogen production technologies allow the use of cheaply produced energy at a 
time when its demand is reduced. Later, hydrogen can be used to produce either as 
electricity or fuel for other equipment with hydrogen engines. The new energy con-
cepts are fundamentally different from the energy canons established in the last 
century. The traditional model of an energy system, based on fossil fuels, was built 
on the following principles:

•	 Centralized production of electricity and heat and transport management
•	 Limited central planning and energy policy
•	 Restrictions in the supply of fuels
•	 Limitations on the number of energy producers and passive consumers
•	 Growing demand for energy, targeted production [1]

The transformation of renewable energy in the regions fundamentally changes 
their economic situation. Next to production development, the service sector is 
expanding, the quality of life is improving, and parallel businesses serving energy 
facilities are emerging. The main developer of renewable energy in the world is cur-
rently the European Union. It produces the greenest energy in terms of consump-
tion. The development of renewable energy promotes the emergence of new 
businesses and economic development. The EU assists member states to develop 
these businesses by providing subsidies and grants. The approved European Green 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-032-02987-4_1&domain=pdf
https://doi.org/10.1007/978-3-032-02987-4_1#DOI
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Deal is aimed at energy transformation based on renewable energy. The following 
directions of support and promotion are provided:

•	 Clean energy and energy-efficiency technologies
•	 Regeneration, decontamination, renaturalization, and land redevelopment
•	 Strengthening the circular economy
•	 Diversification and creation of new enterprises, including start-ups
•	 Support for employees
•	 Digitization and digital communications
•	 Research, innovation, and technology transfer [2]

When studying the directions of renewable energy development, there is a need 
to gather different data groups. In the initial stages of research, clustered groups of 
data are selected, according to which more detailed data is later unified. The links 
between renewable energy and social integration encourage the study of broader 
datasets. This is because it aims to demonstrate to prospective investors not only the 
economic returns, but also the wider factors that could encourage investment in 
green energy production. By associating the cluster themes derived from both social 
innovation–energy transition and social innovation–circularity cluster themes, it 
could be proposing five key elements that need to receive attention and be put for-
ward as future agenda directions: policy for climate change, circular justice, energy 
business models, transition innovation, and sustainability [3]. Energy transforma-
tion can be considered an integral part of circular bioeconomy. It is a rapidly grow-
ing field that has been gaining traction in recent years. It is an interdisciplinary field 
that combines biology, economics, and technology to create sustainable solutions to 
produce food, energy, and materials [4].

A wide spectrum of synergistic effects exists in the field of renewable energy. 
Synergies arising from the combination of different energy types help to increase 
competitiveness in the context of fossil fuels. Harmonizing different energy tech-
nologies can ensure sustainable energy production without harming the environ-
ment. At the same time, competitive energy prices and uninterrupted energy supply 
are ensured. To produce large amounts of energy, different types of production are 
combined, various wastes are used, or several production processes are developed at 
the same time. Key synergies in renewable energy are the following:

•	 Wastewater management (mixing sewage sludge with grass, leaves, and food 
waste, and extracting biogas)

•	 Animal waste and oil in the extraction of biogas
•	 Biomass waste in cities and regions used to produce heat and electricity
•	 Secondary processing of used oil into biofuel 2.0
•	 Utilization of municipal waste
•	 Power to X production from wind and solar energy

When going deeper into the directions of synergy and the data required for more 
detailed research, it is necessary to single out those types of energy that will have 
the greatest potential for municipal energy transformation. Rising concerns about 
global warming are driving investment in green energy solutions. Depending on the 
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climatic conditions and the abundance of available natural resources, the countries 
of the world choose different methods of green energy production. As for traditional 
sources of energy production, biomass energy occupies the main part of investments 
[5]. The structure of the biomass energy sector is determined by the specifics of the 
origin and development of biomass. Economic output is related to the natural pro-
cesses that produce biomass resources. Certain natural processes form different 
types of biomasses that can be used for heat, electricity, or biogas production. A 
business structure is formed according to the type of biomass and the type of its 
occurrence, the purpose of which is to convert biofuel into energy and achieve a 
positive economic effect.

Traditional energy companies face extensive challenges related to energy trans-
formation. It is especially related to the use of alternative types of fuel, with the help 
of which green energy would be extracted. One such type of fuel can be municipal 
waste. Municipal solid waste (MSW) is a solid waste that is commonly described as 
trash or garbage that is generated daily by households, commercial establishments, 
industries, and others. It is regarded as an inevitable and valueless by-product due to 
community activities. The MSW is one of the main waste source streams beside 
commercial and industrial waste and construction waste [6]. Responsible manage-
ment of municipal waste is one of the main indicators that segment developing and 
developed countries. Municipal waste can be managed in several ways. In one case, 
they can be burned to produce heat or electricity. Otherwise, if they are buried in 
landfills, the gas is extracted. In the latter case, new innovations are observed, allow-
ing to produce a larger amount of energy. Landfill methane is a potential resource, 
but allowing its release into the environment has a lot of environmental implications 
[7]. Municipal waste management can be linked to the creation of the so-called eco-
cities. This concept is related to the maximum reduction of pollution in agglomer-
ated areas. In eco-cities, it is possible to localize the sources of waste, use them 
more efficiently for recycling, and from the rest efficiently extract the energy needed 
to meet the needs of the city. However, this concept is still fairly new and carries 
some risks. It is also noted that “eco-cities,” often created as implementations of 
experimental technological solutions for adaptation to the phenomena of global 
warming, are also places where, under the guise of the need for “green growth,” 
social inequalities are often deepened. As a remedy for this situation, support is 
most often indicated for individual eco-enterprises and sustainable lifestyles, i.e., 
developing (broadly defined) mechanisms for resilience to external crises and dwin-
dling resources [8].

The concept of eco-cities is very similar to the concept of a smart city. In the lat-
ter case, the synergy of urban planning and IT solutions is emphasized. Investments 
in IT solutions in cities can create conditions to save resources and increase the level 
of ecology in the most polluted areas. Previous research by scientists has shown that 
smart city management can be based on big data management for energy prosump-
tion in residential buildings and electric vehicles (EV). Furthermore, secondary data 
could be employed to show the applications of the developed IT solutions in pro-
moting energy prosumption. Findings suggest that the IT architecture provides 
interoperable open real-time, online, and historical data in facilitating energy 
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prosumption [9]. The use of big data is one of the main components with which it is 
possible to carry out energy transformation in municipalities. Since renewable 
resources cannot yet ensure uninterrupted energy production, smart grid manage-
ment can assist distribute energy correctly to consumers, and demand-side manage-
ment would reduce pressure on energy producers.

One of the main trends in renewable energy is the development of Power to X 
technologies [10]. In this case, hydrogen is extracted from different renewable 
energy technologies, which can later be used for different directions in manufactur-
ing, consumption, or energy balancing. According to the information presented in 
Fig. 1.1, there are many different ways to use the energy obtained by electrolysis.

Previous studies of the economic impact on emissions were characterized by 
abstraction, confirmation of a certain fact [12]. Foreign direct investment can play an 
important role in the transformation [13]. In some cases, they can stimulate invest-
ment, and in other cases, as consumption grows, there is a need to produce more 
energy. As quick results are sought, energy production capacity can be developed 
using fossil fuels. Previous research has revealed the effects of different aspects of 
transformation [14,15]. Using several indicators of financial development, the empir-
ical results reveal that financial development measured using broad money, domestic 
credit to the private sector, and domestic credit to private sector by banks increase 
carbon emissions, while foreign direct investments (FDI), liquid liabilities, and 
domestic credit to private sector by financial sector do not affect carbon emissions 
[16,17]. The results show that none of the financial development indicators exerts a 
significant nonlinear effect on carbon emissions. The results further indicate that FDI 
moderates economic growth to reduce carbon emissions but does not moderate 
energy consumption to affect carbon emissions [18]. The relationship between finan-
cial development and environmental pollution is presented in Fig. 1.2.

Other scientific studies have analyzed empirical aspects to obtain answers to 
fundamental questions. For this, different statistical methods are used, which allow 
finding causal relationships between the analyzed phenomena. In one case, results 
based on a Panel Granger causality test showed a unidirectional causality running 
from energy prices, gross domestic product (GDP), the quadratic term of GDP, and 

Fig. 1.1  Possible applications of green hydrogen [11]
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Fig. 1.2  Connections between financial development and environmental pollution [18]

trade to CO2 emissions. The results further revealed no evidence to support the 
causal relationship between renewable energy consumption and CO2 emissions; 
however, renewable energy consumption was found to indirectly affect CO2 emis-
sions through its direct effect on energy prices [19–21]. This justifies the direct link 
between GDP dynamics and CO2 emissions. Other studies describe abstract aspects 
that are poorly supported by analytical information [22,23]. Since financial devel-
opment improves environmental quality, it can play a constructive and important 
role in improving environmental quality around the world, as increased develop-
ment of the financial sector can encourage further borrowing at lower cost (as the 
nation’s financial institution is controlled by commercial banks, whose main aim is 
to give loans to both the private and public sectors for various development proj-
ects), including for investment in environmental programs [24–26]. The lack of ana-
lytical directions encourages further research, which would allow expanding 
scientific knowledge in evaluating the energy transformation and the effects it cre-
ates [27–29]. The collected scientific information, as well as the elaboration of pre-
vious research, allows to single out the main groups of data and sources that would 
help to study the possibilities of energy transformation:

•	 Volumes of sewage sludge formation (from water treatment companies)
•	 Annual energy potential of biomass
•	 Power of wind and solar power plants by region
•	 Volumes of communal waste generation
•	 Amount of unprocessed municipal waste
•	 Free power in electrical networks
•	 Volumes of green purchases

1.1  New Horizons in Energy Strategy
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The indicated data groups will allow to assess the perspective of each region to 
contribute to the strengthening of the country’s energy system using different renew-
able energy sources. Currently, there is a lack of information, which is presented in 
the form of data groups, because the process of energetic transformation is not yet 
precisely defined. These datasets are related to the regional dimension, as the 
regional waste dynamics are assessed, as well as the share of regional budgets for 
green initiatives. This group of data covers the interface between economic and 
environmental factors, thus aiming to explore the possibilities of developing new 
ecological activities in the regions, strictly based on the principles of sustainable 
development.

In conclusion, with the right political will and mobilization of resources, the 
energy transformation goals can be achieved in terms of infrastructure. The variety 
of energy production methods allows adaptation to climatic or geographical condi-
tions while simultaneously extracting energy. To achieve energy transformation, it 
is important not only to change the infrastructure but also to change the governance. 
Investment management based on industrial methods is no longer relevant, as the 
current aim is to involve society and protect the environment. The following data 
group consists of social and governance indicators that are significantly related to 
economic activity. It allows to ensure the profitability of the projects, the speed of 
execution, and the creation of a positive impact.

1.2 � The Importance of ESG Indicators for Regional 
Energy Transformation

Investments in renewable energy are inseparable from the application of environ-
mental, social, and governance (ESG) principles. This type of investment can assist 
with quoting green bonds for sustainable projects. It involves investment in compa-
nies and governments that the investor believes best holds values of importance to 
the investor. These include the environment, consumer protection, religious beliefs, 
employees’ rights and human rights, among others. These areas of concern can be 
summarized as “Environmental, Social, and Governance” and is referred to as ESG 
investing (Environmental, Social, and Governance). In addition, Socially 
Responsible Investing includes shareholder advocacy and community investing 
[30]. ESG investments have attracted wider attention from both investors and cus-
tomers worldwide. These investments largely follow a triple-bottom-line approach 
that combines financial returns with environmental and social norms. In addition, it 
emerges from the analysis that companies have performed relatively better in policy 
disclosure and governance parameters of ESG integration than in environmental 
and social factors [31]. Compliance with ESG criteria ensures that the investment 
project will fulfill social needs, be economically profitable, and protect the environ-
ment. The management dimension allows for the continuous, sustainable support of 
the investment in the future. ESG risk management is becoming an increasingly 

1  The Need for Energy Transformation: Causes, Opportunities, and Barriers
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important aspect of the economic agenda. In order to secure public trust and orderly 
revenue growth, an ESG component is included in risk assessment plans. ESG risk 
is currently one of the leading risks in terms of its impact and probability of occur-
rence. Practical actions to reduce ESG (Environmental, Social, and Governance) 
risk are necessary because the link between ESG risk and financial performance has 
been documented [32]. Recently, ESG application actions are clearly visible in the 
energy sector. This sector is going through two transformations—infrastructural 
and corporate. It creates the conditions for qualified business model development.

To assess the influence of ESG on energy transformation, it is necessary to dis-
tinguish the responsibilities of the energy sector. The energy sector is on the path of 
decarbonization—investments are being made in clean environment solutions, 
while creating new areas of activity. It is a global trend. The information presented 
in Table  1.1 confirms that the implementation of these components significantly 
contributes to the development of ESG. However, these indicators are quite difficult 
to measure and express numerically—only some indicators are suitable for objec-
tive assessment.

Previous studies by Baran et al. [33] have examined different alternatives for 
ESG assessment. It is generally agreed that the application of ESG principles 
ensures ethical and environmental interests for future generations. The management 
component enables the development of human resource intelligence, thereby 
increasing economic performance and social impact [34]. The need for the environ-
mental, social, and governance-firm value (ESG-FV) relationship is gaining 
momentum in Asia, as investors believe that firms following sustainable practices 
are good for value creation in the long run [35]. This is especially important when it 
comes to strategic planning and risk management. The energy sector is one of the 
most important users of ESG principles, as the sector is undergoing transformation. 
Business integration with the internal and external world is gaining momentum in 
the light of Environment, Social, and Governance factors (ESG score) linking to 
corporate financial performance (CFP). However, the impact of the ESG–CFP rela-
tionship varies across economies, industries, and institutional frameworks due to 

Table 1.1  Areas of responsibility in energy sector [33]

Social responsibility Environmental responsibility
Economic 
responsibility

1. Personnel’s welfare, skills, and 
motivation
2. Open interaction with stakeholders
3. The quality of energy supply
4. Good business practices and 
cooperation with the stakeholders, 
networking with other companies
5. The correct price for energy

1. Measuring environmental impact
2. Awareness and reduction of 
environmental impacts of energy 
production and transfer
3. Minimization of use of fossil 
fuels
4. Reduction of pollution and 
emissions
5. Development of renewable 
sources
6. Controlling systems for waste 
and pollution

1. Cost-effective 
operations
2. Fair prices and 
good service
3. Investing in new 
technologies
4. Reliability of 
energy supply
5. Financial risk 
management

1.2  The Importance of ESG Indicators for Regional Energy Transformation
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varying legal, social structures and expectations from stakeholders [36]. This is 
especially visible when comparing developed and developing countries. ESG (envi-
ronmental, social, and governance) factors have, in recent decades, gained attention 
from different investors and investment strategies. As a result, asset managers are 
considering and incorporating the financial materiality of ESG factors (including 
environmental factors, such as risk of climate change, greenhouse gas emissions, 
biodiversity, and pollution of water and waste; social factors, such as human rights 
and safety in the workplace; and governance factors, such as ethics, bribery, and 
corruption) in the investment management process [37]. However, this strategy has 
so far been applied mostly at the private or public level. At the level of municipali-
ties, where there is a lack of qualified human resources, these ideas hardly make 
their way. This situation is continuous—the application of ESG requires constant 
monitoring, accountability to social partners, and the application of the latest envi-
ronmental protection ideas. It requires constant financial resources and control. 
Smaller municipalities often do not consistently implement the necessary actions, 
which is why they avoid ESG projects. However, the application of ESG in the case 
of renewable energy would ensure a reduction in environmental pollution and an 
increase in the income of the local population. The most straightforward motivation 
for ESG investing comes from a preference function that loads positively on the 
goals of a given ESG fund [38]. ESG also forms the prerequisites for the longevity 
of companies. The sustainable development spheres are interconnected to create a 
circular value chain of supply in the company [39]. Balancing positions creates the 
greatest positive impact on the environment and society.

In the previous works of researchers, an ESG index was created, with the help of 
which possible investment risks are assessed when investing in this type of compa-
nies. This index can also be used to assess the possibilities of investing in harmoni-
ous business units as an alternative direction of investment. Authors segmented the 
detailed dependence structures into four groups (ESG/The Wilder Hill New Energy 
Global Innovation Index; ESG/The Wilder Hill Clean Energy Index; ESG/The S&P 
Global Clean Energy Index; ESG/The European Renewable Energy Total Return 
Index) and compare their performances compared with merely investing in the 
renewable energy index (as the current renewable energy index fund/ETF). Overall, 
the results suggest that investors could trust the ESG index in hedging investment 
risk and increasing the profitability level in fund management [40]. However, the 
ESG index cannot fully assess the element of transformation when aiming to orient 
the energy system towards self-sufficient production using renewable resources. 
Saygili et al. [41] conducted research to investigate the correlations between certain 
topical phenomena. The results showed that there was a positive correlation between 
stakeholder-oriented governance practices and financial performance measures, 
such as accounting measures for both financial and non-financial companies. 
Besides, shareholder protection policies have a negative impact on accounting per-
formance measures, especially for non-financial industries, while the corporate 
practices that are referred to board of directors and public disclosure vary between 
financial and non-financial entities. Balanced management of energy companies 
will speed up energy transformation, as expanded competences will allow 

1  The Need for Energy Transformation: Causes, Opportunities, and Barriers



9

municipalities to make the necessary decisions. Improving governance based on 
ESG principles will both save monetary resources and increase the pace of 
transformation.

Based on the collected scientific information, clear weaknesses in information 
evaluation have been identified. There is a lack of research that would enable the 
evaluation of organic production volumes, sustainable use of the environment in 
agriculture, and the management of municipal enterprises. It creates a situation 
where the results of the conducted research are superficial, focused on quantitative 
assessment, thus excluding important qualitative aspects. The following data groups 
are distinguished, which are relevant for the evaluation of energy transformation in 
terms of social/environmental aspects:

•	 Number of employees in the renewable energy sector in the regions
•	 Production of biological fertilizers
•	 Number of boards in municipal companies
•	 Approval of ESG plans in municipal companies
•	 Areas of organic farms, ha

In conclusion, the application of ESG criteria is inseparable from the success of 
the implementation of energy transformation. The application of ESG principles 
enables the implementation of projects that would allow the production of green 
energy at the lowest costs. This is a huge difference compared to fossil fuels or 
nuclear power, where projects can take decades and exceed planned budgets. An 
example of energy transformation in the heat sector is Lithuania, which created a 
completely new biomass energy sector in a couple of years. In 2022, economic and 
political unrest created an incentive to invest in other types of energy as well, 
strengthening electricity production. In both cases, the intentions of the regions to 
progress by initiating new activities that are important for the climate and social 
structure have a huge influence.

1.3 � Lithuanian Case Study Analysis

The need for an initial analysis includes a case study. This was necessary to be able 
to identify the initial trends that merit analysis. At present, the allocation of resources 
for renewable energy development is uneven and fragmented. The clarification of 
the directions based on current successful examples of development would allow a 
model to be developed that could be applied to a wider range of countries and 
regions.

The results of the study are significantly related to the analysis of the Lithuanian 
sample. Changes made in the heat energy sector during the global financial crisis 
(2008–2011) significantly increased energy self-sufficiency and reduced the level of 
social problems (Fig. 1.3). However, there are some problems with electricity pro-
duction. Lithuania’s electricity generation is predominantly fueled by natural gas, 
with a smaller portion coming from renewable sources such as wind, solar, and 
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Fig. 1.3  Lithuanian heat energy balance 1997–2021 [42]

hydropower. The country has significant potential for wind energy, particularly in 
offshore wind farms in the Baltic Sea, and several large-scale wind energy projects 
are currently under development. Lithuania has made significant progress in improv-
ing energy efficiency in recent years, particularly in the building sector. The country 
has implemented energy efficiency standards for buildings and has invested in ret-
rofitting older buildings to improve their energy efficiency.

Lithuania was heavily reliant on energy imports, particularly from Russia. To 
reduce its dependence on Russian energy, the country has diversified its energy 
sources, investing in renewable energy and building interconnections with neigh-
boring countries to facilitate energy trade. Lithuania’s energy policy is focused on 
achieving energy independence and reducing greenhouse gas emissions. The gov-
ernment has set ambitious targets for renewable energy and energy efficiency and 
has implemented policies such as feed-in tariffs and energy performance standards 
to incentivize the adoption of renewable energy and energy-efficient technologies.

The country has a history of nuclear energy, with the Ignalina Nuclear Power 
Plant being a major source of electricity until its closure in 2009. The government 
has expressed interest in developing a new nuclear power plant, but this has been 
met with opposition from environmental groups and concerns over the cost and 
safety of nuclear energy. However, the government has set a goal of achieving 100% 
renewable energy by 2050, and significant investments are being made in renewable 
energy sources such as wind, solar, and biomass.

The country’s transition to renewable energy sources was catalyzed by actions 
taken in the past. The negative example is the abolishment of district heating (DH) 
networks after independence. At that time, the price for heating using gas boilers 
was much higher than that for individual gas boilers. A massive reconstruction proj-
ect was done by replacing DH with individual natural gas and electric boilers. 
However, the development of this plan has turned against users, because after a 
decade, price for natural gas and oil has increased dramatically and consumers have 
started to reconstruct natural gas heating systems and replace gas boilers with bio-
mass boilers [43]. This millennium has seen clear progression in the use of biomass. 
One can notice that significant progress has been achieved in implementing renew-
able energy systems (RES) and energy efficiency improvement targets by all Baltic 
countries. For example, in Lithuania, the use of biomass doubled during 2004–2013 
[44]. Almost all the fuel used to produce energy is local—wood and industrial waste 
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extracted from forests, soilless areas, and the wood industry were used. This situa-
tion made it possible not only to manage waste, but also to turn it into a product with 
financial value. The need to convert the country’s energy system significantly served 
the breakthrough of biomass utilization in Lithuania. The reasons for the conversion 
to biomass were unambiguous. Such results seem to be logical, as a biomass power 
plant using renewable energy sources plays an important role in ensuring the coun-
try’s autonomy in the energy generation potential, and these technologies are effi-
cient and attractive from the environment protection point of view [45]. The 
country’s need to switch to cheaper fuel in this case was perfectly aligned with the 
goals of sustainable development. During this period, biomass is the main renew-
able source used for energy production in Lithuania. Štreimikienė et al. [46] studied 
the effect of using different fuels on electricity production. The results of the con-
ducted research showed that the lowest electricity generation costs are for new 
nuclear power plants followed by biomass and hydro power plants. Otherwise, the 
biomass could also be used to fulfill other needs of industry and citizens. Wood and 
biofuel are two most perspective fuels of renewable energy potential [47]. The 
national energy independence strategy contains clear principles where the Lithuanian 
energy system must be improved. The development of RES in Lithuania must be 
carried out in accordance with the following principles [48]:

•	 Gradual integration of RES in the market
•	 Affordability and transparency
•	 Proactive participation of energy users

The Lithuanian energy system has achieved great progress in the field of heat 
production. However, there is a lack of electricity production capacity, and the 
potential of biogas is also underutilized. The development of renewable energy 
resources encourages the adoption of complex solutions that would allow combin-
ing energy production capacities. This paves the way for a fundamental transforma-
tion of the energy sector. When exploring the possibilities of transformation, first, 
cooperation is done with innovative Lithuanian municipalities, which tend to follow 
the path of transformation. In this way, objective criteria will be approved, which 
will later allow comparing municipalities with each other.

The primary research actions are conducted based on the “research by design” 
formula. In this case, it builds on good practice from previous research, while iden-
tifying key areas for improvement. The selected data groups will enable the creation 
of a database, which will enable the comparison of the regions of the countries. 
Research by design is any kind of inquiry in which design is a substantial part of the 
research process. In research by design, the design process forms a pathway through 
which new insights, knowledge, practices, and products come into being. Research 
by design generates critical inquiry through design work that may include realized 
projects, proposals, possible realities, and alternatives. Research by design produces 
forms of output and discourse proper to disciplinary practice, verbal and non-verbal 
that make it discussable, accessible, and useful to peers and others [49]. In the case 
of energy transformation research, knowledge will be collected about the resources 
available to municipalities, the possibilities to manage projects, and information on 
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loans and borrowing. Energy systems are changing, and it is important to quantify 
and assess those variations, measuring the progress toward the established goals. 
Indicators can be a useful tool to achieve that purpose. Indicators can analyze energy 
systems globally, such as the energy mix for a given country, considering the differ-
ent sources of energy: fossil (fuel, coal, and gas), nuclear, biofuels and waste, 
renewable (hydro, solar, wind, geothermal, etc.), or parts of the energy system 
(renewable energy sources). Another indicator is energy dependence, which is 
important because it can significantly affect the development of countries since it 
increases their vulnerability to price instability and supply ruptures. Share of renew-
able energy in the gross final energy consumption is an important indicator since it 
can represent the pathway to lower carbon energy systems [50]. At the same time, 
specific solutions will be sought to achieve a positive impact on energy with the 
lowest costs. Finally, the investment plans of municipally run companies will be 
reviewed in order to bring them closer to the principles of sustainable development.

A team of researchers are currently cooperating with four Lithuanian municipali-
ties, which are provided with consultations on energy transformation issues. 
Communication was carried out in February–December 2022. During the consulta-
tions, specific transformation plans are drawn up, which include specific solutions 
that promote the growth of green energy. This is related to increasing the efficiency 
of asset utilization, applying new technologies, and improving governance in 
municipal enterprises. At the same time, the main disturbances in the transformation 
process, which prevent municipalities from accelerating the pace of change, are 
analyzed. The disturbances will later be standardized to find correlations between 
municipalities. This will be followed by an assessment of the impact of disruptions 
in monetary terms, as well as the impact of certain transformation decisions on 
individual territories. When drawing up transformation plans, there is communica-
tion with the management of the municipal administration, the boards of munici-
pally managed companies, and public associations. This is aimed at extracting the 
expectations of all interested parties, then evaluating them according to economic, 
social, and environmental logic. The initial results revealed the main aspects of the 
energy transformation analysis, as well as the main obstacles to the development of 
green energy in municipalities.

1.4 � Identification of Research Indicators

Energy transformation implies major changes both in the municipal infrastructure 
and in changing public life. In order to achieve optimal investments, it is necessary 
for institutions, financiers, and society to focus on a common goal. The energy 
transformation in Lithuania is hindered due to the lack of cooperation between sci-
ence and business, low competences of the public sector, and the influence of inter-
est groups. Working with innovative municipalities and company boards allows 
applying scientific knowledge to strengthening regions and solving social problems. 
At the same time, it allows for the identification of the main directions of change, 
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which can later be used to promote the development of economically weaker 
municipalities.

The first discussions with stakeholders formed the problem of the situation. 
There is a clear divide between the previous, post-Soviet management and the new 
corporate culture. The latter enables all employees to propose relevant ideas, the 
decision-making process is decentralized, and the influence of the board is proac-
tive, promoting progress. This is fundamentally different from centralized, post-
Soviet governance, where the assumptions of corruption are possible. During the 
discussions, indicators were singled out that will allow us to assess the current state 
of the municipality, as well as the prospects for transforming unused assets into 
sources of energy production. Municipal companies are engaged in the following 
services, which are relevant in the energy transformation process:

•	 Heat production
•	 Water supply and sewage treatment
•	 Transportation of passengers by bus
•	 Waste management
•	 Housing and environmental care

In principle, all these areas either use or have the potential to use renewable 
resources. Some sectors generate waste that can be used as fuel (wastewater treat-
ment, waste management, environmental care). This situation makes it possible to 
search for joint activities and carry out circular economic activities in the munici-
pality. Since these companies are made up of municipal capital, proper corporate 
governance is a prerequisite for the success of the processes. The problems of the 
management of municipal enterprises formed the initial assumptions of the research. 
The main directions of the researchers’ assessment are related to the following 
aspects:

•	 How could companies, managed by municipalities, contribute to energy 
transformation?

•	 What synergies could be possible between the activities carried out in the 
municipality?

•	 How is organic waste generated in the municipality used?
•	 How could the management of municipal companies influence the pace 

of change?
•	 How are assets by the municipality and its companies used?

During communication with the municipalities, clear areas for improvement 
emerged, to which the management’s attention and investments must be directed. 
These directions will allow generating the necessary data, thus creating a compara-
tive base with other municipalities. All the municipalities investigated are managed 
by companies that are engaged in the previously mentioned communal activities. 
Management of municipal activities allows obtaining standardized answers about 
the prevailing situation in municipalities. When studying the municipalities of 
Lithuania, the main problem was encountered:

1.4  Identification of Research Indicators
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•	 Assets of municipalities related to energy activities are managed through munici-
pal companies. While studying these companies, it was noticed that some of the 
companies do not have a board. This reduces the accountability of company 
managers and creates conditions for inefficient project management or corrup-
tion. The absence of boards stifles innovation, creating the risk of a slower pace 
of change.

•	 Synergies between water treatment and heat production companies are not yet 
sufficiently exploited. The resulting dried sewage sludge is not sufficiently used 
as renewable fuel. In addition, not all sludge is properly dried, so it cannot be 
used either as fuel or as fertilizer

•	 The municipality has not always approved specific plans, which areas are prior-
ity for the development of renewable energy

•	 The majority of municipalities do not undertake energy efficiency projects that 
would allow them to produce electricity independently, as well as heat-saving 
projects that are implemented at a slow pace

•	 There is not enough synergy between private and public business, e.g., biogas 
from agricultural waste is not used for city buses or heat production and supply.

1.5 � Determination of Energy Transformation Priorities 
in the Regions

Complex challenges are faced to transform regional energy systems. In one case, it 
is necessary to secure the necessary financing for the installation of new facilities. 
Otherwise, human competences are required for the successful implementation of 
projects. However, the most important component of energy transformation is pri-
oritization. Resource constraints make it difficult to complete all the necessary proj-
ects at once. Mitigation scenarios focusing on wind and solar power are more 
effective in reducing human health impacts compared to those with low renewable 
energy, while inducing a more pronounced shift away from fossil and toward min-
eral resource depletion. Conversely, non-climate ecosystem damages are highly 
uncertain but tend to increase, chiefly due to land requirements for bioenergy [51]. 
In working with municipalities, the following main priorities were established in the 
tactical period (1–3 years):

•	 Changing management structures (professional boards with a majority of inde-
pendent members)

•	 Approval of energy transformation plans
•	 Electricity production for own needs is increased up to 100%
•	 Solar power parks are being created to serve municipal entities
•	 Specific energy transformation plans are being developed in the heat, water, and 

utility sector
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The impact of renewable energy is unique in that the first steps can be taken 
already in the tactical period. This applies to the assessment of solar energy—the 
design of solar parks is much simpler than in the case of wind, biomass, or biogas. 
In this case, a stable supply of equipment, land, or a roof is required. In Lithuania, 
in 2022, a solar park on the roof, including the necessary permits, is installed in an 
average of 9 months [52]. Currently, half of the examined municipalities are engaged 
in the use of solar energy either for their own needs or in the implementation of solar 
park projects. The change in the situation was prompted by the increase in electric-
ity prices, when in 2022 in May, the price of electricity per MW on the NordPool 
Spot exchange was EUR 400. At the same time, the hourly price record was 
reached—4000 EUR/MWh [53]. The actions of the municipalities to control the 
sudden rise in prices were quite limited due to the lack of free monetary funds. The 
behavior of municipal enterprises differed due to the type of boards. In the case of 
political trust boards, action was significantly slower than in professional boards 
with independent members. In the latter case, specific actions were taken:

•	 Ordinances have been established to ensure the permeability of electricity net-
works in the case of new solar power plants

•	 To finance new solar power plants by selling unnecessary assets not used in the 
main activity

•	 Carry out energy efficiency projects, identifying energetically inefficient activ-
ity chains

These specific actions have created a dual effect. First, it made it possible to 
increase the energy independence of companies, while saving the financial resources 
of shareholders—municipalities. These could have been directed towards the solu-
tion of social problems, covering part of the electricity prices for budgetary institu-
tions. Second, the energy difficulties made it possible to review the asset structures 
of companies, discarding unnecessary assets that were not realized for unknown 
reasons. This made it possible to mobilize funds and order the components needed 
for solar power plants. IQ of 2023. The studied municipalities have 700 kW power 
generation capacity, which allows to produce 750,000 kWh of electricity. Currently, 
projects are being initiated that would increase the solar energy production capacity 
by another 3 MW. The use of electricity is most relevant in water treatment compa-
nies, which need electricity to service sewage treatment plants and ensure water 
supply. Due to a sharp increase in electricity prices, all Lithuanian water supply 
companies in 2022 became unprofitable [54]. Currently, in three of the analyzed 
municipalities, the installation of solar power plants on the roofs of buildings is 
being considered. In one municipality, it is planned to install power plants in water 
production lands where there are large areas of unused land.

Currently, several municipally managed companies have set goals either to pro-
duce 100% of the required electricity or to acquire a remote solar park that would 
meet part or all of the energy needs. At the same time, the possibilities of asset 
conversion are constantly being investigated, realizing assets that are not needed in 
the main activity. Synergies with other municipal companies are being sought by 
combining activities (common waste collection, hot water production, etc.).

1.5  Determination of Energy Transformation Priorities in the Regions
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During the tactical period, energy transformation actions can be implemented 
particularly smoothly. Due to the smooth design process and fast delivery of com-
ponents, the development of solar power plants is significantly faster compared to 
other types of renewable or fossil fuels. Further stages of the energy transformation 
include wider infrastructure conversion and better utilization of waste. These pro-
cesses require significantly longer time, especially due to design and bureaucratic 
constraints. The latter are related to both municipal and state restrictions, inefficient 
bureaucratic process.

In the strategic period (approximately 5  years), after properly exploiting the 
opportunities to expand solar energy, necessary decisions related to better utiliza-
tion of municipal assets are needed. The discussions envisage the pursuit of com-
plex actions—not only the development of infrastructure, but also the increase of 
operational efficiency. For that purpose, it is planned to expand the scope of hybrid 
work, to reduce the number of buildings used in the activity. Funds received for 
excess premises can be used to strengthen energy independence.

Lithuania has a strong biomass processing sector, which concentrates the entire 
supply chain from biomass processing to the production of biomass power plants. 
However, there is a relatively small number of cogeneration power plants in 
Lithuania. In strengthening energy self-sufficiency, it is necessary to develop bio-
mass cogeneration capacities in medium-sized cities (> 20,000 inhabitants). The 
cycle of biomass power plants is 15–25 years. The peak of biomass energy develop-
ment in Lithuania was in 2010–2012. Working with municipal companies made it 
possible to clarify priorities when investing in heat production. The aim is to turn 
central biomass power plants into cogeneration plants capable of producing heat 
and electricity at the same time. This would make it possible to reduce the electric-
ity production problems prevailing in Lithuania, while at the same time making 
better use of biomass.

In addition to the heat production sector, which is relatively developed, the focus 
is on the further development of other sectors. In the strategic period, it is necessary 
to increase the contribution of municipal enterprises to the implementation of the 
European Green Deal. The task plan is established based on communication with 
municipalities. The financial plan will be determined in future research, when data 
on potential operating income and incurred costs will be collected. The following 
challenges of the strategic period have been identified:

•	 Utilization of synergistic effects (combining different technologies, production 
of several types of energy, and governance transformations)

•	 Adaptation of the heat sector to clean production
•	 Adaptation of water treatment facilities for sludge preparation
•	 Reorganization of the transport system using biomethane, hydrogen, and other 

sustainable fuels
•	 Development of the waste collection mechanism, including food waste
•	 Modernization of lighting systems
•	 Application of geothermal heating combined with solar energy
•	 Appropriate use of electrical power
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Exploitation of synergistic effects is associated with better utilization of energy 
resources. Currently, one municipality is working on a pilot project in which sewage 
sludge and urban green waste would be treated in one facility. The extracted biogas 
would be converted into biomethane, which is then used for city buses. The remain-
ing dried sewage sludge would be used either for fertilizing land areas or as fuel for 
the only cement factory in Lithuania, replacing coal. In the latter case, the use of 
fossil coal in Lithuania would be reduced to a minimum. The wider use of sludge as 
a renewable fuel requires the improvement of legal acts in Lithuania. Likely, differ-
ent opinions will not be avoided until generally accepted strategic goals can mobi-
lize various stakeholders and unify justification for the transition towards a 
sustainable energy sector [55].

Another important segment of changes is the improvement of lighting systems in 
municipalities by installing LED lighting solutions. Several municipalities in 
Lithuania apply the ESCO model, which allows the modernization of city lighting 
systems with private funds. An investment contract is concluded between the 
municipality and a private investor, which stipulates that the municipality will pay 
the investor the difference between the electricity price paid and the savings received 
during a certain period. The investor undertakes investing in municipal lighting sys-
tems by installing LED solutions. In this case, energy savings are achieved, thus 
enabling the installation of smaller power generation capacities.

In addition, it is necessary to develop charging stations for electric cars, using the 
free power available in the networks at a certain moment. When installing LED 
lighting, it is possible to install devices on lighting poles that would provide the 
opportunity to charge a car in a parking lot, on the streets, near public buildings, etc. 
This would make it possible to make better use of the electricity network and reduce 
excess investments in increasing the power of certain selected objects. Power man-
agement would be done with the help of software. In Lithuania, this technology has 
already started to be implemented in the capital city of Vilnius, when the power of 
offices or lighting poles is used with the help of software at a time when this power 
is not used for the main activity [56].

In order to achieve further synergistic effects, it is necessary to make waste col-
lection more efficient, by producing solid recovered fuel from solid waste and 
extracting biomethane from biological waste. Solid recovered fuel is suitable for 
waste incineration power plants. Of course, to achieve the principles of sustainable 
development, it is necessary to ensure the largest possible volumes of waste pro-
cessing. In addition, it is necessary for Lithuania to use the potential of geothermal 
energy. Lithuania is characterized by large geothermal water resources. In Western 
Lithuania, geothermal water resources up to a depth of 2 km in the mentioned area 
amount to 1450 EJ [57]. A combination of geothermal energy and solar energy can 
produce large amounts of green energy for households. By utilizing the available 
resources, municipalities can fully supply urban areas with energy. In addition, with 
economic and practical incentives, municipal residents living in non-urbanized 
areas can switch to using clean and ecological solutions.

Data analytics is a key factor in achieving rationality in the energy transforma-
tion process. Determining clear investment directions allows faster implementation 
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of energy transformation ideas. The focus on public sector companies was chosen 
because it is these companies that can mobilize public resources and initiate the 
necessary changes. Private entities naturally choose investments with the highest 
profitability and lowest costs, which become profitable in the shortest possible 
period. To fundamentally transform the region’s energy system, it is necessary to 
assess the situation comprehensively. This will require significant time and one-
time financial resources. For this reason, the municipal government must initiate 
changes that will be implemented through municipal companies. The primary task 
is the reorganization of their internal structures and inventory of assets. Later, to 
achieve a greater economic effect, the municipality can transfer unused assets to 
them, which would later be converted into energy production, storage, or sav-
ing units.

The initial assessment of investments is inseparable from the transformation of 
municipal enterprises. The changing technological situation suggests that municipal 
enterprises should be much better integrated. Different utilities have common direc-
tions that can be combined with each other. One of the best examples is the synergy 
of the water from heat farms. In the heating sector, hot water is produced using 
water purchased from water sector companies. Today’s technologies allow the 
exploitation of heat from wastewater, which is later redistributed to heat networks. 
It makes sense to combine the activities of these companies. During sewage treat-
ment, the formed sludge releases gases. This gas may be suitable for city buses. 
Utility companies can provide the materials needed to produce gas. With the right 
technologies, green waste can be mixed with sludge. Meanwhile, waste suitable for 
incineration can be utilized in thermal power plants. The use of solar energy for 
electricity production is acceptable to all parties. The synergy map in Fig.  1.4 

Fig. 1.4  Map of synergies between municipal companies
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creates the conditions to highlight the main areas of municipal business in the 
regions, while also identifying areas of cooperation. This allows better use of local 
resources, monetary savings, and the creation of new businesses.

The primary objectives of the energy transformation identified enable regions 
and the companies they manage to seize the opportunity to create new economic 
activity. Positive examples from public companies can encourage private companies 
in the regions to upgrade their energy systems, thus contributing to local decarbon-
ization. In this context, the State has a responsibility to ensure the smooth operation 
and development of the grid in cases of power shortages. Resource and time con-
straints make it necessary to identify not only areas for development, but also the 
regions with the greatest problems in terms of energy structure. This action is what 
is being done in the next stages of the study.
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Chapter 2
Practical Explorations for Energy 
Transformation Ways

2.1 � The Potential of Energy System Conversion

In the twentieth century, the developed energy system was based on the use of fossil 
fuels, essentially without limiting the production of energy or the use of resources. 
In the twenty-first century, faced with serious challenges caused by climate change, 
the functioning of the energy system must be fundamentally changed. New con-
cepts such as demand-side management and energy storage in batteries are emerg-
ing, and the need for energy system balancing has increased significantly. When 
looking for opportunities to implement energy transformation, the use of existing 
infrastructure can significantly contribute to the speed of implementation of the 
transformation.

The dynamics of the energy system are characterized by extensive connections 
between different methods of energy production. Renewable energy is no excep-
tion; there are clear examples of interaction. In the case of biogas, it can be used to 
produce electricity or heat, to fuel cars, or to supply main gas pipelines. The use of 
renewable resources makes it possible to create a multidirectional impact on differ-
ent branches of business. Overall, the shift toward renewable energy sources can 
have a tangible impact on the economy by promoting workplace creation, reducing 
environmental costs, enhancing energy security, and fostering innovation and eco-
nomic growth [1]. However, the specific economic effects can vary depending on 
factors such as government policies, market conditions, and the scale of renewable 
energy adoption.

One of the ways to increase the positive impact created by renewable energy is 
to search for relevant connections. Different types of fuel can be produced from one 
type of green energy, which would be used to supply the necessary aggregates. 
Figure 2.1 shows that interactions between different technologies can enable the 
energy system to operate dynamically in a competitive environment. In cases of 
overproduction in one energy sector, the energy produced can be transferred to 
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Fig. 2.1  Interaction between different technologies in the energy system

fulfill the needs of other sectors. The shaded boxes demonstrate the key technologi-
cal changes required.

The potential of energy conversion is inseparable from successful political 
implementation. Political will is inevitably necessary to achieve the most effective 
implementation of transformation projects. When implementing policy decisions, 
potential synergies must be sought, as well as key factors that save taxpayers’ funds. 
The policy decisions to accelerate the energy transition will need to be aligned with 
the development of enabling infrastructure. More attention is needed for emerging 
infrastructure issues such as smart charging of EVs, distribution grid reinforce-
ments, and the role of shifting demand and smart grids. In addition, important syner-
gies exist between higher energy efficiency and higher shares of renewable energy; 
both solutions should therefore be pursued jointly [2]. Due to the specifics of energy 
production, it is necessary to look at the transformation process in an extremely 
complex manner. When correcting one part of the energy system, it is necessary to 
consider other parts as well, since this can lead to the potential of saving energy and 
financial resources. Energy efficiency is inseparable from the success of the trans-
formation process; infrastructure development to meet current needs is pointless 
and costs significant financial and time resources. Meanwhile, the negative conse-
quences of climate change are already being felt. The expansion of renewable ener-
gies for power generation is a key element on the development path to combine low 
costs with low emissions. In the industrial sector, emission reductions in high-
temperature heat generation exclusively require electrification, whereas for medium 
and especially low industrial heat generation, biomass can be a vital part of possible 
decarbonization pathways. In the transport sector, battery-powered passenger vehi-
cles and electric overhead freight trucks are gradually replacing conventional com-
bustion engines. The electrification of the transport sector is also reflected in the 
expansion of electric rail transport [3]. In the case of rail transport, greater synergies 
are possible—instead of sound-absorbing walls, vertical solar modules can be 
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installed to provide energy to the railway system [4]. The reduction of pollution 
caused by industry and transport will essentially define the success of the energy 
system transformation process, since these sources of pollution have a particularly 
negative impact on the quality of the environment.

In addition, there are certain risks associated with implementing the energy 
transformation process. Conversion potential varies across countries and continents. 
This may hinder the faster development of the consumption of renewable resources, 
despite the positive political will. The need for conversion using existing assets is 
recognized at a global level. However, in order for decisions to be made smoothly, 
it is necessary to manage all the necessary processes. Clearly, the differences in 
energy conversion efficiency cannot be neglected. In some regions (e.g., Africa), 
such differences go up while the overall trend is downward. However, through the 
implementation of pertinent measures, there could still be scope to reach greater 
convergence toward a higher efficiency level in energy transformation [5]. Increasing 
energy efficiency would reduce the pressure on the budgets of countries and regions, 
while accelerating the pace of investment implementation. The importance of con-
version is particularly visible in the international documents that have already been 
adopted. The Kyoto Protocol and the Paris Climate Change Agreement clearly regu-
late the actions that must be taken to avoid a climate catastrophe. The first period, 
according to which the achieved global progress of the energy transformation will 
be evaluated, is the year 2050. Today, the directions of the future transformation are 
already known. The energy system of the future will be based on electricity con-
sumption. The greening of electricity production will be an essential condition for 
energy transformation. Figure 2.2 shows that, based on conservative estimates, the 
transformation of the electricity and heat sectors would ensure the implementation 
of the essential goals of the transformation. It is intended that these projects will be 
implemented under market conditions. A subsidy system was used for new projects 
at the beginning of this century. Today, the subsidy system is no longer such an 
effective tool, with negative effects in some cases. The system of feed-in tariffs sti-
fles competition among renewable energy producers and creates perverse incentives 
to lock into existing technologies [7]. As there is clear opposition from countries 
developing conventional energy, the promotion of renewable energy can hold back 
projects. In addition, promotion directions may not necessarily be chosen for those 
technologies that would have the greatest positive impact on society. In order to 
develop new concepts, it is necessary to look for unused resources of state or 
regional enterprises, the conversion of which would allow the development of new 
innovations, especially in electricity production.

The necessity of energy transformation is presupposed by the fact that it is fun-
damentally necessary to stop using fossil fuels. For now, it is based on the hope that 
it will be possible to develop productive and cost-effective electricity generation 
technologies. This process can take decades, so today it is necessary to act “from 
below” by initiating regional changes. Energy transformation based on the use of 
renewable resources creates a clear and calculable impact on different economic 
structures. In this case, it is necessary not only to establish the directions of positive 
impact, but also to show solutions that allow for the practical benefits of using 
renewable energy.

2.1  The Potential of Energy System Conversion
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Fig. 2.2  Total final energy consumption breakdown by energy carrier (%) system, projected in 
2050 [6]

2.2 � Impact of Energy Transformation on Different 
Economic Directions

The use of renewable resources fundamentally changes the economic situation of 
countries and the competitive advantages that have arisen. Early innovation creates 
more synergistic effects that contribute to economic growth. The impact on the 
economy can be assessed both numerically and qualitatively. However, the current 
progress in renewable energy is insufficient due to the negative impact of climate 
change. In order to achieve a breakthrough in energy transformation, the possibili-
ties of further strengthening the leading branches of energy must first be evaluated 
and only then engaged in the development of new concepts.

One of the main positive effects of renewable energy production is the creation 
of new jobs. Jobs in renewable energy are related to the maintenance of power 
plants, the supply and cultivation of biomass, the collection of biological waste, and 
the development of new technologies. Renewable energy technologies are 
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significantly more complex than the technologies of thermal power plants and bio-
mass boilers. Their development requires deep knowledge of human capital, as well 
as the work of scientific institutions. The impact on countries transitioning to renew-
able energy is assessed from various perspectives [8]. The contribution of renewable 
investment and job generation in the Czech Republic was investigated. The findings 
suggested the resilient dependence of employment enhancement on investment in 
the renewable industry of the Czech Republic. The Czech Republic is characterized 
by its own coal resources, but the country has a clear goal of transforming the energy 
system toward the use of renewable resources. Workplace creation within a country 
creates multi-scale impacts that are felt both regionally and nationally. Benefits 
occur when workers spend part of their income in the local economy, generating 
spin-off benefits known as the “multiplier effect.” This increased spending creates 
economic activity (jobs and revenues) in other sectors such as retail, restaurants, 
leisure, and entertainment. The number of jobs also depends on how many stages of 
production are carried out in the region, as more jobs will be created if the materials 
and technologies are processed and manufactured locally [9]. Over time, the impor-
tance of workplace creation has increased as more opportunities have become avail-
able to produce energy at a competitive price. As the payback of new energy capacity 
accelerates, the pace of workplace creation has increased significantly. The largest 
workplace growth is recorded in the power plant design, construction, and mainte-
nance sectors. The example of the Netherlands is also relevant for workplace cre-
ation. This country makes a significant contribution to environmental protection by 
developing new, climate-friendly technologies. Renewable energy has the potential 
to stimulate growth and jobs in the Dutch economy. Other scientists expect that an 
additional 0.85% of gross domestic product will be created by 2030 as a result of the 
shift toward a renewable energy mix, with the largest effect seen in investment 
growth. In terms of job creation, the projection is around 50,000 new full-time jobs 
by 2030. This positive impact is explained by the relatively higher labor and capital 
intensity of wind and solar technologies compared to gas and coal plants. This cre-
ates growth opportunities primarily for domestic, but not imported, products [10]. 
Also, countries that excel in renewable energy technology can export their expertise 
and products to the global market [11]. Trends increasing the use of renewable 
energy resources are visible around the world. Recently, the volume of production 
of components using renewable resources has increased rapidly in Asian countries. 
These countries have favorable conditions for renewable energy; the population is 
growing rapidly, and the existing energy system is not yet strong enough to meet the 
current needs of the population. Renewable energy in Asian countries is stimulating 
different directions. Gross fixed capital formation, renewable energy consumption, 
and the labor force are valid determinants of economic well-being in Malaysia.  
Renewable energy consumption enhances energy efficiency and encourages growth 
through upgraded technology transfer and resource distribution [12]. In the case of 
Malaysia, consistent decisions are being made to reduce the impact of fossil fuels 
while making better use of available local resources. The goal is to increase the use 
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of solar energy by installing modules on buildings. This avoids the use of land for 
energy needs. Other Asian countries, especially China, have concentrated solar 
panel production capacities and competencies. The impact on the labor market is an 
important catalyst for the development of renewable energy and the energy transfor-
mation. The renewable energy sector creates a substantial number of workplaces in 
manufacturing, installation, maintenance, and research and development. These 
workplaces often offer stable employment opportunities and can stimulate local 
economies [13]. However, in certain countries, e.g., in coal-rich Poland, the energy 
transition has the potential to create a short-term decline in unskilled workplaces. 
Due to the avoidance of this condition, retraining solutions or the promotion of 
parallel businesses (biomass energy, agroforestry) are necessary [14].

The impact of renewable energy use can also be described using more general 
elements. One of the most important is the connection between renewable energy 
and economic growth. In order to justify the huge expenditure on renewable energy, 
the element of economic growth is one of the essential arguments. Several studies 
have been conducted that point to a general relationship between renewable energy 
and economic growth. In one case, the results provide evidence of the nonlinear 
impact of renewable energy consumption on economic development under different 
country risks (composite risk, political risk, financial risk, and economic risk). 
Countries with a lower composite risk have a more stable environment, and renew-
able energy consumption has a greater promotional effect on economic develop-
ment. Similarly, a stable political environment helps renewable energy consumption 
play a larger role in promoting economic development [15]. An abstract conclusion 
is formed that there is a positive relationship between these two elements. In this 
study, the components of the political situation are distinguished. Politically unsta-
ble states can discredit energy transformation projects, thus undermining the devel-
opment of this idea around the world. In other countries, combined studies have 
been conducted, investigating the synergy between different economic and social 
elements. In the case of Morocco, the overall figures for the economic impact on 
GDP range from 1.21% to 1.99% at the end of the forecasting period covered 
(2040), with a full-time equivalent employment effect of between 269,252 and 
499,000 jobs. In conclusion, the alternative that produces the most benefits in terms 
of impact on GDP and employment growth would be the installation of windmills, 
whatever framework of exports and imports is observed [16]. Specific directions for 
energy transformation allow for better performance results. In the case of Morocco, 
energy production is possible both onshore and offshore. In the case of developed 
countries, similar studies have been carried out, which provide a general overview 
of the essential advantages of renewable energy. The cases of OECD countries also 
show clear causal relationships. Estimations indicate that a 1% increase in renew-
able energy consumption will increase GDP by 0.105% and GDP per capita by 
0.100%, while a 1% increase in the share of renewable energy to the energy mix of 
the countries will increase GDP by 0.089% and GDP per capita by 0.090% [17]. 
Another aspect is related to environmental pollution from using biomass or other 
bioenergy products. It is not uncommon to try to justify the negative effects of using 
biomass because burning biomass releases CO2 that was previously recorded in 
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trees. In the case of biogas, CO2 is also released, but it comes from burning the even 
more polluting methane gas. For the production of biomass, low-value wood is 
used, which does not have a high oxygen production potential. This situation makes 
it possible to obtain positive environmental and economic effects. The statistics 
illustrate that bioenergy production, biomass production, energy import, energy 
export, and economic development have a negative association with the carbon 
emissions of ASEAN countries. The results show that bioenergy production, bio-
mass production, energy import, energy export, and economic development have a 
negative association with carbon emissions or a positive association with the envi-
ronmental quality of the ASEAN countries [18]. The use of biomass is relevant in 
heat production, while biogas can be converted into different types of energy 
according to demand.

Combining energy transformation measures can significantly reduce the conse-
quences of climate change while supporting economic growth. This fundamentally 
contradicts the hitherto prevailing narrative that only the use of fossil fuels can 
ensure satisfaction of economic needs. The lack of political will and the need for 
professional project management are holding back the breakthrough of renewable 
energy. At a time when it is necessary to focus resources as consistently as possible, 
primary research is essential. They must be focused on the problem points that, 
together, have the greatest potential for transformation. A clear focus on problem 
regions would allow resources to be concentrated, thereby maximizing economic, 
social, and environmental benefits.

2.3 � Identification of Problematic Regions in the Context 
of Energy Transformation Activities

To explore the potential of the regions, data related to the current situation in the 
regions and prospects are used. The research is based on the principles of sustain-
able development, as it aims to base the impact of energy transformation on all these 
dimensions. First, data groups are selected that represent the energy and manage-
ment activities taking place in the regions, as well as the opportunities to develop 
such activities on a larger scale (Table 2.1). The information presented in the table 
will allow to find out objective directions where it is possible to achieve the fastest 
positive impact by utilizing the resources available in the regions.

To assess the potential of regions, cluster analysis is used. During the analysis, 
the regions will be grouped according to the identified characteristics to explore 
their potential for the first stage of transformation. In this study, the clustering 
method will be able to effectively identify regions that have energy system prob-
lems. Based on this, short-term investment decisions can be made. Such regions 
require primary attention. The efficiency of identification is directly related to the 
quality of the selected indicators. Cluster analysis does not allow for econometric 
estimates but is designed to group objects in the space of selected indicators [27]. 
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Table 2.1  Research indicators [19–26]

Social indicators Environmental indicators Economic indicators

Number of boards with 
independent members
Approval of ESG plans of 
municipal companies

Forest coverage projects, ha
Unused lands, ha
Forestry sector incomes, 
thousand EUR
Area of organic farms, ha
Biomass potential, toe
Sludge potential, t

Wind and solar power plants, 
MW
Municipal wastes for energy 
needs, t.
Free power in electricity grid, 
MW
Biomass consumption, %
Electricity production incomes, 
thousand EUR

Cluster analysis has a wide range of applications, depending on the available data 
and the purpose of using it. This is related to the specifics of cluster analysis. 
Clustering is the process of grouping a set of objects based on some similarity mea-
sure. Each group of partitioned objects is known as a cluster. The partitioning is 
performed by clustering algorithms. Clustering algorithms can be categorized into 
partitioning methods, hierarchical methods, grid-based methods, and density-based 
methods. Clustering techniques are widely used in data mining, information 
retrieval, classification, pattern recognition, data analysis, etc. [28]. In addition to 
these basic methods, there are several alternatives for performing cluster analysis. 
One of the main alternatives is K-means analysis, which helps group different ele-
ments into groups according to previously selected parameters. K-means clustering 
is a method that attempts to partition existing data into two or more groups. This 
method partitions data into groups (clusters) so that data with the same characteris-
tics are included in the same cluster and different data are grouped into other clus-
ters. The iterative concept of the FCM method is the same as the K-means method, 
which is based on minimizing the objective function [29]. The application of cluster 
analysis will enable the grouping of municipalities according to their possible 
energy transformation potential and speed, thus creating a basis for further transfor-
mation research.

Data from 60 Lithuanian municipalities are used for cluster analysis. According 
to the data in Table 1.1, which represents the main characteristics of municipal 
enterprises, the aim is to group municipalities in such a way that it is possible to 
identify directions of immediate impact. According to the wide data coverage, the 
objective direction of the primary transformation actions is determined since it 
focuses on those regions where the short-term potential will be the highest. Potential 
is assessed not only through physical indicators but also through governance and 
ESG dimensions. This will project the speed of implementation of changes and 
determine the reasons why changes are not happening at this time. The data analysis 
aims to identify the guiding directions where the energy transformation model 
should first be applied. After forming the core of the investigated municipalities, the 
main characteristics of the municipalities will be systematized. According to this, a 
universal energy transformation model will be developed, which will allow munici-
palities to move toward the use of renewable energy faster and more sustainably. 
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The purpose of the cluster analysis in this case is to identify the municipalities that 
have the most obstacles to the implementation of the transformation, and based on 
their example, to create a financing mechanism for the transformation. The most 
relevant, 2022, is used for the study data, arguing that today’s energy sector environ-
ment is extremely volatile. It is pointless to use older data because, during 
2015–2022, the country invested more in purchasing building permits and equip-
ment. Data is drawn from different databases as they cover a wide range of items.

With cluster analysis data, asset analysis is undertaken. Asset analysis in pro-
spective municipalities will allow us to find out the possibilities of financing as well 
as asset conversion. Financing of the energy transformation will be carried out from 
the own funds of entities in municipalities (by converting assets or developing prof-
itable activities) and borrowed funds (by taking loans, issuing bonds, etc.). The asset 
analysis method is useful to systematize the structure of the entity’s assets while 
investigating borrowing possibilities. Asset structure illustrates the amount of assets 
that can be used as collateral [30]. In this study, asset analysis is used for a specific 
task: to identify unused assets of municipalities, inefficiently used energy produc-
tion plants, and borrowing potential. This is considered the basis of the energy trans-
formation since the efficiency of the structure of the assets in the regions allows for 
reducing or even eliminating the need for state investments. In the selected regions, 
a detailed analysis of the assets of municipally managed utility companies is carried 
out, identifying the strengths of the companies and the assets that can be converted 
into new energy production units.

Asset analysis is a less frequently used research method focused on very clear 
and specific goals. It is suitable for analyzing the asset structure of both the private 
and public sectors. Asset analysis is a critical process in financial management, 
involving the evaluation and assessment of various assets to make informed invest-
ment decisions. This analytical approach employs quantitative and qualitative meth-
ods to gauge the potential risks and returns associated with different asset classes. 
The primary goal is to optimize portfolio performance and achieve specific financial 
objectives. Asset analysis extends to various asset classes, including stocks, bonds, 
real estate, and commodities. Each asset class has unique risk and return character-
istics, necessitating tailored analytical approaches. In the case of municipalities, 
based on the principles of sustainable development, the focus is on the search for 
convertible assets and the utilization of borrowing potential. These actions would 
allow the energy transformation processes to be significantly accelerated with the 
smallest capital investments.

Asset analysis is significantly related to asset management. This practice is par-
ticularly used in the private sector, but responsible asset use practices are also seen 
in cutting-edge municipalities and states. One of the most important rules is the 
constant review of available assets and the assessment of the efficiency of their use. 
At the same time, other factors are also important. Tangibility (asset structure) is an 
important factor in corporate funding decisions because tangible assets act as col-
lateral, provide guarantees for lenders in the event of financial difficulties, and pro-
vide a comparison between fixed assets and total assets [31]. Considering these 
factors, it is possible to create an adequate asset structure that allows the 
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implementation of energy transformation ideas [32–34]. Property reviews in 
selected municipalities will be conducted based on public data. The focus is on 
municipally managed companies, their infrastructure, and their borrowing potential.

After the formation of certain asset groups, a structure is finally created that 
allows controlling the energetic transformation processes of this stage. The struc-
ture is created based on a generic system diagram. It includes key performance 
aspects such as external and internal factors, action tactics, and value creation [35]. 
This diagram will outline opportunities and challenges that occur during the energy 
transformation in problematic regions of the country. Because the diagramming 
approach is systematic, it allows for a more accurate prediction of possible risks and 
possible directions of impact [36]. This diagram will serve as a basis for further 
research, allowing for an empirical assessment of the potential of energy 
transformation.

2.4 � Regionalization Process

Data from 2023 are used during the cluster analysis—data summarizing 60 
Lithuanian municipalities. The R package is used for analysis. Since the data groups 
are sufficiently different, the indicator values are converted according to the Z-score 
to unify them. By unifying the values of the indicators, distortion of the results will 
be avoided. When performing cluster analysis, an important result is achieved: 
municipalities are evaluated not only through the economic definition of sustain-
ability, but at the same time, the social and environmental impact of sustainable 
initiatives on the regions is consistently presented. This solves an important scien-
tific problem: sustainability is often evaluated only according to economic form, 
without emphasizing the importance of social aspects or the public’s interest in 
living in a clean and transparent environment. Figure 2.3 presents the main results 
of the cluster analysis, expressed according to the regions of Lithuania, showing a 
clear regional distribution and direction of activity priorities.

The figure shows that all municipalities are divided into three clusters. Cluster 1 
includes municipalities that are characterized by a relatively well-developed heat 
economy sector, but there are unexploited opportunities to develop electricity pro-
duction (based on the data on free power in the electricity grids). These municipali-
ties have relatively smaller governance problems; most of the municipal enterprises 
have boards with independent members. In the cluster, municipalities have above-
average forest resources and relatively small areas of abandoned land. The energy 
progress of these municipalities is largely related to the development of their own 
electricity generation, especially in terms of solar and wind energy.

Only one municipality participates in cluster 2, the city of Vilnius. It is a capital 
city municipality characterized by high energy consumption and other opportunities 
to develop its own energy capacities compared to other clusters. In this municipal-
ity, there are no large vacant land areas for solar and wind energy, as well as aban-
doned lands and forests. However, this municipality has fundamentally different 
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Fig. 2.3  Results of cluster analysis in the case of Lithuania

possibilities for energy transformation. Building roofs and walls can be used for 
local energy production. In addition, political projects are already being developed 
in the municipality that allow for the recovery of heat from the sewage network. 
There are various energy-saving options related to power balancing, heat utilization 
of servers, and the development of cooling networks. The municipality of the sec-
ond cluster has an exceptional corporate culture; all companies in this municipality 
have independent board members, and ESG plans are prepared and strictly fol-
lowed. The waste generated in the municipality already meets a significant part of 
the energy needs. Greater development of green cogeneration would enable faster 
achievement of energy self-sufficiency goals.

Cluster 3 municipalities have a huge perspective for the implementation of short-
term energy transformation goals. The third cluster shows concentrated problems, 
the solution of which would create a positive impact on the whole country. First, 
most municipalities still use imported fossil fuels for heat production. The munici-
palities of the cluster have all the conditions to provide themselves with local bio-
mass—the forest cover of the municipalities is higher than the national average, and 
the amount of abandoned land is five to seven times higher than the indicators of the 
rest of the country. In the latter case, it is possible to exploit biomass resources that 
are not useful for industry. In these regions, there are fundamental governance prob-
lems: municipal companies either do not have boards or do not have independent 
members. ESG plans are also not in place. Due to the complex negative situation, 
electricity grids are not fully utilized, and thus wind and solar energy are not devel-
oped. The number of organic farms in the cluster is higher than average, but their 
potential to produce biogas is not fully exploited. These complex problems 
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basically prevent the municipalities of the cluster from achieving an energy break-
through and solving current social problems. The unexploited potential of internal 
resources leads to the fact that, in the long term, cluster municipalities will lose 
competitiveness in the context of the entire country. Energy transformation initia-
tives should be focused on these municipalities since the elimination of problems in 
this cluster would provide valuable experience for solving problems in other regions 
or countries. In this and the following studies, the focus will be on solving the prob-
lems of municipalities belonging to the third cluster. This action will allow us to 
focus on a clear sample and study the complex positive impact on the regional 
economy and social cohesion.

In the future, focusing on energy transformation actions in Lithuania, two-speed 
transformation plans must be drawn up. The municipalities of cluster 3 must imple-
ment the transformation faster, as they have complex infrastructure and resource use 
problems, as well as management problems. As the solution to the problems of the 
third cluster progresses, it is possible to start solving the problems of cluster 1 
related to the production of local electricity. Cluster 2 (Vilnius) must have a separate 
energy transformation plan focused on housing efficiency projects, decentralized 
production, and better utilization of local waste.

In the next phase of the research, the focus is on the municipalities in the third 
cluster, which have structural development problems. In order to identify opportuni-
ties for financing and expanding the use of renewable energy, an analysis of assets 
managed by municipalities is carried out. The purpose of this analysis is to identify 
opportunities for short-term energy transformation initiatives, while creating a basis 
for long-term actions. Carrying out the transformation based on the principles of 
sustainable development creates the need to first analyze not the development of 
new production volumes but to study greener alternatives for the use or conversion 
of existing assets. The study of the property structure of the most energetically inef-
ficient municipalities will create conditions for understanding the extent of the effi-
ciency of the energy system and finding even single possible cases of the use of 
inefficient assets.

2.5 � Analysis of Problematic Municipalities from an Energy 
Transformation Perspective

Quantitative data on the regional energy transformation process primarily covers 
resources that are not yet fully exploited. From the volume of hot water sold, the 
volume of energy recovered can be determined, and from the volume of waste gen-
erated, the volume of solid fuels recovered can be determined. It is somewhat more 
difficult to determine the volumes of biogas and biomethane generation, as there is 
a lack of objective research assessing the synergies between the water management 
sector and other sectors of the economy. This has led to a greater focus on agricul-
tural waste and municipal biowaste such as grass, leaves, and other biodegradable 
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wastes. Food waste plays a key role in the biogas production process—the success 
of its collection is directly linked to the volumes of biogas produced.

The research will use data summarizing three main groups—the raw material 
potential in the regions, the current energy situation, and the efficiency opportuni-
ties through the realization or better use of existing assets. All the indicators used for 
the study are presented in Table 2.2.

The study focuses on the 13 least energy-efficient municipalities in Lithuania 
identified in previous studies. The overall transformation plan focuses primarily on 
the progress of these municipalities. As the data was collected on the basis of an 
extreme negative case, the model can be adapted to other regions. This will allow for 
the creation of a comparative basis. A universal assessment will make it possible to 
identify the priorities where short-term investment should be directed first, while 
also allowing the model to be adapted for other countries. The study uses multi-
criteria assessment methods to examine a wide range of factors. This approach is 
particularly suitable for both energy system studies [41] and renewable energy sys-
tems analysis [42–44]. This type of assessment allows for the analysis of different 
datasets at different scales, thus providing objective and meaningful results. This 
approach will generate results that will be used to develop the final energy transfor-
mation model for short-term solutions. This will be a key task for future research.

The initial stage of the study is diagnostics of indicators, which will allow the 
identification of indicators suitable for further research on energy transformation. 
The indicators that have been discarded may be suitable for assessing future trans-
formation processes, but for short-term action, it is necessary to focus on aspects 
that have a more immediate positive impact. This will help to address the gap cre-
ated by the lack of short-term solutions. The study included 17 indicators that char-
acterize the studied regions in terms of the use of potential energy resources and 
possibilities to transform the regional energy system. Not all indicators will be used 
in subsequent analyses. The indicators should be characterized by high variability to 
discriminate between individual areas (groups) and should not be strongly related to 
each other. Therefore, the coefficients of variation were checked to see if they were 

Table 2.2  Main indicators of the research [37–40]

Potential Perspective Efficiency

Biogas potential Amount of public buildings Value of unused real estate
Organic waste potential Amount of free capacity of grid Value of unused movable 

property
Municipal waste 
potential

Energy consumption Municipal companies’ debt

Amount of unused 
lands

The total amount of electricity 
consumed in municipal institutions

The value of shares of 
municipally owned companies

Farms with biogas 
production potential

Used heat production equipment Municipal companies’ 
creditworthiness

Biomass potential
Sludge potential
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high enough (Vz > 10%) and if the correlation was not too high. Basic descriptive 
statistics of the studied indicators are given in Table 2.3.

After analyzing the coefficients of variation, all indicators can be taken into the 
study because they are all characterized by appropriate variability. The second stage 
of selecting the indicators was the correlation analysis. The indicators taken into the 
study should not be strongly correlated with each other because this would mean 
transferring the same information. The correlation matrix is presented in Table 2.4. 
In the correlation matrix, there are two correlation coefficients that take high values, 
and so between biogas potential, MWh and farms with biogas potential, the 

Table 2.3  Basic descriptive statistics of the studied indicators

Mean Median Min Max
Std. 
Dev.

Coef. 
Var.

X1 Biogas potential per thousand people, 
MWh

1787.5 1503.6 215.9 4168.3 1325.1 74.1

X2 Organic waste potential per thousand 
people, t

157.8 156.3 101.2 217.0 38.3 24.3

X3 Municipal waste potential per 
thousand people, t

313.5 296.5 219.0 448.6 80.2 25.6

X4 Amount of unused lands per hundred 
kilometers, ha

95.1 101.5 22.8 167.0 49.9 52.5

X5 Used heat production equipment per 
hundred thousand people, MW

2.0 1.8 0.2 5.4 1.3 64.6

X6 Biomass potential per thousand 
people, ktoe

5.9 3.8 1.8 13.9 4.1 69.5

X7 Annual sludge potential per thousand 
people, t

17.2 14.5 7.4 33.6 7.6 44.2

X8 Amount of unused public buildings 
per thousand people

1.3 1.1 0.3 2.1 0.5 40.9

X9 Amount of free capacity of grid per 
thousand people, MW

3.4 2.7 0.1 8.1 2.6 74.5

X10 Energy consumption per thousand 
people, toe

731.0 764.8 380.2 1003.8 225.1 30.8

X11 Farms with biogas potential per 
thousand people

0.6 0.6 0.1 1.7 0.4 69.0

X12 Value of unused real estate per capita, 
EUR

307.3 284.2 153.7 609.7 128.9 41.9

X13 Value of unused movable property per 
capita, EUR

5.7 4.5 2.7 10.5 2.5 44.3

X14 The total amount of electricity 
consumed for municipal needs per 
thousand people, MWh

32.8 31.7 14.4 55.9 11.5 35.1

X15 Value of shares of municipally owned 
companies per capita, EUR

212.4 184.4 92.6 448.8 100.9 47.5

X16 Municipal companies debt per capita, 
EUR

9.6 7.9 4.0 21.0 5.2 54.3

X17 Municipal companies 
creditworthiness per capita, EUR

106.2 92.2 46.3 224.4 50.4 47.5
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correlation coefficient was 0.95, while between value of shares of municipally 
owned companies, EUR and municipal companies’ creditworthiness, EUR, the cor-
relation coefficient is equal to 1. Therefore, one indicator from each relationship 
should be removed from further studies. The indicator with the lower coefficient of 
variation will be excluded from the study, and the lower standard deviation will be 
taken into account second.Based on the correlation analysis, two indicators were 
removed from the study:Farms with biogas potential per thousand peopleMunicipal 
companies’ creditworthiness per capita, EURTherefore, 15 indicators will be taken 
for further analysis. Based on the selected indicators, a taxonomic analysis was 
performed to distinguish groups of regions similar to each other in terms of the 
analyzed indicators responsible for energy potential. The Ward method was used for 
research, which is based on the analysis of variance. The plot of linkage distances 
across steps chart (Fig. 2.4) can be used to decide on the number of clusters (clus-
ters, groups) to be created. It allows for selecting the appropriate division on the 
cluster tree. In this case, the suggested division is three groups.The division into 
groups is presented in Fig. 2.5:

	(A)	 Anyksciai DM, Kelmë DM, and Trakai DM
	(B)	 Moletai DM, Ignalina DM, Varena DM, and Zarasai DM
	(C)	� Rokiskis DM, Svencionys DM, Telsiai DM, Ukmerge DM, Utena DM, and 

Vilnius district

To characterize individual clusters, the group average method was used. The 
values of individual indicators are presented in Fig.  2.6. The worst group is 

Fig. 2.4  Plot of linkage distances across steps
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Fig. 2.5  Diagram tree

definitely group A, where almost all indicators have values below the global aver-
age. The municipal waste potential indicator has the lowest level of the groups cre-
ated, as well as the amount of unused land, annual sludge potential, unused public 
building, amount of free capacity of grid, energy consumption, value or unused real 
estate, value of unused movable property, and value of shares of municipally owned 
companies. This group includes: Anyksčiai DM, Kelmë DM, and Trakai DM. The 
best of the groups created is group B. The districts that are in this cluster are Moletai 
DM, Ignalina DM, Varena DM, and Zarasai DM. Most of the indicators adopted for 
research (9) have maximum values compared to the other clusters.

The lowest value was taken by the municipal companies’ debt indicator, which 
in the case of this indicator indicates a positive side The areas that were in the third 
cluster are Rokiskis DM, Svenčionys DM, Telsiai DM, Ukmerge DM, Utena DM, 
and Vilnius district, and they present an average level in the studied area. Some of 
the indicators are at a high level and some have values close to the average. Based 
on the selected 15 features, a ranking of regions was also created, which is presented 
in Table 2.5.

The research shows that the regions that were included in the worst cluster A 
were placed at the end of the ranking and occupy ninth, 10th, and 13th places, 
respectively. The regions from the best cluster occupy the first, fourth, fifth, and 
7.5th places in the ranking, respectively. The last group defined as the average 
included six regions that occupy second, third, sixth, seventh and fifth, 11th, and 
12th places in the ranking..
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Amount of unused lands, ha

n
equipment

Amount of unused public buildingsAmount of free capacity of grid

Value of unused real estate,
EUR

Value of unused movable
property, EUR

The total amount of electricity
consumed for municipal needs,

MWh

Value of shares of municipally
owned companies, EUR

Municipal companies debt, EUR

Fig. 2.6  Graph of group means of the resulting clusters in the diagram tree

Ranking Results of cluster 
analysisIgnalina DM 1 B

Svenčionys 
DM

2 C
Rokiskis DM 3 C
Varena DM 4 B
Zarasai DM 5 B
Utena DM 6 C
Vilnius 
district

7,5 C
Moletai DM 7,5 B
Anyksčiai 
DM

9 A
Trakai DM 10 A
Ukmergë DM 11 C
Telđiai DM 12 C
Kelmë DM 13 A

Table 2.5  Ranking of regions 
and results of cluster analysis

2.6 � Asset Structure Analysis

Asset analysis is focused on assessing the asset structure of problematic Lithuanian 
municipalities (cluster 3). In this case, the possibilities of converting existing prop-
erty units are analyzed, alongside investing and using borrowed capital. Asset con-
version involves the realization of unnecessary infrastructure as well as the sale of 
unprofitable municipal enterprises.

The structure of the analyzed Lithuanian municipality properties is quite similar. 
It consists of real estate managed by municipalities, shares in municipal companies, 
movable units, and other smaller groups of assets. This is a grateful situation for 
evaluation, since these municipalities are characterized by a similar area, number of 
inhabitants, and problems. Analyzing the financial statements of companies man-
aged by municipalities shows that the income from assets is relatively low. When 
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examining individual cases, it was noticed that municipal companies not only have 
a lot of depreciated assets but also assets that are not related to the main activities of 
the companies (apartments, recreation rooms, etc.). This allows for significant asset 
conversion potential.

The initial stage of asset analysis consists of the identification of assets suitable 
for energy transformation. After reviewing the public data of the municipalities, the 
potential for using the existing assets is high, and the existing assets can be put to 
good use. Figure 2.7 presents the main actions that would accelerate the potential of 
transformation into problematic municipalities. These actions are condensed into 
action groups, according to which a specific asset management plan will be devel-
oped. The scope of the first task (SELL) includes the sale of all possible redundant 
assets. These assets are of a particularly wide spectrum; they can be unused equip-
ment, unused premises, old power plants, unsuitable for conversion, or other assets 
not used in direct activities. A concrete and objective review of the assets of compa-
nies managed by municipalities would allow for the formation of sustainable initial 
capital for further sustainable investments. These assets must be immediately real-
ized at the moment when the investment plan is prepared. Realization is recom-
mended to be carried out through public electronic auctions. Another group 
(CONVERT) is directly related to sustainability; the possibilities to convert or 
improve the existing infrastructure are analyzed to switch to green energy produc-
tion. This can include the use of old coal power plants or upgrading gas power 
plants by building facilities suitable for storing and burning biomethane. Another 

Fig. 2.7  Tactics that enable the formation of the potential for the use of assets by municipally 
managed enterprises
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option is also possible: the use of existing foundations for new construction after 
they have been substantially strengthened. However, the conversion of energy pro-
duction will not be fully successful without a large-scale renovation program. With 
its assistance, ecological insulation materials could be used, and more efficient 
houses would consume less energy. In addition, other alternatives (FINANCING) 
are necessary, related to the distribution of shares of municipally managed compa-
nies and better use of borrowing potential. This would allow for the attraction of 
additional capital, which would be invested exclusively in renewable energy. This 
will be guaranteed by the distribution prospectus of shares or bonds and approved 
investment plans.

According to these tasks, a plan for the use of existing assets is prepared, includ-
ing the use of borrowed capital. The plan is created based on a generic system dia-
gram. When creating an asset management plan, internal and external factors are 
included that affect the scope of asset utilization and, at the same time, the timing of 
the start of the energy transformation. Connections are formed between the compo-
nents. This will allow to focus on the most important tasks while identifying the 
areas of greatest change. The plan presented in Fig. 2.8 is complex, but its imple-
mentation requires consistency; without mobilizing all available resources, trans-
formation activities may be delayed, thus further contributing to higher levels of 
environmental pollution.

Based on the asset management tactics selected in Fig. 2.5, an asset management 
system is created, including three internal factors: capacity, governance, and effi-
ciency. Bold lines show relationships between internal factors, while lighter lines 
define relationships between all other factors and their directions. In this case, it is 
considered that proper governance can help achieve the goals of energy transforma-
tion. Cluster 3 municipalities do not lack unused assets, have excess energy produc-
tion capacities, or have adequate opportunities to finance projects. They are also rich 
in local resources and energy production competencies. The main obstacle to better 
progress is the governance of municipal companies, the improvement of which 
would allow both achieving the primary goals of energy transformation and extract-
ing synergistic effects. The phenomenon of governance can also lead to an increase 
in efficiency, and governance can also affect capacity (well-managed municipal 
companies can expand to surrounding regions or companies, supplying them with 
energy). Important external factors—local resource potential and grid—are related 
to the possibilities of developing renewable energy activities in the municipality. 
Automation trends can further accelerate transformation activities. The equipment 
market significantly affects construction and development prices. Competence in 
the regions can be used both to transform the energy system and to talk about new 
future activities. Political will from the municipal administration can lead to changes 
in governance. At the same time, it allows for the monitoring of the entire transfor-
mation process, removing possible administrative obstacles.

Property transformation in municipalities creates a complex effect that is not 
only economic. First of all, the perception is formed within the municipalities that 
the property must be used efficiently, and if there are no opportunities for its use, it 
must be converted. In addition to business development and emerging technological 
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Fig. 2.8  The asset management system in cluster 3 municipalities

progress in municipally managed companies, there are more directions for positive 
impact. Environmental progress is perhaps the most important of these—when the 
burning of coal and natural gas is abandoned, the state of the environment improves. 
If biogas energy is developed, particularly harmful methane gas will not enter the 
environment. Another element that is particularly relevant for countries without fos-
sil fuels is energy independence. Decentralized energy systems will make it possi-
ble to supply energy to customers more efficiently and reduce energy transmission 
losses. At the same time, it will be a safe measure to avoid cyber or physical inci-
dents. Ultimately, good governance practices will ensure transparency, thus prevent-
ing opportunities for corruption and the waste of resources. The developed model is 
universal and can be applied to a wide range of regions. Internal factors and created 
benefits are not finite; in the case of both positively and negatively evaluated munic-
ipalities, achieving these aspects would allow for the creation of analogous benefits.

Cluster and asset analysis showed that the initiation of change must start in those 
regions with the greatest energy problems. Focusing on these regions allows us to 
distinguish objective action tactics, internal and external factors, and possible posi-
tive effects on the transformation of the energy system. According to the selected 
municipalities, after the analysis of their assets, clear directions for transformation 
were formed. Their final results are presented in the newly created asset manage-
ment system. Further stages of energy transformation will be formed on the basis of 
this system. It is necessary to emphasize that the transformation process has many 
directions, which in turn can create additional synergistic effects. This would allow 
us to further expand the transformation potential, thus strengthening the regions and 
improving their environmental status.
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2.7 � Action Plans and Solutions

The solutions for determining the directions of energy transformation presented in 
this study will allow decision-makers to structure the process and argue the initial 
directions of the transformation. Without optimizing the existing asset structure, the 
transformation will take more time and require greater financial resources. In addi-
tion, it is necessary to emphasize the fact that the transformation must comply with 
the principles of sustainable development. The destruction of convertible infrastruc-
ture must be avoided, and the use of secondary raw materials and waste must be 
focused on, as this will reduce the need for expensive technologies. The use of exist-
ing resources will allow for reduced intervention in new areas of land when they are 
prepared for wind or solar energy needs. Although these species are compatible 
with the principles of sustainable development and sustainable farming, the sale or 
conversion of redundant assets will have a greater impact on the sustainable trans-
formation of already existing infrastructure. The directions presented in this study 
clearly focus on better utilization of existing infrastructure, existing assets, and the 
existing business environment. Once these steps are completed, it will be possible 
to objectively assess the possibilities of further development.

This work differs from other works as it clearly links the sustainability compo-
nent and regional economic development through energy business development. 
Due to the centralization of the energy business, not every region is suitable for 
conventional energy activities. Renewable energy enables each region to contribute 
to the strengthening of the country’s energy independence by using available renew-
able resources for energy activities. This creates conditions for improving munici-
pal businesses and empowering communities to engage in the business of fuel 
supply and environmental management.

Energy transformation will form clear directions of influence. First, it will 
empower the regions. This is related to both economic and social changes. The role 
of independent boards is particularly important; this can not only help enrich the 
regions economically but also stimulate the progress of the education system, since 
responsible management would become a good example for the progress of the 
regions. Strengthening the economic condition of the regions will reduce grants 
from the national budget and allow for the solving of long-standing problems related 
to unused and undemanded assets, lack of alternatives, and non-transparent 
management.

Orientation to energy transformation related to these ways:

•	 An algorithm for implementing sustainable internal operational efficiency is 
developed. Due to a lack of knowledge, insufficient political will, and, in many 
cases, the absence of a clear national direction, it is not clear how best to start 
transforming the energy system. This study proposes a clear algorithm for the 
implementation of sustainable energy transformation based on improving inter-
nal efficiency and better use of internal resources. The algorithm is based on the 
use of concrete data and can be used both at the national level (identifying prob-
lem areas) and at the regional level (identifying sustainability-based efficiency 
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priorities). The solutions presented in the study allow the measurement of both 
quantitative and qualitative indicators related to green energy production, 
regional economic viability, and governance transparency.

•	 A clear focus on achieving mid-term results. While the world’s countries, 
enterprises, and organizations are working hard to develop the latest technolo-
gies, the challenges posed by climate warming are getting worse. The commer-
cialization of the latest technologies may lead to a situation where this milestone 
is reached too late. The solutions proposed in this study highlight the urgent need 
to address the challenges of energy transformation in the electricity and heat 
generation sectors. The emphasis on the regional level ensures speed of decision-
making, as key decisions would be taken at the local rather than national level. 
Once the pollution problems in the electricity and heat sectors have been solved, 
soon, the commercialization of the latest technologies will make a significant 
contribution to solving the problems in the transport sector.

•	 Emphasizing governance as a central axis in the mid-term energy transfor-
mation processes. The study highlights the fact that, despite the abundance of 
resources available in the regions, it is first necessary to depoliticize the munici-
pally owned companies, allowing them to be managed by professionals. This 
must be done both at the level of the management team and the board. This will 
make it possible to implement all the transformation measures set out in the 
study, which are intended to cover an intermediate period until cost-effective 
mass production technologies are developed.

Comparing this study with the opinions of other authors, the lack of intermediate 
solutions becomes apparent. Other research by scientists focuses on conceptual 
solutions that will create huge positive impacts in the future. The most talked about 
is hydrogen technology and its influence on future energy [45,46]. A common opin-
ion is that the transition to hydrogen will happen directly—fossil fuels will be 
immediately replaced by hydrogen production [47]. However, cost-effective hydro-
gen production has not yet been achieved, and this process may take time. Until 
then, environmental pollution will not be stopped, and the elimination of the conse-
quences will only become more difficult. This study proposes intermediate solu-
tions until the breakthrough of hydrogen technology, which would significantly 
solve environmental pollution problems in the short term. In addition, some concep-
tual hydrogen projects do not talk about wastewater but about the use of groundwa-
ter. This would go against the principles of sustainable development. The solutions 
proposed in the study for the beginning of the energy transformation correspond to 
the principles of sustainable development in all aspects.

Although other studies talk about empowering communities [48], in this case, 
the focus is on regional policy changes, encouraging the more efficient functioning 
of municipal enterprises. This would allow us to catalyze the energy transformation 
since, unlike in the case of communities, municipal entities have many unused 
assets that can be invested in the energy sector. Existing studies on regional aspects 
of transformation are incomplete, either focusing on resources within the region 
[49], on financing issues [50], or on a single transformation technology [51]. The 
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lack of integral solutions makes it difficult to identify the benefits of using interme-
diate solutions in the energy transformation process. Decision-makers, especially at 
the regional level, lack the information and arguments that are needed to understand 
that they are a key part of the whole energy transformation process. This study 
clearly identifies this problem and proposes integral and coherent solutions to initi-
ate energy system transformation.

Governance in energy transition processes is perhaps the least addressed topic. 
This study proposes a rather novel approach, not in terms of recommendations for 
adjusting governance but in terms of the fundamental necessity of this action for 
achieving the goal. Previous studies have mainly examined governance through the 
prism of sustainability [52–54]. These studies have looked at changes in governance 
that would lead to improvements in the achievement of the sustainable development 
goals (SDGs). However, the directions for change they provide are prescriptive. 
Moving on to governance aspects, specific regional examples are used, and inter-
institutional cooperation structures are presented [55]. There are studies that ana-
lyze the prospects for European governance [56]. There is a dearth of research in the 
scientific field that proposes concrete solutions to the issue of governance and points 
to the clear role of governance in energy processes. This study establishes the 
importance of governance in energy transformation, distinguishing it from other 
relevant processes.

Another aspect of the transformation is subsidies. Although renewable energy 
solutions have become significantly cheaper, the impact of subsidies is still empha-
sized. This is to encourage energy transformation initiatives. Previous research has 
emphasized the impact of subsidies on the transformation until 2050 [57], as well as 
the theoretical implications of innovation [58–61]. This study focuses on avoiding 
subsidies, especially in the short term. Starting the transformation based on effi-
ciency would allow better use of public finances instead of distorting the free mar-
ket. The solution proposed in the study would be better in line with the principles of 
sustainable development—excess funds that would be allocated to subsidies can be 
directed to promote other sustainable development initiatives.

Suggestions for municipal policymakers:

•	 Promotion of professional and independent corporate boards
•	 Quotation of shares of municipal companies on the stock exchange
•	 Sales of shares of non-priority municipal companies
•	 Enlargement of municipal companies in at least one direction—by consolidating 

companies from one municipality or by consolidating companies operating in 
the same sector of different municipalities

Research directions for energy transformation have various aspects that must be 
evaluated. Incorrectly chosen transformation priorities can not only not bring posi-
tive results but also discredit the idea of energy transformation in general. For that 
purpose, it is necessary to find out the problematic points at the national level from 
which active transformation actions could be started. In this study, the analysis of 
Lithuanian municipalities is chosen since the country is currently actively transi-
tioning toward renewable energy. When analyzing problem areas, cluster analysis 
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was used, for which different data proving sustainable development were used. 
Cluster analysis identified those municipalities that have difficulties transitioning to 
green heat and electricity production. Based on this, the groups of assets they have 
that can serve to achieve less polluting energy production were analyzed. The asset 
analysis made it possible to form an asset management system, which will be used 
in future research. In the absence of appropriate management competencies, critical 
thinking, and the desire to change the nature of activity, energy transformation is not 
possible. The axis of the newly created asset management system is ensuring inter-
nal governance factors. With the help of this action, it will be possible to achieve 
both energy and environmental goals. Another important aspect is ensuring the 
decentralization of the energy system. A stably operating decentralized energy sys-
tem allows to protect yourself from the influence of external factors, while creating 
conditions for more entities to get involved in energy activities. Decentralized pro-
duction allows to reduce the negative consequences of renewable energy related to 
unstable production. The abundance and integration of technologies strengthens 
both regions and the state, while creating conditions for achieving energy indepen-
dence from external entities and conflicting structures.
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Chapter 3
Importance of Decentralization in Energy 
Transformation Process

3.1 � Causes of the Decentralization Phenomenon

Climate change, energy crises, military actions in the world, and unstable oil prices 
create enormous challenges for the world’s nations. The need to use less fossil fuels 
opens opportunities for new or somewhat neglected green technologies. To reform 
the energy sector, it is necessary to have a clear and measured strategy. This allows 
for the identification of the potential of renewable resources in each space, while 
finding sources of financing for the transformation. The use of renewable resources 
makes it possible to solve an actual problem of the developed world—as the popula-
tion of cities grows, the economic vitality of regions drops significantly. By creating 
new energy production capacities in the regions, social exclusion is reduced, and the 
main resources of the regions are better used—land areas, farms, and biomass 
sources. Nowadays, mankind is experiencing the third significant transformation 
that converts from conventional fossil fuels to new energy. The future development 
will go along with the three major trends—resource-type carbon reduction, produc-
tion technology intensification, and utilization method diversification [1]. Based on 
these directions of transformation, the main investment decisions will be made, 
which will promote the progress of the energy system. Humanity is so far the least 
advanced in carbon collection and burial technologies, but the development of other 
trends allows for tangible progress.

Recently, a process of decentralization of energy production has been observed, 
when large local power plants are abandoned. Instead, the focus is on solar or wind 
parks, modular biomass power plants, and the potential of using biogas. This is 
related to the changing energy sector—the increase in the number of generating 
consumers, the construction of efficient houses, and the increase in the number of 
wind and solar power plants. The year 2030 is predicted to be the turning point of 
new energy development, in which the cost of new energy will drop to be able to 
compete with fossil energy; new energy will be promoted and applied on a large 
scale from 2030 to 2050, and the downward trend of carbon emissions will 
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accelerate [1]. The idea of decentralization has been explored by global leaders in 
renewable energy but is now becoming a global trend. Promotion of decentralized 
power generation includes small-scale renewable energy systems, combined heat 
and power (CHP), and microgrids [2]. In addition, transformation solutions are 
complex and inseparable from each other. To increase the use of renewable energy 
resources, it is necessary to adapt the energy distribution networks. Although the 
concept of smart grid is not fundamentally new, its practical application is gaining 
momentum. Implementation of smart grid technologies could enhance grid flexibil-
ity and reliability. In addition, encouraging demand response programs helps adjust 
energy consumption patterns based on supply and demand fluctuations [3]. The 
complexity of the transformation determines the fact that the process of transition to 
the use of renewable resources is complex and requires maximum involvement from 
politicians, business, and society.

Another trend is the development of energy storage technologies. As the energy 
production method changes, energy consumption solutions also change. Instead of 
continuous, polluting energy production, renewable but unstable energy is relied 
upon. The effect of instability is reduced by the activities of hydro accumulation 
power plants and battery parks. Even more progress in energy storage solutions is 
expected soon. To address the global challenge of environmental pollution and 
energy crisis, power devices, such as fuel cells, metal-air batteries, lithium-air bat-
teries, lithium-ion batteries, lithium-sulfur batteries, water electroliers, electro-
chemical production of ammonia, supercapacitors, and photovoltaic devices, are 
important energy conversion and storage technologies, which have caused wide-
spread concern due to their merits of energy-efficient, eco-friendly, sustainable, and 
clean systems [4]. The development of energy storage solutions would improve the 
prospects for the use of renewable energy, especially in those countries where 
energy consumption is the highest. This includes utilizing advanced energy storage 
systems, including batteries, pumped hydro storage, and thermal storage, to store 
excess energy and address intermittency issues [5]. The main obstacles to progress 
are the lack of infrastructure and unwillingness to abandon old production and con-
sumption habits. The lack of infrastructure can be compensated for by rigorous 
planning. Energy storage technologies are combined with demand-side manage-
ment. Reducing the need for energy storage requires contracts with consumers to 
adapt their consumption or production processes to surges in energy supply. The 
goals of all mentioned innovations are lower use of fossil fuels, more stable energy 
prices, and the ability to create innovations on a wider scale than is currently the 
case. The innovations mentioned can significantly contribute to the realization of 
these goals, as they are focused on decarbonization and wider inclusion of regions 
in economic processes.

The global energy sector is characterized by an increasing use of synergistic 
effects and the interaction of different technologies. It becomes possible to produce 
different types of energy from one type of fuel, depending on the energy demand. 
As hydrogen technology expands, an even greater breakthrough in energy is possi-
ble. This includes developing a hydrogen economy through green hydrogen produc-
tion using renewable energy sources, and exploring hydrogen as a clean fuel for 
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various sectors, including transportation and industry [6]. This will increase the 
volume of electricity production. However, hydrogen energy is a long-term and 
extremely ambitious project with an uncertain financial payback period. Until 
hydrogen solutions become cost-effective, it is important to discover those opportu-
nities that ensure the transition to green energy now. In addition, it is necessary to 
combine technological and tax aspects to achieve faster transformation. Previous 
studies have shown that the environmental tax and green technology are important 
drivers for improving energy efficiency and productivity and lowering energy inten-
sity [7]. At the same time, there is agreement that regions are a favorable environ-
ment for energy transformation [8]. Fiscal aspects and political activity are important 
factors in the case of transformation, as certain social risks are encountered, at least 
in the short term. In the case of another study, it is stated that achieving transforma-
tion from the economic and power structure based on nonrenewable energy resources 
to one based on renewable energy resources is processed at the cost of diminishing 
economic activities [9]. Such a risk may arise if energy transformation actions are 
carried out recklessly, without thinking about the possible social consequences—
jobs eliminated, employee qualifications not changed, etc. In the future, the situa-
tion will be the opposite. The contribution of RES to changes in the future 
employment levels are quite significant for the short to medium term, while those 
coming from nonrenewables are significantly smaller in comparison, partly because 
most of the jobs from nonrenewable energy deployment are generated in countries 
outside the EU, particularly Asian countries [10]. One of the opportunities to create 
workplaces in renewable energy is the green supply chain. It can be another aspect 
of energetic transformation. Green supply chain plays an important role in promot-
ing enterprise energy conservation and consumption reduction, optimizing energy 
consumption structure and other aspects [11]. Efficiency components are a particu-
larly important part of energy transformation. In addition, it is necessary to empha-
size the aspect of promoting the improvement of energy efficiency, which is related 
to increasing the rationality of energy use in the places of its consumption, as well 
as limiting losses in the process of its transmission [12]. Public policies aimed at 
improving environmental awareness should be directed first towards those regions 
where the exposure of the citizens to pollution is lower [13]. The European Union 
understood these risks—the European Green Deal sets out guidelines on how to 
make Europe the first climate neutral continent by 2050 and provides the most com-
prehensive package of measures enabling Europe’s inhabitants and businesses to 
benefit from a sustainable ecological transformation [14]. The abundance of renew-
able energy technologies encourages to review the directions of transformation 
from a sustainability perspective. Previously applied solutions for the use of renew-
able resources today may not be compatible with the perspective of energy transfor-
mation. In previous studies, it was established that solar energy is the most 
appropriate and sustainable one followed by biomass energy. Otherwise, hydro 
energy is the worst and least sustainable renewable energy resource [15]. The phe-
nomenon of energy transformation originates primarily from an environmental per-
spective. To achieve a faster transformation, a focus on households has emerged, as 
it is possible to test certain technologies and avoid the shock of changes. Commonly 
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available technologies generating energy from renewable sources for households 
and enterprises solve problems associated with the systematic increase in energy 
demand and a limited amount of traditional energy sources, which are becoming 
increasingly expensive and cause significant environmental degradation. The prob-
lem of energy transformation is a key issue related to the possibility of further devel-
opment of world economies [16]. The inclusion of consumers in the energy system 
also includes the concept of producing consumers, or in other words—civil power 
engineering. In this case, residents’ investments in independent energy production 
are encouraged. Civic power engineering is a vision in which the citizen becomes 
an entity and is not subject to the energy market and additionally has a virtual advi-
sor in the form of smart grid and data processing technologies in a “digital cloud” 
[17]. In this case, it is necessary to strengthen the grid so that they can withstand 
sudden spikes in energy production. However, this does not eliminate the problems 
created by sudden changes. To avoid the shock of changes, two main directions are 
currently applied. Based on China’s example, it is necessary to promote renewable 
energy and electricity through various effective policies, e.g., accelerating the “coal 
to electricity” and “coal to gas” projects [18]. However, the choice of gas as an 
intermediate fuel will only delay the prospects of energy transformation based on 
renewable resources. This study will look for possible perspectives that would allow 
the use of renewable sources in the interim period to ensure a stable energy supply 
and balancing functions.

3.2 � Conversion Characteristics of Different 
Production Technologies

3.2.1 � Electricity Production

The electricity generation process is traditionally carried out in high-power coal and 
gas power plants, as well as in nuclear power plants. In recent years, there has been 
an increase in energy production from wind or solar energy. It should be noted that 
electricity continues to be stably produced in biofuel cogeneration power plants and 
biogas power plants.The electricity sector plays a pivotal role in modern society, 
serving as the backbone of economic development and daily life. Over the years, 
this sector has witnessed transformative changes driven by technological advance-
ments, environmental imperatives, and shifting energy policies [19]. To change the 
way electricity is produced to a more ecological one, a clear technological change 
is necessary. This is related to the choice of another fuel or a radical technological 
change. The decline of coal and the challenges facing nuclear power have reshaped 
the global power generation landscape. The rise of natural gas as a transitional fuel, 
coupled with the exploration of hydrogen as a clean energy carrier, further adds to 
the complexity of the sector [20]. In some countries, there is an attitude about the 
possibilities of natural gas to become an intermediate fuel for the final 
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transformation. However, this approach is not correct. First, it is a fossil fuel, and its 
use would only marginally reduce global pollution. Second, as in the case of oil, gas 
resources are concentrated in a dozen countries of the world, some of which are not 
characterized by clear political stability.

To properly utilize renewable energy resources for electricity production, it is 
necessary to solve the problem of unstable production. This can be done in two 
ways. In the first case, it is necessary to expand the practice of demand-side man-
agement, when large electricity consumers adapt their ongoing production opera-
tions to the surges in electricity production. In the second case, it is necessary to 
expand energy storage capacities in hydro accumulation power plants and battery 
parks. In the latter case, the efficiency of battery parks is still relatively low. The 
construction of hydroelectric power plants fundamentally changes the landscape 
and requires the destruction of natural biotopes. Dams may obstruct fish migration 
routes and lead to the degradation or loss of fish habitats, affecting local fish popula-
tions [21]. These actions are hardly compatible with today’s environmental policy. 
While the sector undergoes positive transformations, it faces challenges such as 
intermittency of renewable sources, aging infrastructure, and evolving cybersecu-
rity threats. The importance of energy security increases significantly in crisis situ-
ations [22]. Opportunities lie in addressing these challenges through innovation, 
policy support, and international collaboration [23]. The innovation element is 
inseparable from political will. With sufficient political support, the transformation 
of electricity generation can be accelerated. For the effective fulfillment of political 
will, it is necessary to consider expert knowledge related to the use of renewable 
energy technologies.

To find the most suitable short-term energy transformation methods, it is neces-
sary to compare different production alternatives. Table  3.1 presents the main 
renewable energy solutions, compared to essential characteristics. Technology is 
fundamentally different, characterized by continuous technological progress. The 
presented technologies are universal and can be developed in various countries of 
the world. The table shows those solutions that are applied on a mass scale and use 
renewable energy resources. It does not include some types of production in which 
electricity is extracted as a by-product. Such a decision was made considering the 

Table 3.1  The most common renewables-based electricity generation alternatives

Type
Onshore wind 
energy Solar energy

Offshore wind 
energy Biomass energy

Type of fuel

Product of energy

Time of power plant 
construction, years
Efficiency of power plant, %
Price, mln. EUR/MW
Service time, years
The need of balancing

Local 
renewable
Electricity

5–7

50
2.5
25
Necessary

Local 
renewable
Electricity/hot 
water
2–3

29
0.8
25
Necessary

Local renewable

Electricity

7–10

70
3.5
30
Requirable

Local renewable

Heat/electricity/biogas

1–3 (conversion of fossil 
fuel power plants)
40 (part of electricity)
0.5 (part of electricity)
25
Can be used of balancing
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possibility of supplying electricity to large residential areas, while certain techno-
logical solutions would not allow this to be done.

In the case of electricity, the transition towards renewable energy is fundamen-
tally about changes in consumption. When using unstable energy sources (in the 
case of wind and solar), balancing solutions and production adapted to the energy 
supply are necessary. Biomass power plants can perform the balancing function 
themselves. This potential is not yet sufficiently exploited. The production of elec-
tricity is related to the process of heat production. Technology synergy exists not 
only in evaluating the use of fossil fuels, but also in renewable energy 
technologies.

3.2.2 � Heat Production

The heat production process is related to electricity production. The heat production 
sector encompasses a diverse range of processes and technologies that generate heat 
for various industrial, residential, and commercial applications. This sector plays a 
critical role in meeting energy demands and often intersects with broader energy 
systems. There are different production methods that have not changed over the past 
decades. The heat production sector is relatively carbonized, i.e., clear alternatives 
to fossil fuels are still lacking. One of the main reasons is the impact of direct com-
bustion on the heat sector. Combustion of fossil fuels, including coal, oil, and natu-
ral gas, is a primary method for heat production. Combustion involves the exothermic 
reaction of fuel with oxygen, releasing thermal energy. While fossil fuel combustion 
is a major contributor to heat production, it raises environmental concerns due to 
greenhouse gas emissions and air pollutants [24]. Decoupling economic growth and 
greenhouse gas (GHG) emissions will be one of the key challenges of the future 
[25]. Adequate solutions have not yet been developed that would allow profitable 
use of wind and solar energy for heat production. One of the alternatives is the use 
of electric heat pumps. As for district heating systems, green heat can be produced 
from biomass or geothermal energy. In the case of biomass, it can be used in both 
urban and regional areas. Biomass power plants can be decentralized, adapting to 
heat demand in certain regions. The main advantage of using biomass is the locality 
of the fuel. Biomass resources are widely distributed in almost all countries of the 
world. In the case of geothermal energy, utilizing the Earth’s natural heat, geother-
mal heat pumps extract warmth from the ground for heating applications [26]. 
Renewable heat technologies offer sustainable alternatives to fossil fuel-based sys-
tems, reducing carbon footprints and dependence on finite resources. The infra-
structure of the district heating sector can also be used to meet the demand for 
district cooling. Similar to district heating, district cooling involves the distribution 
of chilled water for air conditioning [27]. District energy systems enhance effi-
ciency and can integrate renewable and waste heat sources.

The heat production sector is a dynamic and multifaceted domain, involving 
various processes and technologies. As society seeks sustainable and efficient 
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energy solutions, ongoing scientific research and innovation in heat production are 
essential for achieving environmental and energy goals. In the case of heat energy, 
synergies can be obtained when biomass cogeneration plants are built instead of 
coal or gas burning facilities. Combined heat and electricity production based on 
cogeneration technology is carried out in larger urban areas. In this case, next to the 
main product—thermal energy, a by-product—electricity is extracted. The conver-
sion of pollution power plants complies with the principles of sustainable develop-
ment, as there is no need to build new foundations and pipelines or to fundamentally 
change the terrain. In addition, the project is implemented much faster since it is not 
necessary to obtain building permits for new construction.

Analogously in the case of electricity, Table 3.2 presents alternative options for 
heat energy production. Heat production technology has not changed fundamentally 
for some time. However, important improvements have been made in recent decades 
in terms of operational efficiency and smooth power plant management. New tech-
nologies that have appeared allow the use of already produced types of energy by 
converting them into heat production. The technological development of heat pro-
duction has been slower than that of electricity technology for reasons of demand—
heat production is needed in countries with a climate characterized by cold autumns 
and winters. However, the production of centralized heat creates conditions in syn-
ergy with the supply of centralized coolness. This technological breakthrough cre-
ates conditions for the diffusion of these technologies on a wider scale.

Due to less developed technological research, the dominant heat production 
technologies are related to the use of biological waste. They replace the coal and 
gas-fired power plants that currently dominate. The use of biomass and biogas is 
competitive due to the construction time of the power plants and relatively lower 
costs per megawatt. The main advantage of such power plants is the ability to pro-
duce several types of energy at once or depending on the demand for different types 
of energy. However, due to the more convenient use of imported natural gas, this 
production method was somewhat forgotten.

Table 3.2  The most common renewables-based heat generation alternatives

Type
Geothermal 
energy

Electricity (heat 
pumps) Biogas Biomass energy

Type of fuel
Product of energy
Time of power plant 
construction, years
Efficiency of power 
plant, %
Price, mln. EUR/
MW
Service time, years

Local 
renewable
Heat/
electricity.
5–6
50a

1
25

Local/imported 
renewable/
non-renewable.
Heat
1–2
70
0.8
25

Local 
renewable
Heat/
electricity/
biomethane
2–3
85 (part of 
heat)
0.7 (part of 
heat)
20

Local renewable
Heat/electricity/cool
1–3 (conversion of 
fossil fuel power 
plants)
105 (part of heat)b

0.3 (part of heat)
25

aDepending on the temperature of the geothermal water
bIf a condensing economizer is installed
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Thermal energy production is characterized by flexibility and the ability to 
simultaneously produce several different types of energy. To use the possibilities of 
transformation, it is necessary to assess the perspective of gas consumption. 
Currently, the market is dominated by natural gas and petroleum gas, but in the 
future, gas consumption will fundamentally change. It is noticeable that a large part 
of scientific research and technological progress is directed specifically to new gen-
eration gas production technologies. In some cases, energy converted into gaseous 
form would allow to reduce the overloads of the energy system, when a large amount 
of energy is produced at the same time.

3.2.3 � Gas Production

Even today, natural gas is considered the least polluting fossil fuel. In some cases, it 
is proposed to include gas in energy transformation plans as an intermediate fuel in 
the transition to full decarbonization. This does not stop scientific and applied 
research—alternatives to natural gas have already been developed. The main 
strength of the alternatives is the ability to utilize existing gas transportation net-
works with certain technical adjustments.

One of opportunities to replace natural gas is biomethane production. Biomethane, 
also known as renewable natural gas (RNG), is a type of biogas that is upgraded to 
a quality similar to fossil natural gas. It is produced through anaerobic digestion or 
other biological processes of organic materials, such as agricultural residues, food 
waste, sewage, and energy crops. Biomethane is considered a sustainable and low-
carbon energy source, contributing to efforts to reduce greenhouse gas emissions 
and promote the use of renewable energy [28]. Biogas is produced from organic 
materials consisting mainly of methane (CH4) and carbon dioxide (CO2), along 
with trace amounts of other gases. Biomethane is obtained by removing impurities 
and increasing the methane concentration to levels comparable to natural gas [29]. 
The impact of biomethane is clearly visible on livestock farms—they collect par-
ticularly polluting methane gas, which is then cleaned and burned. In this way, they 
do not enter the atmosphere, and the process of raising animals becomes more eco-
logical. New technologies allow this gas to be used as fuel for agricultural machin-
ery. There are already mass-produced tractors that use this gas [30]. Initiatives have 
emerged in EU countries that supply purified biomethane to common main gas 
pipelines. Biomethane can be injected into natural gas pipelines, used as vehicle 
fuel, or utilized for electricity generation. Its versatile applications make it a valu-
able renewable energy resource with potential benefits for reducing dependence on 
fossil fuels. This will partially improve the situation in the gas sector, but the amount 
of animal waste is lower than the demand for gas. However, in countries where 
alternative fuels are used for heat or electricity production, biomethane can help 
minimize the need for natural gas.

The main likely alternative to natural gas and transport fuel is hydrogen. 
Currently, the possible cost price of hydrogen and the possible commercial price 
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have already been calculated. In recent years, hydrogen has gained significant atten-
tion as a clean and versatile energy carrier with the potential to play a crucial role in 
the transition to a sustainable energy system. This is determined by the chemical 
properties of hydrogen—it can be extracted from water, the by-product is oxygen, 
and hydrogen itself is perhaps best suited for energy storage. Hydrogen can be pro-
duced through various methods, including steam methane reforming (SMR), elec-
trolysis, and gasification of biomass. SMR is currently the most common method, 
using natural gas as a feedstock [31]. As the production of green hydrogen increased, 
the divide between black, gray, and blue types of hydrogen became apparent. It is 
widely accepted that the development of green hydrogen, where the gas is produced 
using renewable energy sources, is the goal. The most suitable for this is electricity 
obtained from wind farms, especially from the sea. This is due to the large amount 
of electricity generated. Hydrogen is then extracted by electrolysis, which is sup-
plied to modified main gas pipelines. Hydrogen can store and deliver energy, mak-
ing it an energy carrier. It can be used in fuel cells to produce electricity through an 
electrochemical reaction with oxygen, and it can also be burned for heating and 
power generation [32]. In the case of the success of the development of hydrogen 
technologies, this would especially affect the transport sector, creating competition 
for electric cars.

Table 3.3 presents a comparison of the characteristics of biomethane and hydro-
gen. As these technologies are still largely in the development stage, some elements 
cannot be precisely defined. When developing gas technologies, preventive actions 
are important, primarily by changing the electricity and heat sectors. Significantly 
reduced gas demand for heat and electricity production will facilitate the transfor-
mation of the gas sector, but progress in replacing natural gas in the long term is 
completely dependent on hydrogen production development.

While examining electricity, heat, and gas alternatives for the short term, it was 
decided to further analyze the use of biomass. Biomass can be considered as a tran-
sition fuel due to the relatively high level of technological development and the 
possibility of producing all the mentioned types of energy from this fuel. Biomass 
technologies overlap with traditional heat and electricity generation technologies. 
In this way, cogeneration will be considered as a transitional technology, allowing 
to produce several types of energy from one type of fuel. In addition, the use of 
biomass will ensure social inclusion in those regions that will have problems with 
the closure of coal plants.

Table 3.3  The most common renewables-based gas generation alternatives

Type Biomethane Hydrogen

Type of fuel
Product of energy
Time of power plant 
construction, years
Efficiency of power plant, %
Price, mln. EUR/MWh
Service time, years

Local renewable
Heat, gas for household needs, fuel for 
agriculture needs
2
65
136
20

Local renewable
Car fuel, gas for 
manufacturing
?
?
20
?
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3.3 � The Importance of Biomass Cogeneration 
for Short-Term Transformation

The use of biomass for cogeneration has grown significantly in recent years. This is 
especially true for Eastern European countries that do not have their own natural gas 
resources. After realizing the availability of gas and the emergence of price instabil-
ity, it turned to the use of local biomass. Biomass fully complies with the principles 
of sustainable development. In the case of incineration, wood waste or waste gener-
ated during production is used. Low-value plants that have no prospect of growing 
into large, environmentally valuable trees can also be used. In the case of biogas, 
only biological waste generated in the livestock or food processing sectors is used. 
Biomethane is extracted from them, avoiding the release of this extremely harmful 
gas into the atmosphere. Biomethane gas is significantly more harmful than carbon 
dioxide; therefore, biogas power plants will also be relevant in the long term.

Due to its age, the biomass energy sector includes both traditional and modern 
technologies. New biomass technologies include more efficient energy extraction 
technologies from lower quality feedstock. However, traditional energy extraction 
by burning biomass still has a great influence today. Figure 3.1 shows that bioenergy 
includes different products and raw materials. Among the types of energy produc-
tion presented, biofuel production is the least sustainable, as it often still uses food-
grade raw materials. Second-generation biofuels help to solve this problem, but 
only partially. For this type of biofuel, palm oil is usually used, which is extracted 
in areas where valuable forests have been destroyed. Second-generation biofuels 
produced in EU countries are often labeled as palm oil-free. As technology advances, 
a syngas breakthrough is possible, further facilitating the decarbonization of the 
transportation sector.

Fig. 3.1  Typical roadmap of bioenergy production [33]
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Traditional biomass burning technologies are most efficiently used based on 
cogeneration technology. Because a large amount of heat is released during the 
production of electricity, biomass power plants are smaller than coal or gas power 
plants. This helps to decentralize the energy system—biomass cogeneration power 
plants are built near sources of heat consumption. In this way, the produced heat is 
used more efficiently and risks arising from power plant failures or external factors 
are reduced. By extracting two types of energy, available biofuels are used more 
efficiently, and consumer needs are met more widely. Biomass cogeneration sys-
tems typically use organic materials derived from plants, animals, or waste as fuel 
to produce both electricity and thermal energy. Cogeneration, or combined heat and 
power (CHP), represents a paradigm shift in energy production, aimed at optimizing 
resource utilization and minimizing environmental impact. The cogeneration pro-
cess is grounded in the second law of thermodynamics, emphasizing the signifi-
cance of harnessing waste heat to enhance overall energy conversion efficiency. 
Notable references supporting this thermodynamic foundation include works by 
Cengel and Boles, Gimelli and Luongo, Santos et al. [34–36]. Biomass cogenera-
tion utilizes biomass feedstocks, such as wood, agricultural residues, or organic 
waste, to produce electricity through a power generation system (usually a steam 
turbine or internal combustion engine). The waste heat generated during electricity 
production is then captured and used for heating or other industrial processes, maxi-
mizing the overall energy efficiency of the system.

Biomass cogeneration systems can use various technologies, including steam 
turbines, internal combustion engines, and gasification systems. These technologies 
can be adapted to different scales, from small-scale decentralized systems to large-
scale power plants. In addition, it is necessary to emphasize that in some cases 
biomass can be burned in coal-fired power plants. This would avoid major invest-
ments in the short term until the coal plant is fully depreciated [37]. Biomass cogen-
eration is considered a renewable and sustainable energy option with potential 
environmental benefits. It can contribute to reducing greenhouse gas emissions, 
provide a reliable source of energy, and support local economies by utilizing local 
biomass resources [38]. From the perspective of sustainability, the use of worn-out 
power plant foundations or changing the mode of operation of a worn-out power 
plant significantly contributes to improving the quality of the environment. In addi-
tion, coal or gas power plants converted to biofuel cogeneration power plants will 
reduce the burden of administrative design and obtain permits, save space for con-
struction, and speed up project implementation.

The new type of cogeneration power plants is characterized by a high level of 
efficiency. Currently, technologies are already being developed that would allow the 
production of efficient cogeneration power plants of lower power. This would 
expand the application of technology in areas where electricity generation activities 
were not carried out before. As the need for balancing renewable energy grows, the 
importance of biomass cogeneration will continue to grow. The main technological 
progress of cogeneration includes:
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•	 Prime mover: Various prime movers, including gas turbines, steam turbines, 
reciprocating engines, and fuel cells, form the backbone of cogeneration systems. 
Comprehensive studies were conducted by Heywood [39] on internal combus-
tion engines.

•	 Heat recovery systems: Efficient heat recovery, a cornerstone of cogeneration, is 
facilitated by components such as heat exchangers and recuperators. Condensation 
economizers, which extract energy from hot smoke released into the atmosphere, 
are an integral part of cogeneration power plants [40].

•	 Control systems: Advanced control systems play a pivotal role in optimizing the 
performance of cogeneration plants. Notable references include the work by 
Åström and Murray [41] on feedback systems and control.

Technological progress in cogeneration creates clear operational advantages. 
Cogeneration technology has developed in the direction of using both biomass and 
biogas. In addition to the large amount of energy that can be produced, clean energy 
production that does not create a negative impact on the environment is ensured. 
The use of local organic resources prevents more harmful substances such as meth-
ane from entering the environment. The main advantages of biomass cogeneration 
are the following:

•	 High efficiency: Cogeneration systems are lauded for their high overall effi-
ciency, as documented in studies such as the review by Karki et al. [42] on effi-
ciency improvements in CHP systems.

•	 Energy cost savings: Economic benefits associated with cogeneration are sup-
ported by studies such as the analysis by Bauen [43] on the economic potential 
of CHP in the European Union.

•	 Environmental benefits: Cogeneration’s positive environmental impact is cor-
roborated by research, including the meta-analysis by Valente et al. [44] on the 
life cycle assessment of CHP technologies.

As evidenced by the referenced literature, cogeneration stands at the forefront of 
sustainable energy solutions. Biomass cogeneration provides a versatile and sus-
tainable option for energy production, combining electricity generation with the 
utilization of waste heat for heating or industrial processes. It aligns with the prin-
ciples of circular economy and renewable energy, offering a potential solution for 
decentralized and distributed energy systems. Another important characteristic of 
energy from biomass is the peculiar factors of the market structure, involving many 
local business and public entities.

3.4 � Characteristics of Biomass Energy Sector

The impact of biomass utilization at different economic levels is significant. The 
development of the biomass energy business provides prerequisites for the use of 
local resources, the creation of new jobs, and the start of economic activity in rural 
areas. Due to the newness of the sector, it is not entirely clear what factors affect the 
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performance of biomass utilization in cogeneration power plants. It is also not 
entirely clear what market relations unite the biomass processing and energy pro-
duction markets. The entry of new business entities into the market and their ability 
to create added value significantly depends on the type of relationship. The scien-
tific literature lacks information on how the value creation process takes place, 
which entities interact with each other to create a positive impact. It is from this 
interaction, based on local renewable biofuels, that potential directions of 
impact arise.

Another relevant shortcoming is that no attention is paid to the regional dimen-
sion. In the conducted theoretical or empirical studies emphasizing the benefits of 
using biomass in general, abstractness prevails, and directions of positive effects are 
presented without verifying them. When assessing effects at the country level, one 
is limited to looking for certain correlations. In this case, the assessment is carried 
out only for one country or a group of countries, but there is no uniform methodol-
ogy that would allow comparing the countries with each other, considering the dif-
ferences in their size, economic capacity, and opportunities to obtain fuel. Regional 
dynamics studies enable comparison of the regions of one country and individual 
countries. However, there is a notable lack of such studies evaluating the impact of 
biomass use. The main aspect, assessed from a regional perspective, is the conver-
sion of some object (e.g., adaptation of a coal-burning power plant to biomass burn-
ing [45]). Synergistic effects are ignored in this case.

Finally, impact assessment is limited to economic factors and excludes impacts 
on social well-being and environmental improvement. There is a lack of generalized 
assessment of the impact of the use of local resources. Nor is there a criterion for 
assessing the impact of the use of biomass resources on the dynamics of changes in 
certain indicators. This is also related to the correlation between the use of local 
biomass and the change in social status. Research is conducted to assess the impacts 
created by energy production, but the impacts created by the fuel preparation sector 
are ignored. It is in the latter sector that the prerequisites for the reduction of social 
inequality and the sustainable use of resources arise. This creates a positive eco-
nomic impact, but existing research does not address the question of how the eco-
nomic, social, and environmental factors of renewable fuel production fit together 
and what impact they create together.

The systematization of the biomass energy sector is defined through the interac-
tion of resource and product markets. The resource market includes biomass pro-
cessing entities, biomass production owners, logistics, and transportation structures. 
The main goal of resource market participants is to supply biomass to power plants 
that use it and create value from biological raw materials that are considered waste 
[46]. Many market participants operate in the resource market, as the aim is to 
decentralize biomass supply directions. All entities possessing biomass resources 
can participate in the market. Solid biomass, solid and liquid agricultural waste, and 
by-products obtained during environmental management are sold in the resource 
market. They are properly processed and fed to the incinerators. Many low-skilled 
people are employed in market activities, and in this way, the regional employment 
problem is solved. The activities are carried out in regional rural areas with 
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abundant renewable biomass resources. The main direction of supply of prepared 
biomass is urban areas and industrial companies that need thermal energy, electric-
ity, or biogas. Market operation phases are related to weather conditions and con-
tinuous energy demand. During the heat supply season, the demand for biomass 
increases, and in the warm period, biomass is used to meet the needs of industrial 
companies and domestic electricity and gas consumers.

Within the structure of the biomass energy sector, there is also a product market, 
which is the actual reason for the emergence of the resource market. This is due to 
the emergence of infrastructure using renewable biomass. For that purpose, it is 
necessary to create a supply chain that allows supplying the power plant. In the 
activity of the product market, four types of energy are obtained—electricity, heat, 
steam, and biogas. It is these types of energy that are realized as products of the 
product market. The product market realizes the potential created in the resource 
market—local biomass resources that are considered waste. The main objective of 
the product market participants is to meet the needs of urban types of areas and the 
needs of industrial enterprises in the supply of energy [47]. In the market for bio-
mass energy products, energy is obtained using fuel processed in the resource mar-
ket. The product market has signs of decentralization—it is dominated by 
medium-power power plants located near energy consumption points, distribution 
networks, and entities responsible for system maintenance. The activity is carried 
out in those areas that have developed energy distribution networks and demand for 
energy consumption. The market consists mainly of highly qualified workers who 
can manage complex energy systems.

The use of biomass in energy is changing the structure of the entire economy. 
More efficiently used monetary funds are directed in different directions, enabling 
the positive impact to be multiplied in monetary terms. As fossil resource imports 
decline, cash remains in the country and helps create added value. It is created not 
only in an economy, but also in social and environmental spheres. Internal circula-
tion of money begins with the use of hitherto unused biological resources, and their 
implementation requires both skilled and low-skilled workers. In the development 
of renewable, biomass-based energy, the progress of local production technologies 
is promoted, which helps to multiply the added value created within the country, as 
well as to expand the export of services [48]. Many new products are created using 
biomass—energy is extracted from biological waste, and organic fertilizers and ash 
are obtained in intermediate production processes, which significantly increase 
agricultural production. The resulting synergistic effects allow to state that the use 
of local biomass significantly boosts the country’s economy in the regions and 
enables the creation of new business units in them, mobilizing human resources of 
various qualifications. By importing mineral resources from abroad, the flow of 
money is directed to foreign countries and the opportunity to create value domesti-
cally using available physical and human resources as well as scientific and techni-
cal potential is lost.

All the above statements define the structure of the biomass energy market as a 
general part of the energy system (Fig. 3.2). The figure presents the main product 
lines of the system, changes in the market structure and their conditions, and 
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influencing factors. The scheme highlights the complexity and multifaceted impact 
of the biomass sector on the economy. The primary products obtained in the factor 
market create product market products and final products such as fertilizers, wood 
products, and other products. The product market is dominated by energy products 
made using local waste. The products of this market include ash, which can be used 
for the formation of road relief, the laying of landfills, and other complementary 
activities. The figure shows that the market for factors of production consists of the 
resource market and the human resource market. These are the main ingredients that 
shape the performance of the biomass energy sector. However, there is another mod-
ification of production factors, which is related to the productive use of waste. This 
is how the main value (product) creation process takes place, where residual waste 
from the manufacturing process of end-use products is converted into energy. In this 
way, there is a transition to the derivative unit of the market structure—the product 
market. It consists of electricity and thermal energy, ash, biogas, and steam energy. 
Also included are other combustion products that may be extracted from the bio-
mass processing process. It can be various resins and other by-products. In the prod-
uct market, all energy products are quite identical, i.e., the form of their use or 
application differs, but the current energy needs of consumers are met. Later, the 
structure of the biomass energy sector is examined through the section of the market 
conjuncture.

3.5 � Methods for Estimating Cogeneration Parameters

The research will use the Design of Experiment (DOE) research method. Based on 
this method, experiments are conducted to determine the ability of one or another 
production method to compete in market conditions. This method allows to com-
bine relevant data groups into a single system, thus obtaining optimal results. 
Experimental designs are especially useful in addressing evaluation questions about 
the effectiveness and impact of programs. Emphasizing the use of comparative data 
as context for interpreting findings, experimental designs increase our confidence 
that observed outcomes are the result of a given program or innovation instead of a 
function of extraneous variables or events [49]. This method is suitable in the case 
where the aim is to discover new and relevant scientific results. The method can also 
be used when certain prevention before decision-making is aimed at, since with the 
help of the method certain optimal interactions of phenomena can be found. This 
method aims to identify and understand causal relationships between variables. It 
involves careful experimental design to control potential confounding factors and 
ensure that data collection effectively answers the research questions and hypothe-
ses. Designing experiments involve selecting factors and procedures and collecting 
and analyzing data to draw meaningful conclusions.

The experiment uses data from cogeneration power plants located in the Baltic 
States and includes data from currently prevailing renewable energy technologies 
based on biomass. Two indicators are selected as processing values:
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•	 Thermal power of cogeneration biomass power plant
•	 Electric power of cogeneration biomass power plant

These indicators are interrelated and visible in the case of real biomass cogenera-
tion plants. During the development of this type of power plant, heat and electricity 
must be balanced. The selection is based on the case of the Baltic countries; there-
fore, since biomass cogeneration practices are widely applied in these countries, the 
latest and most relevant cogeneration technologies are also used. In addition, a clear 
sample of data increases the reliability of data sampling. Careful design of experi-
ments is necessary to minimize the number of experiments which need to be carried 
out in the overall space of variables and parameters (the design space) [50]. 
Experimental data must be clearly argued, supported either by real examples or 
previous research [51].

The electricity price indicator is chosen as the dependent variable (Y). The char-
acteristics of the electricity price are the most important in promoting energy trans-
formation in the short term. Since there is a lack of green electricity generation, 
biomass cogeneration would ensure stable electricity production. However, the cost 
of electricity production in power plants of different capacities is different. 
Electricity is considered a by-product of cogeneration, so cost-effective maximiza-
tion of its production is considered a technological challenge. Balancing the cogen-
eration power plant allows to achieve the intended goals while obtaining profit from 
both heat and electricity production.

Response surface methodology (RSM) is used for the research, which allows 
studying the relationships between explanatory variables and one or more response 
variables [52]. RSM is suitable for fitting a quadratic surface, and it helps to opti-
mize the process parameters with a minimum number of experiments, as well as to 
analyze the interaction between the parameters [53]. By combining mathematical 
and statistical instruments, RSM will provide an opportunity to obtain relevant 
results on the larger application possibilities of biomass cogeneration. This will lead 
to a better understanding of the phenomenon, as the study will use practical data.

After RSM-based analysis of biomass cogeneration factors, the optimal combi-
nation will be determined from the obtained data, which will allow to achieve the 
best biomass cogeneration solution. The optimal combination will be used to make 
investment decisions. Based on this, the optimal price of electricity will be deter-
mined, at which it would be possible to develop profitable biomass cogeneration 
capacities. The optimal combination is based on today’s situation of power capacity 
and recorded energy sales prices.

3.6 � Investigation of Cogeneration Conditions in Rural Areas

The initial stage of the research is related to the formation of a suitable data set for 
the experiment. Due to the specificity of the study, when it consists of two process-
ing values (X1, X2) and one dependent variable (Y), 13 data lines are involved in 
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the experiment. Table 3.4 provides detailed information about the initial phase of 
the experiment. The main parts of the experiment are heat power (TP) and electric-
ity power (EP). Electricity price is determined based on concluded PPA contracts 
(average price of 2023), as well as long-term fixed electricity price transactions. 
Since there are two processing values in this experimental model, exactly 13 tests 
are performed according to the experimental methodology. The prices of electricity 
produced with the help of biomass stabilized in 2022, when electricity prices rose 
significantly in Eastern Europe. This made it possible to form a sustainable business 
model, where heat energy is sold to cities or factories, and heat energy is transmitted 
through state-run transmission networks. The transfer of heat to consumers has 
allowed to avoid the situation where excess heat is released into the environment in 
the name of electricity production. What’s more, connected condensing economiz-
ers make it possible to further increase the efficiency of heat production. This justi-
fies the expediency and neutral impact of electricity production on the environment.

Before performing analytical steps, it is necessary to study the main indicators of 
the model. Table 3.5 presents the main research coefficients, which show the basic 
diagnostics of the necessary coefficients. This will create conditions for validating 
the results of future studies.

One such is the coefficient of determination, which indicates the appropriateness 
of the model for further research. The information presented in Table 3.6 shows that 
both R-sq and adjusted R-sq indicators are extremely high. It allows making a pre-
liminary conclusion that the model is built responsibly and will be based on the 
correct equation.

Table 3.4  Experimental design

Experiment number
Processing valuables

Electricity price, EURO ct./kWhTP, MW EP, MW

Low level (−1) 20 4
Medium level (0) 30 8
High level (+1) 40 12
1 0 0 11.5
2 1 −1 12
3 0 0 10
4 −1 1 8.5
5 −1 0 9
6 0 0 10.1
7 0 0 10.5
8 0 −1 10.8
9 0 0 9.8
10 1 1 7.9
11 0 1 8.6
12 −1 −1 9.7
13 1 0 9.6

3  Importance of Decentralization in Energy Transformation Process



69

Table 3.5  Research coefficients

Term Coef SE Coef T-Value P-Value VIF

Constant 0.49 0.247 41.48 0.000
Heat 0.569 0.243 1.58 0.039 1.00
Electricity 0.474 0.243 5.14 0.001 1.00
Heat*Heat −0.00643 0.358 −1.80 0.016 1.17
Electricity*Electricity −0.0152 0.358 −0.68 0.019 1.17
Heat*Electricity −0.01813 0.298 −2.44 0.045 1.00

Table 3.6  Model summary

S R-sq R-sq (adj) R-sq (pred)

0.595360 99.19% 98.61% 96.72%

The next stage of the research is related to checking the adequacy of the data 
analyzed. In this case, the value of the coefficient of determination, which evaluates 
possible changes in the dependent variable, is evaluated. In this model, the value of 
the coefficient of determination reaches 99.19%. Next, analysis of variance is car-
ried out, which will allow the model equation to be formed. Table 3.7 presents the 
main results of the analysis.This analysis is important in that it provides the indica-
tors necessary to construct the model equation. In the presence of inappropriate 
indicators, the equation may not be accurate and may not give the required results.

Table 2.5 shows that the analyzed model is appropriate—lack of fit >0.05. This 
means that there is an adequacy between the proposed model and the experimental 
data [54]. This situation makes it possible to form a second-level equation, which is 
optimal for performing similar calculations. The equation of the model includes the 
determination of the relationships between the price of electricity and the energy 
released during cogeneration. The regression equation in uncoded units is as 
follows:

	

Y TP EP TP TP EP EP
TP

0 49 0 569 0 474 0 00643 0 0152
0 01813
. . . . .
. EEP 	 (3.1)

The specified equation is related to graphically presented three-dimensional 
response surface plots. Constant values are selected in Fig. 3.3.

The next stage of the study is related to the determination of optimal parameters. 
Optimal parameters will help answer the question of what combination of cogenera-
tion power plants would ensure a competitive energy price. For this purpose, a con-
tour plot is created, which includes thermal and electrical power, as well as the cost 
of electricity. The contour plot presented in Fig. 3.4 shows the distribution of the 
relevant indicators. This contour plot shows that the interaction between heat and 
electricity power has significant effect on electricity price. This is reflected in the 
shape of the ellipse visible in the graph. In this case, a clear influence of variables 
on the dependent variable can be seen when evaluating power differences. In future 
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Table 3.7  Analysis of variance

Source DF Adj SS Adj MS F-Value P-Value

Model 5 14.2711 2.8542 8.05 0.008
 ��   Linear 2 10.2567 5.1283 14.47 0.003
 ��       Heat 1 0.8817 0.8817 2.49 0.159
 ��       Electricity 1 9.3750 9.3750 26.45 0.001
 ��   Square 2 1.9120 0.9560 2.70 0.135
 ��       Heat*Heat 1 1.1423 1.1423 3.22 0.116
 ��       Electricity*Electricity 1 0.1632 0.1632 0.46 0.419
 ��   2-Way Interaction 1 2.1025 2.1025 5.93 0.045
 ��       Heat*Electricity 1 2.1025 2.1025 5.93 0.045
Error 7 2.4812 0.3545
 ��   Lack-of-Fit 3 0.6532 0.2177 0.48 0.716
 ��   Pure Error 4 1.8280 0.4570
Total 12 16.7523

Fig. 3.3  Combined effect of electricity (EP) and heat (TP) on electricity price (Y)

research, if the supply policy changes, one more component—cooling—could be 
included. For now, these studies are more at the concept level [55], but in the future, 
it will be necessary to evaluate the potential of combined cooling, heating, and 
power in cities.

The data of the previously mentioned experiments are used to determine the 
optimal indicators. The results are presented in Fig. 3.5. When determining the opti-
mal parameters, large thermal and electric power plants work most efficiently. Thus, 
40  MW of thermal power was selected, combining it with 12  MW of electrical 
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Fig. 3.4  Contour plot of electricity (EP) and heat (TP) on electricity price (Y)

Fig. 3.5  Optimal parameters of electricity (EP), heat (TP), and electricity price (Y)

power. This power is suitable for cities with a population of around 40,000 or large 
factories. A combined option is also possible when such a power plant is developed 
by a factory, and the excess heat is transferred to the residents of a nearby city. This 
optimal combination results in 0.77773 EURO ct. price per kWh of electricity.
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The application of cogeneration technology is a suitable solution for the 
energy transformation of the intermediate period. This allows achieving a mul-
tidirectional positive effect. First, there is a transition to renewable energy based 
on the use of local raw materials. Second, by reorienting the energy system, the 
problems of using local waste, employing workers, and using polluting power 
plants are solved. In this case, the conversion of waste into energy is ensured, 
and in some cases, the use of fossil fuel power plants for the consumption of 
renewable energy resources. Third, when developing new power plants, they 
can be built near major consumption centers, thus decentralizing production 
capacity. The performed analysis showed that current examples of cogeneration 
can provide opportunities to evaluate optimal production indicators, thus con-
firming the necessity and profitability of sustainable, decentralized energy 
solutions.

Decarbonization of the energy sector will require significant financial invest-
ment and infrastructure changes. These processes will take place for decades to 
come, but faster interim solutions are necessary to stop climate change. One of 
the intermediate solutions for electricity production and network balancing can 
be the use of biomass cogeneration. This would make it possible to use renewable 
local biofuel resources and old coal power plants and to prepare for a new era of 
hydrogen use.

The biomass cogeneration sector is characterized by distinctive market struc-
ture factors involving a wide range of stakeholders. Due to the abundance of 
products made from biomass, suitable conditions are created to adapt to market 
changes and ensure the decarbonization of the energy sector. This is done with 
the help of local renewable resources, human competences, and technological 
potential. Energy production using biomass can be decentralized, since cogen-
eration plants would be built near a source of high heat consumption. This would 
increase the security of the energy system in case of both physical and 
cyberattacks.

The need to deploy renewable energy became apparent in 2022, when fossil 
fuel prices were historically high. This highlighted the main problems, espe-
cially in Europe—dependence on fossil fuel prices, insufficient level of invest-
ment in renewable energy technologies, and slow decision-making. The 
production of green electricity ensures decentralization of the energy system and 
resistance to supply and price shocks, while strengthening the country’s 
economy.

In addition to the use of biomass during the intermediate period of energy 
transformation, there are potential synergies arising from agricultural activities. 
Agricultural activities generate a wide variety of biomass suitable for energy 
production. In the context of increasing levels of agricultural pollution, energy 
transformation activities would help to reduce the negative aspects of agrarian 
activities. At the same time, it would contribute to the strengthening of com-
munities and the possibility to further diversify the energy system.
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Chapter 4
The Relation Between the Agricultural 
Sector and the Energy Transformation

4.1 � Paradigm Shift in the Agricultural Sector 
from an Energy Perspective

As the energy system expands, more and more stakeholders are involved. The 
decentralization of the energy system is no longer a surprising factor, but synergies 
with agricultural activities are becoming more and more apparent. Farmers face the 
huge challenge of climate change. Livestock farming is increasingly recognized as 
environmentally damaging, but there is still a lack of technology to decarbonize this 
sector. Manure-to-energy conversion is already advanced and cost-effective, but 
daily emissions from livestock are still a problem. In addition, unsustainable tillage 
also leads to higher emissions instead of fixing carbon in the ground. Food waste is 
another major problem, both from the processing of the produce grown and from the 
non-consumption of the finished product. Manure treatment plants can also help 
solve this problem.

The synergy between renewable energy and agriculture involves integrating 
renewable energy systems into agricultural operations to create mutual benefits for 
both sectors. This relationship is crucial for advancing sustainable practices, enhanc-
ing energy security, and addressing the global challenge of climate change. Farms, 
especially those involved in the processing of produce, are becoming increasingly 
large energy consumers. There are different solutions that can help farms to decar-
bonize their operations while having a positive impact on the environment. Farms 
can host solar photovoltaic (PV) systems, either on the ground or integrated into 
buildings, such as on barn roofs. This not only provides a clean energy source for 
the farm’s operations but can also generate additional income through the sale of 
excess electricity. Agrivoltaic systems, which combine solar energy production with 
crop cultivation, can enhance land use efficiency and reduce water evaporation from 
crops, improving agricultural productivity [1]. This solution requires the lowest 
time and financial costs, and with flexible planning, synergies can be achieved—
solar cells can be the basis for new carports or used as roofs on new buildings. For 
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existing buildings, additional measurements are required to maximize efficiency. 
The solutions analyzed below require more lead time and the initial investment is 
relatively higher than for solar power plants. Wind turbines can be installed on agri-
cultural land with minimal disruption to farming activities. This allows farmers to 
diversify income through leasing land for wind energy production or owning tur-
bines directly. The income from wind energy can help stabilize farm income, which 
is often subject to variability due to price fluctuations and weather conditions [2]. 
Wind energy is favorable to farms, as those farms that own the land can choose the 
most suitable area for a wind turbine project. However, the coordination of wind 
turbine projects takes a relatively long time. During this period, the cost-effectiveness 
and grid capacity characteristics of the wind farm may change substantially.

There are other alternatives that are not widely used because of their geographi-
cal characteristics. These solutions can be used to complement the technologies 
presented above. Geothermal energy can be used for heating greenhouses, enabling 
year-round cultivation in cooler climates. This use of renewable heat sources can 
reduce dependency on fossil fuels and lower greenhouse gas emissions, contribut-
ing to more sustainable agricultural practices [3]. An essential element of this tech-
nology is a stable electricity supply to support the geothermal water recovery 
process. This makes it necessary to pursue solar energy development alongside geo-
thermal energy development. This aspect and the lack of practical application of 
geothermal energy have led to a reduction in the use of this type of energy produc-
tion on farms. Another technology that can be used on farms is hydropower. Small-
scale hydropower systems can be used to generate electricity or irrigate the land. 
Dams are an appropriate remedy to control floods and maintain or increase agricul-
tural production in the farm. This can provide power for irrigation systems and other 
farm operations, improving energy access and efficiency in rural areas [4]. However, 
there are a couple of nuances to consider when looking at the use of hydropower in 
agriculture. Firstly, the ethical aspect of hydropower is increasingly being addressed, 
with its significant environmental and fish migration impacts. Secondly, the poten-
tial of hydropower is only available to a small proportion of farms that are located 
close to watery rivers. Thirdly, the development of new hydropower plants, particu-
larly in the European Union and the USA, is highly regulated. The information 
presented suggests that the main trends in farm decarbonization relate to wind, 
solar, and biomass.

However, the clearest potential for synergies relates to the use of biomass and 
bioenergy. This is particularly true for the use of waste from agricultural activities. 
Agriculture is generally very wasteful and therefore also a source of greenhouse 
gases. The issue of methane production from livestock on farms should be viewed 
as a positive option to create green energy and help reduce greenhouse effects. The 
main challenge is to establish small- or medium-sized family farms that essentially 
lack biogas potential and large modern farms that can be targeted for biogas produc-
tion [5]. Agriculture produces various by-products, such as crop residues, manure, 
and other organic waste, which can be converted into bioenergy. This process can 
provide a renewable energy source while reducing waste and greenhouse gas emis-
sions. Anaerobic digestion of agricultural waste can produce biogas for heating, 
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electricity, and fuel, contributing to farm sustainability and energy self-sufficiency. 
The possibilities that have a shining future are the large farms and industries that 
need to be actively stimulated. It includes not only existing farms with biological 
gas potential but also future farms to be built in the near future. Both legally and 
economically, those farms need to be incentivized as producers of biogas, not just 
based on whether they can produce energy, but because they will engage not only 
for the sake of communication but also due to the fact that biogas production effec-
tively addresses both biological waste issues and waste management on farms [6]. 
One of the biggest challenges for the future is the treatment of food waste. The 
developed world is witnessing an increasing food waste dynamic. Consumer aware-
ness can help reduce food waste, but it will not eliminate the problem of treating the 
waste that is already generated. Farms can make a significant contribution to con-
verting food waste into energy or gas. A key element is biogas production capacity. 
New supply chains can be created alongside the use of on-farm waste to feed urban 
food waste into farm-managed biogas reactors. This would improve the possibility 
of producing high-quality biogas, thus allowing for increased farm income from 
energy sales. In addition, the material obtained from the recycling of waste would 
be suitable for fertilization of crops. Another challenge is the situation in less-
developed countries. Previous research showed positive relationship between CO2 
emissions and real GDP, nonrenewable energy consumption, and agricultural value 
added in the long run [7]. A lack of cost-effective technologies is holding back the 
progress of decarbonization in agriculture. Other research shows that per capita 
output and RE have a negative relationship, related to carbon emissions, while per 
capita nonrenewable energy and agriculture exert positive effects on carbon emis-
sions [8]. This research investigated the BRICS countries. The very slow progress 
in developing countries will make it difficult to decarbonize the sector. Even more, 
the growing agricultural production in these countries creates the assumption that 
the scale of environmental problems will only grow.

Previous research papers have only analyzed certain conceptual aspects of 
energy, with less consideration of the potential synergies between technologies. The 
studies recognize the key factor that renewable energy can help reduce CO2 emis-
sions from agriculture [9–11]. However, other key aspects are dealt with in a piece-
meal manner. On the one hand, there are studies that look at the possible links 
between the two concepts [12,13]. Nevertheless, these studies deal with some 
generic aspects, and the climate impacts of decarbonization of agriculture have not 
yet been assessed in sufficient depth. There are studies that look at circular economy 
alternatives in agriculture using renewable energy [14]. However, the concept of 
renewable energy in agriculture has not yet been fully developed, as there is no clear 
strategic thinking to consistently direct resources toward decarbonizing the agricul-
tural sector. This paper outlines the key synergies that would enable a coherent path 
toward decarbonization. The main problem is how to seamlessly integrate energy 
and climate change mitigation activities into the structure of different farm sizes. As 
small farms are one of the most vulnerable sectors of the economy, their integration 
into decarbonization activities must be carried out in a responsible manner, making 
the best use of the resources already available. The novelty of the paper is related to 
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the clearly identified opportunities for farms to both comply with the principles of 
sustainable development and to generate additional income from energy activities 
without substantial material investment. The focus is on directions that would not 
only meet the energy impacts of farms but also enable them to sell energy on the 
market. In the case of livestock farms, a clear alternative to fossil fuels emerges in 
the form of biomethane produced in biogas reactors. It can be used to power spe-
cially adapted tractors or other implements that currently use diesel. The resulting 
double effect—reduced pollution on farms and in the use of machinery—would 
lead to significant reductions in harmful gas emissions in the short term.

4.2 � The Necessity of Renewable Energy 
for the Decarbonization of Farms

As the impacts of climate change become more acute, there is a need to broaden the 
scope for decarbonization. There is a growing consensus that decarbonization of the 
agriculture sector is inevitable. This process can be pursued in several ways. It is 
necessary to manage the waste of animal origin generated in livestock farms consid-
ering environmental and economic aspects. However, there is another problem: the 
need to reduce daily emissions from livestock. This can be done by producing func-
tional feed that is easier to digest. This would reduce the daily release of gases into 
the environment, while reducing the amount of feed wasted. On crop farms, the 
trend toward reducing emissions is more varied. The first step is to optimize fuel 
consumption by moving away from plowing and toward direct drilling technolo-
gies. Reducing pesticide use can also help reduce pollution. However, the produc-
tion and use of renewable energy are key factors in decarbonization. Renewable 
energy systems can significantly reduce agricultural greenhouse gas (GHG) emis-
sions through substitution of fossil fuel-based energy sources, energy efficiency, 
and agriculture using waste to generate energy. To maximize success, key synergies 
need to be identified.

The processing of agricultural by-products and waste in biogas reactors is neces-
sary in order to reduce the negative impact on the environment. On the one hand, the 
use of these materials would reduce the use of coal and fossil fuels, while eliminat-
ing the possibility of biological materials simply rotting in the open, releasing 
energy [15]. On the other hand, biogas production must be carried out responsibly, 
without the inclusion of food-grade materials [16]. This challenge can be solved by 
cooperatives for several farmers or by creating separate cooperatives focused on 
biogas production. Another opportunity to decarbonize the environment is related to 
more active use of biomass. Currently, a large part of the biomass comes from for-
ests, and it is often not possible to check whether waste or high added value wood 
is being burned. To avoid the burning of wood suitable for industry and better use of 
less productive areas, promotion of agroforestry is necessary. Such a solution would 
allow to increase the volume of carbon storage in the land, while providing 
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economic benefits to farmers [17]. This solution may be appropriate in Asia, where 
deforestation is a major problem. It is assumed that this will enable the achievement 
of climate change mitigation goals [18]. India, one of the largest countries in the 
region, uses agroforestry to achieve compact climate and farmers’ economic viabil-
ity goals [19]. Another important aspect is that it helps to promote biodiversity [20]. 
In any case, the most important thing on the path of decarbonization is to implement 
complex solutions. This will create the conditions to prevent the waste of resources 
and contribute more effectively to the goals of stopping climate change.

Different technologies, when combined, can enable the efficient use of waste 
from farms while reducing the need for fossil fuels. Energy production can be car-
ried out on a large scale (to sell part of the energy) or in an optimal mode (to pro-
duce energy and hot water for the farm). In all cases, renewable energy contributes 
to the contribution of farms to reducing the level of climate change impacts. The 
choice of technology is a particularly important aspect for farms, as a significant 
proportion of farms are small family farms. Their resource constraints make it nec-
essary to have clear investment priorities. Moreover, the direction of investment 
varies according to the structure of the farm. Key aspects of farm decarbonization 
are as follows:

•	 Solar photovoltaic (PV) panels and solar energy systems can power agricultural 
operations, irrigation systems, and factories. They can reduce the carbon foot-
print and reduce the environmental impact of agricultural operations [21]. The 
farms use different buildings, which allows synergies to be achieved simultane-
ously by using solar panels on the roof. When new buildings are built, they 
should be designed to maximize solar potential. With the development of the 
battery market, the energy produced by solar panels can be stored cost-effectively 
in on-farm energy storage facilities. Solar energy forms new alternatives for 
activities. One of these is aeroponics, the operation of which requires electricity. 
The advantage of solar energy is that it can be integrated into greenhouses 
[22,23]. It is argued that solar energy can make a particularly big impact in the 
global south, where there is a lack of stable sources of energy production [24].

•	 Wind farms located on or near farmland can provide a clean, renewable source of 
electricity for agricultural operations, thereby reducing the need for coal, natural 
gas, and oil-based electricity GHG emissions directly associated with on-farm 
energy use [25]. Developing wind energy capacity can create synergies with 
other developers: by cooperating, faster construction speeds can be achieved, 
with less impact on the soil. Storage batteries are essential. However, it is agreed 
that the synergy between wind energy and farm operations is problematic 
enough. This is because the state-of-the-art wind energy technologies available 
for a statistical farm are redundant [26]. These solutions are more suitable for 
agro-industry, and not for a medium-sized farm, because in the latter case, the 
necessary costs for the adaptation and efficient use of such a power plant are 
much higher. Greater synergy is possible when a certain part of the land managed 
by the farm is leased to wind power developers [27,28].
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These two types of energy can be compared with each other, since they are suit-
able for development on land areas managed by farmers. Due to the already estab-
lished practice of developing such power plants, it is possible to single out essential 
elements that are relevant both for the farm and the region. Table 4.1 presents a 
comparison of the main characteristics relevant to the farm. The table shows the 
complexity of the situation, when it is necessary to weigh both initial investments 
and subsequent costs.

Next to these types of energy production, there are already tested technologies 
whose interaction with the agricultural sector is relatively well studied. However, 
these solutions are constantly being improved to achieve better economic and envi-
ronmental results. Using these energy resources together with the latest energy effi-
ciency technologies, the farm can significantly reduce operating costs. The following 
renewable energy solutions suitable for farms are:

•	 Bioenergy production: The conversion of agricultural waste (e.g., crop residues, 
manure) into bioenergy (biogas, biofuel) through processes such as anaerobic 
digestion and biomass gasification helps manage waste and reduces emissions 
from decomposition. The potential of this bioenergy source replaces fossil fuels 
in heat, electricity generation, and transport [29]. The potential for bioenergy on 
farms is greatest in the short term—organic waste that is converted into energy 
can form the basis of energy production on farms. As the cost of more advanced 
technologies decreases, small farms will have the opportunity to install solar and 
wind energy capacity, as well as energy storage facilities, more cost-effectively.

•	 Carbon sequestration: Some energy crops can sequester carbon in their biomass 
and soil, further reducing GHG emissions. However, total life cycle emissions 
and land use changes resulting from bioenergy cropping need to be considered to 
ensure that it provides environmental benefits it is expected to provide [30]. 
Carbon retention in soil grows with fermented organic matter.

•	 Energy efficiency improvements: Renewable energy systems are often techno-
logical improvements that increase the energy efficiency of the farm. Energy 
efficiency means that less energy is required, further reducing the company’s 
overall GHG emissions [31]. Energy efficiency can be developed in several 
ways. Firstly, an energy audit is needed to identify areas of energy waste. By 
identifying the sources of waste, investments are directed towards eliminating 
them. Once these objectives have been achieved, additional investments in 
energy production can be considered.

•	 In geothermal fields, this energy can be used for greenhouses and other agricul-
tural areas. Geothermal energy produces carbon-free heat and energy, helping to 
reduce GHG emissions from agriculture [32]. The high cost of geothermal 
energy technology means that it is only suitable for large, high value-added 

Table 4.1  Characteristics of wind and solar energy in farms

Type Need of land Need of capital Efficiency, % Usage for farm Need of service

Wind Little High >50 Complicated Necessary
Solar Great Low ~28 Suitable Annual
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farms. The use of geothermal water inevitably requires the creation of electricity 
generation capacity; otherwise, the potential of green production will be only 
partially exploited.

•	 Small hydroelectric systems can be installed in agricultural water systems, such 
as irrigation systems and dams. These systems provide a renewable source of 
electricity with very low GHG emissions compared to fossil fuel energy produc-
tion [33]. However, due to ethical concerns and the loss of land suitable for farm-
ing, small hydropower is increasingly underdeveloped in developed countries.

Looking at the situation of both small and large farms, it can be concluded that 
the use of renewable energy would help to solve the complex problems of pollution 
generated by farms. According to the structured information, two directions of 
change can be distinguished: long and short term. In the long term, it is necessary to 
focus on technologies that not only ensure high energy productivity but also main-
tain an appropriate level of energy efficiency. In order to achieve these goals, it is 
necessary to look for technologies on a large scale, thus creating conditions for the 
development of agriculture. The search for technologies can be promoted with one-
time support focused on raising qualifications and identifying the need for technolo-
gies [34]. Energy system monitoring measures avoid situations where energy is 
wasted because of certain isolated problems. Energy power management will also 
help improve the efficiency of the farm’s energy system. The development of energy 
storage technologies will bring about a fundamental change for farms by using the 
energy generated by surplus production to meet the needs of farms during the night. 
In the short term, the development of bioenergy initiatives is a key factor for farm 
success. The treatment of various animal and plant waste streams would generate 
large amounts of energy. This energy would enable the energy needs of the farm to 
be met, with the surplus being sold on the market. Bioenergy activities are charac-
terized by stability of production: with sufficient waste potential, production can be 
continuous. The liquid material generated after production is used to fertilize fields. 
The potential for synergies between energy and agriculture activities using biomass 
is explored in more detail.

4.3 � Bioenergy Potential in the Agriculture Sector

The potential of bioenergy essentially lies in the recycling of waste into other mate-
rials for energy recovery. Energy can be of three types—electricity, heat, or bio-
methane gas. Farms processing agricultural products may require all three types of 
energy. Biomethane is the most promising type of bioenergy as it can be used as fuel 
for tractors. The biomethane concept is best developed in the agricultural machinery 
sector. In principle, biomethane has no other environmentally friendly substitutes 
for tractors.

The main potential for bioenergy lies in biomethane. The extraction of this gas 
from organic waste has created a breakthrough in the energy sector, reducing the 
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impact of natural gas and diesel on agriculture. Biomethane is a higher value-added 
product than electricity and heat, with fewer renewable substitutes. Although bio-
methane development technologies are more expensive, they are more marketable 
due to the uniqueness of the product. It is noted that the main market for biomethane 
development is Europe. Biomethane production is being strongly promoted through 
the EU Green Deal initiatives. Biomethane production in Europe has grown expo-
nentially, driven by the industry’s commitment to carbon emissions and energy 
security. In 2021, Europe reached a record number of biomethane plant demolitions, 
with a total of 1023 sites. This expansion represents a significant step toward decar-
bonization of the EU economy [35]. Biomethane can also be produced by industrial 
companies that process cereal products. The main factor for the development of 
biomethane is the possibility to connect to main gas pipelines. This allows for the 
sale of treated biomethane on the market, creating the conditions for a cross-border 
biomethane sales market. This is driving the rapid expansion of the biomethane 
industry on the continent. The European Biogas Association (EBA) and Gas 
Infrastructure Europe (GIE) revealed that the number of biomethane plants increased 
by almost 30% compared to the previous phase of their biomethane map. This 
increase helps to scale up to reach of the European Commission’s target of 35 bil-
lion cubic meters by 2030. It emphasizes the promotion of sectoral efforts, as out-
lined in the REPowerEU framework. This objective aims to enhance the EU’s 
energy security and to increase the uptake of biomethane [36]. If the forward-
looking plans come to fruition, a large part of food waste will be recycled into 
energy, and the production of natural fertilizers will reach a level that can compete 
significantly with chemical fertilizers. Also, biomethane production in Europe 
increased from 31 terawatt-hours (TWh) or 2.9 billion cubic meters (bcm) in 2020 
to 37 TWh or 3.5 bcm in 2021, marking a 20% increase. This reflects a broader 
trend emphasizing biomethane more than the biogas segment, a shift that is expected 
to continue over the next decade. Biomethane’s versatility as an energy carrier 
makes it suitable for a variety of industries such as transportation, infrastructure, 
electricity, and heating [37]. For the European Union, much greater investment in 
biomethane promotion is foreseen in future periods to encourage more farms to join 
renewable energy activities. The influence of industries processing organic materi-
als must also be emphasized. For these companies, incentive instruments are also 
being developed to accelerate the start-up of biomethane production. However, 
these activities are not yet available in all EU countries. This is due to the incom-
plete legal framework, which does not in all cases allow the direct supply of purified 
biogas to national gas pipelines. Projections suggest that the combined biogas and 
biomethane sector could more than double from 18.4 BCM by 2021 to around 
35–45 BCM by 2030. By 2050, production should increase at least fivefold from the 
current level to 95–167 BCM. Such growth would represent a substantial portion of 
the EU’s gas consumption, highlighting biomethane’s potential to cover a signifi-
cant part of the energy demand by 2050 [38]. This aspect shows that biomethane is 
an important part of the renewable energy agenda. Farmers extracting biomethane 
could become an important part of energy transformation, while at the same time 
providing them with the opportunity to generate additional income from spin-off 
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activities. In the case of biogas, there is one significant challenge. To achieve sus-
tainable biogas production, it is necessary to create a sustainable value chain that 
will allow the transformation of waste into energy. This is related to the failure to 
supply products suitable for food to biogas reactors, the delivery of waste to them, 
and the creation of the necessary legal acts [39].

Figure 4.1 shows the potential for energy recovery from biowaste. Bioenergy 
activities have an important impact on the climate by preventing the release of meth-
ane, which is extremely harmful to the environment, from the waste treated. The 
main bioenergy processes are related to biogas production. Biogas production is 
based on anaerobic digestion. In this case, it is possible to mix different organic 
wastes, thereby increasing the biogas production. Concentrated biogas production 
avoids the development of pollution hotspots, while providing the basis for positive 
economic impacts. The figure shows the potential for fertilizer generation. Organic 
fertilizers are an important advantage of biogas production, as the resulting concen-
trate is regarded as an environmentally friendly material. This allows farmers to 
improve their performance without damaging the environment. This fertilizer allows 
the soil to be enriched, thus returning useful nutrients to the soil. Decentralized 
gasification solutions are one of the potential technologies for the production of 
biomass and bioenergy using agricultural wastes (especially in the food industry). 
This provides a sustainable alternative to fertilizers for agro-ecosystems, and biogas 
production from anaerobic digestion is a win–win strategy where animals and crop 
producers can consume edible waste, support energy supply, and address issues 
such as groundwater contamination, odor, and greenhouse gas emissions [40]. 
These solutions would help solve a big problem of recent times—environmental 
pollution. In the case of the EU, agriculture generates about 50% of all energy costs, 
of which 31% consists of diesel [41]. There are several nuances to be resolved in the 
bioenergetics cycle above. Firstly, the delivery of waste and the removal of organic 

Fig. 4.1  Bioenergy circle—energy sources and end products
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fertilizers are currently carried out on the basis of fossil-fueled vehicles. Tractors 
are also based on fossil fuels. Some of the biogas treated can be used to power trac-
tors or trucks, but these technologies are relatively underdeveloped. These actions 
would help achieve a reduction of pollution of the sector. There are more synergies. 
The harvest residues can be used to make fuel briquettes, which in turn would 
reduce the need for wood for burning. This is relevant for poorer regions where 
deforestation is the only fuel alternative [42, 43].

The focus on bioenergy must go beyond environmental concerns. Recycling bio-
waste generates significant economic and social benefits. From an economic point 
of view, it offers farms the opportunity to generate more income and reduce energy 
costs. Socially, new jobs can be created in servicing biogas reactors. In addition, the 
quality of life of neighbors is improved as the environment is no longer polluted by 
biowaste, and the impact of unpleasant odors is reduced and concentrated. In addi-
tion, it is necessary to emphasize energy conservation initiatives. These can be orga-
nizational, technical, technological, energy-related, and activities should be selected 
and presented in the context of each direction [44].

Recycling organic waste has enormous synergy potential, transforming the agri-
cultural and energy sectors, as well as people’s daily lives. With sufficient infra-
structure, the conditions are ripe for decarbonizing the transport, heating, ventilation, 
and electricity generation sectors. This is linked to several principles, the change of 
which would allow a significant expansion of agricultural activities:

•	 Manure management: Conventional and family farms produce a lot of by-
products, which can cause environmental damage if not managed properly. 
Anaerobic digestion (AD) systems can treat these by-products; reduce odors, 
pathogens, and potential water damage; and produce biogas for on-farm use or 
sale. This combination can sustain the farm regularly and reduce greenhouse gas 
emissions [45]. Processing manure into gas and liquid fertilizer will allow better 
exploitation of animal waste. This will generate economic benefits and have a 
positive impact on the climate. Family farms could also benefit from this oppor-
tunity—cooperative manure processing capacity would create energy and fertil-
izer that would be returned to the farm in different fractions.

•	 Crop residue utilization: Agricultural residues, such as grass and corn stalks, can 
be difficult to manage and are often burned or left to decompose, releasing green-
house gases. Using anaerobic digestion technologies to process these residues 
enables farms to convert them into energy, generating additional revenue and 
reducing carbon emissions [46]. In this case, the infrastructure used is similar to 
that used for manure processing. This creates further synergies as biogas plants 
can be developed by more than just livestock farms. Farm and crop waste can be 
mixed to produce energy.

•	 Integrated food and energy systems: Both of the above systems are combined in 
an integrated system that allows the farm to be self-sufficient in energy produc-
tion. The main axis of integration is the on-farm consumption of the energy pro-
duced. Electricity can be used for day-to-day farm operations, heat can help dry 
crop production, and cleaned gas can be used for tractors, thus avoiding the use 
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of fossil fuels [47]. Such plants have a lower capacity than conventional plants 
because they are used to meet the needs of the farms. However, they allow farms 
to be decarbonized, as energy production would offset the pollution from live-
stock and some equipment. At the same time, this activity would protect farms 
from fluctuations in energy prices—the surplus of produced energy can be stored 
in batteries, and production operations can be carried out according to the dynam-
ics of energy prices.

•	 Renewable energy production: If commercial energy production activities are 
carried out on the farm, there will be several options for energy outlets. This 
depends on the infrastructure development in the region where the farm is located 
[48]. In this case, the potential of biogas is highlighted. First, the latest technol-
ogy, biomethane, must be mentioned. This type of energy can be used on a par-
ticularly large scale, as the gas is routed through trunk pipelines [49,50]. It can 
then be used by both domestic and business customers. In the absence of trans-
mission or venting infrastructure, conventional electricity and heat production is 
possible. Biomethane production provides a solution to a pressing problem: as 
natural gas consumption declines, a large part of the trunk pipelines will be 
unsuitable for further operations. The potential for biomethane production would 
allow the infrastructure to be used in the interim period, to be replaced later by 
equipment suitable for hydrogen export.

•	 Community biogas projects: Community energy projects have significant 
untapped potential. Here, public and private actors, as well as farmers, can work 
in a cooperative way. This would make it possible to manage biowaste generated 
in cities and on farms [51]. This measure would create jobs in regions that are 
often economically vulnerable. This unlocks the social synergy potential of the 
agriculture and energy sector, which would benefit not only the region but also 
the country. In the latter case, the impact is seen through reduced spending on 
social benefits as well as the tax flow generated by new economic activities. 
Meanwhile, it is important to take into account the political context. Previous 
research shows that economic growth holds a long-run causality with financial 
development, total reserves, energy use, renewable energy use, and agriculture 
value addition on GDP per capita only in politically free countries [52]. Even 
earlier studies suggest that developing countries should not adopt energy-saving 
solutions at all [53]. This can make it difficult for community initiatives in that 
part of the world where processes are controlled centrally.

There is little mention of the social benefits of energy projects. Regions, espe-
cially those dominated by agriculture, are less economically developed than areas 
developing in the industrial or service sectors. Increasing energy efficiency is 
important now. Earlier studies revealed that a 1% increase in agricultural energy 
costs leads to a 0.008% increase in the level of environmental pollution [54]. 
Decentralization of the energy system would strengthen the regions, as a large 
amount of new energy generation capacity would create the preconditions for new 
economic activities. This would also help prevent power outages. In case of supply 
disruptions, the competitiveness of such farms may decline [55]. Decentralized 
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systems can ensure continuous energy supply for such processes as freezing or cool-
ing of production, incubation of young animals, drying of production, etc. For 
developing countries that are constantly faced with energy supply disruptions, 
renewable energy may be the only adequate alternative. Increasing the consumption 
of RE in agriculture is closely related to the farm parameters [56]. Different RE 
utilization solutions apply to farms of different sizes. However, this requires not 
only investments, but also a change in operational approach. It will not be enough 
without the consistent application of innovations. Synergies between different activ-
ities could also be represented graphically. It is agreed that reducing CO2 emissions 
from farms should be the primary objective of decarbonization activities in rural 
areas. There are now visible trends showing that in the installation of, say, biogas 
production capacity, components such as artificial intelligence, remote monitoring, 
robots, and emissions management will inevitably appear. This will allow for better 
containment of harmful gases while creating economic value. At the same time, this 
creates conditions for the development of smart agriculture [57]. This would avoid 
a situation in the future where agriculture becomes one of the main emitters. 
Figure 4.2 presents the different agricultural alternatives, with a primary focus on 
smart solutions. Based on these alternatives, the integration of energy solutions 
would make a significant contribution to curbing the consequences of climate change.

The figure shows three pillars of sustainable agriculture. Their impact and area 
of operation depend on the area of operation, the size of the farm, the development 
concept chosen, and the receptivity to technology. Finding the right balance between 
all these technologies ensures the decarbonization of farms. However, the figure 
does not sufficiently illustrate the positive impact of energy solutions on decarbon-
ization. Moreover, there is no mention of the fact that global change can help farms 
substantially increase their competitiveness while diversifying their sources of 
income. The application of the principles of sustainable agriculture would ensure 
the controlled production of biogas when non-food materials are used for its pro-
duction. The application of innovations makes sense not only for organic, but also 
for conventional farms—this would allow reduced energy and fertilizer costs (preci-
sion agriculture, electric aerodrones, crop analysis using AI). This would reduce the 
need for fossil fuels and increase the possibilities for the farm to supply itself with 
the produced biogas. This paper highlights the fact that the development of on-farm 
energy solutions is essential for the implementation of the principles of sustainable 
development, which will have positive spillover effects such as the qualitative 
growth of family farms, the development of local supply chains, and the strengthen-
ing of regions.

Summarizing the information provided about the use of biogas in farms, it is 
necessary to compare the different advantages and disadvantages of using biogas in 
farms. Before farms make investment decisions, it is necessary to clearly know the 
quantities and directions of use of the produced energy. The comparative informa-
tion presented in Table 4.2 identifies the main risks that may arise if the farm makes 
an incorrect investment decision.

The increased focus on biomethane production in Europe reflects the region’s 
broader strategy for transitioning to a more sustainable and resilient energy system. 
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Fig. 4.2  Shared principles of climate-smart agriculture among digital agriculture, regenerative 
agriculture, and controlled environment agriculture approaches [58]

This shift not only supports environmental goals but also creates local workplaces 
and promotes energy independence by reducing reliance on imported fossil fuels. In 
the case of agriculture, it is necessary to develop clear operating principles that will 
allow a smooth transition to the energy production sector using the biowaste gener-
ated. Clear models that focus on exploiting synergies between agriculture and 
energy for decarbonization can help achieve this objective.
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Table 4.2  Possibilities of different biogas technologies in farms

Advantages Disadvantages Source

Biogas for 
energy

Non-polluting production 
preparation for the market is 
ensured
The ability to meet the farm’s 
energy needs
Emergence of new branches of 
business
Forming natural fertilizers
The possibility of processing 
by-products and natural wastes

Energy production is almost 
uncompetitive compared to wind 
and solar
Lack of innovation in the sector
Small farm risks using food-grade 
products

[59–63]

Biomethane 
production

A more demanded product in 
the market
Option to replace fossil fuels 
in tractors
Forming natural fertilizers
The possibility of processing 
by-products and natural wastes

Necessity of development of grids
Significantly more expensive 
infrastructure
It is necessary to build the filters for 
gas; tanks are required to store gas
More expensive equipment 
maintenance
A large, regional scale of activity is 
necessary

[64–68]

4.4 � Agriculture and Energy Sector Synergy Model

To achieve universal synergy modeling, it is necessary to distinguish a typical farm 
model in which renewable energy solutions will be applied. Several studies have 
established positive causal relationships and the competitiveness of RE compared to 
nonrenewable resources [69]. Meanwhile there is a clear lack of RE progress in the 
world. The main challenge is how to find legal and investment regulations that 
would allow the development of RE faster and without subsidies. A farm can com-
bine several different technologies, but the analysis of scientific literature has clearly 
shown that biogas reactors are the essential axis of agricultural decarbonization. 
They can either contain recycled animal waste or use certain other raw materials 
(grass not suitable for signature, food waste, etc.). Small farms can take advantage 
of the cooperation option and manage one biogas reactor. In the latter case, the eco-
nomic benefit would be generated by selling the energy, as dividing it between own-
ers can be difficult from an infrastructure point of view. Additional sales income 
would especially help in this matter, if the main activity of the farm was unprofitable 
in the current year. The use of biogas in farms is particularly extensive. They can be 
used for electricity production, heat for greenhouses in the cold season, grain dry-
ing, and industrial needs—product processing and signature preparation for self or 
commercial purposes. Since heat is a by-product of biogas in the case of electricity 
production, its responsible use can create significant added value for farms. There is 
also the opposite option—farms that do not have the ability to use a lot of heat can 
make a pointless investment from an economic point of view. In this case, it is nec-
essary to look for directions for heat consumption both inside and outside.
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In the case of using a biogas reactor, it is desirable that the farm develops animal 
husbandry activities. This would make it possible to obtain by-products, which 
would later be used as fertilizer. The use of crop production waste alone would be 
pointless, as there is a risk that raw materials suitable for food would have to be used 
for biogas production. In this case, it is understood that owning a biogas power plant 
would be profitable for farms that have at least 1 MW energy power [70]. Otherwise, 
cooperation between different farmers is necessary. A fundamental decision is 
which technology to choose to achieve the goals of the farm or cooperation. If the 
farm is located near gas mains, it can produce biomethane [71, 72]. However, in this 
case, it would become difficult to use the gas independently, since the introduction 
of two technologies would be unprofitable. Another technology allows the produc-
tion of electricity and heat based on cogeneration. This technology could be used 
not only in the farms directly, but also in the grain or animal food processing facto-
ries [73–75]. The main nuance is that it is not possible to produce one type of energy 
if the farm only needs its own electricity. Thus, the need to have a source of heat 
consumption arises. Not every farm could consume heat independently, so this cre-
ates an opportunity to inefficiently use the created energy production infrastructure. 
A broader interpretation is presented in Fig.  4.3. The basis of biogas activity is 
related to anaerobic digestion. It is a natural process that uses microorganisms to 
degrade four-phase (hydrolytic, fermentative, acetogenic, and methanogenic) com-
pounds in the absence of oxygen, producing a high-CH4 gas known as biogas. 
Benefits include reduced odors, pathogenicity, and greenhouse gas (GHG) emis-
sions from agriculture [76]. The associated risks of air and water pollution can be 
reduced by better systems such as sealed digester storage and outer shoes, which 
may require planning, but crop digestion to produce biogas in dairy products is 
harmful to the environment, and in any case, it represents an inefficient strategy for 
GHG mitigation compared to other crop-based bioenergy options such as miscan-
thus heating sphere. In addition, bioenergy crops produced on dairy farms displace 
inputs such as wheat, soybean, flour, and their extracts. There is a high risk that 

Fig. 4.3  Schematic of farm-scale anaerobic digestion plants [56]
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increased demand for food will lead to land-use changes, potentially leading to 
significant increases in GHG emissions [77]. In addition, the component of energy 
security appears—biogas production allows decentralization of production, thus not 
only replacing fossil fuels, but also avoiding imports from politically hostile coun-
tries [78]. These systems in agricultural waste management reduce waste loads, 
generate bioenergy, and provide nutrients for vehicles and production, among others.

In modeling the use of biogas, there are also other examples. The main advantage 
of these solutions is the possibility of using them in regions that are economically 
less developed. There are a couple of alternatives to this. The first solution considers 
the microturbine as the primary drive, and the second considers the internal com-
bustion engine. Both are combined with an absorption cooling system and a bio-
slurry dryer. The energy source is based on the use of cattle dung for central biogas 
production. The final services provided to the plants are biogas, electricity, refrig-
eration (for preserving milk), and fertilizers [79]. The refrigeration alternative is 
relatively less used, but its adoption can increase a wide range of synergies in biogas 
production. In any case, the palette of final products is completed by biological 
fertilizers, which are applied for a new crop. According to the results of the afore-
mentioned study, the polygeneration plant which implies the use of an internal com-
bustion engine was found to be the most promising option as it has the lowest 
economic cost, is electricity efficient, and needs little support to compete in the 
market [80]. Economies of scale are an important factor in the biogas production 
business. Farms planning to make investment decisions must clearly assess the pos-
sibilities of developing the project profitably. In this case, a problem is encoun-
tered—not all farms have clear operational or development plans, so the development 
of the biogas project may be of poor quality. Larger farms have more opportunities 
to profitably develop energy production activities. The analysis has shown there are 
relatively high initial investment costs, especially for small biogas installations. The 
smaller the installation, the higher the investment cost per unit of capacity [81]. For 
small farms, it is necessary to work cooperatively, and for this, it requires a lot of 
attention from the state [82,83]. Otherwise, there is a risk of preserving sources of 
pollution that would be associated with small- and medium-sized farms. The state 
can help these farms in two ways. In the first case, subsidies may be provided for the 
energy sold. This is no longer an acceptable option due to cheaper renewable energy 
technologies. Another alternative is the procedure for issuing a simplified and pri-
oritized construction permit for a biogas power plant. This would reduce the initial 
costs of small farms or their cooperatives and accelerate energy transformation in 
the agricultural sector.

The benefits of biogas development would have the greatest impact on climate 
change mitigation in agriculture. Different energy production solutions can be com-
bined on the basis of biogas. If biogas is used to produce biomethane, the power 
plant can use solar or wind energy. When using these types of energy, it is recom-
mended to combine them with energy storage solutions. The use of solar energy is 
fully compatible with the principles of sustainable development. If the gaps between 
the solar modules are large, there is a possibility of extracting production from the 
land areas (grass, berries, etc.) [84,85]. If the gaps are smaller, this area of land is 
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suitable for small animal husbandry [86]. Raising animals such as sheep or goats is 
beneficial due to the possibility of producing higher value-added products, while 
providing the animals with the opportunity to eat grass and shelter from the sun 
[87]. Some farms that will only develop solar energy may have to partially change 
the way they farm by starting to raise other types of animals. Co-land for agriculture 
and PV agrivoltaics is an increasingly popular alternative to solar energy produc-
tion. This intentional integration of agriculture and PV is aimed at reducing compe-
tition for land use and to increase the income of the landowners along with other 
benefits [13]. Solar energy can reduce the costs for farm electricity and heating. 
Solar energy collected can be used to dry crops and heat homes, stables, and home 
heaters. Solar water heaters can provide hot water for running daily needs. 
Photovoltaics (solar panels) can power agricultural operations, remote water pumps, 
lighting, and electric fences. Rooms and barns can be set up to capture natural day-
light, and instead of using electric lamps, solar power is generally less expensive 
than broadband power lines, making the farm more cost-effective [88]. Thus, solar 
energy in agriculture can solve problems associated with an increasing population 
and limited land by increasing farmers’ economic returns and promoting environ-
mentally sustainable agriculture through controlled enhancements that reduce CO2 
emissions [89]. In the case of wind farms, crop production can be carried out essen-
tially without restrictions. If power plants and access roads are designed compactly, 
this takes up a relatively small area of cultivated land [90]. Moreover, modern wind 
power plants can meet not only the needs of the farm, but also those of the wider 
community. Surplus energy can be realized in the market, especially at this moment 
when there are no developed cost-effective and efficient energy storage technolo-
gies in batteries. The construction of the wind power plant can be carried out inde-
pendently, with partners (potential energy users) or by operating in a cooperative of 
farmers. However, on-farm wind energy initiatives are still quite rare. Due to huge 
investments in wind, policymakers and investors are continuously developing new 
ways to narrow the cost-benefit gap. Today, the importance of wind in agriculture 
has decreased [91]. In addition to the already mentioned technologies, there are 
opportunities to develop combined wind and solar energy activities. For this, a cer-
tain area of land would have to be donated, where only energy activities or small 
animal husbandry would be developed. However, Western Europe faces an ethical 
dilemma—how to enable farmers to participate in the energy sector in the interests 
of society [92–94]. The main interest of the public is the possibility of self-suffi-
ciency in locally produced food at a competitive price. Unmeasured expansion of 
solar and wind farms on farmer-owned land can occur when large investment funds, 
state-owned companies, or entrepreneurs invest in it. In this case, it is necessary to 
ensure that it will be possible to engage in animal husbandry activities in these 
areas. However, growing grain in areas with abundant solar cells is no longer pos-
sible. In order to ensure the interests of decarbonization in agriculture and the 
strengthening of farms, it is necessary to establish clear conditions when solar 
energy can be developed industrially. This may involve the use of less productive or 
abandoned land from which it would be difficult to obtain a competitive eco-
nomic result.
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There are constraints to achieving a positive effect from farm activities. Often 
these are financial or economic in nature. There are a limited number of farms that 
can develop energy activities on their own. In other cases, financial or administra-
tive resources may not be sufficient. However, project management has a major 
impact in all cases, regardless of the size of the farm. The main challenges for the 
deployment of renewable energy systems on farms relate to the integration of such 
systems into the farm structure. Synchronization of production and consumption 
processes is essential for the use of energy produced on the farm [95]. This will 
entail additional costs for farmers. There may also be infrastructure barriers. Since 
the development of renewable energy involves partial decentralization of the grid, 
ensuring smart grid management may pose challenges, at least in the short term 
[96]. Institutional and social interactions to involve local communities and farmers 
are important here [97]. In an effort to reduce farmers’ skepticism about energy sec-
tor development, the involvement and encouragement of the government and 
municipalities will shape a substantial impact. Financial support does not constitute 
a major influence, but rather administrative assistance in obtaining permits and pre-
paring business plans [98]. When introducing new technologies in the agriculture 
sector, it makes sense to target those on lower incomes. This is being done in devel-
oping countries to reduce regional exclusion. It would make sense to apply this 
model to the rest of the world [99]. In general, the absence of a long-term and clear 
policy on the deployment of RES deprives countries of the opportunity to achieve 
competitive advantage. It is not enough to develop infrastructure, but to balance 
consumption, to have a clear roadmap for development and to promote regional 
initiative [100]. Farmers can make a significant contribution to a country’s energy 
goals, but it is necessary to have a clear framework for how this initiative will be 
developed.

Figure 4.4 presents a typical energy development framework of medium and 
large farm units. It can also be applied to small farm cooperatives. The model 
emphasizes the energy products created and the possibilities of cooperation with 
external entities. It is necessary to emphasize the fact that in order to avoid the use 
of food waste, cooperation between farmers and local communities is necessary. 
The latter can supply biogas reactors with food waste from schools, public catering 
facilities, etc. This would make it possible to comprehensively solve the problems 
of managing both food waste and organic waste generated on farms [101]. The 
directions of energy consumption are chosen considering the activities that can be 
developed in the farms and their energy needs. A particularly important factor is the 
possibility of using the heat generated in biogas reactors for grain drying. This is 
still a rarely used solution, but it allows to immediately replace diesel fuel or coal, 
which is usually used for such cases [102]. If the biogas power plant is built closer 
to the source of heat consumption, it can be realized on the market. The scheme also 
assesses potential synergies between different types of renewable energy, thereby 
complementing the farm’s energy system. The main principle of drawing up the 
scheme is profitability. The aim is for farmers to use technologies that have real 
payback. The impact on the environment is also assessed—minimal interventions, 
essentially without changing the relief and landscape of the area. Primary 
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Fig. 4.4  A framework for mitigating the consequences of the agricultural sector’s contribution to 
energy sector change

preference is given to energy consumption inside the farm, selling excess energy. If 
there is no such possibility, biomethane production on the farm and its delivery to 
centralized biomethane injection points are evaluated. On the right side of the pic-
ture, the activity of using the obtained organic fuel is marked. They directly reduce 
the need for fossil fuels both in the farms and in the market.

The model is based on the use of synergy. They are formed both in energy pro-
duction and in energy consumption goals. The greatest areas of synergy are related 
to electricity production. If a farm has, say, solar and biogas capacity, it can have 
balanced energy production. During the day, solar energy can be used, while at 
night or during cold weather, the electricity produced in the biogas reactor would be 
used in time. The farm manages the main resources needed for energy—land (solar 
and wind energy), as well as biological waste (biogas power plant). Conditions for 
cooperation emerge from both sides. In the case of waste utilization, it can be deliv-
ered to the biogas reactor not only by the farmer or members of the cooperative, but 
also by local communities. In the case of land, agriculture can develop power plants 
independently or accept business partners. According to this scheme, the benefits of 
biogas development for the farm are the greatest. By consistently investing in biogas 
extraction and utilization capacities, the farm will not only be able to develop decar-
bonized activities but also become more financially stable. The model assesses the 
situation when the surplus energy produced on the farm can be sold on the market, 
thereby generating additional income.

Soon, it will be necessary to evaluate not only the decarbonization of farms in 
terms of energy resources, but also the reduction of pollution in daily farm pro-
cesses. It will be possible to achieve this by creating fodder, the digestion of which 
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emits less pollution, by improving no-till technologies, but the most important fac-
tor is the reduction of the use of mineral fertilizers and chemical products. In the 
latter case, products of biological origin are already distributed on the market, which 
can replace some chemical products. They are associated with better absorption of 
minerals from the soil. Meanwhile, in the case of fertilizers, the substances formed 
in biogas plants will have a significant influence. These aspects also have synergy 
with the daily activities of the farm. This allows us to say that farming activities in 
the future will have particularly serious challenges in the decarbonization process, 
since all the main elements of farm activities are in one way or another related to 
pollution. This leads to the need to invest in technologies suitable for farms, as fail-
ure to do so may lead to the risk of the agricultural sector becoming one of the most 
polluting sectors in the long run. This requires the concentration of the state, private 
business, technology developers, venture capital funds, and, of course, farmers. The 
slow development of new technologies increases the payback period of investments 
and may make farms less competitive in the future. Moreover, external assistance is 
necessary because in the future advanced farms investing from their own funds may 
be outcompeted by farms located in continents other than Europe, North America, 
or Australia, which have more liberal pollution regimes and lower levels of control. 
These  challenges, if left unchecked, could mean even greater ecological, social, and 
economic problems both regionally and nationally.

The waste generated in the farms, available land areas, and consumption points 
opens opportunities to decarbonize this sector. Due to the lack of adapted technol-
ogy, suitable for the agricultural sector, decarbonization may be slower than in other 
sectors. However, agriculture can contribute to a positive breakthrough in the energy 
sector by realizing surplus energy produced on farms. In order to achieve positive 
results, it is necessary to enable farms, especially medium-sized ones, to engage in 
this activity—to give priority when connecting to networks and to encourage recy-
cling of community waste.
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Chapter 5
Modeling of the Energy Transformation 
Process

5.1 � The Main Risks of Energy Transformation

The main challenges of energy transformation are related to the development of the 
grid. Unlike the development of power generation plants, grid infrastructure is often 
the responsibility of public entities. This creates a risk that grid development proj-
ects will not be implemented in a timely manner and with greater financial resources. 
Without adequate grid capacity, the development of renewable energy may stall. 
Today, there is a lack of methodological solutions to assess the impact of grid devel-
opment on the success of decarbonization. Often, only investments in generation are 
assessed, taking the grid situation for granted from an investment perspective. 
However, investments in networks raise several issues. They include capital costs, 
insufficient funding mechanisms, and construction and maintenance market devel-
opment barriers [1]. In terms of the regional dimension, several solutions are pos-
sible in relation to the use of networks. These can be expressed through a temporal 
prism. The main groups of network development decisions are as follows:

•	 Structural solutions such as reinforcement of the grid by adding new equipment
•	 Operational solutions such as adequate operator preparation and material verifi-

cation to allow a successful implementation of real time reactions [2]

In this case, it is proposed that the alternative of developing decentralized net-
works be rejected, as this could create regional imbalances. New, secure and inte-
grated energy systems should be developed underground to protect them from 
changes in weather conditions and internal or external interventions.

The need to balance the network will also pose challenges. Unstable renewable 
energy production will lead to increasingly large production spikes. Analogue solu-
tions are needed to smooth them out. This is also a major investment target. Large-
scale, cost-effective balancing technologies have not yet been developed [3–5]. 
Hydrogen production and battery farms are still in the development phase. Different 
solutions are being used to address this situation. One of them is hybrid technology, 
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combining different energy production solutions. In one case, a study carried out by 
researchers has shown that two elements are necessary for the successful develop-
ment of hybrid technologies: public support in the form of building permits and 
community mobilization to implement them [6]. The compatibility of different 
energy generation technologies is at the heart of this solution. Factors to be consid-
ered include what to do in the event of insufficient solar and wind generation [7]. 
Households that are actively installing solar capacity can assist here. They could 
contribute to balancing the energy system by installing energy storage systems. The 
use of the latest algorithmic technologies is particularly favorable for balancing 
activities. They are able to adapt to changes in electricity prices and demand, thus 
balancing the energy system in a way that works for everyone. The algorithm facili-
tates fast consumption of renewable resources and offers a way to fair trade [8]. This 
combines both physical infrastructure and programming algorithms. This will 
achieve the desired results and make more efficient use of the energy produced in 
households. At the same time, it will at least partially resolve the imbalances in the 
balancing market that exist today. In the past, balancing technologies were based on 
biomass energy and cogeneration. Biomass is virtually the only suitable resource 
that can be used continuously for balancing the energy system. The main prerequi-
site is a large source of heat consumption. Electricity is needed for the primary 
process—to charge the core unit to high temperatures when electricity is cheap. The 
cheapest period for electricity is nighttime or weekends. Meanwhile, heat is either 
stored or put on the market [9]. It is precisely the gaps in the balancing system that 
are the main argument for refusing to develop renewable energy capacity. In order 
to reduce the importance of balancing, it is necessary to change the way energy is 
consumed, adapting it to the dynamics of production.

In developing countries, there is another risk component—political risk. This 
relates to inappropriate lobbying by incumbent businesses trying to defend their 
positions. This can lead to a situation where a renewable energy investment project 
in the development phase may be abandoned for subjective reasons. Renewable 
energy projects may be delayed or canceled due to lack of legal framework, lack of 
specialists, and lack of competence [10]. Political risk is probably the main insur-
ance risk in the renewable energy sector in developing countries. Particularly in 
highly unstable developing countries, there is a risk of nationalization of new power 
plants, as the energy sector is often considered strategically important. Political risk 
is also frequently mentioned as a major or one of the main risks in the work of other 
researchers. Egli [11] identifies the following key risks associated with the develop-
ment of renewable energy technologies: curtailment, policy, price, resource, and 
technology. Another study highlights the need for political stability for green invest-
ments [12]. High levels of political risk can hinder economic growth even when 
renewable energy investments are allowed. This is because investments in such 
cases are selectively chosen without considering economic and social fundamentals 
[13]. In this case, the narrow interest of a particular interest group may be relevant. 
This is not conducive to improvement and sustainable growth, and in some cases, it 
can even lead to regressive actions. This may be the case if the state engages in 
excessive subsidies.
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In the case of this paper, where the regional structure is concerned, the position 
taken by the State is a major influence. If the state engages in incentive policies, this 
loosens national legislation. This makes it easier for regions to attract investors in 
the renewable energy sector or to invest themselves through the utilities they man-
age. In the absence of a national policy to promote renewable energy, proactive 
regions can engage in these activities and thus broaden the range of revenues. The 
absence of a state approach does not affect the actions of municipalities when it 
comes to increasing energy efficiency, making better use of biowaste, generating 
their own electricity, etc. Thus, in this case, a large part of the development process 
depends on the initiative shown by the region.

5.2 � Solutions to Promote Energy Transformation

Current energy transformation initiatives are rather one-sided. There are currently 
three main actors in the energy transition: the state, energy companies, and invest-
ment funds. It is these actors that are responsible for progress in the energy sector. 
However, it can be argued that the development by these actors is selective, with a 
high degree of cherry-picking of investment projects, targeting only a few of the 
most productive areas. This situation calls for comprehensive solutions to promote 
a broader geographic breakthrough. It is the empowerment of the regions and the 
exploitation of the opportunities that exist in them that would create a breakthrough 
in the energy mix that would reach a wide range of people. The ways of promoting 
action are varied, but they have one common element: the broad involvement of 
stakeholders and the decentralization of electricity production.

One of the most productive opportunities for an energy breakthrough, especially 
among retail consumers, is the creation of energy communities. These communities 
could allow households to exchange energy, thus avoiding the energy price spikes 
of recent years. In many cases, communities bring households together, facilitating 
the balancing of the electricity they generate [14]. It is the balancing aspect that 
distinguishes partnerships from other energy generators. As energy is produced and 
exchanged by retail entities, they are essentially not involved in balancing activities 
[15]. Until battery technology is sufficiently developed, the State will have to come 
up with solutions to balance the energy produced by generating consumers. The 
scheme in Fig. 5.1 shows a community model where the generating consumers are 
accounted for in a single legal structure. This is a transparent model that allows a 
clear calculation of the benefits generated by the community for its members and 
the possibility of realizing surplus electricity on the market.

There are several challenges in developing energy communities in the regions. In 
addition to balancing the energy produced by such consumers, there are legal 
aspects. In particular, imperfections in the legal framework can hinder the rapid 
implementation of strategic alternatives. In archaic legal and energy systems, the 
status of generating consumers or energy communities is not yet fully understood 
on a broad scale [17]. It is the improvement of the legal framework that would pave 
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Fig. 5.1  The cooperative energy utility business model [16]

the way for new energy initiatives that strengthen regions and, more importantly, 
local communities [18]. Changes in the legal framework are needed to create the 
conditions for the development of a decentralized energy system, such as the pro-
motion of complementary renewable energy sources, the development of energy 
communities in urban areas, and the development of experimental sandboxes along-
side regional or national energy companies [14]. The identification of the legal 
aspects is inseparable from the overall national or regional renewable energy policy. 
With a proper project development policy, the legal aspects can be set up more 
smoothly and adequately. This reduces the likelihood that projects will be delayed 
or stalled due to gaps in the legal framework. In terms of the development of RE 
policy, five common criteria were identified to judge whether it is successful or not:

•	 Effectiveness (extent to which the objectives are met)
•	 Efficiency (innovation with decrease in costs)
•	 Equity (fair distribution of the rents between RE developer and government)
•	 Institutional feasibility (extent political support is provided to the policy)
•	 Replicability (extent to which the policy can be adopted in other countries [19]

Preventive action, linked to the right legislation, would provide a short-term 
breakthrough and lay the foundations for successful community building. It must be 
appreciated that the creation of communities in the regions would not create major 
grid congestion problems, as the energy intensity of regions is lower than that of 
cities. In addition, the dynamics of life in developed countries are leading to a 
decline in the regional population. This further frees up the networks, so that the 
development of energy communities allows for a better use of them.

The shift towards renewable energy must be coherent, measured, and not impact 
on established social life. Since the fundamental need for renewable energy solu-
tions is relatively recent, the process can be fully digitized now. This will ensure full 
accountability of stakeholders, traceability of fuels and components, and the ulti-
mate beneficiaries of new plants. Standardization of processes contributes 
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significantly both to the development of renewable energies and to the continuous 
monitoring of the sector [20–22]. The scheme in Fig. 5.2 clearly outlines the steps 
involved in the circular economic process in the energy sector. In the case of raw 
materials, it refers to biomass. Adequate traceability avoids situations where valu-
able wood suitable for industrial use is used for energy production [24]. However, 
the planning and policy component plays a key role in the scheme. It seeks to iden-
tify the social groups that will be most affected by renewable energy development. 
It is by working with them that significant savings in time and money can be made, 
which will be used to deploy solutions to the next generation.

Another development opportunity is to make better use of municipal enterprises 
for energy production. At present, it is still quite rare to see smaller regional cities 
operating electricity generation activities. However, with the price of renewable 
energy technologies on the rise, this situation may change. Initiatives are already 
being seen where a local utility is starting a new activity, electricity generation, 
which is then sold to municipally maintained institutions. This creates a clear eco-
nomic effect. The high labor intensity of renewable energy-related jobs stimulated 
by the robust market results in positive multipliers promoting increased demand and 
consumption [25]. It is the short-term solutions that are needed here, as some renew-
able energy projects (green hydrogen development, offshore wind, etc.) can only be 
implemented over a very long period. Efficiency projects that reduce energy con-
sumption and make use of the region’s existing resources would help to achieve the 
short-term energy transition objectives. It is the empowerment of public utilities that 
would create positive effects and speed up the implementation of regional projects 
[26]. In the case of new or green energies, regional influence in their production or 
extraction is inevitable. The location of the grids creates a situation where non-
urbanized regions are used as interconnection points for important electricity trans-
mission networks. It is at these points that new hydrogen generation capacity can 
emerge. In general, the development of green energy scenarios has consistently 
emphasized several types of energy products—power-to-X (PtX) technologies, in 

Fig. 5.2  Renewable energy transition ways and policy mechanisms [23]
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particular, power-to-heat and power-to-hydrogen. Where direct hydrogen cannot yet 
be used, it can be further converted to synthetic electricity-based fuels (e-fuels) as 
chemically bound RE, such as e-methane, Fischer-Tropsch fuels, e-ammonia, and 
e-methanol [27]. The development of these technologies needs to be adapted to 
regional contexts. Energy produced in the regions can be used not only for export 
but also to meet local needs. This is particularly true in the transport and agricultural 
sectors, which currently lack alternatives to fossil fuels. Regional energy systems 
will face a number of challenges in expanding renewable energy capacity. Preventing 
them would help to achieve the objectives of sustainable energy development [28, 
29]. Significant challenges are the accurate output power prediction, voltage, fre-
quency, angular stabilities, injection of harmonics, and system fault ride-through 
capability [29]. These challenges, which are technical in nature, can be addressed 
not only through additional investment in electricity-balancing solutions. Complex 
alternatives can be deployed to take better advantage of energy market develop-
ments in the short term. Intelligent grid applications such as demand-side integra-
tion and energy storage systems could alleviate voltage fluctuations with minimum 
grid support [30]. The example of India is particularly relevant here. The country is 
implementing an increasing number of renewable energy projects to reduce its use 
of fossil fuels. Due to the specific nature of the country, regions are home to large 
populations. In order to improve their quality of life, incentives are being created to 
encourage the creation of new businesses. At the same time, however, there is 
another problem: unstable energy supply. Regional energy development would help 
to solve both employment and electricity supply problems. India has ample, 
untapped RE resources which include the following:

•	 The vast land area has the potential for solar energy generation. Moreover, solar 
exposure is also high in most of the areas of India.

•	 There are many zones and areas where wind velocities are high, which can lead 
to a significant amount of wind energy generation by both offshore and land-
based wind farms.

•	 The decent amount of yearly biomass production.
•	 Numerous rivers and waterways capable of a small hydro generation [31].

This example can be applied in a similar way to regions in developed countries, 
partially excluding hydropower development. The latter technology has certain 
negative environmental impacts due to landscape change. At the same time, how-
ever, there is another ethical dilemma. The further development of nuclear energy is 
not ruled out in order to solve the problems of balancing the energy system [32, 33]. 
While some countries have already moved away from nuclear power (most notably 
Germany), there is still a lack of progress in moving away from fossil fuels. Future 
projections show two alternatives, with or without nuclear power. Energy transitions 
also emphasize the use of water and land resources, which must overcome the social 
context [34]. As long as there are no clear balancing solutions, the prospect of 
nuclear power can continue to be developed. At the moment, concepts for low-
power nuclear reactors are being developed at a theoretical level, but this does not 
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eliminate the fundamental problem of storing spent fuel and dismantling the plant. 
In the event of an accident, entire regions will be uninhabitable.

The speed of transformation can be achieved through technology and by balanc-
ing the production and consumption sides. In the context of the Fourth Industrial 
Revolution (4IR), the transformation of the energy sector is one of the most impor-
tant components. In order to optimize production costs and increase production 
volumes, a stable and cheap energy supply will play a crucial role. Existing studies 
confirm the potential of 4IR in the regions [35,36]. However, there is still a lack of 
solutions that fit the regions. By properly adapting currently available energy tech-
nologies and combining them with balancing opportunities, significant energy, eco-
nomic, and social results can be achieved. The previous analysis shows that the 
impacts of 4IR technologies could be just as important in rural areas as in urban 
places [37]. Adapting technological and digital solutions and tailoring them to 
regions can significantly accelerate and cheapen the energy transformation process. 
In addition, the latest technologies could significantly strengthen the energy sector, 
which is currently particularly dependent on outdated management solutions and 
intermittent grid operation.

The study systematically presents the main gaps that prevented the catalysis of 
renewable energy development in the short term. The current pace of renewable 
energy development is insufficient both in terms of investment and mass. This study 
proposes to catalyze the energy transformation through actions that promote the 
development of new energy activities in the regions. This would solve the problems 
mentioned in the work of other scientists, while creating obvious economic benefits. 
The main problem identified during the analysis of scientific literature is how to 
encourage regions to carry out energy activities more widely and in which direc-
tions to do so.

The research shows that a responsible selection of indicators and their processing 
methods can help to identify areas that need special attention in energy transforma-
tion. The information obtained showed that there are municipalities that need to 
initiate energy transformation activities immediately. On the positive side, they will 
be able to do most of the activities without external investment. The main actions 
relate to the efficiency of processes and assets within the municipality.

Other studies have shown different solutions for energy transformation pro-
cesses. However, previous studies have tended to focus more on the issues at stake 
but have not offered clear solutions to accelerate the transformation of the energy 
system. While the influence of regions on the transformation is discussed, it is not 
seen as a fundamental opportunity for the whole country. In one case, it is stated that 
the development of regional economies through energy transformation activities 
faces both administrative and financial challenges. First, there is a lack of compe-
tence to properly implement conversion processes in line with the project’s pro-
jected budget. The complexity of the processes leads to risks related to project 
delays and inadequate implementation [38]. However, there is no mention in this 
case of what needs to be done differently to change the situation. Second, it is 
acknowledged that this type of project requires significant financial resources. Due 
to the lack of knowledge, debt options are the first to be sought. However, the issue 
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of converting the existing asset structure is marginalized [39]. An objective review 
of existing assets and identifying idle assets would reduce the pressure on regional 
and national budgets, while securing initial funding for projects. Recruitment of 
competent professionals and better cooperation between science and business can 
help to address these issues. It has been suggested that private providers will benefit 
from targeted research inputs to strengthen knowledge gaps [40]. However, there is 
a lack of quantitative justification.

The scientific literature also suggests other ways of working together to acceler-
ate the energy transformation. In one case, cooperation can be between companies 
developing renewable energy solutions. This type of collaboration is catalyzed by 
innovative companies that have a particular interest in renewable energy develop-
ment [41]. Similar patterns of cooperation can prevail when it comes to cooperation 
between large and SME companies. The particular benefits of joint actions are seen 
if SME companies can offer innovative and significant solutions to increase the 
level of RES deployment [42]. In both cases, there is a lack of concrete assessments 
on how to realize these plans—no clear time horizon, investment orientations, and 
benefit assessment. Cross-border cooperation is another option often considered. 
Bringing together administrative, scientific, and legal potential can deliver signifi-
cant results. Renewable energy development is no exception, with clear technologi-
cal cooperation between the US, the EU, and China for many years [43]. These 
forms of cooperation can also affect regional prosperity to varying degrees. But it is 
not clear whether this will be the case, as further scientific and practical evaluations 
have not been carried out. It is generally agreed that opportunities for cooperation 
are particularly necessary for publicly owned enterprises run by municipalities. 
Academics can bring a new technological vision and business professionals, or 
industry representatives can become independent members of company boards. 
This form of cooperation would help to bring about the necessary changes more 
quickly. However, in the absence of a clear roadmap, these plans risk remaining 
theoretical insights.

The synergy component is also assessed by comparing the results obtained dur-
ing the preparation of the paper with those of other studies. Exploiting synergies 
creates a situation where regional energy activities are directly linked to wider 
regional development. In both developed and developing countries, there is signifi-
cant urbanization. This is mainly due to the fact that a large proportion of jobs are 
concentrated in the service sector in urban areas. The restructuring of the energy 
system and the decentralization of production will inevitably lead to an increase in 
regional activity. However, the challenge is how to carry out these structural trans-
formations based on sustainable development principles [44]. The scale of this chal-
lenge is particularly evident in regions dependent on coal resources. The coal mining 
sector employs a large number of workers. As the energy system changes, the 
knowledge conversion of these workers is essential [45]. In some cases, this does 
not happen smoothly, so some social problems are possible in the tactical period. To 
mitigate these, coherent and long-term planning is needed to reduce coal extraction 
and to change the competencies of the workforce in parallel. This paper proposes 
clear solutions to address these issues and the challenges they pose.
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The energy transformation model cannot be achieved without first improving the 
efficiency of energy consumption and production. This must be done in parallel 
with other transformation activities, as this will allow the greening of the energy 
system to be achieved faster. Efficiency touches all areas, both production and con-
sumption activities. It is from efficiency plans that it becomes possible to see where 
investments are needed, how much investment is needed, and which capacities or 
assets are not being used properly. With the efficiency roadmap in place, it is then 
on to the real transformation actions.

The transformation of municipal companies is at the heart of the transformation 
efforts. Previous studies have highlighted the transformation axes—the use of exist-
ing resources in the region, synergies between municipal companies, and the pro-
duction of energy from local renewable resources. Biological and municipal waste 
is a major influence, with the scale of its generation being directly proportional to 
the amount of energy produced. The model assumes that municipal enterprises will 
not be able to use all waste. This is particularly true for biowaste, as centralized 
logistics may not be cost-effective and sustainable. Farmers with their own biogas 
reactors could help to address this situation. This would have an impact on one of 
the most polluting business sectors. Biowaste from local communities is mixed with 
waste from livestock and crop farms. Municipal enterprises are unique in that they 
can not only produce energy but also consume it. Energy produced in biogas reac-
tors can fuel city buses, while solar modules installed at water points generate elec-
tricity for public institutions. These synergies open huge potential for the qualitative 
development of municipal enterprises.

Energy communities are being promoted to empower not only businesses but 
also citizens. Several families or other entities could produce and use electricity 
cooperatively. In this case, synergies with farmers can be seen, with small farms 
becoming members of such energy communities.

Asset managers can contribute to energy transformation in two ways. In one 
case, they can develop solar panels on the roofs of existing buildings or on unused 
land. In the other case, they can harness surplus electricity, which can be used to 
charge cars using special equipment. This would make better use of existing 
resources, as the car charging facility would not need to increase its electrical capac-
ity. Instead, the existing power input would be used during the off-hours at the site.

All these cross-cutting measures allow for the development of a comprehensive 
energy transformation model with a regional focus (Fig. 5.3). The model is based on 
the development of localized energy systems that will allow decentralized energy 
production. This will ensure security of supply, as energy production will be carried 
out by reducing the influence of centralized production. This situation will increase 
the resources available for the security of energy transmission and distribution sys-
tems. The regional energy transformation will have the most significant impact on 
the electricity, heating, and cooling sectors. In addition, there will be an opportunity 
to develop green transport through the treatment of highly polluting organic waste. 
The diagram in Fig. 1.1 suggests that the large-scale development of the energy sec-
tor within the regions will create the conditions for the emergence of new busi-
nesses, improvement of environmental quality, and energy self-sufficiency.
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Fig. 5.3  Energy transformation modeling at municipal level

The models and assessments presented in this paper can be used immediately as 
they are universal. They can be applied to a region or part of a region, depending on 
its size. The concepts presented in the paper are valuable because of the compatibil-
ity between theoretical and practical aspects, as well as the assessment of synergy 
effects. The material presented allows to fill the gaps in the scientific field concern-
ing short-term energy transformation solutions. The proposal to exploit synergies 
saves both financial and time resources, while generating positive environmental 
and economic impacts.
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