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Abstract: The energy transition from inefficient fossil-based to sustainable energy systems can face
various lock-ins. There are no pathways that are free of stress. However, many routes are possible.
A good understanding of the dynamic behavior of systems is crucial, and proper support tools are
needed to assess the outcomes of every selected pathway. This study aims to develop an Internet-
based interface tool for the national energy simulation model as a tool for a “hybrid forum”; study
energy transition lock-ins in one of the Eastern European countries; and apply the interface tool to
study different pathways to Latvia’s climate and energy goals. System dynamics are used to reach
the goals of the study. A causal loop diagram is applied to study feedback loops and lock-ins, a
stock-and-flow structure is used to build a simulation model, and a user interface tool is built on
top of it. The results show that the developed interface tool is user-friendly and can be used as a
discussion platform. The results from the case study reveal how the soft power of Russia can lock in
the energy transition in Eastern European countries by creating policy choices with additive effects
and what pathways towards energy transition can be used to lock-out.

Keywords: energy transition; simulation model; system dynamics; model interface; energy efficiency;
renewable energy sources

1. Introduction

“Policy choices with addictive effects are insidious because they look good in the short term,
but once chosen they are very difficult to reverse” (D. Meadows).

The European Green Deal has set ambitious goals to tackle climate change [1]. The
energy sector constitutes 53.5% of the total greenhouse gas emissions in the EU [2]. The
energy transition is a key in driving progress towards climate-neutral and sustainable
energy systems. EU energy policy includes the Directive on Energy Efficiency [3], Directive
on the Promotion of Use of Energy from Renewable Sources [4], Directive on Energy
Performance of Buildings [5] as part of Clean Energy for All Europeans Package [6].

The energy sector is complex, deeply embedded in societal structures, and involves
many stakeholders interacting in different feedback structures with nonlinear relations [7,8].
However, the human mind is not adapted to understand how social systems behave.
Consequently, when faced with complex systems, people make wrong decisions, and many
policy programs cause the reverse effect of desired results, for example, dramatic policy
failure of the UK Green Deal for energy efficiency [9], or unintended effects from using
natural gas as a bridge from coal to the renewable energy sources [10]. In that case, policies
only solve problems in the short term since a self-regulating system is at work. Although
people like to blame outside forces for creating problems, an analysis shows that problems
are caused by internal policies [11]. The impact of reinforcing feedback loops, such as
accumulation of knowledge [12], network effects [13], economies of scale [14], adaptive
expectations [15], the rebound effect [16], crowding out effect [17], and others [18] have been
observed before societal lock-ins of unsustainable behaviors [19]. The undesirable effects
of policies can grow the frustration of society with actors that attempt to manage societal
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systems. However, there are no modes of behavior that are free of pressures and stresses.
Many modes of behavior are possible, and some are more desirable than others, and a
good understanding of the dynamic behavior of systems is crucial to finding sustainable
behaviors in social systems [11]. Stakeholders may face policy resistance when the system
defeats the policies that have been designed to improve it [20,21]. Policy resistance arises
from feedback loops pushing systems back towards their initial condition, and system
dynamics is an approach that supports understanding and overcoming policy resistance by
studying the underlying feedback loops [15,22].

Energy transition, like any other transition, is challenging, and it is vital to understand
the underlying structures that drive the behavior of transitions [23]. For example, in the
Netherlands, where the transition thinking is the foundation for energy policies, results
did not meet expectations [24], and the identified balancing feedback loops explain the
policy resistance that plagues the Dutch energy transition [25]. However, key aspects
of energy systems are poorly understood by most people [26]. Policymakers often view
different policy instruments from a cost-benefit perspective. Although barriers related
to market failures are most studied, economic and regulatory instruments alone cannot
reduce the barriers [27]. Policy tools have to address all barriers to reduce efforts of
decision making [28-30]. It is essential to identify and assess the factors reinforcing or
hindering the effectiveness of the interaction between various policy tools and mitigate
side effects [25,31,32].

The design of national energy transition from fossil-based low energy efficiency en-
ergy system towards renewable and sustainable energy needs energy system analysis
models able to model complex multi-loop nonlinear feedback systems. The role of energy
system modeling in the transition away from fossil fuels in democratic societies is cru-
cial [33]. Although social-behavioral modeling is challenged by uncertainties caused by
the imperfect insights into complex adaptive systems, modeling can help plan, operate,
and adapt in complex systems [34]. Various national energy models have been developed
and applied, including optimization models, such as Homer [35], TIMES [36], and Bal-
moral [37], and simulation models, such as EnergyPLAN [38] and EnergyPRO [39]. These
two archetypical national energy models have different implications for politics, planning,
and rationality [33].

The typical optimization model relies on the neoclassical economic theory and searches
for the optimal solution for a given country as the optimal balance of economic costs and
benefits or the least costly way of reaching a specific goal. Simulation models are rooted in
institutional economics and are used to analyze and compare different scenarios in relation
to various key parameters. Simulation models provide several alternative routes and end
states that do not have similar strengths and weaknesses. The detailed description of
the current energy system in optimization models is essential, while it is less critical for
simulation models because more detailed future options are the key issue. Optimization
models help backcast (a future goal is defined, and the various pathways to reach it need
to be identified), and simulation models are helpful for both backcasting and forecasting
(an overview of future implications of different policy choices).

Energy transition accounts for political decision making between different develop-
mental paths that are based on hard choices. This calls for creating the “hybrid forum”
for the democratic process during public debates on techno-scientific issues [40]. The
authors of [33] illustrate with examples from the Danish energy policy development that
optimization modeling turns the role of politics into the administration of the implemen-
tation of optimal scenarios. In contrast, simulation models and scenarios provide space
for democratic political decision making by involving many stakeholders. The authors
of [25] use an energy transition study to show that in the transition studies, simulation
models provide a middle ground between the multi-level perspective and the transition
management approach by explaining the structure of the system and mapping the structure
of the system responsible for energy policy resistance, which enables the identification of
high leverage points for the transition process.
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Interactive models help reduce cognitive challenges created by the dynamic behavior
of complex systems. They also allow studying various policy scenarios cost and risk-
free [41,42]. However, most optimization tools do not provide user-friendly interfaces and
can be used only by professional modelers, limiting their accessibility to diverse users.
A user-friendly interface is a crucial feature for the simulation tools that can serve as the
platform for stakeholders during policy building discussions. It enables stakeholders to
build energy transition pathways interactively by receiving immediate feedback on the
effects of selected policies. The Climate Action Simulation uses this approach. It is an
interactive simulation-based role-play designed to educate participants about the transition
to a low carbon economy and is based on the interactive computer model En-ROADS [26].
Simulations of this sort are powerful educational tools since they foster deep learning
and motivate action by simultaneously accessing analytic, affective, and social learning
pathways [26].

This study will address two research questions, analyzing and assessing the past and
future policies:

e How can the simulation model be used as a “hybrid forum” by decision-makers and
other stakeholders in the democratic decision-making process, and how would it
facilitate a more integrated policy mix to promote the development and take-up of the
energy transition?

e How do different lock-in mechanisms of the socio-technical regime in the energy
system influence transition pathways to the sustainable energy system in Eastern Eu-
ropean countries? How have policies previously interacted to create drivers or barriers
for the energy transition? How would the simulation model and its interface facilitate
the promotion of a more integrated policy mix to the take-up of the energy transition?

This study has three main objectives: (1) develop a user-friendly free access Internet-
based interface tool for the national energy simulation model as a tool for a “hybrid forum”
for the policymakers and other stakeholders to analyze and discuss different pathways
towards climate-neutral energy system, (2) study energy transition lock-ins and policy
resistance on the way to climate and energy goals in one of the Eastern Europe country,
and (3) apply simulation model and its interface to study different pathways to Latvia’s
climate and energy goals.

The paper starts with an introduction, followed by a description of the methodology,
a presentation of results, and discussions.

2. Materials and Methods

The national energy system is highly complex and dynamic; hence system dynamics
is used to study underlying feedback mechanisms and nonlinearities. System dynamics is
a mathematical modeling approach pioneered by Jay Forrester at MIT. In system dynamics,
models are not obtained statistically from time-series data but are exposing underlying
system structure and the policies that guide decisions. Every decision is made within the
feedback loop. The decision controls actions that alter the system levels, which influence
the decisions. A decision process can be part of more than one feedback loop. System
dynamics models do not depend on a shortage of information and data, which is one of the
major drawbacks of other approaches since available information about system structure
and decision-making policies is sufficient [11]. By identifying the feedback loops, causal
loop diagrams uncover the source of policy resistance [43] and support identifying high
leverage points within those feedback loops [11]. System dynamics models are simulation
models. However, they may identify optimal solutions, but this is not their primary
purpose or strength.

Four important aspects are considered when system dynamics are applied to modeling
energy transitions, including information feedback loops affecting demand and investment
decisions; regulations and policy implications; awareness of society; material and informa-
tion delays; co-development and mutual interaction of material and non-material stocks;
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and non-linear causal relations governed by reinforcing and balancing forces, which are
characteristic for technology disruptions in socio-technical systems [44].

The study applies a stepwise methodology. First, previously developed supply-side
models [44—47] and demand-side sectoral models [48-51] are joined in one aggregated
model. The model is validated during the second step by a set of validation tests and histor-
ical data. In the third step, an Internet-based interface for policymakers and stakeholders is
developed and tested. In the final step, analysis of lock-ins and policy resistance of national
energy transition of the case study of Latvia is carried out, and the policies to assess various
scenarios are developed.

2.1. Causal Loop Diagrams

Figure 1 illustrates the broad system’s main feedback structure that helps capture the
causes of dynamics and governs the national energy transition process dynamics.

investments

technology A
energy consumers with
low energy efficiency ,
depreciation +
technologyA @ caphcity
echnology A
+ +

" energy efﬁclent lotal
energy eiﬂclency energy consumers total energy total deprecnatlon

implementation demand ¢ new capacity
rate *
4 y capacity
5 depreciation lechnology B
technology B
net beneﬁts
)
uncenainly
costs
investments
y technology B

awareness

Figure 1. Broad causal loop diagram for the energy system. (R- reinforcing loops; B-balancing loops;

‘

+’ is positive feedback link; ’-" is negative feedback link).

Two energy supply technologies (A and B) are used to illustrate the general feedback
structure of the energy supply sector. Both technologies compete via reinforcing loops R1
and R2: the higher capacity of one technology, the lower capacity of the other technology.
Each reinforcing loop represents how the share of the technology increases (determined
by the investment, operation, and inconvenience costs) the investment and further the
technology’s capacity. The higher the share in one of the technologies, the less it is in
the other technology. Balancing loops Bl and B2 reduce the installed capacity of each
of the technologies. When the capacity has depreciated and is decommissioned, it is
allocated to the new installed capacity. The behavior of the energy supply-side system
is determined by the interactions between investment and depreciation flows and the
capacity stock. We have built multiple investments and depreciation structures for different
energy supply technologies in the stock-and-flow structure of the model (hydro energy,
natural gas, biomass, biogas, solar PV, heat pumps). The share of each technology is
allocated via the logit function [52]. The model structure also includes the learning effects
of RES technologies.

The second parameter that determines the installed capacity of energy supply capacity
is energy demand. The higher the demand, the higher the installed capacity of energy-
producing technologies. Energy consumption of consumers with high and low energy
efficiency drives total energy demand. The energy efficiency diffusion rate governs the
diffusion process of energy efficiency improvements. The main driver of this process in
demand-side sectors is the individual decisions of energy consumers to implement energy
efficiency projects. Traditionally, behavior studies related to energy efficiency are grounded
in rational choice models assuming that humans are rational agents and decide based on
costs and benefits. However, rational choice models often cannot fully explain the behavior,
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and other theories and models are applied to describe wider dimensions such as attitudes,
beliefs, morals, habits, lifestyles, and social context. This study is based on the attitude—
behavior-context model developed by Stern and Oskamp [53], accounting for motivations,
attitudes and values, contextual or situational factors, social influences, personal capabil-
ities, and habits. It is capable of describing and predicting pro-environmental consumer
behavior. It is rooted in Kurt Lewin’s “field theory” [54], which examines patterns of
interaction between an individual and the total field or environment. Lewin’s “field theory”
states that behavior is a function of a person and the environment. This approach suggests
that a sophisticated policy approach is needed and should include different incentive struc-
tures, facilitating conditions and situational factors, institutional context, social and cultural
context, business practices and their impact, helping communities to help themselves, its
own environmental and social performance. There are many different internal and external
barriers to the implementation of energy efficiency measures.

The causal loop of the energy demand side has three reinforcing loops R4 to R7
and one balancing loop B3. The most critical parameter in these loops is the energy
efficiency implementation rate. The energy consumers with low energy efficiency and
consumers with high energy efficiency are the main stocks. The rate of energy efficiency
implementation increases the number of consumers with high energy efficiency at a certain
rate that depends on awareness, net benefits, and uncertainty costs. The net benefits are
calculated as financial benefits from the implementation of energy efficiency measures.
However, the rate is slow even if financial benefits are obvious. The reason is barriers that
discourage energy efficiency measures, and uncertainty costs represent these barriers in
monetary terms.

People are made aware of the importance of energy efficiency in the awareness-raising
process (reinforcing loop R7). At first, this process can be encouraged with information
campaigns, but at later stages, this loop becomes the word-of-mouth effect that increases
the number of potential projects. The potential projects create demand and have an impact
on net benefits. The higher number of efficient energy consumers, the higher the net
benefits (reinforcing loop R5) due to increased energy savings and reduced investment
costs. The costs are lowered due to the economies of scale, accumulation of experience, and
the entrance of new companies into the market if other factors remain the same. The model
also considers the time required for materials and technology suppliers to build up capacity.
If the costs are high due to external factors, market distortion, or insufficient supply, the net
benefits decrease, and thus, the energy efficiency measures’ implementation rate. When
the costs decrease, demand for energy efficiency projects increases, reducing costs even
more. Since the time between the event and the moment when it has been perceived is
often relatively long, an information delay is included in the loop. This delay can last for
many years.

Increasing the number of consumers with high energy efficiency in reinforcing loop
R6 (uncertainty costs loop) decreases uncertainty costs. Similar to net benefits, uncertainty
costs are also perceived, processed, and acted upon, demanding time, thus creating an
information delay in the system. Decreasing uncertainty costs increase the rate of imple-
mentation of energy efficiency measures. The number of energy-efficient users increases
when the rate increases, although this occurs with a delay (material delay).

Balancing loop B3 slows down all three reinforcing loops with a delay. With an increase
in the number of energy-efficient consumers, the number of consumers with low energy
efficiency decreases. As a result, the rate of energy efficiency implementation decreases
because there are now fewer consumers that need energy efficiency measures. The number
of low energy efficiency consumers is affected by the overall number of energy consumers.
This loop comes into operation very late, only at the very end of the diffusion process.

2.2. Model Structure

In system dynamics, a stock-and-flow structure is used to simulate the behavior of
the studied system, and a causal mapping is employed to study the causes of dynamics
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of a complex system with feedbacks and nonlinearities. In this study, the previously built
separate system dynamics models of energy supply [44-47] and demand sectors [48-51] are
adopted and joined. The model is built in Stella Architect software. The aggregated level
model structure presented in Figure 2 consists of several modules, including the energy sup-
ply side, energy demand side, national climate goals, macroeconomics and population, and
policies. Each of the main modules has sub-modules. The energy supply-side module con-
tains large-scale electricity production, district heating, individual heating, and prosumers.
The demand side has sub-modules of the household, industrial, tertiary, transport, and
public sectors. The macroeconomics and population module include macroeconomics and
population sub-modules. The transport sector is another sub-module but is not included
in the scope of this study. The policies module includes different submodules related
to different sectors, such as financial policy tools (climate fund, taxes, financial support
programs, EU funding, penalty-reward scheme), normative (building energy efficiency
standards and norms), information campaigns for every energy demand and supply sector,
energy efficiency obligation scheme, mandatory energy audits and energy management
schemes, and support schemes for housing leaders. The stock-and-flow structure contains
1494 variables, 191 stocks, 426 flows, 877 converters, and 1146 equations.

National
climate goals

Energy
demand

Macroeconomics,
» O
population

Figure 2. Aggregated level structure of the model.

Stock-and-Flow Structure

The supply-side causal loop diagram is converted in the generic stock-and-flow struc-
ture used for two competing energy production technologies A and B, on the energy supply
side (Figure 3). This structure is described in more detail in [45].

Figure 4 presents the generic stock-and-flow structure of energy demand-side sectors.
This is a simplified structure of the energy efficiency diffusion process. In this structure,
two factors affect the energy efficiency implementation rate via the probability of invest-
ment in energy efficiency. The value of factor A type parameters changes via feedback link
from the stock of energy-efficient energy consumers, e.g., word of mouth reinforcing loop
R7, net benefit reinforcing loop R5 and partly reinforcing loop R6 (see Figure 1). The value
of factor B type parameters is determined exogenously outside the system. The structure is
described in more detail in [50].
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Figure 4. Generic stock-and-flow structure for energy demand sector.

The proposed policy tools aim to lockout existing dependence on fossil fuel and
energy dependence and provide a range of positive externalities by enhancing substitution,
mitigating uncertainties, and accelerating the natural rate of diffusion.

A range of policy instruments that could drive energy transition on the supply side
includes financial support to RES technologies, increased fossil fuel taxes, simplification of
procedures and awareness-raising activities to reduce information lock-ins.
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In the demand-side sectors, each sector is supplemented with various policy tools to
increase the diffusion rate of energy efficiency. In the industry and tertiary sector, legal
requirements on the mandatory energy audit or energy management system increase the im-
portance of energy efficiency to the management of companies. Sectoral awareness-raising
activities increase the involvement of energy manager, support of co-workers, knowledge
about energy efficiency measures, and additional costs and risks associated with energy
efficiency, reduce time and resources needed for the implementation of energy efficiency
measures and fear of failure, increase trust in consultants and energy efficiency suppli-
ers and competence. Financial support and reduced interest rates for energy efficiency
measures reduce payback time of energy efficiency measures and increase sufficiency of
financial means. Support to R&D increases the availability of energy efficiency technologies.

In the public sector, all municipalities are obliged to install energy management
systems, and a penalty is foreseen for not fulfilling the obligation. This will increase the
importance of energy efficiency for municipality management. It has to be strengthened
with awareness-raising activities that increase the involvement of energy manager, support
of co-workers, knowledge about energy efficiency measures, and additional costs and risks
associated with energy efficiency, reduce time and resources needed for the implementation
of energy efficiency measures and fear of failure, increase trust in consultants and energy
efficiency suppliers, and cooperation with other municipalities and competence. Financial
support for energy efficiency measures reduces the payback time of energy efficiency
measures and increases the sufficiency of financial means. Increased building standards on
building energy performance reduce the energy consumption of renovated buildings.

In the residential sector, the sustainable financial support program has to be estab-
lished, generating income from either a penalty-reward scheme (real estate tax related to
building energy performance), energy tax, or EU funds. It has to be strengthened with
awareness-raising activities to increase support from the maintenance companies, seeing
long-term benefits, assurance of benefits, positive attitude towards energy efficiency, and
trust in neighbors. The number of renovated buildings increases the knowledge of someone
who lives in renovated buildings. Increased building standards on building energy perfor-
mance reduce the energy consumption of renovated buildings. Support to R&D increases
the efficiency of renovation technologies. Support program to “champions” of renovation
projects in multi-family buildings increases the presence of a “champion” in the house.
For energy service companies, setting up the reinvestment fund and awareness-raising
activities are included in the model.

The energy efficiency obligation scheme is a horizontal policy tool for all sectors,
and the savings goal can be adjusted. The revision of the calculation of savings from
information activities defined in the Energy Efficiency Catalogue has to be carried out. A
transparent methodology for the calculation of energy savings obtained from tax increases
has to be developed.

2.3. Validation of the Model

System dynamics models are causal-descriptive or theory-like models where causality
in a structure matters. For this type of model, the validity of the internal structure of the
model is crucial, while proper output behavior is not sufficient for the validity. Furthermore,
the validation of the structure of a system is the central issue if causes of behavior have
to be explained and changes in the behavior are needed. The validation’s primary goal is
to build confidence that the model can generate the “right output behavior for the right
reasons” [55]. Validation tests are based on comparing model and empirical reality [56].

First, the model was filled in with data from Latvia’s s energy system. Input data
were obtained from different data sources [57-59]. Second, structural and behavior tests
of aggregated models were carried out to validate the model according to [55]. After that,
the model was validated with historical data [58,59] and compared with simulation results.
Figure 5 shows that the model generates similar behavior to real observed behavior. The
main reason for the difference in the model and historic data for natural gas and hydro
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energy is that hydro energy production is heavily based on weather conditions, and each
year weather conditions differ. Hydro energy production is based on average production
value over ten years; therefore, there are no distinct up and down values for model results.
Based on the fact that historic hydro energy ups and downs are smoothed in the model
because of the utilization of the average values, natural gas consumption is also smoothed.
However, the model does not consider the weather effect. Oscillations in the real-life
system happen because natural gas is the main alternative when hydro energy production
is low, while natural gas consumption is reduced when hydro energy production is high.
Although oscillations in the model do not happen, the average production trend over the
validation time period remains similar; therefore, it can be assumed that overall model
precision is sufficient even without modeling weather effects.
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° g 400
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Figure 5. Validation of simulation results with actual data for energy demand and supply sectors.

2.4. Interface for Policymakers

After the validation, a user-friendly free access Internet-based interface tool for the
policymakers and other interested stakeholders for the national energy simulation model
was developed. It can serve as a “hybrid forum” for stakeholders during policy building
discussions and enables stakeholders to build energy transition pathways interactively by
receiving immediate feedback on the effects of selected policies. It is also an educational
tool that can foster deep learning and motivate action by simultaneously accessing analytic,
affective, and social learning pathways.
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The interface is created in Stella Architect software solely by the authors of this study.
The software enables the creation and web-based deployment of system dynamics model
interfaces. The interface development emphasizes packaging rather than developing model-
based insights. It can have graphs and tables. Each policy instrument is connected to a
variable in the stock-and-flow structure of the model. The model provides immediate
feedback on how changes in any of the variables affect the total system.

The interface of the tool is available at https://exchange.iseesystems.com/public/
andra/national-energy-model/index.html (accessed on 20 December 2021.). The first
page of the tool illustrates total cumulative savings, RES share, total costs, and financial
support (Figure Al in Appendix A). The second page of the interface offers the possibility
to adjust input values for macroeconomics indicators (GDP, population) and energy prices
(Figure A2 in Appendix A).

The supply-side interface has one summary page and two pages for each supply-side
subsector (centralized electricity production, district heating, and decentralized energy
production). In the summary page (Figure A3 in Appendix A), the user can select whether
EU funding is provided, the amount of support, and support intensity for all technologies
in each of the supply-side subsectors. If support should be provided only for specific energy
technologies, the user has to go to the page of the selected subsector, where more details
are provided. The summary page illustrates results as annual support per technology, total
costs and support for all technologies, share of RES in total national energy production,
and RES share by energy type. Figure A4 in Appendix A illustrates the first page of
one of the energy supply subsectors. The user can change the price for each fuel and
energy, initial investment costs, and investment costs for each RES technology. The graphs
provide immediate feedback to the users as a graph over time for fuel price (EUR/MWh),
investment in each technology (EUR/MW), generated energy per energy type (GWh/year),
installed capacity of wind energy and PV panels, and RES share in the national energy
production. Figure A5 in Appendix A illustrates the second page of one of the energy supply
subsectors. The user can change the values of different policies, including support, taxes,
and other policies. Graphs are the same as on the first page of the energy supply subsector.

The interface of each energy demand-side sector (residential, industrial, tertiary, public)
provides two layers to analyze the sub-sector. Both layers include different policy tools that
can be applied to change the system’s behavior in each sub-sector (described in more detail
in Section 2.2 (Stock-and-Flow Structure)). The system’s dynamic behavior is illustrated in
graphs on the right-hand side of the page, and the industry sector is used as an example to
illustrate the interface. The first layer illustrated in Figure A6 in Appendix A provides five
groups of policy instruments, including funding, interest rate for loans for energy efficiency
projects, awareness raising, support to research and development, and mandatory energy
management system or energy audits. Each policy tool has several parameters that can
be adjusted to reach the national cumulative savings goal displayed in the graph. The
second graph shows the annual and cumulative costs of any combination of the policy
tools. Figure A7 in Appendix A illustrates the second layer of the model interface for each
demand-side sector, providing insights into industry sector decision making dynamics.
First, the user can set the start values of all factors influencing decision making. Then,
the user can apply different policy tools and determine their impact on the values of
these factors.

An interface screenshot for the Energy Efficiency Obligation Scheme is presented in
Figure A8 in Appendix A and CO; tax, excise tax, natural resource tax, and ETS allowance
price in Figure A9 in Appendix A.

Four online model interface test sessions to gain feedback about the user’s experience
were carried out. The first session was conducted with thirty-five Master level Environ-
mental Engineering students in the scope of study course Environmental Policy. They were
assigned a task to become the head of the Energy and Environmental Department in the
Ministry of Economics and develop policy scenarios to reach national climate and energy
goals. They had to apply four additional criteria: (1) who is assigned the responsibility
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for reaching energy savings, (2) where to derive additional financial means to support
energy users and producers, (3) how to assure that the funding is distributed in a socially
fair manner, (4) how to assure that the most cost-effective measures achieve the most
significant energy savings. Finally, they were asked to provide feedback on the usability of
the interface of the tool. Obtained comments and feedback were analyzed, and adjustments
were made to the interface. The second session was carried out with nine Doctoral level stu-
dents in Environmental Engineering with the same procedure. The last two sessions were
carried out with fifteen stakeholders and experts and twenty-three policymakers from the
Ministry of Economics. One of the tasks in the online workshops was dividing participants
into smaller groups of 3-5 persons where different stakeholders were mixed. They were
tasked to reach national energy and climate goals either in one energy demand sector or
several sectors. During discussions, they used the interface to learn about different policy
tools that can be applied. All participants provided positive feedback that this complex
social decision-making process in a risk-free environment was very valuable to learn that
only cooperation and compromise can lead to meeting the goal and that the interface is
a practical and advantageous tool for democratic policy discussions. They reported that
it helped to increase understanding about different policies and their leveraging impact,
single policies are not sufficient to reach the goal, and a combination of policies is needed
and that it served as an eye-opening tool because they have not considered long-term
effects before, e.g., a negative long-term effect of an unsustainable financing scheme on the
energy efficiency renovation projects in the residential sector. They also found it beneficial
to have interface pages with factors influencing energy efficiency policies. These results
correspond to results reported in [26]. The obtained comments and feedback were analyzed,
and adjustments were made to the interface.

Furthermore, the interface tool of the simulation model was presented in two online
workshops for 75 stakeholders interested in energy planning, 13 modeling and sustainabil-
ity experts from the National Bank of Latvia, 5 energy experts in Riga city Energy Agency,
and 15 energy experts from the international project on smart energy cities.

3. Results
3.1. Energy Transition Lock-Ins and Path-Dependency: The Case of Latvia

Latvia is located in the East North part of the European Union and is a former Soviet
Union country. It has been a member of the EU since 2004. Latvia has a population of
1.9 million with decreasing trend. GDP per capita was EUR 18,000 in 2019 [59]. In 2018,
final energy consumption was 179 PJ, and it was shared among decentralized heating (40%),
transport (30%), district heating (17%), and electricity (13%). Thirty-nine percent of primary
energy was produced from renewable energy sources, including 25% in individual heating,
6% in district heating, 7% in centralized electricity production, and 0.8% in transport.
Industry sector consumes 21%, transport sector 30%, residential sector 31%, tertiary and
public sector 16%, and others 2% [59].

Table 1 shows that the primary energy consumption of Latvia makes up only 0.3%
of the total primary energy consumption of the EU and 1.8% of the total primary energy
consumption of Central and Eastern European countries. The largest energy consumers in
Latvia are the transport sector and households, similar to EU and CEE. Gross electricity
production in Latvia in 2019 was 6438 GWh, while gross heat production was 7948 GWh [60].
The share of renewable energy in gross final energy consumption in Latvia in 2019 was 41%,
while the share of renewable energy in electricity was 53%, and in heating and cooling, it
was 58%. The lowest share of renewable energy is in the transport sector-5% [59].

Latvia, along with other EU countries, has adopted policy measures to promote the
development of renewable energy and energy efficiency technologies. However, the current
fossil-based energy system forms a techno-institutional complex locked in by mutually
reinforcing technological and institutional factors. Current policy measures are not enough
to reach national energy and climate goals. Thus, it is necessary to investigate how a better
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mix of policy instruments could overcome this lock-in and enhance the path to national
energy goals.

Table 1. Comparison of energy consumption in EU, Central and Eastern Europe and Latvia in 2019,
TWh [60].

Primary Energy Final Energy Final Consumption-Energy Use
Consumption Consumption Total Industry Transport Services = Households
EU 15,699 11,437 10,879 2780 3365 1494 2859
Central and 3004 2140 2079 527 647 237 585
Eastern Europe
Latvia 53 47 45 10 12 7 14

In this section, the main lock-in mechanisms of Latvia’s energy transition are discussed,
including the role of technological and institutional lock-in mechanisms and the negative
and positive effects of the lock-in mechanisms on the energy transition towards a sustainable
energy system. This will improve understanding of the existence of the dominant socio-
technical regimes and the difficulties for emerging technologies.

As Djatkovica [61] concludes, since 1991, Russia has openly used energy dependency
from the natural gas supply as an instrument of political manipulation in Eastern and
Central European countries, including Latvia. However, this approach has been present
in more hidden forms during the last decade via Russia-affiliated business people and
political elites. Conley et al. [62] have studied this influence, and they state that Latvia is
vulnerable to Russia’s economic capture because, as in other Eastern and Central European
countries, Russia uses its power in Latvia through an opaque patronage network to shape,
influence, and guide public policy and decision making through corruption and soft power.
It is a strategy of influence rather than visible force. Although many activities take place in
the shadows and causality is difficult to prove, the observed patterns point to declining
governance standards and the erosion of democracy.

The soft power locks in Latvia’s transition of energy systems towards climate neutrality
in many ways on both supply and demand sides. It arises from feedback loops pushing
the system towards its initial condition; thus, it is crucial to study and understand the
underlying feedback loops and different lock-in strategies. The path-dependency is created
and sustained via a complex and obscure system of social, economic, and cultural settings
in which new trajectories of sustainable technologies are discouraged. This includes the
characteristics of the initial market, the opinion of consumers, and the institutional and
regulatory factors favoring incumbent technologies and discouraging the introduction of
new technologies. The central feature of this influence is a well-developed and hidden
network of interconnected lock-in mechanisms.

The main lock-in strategy is applied via complexity and opacity of politics by using
political authority to enhance asymmetries of power to discourage new trajectories for
renewable energy sources and energy efficiency. Latvia’s energy system’s supply side
is locked in the reinforcing process of fossil fuels capacity building. Simultaneously, the
diffusion of renewable energy sources is dampened by a variety of measures. In the 1990s
and early 2000s, the government issued a limited number of RES quotas and allocated all
of them to companies owned by politicians and oligarchs. They also received a double
feed-in tariff for electricity produced. In 2008, the mandatory procurement scheme was set.
This scheme legally binds the state to pay for installed capacity and produced energy from
natural gas cogeneration plants and renewable energy sources at an increasing rate until
2038 [63], and the total support would reach EUR 5 billion. The smallest share of this scheme
provides support to renewable energies. This has locked in the energy system in incumbent
fossil technologies. Most of the power plants receiving financial support are directly or
indirectly owned by politicians and their families. This is due to positive developments of
investment costs in wind technology, which drives the RES reinforcing loop because it is
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profitable and has lower production costs. Parallel to that, informational increasing returns
lock-in was activated and continuously sustained. The central message conveyed to the
public via mass media owned by oligarchs is the negative image of RES as very expensive
and unjust energy technologies. Although the minor share of the mandatory procurement
scheme was allocated to renewable energy sources, mass media named it “support to
green technologies”. It is reinforced by dominating narrative in public information space
that Latvia already has a high share of RES, and no more additional efforts are needed to
increase the share in the future. However, national statistics show that the growth rate of
renewables has stalled since 2014 [59]. In the wood-processing industry, the share of RES is
decreasing while production capacity grows [59]. Another strengthening of technological
lock-in is carried out by different tax exemptions for fossil fuels [64].

Energy transition in Latvia is also locked-in via institutional complementarities when
ministries and business interest groups closely related to politicians develop symbiotic rela-
tionships and favor incremental instead of radical changes. They are supported by another
powerful tool used to lock in the current energy system, namely national energy modeling.
It has been solely allocated to a single institution since the 1990s, and since 2021, secondary
legislation has secured its role. Historically, the scientific outcomes from this institution
support pathway towards energy dependence from natural gas and strengthen the lock-in
by supporting it with so-called “scientific evidence” from the optimization model.

The reinforcing effects have also spread in many everyday activities where the natural
gas company positions itself positively, e.g., sponsoring the Latvian ice-hockey team, the
annual national classical music award, the annual national research award, etc.

On the demand side, all energy transition reinforcing loops are weakened by different
methods and approaches. At first glance, energy efficiency policies are implemented
according to the EU Directive on Energy Efficiency [3]. However, most of them have
various side effects that directly or indirectly weaken their effects. Institutional lock-ins
are used in various forms and combinations of constraints or lack of constraints devised to
weaken diffusion of energy savings. In such ways, institutional factors reinforce the lock-in
of the current fossil fuel-dominated technological system. A mandatory energy audit or
energy management system has to be installed in the industry and tertiary sector and the
three most cost-effective energy efficiency measures implemented. Many companies have
followed the legal requirements. However, in many cases, simple and least investment
intensive measures were formally implemented, e.g., change of few light bulbs in the
energy-intensive plant [65,66]. In the public sector, large and wealthy municipalities
were obliged to install energy management systems. Nevertheless, the largest cities did
not follow this legal requirement because no penalty was foreseen for not fulfilling the
obligation [67]. In the residential sector, the unsustainable financial support program has
led to the unexpected side effects caused by the ratio between demand for renovation and
supply of construction companies, which further led to the chain of other side effects [50].
Energy service companies have been facing a lack of support and significant resistance
at the ministry level to install reinvestment funds, which is crucial for this business. The
negative image of ESCO is created in the media space. The significant national cumulative
savings (60%) were expected from the voluntary scheme. Only 1% were reached due to
lack of any “carrot and stick” [68]. The only policy tool that has generated savings as it
was planned is the energy efficiency obligation scheme. It is a marginal policy instrument
because it was planned that it would generate only 2.4% of the total national savings.
However, it has a major shortage; namely, the savings from any energy-saving measure
are defined by the Energy Efficiency Catalogue. The specific energy savings assigned to
information activities are too high, thus impeding the implementation of technological
measures [69]. Reports to the EU about the progress of implementation of National Energy
Efficiency Action Plans show that the major share of Latvia’s cumulative savings is achieved
due to tax increase [70]. However, taxes were neither increased nor decreased during the
reporting period [64]. The method and calculations used for savings calculation from taxes
cannot be traced. The State Audit Office of the Republic of Latvia warned the Ministry of
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Economics that Latvia would not achieve national energy efficiency goals by 2020; therefore,
it must act proactively and responsibly to ensure that the goals are achieved [71].

As concluded by [72], the only way out of this energy transition lock-in and getting
off the current path-dependency is through energy independence.

3.2. Policy Interventions

In this section, the model is used to explore a series of scenarios that answer “what if”
questions regarding the implementation of different policies to unlock the energy transition.
This section of the paper illustrates how the simulation model and its interface tool could
be applied as the platform for democratic discussions about energy transition pathways.
According to [33], politicians, planners, and citizens can play active roles in the policy
development process by applying this dialogue or deliberation model. The tool provides
immediate graphical feedback on changes in input values and allows assessment of political
arguments raised during discussions with stakeholders, which leads to communication,
dialogue, and deliberation. Furthermore, this reduces the undesirable effects of policies
that later can grow the frustration of society with policymakers that attempt to manage
societal systems. Although there are no modes of behavior free of pressures and stresses,
many modes of behavior are possible, and some are more desirable than others [11].

The interface allows users to analyze and compare options and/or scenarios that
differ in relation to various key output parameters, including total and sub-sectoral (all
demand-side sectors) cumulative energy savings, total and sub-sectoral (individual and
large electricity production, district heating, and individual heating) RES share, annual costs
and financial support of measures, total and sub-sectoral cumulative costs and financial
support, and annual energy balance for all energy sources all sectors and sub-sectors.
When scenarios are discussed, stakeholders can have an even more advanced approach,
for example, by including criteria, such as who is assigned the responsibility for reaching
energy savings, where to derive additional financial means to support energy users and
producers, how to assure that the funding is distributed in a socially fair manner, how
to assure that the most cost-effective measures and achieve the most significant energy
savings, etc. The tool can be well applied while discussing a broader set of criteria.

Three sample scenarios of policy recommendations based on the underlying loop
structure of the model are developed and studied in the context of the national energy and
climate goals 2030 with cumulative energy savings of 15,500 GWh and 50% RES share. To
boost Latvia’s energy transition and eliminate the power of Russian manipulations carried
out via energy dependency, the policy should focus on weakening the reinforcing loop of
fossil fuels capacity building, strengthening the RES capacity building reinforcing loop,
and strengthening all demand-side reinforcing loops. Conley et al. [62] suggest reducing
Russian influence by strengthening the balancing loop of governance, enhancement of
anticorruption, transparency, market diversification, and competition at the national level.
It would strengthen RES and energy efficiency reinforcing loops. However, the analysis of
this balancing process is beyond the scope of this study.

Scenario 1, “the baseline”, is based on the current ongoing policy in Latvia according
to the National Energy and Climate Plan 2030. Only policy tools enshrined in the legislation
by 2021 are included in this scenario. The energy supply sector does not have any policy
measures set in the legislation (supply-side loops are not changed). In the demand sector,
EEOS-obliged parties are electricity providers (annual sales >10 GWh) with a binding
saving goal of 1.5% per year in households and small enterprises, and the goal is reached
by implementing only awareness-raising activities. Multi-family buildings will have the
total available EU funding of EUR 200 million with a support intensity of 50 % starting in
2022 (strengthening loop R5). The grassroots information activities provide the information,
mainly carried out by the Ministry of Economics and local governments (input value for
the impact of information activities in the model is set at 0.9) (strengthening loop R7). Large
and wealthy municipalities and state-owned real estate companies must implement an
energy management system with no binding energy savings goal. Large energy consumers
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and large enterprises must have either energy audits or an energy management system and
implement the three most cost-effective energy efficiency measures.

In Scenario 2, on the energy supply-side RES reinforcing loop is locked out by pro-
viding funding of EUR 400 million with 30% financial support to investment costs for
heat pumps, solar collectors, and biomass technologies in district heating and individual
production. As the power to heat technology, heat pumps give flexibility for the electricity
produced from renewable sources (wind and solar). On the demand side, policy tools are
slightly improved in all sectors compared to Scenario 1. In the residential sector, single and
multi-family buildings have available EU funding of EUR 800 million with a support inten-
sity of 30% starting in 2022. It is supported by building a “champions” program that runs
to half load (50,000 EUR/year). In the tertiary sector and industry sector, energy efficiency
projects are supported from EU funding of EUR 500 million with 30% support intensity
from 2022 in each sector. Large companies and large energy users in both sectors must have
energy audits or energy management systems. All municipalities are obliged to have an
energy management system and have the financial support of EUR 500 million with 50%
intensity. EEOS obliged parties to include all electricity providers and have obligations to
save energy 1.5% per year in the residential sector and small enterprises. They are penalized
if the goal is not reached. The national administration runs a general awareness-raising
campaign, which is not well-targeted at each sector (information campaign input value is
set at 0.5), financially supports research and development activities in all sectors but not to
the full extent (EUR 2.5 million per year in the industrial and tertiary sectors each and EUR
10 million per year in the residential sector).

In Scenario 3, on the energy supply side, the RES reinforcing loop is locked out by
providing funding of EUR 500 million with 30% financial support to investment costs for
heat pumps, solar collectors, and biomass technologies in district heating and individual
production. As the power to heat technology, heat pumps give flexibility for the electricity
produced from renewable sources (wind and solar). Support is obtained from reducing
excise tax relief for fossil fuels or increasing excise tax on all fossil fuels used in the energy
sector. On the demand side, policy tools are significantly improved in all sectors compared
to Scenario 1. In the residential sector, single and multi-family buildings have available EU
funding of EUR 1.1 billion with a support intensity of 50% starting in 2022. It is supported by
building a “champions” program that runs at full load (100,000 EUR/year). In the tertiary
sector and industry sector, energy efficiency projects are supported from EU funding of
EUR 1 billion with 30% support intensity from 2022 in each sector. Large companies and
large energy users in both sectors must have energy audits or energy management systems.
All municipalities are obliged to have an energy management system and have the financial
support of EUR 1 billion with 50% intensity. EEOS obliged parties to include all electricity
and district heating providers and have obligations to save energy 1.5% per year in the
residential sector and small enterprises. They are penalized if the goal is not reached.
The government has set up an ESCO reinvestment fund and developed a monitoring
and verification system for ESCOs. The national administration runs well-targeted at
each sector awareness-raising campaign (information campaign input value is set at 1),
financially supports research and development activities in all sectors to the full extent
(EUR 5 million per year in the industrial and tertiary sectors each and EUR 20 million per
year in the residential sector), increases requirements of national building standards from
2021 by strengthening norms every five years by energy performance increase for building
renovation 3 kWh/m? /year, sets price limits for energy-efficient projects in public and
residential sectors, and ensures that the quality of energy auditors, engineers, and architects
are according to set standards. Excise tax for natural gas is increased at an annual growth
rate of 20%.

Three sample pathways were selected to illustrate the application of the model and
its interface as a helpful tool during democratic policy discussions. The input values were
selected in the interface, and the model was simulated for all three pathways. Figure 6 illus-
trates the results of cumulative energy savings for all three scenarios. In Scenario 1 and 2,
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the national energy savings goal (15,500 GWh) is not reached because all three demand-side
reinforcing loops (net benefit, inconvenience costs, and awareness) are too weak to boost
energy efficiency diffusion. In the net benefit loop, low and unsustainable financial support
increases the costs of energy efficiency measures and reduces net benefits in combination
with low energy tariffs. The costs are also increased due to construction companies” de-
mand/capacity ratio because of unsustainable financing. Low support to R&D results
in lower energy savings and higher costs of measures. The lack of reinforcing building
energy performance standards is another cause of low net benefits. In the “uncertainties
costs” loop, various effects are low, including the learning effect, the economy of scale
effect, support to “champions” in the multi-family building sector, the effect of the share
of successful projects due to renovation quality. The awareness loop is weak because
awareness-raising activities are too general and are not well-targeted for each sector; thus,
they are not able to increase support and involvement of energy managers, company or
municipal leaders, and employees in energy efficiency projects, increase awareness about
risks and additional costs associated with energy efficiency, increase knowledge and compe-
tence about energy efficiency measures, reduce fear from failure, increase trust in external
consultants and suppliers. In Scenario 3, all policy tools are set at their highest values,
thus significantly strengthening all three reinforcing loops, leading to reaching the national
energy efficiency goal.
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Figure 6. Cumulative energy savings for three policy scenarios.

Figure 7 illustrates the results for three pathways to the RES goal. In Scenario 1 and 2,
the goal is not met, while in Scenario 3, the goal is reached. In all scenarios, the diffusion
of RES is strongly weakened by the lock-in of incumbent fossil technologies as they will
be depreciated only around 2035. On the other hand, the share of RES is increasing due
to positive developments of investment costs in wind technology, which drives the RES
reinforcing loop because it is profitable and has lower production costs. However, it is
not enough to reach the goal, as illustrated in Scenario 1, where no policy instruments
are applied to weaken the reinforcing loop of fossil fuels and strengthen the reinforcing
loop of RES diffusion. The results of Scenario 2 show that even though financial support
is provided to RES technologies in district heating and individual heating sectors, it is
not enough to boost the RES reinforcing loop and weaken the reinforcing loop of fossil
capacity if the energy demand is reduced only slightly (see Figure 1) and a high supply
capacity is still required. In Scenario 3, the goal is reached because energy demand is
reduced significantly, RES technologies are financially supported, and excise tax for fossil
fuel grows.
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Figure 7. Renewable energy share for three policy scenarios.

The cumulative costs by 2030 are EUR 0.5 billion for Scenario 1, EUR 2.8 billion, and
EUR 7.6 billion for Scenario 3 (see Figure 8).
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Figure 8. Cumulative investments in energy efficiency measures and RES technologies for three
policy scenarios.

4. Discussion and Conclusions

This study has addressed two research questions related to the past and future policies.

The first research question asked in this study was how the simulation model can be
used as a “hybrid forum” by decision-makers and other stakeholders in the democratic
decision-making process, and how would it facilitate a more integrated policy mix to
promote the development and take-up of the energy transition. In this study, a user-
friendly free access Internet-based interface tool for the national energy simulation model
was developed as a tool for a “hybrid forum” for the policymakers and other stakeholders
to analyze and discuss different pathways towards a climate-neutral energy system. The
simulation model can be used as a platform by decision-makers and other stakeholders in
the democratic decision-making process. It helps to facilitate a more integrated policy mix
to promote the development and take-up of the energy transition by providing calculated
outcomes as arguments in societal situations of techno-scientific transition. This tool
encourages dialogue between politicians, planners, and stakeholders. Each party provides
arguments that can be instantly simulated in the interface and provides immediate feedback
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on the outcome that can serve as a basis for further discussions. This makes decisions more
qualified, considers affected parties, and assesses political arguments. The feedback from
the test sessions of the interface coincides with the findings of [33] that simulation tools can
serve as a tool for communication, dialogue, and deliberation.

The tool can be used by either a single person or during group discussions, and it does
not require time-consuming prior training. A short video is included on the main page of
the tool, where the interface’s main features are explained.

The tool can be applied to other countries if input values are adjusted. If needed, the
structure of the stock-and-flow structure and the parameters provided in the interface can
be adjusted to suit the country’s specifics better.

The second research question of this study addressed different lock-in mechanisms of
the socio-technical regime in the energy system, their influence on transition pathways to
the sustainable energy system in Eastern European countries, and how policies previously
interacted to create drivers or barriers for the energy transition. It also questions how the
simulation model and its interface tool would promote a more integrated policy mix to the
take-up of the energy transition.

The methodology used in this study allows understanding why energy transition is
hard to come about and identifies ways to overcome policy resistance. A causal loop dia-
gram illustrates causal relations that matter to a system and serves as a tool to understand
how to steer the system in the path of events by finding the best policy levers. In this
research, Latvia is used as a case study on energy transition lock-ins and policy resistance
on climate and energy goals in Eastern European countries. The case study illustrates that
energy transition is deeply embedded in economic, social, and political reality structures.
Results show that, similar to other Eastern and Central European countries, Latvia experi-
ences energy transition lock-ins due to asymmetries of power applied by Russia. The soft
power locks in Latvia’s transition of energy systems towards climate neutrality in many
ways on both supply and demand sides. It arises from feedback loops pushing the system
towards its initial condition. The path-dependency is created and sustained via a complex
and opaque system of social, economic, and cultural settings in which new trajectories of
sustainable technologies are discouraged. This includes the particular characteristics of
the initial market, the opinion of consumers, and the institutional and regulatory factors
favoring incumbent technologies and discouraging the introduction of new technologies.
The central feature of this influence is a well-developed and hidden network of intercon-
nected lock-in mechanisms. The government established the national climate and energy
targets without underpinning them with reinforcing regulations for energy efficiency and
renewable energy sources. As suggested by [18], symbiotic relationships between the
powerful actor in the incumbent regime and essential political players supported by a
research institution can undermine policy coordination’s institutional learning effects since
the incumbent regime’s actor will favor incremental changes or no changes instead of
radical changes. To combat this influence, a balancing loop of governance strengthening,
enhancement of anticorruption, transparency, market diversification, and competition at
the national level would strengthen RES and energy efficiency reinforcing loops. However,
the analysis of this balancing process is beyond the scope of energy policy and requires the
involvement of governmental institutions from other sectors. If this loop is weakened, the
government could develop ambitious targets for deploying new technologies and reinforce
these targets with regulations favoring solutions.

This study provides an insight into how different scenarios would have led to the
national climate and energy goals if power asymmetries’ lock-in is weakened and how the
simulation model and its interface can assist during this exercise. Three sample pathways
were selected to illustrate the application of the model and its interface as a helpful tool
during democratic policy discussions. The input values were selected in the interface,
and the model was simulated for all three pathways. Results show how different sets
of policy instruments can weaken the reinforcing loop of fossil fuels and strengthen the
reinforcing loop of RES and energy efficiency diffusion and how supply and demand
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sectors interact and reinforce or weaken each other. To reach the goal, all demand-side
sectors have to have a mix of different policy instruments, while in the supply sector, only
financial support to power to heat technologies and increased the excise tax on natural gas
can ensure that the RES share goal is met. These findings coincide with conclusions from
the studies of lock-ins in energy transitions [18,73] that lock-in mechanisms are naturally
interconnected and have an impact on the energy transition pathways. The simulation
results show that these mechanisms can relate to each other in various ways, e.g., learning
effects and technological interrelatedness reinforces each other in the supply sector through
the implementation of power-to-heat technologies in district heating, “crowding out effect”
created by running several support schemes simultaneously in different demand-side
sectors can diminish the learning effect, information can reinforce or weaken learning
effects in all sectors, economies of scale reinforce learning effects in all sectors, learning
effects reinforce collective action in the multi-family sector, asymmetries of power can
reinforce or weaken collective action in all energy demand sectors through activity and
involvement of energy managers and management in companies and public bodies and
activity of “champions” in the residential sector.

However, this study has limitations. The policy tools included in the current version
of the model are based on the real system. If policy sets proposed in this study were applied
to the real policy-making process, other lock-in mechanisms might appear, such as local
context-specific mechanisms, e.g., knowledge and competencies of local industries, existing
renewable energy technologies as incumbent technologies, and they have to be further
studied and included in the model.

The main limitation of system dynamics application to transition studies is the lack of
attention to the political dimension of the policy process because the simulation models
assume a perfect perception of the system by the policymakers [25,74]. As illustrated by the
case study, the power dimension of implementing policies can play a crucial role, especially
if individual stakes prevent policymakers from implementing high leverage policies. In
this study, the attempt to include political power was implemented by analyzing the past
and current situation.

Future studies should address another limitation of this study. The model’s structure
is built for aggregated parameters, which limits the application of this modeling approach
to study social dynamics evolving from individual behavior as it can be conducted with
other simulation methods, e.g., agent-based modeling. This should be considered in
further studies.

During the workshops, participants from the public sector suggested modifying and
adapting the model for municipality scale and needs; thus, further research will be focused
on this topic. A new interface page will be added to insert municipality-specific input
values. If needed, the structure of the stock-and-flow structure and the parameters provided
in the interface can be adjusted to suit municipality specifics better.
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Figure A2. Internet-based model interface page for selection of general input parameters.
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