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Abstract: The European Union has set an ambitious goal to tackle climate change, and energy effi-
ciency in the residential sector is among the measures required to close the gap between targeted 
and actual greenhouse gas emissions. While different policy tools have been applied, the diffusion 
rate of these measures remains low. A system dynamics simulation model of the residential sector 
was developed to assess the advantages and drawbacks of energy efficiency policy in the multi-
family building sector based on experience accumulated over the last twelve years in Latvia. The 
model was validated in expert group model building sessions and with historical trends. Simulating 
the model, a hypothesis was tested that supported the idea that seemingly positive policy tools set 
the stage for a series of unintended adverse effects due to the complex interactions between different 
system components. The common assumption that information and financial support should result 
in significant energy efficiency diffusion proved to be wrong. It instead results in unintended long-
term consequences that hamper national energy efficiency goals. The model carried out an analysis 
and brought insights for improving the effectiveness of government energy efficiency policy. It is 
concluded that models that broadly describe complex systems are needed to identify effective pol-
icies and foresee unintended side effects. 
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1. Introduction 
The European Union set ambitious goals to tackle climate change in the European 

Green Deal [1]. One of the energy demand side sectors is the residential sector, accounting 
for 27% of the total final energy consumption [2], with space heating accounting for 62% 
of that. 

Although energy efficiency can benefit the economy, society, and environment, the 
diffusion rate in the residential sector remains low [3]. The weighted annual building ren-
ovation rate in the EU is only 1% and it will take centuries to decarbonize the sector [4]. 
Various barriers deter energy users from the implementation of energy efficiency [4]. Re-
search shows that the most critical factors during decision making are attitude and behav-
ior [5–9]. Attitude does not always result in behavior, especially when external barriers 
influence the actual behavior of an energy consumer [6,10]. Studies [11–13] show that the 
more expensive an energy efficiency measure is, the lower the correlation between atti-
tudes and values and actual behavior. 

Policy tools have to address all barriers to reduce the efforts of decision making [14–
16]. Although most of the barriers studied relate to market failures, economic and regula-
tory instruments alone cannot reduce the barriers related to individual behavior [3]. Other 
policy tools can be applied, such as regulatory, information, technical, financial, coopera-
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tive, voluntary, and obligation schemes [8,17–20]. An adequate targeting of policy is chal-
lenging because the accurate identification of the target audience and action to reach it is 
essential. The policy development process is context-dependent and complex as it in-
volves the interests of various stakeholders [21]. For policymakers, justification of finan-
cial investments in policy has to be based on both short-term and long-term budget plan-
ning. Thus, policymakers view different policy instruments from a cost–benefit perspec-
tive [22]. 

The implementation of a single policy tool cannot achieve the desired result [23,24]. 
However, most current research mainly focuses on analyzing individual policy instru-
ments, with less emphasis on the evaluation of policy instrument combinations [25]. It is 
essential to identify and assess the factors reinforcing or hindering the effectiveness of the 
interaction between various policy tools [7,26,27]. Wiese et al. [7] have summarized re-
search on the interaction of different energy efficiency policy tools. They have found rein-
forcing effects between energy tax and energy efficiency obligation schemes/white certif-
icates, financial incentives, regulatory environment, voluntary agreements, energy effi-
ciency labeling schemes, information measures, and other policy tools. Those that simul-
taneously reinforce and mitigate include energy efficiency obligation schemes/white cer-
tificates and financial incentives, energy tax, and subsidies. An energy tax weakens energy 
efficiency standards while energy efficiency obligation schemes/white certificates mitigate 
voluntary agreements, financial incentives counteract energy efficiency standards, and 
subsidies weaken access to capital. 

The EU Directive on Energy Performance of Buildings 2010/31/EU has helped to 
share experience among EU member states, increase cross-border investments in build-
ings, stimulate innovation, and increase competitiveness. However, the renovation rate 
remains very low, the existing legislative framework is insufficient to reach the goals of 
the Green Deal, and the renovation rate of buildings needs to be increased [4]. Therefore, 
the Green Deal is translated into the European Renovation Wave and contains an action 
plan with concrete regulatory, financing, and enabling measures to double the annual en-
ergy renovation rate of buildings by 2030. The Energy Performance of Buildings Directive 
will be improved accordingly [28]. 

Multi-family buildings are a significant consumer in the residential sector in many 
EU countries [1]. If individual owners own apartments, it can lead to a specific problem—
the collective decision-making process required when building envelope and common 
space need to be improved. In countries wherein single owners own apartments in multi-
family buildings, the decision on implementing collective energy efficiency measures, 
such as the thermal renovation of the building envelope, should be taken collectively by 
the majority (51%) of apartment owners. Therefore, the multi-family building sector is 
complex, deeply embedded in societal structures, and involves many stakeholders inter-
acting in different feedback structures with nonlinear relations. Stakeholders include 
apartment owners, municipalities, housing maintenance companies, construction compa-
nies, municipal authorities, materials suppliers, energy service companies, etc. The prob-
lems observed in this kind of societal structure are challenging to manage and require 
addressing systemic failures [29]. An understanding of the underlying structures that 
drive the behavior of transitions is needed [30]. 

Social systems are multi-loop, nonlinear feedback systems. Many policy programs 
cause the reverse effect of desired results because people make the wrong decisions when 
faced with complex and highly interactive systems. This is due to how the human mind 
is not adapted to interpreting how social systems behave. In this case, policies only solve 
problems in the short-term because a self-regulating system is at work. Often, people 
blame outside forces for creating problems; however, a dynamic analysis shows that prob-
lems are caused by internal policies [31]. The impact of reinforcing feedback loops, such 
as the accumulation of knowledge [32], network effects [33], economies of scale [34], and 
adaptive expectations [35], has been observed prior to societal lock-ins of unsustainable 
behaviors [36]. The undesirable effects of policies can increase the frustration of society 
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against actors that attempt to manage societal systems. However, there are no modes of 
behavior that are free of pressures and stresses. Many modes of behavior are possible, 
some more desirable than others, and a good understanding of the dynamic behavior of 
systems is crucial to finding sustainable behaviors in social systems [31,37,38] 

The national energy efficiency goal for multi-family buildings in Latvia from 2008 to 
2020 was set in cumulative savings and had to reach 2950 GWh by 2020 (Figure 1). It sums 
upwards from the national goal of 2008–2016 (2701 GWh) [39,40] and the goal of 2016–
2020 (250 GWh) [41]. Since 2008, Latvia’s government has only relied on two energy effi-
ciency policy tools in the sector, these being the financial support of 50% from EU funds 
and information activities (mainly grassroots activities via seminars in different munici-
palities). The data from energy efficiency authorities show that actual cumulative energy 
savings are much lower than expected and have reached only 15% of the goal (see Figure 
1) [42]. 

 
Figure 1. Actual and planned cumulative energy savings for multi-family buildings in Latvia. 

Our study hypothesized that seemingly positive policy tools set the stage for a series 
of unintended adverse effects due to complex interactions between different system com-
ponents, and that the common assumption that information and financial support should 
result in significant energy efficiency diffusion results hampers national energy efficiency 
goals. 

The main goal of this study was to assess energy efficiency policy carried out in the 
multi-family building sector during twelve years of policy implementation, identify how 
different variables interact and respond to each other, and generate feedback mechanisms 
that ultimately give rise to unpredictable behavior, and, finally, to provide suggestions 
for further policies. 

In the scope of the study, energy efficiency projects in multi-family buildings were 
defined as the renovation of collectively owned building elements by increasing the ther-
mal resistance of the building envelope according to national energy performance stand-
ards, including insulation of external walls, roofs, basements, and main pipes, and chang-
ing windows. 

The paper begins with an introduction, followed by a description of the methodol-
ogy, a presentation of results, and our conclusions. 

2. Methodology 
The system under study is highly complex, and its different cause-and-effect rela-

tions, feedback mechanisms, and nonlinear relations control individual parameters. 
Therefore, system dynamics modelling was applied. System dynamics is a mathematical 
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modelling approach pioneered by Jay Forrester [43] that accepts the multiple-feedback-
loop and nonlinear nature of real systems. These models are not obtained statistically from 
time-series data but expose underlying system structures and the policies that guide de-
cisions. System dynamics models do not depend on a shortage of information and data, 
which is one of the major drawbacks of other approaches, because available information 
about system structure and decision-making policies is sufficient [31]. 

The methodology presented in Figure 2 was applied. First, the previously developed 
dynamic multi-family building sector model was improved and supplemented [44,45] 
with a behavior sub-module by surveying multi-family building apartment owners and 
carrying out expert group model building sessions. In the second step, the model was 
validated using historical data and a group model building session. In the third step, the 
main factors impacting the success and failure of previous energy efficiency policies were 
evaluated. In the fourth step, the policies for assessing various scenarios for additional 
policies were developed. Parallel to that, an Internet-based interface for policymakers was 
developed. 

 
Figure 2. Methodology of the study (the dark-colored boxes present the scope of the study) (EE—energy efficiency; 
ESCO—energy service company). 

2.1. Model Structure 
2.1.1. Underpinning Theory of the Model 

The main driver of the energy efficiency diffusion process in multi-family buildings 
is the individual decisions of apartment owners to implement collective energy efficiency 
projects. Traditionally, behavior studies related to energy efficiency have been grounded 
in rational choice models, which assume that humans are rational agents and decide based 
on costs and benefits. However, rational choice models often cannot fully explain behav-
ior, and other theories and models have been applied to describe wider dimensions, such 
as attitudes, beliefs, morals, habits, lifestyles, and social context. The data analyzed for 
Latvia’s multi-family building renovation projects support these findings and show that 
important factors other than wealth influence the progress of energy efficiency projects. 
The territory development level index and the number of renovation projects have been 
used to study whether wealth determines the renovation rate. The territory development 
level index [46] describes an area’s development level (region, city, district) in a given year 
relative to the national average. In order to make the indicators comparable, the standard 
values of eight different indicators with their weight in the calculation are used. These 
indicators for regions are as follows: Gross Domestic Product per capita (at current prices) 
(weight—0.3); unemployment rate (number of registered unemployed per working-age 
population) (weight—0.15); per capita income tax (weight 0.1); non-financial investment 
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per capita (weight 0.1); demographic load level (0.1 weight); number of individual mer-
chants and commercial companies per 1000 inhabitants (weight—0.1); density of popula-
tion (weight—0.05); and changes in the population over the last five years (weight—0.1). 
Figure 3 illustrates that the territory development level index of the region/city did not 
correlate with the number of building renovation projects for the period 2008–2013. The 
region with the lowest score (Latgale) had as few projects as the richest city (capital city, 
Riga). On the other hand, three other regions (Kurzeme, Vidzeme, and Zemgale) had al-
most the same territory development level index, but the number of implemented projects 
differed 2.5 times between the highest (Kurzeme) and the lowest (Zemgale) numbers. The 
Riga region had a lower number of projects than Kurzeme but had a 1.5 times higher in-
dex. The same tendency for 2014–2020 was observed. 

 
Figure 3. The territory development level index of regions/cities and number of renovated projects 
in different regions from 2008 to 2013. 

This study was based on the attitude–behavior–context model developed by Stern 
and Oskamp [47], accounting for motivations, attitudes and values, contextual or situa-
tional factors, social influences, personal capabilities, and habits. It is capable of describing 
and predicting pro-environmental consumer behavior and is rooted in Kurt Lewin’s “field 
theory” [48], 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 structures; facilitation of conditions and 
situational factors; institutional, social, and cultural context; business practices and their 
impact; helping communities to help themselves; and its own environmental and social 
performance. 

Energy efficiency projects are based on making decisions on various measures. The 
individual decision-maker must be able to move from attitude to action. The more barriers 
exist in a person’s path to action, the less likely it is that attitudes will turn into action. 
There are many different internal and external barriers to the implementation of energy 
efficiency measures. The causal model of behavior for energy efficiency measures in the 
residential sector [47] shows (see Figure 4) seven levels of causality that represent different 
groups of barriers: internal barriers (inner five circles) and external barriers ( outer two 
circles). The influence of levels changes from the external to the internal. The central circle 
contains resource-consuming or energy-saving behavior influenced by a long chain of 
causal relationships that run through the outer circles. Any outer circle affects the circles 
inside of it. For example, whether a person owns or rents a building (external incentives 
and restrictions) influences his or her attitude towards energy efficiency measures (atti-
tude and confidence)—the building owner not only reduces the heating costs by insulat-
ing the building envelope, but also takes care of the visual appearance of the building. 
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This could be why building owners know much more about energy efficiency technolo-
gies and materials than building tenants (knowledge) and are more interested in improv-
ing the building (attention and commitment). A circle rupture can create a situation 
wherein a person, convinced that building renovation will benefit the environment (atti-
tude and confidence) does not implement energy efficiency measures (action) because of 
a lack of knowledge (knowledge) or commitment (attention and commitment). The barri-
ers are low when a simple and inexpensive solution is available. If the barriers are high, 
education in the short term offers little to nothing except for overcoming the internal bar-
riers (especially indifference and lack of information). The assumption that one can tell 
motivated people what to do and this will turn into action is wrong because there are 
many other significant barriers. 

 
Figure 4. Attitude–behavior–context model for energy efficiency implementation in the residential 
sector (adjusted from (Stern and Oskamp, 1987)). 

2.1.2. Previously Developed System Dynamics Model 
In system dynamics, a stock and flow structure is used to simulate the behavior of 

the studied system and causal mapping is employed to study the causes of dynamics of a 
complex system with feedbacks and nonlinearities. In this study, the previously built 
structure of the multi-family building energy efficiency model was adopted [44,45]. Orig-
inally, this was developed based on mental models of experts, knowledge gained from 
literature reviews, and experience from projects implemented in the previous decade. 
Simulations of the model were used to assess the impact of different energy efficiency 
policy tools. The stock and flow structure of the model contained 173 variables and was 
transformed into a causal loop diagram. Figure 5 illustrates the system’s main feedback 
structure and helps capture the causes of dynamics, including the main variables and 12 
causal loops (6 reinforcing and 6 balancing), dictating the dynamics of the residential 
building energy efficiency improvement process. 



Energies 2021, 14, 7792 7 of 32 
 

 

 
Figure 5. Broad causal loop diagram for the residential energy efficiency improvement process. Reinforcing loops are 
shown with symbols “R” and balancing loops are shown with symbols “B”. 

The main sectors included in this model are the demand and supply sides of the 
building renovation market. Non-renovated building stock represents the demand side, 
while the capacity and supply abilities of traditional construction companies and the en-
ergy service companies (ESCOs) represent the supply side. A balance between demand 
and supply is very significant for the overall system because it dictates the building reno-
vation rate. Non-renovated buildings with high energy consumption and renovated 
buildings with reduced energy consumption are the main stocks. The renovation flow 
increases the number of renovated buildings at a certain rate, which depends on aware-
ness, net benefits, and uncertainty costs. The net benefits are calculated as the financial 
benefit from renovation, i.e., saved energy costs minus investment costs. However, the 
renovation is slow even if the financial benefits are obvious. This is due to the barriers that 
discourage energy efficiency measures; for example, agreement with neighbors, efforts to 
overcome administrative barriers, attract funding, etc. Uncertainty costs represent these 
barriers in monetary terms. People are made aware of the importance of renovation in the 
recruitment process (reinforcing loop R1). This process can be encouraged with infor-
mation campaigns such as for non-renovated buildings where uninformed people live 
and successfully renovated buildings govern. The latter gives rise to a word-of-mouth 
effect. When people are “recruited for renovation”, this increases potential projects and 
further increases demand. Increased demand leads to increased capacity, stimulating the 
conversion of buildings from non-renovated to renovated and further recruitment for ren-
ovation. The potential projects create demand and have an impact on perceived net bene-
fits. The more renovated buildings, the higher the net benefits due to increased energy 
savings from the renovation process (reinforcing loop R2) and renovation costs (reinforc-
ing loop R3). The costs are lowered due to the economies of scale, accumulation of expe-
rience, and the entrance of new companies into the market if other factors remain the 

+

+

+

+

+

-

+

-

-

+

-

-

-

-

-

-

+

-
-

-

+
+

+

+

+

+

-

+
+

+

+

+

+

-

-
-

+

+

Renovation rate ESCOs

Renovation rate by
construction companies

Available financing

Renovated
buildings ESCOs

Energy
savings ESCOs

Profit ESCOs
Capacity ESCOs

Improvement of quality
of energy audits

Energy
performance

standards

Investment
in R&D

CO2 tax

Improvement of supervision
of construction works

Subsidies
Champion

effect

Insulation costs

Energy tariff

One-stop shop

Improvement of supervision
of construction works

Standard procurement
documentation and contracts

Improvement of quality
of energy audits

Perceived
net benefit

Net benefit

Energy
savings

Renovated buildings by
construction companies

Perceived
uncertainty costs

Uncertainty costs

Perceived
successful

projects

Successful projects

Capacity inexperienced
construction companies

Non-renovated
buildings

Potential
projects

Awareness

Recruitment
rate

Capacity construction companies

R2

R3

R4

R5

R6
B1

B3

B2

B4

R1

B5

B6



Energies 2021, 14, 7792 8 of 32 
 

 

same. A distortion of market forces, e.g., high entry barriers for new suppliers, may in-
crease renovation costs. The model also considers the time required for construction ser-
vices and materials suppliers to build up capacity, and spiking demand increases costs in 
the short term due to lack of supply. If the renovation costs are high due to external factors, 
market distortion, or insufficient supply, the net benefits decrease, and thus the rate of 
renovation decreases. When the renovation costs decrease, demand for renovation pro-
jects increases, reducing renovation costs further. Since the time between the event and 
the moment when it is perceived is often relatively long, an information delay is included 
in the link between the actual and the perceived net benefits. This delay can last for many 
years. Some people can completely ignore this information, and therefore the renovation 
process might progress very slowly. Demand for energy efficiency projects determines 
the supply of ESCOs and construction companies. Their capacity limits the supply of con-
struction companies, and demand for their services depends on what is known about 
them, the net benefits, and uncertainty costs. The supply of ESCOs depends on company 
capacity, profitability, and available financing, but demand is related to the construction 
companies’ market share. 

The introduction of a CO2 tax, the funding of research and development, the strength-
ening of standards, subsidies, and EU funding can increase net benefits (reinforcing loop 
R2). Balancing loop B1 shows the impact of the success of renovated projects. Information 
about unsuccessful and successful projects is received in the market by non-renovated 
buildings. This information impacts the value of the uncertainty costs; the more unsuc-
cessful projects, the higher the uncertainty costs. The success rate of projects is perceived 
with a delay. The uncertainty costs decrease with the increased number of renovated 
buildings (reinforcing loop R4), which is perceived with a delay. The uncertainty costs can 
be reduced by the “champion effect” (a trustworthy apartment owner in a building who 
can lead the renovation project), introducing a “one-stop-shop” and the availability of the 
standard procurement documentation. Information on unsuccessful projects ends up with 
quality control bodies, which in turn act to improve the operations of construction com-
panies, thereby indirectly increasing the net benefits and reducing the uncertainty costs. 
Reinforcing loop R6 illustrates that the supply of ESCOs is reinforced by profit, which 
depends on the energy savings achieved by the ESCO and the renovation costs. Growth 
generated by the R6 loop is balanced by loops B4 (the available financing), B5 (renovation 
costs), B6 (the depletion of the project source), and loop R5 (the market share of the con-
struction companies). The ESCO reinvestment fund managed by the public agency can 
increase available financing. Demand for the services of construction companies is driven 
by reinforcing loops R1 to R4 that are balanced by three negative feedback loops, B1, B2, 
and B3. The B1 loop kicks in early because capacity grows at a very high rate. The number 
of inexperienced companies grows fast following the growth rate of demand, thus leading 
to an increasing number of unsuccessful projects. The fraction of successful projects of 
ESCOs is related to the learning effect on the completed projects. In the case of construc-
tion companies, the success fraction also depends on the ratio between the experienced 
and inexperienced companies. The reinforcing process of an awareness-raising campaign 
is balanced out by the B2 loop created by the impact of the unsuccessful projects generated 
by inexperienced companies. The B3 loop balances the diffusion process by depleting the 
stock of potential projects. Construction capacity adapts to demand with a delay, and a 
notable gap occurs between demand and supply; this has an impact on the renovation 
costs. As a result, a negative feedback loop weakens the demand. 

2.1.3. Supplementary Sub-Model  
In the original model, the decision of apartment owners was expressed with a single 

parameter named “uncertainty costs”. The higher the value, the higher the barriers to en-
ergy efficiency actions. Our study replaced this parameter with the stock and flow struc-
ture built on the attitude–behavior–context model [47]: 
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1. A group model building session for experts was carried out. 
2. A survey was developed and carried out to establish motivations, attitudes and val-

ues, contextual or situational factors, social influences, personal capabilities, and hab-
its that can describe and predict energy-efficient behavior. 

3. A stock and flow structure was built. 

Group Model Building Session 
The system dynamics modeling process can take place in two ways—modeling pro-

jects and group model building. In modeling projects, one or more modelers develop the 
model by themselves and obtain the knowledge and necessary data from various sources, 
often from experts in the modeled system. In the second type of approach, system experts 
are not the only source of information because the process involves both experts in system 
dynamics and stakeholders whose knowledge of the system is essential for model devel-
opment. This approach increases the relevance and usefulness of the model [49]. In addi-
tion, group model building sessions help develop a comprehensive understanding of the 
system’s scope and guide the actions taken while providing benefits at the individual and 
collective levels. At the individual level, it improves the mental patterns of the partici-
pants. At the collective level, it makes it possible to harmonize mental models, reach a 
consensus on decisions, and involve the group in those decisions. [50]. 

Two group model building sessions were carried out with experts to elicit knowledge 
from the stakeholders and experts. The first session with ten energy efficiency experts was 
held on 20 March 2019 to list the barriers to implementing energy efficiency measures and 
the policy instruments to overcome these identified barriers. This working group aimed 
to prepare for the second model building working group, and experts were asked to freely 
name barriers to energy efficiency without prior preparation. On 3 April 2019, the second 
group model building session took place. Twelve participants were asked to define a dy-
namic problem in the housing energy efficiency sector, identify factors affecting this sys-
tem, and define causal relationships, feedback links, and delays. 

Survey 
A survey was carried out to establish the statistical relationship between different 

factors and the readiness to invest in energy efficiency in multi-family buildings. In order 
to be representative, the survey was conducted as part of an omnibus survey of all Latvian 
inhabitants. One thousand and fourteen respondents were interviewed by the pollster 
SKDS in February 2020. Only respondents’ responses from the target group (people who 
or whose family members own an apartment in a non-renovated pre-1991 multi-family 
building) were collected. The other respondents were not interviewed further, e.g., people 
who lived in single-family homes or apartment buildings built after 1991 that are much 
more energy-efficient or people who rented their flats, presuming that they would have 
much less interest in energy efficiency or renovation of their homes. Finally, 379 target 
group respondents were interviewed in more depth. 

The survey included a wide range of factors that could affect the readiness of indi-
viduals to engage in improving the energy efficiency of their homes. The main goal was 
to identify factors that could significantly impact a person’s readiness to improve the en-
ergy efficiency of his/her property. The first group included demographic factors such as 
age, sex, profession, or education. The second group focused on economic factors such as 
income level and willingness to pay for the renovation expressed as a possible increase in 
the currently paid energy bills by a certain sum dependent on the apartment size. The 
third group included attitudinal and value factors, as well as factors of social capital. 
These included questions on whether the respondent was satisfied with the housing 
maintenance services (since the housing maintenance company is often assigned to be re-
sponsible for organizing the renovation works); whether the person considered his/her 
flat as a long-term investment; and his/her awareness of climate change. An important 
issue here was the ability of owners to co-operate among themselves because, due to the 
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fragmented house ownership structures, its absence is often an obstacle to renovation. The 
survey also asked questions about the trust among flat owners of the respondent’s house, 
the assessment of the readiness of others to participate in the renovation, the presence or 
absence of a natural “champion”, i.e., a person with leadership qualities among the flat 
owners who might be endowed with organizational responsibilities. 

The obtained data were analyzed with linear regression analysis. Different demo-
graphic indicators (sex, income, regional affiliation), different scales (Likert scale, mone-
tary values), and ranges were used; the beta coefficients for each particular question were 
calculated. The question on owners’ readiness to support the initiative of implementing 
energy efficiency measures (in the interviews, this was termed as “insulation”, which 
means a reduction in heat transfer through the building envelope) of the apartment build-
ing expressed as an agreement with the statement “I am ready to support the initiative of 
my neighbours, not to initiate it myself” was used as a dependent variable. On the scale 
from 1 to 10, with 1 meaning “totally agree” and 10 meaning “totally disagree”, the values 
were distributed relatively evenly (see Figure 6). This means that, on average, there was 
still no consensus among Latvia’s inhabitants on whether it was worth participating in the 
insulation of their homes. 

 
Figure 6. Survey responses on whether it is worth participating in the insulation of respondents’ 
homes (“I am ready to support the initiative of my neighbours, not to initiate it myself”). 

After performing linear regressions of this question to other factors, beta coefficients 
were calculated. This was performed by evaluating, one-by-one, the influence of different 
factors on the dependent variable. These regressions show to what extent the readiness to 
participate in home insulation increases with a change in a particular value—in this case, 
demographic indicators, the willingness to pay, values and attitudes, and social capital. 
According to the regression results, the highest and statistically most significant beta co-
efficients were associated with the factors presented in Table 1. 

Table 1. Results of regression analysis. 

Factor Question, Text, or Statement 
Beta 

Coefficient 

1 The insulation of the building where my apartment is located 
would be useful to prevent the heat loss 0.294596 

2 In general, people benefit when their houses are insulated 0.289907 
3 The profession of the respondent: specialist, civil servant 0.28926 

4 The housing management company of my building supports the 
insulation 

0.27466 
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5 I expect that I will be able to live in my home long-term or sell it 
for a reasonable price, so I am ready to invest in it 

0.219648 

6 
Among the inhabitants of my house, there is a trusted 

“champion” who could manage the insulation works (e.g., to take 
care of the paperwork, etc.) 

0.218237 

7 The majority of inhabitants of my building support the insulation 0.198879 

8 The insulation must be organized by the housing management 
company of the building and paid for by the inhabitants 

0.175085 

9 I think that the apartment owners in my house would be capable 
of agreeing on a project such as insulation 

0.17447 

10 
How much would you agree to pay per month during one year if 

somebody agreed to take over the responsibility for organizing 
the insulation? (average) 

0.1740372 

11 
How much would you agree to pay per month during one year if 

somebody agreed to take over the responsibility for organizing 
the insulation? (maximum) 

0.1732232 

12 How much would you agree to pay per month along with your 
house caretaker bill? (maximum) 

0.1645948 

13 How much would you agree to pay per month along with your 
housing management company bill? (maximum) 

0.1633131 

The factors with the highest beta coefficients were divided into four groups. First, 
there was a group of factors (1, 2, and 5) that indicated the respondents’ awareness of the 
benefits of insulation, its necessity from the point of view of energy efficiency, the fact that 
people can benefit from it, as well as how it is a reasonable investment in the long term. 
These factors suggest a positive cognitive attitude towards house insulation and aware-
ness of its benefits. 

The second group of factors (4, 8) dealt with the relationship with the housing man-
agement company, which, at least in the Latvian context, is often seen as an institution “in 
authority” and responsible for all improvements in the house. If the housing management 
company supports the insulation project, the respondent is more inclined to support it. 
This means that strengthening the role of the housing management company could also 
improve the insulation rates. According to Question 8, the willingness to delegate the 
management of insulation works to the housing management company was positively 
related to the willingness to support it. 

The third group of factors (6, 7, and 9) related to “horizontal” factors of interpersonal 
relations among flat owners: social capital, peer pressure, and mutual trust. As indicated 
in previous research [44], a natural “champion” among the inhabitants strongly motivates 
the insulation support. If the majority opinion supports insulation, the respondent is more 
likely to support it, and the confidence in the capacity to act together is a significant factor. 

The fourth group of factors (10, 11, 12, 13) was related to the willingness to pay for 
the building’s insulation and organizational expenses. 

System Dynamics Model 
In the previously developed model, apartment owners’ decision making was based 

on taking energy efficiency measures on net benefits and inconvenience costs. In our 
study, a decision-making module replaced the costs of inconvenience. This module mod-
els the impact of various factors influencing the decision-making process unrelated to 
costs in more detail. The module’s structure was based on the survey and the results of 
the group model building sessions. Figure 7 illustrates the generic stock and flow struc-
ture of this sub-module. The structure was filled in with the factors obtained from the 
survey. 
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Figure 7. Generic stock and flow structure for decision making in multi-family building sector sub-
module. 

The actual value of any factor is the value of each factor that is currently in the real 
system; it can be determined by either experts or surveys. The reference value of any factor 
is the value at which the probability of investing in energy efficiency is 1. It takes time to 
perceive information, and this is presented in the model as the time to perceive changes 
in a factor. The perceived relative value of a factor is calculated as delay function to expo-
nentially smoothen the input over an averaging time (SMTH function): PR = SMTH( 𝐹𝑅𝐹 ;  tperc)   (1) 

where 
PR—perceived relative value of a factor; 
F—actual value of a factor; 
RF—reference value of a factor; 
tperc—time to perceive changes in a factor (years). 
The effect of perceived relative change in a factor on the indicated probability of in-

vesting in energy efficiency is nonlinear. It can have different shapes depending on the 
relationship found in the real system (see Figure 8). Figure 8 illustrates the effect of the 
indicated probability of investing in energy efficiency on (a) additional payment for en-
ergy efficiency measures added to the monthly housing management fee, (b) other factors. 
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(a) (b) 

Figure 8. Effect of perceived relative change in a factor (the values on x-axis) on the indicated prob-
ability of investing in energy efficiency (the values on y-axis): (a) additional payment for energy 
efficiency measures added to the monthly housing management fee, (b) other factors. The graphs 
were taken as print-screens from STELLA ARCHITECT to present an approach for how the effects 
of relative changes in the factors are represented as changes in the probabilities to invest in energy 
efficiency. 

The shapes of the effects (see Figure 8) are assumptions regarding what a response 
to the factors or actual behavior could be. To our knowledge, there are no data available 
for a more detailed quantitative characterization of the shapes, and this remains as future 
work to be performed. The indicated probability of investing depends on the effect of 
perceived relative change in a factor on the indicated probability and the base value of a 
factor. Base value (from 0 to 1) shows the probability that an investment will be made in 
energy efficiency measures even if the relative change perceived by the factor is minimal, 
i.e., there will always be individuals who will take action, even if the probability is very 
low. Indicated probability to invest is calculated as: IP =  E ×  BV,   (2) 

 
where 

IP—indicated probability to invest in energy efficiency measures; 
E—effect of perceived relative change in a factor on the indicated probability of in-

vesting in energy efficiency; 
BV—the base value of a factor. 
An increase in probability to invest is an inflow and is determined as: 
  InP = if IP P then IP − Pt  else 0 (3)

where 
InP—increase in probability to invest in energy efficiency measures; 
t—time to increase probability (years); 
IP—indicated probability to invest in energy efficiency measures; 
P—the probability of investing from a factor. 
A decrease in probability to invest in energy efficiency measures is determined as: 

DeP = if IP P then IP − Pt  else 0 (4)

where 
DeP—decrease in probability to invest in energy efficiency measures; 
t—time to decrease probability (years); 
IP—indicated probability to invest in energy efficiency measures; 
P—probability to invest from a factor. 
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The probability of investing from a factor is the calculated accumulation at every time 
step (t) determined by the initial value of the stock at a time (to) and the inflow of an in-
crease in probability and the outflow of a decrease in probability. For example, if the value 
of a factor remains constant over time (e.g., housing maintenance company support does 
not change and remains as low as at the beginning of the simulation), the probability of 
investing also does not change and increases as soon as the inflow kicks in: 

 P =  InP(t)dt − DeP(t)dt + P(t ) (5)

Total probability (Ptot) of investment is a multiplication of all probabilities from dif-
ferent factors: P = P  × P × … × P   (6)

The generic stock and flow structure module was applied to all factors determined 
during the survey, including seeing long-term benefits, support from the housing man-
agement company, the presence of “a champion” in the house, positive attitudes towards 
energy efficiency, knowing someone who lives in a renovated building, additional pay-
ment for energy efficiency to the monthly housing maintenance fee, assurance of benefits, 
and trust in neighbors. 

The structure of the previously built system dynamics model calculated the addi-
tional payment for energy efficiency to the monthly housing maintenance fee where sup-
ply and demand determine costs of energy efficiency measures. The reference value for 
this factor changed in the range from 0 to 2 EUR/m2/year. For other factors, the reference 
value changed from 1 to 10. The actual values of other factors were determined by experts 
during group model building sessions or from the survey, except for the actual value of 
the factor “knowing someone who lives in renovated building”, which was determined 
by a feedback link from the share of renovated buildings from the previously built model 
structure. The time to perceive and change probability was three years. 

2.2. Validation of the Model 
System dynamics models are causal-descriptive or theory-like models (“white-box”) 

for which causality in a structure matters. These differ from correlational or data-driven 
models (“black-box”), for which an aggregate output behavior of the model matters. For 
the white-box model, the validity of the internal structure of the model is crucial, while 
accurate 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 behavior are needed. The main goal of validation is to build confidence that 
the model can generate the “right output behavior for the right reasons” [51]. Validation 
tests are based on comparing models with empirical reality [43]. 

First, structural and behavior tests were carried out to validate the model according 
to [51]. After that, the new sub-model of decision making was validated by an expert 
group model building session with 15 participants performed online on 7 December 2020. 
Participants were asked to provide feedback on the structure of the model (parameters, 
feedback links, delays, effect of perceived relative change in a factor on the indicated prob-
ability of investing in energy efficiency (Figure 8)). Participants were asked to run simu-
lation rounds of the model interface available on the Internet and created for the needs of 
the group model building session, and provide feedback on the system’s behavior and 
how it coincides with their perception of the real system. Then, participants were asked 
to provide feedback on whether the structure of the model corresponded to reality and if 
behavior corresponded to reality, whether all energy efficiency barriers were addressed 
by the model, whether feedback corresponded to reality, the time needed to perceive 
changes in any factor, and the time delay between perceiving information about changes 
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in factors and real action. The experts were positive about the model’s structure and be-
havior and confirmed that it performed as they expected. Finally, all comments provided 
by the experts were carefully analyzed in order to make improvements to the model. 

Finally, validation of the model was performed with the historic data for a cumula-
tive number of renovated multi-family buildings [42] compared with simulation results. 
Figure 9 shows that the model generated similar behavior to real observed behavior. 

The national goal set for 2008–2020 (see Figure 9) regarding the cumulative number 
of renovation projects was 1830 buildings. By the end of 2020, 51% of the national goal 
was reached. However, due to a delay in the project finishing, additional projects are be-
ing implemented between 2020 and 2023, thus reaching 71% of the goal. The cause of the 
difference observed between cumulative savings (Figure 1) and the cumulative number 
of projects (Figure 9) may have been caused by overestimating savings per building when 
the policy was planned. 

 
Figure 9. Validation of simulation results with actual data for cumulative number of energy effi-
ciency projects in multi-family buildings and national energy efficiency goal for the multi-family 
building sector. 

2.3. Policy Interventions 
The government only applied two policy interventions between 2008 and 2020: the 

co-financing from EU funds and the information distribution through a grassroots ap-
proach. Both policy tools were included in the original system dynamics model structure. 
A stock of EU funding increases with an inflow from EU funds and decreases with the 
number of financed projects. Information measures change the flow between uninformed 
building owners and informed building owners, and further reduce uncertainty costs. The 
original model included other policy tools (described in the section, Previously Developed 
System Dynamics Model). 

In this study, policy tools were adjusted to the new structure. Changes in the values 
of factors increase the probability of investments in energy efficiency measures: well-tar-
geted information measures increase the value of seeing long-term benefits, assurance of 
benefits, support from the housing management company, and trust in neighbors. A sup-
port program for “the champions” increases the presence of “a champion” in the house. 
Financial support reduces the additional payment for energy efficiency to the monthly 
housing maintenance fee. Feedback from the stock of insulated buildings increases the 
value of the factor “knowing someone who lives in a renovated building,” and feedback 
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from the share of successful insulated buildings increases the value of the factor “positive 
attitudes towards energy efficiency”. 

Two new policy tools were added to the structure. First, a reinvestment fund for en-
ergy service companies was added to support the diffusion of this business sector in multi-
family building energy efficiency projects. The stock of reinvestment funding was in-
creased from the ESCO savings and spent on energy efficiency projects. Second, a penalty–
reward scheme supplemented the currently used EU funding scheme. A penalty–reward 
scheme as a sustainable support scheme was added to reduce the negative impact of os-
cillating EU funding schemes. It was based on real estate tax and the ratio of the actual 
energy consumption of a building to the value based on the current building standards 
(see Figure 10). The applicable real estate tax rate was estimated using willingness to pay 
values obtained by the housing management companies. Apartment owners were ready 
to pay more for energy efficiency projects on average up to 1 EUR/m2/month. The first 
year tax is lower and increases every year. If the ratio between the current building stand-
ards and the actual energy consumption is one, then the tax rate is zero and increases as 
the ratio falls below one. The apartment owners can decide whether to pay more signifi-
cant taxes or implement an energy efficiency project. 

 

         
      

Figure 10. Penalty–reward scheme based on real estate tax and ratio of the actual energy consumption of building to the 
value based on the current building standards. 

2.4. Interface for Policy Makers 
After validation, a user-friendly, Internet-based interface for policymakers and any 

other interested stakeholders was developed. The model stock and flow structure and the 
interface were solely developed and created by the research team of this study with Stella 
Architect software. This software enables the creation and web-based deployment of sys-
tem dynamics model interfaces. The interface development process differs from the stock 
and flow structure development process as it emphasizes packaging rather than develop-
ing model-based insights. On the other hand, there is an overlap with many of the same 
components, such as graphs and tables, shared between model and interface develop-
ment. Our study developed an interface for the final version of the model, including an 
animated data visualization. The interface provides three layers to carry out an analysis 
of the system. All layers include different policy tools that can be applied to change the 
system’s behavior illustrated in graphs on the right-hand side of the page. The first layer, 
illustrated in Figure 11, provides eight groups of policy tools, including EU funding, a 
penalty–reward scheme, ESCO, information, support to “champions”, and support to the 
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research, development, and improvement in energy efficiency standards. 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 11. The first layer of Internet-based model interface for selection of policy tools. 

The second page of the model interface (see Figure 12) provides more details on the 
supply and demand of construction companies and their impact on the total diffusion 
process of energy efficiency measures in the multi-family building sector. The user can 
apply different start time and periods of funding and see their impact on the system’s 
behavior. 
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Figure 12. Interface for more in-depth policy analysis of supply and demand of construction companies. 

Figure 13 illustrates the third layer of the model interface that provides insights into 
apartment owner decision-making dynamics. First, the user can set the start values of all 
the factors influencing decision making. Then, the user can apply different policy tools 
and determine their impact on the values of these factors. 

 
Figure 13. Interface for more in-depth analysis of apartment owner decision-making dynamics. 

3. Results 
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The model was simulated to gain insights into the causes of system behavior for pre-
vious policies (2008–2020) and provide analysis-based suggestions to improve these poli-
cies for 2021–2030. The different aspects were analyzed using the model and compared to 
the findings from the real system. 

3.1. Model-Based Policy Analysis 2008–2020 
3.1.1. Funding Discontinuity 

The funding available from the EU was 86 million EUR during 2009–2013 and 156 
million EUR during 2016–2020. It was used as 50% support towards to multi-family build-
ing energy efficiency projects. The first funding period was finished at the end of 2013, 
and the subsequent funding only started in 2016. Thus, no EU funds were available in 
2014 or 2015. This oscillating funding caused undesired side effects, i.e., misbalance of 
demand and construction capacity consequently leading to changes in construction price 
and quality. The demand for energy efficiency projects increased at a higher rate than the 
capacity build-up of construction companies, leading to price increase and a reduction in 
quality. The volatility of available funding caused problems for the construction sector as 
such. When the first funding period was over, demand fell to zero and the construction 
companies were left with high construction capacity and no demand. For the two years 
without funding, most construction companies lost their employees (they emigrated to 
other countries or moved to other sectors). When the second funding period started in 
2016, the market faced the same problems as faced during the first funding period. How-
ever, it was even more misbalanced as the government opened a funding program for 
public building energy efficiency projects at the same time. That program had much more 
attractive conditions for construction companies, so the multi-family buildings sector was 
left with a high demand, a low capacity of construction companies, increased prices, and 
low quality construction. The data from funding agencies show that the average total ren-
ovation costs for the projects were 35 EUR/m2 in 2010, 65 EUR/m2 for 2008–2013, and 170 
EUR/m2 for 2018–2020. The escalating price has made the payback time much longer and 
[42] thus less attractive to building owners. A discussion of stakeholders arranged by the 
funding agency in 2017 highlighted that the implementation costs of projects increased 
due to: (1) long-term downturn in the availability of EU funds that has led to an avalanche-
like process of application of projects; (2) reduction in construction quality; (3) increased 
costs of architects, which are explained by increased requirements from the financing in-
stitution. [52]. 

Dependency on a single funding source is the central problem for the energy effi-
ciency program. Although international financial institutions have offered various sup-
port towards energy efficiency, Latvia has not used them to the fullest extent. Interna-
tional banks support large-scale projects, and the government should foster the acquisi-
tion of these programs. Latvia has cooperated with the European Investment Bank (EIB); 
however, funds from the European Bank for Reconstruction and Development and the 
Sustainable Energy Initiative of Nordic Investment Bank remain untapped. Latvia needs 
to consider the use of other financial instruments such as JESSICA, which has been used 
in Lithuanian [53]. In addition, both government and apartment owners have gotten used 
to the familiar short-term solution of EU funding and have become addicted to this policy 
measure. As a result, they are not searching for other less comfortable and less familiar 
long-term solutions. Figure 14 shows the simulation results of the system dynamics model 
of supply, demand, and prices of construction works for multi-family buildings and pub-
lic sectors when the existing policy tools are in place. The simulation shows how demand 
increases after EU funds are introduced in 2008, and the supply of the construction com-
panies follows with a lower rate as the initial capacity is not sufficient and can only be 
built up with a delay. The price increases while demand is higher than supply and falls 
when supply takes over demand. The same behavior of this system can be seen during 
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the second funding period from 2016. The price increases at a higher rate when the gov-
ernment opens an EU funding program for energy efficiency projects in public buildings 
in 2017. The real system encountered multi-family buildings queuing for the construction 
companies and ready to pay for overpriced services of low quality. 

 
Figure 14. Simulated supply, demand, and prices of construction works for multi-family buildings and the public sector 
with the existing policy tools in force. 

To improve the system’s behavior, the supply, demand, and construction costs for 
multi-family buildings and public sectors with a combined penalty–reward scheme and 
EU funding were simulated. Figure 15 illustrates the results. The penalty–reward scheme 
provides sustainable funding, which evens out the oscillations caused by the waves of EU 
funding. The price increases during the beginning of the first funding period while con-
struction companies build up their capacity, after that, the price evens out and stabilizes. 
The peak in 2017 is caused by a funding program for public building energy efficiency. 

 
Figure 15. Simulated supply, demand, and construction costs of multi-family buildings and public sectors with combined 
penalty–reward scheme and EU funding. 
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3.1.2. Energy Service Companies 
ESCOs are an alternative to construction companies and provide a long-term contract 

with guaranteed energy savings. Actual data from the market on ESCO development rates 
correspond to the simulation results [54,55]. The number of ESCO projects increases until 
2016 (see Figure 16), and then reaches an equilibrium because the limit of ESCOs’ financial 
capacity is reached and a lack of financial resources limits further growth. 

 
Figure 16. Simulated number of ESCO-renovated buildings with actual policy tools in place if no reinvestment fund is 
available. 

To increase the ESCO project implementation rate, a reinvestment fund available for 
ESCOs is needed [55]. However, the Ministry of Economy has been reluctant to set this up 
so far. If a reinvestment fund was used, ESCOs’ capacity, expressed as the number of ren-
ovated buildings, would continue to increase beyond 2016 (see Figure 17). 

 
Figure 17. Simulated number of ESCO-renovated buildings with actual policy tools in place and 
with and without reinvestment fund. 

3.1.3. Delays and Construction Quality 
Actual data on the implementation of energy efficiency projects show (see Figure 4) 

that there are delays between the submission, approval, contract signing, and finishing of 
a project. The experts involved in energy efficiency projects in multi-family buildings dis-
cussed delays and concluded that the implementation time of projects increased mainly 
due to bureaucratic barriers and the low quality of project management [52]. Simulation 
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results in Figure 18 illustrate similar delays in the system if existing policy tools are ap-
plied. 

 
Figure 18. Simulated number of renovated buildings when actual policy tools are applied. 

If a penalty–reward scheme and EU funding are used in combination, the same de-
lays are observed, but the total accumulated number of projects would be much higher in 
2020 (see Figure 19). 

 
Figure 19. Simulated number of renovated multi-family buildings with combined penalty–reward scheme and EU fund-
ing. 

The instability of EU funding has a significant impact on the demand and supply of 
construction capacity. The Ministry of Economics has defined the low quality of construc-
tion works as a problem. It has suggested that the selection of the constructor companies 
should be based on criteria of social responsibility, values, and reputation, instead of price 
offers [56]. Around 20% of public building renovation projects financed by Climate 
Change Financial Instrument have not reached expected savings, the main reasons being 
the low quality of energy audits (25%), technical specifications (20%), construction works 
(20%), and operation of buildings (35%) [57]. Building up capacity takes time, and this 
impacts the quality of construction works because quality is lower for inexperienced com-
panies than for experienced companies (see Figure 20). This impacts the fraction of suc-
cessfully completed projects, and it takes time for an apartment owner to perceive this 
fraction, which in turn has an impact on demand. 
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Figure 20. Simulated fraction of successfully completed projects and capacity of experienced and inexperienced construc-
tion companies with existing policy tools applied. 

The stability of financing leads to an increased number of experienced construction 
companies (see Figure 21), an increased quality of works, and an increased fraction of 
successfully completed projects and demand. 

 

 
Figure 21. Simulated fraction of successfully completed projects and capacity of experienced and unexperienced construc-
tion companies with sustainable EU funding and penalty–reward scheme used. 

Lower construction quality leads to a bad reputation of renovation works in general, 
causing a misperception in society, e.g., windows will blur, the renovation will cause 
molding, and there will be no fresh air in the room. Such bias comes from the low-quality 
works and experience in early 2000, and these myths still exist despite improvements in 
quality standards since then. 

3.1.4. Social Context, Social Interactions, and Social Behavior 
This study presents social context, social interactions, and social behavior as the 

word-of-mouth effect and social trust in strangers (outsiders) and neighbors (insiders). 
The word-of-mouth effect can either reinforce or mitigate the diffusion rate of renovation 
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projects, and an increase in the share of successful projects reinforces diffusion while a 
reduction mitigates it. The dynamics of the word-of-mouth effect and its impact are men-
tioned by different stakeholders, e.g., in the city of Jelgava, “Buildings come and demand 
energy efficiency projects” [58], “In 2010, the owners of Mungidciems’ first house Saulītes 
agreed on the renovation. After completion of the project, its results and benefits were 
evaluated by neighbors; the difference in payments for heat was a reason to encourage 
others to follow the lead. There was a positive ‘backyard effect’” [59], etc. 

On the other hand, the low quality of construction works causes a negative word-of-
mouth effect. If the expected savings are not achieved, the payback time increases, creat-
ing problems for the building owners to pay back loans and receive planned benefits. That 
in turn gives rise to a negative word-of-mouth effect and a reduction in diffusion rate. 
Information spreads like an infection with a lower rate at the beginning (measured as liv-
ing area renovated in m2 per year) and increasing as more buildings get renovated (see 
Figure 22). The word-of-mouth effect is higher for a sustainable funding scheme because 
more buildings are renovated. 

 
Figure 22. Simulated word-of-mouth effect with actual policy tools and with sustainable EU funding 
scheme and penalty–reward scheme in force. 

Many project implementers value the aesthetical aspects and comfort gained with 
renovation projects. In small cities or villages, inhabitants of non-renovated buildings ex-
perience social pressure from neighbors due to the word-of-mouth effect for the degrada-
tion of the common landscape. As 12 years of project implementation experience shows, 
the most critical factor for the diffusion of renovation projects in multi-family buildings is 
social trust in “strangers”, e.g., public bodies and institutions and neighbors. The social 
trust of apartment owners determines the strength of cooperation with the municipality, 
housing maintenance company, and other “strangers”. The presence and activity of an 
insider (trustworthy apartment owner living in the building) who can champion and lead 
the project indicate the strength of social trust among neighbors. Many cases support this, 
e.g., “…multi-family building renovation in Latvia differs among different administrative 
territories and cities. Local factors and the cooperation of stakeholders are the key to start-
ing a project. Public authorities manage energy efficiency programs, so the role of munic-
ipalities is individual…” [59], and “…how to get apartment owners to support renovation 
projects? The most important thing is the insider (apartment owner) from the building—
how active he will be because, undeniably, he will be trusted the most. At best, 30% of all 
apartment owners come to the apartment owners’ collective meetings”, says T. Cīrulis. 
Furthermore, “The insider from the building talks to other apartment owners as much as 
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possible, but the rest we contact and try to convince by ourselves….” [60]. A degradation 
of social trust in state institutions and banks has been observed since the economic crisis 
in 2008, bringing uncertainty and bias regarding banks and loans in general. In addition, 
there is a prejudice towards intermediates, with ESCO companies often seen as such. 

3.1.5. Information Dissemination 
In combination with other policy tools, information activities can increase the insula-

tion rate in both the short and long term. However, information activities must resonate 
with people’s central values [61], next to the content of the information program and how 
the information is presented [3]. In response to low awareness and interest in renovation 
projects, the ministry responsible for the program ran the information campaign “Let’s 
live warmer” from 2010 to 2020 (mainly grassroots activities such as seminars in munici-
palities). Four hundred and twenty-six events were organized, and 46,430 participants 
attended the information events, i.e., 7% of the target audience were reached during a ten-
year period or 200 thousand m2 per year, assuming that all informed persons were not 
informed before [62]. The results of simulations (see Figure 23) show that the information 
campaign carried out is just a little stronger than no information campaign, and a more 
robust campaign is needed to increase the rate of informed buildings. 

 
Figure 23. Simulated impact of different types of information campaigns measured as building area represented by the 
informed inhabitants (not being informed before), in m2 per year. 

3.2. Future Scenarios 
In this section, a series of scenarios that answer “what if” questions regarding the 

implementation of different policies displayed in the model interface are explored: 
• Scenario 1, or baseline scenario, is based on the current ongoing policy in Latvia ac-

cording to the National Energy and Climate Plan 2030. In 2022, the total available EU 
funding is 200 million EUR (140 million EUR from the EU Multiannual finance frame-
work and 140 million EUR from the EU Resilience Fund). The support intensity for 
multi-apartment buildings is 30%. The information is provided by the grassroots in-
formation activities via the campaign Let’s live warmer. In addition to that, energy 
efficiency obligation scheme is used for electricity providers with an annual savings 
goal of 1.50%. 

• Scenario 2 has the same set of policy tools as Scenario 1, but funding is increased 
three times and is 600 million EUR. 
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• Scenario 3 has the same amount of EU funding as Scenario 1 and the same support 
intensity and is combined with other policy tools provided by the interface. 

• Scenario 4 has the same amount of EU funding as Scenario 2 and the same support 
intensity and is combined with other policy tools provided by the interface. 

• Scenario 5 has the same set of policy tools as Scenario 4, but funding is increased to 
1000 million EUR. 

 
More detailed information about each policy scenario is provided in Table 2. 

Table 2. Input data for policy tools for each policy scenario. 

Policy Tools Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 
EU funding, million EUR  200 600 200 600 1000 

EU funding support intensity, % 30 30 30 30 30 
Start year of EU funding 2022 2022 2022 2022 2022 
Penalty–reward scheme Off Off On On On 
ESCO reinvestment fund Off Off On On On 

EEOS electricity On On On On On 
EEOS heat Off Off On On On 

EEOS savings goal, %/year 1.50 1.50 1.50 1.50 1.50 
Impact of information dissemination 0.20 0.20 1 1 1 

R&D support, million EUR/year Off Off 1 M 10 M 10 M 
Support program for “champions”, thous. EUR/year Off Off 0.3 M 0.5 M 0.5 M 

Building standards and norms (starting 
year/strengthening frequency (years)/energy 

consumption reduction (kWh/m2/year)) 
Off Off 5/3 5/10 5/10 

Figure 24 illustrates the results of cumulative energy savings for all four scenarios, 
and Figure 25 shows results for annual costs for each scenario. 

Scenario 1 results show that, by the current policy mechanisms, the actual cumulative 
savings in the housing sector will be 570 GWh by 2030, and the total cumulative costs will 
be 1.15 million EUR. The same results are reached in Scenario 2 and show that the result 
will not change even when multiplying the investment but not changing the policy tools. 
Scenario 3 shows that even by having the same amount of investments as in Scenario 1 
and combining it with the targeted policy tools, the improvement could be reached. The 
cumulative savings will increase to 3600 GWh, the total cumulative costs will be 715 mil-
lion EUR, and the annual investment rate will gradually increase over the years. Scenario 
4 shows that cumulative savings will reach 7400 GWh, which is slightly lower than in 
Scenario 5. The total cumulative costs in Scenario 4 will reach 1285 million EUR, while in 
Scenario 5 it will be 1715 million EUR. The difference between both scenarios can be ob-
served in Figure 19, wherein the annual investment rate differs from 2028. In Scenario 4, 
the available EU funding will be spent by 2028, and the penalty–reward scheme will pro-
vide co-financing for projects but not enough to co-finance all projects (up and down be-
havior shows that all income from the scheme will be immediately spent on projects). In 
Scenario 5, the amount from EU funding will still be available, and the implementation of 
projects will continue until 2030. 
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Figure 24. Simulation results of cumulative energy savings for all four scenarios. 

 
Figure 25. Simulation results for annual costs for each scenario. 

4. Discussions 
Our first version of the system dynamics model was built to study the diffusion of 

energy efficiency measures in multi-family building stock at the dusk of policies in this 
sector and based solely on the literature and expert views. Simulation of human behavior 
was limited to a single parameter, “uncertainty costs”. In this study, the attitude–behav-
ior–context model was used to supplement the model with a behavior sub-module. 
Knowledge was elicited about the real system from scientific literature, the experts, and 
the stakeholders, and was validated with the data from experience and the group model 
building sessions. However, the model can be improved further by applying other social 
theories, such as the network theory. 

The system dynamics model’s structure was built for aggregated parameters, which 
limits the application of this modeling approach to study social dynamics evolving from 
individual behavior as it can be achieved with other simulation methods, e.g., agent-based 
modeling. This should be considered in further studies because “…all social phenomena, 
and especially the function of all social institutions, should always be understood as re-
sulting from the decisions, actions, attitudes, etc. of human individuals, and … we should 
never be satisfied by an explanation in terms of so-called ‘collectives’….” [63]. 
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Another significant limitation of the study was the size of the model. One of the es-
sential aspects of modeling is to keep models as simple as possible by making them com-
plex enough to explain the behavior generated by the system’s structure. Traditionally, 
most of the research undertaken on energy efficiency has focused on a specific factor, such 
as cost-effectiveness, or policy initiative, such as financial support, while if the total effect 
is considered at all, it is assumed to be the sum of the parts. However, a lack of focus on 
the bigger picture can miss the interactions between factors at different levels and the ho-
listic nature of this issue. On the other hand, considering every possible factor and every 
causal link between them may be as imprecise as the research on single factors. This lim-
itation was addressed by building the model with the focus on balance between simplicity 
and complexity by setting the boundaries of the system and defining factors, policy initi-
atives, and limiting causal and feedback links. 

5. Conclusions 
Our study shows how seemingly positive policy tools set the stage for a series of 

unintended adverse effects due to the complex interactions between different system com-
ponents and how the common assumption that information and financial support should 
result in significant energy efficiency diffusion results is impeding national energy effi-
ciency goals. The system of the multi-family building sector is far more complex than what 
is intuitively assumed because there are several major reinforcing and balancing mecha-
nisms in the system that can counter the effects of energy efficiency policy tools used by 
the government. 

Similar to other studies [64,65], this study shows that rapid and substantial changes 
in available funding can destabilize a system due to multiple feedback loops and delays. 
For steep and short-term growth in complex system, these effects are not intuitive [31]. A 
lack of long-term policy planning caused two waves of funding from 2008 to 2020 and 
resulted in a wide array of adverse effects for energy efficiency policy such as the misbal-
ance between supply and demand of construction services causing an oscillation in price, 
pay-back time, net benefits, and quality of construction works, an addiction to financial 
support based on EU funding, and a negative word-of-mouth effect. The results show that 
the capacity of construction companies adjusted slowly to the demand, and a significant 
gap arose between the demand and the capacity supply. This in turn affected the renova-
tion costs, thus dampening the demand via a negative feedback loop to catch up with 
demand. If the renovation costs are high, net benefits decrease and the rate of building 
renovation decreases. Two other negative feedback loops balanced the demand for the 
services of construction companies. The first loop was aroused at the early stages when 
capacity grew very fast, i.e., as demand rises, more inexperienced companies enter the 
market, leading to an increase in unsuccessful projects. The second loop balanced out the 
reinforcing process of an information campaign due to the impact of unsuccessful projects 
delivered by inexperienced companies. The negative loop of availability of the reinvest-
ment sources dampened ESCOs supply. The reinforcing effect of the information cam-
paign was weak, while the word-of-mouth effect reinforced renovation processes, espe-
cially outside the capital city. 

The implementation of energy efficiency policy between 2008 and 2020 revealed 
other vital drivers for the diffusion of energy efficiency projects in multi-family buildings, 
such as social trust and strength of cooperation between the municipality, housing 
maintenance company, and the insider (trustworthy apartment owner living in the build-
ing) who can champion and lead the project. These drivers increase the probability of in-
vesting in energy efficiency, which in turn increases the rate of renovation. These findings 
coincide with a similar study carried out in the multi-family building sector in Slovenia 
[66]. Other studies [67,68] also underline the importance of the role of a trustworthy neigh-
bor; they suggest that the information provided by block leaders (persons belonging to 
the same social network and using face-to-face interactions) is a very effective interven-
tion. People conform to social norms because it is a mental shortcut to address complexity 
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in decision making, and it is essential because social norms can effectively induce behav-
ioral change [69]. The word-of-mouth effect reinforces and mitigates the diffusion of ren-
ovation projects because they bring forth social comparison and increase social norms in 
favor of energy efficiency. 

Sustained, smooth, and predictable funding levels set the conditions for the neces-
sary stability in the system. Penalty–reward schemes can be used as one of the alternatives 
for stabilizing the system. Combined with other policy tools, such as excessive infor-
mation campaign and investment in R&D, as well as an increase in building sector stand-
ards, diffusion of energy efficiency measures in multi-family buildings can be enhanced. 
As simulation results show, a combination of different policy tools provides a reinforcing 
effect while not increasing the total costs. 
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