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Abstract — A large proportion of greenhouse gas emissions come from heating and hot water
supply and developed district heating systems will play an important role in meeting climate
targets. The research presents a methodology for the study of the influence of combined
factors on future thermal energy demand. System dynamics modeling has been applied to
residential buildings in terms of renovation, new building construction, subsidy fund and
assessment of reducing future thermal energy and greenhouse gas emissions. Changes in the
consumption of thermal energy of district and decentralized thermal supply, under the
influence of energy efficiency and financial factors were studied. Renovation of old buildings
has a great impact on achieving the goals set on the way to climate neutrality by reducing heat
energy consumption. As shown by the simulations carried out with the existing funding and
legislation, by 2050 the expected reduction for users of district heat supply in Riga is 3 % and
for users of alternative heating 2 %, from the existing 2023 consumption.

Keywords — District heating; energy efficiency; heat demand; house renovation; system
dynamics modelling.

1. INTRODUCTION

The provision of heating and hot water in buildings accounts for a large part of greenhouse
gas (GHG) emissions [1]. The construction of new buildings, as the introduction of new
generation heating systems combined with the insulation of existing buildings should reduce
heat consumption. However, in parallel with energy-saving measures, there is also an increase
in energy demand due to the load electrification. To ensure the supply of electricity, energy
producers need detailed and reliable network forecasts. Powell work [2] provides a detailed
analysis of the heating, cooling and electrical load forecasting of a large district heating
system (DH) for a college campus. A similar study was carried out by Tan studying the
combined forecasting of electricity, heat, cooling, and gas loads in the Suzhou Industrial
Park [3]. Fang performs weekly and seasonal demand forecasting of a Finnish district heating
(DH) company’s thermal energy using a regression and time series model [9]. A slightly
different model is offered by Cholewa, creating a thermal energy prediction model for one
building [4], and the model is intended for short-term forecasts. Research on demand
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forecasting is also conducted for the Latvia DH [5], [6]. A research gap has been identified
in comparing previous studies: many future thermal energy consumption forecasts are either
for short-term forecasting, which is mostly a week, or, if a longer period is considered, within
one year, the studied system is of a small size, one object or the size of a student town.

Work of Bagaini [7] is based on comparison and classification. The introduction of the OSS
concept in the market of house renovation can promote the renovation of buildings and reduce
political and documentary obstacles, which mostly delay the progress of building renovation.
The work from Frantal [8] paid attention to the differences between regions (geographical,
socioeconomic, financial), which are the main factors in the use of subsidies and the amount
of money that is used. The study shows that there is a correlation between the number of
subsidies per capita and the number of subsidies between regions. There are significant
differences between areas considered poor and at risk of energy poverty [8]. Bolton concluded
that people do not trust contractors, and the financial aspect is also very important. Relating
the interviews to the existing policy, the author emphasizes that “energy efficiency policy
should promote the wider benefits of modernization, such as improving comfort and health,
rather than stories of economy and efficiency” [9]. Similarly, Conradie studies behavioural
theory norms and the influence of attitude on the intention to carry out energy efficiency
renovation [10]. Belaid has studied the behaviour of citizens and the obstacles that influence
investment in energy efficiency in France [11]. Maia analysed the gradual renovation of
buildings and the impact of renovation on costs [12]. Flores-Abascal has analysed the energy
efficiency indicators using multi-criteria methodology, including energy poverty and indoor
quality [13]. Lui has analysed various political approaches in China related to the renovation
of low-rise buildings, and the purpose of the study is to analyse and stimulate the dynamics
of renovation at the regional and national levels [14]. Considering the location of the study,
system dynamics model was created for the National Climate and Energy Policy design, and
heat consumption of buildings is modelled on a national scale [15]. One of the latest studies
was conducted in 2023 for Riga, to predict heat consumption, but in this model, only one side
of the city with a minority of populated areas and a scattered number of buildings connected
to the DH company is considered [16]. Compared to similar studies, for example at the
national level, the parameters used are compared in general, considering the peculiarities of
the specific region, the speed of renovation, the number of inhabitants. Also, the building
consumption indicators are average for all country.

Therefore, in this study, a system dynamics model is used to estimate the future heat
demand for the DH company, which is the largest DH company by network size in the Baltics,
and one of the largest in eastern European and Nordic countries. Since long-term thermal
energy forecasting requires the evaluation of various impact factors, such as building
renovation, human behaviour, improvements in renovation parameters, the impact of heat
network losses, the impact of policies and subsidies. An analysis of the scientific literature
related to these factors was performed. The proposed model differs from other models of this
type by the level of detail, since modelling of heat energy consumption considers dynamics
of specific heat consumption (kWh/m?), the development of building area (m?), accounts the
building stock by the year of commissioning. The authors aim to propose a more accurate
model, considering the energy efficiency indicators of each type of building sector, based on
the period when the buildings were put into operation. Another advantage of the model is that
it allows to calculate dynamics of the rate of connection to DH systems of the existing
buildings and future building stock. Furthermore, sensitivity analysis allows to determine the
impact of different strategies on the rate of renovation and connection to the DH system.
Although this study uses data and technical assumptions that characterize the Riga district
heating system, the model can be adapted for the analysis of other countries, regions, or cities.
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2. METHODS

The system dynamics model to study heat consumption in the Riga DH system was created
in Stella Architect environment [17]. The modelling time horizon is from 2023 to 2050 with
a time step (dt) of % year, since the smallest time constant in the model is one year. Data,
from the Riga DH company, the statistics databases, publications, or reports were used, and
assumptions were made when no data were available. Heat consumption of the residential
buildings supplied from DH and the ones using alternative heating (AH) systems were
considered. The main feedback effect (Fig. 1) is a relation between the gap between the goal
and the actual heat consumption which must be reached by renovation of the building space
and the subsidies for renovation. As heat consumption decreases due to renovation,
motivation to provide subsidies for the renovation also declines, leading to reduced rate of
renovation, ceteris paribus. A decreased rate of renovation results in larger heat consumption
than otherwise would be if everything else remained the same. Thus, two balancing loops,
one for the living space connected to DH and the other for the living space with AH, are
formed as seen in Fig. 1.

Goal of heat consumption

Heat consumption DH
Heat consumption AH /_

GAP
© @

Subsidies for renovation

Renovation ra'tﬂ/ Movahon fate DH

Fig. 1. Causal loop diagram (CLD) of the model. DH - district heating; AH — alternative heating; Renovation rate AH —
renovation rate of the living space with alternative heating; Renovation rate DH - renovation rate of the living space with
district heating.

2.1. Area Development Sub-Model

The construction of new residential area increases a heat demand therefore one of the sub-
models analyses dynamics of the construction.

Order rate of Area Commissioning rate

area construction under construction of area New built area

Oo—C—  BE=0—

area available indicated order rate time of construction

for construction of area of area

Fig. 2. Main stock and flow diagram for new living area development.
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The demand for the construction of new area depends on the land space available for
construction and the demand for new living area. The demand for new area depends on the
population’s income level, loan interest rates, land availability, demographic situation and
construction costs [18]. The income level was calculated using Eq. (1):

a=1.2285x*+10.299x +214.52, 1)

where a — inhabitants’ income per household member, EUR; x — the difference between the
base year (2004) and the actual year. The construction costs were calculated using Eq. (2):

b=58.687x + 708.35, )

where b — costs of the newly built area, EUR/m?; x — the difference between the base year
(2002) and the actual year.

The bank loan yearly interest rate is assumed to be 2.1 % and remains constant throughout
the modelling. Population growth, internal and external migration (Fig. 3), and changes in
household size and structure (such as the demand for smaller or larger dwellings) affect the
demand for new housing.
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Fig. 3. Indicator rates for population in Riga.

Based on the available statistics from 1990 to 2023 and their research, as well as various
future forecasts, about changes in the population, factors of future changes have been put
forward because of the analysis. There is an increase in mortality during Covid-19 (Fig. 3),
and the difference between arrivals and departures is related to the war in Ukraine. Therefore,
these years are not considered in the forecasting statistics. The model includes a parameter —
“desire for improvements in housing”, which is defined as the desired area per person, and in
2021 in Riga it was 28 m? per person [19]. Based on statistical data on built-up areas and the
number of inhabitants, the average increase in living area is 0.4 m? per person per year.
Subsequently, the demand for constructing a new area is formed by the difference between
the existing available area and the desired area per person. Construction time includes
potential delays and design phases. Newly built areas are divided by type of heat supply, i.e.
DH and AH. Based on the data available to the company over 10 years [20], on average 71 %
of new buildings decide to connect to DH. For the main values described in this section see
Table 1.
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TABLE 1. VALUES USED IN THE LIVING SPACE DEVELOPMENT SUB-MODEL FOR BASE SCENARIO

Name Value Units Reference Description
Ex1§t1ng Changes ) . It is assumed that the remaining built-up area is
available free g m Assumption o . .
1 over time 30 % of the existing built-up area.
and areas
fr’;‘;“ng living m? [21] The built area of residential buildings until 2022.
Bank lending 21 % [22] Average, calculated based on available statistical
interest rate : ° data, assumed to be constant.
Average calculated based on available statistical
. Changes o data, if the rate will decrease annually by 0.1%
Euribor over time % [23] until it reaches 1 %. Once the 1 % mark is
reached, the rate remains unchanged.
Demolition of % per The assumption is based on the data available to
area 0.002 Zsr [20] the company regarding the area, which is
¥ disconnected from DH because of demolishment.
Population Changes people [24]-[32] Calculation is based on the indicators: births,
over time mortality, immigration, emigration.
. Changes . .
Birth over time people [33] Trendline graphic method.
. Changes Trendline graphic method, not including data for
Mortality over time people [34] time during Covid-19.
Chanees Trendline graphic method Not counting the year
Immigration ver tgime people [35] of the start of the war, when Ukrainians arrived in
© large numbers.
S Changes . .
Emigration over fime people [35] Trendline graphic method.
It is assumed that on average there are 2 people in
. Changes the household, but from 2041, the number
Houschold size over time people [36], [37] increases by 0.1 every year, based on the

forecasts of the increase in the birth rate.

Cost of the new Changes

. . EUR/m>  [38] Trendline graphic method.
construction area  over time
tructi .
C.OHS fuction 3 Years Assumption
time

2.2. Residential Area Renovation Sub-model

Potential areas for renovation are all areas of buildings built before 1991 and not renovated
(Fig. 4). The interest in renovation depends on the probability of investing in renovation,
which depends on the tariff and information campaign about benefits of renovation. The
higher DH tariff leads to higher interest in renovation (Fig. 5).

The relationship between heat tariff and renovation activity is notable, with minimal interest
in renovation when tariffs are below 50 EUR/MWh. Therefore, the effect of heat tariff is
determined that depends only on the tariff level. If the tariff is below 45 EUR/MWh, then the
impact factor is set as “0”, because at such a low tariff society is not motivated to carry out
renovation activities. However, a surge in renovation applications occurred when tariffs
exceeded 100 EUR/MWh due to rising fuel costs (Fig. 6).
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Fig. 4. Main stock and flow diagram for renovation in alternative heated (AH) areas.
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Fig. 5. Relation between renovated areas and tariff. Left y axis — heat tariff of Riga’s DH supply; the right y axis — the total
number of renovated building area.
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Fig. 6. Effect of heat tariff on decision to renovate. Larger impact factor leads to larger probability of investing in
renovation.

73



Environmental and Climate Technologies

2025/29

The effectiveness of information campaigns was calculated based on the information in the
National Energy and Climate Plan model [15]. It takes about two years on average for
property owners to decide on renovations. This estimate is based on the experiences shared
by representatives of renovated buildings, showing that it takes from 2 to 5 years from the
initial renovation idea to contract finalization and subsidy receipt. The decision for renovation
rate is affected by the average time for renovation and subsidies. Subsidies for Riga [39] are
calculated for all buildings, regardless of their heating type. Analysis of data shows that until
2023, 67 % of the buildings renovated, were connected to DH and 15 % had AH. However,
from the buildings renovated after 2023, 88 % were connected to DH and 12 % used AH, and
that has been considered in the subsidy model (Fig. 7).

interval allocating subsidies Renovation subsidy fund
Subsidies withdrawn
\ﬁ from renovation subsidy fund
O / >
Subsidies allocated

budget for to renovation
renovation subsidies
subsidy fund Riga

renovated area subsidised price

to be subsidized of renovation

Fig. 7. Main stock and flow diagram for subsidy fund.

Similar stock-and-flow sub-model (Fig. 4) is made also for DH. System is presented since
the areas with AH often plan renovation and connection to DH. The decision to join DH
depends on the subsidies available for changing heating type [40], and it takes time to make
this decision. Currently, 30 % of the buildings with AH deciding to renovate are also willing
to connect to DH [20]. This proportion could rise to around 50 % in the future based on
National Climate Target Plans and upcoming regulations [41].

2.3. Renovation Subsidy Sub-Model

The subsidy module was developed to evaluate the impact of current and potential future
subsidies on building renovations and to determine future subsidy amounts (Fig. 7).

The goal of renovating buildings built up to 1991 is a key factor determining allocation of
subsidies. The overall goal is to renovate 70 % of all buildings by 2050, considering that some
buildings, e.g., those with cultural and historical significance, cannot be renovated. The
difference between this goal and the actual renovated stock creates an effect on the allocation
of subsidies. As the gap between the goal and the actual value is closed, less subsidies are
granted, and no subsidies are granted when the goal of 70 % is reached. Data shows that Riga
used circa 20 % of the total subsidies available in previous years, with an increase to 26 % in
2023. The subsidies are anticipated to be allocated every five years until the desired impact
is reached. It was found out that during the renovation, subsidies cover circa 49 % of the total
renovation costs [39]. that the renovation costs increase annually by circa 17 % [42] and the
average costs are 393 EUR/m? [43]. This proportion and cost increase rate remains constant
during the simulation.

For the main values described in this section see Table 2.
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TABLE 2. VALUES USED IN THE SUBSIDY SUB-MODEL FOR THE BASE SCENARIO

Name Value Units Reference Description

Currently, renovation is voluntary. It is not
possible to renovate all buildings, due to lack
of money, cultural heritage, unwillingness,
and other reasons.

Renovation target 70 % Assumption

Subsidies used in Riga An assumption based on the possibility that

Change
as proportion of the overngrr?e o [39] more buildings will be renovated in future in
total subsidies in the 26-50 0 Riga and that the other cities of the country
country -5 will already have completed renovations.
Indicated budget for Mill
renovation subsidies in 57 EUR. [39]
Latvia
Interval of allocating 5 years [39]

subsidies

2.4. Energy Sub-Model

The energy module aims to calculate the heat consumed and produced by consumers over
the year. Building areas were categorized by their year of construction to accurately estimate
heat consumption, as specific consumption rates are known for each building category by
construction year. The consumption of hot water is determined for existing, newly built, and
areas that change the heating type from AH to DH. Specific hot water consumption (kWh/m?)
for existing and new areas is determined from company data of average summer consumption.
Heat losses in DH networks are based on the existing data, with future reductions expected
according to the company’s strategic goals, which aim to limit losses to 10 % by 2050. Heat
consumption is calculated for the existing, renovated and newly constructed building areas.
Changes of the specific (per m?) heat consumption over time of newly built (built after 2022)
and renovated areas (Fig. 8 and Fig. 9).

renovated joined
DH increase rate specific heat
Increase in heat renovation increase consumption for renovation

consumption new rate

y
(—0—0 ==

Increase in heat

Heat consumption new
specific heat consumption consumption renovated Heat consumption

new increase rate
of new built renovated

since 2023

Fig. 8. Main stock and flow diagram for heat consumption in new and renovated areas.

Both the historical and the expected future specific heat consumption [44]-[47] was
considered (Fig. 9). Based on the data available to the company, the theoretical and actual
consumption of buildings over the last 5 years was compared, and the values of the specific
heat consumption were corrected.

The heat consumption was corrected by considering the actual average outdoor temperature
and the number of actual heating days during a certain year according to ISO standard [48]
and calculated based [16].

For the main values described in this section see Table 3.
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Fig. 9. Specific heat energy consumption for renovated and newly built areas.

TABLE 3. VALUES USED IN THE ENERGY SUB-MODEL FOR THE BASE SCENARIO

Name Value Units Reference Description
2
Hot Waterv 40 KkWh/m [20] Average summer energy consumption in DH.
consumption year
Heat losses in Changes [20] Declines from 13 % to 10 %.
DH systems over time
Heat losses in o .
AH systems 20 % Assumption
Normative
heating days 192 days [49]
Number of actual . Base_d on change_s in the average le_ngth ?fthe
heati 200 days Assumption  heating season since 1992, and residents
eating days
demand for comfort.
Indoor 20 oC Assumption The average assumed usable comfort
temperature temperature.
Normative
outdoor 1.1 °C [49]
temperature
Based on existing historical data and future
Actual outdoor Changes o [50] projections, assuming an annual temperature
temperature over time increase of +0.01 °C, starting at +3.15 °C in

2023.
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2.5. Validation and Limitations of the Model

Validation was performed based on the period from 2017 to 2023. Validation was
performed for demographic (immigration, emigration, births and mortality) and population
economic indicators, renovated areas and DH energy consumption. As can be observed, the
simulated data of the model agrees with the actual data (Fig. 10).

12.00

10.00 /\

8.00

6.00

—_—

4.00

Demographic,thous. people

0.00
2017 2018 2019 2020 2021 2022 2023
year
Imigrated (M) Emigrated (M) Mortality (M)
eessee Born (M) Imigrated (R) Emigrated (R)
Mortality (R) Born (R)

Fig. 10. Validation results of demographical indicators. The letter M stands for simulated data, and the letter R stands for
real statistical data.

As can be seen from results of validation for renovated areas (AH and DH) (Fig. 11), the
results of the model and the actual data agree quite accurately until 2020. The disagreement
in 2020 and 2021 can be explained by Covid-19, when there was no possibility of completing
the started projects due to restrictions, and post-COVID-19 differences when delayed projects
were to be completed.
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Fig. 11. Validation results of renovated area.
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Validation of the heat demand (Fig. 11) was performed based on the outdoor temperature
and the duration of the heating season in days. As can be seen, the biggest difference in the
results was observed in 2020. The total error is 1 %. This could be explained by the
improvement of citizens’ energy efficiency literacy, efficient and rational use of energy, e.g.,
by regulating the indoor temperature.
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Fig. 12. Validation results of heat consumption.

Buildings constructed after 1991 were not considered for connection to DH, based on the
company's data showing that buildings operational until 2022 had not previously been
connected, likely due to their relatively new internal heating systems and low maintenance
costs.

3. RESULTS AND DISCUSSION

Gradual renovation of residential houses will ensure the sustainability of the buildings, as
well as reduce heat consumption, while connection to the DH will ensure a safe and
continuous supply of heat energy and can also reduce GHG emissions from the process of
heat energy production and consumption of residential buildings. The results (Fig. 12) show
that in 2050 the total heat energy consumption in DH will decrease by 5 % or 119 GWh per
year, and by 2 % or 20 GWh per year in AH compared to 2023. This slight decrease is due to
the slow pace of renovations and construction of new buildings, which limits the decline in
consumption.
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Fig. 13. Heat consumption in DH and AH systems.

The goal of renovating all buildings built before and in 1991 was to reduce GHG emissions.
The difference between the goal and the actual renovated space (Fig. 13) shows that with the
existing decisions and the speed of renovation, it is not possible to achieve the goal set — to
renovate all buildings built before and in 1991.
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Fig. 14. Gap between target and actual renovated area.

It is generally assumed that the lack of funding holds back the rate of renovation. For this
reason, a sensitivity analysis was performed for the parameter — “indicated budget for
renovation subsidies”. By doubling the number of subsidies, it is possible to reduce the
difference between the goal and the actual renovated area by 20 % or 3254 thousand m?, but
still not achieving the goal (Fig. 14). By increasing the number of existing subsidies tenfold,
it is possible to achieve a considerable amount of renovation.
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Fig. 15. Dynamics of the gap between the target and the actual renovated area depending on the indicated budget for
renovation subsidies.

4. CONCLUSIONS

Modeling of potential future heat consumption indicates that the rate of renovation has a
great influence on reducing consumption. If the existing development trends remain the same,
a 5 % decrease in heat consumption is expected in DH systems and 2 % in systems with AH.
In total, only 11 % of the total living space may be renovated by 2050. Only 1 % of the total
area using AH may decide to connect to DH during the renovation process. The number of
subsidies is the determining factor for the intensity of renovation. The study will continue by
supplementing building stock with the non-residential buildings and considering fuel
diversification.
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