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Abstract: Owing to stricter building energy requirements, future buildings will be characterized by
low base loads and occasional high peaks. However, future building areas will still contain existing
and historical buildings with high energy demand. Meanwhile, there is a requirement that future
building areas should obtain energy from renewable energy sources, while existing buildings need to
be transited to renewables. Therefore, the aim of this study was to develop an approach for modelling
energy pathways for future Norwegian residential building areas by analyzing different energy
supply systems. Several calculation methods were combined: building simulation, energy supply
technology simulation, heat demand aggregation, and data post-processing. The results showed that
the energy pathways would be very dependent on CO2-factors for energy sources, and it is hard to
predict accurate CO2-factors. An increasing housing stock development would slightly increase the
CO2 emissions towards 2050, although the new buildings used much less energy and the existing
buildings underwent renovation. A constant housing stock would yield a 22–27% reduction of CO2

emissions by 2050. This showed that implementing stricter building codes had a lower impact on
the total CO2 emissions than CO2-factors and energy technologies. The focus should lie on energy
supply systems.

Keywords: energy planning; building stock; residential buildings; energy supply; building
requirements

1. Introduction

Energy planning of the building stock is a highly important topic and highly relevant
for energy policy, requirements, and standards development; see Figure 1. Users marked
in the mid-part in Figure 1, refer to a town, suburban area, or national building stock, and
should be observed when performing building energy planning. The energy demand of
users is mainly influenced by two groups; that is, physical and human influenced factors.
The first group refers to building envelop, climate, and others that cannot be easily changed.
The second group can be changed and is defined by building occupants, which are related
to building operation, occupant behavior, and indoor environment conditions [1].

All these issues are highly relevant for our daily life both as individuals and as a
society. Stricter requirements in the building regulations require that new buildings reduce
energy demand and are characterized by low base load and occasional peaks. However,
old buildings will still occupy a large proportion of future building stock, and they provide
a complex picture of the future building energy demand. In addition, future building areas
shall be provided with renewable energy sources, and the existing buildings need to make
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the transition to renewables. This makes it relevant to look at different energy supply
systems and technologies that utilize renewable energy.

Figure 1. Big picture of urban building energy planning.

Despite its importance, this research topic is still in its infancy, without clear mathe-
matical methods or approaches to cope with all the issues as mentioned above. Although
different tools have been developed, they are partially managed to solve the targeted
sections and interests [2,3], which can be explained by several reasons such as a fragmented
building industry and divergent interests about energy demand and supply.

Among the few transparent tools internationally, they have some limitations on de-
veloping building energy requirements, which are supposed to connect building stock
identities to energy demand aggregation and corresponding greenhouse gas emissions.
For example, the discussion on the last Norwegian building technical requirement, TEK17
(regulations on technical requirements for construction works), showed this problem when
the requirement on energy flexibility for building energy supply was removed, because of
the government promise to enable cheaper housing. The requirement on energy flexibility
that implied possibility for the hydronic heating and connection to the district heating
(DH) was diminished: (1) by decreasing the share of energy that should be delivered
by the flexible solutions, and (2) by increasing the building area with the energy supply
requirement. The energy system’s flexibility shall be enhanced to increase the proportion
of variable energy sources, which has been addressed in [4]. This meant that there was
only a moderate requirement for implementing renewable sources into building stock
development. From this Norwegian example, neither energy analysis of building stock
nor the directive’s influence on the future energy demand were thoroughly considered
when making building energy requirements. Current building energy requirements do not
guarantee that buildings and building stocks will achieve global environmental require-
ments, because there are few organizational and institutional structures to support these
changes and no useful and transparent energy planning methodology [5]. Hence, there
is a lack of tools for energy planning on different levels for different decision makers. To
achieve global emission requirements, policy developers, energy planners, energy supply
companies, and city planners need a transparent tool and methodology to analyze the
possibilities, so that their requirements and ideas would provide a renewable society with
very low emissions.

Different methods are suggested to model energy use and emissions of the building
stocks. The extrapolation method can estimate values beyond the known range based on
the given data. Using this method to consider the building occupant behavior is done by
many researchers, for example, to extrapolate office occupancy and operational patterns of
windows and to extrapolate the impact from different occupant types; see [1,6]. The energy
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solar planning (ESP) tool is a simple tool for municipalities’ district planning based on a
steady-state monthly energy balance method [3]. Monte Carlo simulation has been used to
predict space heating energy use of housing stocks in a bottom-up approach [7], but the
model is shown to have uncertainties in prediction. At present, the only software to deal
with this topic is the Sustainable Urban Neighbourhood modelling tool (SUNtool) and its
recent successor CitySim. Even though these tools deal with occupant behavior, they do
not treat energy storage associated with buildings or district energy systems. In [8], the
building energy storage has been analyzed with building energy performance simulation,
conversion, and local energy potentials to approach a holistic vision of integrated energy
systems. Thus, the research field on energy flow modelling of the urban built environment
has been growing, but it is still in its infancy [9,10]. Only limited progress has been made
with respect to modelling of supply from energy conversion systems [3]. The simulation
tool for energy planning called EnergyPLAN treats the supply side, while the heating and
electricity load of an urban area are inputs [11].

The total greenhouse gas emissions from Norwegian territory were 53.8 million tons
of CO2-equivalents in 2014. Among them, there was 1.2 million tons of CO2 equivalents
related to heating in other industries and households [12]. Norway is still one of the few
countries in which household energy consumption depends on electricity. In 2014, nearly
73% of Norwegian dwellings had heating based on electricity through electric resistance
heaters, heating cables, heat pumps, and central heating, while only around 3% were
based on DH [12]. However, under promotion of the DH network, total consumption
of DH in Norway doubled over ten years and reached 5.1 TWh in 2014, where 72% of
DH was produced from renewable energy sources. One of the motivation factors for
looking at different energy supply systems and technologies for the future is to reduce CO2
emissions from Norwegian households. Instead of increasing the utilization of primary
energy resources such as hydro, oil, and gas, it may be advantageous in the future to base
energy supply on technologies that utilize energy source of ample access to society.

The purpose of the study was to define trends and requirements for building energy
supply systems, and to further develop an approach for modelling energy pathways for
future residential building areas, by considering different structures of the building areas,
implementation of the new requirements for buildings, and energy conversion technologies
and combinations. To realize this purpose, different calculation methods were combined:
detailed building simulation, energy supply technology simulation, heat demand aggrega-
tion, and data post-processing. Building models covering different building codes were
developed in IDA ICE. An imaginary building area was synthesized based on the building
structure and distribution from current statistics and future projection. The artificial area
connected to DH network was treated as representative of the typical Norwegian residen-
tial building area. The paper is organized as follows. The methodology is introduced in
brief by presenting the main calculation steps. In the result section, energy use of residential
buildings at different standards is firstly introduced. Based on the linear projection of the
building development, total energy demand until 2050 was presented. The most important
performance data of the energy supply plants were introduced. Finally, the CO2 emissions’
development of the building area over the years is given. Because of the effectiveness of the
paper, only the main results are presented from this big study [13]. The sensitivity analysis
and criticism on the results are given as comment when relevant.

2. Materials and Methods

This study was a combination of the methods from building energy use analysis and
energy supply system analysis.

2.1. Main Information Flow for the Study

The main information workflow for the study is presented in Figure 2.
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Figure 2. Main information flow for the methodology combining building energy use and energy
supply. CHP, combined heat and power.

Firstly, the study focused on the energy use in buildings with the purpose to create
different simulation models that presented households according to different standards.
Thus, all the building energy classes in Norway were represented. The first part of the
method is given on the left side in Figure 2, where the input data are placed in trapezoids
and the building models in rectangles. IDA ICE simulation software was used to develop
building models based on the historical and current standards. The models regarding
different built age cohorts were simulated separately and then aggregated to achieve an
imaginary housing area with 72 MW of heat demand and 28 MW of electricity demand.
The aggregation is based on housing statistics and statistics from the energy label scheme
to obtain an accurate weighting of the housing stock. Furthermore, the housing stock is
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projected with linear growth rates of the energy needs pictures for both today and the
future. Additionally, a sensitivity analysis of various user patterns was carried out to see
what impact it has on energy needs.

As shown in the right part in Figure 2, the second part of the study dealt with the
selection and evaluation of energy supply technologies, by considering the power and en-
ergy needs of the housing stock as the input. Energy supply technologies were determined
through a literature study of the current renewable energy sources and corresponding
CO2 factors [10,14]. The combinations of energy supply technologies, as well as power
distribution between technologies, were made based on the experience from industrial
facilities. The simplified simulation models built in EBSILON Professional software were
calibrated with the operation data from similar real plants. From the simplified models,
the relationship between the heat and power output and fuel input can be shown by the
parametric models. By combining the parametric models and the load of the building
stock, a method was developed to control the input of the energy supply technologies
based on the building energy needs. Lastly, CO2 emissions were calculated until the year of
2050. The technologies were further evaluated against each other to find the most optimal
solution concerning CO2 emissions and other important issues.

2.2. Single Building Energy Demand

In this study, a reference building was chosen with a typical two-story single-family
house built before 1980, which has a heat area of 122.2 m2 and a ceiling height of 2.5 m.
The unit is located at the end of a terraced building to represent the worst-case scenario
that three of the outer walls border the open air and one borders the heat area. The heat
area was divided into seven thermal zones and the model was built in IDA ICE [15], under
the climate data for Oslo, Norway. The IDA ICE model is shown in Figure 3. Energy use
in a terraced house is close to the average level of Norwegian residential building types
according to statistical data [12]. Thus, to simulate a terraced house is representative to
depict the average energy use situation among the dwellings in Norway.

Figure 3. The reference residential building model in IDA ICE.

To calibrate the energy use of the reference building model, data from the Norwegian
Energy Efficiency Agency (Enova) [16], statistical data, and standards were used. Based
on NS 3031 [17], the space heating system was designed for a setpoint temperature of
21/19 ◦C in the occupied/non-occupied hours, respectively, during the coldest period of
the year. Radiators were chosen for the heating system. The operation hours for ventilation
were set at 24 h per day, while for heating, lighting, and other electric appliances, they were
set at 16 h per day, all year round. The internal heat gains from solar radiation, lighting,
other electric appliances, and people were modelled based on the standard values by con-
cerning the overall heat balance [18]. The net energy for lighting, other electric appliances,
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and domestic hot tap was simulated with 25 kWh/(m2·year), 26 kWh/(m2·year), and
29.8 kWh/(m2·year), respectively [19].

The reference building model was made as an old building cohort (built before 1980).
After its calibration based on the national statistics, different measures were introduced
to model the other three built-age cohorts, namely, medium aged buildings, low energy
buildings, and passive house buildings. This is to get a realistic approach to the power
and energy use of the current and future housing stock by linking historical and current
standards. They represent real housing from the period in which they were built. It is thus
an effort to create the models with an energy demand at the same level as from Statistics
Norway [12]. The improved measures included tighter building physics, modern venti-
lation, energy-efficient equipment, and so on. The medium-aged buildings represented
the existing buildings between 1981 and 2010 and have passed some energy efficiency
measures. The model was based on a combination of TEK 87 and TEK 97 owing to its large
timespan. Low energy buildings referred to the ones built in 2010 or later by following TEK
10, which specifies the maximum energy limits for different building categories. Passive
house also referred to buildings from 2010, but was based on NS 3700. It has a require-
ment for the highest calculated net energy for heating considering the climate around
the building. Table 1 lists all the Norwegian building regulations and standards used in
this paper.

Table 1. The Norwegian building regulations and standards used in the study.

Building Code
Acronyms Title Year of

Introduction
National Mandatory Regulation/National

Standard Recommendation

TEK 87 [20]
Regulations on technical

requirements for construction works

1987

National mandatory regulationTEK 97 [20] 1997
TEK 10 [20] 2010
TEK17 [20] 2017

NS 3700 [21] Criteria for passive houses and
low-energy buildings 2010

National standard recommendation

NS 3720 [22] Method for greenhouse gas
calculations for buildings 2018

In this study, detailed hourly values on the heat and electricity demand were used
for analysis. Such high quality and high-resolution data were difficult to find in the
national statistical data. In general, it was only possible to find the annual specific total
building energy use per m2. A summary of all the relevant input data for modelling the single
residential building regarding each of the four different built-age cohorts is found in Table 2.

Table 2. Summary of the input data for the building simulation.

Description Old Building
(Before 1980)

Medium Aged Building
(1981–2010)

Low Energy Building
(After 2010)

Passive House
(After 2010)

The followed standard Manual for
enøk normtall 1 TEK 87/97 TEK 10 NS 3700

U-value for roof (W/m2·K) 0.40 0.20 0.13 0.09
U-value for floor on ground

(W/m2·K) 0.40 0.299 0.15 0.08

U-value for external wall (W/m2·K) 0.50 0.299 0.18 0.12
U-value for windows (W/m2·K) 2.889 2.40 1.145 0.78

U-value for doors (W/m2·K) 2.00 2.00 1.20 0.80
U-value averaged (W/m2·K) 0.548 0.380 0.2723 0.1922

Normalized cold bridges (W/m2·K) − − 0.03 0.03
Air change at 50 Pa pressure

difference (h−1) 4.0 4.0 2.50 0.60

1 Houses built before 1980 have no connection to any specific standard. Reference values were thus used for “Old buildings”, given by
Enova in the Manual for Enøk Normtall.
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From Table 2, it can be noted that there is a large decline in the average U-value, from
older buildings to passive houses. Further, it can be found that the downward trend of the
average U-value has slowed down in recent years. This flattening tendency indicates that
the development of dense and compact building bodies has already come a long way, and
the improvement potential is not as great as before. For the building model in Figure 3 with
the input data given in Table 1, the total specific energy use composition regarding different
building standards is given in Figure 4. From Figure 4, it can be noted that energy use
was almost halved from the older building to the passive house. The biggest contribution
to the reduction came from a significantly lower heating requirement through a better
insulated building body. The heating requirement for tap water was almost unchanged,
while electricity use was reduced by nearly 40% owing to the increasing installation of more
energy-efficient equipment/lighting and phasing out of the inefficient ones. The results in
Figure 4 were also compared with the real measurements and statistics and were found to
fit well with the energy measurements. Hence, they were regarded as reliable feeding for
further analysis. Cohort study was used in the study by considering different regulations
and standards. It is a useful method in the research of building stock development, where
each age-cohort group represents a given timespan when each building function is similar
in construction and standards. In this study, the dwellings in each built age cohort were
thus assumed to have similar energy use under normal operation. It enabled us to build
representative models following different standards and then gave a general picture of the
building stock. However, the variations such as from construction and operation may have
been ignored during the analysis. The previous building research by using cohort analysis
and study can be found in [20–25].

Figure 4. Energy use composition of single building.

For the developed building models, the influence of occupant behavior on the building
stock energy demand was also analyzed by considering differences in lighting, electric
appliances, and domestic hot tap water use. Sensitivity analysis was performed to see
the result variables (energy and power needs) were affected by variation in the input
variables. Here, different schedules and demand were implemented for the domestic hot
tap water. The greatest energy savings were achieved by having a moderate hot water
consumption with a potential annual saving of 8.5%. Different operation schedules and
installed power for the appliances and light were treated too. However, it was found out
that the optimization of equipment operating hours did not have as great an influence as
the hot water use.

2.3. Building Stock Model

Energy demand aggregation was based on housing statistics and statistics from the
energy labelling system to get an accurate weighting of the housing stock. The percentages
in Figure 5 were used for weighting the models to form the housing stock. The pie chart
reveals that, currently, most households are older and middle-aged buildings. Passive
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houses make up only 0.1% of the housing stock, with a marginal impact on the total power
and energy needs in 2014, but will have a profound influence by 2050. However, the
statistics show the dwelling information including the building types and construction
years, without showing the building standard of the dwellings. Therefore, an assumption
was made that the building followed the then-standard used in the construction year. Fox
example, for a building built in 1998, it was assumed that the dwelling was in accordance
with TEK 97. By following the shares of each built-age cohort, it corresponds to nearly
16,373 households based on the energy use from the IDA ICE models, with a total maximum
power requirement of 100 MW in total of electricity and heating. Previous research [26]
analyzed building areas for both low and heat density regions to point out the challenges
and potentials for low-temperature DH feasibility, which emphasized the connection
between energy supply system and building area.

Figure 5. Weights for the building models and estimated built-age distribution according to building
standard in 2014.

Furthermore, to provide an overview of the power and energy needs for today and
the future, the future housing stock was projected. Although dynamic modelling can better
adjust to changing motivations and political targets in a long-term outlook, as addressed
in [25,27], the standard linear trend was chosen in the study. In [28], housing demand was
found to almost follow linear growth during certain periods. Moreover, the population
increase towards 2050 was projected with a linear tendency based on Statistics Norway [29].
Therefore, the simplification through the linear model was considered competent in this
study. As it is outside the scope of this paper to derive the activity rates, the projection rates
of new construction, rehabilitation, and demolition were obtained from the report on future
building development to the Low Energy Committee [30]. These rates were assumed based
on the possible economic development, rather than on achieving certain energy demand
reduction of the building stock. A summary of the projection rates for the building stock
development is given in Table 3. Using constant growth rates, the short-term fluctuations
in the housing stock can be disregarded. As there is great uncertainty about the assumed
development, three different scenarios were made for the projection of housing stock in
order to capture the uncertainty associated with housing growth, namely, the normal,
conservative, and ambitious scenario. According to Table 3, an analysis on development
of the energy demand until 2050 was done under two future housing stock growths. The
difference between the new construction rate and the demolition rate yielded a net increase
in the housing stock, by concerning population growth and the need for increasing area per
person [12]. The second one is a future picture made with a constant housing stock, where
the demolition rate was set equal to the new construction rate. The projected housing
percentage distribution in 2050 is shown in Table 4 and compared with 2014.
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Table 3. Projection rates for building stock development.

Projection Rates (% per Year) Normal Conservative Ambitious

New building rate 1.33 1.06 (−20%) 2 1.66 (+20%) 2

Rehabilitation rate 1.50 1.06 (−20%) 2 1.80 (+20%) 2

Demolition rate 0.6 0.48 (−20%) 2 0.72 (+20%) 2

2 Numbers in parentheses indicate the percentage reduction/increase based on the normal rates.

Table 4. Comparison of building stock distribution in 2014 and 2050 under the different scenarios.

Built Age
Cohorts

Distribution
2014

Normal
2050

Conservative
2050 Ambitious 2050

Increased Building Stock

Old building 61.7% 49.7% 51.9% 47.5%
Medium-aged 35.1% 20.4% 22.8% 18.3%

Low energy 3.1% 17.8% 15.5% 20.0%
Passive house 0.1% 42.0% 33.2% 54.3%

Total 100.0% 129.9% 123.3% 140.0%

Constant Building Stock

Old building 61.7% 38.1% 42.0% 33.8%
Medium-aged 35.1% 20.4% 22.8% 18.3%

Low energy 3.1% 17.8% 15.5% 20.0%
Passive house 0.1% 23.7% 19.8% 28.0%

Total 100% 100% 100% 100%

During the modelling, four assumptions were considered:

• Only older buildings were demolished.
• Rehabilitation of middle-aged buildings achieved low energy building standard.
• New buildings were built according to the passive house standard.
• Passive houses are the ”best” building standard.

2.4. Energy Supply System and CO2 Emissions

To combine hourly heat and electricity demand with the energy supply technologies,
parametric models were used, as explained in Section 2.1. The parametric model included
performance data under the part load. Depending on the energy supply scenario (see
Table 5), the plants were controlled in the combination of base and peak load plant. The
plants with high investment cost and low energy cost were treated as the base load plants,
while the ones with the low investment and high energy cost were considered as peak load
plants. The sizes of the plants in Table 5 were obtained based on the cost-optimal approach
explained in [10,31]. Some of the most important reasons to have multiple technologies are
as follows: reduction in total investment costs, improvement in supply security and part
load efficiency, and flexible ability of choosing the most affordable energy sources. In this
study, only renewable energy sources were chosen. Combustion of biofuels with electric
boiler is a popular solution in Norway, owing to local rich bio-resources and fast response
from electric boiler. Combined heat and power (CHP) plant from waste incineration and
electric boiler offers a more flexible solution through optimization of energy production
according to price and demand, helping to stabilize the electricity grid if needed. The
combination of waste-based CHP, electric boiler, and heat pump can further enhance the
flexibility of the heating system with the opportunity of choosing the cheapest energy
sources and utilizing low-grade heat.
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Table 5. Scenarios of energy supply combination. CHP, combined heat and power.

Scenario Energy Production (Heat Demand) Required Rate (MW)

F1
90% Bio-boiler 33.1

10% Electrical boiler 38.7

F2
90% Waste-based CHP 33.1

10% Electrical boiler 38.7

F3
80% Waste-based CHP 25.6

20% Electrical boiler 46.2

F4
67.7% Waste-based CHP 19.0

22.3% Heat pump 14.3
10% Electrical boiler 38.5

The control of the plants was organized as follows: when the heat load at an observed
moment was lower than the full base load plant, then that plant was operating under the
part load. When the observed load was higher than the full base load plant, the second
plant was started. Depending on the rest load, the second or the peak load plant was
operating on part load until all the demand was met. The hourly calculation for each
year considered the changes in the duration curves, thereby energy demand concerning
building stock change was calculated.

The required fuel of each year was calculated on energy demand and the efficiency
of energy conversion technologies. To make it easier, the plant efficiencies for fuel input
were assumed constant under normal operation, and their values are found in Table 6.
After the fuel and energy inputs were calculated over different years, the CO2 emissions
were estimated using the factors given in Table 7 recommended in [32]. There have been
lots of discussion regarding the values on the CO2 emission factors. Depending on the
institution, the values of electricity vary from 3 g CO2 e/kWh [33], if only the Norwegian
hydro power is considered, up to 493 g CO2 e/kWh [33] if the guarantee of origin for the
renewable electricity is treated in the EU’s guarantee of origin. For the CO2 emissions
allocation in the CHP plant, the work was done by following the “Energy method”, with
the consideration of heat and electricity production amount. Previous research using this
method and discussion with other methods can be found in [14,34,35]. Additionally, the
impact of distribution losses in the DH network was not included in the article. As the heat
losses and infrastructure would be the same for all the studied scenarios, the CO2 load was
assumed to be unchanged between the systems.

Table 6. Energy efficiency values of the considered energy conversion technologies.

Energy Conversion Technologies Efficiency (%)

Waste-based CHP 90
Electrical boiler 95

Bio-boiler 85
Heat pump 3 3

3 refers to COP of the heat pump.

Table 7. Recommended CO2 emission factors [32].

Energy Sources Total (gCO2e/kWh)

Electricity (Nordic production mix) 110
Municipal waste (with sustainable criteria) 11

Municipal waste (without sustainable criteria) 175
Wood chips 18

Pellets and wood powder 19
Heat pump driven by electric compressor 110

In Table 7, for the municipal waste with sustainable criteria, this meant the waste
without fossil waste and this value was used in the study by considering the CO2 involved
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in transportation and other process. Because of the new Norwegian standard NS 3720 [22],
this value can also be regarded as zero when waste incineration is used for energy pro-
duction such as electricity and/or heat. As for the CO2 emissions from the heat pumps,
it refers to the CO2 emissions from the electricity used by the heat pump in the analysis,
which only used electric-driven heat pumps. All the values may change over the years,
but this was not treated in this study. For analysis purposes, different values for the CO2
emissions were considered and commented.

3. Results

This section gives a brief summary of the most relevant results regarding the main
idea of the procedures to decrease the CO2 emissions of the building stock. These results
can give suggestions for future building stock development.

3.1. Energy Demand of the Building Stock and Future Development

Based on the method introduced in the flowchart in Figure 2, the total energy and
power demand of the observed building area is obtained by combining the data on devel-
opment of building energy use in Figure 4 and the building stock development in Table 3.
As shown in Figures 6 and 7, both the cases of increased and constant building stock were
analyzed. After the building structure and distribution of the area is defined, the building
stock at a national scale can be extrapolated from that. Therefore, the results of heat and
electricity demand stacked in Figures 6 and 7 can be regarded as the representation of the
national trend in building energy demand under normal development rates.

Figure 6. (a) Total energy demand of the increased building stock with normal development rate; (b) total power capacity
demand of the increased building stock with normal development rate.

Figure 7. (a) Total energy demand of the constant building stock with normal development rate; (b) total power capacity
demand of the constant building stock with normal development rate.
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The results in Figure 6 demonstrate that the total energy and power demand will
increase if the increased building stock would be introduced, regardless of a significant
decrease in single building energy demand, as shown in Figure 4, by performing renovation
and promoting penetration of passive houses. From Figure 6, it can be found that energy
demand increases by 5.4% and an 8.4% higher capacity would be needed in the case of
a 29.9% increase in building stock by 2050 see Table 4. Moreover, the share of heating
demand was slightly increasing from 53% in the beginning to 55.5% by 2050. Whereas, in
the case of the constant building stock with equal rates for both new building construction
and demolishment, the total energy demand and capacity needs would decrease by 16.6%
and 13.8%, respectively, as shown in Figure 7. Again, the proportion of heating demand
had the similar small growth as the increased building stock above. Additionally, from
the sensitivity analysis considering occupant behavior, for example, the hot water use and
equipment use as mentioned in Section 2.2, it was found that the results in Figures 6 and 7
and may vary by up to 10%.

3.2. CO2 Emissions of the Building Stock
3.2.1. Based on the Current CO2 Factors for the Energy Sources

Based on the heat demand and energy supply systems defined in Table 5, the CO2
emissions for the increased building stock were calculated, as obtained in Figure 8. The
ambitious scenario is shown in solid lines, the conservative building stock activity is in
dotted lines, and the normal activity stands in between (not showed in the plot for easy
reading). They were compared with columns for both ambitious and conservative building
stock increase. The shortcuts were used to mark each energy supply scenario, which can
be found in Table 5. The year 2014 was considered as the reference year, as the building
stock model was developed based on the building stock structure and distribution in 2014.

Figure 8. CO2 emissions of the increased building stock considering different development rates.

Depending on the technology choice, the extent of CO2 emission growth may be
varied. In Figure 8, energy supply system F2—combination of waste-based CHP (33.1 MW)
and electric boiler had the lowest CO2 emissions over the whole analysis period. The
second-best solution came with energy supply system F4—combination of waste-based
CHP, heat pump, and electric boiler, which had 10.3% higher emissions than F2. The
emissions from the combination of waste-based CHP (25.6 MW) and electric boiler were
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12.2% higher than those of F2. The worst energy supply system is F1—combination of
biofuel boiler and electric boiler, by having 21.3% higher emissions than F2. In general, by
2050, CO2 emissions would increase by only between 0.2 and 6.7% under 23–40% building
stock growth compared with 2014. Meanwhile, the allocation of CO2 emissions for the
different energy supply systems under the normal scenario is given in Figure 9, where the
blue blocks are for CO2 from heat production, the marginal orange blocks are for CO2 from
electricity in the CHP plant, and the grey blocks for the CO2 from the power grid. In this
study, the allocation factor for electricity was given as between 0.18 and 0.20, and that for
heat as between 0.80 and 0.82.
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Figure 9. Allocation of the CO2 emissions for the different energy supply technologies for the
increased building stock.

By following the same method as above, CO2 emissions and its allocation under
normal scenario concerning the constant building stock are shown in Figures 10 and 11,
respectively. Similar to the increased building stock activity, energy supply combination
F2 still gave the lowest CO2 emissions over the time span and yielded 21.6–9.5% CO2
reduction of the level in the reference year. Energy supply solution F1 had the worst
performance with 25.2% higher CO2 emissions than F2, while solution F3 and F4 were in
the middle.
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Figure 10. CO2 emissions of the constant building stock considering different development rates.
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Figure 11. Allocation of the CO2 emissions for the different energy supply technologies for the
constant building stock.

Both Figures 9 and 11 showed that the largest share of CO2 emissions was related to
electricity production mix from power grid in both 2014 and 2050. In addition, it might be
noted that the combinations including the waste-based CHP plant provided lower CO2
emissions in general; see Figures 8 and 10. This is mainly because the electricity made
from the CHP plant is usually considered as the by-product of heat and can reduce other
resources of high carbon contents to produce electricity.

Further, to show what may give the biggest decrease of the CO2 emission of the
residential building stock in Norway, a comparison of the CO2 emissions for the constant
building stock and the increased building stock was made in Figure 12, based on a normal
scenario for housing development. The CO2 emissions with an increased and a constant
building stock are shown in the solid lines and dotted lines, respectively. The CO2 emissions
gradually decrease towards 2050 under constant building stock. This decline shows
how much an upgraded housing stock with a reduced energy requirement can save CO2
emissions. The results show that the constant building stock would yield a higher decrease
in the CO2 emission by 25–28% than the increased building stock. This means that the
implemented energy-efficiency renovation rates and penetration of the new houses would
not suffice to give a significant decrease in the CO2 emission of the building stock.
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Figure 12. Comparison of the CO2 emissions for the increasing and constant building stock.
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3.2.2. Based on the Annual Reduction of CO2 Factor for Electricity Production Mix

The results of CO2 emissions in Section 3.2.1 were estimated based on the constant
factors in Table 5. As presented above, the CO2 factor for electricity is the most prominent
variable in the CO2 calculations. In the study, the factor from the Nordic electricity produc-
tion mix, 110 g CO2e / kWh, was used. It considers comprehensively the green Norwegian
hydropower and fossil fuels in other Nordic countries, which have ambitions and plans to
increase the share of renewable energy in the electricity production. It may have a positive
influence of the carbon intensity in the grid. On the other hand, there are grid expansion
plans to connect more European countries with currently higher involvement of fossil fuels,
which may bring a negative impact [36]. Therefore, it is rather difficult to predict the future
development of CO2 factors.

In this study, an attempt was made to reduce the CO2 factor for the Nordic production
mix by 1% each year until 2050 (see Figure 13), where the dashed and dotted lines illustrate
the CO2 emissions with a 1% decrease per year. This is made to reveal how decisive the
factors are, and how the development of CO2 emissions is affected. By 2050, CO2 emissions
may be reduced by between 28 and 30% under the normal increased building stock activity,
instead of an increase of between 1.4–2.9% using the constant factors over the time span.
Lastly, by comparing with a constant building stock yielding 25–28% of CO2 reduction in
Figure 10, it thus implies the CO2 factors and background data have a greater impact on
CO2 emissions than the energy demand reduction and development of the building stock.
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Figure 13. CO2 emissions with a 1% annual reduction in CO2 factor for electricity production mix.

4. Discussion

In this section, the issues regarding CO2 factors, waste incineration, and future energy
technologies development are discussed.

First, in the study, the CO2 factors recommended by the industry association Norsk
Energi were chosen as constant values for CO2 estimation from today to 2050. For electricity,
the recommended factor is 110 g CO2e/kWh considering the open market in the Nordic
region for power trading.

Norway is part of the EU’s guarantee of origin scheme and is the country that exports
the most guarantees. This is because of the great interest from the countries with a low
proportion of renewable energy production. As a result, most of the power sold in Norway
receives a product declaration with high CO2 emissions, based on a European residual mix
consisting of coal and nuclear power. It can be discussed how large the impact of guarantee
selling is for Norway’s CO2 emissions, and how much development of renewable energy
production in Europe has been stimulated by such guarantees. The Norwegian industry
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associations that represent power-intensive industry are critical of the guarantee of origin
and believe that it leads to undermining of the renewability of Norwegian power, as the
total power sales in Norway show much higher CO2 emissions on paper.

It can also be discussed whether it is a good resource utilization to use high-value
energy such as electricity for heat use, some of which could rather have been exported to
areas with low renewable energy proportion. The use of fossil energy sources in these areas
could then have been reduced. For example, to expand the utilization of local heat source
such as waste incineration and industrial excess heat can lower the domestic electricity
reliance in Norway [37,38].

It is thus difficult to predict the CO2 factor for electricity, as it highly depends on the
production and trading activities from all the players on grid.

Second, waste incineration is the largest energy resource for the Norwegian DH
network, by contributing more than 50% of the total DH production. This is largely due
to the landfill ban since 2009, leading to an increase in the development of new energy
facilities. In addition to the profits from selling heat, the plants also get paid according
to the amount of treating waste. This might cause the plant managers overlook the unit
operation efficiency and invest in over-capacity units. This contrasts with biofuel plants,
which usually ensure the operation is maintained at high efficiency. Another disadvantage
of waste incineration plants is the limitation of partial load conditions. In most cases, it
is not possible to down-regulate the effect by more than 50% of nominal performance,
which means that it may have over production that needs to be dumped. Although poor
energy utilization may happen, it is conceivable that it is better to incinerate the waste than
to dispose from an environmental point of view, but CO2 attributed to over production
may be considered. Additionally, for the allocation of CO2 emissions from simultaneous
production of heat and electricity in a CHP process, the “Energy method” was adopted.
Although it is simple and widely used, it only considers the amount of produced heat
and electricity other than the energy quality. It may be argued that the proportion of
CO2 emissions allocated to electricity production was somehow underestimated. Other
advanced allocation methods shall be used and compared, which are referred to in [34,39].

Third, in the study, four energy conversion technologies were selected based on their
maturity, social acceptance, and feasibilities of using renewable sources, namely, bio boiler,
waste CHP, heat pump, and electric boiler. They are further developed into four energy
supply systems with different combinations. Other alternative technologies were not
included in this study, such as solar energy and carbon capture and storage (CCS), even
though they have the potential to further reduce the total CO2 emissions. It would thus
have been relevant to see the impact from the involvement of solar energy and CCS on the
future energy supply systems in relation to other ones, as evaluated in [40], to achieving the
2050 decarbonization target, where solar energy was found to be more favorable than CCS
for the British case, and [41] found that a 100% renewables-based system including solar
energy could be cheaper than CCS-assisted nuclear and fossil-based system for Eurasian
grid. Moreover, there are no accounts that have been taken on the future technology costs’
reduction due to improved maturity and the embedded CO2 emissions in the development
of infrastructure and losses in the DH distribution network, which shall be looked at more
closely. Therefore, techno-economic analysis on payback period and the whole life cycle
costs may be interesting for future study, as performed in [42].

5. Conclusions

This study has addressed energy paths for the future development of residential
building areas, with the aim to analyze and define the trends and requirements in energy
supply technologies and systems. To address the task, building energy performance models
were developed in IDA ICE by following different building standards, which presented
different building categories in a Norwegian housing stock. It was found that the total
energy use was nearly halved from the older building to the passive house, with the biggest
contribution from lower heating requirement owing to the enhanced building physics.
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Future building stock distribution and development was projected under three scenarios
based on possible economic development. Next, four energy supply technologies regarding
the base and peak load solutions were developed in EBSILON Professional, where the
goal was to look at which solution(s) gave the lowest CO2 emissions by 2050. Using the
recommended CO2 emission factors, the waste-based CHP in combination with the electric
boiler gave the lowest CO2 emissions, with a margin of 10.3% in 2014. Furthermore, the
energy supply system with the waste-based CHP in combination with the heat pump and
the electric boiler gave the second-best results. The poorest results were obtained for the
energy supply system with bio boiler and electric boiler, which had CO2 emissions 21.3%
higher than the best one.

In the scenario of increasing housing building stock, it is apparent from the results that
CO2 emissions increase slightly towards 2050 when seeing all the energy supply systems,
despite the fact that the passive houses that were being built would use only half the energy
of the existing buildings that were being demolished. This indicates that much stronger
activities on the building renovation are highly necessary. The renovation rates used in
this study seem to be not good enough. In a scenario with a constant housing stock, CO2
emissions were estimated to be reduced by between 22 and 27% depending on which
energy supply system was analyzed.

Meanwhile, the results would change when using the CO2 factors from other sources.
An attempt was made to reduce the CO2 factor for the Nordic electricity production mix
by 1% each year until 2050. The CO2 emissions may be reduced by between 28 and 30%
under the normal increased building stock activity, by giving more promising results
than CO2 reduction under the case of constant building stock. This shows that the choice
of CO2 factor is very important for the results, especially the CO2 factor for electricity.
However, different companies and organizations often operate with different CO2 factors
to substantiate their own interests, so it can be difficult to assess which CO2 factors are
provided on the most objective basis. The findings can be applied to other regions such as
the similar cold climatic areas, which require alike specific building energy demand, and
areas having a similar CO2 background of energy sources. The methodology regarding
modelling and modification of single building energy demand, aggregation of building
stock, and energy system combinations can be adjusted to regions according to their own
characteristics.

In summary, the results show that implementation of stricter construction regulations
has a positive impact on CO2 emissions. However, it has less of an impact on emissions
than the choice of energy sources and conversion technologies, because the energy sources
gave a bigger reduction of the CO2 emissions. The results and conclusions in this study
might have some limitations owing to all the assumptions made. However, the findings
might give some recommendations on building energy planning and choosing energy
supply sources.
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