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Abstract: One of the main sectors that contribute to climate change is the buildings sector. While
nearly zero-energy buildings are becoming a new norm in many countries in the world, research
is advancing towards energy flexibility and resilience to reach energy efficiency and sustainability
goals. Combining the energy flexibility and energy resilience concept is rare. In this article, we aim to
investigate the effect of energy efficiency in a new single-family building on the energy flexibility
potential and resilience characteristics and compare these with those for an old building in the cold
climate of Finland. These two objectives are dependent on the buildings’ respective thermal mass.
The heat demands of the two buildings are compared. Their technical and economic performance are
calculated to compare their flexibility and resilience characteristics. Dynamic simulation software
is used to model the buildings. The results show that the old building has better flexibility and
higher energy cost savings when including the energy conservation activation strategy. In the old
building, savings can be around EUR 400 and flexibility factor can be around 24–52% depending on
the activation duration and strategy. The new building, due to higher efficiency, may not provide
higher energy cost savings, and the energy conservation activation strategy is better. In the new
building, savings can be around EUR 70 and the flexibility factor reaches around 7–14% depending
on the activation duration and strategy. The shifting efficiency of the new house is better compared
to that of the old house due to its higher storage capacity. For energy resilience, the new building
is shown to be better during power outages. The new building can be habitable for 17 h, while the
old building can provide the same conditions for 3 h only. Therefore, it is essential to consider both
energy flexibility and resilience as this can impact performance during the energy crisis.

Keywords: energy flexibility; energy resilience; thermal energy; energy crisis; energy pricing;
Nordic climate

1. Introduction

Climate change is one of the biggest challenges that is being faced. The transition
towards a sustainable society requires buildings to be flexible and resilient to reduce climate
change, emissions and energy crises. Therefore, the European Union (EU) plans to include
renewable energy sources in an amount of 40% until 2030 in the energy mix and increase
it further until 2050 compared to 1990 levels towards carbon neutrality [1,2]. Building
accounts for almost 40% of the total CO2 emissions and, therefore, buildings can play a
major role in CO2 emission reduction [3]; the Directive on Energy Performance of Buildings
(EPBD) has been introduced to decarbonize the building stock by 2050 [4]. The reduction
in emissions, integration of renewables and reduction in peak loads can be carried out by
including energy flexibility in a building. Another challenge faced now is the energy crisis,
which is causing prolonged power outages to buildings. Due to an increase in ambient
temperature and climate change, multiple climate-related extreme events such as forest
fires, extreme temperatures, storms and heavy rain occur in different regions resulting in
grid loss and blackouts [5]. These events are becoming more visible in recent times, and
include floods in Germany and the United States of America and forest fires in Greece,
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Italy and Turkey. With rapid urbanization and the eminent threat of climate change, these
events can have an impact on a building’s energy infrastructure and its occupants due to
grid loss [6]. Other factors of the energy crisis include human-made factors such as political
issues between Russia and Ukraine that are causing energy and power shortages globally
due to supply chain issues. Therefore, buildings have to be energy-resilient to address
periods of power outage and flexible to reduce energy consumption and save costs.

1.1. Energy Flexibility

Energy flexibility can assist in reducing CO2 as it addresses the effective implementa-
tion of renewable energy generation, reduces peak load, balances energy use in the grid
and helps in reducing the price for the end user. The energy consumption of a building
can be increased when the prices are low or it can be reduced when the prices are high [7],
e.g., increasing the indoor temperature when the prices are low or decreasing the tem-
perature when the prices are high while keeping thermal comfort [8]. This modulation
or activation is also known as a demand response, i.e., shifting the energy use based on
signals such as weather and price.

The importance of the demand response or energy flexibility is increasing with the
increase in energy prices [9,10]. The financial aspect and benefits have to be identified.
Various studies have been carried out to show the benefits of energy flexibility [11,12]. It
has been found that the operation of a ground-source heat pump based on price signals
can save up to 15% of the energy costs [13] in the cold climate. Another study showed that
controlling the heating and cooling of a building can save up to 11% of the energy cost in
warm climatic conditions [14]. Similarly, it has been found that 14% of the energy demand
and cost can be reduced in commercial buildings by implementing energy flexibility for
heating and cooling [15]. An experimental study shows that the energy flexibility action can
reduce the energy cost by 4% depending on the flexibility options available [16]. Integrating
solar energy and energy storage such as phase change materials [17], batteries or tanks [16]
can also be used for better flexibility. All the studies show that further analysis is needed
to identify the benefits of energy flexibility in terms of cost and flexibility. Moreover, the
benefit of such a modulation in cold climatic regions has been further analyzed especially
for different ages of buildings. Another important factor is the control strategies for the
activation. Usually, set point temperatures of indoor air are used for energy flexibility; this
may cause uncomfortable indoor conditions. Studies showed that energy saving can be
up to 20% in Mediterranean climatic conditions through varying the indoor air’s set point
temperature and heat pump operation [18]. However, there is a challenge of deteriorating
thermal comfort depending on weather conditions. Another study showed that in Danish
climatic conditions, there is a potential to use thermal mass to reduce the energy demand
and cost; however, there is a possibility of overheating [8] in new buildings. In Finland,
about 43% of the buildings were built before the 1980s and renovating them will take time.
Therefore, the energy flexibility potential and control strategies both in the old and new
buildings in terms of heating have to be identified and can help in reducing the energy
costs and energy demand, and improve the flexibility factor in cold climatic conditions.
The flexibility factor is defined as a factor that is used to show the ability of a building
envelope to shift the heating demand from high- to low-price hours or to shift the peak
hours’ heating demand to that of low peak hours (based on weather conditions). This
shifting is mainly carried out based on the activation of the thermal mass of the building
using price or weather signals to control the heating system [8].

1.2. Energy Resilience

It is also vital that the transition towards a sustainable solution involves an adequate
consideration of climate change, especially the occurrence of extreme events, to ensure the
reliable minimum performance of a building’s energy systems in the long run to support
the building occupants’ comfort and habitability. Methods to assess the impacts of extreme
events produced by climate change and uncertainties in the design and performance of a
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residential building’s envelope need to be thoroughly investigated under Finnish climatic
conditions. On the international level, research has been ongoing at the urban scale [19]
and few studies are carried out on the building level for mild climatic conditions [19–22].
No research has been carried out at the building level for Finnish conditions [20]. In
Finland, winters are extremely cold and the design temperature of outdoor air for the
buildings’ systems is −26 ◦C in southern Finland and −38 ◦C in northern Finland [23];
therefore, occupants’ thermal comfort and habitability can be a big challenge. Therefore, the
building has to be energy-resilient to maintain thermal comfort and habitability conditions.
Research has been focused on ‘habitability’ as part of energy-resilient buildings [24] either
for mild climates [25] or for overheating conditions under grid loss [21,22]. The concept
of ‘habitability’ focuses on the indoor thermal conditions and comfort and it refers to the
length the building can remain in habitable thermal conditions after power loss through a
reduction in heat transfer, natural ventilation and natural light [26].

Energy-resilient buildings is an emerging concept that is increasingly used to represent
the performance of buildings during grid power loss caused in extreme climatic events such
as fires, extreme temperature storms, heavy rain, etc. [27]. Energy resilience in buildings is
defined as the ability of a building to provide and maintain the minimum level of thermal
comfort and habitability, and also to provide essential services, such as domestic hot water,
ventilation and basic electrical power within the building, during grid power loss which
challenges the normal operation of a building [28,29]. Energy-resilient residential buildings
are important to be studied because 87% of the time is spent indoors by occupants in
many developed countries [30] and occupants’ thermal comfort is an essential service
that a building must provide. However, the energy-resilient building concept has not yet
been adequately explored in the cold climate of Finland, as its definition has not been
clearly articulated and assessment is mostly carried out at the urban scale [31]. For this
reason, habitability thresholds, boundary conditions and methods are needed to be defined,
which requires extensive research on the extreme cold winters of Finland. Additionally,
research where the aim is to evaluate both energy flexibility and resilience together is scarce.
Therefore, a holistic study is needed that can not only address the energy flexibility issues
but also consider and presents the energy resilience issues in cold climatic conditions.

This article contributes to analyzing the interaction between the energy flexibility and
resilience of a building and addresses the research gap that exists in these connections.
The novelty of the study is the close comparison between the energy performance of the
old and new building (detached house) and highlighting the important link between the
energy flexibility and resilience of the buildings. The technical and economic analyses
of the buildings are carried out as case studies, that aim to achieve energy flexibility and
resilience in Finland as an illustration of the Nordic climate. As no regulations or guidelines
exist for the link between energy resilience and flexibility in cold climates, this article
addresses this key interlink and gap. The objective of the article is to develop and combine
the methods that can improve the energy flexibility of old and new buildings based on price
signals and also to present the impact of thermal mass activation durations on building
energy performance. Furthermore, a technical framework of energy-resilient buildings
and their application in the Finnish environment is introduced. The focus of the study
is on the heating energy and demand of the simulated buildings and neither renewable
energy sources nor auxiliary energy storage (electrical or heat) is considered. This article is
useful not only for cold climatic regions, such as the Nordics, Scandinavia, Canada, China,
and the United States of America, but it is useful for the international perspective as well,
as similar approaches and methods can be used in various climatic zones such as arid,
tropical, Mediterranean, etc., to control and to estimate the performance of a building in
terms of energy flexibility and energy resilience. The present study scope is limited to the
modeling, computational and simulation activity and no experimental work is carried out.
Moreover, no real or pilot building exists in the Finnish climatic conditions that integrate
energy flexibility and resilience together. The buildings are modeled and simulated using
the TRNSYS (Transient System Simulation Tool) [32] dynamic simulation software, which
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is widely used in research and technical projects. The TRNSYS 17 software is used and
validated in various energy projects such as in Finland, [33] Carilsheim, Germany [34], and
in Drake Landing Solar Community, Canada [35]. The modeled buildings in the article are
typical archetype buildings based on the Finnish buildings’ regulations [23] and compared
against the typical building parameters in Finland [33,36]. Simulations for energy flexibility
and resilience are required in the context of residential buildings in the Nordic region that
can be used to provide basic knowledge and a computational model for future experiments.
These buildings can soften the impact of high energy costs and provide flexibility. Moreover,
they can provide resilience against the energy crisis that is now evident.

This method can further be applied to other types of buildings in the Nordics and in
the global level. The paper structure is as follows. Section 2 defines the method used in the
article. The residential building design and parameters are mentioned in Section 3. The
energy flexibility operation, control and component description are discussed in Section 4.
The energy flexibility and cost calculation methods are mentioned in Section 5. The results
and detailed discussion about energy flexibility are mentioned in Section 6. Section 7
analyzes and describes the energy resilience of the same old and new buildings in the cold
climate. Finally, the conclusions are mentioned in Section 8.

2. Method

Dynamic simulation is used to design and analyze the energy flexibility and resilience
performance of the old and new buildings. The simulation method, input specifications,
control operations of the building system, and technical and economical calculation meth-
ods are defined in detail in the following sections.

3. Simulation Specification

The input parameters for the buildings are described in detail in Section 3.1.

3.1. Input Values for Building Simulation

Figure 1 shows the typical building model that was built and simulated in the TRNSYS
simulation software. The building (living space) is considered a single zone and the attic is
not considered for calculations. The building’s heating system is assumed to be an ideal
heater connected to the grid.
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Figure 1. Case studies; old and new building zone in Finland. Green line shows the electricity flow,
red line shows the supply water (hot) flow and orange line shows the return water (warm) flow.

3.1.1. Old Building

The building follows the Finnish buildings’ regulation of the 1970s [23]. The parame-
ters of the building are shown in Table 1.
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Table 1. The parameters of the old building under study [36,37].

Parameters Value Material and Properties

Floor area 140 m2

Internal height 2.7 m

Walls (U value) 0.5 W/m2 K

Gypsum (0.013 m, 700 kg/m3),
polyamide film (0.001 m, 1150 kg/m3),

mineral wool (0.063 m, 50 kg/m3),
wood fiber (0.012 m, 250 kg/m3), air

(0.022 m, 1.2 kg/m3), and wood
(0.020 m, 500 kg/m3)

Roof (U value) 0.27 W/m2 K

Bitumen (0.010 m, 1100 kg/m3), air
(0.1 m, 1.2 kg/m3), mineral wool

(0.149 m, 50 kg/m3), polyamide film
(0.001 m, 1150 kg/m3), air (0.022 m,
1.2 kg/m3), and gypsum (0.013 m,

700 kg/m3)

Floor (U value) 0.38 W/m2 K

Gypsum (0.03 m, 700 kg/m3), air (0.022
m, 1.2 kg/m3), polyamide film (0.001 m,

1150 kg/m3), mineral wool (0.099 m,
50 kg/m3), and wood (0.005 m,

250 kg/m3)

Windows (U value) 2.5 W/m2 K
The glazing area is 12% of the total wall

area, located on the north, south,
and east

Gains (Person, equipment) 2.7 W, 2.3 W
Ventilation 0.55 1/h

Tightness q50 6 m3/h m2

3.1.2. New Building

The building follows the Finnish regulation [23]. The parameters of the building are
shown in Table 2.

Table 2. The parameters of the new building under study [36,37].

Parameters Value Material and Properties

Floor area 140 m2

Internal height 2.7 m

Walls (U value) 0.17 W/m2 K

Lime mortar (0.01 m, 1800 kg/m3),
concrete (0.1 m, 2400 kg/m3), mineral

wool (0.252 m, 50 kg/m3), concrete
(0.1 m, 2400 kg/m3), and lime mortar

(0.01 m, 1800 kg/m3)

Roof (U value) 0.09 W/m2 K

Concrete cream (0.01 m, 1100 kg/m3),
mineral wool (0.486 m, 50 kg/m3),

concrete (0.150 m, 2400 kg/m3), and lime
mortar (0.01 m, 1800 kg/m3)

Floor (U value) 0.16 W/m2 K
Light floor concrete (0.02 m, 500 kg/m3),
concrete (0.2 m, 2400 kg/m3), and EPS

(0.237 m, 20 kg/m3)

Windows (U value) 1 W/m2 K
The glazing area is 12% of the total wall

area, located on the north, south, east
Gains (Person, equipment) 2.7 W, 2.3 W

Ventilation 0.55 1/h, 60%
Tightness q50 2 m3/h m2

3.2. Simulation Software: TRNSYS

An energy simulation software known as TRNSYS 17 [32,34] was used to model
and perform a dynamic simulation of the energy systems. This simulation software is
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widely used by the scientific community, for instance in [38,39], and validated by the
Drake Landing Community, in Canada [35]. In TRNSYS, the modules used were as follows:
building (TYPE 56), control of indoor air set point temperature (TYPE 2b, 14 h), temperature
control (TYPE 1233), and weather data (TYPE 15). TRNSYS is used for modeling buildings
and their control systems as it provides flexibility [40].

4. Building Thermal Energy System Operation

In this article, the energy conservation and storage potential of the building’s thermal
mass is estimated. The reference indoor air set point temperature for the space heating
of the zone is set at 21.5 ± 0.5 ◦C. This space heating temperature corresponds to the
recommendation of the Finnish Society of Indoor Air Quality and Climate [41] and to the
Finnish building regulations [23]. In this article, two activation methods are simulated
for the typical heating period and also for the whole year. This is carried out to estimate
the performance and behavior of the different types of buildings in detail under various
situations of activation. Activation is carried out for different starting times and duration
between 1 h–18 h. A duration of more than 18 h is not considered as occupants may not
accept long changes in comfort [8] and uncertainties are higher in terms of energy cost and
weather prediction. Activation is carried out by varying the indoor air set point temperature
of the zone to evaluate the different performances of the two types of buildings in Finnish
conditions. The two activation methods that are applied are discussed in Section 4.1. Space
cooling and domestic hot water are not considered in the calculation.

4.1. Controls of the Thermal Energy System

The two activation methods that are applied for energy flexibility are heat energy
conservation and heat energy storage. The heating system is assumed to be ideal and the
building is heated using the heaters inside the zone.

In the method of heat energy conservation for energy flexibility, the indoor air set point
temperature of the space heating is decreased by 1.5 ◦C depending on the price signal. This
is selected as it is an acceptable range for the variation in the space heating temperature
inside the building and for comfort [41].

In the method of heat energy storage for energy flexibility, instead of reducing the
indoor air set point temperature of space heating, it is increased by 1.5 ◦C depending on
the price signal. This is c to keep the change in the space heating temperature reasonable
and for comfort [41].

5. Energy and Cost Calculations for Flexibility Assessment
5.1. Energy Flexibility Cases

Two types of energy flexibility cases are discussed in the article to analyze the perfor-
mance of the old and new buildings. Weather-based and cost-based energy flexibility are
considered. Weather-based analysis is performed to study the behavior while cost based
flexibility is carried out to identify the cost saving potential and flexibility factor.

The building is heated during the heating period at the indoor air set point temperature
to reach a steady period, and activation is carried out during the average heating period.
The results of energy storage and energy conservation activations are evaluated separately,
as they have different characteristics.

Some indicators are extracted from the simulations [8]:

Qheat = Qheat (activation) − Qheat (reference) (1)

Qheat charge = ∑ Qheat, when Qheat > 0 (2)

Qheat discharge = ∑ Qheat, when Qheat < 0 (3)
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Shifting efficiency = −Qheat discharge/Qheat charge (4)

Flexibility factor =
∑low price Qheat − ∑high price Qheat

∑low price Qheat + ∑high price Qheat
(5)

Equation (1) shows the difference between the heat demand in the reference and the
activation cases. In some scenarios, during the activation of the thermal mass, the energy
consumption increases compared to that of the reference case (the reference indoor air set
point temperature scenario). In this scenario, the amount of energy used is called charge
heat (Qheat charge) as shown in Equation (2). Similarly, energy consumption decreases
compared to that of the reference case (the reference indoor air set point temperature
scenario). In this scenario, the amount of energy used is called discharge heat (Qheat discharge)
as shown in Equation (3). The ratio of these two factors is called shifting efficiency (as
shown in Equation (4)). On the other hand, in the case of conservation, this ratio is greater
than 1 as energy consumption decreases. Equation (5) shows the flexibility factor; in other
words, it shows the energy flexibility performance of the building. It shows the ability
of the building to shift the energy use from certain hours to other hours based on the
control strategies (such as shifting from high-price to low-price hours or using weather
signals). It considers the energy charged and discharged based on the hourly energy price
signals that vary at each time step. The energy price signal used for calculation is explained
in Section 5.3. The energy flexibility potential of the building is better if the flexibility
factor is high. Compared to the reference case, when additional energy is charged in the
building to increase the indoor temperature based on the price signal, the heating energy is
higher than the reference heating power and it is called a low-price Qheat in Equation (5).
Similarly, compared to the reference case, when the energy is discharged or removed from
the building to decrease the indoor temperature based on the price signal, the heating
energy is lower than the reference heating energy and it is called a high-price Qheat in
Equation (5). These energy flows are included in Equation (5) to calculate the flexibility
factor. According to Equation (5) if no heat is charged or discharged and the heating use is
the same in low- and high-price periods, then the factor is 0. The limitation of this flexibility
factor is that it can lead to different values when it is used for other signals such as grid
and climatic conditions [8].

5.2. Weather

In this paper, the weather data used are from the Helsinki Vantaa airport for the
year 2016 [42]. The hourly ambient temperature and the duration curve of the ambient
temperature are shown in Figure 2.
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5.3. Energy Cost Calculation

The hourly electricity price for the year 2016 is used for the energy cost calculation.
The cost data are used from Nordpool and provide the real-time electricity price for each
hour; see Figure 3. The cost includes the distribution and taxes [9]. This study is about the
operational cost of the energy in the building. Figure 3 shows the duration curve of the
electricity price and the price range is between 15 cents/kWh and 10 cents/kWh during
most of the hours.
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6. Results and Discussion

The result is divided into two main sections. Section 6.1 analyzes and describes the
energy flexibility and activation behavior of the old and new buildings under heat energy
conservation and storage activation using ambient temperature as a control signal only,
and energy cost is not considered. For this study, a short duration (i.e., winter week) is
considered to analyze the activation, temperature and heating behavior in detail as heating
energy is essential in cold regions. This is carried out to analyze the energy flexibility
potential and behavior of the old and new building structure with respect to the ambient
temperature in detail. These initial findings are afterward extended for the whole year in
Section 6.2, to study the impact of activation based on the findings in Section 6.1. Finally,
Section 6.2 analyses and describes the energy flexibility and activation of the old and new
buildings considering the electricity price for the whole year. This is carried out to analyze
the energy flexibility potential of the old and new building structure based on energy
price signals.

6.1. Weather Based Activation of the Building Mass

Section 6.1.1 presents the old building’s heat energy storage and the conservation
activation of the building mass. Section 6.1.2 presents the new building’s heat energy
storage and the conservation activation of the building mass.

6.1.1. Old Building
Heat Energy Storage

It is assumed that during heat energy storage activation, the indoor air set point
temperature of the zone is increased by 1.5 ◦C. This is carried out to heat the thermal
mass of the building and store heat, so it can be released when the indoor air set point
temperature is back to the reference point of 21.5 ± 0.5 ◦C. Different activation durations
are considered such as 2 h, 6 h and 18 h and compared against the reference case (without
activation). Different duration hours are simulated to analyze the behavior under the short
and long durations of activation. The change in the indoor air set point temperature is
shown in Figure 4. The hours selected for analysis are from 615 to 687 h and the activation
hour is 638 h. This duration is selected when the ambient temperature is cold at around



Energies 2023, 16, 5506 9 of 30

−10 ◦C–−15 ◦C, which is the typical average temperature in winters in Southern Finland.
The same time window is selected in the following new building case. It can be observed
that when 2 h is selected for the activation duration, the building’s indoor temperature
cannot reach the indoor air set point temperature of 23 ◦C. However, when 6 and 18 h are
selected for the activation, the building’s indoor temperature reaches the indoor air set
point temperature of 23 ◦C.
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Figure 4. Indoor air temperature during heat energy storage activation in the old building.

Figure 5 shows the heat power demand for the reference case and for the activation
hours of 2 h, 6h and 18 h. In all the activation durations, when the indoor air set point
temperature increases to 23 ◦C the heating power increases. As soon as the indoor air set
point temperature is returned to the reference indoor air set point temperature of 21.5 ◦C,
the heating power reduces and goes below the reference scenario’s heat power (blue line)
for a few hours until it returns to the reference heating line.
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Figure 5. Heating power activation during heat energy storage in the old building.
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Figure 6 shows the energy charged (blue bar) and discharged (orange bar) to reach
the indoor air set point temperature of 23 ◦C for the activation of energy storage compared
to the reference scenario’s indoor air set point temperature of 21.5 ◦C. It can be observed
that the amount of the energy charged and discharged varies depending on the activation
duration. Generally, the energy charged and that discharged increase with the increase in
the activation duration. The energy charge increases from 3.8 kWh (for 2 h) to 19 kWh (for
18 h). Similarly, the energy discharge increases from 1.9 kWh (2 h) to 2.41 kWh (for 18 h) as
the energy stored in the structure is released back to the zone and this reduces the heating
power to heat the zone compared to that of the reference scenario.

Energies 2023, 15, x FOR PEER REVIEW 10 of 32 
 

 

 
Figure 5. Heating power activation during heat energy storage in the old building. 

Figure 6 shows the energy charged (blue bar) and discharged (orange bar) to reach 
the indoor air set point temperature of 23 °C for the activation of energy storage compared 
to the reference scenario’s indoor air set point temperature of 21.5 °C. It can be observed 
that the amount of the energy charged and discharged varies depending on the activation 
duration. Generally, the energy charged and that discharged increase with the increase in 
the activation duration. The energy charge increases from 3.8 kWh (for 2 h) to 19 kWh (for 
18 h). Similarly, the energy discharge increases from 1.9 kWh (2 h) to 2.41 kWh (for 18 h) 
as the energy stored in the structure is released back to the zone and this reduces the heat-
ing power to heat the zone compared to that of the reference scenario. 

 
Figure 6. Energy charged and discharged during heat energy storage in the old building in Finland. 

Figure 7 shows that in the case of storage activation, the shifting efficiency is less than 
one. The shifting efficiency reduces when the activation duration increases. This is because 
the longer the charging hour, the higher the losses to the ambient surroundings, and the 
energy discharge to the zone is less. The energy is mainly lost in the ambient surroundings 

0
2
4
6
8

10
12
14
16
18

600 620 640 660 680 700

He
at

 p
ow

er
 (k

W
)

Hours
2 h 6 h 18 h Reference

3.81
7.86

19.04

−1.96 −2.33 −2.41−5 

0

5

10

15

20

25

2 h 6 h 18 h

He
at

 (k
W

h)

Heating duration
Energy charged Energy Discharged

Figure 6. Energy charged and discharged during heat energy storage in the old building in Finland.

Figure 7 shows that in the case of storage activation, the shifting efficiency is less than
one. The shifting efficiency reduces when the activation duration increases. This is because
the longer the charging hour, the higher the losses to the ambient surroundings, and the
energy discharge to the zone is less. The energy is mainly lost in the ambient surroundings
due to the cold ambient temperature, and the envelope of the old building is inefficient
(low U-value) in storing heat, resulting in higher losses. Similar behavior is observed in [8].
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Figure 7. Shifting efficiency during heat energy storage in the old building.
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Figure 8 shows the energy flexibility factor of the old building under the three activa-
tion durations. Equation (5) [8] is used for the flexibility factor calculation. Compared to
the reference case, when additional energy is charged in the building to increase the indoor
temperature to 23 ◦C, the heating energy (2 h, 6 h, 18 h) is higher than the reference heating
power and it is called Qheat charged. Similarly, compared to the reference case, when the
energy is discharged from the building to decrease the indoor temperature to 21.5 ◦C, the
heating energy is lower than the reference heating energy and it is called Qheat discharged.
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Figure 8. Flexibility factor during heat energy storage in the old building.

It can be observed that the energy flexibility factor increases as the activation duration
increases. This is due to an increase in the difference between the energy charged and
discharged as the activation duration increases. With higher activation durations, the
amount of energy storage (energy charged) is larger while the energy discharge is lower
resulting in higher flexibility as shown in Figure 8.

Heat Energy Conservation

It is assumed that depending on the weather, the indoor air set point temperature of the
zone is decreased by 1.5 ◦C to 20 ◦C. This is carried to save energy for a time and after this,
the set point is returned to the reference point of 21.5 ◦C. In the heat energy conservation
strategy for old and new buildings, energy discharge occurs when the temperature drops
from 21.5 ◦C to 20 ◦C, due to a decrease in the set point temperature, and energy charge
refers to when the temperature increases from 20 ◦C to 21.5 ◦C (the reference set point).
The hours selected for analysis are from 615 to 687 h and the activation hour is 638 h. The
change in the indoor air set point temperature is shown in Figure 9. It can be observed that
when energy conservation is carried out, the temperature drops to 20 ◦C in all the activation
hours (2 h, 6 h and 18 h). Compared to the energy storage (Figure 4), the temperature drop
is fast in all activation cases. This shows that the losses from the envelope are high.

Figure 10 shows the heat power demand for the reference case and the activation
hours of 2 h, 6 h and 18 h. In all the activation durations, when the indoor air set point
temperature decreases to 20 ◦C the heating power decreases. As soon as the indoor air set
point temperature is returned to the reference indoor air set point temperature of 21.5 ◦C,
the heating power increases (orange, grey and yellow line) and goes above the reference
scenario heat power (blue line) for a few hours and then returns to the reference, and this is
due to the rebound effect.
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Figure 9. Indoor air temperature activation during heat energy conservation in the old building.
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Figure 10. Heating activation during heat energy conservation in the old building.

Figure 11 also shows the energy discharged (orange bar) when the indoor air set point
temperature is modulated; the activation of energy conservation occurs and the indoor air
set point temperature is reduced to 20 ◦C. Figure 11 shows the energy charged (blue bar) to
reach the reference indoor air set point temperature of 21.5 ◦C after activation. It can be
observed that the energy charge and energy discharged vary depending on the activation
duration. Generally, the energy discharge and charge increase with the activation duration.
The energy discharged increases from 2 h to 18 h. The energy charge increases from 2 h to
18 h as a greater amount of energy is needed to return back to the reference indoor air set
point temperature.

Figure 12 shows that in the case of conservation activation, the shifting efficiency is
higher than one. The increase in efficiency is higher as the duration of activation increases.
This is because the amount of energy needed to recharge increases as activation increases
and also the losses are higher. Similar behavior is observed in [8].
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Figure 11. Energy charged and discharged during heat energy conservation in the old building.
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Figure 12. Shifting efficiency during heat energy conservation in the old building.

Figure 13 shows the energy flexibility of the old building under various activation du-
rations for energy conservation. Compared to the reference case, when energy is discharged
from the building to lower the indoor temperature to 20 ◦C, the heating energy (2 h, 6 h,
18 h) is lower than the reference heating power and it is called Qheat discharged. Compared
to the reference case, when the energy is charged in the building to increase the indoor
temperature to 21.5 ◦C, the heating energy is higher than the reference heating energy and
this energy flow is called Qheat charged. The same approach is used in Section 6.1.2.

Similar behavior is observed as in the case of heat energy storage case. As the activation
hour increases, the difference between the energy charged and discharged increases. With
higher activation hours, the energy charged is larger while the energy discharge is lower
compared to that charged, resulting in higher flexibility as shown in Figure 13.
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Figure 13. Flexibility factor during heat energy conservation in the old building.

6.1.2. New Building
Heat Energy Storage

A similar activation method is used for energy storage activation in the new building.
The indoor air set point temperature of the zone is increased by 1.5 ◦C. The hours selected
for analysis are from 615–687 h and the activation hour is 638 h as shown in Figure 14.
Similar behavior can be observed in terms of energy storage activation of the old building
(Figure 4). However, it can be observed that when 2 h is selected for activation in the new
building, it can reach the indoor air set point temperature of 23 ◦C (Figure 14), whereas
in the old building, the indoor temperature is not able to reach the indoor air set point
temperature of 23 ◦C. This is due to poor insulation level in the old building’s envelope.
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Figure 14. Temperature activation during heat energy storage in the new building.

Figure 15 shows the heat power demand for the reference scenario and also for the
activation hours of 2 h, 6 h and 18 h. It can be observed that compared to the energy storage
scenario of the old building (Figure 5), the maximum peak heating power is lower for the
new building (8 kW), as the new building envelope is efficient, whereas for the old building
the maximum heat power is 15.7 kW. There are a few instances when the heating power
reaches near zero in the new building case (Figure 15) at 658 h, whereas in the old building
case, the heating power Figure 5 does not go close to zero. This is due to the energy-efficient
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envelope of the building and the thermal mass activation of the new building that releases
the heat which is stored during activation.
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Figure 15. Heating activation during heat energy storage in the new building.

Figure 16 shows the energy charged (blue bar) and discharged (orange bar) to reach
the indoor air set point temperature of 23 ◦C for the activation of energy storage compared
to the reference scenario’s indoor air set point temperature of 21.5 ◦C. It can be observed
that the energy charge and energy discharge vary depending on the activation duration. In
the energy storage case for the old building (Figure 6), the difference between the energy
charged and discharged is large in each activation duration hour. In the new building, the
difference between the energy charged and discharged is smaller in each activation duration
hour. This again shows that new building is better at storing and using heat energy.
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Figure 16. Energy charged and discharged during heat energy storage in the new building.

Figure 17 shows that in the case of storage activation, the shifting efficiency is less
than one. The shifting efficiency reduces when the activation hour increases and similar
behavior can be observed in Figure 7 in the old building. However, the shifting efficiency
of the new building in Figure 17 is better compared (92% maximum) to that of the old
building in Figure 7 (a maximum of 52%). This is because the loss in the new building
is smaller compared to that in the old building; therefore, the efficiency is better. Similar
behavior is observed in [8].
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Figure 17. Shifting efficiency during heat energy storage in the new building.

Figure 18 shows the energy flexibility of the new building under various activation
hours. It can be observed that the energy flexibility increases as the activation hour increases.
This is due to an increase in the difference between the energy charged and discharged
as the activation hour increases. Compared to the energy flexibility in Figure 8 of the old
building, the flexibility of the new building in Figure 18 is much lower (an 11% maximum).
This is due to smaller amount of energy saving potential in terms of the absolute heating
demand in the new building that results in lower energy flexibility in the old building.
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Figure 18. Flexibility factor during heat energy storage in the new building.

Heat Energy Conservation

It is assumed that depending on the weather, the indoor air set point temperature of
the zone is decreased by 1.5 ◦C. Different activation duration hours are considered. The
change in the indoor air set point temperature is shown in Figure 19. However, in the new
building (Figure 19), the zone temperature drops to 20.6 ◦C under activation for 2 h and
also the temperature drop is slower compared to that of the old building (Figure 9). For the
two other activation durations of 6 h and 18 h, the temperature drops to 20 ◦C. This shows
that the losses from the envelope are lower in the new building compared to those in the
old building. Hence, the former can maintain a high temperature and comfort for a longer
duration compared to the old building.
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Figure 19. Temperature activation during heat energy conservation in the new building.

Figure 20 shows the heat power demand for the reference scenario and also for the
activation hours of 2 h, 6 h and 18 h for the new building. It can be observed that compared
to the energy conservation scenario of the old building (Figure 10), the minimum heating
power is lower for the new building, as the new building envelope is efficient. There are few
instances when the heating power reaches zero for a total of 3 h (from 640 h to 643 h) in the
new building case, see Figure 20, whereas in the old building case, the heating power, see
Figure 10, does not reach zero. This is due to the energy-efficient envelope of the building
and the thermal mass activation of the new building that releases the heat which is stored
during activation.

Energies 2023, 15, x FOR PEER REVIEW 18 of 32 
 

 

the building and the thermal mass activation of the new building that releases the heat 
which is stored during activation. 

 
Figure 20. Heating activation during heat energy conservation in the new building. 

Figure 21 also shows the energy discharged (orange bar) and energy charged (blue 
bar) to reach the reference indoor air set point temperature of 21.5 °C. Similar behavior is 
observed in Figure 16; however, this occurs in the opposite direction of the energy flows.  

 
Figure 21. Energy charged and discharged during heat energy conservation in the new building. 

Figure 22 shows that in the case of conservation activation, the shifting efficiency is 
higher than one. The shifting efficiency of the new building in Figure 22 is better compared 
to that of the old building in Figure 12 as it is closer to one. This is because the losses in 
the new building are smaller. The losses increase as the activation hour increases. Similar 
behavior is observed in [8]. The amounts of heat energy discharged and charged are close 
to each other in the new building compared to those of the old building. In the old build-
ing, the energy discharged is higher compared to the charged energy. This shows that the 
new building can store energy efficiently compared to the old building as the losses are 
less. It is also observed that the shifting efficiency is close to one in the new building and 
it is higher than one in the old building. This again shows that the discharged energy, i.e., 

0

2

4

6

8

10

600 620 640 660 680 700

He
at

 p
ow

er
 (k

W
)

Hours
2 h 6 h 18 h Reference

−6.2

−19.2

−38.5

5.52

18.03

32.00

−50 
−40 
−30 
−20 
−10 

0
10
20
30
40

2 h 6 h 18 h

He
at

 (k
W

h)

Heating duration
Energy discharged Energy charged

Figure 20. Heating activation during heat energy conservation in the new building.

Figure 21 also shows the energy discharged (orange bar) and energy charged (blue
bar) to reach the reference indoor air set point temperature of 21.5 ◦C. Similar behavior is
observed in Figure 16; however, this occurs in the opposite direction of the energy flows.
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Figure 21. Energy charged and discharged during heat energy conservation in the new building.

Figure 22 shows that in the case of conservation activation, the shifting efficiency is
higher than one. The shifting efficiency of the new building in Figure 22 is better compared
to that of the old building in Figure 12 as it is closer to one. This is because the losses in
the new building are smaller. The losses increase as the activation hour increases. Similar
behavior is observed in [8]. The amounts of heat energy discharged and charged are close
to each other in the new building compared to those of the old building. In the old building,
the energy discharged is higher compared to the charged energy. This shows that the new
building can store energy efficiently compared to the old building as the losses are less.
It is also observed that the shifting efficiency is close to one in the new building and it is
higher than one in the old building. This again shows that the discharged energy, i.e., the
energy loss to the ambient surroundings is higher in the old building compared to that in
the new building. This is the reason why the new building takes a longer time to reach the
set point of 20 ◦C and it allows it to maintain the indoor temperature effectively in the heat
conservation case as it can better store the heat energy.
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Figure 22. Shifting efficiency during heat energy conservation in the new building.

Figure 23 shows the energy flexibility of the new building under various activation
durations. Compared to the energy flexibility (Figure 13) of the old building, the flexibility
of the new building (Figure 23) is much smaller. This is due to the large amount of savings in
terms of absolute heating energy in the old building that results in higher energy flexibility
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in the old building. Therefore, the new building has a lower flexibility factor compared to
the old building.
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Figure 23. Flexibility factor during heat energy conservation in the new building.

6.2. Flexibility Based on Electricity Price

This section aims to present the energy flexibility potential in the old and new build-
ings, using the price signals (as shown in Figure 3) [9]. The study is carried out to show the
effect of energy conservation and storage activation on thermal mass activation, to save
energy costs. For the electricity price signal, the Nordpool price is used (Figure 3). The
price signals are divided based on the percentile. The price above the 80% percentile is
assumed to be a high price and the price below 20% is assumed to be a low price. The
window for the price signal that is analyzed to be marked as a high price or low price is
12 h (at each present time step of 1 h). This 12 h time window moves with the following
time step. The rest of the price signals are normal prices. A similar approach is proposed
by the authors of [16,43]. Using the price signals and percentiles, different activation cases
are generated to identify the flexibility actions to be taken in the old and new buildings.
Section 6.2.1 shows the results of the old building and Section 6.2.2 shows the results of the
new building.

6.2.1. Old Building
Heat Energy Storage

In this situation, the indoor air set point temperature of the zone is increased by 1.5 ◦C
to 23 ◦C. Four activation durations are considered, which are 1 h, 2 h, 4 h and 6 h, and
compared against the reference case (without activation). A long activation duration is not
considered as it is found in Section 6.1, that losses are high, the window for the activation
duration is long as price varies and short activation durations are better in terms of shifting
efficiency. The impact on the annual total energy cost and flexibility factor due to the
activation duration can be observed in Figure 24.

It can be observed that when 1 to 2 h is selected for activation, the building’s energy
cost reduces from EUR 6001 (reference case) to EUR 5767 (for 1 h activation) and EUR
5935 (for 2 h activation), and it can benefit from storage control activation. In all the
other activation durations, it increases to EUR 6039 (4 h activation) and EUR 6085 (6 h
activation). This shows that for short activation durations, the building can save energy
costs by storing excess heat and releasing it. However, for the longer activation durations,
the losses through the envelope and windows are high and the building is not able to
benefit from the increased energy storage by reducing the energy cost. Another source of
heat loss is the exhaust air leaving the building which is lost to the ambient surroundings
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at higher temperatures. Due to these losses at higher temperatures, the building needs to
be heated even though the price may be higher.
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Figure 24. Yearly energy cost and flexibility factor during heat energy storage in the old building.

On the other hand, the energy flexibility factor is higher with longer activation dura-
tions, which is due to the higher variation in the energy charged and discharged under
long activation durations. Hence, the energy flexibility increases with longer activation
durations; however, the energy cost also increases.

Heat Energy Conservation

In this case, the indoor air set point temperature of the zone is decreased by 1.5 ◦C to
20 ◦C. Different activation durations are considered. The impact on the cost and flexibility
factor due to the activation duration can be observed in Figure 25.
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Figure 25. Yearly energy cost and flexibility factor during heat energy conservation in the old building.

It can be observed that when 1 h, 2 h, 4 h and 6 h are selected for activation, the
building’s energy cost reduces from EUR 6001 to EUR 5604 (for 1 h activation) and EUR
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5772 (for 6 h activation). This shows that for short activation durations, the building is
able to save significant amount of the energy cost (around EUR 400). However, the energy
cost increases as the activation duration increases. This is because when the indoor air
set point temperature is reduced for a longer duration to 20 ◦C, a larger amount of heat is
needed to return to the reference indoor air set point temperature of 21.5 ◦C, resulting in an
instantaneous increase in heat energy input as discussed in Section 6.1.1.

On the other hand, the energy flexibility factor is higher with longer activation du-
rations, and this is due to higher variation in the energy charged and discharged under
long activation durations. Hence, the energy flexibility may increase with longer activation
durations, and the energy price may also increase.

6.2.2. New Building
Heat Energy Storage

In this situation, the indoor air set point temperature of the zone is increased by 1.5 ◦C
to 23 ◦C. This is carried out to heat the thermal mass of the building and store heat, so it
can be released when the indoor air set point temperature is back to the reference point of
21.5 ◦C. The impact on the cost and flexibility factor due to the activation duration can be
observed in Figure 26.
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Figure 26. Yearly energy cost and flexibility factor during heat energy storage in the new building.

It can be observed that the building’s energy price increases from EUR 1283 to
EUR 1332 as the activation duration increases. This is because, due to the higher tem-
perature, it results in higher losses in the new building. Similar behavior is observed; that
is, higher energy costs in the old building (Figure 24). The losses through the envelope
and windows are high and the building is not able to benefit from the increased energy
storage. Another source of heat loss is the exhaust air leaving the building which is lost to
the ambient surroundings at higher temperatures. Only for the short activation durations
(1 h or 2 h), the old building (Figure 24) is able to reduce the energy cost as the heating
demand is high in an old building and the use of energy storage is effective for short
activation durations.

On the other hand, the energy flexibility factor is higher with longer activation dura-
tions, and this is due to the higher variation in the energy charged and discharged under
long activation durations. Hence, the energy flexibility may increase with longer activation
durations, and the energy price may also increase. However, compared to the energy
flexibility (Figure 24) of the old building, it is around 50% for 6 h of activation, whereas
the flexibility of the new building (Figure 26) is less at around 15% for 6 h of activation.
This is due to a large amount of savings in terms of the absolute heating demand in the old
building that results in higher energy flexibility in the old building.
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Heat Energy Conservation

In this case, the indoor air set point temperature of the zone is decreased by 1.5 ◦C to
20 ◦C. The impact on the cost and flexibility factor due to the activation duration can be
observed in Figure 27.
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Figure 27. Yearly energy cost and flexibility factor during heat energy conservation in the new building.

The building’s energy price reduces from EUR 1283 to EUR 1217 as the activation
duration increases. This shows that for short activation hours, the building is able to save
more in terms of costs compared to under large activation duration. However, the energy
cost increases as the activation duration increases, although it remains lower than the
reference energy cost. Compared to the energy storage scenario (Figure 26), the energy cost
remains lower in the energy conservation scenario (Figure 27).

The energy flexibility factor is higher with longer activation durations, and this is
due to the higher variation in the energy charged and discharged under long activation
durations (Figure 27). Hence, energy flexibility may increase with longer activation du-
rations, and the energy price may also increase. Compared to that in the new building’s
energy storage scenario (Figure 26), the energy flexibility factor remains lower in the energy
conservation scenario (Figure 27). Overall, the energy flexibility factor of the new building
is smaller compared to that of the old building for both energy storage and conservation
activation scenarios.

7. Energy Resilience of the New and Old Building

As discussed in the introduction, human-related activity is significantly driving climate
crises according to the Intergovernmental Panel on Climate Change (IPCC) [44]. It is
expected that in 20 years, human activities can cause global temperatures to rise above
1.5 ◦C from those in 1850–1900. As a result, disasters such as huge storms, fires and, heavy
rains are very frequent and are becoming more visible in recent times. Therefore, the globe
is expected to face increased extreme events of heat waves [45], longer warm seasons and
extreme cold events, which can last for several days and be accompanied by power outages
of electricity and heat. In addition to the climate-driven reasons, there are nowadays
increased serious threats of power outages due to political conflicts, wars or accidents.

When a power outage takes place in times of very cold weather in winter, the challenge
is whether or not buildings are still able to keep minimum habitable temperatures and
provide minimum basic levels of services to its occupants. Although the probability of the
occurrence of such events is low, it is increasing nowadays and is expected to be higher
in the future. However, if the events take place, the impact will be very extensive on the
health and life of people in buildings and on building systems and infrastructures [44].
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Energy flexibility focuses on the energy saving and cost saving aspects of the building.
However, during the activation of a thermal mass and indoor air set point temperature
variation, there is a risk to the thermal comfort and habitable temperature inside the
building. This risk becomes severe when a power outage occurs during cold weather
conditions in Nordics. There is a risk of indoor room temperature decay especially when
energy conservation activation continues and a power outage occurs. In this condition,
the energy resilience of the building becomes important. This interaction and connection
has not been studied under Nordic conditions and the regulations are not clear for this.
Therefore, another novel aspect that this article discusses, and presents is a study on the
performance of old and new residential buildings in the Finnish climate to find their thermal
behavior in winter during a short-period power outage and their resilience characteristics.
In a short-period outage (1–2 days), which can be either a controlled action, due to a shortage
in power generation, or an uncontrolled one, due to unforeseen reasons, the question is
about the occupant’s thermal comfort and the robustness duration that shows the energy
resilience of the building. Controlled short-period outages of power to buildings in Finland
can take place more often next winter due to challenges in supplying sufficient power.

The robustness period (RP) presents the duration for which the building’s indoor
temperature can be maintained after a power outage [46]. The building is highly prepared
for facing an outage if the the robustness period of the particular building is higher.

The reference indoor air set point temperature is 21.5 ± 0.5 ◦C which is required
in any normal condition, whereas the robustness threshold is the point above which
the performance (i.e., zone temperature) can be considered robust performance. If the
zone temperature is below this point, the performance is not robust. The World Health
Organization [47] recommends that for general health, well-being and safety, a minimum
temperature of 18 ◦C is recommended in the cold seasons in cold climatic conditions.
Therefore, 18 ◦C has been used as the minimum robustness threshold for old and new
buildings. Moreover, 15 ◦C is chosen as the habitability threshold based on the study of
old and new buildings. Below this point, it can be assumed that the building is not able to
provide the minimum comfort conditions for its occupants and the building is not thermally
resilient anymore.

The robustness period for the old and new buildings is presented in Sections 7.1 and 7.2
respectively.

7.1. Old Building

The hours selected for the study are from hour 615 to hour 687 when the ambient
temperature is around −10 ◦C–−15 ◦C (cold conditions; it is assumed that the power
outage occurs at hour 637). The same time slot is assumed for further analysis. It can
be observed that when the indoor air set temperature is 21 ± 0.5 ◦C, it drops to 18 ◦C
(robustness threshold) in 3 h in an old building, when a power outage occurs and heating
stops as shown in Figure 28 (orange line), and it drops to 15 ◦C in the next 5 h. On the
other hand, when the indoor air set temperature is 18 ◦C, it drops to 14 ◦C in 3 h, when a
power outage occurs at this point as shown in Figure 28 (blue line). When the minimum
indoor temperature is 18 ◦C (as recommended by the WHO [47]), the building may not
be able to provide thermal comfort as the robustness period is zero and the building may
become inhabitable (less than 15 ◦C) as soon as a power outage occurs for a short duration.
Therefore, depending on the indoor air set point temperature, ambient temperature, and
the time when a power outage occurs, the robustness duration of the old building will also
be affected which can impact the energy resilience of the building. It is essential to plan and
manage the minimum indoor air set point temperature in the old building while keeping
the energy crisis and resilience aspect in present times in mind. It is also found in Figure 28
(orange line) that when the electricity is restored in the building, it takes around 14 h to
recover and reach the indoor air set temperature of 21.5 ± 0.5 ◦C.
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Figure 28. Energy resilience of the old building and robustness period in cold climates under a
power outage.

The Finnish building code [23] indicates 21.5 ± 0.5 ◦C as the design indoor air temper-
ature during the heating season, and the decree of the Finnish Ministry of Social Affairs and
Health [48] indicates 18 ◦C as the lowest room air temperature during the heating season.
Therefore, for a short power outage in such old buildings, under the coldest weather,
thermal comfort could be difficult to maintain for a longer duration. The effect of a loss
of heating for several hours on people’s thermal comfort should be thoroughly studied,
especially in context of old detached houses since the energy conservation measures in
those houses are normally poor due to the low quality of the building envelope’s insulation,
windows and air tightness.

7.2. New Building

It can be observed that when the indoor air set temperature is 21 ± 0.5 ◦C, it drops to
18 ◦C (robustness threshold) in 17 h in the new building when a power outage occurs and
heating stops as shown in Figure 29 (orange line). On the other hand, when the indoor air
set temperature is 18 ◦C, it drops to 15.5 ◦C in 17 h, when a power outage occurs at this
point as shown in Figure 29 (blue line). When the operating temperature is 18 ◦C the new
building will provide thermal comfort for a few hours as the robustness period is very short.
However, the building may be habitable (above 15 ◦C) for 17–18 h after a power outage
occurs for a short duration. Therefore, depending on the indoor air set point temperature
of the indoor temperature, ambient temperature and time when a power outage occurs, the
robustness duration of the old building will also be affected which can impact the energy
resilience of the building.

It is essential to plan and manage the minimum indoor air set point temperatures
in new buildings while considering the energy crisis and the resilience aspects in the
present situation.

It is also found in Figure 29 (orange line) that when the electricity is restored in the
building, it takes around 4 h–5 h to recover and reach the indoor air set temperature of
21.5 ± 0.5 ◦C. Compared to the old building (Figure 28), the new building (Figure 29) can
recover earlier and faster. Therefore, new buildings are better prepared to address the
power shortage and energy crises and are resilient compared to the old buildings.
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Figure 29. Energy resilience of the new building and robustness period in cold climates under a
power outage.

Overall, during a short power outage in cold weather conditions, such new buildings
would maintain better thermal comfort for a longer duration (Figure 29) compared to old
buildings (Figure 28). The effect of the loss of heating for several hours on people’s thermal
comfort in new buildings is better. However, the thermal comfort in new buildings should
be thoroughly studied for longer durations of power outages.

With the current and near-future political circumstances for energy supply and the
global warming implications on weather conditions, there is an urgent need to conduct
a comprehensive systematic study on different types and ages of residential buildings in
the Finnish building stock. Their thermal characteristics in winter during short-period
power outages and their resilience in terms of habitability and survivability during long-
period power outages are required to be found. This will assist in classifying buildings’
readiness to withstand power outages. This article briefly introduces the challenge and
performance of buildings in the cold climatic conditions of Finland. Future studies are
needed for the technical power solutions to be applied in different types of buildings
to avoid critical health and safety effects on the health and life of the residents, which
should be economically feasible as well. New ways to improve the resilience of buildings
have to be further studied such as by integrating renewable energy sources and energy
storages. For instance, solar energy and the use of energy storage (such as phase change
materials [17], batteries, tanks, etc.) can assist in improving the resilience as well as the
flexibility of the building stock. Moreover, required changes in the codes and regulations
should be identified with the aim of developing a robust energy resilience strategy for
buildings in Finland.

8. Conclusions

Cities and districts are setting ambitious targets to make buildings carbon-neutral
and flexible in an economical manner. Energy flexibility is important in managing and
reducing energy costs via the activation of zone temperatures and activation of the thermal
mass of buildings. On the other hand, energy resilience in buildings has a crucial impact
on the health and life of a building’s occupants during total power outages. Therefore,
the challenge is how to achieve the two objectives of flexibility and resilience. The arti-
cle presents the quantitative analysis and management of the operation of the two old
and new buildings to reach the two different objectives of energy flexibility and energy
resilience together since both are competing for the same available sources i.e. thermal
mass. This includes proposing control strategies for activating buildings’ thermal mass
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(through energy conservation and energy storage strategies). The focus of the analysis
lies in the energy flexibility improvement potential, cost reduction potential, and energy
resilience improvement potential of the two buildings. These concepts and the control of
the heating system of the house are presented. The following are the key findings on the
energy flexibility:

• The dynamic behavior of the old building during heat energy storage shows that
when a short duration (2 h) is selected for activation, the building’s indoor areas are
not able to reach the provided indoor air set point temperature of 23 ◦C. However,
when 6 and 18 h are selected for activation, the building indoor temperature reaches
the indoor air set point temperature of 23 ◦C. Generally, energy charge and discharge
increase with the increase in the activation duration. The shifting efficiency reduces
when the activation duration increases due to high losses as the duration increases. It
is observed that the energy flexibility increases as the activation duration increases.
Heat energy conservation shows that for all activation durations, the building indoor
temperature drops quickly to 20 ◦C. In the case of conservation activation, the shifting
efficiency is higher than one. It is observed that the energy flexibility increases as
the activation duration increases, though it is slightly less than that in the energy
storage case.

• The dynamic behavior of the new building during heat energy storage shows that
compared to the old building’s energy storage scenario, the building’s indoor temper-
ature is able to reach the provided indoor air set point temperature of 23 ◦C in 2 h of
activation. The shifting efficiency of the new building is better compared to that of
the old building. Moreover, the flexibility of the new building is lower compared to
the energy flexibility of the old building. Heat energy conservation shows that the
zone temperature drops to 20.6 ◦C under activation for 2 h and the temperature drop
is slower compared to that of the old building for all activation durations. In addition,
there are a few instances when the heating power reaches zero in the new building
case whereas in the old building case, the heating power does not reach zero.

• This study analyzed the energy storage activation of the thermal mass based on the
price signals for the old and new buildings. The overall energy cost is higher in the
old building compared to that in the new building due to the higher heating demand.
Generally, in the energy storage case, the energy cost increases due to an increase in
the indoor air set point temperature and activation caused by the losses in the old and
new buildings. Only for the short activation duration (1 h or 2 h), the old building is
able to reduce the energy cost as the heating demand is high in an old building and the
implementation of energy storage is effective for short activation durations. Moreover,
the energy flexibility increases with higher activation durations. The energy flexibility
of the old building is around 50% for a 6 h activation duration, whereas the flexibility
of the new building is lower at around 15% for 6 h of activation. This shows that the
flexibility factor and potential are higher in old buildings due to the higher heating
demand and saving potential.

• For energy conservation activation based on the price signals, the overall energy cost is
lower in the new building compared to that in the old building due to the lower heating
demand in the new building. Generally, the energy cost reduces due to a reduction in
the indoor air set point temperature and activation duration. This is carried out to save
energy for some time and after this the indoor air set point temperature is returned to
the reference point of 21.5 ◦C. It is found that for short activation durations, the old
and new buildings can save a large amount of the energy cost. However, the energy
cost increases as the activation duration increases, although it remains lower than the
reference energy cost. For both buildings, the energy flexibility factor is higher with a
higher activation duration, and this is due to the higher variation in the energy charged
and discharged under a high activation duration. The energy flexibility may increase
with a higher activation duration; on the contrary, the energy price may also increase.
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The energy resilience of buildings is essential along with energy flexibility. It is
assumed that when a power outage takes place during winter, the challenge is whether
or not the old and new buildings can keep minimum habitable temperatures and thermal
comfort while ensuring energy flexibility. The robustness period is estimated for both
the new and old buildings that are at different indoor air set temperatures (due to energy
flexibility activation). The result presents the duration for which a building’s indoor
temperature can be maintained after a power outage [46]. A building is highly prepared
for facing the outage if the robustness period of the particular building is higher. Some of
the main findings are as follows:

• Overall, in cold weather conditions, new buildings would maintain better thermal com-
fort for a longer duration compared to old buildings. The reduction in thermal comfort
is smaller in new buildings compared to that in old buildings during power outage.

• For an old building, when a power outage occurs (heating stops), the indoor air set
temperature drops to 18 ◦C from 21.5 ± 0.5 ◦C and the robustness threshold is 3 h.
On the other hand, when the indoor air set temperature is 18 ◦C, it drops to 14 ◦C
in 3 h. This shows that when the operating temperature is 21.5 ◦C, the building
may provide 3 h of thermal comfort (due to the robustness period) and when the
operating temperature is 18 ◦C (due to flexibility) the building may not be able to
provide thermal comfort as the robustness period is zero. Therefore, it is essential to
plan and manage the minimum indoor air set point temperature in an old building
while keeping the energy crisis and resilience aspect in mind.

• For a new building, when a power outage occurs (heating stops), the indoor air set
temperature drops to 18 ◦C from 21.5 ± 0.5 ◦C and the robustness threshold is 17 h.
On the other hand, when the indoor air set temperature is 18 ◦C, it drops to 15.5 ◦C in
17 h. A new building may provide thermal comfort when the operating temperature is
18 ◦C a few hours as the robustness period is very short. However, the new building
may be habitable (above 15 ◦C) for 17–18 h when the power outage is short.

This research focuses on cold climatic conditions. With the increase in the energy
prices and the expected forthcoming energy crises, this research provides solutions to
address the challenges. These challenges are faced not only in cold climatic regions but
also internationally. This research is beneficial not only for cold climatic regions such as
the Nordics but it is useful for the international perspective. To address these challenges,
buildings and their energy systems have to be smart and flexible. The energy flexibility and
activation of building mass based on price and weather signals show the energy saving
potential. These solutions will support in addressing energy pricing concerns. Moreover,
they will support the energy efficiency and carbon neutrality policy of Europe in general as
the energy storage and conservation activation control strategies help in reducing carbon
emissions and energy consumption as well. These control strategies can also support the
better integration of renewable energy sources within the energy network and provide
flexibility to the grid from the building side. Further research is needed to estimate the
energy flexibility factor for different types of construction, users and weather. It can be
assumed that activation can occur during unoccupied hours along with the price signals
and control strategies can be built for it. Another future evaluation that can be carried
out is the use of onsite renewable energy generation and storage in the buildings. The
use of innovative technology and energy storage such as phase change materials [17],
batteries [26] and tanks can be integrated into the building’s mass which can improve both
energy flexibility and the energy resilience of the building, for example. These methods and
control strategies would also impact the energy grid and support smart grids. However,
further analysis is needed to analyze the benefits of implementing renewable energy
generation and energy storage at the building, grid and district levels.

Finally, energy-resilient buildings are key elements for the future sustainability of
society in Europe and in other parts of the world. It is, therefore, essential to plan for
resilient buildings. Improved policy and research are needed at the European and national
levels that will provide guidelines to society, businesses and end users to build energy-
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resilient buildings. Therefore, another aspect that needs further analysis is the definition of
energy resilience and a framework to estimate the performance of a building under a power
outage. This is essential due to the eminent energy crises that are faced by many countries.
This study can be extended for different types of buildings and end users especially in
cold climatic conditions. This study will ultimately support the further improvement of
building regulations and directives so they can integrate energy efficiency, energy resilience
and flexibility. As energy flexibility and resilience are competing for the same resources
in a building, further studies are needed to balance and optimize resource utilization.
The present study is limited to the simulation activity so the scope of the work can be
further extended into an experimental phase in future work. This can help in analyzing
and comparing the energy flexibility and resilience performance of buildings in the real
environment, validate the findings of the simulation and provide a platform on which
various technologies such as solar energy and energy storage [17] can be tested.
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Nomenclature

CO2 Carbon dioxide
◦C Centigrade
EPBD Energy performance of building directives
EPS Expanded polystyrene insulation
EU European Union
h Hour
IPCC Intergovernmental Panel on Climate Change
K Kelvin
kg Kilogram
m Mass
PCM Phase change material
Qheat Heat transfer
q50 Air infiltration
RP Robustness period
TRNSYS Transient System Simulation Tool
U value Thermal transmittance
W Watt
WHO World Health Organization
EUR Euro
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