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Abstract

In the future, buildings need to be energy resilient to
tackle the energy crisis. This article introduces a concept
for classifying the energy resilience of buildings in
extreme cold and warm weather in Finland during
blackouts. It presents a techno-economic comparison
between an old and a new single-family building
integrated with photovoltaic (PV) systems and batteries,
analyzing their resilience under extreme weather
conditions. Using TRNSYS simulations, the study shows
that the old building, without PV and battery, has a
robustness duration of 1 to 3 hours and a degree of
disruption (DoD) ranging from 0.545 to 0.299 in extreme
cold to warm conditions, respectively. With PV and
battery, the DoD improved to 0.443 and 0, and the
robustness duration increased. The new building's
robustness duration ranged from 3 to 15 hours, with a
DoD 0f 0.496 to 0.22 in extreme cold to warm conditions.
With PV and battery, its DoD improved to between 0.25
and 0. A color-based classification system revealed that
higher PV and battery capacity, at increased cost, are
optimal for the old building under extreme cold scenarios.
Other indicators varied based on building age and
weather. The proposed resilience classification system
could help improve building regulations, ensuring the
development of more resilient buildings in the face of
extreme weather.

Key Innovations

e Energy resilience is important due to the energy crisis.
Hence energy resilience performance of the old and
new buildings is compared in the Nordics.

e 20 years of measured climatic data were synthesized
for extreme warm and cold weather.

e Active and passive methods are used for habitability
evaluation in blackout during winter seasons.

e A classification system using color grading is
proposed to rate the performance for techno-economic
optimization and ease of communication.

e The above will result in economically feasible,
energy-resilient buildings that are in line with the
European long-term goals.

Practical Implications

Buildings and communities’ energy performance and
renovation studies should focus on energy resilience
along with energy efficiency and flexibility. This will

result in an energy-resilient, economically feasible, and
carbon-neutral society is in line with the EU's long-term
strategy of 2050.

Introduction

Currently, the main challenges faced by countries are
climate change and energy crisis. Climate change can lead
to frequent extreme weather conditions such as extreme
cold and warm weather, storms, rain, snowfall, etc. All
these events can cause variations in building performance.
Moreover, the performance of the onsite renewables is
also impacted by such extreme events. A systematic study
is carried out that analyzed the climate change impact on
the new building performance (Roberts, 2008). It showed
that climate change can impact the thermal comfort and
energy demand of the building. Similar studies are carried
out in Belgium (Rahif et al., 2022), Sweden (Homaei &
Hamdy, 2021) and Spain (Yang et al., 2022) and all
showed that climate change could vary the energy
performance of the building and onsite renewable energy
generation, causing strain on the electrical grid. Hence
study is needed in Finland that can analyze the
performance of the building during the extreme cold
weather conditions of Finland.

It is observed that over the past 20-30 years, there has
been an increase in the occurrence of extreme weather
events, with more such events expected to happen in the
future (Chen et al., 2018). These disruptive events can
damage the grid infrastructure and cause blackouts. For
instance heat wave in Europe during 2023 has caused
70000 deaths due to blackouts and poor building design
(Copernicus, 2023). In the United States of America
(USA), power outages due to snow have caused 1 billion
USD losses and 4 million people were affected (Kenward
& Raja, 2014). It is also found that with the increase in
cold temperature, there is an increase in death by 1.35%
especially in the older aged population (Analitis et al.,
2008). Therefore, to reduce the severity and impact of
climate change-related disruptive events and blackouts,
the buildings have to be energy resilient and efficient.
This is required because these events can cause disruption
and decline in the energy service and damage the grid,
causing a decline in the building’s energy performance
and impact on human health. Therefore, in the future, all
buildings need to be energy resilient. Energy resilient
buildings are defined as buildings that have the ability to
maintain the minimum level of habitability during the
blackouts that prevent the normal operation of the
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building (ur Rehman et al.,, 2024). Here, the term
‘habitability’ refers to the capability of the building to
maintain indoor temperatures suitable enough to habitat
the building during the blackouts.

The energy resilient building concept is a complex
concept (Panteli & Mancarella, 2015). Many of the earlier
studies have focused on energy flexibility (Johra et al.,
2019) and grid reliability, and often neglects the energy
resilience of the buildings (Homaei & Hamdy, 2021).
Moreover, many of the studies have been done for warm
and hot climates (Nik et al., 2021), (Enright, 2017). On
the contrary, the energy-resilient building concept has not
been extensively studied in cold regions such as Finland.
In cold regions, there are harsh winters that require space
heating, in contrast to the heat waves that are often
experienced in warm regions and require cooling (Nik et
al., 2021), (Enright, 2017). Extreme weather can alter the
energy demand, increase the energy prices, and cause an
energy crisis, resulting in blackouts. Although the
occurrence of such events is relatively low, the severity is
high due to the reduction in the building performance,
which affects the occupant’s health.

Energy resilient building has to have a passive and active
approach to reach a minimum performance level during
blackouts. Here, the passive approach refers to the
building envelope and thermal mass used to conserve heat
during blackouts (Riidiger Lohse & Alexander Zhivov,
2017). The active approach refers to using the onsite
energy generation and storage sources to improve the
habitability conditions inside the building during
blackouts (ur Rehman et al., 2024). Earlier research has
focused mainly on the habitability conditions using
passive methods only. In this study, the focus is on the
application of both the passive and active methods for
energy resilience of buildings.

This paper uses the indicators and methods for analyzing
the technical and economic performance of an old and a
new single-family building in extreme cold and warm
weather conditions of Southern Finland. Single-family
building is analyzed as there are around 1.06 million
houses in Finland and form the largest segment of the built
environment (Statistics Finland, 2024). Moreover, around
48% of the buildings are built before the 1970s.
Analyzing the energy resilience performance of the old
and new single-family buildings will have a large impact.
Therefore, this study focuses on both representative old
and new building cases in Finland.

In addition, with the climate-related extreme
temperatures, the study requires consideration of extreme
cold and warm weather conditions in Finland and its
impact on the energy resilience performance of the
building cases using passive (thermal mass) and active
methods (photovoltaic and battery). This will support in
improving the old and new building design (passive
method) and onsite generation and storage system (active
method) for higher resilience performance during
blackouts. This article is an extension of the earlier
research that focused on defining the energy resilience
concept and indicators, and also preliminarily analyzed

the energy resilience performance of the building using
thermal mass (passive method) in a typical meteorological
year (TMY) (ur Rehman et al., 2024). The novelty of the
article lies in the close comparison of the energy resilience
performance of the old and new buildings, that is
integrated with and without photovoltaic and battery in
extreme weather conditions of Finland. The building
energy resilience performance is graded using a
classification system that is proposed in this article. The
studied buildings are classified using colors that are based
on technical indicators explained in (ur Rehman et al.,
2024). This classification system also supports identifying
optimal solutions for each building type in extreme
weather. Finally, in addition to the technical study, total
costs are also calculated to estimate the techno-economic
aspects of different alternative solutions.

In this article, different building types (passive),
photovoltaic sizes, and battery capacities (active) are used
as design variables to evaluate the energy resilience of
buildings. The scope of the study is limited to the heating
energy of the buildings, as this is the major demand in
Finnish buildings. The article is based on simulation and
modelling of the buildings, and no measurements and
experimental study are carried out as no demo or
measurement data exist in Finland. This study is also
important as no regulations or guidelines exist in Finland
on the energy resilience of buildings. Hence, an initial
approach is made to provide a basis for guidelines.

Method

The article analyzes the energy resilience performance of
the old and new single-family buildings, located in
Southern Finland. As an extension of the earlier study, in
this study, onsite photovoltaic (PV) and battery systems
are integrated with the buildings to analyze the impact of
active resources on energy resilience performance during
blackouts, especially in extreme cold and warm weather
(ur Rehman et al., 2024). The energy resilience
performance in terms of space heating is carried out under
31 hours blackout. The power outage duration of 31 h
(winters) is selected based on the earlier studies carried
out and literature review findings in (ur Rehman et al.,
2024), (ur Rehman & Hasan, 2023), (Hamdy et al., 2017),
(Ur Rehman et al., 2024). This is assumed to analyze the
impact of a more than 24 h outage (more than one day) on
the building performance. This is assumed as heating is
important in Finnish climatic conditions. The energy
resilience performance of the buildings is calculated using
the passive method (thermal mass of the building) and the
active method (PV and battery capacity) for
improvements. Various technical indicators are calculated
to estimate the resilience performance according to the
energy resilience framework presented in (Rehman &
Hasan, 2023), (ur Rehman & Hasan, 2023) and explained
briefly in the section ‘Energy resilience indicators’. In
addition, the total cost of the solutions is also calculated
to estimate economic performance. Figure 1 shows the
representative old and new building cases and the energy
systems. These buildings are modeled and simulated in
the TRNSYS simulation tool (University of Wisconsin,
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2017). It is assumed that either the grid or PV provides
electricity for heating the building. The battery is also
integrated to provide backup storage during a blackout.
To analyze the impact of PV and battery on the energy
resilience performance, the PV sizes (0, 50, 100 m?) and
battery capacities (0, 44, and 89 kWh) are varied. The cost
of components also varied according to the capacity. Both
buildings are electrically heated using electric heater
radiators in the zone based on the actual situation. No
floor heating system is assumed. The heater is sized to
maintain the indoor set point temperature of 21.5+0.5°C
inside the building's zone during winter. Cooling energy
is not considered. To evaluate the performance of the
building during the blackout, the simulation is done for
the whole year to reach a steady state and the hours
selected for assessment are from 615 h to 687 h (January)
as a representative duration for winter. This period is
selected when the average ambient temperature is -15 °C
— -20 °C during winters. Moreover, these hours are
selected when heating is required, and solar energy is
available for a limited period. This is done to study the
active and passive habitability conditions and resilience
performance of the building and the energy system. The
blackout duration is assumed to be 31 h, and it starts from
639 h to 670 h. During this blackout, no power is available
to heat the building. Each old and new buildings are
simulated in the extreme cold year (ECY) and extreme
warm year (EWY) without and with varying PV sizes and
battery capacities to analyze the energy resilience in
extreme weather.
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Figure 1: The simulated building and its energy system.
Weather data

The common approach in building energy studies is to use
typical weather data sets, such as a typical meteorological
year (TMY). However, extreme cold and warm weather
events can affect the energy resilience performance of the
building during blackouts, and they should be included in
the studies. Therefore, two sets of one-year weather data
are used according to a method proposed by (Nik, 2016)
representing two separate years with extreme weather
conditions (which are called extreme cold year (ECY) and
extreme warm year (EWY). The extreme weather datasets
are developed by synthesizing 20 years of measured data
(2003-2023) (Finnish Meteorological Institute (FMI),
2023). The synthesized data is generated for the
temperature, humidity, wind speed, and direction, and
solar radiation to consider complete weather data. The
monthly quantile distributions of the outdoor temperature
are calculated for all the years and each year separately.
The year with a distribution like those of all years is
selected as the typical year (for that month). By repeating

the procedure for all months, 12 typical months are
recognized, shaping a typical year. The same steps are
used to produce the extreme cold year (ECY) and extreme
warm year (EWY) datasets. A similar procedure is used
to create ECY and EWY data sets, however, instead of
looking for the least absolute difference, the years with
the maximum (for ECY) and minimum (for EWY)
difference are selected as the years representing the
extreme temperatures for each month. A similar approach
has been used in (Nik, 2016),(ur Rehman et al., 2024).
Figure 2 shows the extreme cold and warm weather data

used for simulation.
40

ECY EwyY

_ 30
20 Y T T
v 10 | y‘m M"\Wk Iy L*" N'Y’W(” a,
£ yhh Wi
“EJ_—IO Ut 1
bl -20

-30

a0

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Hours

Figure 2: The extreme cold and warm weather data.

Energy resilience calculation metrics and
abbreviations

Different energy resilience indicators are used to calculate
the performance of the building. The indicators are used
to evaluate the pre-disruption, disruption, and post-
disruption during the blackout. The following indicators
are selected and calculated to evaluate the energy
resilience performance of the building cases (Ur Rehman
et al., 2024).

o Setpoint temperature (ST): Indoor set point

temperature, i.e., 21.5 °C (Ministry of the
Environment, 2017).
e Robustness threshold (RT): The robustness

threshold value is 18 °C as recommended for health
reasons (Ministry of the Environment, 2017).

e Robustness period (RP): The duration when the
building's indoor temperature can be maintained
above the robustness threshold.

o Habitability threshold (HT): HT is assumed to be 15
°C. Below this point, the building is not habitable.

o Collapse speed (CS): The speed at which the indoor
temperature drops from the setpoint to the habitability
thresholds.

o Impact of failure (IoF): It presents the minimum
performance reached during the outage.

o Recovery speed (RS): The speed at which the
building’s indoor temperature reaches the target set
point after power supply availability.

o Degree of disruption (DoD): DoD calculates the
severity and impact on the performance of the building
during a blackout. Its value varies between 1 to 0 and
the worst performance is 1 and the best is 0 (Ur
Rehman et al., 2024).

¢ Extreme cold year (ECY): Synthesized extreme cold
year developed using 20 years of measured weather
data from 2003-2023.

e Extreme warm year (EWY): Synthesized extreme
warm year developed using 20 years of measured data.
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All the indicators of the resilience framework explained
above are used to classify the building based on its
resilience performance. Colors are used to classify and
rate the performances. Red can denote the ‘worst’
performance, while green can indicate the ‘best’
performance. Other shades can represent performance
levels between these two extremes.

Building: Design

The building is a single-family house that is situated in
Southern Finland. The old building is assumed to have
been constructed in the 1970s, and the new building was
built in the 2020s (Ala-Juusela et al., 2020). The buildings
are the representative buildings constructed according to
Finnish  building regulations (Ministry of the
Environment, 2017). The building has a heated floor area
of 100 m? The building design variables are shown in
Table 1. Each building is simulated separately for
comparison of energy resilience performance.

Table 1: Old and new building design.

Building | Ventilation Air U-value (W/m? K)

type rate (1/h) tightness

(m*h Ext. | Roof | Windows | Floor
m?) Walls

Oold 0.55 6 0.5 0.27 2.5 0.38
building

New 0.55 2 0.17 0.09 1 0.16
building

Table 2 shows the design variables for parametric study
with varying PV and battery sizes. The selection of the
size of the PV and batteries is made in a way that the PV
covers a maximum area of 100 m? and the batteries that
are suitable for a building (EV Database, 2020). Two
extreme weather years, i.e., extreme cold year (ECY) and
extreme warm year (EWY), are used for each simulation
option.

Table 2: The parametric study design variables.

Cost calculations for the energy system

This study calculates the cost of the energy system. The
total cost includes the initial, maintenance, and
replacement costs of the PV and battery. Table 3 shows
the battery and PV costs for calculations.

Table 3: The PV and battery costs (International
Renewable Energy Agency (IRENA), 2022)(Laitinen et

al., 2021).
Cost type PV Battery
Initial cost 124 €/m? 600 €/kWh
Maintenance cost 1.5% (initial cost) 1.5% (initial
cost)
Life cycle 25 years 12.5 years
Replacement cost Included in the 200 €/kWh
maintenance cost

Discounting factors are included in the total cost to
consider the time value of money. The interest rate of 3%
is assumed. The battery is replaced after 12.5 years
(Laitinen et al., 2021).

Results and discussions

Table 3 presents the yearly heating demand of the
building. It is found that in the EWY scenario, the heating
demand is lower compared to the ECY scenario for both
building types. Moreover, the old building has a higher
heating demand compared to the new building. This is due
to the better insulation and envelope design of the new
building.
Table 3: Annual heating demand of the old and new
buildings in ECY and EWY weather scenarios.

Building type

Heating demand

Heating demand

(ECY weather) (EWY weather)
Old building 199 kWh/m?/yr 124 kWh/m?/yr
New building 86 kWh/m?/yr 46 kWh/m?/yr

Design variables Option 1 Option 2
Weather ECY, EWY ECY, EWY
Building type Old building New building
Photovoltaic area 0, 50, 100 0, 50, 100
(PV), m?
Battery capacity, 0, 44, 89 0, 44, 89
kWh

PV is used to charge the electrical battery during normal
operation. Excess electricity is exported to the grid and
curtailed. On the other hand, when a blackout occurs, the
battery is used to supply electricity to heat the building.
Moreover, during the blackout, the PV is also used to heat
the building when solar energy is available.

TRNSYS software

The components used in TRNSYS for modelling are
Building (Type 56), battery (Type 47), PV module (TYPE
194), controller (TYPE 2b), temperature control (TYPE
11f), and weather data (TYPE 15) is used to model the
building and its system in TRNSYS.

Energy resilience of old building: ECY

It is observed in Figure 3 that for passive resilience
(reference case), the indoor temperature drops from
ST=21.5°C to RT=18 °C in 1 h and below HT=15°C in 1
h after reaching the robustness threshold. After passing
the HT the building is not habitable. The IoF is 11.72 °C,
CS is 0.387 °C/h, and RS is 0.977 °C/h. The overall DoD
is 0.545, indicating a high level of disruption (1 is the
highest value, while 0 is the lowest). The PV and battery
cost is 0. Figure 3 also shows the active method that
improved the resilience of the building. With maximum
PV and battery capacity, the robustness period improved
to 18 h. The overall DoD is 0.443.
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Figure 3: The hourly indoor temperature of the old
building in ECY (winter) during a blackout; reference
case (passive) and with PV (100 m?) and varying battery
capacity.

Table 4 shows the technical indicators and cost values for
all 9 simulation scenarios without and with different PV
sizes and battery capacities. The indicators are arranged
in a color grading system to show energy resilience
performance. This is also done to present optimal points
and the corresponding design variables. The scenarios
without PV and batteries are shown in red color (Table 4)
categorized as ‘worst’ performance. On the other hand,
scenarios with PV (100 m?) and battery (89 kWh) are
represented in green color, categorized as ‘best’. Based on
the energy resilience framework and color classification
system, it is recommended that a PV area of 100 m? and a
battery capacity of 89 kWh represent the best performing
point in the ECY scenario for the old building. With these
capacities, the building's RP increased to 18 hours
(maximum). The corresponding cost of PV=12864 € and
battery=79649 €. It is observed that the CS is reduced with
PV and battery, which shows that they can help in
delaying the indoor temperature decline. IoF is lower,
showing a lower impact during the blackout. The RS is
faster with the PV and battery, which shows that PV and
battery can support the building during the recovery
phase. Without battery and PV integration in the old
building, the overall DoD is 0.545, which is higher
compared to cases with PV and battery. DoD can be used
as a main factor to compare and classify the buildings in

terms of their energy resilience performance.

Table 4: Parametric study, energy resilience
performance analysis, and costs for old building in ECY
(winter) with varying PV and battery capacity.

PVsize,m’ | 0 [ 50 [ 100 |
Battery size, kWh

Robustness period
(RP), hour 10.00

Impact of failure

o 10.706 11.523|10.608
(loF), °C
Collapse speed
o 0.345 0.372 | 0.342
(cs), °c/hr
Recovery speed
o 4.812 | 1.152 4.764
(RS), °C/hr
Degree of
0.540 | 0.498 0.536 | 0.493
disruption (DoD)
PV cost (€) 0 0 6838 | 6838 | 6838 | 12864 | 12864 12864
Battery cost (€) 0 3937779649 0 39377 79649 0 39377179649
Total cost (€) 0 3937779649 | 6838 |46215 |86487|12864 (52241 [92513

Energy resilience of old building: EWY

To compare the performance of the same building during
EWY same hours are selected for blackout. It is observed
in Figure 4 that for passive resilience (reference case) the
indoor temperature drops from ST=21.5 °C to RT=18 °C
in 3 h and the building remains barely above the HT=15
°C after reaching the RT. All indicators improved, i.e. IoF
i 6.42 °C, CS is 0.2 °C/h, and RS is 3.212 °C/h compared
to the ECY scenario. The overall DoD is 0.299, indicating
a low level of disruption. Compared to the old building
ECY scenario, all the indicators’ values improved due to
higher outdoor temperature and less heat losses to the
atmosphere. Table 5 shows the indicator values of all 9
simulated scenarios for the old building in EWY. Using
color grading, the resilience performance is classified. It

is observed that the optimal design is PV=50 m? and
battery capacity=89 kWh in the EWY scenario. With
these capacities, the building RP increased to 30 h, which
is higher compared to the ECY scenario, and the building

indoor temperature remained around RT.
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Figure 4: The hourly indoor temperature of the old
building in EWY (winter) during a blackout, reference
case (passive) and with PV (100 m?) and varying battery
capacity.

When compared to the ECY scenario, the PV area can be
reduced from 100 m? to 50 m?, and the battery capacity
remains the same. Hence, it is evident that with warmer
weather, the PV area can be reduced. This means that the
cost of the PV is 46.8% lower in EWY compared to the
same building in ECY. Moreover, the same building
performs differently in terms of energy resilience

performance in different weather conditions.

Table 5: Parametric study, energy resilience
performance analysis, and costs for the old building in
EWY (winter) with varying PV and battery capacity.

PV size, m? [ 0 [ 50 [ 100 |
Battery size, kWh
Robustness period
(RP), hour
Impact of failure

(IoF), °C

Collapse speed (CS),
° 0.205(0.175|0.119
C/hr

Recovery speed (RS),
°C/hr
Degree of disruption
(DoD)

PV cost (€) 0 0 6838 | 6838 | 6838 |12864 (1286412864
Battery cost (€) 0 [39377|79649| 0 [39377|79649| 0 |39377|79649
Total cost (€) 0 [39377|79649| 6838 [46215|86487[12864|52241({92513

3.704

5.389

0.204 | 0.174

2.719|1.852 | 2.107 | 2.694

0.296 (0.253 | 0.172 | 0.294 | 0.251

Energy resilience of the new building: ECY

To estimate the energy resilience performance of the new
building, the same blackout simulation hours are
considered as for the old building to compare the
performance. In Figure 5, it is observed that for passive
resilience, the indoor air temperature drops from ST=21.5
°C to RT=18 °C in 3 h and reaches below HT=15 °C in 5
h. The building becomes inhabitable after passing HT.
However, the new building can provide a longer duration
for passive habitability, compared to the old building in
similar conditions. The IoF is 10.66 °C, CS is 0.334 °C/h,
and RS is 1.77 °C/h. The overall DoD is 0.496. The old
building can be renovated in terms of walls, windows,
roof, and floor U-values to the level of the new building
in order to achieve better passive habitability conditions.
Figure 5 also shows the active method that improved the
resilience of the building. With maximum PV and battery
capacity, the robustness period improved to 31 h. The
overall DoD is 0.254.
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Figure 5: The hourly indoor temperature of the new
building in ECY (winter) during a blackout; reference
case (passive) and with PV (100 m?) and varying battery
capacity.

All 9 simulated scenarios' results for the new building are
shown in Table 6. It is found that the optimal techno-
economic performance of the building in terms of
resilience can be achieved using a PV area of 50 m? and a
battery capacity of 89 kWh. When compared to the old
building in ECY, the PV area can be reduced from 100 m?
to 50 m?. This means that the cost of the PV is 46.8%
lower compared to the old building in ECY climate

conditions.

Table 6: Parametric study, energy resilience

performance analysis, and costs for a new building in
ECY (winter) with varying PV and battery capacity.

PVsize,m’ | 0 ‘
Battery size, kWh
Robustness period
(RP), hour
Impact of failure (loF),
°c
Collapse speed (CS),
°C/hr
Recovery speed (RS),
°C/hr
Degree of disruption
(DoD)
PV cost (€) 0 0 6838 6838 | 6838 12864
Battery cost (€) 0 39377 | 79649 0 39377 | 79649 0 39377 | 79649
Total cost (€) 0 39377 | 79649 6838 | 46215 | 86487 | 12864 | 52241 | 92513

8375

0.270

2.094

0485 | 0.390

Energy resilience of new building: EWY

It is observed in Figure 6 that for passive resilience
(reference case), the indoor temperature drops from
ST=21.5°C to RT=18 °C in 15 h and the building remains
above the HT=15 °C during blackout. Compared to the
old building in EWY, all the indicators improved, i.e. IoF
is 4.784 °C, CS is 0.154 °C/h, and RS is 2.39 °C/h. The
overall DoD improved to 0.223, indicating a low level of
disruption. Compared to the old building in the EWY
weather scenario, all the indicator values improved for the
new building. With the addition of PV and battery, the
building remains robust during the blackout, and DoD is
0. Table 7 is used to classify and color grade the buildings
according to their energy resilience performance. Table 7
also shows the optimal point in terms of techno-economic
performance. Using the color grading, it is recommended
that a PV area of 50 m? and a battery capacity of 44 kWh
is optimal. When compared to the old building in EWY
weather, the battery capacity can be reduced from 89 kWh
to 44 kWh. This means that the cost of the battery is
51.1% lower compared to the old building in EWY
weather conditions.
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Figure 6: The hourly indoor temperature of the new
building in EWY (winter) during a blackout; reference
case (passive) and with PV (100 m?) and varying battery
capacity.

+ Battery 89 kwh

Table 7: Parametric study, energy resilience
performance analysis, and costs for a new building in
EWY (winter) with varying PV and battery capacity.
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| 0

n
Q

PV size, m?
Battery size, kWh
Robustness period
(RP), hour
Impact of failure
(1oF), °C
Collapse speed (CS),
°Cc/hr
Recovery speed (RS),
°Cc/hr
Degree of disruption
(DoD)

PV cost (€) 0 0 6838 | 6838 |12864|12864|12864
Battery cost (€) 0 39377|79649 0 39377|79649 0 39377|79649
Total cost (€) 0 3937779649 6838 [46215|86487(12864(52241(92513
.
Conclusion

With the future climate and energy crisis, the energy
resilience of buildings is an important aspect. The energy
resilience performance of an old and a new building
situated in Southern Finland is carried out in extreme cold
and warm weather scenarios. Passive and active methods
are used to analyze the energy resilience performance
indicators of the buildings during blackouts in winter.
Different design variables, such as building envelope
design, PV and battery capacities, and weather data, are
simulated to study the impact on energy resilience
performance. Moreover, the buildings are classified using
a color grading system that can be used to support
decision-making related to selecting optimal points and
comparing the performance of the buildings. Overall, the
old building performed poorly in terms of passive
habitability and energy resilience. The old building can be
renovated to the new building level by improving the
walls, roof, windows and floor U-values to reach better
resilience by using the passive method only. However,
extreme weather conditions may still require active
methods such as PV and battery integration with the
building to reach higher resilience. In terms of active
methods to reach higher resilience, the optimal points
identified for old and new buildings are shown (Table 8).

Table 8: Summary of best-performing (optimal) cases.

Building type Old building New building
Weather type ECY EWY ECY | EWY
PV size, m? 100 50 50 50
Battery size, kWh 89 89 89 44
Robustness period (RP), h 18 30 29 31

Impact of failure (IoF), °C 9.528 3.704 | 5.636 | 0.002

Collapse speed (CS), °C/hr 0.307 | 0.119 | 0.188 0

Recovery speed (RS), °C/hr 4.764 1.852 | 2.818 | 0.001

Proceedings of the 19th IBPSA Conference
Brisbane, Australia, Aug 24-27, 2025

0006
https://doi.org/10.26868/25222708.2025.1109



BUILDING "5
SIMULATION

24-27 AUG

BRISBANE
CARBON AND CLIMATE RESPONSIVE

International
Building
Performance
Simulation
Association

Degree of disruption (DoD) 0.443 0.172 | 0.254 0

PV cost (€) 12864 | 6838 | 6838 | 6838

Battery cost (€) 79649 | 79649 | 79649 | 39377

It is observed in Table 8 that with integrated PV and
battery, the overall energy resilience performance of the
old and new buildings improved. This will also reduce the
electricity bill and increase self-sufficiency. However, the
economic benefit of this was not calculated in this paper.
Each building type in the ECY climate scenario usually
requires a larger PV or battery capacity compared to the
EWY climate scenario. This shows the impact of weather
scenarios on the building’s energy resilience
performance. When comparing the DoD of all cases, the
old building in ECY has the worst DoD, and it requires a
higher capacity of battery (89 kWh) and PV (100 m?) to
achieve better resilience performance. This ultimately
resulted in higher total costs. With the EWY weather
scenario, the old building can maintain higher robustness
and habitability durations with a smaller PV size (50 m?)
and similar battery capacity (89 kWh). This is due to
lower heating demand and higher solar energy available
to charge the battery. In contrast, the DoD of the new
building is better compared to the old building, and it
improved further with the integration of PV and battery.
Compared to the old building, the new building can
maintain higher robustness and habitability durations with
the small size of PV (50 m?) and battery capacity (89
kWh) in the ECY weather scenario. In the EWY weather
scenario, the new building provided higher energy
resilience performance with PV (50m?) and battery
capacity (44 kWh) as shown in Table 8. This suggests that
improvements in passive design can significantly enhance
building resilience under extreme weather scenarios along
with active measures. Consequently, new buildings may
benefit from reduced initial investment in battery systems
while achieving comparable levels of performance.
Overall, in the ECY weather scenario, the total cost of the
PV and battery is higher compared to the EWY climate
scenario. Therefore, when planning for the energy
resilience of buildings, all the weather scenarios need to
be considered to provide techno-economic optimal
solutions. With the change in climate, political and
economic situations, there is a high probability of an
energy crisis causing blackouts. Hence, there is a need to
study and build future-proof energy resilient buildings in
cold regions to address these challenges. This study
provides an energy resilience framework, indicators and
classification system using color grading to represent their
readiness level to face the crisis. It also provides active
and passive methods to improve energy resilience
performance. It is proposed to include various indicators
such as robustness threshold, impact of failure and degree
of disruption in the building regulations based on the local
conditions. These values and indicators may vary based
on the location and needs. Moreover, these indicators will
be introduced and applied in a new demo building case
study in Helsinki, Finland. It is done to analyze the
practical relevance of this concept and indicators and to
provide best practices so it can be proposed to the policy
makers to include resilience indicators in the regulations.

The study can be further expanded to different building
types and climate zones to analyze methods to reduce the
impact of the energy crisis on human health. This will
support improving the building regulations and energy
performance certification that can incorporate energy
resilience along with energy efficiency and renovation
guidelines. Energy efficiency measures and integration of
renewables can help in reducing emissions from buildings
and provide resilience. However, further studies are
needed to optimize the controls of renewables, building
energy systems, and HVAC systems during blackouts to
provide higher resilience. Experimental studies are also
needed to validate the operation of technical systems
during blackouts, as no data currently exists.
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