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Abstract: The future buildings and society need to be resilient. This article aims to propose a novel
concept of the energy resilience framework and implement a color-based rating system to quantify
and rate the energy resilience performance of buildings in Nordic climates. The objective is to conduct
a comparative analysis between old (1970s) and new (2020s) single-family buildings integrated with
renewable energy sources and storage, assessing their energy resilience performance for heating
during power outages, under extreme and typical climatic conditions. The study utilizes dynamic
simulation of the buildings and renewable energy systems, conducting parametric studies to calculate
proposed resilience indicators and rate their resilience performance, employing both passive and
active methods. The total costs of the design variables are also calculated for economic evaluation.
Given the complexities arising from climate change, the article uses a simplified method to synthesize
regional climate to consider extreme climate change impacts on energy resilience performance. For
the old building lacking PV, the robustness duration increased from 1 h to 3 h, and the degree
of disruption (DoD) varied from 0.545 to 0.3 in extreme cold to warm climate scenarios, with the
higher DoD number indicating worse performance. The impact of the season within the same
climate scenario is also evident, as the habitability and robustness durations increased during spring
compared to winter. The resilience improved with PV and battery. The new building showed that
the robustness duration increased from 3 to 15 h, habitability durations increased, and the DoD
varied from 0.496 to 0.22 from extreme cold to warm climates without renewables and storage.
With the integration of PV and battery, the new building was able to achieve a lower DoD and
better performance with lower PV and battery capacity, compared to the old building. Furthermore,
utilizing the color grading method (red to green), optimal technical solutions and corresponding
design variables were identified for each building type and climate scenario that could support
decision-making. The total cost of the optimal solutions varied, as new buildings required lower
costs to reach optimal performance. However, for optimal resilience performance during extreme
cold climate scenarios, higher costs are required for each building type. The proposed resilience
framework, indicators, color grading system, and costing could potentially support improvements in
building regulations, ensuring the development of optimally resilient buildings, particularly in the
face of extreme climatic conditions.

Keywords: energy resilience; cold climate; building regulations; long-term resilience; resilience
optimization; economic assessment

1. Introduction

The impact of climate change is becoming increasingly evident. To address this issue,
nations around the world have agreed upon sustainable goals known as the United Nation’s
Sustainable Development Goals (SDGs) [1]. Buildings and urban areas can play a significant
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role in helping to achieve decarbonization goals, as two-thirds of global primary energy
is consumed by buildings and urban areas [2], leading to 71% of greenhouse gas (GHG)
emissions [3]. With the projected increase in population, it is estimated that 68% of the
world’s population will reside in urban areas by 2050, placing strain on the climate and
resources [3]. Therefore, cities, regions, and municipalities are planning and updating
regulations towards low-carbon and sustainable solutions to address these challenges.
However, to safeguard the infrastructure and investments, buildings have to become
smarter and more energy-resilient. These measures are required to withstand climate-
related challenges and energy, economic, and human-induced crises.

The performance of a building and on-site renewable production are impacted by
climate change. Climate change can lead to more frequent extreme events and more intense
climate variations, such as extreme cold or warm seasons. For example, energy generation
through solar photovoltaic (PV), solar thermal, and wind turbine power is heavily influ-
enced by weather conditions. Roberts et al. [4] carried out a systematic review to study the
impact of climate change, particularly focusing on new buildings. The authors suggested
recommendations for constructing buildings that provide a healthy indoor environment
with reduced carbon emissions. Their study also considered other factors such as future
climate variables, urban heat islands, parasitic heating, microgeneration, and occupant
behavior. Similar studies comparing the impact of climate change on thermal comfort and
energy demand have been conducted in Belgium [5], Spain [6] and Sweden [7]. It was
found that climate change could result in a decrease in a building’s energy performance,
putting excessive strain on the grid. It was observed that over the past 30 years, there
has been an increase in the occurrence of extreme weather events, with more such events
expected to happen in the future [8,9]. The climate-related disruptive events are the main
reasons for energy infrastructure disturbances causing blackouts that directly impact the
performance of buildings [10–12]. For instance, multiple extreme heat waves that were
experienced in central Europe during 2003 caused 70,000 deaths due to poor building
design [13], and similar experiences occurred during summer 2023 in central Europe [14]
and North America [15]. A study carried out to analyze the effect of cold climate in Europe
showed that there is a 1.35% increase in the number of deaths with a drop of 1 ◦C tempera-
ture. In addition, there is an increase in other medical issues, especially in the older aged
population, with respect to the temperature [16]. In the United States of America (USA),
the impact of power outages on costs is significant, ranging from USD 20–55 billion, mainly
caused by weather conditions [8,17]. Storms and snow in the USA caused power outages
resulting in USD 1 billion in losses, and 4 million people were affected [8,18,19]. In Canada,
ice storm caused power outages, leaving millions of people without power and resulting in
30 deaths and economic losses [20]. During the 2023 winter season, attacks on the power
grid in Ukraine resulted in the loss of heating services in buildings, leading to losses in
human life [21,22]. Therefore, this study is important because humans spend around 87%
of their time indoors in developed economies [23], and comfort and well-being are services
provided by the built environment.

With the depletion of energy sources, emissions reduction targets, and increased en-
ergy security challenges posed by fossil fuel supplies, there has been a notable shift towards
renewable-based energy systems for districts and buildings. Despite the numerous benefits
associated with transitioning to renewable energy sources, such as enhanced energy secu-
rity, localized energy supply, emission reduction, and cost-effectiveness, there are several
challenges to contend with, including mismatches between demand and supply, costs, and
the impacts of climate change, among others. For example, energy generation through
solar photovoltaic (PV), solar thermal, and wind turbine power is heavily influenced by
weather conditions. In recent times, distributed renewable-based energy systems have
emerged as the backbone of the energy infrastructure, fostering energy democracy (open
market), although accompanied by multiple challenges related to the transition, as dis-
cussed above [24]. Consequently, a resilient energy system is imperative for buildings and
communities [25].
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The emerging concept of energy-resilient buildings increasingly signifies stable perfor-
mance during grid power loss due to extreme climate-related events. The resilience concept
within the energy domain is complex [26]. Most of the work has focused on the energy
flexibility or reliability of electrical grids, neglecting consideration of the energy resilience
of buildings [27–29]. It is observed that more research has been conducted on the urban
scale and in hot climatic conditions [30–32].

However, the concept of energy-resilient buildings has not been widely explored
in cold regions such as the Nordics, where the likelihood of cold waves and extremely
harsh winters due to climate change contrasts with the heat waves experienced during
the summer in North and Central Europe [7,27,31]. These extreme cold waves can lead
to energy crises characterized by increased energy demand, rising prices, grid loss, or
energy shortages. Inadequate building-related planning for extreme climate change-related
events could result in losses in terms of well-being. Although the likelihood of these events
may be relatively low, the severity and resulting damage can be significant, particularly
for occupants who are elderly, disabled, or ill. Best practices for constructing energy-
resilient buildings include passive approaches, such as designing buildings with energy-
efficient features, improved thermal mass, better windows, and insulation, as well as active
approaches that promote the use of onsite energy sources within the building’s boundaries
and encourage the use of multiple onsite energy sources and storage solutions [33,34]. Here,
passive habitability refers to the building envelope and thermal mass use against outdoor
conditions for heat conservation during power outage conditions [35]. Some of the methods
that are discussed in the literature to increase the energy resilience performance of buildings
are glazing elements [36,37] and window shadings that can reduce or improve the heat
gains [36,37]. The ventilation controls such as natural or mechanical ventilation can vary
the resilience performance. Moreover, color paints, a building’s location, orientation, and
façade elements can impact the energy resilience performance of a building [38,39]. Another
term that is used is “active habitability”, which means using active components such as
alternative power sources in the building to improve the habitability conditions of the
building during power outages [35]. Research has been focusing on “passive habitability”
as a component of energy-resilient building design [40,41], In this study, both the active
and passive methods are applied to buildings for habitability and resilience performance
in Nordic climate conditions.

This paper proposes indicators and methods (both technical and economic) for an-
alyzing the energy resilience performance of both old and new single-family buildings
under extreme climatic conditions in Finland. Single-family buildings are considered in the
study, as they are the largest segment of the built environment in Finland. According to
Statistics Finland, single-family buildings account for around 76% of the total buildings in
Finland [42]. In addition, 48% of the buildings were built before the 1970s in Finland [42].
Studying improvements in the energy resilience performance of old and new single-family
buildings will have the largest impact, as these structures represent the largest segment.
Therefore, the focus of this study is on both old and new buildings in Finland.

With the changes in the climate and extreme temperatures, designing buildings and
onsite generation systems capable of providing energy resilience requires consideration
of both typical and extreme temperatures. Failing to address this aspect can result in a
performance decline due to climate-related uncertainties such as power outages. Therefore,
linking extreme and typical climate data can aid in enhancing old and new building designs
and onsite systems during power outages for higher resilience performance.

The novelties of this article are as follows:

• A close comparison of the energy resilience performance of buildings (old and new) is
integrated with renewable energy sources and storage or without renewables under
typical, extreme cold, and warm climatic conditions of the Nordics to analyze their
active and passive habitability conditions.

• The article introduces an energy resilience technical framework, indicators, and a color
rating mechanism for the building stock in Finland to grade buildings in terms of
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their energy resilience performance. These indicators are applied to both old and new
building case studies and later color-graded.

• Total cost calculations are carried out to estimate the techno-economic aspects of
different alternative solutions in typical and extreme climate conditions.

This study was conducted to introduce the long-term resilience concept for buildings
in the building regulations. The objective was to compare the passive and active habitability
conditions of old and new buildings in different climatic conditions and propose methods
to improve energy resilience performance by incorporating thermal mass (passive method),
renewable energy, and storage (active method). Different capacities of photovoltaics and
batteries are used as design variables to evaluate technical performance. This is achieved
by proposing a technical framework for energy-resilient buildings and applying it in
extreme and typical Finnish climates. Moreover, the costs are also included for each
design parameter. By applying these indicators, the buildings are color-rated to grade their
performance, identify the optimal parameters, and provide recommendations. The scope
of the analyses covers the heating energy demand of the simulated buildings. This article
is based on simulation, and no experimental study is carried out. This is because no such
demo, pilot, or measured data exist in Finland; therefore, it is challenging to compare the
findings with real cases. This activity is planned to be carried out in future work.

The paper is structured as follows: Section 2 discusses the methodology. In Section 2,
the building model inputs, energy system model inputs, and weather data are presented.
Section 3 delves into the energy resilience definition, framework, and parametric study
utilized for performance evaluation. Section 3 also provides the cost calculation method
that is used to estimate the total costs of all simulated cases. Detailed results and discus-
sions regarding simulation outcomes, the color grading system, and the techno-economic
comparisons between the old and new building performances in terms of energy resilience
are presented in Section 4. Section 5 gives the conclusion.

2. Materials and Methods

TRNSYS simulation software (version 17.01) is used for modeling both old and new
buildings. Additionally, the building-integrated onsite energy system and its controls are
simulated in TRNSYS to analyze energy resilience performance. The historical climatic data
of Helsinki [43] are utilized to synthesize typical and extreme temperature scenarios, which
serve as inputs to the simulation models. This is done to compare variations in heating
demand between the old and new buildings and to estimate energy resilience performance
across different climatic scenarios. The study is performed for two seasonal periods, i.e.,
winter and spring, for each climatic scenario. This is done to analyze the building behavior
and resilience performance during both heating periods and for better representation. The
input specifications for the buildings, renewable energy system, control operation during
power outages, climate data, and technical calculations are explained in this section.

The introduction to the TRNSYS simulation is given in Section 2.1, and the input
values and controls for the buildings and the energy system are described in Sections 2.2
and 2.4. Section 2.2 provides the building design information, Section 2.3 explains the
energy system design and controls, and Section 2.4 explains the weather data used for the
simulations.

2.1. TRNSYS Simulation

The simulation software used for modeling and dynamic simulation is TRNSYS [44],
which incorporates various TRNSYS modules for both the building and the energy system.
The building is modeled using TRNBuild, a subroutine within the TRNSYS platform,
while the design of the photovoltaic panels, batteries, and control system is executed
on the TRNSYS platform as well. TRNSYS software is used, as it is a flexible tool and
can perform dynamic simulations for the building with its energy system [44]. The tool
has a modular template and provides graphic details for ease of use. The tool provides
different component modules in the library. The components consist of, for instance,
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photovoltaic, wind turbines, solar thermal, storage, and multi-zone building components.
The components can be connected using a graphical user interface in the simulation studio,
so it is easy to use, follow, and model the complex systems. The tool also gives different
weather profiles of the countries. The results of the simulations can be shown graphically
as well. It helps in understanding models and systems that are complicated. Logical
programming, optimization, and equations can be added to develop complex control
strategies as well. Compared to IDA Indoor Climate and Energy (IDA-ICE) [45], which
is a commercial tool, TRNSYS provides flexibility in developing complex energy systems.
Moreover, TRNSYS provides an easy platform on which the design of the energy systems
and buildings can be achieved in detail together. TRNSYS simulation software has been
used in various studies [46,47].

2.2. Building Design for Simulations

In all cases, it is assumed that the building is located in southern Finland (Helsinki)
at 60.19 N, 24.94 E. The building area is presumed to be 100 m2 for both the old and new
structures. The window-to-floor area ratio is 15%. The design of the building and the
energy system is depicted in Figure 1 [48,49]. The building is modeled and simulated
using TRNSYS software with TYPE 56. It is considered a single-zone building, and the
attic is excluded from calculations. The analysis focuses on heating energy for the study.
It is assumed that the building is heated with an ideal electric heater and using the grid
for power.

Buildings 2024, 14, x FOR PEER REVIEW 5 of 40 
 

while the design of the photovoltaic panels, batteries, and control system is executed on 
the TRNSYS platform as well. TRNSYS software is used, as it is a flexible tool and can 
perform dynamic simulations for the building with its energy system [44]. The tool has a 
modular template and provides graphic details for ease of use. The tool provides different 
component modules in the library. The components consist of, for instance, photovoltaic, 
wind turbines, solar thermal, storage, and multi-zone building components. The compo-
nents can be connected using a graphical user interface in the simulation studio, so it is 
easy to use, follow, and model the complex systems. The tool also gives different weather 
profiles of the countries. The results of the simulations can be shown graphically as well. 
It helps in understanding models and systems that are complicated. Logical program-
ming, optimization, and equations can be added to develop complex control strategies as 
well. Compared to IDA Indoor Climate and Energy (IDA-ICE) [45], which is a commercial 
tool, TRNSYS provides flexibility in developing complex energy systems. Moreover, TRN-
SYS provides an easy platform on which the design of the energy systems and buildings 
can be achieved in detail together. TRNSYS simulation software has been used in various 
studies [46,47]. 

2.2. Building Design for Simulations 
In all cases, it is assumed that the building is located in southern Finland (Helsinki) 

at 60.19 N, 24.94 E. The building area is presumed to be 100 m2 for both the old and new 
structures. The window-to-floor area ratio is 15%. The design of the building and the en-
ergy system is depicted in Figure 1 [48,49]. The building is modeled and simulated using 
TRNSYS software with TYPE 56. It is considered a single-zone building, and the attic is 
excluded from calculations. The analysis focuses on heating energy for the study. It is 
assumed that the building is heated with an ideal electric heater and using the grid for 
power. 

 
Figure 1. Case studies; old and new buildings in Finland and the energy system [48,49]. 

The old building is modeled and simulated based on the Finnish building regulations 
of the 1970s [50,51]. The modeled building is a typical representative old building design 
in Finland that is based on the studies carried out in [49,50]. The U-values used in the old 
building are based on the Finnish regulations [50], and similar values are used in the ear-
lier study [49]. Similarly, the new building is modeled and simulated based on the Finnish 
building regulations of the 2020s [50,51]. Similarly, the modeled building is a typical rep-
resentative new building design in Finland that is based on the optimal studies carried 
out in [50], and the values used are similar to those in the earlier study [49]. The U-values 
used in the new building are based on the Finnish regulations [51]. The old and new build-
ings’ design parameters and respective material properties used for the modeling are 
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The old building is modeled and simulated based on the Finnish building regulations
of the 1970s [50,51]. The modeled building is a typical representative old building design
in Finland that is based on the studies carried out in [49,50]. The U-values used in the
old building are based on the Finnish regulations [50], and similar values are used in the
earlier study [49]. Similarly, the new building is modeled and simulated based on the
Finnish building regulations of the 2020s [50,51]. Similarly, the modeled building is a
typical representative new building design in Finland that is based on the optimal studies
carried out in [50], and the values used are similar to those in the earlier study [49]. The
U-values used in the new building are based on the Finnish regulations [51]. The old and
new buildings’ design parameters and respective material properties used for the modeling
are tabulated in Table 1. The internal gains due to the lighting, electrical appliances, and
humans are 7.8, 17.8, and 10.3 kWh/m2/year, respectively. These values are based on the
D5 (National Building Code of Finland) [52–54].



Buildings 2024, 14, 2821 6 of 36

Table 1. The old and new buildings’ design parameters [49].

Parameters of Building
Envelope and Design

Value, Old Building (Properties (Density,
Thickness))

Value, New Building (Properties (Density,
Thickness))

Floor area 100 m2 100 m2

Walls (U value)

0.5 W/m2 K, (Wood (500 kg/m3, 0.020 m), air
(1.2 kg/m3, 0.022 m), wood fiber (250 kg/m3,
0.012 m), mineral wool (50 kg/m3, 0.063 m),

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

0.17 W/m2 K, (Lime mortar (1800 kg/m3,
0.01 m), concrete (2400 kg/m3, 0.1 m), mineral

wool (50 kg/m3, 0.252 m), concrete (2400 kg/m3,
0.1 m), lime mortar (1800 kg/m3, 0.01 m))

Floor (U value)

0.38 W/m2 K, (Wood (500 kg/m3, 0.005 m),
mineral wool (50 kg/m3, 0.099 m), polyamide

film (1150 kg/m3, 0.001 m), air (1.2 kg/m3,
0.022 m), gypsum (700 kg/m3, 0.03 m))

0.16 W/m2 K, (Expanded Polystyrene insulation
(20 kg/m3, 0.237 m), concrete (2400 kg/m3,

0.2 m), Light floor concrete (500 kg/m3, 0.02 m))

Roof (U value)

0.27 W/m2 K, (Gypsum (700 kg/m3, 0.013 m),
air (1.2 kg/m3, 0.022 m), polyamide film

(1150 kg/m3, 0.001 m), mineral wool (50 kg/m3,
0.149 m), air (1.2 kg/m3, 0.1 m), bitumen

(1100 kg/m3, 0.010 m))

0.09 W/m2 K, (Lime mortar (1800 kg/m3,
0.01 m), concrete (2400 kg/m3, 0.150 m), mineral

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

Windows (U value) 2.5 W/m2 K 1 W/m2 K
Ventilation 0.55 1/h 0.55 1/h

Tightness q50 6 m3/h m2 2 m3/h m2

2.3. Energy System Design for Simulation

The building is equipped with integrated photovoltaic (PV) panels and a battery
to provide energy during power outages. PV is assumed as a generation source in this
study because the European Union’s Energy Performance of Building Directive (EPBD) [55]
mandates that new buildings be solar-ready. This means that buildings are ready to host
solar installations. Therefore, the PV panels and battery are used as renewable sources and
storage, respectively, in the study.

During normal operation, the PV system charges the battery. When the battery is
fully changed, the excess electricity is exported. During an outage, the battery supplies
energy to heat the building, and the PV production also contributes to the heating. The
PV panels generate electricity to heat the building using solar energy and to charge the
battery. TRNSYS type 194 is used to model the PV panels. The design parameters used to
model the panels are shown in Table 2. Batteries are used to provide energy during power
outages. To simulate the battery within buildings TRNSYS type 47b is used. Table 2 shows
the specifications of the battery.

Table 2. PV panels (Polycrystalline modules) and battery (Lithium-ion) design parameters used in
TRNSYS and data adapted from [56].

Component Specification Input Parameter Value

Photovoltaic (PV)

PV Area Variable area for parametric analysis
Maximum peak power 250 W

Voltage (open) 37.5 Volts
Current (short) 8.73 amperes

TRNSYS module type Type 194

Battery

Cell-rated energy capacity 465 amperes
Battery capacity Variable capacity for parametric analysis
Charge voltage 2.8 Volts
Charge current 85 amperes

Charging efficiency 0.9
Initial state of charge 0
Depth of discharge 0.1

TRNSYS module type TRNSYS type 47b
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2.4. Weather: Typical and Extreme Conditions

Generally, in the building studies, typical weather conditions and typical weather
datasets, such as typical meteorological year (TMY), are used [57]. Since extreme weather
events significantly impact the resilience of building and urban systems, they should be
incorporated into the assessment. The TMY assists in energy calculations; however, there
are certain limitations. Hong et al. [58] conducted a study by using TMY and the actual
metrological year for long-term assessment of building performance and found that energy
savings and peak demand can be significantly different.

In this regard, three different sets of one-year weather data are used according to a
method proposed by Nik [57], representing three separate years: a year with typical weather
conditions (which is called typical downscaled year TDY in [57]), extreme cold year (ECY)
and extreme warm year (EWY). In the original approach, these three weather datasets
are synthesized considering a 30-year period; however, in this work, a 20-year period
(2003–2023) is used due to the presence of some incomplete years. The measured weather
data of Helsinki from the Finnish Meteorological Institute are employed to synthesize the
weather data for [43] (1) typical downscaled year (TDY), the typical conditions; (2) ECY,
representing the coldest conditions; and (3) EWY, representing the warmest conditions.

TDY is synthesized similarly to TMY but with the difference of weighting only the
ambient temperature when selecting 12 typical meteorological months (TMMs). They
are then concatenated in order to produce a weather file that is for 1 year. Moreover,
the selection is based on the hourly ambient temperature. The synthesized weather data
are generated for the ambient temperature, wind speed, humidity, wind direction, and
solar radiation to include important climate data for simulation. The monthly quantile
distributions of the outdoor temperature are calculated for all the years and for each year
separately. The year with a distribution similar to 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 ECY and EWY
datasets. The years that have the maximum and minimum temperatures are chosen as the
years representing the extreme temperatures.

Such synthesized data do not account for climatic uncertainties and represent an
image for the considered time. The TDY, ECY, and EWY are based on the hourly outdoor
temperature, and the other climatic parameters are not considered.

Uncertainties in future climate datasets affect each parameter differently. For example,
few scenarios may exhibit a 20% variance in mean temperature and a 10% variance in wind
data. For regional climate models (RCM) data, it is not feasible to track these differences
and assign the correct weight factor. The TDY, EWY, and ECY climate data are generated
to consider and represent different climate scenarios and to reduce the computation time.
Otherwise, more simulations are needed to represent different performances of the build-
ings using 20 years of weather data. The application of using the representative weather
datasets by Nik [57] has been validated for various types of analysis, including building
energy simulations [59], assessment of urban energy systems [60], urban and micro-climate
studies [61], as well as hygrothermal simulations [62].

Synthesized Weather Datasets: TDY, EWY and ECY

The hourly ambient temperatures, based on the measurements from 2003–2023, are
shown in Figure 2 (in multi-color lines) as the reference. The red line represents the hourly
average values derived from historical data. These average values are then compared to
the measured data for each year. It is observed that while the trend remains similar across
datasets, the hourly average data appear to be dampened.

The TDY, ECY, and EWY are shown in Figure 3. The highest probability is represented
by TDY. The ECY represents the lower bound of the 20-year graph, and the EWY represents
the upper bound.

Figure 4 demonstrates the hourly ambient temperature distribution between the
historical data (20 years) and the TDY, EWY, and ECY in the Helsinki region. The red
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dotted line presents the historical data from 2003–2023. The ambient temperature in TDY
(blue line) has a distribution similar to that of the historical data. The extreme ambient
temperature distribution (yellow and grey lines) is also shown. Cold weather conditions
(below 0 ◦C) are evident from the historical data for Finland. In this study, typical and
extreme climate scenarios are considered to represent the building’s energy and resilience
performance in various representative real conditions that may occur.
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3. Energy Resilience: Technical and Economic Calculation Methods for
Parametric Analysis

The energy resilience framework and indicators are defined in Section 3.1. In the
parametric study, different renewable energy capacities, climate scenarios, and building
types are used to compare the energy resilience performance of the buildings in Nordic
conditions. These design variables for the parametric study are discussed in Section 3.2.
Finally, the costing method used to calculate the costs for each simulation is also described,
in Section 3.3.

3.1. Energy Resilience Framework and Indicator Calculations

To calculate the resilience performance of both the old and new buildings, various
indicators are calculated. Figure 5 illustrates the multi-phased curve and behavior of the
building during disruptive events such as blackouts and grid loss. Different performance
phases are observable in Figure 5, with a similar approach proposed for building resilience
in warm climatic conditions [27]. The curve depicted in Figure 5 is adjusted for winter’s
climatic conditions. Phase I, labeled as “before the disruptive event”, Phase II as “during
the disruptive event”, Phase III as “after the disruptive event”, and Phase IV as “after
recovery from the disruptive event”, define and visually represent the building’s energy
resilience. The behavior of the curve depends on the impact and duration of the power
outage, the type of building envelope, and the energy system design (e.g., PV, storage, etc.).
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In Figure 5, different thresholds can be observed. These are used to define the resilience
metrics [35]. The following are explanations of the thresholds shown in Figure 5.

• PST represents the indoor set point temperature (i.e., 21.5 ◦C) [49].
• PRT represents the robustness threshold. If the performance is below this point, then

the building is not robust. The recommended value is 18 ◦C for health reasons [63].
• Robustness period (RP) give the length of time that the building remains robust after

the power is cut.
• PHT gives the habitability threshold for the occupants. Below this point, a building

is unable to provide a minimum living environment for its occupants. Here, 15 ◦C is
utilized as the threshold for habitability.

• Pmin represents the minimum indoor temperature the building reaches during the
power outage.

• Recovery speed (RS) gives the speed at which the building reaches the target indoor
set point (21.5 ◦C) after the availability of power supply is restored.
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Table 3 presents the metric calculations that are used to calculate the energy resilience
performance.

Table 3. Energy resilience calculation metrics and indicators for performance analysis.

Indicator Equation

Robustness threshold duration (RT) t1 − t0
Collapse speed (CS) (PST − PRT) + (PRT − Pmin)/t2 − t0

Impact of failure (IoF) (PST − PRT) + (PRT − Pmin)
Recovery speed (RS) (PST − PRT) + (PRT − Pmin)/t3 − t2

• Robustness threshold duration (RT) = This represents the duration that the building’s
indoor temperature can be maintained above the robustness threshold (PRT). A higher
value means the building is better prepared to face the disruptive event (power outage).

• Collapse speed (CS) = This represents the swiftness at which the building’s indoor
temperature and performance drop from the set point to the habitability threshold
PHT. Lower value is better.

• Impact of failure (IoF) = This represents the power outage impact on the building’s
performance. It presents the minimum performance of the building reached during
the power outage. A smaller value means the building can absorb the disruptive event
better and adapt.

• Recovery speed (RS) = This represents the speed at which the building’s indoor
temperature reaches the target point after the availability of the power supply is
restored.

The degree of disruption is also proposed as part of the resilience framework [64].
Equation (1) gives the degree of disruption (DoD):

DoD =
Parameterdisruption − Parameterre f erence

Parameterre f erence
×

Timedisruption

Timere f erence
, (1)

Equation (1) calculates the severity and impact on the performance of the building due
to the power outage. Severity refers to the decrease or increase in the indoor temperature
during the disruptive event defined as Parameterdisruption. Parameterreference refers to the refer-
ence indoor set point temperature. The time duration is the ratio of the Timedisruption, i.e., t2
− t0 (duration of the disruptive event) in Figure 5, and Timereference (i.e., the total observation
time of the system). Timereference = 31 h, and Parameterreference is the indoor temperature, i.e.,
21.5 ◦C [35]. All the aforementioned indicators of the resilience framework can be utilized
to categorize the building’s performance based on its resilience performance. Colors can
be used to rate the performance. The color red can denote the ‘worst’ performance, while
green can indicate the ‘best’ performance. Other shades can represent performance levels
between these two extremes.

3.2. Parametric Study

To analyze the behavior of both the old and new buildings in respect of energy
resilience and onsite energy generation performance under typical, extremely cold, and
warm climatic conditions, various design variables are utilized. The sizes of the PV and
battery, building types, and season are varied to analyze the impact of typical and extreme
climate change on energy generation and its impact on energy resilience performance.
Table 4 presents Case 1 for the old building and Case 2 for the new building, each with
TDY, ECY, and EWY scenarios, and with varying PV and battery sizes. The total simulation
cases are 96 for each building type and, in total, 192 simulations for both old and new
building types.
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Table 4. Input values for the case studies 1a, 1b, 1c (for old building), and 2a, 2b, 2c (for new building)
in TDY, EWY, and ECY climate scenarios and during winter and spring seasons.

Building Type Case Number Climate
Scenarios Design Variables for Parametric Study

Tested
Representative

Seasons

Simulation
Options

Photovoltaic
Panel’s Area

Variable Values
(m2)

Battery Capacity
Variable Values

(kWh)

Old building
(Case 1)

1a TDY 0 0, 44, 89, 133 Winter, spring 8
1a TDY 50 0, 44, 89, 133 Winter, spring 8
1a TDY 75 0, 44, 89, 133 Winter, spring 8
1a TDY 100 0, 44, 89, 133 Winter, spring 8

1b EWY 0 0, 44, 89, 133 Winter, spring 8
1b EWY 50 0, 44, 89, 133 Winter, spring 8
1b EWY 75 0, 44, 89, 133 Winter, spring 8
1b EWY 100 0, 44, 89, 133 Winter, spring 8

1c ECY 0 0, 44, 89, 133 Winter, spring 8
1c ECY 50 0, 44, 89, 133 Winter, spring 8
1c ECY 75 0, 44, 89, 133 Winter, spring 8
1c ECY 100 0, 44, 89, 133 Winter, spring 8

New building
(Case 2)

2a TDY 0 0, 44, 89, 133 Winter, spring 8
2a TDY 50 0, 44, 89, 133 Winter, spring 8
2a TDY 75 0, 44, 89, 133 Winter, spring 8
2a TDY 100 0, 44, 89, 133 Winter, spring 8

2b EWY 0 0, 44, 89, 133 Winter, spring 8
2b EWY 50 0, 44, 89, 133 Winter, spring 8
2b EWY 75 0, 44, 89, 133 Winter, spring 8
2b EWY 100 0, 44, 89, 133 Winter, spring 8

2c ECY 0 0, 44, 89, 133 Winter, spring 8
2c ECY 50 0, 44, 89, 133 Winter, spring 8
2c ECY 75 0, 44, 89, 133 Winter, spring 8
2c ECY 100 0, 44, 89, 133 Winter, spring 8

The area of the PV is assumed to be 0 (no PV) to the maximum area of 100 m2. The
maximum area is assumed to cover all the building’s roof area, i.e., 100 m2. The battery
capacity is assumed to be 0 (no battery) to the maximum capacity of 133 kWh. The capacities
of the battery are assumed to be the size of the available electric vehicle battery sizes [65];
also, these sizes are used in the earlier study [66]. This is assumed because old electric
vehicle batteries can be reused for building applications. In each step, the sizes of PV and
battery are doubled separately for the parametric study, until the maximum sizes as shown
in Table 4. The scenarios without PV and battery are ‘passive’ resilience performance
(reference), and those with PV and battery integration are ‘active’ resilience performance of
the simulated buildings.

3.3. Cost Calculations

In this study, the total cost is calculated to estimate the investment and annual opera-
tional costs (maintenance and replacement costs) of the proposed energy system to improve
energy resilience performance. The energy and disposal costs are not included. The PV
and battery costs are described in Table 5.
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Table 5. The energy system components’ costs.

Cost Component PV Battery Reference

Investment cost 124 €/m2 600 €/kWh [67,68]
Operational and maintenance cost 1.5% of the investment cost 1.5% of the investment cost [67,68]

Duration 25 years 12.5 years [67,68]
Replacement cost Included in the maintenance cost 200 €/kWh [67,68]

The total cost includes the investment cost and the operation and maintenance costs.
The future annual costs are estimated using the annual discount factors. The total cost is
calculated using Equation (2) [67,68]:

Total cost = Investment cost + (operational and maintenance + replacement costs) ∗ df, (2)

where investment cost includes the PV and battery initial cost. The operational and
maintenance costs include the operations, maintenance, and replacement costs. The ‘df ’ is
the discount factor that is calculated using Equation (3) [67,68]:

d f =
1
a
(1 − 1

(1 + a)T ), (3)

where ‘df ’ is the discount factor, and ‘a’ is the interest rate, which is assumed to be 3% [68].
The operation time ‘T’ is assumed to be 25 years. The replacement cost discount factor is
calculated using Equation (4) [67,68]:

replacement f actor =
1

(1 + a)Tr , (4)

The battery requires replacement during its lifetime. The replacement time ‘Tr’ is
12.5 years [68].

4. Results and Discussion

The simulated cases and parametric study results are presented in this Section. Sec-
tion 4.1 presents different heating demands, Section 4.2 presents the techno-economic
energy resilience performance of the old building (cases 1a, 1b, and 1c), and Section 4.3
presents the techno-economic performance of the new building (cases 2a, 2b and 2c).

4.1. Old and New Building Heating Demands in TDY, EWY and ECY Climate Scenarios

The yearly performance is depicted in Table 6. It is observed that in the EWY scenario,
the heating demand decreased, as compared to the TDY. On the other hand, Table 6 shows
that in the ECY scenario, the heating demand increased, compared to the TDY. It is also
found that the new building has an overall lower heating demand compared to the old
building. This could be attributed to the better insulation and efficient design of the new
building that resulted in lower losses of heat energy from the building.

Figure 6 shows that for the same building, in the same location, variation in climate
can cause big differences in monthly heating demand. This distribution is important to be
presented, as climate can vary drastically during every month. The yellow bar represents
the typical monthly heating demand of the old building during TDY. The green bar shows
the heating demand of the old building during the ECY scenario, resulting in a larger
heating demand compared to TDY. Conversely, the opposite happens under EWY climate
conditions, as depicted by the orange bar.
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Table 6. Climate scenarios and the annual old (case 1a, 1b, 1c) and new (case 2a, 2b, 2c) building
performances.

Climate Scenarios, Corresponding Heating Demand

Heating Demand Parameters, Old Building TDY (1a) EWY (1b) ECY (1c)

Old building heating demand (kWh/m2/yr) 158.33 124.42 199.47
Difference in the heating demand from TDY (kWh/m2/yr) - −33.91 41.14

Relative difference in the demand from TDY (%) - 21.5% 26%

Climate Scenarios, Corresponding Heating Demand

Heating Demand Parameters, New Building TDY (2a) EWY (2b) ECY (2c)

New building heating demand (kWh/m2/yr) 64.06 46.12 86.08
Difference in the demand from TDY (kWh/m2/yr) - −17.94 22.02

Relative difference in the demand from TDY (%) - 28% 34.3%
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Figure 6. The monthly heating demand of the simulated old building (case 1) for TDY (case 1a), EWY
(case 1b), and ECY (case 1c) climates.

Figure 7 illustrates the typical monthly heating demand of the new building for TDY,
EWY, and ECY climate scenarios. Compared to the old building (Figure 6), it is found that
the new building has a lower overall heating demand for each month.
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Figure 7. The monthly heating demand of the simulated new building (case 2) for TDY (case 2a),
EWY (case 2b), and ECY (case 2c) climates.

The integration of Figure 3 (TDY, EWY, and ECY climate scenarios) with the old and
new building simulation models provided the heating demands. Figure 6 (old building) and
Figure 7 (new building) provide each building’s heating demand profiles under extreme
and typical climate scenarios with acceptable accuracy and representation. TDY covers the
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typical conditions and the corresponding building heating demand. EWY covers the upper
bound and the corresponding building heating demand. ECY covers that lower bound
and the corresponding building heating demand. A similar method has been carried out
in [57]. In the next section, an hourly scale parametric study is carried out to present the
two buildings’ performances under TDY, ECY, and EWY climate scenarios and their energy
resilience performances.

4.2. Energy Resilience in Old Building (Case 1)

The energy resilience performance of the old building in TDY (case 1a), EWY (case 1b),
and ECY (case 1c) climate scenarios is presented during the winter and spring seasons.

4.2.1. Case 1a, Old Building: TDY

The energy resilience performance of the old building in TDY (case 1a) is presented
during the winter and spring seasons.

Case 1a: Winter Season (TDY)

To examine the performance during the winter season (case 1a), a yearly simulation
is carried out, and the hours selected for assessment range from 615 h to 687 h as a
representative period for winter. The power outage duration of 31 h (winters) is selected
based on the earlier studies carried out and literature review findings in [35,48,49,69]. This
selection is made considering the reduced availability of solar radiation and an average
ambient temperature of around −10 ◦C to −15 ◦C, reflecting the harsh conditions in
the south of Finland. The power outage starts at 639 h and extends until 670 h, with a
duration of 31 h, during which no electricity is available. The same simulation and power
outage hours are applied consistently across all subsequent cases during the winter season
(cases 1b and 1c). This approach is undertaken to assess the resilience performance of the
old building under blackout conditions, both with and without PV systems and batteries.
Figure 8 (red dotted line) illustrates that in the absence of PV and battery (the reference case),
utilizing only the thermal mass (passive resilience), the indoor air temperature decreases
from 21.5 ◦C to 18 ◦C within 2 h, reaching the robustness threshold. As the power outage
persists, the habitability threshold is not met, dropping to 15 ◦C after 20 h. With indoor
temperatures falling below 15 ◦C, the building demonstrates a lack of thermal resilience.
The overall degree of disruption (DoD) is approximately 0.357, indicating a significant
disruption to the energy resilience performance (DoD = 0 indicates the best resilience
performance). The impact of failure (IoF) is 7.7 ◦C, collapse speed (CS) is 0.25 ◦C/h, and
recovery speed (RS) is 1.91 ◦C/h.
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Figure 8. The hourly indoor temperature variation of case 1a in TDY (winter) climate scenario during
power outage without PV, with PV (100 m2) and varying battery capacity. The reference red dotted
line refers to PV = 0 m2, battery = 0 kWh, and using thermal mass only (passive resilience method).
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The addition of energy storage such as batteries could compensate for the non-
availability of grid power and solar energy. Hence, including batteries in the study
is essential to analyze potential improvements in the energy resilience performance of
the building.

When the same building (case 1a) is integrated with varying battery capacities and
PV (100 m2), it is observed that the old building’s energy resilience performance changed
during the grid outage. The blue line (Figure 8) indicates that with maximum PV capacity
alone, the robustness threshold period is 2 h, and the habitability threshold of 15 ◦C is
reached 23 h after crossing the robustness threshold. The overall degree of disruption
can be classified in terms of energy resilience as 0.33, which is slightly high. Overall, the
building’s energy resilience performance improves when integrated with PV.

The yellow dotted line (Figure 8) indicates that with maximum PV area and battery
capacity, the robustness threshold duration improves to 30 h, and habitability conditions
are consistently met, ensuring the temperature does not drop below 15 ◦C throughout the
power outage period. This demonstrates improvement over the case where only thermal
mass (passive method) is used for resilience (Figure 8, red dotted line) and also over the
case where PV serves as the sole energy source (Figure 8, blue line). This indicates that the
impact of the power outage is significantly reduced with the addition of a battery. Other
indicators such as IoF, CS, RS, and costs are presented in (Table A1) in Appendix A. Tables
in Appendix A present the key performance indicator values for all the simulation results,
and then these values are arranged in a color grading system. This is done to identify
the energy resilience performance for each case and provides the optimal points and their
corresponding design variables among all the simulated scenarios. The concept of color
grading is introduced in the tables in Appendix A as an innovative approach to assess
and rate the building’s energy resilience performance for all the following simulated cases.
The color grading spectrum ranges from red to orange, yellow, and green (with various
shades). The tables in Appendix A also show the corresponding costs to represent the
cost associated with each combination of solutions. These costs can be used to provide the
techno-economic optimal solutions.

The CS (in Table A1) is reduced with battery and PV, indicating that both PV and
battery can minimize and delay the decline in indoor temperature. The RS is lower because
the IoF is low with the battery, thus requiring minimal energy at a slow rate to return
the indoor temperature to the set point of 21.5 ◦C after the grid is restored. This slow
recovery rate is important, as it reduces sudden peaks and impacts on the grid, especially
during grid restoration. With battery and PV integration in the old building, the overall
DoD can be classified in terms of energy resilience as 0.114, which is lower compared to
cases without PV and with PV alone. DoD can be used as a factor to compare and rate the
buildings in terms of their energy resilience performance. The building can be classified as
more resilient compared to cases with thermal mass only and with PV alone.

It is noted that scenarios lacking photovoltaic (PV) panels and batteries are represented
in the red color grade, categorizing their performance as ‘worst’ (as depicted in Table A1).
Conversely, it is observed that scenarios incorporating PV panels (100 m2) and batteries
(133 kWh) are represented in the green color grade, denoting their performance as ‘best’
(in Table A1). Based on the energy resilience definition framework and utilizing the color
grading system presented in Table A1, it is recommended that a PV area of 75 m2 (9851 €)
and a battery capacity of 133 kWh (119,027 €) represent an optimal point. Increasing the
PV area beyond this point does not lead to improved performance, thus enabling potential
cost savings.

Case 1a: Spring Season (TDY)

Similarly to the winter season, spring season is shown to compare the building’s be-
havior and resilience performance between winter and spring seasons. This is to show and
represent two different seasons and their impact on the building’s resilience performance
and also as an extension to the earlier studies [35,48,49,69]. In Finland, the spring season
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also requires heating of the buildings. Yearly simulation is carried out, and the hours
selected for assessment range from 1834 h to 1906 h as a representative period for spring.
The duration of the power outage is the same as for the winter season [35,48,49,69]. The
power outage is assumed to occur between 1858 h to 1889 h, with a duration of 31 h when
grid power is unavailable. This selection is made when solar radiation is available, and the
average temperature ranges from 0 ◦C to −5 ◦C in southern Finland. The same simulation
and power outage hours are considered in all the following cases during the spring season
in cases 1b and 1c.

It is observed in Figure 9 (red dotted line) that without PV and battery, while utilizing
only the thermal mass of the building (passive resilience), the indoor temperature decreases
from 21.5 ◦C to 18 ◦C within 4 h, resulting in a robustness threshold duration of 4 h. As the
power outage persists, the indoor temperature remains above 15 ◦C (above the habitability
threshold). Therefore, the building can be deemed thermally resilient during the spring
season. The IoF, CS, and RS indicators are presented in Table A2 and are better than those
for the winter season. The overall degree of disruption (DoD) is approximately 0.188.
Compared to the winter season for case 1a without PV and battery (Figure 8), it is observed
that during the spring season, the old building in the TDY climate scenario can provide
better resilience. This is attributed to the availability of solar energy and fewer losses, as
the ambient temperature is slightly higher during spring.
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Figure 9. The hourly indoor temperature variation of case 1a in TDY (spring) climate scenario during
power outage without PV, with PV (100 m2) and varying battery capacity. The reference red dotted
line refers to PV = 0 m2, battery = 0 kWh, and using thermal mass only (passive resilience method).

The blue line (Figure 9) shows that with a maximum PV area (100 m2) and no battery,
the robustness period extends to 9 h, and the habitability threshold is maintained during
the power outage as the indoor temperature remains above 15 ◦C. Table A2 presents IoF,
CS, and RS indicators, which are better than those observed during the winter season.
The yellow dotted line indicates that with the maximum PV area and battery capacity, the
robustness duration improves to 31 h, and the building maintains robustness throughout
the entire power outage. This demonstrates that the impact of the power outage on
the building is significantly reduced with the presence of a battery, as evidenced by the
reduction in IoF and CS and the increase in RS (Table A2). The integration of PV and battery
supports resilience during the recovery phase. With the integration of battery and PV, the
overall degree of disruption can be classified in terms of energy resilience as 0, which is low
compared to the cases without PV and with PV alone. The building remains unaffected by
the disruption, and occupants do not experience the effects of power loss. Grey line and
yellow dotted line overlap each other.
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Based on the color grading in Table A2, it can be recommended that the optimal
point is achieved with a PV area of 50 m2 and a battery capacity of 89 kWh. Additional
design variable capacities are unnecessary, as further performance enhancement is not
significant. A comparison with the winter season, as depicted in Table A1, reveals im-
proved performance during the spring season in Table A2. This improvement is evident
from the differences in color grading between the two tables, where the optimal point
and corresponding color grade shift to green for a smaller PV area and battery capacity.
Specifically, during the spring season, the optimal point is observed with a PV area of 50 m2

(6838 €) and a battery capacity of 89 kWh (79,649 €), whereas during winter, it is observed
with a PV area of 75 m2 (9851 €) and a battery capacity of 133 kWh (119,027 €).

4.2.2. Case 1b, Old Building: EWY

The energy resilience performance of the old building in EWY (case 1b) is presented
during the winter and spring seasons.

Case 1b: Winter Season (EWY)

To analyze the performance of the old building during the winter season in the EWY
scenario, the hours selected for simulation and power outage are identical to those in case 1a
(winter season). As depicted in Figure 10 by the red dotted line, it is observed that utilizing
the thermal mass of the building alone (passive resilience), results in a reduction in indoor
air temperature from 21.5 ◦C to 18 ◦C within 3 h (until reaching the robustness threshold).
Despite the continuation of the power outage, the building maintains a temperature above
the habitability threshold of 15 ◦C. The IoF is 6.42 ◦C, CS is 0.2 ◦C/h, and RS is 3.212 ◦C/h.
The overall degree of disruption (DoD) is approximately 0.299, indicating a high level
of disruption. Compared to case 1a in TDY in the winter season (in Figure 8), the same
building remains above the habitability threshold of 15 ◦C in case 1b, EWY (Figure 10, red
dotted line). Furthermore, in other parameters such as IoF, CS, RS, and DoD, the building
in this case performs better. This improvement is attributed to warmer climatic conditions
and lower losses in the EWY climatic scenario.
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Figure 10. The hourly indoor temperature variation of case 1b in EWY (winter) climate scenario during
power outage without PV, with PV (100 m2) and varying battery capacity. The reference red dotted
line refers to PV = 0 m2, battery = 0 kWh, and using thermal mass only (passive resilience method).

The blue line shown in Figure 10 illustrates that without the battery and with maximum
PV capacity, the robustness period is 3 h, and the building remains habitable (with indoor
temperature above 15 ◦C). The overall DoD is 0.294. The yellow dotted line demonstrates
that with the maximum PV area and battery capacity, the robustness duration improves
to 31 h, and habitability conditions (15 ◦C or above) are consistently met throughout the
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entire power outage period. This indicates an enhancement compared to case 1b, where
only thermal mass is utilized for resilience (red dotted line), and also in the case where only
PV is used. The IoF, CS, and RS show improvement compared to the case without PV, as
shown in Table A3. The overall degree of disruption can be classified in terms of energy
resilience as 0 (best). Grey line and yellow dotted line overlap each other.

Table A3 shows the key performance indicators of all 16 simulation scenarios with
varying PV and battery capacities, for the old building in the EWY climate scenario during
winters. Based on the color grading in Table A3, it is recommended that the optimal
configuration include a PV area of 50 m2 and a battery capacity of 89 kWh. A comparison
with case 1a (TDY) during winter in Section Case 1a: Winter Season (TDY) reveals a
reduction in PV area from 75 m2 to 50 m2 and a decrease in battery capacity from 133 kWh
to 89 kWh in the EWY scenario. Hence, it is evident that with a warmer climatic scenario,
both PV area and battery capacity can be decreased. This means that the cost of the PV and
the battery is 30.5% and 33% lower, respectively, in EWY compared to the same building in
TDY climate conditions.

Case 1b: Spring Season (EWY)

In Figure 11 (red dotted line), it is observed that by utilizing the thermal mass of the
building solely (passive resilience), the indoor temperature decreases from 21.5 ◦C to 18 ◦C
over a period of 5 h. As the power outage continues, the indoor temperature remains
above 15 ◦C, which is the habitability threshold. The overall degree of disruption (DoD) is
approximately 0.180. When compared to case 1a in TDY in the spring season (in Figure 9),
the same building performed better in terms of IoF, CS, and RS. This improvement can be
attributed to warmer climatic conditions and lower losses in the EWY climatic scenario.
Furthermore, it is evident that the DoD during spring in case 1b is lower compared to that
of case 1a.
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Figure 11. The hourly indoor temperature variation of case 1b in EWY (spring) climate scenario during
a power outage without PV, with PV (100 m2) and varying battery capacity. The reference red dotted
line refers to PV = 0 m2, battery = 0 kWh, and using thermal mass only (passive resilience method).

The blue line in Figure 11 illustrates that with maximum PV area alone, the robustness
threshold period reaches 10 h, and the building remains habitable and resilient as the indoor
temperature stays above 15 ◦C. The overall DoD is 0.172. Additionally, the yellow dotted
line indicates that with the maximum PV area and battery capacity, the robustness duration
extends to 31 h, and habitability conditions (above 15 ◦C) are consistently maintained
throughout the entire power outage period. This shows an improvement over case 1b
where only thermal mass is used for resilience (Figure 11, red dotted line), as well as over
the case where PV is used as the only source of energy (Figure 11, blue line). The IoF, CS,
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and RS are detailed in Table A4. The overall DoD can be classified as 0 (best). Grey line and
yellow dotted line overlap each other.

Table A4 shows the key performance indicators of all 16 simulation scenarios with
varying PV and battery capacities. Based on the energy resilience definition and using the
color grading in Table A4, it can be recommended that a PV area of 50 m2 and a battery
capacity of 89 kWh represent an optimal point. However, with a 44 kWh battery capacity,
the building still exhibited good resilience. When compared to case 1b (TDY) during spring
in Section Case 1a: Spring Season (TDY), it is observed that the PV area in EWY remained at
50 m2 and the battery capacity decreased from 89 kWh to 44 kWh. Therefore, in a warmer
climatic scenario, both the PV area and battery capacity can be reduced. This means that
the cost of the PV is the same and that of the battery is 50% lower in EWY compared to the
same building in TDY climate conditions.

4.2.3. Case 1c, Old Building: ECY

The energy resilience performance of the old building in ECY (case 1c) is presented
during the winter and spring seasons.

Case 1c: Winter Season (ECY)

In Figure 12 (red dotted line), it is observed that utilizing the thermal mass of the
building alone (passive resilience) resulted in a reduction in indoor air temperature from
21.5 ◦C to 18 ◦C within 1 h. As the power outage continues, it is noted that the indoor
temperature dropped to the habitability threshold of 15 ◦C within 1 h after surpassing the
robustness threshold. Once the indoor temperature falls below 15 ◦C, the building ceases
to be thermally resilient. 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.
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Figure 12. The hourly indoor temperature variation of case 1c in ECY (winter) climate scenario during
a power outage without PV, with PV (100 m2) and varying battery capacity. The reference red dotted
line refers to PV = 0 m2, battery = 0 kWh, and using thermal mass only (passive resilience method).

Compared to case 1a in TDY and case 1b in EWY in the winter season, the same
building exhibits a worse robustness threshold in case 1c in ECY during winter (in Figure 12).
Furthermore, the building struggles to maintain the habitability threshold of 15 ◦C for an
extended duration (in Figure 12). Other indicators such as IoF, CS, and RS demonstrate
that the building performs worse in case 1c during winter compared to the same building
in cases 1a and 1b during winter. This can be attributed to colder climatic conditions and
higher losses in the ECY climatic scenario. Additionally, it is evident that the DoD in case 1c
during winter is higher compared to the DoD in cases 1a and 1b during winter. Therefore,
it can be concluded that the same building may face worse conditions and perform poorly
in terms of energy resilience if the climate is colder than the typical year.
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The blue line (Figure 12) illustrates that with maximum PV capacity alone, the ro-
bustness period is 1 h, and the building remains inhabitable as the indoor temperature
drops below 15 ◦C within an hour. The overall DoD is 0.536. The yellow line demonstrates
that with maximum PV area and battery capacity, the robustness duration improves to
26 h. This indicates an improvement over case 1c, where only thermal mass is utilized
for resilience (Figure 12, red dotted line), and also over the case where PV is solely used
as an energy source (blue line). The DoD is 0.398. Hence, energy resilience performance
can be enhanced in the ECY climatic scenario. However, compared to case 1a (Section
Case 1a: Winter Season (TDY)) and case 1b (Section Case 1b: Winter Season (EWY)), the
performance in case 1c is the worst.

Table A5 shows the key performance indicators of all 16 simulation scenarios with
varying PV and battery capacities. Based on the color grading in Table A5, it can be
recommended that the optimal point is reached with a PV area of 100 m2 and a battery
capacity of 133 kWh. In comparison to case 1a (TDY) during winter in Section Case 1a:
Winter Season (TDY), the PV area in ECY increased from 75 m2 to 100 m2, and the battery
capacity increased from 89 kWh to 133 kWh to attain the optimal point and green color
code. However, the robustness threshold is reached at 26 h with maximum PV area and
battery capacity. Therefore, in colder climatic scenarios, it may be necessary to increase
the PV area and battery capacity. This means that the costs of the PV and the battery
are 23.4% and 49.4% higher, respectively, in ECY compared to the same building in TDY
climate conditions.

Case 1c: Spring Season (ECY)

It is observed in Figure 13 (red dotted line) that using the thermal mass of the building
solely (passive resilience) resulted in a decrease in indoor temperature from 21.5 ◦C to 18 ◦C
within 1 h. As the power outage persisted, the indoor temperature reached the habitability
threshold of 15 ◦C after passing the robustness threshold, within 9 h. Comparatively, the
building in case 1c is not resilient during the spring season, unlike in case 1a and case
1b. The overall DoD is approximately 0.372. Additionally, it is noticeable that the DoD
in case 1c is higher for spring compared to case 1a and case 1b. Hence, DoD serves as a
metric to communicate the performance and impact of the same building under different
climatic conditions.
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Figure 13. The hourly indoor temperature variation of case 1c in ECY (spring) climate scenario during
a power outage without PV, with PV (100 m2) and varying battery capacity. The reference red dotted
line refers to PV = 0 m2, battery = 0 kWh, and using thermal mass only (passive resilience method).

Figure 13 (blue line) illustrates that with maximum PV area only, the robustness period
lasts for 7 h. As the power outage persists, the indoor temperature reaches the habitability
threshold of 15 ◦C within 8 h after surpassing the robustness threshold. When the indoor
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temperature drops below 15 ◦C, the building loses its thermal resilience. The DoD is 0.233,
with additional indicators presented in Table A6.

The yellow dotted line indicates that with maximum PV area and battery capacity,
the robustness duration extends to 31 h, and the habitability condition (above 15 ◦C) is
consistently maintained throughout the power outage period. In ECY case 1c (during
spring), the IoF and CS decrease, while the RS increases (Table A6). The DoD is 0.141,
which is an improvement in ECY during spring.

Based on the definition of energy resilience and using the color grading in Table A6, it
can be recommended that a PV area of 50 m2 and a battery capacity of 133 kWh represent
the optimal point. In comparison with the winter season in case 1c (Figure 12), both PV and
battery capacities decreased to achieve optimal performance. Furthermore, a comparison
with case 1a (TDY) during spring in Section Case 1a: Spring Season (TDY), indicates that
the PV area in ECY remained constant at 50 m2, while the battery capacity increased from
89 kWh to 133 kWh. This means that the cost of the PV is the same and that of the battery
is 49.4% higher in ECY compared to the same building in TDY climate conditions.

4.3. Energy Resilience in New Building (Case 2)

The energy resilience performance of the new building in TDY (case 2a), EWY (case
2b), and ECY (case 2c) climate scenarios is presented during the winter and spring seasons.

4.3.1. Case 2a, New Building: TDY

The energy resilience performance of the new building in TDY (case 2a) is presented
during the winter and spring seasons.

Case 2a: Winter Season (TDY)

To study the performance of the new building during the winter season in cases 2a,
2b, and 2c, the hours selected for assessment and power outage are the same as those
in Section 4.2. It is observed in Figure 14 (red dotted line) that without PV and battery
(passive resilience), the indoor air temperature decreased from 21.5 ◦C to 18 ◦C in 10 h
(until the robustness threshold). As the power outage persists, the building remains
habitable and does not drop below the habitability threshold of 15 ◦C during the power
outage. Compared to the old building, all indicators have improved (IoF = 5.582 ◦C,
CS = 0.188 ◦C/h, and RS = 0.529 ◦C/h, as shown in Table A7). The DoD improved to 0.271.
The blue line (Figure 14) indicates that with maximum PV capacity only, the robustness
period is 10 h, and the building remains habitable. The DoD is 0.248 (which is better).
The yellow dotted line in Figure 14 shows that with the maximum PV area and battery
capacity, the robustness duration improved to 31 h and the habitability conditions were
consistently met. The DoD is 0. The IoF, CS, and RS are shown in Table A7. Table A7 shows
the key performance indicators of all 16 simulation scenarios with varying PV and battery
capacities. Grey line and yellow dotted line overlap each other.

As discussed earlier, color grading is used to represent the performance of the building
in terms of energy resilience. In comparison to the old building in Section Case 1a: Winter
Season (TDY), the optimal point for the new building in the same TDY climatic scenario
can be achieved with a smaller PV area and battery capacity. Therefore, based on the energy
resilience framework and utilizing the color grading in Table A7, it is recommended that
the optimal point is a PV area of 50 m2 (6838 €) and a battery capacity of 44 kWh (39,377 €).
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Figure 14. The hourly indoor temperature variation of case 2a in TDY (winter) climate scenario during
power outage without PV, with PV (100 m2) and varying battery capacity. The reference red dotted
line refers to PV = 0 m2, battery = 0 kWh, and using thermal mass only (passive resilience method).

Case 2a: Spring Season (TDY)

Similarly to the winter season, the performance of the new building during the spring
season is also evaluated under TDY climatic conditions. The same assessment hours and
power outage are considered as in case 1a during the spring season. It is observed in
Figure 15 (red dotted line) that without PV and battery (passive resilience), the indoor
air temperature decreases from 21.5 ◦C to 18 ◦C in 15 h (up to the robustness threshold).
As the power outage persists, the building remains habitable and does not fall below the
habitability threshold of 15 ◦C. In comparison to the old building discussed in Section Case
1a: Spring Season (TDY), all indicators such as IoF, CS, and RS have improved, as shown in
Table A8. The DoD improved to 0.139. Compared to the winter season (Figure 14), the new
building during spring (in TDY climate) demonstrates better resilience.
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The energy resilience performance of the new building in EWY (case 2b) is presented 
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Figure 15. The hourly indoor temperature variation of case 2a in TDY (spring) climate scenario during
a power outage without PV, with PV (100 m2) and varying battery capacity. The reference red dotted
line refers to PV = 0 m2, battery = 0 kWh, and using thermal mass only (passive resilience method).

The blue line (Figure 15) illustrates that with maximum PV capacity only, the robust-
ness period is 16 h, and the habitability threshold is maintained, as the indoor temperature
remains above 15 ◦C. The overall DoD is 0.133 when the old building is integrated with
100 m2 PV (without the battery). The yellow (cross marked line) demonstrates that with the
maximum PV area and battery capacity, the robustness duration improves to 31 h, and the
building remains robust throughout the entire power outage. The overall DoD is classified
as 0. Grey and black marks overlap yellow cross marked line.

Compared to the old building in Section Case 1a: Spring Season (TDY), the optimal
point for the new building in the same TDY climatic scenario can be achieved with a
smaller PV area and battery capacity. Therefore, based on the energy resilience framework
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and utilizing the color grading in Table A8, it can be recommended that an optimal point
is a PV area of 50 m2 (6838 €) and a battery capacity of 44 kWh (39,377 €). Table A8
shows the key performance indicators of all 16 simulation scenarios with varying PV and
battery capacities.

4.3.2. Case 2b, New Building: EWY

The energy resilience performance of the new building in EWY (case 2b) is presented
during the winter and spring seasons.

Case 2b: Winter Season (EWY)

In Figure 16(red dotted line), it is observed that without PV and battery, the indoor
air temperature decreased from 21.5 ◦C to 18 ◦C in 15 h (until reaching the robustness
threshold). Despite the ongoing power outage, the building remains habitable and does
not drop below the habitability threshold of 15 ◦C. The old building barely maintains
habitability in case 1b EWY winter season without PV. Compared to the old building
in Section Case 1b: Winter Season (EWY), all indicators have improved (IoF = 4.784 ◦C,
CS = 0.154 ◦C/h, and RS = 2.39 ◦C/h). The DoD has improved, reaching 0.223 compared
to the old building.
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Figure 16. The hourly indoor temperature variation of case 2b in EWY (winter) climate scenario during
power outage without PV, with PV (100 m2) and varying battery capacity. The reference red dotted
line refers to PV = 0 m2, battery = 0 kWh, and using thermal mass only (passive resilience method).

The blue line in Figure 16 illustrates that with maximum PV capacity only, the robust-
ness period extends to 16 h, and the building remains habitable. The DoD is 0.212 (an
improvement) compared to the same case without PV (Figure 16, red dotted line). The
yellow (cross marked line) indicates that with maximum PV area and battery capacity, the
robustness duration improves to 31 h, and habitability conditions are consistently met.
Overall, the new building’s performance surpasses that of the old building in Section Case
1b: Winter Season (EWY), in terms of the robustness threshold, as it has increased. The IoF
and CS are also lower for the new building. Grey and black marks overlap yellow cross
marked line.

Table A9 is used to present the color grading and optimal points among all simulated
scenarios in case 2b during winter. Utilizing the color grading in the table, it is recom-
mended that a PV area of (6838 €) and a battery capacity of 44 kWh (39,377 €) represent an
optimal point to achieve the energy resilient performance of the building.

Case 2b: Spring Season (EWY)

In Figure 17 (red dotted line), it is observed that without PV and battery, the indoor
air temperature decreased from 21.5 ◦C to 18 ◦C in 18 h (up to the robustness threshold).
The building remains habitable and does not fall below the habitability threshold of 15 ◦C.
The Degree of Disruption (DoD) reached 0.136. The blue line in Figure 17 illustrates
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that with maximum PV capacity, the robustness period lasts 18 h, and the habitability
threshold is maintained, as the indoor temperature stays above 15 ◦C. The IoF, RS, and CS
are displayed in Table A10. The DoD is 0.126. The yellow (cross marked line) indicates that
with maximum PV area and battery capacity, the robustness duration improves to 31 h,
and the building maintains robustness throughout the entire power outage. The IoF, CS,
and RS are all 0, as shown in Table A10. The overall DoD can be classified as 0. Grey and
black marks overlap yellow cross marked line.
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In comparison to the old building mentioned in Section Case 1b: Spring Season (EWY),
the optimal point for the new building in the EWY climatic scenario can be attained with a
smaller battery capacity and a similar PV area. Based on the color grading in Table A10, the
optimal point consists of a PV area of 50 m2 and a battery capacity of 44 kWh. However,
it is evident from Table A10 that even with a PV area of 50 m2 and a battery capacity of
0 kWh, reasonable performance during a power outage can still be achieved. Therefore,
with the new building, the cost of the energy system can be further reduced to ensure
sufficient resilience. This means that the cost of the PV is 6838 € and that of the battery is 0
in this case.

4.3.3. Case 2c, New Building: ECY

The energy resilience performance of the new building in ECY (case 2c) is presented
during the winter and spring seasons.

Case 2c: Winter Season (ECY)

In Figure 18 (red dotted line), it is observed that using the thermal mass of the building
alone, the indoor air temperature decreased from 21.5 ◦C to 18 ◦C within 3 h (up to
the robustness threshold). As the power outage continued, it was noted that the indoor
temperature dropped to the habitability threshold of 15 ◦C within 5 h after surpassing the
robustness threshold. In comparison to the old building in ECY case 1c (during winters) as
discussed in Section Case 1c: Winter Season (ECY), the new building provided a longer
duration of robustness threshold and habitability conditions without PV and battery. The
IoF is 10.66 ◦C, CS is 0.334 ◦C/h, and RS is 1.77 ◦C/h (as indicated in Table A11). The DoD
reached 0.496 compared to the old building in Section Case 1c: Winter Season (ECY).
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Figure 18. The hourly indoor temperature variation of case 2c in ECY (winter) climate scenario during
a power outage without PV, with PV (100 m2) and varying battery capacity. The reference red dotted
line refers to PV = 0 m2, battery = 0 kWh, and using thermal mass only (passive resilience method).

Compared to case 2a in TDY in the winter season and case 2b in EWY, the same
building exhibited the worst robustness and habitability threshold in case 2c in ECY during
winters. Furthermore, the new building failed to maintain 15 ◦C for an extended duration.
The other KPIs such as IoF, CS, and RS showed that the building in the case 2c climatic
scenario during winters performed worse compared to the same building in cases 2a and
2b during winters (Table A11). Moreover, it can be observed that the DoD in case 2c during
winter is higher compared to the DoD in cases 2a and 2b during winter.

The blue line shows (Figure 18) that with maximum PV capacity, the robustness period
is 3 h, and the building remains inhabitable after an hour but is thermally not resilient (as
the indoor temperature drops below 15 ◦C within an hour). The overall DoD is 0.459. The
yellow line illustrates that with maximum PV area and battery capacity, the robustness
duration improves to 31 h. This demonstrates an enhancement within case 2c where PV
is utilized as the only energy source. With the integration of battery and PV, the DoD
improved from 0.496 (without PV and battery) to 0.

Based on the indicators and using the color grading in Table A11, the optimal point can
be achieved using a PV area of 50 m2 and a battery capacity of 89 kWh. When compared to
the old building in Section Case 1c: Winter Season (ECY), it is observed that the PV area
in case 2c ECY decreased from 100 m2 to 50 m2 and the battery capacity decreased from
133 kWh to 89 kWh to reach the optimal point and green color grade. This means that the
costs of the PV and the battery are 46% and 33% lower, respectively, compared to the old
building in ECY climate conditions.

Case 2c: Spring Season (ECY)

In Figure 19 (red dotted line), it is observed that without PV and battery, the indoor
temperature decreased from 21.5 ◦C to 18 ◦C in 8 h. As the power outage continues, it is
observed that the indoor temperature barely maintains the habitability threshold of 15 ◦C.
Compared to case 1c (Section Case 1c: Spring Season (ECY)), the new building can maintain
the habitability threshold and can be deemed resilient during the spring season in case
2c. Compared to the same building in case 2c in ECY during the spring season, case 2a
and case 2b performed worse in terms of IoF, CS, and RS (Table A12). This is attributed to
colder climatic conditions and higher losses in the ECY climatic scenario. Furthermore, it
can be observed that the DoD in case 2c is higher for spring compared to case 2a and case
2b in spring. The blue line (Figure 19) demonstrates that with maximum PV area only, the
robustness period is 9 h. Additionally, the building remains habitable during the power



Buildings 2024, 14, 2821 26 of 36

outage, with an overall DoD of 0.173. The yellow (cross marked line) indicates that with
maximum PV area and battery capacity, the robustness duration improves to 31 h, and
habitability conditions (15 ◦C or above) are consistently met throughout the entire power
outage period. Grey and black marks overlap yellow cross marked line.
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Based on the energy resilience definition and using the color grading in Table A12, it
can be recommended that the PV area of 50 m2 and battery capacity of 89 kWh represent an
optimal point. When compared to case 1c (ECY) during spring in Section Case 1c: Spring
Season (ECY), it is observed that the PV area in case 2c (ECY) during spring remained close
to 50 m2 (6838 €); however, the battery capacity decreased to 44 kWh (39,377 €) to reach the
optimal point and green color grade.

Based on the findings in Sections 4.2 and 4.3, some of the points to be discussed are as
follows:

• It has been found that during winters, both buildings perform worse compared to the
spring season for all climatic scenarios (TDY, EWY, and ECY). Both the buildings in
winter have a shorter duration of robustness and habitability thresholds compared to
the spring season. Therefore, efforts are needed to improve the performance of the
buildings during winter.

• The color rating system introduced in the study is based on the proposed energy
resilience framework and key performance indicators. It is observed that usually
the collapse speed is slower, and the recovery speed is faster in the spring season
compared to the same building in winter. However, these two indicators depend on
the impact of failure.

• Typically, during EWY, it has been found that the same building has a longer duration
for the robustness and habitability threshold. On the contrary, during ECY, it has
been found that the same building performs worse, as it has a shorter duration for
the robustness and habitability thresholds. This can also be observed when using the
proposed color grading system and DoD to rate the performance of the building.

• The new building performed better in terms of the robustness threshold, habitability
threshold, and impact of failure. Moreover, the collapse speed and recovery speed are
better for the new building.

• Table 7 compares the combined DoD performances of the new and old buildings for
the TDY climatic scenario, during winters. Most of the DoD for the new building has
yellow and green colors, indicating good performance. On the other hand, the old
building has orange and red colors, indicating worse performance. It also shows that
color grading can support decision-making related to selecting optimal points and
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comparing the performances of the buildings. This grading system can also support
providing guidelines to improve resilience, such as by renovating the old building so
the color grade can change towards green or yellow, for long-term resilience.

• Table 7 shows that with the addition of photovoltaic (PV) technology, the performance
improved for both the old and new buildings. However, when solar energy is not
available, the PV does not provide much support, for instance in winter. In this case,
batteries are used to provide a certain level of resilience.

Table 7. Energy resilience performance analysis for case 1a and case 2a in TDY (winter) climate
scenario with and without PV and battery.

PV Area, m2 0 50 75 100

Battery Capacity,
kWh 0 44 89 133 0 44 89 133 0 44 89 133 0 44 89 133

Case 1a (TDY)
winters: Degree of
disruption (DoD)

0.357 0.357 0.357 0.357 0.351 0.308 0.289 0.289 0.348 0.305 0.274 0.114 0.334 0.293 0.274 0.114

Case 2a (TDY)
winters: Degree of
disruption (DoD)

0.271 0.271 0.271 0.271 0.257 0.099 0.000 0.000 0.251 0.099 0.000 0.000 0.248 0.099 0.000 0.000

Colors grading variations: Red is the ‘worst’ performing and green is the ‘best’ performing cases.

Table 8 compares and color grades the selected optimal points of the old building (case
1a, 1b, 1c) and new building (2a, 2b, 2c) together based on the respective DoD values. A
building graded with a green color can be considered the best, while a red color indicates
the worst performance. The old building is graded with red and yellow colors. On the
other hand, the new building is graded with green color. The new building reaches a
green color with a smaller PV area and battery capacity. Each building type in the ECY
climate scenario usually required a larger PV or battery capacity compared to the EWY
climate scenario. This shows that the climate scenario and building type can impact the
energy resilience performance. The total costs of the PV and battery design parameters are
different for each optimal point. For the new building, the total costs of PV and battery
are lower compared to the old building. Moreover, the total costs of PV and battery are
higher in the ECY climate scenario, compared to the EWY climate scenario. Therefore, the
construction and renovation of the buildings and integration of the renewables require that
all climate scenarios be considered to make the buildings optimally energy-resilient.

Table 8. Optimal points in terms of energy resilience performance for cases 1a, 1b, and 1c and cases
2a, 2b, and 2c in TDY, EWY, and ECY for winter and spring climate scenarios and the corresponding
total costs.

Old Building New Building

PV Area, m2 75 50 50 50 100 50 50 50 50 50 50 50

Battery Capacity,
kWh 133 89 89 44 133 133 44 44 44 44 89 44

Case
1a

TDY,
Winter

1a
TDY,

Spring

1b
EWY,

Winter

1b
EWY,

Spring

1c
ECY,

Winter

1c
ECY,

Spring

2a
TDY,

Winter

2a
TDY,

Spring

2b
EWY,

Winter

2b
EWY,

Spring

2c
ECY,

Winter

2c
ECY,

Spring
Degree of

disruption (DoD) 0.114 0 0.172 0.153 0.398 0.141 0.099 0 0 0 0.254 0

PV cost (€) 9851 6838 6838 6838 12,864 6838 6838 6838 6838 6838 6838 6838

Battery cost (€) 119,027 79,649 79,649 39,377 119,027 119,027 39,377 39,377 39,377 39,377 79,649 39,377

Colors grading variations: Red is the ‘worst’ performing and green is the ‘best’ performing cases.
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The study is limited to Finnish building stock and considers the southern Finland
climate for simulations; therefore, further study is needed for the application of the color-
coding mechanism in different climates and locations for replication. The article considers
the heating energy for resilience performance calculation and does not consider the other
loads such as appliances and lights; a similar concept can be applied to such loads. The
study considers the electrical heating in the building; other type of heating technologies
and storage can be included in future study. The article’s scope is limited to the simulation
studies. It is planned to perform experiments on real cases in future study. However, the
measured climate data were used, and the building and energy system parameters were
from real representative data.

5. Conclusions

This study presents passive and active energy resilience performances of two building
types in the Nordics that are integrated with PV and storage and without renewable energy
sources. The analysis was performed using the proposed key performance indicators for
resilience. The performances were then rated and compared using the color grading scheme
proposed in the article (for stakeholder communications). This color scheme can support
decision-makers in identifying the optimal performance of buildings in terms of energy
resilience. The study incorporated different extreme climatic conditions to broaden the
scope of climate change scenarios, using TDY, EWY, and ECY of Helsinki. The design
variables such as PV and battery sizes were varied to perform parametric analysis and
provide optimal designs using the color grading scheme in different climatic conditions
for the old and new buildings. Moreover, to include the economic aspect, cost calculations
were also carried out. The objective of the study was to analyze whether old and new
buildings can maintain a minimum robustness threshold and provide a habitable indoor
temperature economically using thermal mass alone or by using renewable energy sources
and energy storage in extreme climate conditions. The key findings are as follows:

• In general, it is observed that in Finnish climatic conditions, a new building can
provide better thermal resilience and comfort for longer durations. The duration of
failing the habitability threshold is smaller for the new building compared to an old
building.

• For an old building without PV, it is observed that when a power outage occurs and
the heating stops, the indoor set point temperature decreases. The robustness duration
decreases as the climatic scenario varies from extreme EWY to ECY. When comparing
the DoD, it can be observed that the DoD increases from EWY to ECY. A higher DoD
indicates worse performance. Moreover, during the spring season, the building is
more resilient compared to the winter season.

• For an old building with PV and battery, the robustness and habitability duration
increases. When comparing the DoD, it can be observed that the DoD decreases when
the PV and battery are integrated. This indicates that with the integration of renewable
energy and battery storage, disruption and habitability thresholds can be met during
extreme winter conditions.

• New and old buildings perform differently when compared to each other. The robust-
ness and habitability duration of the new building is better.

• With a small PV area and battery capacity, the new building reaches an optimal point
compared to the old building, which requires a larger PV area and battery capacity to
achieve a good performance level. With the addition of PV and battery, the DoD of the
new building becomes 0.

• It is observed that the economic aspect varied depending on the building type and
climate scenarios. The optimal energy resilience performance can be reached with a
small PV area and battery capacity for the new building. In, addition, the optimal
energy resilience performance is achieved with higher total costs in the ECY climate
scenario for the same building type. Therefore, techno-economic optimal points varied
based on the building type and climate scenarios.
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As climate change impacts temperatures, causing stress on the grid, and political
changes impact energy security, there is a pressing need to introduce a systematic study
on energy resilience for residential buildings in cold regions to address these challenges.
This study supports identifying the resilience framework, calculating performance using
indicators, and rating buildings using colors to denote their readiness to face crises. Future-
proof buildings are necessary to build a resilient society in Nordic countries, Europe, and
other parts of the world. Renewable energy sources such as PV, solar thermal, and wind,
along with storage technologies such as batteries, tanks, and boreholes, help in reaching
emission reduction goals and increasing energy resilience, particularly when decentralized
and controlled smartly. Further studies are required to optimize controls and introduce
flexibility options, and experimental phases are necessary, as no such experiments or data
currently exist.

This study can further be expanded to different building types, ages, and uses to
mitigate critical health and safety effects on residents of different ages while remaining
economically feasible. Moreover, it can be applied to various climate zones in Finland,
regions, and cold climate countries to account for local realities, aiding in comparing,
improving, and validating the energy resilience of buildings in real environments. The
aforementioned technical solutions need to be supported and combined with legislative
measures. Upgraded policies and building regulations are necessary at the national and
European levels, including a resilience rating system, to provide guidelines to society,
researchers, businesses, and end-users regarding resilient buildings. Thus, this study will
assist policymakers in improving building regulations and directives.
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Appendix A

The detailed results and data presented in Sections 4.2 and 4.3 for cases 1a, 1b, 1c (old
building) and cases 2a, 2b, and 2c (new building) are shown in Appendix A. Tables A1–A12
display the key performance indicators for all 192 simulation scenarios of old and new
buildings in TDY, EWY, and ECY climate scenarios during winter and spring seasons. The
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techno-economic results and data for all the simulation cases are presented in Appendix A,
and a few representative figures are shown in Section 4. Color coding is utilized to de-
pict the building’s performance regarding energy resilience. These energy resilience key
performance indicators are computed according to the definition framework outlined in
Section 3.1. The total costs for each design variable are given based on the calculations
using the equations in Section 3.3. The concept of color grading is introduced in tables as
an innovative approach to assess and rate the building’s energy resilience performance.
This color grading serves as a tool for facilitating communication with various stakehold-
ers. Through the implementation of color grades, stakeholders can readily and visually
distinguish the building’s resilience rating. The color grading spectrum ranges from red to
orange, yellow, and green (with various shades). The red and orange grades denote the
poorest performance of the building, while the yellow grade indicates satisfactory perfor-
mance. The green grade signifies the highest level of performance achieved by the building.
This rating system holds the potential for certifying buildings based on energy resilience.

Table A1. Parametric study, energy resilience performance analysis, and costs for case 1a in TDY
(winter) climate scenario with varying PV and battery capacity.

PV Area, m2 0 50 75 100
Battery Capacity,

kWh 0 44 89 133 0 44 89 133 0 44 89 133 0 44 89 133

Robustness
duration (RT),

hour
2.00 2.00 2.00 2.00 2.00 16.00 24.00 24.00 2.00 17.00 31.00 31.00 2.00 17.00 31.00 31.00

Impact of failure
(IoF), ◦C 7.669 7.669 7.669 7.669 7.541 6.615 6.212 6.212 7.482 6.557 5.886 2.446 7.424 6.506 5.886 2.443

Collapse speed
(CS), ◦C/h 0.247 0.247 0.247 0.247 0.243 0.213 0.200 0.200 0.241 0.212 0.190 0.079 0.239 0.217 0.190 0.079

Recovery speed
(RS), ◦C/h 1.917 1.917 1.917 1.917 1.885 1.654 1.553 1.553 1.871 1.639 1.471 0.611 1.856 1.627 1.471 0.611

Degree of
disruption (DoD) 0.357 0.357 0.357 0.357 0.351 0.308 0.289 0.289 0.348 0.305 0.274 0.114 0.334 0.293 0.274 0.114

PV cost (€) 0 0 0 0 6838 6838 6838 6838 9851 9851 9851 9851 12,864 12,864 12,864 12,864
Battery cost (€) 0 39,377 79,649 119,027 0 39,377 79,649 119,027 0 39,377 79,649 119,027 0 39,377 79,649 119,027

Colors grading variations: Red is the ‘worst’ performing and green is the ‘best’ performing cases.

Table A2. Parametric study, energy resilience performance analysis, and costs for case 1a in TDY
(spring) climate scenario with varying PV and battery capacity.

PV Area, m2 0 50 75 100
Battery Capacity,

kWh 0 44 89 133 0 44 89 133 0 44 89 133 0 44 89 133

Robustness
duration (RT),

hour
4.00 4.00 4.00 4.00 8.00 21.00 31.00 31.00 9.00 21.00 31.00 31.00 9.00 21.00 31.00 31.00

Impact of failure
(IoF), ◦C 5.963 5.963 5.963 5.963 5.774 5.129 0.013 0.013 5.717 5.130 0.013 0.013 5.697 5.130 0.013 0.013

Collapse speed
(CS), ◦C/h 0.284 0.284 0.284 0.284 0.275 0.244 0.001 0.001 0.272 0.244 0.001 0.001 0.247 0.217 0.190 0.079

Recovery speed
(RS), ◦C/h 0.497 0.497 0.497 0.497 0.481 0.513 0.001 0.001 0.476 0.513 0.001 0.001 0.475 0.513 0.001 0.001

Degree of
disruption (DoD) 0.188 0.188 0.188 0.188 0.182 0.162 0.000 0.000 0.180 0.162 0.000 0.000 0.180 0.162 0.000 0.000

PV cost (€) 0 0 0 0 6838 6838 6838 6838 9851 9851 9851 9851 12,864 12,864 12,864 12,864
Battery cost (€) 0 39,377 79,649 119,027 0 39,377 79,649 119,027 0 39,377 79,649 119,027 0 39,377 79,649 119,027

Colors grading variations: Red is the ‘worst’ performing and green is the ‘best’ performing cases.
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Table A3. Parametric study, energy resilience performance analysis, and costs for case 1b in EWY
(winter) climate scenario with varying PV and battery capacity.

PV Area, m2 0 50 75 100
Battery Capacity,

kWh 0 44 89 133 0 44 89 133 0 44 89 133 0 44 89 133

Robustness
duration (RT),

hour
3.00 3.00 3.00 3.00 3.00 17.00 30.00 31.00 3.00 17.00 31.00 31.00 3.00 17.00 31.00 31.00

Impact of failure
(IoF), ◦C 6.424 6.424 6.424 6.424 6.370 5.438 3.704 1.976 6.345 5.413 0.012 0.012 6.320 5.389 0.012 0.012

Collapse speed
(CS), ◦C/h 0.207 0.207 0.207 0.207 0.205 0.175 0.119 0.064 0.205 0.175 0.000 0.000 0.204 0.174 0.000 0.000

Recovery speed
(RS), ◦C/h 3.212 3.212 3.212 3.212 3.185 2.719 1.852 0.988 2.115 2.707 0.006 0.006 2.107 2.694 0.006 0.006

Degree of
disruption (DoD) 0.299 0.299 0.299 0.299 0.296 0.253 0.172 0.092 0.295 0.252 0.001 0.001 0.294 0.251 0.001 0.001

PV cost (€) 0 0 0 0 6838 6838 6838 6838 9851 9851 9851 9851 12,864 12,864 12,864 12,864
Battery cost (€) 0 39,377 79,649 119,027 0 39,377 79,649 119,027 0 39,377 79,649 119,027 0 39,377 79,649 119,027

Colors grading variations: Red is the ‘worst’ performing and green is the ‘best’ performing cases.

Table A4. Parametric study, energy resilience performance analysis, and costs for case 1b in EWY
(spring) climate scenario with varying PV and battery capacity.

PV Area, m2 0 50 75 100
Battery Capacity,

kWh 0 44 89 133 0 44 89 133 0 44 89 133 0 44 89 133

Robustness
duration (RT),

hour
5.00 5.00 5.00 5.00 9.00 23.00 31.00 31.00 10.00 23.00 31.00 31.00 10.00 23.00 31.00 31.00

Impact of failure
(IoF), ◦C 5.749 5.749 5.749 5.749 5.508 4.635 0.007 0.007 5.473 4.609 0.007 0.007 5.445 4.583 0.007 0.007

Collapse speed
(CS), ◦C/h 0.185 0.185 0.185 0.185 0.178 0.150 0.000 0.000 0.177 0.149 0.000 0.000 0.176 0.148 0.000 0.000

Recovery speed
(RS), ◦C/h 2.875 2.875 2.875 2.875 2.754 2.317 0.004 0.004 2.737 2.304 0.002 0.002 2.722 2.292 0.002 0.002

Degree of
disruption (DoD) 0.180 0.180 0.180 0.180 0.174 0.153 0.000 0.000 0.172 0.152 0.000 0.000 0.172 0.151 0.000 0.000

PV cost (€) 0 0 0 0 6838 6838 6838 6838 9851 9851 9851 9851 12,864 12,864 12,864 12,864
Battery cost (€) 0 39,377 79,649 119,027 0 39,377 79,649 119,027 0 39,377 79,649 119,027 0 39,377 79,649 119,027

Colors grading variations: Red is the ‘worst’ performing and green is the ‘best’ performing cases.

Table A5. Parametric study, energy resilience performance analysis, and costs for case 1c in ECY
(winter) climate scenario with varying PV and battery capacity.

PV Area, m2 0 50 75 100
Battery Capacity,

kWh 0 44 89 133 0 44 89 133 0 44 89 133 0 44 89 133

Robustness
duration (RT),

hour
1.00 1.00 1.00 1.00 1.00 8.00 17.00 17.00 1.00 9.00 17.00 24.00 1.00 10.00 18.00 26.00

Impact of failure
(IoF), ◦C 11.723 11.723 11.723 11.723 11.618 10.706 9.624 9.624 11.570 10.650 9.576 8.739 11.523 10.608 9.528 8.553

Collapse speed
(CS), ◦C/h 0.378 0.378 0.378 0.378 0.375 0.345 0.310 0.310 0.373 0.344 0.309 0.282 0.372 0.342 0.307 0.276

Recovery speed
(RS), ◦C/h 0.977 0.977 0.977 0.977 1.056 5.353 4.812 4.812 1.157 5.325 4.788 4.370 1.152 5.304 4.764 4.277

Degree of
disruption (DoD) 0.545 0.545 0.545 0.545 0.540 0.498 0.448 0.448 0.538 0.495 0.445 0.406 0.536 0.493 0.443 0.398

PV cost (€) 0 0 0 0 6838 6838 6838 6838 9851 9851 9851 9851 12,864 12,864 12,864 12,864
Battery cost (€) 0 39,377 79,649 119,027 0 39,377 79,649 119,027 0 39,377 79,649 119,027 0 39,377 79,649 119,027

Colors grading variations: Red is the ‘worst’ performing and green is the ‘best’ performing cases.
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Table A6. Parametric study, energy resilience performance analysis, and costs for case 1c in ECY
(spring) climate scenario with varying PV and battery capacity.

PV Area, m2 0 50 75 100
Battery Capacity,

kWh 0 44 89 133 0 44 89 133 0 44 89 133 0 44 89 133

Robustness
duration (RT),

hour
1.00 1.00 1.00 1.00 6.00 16.00 30.00 31.00 7.00 16.00 30.00 31.00 7.00 16.00 31.00 31.00

Impact of failure
(IoF), ◦C 8.005 8.005 8.005 8.005 7.479 6.733 5.301 3.100 7.424 6.708 5.128 3.050 7.408 6.716 4.854 3.010

Collapse speed
(CS), ◦C/h 0.381 0.381 0.381 0.381 0.356 0.321 0.252 0.098 0.354 0.319 0.244 0.098 0.353 0.320 0.231 0.098

Recovery speed
(RS), ◦C/h 0.500 0.500 0.500 0.500 0.288 0.259 0.265 0.190 0.286 0.258 0.256 0.190 0.285 0.258 0.243 0.190

Degree of
disruption (DoD) 0.372 0.372 0.372 0.372 0.236 0.212 0.167 0.141 0.234 0.211 0.162 0.141 0.233 0.212 0.153 0.141

PV cost (€) 0 0 0 0 6838 6838 6838 6838 9851 9851 9851 9851 12,864 12,864 12,864 12,864
Battery cost (€) 0 39,377 79,649 119,027 0 39,377 79,649 119,027 0 39,377 79,649 119,027 0 39,377 79,649 119,027

Colors grading variations: Red is the ‘worst’ performing and green is the ‘best’ performing cases.

Table A7. Parametric study, energy resilience performance analysis, and costs for case 2a in TDY
(winter) climate scenario with varying PV and battery capacity.

PV Area, m2 0 50 75 100
Battery Capacity,

kWh 0 44 89 133 0 44 89 133 0 44 89 133 0 44 89 133

Robustness
duration (RT),

hour
10.00 10.00 10.00 10.00 10.00 31.00 31.00 31.00 10.00 31.00 31.00 31.00 10.00 31.00 31.00 31.00

Impact of failure
(IoF), ◦C 5.824 5.824 5.824 5.824 5.534 2.120 0.002 0.002 5.403 2.120 0.002 0.002 5.332 2.120 0.002 0.002

Collapse speed
(CS), ◦C/h 0.188 0.188 0.188 0.188 0.179 0.068 0.000 0.000 0.174 0.068 0.000 0.000 0.172 0.068 0.000 0.000

Recovery speed
(RS), ◦C/h 0.529 0.529 0.529 0.529 2.767 1.060 0.001 0.001 2.701 1.060 0.001 0.001 2.666 1.060 0.001 0.001

Degree of
disruption (DoD) 0.271 0.271 0.271 0.271 0.257 0.099 0.000 0.000 0.251 0.099 0.000 0.000 0.248 0.099 0.000 0.000

PV cost (€) 0 0 0 0 6838 6838 6838 6838 9851 9851 9851 9851 12,864 12,864 12,864 12,864
Battery cost (€) 0 39,377 79,649 119,027 0 39,377 79,649 119,027 0 39,377 79,649 119,027 0 39,377 79,649 119,027

Colors grading variations: Red is the ‘worst’ performing and green is the ‘best’ performing cases.

Table A8. Parametric study, energy resilience performance analysis, and costs for case 2a in TDY
(spring) climate scenario with varying PV and battery capacity.

PV Area, m2 0 50 75 100
Battery Capacity,

kWh 0 44 89 133 0 44 89 133 0 44 89 133 0 44 89 133

Robustness
duration (RT),

hour
15.00 15.00 15.00 15.00 16.00 31.00 31.00 31.00 16.00 31.00 31.00 31.00 16.00 31.00 31.00 31.00

Impact of failure
(IoF), ◦C 4.425 4.425 4.425 4.425 4.208 0.001 0.001 0.001 4.208 0.001 0.001 0.001 4.208 0.001 0.001 0.001

Collapse speed
(CS), ◦C/h 0.211 0.211 0.211 0.211 0.200 0.000 0.000 0.000 0.200 0.000 0.000 0.000 0.200 0.000 0.000 0.000

Recovery speed
(RS), ◦C/h 0.369 0.369 0.369 0.369 0.351 0.001 0.001 0.001 0.351 0.001 0.001 0.001 0.351 0.001 0.001 0.001

Degree of
disruption (DoD) 0.139 0.139 0.139 0.139 0.133 0.000 0.000 0.000 0.133 0.000 0.000 0.000 0.133 0.000 0.000 0.000

PV cost (€) 0 0 0 0 6838 6838 6838 6838 9851 9851 9851 9851 12,864 12,864 12,864 12,864
Battery cost (€) 0 39,377 79,649 119,027 0 39,377 79,649 119,027 0 39,377 79,649 119,027 0 39,377 79,649 119,027

Colors grading variations: Red is the ‘worst’ performing and green is the ‘best’ performing cases.
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Table A9. Parametric study, energy resilience performance analysis, and costs for case 2b in EWY
(winter) climate scenario with varying PV and battery capacity.

PV Area, m2 0 50 75 100
Battery Capacity,

kWh 0 44 89 133 0 44 89 133 0 44 89 133 0 44 89 133

Robustness
duration (RT),

hour
15.00 15.00 15.00 15.00 15.00 31.00 31.00 31.00 16.00 31.00 31.00 31.00 16.00 31.00 31.00 31.00

Impact of failure
(IoF), ◦C 4.784 4.784 4.784 4.784 4.661 0.002 0.002 0.002 4.605 0.002 0.002 0.002 4.548 0.002 0.002 0.002

Collapse speed
(CS), ◦C/h 0.154 0.154 0.154 0.154 0.150 0.000 0.000 0.000 0.149 0.000 0.000 0.000 0.147 0.000 0.000 0.000

Recovery speed
(RS), ◦C/h 2.392 2.392 2.392 2.392 2.4 0.001 0.001 0.001 2.4 0.001 0.001 0.001 2.4 0.001 0.001 0.001

Degree of
disruption (DoD) 0.223 0.223 0.223 0.223 0.217 0.000 0.000 0.000 0.214 0.000 0.000 0.000 0.212 0.000 0.000 0.000

PV cost (€) 0 0 0 0 6838 6838 6838 6838 9851 9851 9851 9851 12,864 12,864 12,864 12,864
Battery cost (€) 0 39,377 79,649 119,027 0 39,377 79,649 119,027 0 39,377 79,649 119,027 0 39,377 79,649 119,027

Colors grading variations: Red is the ‘worst’ performing and green is the ‘best’ performing cases.

Table A10. Parametric study, energy resilience performance analysis, and costs for case 2b in EWY
(spring) climate scenario with varying PV and battery capacity.

PV Area, m2 0 50 75 100
Battery Capacity,

kWh 0 44 89 133 0 44 89 133 0 44 89 133 0 44 89 133

Robustness
duration (RT),

hour
18.00 18.00 18.00 18.00 19.00 31.00 31.00 31.00 19.00 31.00 31.00 31.00 19.00 31.00 31.00 31.00

Impact of failure
(IoF), ◦C 4.324 4.324 4.324 4.324 4.009 0.001 0.001 0.001 4.009 0.001 0.001 0.001 4.009 0.001 0.001 0.001

Collapse speed
(CS), ◦C/h 0.206 0.206 0.206 0.206 0.191 0.000 0.000 0.000 0.191 0.000 0.000 0.000 0.191 0.000 0.000 0.000

Recovery speed
(RS), ◦C/h 0.309 0.309 0.309 0.309 0.334 0.000 0.000 0.000 0.334 0.000 0.000 0.000 0.334 0.000 0.000 0.000

Degree of
disruption (DoD) 0.136 0.136 0.136 0.136 0.126 0.000 0.000 0.000 0.126 0.000 0.000 0.000 0.126 0.000 0.000 0.000

PV cost (€) 0 0 0 0 6838 6838 6838 6838 9851 9851 9851 9851 12,864 12,864 12,864 12,864
Battery cost (€) 0 39,377 79,649 119,027 0 39,377 79,649 119,027 0 39,377 79,649 119,027 0 39,377 79,649 119,027

Colors grading variations: Red is the ‘worst’ performing and green is the ‘best’ performing cases.

Table A11. Parametric study, energy resilience performance analysis, and costs for case 2c in ECY
(winter) climate scenario with varying PV and battery capacity.

PV Area, m2 0 50 75 100
Battery Capacity,

kWh 0 44 89 133 0 44 89 133 0 44 89 133 0 44 89 133

Robustness
duration (RT),

hour
3.00 3.00 3.00 3.00 3.00 14.00 29.00 30.00 3.00 15.00 29.00 31.00 3.00 15.00 29.00 31.00

Impact of failure
(IoF), ◦C 10.660 10.660 10.660 10.660 10.418 8.375 5.636 5.654 10.307 8.265 5.636 0.021 10.197 8.155 5.636 0.021

Collapse speed
(CS), ◦C/h 0.344 0.344 0.344 0.344 0.336 0.270 0.188 0.188 0.332 0.267 0.188 0.001 0.340 0.263 0.188 0.001

Recovery speed
(RS), ◦C/h 1.777 1.777 1.777 1.777 1.736 2.094 2.818 2.827 2.577 2.755 2.818 0.010 2.039 2.718 2.818 0.010

Degree of
disruption (DoD) 0.496 0.496 0.496 0.496 0.485 0.390 0.254 0.254 0.479 0.384 0.254 0.001 0.459 0.379 0.254 0.001

PV cost (€) 0 0 0 0 6838 6838 6838 6838 9851 9851 9851 9851 12,864 12,864 12,864 12,864
Battery cost (€) 0 39,377 79,649 119,027 0 39,377 79,649 119,027 0 39,377 79,649 119,027 0 39,377 79,649 119,027

Colors grading variations: Red is the ‘worst’ performing and green is the ‘best’ performing cases.
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Table A12. Parametric study, energy resilience performance analysis, and costs for case 2c in ECY
(spring) climate scenario with varying PV and battery capacity.

PV Area, m2 0 50 75 100
Battery Capacity,

kWh 0 44 89 133 0 44 89 133 0 44 89 133 0 44 89 133

Robustness
duration (RT),

hour
8.00 8.00 8.00 8.00 8.00 31.00 31.00 31.00 8.00 31.00 31.00 31.00 9.00 31.00 31.00 31.00

Impact of failure
(IoF), ◦C 6.094 6.094 6.094 6.094 5.512 0.001 0.001 0.001 5.507 0.001 0.001 0.001 5.502 0.001 0.001 0.001

Collapse speed
(CS), ◦C/h 0.290 0.290 0.290 0.290 0.262 0.000 0.000 0.000 0.262 0.000 0.000 0.000 0.262 0.000 0.000 0.000

Recovery speed
(RS), ◦C/h 0.508 0.508 0.508 0.508 0.551 0.000 0.000 0.000 0.551 0.000 0.000 0.000 0.611 0.000 0.000 0.000

Degree of
disruption (DoD) 0.192 0.192 0.192 0.192 0.174 0.000 0.000 0.000 0.174 0.000 0.000 0.000 0.173 0.000 0.000 0.000

PV cost (€) 0 0 0 0 6838 6838 6838 6838 9851 9851 9851 9851 12,864 12,864 12,864 12,864
Battery cost (€) 0 39,377 79,649 119,027 0 39,377 79,649 119,027 0 39,377 79,649 119,027 0 39,377 79,649 119,027

Colors grading variations: Red is the ‘worst’ performing and green is the ‘best’ performing cases.
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