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Aim m

Discuss broadly about the concept of energy resilience and
review examples




Introduction m

Climate change (& high temperatures)> Emissions caused by
fossil fuel use

= Energy production = Building consumption

Buildings account for 30%-40% of final
energy consumption and nearly 40% of the
CO, emissions in Europe

https://doi.org/10.2833/9937
https://www.ny-engineers.com/blog/how-buildings-produce-carbon-emissions-and-how-to-stop-them



Address the issue m

To address this issue,

Paris agreement (2015): Limit global warming to 2-1.5° C above
pre-industrial levels.
- Ability to adapt and minimize risk to the adverse impacts of climate change.

The future is uncertain and full of various threats
e Climate crises are becoming more frequent.

* In 2023~ 399 natural disasters, 86k deaths, 93M affected, €192.7B in
losses.

 Build environment: Central role in resilience (due to large share of
wealth, urbanization, interconnections and complexity).

Finland published guidelines on preparedness for resilience in
2024.
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https://www.suomi.fi/guides/preparedness



Why Energy Resilient Buildings/districts are
needed? In current situation

Challenges that exist and are forthcoming are:
 Climate change and environment (natural)

........

* Political changes and wars (human-induced)
* Supply chain disruptions

* Cyber threats
» Accidents, damage, repair of infrastructure (technical
» Older and vulnerable population

- i European Energy Crisis Deepens as
Energy security, crises, and shortage B Y o Raconds

m French electricity for next year tops 600 euros for first time
m Avoiding blackouts requires ‘a lot of preparatory work’: CEER

Bloomberg

Economic stability and safety
Finland may face 2-hour power

outages this winter
Escalation of negative and costly cascading events in society




Research questions and themes

Definition: How to define energy resilience during
crises?

Building Classification: How to classify buildings for
resilience?

Human Thresholds: What are the key human
vulnerability indicators based on demographics?
Integration: How to combine methods to boost
resilience long-term?

Optimization: How to optimize techno-social resilience
and cost-effectiveness?




Research questions and themes
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’Energy Resilience’ term

Stability
® Addresses the un pred ictable factor, + Capability to maintain the state of equilibrium
. » Considers predictable event
Complex and unce rtal n eve ntS « Capability to return to the state of equilibrium after know deviation from normal state
Reliability
u AddreSSGS IOW prObabIIIty and hlgh « Addresses the high probability and low impact scenario
. . * Considers predictable event
Im paCt scenario » Addresses service interruption

» Focus on the know threats and disruptive events

Robustness

= Addresses the transient behavior and
estimate the capability of the building Kot o chane sgiat e e sven o EEee)
to Wlthstand and recover from VanOUS * Addresses low probability and high impact scenario
dlsru ptlons Flexibility

» Addresses high probability and low impact scenario
 Capability to change generation/demand based on the disruptive event
» Withstand the external disruption with less impact on the performance of the building
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https://www.mdpi.com/2075-5309/14/5/1453



’Energy Resilience’ term

Energy-

resilient
building

State of
resilience
performance

VTT — beyond the obvious
11/11/2025

https://www.mdpi.com/2075-5309/14/5/1453



Energy-Resilient Building: Main Components

Attributes of resilience (Plan, design, manage and
— adapt

1 1
ol Flexibilit | Adapt |
L ] L J
Y Y
I Before/during the disruptive event and recovery Learning from cycle of 1
1I_Phase IV _ | o o e e e - events _ _ t _ _ 1
Towards long-
term energy
ili t Feedback for rebound effect
resilien .
. to improve the long-term
buildings resilience
,I’ \\\

~
-

1 1
I 1
] 1
1 - - Cnn - 1
' Building - Characteristics of event and impact N !
: pe rfO rmance : Slourc? of ‘Ij”"' pac:rby Affectee (s) Influencer to ] :
- Isruptive isruplive
! and beha\_nor " ovents | i - - theimpact | |} :
: due to (grid) - ! :
: disruption [ Sl Destruction S — *_: |
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Multi-Disruptive Event Resilience Curve and
Key Performance Indicators

Rebound and feedback - improvement in the future
performance due to the resourcefulness (adaptability)
of the system and learning from the previous
disruptive event and making better (smart) system

©
>
Y
o
]
c
©
E
S
b Disruptive
o event
(blackout)
Before the disruptive During the disruptive : After the disruptive After the recovery
event(Phasel) event (Phase ) | event(Phase lll) (Phase V)
Psr —
PMV ~-3<PMV<-0 5 __ /
Disruptive
eventcycle
(blackout)
Prr
Py,
PMV = <-3
e s s S A
Time
ty t ty & t bt
Future disruptive event cycle
(long term resilience)
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Multi-Disruptive Event Resilience Curve and

Key Performance Indicators

Peformance level

Disruptive
event
(blackout)

Before the disruptive
event (Phase )

Psr
PMV =-3<PMV<-0.5

Prr
PHT.
PMV = <-3
Pr'nin

Rebound and feedback - improvement in the future
performance due to the resourcefulness (adaptability)
of the system and learning from the previous
disruptive event and making better (smart) system

.
_Metric_ [ Name | Definiton | Equation |
Duration of robustness It defines the duration the building ti-to

can maintain the defined resilience
performance after facing the
disruptive event (power outage).
Speed of collapse It defines how quickly the (Ps1-Prr)+H(Pr1-Pmin)/(t2-to)
performance of the building
deteriorate from the set point. Lower
the speed is better is, better is the
performance of the building in
absorbing the impact.
Impact of event It provides the impact of the (Pst-Pr7)+(Pr1-Pmin)
disruptive event and the minimum
performance of the building that will
be experienced during the disruptive
event. Smaller the value is better is
the building in terms of resilience
performance.

Time

Speed of recovery It defines the speed at which the  (Pgt-Prr)+(Prr-Prin)/(t5-15) »
building can recover after the
disruptive event and reaches the
target set point. _J

!

Future disruptive event cycle

(long term resilience)
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Definition of energy resilient buildings m

= Building that can maintain (during power outage):
* the indoor temperature within the habitability thresholds
* provide survivability conditions = low level of electrical power for essential
services

= The aim:
* reduce impact on the health of the building’s occupants
* reduce damage to the building’s structure.
* Energy-efficient to conserve heat and energy.

= Finally, improve its long-term resilience for future disruptive event
» smart design learned from rebound.

14
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Energy Resilience Framework

Define the performance components for the energy resilient
building

Climate model and uncertainities
Develop performance indicator

Building energy system and energy model

Resilience assessment
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Passive resilience m

“Habitability” refers to a building's ability to maintain at least a low
habitable temperature during a blackout.

If the building relies on passive methods such as thermal mass,
insulation, and airtightness to achieve it, this is referred to as "passive
habitability or resilience."
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Case studies m

: . U-value (W/m? K)
National Electrical grid
g: Building | Ventilation

type ai3r flow2
(m*/h m*) Vggltlls Roof Windows | Floor
nsite‘eectrica gri

o1 old
e building 6 05 | 027 25 | 0.38
New 2 017 | 0.09 1 0.16

building

Old and new building
and energy system

* QOld building (OB)-1980s
* New building (NB)- 2021
Only heating energy is analyzed, direct electricity is used for heating

https://www.mdpi.com/1996-1073/16/14/5506



Case studies: Results

—Indoor air temperature

23 : : :
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Old building resilience

—Indoor air temperature
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4ot
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Hours

New building resilience

1886
t

Phase IV

1894

1894

[ Metrics | Old Building New Building
| Pgr 18 °C 18 °C
P,;; or MAHT 16 °C 16 °C
. P, 12.54 °C 17.5 °C (higher is better)
PEEIED ‘godssr”ptm" 0.300 0.138 (lower is better)
Speed of collapse (SoC 3.75 °C/h 3.2 °C/h (lower is better)
8.9°C 4 °C (lower is better)
064 °C/h 0.80 °C/h (higher is
better)
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Active resilience m

In cold conditions, “habitability” refers to a building's ability to
maintain at least a low habitable temperature during a blackout.

When active components, like photovoltaic panels, generators, or
batteries, are used, it is called "active habitability or resilience”

Impact of extreme weather: Climate change

19
https://www.mdpi.com/2075-5309/14/5/1453



Case studies

s ™ o Buildings design data

Electrical §|rit1:‘|:-t":w . U-value (WIm2 K)
T Building | Ventilati | . Alf
l tightnes

Ext. Window

Electrical heater

Onsite control system

Roof Floor
S

T Wall
Simulated old and new building =-=.__=_= bucil)(ljcijng 0.55 6 0.5 0.27 2.5 0.38
case studies (in TRNBuild) Battery prosovane
blﬂ\:lz‘i"r’]g 0.55 2 0.17 0.09 1 0.16
* Buildings heating demand
Heating
demand (EWY
weather
ildi 2 2
= Old building (OB)-1980s Old bm!dl.ng 199 kWh/rn2 lyr 124 kWh/rr; lyr
= New building (NB)- 2021 New building 86 kWh/m4/yr 46 kWh/m?/yr
= Only heating energy is analyzed, direct electricity is used for

heating
= Passive measures and active methods (PV and battery) are used

11/11/2025 VTT - beyond the obviou
https://www.mdpi.com/2075-5309/14/9/2821



Case studies

= Weather data * Parametric study data
- ECY: Extreme cold year

. variables

y , N | e | e Weather ECY, EWY ECY, EWY
B » ol W Lk Building Old New
£ s AT il Il |H Nty i type building building
%'10 ifit "1‘ ‘_f““‘“ | -". ‘ j PhOtOVOItaI
EULE S ‘ c area 0,50, 100 0, 50, 100
. (PV), m?

0 1000 2000 3000 4000 - 5000 6000 7000 8000 9000 B atte ry

capacity, 0, 44, 89 0, 44, 89
kWh
* Cost data
Initial cost 124 €/m? 600 €/kWh

Maintenance cost  1.5% (initial cost) 1.5% (initial cost)

Life cycle 25 years 12.5 years

Included in the

maintenance cost
11/11/2025 VTT - beyond the obvious

Replacement cost 200 €/kWh

https://www.mdpi.com/2075-5309/14/9/2821



Energy resilience indicators and concept

= Setpoint temperature (ST): 21.5 °C

= Robustness threshold (RT): 18 °C

= Robustness period (RP) e

= Habitability threshold (HT): 15 °C 5

= Collapse speed (CS) g __________________________ S A S —
= Impact of failure (loF) R e— O

= Recovery speed (RS)

Degree Of dlsruptlon_ (DOD) DOD DoD = Parametergisruption— Parameterreference Timedisruption
calculates the severity and impact on " Parameter oreorence X Timereserence
the performance of the building

during a blackout.

https://www.mdpi.com/2075-5309/14/9/2821



Results: Energy resilience performance of old
building

® Old building = operating at 21.5°C (in ECY and EWY)
= Assumed 30 hours of blackout conditions during winters

® PV =100 m?
Extreme cold year Extreme warm year
24 24
9223 Ihtotdgh ¥, - 3hto30h
g
£ 18 g
£16 ;1
_?014 I
512 =
210

Hours (hr)
—Battery 0 kWh —Battery 44 kWh — Battery 89 kWh - —Reference —Battery 0 kWh —Battery 44 kWh —Battery 89 kWh - -Reference

DoD is 0.545 (passive) and with PV and

DoD is 0.299 (passive) and 0
storage DoD is 0.44

(with PV and battery)

https://www.mdpi.com/2075-5309/14/9/2821
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Results: Energy resilience performance of new

building

New building = operating at 21.5°C (in ECY and EWY)

Assumed 30 hours of blackout conditions during winters

PV =100 m?
Extreme cold year

3hto29h

)
—Battery 0 kWh ~——Battery 44 kWh ——Battery 89 kWh - -Referen

DoD is 0.49 and with PV and storage DoD
is 0.25

[ I S T ]
= A

[ S
NOR O

Indoor air temperature (°C)
[y
w0

Extreme warm year

] 15hto 30 h
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w v w w wwwww ww www weowwoww o w wow
Hours (hr)
—Battery 0kWh - -Reference - Battery 44 kWh + Battery 89 kWh

DoD is 0.2 (reference) and 0 (with
PV and battery)

https://www.mdpi.com/2075-5309/14/9/2821



Results: Classification using KPlIs

Old building and new building comparison in ECY weather conditions

Impact of failure (IoF}, °C

Collapse speed (CS), °C/h

Recovery speed (RS), °C/h

Degree of disruption (DoD)

X
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 44 89 133
Robustness duration (RT), hour 8.00 17.00 17.00

4.764 4.277
PV cost (€) ) 0 0 0 6838 6838 6838 6838 9851 9851 9851 9851 12,864 12864 12864 12864
Battery cost (€) 0 39,377 79649 119,027 0 39,377 79649 119,027 ] 39377 79649 119,027 0 39377 79,649 118,027
Colors grading variations: Red is the ‘worst’ performing and green is the ‘best’ performing cases.
X
Table A11. Parametric study, energy resilience performance analysis, and costs for case 2¢ in ECY (winter) climate scenario with varying PV and battery capacity.
PV Area, m2 0 50

75
Battery Capacity, kWh

100

Robustness duration (RT),
hour

Impact of failure (loF), *C

Collapse speed (CS), °C/h

Recovery speed (RS), °C/h

Degree of disruption (DoD)

0.390

0.254 0.254 0.254

PV cost (€) 0 0 0 0 6838 6838 6838 6838 9851 9851 9851 9851 12,864 12,864 12864 12864

Battery cost (€) 0 39377 79649 119027 0 39,377 79649 119,027 0 39,377 79649 119027 0 39,377 79,649 119,027
Colors grading variations: Red is the ‘worst’ performing and green is the ‘best’ performing cases.

https://www.mdpi.com/2075-5309/14/9/2821



Results: Optimal analysis

New building and old building comparison in ECY and EWY weather conditions

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

50 75 100

133

PV Area, m2
89 133 0 44 89

44 89 133 0 44

0 44 89 133 0

Battery Capacity, kWh
0293 0274

0.305 0.274

Case 1a (TDY) winters: Degree of disruption 0308 0289 0289

(DoD)

0.257

0.271

0271 0.271

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

0.271

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

X

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, m? 75 50 50 50 100 50 50 50 50 50 50 50
Battery Capacity, 133 88 89 44 133 133 m m 4 4 89 m
kWh
case 1aTDY, 1aTDY, 1b EWY, 1b EWY, 1cECY, 1cECY, 2aTDY, 2aTDY, 2b EWY, 2b EWY, 2cECY, 2cECY,
Winter Spring Winter Spring Winter Spring Winter Spring Winter Spring Winter Spring
Degiee of distuption 1/, 0172 0.153 0.141 0.099 0254
(DoD)
PV cost (€) 9851 6838 6838 6838 12,664 6838 6838 6838 6838 6838 8838 6838
Battery cost (€) 119,027 79,649 79,649 39,377 119,027 119,027 30,377 39,377 39377 39,377 79,649 39,377

Colors grading vanations: Red is the ‘worst’ performing and green is the ‘best’ performing cases.
https://www.mdpi.com/2075-5309/14/9/2821



How about human and social impact?

“habitability” should be based on human needs?
How about electrical loads and needs?

“Survivability” refers to a building’s ability to maintain indoor air
temperature within habitable ranges while also providing power for
essential services

27
https://www.mdpi.com/2075-5309/14/5/1453



Method: Social survey

= Survey and data collected from 400 people at an organization (Survey distributed
across 2400 individuals)

Energy Resilience in Buildings in

o Age Below 20
Extreme Cold Weather Conditions 20-30
. 31-40
of Finland 41-50
51-60
Above 61
Gender Male
Female
Non-binary and prefer not to say
Location Helsinki, Espoo
Oulu
Tampere
Kuopio
Kajaani
Jyvaskyla
Other
Building type Apartment
Single-family and semi-detached houses




Social survey

= Survey and data collected from 400 people (Survey distributed across Finland)

® QOverall needs priority
Lights

Telecommunication

Cooking

Refrigeration

NRIET t4
Survivability Z (Energy available in battery after heating)
Heating factor Electrical appliance demand
0 100 200 300 400
Number of respondents
® Temperature needs 30%
25%
®
220%
()
215%
2
210%
o
n
0%
15 16 17 18 19 20

Indoor habitability threshold (°C)



Social survey

= Survey and data collected from 400 people (Survey distributed across Finland)

®m Temperature needs based on gender...age?

22 centigrade
21 centigrade
20 centigrade

19 centigrade

-

I

18 centigrade N

17 centigrade S

16 centigrade

15 centigrade E
I

14 centigrade

Habitability threshold (Min. indoor temperature)

13 centigrade ——

Female mMale

Physiological cold 13
stress (PCS) Z

tl

(LH‘T - mepm"amra balow habt'tabﬂfty)

ty — tg



Results: Technical resilience performance, human
and cost impact using indicators

= Energy resilience performance of old building during winters in 72 h power outage

m Physiological stress based on needs

mm Physiological cold stress (18 Centigrade) Physiological cold stress (15 Centigrade) - Total cost
45 120000
= 4
-
> 100000
§35
wv
g 3 80000
o 2.5
©
5 60000
o 2
8
® 15 40000
o 1 ]
g | I 20000
£05 I | I
0 | | 0
I 0 50 75 100 0 50 75 100
I PV=0 Battery (kWh) PV =100 m? I

m Survivability factors (after meeting the heating demand) is around 0 to 25 %

Total cost (€)



Cost savings in normal operation

Increased comfort & psychological safety for occupants, homeowners based on
demography

Improved day-ahead preparedness and awareness

Better resource planning for rescue operations

Reduced cascading events and minimized extra rescue costs
Increased energy flexibility of buildings

Enhanced sustainability



Summary

Challenges and need for energy resilience
Definitions and framework

Building simulation models

Integration of renewables and storage
Climate impact

Cost

Engagement with the end users
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