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1. Review of methods for assessing the effects




Existing methodologies for combined retrofit
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Existing methodologies for combined retrofit

Key-stream of methods Method category
"*\“‘— 1. SEISMIC PERFORMANCE ASSESSMENT
o + Seismic loss estimation methods
(e.g. PBEE, FEMA P-58, HAZUS, etc.)
+« Method and tools for seismic resilience assessment
1. Sector-specific | (e.0.REDI™)
methods f
;

06' 2. ENVIRONMENTAL and ENERGY PERFORMANCE ASSESSMENT

Life Cycle Assessment (LCA)
(ISO 14040/4:2006) — Tool review (e.g. SimaPro, GaBi, etc.)

+ Life Cycle Energy Analysis (LCEA)
Tool review (e.g. EnergyPlus, ESP-r, etc.)

io 3. SUSTAINABILITY ASSESSMENT

” s
Vi oocj]/ » Qualitative assessment methods
/ European and non-European rating system tools
(e.g. BREEAM, DGNB, LEED, Level(s), etc.)

2. Multi-performance
assessment methods

A

| + 4. COMBINED SEISMIC AND ENERGY ASSESSMENT

* Quantitative assessment methods
= (e.g. Sustainable Structural Design (SSD) methodology — JRC-SAFESUST)
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Sector-specific methods:
Seismic performance assessment methods

”’WWV\—Seismic loss estimation methods and tools ®
} BUILDING LEVEL
+ Performance-based Earthquake Engineering (PBEE) — PEER methodology (1997-2010)

Performance-based approach, PBEE approach,
in which the expected losses (e.g. economic

losses due to downtime, repair costs, life losses, (t7)  Fully probabilistic method, developed by the Pacific Earthquake Engineering Research Center
etc.) become a key-parameter to quantify the (% (PEER), consisting into the numerical integration of all conditional probabilities for determining
seismic performance of a building during its service performance assessment in terms of the so-called 3D’s decision variables, namely Deaths

(loss of life), Dollars (economic losses), and Downtime (temporary loss of use of the facility).

life.
_ + FEMA P-58 methodology and tool (USA 2001- 2018)
1 o Hazard analysis fﬁcj(% Performance-based assessment methodology and practical implementation in a dedicated tool
. + (i.,e. PACT); introduction of approaches to add indirect losses as probable environmental
2 +— Structural analysis @ impacts due to repair for seismic-induced damages.

* ‘Sisma-bonus’ mechanism

+— Damage analysis
3 g y ‘ ! Italian guidelines for the seismic risk assessment of constructions based on the calculation of

the expected annual losses (Ministerial Decree 28/02/2017, Ministerial Decree 09/01/2020) -
Tax deductions for seismic strengthening interventions on private buildings.

} REGIONAL LEVEL
* HAzard US (HAZUS) Loss Estimation methodology and tool

Geographic information system-based (GIS) natural hazard analysis and its dedicated tool (HAZUS),
developed by FEMA, for estimating physical, economic and social losses from natural hazards to develop
plans and strategies for natural hazards risk reduction and prepare for emergency response and recovery

A/W\Nv\_ Seismic resilience assessment methods and tools @

Methods to assess the post-disaster } Methods based on recovery states - Resilience-rating systems
functionality beyond the loss assessment
through a recovery function

v 4 Loss analysis

* REDI™ - Resilience-based Earthquake Design Initiative,

Holistic beyond-code design method, developed by ARUP (mandatory criteria

referring to downtime, direct financial losses and occupant safety) i European

Commission



Sector-specific methods: Environmental and energy
performance assessment methods

. /
. LIFE CYCLE ASSESSMENT (LCA) s LCA — Construction sector /ﬂ\_.
P . ISO 14040-44:2006 (revision 2020) 1@0 LCA application — Increased in the first decade of 21th century
DESIGN o
LiFe CYCLE Progess to  quantitatively ~ assess the } Advancements at policy and legislative level
environmental burdens of a product, process or
( EI\II-:DFé)F CONSTRUCTION activity during the life cycle * Standardisation building life cycle - 4 Modules (EN 15978:2011)
Four-step framework } 3-level of LCA application:
: _ « Construction product Environmental Product
LCA ’ 1 &— Goal and Scope definition (G&S) p — Declarations (EPDs)
2 e— Life Cycle Inventory (LCI) * Building component
DISMANTLMENT USE _
3 e— Life Cycle Impact Assessment (LCIA) « Building as awhole = «— Demanding task
] . (X) Long lifespan
MAINTENANCE v 4 Life QyCIe Interpretation (X) Assessment of local impacts
depending on building site
LCA tools (X) LCA data collection
® @
_ _ v' Complete transparency processes
s LA (el aEggéZ;nr?eenTaéf bmgﬁ; SimaPro v’ Fully integrated with the latest science-
/ﬁ\ — / SR Gabi Software baseq LCI databases (e.g. Ecoinvent)
_ v’ Consistent LCIA methods
LCA ’=
tools Athena
: Stand-alone softwares Impact Estimator
Building-specific AL, for Buildings
LCA tools performance assessment )"
/ of building as a whole
Plugs-in (BIM-LCA) One Click LCA
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Sector-specific methods: Environmental and energy
performance assessment methods

LIFE CYCLE ENERGY ASSESSMENT (LCEA)

[ @
Simplified version of the LCA methodology,
P4 DESIGN considering energy as the sole measure of potential
environmental impacts
LiFe CyCLE END OF _ »
( LIFE CONSTRUCTION Simplified four-step framework

1

2

3 Life Cycle Impact Assessment (LCIA) Single-issue oriented LCIA method -

DISMANTLMENT IN USE unique impact category, i.e. energy use
v 4
MAINTENANCE
System boundaries Life Cycle Eneray (E, o) o LCEA tools
Production phase «—  Embodied Energy (Eg) 2\
Ved Energy bills method EnergyPlus
LiFeCycle Use phase ¢———  Operational Energy (E,) — National statistics-based method BES ESP-r
( Building Energy Simulation (BES) method tools N

Demolition phase «—  Demolition Energy (Ep)
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Multi-performance methods:
Sustainabillity rating systems

Qualitative General information Type of building Indicators

assessment Natural
Year of Country of L .
Issuer Existing disaster/
launch launch S
Seismicity
BRE

Framework components ®
. Z
2 Scoringsystem < E;TeBm 2009 | Germany* DGNB v v O
3 e— Weigthing system &
8 HQE 1997 France* HQE v v %
4 &— Output S Association
L . .
Drawbacks: :DTrAc\)?c')A(\:ol 2004 Italy alrS'ISFCI:[?:lII\{liR v ‘
* Absence of a common o
language = | | BEAM plus 1996 Hong Kong HKGBC v v O
» Geographical dependence ﬁ
. & | | casBEE 2001 Japan JscB v v O O
Level(s) o
(JRC 2015-2022) L Green Star 2003 Australia GBCA v v .
Z
European voluntary framework ®)
to improve the sustainability of pd LEED 1998 USA USGBC v v ‘
buildings, based on a common ®

system of indicators * |International use, apart from its origin country
** Climate change in terms of associate CO, emissions European
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https://environment.ec.europa.eu/topics/circular-economy/levels_en

Multi-performance methods:
Holistic method

Quantitative

Integrated life cycle-based approaches
assessment

Challenege: integrate different performance metrics

Coupled assessment methods

Environmental requirements and STEP |
safety targets - —

e [ Sustainable Structural Design (SSD) methodology }

‘s\
N

Economic and social
aspects as consequence of
seismic retrofit

9 kwh Picoeq B €

(JRC —Ispra)

Seismic risk on economic

management of  energy
retrofit processes
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2. A simplified method to assess the benefit
renovation




Requirements for the simplified method

REQUIREMENTS OuTCOMES
Environmental efficiency, cost
GENERALPRINCIPLES effectiveness, structural safety ‘@%
LEVEL 1 * Sustainability principles Minimum  performance  targets J
Q\ » Available legislations foreseen by legislation e
Anitig

» Life-Cycle perfemances Perfomances from retrofit time to

| ‘ end-of-life

Feasibility matrix for combined retrofit
technologies

Economic efficiency for seismic, energy,
and environmental performances

Discretised combined performance
Improvements

TECHNOLOGICAL
CHARACITERISTICS

o Compatibility'and feasibility
LEVEL 2 » Costs evaluations
* Incremental implementation

SET OF
REQUIREMENTS

Site-dependent parameters for seismic and
ENGINEERINGICOMPRUNATION energy performances
* Site-dependent parameters Equivalent costs for seismic, energy, and
* Combined perfermance evaluation environmental performances
LEVEL 3 ' Dimensional’'scalereirapplication Regional/national level of application

o Simplification Simplified procedure for performances
assessment

12



A simplified combined assessment methodology

:",... Step 1 .......... Step 2 ..... ».... Step 3 ..... b.... Step 4 ..."‘
7‘\9’ Input Selection of Integrated retrofit Optimised
A information techniques design and evaluation solutions

Initial data _a_nd Cc_)mpatiple gnd Computational tool to Comparative
bounda.ry.condlt_lons of ’_ feasible selsmlc.and _____ . ______ assezs o _’ assessment of
an eX|sjung bund_lng energy retr_oflt - combined retrofit
needing retrofit technologies retrofit solutions

(SSD methodology as reference)

Step 3: Simplified tool to assess the benefits gained from integrated retrofit over the lifetime of the building
Life cycle*

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
.
.

™ Total Initial Cost (t,) tg
(€/m?) Vh\\

‘Z’L Extended lifetime Cost N
: xtenaed liretme Cos Total Life
Fo e >
% Seismic Energy Environmental | Equivalent (A(I€|7P2P ) ()teXt) Cycle Cost
P S m2year
performance  performance  performance i S9ONOMIC
. Ao P Total End-of-Life Cost (tgng)
] 1

*Life cycle — t,:Initial time (time of retrofit intervention); t,,,: Extended lifetime stage; t,,4: End-of-life time

13 **AIRPP — Annual economic savings due to retrofit and opportunity to consider fiscal incentives ropean
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Step 3. The total initial cost

>

14

A

Environmental

G)

Equivalent

Initalf time!
.tg

y

Seismic performance Energy performance performance economic performance
Combined techniques
\] y

ICq ICe IC Total IC,, =

Initial costs for the Initial costs for the Equivalent costs of ICe+ IC. +1C,
seismic energy retrofit tCO,eq for manufacturing
retrofit intervention intervention the retrofit materials
(€/m?) (€/m?) (€/m2) (€/m?)

Total ICeq(t0)=ICs+I1CE+ICEl
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Step 3. The total extended lifetime cost

ext

Seismic performance

Energy performance

Environmental
performance

EXtEnNCEed)
Ietme:
't

EXJ

EALg
Expected Annual

Losses due to Seismic

vulnerability
(€/m2year)

Stepg 1

Define
representative
building classes
(RBCs)

Stepg2 v

EAC.

Expected Annual Costs

due to Energy
consumption

(€/m2year)

Step 1

EAC

Expected Annual Costs for
tCO,eq due to seismic

damage and energy
consumption

(€/m2year)

Define
representative
building classes
(RBCs)

EACE|,S
Stepey 1

Define options for
seismic retrofit

Step”:\ 2 \ 4

Compute the
expected annual
tCO,eq due to
seismic damage

Stepg3 v

Define options for
energy retrofit

— IRPPy(t) — IRPPg(t)

Simulation box
Simplified nonlinear
static analysis - GPg
(PGA)

Step(E) 3 v

Step 4 v

Simulation box
Dynamic energy
analysis >
GP. (HDD)

Step, 2 l
Convert tCO,eq into
cost — EAC ¢
+
@ A
EACg e =
Stepg,y 1

Convert GPg into EAL

Step(l:\ 4 N

<

Compute the
expected annual
tCO,eq due to
energy consumption

Convert GP; into EAC,

Step gy 2¢

Convert tCO,eq into
cost - EAC ¢

Equivalent
economic performance

Integrated Retrofitting Performance Parameter (IRPP)

IRPPo(t)=EALso+EACE0 +EACEIL0

IRPPr(t)=EALs+EACE+EACE!

AIRPPu(t)=IPRRo(t)—[at(t)-IPRR&(t)]

AIRPP(t) =

(€/m?2year)
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Seismic performance assessment at the
extended lifetime stage

A

HIEUINESY:

Define RBCs (archetypes)

- Typology, age, storeys, etc.

G

Seismic performance

§ N
gy BB
Define options for seismic
retrofit

- Global or local interventions

- PGA/PGA,

Simulation box
Nonlinear static analysis

v

Seismc Generalised
performance — GPg (PGA)

Fragility functions

f (RBC; retrofit intensity)

P(DS>Ds) - [%]

-

Convert GPg into cost

EAL

Expected Annual LosseSggiemic

:P I
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Energy performance assessment at the
extended lifetime stage

Extended
lifetime
text

17

Energy performance

A

Define RBCs (archetypes)
- Typology, age, storeys, etc.

Define options for energy
retrofit

- Envelope or systems

- PEC reduction

Stepg 3

Simulation box
Dynamic energy simulation

EMAR - Coupling of Energy
Plus and MATLAB

A

Energy Generalised
Performance - GP¢ (HDD)

Analytical function -
regression

f (RBC; retrofit intensity)

o

HDD - [°C day]

TEDh,c - [kWhina)

°
G

Convert GPg into cost

EAC,

Expected Annual CostEnergy
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Step 3. The total end-of-life cost

()

A

o Environmental Equivalent
T Seismic performance Energy performance performance economic performance
EOLCq EOLC EOLCyg Total EOLC,, =
= 1 Fo . e
ENTUEOTEIITE End-of-life costs for End-of-life costs for Equivalent costs of )
uime dismantling the seismic || dismantling the energy tCO,eq for the end-of-life | EOLC, + EOLC, + EOLCy
i q retrofit intervention retrofit intervention management of retrofit
i materials €/m?
(€/m?) (€m?) €m?) (&/m?)

Total EOLCeq(tena)=EOLCs+EOLCE+EOLCEr
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Total equivalent economic performance

Total Life Cycle Costeq(t)= — Total ICeq (t,)+Dr-|AIPRRa(t)|-tx|Total EOLCeq(t...)

A

I + Total EOLC,

Economic savings

- { + Total EOLC,,

Total Life Cycle Cost,, - [€¢/m?]

Economic savings

:' >

0 } !

t, t

0 Tinc tpe‘uyl::ac:k,lF{F’F;I tpayback,lRPPR teng

Time (t) - [yrs]
/
/
/ Effect of fiscal incentives
a(t)
-Total IC@cl
= \\Vithout fiscal incentives [a(t) = 1] With fiscal incentives [a(t) > 1] European
Commission




3. Case studies
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Case studies: identification of categories

Masonry
buildings

A P
buildings

Case studies category

Cultural/monumental
rubble masonry building

Residential brick
masonry building

Residential RC
building

Public
RC building

1

-—_

Stone masonry

Brick masonry

24 B
Hollow brick
masonry infill

J::::1
[:::§E

E

Hollow brick
masonry infill

:FI' 1

Steel beam-and-
hollow clay flat block

RC beam-and-hollow
clay block

RC beam-and-hollow
clay block

RC beam-and-hollow
clay block

[ ?

Pitched timber

Pitched RC beam-and-
hollow clay block

Flat RC beam-and-
hollow clay block
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Case studies: identification of location and
building selection

22

A ::=:: L—-

Residential building Residential ‘Pietro Santini’
in Toscolano building in primary school
Maderno Dalmine in Loro Piceno

Case study

City Hall of
Barisciano

*
L-M: Low-to-Moderate (PGA < 0.175¢); M-H: Moderate-to-High (PGA = 0.175g)

*% A (HDD < 2200); B (2200 < HDD < 3500); C (HDD > 3500)
Retrofit interventions

New heating system

Exoskeleton of

3-storey RC primary school erected in 1965 steel X-CBFs Double-skin envelope

Case stud :
y Seismic retrofit»"ﬂM_ Energy retrofit =
ilE 3-storey residential RC building erected in 1967 Steel exoskeleton External EPS cladding
New heating system
) Roof insulation
3-storey residential brick masonry building Prefabricated Window replacement
erected in 1955 steel shear walls
d

4-storey rubble masonry building dating back Local strengthening Window replacement
to early 20t century Interventions New heating system

e
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Case studies: Simplified method application

e R Economic savings Payback time
savings AIRPP (t.) (Service life = 50 years)

Total life cycle cost over time

1966 g Casestudyl
18041 71% 16 years
1500 | 53.59 €/m?year
; e
£
® 1062.3
“:}1000 - 9945 5500 mm —? 17 years
8 AN 29.99 €/m?year ;
2 50 - :
e
S 0 S S S P S
3 26 30 35 40 45 50 55 A 61% 18 years
E ' 37.59 €/m2year
Time [years] :
500 +
-680.5 Case study 4
1000 174 39%

20 years

~#- Casestudy 1 4 Case study 2 Case study 3 -4—Case study 4

" 23.22 €/m?year
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Conclusions

Quantitative multi-performance assessment methods based on life-cycle thinking
represent the most appropriate tool to evaluate the benefits of combined seismic and
energy renovation

A simplified assessment method for evaluating the combined seismic and energy
renovation benefits in a common language (i.e. economic terms) was introduced, also
facilitating the decision-making process thanks to the possibility to examine the final
outcome of a total life cycle cost over time.

The benefits of integrated renovation were demonstrated by applying the proposed
simplified method to four representative residential and public buildings.

The proposed simplified method demonstrated the renovation enhancement in terms of
annual economic savings and payback period.
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