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Ever wondered

How will energy transition
develop?




We can al agree

The future is unpredictable




But the question remains




But the question remains

What is the best choice for me?

>




As time passes

Renovation catches up on us




to meet 2050s climate target




The thesis aims

to provide insight in the
holistic performance of a
renovation




and

to support decision-makers
in renovation




Research background

RESEARCHBACKGROUND



The global climate challenge

Max. temperature increase 1,5 °C
Climate target

Reduce emissions green house gasses (GHG)
CO, highest impact. Tﬂ 1 ,5°C, 2050

Buildings responsible for 38% of CO, emissions.

Residential buildings contribute the most

PFCs

38% Building stock
90% Residential

42% Terraced house

RESEARCHBACKGROUND
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Strategy on a national scale

* Reducing operational carbon

* By renovating residential buildings

Global climate target

Embodied
carbon
National climate target

National strategy

o
38% 27%

Operational
carbon
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Strategy on a building scale

* Reducing operational carbon

* By renovating residential buildings

Reduce the energy

Renewable Facade
energy sources measures

‘0@9 ‘% °N

RESEARCHBACKGROUND
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Importance to reduce the Embodied carbon

Strategies should consider embodied and operational emissions
Procedure for assessing embodied carbon is incomplete
Current strategies are not selected on complete spectrum of carbon emissions

Risk, overall lower carbon reduction than expected

End of life (C)

Embodied
carbon

Operational
carbon

Use (B)

RESEARCHBACKGROUND

Production (A)

Construction (A)
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The need for a life cycle approach

Renovation influences the service life of a building:
Increase service life
The use of materials
And achieved energy reduction

Service life planning determines overall carbon reduction

Production (A) Construction Use (B)

RESEARCHBACKGROUND

End of life (C)
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Life cycle planning

Additionally carbon emissions are influenced by execution of renovation
Due to limited budget renovation is often performed in steps,

This influences emissions on the long term

Compared to when renovation is performed in one go

Single step

€ € Multiple steps

NN

RESEARCHBACKGROUND
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Design decisions based on multiple criteria
Designs are specific for each building

Performance assessment is time consu-
ming

The decision-making process could benefit
from a long-term perspective

Support for managing large portfolios is
lacking

RESEARCHBACKGROUND

Support in decision making
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Problem statement

As the operational carbon decreases the share of embodied carbon increases.
However the procedure for assessing the embodied carbon is incomplete.
Therefore current renovation strategies are not assessed on total carbon

emissions.
Assessing total carbon emissions

Secondly, renovation influences the service life of a building and future emissions.
Therefore, service life planning is crucial to estimate emissions on the long-term.
Life cycle planning, long term emissions

Thirdly, the assessment of designs for renovation on multiple criteria is time
consuming.
Assessment time

At last, deep renovations are often not performed in a single go due to a lack of
budget. Assessment of steps on the long term performance of a building are often
not considered.

Assessment of steps, and long term performance
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Research question

How can decision-making for renovation
strategies take into account carbon
emissions over the life cycle of a building,
in the Netherlands?

RESEARCHBACKGROUND
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Sub questions

1. How can renovation strategies be created and which renovation
measures should be included in the strategies regarding carbon
emissions?

2. How do the renovation strategies influence the operational performance
of a building?

3. How do the renovation strategies influence the buildings embodied
performance?

4. How do the renovation strategies influence the buildings life cycle
performance?

5. What renovation scenarios for a terraced house can be defined
considering a buildings life cycle in the Netherlands?

6. How can decision making be supported with the results, through a
design?

Renovation scenario § Renovation strategy | Renovation measures

Execution of renovation Aim of renovation ap- Possible measures
proach
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Literature review
Methodology 7

Renovation measures
Renovation strategies

Main approach consist of 4 steps Chapter 3

“Renovation strategies”

Renovation in steps
Trigger points

Renovation
scenarios

1. Renovation strategies

2. Performance assessment

3. Performance assessment, steps
4. Design of a tool

Scheme of
renovation
strategies

Chapter 4
’Operational performance”

Chapter 5
“Embodied performance”

Operational
performan-
ce input

Embodied
performan-
ce input

Chapter 6
“LCAand LCC”

Chapter 8 Strategies Chapter 7
" . - low emissions low - . . -
Tool design i Deep renovation in steps

Parameters
influencing the
performance of a
stepped renovati-

RESEARCHBACKGROUND




Defining renovation strategies,
with conventional measures.

RENOVATIONSTRATEGIES



Boundary “a typical terraced house”

In the Netherlands, the building stock consist of:
7 million residential buildings

Dominant housing typology:
Terraced houses (42%)

Building year:
1965-1985, also referred to as 60s terraced house

RENOVATIONSTRATEGIES

Building type Single family house

Building year 1966

Surface Area 129 m2

Volume 438 m3

Internal heat gain 4.5 W/m2

Structure

Inner load bearing 100mm bricks-40mm cavi- (AVANES et al.,

walls ty—100mm bricks 2018)

Outer load bearing 100mm bricks-80mm cavi-

walls ty—100mm bricks

Ground floor 150mm concrete

Separating floors 150mm concrete

Roof Wooden structure, 18mm wood-

en beams

Envelope performance

External walls Uninsulated (WoonWijzerWinkel,

Windows Single glass 2023)

Roof Uninsulated

Ground floor Uninsulated

Infiltration (AC/h) 0,6 See chapter 2.5

HVAC systems

Ventilation system Ventilation system A, AC/h=0,6 See chapter 2.5

Heating system Gas boiler (WoonWijzerWinkel,
2023)

Domestic hot tap water Gas boiler

Heat distribution sys-  Hot water radiators
tem

Heating supply tem- 70-90 °C

perature

Temperature (heating) 21 °C
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Boundary “a typical terraced house”

The original state as starting
point:

Uninsulated

depth 6.5-8 meters ..
width 6 meters Similar volumes

large windows
Gable roof size

shared walls
as boiler as heating system

Energy consumption
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2 main renovation strategies can be distinguished

DEEP

RENOVATION
STRATEGIES

Energy
saving
>60%

Strategy aims to
establish a high
energy saving.

RENOVATIONSTRATEGIES

SHALLOW
RENOVATION
STRATEGIES

Energy
saving
3-30%

Strategy that aims to reduce
energy use at low costs, cost
effective measures.
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Different selection procedures for deep and shallow renovation strategies

Deep renovation,
aim carbon neutral

Stepped approach

00 Standard building

01 Reduce consumptions
- passive smart and bioclimatic design

02 Reuse waste energy streams
- waste heat, waste water, waste material
- inclosed or connected cycles

Ry

03a  Renewable energy production for
remaining demand

@ 03b  Waste = food

(adapted from Tillie et al., 2009)

g4 0 3

@I%@@D

3

RENOVATIONSTRATEGIES

Shallow renovation,
aim cost effective

€ » costs and energy saving

* Desire of house owners
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Most impactfull parameters

Deep renovation strategies

Active
strategies

Passive
strategies

External roof
insulation

External wall
insulation

Window
replacement

Air tight
connections

Under floor
insulation

RENOVATIONSTRATEGIES

N\

Solar panels
Energy

generation

N

=

List of renovation

strategies

2d

o

Energy
source

Energy
source

Ventilation
system

Shallow renovation strategies

Passive
strategies

Internal roof
insulation

Cavity
insulation

List of renovation

Window i
] strategies

replacement
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Variety in perfor-
mance is key to find
optimal solutions
Assessing multiple
renovation measures

RENOVATIONSTRATEGIES

Strategies translated into renovation measures

Shallow renovation measures

Envelope measures Insulation in Rc value (m?K/W) and windows in U value (W/m?K)
Reference code: Level 0,1C Level 0,1R Level 0,1W Level 0,1
Cavity ins. Roof ins. Windo:qvel;:etplace- All measures
Roof 8¥5) 375
External walls 1,86 1,86
Windows 1,2 1,2
Infiltration (AC/h) 0,8 0,8 0,8 0,4
Deep renovation measures
Envelope measures Insulation in Rc value (m?K/W) and windows in U value (W/m?K)
Reference code: Level 1 “minimum” Level 2 moder- Level 3 high
ate
70-90 °C (1) 560 °C (1.1) ‘new build” ‘streefwaarden”
Roof 2 83 6 8
External walls 1,3 1,7 4,5 6
Windows 1,2 1,2 1,2 1
Ground floor 2,5 SIS 815 S5
Source

(Standaard En

Building (WoonWijzerWin- Streefwaarden (Standaard En Streef-

waarden Voor Wonin-

code kel, 2023) Voc;;t\ilgo:irég)iso- gisolatie, n.d.)

Infiltration (AC/h) 0,6 0,6 0,3 0,2
HVAC measures
Ventilation
Ventilation system A Natural supply and exhaust through windows AC/h = 0,6
Ventilation system C With CO2 sensors at windows, AC/h = 1,05
Ventilation system D With heat recovery efficiency 80%, AC/h = 1,05
Heating and tap water system
Option 1: Heatpump COP 3
Option 2: electric boiler COP 1
Energy generation
Building scale option 1 Photovoltaic (PV) panels Orienta-

tion east-west, 100% covered roof
Building scale option 2 Photovoltaic (PV) panels Orien-

tation south-north, 100% covered

roof
Building scale option 3 Photovoltaic (PV) panels Orienta-

tion south, 50% covered roof
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Renovation strategies deep renovation

Current state renovation strategies

Current state
Elec.
Boiler a
Gas boiler A

2 strategies

Shallow renovation strategies

Single measures
Passive measures, envelope

Shallow renovation strategies, Cavity Roof Windows
consider single measures Gas boiler T A "

3 strategies

Combined measures
Passive measures, envelope

Shallow renovation strategies, Cavity + Roof + Windows
consider combining measures Eleo ACID
oller
Gas boiler A/C/D

6 strategies

Deep renovation strategies

Passive measures, envelope

Deep renovation strategies v level 2 level 3
pump A/C/D A/C/D A/C/D
Elec.
Boiler A/C/D A/C/D A/C/D
Gas boiler A/C/D A/C/D A/C/D

27 strategies
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How can the performance
of renovation strategies be
assessed?

RENOVATIONSTRATEGIES



Main criteria in decision-making

Assessment on 3 criteria

o

CO2

(((¢

Costs Energy Emissions

Holistic performance of renovation strategies can
be obtained through assessing costs, energy and
emissions.

RENOVATIONSTRATEGIES
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Performance estimated with software and manual calculations

Design builder
Manual calculation

| Ii u HEATING DEMAND
e TAPWATER

Requires
the use of
multiple
software and
a high level

RVO o INVESTMENT COSTS
Excluded i e bzl ﬂ OPERATIONAL COSTS

%‘*

of data.

CO2

RENOVATIONSTRATEGIES

Yy ¥ ¥

-

One Click LCA Cne -
Manual calculation CIickL\CA,

a3

EMBODIED CARBON
OPERATIONAL CARBON

Heating demand

DHW

Embodied carbon

Operational carbon

Energy saving

Recurrent embod-
ied carbon

x| X

Costs

Recurrent costs

Building life cycle

XXX [X

Energy generation
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Assessment period

Taking into account a buildings life cycle

Carbon
Building Renovation neutral Building
construction intervention building demolition
v v
1966 : H 2095
Building year v v End of life

1960 . _. . Remaining service life ) . 2100

2030 2050

Time line

RENOVATIONSTRATEGIES
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Performance of renovations
strategies

PERFORMANCE SINGLE GO



The reference number for the level of insulation are (also presented in table 9):

1 minimum insulation;

11 minimum insulation in case of a heat pump;
2 moderate insulation;

3 high insulation;

Current state absence of insulation measures

The reference for the ventilation systems are:

A system A natural ventilation;

C system C, mechanical exhaust and natural supply;
D system D mechanical with heat recovery.

The reference for the energy systems are:
EB electric boiler;

HP  heat pump;

GB gas boiler.

The reference for the different insulation materials are:
H Hard insulation, EPS;

S Soft insulation, glass wool;

o) Organic insulation, cellulose.

Reference code:



Emissions




« Operational carbon factor (electricity and
gas) influences the results the most.

Annual operational carbon emissions

Deep renovation strategies

Current stateGB IEEVZS VAN
0,1R-A-GB-S IEVALXEEE
0,1R-A-GB-H VALK
0,1R-A-GB-O IWVALKEEEE

Current stateGB
Current stateEB .
2-D-GB-S N 030
2-D-GB-H I 930 Annual operatignalfca[\bor; ° Relatlon between energy SyStem and
20-G-0 IE— 30 oy pUmp Strategies operational carbon emissions
3-C-GB-H I 919 93% 2
3-C-GB-O N 919 920/" 2%
TAGES E— 64 o 2% W 92% * Measure (DEEP) that leads to a low
-A- - o [v) . H
N ———— o o HR O operational carbon performance is
3-D-GB-S N 809 89% 90%
3D-GB-H NN 509 o * aheat pump
3-D-GB-O NN 809 ° Insulation Insulation Insulation
3-A-EB-S I 541 level 1.1 level 2 level 3
3-A-EB-H I 541
SAEBO NN 541 * Measure (Shallow) that leads to a low
3-D-EB-S M 506 . . .
3-D-EB-H NN 506 operational carbon performance is cavity
3-D-EB-O |NEEEE 506 . .
1.1-C-HP-S [ 241 insulation
1.1-C-HP-H I 241 Annual operational carbon
1.1-C-HP-O I 241 ElerT§SIt())n'? sa\{ln for
11-A-HP-S [ 227 ) ectric boiler strategies . . i
11AHPH I 227 80% . * Due to a reduction in energy consumption
1.1-A-HP-O I 227 79% 1%
1.1-D-HP-S I 213 .
1.1-D-HP-H N 213 79%
1.1-D-HP-O N 213 78%
2-C-HP-S Ml 213 78%
2-C-HP-H [ 213 78%
2-C-HP-O W 213 77%
2_’:::2_’3 = ggg 3-A 3-D Annual operational carbon
2-A-HP-O 1 200 emissions
2-D-HP-S WM 188
2-D-HP-H I 188
2-D-HP-O I 188
3-C-HP-S WMl 186
g_g:gg = 122 Annual operational carbon

emissions saving for Gas
3-A-HP-S 1M 175 . boiler stratggies 0,1W-A-GB-S EEEWA- .
3-A-HP-H Il 175 67% 67% 0,1W-A-GB-O VALY
3—A—HP—(; = 175 66% 0,1W-A-GB-H VALY I
3-D-HP- 165 65%
3-D-HP-H W 165 64% 64% 0,1C-A-GB-S EEFIKKEEE

3-D-HP-O Il 165 63%
0 500 1000 1500 2000 2500 3000 2% ~ 62%

C02 GWP (kg CO2e) 61% — 62%
60% 0 2000 4000

2D&3-C 3-A 3-D
Emissions GWP (kgCO2e)

0,1C-A-GB-H KK
0,1C-A-GB-O EEFIKFIEE
Current stateEB  IEEKS-IE

Shallow renovation strategies



Emissions

Embodied performance

Deep renovation strategies

Deep renovation strategies

Current stateEBfEEyAN5949mmm

Total Embodied carbon emissions life cycle

3-A-HP-S 11102 -~

3-C-HP-S
3-D-HP-S
3-A-HP-H
3-C-HP-H
2-A-HP-S
Rl o500 —
2-C-HP-$
2-G-HP-H
3-D-HP-H oS R 0 S 271 G S
1.1-A-HP-S
2-D-HP-S
-D-HP-H

Jo0OX>0
I

D oD
T
I .
S
.o
-

2
1.1
1.1
1.1-C-
1.1
1.1

3

2-A-HP-O
3-C-HP-O
1.1-A-HP-O
2-C-HP-O
1.1-C-HP-O
3-D-HP-O
2-D-HP-O

1.1-D-HP-O 6032 y v

N

3-D-EB-S
3-A-EB-S
3-D-EB-H
3-A-EB-H

3-D-GB-S

3-C-GB-S

3-A-GB-S

3-D-EB-O

3-D-GB-H

3-C-GB-H Varies
2-D-GB-S
2-D-GB-H
3-A-EB-O
3-A-GB-H

3-D-GB-O
2-D-GB-O
3-C-GB-O

3-A-GB-O v

Current stateGBgEFI

0 5000 10000 15000 20000 25000 30000 35000
GWP (kg CO2e)

u Initial Embodied carbon (kg CO2e) m Recurrent Embodied carbon (kg CO2e)

Heat
pump

40000

+ Embodied carbon is mainly
determined by the recurrent
embodied carbon (in a building life
span of 65 years).

» Services are responsible for the
majority of emissions, due to their
short life span (15 years)

* Measure (deep) that leads to
highest emissions is a heat pump

* Measure (shallow) that leads
to highest emissions is window
replacement

Shallow renovation strategies

Embodied carbon emissions over the life cycle

Current stateEB  IEERYARINn 504 9mmmmmnn
0,TW-A-GB-S EEVAEEEN 27420
0,1W-A-GB-O EEFAEEEN 2720
0,1W-A-GB-H EEF&REET 2749200
0,1R-A-GB-S Ely#Amm2065mm
0,1R-A-GB-H ENoam1996mm
0,1C-A-GB-H [GEEN613mm
0,1C-A-GB-S [Glm16030n
0,1R-A-GB-O EXI 14321
0,1C-A-GB-O krZm368!

Current stateGB  ¢k%325

0 2000 4000 6000 8000
GWP (kgCO2e)
m |nitial Embodied carbon (kg CO2e) m Recurrent Embodied carbon (kg CO2e)

Window
replacement

Shallow renovation strategies

PERFORMANCE SINGLE GO
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Emissions

Total carbon emissions life cycle (LCA)

Current stateGB I oA

O e e ————2 220
3-C-GB-S | 7
2-D-GB-S /% KT
3-C-GB-H 2 VT
2-D-GB-H L VYA
3-A-GB-S R
3-D-GB-S YR
2-D-GB-O VAT
3-A-GB-H YA
3-C-GB-O I T
3-D-GB-H P
3-A-GB-O T
3-D-GB-O T
3-A-EB-S Y
3-D-EB-S ENETYIVAN
3-A-EB-H TR
3-D-EB-H TR

@ 3-C-HP-S YV

S 3-D-HP-S T

£ 3AEBO TR

£ 3-D-EB-O NEEEETIIKEE

@ 3-A-HP-S I
§ 2-C-HP-S IEEEEETRIEEE
% 1.1-C-HP-S TR T
3 2-C-HPH
€ 1.1-C-HP-H T
2 3-C-HP-H VRIS
§ 2D-HP-S YR
& 1.1-D-HP-S ERETEE
2-D-HP-H RYZIE
1.1-D-HP-H RYTYE
3-D-HP-H XYY
2-A-HP-S RN
1.1-A-HP-S VTV
2-A-HP-H YT
1.1-A-HP-H  YEIVEE
1.1-C-HP-O  IENEEVEIVEE
3-A-HP-H VIV
1.1-D-HP-O NIV
2-C-HP-O EEEIZY7EE
1.1-A-HP-O  IEEERTTTAI
2-D-HP-O IEENEEKERFI
3-C-HP-O IV
2-A-HP-O  IEEEERTIII
3-D-HP-O IENEERYYIIE
3-A-HP-O IEERYAT I

20000 40000 60000 80000 100000 120000 140000 160000 180000
GWP (kg CO2e)

o

H Total Operational carbon (kg CO2e)2 m Total Embodied carbon (kg CO2e)

Operational carbon acts as a representative
for total emissions, in shallow renovations

In deep renovations, the importance to assess
the embodied carbon grows. Especially
strategies that consider a heat pump show
high embodied emissions.

The embodied emissions can be influences
by increasing the service life of services
or reducing the emissions related to the

production

Total carbon emissions life cycle (LCA)

Current stateGB LY N 1656
0,1W-A-GB-S I KLV 4430
0,1W-A-GB-O I KIeL0 (I 4430
0,TW-A-GB-H i 4430
0,1R-A-GB-S Kl 3137
0,1R-A-GB-H I cieleli I 29098
0,1R-A-GB-O Kl 1871
0,1C-A-GB-H IRy 2231
0,1C-A-GB-S NIEEEEKVAVCEEEE 2212
0,1C-A-GB-O NEEEEEKVIrEEEEE 1742

Current stateEB ISRy I 7436

0 100000 200000
GWP (kgCO2e)

m Total Operational carbon (kg CO2e)
Total Embodied carbon (kg CO2e)

Shallow renovation strategies




Energy
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Annual operational energy use

3-D-HP-S mm 1754 88%
3-D-HP-H mm 1754 88%
3-D-HP-O mm 1754 88%
3-A-HP-S mm 1865 87%
3-A-HP-H mm 1865 87%
3-A-HP-O mm 1865 87%
3-C-HP-S mm 1977 87%
3-C-HP-H mm 1977 87%
3-C-HP-O mm 1977 87%
2-D-HP-S mmm 2000 86%
2-D-HP-H mmm 2000 86%
2-D-HP-O mmm 2000 86%
2-A-HP-S mmm 2131 859
2-A-HP-H mmm 2131 85%
2-A-HP-O mmm 2131 859,
2-C-HP-S mmm 2263 85%

@ 2-C-HP-H mmm 2263 85%

5 2-C-HP-O mmm 2263 85%

8 1.1-D-HP-S mmm 2268 85%

£  1.1-D-HP-H mmm 2268 85%

7] 1.1-D-HP-O mmm 2268 85%

5 1.1-A-HP-S mmm 2417 84%

= 1.1-A-HP-H mmm 2417 84%

S  11-A-HP-O mmm 2417 84%

2  11-C-HP-S mmm 2564 83%

o 1.1-C-HP-H mmm 2564 83%

o  1.1-C-HP-O mmm 2564 83%

bt 3-D-GB-S e 5060 66%

(a] 3-D-GB-H mmmmm 5060 66%
3-D-GB-O mmmmmm 5060 66%
3-D-EB-S memmmmm 5386 63%
3-D-EB-H = 5386 63%
3-D-EB-O mssmm 5386 63%
3-A-GB-S = 5403 63%
3-A-GB-H mmm 5403 63%
3-A-GB-O mmmmmmm 5403 63%
3-C-GB-S mmmmmmm 5748 61%
3-C-GB-H mmm 5748 61%
3-C-GB-O mmmmmm 5748 61%
3-A-EB-S mmmmm 5753 61%
3-A-EB-H e 5753 61%
3-A-EB-O mmmm 5753 61%
2-D-GB-S = 5821 60%
2-D-GB-H s 5821 60%
2-D-GB-O mssmm 5821 60%

Current stateEB maaeeeass———— 16130 0%
Current stateGB nnaeessssssssssssm 15120 0%

10000

o

Energy use (kWh)

20000

Annual operational energy
saving categorized by

measures
90%
85%
o]
£ 80%
>
©
(7]
5 75%
(]
[ =
W 70%
65%
60% —_—
3-GB
&3- 2-D-
HP ' AD- GB
EB
s‘r’n"i':g 83% 61%  60%

s;‘g;‘g 88% 66% 60%

...% Energy saving (%)

Shallow renovation strategies

...% Energy saving (%)

Deep strategies considering a heat pump

result in the highest (83%-88%) energy saving.

A shallow renovation is achieved by executing

a single measure or two measures, From
all measures cavity insulation results in the

Annual operational energy use

Current stateEB I 16130 0%
Current stateGB  nmm———— 15120 0%
0,1R-A-GB-S M 13472 8%

0,1R-A-GB-H NN 13472 8%
0,1R-A-GB-O NN 13472 8%
0,1W-A-GB-S I 13457 8%
0,1W-A-GB-O I 13457 8%
0,1W-A-GB-H NI 13457 8%

0,1C-A-GB-S mmmmm———— 12720 13%
0,1C-A-GB-H nm———— 12720 13%
0,1C-A-GB-O mmmmm—— 12720 13%

o

10000 20000
Energy use (kWh)

highest energy reduction (13% energy saving)

Annual operational energy

saving categorized by measures
14%
13%
12%
11%
10%

9%
8% -
CavityWindo Roof

ins. wrep. ins.

saving min 13% 8% 8%

saving max 13% 8% 8%



Costs
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Deep renovation strategies

W o
=)= 0 o
SIS =k B fnlnlin
N i 53 SRR
OB ORORSE B B ESRSEN
= :“80}_\@@ 5=
= Ko X o3
S &

3-A-EB-S
3-A-EB-H
3-A-EB-O
3-D-EB-S
3-D-EB-H
3-D-EB-O
1.1-C-HP-S
1.1-C-HP-H
1.1-D-HP-S
1.1-D-HP-H
1.1-C-HP-O
1.1-D-HP-O
2-C-HP-S
2-D-HP-S
2-C-HP-H
2-D-HP-H
2-C-HP-O
2-D-HP-O
3-D-HP-S
3-C-HP-S
3-D-HP-H
1.1-A-HP-S
3-C-HP-H
1.1-A-HP-H
3-D-HP-O
1.1-A-HP-O
3-C-HP-O
2-A-HP-S
2-A-HP-H
2-A-HP-O
3-A-HP-S
2-D-GB-S
3-A-HP-H
2-D-GB-H
3-C-GB-S
2-D-GB-O
3-A-HP-O
3-C-GB-H
3-C-GB-O
3-D-GB-S
3-D-GB-H
3-D-GB-O
3-A-GB-S
3-A-GB-H
3-A-GB-O

Life cycle costs (LCC)

€ 121.864
€ 121.426
€ 121.319

€ 120.181

€ 109.917
€ 109.381
€ 109.077
€ 108.825

€ 107.732
€ 107.687
€ 107.196

€ 101.026
€ 98.554

4

| 4

€ 94.346
€ 92.416
€ 91.576
€ 90.231
€ 88.342
€ 87.502
€ 86.157 A

€ 50.000 € 100.000
Costs (€)
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boiler

€ 211.004
€ 210.163
€ 208.819
€ 208.135
€ 207.294
€ 205.950

Electrig
boiler

Heat
pump

m [nvestment costs (Euro's)

= Recurrent costs (Euro's)

m Operational costs life cycle
(Euro's)

€ 150.000 €200.000

* LCC is mainly influenced by operational costs
« Which is higher for energy systems that use
electricity, and highest for strategies that
consider an electric boiler.
 cavity insulation results in lowest LCC due to a
high energy saving.

Life cycle costs (LCC)
0,1W-A-GB-S I i — < VA I Window
0,1W-A-GB-O

30,1W-A-GB-H

‘5 0,1R-A-GB-S

9 0,1R-A-GB-H

£0,1R-A-GB-O

“ 0,1C-A-GB-S
0,1C-A-GB-H
0,1C-A-GB-O

. €1/3.126 ]
. €1/3126 ]
.. €£16/.0/8]

Roof

replacament

e €166.891 |
e € 166590 ]
- I

insulation

Cavity
insulation

. _________________________£15/353
e €15/.240 ]

€ 150.000

Shallow renovation

€ 100.000 €200.000

Costs (€)

€- €50.000

m Investment costs (Euro's)
m Recurrent costs (Euro's)
m Operational costs total life cycle (Euro's)




Holistic performance

Emissions Costs Energy

PERFORMANCE SINGLE GO



Holistic performance

LCA (kg CO2e)

75000

70000

65000

60000

55000

50000

45000

40000

35000

Total costs over Total carbon emissions

o®

€ 80.000

o 3
1
..‘:

€ 130.000 € 180.000
LCC (Euro's)

LI

€ 230.000




Strategies that result in low carbon emissions and low

costs, al contained a heat pump.

High emissions and low costs relate to gas boilers.

High costs and moderate carbon emissions related to
electric boilers, costs is influenced by the energy price.

LCA (kg CO2e)

Total costs over Total carbon emissions

76000

74000

72000

70000

68000

66000

64000

62000

60000

58000
€80.000

® 3-C-GB-S

d 2-D-GB-S
2-D-GB-H

o o
3-C-GB-H

® 3-A-GB-S
¢ 3-D-GB-S

‘ 3-A-GB-H ¢ 2-D-GB-O

3-C-GB-O
® 3-D-GB-H

® 3-A-GB-O
® 3-D-GB-O

€ 95.000
LCC (Euro's)

€85.000 €90.000

€100.000 €105.000 € 110.000

LCC (Euro's)

Total costs over Total carbon emissions
55000 3-A-EB-S @
54500 3-D-EB-S ®
— 54000
&
o 53500
O 53000
£ 52500
g 52000
-1 51500 3-A-EB-H @
51000 3-D-EB-H @
50500
50000
€ 180.000 € 200.000 € 220.000
LCC (Euro's)
Total costs over Total carbon emissions
49000
3-C-HP-S e
47000
3-D-HP-S ®
2-C-HP-S e 1.1-C-HP-S)
45000 -C-HP-H @ -C-HP-
= scupy 2CHPH 1.1-C-HP-He
N -D-| -
9 5 s SPH::.S’ 1.1-D-HP-S o
o 2-A-HP-S 3-D-HP-H ® 1.1-D-HP-H ®
= 43000 L4 1.1-A-HP-S ®
< 4 _A-HP-
S 2AHPH  1IAHPH @ 1.1-C-HP-O ®
41000 _D-HP-
9.C-HP-O ® 1.1-D-HP-O ®
1.1-A-HP-O @
2-D-HP-O ®
39000 3-C-HP-O @
°
2-A-HP-O 3-D-HP-O @
37000
€ 100.000 € 105.000 € 110.000 € 115.000 € 120.000




+ Similar roof angle

Generation potential dependent on:
» Surface area

» orientation

+ PViype

Concept 1 can compensate for strate-
gies that consider:

* heat pump

* high insulation, D or A ventilation

Concept 2 and 3 can compensate for
strategies that consider:
* heat pump

East

Concept 1

Concept 3

West

South

East

Concept 2

West



But what happens to the
life cycle performance if
renovation is performed in
steps?

I STEPPED RENOVATIONS

48



Renovation scenarios

The deployment of renovation is influenced by
3 factors:

Renovation level Renovation execution Trigger points

Resulting in various possible renovation scenarios

“Renovation scenarios refer to alternative situations to evaluate
their potential to meet renovation objectives”

Where situations refer to the deployment of renovation

I STEPPED RENOVATIONS

49



Stepped renovation

Trigger points

budget influences when
renovation will take place

Renovation levels

Shallow renovation 3-30%
Moderate renovation 30%-60%
Deep renovation >60%

@ Renovation execution
€

Single step

€ Multiple steps €

Multiple steps

(®
(@
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1. Determine the
remaining life span of the
building

2. Predict when
renovation interventions
occure

STEPPED RENOVATIONS

Life cycle planning

Building
construction

IFl

v

Carbon
Renovation neutral Building
intervention building demolition

1966 : : 2095
Building year v v End of life
1960 . . . Remaining service life > . 2100

Trigger points

Change of tenancy

House transactions

Lifetime of infrastructure
Lifetime of heating appliances

(Kruit et al., 2020)

2030 2050

Time line

Year

2038 Trigger points for
2030 the majority of resi-
2015 dential buildings in
2033 Europe
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Assessed
strategies

1.1-A-HP-O
3-D-HP-0O

3-D-EB-H

I STEPPED RENOVATIONS

Stepped renovation assessment

Life cycle prediction, houses EU

2038
Change of tenancy
2033 (Kruit et al., 2020)
2030 Lifetime of
House heating

Building

" transacti- appliances
construction ons (Kruit et al.,
(Kruit et al., | 2020)

7l

Assessment period

Building
demolition

v
® ® e e
1966 2025 2030 : i 2040
Building year . ;
Triéger Trigiger Trigger
point 1 point 2 point 3
Step 1 Step 2 Step 3
Scenario 1 - concept 1 Insulating Energy
‘ system
Scenario 2- concept 2 Insulating Energy
i system
Scenario 3- concept 3  Insulating ~ Energy
system *+Energy

generation

!

Assessed
scenarios

Climate target End of life
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Time

Renovation single go

STEPPED RENOVATIONS

Lineair
growth

Steps in relation to performance

Energy
use
Carbon
emissions

Lineair
growth

Energy
use
Carbon
emissions

Time

Lineair
growth

Energy
use
Carbon
emissions
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How can design contribute
to decision making In
renovation?




Decision making In renovation

Decision-making in renovation can be
supported by:

Providing insight in the performance of
renovation strategies

Main criteria in decision-making?

CO2
A
— &~
Energy Costs Carbon
performance performance performance
Decision Decision Climate target
makers makers
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Decision makers and decision making process

Who benefits from support in decision-making?

Multiple decision makers

Single decision maker

Phase 2
Concept
strategy

design

Phase 1
Definition of
refurbish-
ment scope

L)

Need for a decision support tool

Decision makers with large portfolios

in particular need support in long
term decision-making.

Phase 5
Refurbished
building

Phase 4
Execution
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What is needed?

There is a need for
decision support tools,
that provide insight in the

performance of a
renovation on energy use,
carbon emissions and
costs.




Design principles

Support tools for
decision making
should not be
time consuming.

Tools that consider long-
term strategies, for partial Decision makers with a large
refurbishment. To support building portfolio
long term financial planning
in renovation.
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Uncertainty in tool

DATA

Representative
outcomes

Data on carbon
emissions and
costs fluctuates

A simplefied
assessment does
not represent the
real performance
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TOOL Setup

R results

O overview
S simulation
D data

intro [NV IS R-1STEP [IR%ZSTEPN| S-recurrent cost || O-strategies | O-Sistep || O-Distep | D-dhw | D-costs | D-pv

Input and uncertainties > case specific data required from decision maker
Performance assessment results overview
Recurrent costs, overview costs over time for budget planning
Overview of the strategies

Data, overview of the data



« Simple interface,
minimum input

General data "Renovation case

Getting started. This sheets service to add specific context data. It is organized by the categories general input data for

LIFE CYCLE PLANNING

g
f' Id tap water use, energy generation, life cycle data, single step and stepped renovation . The input data is used to calculate _g - -
Ie S the long term effects of different renovation scenarios. 2 - bt
Fill in all these fields ] s £
t [
: General input data ] £ B
.
Optlon for one Dom. hot tap water|Definition
Step or Steps re- Household size|4
. Showerhead (8
novation S cRiRS 363000222l Q SIS0 boORERD®S o
Energy generation|PV set 1 PV set 2 PV set 3 222222222238 88°8. SAIIIIIIISIIRIRIRR
PV panels 1 (amount)[12 6 12 B T T T - T e . -
PV panels 2 (amount)| 12 6 0 ‘L‘L“-.'-_'_"L,L“-_'_';‘L.‘-,‘-;ciﬁ'—;,‘-.'-;_';;“-.'-;;;,‘-.'-vﬁ
° H - Orientation 1|west |west south e s
Graphlcal repre Orientation 2[east east ort E -g 3
H Type|Monocrystalline Monocrystalline Monocrystalline o T
sentation of the nnual energy prod. (in KWh)[6177,6 3088,8 3960 5 &
. Life cycle data
input values o ol
ST L i End of service life
Planned year for renovation [2030 Renovatlon
Service life [129 .
End of service life building[2095 scenarios ; K
Resting service life in years|65 o..
1 STEP approach .
Renovation measures |Concept 1 Concept 2 Concept 3
Insulation level[Level 1Glass wool Level 2EPS Level 3EPS ]
Ventilation [Ventilation System D Ventilation System D Ventilation SystemD___|
Heating appliances[Heating source Gas boiler |Heating source Electric bdHeating source Gas boiler
Energy generation [Pv set1iMonocrystalline Pv set 2Monocrystalline [Pv set 3Monocrystalline
STEPS approach
First trigger point [2030__ |
Second trigger point [2033]
Third trigger point[2038
3 steps DEEP |Renovation interventions
Concept 1|Energy saving Energy production
Trigger point 1[Level 3Cellulose on 2038
Trigger point 2|Heating source Electric boil{Non —
Trigger point 3|Ventilation System D Non Concept 1 Ventilation System D
Concept 2 Heating source Electric boile
Concept 2 e
Trigger point 1[Level 3Cellulose on Concept3 _ Ventilation System D
Trigger point 2[Ventilation System D on
Trigger point 3|Heating source Electric boil{Non ——
Concept 3 2033 —
Trigger point 1[Level 3Cellulose Non Concept 1 Heating source Electric boiler l D
Trigger point 2[Heating source Electric boil{Non Concept 2 Ventilation System D \
Trigger point 3|Ventilation System D |Pv set 3Monocrystalline Concept 3 Heating source Electric boiler Planned year
for
2030
oncept 1 Level 3Cellulose
Concept2 Level 3Cellulose
Concept 3 Level 3Cellulose

Life cycle path by input values
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TOOL Design

* Results are signi-
ficantly influences
by data on carbon
emissions and
costs. And are

Getting started. This sheet offers the possibility to reduce uncertainties related to the data used in the tool. It is organized
by the categorize general input data for the renovation, the building, and the objectives of the renovation. Then the
selection of renovation scenario follows and at last the life cycle data is used to calculate the long term effects of different
renovation scenarios.

case specific.

Fill in all these fields

+ factors that in- Change th_e o.peratlonal General input data |Definition
fluence costs and carbon emissions for elec- CO2 emission factors
. . P Electricity 0,094
em|ss|onsl the tI’ICIty and natural gas Natural gas e 0,16|
most are included # Costs materials and services Investment (€EReplacement (€)
in the tab Heat pump system (air-water) 12236 |1 4460
) Gas boiler (HR ketel) 2380 |1 1779
i elec boiler 5852 1 4400
* Uncertainty tab Ventilation system D 5453 |1 1300
> reduces uncer- Ventilation system C 3043 |1 577
. . Solar panels - monocristaline 248 m2
talnty In data Solar panels - Polycrystalline 190 m2
* Allows use of Glass wool 91 m2 9100 |m3
case specific data EPS 91 m2 4136 |m3
« Or updated data Cellulose 63 m3 63 m3
Glass wool (cavity) 12 m2 200 m3
EPS (cavity) 23 m2 460 m3
Cellulose (cavity) 63 m3 63 m3
Double glazed windows (HR++) 168 m2
Triple glazed windows (HR+++) 207 m2
Change the carbon emis-
sions for services C02 emissign: of measures|GWP (kg CO2e)
- Heat pump system 4381
2 - Gas boiler 331
2 - elec boiler 1487
2 - Ventilation system D 620
2 - Ventilation system C 479
Monocrystalline 259
Polycrystalline 197
Double glazed windows (HR++) 1387
Triple glazed windows (HR+++) 1405
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TOOL Design

Renovation executed in multiple steps
Data obtained from
= strategies and spread
b 3 e v S
Obtained measures from input sheet o e i
Vaar 00 s 048 s [ERE——
Endurance 3 0 e s O Gwwt  omanz ey
Concept 1 v e ppiim s Vemisi Sy pree——r—— s ¢ s 200 1507 e s’
e et on o i 2053 s’ g 2u5”
Comep2 tovtzceine frermereery [re——— Toneepz s 2048 1965597 N o
s et €20 o B 60 B
Concept3 Lot e pump Coore Nt sy com [r———
P st Mooyl Now Non Coneents o e se s o Gmwt ot G
w003 e s a0 2077 B w7 N
. . € s cnm, 203 Sr” B 8 aNm
utomatically 1inds correspon- T
. e
dlng data = s s e oo
o T T [—
ConceptT 8 _mw om ETr ts O Goowt oz oy
o awoe e E isos e ez e 995
o 2053 € sese  sane s
T ——— T I 2048 € nmee nmee s
i 25
B p——
Toeeps Ve 3 I3 I RS O Goow?  omenz oy
o 200 0 s m 3162
enerates a repo : e —(—
2048 LT ) saens
E: 0 o owe awl
[ ——
Carbon o s Gl w1 o
Caton cnitsionsfcto o o concept 01 e amee ses e 2
Carbon emissons fcor fund for concent 0, 205 € sone  sise o
Cahon cmisions o o o oncet 01 2048 € naee pase s
R t th d t H I Wse e e wome s e 200
epresents tne aata In values e
O 84" IND seni0” B
. 0 s mmi
and graphs e —
Operational energy use Carbon emissions Investment Costs
i 1 £ oo g o
lakes into account time !
5 s 100000 e
13 Concet3 o Conceps z
& Concep? . Concept2 £ o
o Coneept | 0 Concept 1 2 esom
Wy Cament st T P 3 oam o
e teary ™ 25 T et g0 o
0 03 snes w5 . . o —
mCumenste 15120 oo 1659 Geamod e e = o o
= Conori 2 w7 w6 o - = = T
Concets o
Operational energy use Carbon emissions Investment Costs
1200000 000 enom
o0 e ot
100000 Cuen s - TSt et B
fin 3 1o
- g el R
£ o 3 oo s
A & % como
B so00 [
aononn awmn g exo -
o o208 o v
200000 Comepe2; s
e 2000 |
o - om0 0 —_— w0
030 209 208 s 200 n 200 s i | |
Time ) e ) . -
Total cost cur Total cost concept 1 Energy generation Energy demand and ge
cam z e encey —_—
eso0 S0
o oo o0 o000 om0 0 sooom0
Zoono 8
e o S Opertionl cnrey Gensaed oy
H Fa Concen 3 22
e H A = Concet 2 BT 15724
= = Cuent e Rz o
Erp— G
Tine (e Tine ears) = Concep 1 Carbon offset i
Total cost coneept 2 Total cost coneept 3 Catonoti — ||| e
o 12000000 000000 1000000 0 || o,
P nergy generation Corbonoffiet D
e £ com 00000 ey g — Conspt3 Ry
o e s iy =Concep 2 £ i
) § oo £ 00000 aConcp 1
b l < oo ) Basoma Cguns @ Curtent s 0w
e e E 20000 N
H i
o m we - . Carbon offset
e e £ toooo
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i 0 0 « 0 0 o
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e e = Conct 3
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Report generated by TOOL




Recurrent costs

* Automatically finds correspon-
ding data

* Generates a report

* Represents the data in values
and graphs

* Takes into account time

|Year T1 |Year T2 |Year T3
2030 € 7.030 2033 € 17.600 2038 € 13.380
2080 € 7.030 2048 € 17.600 2053 € 13.380
0 € - 2063 € 17.600 2068 € 13.380
0 € - 2078 € 17.600 2083 € 13.380
0 € - 2093 € 17.600 0 € -
0 € - 0 € - 0 € -
0 € - 0 € - 0 € -
0 € - 0 € - 0 € -
0 € - 0 € - 0 € -

Trigger point 1

B Toename B Afname M Totaal

€15.000 CERi0 €~ € € € €~ € €
€ 10.000
€7.03
€ 5.000
€-
2030 2080 0 0 0 0 0 0 0
Trigger point 2
B Toename M Afname M Totaal
€100.000 €17600€- €- €- €-
€ 80.000 € 17.60“
€60.000 e17.600l

ea0000  €17.600ll
€ 20.000 €1-7-6

€

€ 60.000
€50.000
€ 40.000
€ 30.000
€ 20.000
€ 10.000

€-

2033 2048 2063 2078 2093 O 0 0 0
Trigger point 3

B Toename M Afname M Totaal

€ 13.38
€13.38
€13.3

€ﬁ80&LLLL

2038 2053 2068 2083 0 0 0 0 0
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Design limitations

* Ventilation not assessed as a single step
e Insulation measures are combined in one step
 Doesn’t use dynamic data, for example for the

operational carbon or costs

* Not all carbon emissions are included, only assesses
the insulation, and units for services

e Does not take into account the current state
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Alternative

Matching strategies found for each trigger point

Annual Annu Embo Total Rep
Operati al died  Carbon Cost lace
Renovati onal Oper carbon emissio Ener estimatio men
on energy ation (CO2e nsper gy n t Ser
strategy use al kg/yea year (kg savin Investmen fact vice Replacem
reference (kWh) carb r) CO2ely g (%) t(euro's) or life ent cost

Change the performance
of the current state here!

Concept1 3 Levell (He o  #N/B #N/B #N/B ~ #N/B #N/B € 5615 1 55 € 5615
10 Ventation ¢ G P T an B anB T aNB HNB € 3043 2 25 € Lis4
52 Heatingsou o 2564 241 378 619 83% € 12236 3 15 € 13.380
Concept2 3 Level2Celi2-A-GB-O 6225 995 65 1060 58% € 5692 1 50 € 5692
10 Ventilation {2-D-GB-O 5821 930 90 1020 60% € 5453 2 25 € 2.600
52 Heatingsou2-D-HP-O 2000 188 360 548 86% € 12.236 3 15 € 13380
I.T-A-GB-7 L4 v v L4
Concept3 3 Levell (He #N/B #N/B #N/B  #N/B #N/B € 5046 1 50 € 5046
10 Ventiation ¢S v B TenB T aNB B € 3043 2 25 € Lis4
g 1.1-C-EB-7 v 4 4 L4 I
52 Heatingsou ~ #N/B HN/B #N/B -~ #N/B #N/B € 5852 3 15 € 13.200,
Investm
ent
Energy Carbon Costs Servi Replac Replace
generation emissions PV ce ement ment
PV PANELS (Kwh) PV panels life factor cost
Concept 1 5544 10258 9821 20 3 29462
0 0 0 0 0 0
0 0 0 0 0 0
Concept 2 2772 5129 4910 20 3 14731
0 0 0 0 0 0
0 0 0 0 0 0
Concept 3 3762 5120 4910 20 3 14731
0 0 0 0 0 0
0 0 0 0 0 0




Conclusion

How can renovation strategies support decision-making, in reducing

the total carbon emissions over a buildings life cycle, in the

Total carbon emissions

Total carbon emissions can be reduced
by reducing energy consumption first.
Or generating energy.

The second step is to reduce the embo-

died carbon. Especially in building that

already perform well in terms of energy
consumption.

The embodied carbon is reduced by

using services with a high service life or
with low carbon emissions.

I CONCLUSION

Netherlands?

Life cycle planning

Furthermore, the selection of renovation
measures is dependent on budget for
renovation and influences total carbon

emissions.

Therefore the life cycle of a building
should be planned.

This can be done by determining when
budget for renovation is high, trigger
points.

Support tool

Decision makers can be supported by
making the performance of renovation
strategies on multiple criteria accessible

By using a simplified assessment me-
thod of renovation strategies

That provides insight in total carbon
emissions and takes into account life
cycle planning.

Due to data uncertainty, the method
should provide flexibility to adapt to new
data, without losing its simplicity.
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So ...

What does it mean for
decision-makers




Small investments go a long way...

Is there a chance to renovate do it,

it will save emissions in the end,
compared to waiting




Should | wait to invest in future energy systems, that provide higher energy saving?

It’s an option, but the longer renovation
is avoided, the harder it becomes to
compensate for emissions now




How can | gain insight in the carbon emissions of strategies?

By first planning the life cycle
of a building, to determine
the budget for renovation

and possible renovation
measures

Then selecting measures
on their energy saving, and
last choosing products with

long life spans or low carbon
emissions.
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