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Decision Support

for

[L.T-Renovations

Development of a decision support
framework & tool to enable low-
temperature heating in multi-family

buildings
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Introduction

Total final energy consumption

CBS Energiebalans: aanbod en verbruik, sector (2022) N atu ra I g as co ns u m ptio n s pl it by use
% (de Boer, 2022)

i "
19%

Energy consumption of an average dwelling by type
(de Boer, 2022)

= Industry

2%

= Dwellings

46%
= Services

= Domestic Transport

Agri- and horticulture

= Space heating
= Domestic hot water
= Cooking

18%

= Electricity
= Natural gas
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Introduction - LTH

High Temperature 75-90 °C .
Heating supply temperature

Medium Temperature 55-75 °C
of energy sources

Low Temperature 30-55 °C

100
Ultra Low Temperature <30 °C

80

60

40

Temperature °C -->

20

Natural gas Deep geothermal Heat pumps Shallow LTDH Aguathermal
geothermal
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Problem Statement

MULTIPLE SCENARIOS CONFLICTING INTERESTS UNCLEAR DECISION-MAKING

PROCESS

It is unclear how to select a renovation concept that enables low-temperature
heating due to the varying effects of the renovation scenarios, multiple
stakeholders with conflicting interests and the absence of a clear decision-
making process.
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“How can the decision-making process
of selecting an energy renovation concept be supported
that aims to make existing residential buildings compatible with
low-temperature heating? ”
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Stationary Heat Balance

1) Qdemand = Qtrans + Qinf + Qvent - Qint - qun %

Pl nS
0) \QJx

‘\ Sk
21 Quapaci o =kAB -
pacity radiator m
SN s
k = heat transfer coef ficient [mVl/K] &;‘\{ l <’:/\I \
A = surface area [m?] - X ’_">
0., = mean temperature difference between the heat emitting surfaces and the ambient air [K] @,\(\b ( ﬁ.
K}sw QQ §
2.2) 0. = Tsupply — Treturn J §
" ln((Tsupply - indoor)/(Treturn_ indoor)) <y \Q\
)
N \
Tt B ok e Mot S Rois)
3) Qcapacity radiator = Qdemand _ _ _
Winter situation
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LT-Ready

1) Qdemand = Qtrans + Qinf + Qvent — Qint

2.1) Qcapacity radiator = kA Om

w
]

k = heat transfer coef ficient
f ff [mz X

A = surface area [m?]
0,, = mean temperature difference between the heat
emitting surfaces and the ambient air [K]

2.2) em Tsupply — Treturn

- ln((Tsupply — Tindoor)/(Treturn_Tindoor))

©) Qcapacity radiator = Qdemand
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HTH capacity

LTH capacity

Improved LTH
capacity

Pre-renovation
heating demand

Post-renovation
heating demand
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LT-Ready

1) Qdemand = Qtrans + Qinf + Qvent — Qint » qun

2.1) Qcapacity radiator = kA Om

w
]

k = heat transfer coef ficient
f ff [mz X

A = surface area [m?]
0,, = mean temperature difference between the heat
emitting surfaces and the ambient air [K]

22) o =—  Tswpy = Trewrn
- ln((TSUPPly - Tindoor)/(Treturn_Tindoor))

©) Qcapacity radiator = Qdemand
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HTH capacity

LTH capacity

Improved LTH
capacity

Pre-renovation
heating demand

HTH capacity

LTH capacity

Improved LTH
capacity

Pre-renovation
heating demand

Post-renovation
heating demand

Post-renovation
heating demand



LT-Ready

Definition
LT supply = 30-55 °C

Jic Qcapacity_LT = Qdemand

2. Qdemand_LT < Qdemand_orignal

3. Thermal comfort;r =

%
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Thermal comfortiginal

HTH capacity LTH capacity Improved LTH Pre-renovation Post-renovation
capacity heating demand heating demand
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Renovation Measures

ROOF INSULATION

BUILDING ENVELOPE

god
ooao

oo

BUILDING INSTALLATIONS

I U D e I ft HeAT PumpP PV(T) RADIATORS VENTILATION SYSTEM 16



Renovation Scenarios

S A - ROOF, CAVITY, FLOOR, AIRTIGHTNESS

A2 - ROOF, CAVITY, AIRTIGHTNESS A3 - ROOF, CAVITY, AIRTIGHTNESS HEAT PUMP, PVT PANELS, VENTILATION D2
HR BOILER, PV PANELS HEAT Pump, PV PANELS

A4 - ROOF, CAVITY, AIRTIGHTNESS A5 - RooF, Cavi QOR, AIRTIGHTNESS A6 - WALL ExT., WINDOWS, AIRTIGHTNESS A7 - Roor, CaviTY, WINDOWS, AIRTIGHTNESS A8 - WALL EXTERIOR, AIRTIGHTNESS
HEAT PumP, PVT PANELS HEAT PUMP, PVT PANELS, VENTILATION D2 HEAT PUMP, PVT PANELS, RADIATORS HEAT PumMP, PVT PANELS, RADIATORS HeAT PumP, PVT, RADIATORS, VENTILATION D2

A9 - ROOF, CAVITY, FLOOR, VMNDOWS, AIRTIGHTNESS A10 - WALL EXT., WINDOWS, AIRTIGHTNESS A11 - ROOF, CavITY, WINDOWS, AIRTIGHTNESS A12 - WALL EXTERIOR, AIRTIGHTNESS A13-Roor, CanTy, FLOOR,

HEAT PumMP, PVT PANELS, RADIATORS HEAT PUMP, PVT, RADIATORS, VENTILATION D2 HEAT PUMP, PVT, RADIATORS, VENTILATION D2 HEAT PumP, PVT, RADIATORS HEAT PumP, PVT PANELS, VENTILATION D2
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Filter Scenarios

A - ROOF, CAVITY, FLOOR, AIRTIGHTNESS

A2 - ROOF, CAVITY, AIRTIGHTNESS HEAT PumpP, PVT PANELS, VENTILATION D2

HR BOILER, PV PANELS

A4 - ROOF, CAVITY, AIRTIGHTNESS A5 - ROOF, CAVITY, FLOOR, AIRTIGHTNESS A6 - WALL ExT., DOWS, AIRTIGHTNESS A7 - RooF, CaviTy, WINDOWS, AIRTIGHTNESS A8 - WALL EXTER OR, AIRTIGHTNESS
HEAT PumP, PVT PANELS HEAT PUMP, PVT PANELS, VENTILATION D2 HEAT PUMP, PVT PANELS, RADIATORS HEAT PumMP, PVT PANELS, RADIATORS HeAT PumP, PVT, RADIATORS, VENTILATION D2

A9 - ROOF, CAVITY, FLOOR, VMNDOWS, AIRTIGHTNESS A10 - WALL EXT., WINDOWS, AIRTIGHTNESS A11 - ROOF, CavITY, WINDOWS, AIRTIGHTNESS A12 - WA
HEAT PumMP, PVT PANELS, RADIATORS HEAT PUMP, PVT, RADIATORS, VENTILATION D2 HEAT PUMP, PVT, RADIATORS, VENTILATION D2 HEAT PUMP, PV 1, RADIATORS HEAT PumP, PVT PANELS, VENTILATION D2
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Decision-Making

What do you need to know
to make a decision?

. Problem

. Aim

1
2
3. Options
4

. Performance

%
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CRITERIA
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PERFORMANCE VALUES

20



A9-Rook Caury FLOOR VUNDOWS, ARTIGHTNESS  A10 - YUALL EXT, VAINDOWS, AIRTIGHTNESS A1 -Roor Canmy, AIRTGHTNESS A12 - WALLEXTERIOR. AIRTIGHTNESS  A13-R00F Cawiry FLOGR. Wroom,
HEAT PUMP, PUT PANELS, RADIATORS HEAT PUMP PVT, RADIWTORS, VENTLATICN D2 HEAT PUMP, AT, RADIATORS, VENTILATION D2 HEAT PUMP, PVT, RADIATORS HEAT PUMP. P/T PANELS, VENTILAON

Decision-Making

Problem = Dwelling is not LT-Ready

w3
OR, AIRTIGHTNESS

AT Cany A2 - ROOF, GAVITY. AIRTIGHTNESS A3 - ROOF, CAVITY, ARTIGHTNESS s, VENTILATION D2
HR BoOILER HR BOILER, PV PANELS HEAT PUMP, PV PANELS

A4 - RooF, CAVITY, AIRTIGHTNESS AS - RoOF, CAVITY TLOOR. AIRTIGHTNESS AB - WaLL ExT. WWINDOWS. AIRTIGHTNESS A7 - Roor, Cauy, ARTIGHTNESS
HeaT Puwp, PUT PANELS HEAT PUF. PVT PANELS. VENTILATION D2 HeaT Puwp, PT PaxeLs, RADITORS HEAT PUMP, PVT PANELS, REDIATORS.

TUDelft

AB - WAL EXTERIOR, AIRTIGHTNESS
HeAT PUNT, PVT, RAAToRS, VERTILATION D2

AL AR

r——————————— —————1

n-iv v Vvi

———————————J
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Decision Parameters — Objectives & Criteria

Sustainability Pillars Objective Criteria

—[ To improve the energy performance ]—
/ \ Energy savings

|I Environmental ——

<&

Energy demand

Global warming potential

—[ To reduce the environmental impact Renewable energy share

L

C0O2 emissions

To limit inwvestment costs ]7 Total investment costs

Rent increment

|

Operational & Mainienance costs

—[ To optimize cost-benefits ]—

Net Present Value

Payback period

— Thermal comfort

I —{ To improve indoor comfort }—

— Indoor air quality

Social —
— —{ To improve the community

TU Delft

—{ To improve the social-economic situation }7 Energy cost

Aesthetics




Decision-Making

Problem = Dwelling is not LT-Ready

L |
n
| |
: »‘iab 5
| ]
OR, AIRTIGHTNESS I
A2 - ROOF, CAVITY, AIRTIGHTNESS A3 - ROOF, CAVITY, AIRTIGHTNESS s, VENTILATION D2
HR BOILER, PV PANELS HEAT PuMP, PV PANELS
I | |

Ad - ROOF, CAVITY, AIRTIGHTNESS AS - RoOF, CAVITY TLOOR. AIRTIGHTNESS AB - WaLL Ext. W

S A 4 NDOWS. AIRTIGHTNESS. A7~ ARTIGHTNESS
HeaT Puwp, PUT PANELS HEAT PUF. PVT PANELS. VENTILATION D2 HeaT Puwp, PT PaxeLs, RADITORS

Roor, CAIY,
HEAT PUMP, PVT PANELS, REDIATORS.

A9-Rook Caury FLOOR VUNDOWS, ARTIGHTNESS  A10 - YUALL EXT, VAINDOWS, AIRTIGHTNESS
HEAT PUMP, PUT PANELS, RADIATORS HEAT PUMP PVT, RADIWTORS, VENTLATICN D2 HEAT PUMP, AT, RADIATORS, VENTILATION D2

]
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A12 - WALLEXTERIOR. AIRTIGHTNESS  A13-Rooe Gy WrDOW ARTGHTNESS
HEAT PUMP, PVT, RADIATORS HEAT PUMP. P\/T PANELS, VENTILATION D2

r———————————

vV V V]|

—————1

L—————————————————J

Criteria

Energy demand

Energy savings

Global warming potential

Renewable energy share

C0O2 emissions

Total investment costs

Rent increment

QOperational & Maintenance costs

Met Present Value

Payback period

Thermal comfort

Indoor air quality

Aesthetics

Renovation duration

Energy cost

23



Quantification

Determine how to assess the
criterion

Determine the data
requirements to complete
assessment

Determine method of
calculation for the assessment

%
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—[ Investment costs ]—{ Total investment costs

Rent increment

4{ Maintenance cosis

_{ Cost-benefit ]—.
-—{ Net Present Value

—{ Payback period

NPV (O scenario = ?=1 NPV(T)meaSUTe:n

[ CF,i
NPV (U measure = —lo + 2 1+

=1

T = calculation period
I, = investment cost of renovation measure [€]

CF,i = net cash flow of year i per measure [€]

d = discount rate [%]

24



Decision-Making

]
TUDelft

Energy Investment Thermal

Demand Cost Comfort

[KWh/m2] [€] [h too cold]
A1 114 256.000 89
A2 182 182.000 113
A3 121 226.000 96

25



Multi-Criteria Decision-Making | TOPSIS

Decision Matrix

r___________1

Energy

Investment

Thermal

Demand Cost Comfort

[KWh/m?] [€] [h too cold]
A1 114 256.000 89
182 182.000 113
A3 121 226.000 96

[ = e e mm mm o
>
N

___________J

]
TUDelft

I

I

I

I
.Y
I

I

=

)Ty =
L ( szij)
Normalized Decision Matrix
r [ [ | | | | | | [ | | [ [ ] | | [ 1
Energy Investment Thermal
Demand Cost Comfort
[KWh/m?] [€] [h too cold]
A1 0.46 0.66 0.51
0,74 0,47 0,65
A3 0.49 0,58 0.56

__________J

26



Multi-Criteria Decision-Making | TOPSIS

2) vij = WjT‘i}'

Normalized Decision Matrix Weighted Normalized Decision Matrix
I Energy Investment Thermal I I Energy Investment Thermal I
Demand Cost Comfort Demand Cost Comfort
I [kWh/m?] [€] [h too cold] I I [KWh/m?] [€] [h too cold] I
I I I 33,33% 33,33% 33,33% I
A1 0,46 0,66 0,51 A1 0,15 0,22 0,17
l [ :: > | [
A2 0,74 0,47 065 | Y. 0,24 0,16 022 |
I [ [ [
I A3 0,49 0,58 056 | I A3 0,16 0,19 018 |

]
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Multi-Criteria Decision-Making | TOPSIS

3)

Alternatives Positive Ideal Solution (PIS) A" = {v1., Va., o, V)

Negative Ideal Solution (NIS) A~ = {v;_,Vy_, ..., Up_}

4)
Separation measure PIS  §;, = \[Z}Ll(vf; —v.)? fori=1,2,3,...,m

Separation measure NIS ¢ — \/Z}Ll(vg —v, )2 fori=1,2,3,....m

Increased desirability (Energy Demand) ———

r ________________ q
Energy Investment Thermal
I Demand Cost Comfort Sit Si- |
[KWh/m?] [€] [h too cold]
| [
I A1l 0,15 0,22 0,17 0,063 0,102 !
NIS | ,
! A2 0,24 0,16 0,22 0,102 0063 |
(; Increased desirability (Investment Cost) ——- i | ' | ‘ | i
TU D Ift 1 A3 0,16 0,19 0,18 0,041 0,002 | ”
e T T T e T e e — =



Multi-Criteria Decision-Making | TOPSIS

5y CCi= 0<CC; <1
R *

r | | || | | | | [ ____| | | | | | | || [ ___| | || | || | | [ ___| 1

i Energy Investment Thermal

Demand Cost Comfort Si+ Si- CCi RANK

I [KWh/m?] [€] [h too cold]

: A1 0,15 0,22 0,17 0,063 0,102 0,618 2

|

I A2 0,24 0,16 0,22 0,102 0,063 0,382 3

|

! A3 0,16 0,19 0,18 0,041 0,092 0,691 1

L [ | [ | | | ] [ | [ | | | [ | | | | [ | [ | | | | [ | | | | [ | | | | | ] [ | J

]
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Optimal alternative -->

Al

Ranking of Alternatives

A2

A3

29



Relative Importance

Energy
Energy Demand
Savings
Investment costs indoor Air
Quality
Renewable
Energy COZ
NPV Emissions
Rent
Increment
Payback
Thermal Comfort Period
Maintenance .
Cost Renovation
Duration
Energy e
COSt Aesthetics

]
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Stakeholders

Authorizers

e = Authorizer

Decision-maker

= Social housing = Municipality ,
corporation S — !
= Private owner .'I . ] .
] Decisionmaker »_Final Decision
: A
Informant Implementers ; ‘ ‘
Project manager = Net operator r I
Community - Contractor v v ¥
representative .
= Supplier
Tenant Informant A Informant C € ---- - » Implementer
Experts ry A
-3l InformantB -
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Pairwise Comparison

— oy,
- i

- ~
r | _/ﬁ ________
[ Ener Investment Thermal
[ \ Dema% Cost Comfort Energy | Investment | Thermal
‘Y
i S Jkwhim?] €] [h too cold). 7| Demand costs Comfort
I B i I N\ Energy
A1l 114 256.000 89 Demand
[ [
I . Investment
A2 182 182.000 113 costs
[ [
Thermal
I A3 121 226.000 96 | Comfort
L | | | | | | | | | | | J

]
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Pairwise Comparison

Very Very
Extreme Strong Strong |Moderate| Equal |Moderate| Strong Strong Extreme
===
Energy Demand | ¢ 7 5 3 U | s 7 9 |Investment costs
===
Energy Demand | ¢ 7 5 3o |3 5 7 9 | Thermal Comfort
==
Investment costs | 9 7 s s 1 3 5 7 9 |Thermal Comfort

%
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Pairwise Comparison

Very Very
Extreme Strong Strong |Moderate, Equal [Moderate| Strong Strong Extreme . 1 . n ak }
p— Wi =~ j=1( n )
| n i=1 (’.IU
Energy Demand | 9 7 5 3 I I | ° 7 9 |Investment costs
| E—
Energy Demand | ¢ 7 5 3 |_1_: 3 5 7 9 |Thermal Comfort
| S
Investment costs | 9 7 |_5_ 3 1 3 5 7 9 | Thermal Comfort
| E—
Energy | Investment | Thermal
Demand costs Comfort
Ener
9y 1/3 1 18,7%
Demand
Investment
65,5%
costs
Thermal
15,8%
Comfort

]
TUDelft
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TOPSIS Relative Weighted Matrix

vy = Wity
Equal Weighted Normalized Decision Matrix Relative Weighted Normalized Decision Matrix
I Energy Investment Thermal I I Energy Investment Thermal I
Demand Cost Comfort Demand Cost Comfort
I [KWh/m?] [€] [h too cold] I I [KWh/m?] (€] [h too cold] I
I 33,33% 33,33% 33,33% I I 18,7% 65.5% 15,8% :
A1 0,15 0,22 0,17 A1 0,09 0,43 0,08

[ [ [ [
I A2 0,24 0,16 022 | Y. 0,14 0,31 010 |
[ [ I [
I A3 0,16 0,19 0,18 | 1 A3 0.09 0,38 009 |

%I:D
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New Ranking

Equal Weights

Ranking of Alternatives

Optimal alternative -->

A2

]
TUDelft

A3

Pairwise Comparison Weights

Ranking of Alternatives

Optimal alternative -->

Al A2

A3

36
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Development
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LLTH-DS Framework

]
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2 I
| 1 | by | | ™\
= — No renovation needed, supply
. . . . |5 building LT- Yes temperature can be lowered fo
|dentification & Analysis Evaluate LTH Readiness Ready? _ LT without losing significant
thermal comfort
|
No
|
( Iterate step 3b and select
different renovation level
No
™, v - v v Py
3a) 3b) (4)
i ) Wy
Establish LTH Renovation P Develop LTH Renovation Filter LTH Renovation Are there multiple LTH
Criteria '\ /' Strategies Scenarios scenarios left?
Yes
LN v
| _/' | Re-evaluate ohjeclives,
[ ) criteria and selected
Decision Analysis £ lhe&igag;:g{;lcome ——No renovation measures by
: iterating framework untill
3 J ranking is desireable
I
Yes
\ § §/
Initiate preferred LTH

renovation

38



Decision Support Tool

G Automatisch opslaan @ I‘) ~ =

Bestand Start Invoegen Teke%en Pagina-indeling Formules Gegevens Controleren Beeld Automatiseren Ontwikkelaars Help Ablebits Data Ablebits Tools Acrobat

Plakken

ﬁ]A

@~

|calibri ~[11

AT A
B I U-H~ &+ A~

Decision Matrix Tool v.4 ~ £ Zoeken

|Standaard v|
g ~ 9% om

= = = = 3=

ﬁ Voorwaardelijke cpmaak v
@ Opmaken als tabel ¥

A\ Vera Koster @ = (m] X
[ opmerkingen |

A [m]m] ; ]

by 0O % AN

Sorteren en Zoeken en Invoegtoepassingen PDF makenen  PDF maken en

Ei Invoegen ~ Z -

EVerwijderen v v

v = - < [Z celstijlen v @ Opmaak ~ & ~ filteren~  selecteren ~ koppeling delen delen via Qutlook
Klembord 5] Lettertype 5] Uitlijning & Getal 5 Stijlen Cellen Bewerken Invoegtoepassingen Adobe Acrobat ~
H17 v i fx ~
A B C D E F G H | J K a
1
2
3 Name of project
4 Complex no.
5 Location
6 Owner(s)
7
e.g. detached house, semi-detached house, terraced house, corner house,
8 Building Type maisonnette, staircase apartment, gallery apartment, flat, other
9 Construction year
10 Number of floors ncluding attics and cellar
11 Total amount of dwelling units
12 Number af raoms per dwelling e.g. 10 two-bedroom apartments, 35 three-bedroom apartments
e.g. routing, spaces in building with function other than living (e.g. bicycle
13 Other building specifics storage, recreational space), place of boiler room, etc.
14 Orientation Position of blocks, building erientation of long side of fagade
e.g. mechanical exhaust ventilation placed in 2008, cavity insulation 6cm
15 Previous renovations EPS added in 2016
16
17 Energy efficiency e.g. energy label, energy-index, BENG performance, EPG .I
with radiator type 22)
Ventilation system type (e.g. C1 natural supply, central mechanical
exhaust)
18 Building instaflations Domestic hot water (e.g. collective HR boilers from 2007)
19 Planned major maintenance e.g. end-of-life heating boiler, planned replacement 2024
Age group (e.g. elderly people), gender (e.g. 19% male, 70% female, 1%
20 Occupancy profile other], occupancy (e.g. 20% living together, 80% single)
21 Other specifics e.g. fire safety, asbestos, flora & fauna, residents wishes & complaints
rd
23
24
v

Gereed @

< > 1. Project Description

9% Toegankelijkheid: ond J

2. Stakeholder Identification

3. Objectives & Criteria

4. Pairwise Comparison

5. Individual Criteria Weights

6. Balanced Criteria Weights 7 o + 4 GEEEEEEEE——— b

] m -——+ =%



Low- 1 ‘
Introduction Temperature %ﬁc's'é)r? Validation
Heating PP |

Woningen
gereed maken
voor de

Energietransitie

nework

Validation

Case Study & Workshop
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fM

Mo renovation needed, supply
Iz building LT- Yes temperature can be lowered to
Ready? LT without losing significant
thermal comfort

|
No
|
( lterate step 3b and select
different renovation level
No
P v = v ¥
'\3_3/ T ™ |\:3_l}l| ™ ™
Establish LTH Renovation N Develop LTH Renovation Filter LTH Renovation Are there multiple LTH
Criteria '._\ /_.' Strategies Scenarios scenarios left?
Yes
v

|s the ranking/outcome

Decision Analysis desireable?

Initiate: preferred LTH
renovation

Re-evaluate objectives,

criteria and selected
No renovation measures by
iterating framework untill

ranking is desireable




Case Study Application

o
| ‘!/l

W Identification & Analysis

~

he A

Evaluate LTH Readiness

Establish LTH Renovation
Criteria

Develop LTH Renovation
Scenarios

4

Filter LTH Renovation
Scenarios

Decision Analysis

:6: ) 4

Initiate preferred LTH
renovation

]
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Benchmark Performance

Identification & Analysis

a9¢C

y - e
L STREIN 2
- -
berging o
5.4 m? < B ,
r. 2\—'7\
o o T | ]
= - —/
= 1 - 2 Evaluate LTH Readiness
o . e S
& = T
i
= = — Establish LTH Renovation Develop LTH Renovation
3 | Criteria Scenarios
&
11 —r’ - | |
Filter LTH Renovation
slaapkamer Scenarios
16.2m? o b seEmg
SeLver Sekel Vieapor Lavwa,  Veibilly - - s e
- 5
i
i
o = Decision Analysis
o u woonkamer
L 25.8 m?
¥y
Initiate preferred LTH
renovation
g
Ft balkon
L ESENE = 6.3 m?

s £5e fesl |
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Adapted Criteria Tree

Sustainability Pillars

| Social

]
TUDelft

Objective

Criteria

Heating demand

—[ To improve the energy performance to Label B

=

Energy Label

Energy Index

Renewable energy share*

—[ To reduce the environmental impact

_“_,_
-
11111

Energy savings (gas)*

Identification & Analysis

Evaluate LTH Readiness

Establish LTH Renovation
Criteria

Develop LTH Renovafion
Scenarios

—[ To limit investment costs

Energetic investment costs

Investment per label level
improvement per dwelling

—[ To optimize cost-benefits

Life cycle cost®

Payback period*

To improve indoor comfort

Thermal comfort™

To minimize renovation nuisance

Renovation nuisance

Rent increment

To improve the social-economic situation

]

Energy cost

Filter LTH Renovation
Scenarios

Decision Analysis

-/

Initiate preferred LTH
renovation
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Pairwise Comparison - Criteria Weights

(e
&
&
Energetische c6
investeringskosten
Energetische c6
investeringskosten
Energetische c6
investeringskosten
Investering per c7
labelstap per woning
Investering per c7
labelstap per woning
Life cycle costs (LCC cs

30 jaar)

]
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Stakeholders' Preference for Decision Criteria

Based on Pairwise Comparison

C13 = rent increment; 4,10%
C1 = heating demand; 12,80%

C12 = energy cost saving; 14,30%
C2 = energy label; 3,00%

C3 = energy-index; 2,00%

C11 = renovation nuisance; 3,20% C4 = renewahle energy share; 4,90%

C10 = thermal comfort; 11,70%
C5 = energy savings; 10,70%

C9 = payback period; 5,90%

C6 = investment cost; 10,90%

C8 = LCC; 12,90% C7 = investment per labelstep; 3,70%

ier label-

ling

sts (LCC

tijd

sts (LCC

tijd

itijd

Identification & Analysis

Evaluate LTH Readiness

Establish LTH Renovation
Criteria

Develop LTH Renovafion
Scenarios

Filter LTH Renovation
Scenarios

Decision Analysis

Initiate preferred LTH
renovation

45



Case Study - Given Scenarios

|dentification & Analysis
Heating demand = 153, 76[kWh/m?]
Heating demand = 174,34 [kWh/m?] Hourstoocold =230 [h]

Hourstoo cold =263 [h]

Establish LTH Renovation
Criteria

Develop LTH Renovation
Scenarios

A2 - ROOF, CAVITY, AIRTIGHTNESS
HR BOILER, PV PANELS

Heating demand = 122,80 [kWh/m?]
Hourstoocold =919 [h]

Filter LTH Renovation
Scenarios

Heating demand = 122,80 [kWh/m?]
Hourstoocold =919  [h]

Decision Analysis

E—

Y s

Initiate preferred LTH
renovation

A3 - ROOF, CAVITY, AIRTIGHTNESS A4 - ROOF, v}“' Y, AIRTIGHTNESS
HEAT PumpP, PV PANELS HeaT Pump, PVT PANELS

-I(-;U D e I f.t Benchmark HD = 206,88 [KWh/m"2] 46

Benchmark TC = 326 [h]



Additional Developed Scenarios

A9 - RooF, CaITY, FLOOR, VANDOWS, AIRTIGHTNESS
HEeAT Pump, PVT PANELS, RADIATORS

RIOR, AIRTIGHTNESS

A7 - RooF, CaviTy, WINDOWS, AIRTIGHTNESS
HeaT Pump, PVT, RADIATORS, VENTILATION D2

A6 - WaLL ExT., W ows, AIRTIGHTNESS
HEAT Pump, PVT PANELS, RADIATORS

A5 - ROOF, CAVITY, FLOOR, AIRTIGHTNESS
HEAT PumpP, PVT PANELS, RADIATORS

HeAT Pump, PVT PANELS, VENTILATION D2

A12 - WALL EXTERIOR, AIRTIGHTNESS
HEAT PUMP, PVT, RADIATORS

A13-Roor, CanTy, FLOOR, , VMINDOW, AIRTIGHTNESS

A11 - Roor, CaviTy, WINDOWS, AIRTIGHTNESS
HEAT Pump, PVT PANELS, VENTILATION D2

A10 - WALL ExT., WINDOWS, AIRTIGHTNESS
HeaT PumpP, PVT, RADIATORS, VENTILATION D2

HeaT Pump, PVT, RADIATORS, VENTILATION D2

%
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|dentification & Analysis

Evaluate LTH Readiness

Develop LTH Renovation
Scenarios

Establish LTH Renovation
Criteria

Filter LTH Renovation
Scenarios

Decision Analysis

Initiate preferred LTH
renovation
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Filter LTH Scenarios

|dentification & Analysis

Evaluate LTH Readiness

/AS - ROOF, CAVITY, FLOOR, AIRTIGHTNESS

A2 - ROOF, CAVITY, AIRTIGHTNESS A3 - ROOF, CAVITY, AIRTIGHTNESS HEAT PumMP, PVT PANELS, VENTILATION D2
HR BOILER, PV PANELS HEAT PUMP, PV PANELS

Develop LTH Renovation
Scenarios

Establish LTH Renovation
Criteria

Filter LTH Renovation
Scenarios

A4 - RooF, CAVITY, AIRTIGHTNESS A5 - ROoF, CAVITY, FLOOR, AIRTIGHTNESS A7 - RooF, CAITY, OWS, AIRTIGHTNESS A8 - WALL EXTERIOR, AIRTIGHTNESS
HeaT Pump, PVT PANELS, RADIATORS HEeAT PUMP, PVT, RADIATORS, VENTILATION D2

HEeAT PumpP, PVT PANELS HeAT Pump, PVT PANELS, VENTILATION D2

Decision Analysis

Initiate preferred LTH
renovation

NDOW, AIRTIGHTNESS
PANELS, VENTILATION D2

A9 -RooFr, CavITY, FLOOR, VNDOWS, AIRTIGHTNESS A10 - WALL
HEAT PUMP, PVT PANELS, RADIATORS HeAT PumP, PVT, RAD

]
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Quantification

P = == = e e e e e e mm e mm e e e mm mm e e e mm e mm Em mm e mm e e mm e mm e o e mm e = e =
I Heating Energy Energy Renewable Energy Energetic Labelstep LCC Payback Thermal Renovation Rent Energy Cost | Identification & Analysis
Demand Label Index Energy Savings  Investment Investment Period Comfort Nuisance  Increment
| [kWh/m?] [A++, A+, .., G] FH [%] [m?] I€l €] €] [year] [h too cold] [descrip. 1-5] [€/month] [€/month] |
| |
| A0 206,88 o 1,66 0 0 0 0 0 0 326 0 0 0 I
I I Evaluate LTH Readiness
| A1 176,34 C 1,46 0 250 1.260.513,65 27.402 14259319 32 263 1 513 7 I
I A2 153,76 A 1,18 15 407 1.806.737,31 11.732 137.953,67 28 230 1 20,83 9 I
I I Establish LTH Renovation Develop LTH Renovation
I I Criteria Scenarios
A3 122,80 A 1,01 25 645 1.944.888,39 9.923 137.097,11 19 919 1 20,83 19
I | | |
1 Ad 122,80 A+ 0,49 38 645 2.254.026,66 5471 139.959,50 22 919 1 26,53 22 |
I I Filter LTH Renovation
I A5 59,92 A++ 0,21 38 127 3.133.626,00 7.606 123.490,32 18 225 4 26,53 22 l SEETEITE
| |
I AG 124,50 A++ 0,49 38 632 2.933.43391 7120 144.240,16 30 27 3 26,53 22 I
I A7 188,45 A+ 0,47 38 678 258173628  6.266 137.950,56 24 210 2 26,53 22 I CEEgTninEL s
| |
[ A8 144,43 A++ 0,35 38 709 4.014.916,55 9.745 159.066,80 36 285 4 26,53 22 |
I I v
1 A9 94,63 A 037 38 861 278250288 6754  127.84930 21 63 3 26,53 2 | iniiate preferred LTH
h oo o o oo o oo o an oan o am o mn o me mm e mm Ee EE e EE Em EE EE EE EE EE EE EE EE EE EE EE EE Em Em Em e mm mm = s mm wl
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Decision Analysis

|dentification & Analysis

Equal Weights Pairwise Comparison Weights
Rangschikking Scenario's Rangschikking Scenario's 1
Establish LTH Renovation Develop LTH Renovation
Criteria Scenarios

n N
| |
o ©
b5 S
g 2
@ k)
2] [}
E E Filter LTH Renovation
2 s Scenarios
o o

Al A2 A3 A4 AS A6 A7 A8 A9 Al A2 A3 A4 A5 AG A7 A A9

Initiate preferred LTH
renovation
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Most Optimal Alternative

Identification & Analysis

RENOVATION SCENARIO A9

Roof - Cavity - Floor - Windows - Airtightness
Heat Pump - PVT - Radiators

Heating demand = 94,63 [kWh/m?]
Hourstoo cold = 63  [h] ¥

Evaluate LTH Readiness

Airtightness = 0,4 |

Rc Roof = 5,84 [m?K/W] ) _

Rc Cavity = 1,69 [meK/W] Establlsh(lz_'ll_'ﬁl-;genwalmn
ReFloor =26 [mK/W]
U Window = 1,0 [W/m?]

Develop LTH Renovation
Scenarios

4 PVT panels per apartment ) )
Filter LTH Renovation
Scenarios
Collective air-water heat pump l
Decision Analysis
Radiator type 22 /
Y
Yy
Initiate preferred LTH
Ventilation type C2 - renovation
Mechanical Exhaust

]
T U D e I ft Benchmark HD = 206,88 [kWh/m~2] o1

Benchmark TC = 326 [h]



Quantification

P ™ m em mm o mm mm mm mm em em em Em Em G Em Em G Em G Em Em G Em A Em G Em Em Em m e em Em e em e e e o
Heating Energy Energy Renewable Energy Energetic  Labelstep Payback Thermal  Renovation Rent
[ LCC Energy Cost |
Demand Label Index Energy Savings  Investment Investment Period Comfort Nuisance  Increment
| [kWh/m?] [A++, A+, .., G] FH [%] [m?] I€l €] €] [year] [h too cold] [descrip. 1-5] [€/month] [€/month] |
| |
| A0 206,88 c 166 0 0 0 0 0 0 326 0 0 0
| —_——— == == == |
I A1 176,34 C 1,46 0 250 11260513651  27.402 142.5093,19 32 263 11 : ! 513 1 :_ 71 I
—_———— | - - - -
|
|
I A2 153,76 A 1,18 15 407 1.806.737,31 11.732 137.953,67 28 230 1 1 1 20,83 9 I
I I ! I
|
|
[ A3 122,80 A 1,01 25 645 1.944.888,39 9.923 137.097,11 19 919 I 11 20,83 19 |
I P! I
== 1= =1 |- I 1
1 Ad 122,80 A 0,49 B 645 2.254.026,66 54711  139.959,50 22 919 11 26,53 22 |
1 1 L L
1 1 - -
I i I I
bl | 1 - 1 bl | bl |
A I 5902 I Ase Pooty 1 oa U127y 31336200 7606 12340032 V18 225 4 26,53 22
I oo L L L I
R 1 - - i
| P b |
I A6 124,50 1 A+ : 0,49 : 38 : 632 2.933.43391 7120 144.240,16 30 2M 3 26,53 22 I
|
| 1 |
|
I A7 188,45 | A : 0,47 1 3 : 678 258173628  6.266 137.950,56 2 210 2 2,53 n |
| | 1 |
I | 1 | -———
I A8 14443 A b 035 13 | 700 401491655 9745 115906680, 36 285 4 26,53 2
I I I -
I 1 |
. I 1 I ==
1 A+ 37 1 .782.502, Ni 7.849, 1 5
| 94,63 0,3 ] 38 861 2.782.502,88 6.754 127.849,30 21 63 3 26,53 22 |
[ _— - | I
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|dentification & Analysis

Evaluate LTH Readiness

Establish LTH Renovation
Criteria

Develop LTH Renovation
Scenarios

Filter LTH Renovation
‘Scenarios

Decision Analysis

Y

Initiate preferred LTH
renovation
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: Decision Framework
Introduction Temperature
> >> Heating Support & Tool

Dlscussmn
Validation
Conclu3|on ‘
L\

-
T A\ 9 .-‘ ’ :
> *
\LA? '.
“\ . p ; &
-

Discussion &
Conclusion

Research Findings
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Key Findings
= Framework and tool can support the decision-making process on LT-renovation scenarios
= Pairwise comparison is an excellent method to balances stakeholders’ preferences

o Potential to reflect on policy & preferences

o Targeted discussion at an early stage

= Evaluating alternatives from a holistic perspective can lead to new perceived optimal solution

o Better informed decision

%
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[.imitations

Validation
= Select stakeholder group

= Single case study

Tools
= LTH-Grasshopper tool deviates from real-world
= MCDM methods has known limitations

= Accuracy of ranking depends on quantified data & consistency of stakeholders

%
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Conclusion

B

MULTIPLE SCENARIOS CONFLICTING INTERESTS UNCLEAR DECISION-MAKING
PROCESS

7ol

“ How can the decision-making process
of selecting an energy renovation concept be supported
that aims to make existing residential buildings compatible with
low-temperature heating? ”
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Questions?

Q&A

e
TUDelft



Thank you for your attention

Vera Koster

e
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