and districts
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Climate change

“We must now agree on a binding review
mechanism under international law,
so that this century can credibly

“Climate change is no longer
some far-off problem; it is happening here,

.. itish ning now.”
be called a century of decarbonisation.” S happening no
Barack Obama on Climate Change
President of the United States of America

Angela Merkel on Climate Change

Chancellor of Germany

I@ Donald J. Trump

IS HIE I PSS TS0 iELA It's snowing & freezing in NYC. What the hell

thought it could selfishly draw on ; 3 .
exhaustible resources. We know now ever happened to global warming?

the world is not a commodity.” =
653 317 Bi8fe K8

Francgois Hollande on Climate Change
President of the French Republic
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Global green house gas emission by sector

Global Greenhouse Gas Emissions
by Economic Sector
= Electricity and heat production: 25%
= Buildings: 6%

N Other
\, Energy

N\ 10%
N,

\ Electricity and
\ Heat Production
3 o
Industry \ =
21%

Agriculture, Forestry

Source: IPCC 2014
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Energy transition and favorable policy

= Energy transition — Long-term structural change in energy systems

= Energywende, Germany
= 85-95% reduction in greenhouse gas emissions
= 60% renewable energy consumption
= 50% reduction in primary energy consumption

= Energy strategy 2050, Switzerland

° Em Pa Somil Miglani | 3/6/2018 | 4
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Question — Which path shall we take?



A historical perspective on energy transition in buildings
(1500-1800)

0.5 -

o
()
—

Million tonnes of oil equivalent
of effective heating

0.2 Open J
hearth i Coal
0.1 / £
' Woodfuel ﬂﬁ
0 T =T T T T
1500 1550 1600 1650 1700 1750 1800

Fig: Open hearth fireplace. Source. Pinterest

Fig: Heating services in buildings by energy source (UK)
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A historical perspective on energy transition in buildings
(1500-1800)

0.5 ~

&
W
i

Chimney
invention

o
N
1

Open Coal
hearth i

S I

¥ Woodfuel U
0 I‘ ] T i ] |

1500 1550 1600 1650 1700 1750 1800

Million tonnes of oil equivalent
of effective heating

Fig: Heating services in buildings by energy source (UK) Fig: Chimney example. Source. Pinterest
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A historical perspective on energy transition in buildings
(1800-1900)

4
/
/
/
- /
g /
= 3 {
= /
g 5 (
B 2 rf
°2 2 )
wn =8 A
5 8 (
g o /(
S {1
S v
8 © (l
g 1 TM Coal
) ™ ‘ ' '
1700 1750 1800 1850 1900

Fig: Heating services in buildings by energy source (UK)

° Em Pa Somil Miglani | 3/6/2018 | 8
Materials Science and Technclogy



A historical perspective on energy transition in buildings
(1900-2000)

30 -
Great
London N

25 - it
g Competition smog +
'§ for gas .in clean air act
% .oo 20 - electricity Electricity

market
’8 Resource
e 2 15 - Scarcity
8
g % v
e 10 \

.8 o v A

LI ,AL

‘_A‘ Coal
0 ' 7 ‘
e e e e B R TN o7 T e gt e i 7% 90 BTt T et NOTE- T ot ccs st ks
1900 1925 1950 1975 2000 e
Fig: Heating services in buildings by energy source (UK) Fig: The great smog of London (1952). Source. The Verge
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Key diverging factors from past energy transitions

Deeper understanding of the engineering External costs are not explicit

challenges
= Lack of clear incentives to adopt new
= Better research and development renewable technologies
infrastructure
= Existing energy and social infrastructure,
= Favorable energy policy lock-in
= Wide landscape of solutions, technologies = |Optimal design solutions unknown
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The Swiss context



Switzerland and its buildings (Energy source)

Others
Heat 1%
pumps
12%
Wood ‘
12%;
Heating Heating oil
energy 48%
resource
Electric
ity
10%
Gas
16%

Fig: Heating services in buildings by energy source (2013)
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Switzerland and its buildings (Construction)

2006-2016
10% Before 1919
2001-2005 20%
5%
1991-2000
10%
| Contruction 1919-1945
IILI: I"‘.__.... ye ar 1 2 0 A)
1981-1990
12%
1946-1960
1871-1980 . 11%
11% 961-1970
10%

Fig: Distribution of construction year for Swiss buildings (2013)
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Eidgendssisches Departement fir

Bundesami 10r Energle BFE

Swiss energy strategy (SES) 2050

= Political reform for Switzerland’s energy prognos
transition

= \oted as a energy law oy,
Die Energieperspekiipsst
far dis Schweiz S8 2056 -

Sriergierachirggtid Eleidrizids 2 o e
e der Tchg®PONG — 2050 . Q o

r g Y
g iese aer Modet chn@ b nergiesystem
o>

Fuifhageye &7
Bunressat flr Energie

Ansprechpartner
Dr. Almut Kirchner

Basel, 12.09.2012
31-7255 - 7303 - 00 - 7486
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SES2050 — Recommended energy interventions |

= Utilization of renewable energy resources at building/district level

Solar energy: Solar photovoltaic (PV), solar thermal collectors

Geothermal: ground source heat pumps (GSHP)

Biomass: biomass boilers

Others: air source heat pumps (ASHP), micro combined heat and power (u-CHP)

° Em Pa Somil Miglani | 3/6/2018 | 15
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SES2050 — Recommended energy interventions ll

= Improved thermal insulation for higher energy
efficiency

= Old technology: Bricks, concrete, quarry stones, gypsum,
air gaps, etc.

= New technology: Polystyrene, polyurethane, glass wool,
etc.

= Walls, roofs, floors, windows, etc.

= Substantial improvements in thermal properties

°Empa Somil Miglani | 3/6/2018 | 16
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Swiss energy strategy 2050 — emissions targets

CO, emissions targets for 2020, 2030,
2040 and 2050

Projections for energy demand and floor
area for residential buildings

x y
co _COo, EC p
27 EC T A

X = carbon intensity (gCO,-eq/kWh)

y = energy consumption (kWh/m?)

A = Floor area (m?)
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Fig: CO, emission targets for residential buildings in

Switzerland for 2020 through 2050
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Performance of energy interventions

300 .

\7Emissions targets\

Building envelope retrofit ‘

250

Current state

N

o

o
\

150

Carbon intensity [gCOzlkWh]

100 | _
%% —
\RRR
50 |
-RR————_;
—
0 | | | | |
50 100 150 200 250 300

; 2
° Em pa Energy consumption [kKWh/m~]
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Fig: Impact of energy interventions
on carbon intensity and energy
consumption
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Question — What are the least cost energy
Interventions which meet the CO, targets?



Mathematical optimization — Linear programming

Minimize:  f(x) *2
f
- . < \
Subjectto: g(x) <0 g(x)
h(x) =
Xmin S X = Xmax
x €X
h(x)
\ —> X1
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Mathematical optimization — Metaheuristic algorithms

= High level search based optimization

= |deal for complex non-linear energy
system models

Design Design alternative  MSIETaClelo)diglolo[IR{s]@ Objective function value

>

variables x €X the energy system f(x)

Metaheuristic
algorithm
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Case study

= Residential
neighborhood in
Zurich

= 170 buildings

= High solar,
geothermal potential
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— w Wiy ( /
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{;‘ ity * di\
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el

Buildings

Il No Boreholes Possible &9 %
Settlement Type C;Q A

Bungalows
Detached single family houses &
Semi-detached family houses
Terraced/Row family houses
Small multifamily apartments
Medium multifamily apartments | L B L
I Large multifamily apartments o0 a0 80 160 Meters
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Building energy system — inputs and outputs

: Building
grid =~ | Electricity
Electricity Demand
Solar Building SH
radiation Demand
Building/District energy system
DHW Demand
Natural
Gas

@ Empa
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Building energy demand simulation — overview
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i

Combining all

Step 1
A\ AN
* —
Building Building 3D
footprints height model
GIS IDF
Step 2
D Type 1
+ —— >
Building
construction Building Agetbast?d
materials Age coni ruction
database archetypes
GIS IDF
Step 3

o - — 5]

Schedules  Other parameters

1.Occupancy _jnfiltration rates,
2. Appliances

3. Thermostat -glazing ratios, etc.
4. Lighting
5. Ventilation IDF

IDF files into one

Energycis

TMY
weather file

Electricity
DHW
Space cooling
40
30
S 20
10
0 ‘
4 8 12 16 20 24
Time [h]

Hourly profiles for
365 days
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Building energy demand simulation — results

No retrofit

kWh/m2/a
0-50
50 - 100
100 - 150

I 150 - 200 E o 9%

I 200-250

B 250 - 300

B 300-350

I 350 - 400 T 1T 1T ] 1T 1T T1]

I 400 - 450 0 45 90 180 Meters

Parcels

Fig: Annual energy demand — No retrofitting (kWh/m?/a)
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Building energy demand simulation — results

WT retrofit §Pace
kWh/m2/a i’/i\
0-50

50 - 100
. 100-150
I 150-200
P 200- 250
B 250 - 300
B 300-350
I 350 - 400 T 1T 1T ] 71T 1T T1]

I 400 - 450 0 45 90 180 Meters

Parcels

Fig: Annual energy demand — Window retrofitting (kWh/m?/a)
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Building energy demand simulation — results

FT retrofit

kWh/m2/a
0-50

. 50-100
100 - 150

I 150-200
P 200- 250
B 250 - 300
B 300-350
B 350 - 400 T
B 400 - 450 0 45 90 180 Meters

Parcels

Fig: Annual energy demand — facade retrofitting (kWh/m?/a)
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Building energy demand simulation — results

WBT retrofit
kWh/m2/a
0-50
50 - 100
. 100-150
I 150-200
P 200- 250
B 250 - 300
B 300-350
I 350 - 400 T 1T 1T ] 71T 1T T1]

I 400 - 450 0 45 90 180 Meters

Parcels

Fig: Annual energy demand — Whole building retrofitting (kWh/m?2/a)
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Building energy demand simulation — results

10 — ! ' ' '
-Space heating
I Electricity
CoHw i
8| [ Ispace cooling 0.5
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] s I 1 | ‘
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I 350 - 400 T Fig: Hourly energy demand for a winter day Fig: Hourly energy demand for a summer day
I <00 - 450 0 45 90 180 Meters
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Fig: Annual energy demand — Whole building retrofitting (kWh/m?2/a)
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Building energy demand simulation — results

10 T T 2
Retrofit scenatio Retrofit scenario
9r —NR 1 1.8 1 —NR
— WL —WL
_ 8f —wT 1 _16r —wr
S —FL < —FL
% 7 —FT %1-4 —FT
g WBL ko] WBL
é 61 —weT || E 27 et
WBT retrofit = g
o [=)]
kWh/m2/a £ % 0.8 1
1]
(] o]
0-50 < o 0.6
o o
50 - 100 2 Soat
100 - 150
0.2
I 150-200 ,
‘ 0 ‘ ‘
I 200- 250 \ 4 8 12 16 20 24 4 8 12 16 20 24
I 250 - 300 Time In] Timelhl .,
B 300-350
I 350 - 400 . Fig: _Hourly energy deman_d for winter day Fig: _Hourly energy deman_d for summer day
B 200 - 450 for different retrofit scenarios for different retrofit scenarios
0 45 90 180 Meters
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Fig: Annual energy demand — Whole building retrofitting (kWh/m?2/a)
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Incident solar irradiation modeling for building rooftops

= GIS based workflow

= Digital elevation model (DEM)
= 3D building models

= Atmospheric attenuation

= Result: Hourly solar
irradiation on each rooftop

©: Alttude angle
a: Azimuth angle

Fig: Incident solar irradiation modelling using DEMs and GIS tools
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Incident solar irradiation modeling — results

. Jo-s0
[ ]50-100
[ ] 100-150
[ 150- 200
[ 200-250
I 250 - 300
I s00-350
B 350 - 200
B :o0 - 450 T T T 17 T T 1]
I :s0 - 500 0 45 90 180 Meters
:l Parcels

Fig: Annual solar irradiation per unit floor area (kWh/m?/a)
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Incident solar irradiation modeling — results

Fig: Annual solar irradiation per unit floor area (kWh/m?/a)
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Question — How can the seasonal mismatch In
demand and supply be managed?



Ground source heat pumps (GSHPs)

Power

= Borehole heat exchanger (BHE) + heat l

pump
= Deep underground (~10-500m) at

constant temperature all through the year Heat Pump -

uilding

= Heat extraction + rejection
= Ground acts as heat source and long- SHE

term Storage Figure adapted frl(:)Ingi ﬁtig3;233209[];12rgrggﬁgggér?z%]cheag(ze?gte%l:rrre?maI—heat—pumps[
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http://nzgeothermal.org.nz/ghanz/geothermal-heat-pumps/

Limitation to geothermal energy extraction

= Long-term heat extraction can

—20
cool down the local ground >
©
= Heat pump efficiency drops S N\ Pl LL L | | .
due to lower source I W W I
temperature © 10 M M W W w ) ﬂ.[ nalx AT
- I
2 \
o 5/ |
= Can be solved by Q
= Storing excess solar energy in GEJ
Summer I_ 0 | | | | | | | | |
= Constraining heat pump operation 0 1 2 3 4 o 6 7 8 9 10

Year

Fig: Long-term temperature variation for BHEs
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Energy system — inputs and outputs

: Building
grid =~ | Electricity
Electricity Demand
Solar Building SH
radiation Demand
Building/District energy system
DHW Demand
Natural
Gas
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Energy system —technologies and configuration

: Building
Grid =
Electricity . I E'eel‘:;'rf'dty
Photovoltaic Electri
(PV) eCtric D |
heater —» ally
Solar Solar Thermal (EH) Tehneer:nal | Building SH
radiation Collector (ST) gy Demand
_ storage
Heat Pump HighT , (TES)
HP
(HP) A DHW Demand

Borehole
heat
exchangers
(BHE)

Natural
Gas
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Building energy system optimization
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Inputs

Design variables
Variable bounds
Technology parameters
Objective function
Investment costs

Multi Objective Genetic
Algorithm (GA)

Design variables:
e  Solar collector area
PV area
BHE length
HP capacity
Boiler capacity
EH capacity

Storage tank diametef—l

Investment Costs—

——Embodied emissions—

Objective function
evaluation

Fixed design
parameters
SH, SC, DHW deman
Electricity demand
Solar irradiation
Electricity & gas
prices
Carbon factors

Mixed Integer Linear
Program (MILP)

——Operational Costs

Operation variables:
Hourly schedules for technologies

7 X MILP (Typical days)

-V@iTotal Costs——»

( _’I_\_Total CO,

.

Operational
CO, emissions

/ emissions
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Optimal energy interventions — example building

40 1 Fig: Pareto optimal energy
. Retrofit scenario interventions
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Optimal energy interventions — details

13 KW 17 KW 1.54 m 29 m? 8 m? 400 m 25 Kw || VBT
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Fig: Technology sizes and building retrofitting for Pareto optimal energy interventions
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Costs and CO, emissions

Fig:
Embodied
emissions

Fig:
Operating
emissions

@ Empa

Operating emissions [Ton CO2-eq]

Embodied emissions [Ton CO2-eq]
w
o

[2]
o

T T T T T T T
| [e]fs]
L |[IEH
ITES
st
[IBHE
[ IHP

a
o

N
o
T

s8]
o

-
o

o

56 7 8 91011121314151617 18 19202122 23
Pareto optimal design solution ID

N
N

24 25 26 27 28

T T T
op

erating emissions

-
o

oo

(e)]

o

123456 7 8 91011121314151617 181920 212223 24 2526 27 28
Pareto optimal design solution ID

Materials Science and Technclogy

N
o

-
a

10

Investment costs [kCHF]

1234567 8 910111213141516 171819 20212223 24 252627 28

Pareto optimal design solution ID

-
N

N
o

oo

~

Operating costs [kCHF]
[o2]

N

T T T T T T
Il Operating costs

12 3456 7 8 91011121314151617 18 19202122 23 24 2526 27 28
Pareto optimal design solution ID

Somil Miglani |

Fig:
Investment
costs

Fig:
Operating
costs

3/6/2018 | 43



Question — Do they meet the CO, targets?



Performance evaluation against CO, targets
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District energy systems — future work
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Summary and conclusion

= Methods for energy system optimization for buildings using bottom-up
modeling and simulation

= Seasonal storage is needed to balance mismatch in renewable energy supply
and demand, GSHPs can help

= Whole building retrofitting needed in order to reach the 2040 targets

= At the current investment costs of energy interventions
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Optimal system operation (Heating)
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Borehole heat exchanger (BHE) operation
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Long-term operation of the BHE

15 | |

—IM FT Without ;'egeneration |
| ——MFT with regeneration
¥ —— Trendline without regeneration
¥ — Trendline without regeneration

O 10 7
8 d | n 1
- 1
m i O —
E _ e - / /
) - ] '
D 5 —
Thiava T HH
> .
© / y L
> / f "“Lﬁh—ﬁLﬁ____ L #
c -
O of [

| | | | | | |
0 1000 2000 3000 4000 5000 6000 7000
Day

°Empa SomilMiglani | 3/6/2018 | 53

Materials Science and Technclogy



