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Urban Qverheating and Local Climate Change

Overheating respunsible for B4
% variahility ozone
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3.32%/°C + 0.36%/°C increase in CO, emissions,
3.35%/°C + 0.50%/°C increase in SO, emissions,

and

3.60%/°C + 0.49%/°C increase in NOy emissions




overheating. Results in high mortality, Energy cost and
discomfort
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High Indoor Increase AIC Urban Overheating increases the

Pallution costuptosoo  Vulnerability of Low Income Population
Vulnerability % :

of ||/ |4 o

Indoor .
Temperatures Coverjust3%

Impact of Overeat[ng on ‘ - Low income lives in deprived urban zones with high

Vulnerable Population
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Development in Heat Mitigation Technologies
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Trees

Cool Roofs

i ;
jdtation i Control

nd Protection
Use of the Ground
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Development in Heat Mitigation Technologies

thermo |
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Thermochromic coatings
change color as a function of
the ambient temperature.

For low outdoor
temperatures (winter), the
coatings may be dark
presenting a high
absorptivity. For higher
ambient temperatures
(summer), the coating
becomes white presenting a
high reflectivity. Thus, when
applied on roofs or walls
they may present the best
performance all year round.
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Development in Heat Mitigation Technologies

Thermochromic mechanism of photonic crystals and
plasmonics

i Thermochromic working mechanism of photonic crystals and
Cooling the Cities : Impact of Overheating and plasmonic is based on temperature-sensitive physical or
Mitigation Science optical property variation of one of their components.

The outstanding feature of nano-scale TC materials
compared to their bulk counterparts is the lower rate of

photodegradation together with their adjustable
temperature-sensitive properties.
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Silica NPs coating emit IR light
with way of 8:13 um
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Development in Heat Mitigation Technologies

OVERCOOLING WINTER PROBLEMS

Cooling the Cities : Impact of Overheating and Use of SCM may decrease the ambient temperature upto 2 C

Mitigation Science Results of WRF simulations for Kolkata India
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Development in Heat Mitigation Technologies

Quantum dots (QD) are very small semiconductor particles, only
several nanometers in size, so small that their optical and electronic
properties differ from those of larger particles. They are a central
theme in nanatechnology. Many types of quantum dot will emit light
of specific frequencies if electricity or light is applied to them, and
these frequencies can be precisely tuned by changing the dots' size,
shape and material, giving rise to many applications.

Cooling the Cities : Impact of Overheating and
Mitigation Science
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Development in Heat Mitigation Technologies

Light

Refecevs [ [ emitting

Coloured Super Cool Materials M

Radiate IR
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Top layer: Thermal emitter component - Thermal emitter
material with high solar transmission (300-2500 nm) and
high thermal emission (8-13 pm)

Mid layer: Solar reflective component -
layer 1: non-thermal emitter (fluorescent)
material (white/metallic or non-
white/non-metallic) with fluorescence in

Substrate (300 nm-Ay ) and high light
transmission in (kg -2500 nm)

Base layer: Solar reflective component - layer 2: Reflective
material with high solar reflection in (A, -2500 nm)

Development in Heat Mitigation Technologies
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Mitigation Science

Impact of Heat Mitigation Technologies

ENERGY SUPPLY ;

£ THERMAL CONFORT

Energy Impact of Heat Mitigation Technologies

Reference Cool Roofs at the City and Building Scale

Total Cooling Consumption Residential and Total Cooling Consumption Residential and
Commercial Buildings : 6300 GWh Commercial Buildings : 3260 GWh

49 %
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Energy Benefits Heat Mitigation Technologies

Potential decrease of the peak hourly cooling demand
caused by the implementation of cool roofs

Sumemer Eleciricly Demand (GW)
G

>

I 15 20 25 30 as 40 45
Temperature (°C)

Environmental and Other Benefits of Heat Mitigation Technologies

Reduction of the maximum indoor air temperature _low-rise office without roof

insulation
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Environmental and Other Benefits of Heat Mitigation Technologies

0.1 increase Decrease 0.09 C Drop 0.1 to 4
albedo 17PM Temp deaths per day

Cooling the Cities : Impact of Overheating and
Mitigation Science

An average decrease of deaths close to
19.8% per degree of temperature drop,

About 1.8% decrease of mortality per
0.1 increase of the albedo

Environmental and Other Benefits of Heat Mitigation Technologies  :

| ol Decrease Drop of deaths
nerease 14PM Temp perday i

Cooling the Cities : Impact of Overheating and
Mitigation Science

Drop of the peak temperature by 0.1 C
corresponds to 3 % decrease of mortality




Future Forecasts

E Re e a erdg O puo ane

E ena 050

E enario 050
N

Ad -_ -- 050 ] =

| o0 = |

Conclusions and Recommendations

01

Mitigation techniques based on the
use of water, greenery, and cool
materials can reduce the average
peak ambient temperature up to 2,5
C. Advanced technologies may
decrease temperature up to4 C

Cooling the Cities : Impact 'of.Ov'érheating and
Mitigation Science

02

Mitigation techniques can reduce

Application of Mitigaticn I
> e cooling needs of a residential
Techniques can reduce the peak o
(- and office building up fo 39 %
electricity demand up to 10 % and 32 % respectively

03

Application of miigation
technologies can reduce the heat
related mortality up to 40 % and
decrease heat related morbidity
upto45%




Conclusions and Recommendations

01

Cities presents 6- 10 C higher
temperature during the summer

Cooling the Cities : Impact of Overheating and
Mitigation Science

Peak Electricity Demand
increases by almost 100 % when
temperature increase from 20 C

Energy Consumpton for Cooling |
Purposes is increasing up to 100
% because of the local climate

Heat related mortality can be up
10 300 % higher during the heat
waves period




Results of the Cool Roofs
Study in Australia

Riccardo Paolini, UNSW

Infrared aerial of pping Centre
CRC LCL Project RP1037

Research questions of this talk

* Can supercool materials contribute to urban heat mitigation
and building ventilation?
*  What mechanisms are involved, and how can we exploit them?

(why are we talking about radiation in a ventilation webinar?)

—

Field-applied cool roof coating on a commercial building in Victoria (source: energystar.com.au).




Project Team

DISER (Dept of Industry,
Science, Energy and

. UNSW
Resources, Australian

Partner Investigators

Government)
Stanford Harrison Prof M Santamouris
Tanya Kavanagh Dr R Paolini
Kat Hamilton Dr S Garshasbi
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Dr S Arasteh
Dr S Haddad
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Dr K Gao

Prof D Prasad
A/Prof L Ding
A/Prof P Osmond

Dr C Bartesaghi-Koc (Uni of
Adelaide)

Prof D Kolokotsa (TUC,
Greece)

Dr Ansar Khan (Uni of Kolkata,
India)

Kurt Shickman (GCCA, USA)
Prof A Papadopoulos (AUTH,
Greece)
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Energy & Buildings 278 (2023) 112577

Contents lists available at ScienceDirect

Energy & Buildings

journal homepage: www.elsevier.com/locate/enb

On the energy impact of cool roofs in Australia m)
Samira Garshasbi®, Jie Feng®, Riccardo Paolini”, Jean Jonathan Duverge ,

Carlos Bartesaghi-Koc ", Samaneh Arasteh*, Ansar Khan ¢, Mat Santamouris **

*School of Built Environment, University of New South Wales, Australia

“School of Architecture and Built Environment, Faculty of Science, Engineering and Technology, The University of Adelaide, Australia
< Department of Geography, Lalbaba College, University of Calcutta, India

https://doi.org/10.1016/j.enbuild.2022.112577

Free access until 31 Dec 2022 https://authors.elsevier.com/c/1g3-R1M7zH8bgy

unsw

Project scope

1. Technology and market overview in Australia and overseas

2. Performance of cool roofs in Australian climate zones considering
* Urban heat mitigation

* Cooling energy savings in commercial and residential buildings,
existing and new (NCC2019)

*  Cost-benefit analysis
3. Identification of barriers for the use of cool roofs (in view of NCC2025)

4. Industry needs and perspectives

unsw



https://authors.elsevier.com/c/1g3-R1M7zH8bgy
https://doi.org/10.1016/j.enbuild.2022.112577

Project Roadmap

WRF Simulations-
1 Meso-scale simulations of
existing climate in 5 cities

Heating Penalty-

4

Summer Thermal Condition-
5 Indoor air temperature
simulations for 17 building
types during summer

AC/EER Variability-
8 Energy Simulations for 17
building types during year

Garshasbi et al. (2023) https://doi.or

Energy Simulations for 17
building types during year

WRF Simulations-
2 Meso-scale simulations of the
cool roof climate in 5 cities

Cooling Demand-
3 Energy Simulations for 17
building types during summer

Winter Thermal Condition-
Indoor air temperature
6 simulations for 17 building
types during winter

Peak Electricity
Instant Load Requirements
Estimations of the decrease of
Peak electricity demand

10.1016/j.enbuild.2022.112577

&

UnswW
. . 8
ARF-WRF 4.3 model and validation
a
W € ——— Perinth 085 =] ~—— Observatary Park DBS.
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5.
i,
E |
500 m x 500 m in the inner 1
domain = #
FE SR LSS PSS S LSS
LA A
Parameters Local weather stations
Penrith Observatory Hill Sydney Airport Olympic Park
Correlation coefficient 0.975 0.981 0.986 0.985
Mean Bias error (°C) 0.352 0.932 0.429 0.563
Mean absolute error (°C) 0.523 0.926 0.432 0.501
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https://doi.org/10.1016/j.enbuild.2022.112577

Selected Buildings

Office
Retail (shopping centre)
School
House

Apartment buildings

Building performance simulations of 17 existing (pre-code) and new
typical buildings, low-rise and high-rise, of different categories:

Building archetypes from a previous
study carried out by DISER

Selected Buildings

Roof albedo: 0.15 conventional roof, 0.85 cool roof
Roof thermal emittance: 0.85
Existing (pre-code) buildings: no wall insulation, minimal roof insulation (anti-con blanket).
New buildings: (post-code) NCC 2019 DtS insulation levels, depending on the climate zone.

10

Office Shopping mall School House Apartment
o o Existing

Building Type Existing e -

i wi roof New Existing New New | Existing| New New

uninsulated
ins.

Floor area (m?) 1200 1100 1100 242 624
Window to Wall Ratio (WWR) 06 03 0.32 0.14 0.15 0.24
Year Built 1990 2018 1990 2018 1990 1990 2018 1890
Number of stories 2(L) 2(L) 2(L) 3(L)
Low rise (L), mid-rise (M), - 4 (M) - 3 1 5(M)
high-rise (H) 10 (H) 6 (H) 4(H) 8(H)
Building height (m) 7.2(L) 13.8(L) 13.8 (L) 8.4 (L)
Low rise (L), mid-rise (M), 276 (M) 126 238 14 (M)
high-rise (H) 36 (H) 41.4 (H) 414 (H) 22 4 (H)

10




Occupancy and internal heat gains (NCC / NatHERS)

11

Standalone
Office Shopping mall School Apartment
House
o Existing
Type Existing
w/ roof | New Existing New New
uninsulated .
ins.
Intensity Office Weekdays Shopping mall School_Weekdays Residential_sensible
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Building Performance Simulations

Simulation engine

Simulations
1) HVAC in operation

2) Free-floating (no HVAC in operation)

&

EnergyPius

DesignBuilder

Ideal HVAC (COP = 1) to compute heating and cooling loads (energy

needs)

Heating setpoint = 20 °C

Cooling setpoint = 25 °C

HVAC off out of operation hours (NCC modelling profiles JVc)

12

UNSW

12




13
Weather data for building energy simulations

1. Mitigated & unmitigated: 2 summer months (Jan & Feb 2017). Data
from climate modelling (WRF)

* Unmitigated (roofs albedo = 0.15)

*  Heat mitigation with cool roofs (roofs albedo = 0.85)

2. Whole year simulations. Data from Bureau of Meteorology (2016-2017)
* Unmitigated scenario only

*  Weather data from Bureau of Meteorology. Measured solar & infrared
radiation data where available; BOM satellite estimated otherwise.

*  Weather data validation with nearby stations

unsw
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Cities (BOM stations & climate modelling) 14

‘ o 2% 50 750k @ Only BOM data:
Darwin Y
\niwr:::;;&::j:' - i & . * Darwin (NT)

s

wourme_ ’p .
=i g
Northern Territory ]
.'\

Queensland”

o S Ay * Alice Springs (NT

* Hobart (Tas)

© Alice Springs

Western Australia

N South Australis
Perth { @ ]
9 New South Walgs ) _

Climate Zones

© 1 - High humidity summer, warm winter
© 2 - Warm humid summer, mild winter
© 3 - High dry summer, warm winter

© 5 - Warm temperate

© 6 - Mild termperate

® 7 - Cool temperate

Airport

NOTE () & (W) stond for coldest
stations

unsw
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Results: 2m air temperature (Sydney 14:00- summer day)

Greatest temperature
drops in built-up
areas, not in close
proximity to the coast
(already cooled by sea
breeze).

33.5°8

33.75°S

34°8

The temperature drop
is not constant across
the area.

o)
in
o
-
©

3

505°E 150.75°E 151°E 151.25°E 151 5°E
-::- Some cool roof density
20 24 28 32 36 40 -16-12-08-04 04 0.8 12 16 'srequiredfor

Ambient Temperature (°C) Ambient Temperature Drop (°C) z’gx’r erature drop to

Spatial distribution of the ambient temperature and temperature drop in
Sydney at 14:00 hrs, caused by the installation of the cool roofs, during a
representative summer day.

UNsw
15
16
Results: Land Surface Temperature (Sydney 14:00 summer day)
Not exact
correspondence

between surface
temperature and air
temperature drop.

®
in
N
<
&

1

151.25°E 151.5°E

30 32 34 36 38 40 42 44 46 -65-45-25-05 05 25 45 6.5
Surface Temperature (°C) Surface Temperature Drop {°C)

Spatial distribution of the surface temperature and surface temperature

drop in Sydney at 14:00 hrs, caused by the installation of the cool roofs,
during a representative summer day.

UNSW
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Results: Sensible and Latent Heat Fluxes

s

=TE wEE o e EEI e B

—-200 -150 -100 -50 50 100 150 200
AQsensimie from CTRL (Wm=2)

4

——
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-16 -12 8 4 8 12 16

17

Variation in sensible and latent
(panel below) heat flux at (a)
06:00 LT (b) 14:00 hrs LT, and (c)
18:00 LT, in Sydney, during a
representative summer day
when cool roofs are installed at
city scale.

Z
UNSW
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PBL reduction and wind speed reduction

18

s

TTE TEE TTE

I

-1200 1000 800 400 400 800 1000 1200
APBjayer from CTRL (m) r

12km

Lower surface temperatures caused by a large-scale deployment of
cool roofs decrease the height of the planetary boundary layer (PBL).
Increase in the albedo is expected to accelerate static stability at the
diurnal scale of the PBL depth.

Reduced PBL depth has potential penalties for air pollutant dilution
and dispersion over the city domain

100-300m|

NaL

Reduced cloud formation (due to reduced moisture transport) and

|- Capping mversior
e e

Residual Layor

{-_Noctumal
Tvorsion

TTE

T

Residual Layer

Mied Layer |

erson
)
| AL
= WL
. — — — " Surae Layer

increased cloud dissipation due to increased reflection are possible.

Sunviso

Sunsat

is not constant

the day (Stull, 1988)

b
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Results: Wind speed Urban “dome”

e g

Cool roofs lead to T —

reduced wind \
circulation in the ( —)
lower parts of the j

atmosphere and lower e I III mim ln B G e O i
advection of warm

19

(re-drawn after
Landsberg, 1981)

inds from inland.
winds frominland Rural Urban Rural
a) Control Case b) Cool Roof c) Difference
[+
4 4
150 5°E BI'E 1515°E 150 5°E 151 5°E 150.5°E B1°E 1515

00 12 25 38 50 62 75 88 100 50 58 25 12 00 12 23 38 50

Wind Speed (ms—1) Difference (ms~1)
19
20
Uninsulated low-rise office building (Jan-Feb)
C i roofs, ity climate Cool roofs, unmitigated climate Cool roofs, cool roofs climate
SYDNEY S0 s
Total cnoiing w T Total coolmg O] .

KWhimz Wiz il ey 1T
o Hioh:343 m Hioh 205
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317 o 172 -, {
-300 T Vorvap P 16.1 e o=
300 15.0 S
292 13.9 . o
- 283 i | 12.8 p— g
215 . 117 sptnaparman | M
= 266 . 00 y
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Cooling savings vs heating penalty

Il Heating
I Cooling
[ Total saving

e <
37 Darwin
7.8

Alice-spring~
{477 i

vl 4

7

Y

oA

__-Biisbane

0.92 e\
3.4 (Melbougne

Z
UNSW
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Jan-Feb | Office low vs high rise uninsulated/insulated |

Building Type City Cooling load- Cooling load reduction - cool Cooling load reduction - cool
Reference roof unmitig. climate (S1) roof mitig. climate (S2)
scenario
kWh/m? kWh/m? % kWh/m? %
BO1 | Low-rise office | no Sydney 25.8-34.3 10.2-13.8 37.6-42.0% 14.9-17.4 50.3-63.7%
roof insulation | existing | Melbourne 12.6-18.3 6.3-10 47.6-54.9% 8.3-11.7 59.3-65.7%
building Brisbane 43.6-46.3 11.3-15.6 25.6-33.7% 18.7-21.3 42.9-46.2%
Adelaide 20.9-28.5 9.6-11.3 39.6-45.9% 12.5-13.9 47.7-59.8%
Perth 21.7-32.3 10.3-13.0 40.4-47.7% 13.6-16.2 47.5-62.6%
B02 | High-rise office | no Sydney 19.3-25.5 1.9-2.8 9.2-11.1% 5.6-8.9 25.6-44.9%
roof insulation  |existing | Melbourne 7.9-10.9 1.1-2.0 13-18.1% 3.0-4.0 32-40.9%
building Brisbane 34.2-35.2 2.03.0 5.7-8.8% 8.6-10.4 24.9-29.6%
Adelaide 13.5-19.9 1.7-20 10.3-12.6% 4.5-5.0 22.8-37.4%
Perth 13.2-22.1 1.8-2.3 10.5-13.6% 4.9-6.2 22.3-40.5%
B04 | High-rise office | w/ Sydney 18.1-23.7 0.2-0.3 0.9-1.7% 3.7-73 19.9-39.2%
roof insulation |new building | Melbourne 7.1-9.7 0.1-0.2 1.3-1.9% 1.8-2.7 21.5-31.8%
Brisbane 31.6-33.8 0.2-0.3 0.6-0.9% 6.3-8.5 19.9-25.4%
Adelaide 12.2-18.4 0.2 1.2-1.3% 2.8-36 15.1-29.7%
Perth 11.7-20.3 0.2 1.0-1.4% 2.9-4.4 14.3-32.5%

Indirect effects are substantial
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Jan-Feb | low vs high internal loads

Building Type City Cooling load- Cooling load reduction — cool Cooling load reduction - cool

Reference roof unmitig. climate (S1) roof mitig. climate (S2)

scenario
kWh/m? kWh/m? % kWh/m? %

B04 | High-rise office | w/ Sydney 18.1-23.7 0.2-0.3 0.9-1.7% 3.7-7.3 19.9-39.2%
roof insulation |new building | Melbourne 7.1-9.7 0.1-0.2 1.3-1.9% 1.8-2.7 21.5-31.8%
Brisbane 31.6-33.8 0.2-0.3 0.6-0.9% 6.3-8.5 19.9-25.4%
Adelaide 12.2-18.4 0.2 1.2-1.3% 2.8-3.6 15.1-29.7%
Perth 11.7-20.3 0.2 1.0-1.4% 2.9-4.4 14.3-32.5%
BO7 | High-rise shopping mall Sydney 74.9-81.3 0.5-0.8 0.6-1% 9.9-17.1 13.2-21.8%
| new building Melbourne 39.6-45.3 0.4-0.6 1-1.4% 5.9-8.1 14.0-20.0%
Brisbane 94.8-98.1 0.4-0.6 0.4-0.6% 14.4-18.4 15.0-18.8%
Adelaide 54.2-64.0 0.5-0.6 0.8-0.9% 6.0-9.2 9.4-16.9%
Perth 56.3-67.0 0.5 0.7-0.8% 7.3-10.2 10.9-18.1%

Even with high internal loads

23
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Jan-Feb | House, uninsulated vs insulated

24

Building Type City Cooling load- Cooling load reduction — cool Cooling load reduction — cool
Reference roof unmitig. climate (S1) roof mitig. climate (S2)
scenario
KWh/m? kWh/m? % kWh/m? %
B11 Stand-alone house- Sydney 14.9-19.3 6.5-7.6 38.7-45.8% 9.2-10.7 53.9-69.9%
existing Melbourne 6.6-10.0 3.4-75 51.9-75.3% 5.1-6.8 67.4-77.4%
Brisbane 21.8-22.6 3.9-4.2 17.3-18.8% 8.6-10.1 38.8-44.9%
Adelaide 11.8-15.8 5.7-6.0 38.1-48.1% 7.3-79 48.1-62.2%
Perth 11.4-16.4 6.1-6.6 39.9-53.5% 7.7-8.7 50.3-67.9%
B17 | Stand-alone house- Sydney 13-16.5 3.3-4 23.2-30.8% 6.1-8.5 42.2-62%
new building Melbourne 4.6-7.1 2.1-3.0 37.5-46.9% 3.2-41 57.1-69.9%
Brisbane 22.5-23.5 4.1-44 17.4-19.3% 8.8-10.4 39.1-44.6%
Adelaide 9.0-12.3 2.9-33 23.7-33.9% 4.6-5.2 37.1-54.9%
Perth 8.7-13.2 3.4-3.6 27.2-39.0% 5.2-5.9 40.8-60.3%
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EER REF

25
Cooling load savings by improved EER

9 L L L L ' . L i
Residential-Split-Eq 1 = EER-Residential-Split |
8 Residential-SpitEq 2 |- 45| - Reterence scenaria vs scenario 1 i
Residential-Split-Eq 3 — Reference scenario vs scenario 2|
7 Residential-Split-Eq4 | E
. Commercial-Split-Eq 5 z
- = Commercial-VAV-Eq 6 | o
6 ~— q -
m
4]
b1
@
o
o
c
8
T T T T 0
20 25 30 35 40 15
Ambient Temperature (°C) Ambient Temperature (°C)

Cooling load savings by improved EER, Scenario 1 (building-scale application of cool roofs) (Scenario 1), and
Scenario 2 (Combined building-scale and urban-scale application of cool roofs) as a function of ambient
temperature in a new stand-alone house in Observatory station, Sydney (Climate zone 5-warm temperate).

EER as a function of the ambient temperature for cool roof scenario for six different AC systems .
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Temperature ("C)

Indoor Air Temperature (°C)

26
Houses (new) | Free-floating indoor air temperature

Obs. Hill Richmond

Vital reduction in indoor air
temperatures during heatwaves

Temperature ("C)

® ® ® ® ® ® @
o o G G @ P P P P P P P P

Reterence scenanc ve scenanc 1 ObS. H||| Raferance scenano vs scenaro | Richmond
a4 Reference SCenanc ve scenanc 2 4 Referance scenano vs scenaro 2
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Date Date Temperature distribution at 3 pm

in Feb 2017 (heatwave day)
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House (new) | Indoor conditions - distribution

Summer. Number of hours with indoor air temperature above 26 °C in free-floating mode

during a typical summer month

Station Reference scenario Cool roof unmit. climate @l roof_ S acaied
climate
Observatory Hill 422 339 253
Richmond 456 415 356

Indoor air temp-Reference scenario
Indeor air temp-Scenana 1
Ambeent temp.

26

Temperature (°C)

o g ¥ ¥

Date
Cooling load savings: 25-38%
Heating penalty: 0.7-1.7%
Total thermal loads savings: 10-19%

INGu0r 1EMp FECUCtoN-RETErence SCenano v Scenanc 1 (')

Indoor temp-Referance scenario (')

Limited impact on thermal balance
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Discussion | If you think we messed up with the simulations...
Indoor air temperature (°C), B4

45

0
31/08/2018
2500
©
- & 2000
i L
e . §.u 1500
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= o S ™ 1000
- = igeda 2
106 buildings 7 E
monitored =

e 0

Haddad et al. (2022) https:

30/09/2018

31/10/2018  30/11/2018 31/12/2018
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31/01/2019
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doi.or

10.1016/j.enbuild.2022.112349
Project: Energy Efficiency in social housing (supported by OEH)
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29
Discussion | Urban Heat mitigation and natural ventilation potential

Heatwave of February 2017. Data for Penrith (data from
Bureau of Meteorology)

359
a0
£
0

normal hot day start of heatwave

ra
&

Range: = 2°C
within the LGA
of Parramatta

A
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—— Coastal (Sydney Airport)
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Air temperatures in the Greater Sydney (BoM) and in Parramatta LGA wards .
UNSW, Parramatta Urban Overheating Project (supported by City of Parramatta) sl
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Discussion | Natural ventilation
potential in future climates

Present and future air temperature distribution in
Western Sydney (South Creek)

Scenario M1. Present climate and land-use (2018).

Scenario M2. future climate (2050) and current land-
use (2018).
Scenario M3. Future climate and future land use (2050)

with increased built-up area (projections), increased
anthropogenic heat flux, 670,000 non-irrigated trees in
the inner domain and 3 million non-irrigated trees in

the rest of Sydney.

Scenario M4. Future climate and land use (2050) with

o

mitigation: 2 million irrigated trees in the Parkland and

3 million irrigated trees in the rest of Sydney with i S,
increased albedo of urban impervious surfaces and
landscape watering (3.5% of the catchment is water
bodies).

Garshasbi et al. (2020)
https://doi.org/10.1016/j.solener.2020.04.089
UNSW, South Creek Urban Cooling Project (supported by iNSW)
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Discussion | Heatwaves in EU cities and night ventilation potential

Tempearture (°C)

38
36 |
34 |
3zt
30 f
2 . .
Air temperature in
Milan, Italy, in July
%
2022 (weather
o Sta"dai‘j o station at Politecnico
L point temperature for . .
u cooling in Italy di Mllano)
2
4 Data Courtesy
20 . . . . . ) Fondazione Meteo
30/06/2022  05/07/2022  10/07/2022  15/07/2022  20/07/2022  25/07/2022  30/07/2022 Milano Duomo.

Date

3

T
. . B Air-cooled condensers %
Discussion | Large-scale cool roofs 2 'Fa]| & wet cooling towers
2 Carter and Kosasih [19]
8 E5q| % Carter [20]
Comparison of annual electricity savings per unit =< + Carter [20]* *
roof area, per 10 increase in roof solar reflectance El E""
index, calculated with and without taking above-roof E % +
temperature effects into account. Deviations 3‘ L 31 o &
between the data and the dotted line are due to £ $ i o]
above-roof temperature effects. Results identified by © 3 21 o q © o4
an asterisk in the legend have been modified to E g A H
remove the effects of surface temperature & E " A9 3 o
augmentation. < EO S

0 02 04 06 08 1 12 14 16 18 ]
Annual savings, neglecting above-roof
temperature effects (kW h m™2 year™]

CRC project RP1037 - Driving Increased Utilisation of
Cool Roofs on Large Footprint Buildings

Rooftop HVAC equipment Such effects can constitute

performance is influenced Cool roofs influence re than hatfcf th
by local air temperatures above-roof air Soke A T to u EI ¢
within the above-roof temperatures e ss::;f:;:n 1alo
thermal boundary layer
s Green etal. (2020)

https://doi.org/10.1016/j.enbuild.2020.110
071

E
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* Lower penetration of warm winds from
* Increased natural ventilation potential (lower

* Lower air intake temperatures (for air

* Indirect effects are substantial even for highly

* Lower peak indoor air temperatures in

Summary of main influence of cool materials on ventilation

inland in coastal cities such as Sydney
outdoor temperatures)

handling units and make-up air) and higher
effective EER

insulated and high-rise buildings

houses by more than 4 °C during heatwaves

33

4{ c \
%50%
49‘@

BEAA
A‘K“p"a .‘-

9
s m’@e

34




Recent Developments of Super Cool
Materials

Dr Jie Feng
Senior Lecturer, Guangdong University of Technology
PhD, UNSW
LN TN | I |

Outline

1 Fundamentals and performance
* Basics

» Performance and limitations

* Commercialization

* Impact

2 Further increase the cooling performance
* Integration of fluorescent pigment
* Prevention of pigment aggregation

* Porous morphology

3 Summary and outlook




Fundamentals e

Heat dissipation: Pout ={e - o - Tr,of

Heat absorption: Pin = Rsotar (1 - (r+ t)shart) + Qcond+conv * (Tambient - Troof)\+ Rlong : (1 - along)

e: Emissivity;

o: Stefan-Boltzmann constant
T,o0r. ROOf surface temperature
Rgo1ar: Solar radiation

Riong : Atmospheric radiation
t: Transmittance

r: Reflectance

a. Absorptance

Fundamentals Riong : Atmospheric radiation
and ®cond+cony -CONductive and convective heat transfer coefficient
performance
> Basics Solar radiation spectrum Atmospheric radiation spectrum
2000+ 40
H H
€ 1500 E
H S
8 ]
5 1000 ]
g B
2 :
£ 500+ 8
A £
» @
0 .I\’.”\. — 17—
0 1 2 3 4 45 5 8 10 13 15 20
Wavelength/uym Wavelength/pm

Figure source: Jie Feng, et al. Dynamic impact of climate on the performance of daytime —— Singapore —— Sydney Alice Springs

radiative cooling materials, Solar Energy Materials and Solar Cells, —— 300K black body radiation spectrum

https://doi.org/10.1016/j.solmat.2020.110426. 3

Fundamental N
undamentals Heat dissipation: Pout = e - o - T1,,f
Heat absorption: Pin = Ryy1qr - (1 — (T + )shore) + + Riong - (1 = (' + Diong)
1Pout extremely high emissivity at wavelength between 8 and 13 micrometers where the

atmosphere is transparent.

extremely high reflectivity in visible and near-infrared wavelengths

|Pin The selection of optical properties in 4-8 and 13-50um depends on the specific
Fundamentals environmental condition

and
performance

> Basics

o 80 Transmittance of the atmosphere

50
40 Wavelength (micron) 2 4 6 8 10 12 14 16 18 20
30

20 Maximum reduction of peak

ambient temperature is 5.3 °C.

(o Strong cooling island effect leads
to lower planetary boundary layer,
reducing vertical wind speed. ] 1
- = Sub-ambient surface
Urban fabrics applied x S - temperature of 8.2 °C is
with radiative cooling T = Tm . achievable at peak hour.
AR material IJ e — 2
B - ~ " -
| [——— L '—“ -
BBl
9:00 12:00 15:00 18:00 21:00 0:00 3:00

i RADIATIVE COOLING MATERIALS APPLIED CITY
Figure source: Jie Feng, et al. The heat mitigation potential and climatic impact of super-cool broadband radiative coolers on a city scale, 4

Cell Reports Physical Science, https://doi.org/10.1016/j.xcrp.2021.100485.




Ideal cooler

Reflector

Solar

Selective
range
Fundamentals
and
performance

Broadband

P Basics

greseesesm gy

- E Solar spectrum
E H Aimospheric frans.
; : —— Black body @ 30 °C
£ 05 E —— Selective radiator
g i «+<+ Broadband radiator
H
:

0.0 v

T T
5 10 15 20 25 30 35
Wavelength (um)

Figure source: Yang, Y., & Zhang, Y. (2020). Passive daytime radiative cooling: Principle, application, and economic analysis. MRS Energy & Sustainabilitygy7,
E18. doi:10.1557/mre.2020.18

‘Oplical Properties and Cooling effect of Multi-1ayer POTONIC radiatiVe Cooking SCrUCtures.

. fear Cooling structure Optical properties AT-T. T, Q) Poes_cocing (W)
Performance-Photonic crystal™ o e ‘
[ S0,
im0,
One-dimensional photonic crystal [ e 0, ]
requires electron beam evaporation 20— e el ° “
Ham 0, i02(Raman et al., 2014) 1w - 05-08
[B— -]
Multi-dimensional photonic crystal =
; ) 20 L0,
requires photolithography [ 200am w0, |

2000m TiO,
200nm_ALLO,

[ 00 w0, |
=
Fundamentals 2017 % Rt~ 0.04 NA 100
20000 TiEd, wir - 084
and [ o o, |
==
[ o w0, ]
performance e
e
I
' 2013 Lawm 3 groups of 5 layers of MgF2 and Ti0z Ruoter = 0.965 NA 105
‘on a silver substrate, 2 laminated SiC ewir - 0.1-095
Performance and and quartz (Rephaeli etal. 2013)
limitations
2015 Symmetric conical meta-materials R = 0.07 9 NA.
composed of altemnating layers of Al cowz = 0.99
and Ge (Hossain et al., 2015)
2019 ‘The upper surface of PDMS is a Rl =0.95 62 20
pyramid structure (Lee & Luo, 2019) cowie = 0.98
2020 PDMS films with 2D grating patterns epwm = 0.99 NA NA.

(Song et al, 2020)

Info source: Yan Cui, et al. Progress of passive daytime radiative cooling technologies towards commercial applications, Particuology, Volume
67,2022,Pages 57-67,https://doi.org/10.1016/j.partic.2021.10.004.




Performance-film or coatings including random particles
Year Cooling structure Optical properties AT=T,-T; (°C) Pret-cooling (W/m?)
Cutline Description
\

2010 25 pm thick SiC and transparent PE Reopar =09 12-25 NA.
coating containing Si0z nanopartcles s = 0.35-0.95
(Gentle & Smith, 2010)

Fundamentals
2016 Acrylic resin randomly doped with Ryopar =09 6 100
and Ti0, and carbon black particles (Huang £owm>09
& Ruan, 2017)
performance

2017 Silvered glass beads were randomly Reopzr =096 8 93

embedded in the polymer matrix (Yao eowr = 0.93
v Zhaietal, 2017)
2019 TPX film doped with nano-sized Si0; Reopzr =094 NA. 47
Performance and and CaMoQj particles (Liu, Bai et al., £iwr = 0.85
limitations 20

2019 Nanoporous SiO; £ywir = 0.91 45 NA.
‘microspheres-polymethylpentene
(TPX) (Yang, Gao et al., 2020)

2020 Si0; nanoshell (Suichi et al., 2020) Riopar = 0.98 23 NA.

Info source: Yan Cui, et al. Progress of passive daytime radiative cooling technologies towards commercial applications, Particuology, Volume
67,2022,Pages 57-67,https://doi.org/10.1016/j.partic.2021.10.004.

Performance-industrial film as the emitter

Polyvinyl FI
(PVF) Films._

[m— THE RADIATIVE COOLING OF SELECTIVE
SURFACES
S. CataLanotn, V. Cuomo, G. Piro, D. RuGal,
-~ V. SILVESTRINI and G. TROISE

Fundamentals o

and TPX

Istituto di Fisica Sperimentale dell'Universita di Napoli, Via Antonio Tari 3, 80138 Napoli, Italy

(Received 22 March 1974; in revised form 26 August 1974}

performance °.lo The radiator
e The selective radiator has been built by coating a sheet
- @ of evaporated aluminum with a thin film (12-5 um) of
5 ,;'- TEDLAR, a polyvinyl-fluoride plastic produced by Du
o Pont de Nemours
v 1]
A

Performance and
limitations

. y Fig.4. Schematic drawing of the experimental set-up. I. Insulai-
Polyvinyl fluoride (PVF) film ing. material, 2. Selective radiator; 3. Transparenl cover: 4
C-H and C-F bonds Thermucouple.

Vibration region

Functional groups Dominant Group

Polymethylpentene (TPX)

C-H bond X - H stretching region (4000-2500 cm ) C-H,0-HN-H N-H

. . 8 = = =
Polytetrafluoroethylene (PTFE or Teflon) Triple bond region (2500—2000 cm ) LOEEE C=N
C-F bond Double bond region (2000-1500 cm-1) C=C,C=0,C=N C=0
Acrylic Finger-print region (crowded region, mainly C-H,C-0,C-N, Weak but significant
C-0 and C-H bonds bending vibration) (1500-600 em-1) C-ClL,C-F overlapping

poly(methyl methacrylate) (PMMA)
C-H, and C-O bonds

Polyvinylidene fluoride (PVDF) C-H and C-F bonds

Skeletal vibration region (600-400++cm )

Info source: Jie Feng, et al. The heat mitigation potential and climatic impact of super-cool

Heavy atoms and molecules

broadband radiative coolers on a city scale,

Cell Reports Physical Science, https://doi.org/10.1016/.xcrp.2021.100485.

A. Aili, Z.Y. Wei, Y.Z. Chen, D.L. Zhao, R.G. Yang, X.B. Yin, Selection of polymers with
functional groups for daytime radiative cooling, Materials Today Physics, 8
https://doi.org/10.1016/j.mtphys.2019.100127.




Fundamentals
and
performance

v

Performance and
limitations

Fundamentals

and
performance

v

Performance and
limitations

Performance-industrial film

10 B 1.
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0.2+ 0.24
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Wavelength (um) Wavelength (um)
No.0 ESR+Ag No.1 PVF+ESR+Ag — No2Tejin — No.3 White optics A
X " Cc # 2 # a2 % 2 & 2 E 2
# 3 & 2 5 o B 2 & 2 - -
5 6 1400
g 0 30
= 1200 o & =
5 o z M sof O 4
g Eo0ol) | M , O \
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Info source: Jie Feng, et al. The heat mitigation potential and climatic impact of super-cool broadband radiative coolers on a city scale,
Cell Reports Physical Science, https:/doi.org/10.1016/j.xcrp.2021.100485.
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Reflectance Emittance
10 ‘ | 1o 100 10 %
9.0 89
82 ‘ ‘ #
5 w0 7 3 Info source: Yan Cui, et al.
8 ‘ ‘ m Progress of passive daytime
= o . 62 6 radiative cooling technologies
6 ‘ ‘ LY towards commercial applications,
50 Particuology, Volume
41 ‘ D 67,2022,Pages 57-
{J ‘ &) 67, https://doi.org/10.1016/j.partic.
‘ ‘ 2021.10.004.
2 20
0 o —
AT=Ta-Tr (°C) Pnet — cooling(W/m?)
Seven-layer altermate HfO2 and $i02 BN Single nanopore MgPO# 1.2H20 coating
A conical ial composed of layers Al and Ge BN p(VDF-HFP)ip porous coating
Overlapped MgF2 and SisNi layers -

Laminated Al203 , SisN4 and $i02 on thin Ag layer
Acrylic resin embedded with TiO2 and carbon black particles

B Embedded in a transparent polymer with 6%Si02 microspheres
W 5i02/A1203 coating deposited on stainless steel subsirate

TiOz and $i02 particles mixed monolayer radiation cooling coating
Alayered polymethyl methacrylate(PMMA) film with micro and nano pores

PVDF/TEOS flexible composite fiber membrane
inyli fluoride - h

yviny

(PVDF-HFP) nanofiber membrane
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Limitations-Humid climate

Locations and Weather

Phoenix (Midlatitude, Arid)
Elevation 349 m, Date: 2018-03-03, Sky
clear, Air temperature ~26.5° C, TPW ~8mm

New York (Midlatitude, Coastal)
Elevation 85 m, Date: 2018-03-31, Sky clear,

(a) Sydney

(b) Alice Springs (c) Singapore

Air temperature ~14.5° C, TPW ~6 mm o O « 310 PR
Fundamentals Bas T e
Chattogram (Tropical, Coastal) E] 3 2 306
and Elevation 56 m, Date: 2018-01-10, Fog/Haze, § a0 g0 g
Air temperature ~24" C, TPW ~10 mm § 2u - g3
performance : e
*TPW = Total Precipitable water £ 2% f 290 £ 300+
@ @ @
980 T T = 2 5 8 11—.1m. 14 17 205
v C'an4o_ = | — M — M — M —M —m — M —_m =M — M
= o eolar -+ Ambient temperature - Ambient temperature == Ambient temperature
700 -
Performance and
SR - = -2 J
limitations SR =]
S s " " 1
-8 L Il
New York Phoenix  Chattogram Info source: A
T
900 - = Jie Feng, et al. Dynamic impact of climate on the performance of daytime radiative cooling materials,
800 Isotar 4 — Solar Energy Materials and Solar Cells,https://doi.org/10.1016/j.solmat.2020.110426
E 0L
% 120 |- - T J Mandal el al. Hierarchically porous polymer coatings for highly efficient passive daytime radiative
80 - L] Peoaiin B < cooling. Science.
40+ ooine 4 DOI: 10.1126/science.aat9513
0 1
New York Phoenix
11
Limitations-Humid climate
Clear Sky at Night & Mostly Sunny at Day Exposed to sky
“ Night Day 0 a \ 300
; - 17.5 o 800
- - (7]
. 4700 %
B ) P ]
. 15f e e g =
- Py Ambient air temperature E]
[
. > 500 2
Fundamentals £ z
- 5125 o
and = 2
performance 2 1 Photonic radiative cooler 250 =
temperature 3{3
7.5 0
\ 4 T w e w e m wm w e 10:00 11:00 12:00 1300 1400 1500
= e o e Time of day
) P ; ) z
Performance and i T g o e . .
limitations Same material & settings
Hong Kong Stanford, California
®) 10 —
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Possible solution: asymmetric transmission metallic gratings
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Commercialization of scalable super cool material
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Know More
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Fig. 8. The annual heating and cooling energy needs for the buildings with different insulation conditions applied with the four roof materials in a) Darwin b) Sydney and ¢)

Alice Springs.
Findings: radiative cooling roof can reduce more the annual energy use in a cooling-dominated climate. With insulation added, the
difference in cooling, heating, or total energy needs in buildings with different roof types has been largely decreased. But under cooling
dominated climate or climate with mixed heating and cooling, the radiative cooling material still has advantages in reducing the overall
energy consumption in buildings.

Info source: Jie Feng, Maria Saliari, Kai Gao, Mattheos Santamouris, On the cooling energy conservation potential of super cool roofs, Energy and B&l&gs,
https://doi.org/10.1016/j.enbuild.2022.112076.
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Table 1. Design of numerical simulation for SCMs
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Info source: Jie Feng, et al. The heat mitigation potentla7 and climatic impact of super-cool broadband radiative coolers on a city scale, 1 6

Cell Reports Physical Science, https://doi.org/10.1016/j.xcrp.2021.100485.
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Integration of fluorescent pigment

A Reflection Fluorescent  Infrared exchange  Infrared radiation Infrared exchange
a qmb am)sslnn with the sky to outer space with the sky
v
Conduction &
Corvection
190 9 o 2 o] .
% c> & 0 %ﬂ 9% " ° %
0 S0 ShE RS o%% SRS G 8T 0250
T T
0.25 2.5 8 13 Wavelength (um)
© Rutile-TiO, nanoparticles () Fluorescent microparticles ) Glass microspheres

42

o
?.5

Absorptivity Fluorecent F1.0 D
A - I3
-,0f FR coati eenenision a w0 mpamrmrmtimnm a8 B b Ambient air -
?08- ............. Lo . 3 404 =t FR cOBLING
@ | Fluorecent_.% © g it !
.2 ° 5 g = Sl
= excitation b2 3 85l
'E 0.6 06 & as :e ]
E olar spectrum = £y ; azd
3 04 Loa. E £
E -4
% = 32 Z - os /
@ 0.2 ; Lo.2 : i, /
— 30{
[ N ] " FR coating 24 S S
0.0 T T T 0.0 - - —L0
300 400 500 600 700 1100 1130 1200 1230 1300 1330 14:00 2300 0300 07:00 11:00 1500 19:00 2300

Wavelength (nm)

Time of aay (Aug 23" 2018)
Te = 22741.6 °C; AH = 18,51 11.88 g/m®

Time of day (Aug 27" 2018)
Noon hours: T,, = 25.240.9 °C: AH = 22 54 10.94 g/
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https://doi.org/10.1002/adma.201906751
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Prevention of pigment aggregation
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+ Without encapsulation, some TiO, particles * With encapsulation, TiO, partices are
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Info source: Polymer-Encapsulated TiO2 for the
Improvement of NIR Reflectance and Total Solar Reflectance of
Cool Coatings

Siming Dong, Jing Yang Quek, Alexander M. Van Herk, and
Satyasankar Jana

Industrial & Engineering Chemistry Research 2020 59 (40),
17901-17910

DOI: 10.1021/acs.iecr.0c03412
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Fluorescent-based Cool Materials- @

Recent Developments 4

Samira Garshasbi

PhD, High performance architecture, UNSW -
ESD Consultant, Arup )

Different generations of cool materials

First Generation Second Generation Third Generation

Fluorescent-based
cool materials (Bulk &
Nano-scale)

Light-coloured NIR-reflective
cool materials cool materials

Excitation and Emission Spectral Profiles

* Glare & aesthetic
* Limited application e w _wm w m

for roofs of high-rise — M’ l(_ -
buildings Tk e

* Limited cooling potential
* Reflection only in NIR-range *  Preserve colour
* Re-emission in visible range.
* Possibility for the integration of nano-
scale fluorescent materials with NIR-
reflective materials.

400 500 600
Wavelength (Nanometers)




Fluorescent Cooling

Fluorescent Cooling/photoluminescence (PL) effect:
Fluorescent cooling refers to radiative/non-thermal relaxation of the absorbed light.

Fluorescence in rubies

Fluorescent materials categorization: under UV light

1. Conventional bulk fluorescent materials (e.g. ruby)
with fixed fluorescent properties and limited/certain
heat-rejection potential.

2. Nano-scale fluorescent materials (e.g. Quantum Dots
(QDs-Nano-scale semiconductor materials) (Tuneable
fluorescent properties & possibility for integration with
NIR-reflective materials).

Quantum Dots

Fluorescent effect refers to the radiative/non-thermal relaxation of excited electrons. The
fluorescent cooling effect occurs for the incident light having an energy level equal or
higher than the QDs bandgap energy.

T 3¢ T,

Steps:

1. Absorption

2. Thermalization

3a. Fluorescence

. . 3b. Quenching

S \ \ 3c. Intersystem crossing
! K : . : 4a. Phosphorscence

h 4 v v v 4b. Quenching

4a 4b'




Fluorescent Cooling

¢ Absorption edge wavelength:

The wavelength with an energy level of bandgap energy is known as absorption edge

wavelength (A,g).

Normalized Fluorescence
Intensity

500

—473

550 600 650 700 750
Wavelength (nm)

Quantum Dots

¢ Quantum yield, defined by the number of reemitted photons divided by the number of
absorbed photons, could be adjusted by modifying the interparticle distance and

surface chemistry modifications.

L
':‘Ws .

Interaction of light with QDs nanoparticles:
(1) Light enters from the top surface and is
absorbed by the QDs nanoparticles, (2) Light
is reabsorbed by another QDs nanoparticle,
(3) Light reemitted from the top surface.
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Quantum Dots

Cooling potential theoretical limit

The fluorescent cooling theoretical limit is 0.15, 0.21,
0.23, 0.27, 0.43 for blue-emitting, green-emitting, yellow- o1 r
emitting, orange-emitting, and red-emitting fluorescent

materials, respectively.
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PL emission

Transmission loss
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Correlation between ¢ and A, for conventional
Stokes-shift fluorescent materials
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Optimization: Re-emitted energy through photoluminescence(PL) effect

00
300 500 1000 1500 2000 2500

Ty (NM)

' 4

Top left: Correlation between ESR, SR, and QY, contour plot. Top right: Correlatian between ESR, SR, and AAE, contour plot.
Bottom left: Correlation between ESR, SR, and QY, 3D plot. Bottom right: Correlation between ESR, SR, and AAE, 3D plot.




Optimization: Re-emitted energy through photoluminescence(PL) effect

Correlation between Re-emitted Energy (Qp; ), Solar Absorptance, and Quantum Yield(QY) in a representative
summer day in Observatory Hill Station, Sydney

): 1000 nm
¢ Average Solar Irradiation: 878 kWh/m2 during summer & 449 kWh/m2 during winter.

< Absorption Edge Wavelength(Apsorption Fdge

**Maximum Re-emitted Energy through photoluminescence : 433 kWh/m2 during summer & 221 kWh/m2
during winter (49% of the incoming solar irradiation)

Solar Absorptance Solar Absorptance
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0.9000 4004 0.9000

0.8000 350 0.8000

0.7000

0.6000

Quantum Yield (%)
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Optimization: Re-emitted energy through photoluminescence(PL) effect

The transmission and thermalization losses determine the theoretical limit for fluorescent cooling
potential

«*Transmission Loss:

1. Up conversion of two photons with energies lower than the bandgap energy into one higher than the
bandgap energy photon.

S, S,
2. Transmission loss can be minimized through /

application of a NIR-reflective material as base /
layer. s, \ s

\\ 1
\
. . T T
«* Thermalization Loss: : < 4 !

Down conversion of one high energy photon \/ \ \/
into two lower energy photons. [ j “[‘\
A A

. . /\ / /A
< Quenching Loss: S VAR Y Y/ s,
1 Reducing reabsorption by application Of Sensitizer Acceptor Acceptor Sensitizer

surface ligands around QDs core,
2. Controlling surface defects.
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Optimization: Re-emitted energy through photoluminescence(PL) effect
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Left: Impact of AAE on thermal and transmission losses in Stokes shift fluorescent materials.
Right: Impact of AAE on thermal losses in Stokes shift fluorescent materials
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Reducing transmission loss through integration with NIR-reflective materials
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S. Garshasbi, S. Huang, J. Valenta, M. Santamouris, “On the combination of quantum dots with near-
infrared reflective base coats to maximize their urban overheating mitigation potential”, Solar
Energy, 2020, 211, 111-116, https://doi.org/10.1016/j.solener.2020.09.069
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